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PREFACE

The 10th Symposium on Electron, Ion and Laser Beam Technology was
held at the National Bureau of Standards, Gaithersburg, Maryland, May 21

to 23, 1969. It was a pleasant occasion both for the visitors and the

hosts. The visitors could see a brand new campus with many improved

features; the hosts enjoyed to see many of their friends and hear their

contributions to the growing field of energy beam technology.

There were a few innovations. Breaking with the established pattern,

instead of annual symposia, the Steering Committee established, at least

for the time being, a bi-annual pattern. Two years have elapsed since
our Berkeley meeting (the 9th) and we agreed to hold the 11th Symposium

in 1971 in Boulder, Colorado.

Another break with tradition was our attempt to broaden the base of

our activities. This was accomplished by gaining the sponsorship of the

American Vacuum Society, in addition to the IEEE. We are very grateful

for the renewed support of the Group on Electron Devices, IEEE; as well

as to the Vacuum Metallurgy Division, AVS, for joining us. Added sponsor-

ship should be gratefully acknowledged to the Office of Naval Research

and to the National Science Foundation, for their grants, permitting the

invitation of distinguished foreign scientists. The list of sponsors is

not complete without thanking the University of Maryland and the National

Bureau of Standards for all the help given to the Symposium.

Of the 60 technical papers, about 65% were related to electron beam

technology, about 30% to lasers and about 5% to ion beam technology.

There were 7 invited papers, with the rest contributed.

Those attending the banquet enjoyed an excellent speech by Dr. E. R.

Piore, Vice-President, IBM Corporation. He touched on the current situa-

tion of R&D funds, the inter-relation between military and civilian or-

ganizations and the responsibilities of the University faculties and of

the faculty members created by growing unrest on the campuses.

The Steering Committee (composed of F. Barnes, T. E. Everhart,

B. W. Schumacher, K. H. Steigerwald, C. Siisskind, and myself), was for-

tunate in finding a great number of devoted individuals to help its task

of preparing the symposium. The Local Committee members (C. O. Alley,

F. Byrne, W. H. Culver, E. S. Dayhoff, K. F. Heinrich, K. Mielenz, S.

Penner, S. K. Poultney, R. Reed, A. Shostak, J. A. Simpson) as well as

members of the Program Committee (F. Byrne, J. E. Davey, T. E. Everhart,

F. J. Grundhauser, R. D. Haun, Jr., D. B. Medved, K. Mielenz, J. R.

Morley, S. V. Nablo, S. Newberry, B. W. Schumacher, H. J. Schwarz, J. A.

Simpson, J. F. Smith, G. K. Wehner, N. Winogradoff) deserve the thanks

of all the participants for their untiring labors.

We had a distinguished International Committee, providing us with

advice. Last, but not least, I wish to mention the Publication Committee.

Composed of five members, taken from the Steering Committee and the local

Committee, it was fortunate enough to secure the services of Prof. Susskind.

as the coordinator of this Record," which contains, with a few excep-

tions, the complete output of the Symposium.
No conference, or symposium can be successful without the cooperation

of all participants. This we had and my thanks go to all those whose
help and enthusiasm made the 10th Symposium a going concern.

Gaithersburg, Maryland, 1969
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PART I

WELDING AND MICROMACHINING





SOME LESS-KNOWN FACTS ABOUT ELECTRON BEAM WELDING

ROBERT RAKISH*

Bakish Materials Corp., Englewood, N. J.

It is my pleasure to speak at this forum some 10 years after my initial

involvement in it. Electron beam (EB) welding, which was then only an

intellectual curiosity, is today a well-established powerful technique

with its uses and users increasing daily.

Before I begin with the substance of my talk let me briefly outline for

the uninitiated EB welding as it is practiced in 1969. In essence it

is a joining technique which has three operational modes using the elec-

tron beam as a heat source. The first mode is the hard vacuum, the second

is referred to by any of the three names (soft, partial, or "commercial"

vacuum), and the third, the so-called inert-atmosphere EB welding or EB

welding in air, is pressure dependent with the ambient pressures of

10-4 Torr or less, 100 to 300 µ and 1 atm being the respective operating

pressures. Figure 1 gives the schematics of the machines for the con-

duction of these three modes. (These illustrations show the Hamilton

Standard point of view, but the systems of the other manufacturers are

similar.)

There are a number of problem areas which have been of concern to me

over the years that have been intimately connected with this powerful

joining technology virtually since its invention. Nevertheless, they

remain at best known only to those actually and intimately involved with

the process and its applications because they occur usually under special

circumstances. It is these which I will plan to discuss in my presenta-

tion.

In addition I wish to refer to a rather interesting recent finding which

even though not strictly welding deals very much with fusion-zone prop-

erties. I should also like to comment on the interrelation of focal

spot location and fusion-zone configuration. Last but not least I should

like to comment briefly on the business of the high depth-to-width

capability of the electron beam and its importance to the user in terms

of actual tasks to be performed. It is my hope that wider realization

of the existence of these problems and peculiar facts should bring, where

needed, research and development effort to bear so that positive proce-

dures to avoid these problems are developed. Better understanding here

and the solutions derived should provide even greater impetus to the

growth of EB welding in the future. On the other hand realization of

the other items might prove highly advantageous to some.

Let me begin with the area of EB defects as I believe it is of greatest

importance to apprise a potential user of EB welding equipment that they

do exist. He should know that he will encounter these defects in the

course of welding with electron beams and he will have to find ways to

avoid them. Let me hasten to say that knowledge of the existence of

*Adj. Prof., Fairleigh Dickinson University, Teaneck, N. J.
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FIG. 1.--Schematics of EB welding machines. (Courtesy: Hamilton Standard.)
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FIG. 2.--Gross porosity: two-pass bead on plate in HP 9-4-25, 1.5 in.

thick, 5X. (Courtesy: J. Gerken, TRW.)
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potential problem areas should under no circumstances deter from the

tremendous capabilities of the technique. It is my intention to focus

on these areas and develop awareness which should contribute to effort

by those using or about to use EB welding leading to eventual elimina-

tion of defects through better understanding of conditions leading to

them. This to be certain will permit better utilization of this tech-

nology and even broader acceptance.

Several types of defects have been observed in the course of EB welding.

Many of them are common to fusion welding processes in general though

some are typically EB related and many occur with greater frequency here.

The degree of these defects is alloy- and very likely mode-dependent

though at this stage virtually no information on the mode dependence is

available. Their severity and incidence as a rule increases with the

thickness of the material welded and this is so regardless of mode.

Porosity, spatter, cracking, shrinkage voids, undercutting, cold shuts,

and missed joints are perhaps the seven most commonly observed defects

in the course of EB welding.

Porosity can result from a number of causes. Vaporization of one or

more of the alloy constituents with particularly serious problems po-

tentially existing in alloys containing widely divergent vapor pressure

constituents is one of the important causes for porosity (Fig. 2).1

High gaseous content can contribute to porosity in numerous instances.

Decomposition of nonmetallic inclusions often common in many metallic

materials and particularly important in the carbon steels is also a

serious cause of porosity. Existence of carbides, nitrides, and similar

case-hardening constituents also can lead to porosity and welding

problems.

Though without the benefit of much experimental data from

studies concentrated in these areas, it can be said that the vacuum

processed materials (and those processed by EB melting in particular)

have a reduced propensity for porosity in relation to nonvacuum-melted

comparable materials, though vacuum processing of the material by no

means assures absence of porosity. In terms of acquisition of data re-

lated to porosity it can be said that it is at best scarce and whatever

information can be found here has been generated using the hard vacuum

mode. The higher operating pressure of the alternate two modes could

alleviate the porosity problem slightly in some cases but lacking concrete

information on the extent of this improvement continued awareness of the

potential danger of porosity should be maintained. With the greater

usage of electron beams for welding of steels the danger of nonmetallic

inclusion-induced porosity here should be kept in proper perspective.

In joining of surface-treated parts one should be particularly careful

as real problem areas exist here (Fig. 3).2

Another potential danger area is that of work with rimmed and semikilled

steels, where deoxidants (for example, aluminum) should be added in the

vicinity of what will be the fusion zone to permit deoxidation in the

process of welding. The irons, i.e., cast irons which contain large

amount of carbon, are virtually unweldable because of the high degree of

gas evolution caused by the oxidation of the carbon in the process. This
is also the case with the steels containing phosphorus or sulfur in

5
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FIG. 3.--Welding of carburized material at the weld interphase.

(Courtesy: J. R. King, Sciaky.)

FIG. 4.--Spatter on surface of weld in 1.5-in. HP 9-4-25. (Courtesy:

J. Gerken, TRW.)

FIG. 5.--Shrinking in FZ solidification center line

J. Pasoja, Fusion Division of EBTEC.)
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excess of 0.03%.

The expansive release of highly heated gases from the fusion zone in the

many cases referred to above leads also to spatter (Fig. 4).1 Although

this effect is readily observed and can be rectified by refinishing of

the surface of the fusion zone and its vicinity it nevertheless is a

matter of concern as it leads to the added cost of the refinishing. The

problem of spatter can be of extreme importance in life-support systems.

Here the danger of entrapment (of small solid metal droplets in the

astronauts' breathing systems, for example) can have most serious con-

sequences. Because of lack of 100% reliable means to locate all possible

spatter-related particles in life-support systems recommendations to

avoid EB welding for these systems have been made.3

Shrinkage voids are another type of important defect which is encoun-

tered in EB welding. Unlike porosity, where we usually are dealing with

spherical configurations or curvilinear outlines of the defect, here we

often run into rather complex void configurations. These are more often

encountered in material known for volumetric shrinkage. As the fusion-

zone solidification proceeds normal to its walls, shrinkage cavities can

be developed almost along the solidification center line (Fig. 5). As

in other defects only limited information specifically related to this

problem in EB welding has reached the literature. It is believed its

occurrence should be more pronounced in EB welding relative to the al-

ternate fusion welding process by virtue of the higher welding speeds

and consequential higher solidification rates. It should improve at

least to some extent in partial and IAEB welding modes, both of which

have lower solidification rates. As a way of dealing with the problem in

all the three modes, reduction of weld speeds and beam oscillation both

aimed at reduction of the rates of cooling,are suggested as possible

remedies.

Cracking has been one of the more severe problems in welding technology

and it continues to prevail. EB welding in its three operational modes

has unfortunately not eliminated the problem. Many of the materials

which are susceptible to cracking when joined with the miscellaneous arc

welding processes are also susceptible to cracking either during or sub-

sequent to EB welding. Some nickel base alloys,' for example Inco 718,

Rene 41, and hardenable steels of the 4340 and D6A1 types are all subject

to cracking problems.

In these alloys, as is the case with other similar situations, good

understanding of metallurgical parameters including structural and di-

mensional changes brought about by heat treating and its relation to

the joining process is a must if one is to overcome the problem. Pre-

heating or postheating of specific nature for each and every alloy which

suffers from such cracking problems based on the production of suitable

metallurgical structure and reduction of internal stresses brought about

by the welding are absolutely necessary. In addition there is no sub-

stitute for most careful design both of the components and fixtures

aiming at reduction of constraints. One should always design for low

constraint if one wishes to minimize cracking occurrence.

An interesting case pertaining to cracking is for example the behavior

7



of A-286, a Ni-base alloy. Here it was established4 that the

weldability of the material was grain-size dependent. This in itself

is not strange but it is the only incidence of the problem known by the

writer related to EB welding. The specific case which revealed this

fact was the preparation of a part containing a butt weld between two

pieces of this material, one in forged condition and the other a bar

stock. The user kept obtaining most inconsistent results when a stated

part was subjected to fatigue testing. The first item which was estab-

lished in the study was that the grain size of the material in the forged

condition varied over a considerable range because of poor forging tem-

perature control. In addition it was also established that fatigue

cracks abounded on the large-grain-size specimen (Fig. 6). The estab-

lishment of maximum allowable grain size eliminated the problem.

Certain grades of tool steels in general and the M grades in particular

have the tendency to carbide liquation in the vicinity of the fusion

zone. Such steels have low ductility as in the welded condition because

of the formation of eubectic carbides. Extensive pre- and post-treatments

have been devised and are successfully used to rectify the problem also

in these cases.

There is no information whatsoever permitting any statements pertaining

to the changes of cracking susceptibility as one switches from the one

to the other EB welding modes, though no major changes are expected. As

already mentioned best results in overcoming cracking problems have been

obtained either through application of carefully selected heat treat-

ments or through suitable design aimed in minimizing constraints in the

system. No sufficient information has accrued on which to base more

specific guidelines for the users here.

As cracking itself is brought about by a variety of thermally induced

stress configurations brought about by phase transformations and related

metallurgical factors, nondestructive X-ray studies should be very

valuable in establishing the stress patterns associated with EB weld

joints. In aiming to better our understanding of happenings here much

study will be needed. Although activities in this area have begun5 by

virtue of a great many variables involved in joint preparation, joint

design, materials, and EB mode, it will take some time before even the

initially generated data will be of practical use to those in the shop.

I hope the difficulty and the tedious nature of the generation of such

information will not discourage a potential investigator. The rewards

of a clear understanding and sound knowledge of stresses produced in

EB welding will be notable.

Undercutting is another problem area in EB welding, with all factors

which tend to remove metal from the fusion zone contributing to it. As

a consequence of jigs, fixtures, work-piece configuration, and occa-

sionally metal build up in the center of the bead also contribute to

undercutting. Sometimes bottom drop-through leads to undercutting.

Though several approaches can be used to overcome this problem, the exact

details very much depend on the specific case. Beam parameter adjust-

ments, a thin shim of material placed on the surface, filler metal, a

smoothing pass with a defocused beam, and for that matter even a TIG

manicuring pass can be used to good advantage to overcome undercutting

8



when it has been observed. The problem can occur in all the three modes

and yet there has been virtually no mention of it in reference to the

higher pressure modes.

Missed joints or beam bending within the joint leading to only partial

weld is a problem that those using EB welding must face occasionally.

Here two manifestations, which can be referred to as missed joints, take

place. Though these two types of defects are not truly related, the

ultimate results have much in common. The first occurs when fine joints

are made and when a small deviation of the beam in its path of travel

bypass the seam, leaving nonwelded segments along the joint with the

fusion seam wandering to the left or right of it. This fault is most

often due to fields formed in the vicinity of the work leading to beam

deflection from the seam zone with the beam entering one or the other

of the parts to be joined. The second is brought about by deflection

of the beam by fields within the material. This type of problem occurs

most often when dissimilar materials or different cross sections

are joined. Magnetic and nonmagnetic material combinations are parti-

cularly susceptible to this type of problem, which leads to bending of

the beam within the material and missing of part of the joint. Pro-

grammed oscillation of the beam at rates to be experimentally determined

for different cases and which tends to neutralize the fields within the

material has been shown as most helpful for elimination of problems of

this variety.

The cold shut is last weld defect in this group. Detailed explanation

of this defect is not well agreed upon by all concerned. It is further

the defect which is rather difficult to detect by nondestructive testing

means. An example of such defect is seen in Fig. 7, though perhaps one

of the most interesting types of cold shut was observed for the first

time by Gerken and Groves1 (Figs. 8 and 9). These indicate the three-

dimensional configuration of this cold shut. It is suspected that the

very fast cooling rates typical of EB welding are responsible. But the

details of this type of configuration are by no means clearly understood.

They are possibly related to the suggestion that the beam moves in step

fashion even though it is continuously displaced. It is suggested that

this stepwise beam motion is associated with plasma focusing at the sur-

face of the workpiece being irradiated by the beam. The actual configura-

tion of the cold shut itself might be due to the very high thermal

gradients which are created by the electron beam. Actually the root of

the weld is characterized by three-dimensional heat flow in contrast

with two-dimensional flow on the walls of the weld and as a consequence

there is a greater frequency of cold shuts in the root of welds.

Another interesting defect which has not been fully resolved was recently

reported by Hickenb (Fig. 10). Here all attempts to derive a correlation

among any known beam parameters and the frequency of the variation of

the root of the fusion zone have failed to date. Bradburn et al.7 also

encountered this problem on UR 3.5 Ti alloy in attempting to produce

controlled penetration welds. Like Hicken they were able to remedy but

not eliminate the situation by beam oscillation.

To summarize the first subject of my discussion, defects: EB welding is

not different in essence from other fusion-welding processes and welding

9
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FIG. 6.--A-286 cracking in coarse

grained structure. (Courtesy:

J. Pasoja, Fusion Division of EBTEC.)
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FIG. 10.--Root profile fluctuation in

aluminum (top) and uranium alloys

(bottom). (Courtesy: K. Hicken, Dow

Chemical.)
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FIG. 7.--Cold shut and porosity

in Ti 6 Al 4V. (Courtesy:

J. Gerken, TRW.)

FIG. 8.--Cold shut, Ti 6 Al 4V.

(Courtesy: J. Gerken, TRW.)

FIG. 9.--Flat section in Ti 6

Al 4V through above cold-shut

zone. (Courtesy: J. Gerken, TRW.)



defects exist also here. Considerable betterment in the awareness of

their existence is needed before effort to improve the understanding

of causes leading to these defects is initiated. Only through under-

standing and establishing of proven and general remedial procedures

will the importance of EB weld defects as a problem area be reduced.

The second topic to be discussed is that related to the interrelation of

the beam, its focus spot, and fusion-zone configuration. Although it is

implied that long-focal-distance systems (i.e., long-working-distance EB

welding systems) permit considerable freedom in welding, the specific

location of the focal spot in relation to the surface of the work piece

is of considerable importance in relation to the shape and reproducibility

of the fusion zone. Attention to this matter was drawn for the first

time by Olshansky8 (Fig. 11); since then the problem has been investigated

with considerable additional details by Boncoeur and Rapin.9 These two

studies were conducted with low-voltage Pierce-type guns. It was hoped

that utilization of the telefocus type of gun might tend to reduce the

spread of fusion-zone configuration in relation to these low-voltage

systems. The writer also conducted recently limited experiments on

3.5-in.-thick AIS1 304 and on 6-in.-thick aluminum AA 5083 alloy. These

bead-on-plate experiments conducted with the assistance of Hamilton

Standard indicate that the telefocus system might possibly reduce the

problem somewhat, but the variation of fusion-zone configuration still

exists and must be taken in consideration (Fig. 12).

Based on these three investigations it can be stated that for all thin-

gage joining operations and all planar joining tasks on heavier-gage

materials the above does not present a problem. However, if one is con-

cerned with joining over some important range of depth, unless one can

compensate for it either with gun displacements or through changes in

beam parameters, one will have considerable variation in the fusion-

zone geometry of the joints and consequent property variation.

By virtue of its configuration the electron beam as a heat source leads

to the creation of very rapid cooling rates in the fusion zone. This

behavior has been usually associated only with welding, but some rather

interesting facts are revealed by consideration of the fusion-zone metal

as specially processed materia1.19 The results are shown in Table I.

TABLE I

Alloy
Vickers* Tensile Percent
hardness strength elongation

Al 11 Si

Base metal

EB fusion zone

60 20.6 7.5

14.9
115 35.0 4.4

36.0 4.5

Al 6 Mn

Base metal 50 12.5 4.8

12.7 5.1

EB fusion zone 75 21.4 8.6

19.6 6.6

*Averages of several measurements.
11



a. b c

FIG. 11.--Dependence of fusion-

zone geometry on site of beam

focusing. (Courtesy: N. A.

Olshansky, Moscow Power Institute.)

FIG. 12,--Dependence of fusion-zone

geometry on site of beam focusing;

fusion-zone traces produced in AISI
\s/

3.5 in. thick (left), and AA 5083 6 in.

thick (right), 150 kV and 167 mA, 8 in./

min. Focusing (a) 2 in. above, at the

surface, and (c) 2 in. below.

/

V

FIG. 13.--"Trademark" of EB weld: 304 stainless

steel, 0.5 in. thick.
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Note the important increase of hardness for both the Al 11 Si and the

Al 6 Mn. These properties are due to extreme structure refinement brought

about by the extreme chill rates. It is not impossible that some of the

EB weld properties obtained are related to this particular aspect of the

process and perhaps reevaluation along these terms might reveal interest-

ing information.

Here is also a potential area of application of the electron beam, i.e.,

for the production of unusual and perhaps high-strength structures; one

might refer to this as restructuring." Needless to say, this is not by

any means a commercial process at this juncture but it does have some

most intriguing possibilities for preparation of ultrafine cast struc-

tures and in turn perhaps most unusual properties in a variety of suitably

selected alloys.

Let me next refer to the "trademark" of the EB weld (Fig. 13). Much

has been said about the high depth-to-width capabilities of the EB pro-

cess and indeed it is the process which permits the preparation of the

highest depth-to-width ratios possible in welding technology. Though

electron beams are capable of these high depth-to-width ratios, there is

a large area of application where these are not necessary at all. This

being the case a considerable waste in capital investment occurs by any

user who needs EB welding but does not need high depth-to-width ratios.

One could facetiously say that these people acquire high performance

Masserati or Ferrari racing vehicles to use them for daily commuting in

traffic-jammed highways. One should also not forget that in some limited

instances it was even shown that the very high depth-to-width ratio fu-

sion zones actually have an adverse effect and wide fusion zones superior

properties, though this is not truly pertinent to the point that I wish

to make.

What I am really attempting to say in this brief reference to the high

depth-to-width ratios is that with greater discretion exercised by a

potential purchaser of an EB welding machine he could effect substantial

savings. Needless to say when you buy a piece of experimental equipment

one should get the best and most versatile system he can afford and ac-

quire it from the most reliable supplier one can find. In the past two

manufacturers have won laurels for making the best available equipment

in the U.S. I am afraid, however, that in most cases customers have

bought what these suppliers have wanted to sell rather than the most

efficient and economic machine to do the job. This status is certain

to change with the growth in the field and when the two main suppliers

encounter serious challenge from potential newcomers in the field.

Last but not least I wish to mention an item which has been somewhat

perturbing to me for some time. EB welding, and in particular the high

depth-to-width of penetration nugget configuration, leads to formation

of some rather sizable internal stresses. I already stated that they

are only now being investigated. The exact interrelation of these stress

patterns and the behavior of these structures in fatigue is at best not

known. As best as I can gather only limited data on the subject are

available and though I cannot say this with certainty I do not know a

single paper specifically directing attention to the subject to have

reached the welding journals. The base of application of EB welding
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continues to broaden. We know of early applications and we hear more
and more talk about the use of EB welding in very-high-performance air-
craft. We even know that virtually all important airlines have EB
welders at their service and maintenance facilities. Further, helicopter
rotators are often EB welded. Yet no data appear to exist which would
permit a user, actual or potential, to do away with existing concern as
to the soundness of these joints. The writer wonders if a major program
of study of interrelations of EB welding in structural applications and
fatigue is not overdue.

In conclusion let me say that I have attempted here to dwell on four
items related to EB welding that seldom get the attention that they
deserve to my mind. It is my hope that as awareness of these real and
potential problem areas is developed corrective steps will be taken. It
is only in this manner that the steady and uninterrupted growth of EB
welding can continue without unexpected unpleasant surprises which might
affect its future.
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USE OF SECONDARY, THERMAL, AND RACKSCATTERED

ELECTRONS IN THE ELECTRON-BEAM WELDING PROCESS

M. BONCOEUR

Commissariat d'gnergie Atomique, Paris

I. DIFFERENT ELECTRON CURRENTS PRESENT DURING WELDING

An electron beam, all the characteristics of which are assumed to

be invariable, strikes a metallic target of known composition. Under

the impact of the electrons this target may heat up and melt if the

energy provided is high enough; if not, it remains at room temperature.

The electron currents differ in the two cases.

1. THE TARGET IS NOT HEATED. The various types of electrons in

movement in this case are illustrated in Fig. 1(a). The incident elec-

trons strike the sample and penetrate the metal, where some remain

fixed while others escape again. The latter are elastically or inelas-

tically backscattered primary electrons, and secondary electrons due to

the collision of primary particles with the electrons of the metallic

lattice. Secondary electrons are distinguished from backscattered

particles by their low energy, which is assumed to be less than 50 eV.1'2

The current 1p passing in the sample is equal to the difference

between the incident current and the currents Is and Ir due to

secondary and backscattered electrons:

I = I
b 
- (I

s 
+ I

r
) (1)

If we assume that the incident electrons are monoenergetic and follow

parallel paths, the secondary current Is is given by the expression

I
s 
= A I

b

where A is the number of secondary electrons emitted by incident

(2)

electron. As we can see in Table I taken from the work of Weinryb,
1

the value of A increases with the atomic number of the target and de-

creases with the energy of the incident electrons. The backscattered

current Ir is obtained from the expression

(3)

11 being the number of elastically or inelastically backscattered elec-

trons per incident primary electron. The 11 values obtained by

Weinryb for targets of increasing atomic number and for various primary

electron energies are given in Table II. The coefficient 11 increases

with the atomic number and as the incidence of the primary electrons

diverges from the perpendicular. The direction in which 11 varies

with the energy of the primaries is uncertain since the results obtained
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TABLE I.--Secondary-emission coefficient A according to Weinryb.2

Z Element
A

28 keV 4.5 keV

4 Be 0.05 0.19

6 C 0.09 0.29

13 Al 0.09 0.21

22 Ti 0.08 0.31

26 Fe 0.06 0.28

27 Co 0.06 0.28

28 Ni 0.07 0.27

33 As 0.08 0.26

41 Nb 0.11 0.34

47 Ag 0.10 0.33

50 Sn 0.10 0.34

74 W 0.08 0.33

83 Bi 0.12 0.34

92 U 0.14 0.36

TABLE II.--Backscattering coefficient 71 according to Weinryb.
1

Z Element

T1 10
2

4.5 keV 11 keV 28 keV

4 Be 6.4 4.05 2.3

6 C 8.3 5.86 5.5

13 Al 18.6 14.3 13.5

22 Ti 26.2 23.6 22

26 Fe 30.7 26.6 25.3

27 Co 31.6 28 26.5

28 Ni 34.7 30 28.5

33 As 38 31.7 30.8

41 Nb 39.3 34.7 33.3

47 Ag 42 36.5 36.1

50 Sn 42.5 37 38

74 W 47.3 43.3 43.4

83 Bi 48 44.7 44.8

92 U 48.2 45.5 46.2
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by the authors are contradictory.' The currents Is and Ir vary
also with the shape and surface state of the target.

2. THE TARGET IS HEATED AND MELTS UNDER THE IMPACT OF THE ELECTRONS.

This case is illustrated in Fig. 1(b). In addition to the electrons
described above a new type is present: thermoelectrons. The metal

melted under the impact of the particles is a thermoelectron emitter

which gives off low-energy thermal electrons outside the metal. If It
is the current corresponding to the latter the current passing through

the sample becomes

I = I
b 
- (I

s 
+ I

r 
+ I

t

Thermoelectron emission is governed by the Richardson-Dushman law

J
t 
= AT

2
e
-Q/kT

(4)

(5)

where Jt , expressed in amperes per square centimeter of emitting sur-

face, is the maximum current density obtainable from the metal; T the

absolute temperature of the emitter; A a constant of the material; Q

the electron work function expressed in electron volts; and k the
Boltzmann constant. This relationship shows that for a given metal the

current It increases with the temperature and surface area of the

emitter.

The various currents involved in (1) change as we vary the focusing

of the electron beam during welding. In fact we know that changes occur

under these conditions in the temperature of the liquid metal and in the

width and depth of the zone it occupies, i.e., the thermoelectron emis-

sion surface; according to (5) the same applies to the current It .

Varying the focusing also modifies the form of the molten zone and the

incidence of primary electrons on it, and therefore the values of the

currents Is and Ir . According to (4) the current Ip passing

through the target varies with the focusing of the beam to which we

shall refer in terms of the value of the current If passing through

the electromagnetic focusing coils.

Blisters or cracks pre-existing in the bulk of metal melted by beam

are microscopic Faraday cages. The result is that as soon as the beam

passes through these defects the currents Ir and Is decrease, and

consequently Ip increases. A solid inclusion or a gas-filled blister

which explodes in vacuum alters the permanent electron flow conditions

and changes the values of Ir , Is , It , and I'D . By recording

these currents during welding it is thus possible to detect immediately

any anomaly which can point to the presence of a defect in the line of

the weld. We shall give results relative to variations in the currents

passing through or leaving the target, as a function of the focusing

current If on the one hand, and during passage of the beam over a

defect pre-existing in the metal on the other hand.
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II. VARIATION IN THE CURRENT LEAVING OR PASSING THROUGH THE TARGET,
AS A FUNCTION OF THE FOCUSING CURRENT

1. EXPERIMENTAL METHOD. Figure 2 shows the device used to record
curves giving the current Ip passing through the sample as a function
of the focusing current If . A motor mounted on the axis of the If
adjustment potentiometer causes this current to vary constantly during
the welding operation. The voltages collected at the terminals of two
calibrated resistances R1 and R2 connected in the focusing coil
supply circuit and between the target and the earth respectively, are
fed into an x-y recorder. The curves showing the current Ip as a
function of If are thus obtained directly. The variations in the cur-
rent (Is + Ir + It) leaving the target are measured by means of the
device shown in Fig. 3: a small Faraday cage placed under the gun col-
lects part of the current and is connected to a recording device similar
to that described above. We studied the variations of the currents
leaving and passing through the sample for targets of widely differing
atomic numbers: aluminum, steel, uranium, tantalum.

We used electron guns of the high-voltage triode type or the medium-
voltage Pierce type. We shall describe the results obtained with a
diode gun of the latter type built by the Sciaky Co.

2. FORM OF THE CURVES. The gun-sample distance and the welding rate
being constant we observe in Fig. 4, for a steel target, that the power
of the incident beam considerably influences the form of the Ip = f(If)
curves. This relationship changes continuously as a function of the
power, but four characteristic situations are found to arise. At very
low power the curve is essentially horizontal: changes in the focusing
current If have little effect on the current Ip . The curve becomes
V-shaped when the power rises slightly. At higher power the curve takes
the form of a W with asymmetrical arms. At high powers the inner peak
of the W expands and the curve takes the form of a peak. It should be
noted that the V minima and the crest of the central peak of the W
are characteristic points. They are always obtained for fixed values
of If when the I = f(If) curves are recorded several times, the
welding parameters and the composition of the target remaining constant.

The shape of the curves and the position of the characteristic points
are modified by a change in one of the following parameters: accelera-
tion voltage, bombardment current, rate of variation of the focusing
current, welding rate, or composition of the target. The influence of
these various parameters is shown in the diagrams of Fig. 5. It is
worth noting in Fig. 5(h) that the current leaving the sample may be
higher than the incident bombardment current when the target metal is a
very good thermoelectron emitter, this being the case for molybdenum,
tantalum, and uranium.

The curves giving the variation of the current Ib - I escaping
from the target as a function of the focusing current obviously develop
in a way opposite to that of the Ip = f(If) curves; for the same
abscissa in fact the slopes of the two curves are equal in absolute
value but opposite in sign. The results obtained from a study of the
current leaving the sample are thus identical with those given pre-
viously.

If the shape of the Ip = f(If) curves are compared with the
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morphology of the welds, it is observed that the more or less horizontal

curve corresponds to bombardment of the target without melting. For the

V-shaped curve the reduction in Ip coincides with the melting of the

target, the minimum value corresponding to the deepest molten zone. The

increase in I along the second arm of the V is accompanied by a

decrease in the depth of the weld until the molten metal completely

disappears. The situation in the case of the W shaped curve is iden-

tical with the above so far as the two outer arms of the W are con-

cerned. The central peak of the W appears with the nail-shaped weld

characteristic of electron beam welding. In Fig. 6 we see that the

maximum weld depth corresponds to the crest of the inner peak of the W.

At high powers the lateral arms are atrophied and the central peak is

very high since the welds are nail-shaped over a wide range of If

values, the greatest depth again being obtained for the If value cor-

responding to the peak summit. Micrographic sections show that the

height of the spikes at the bottom of the welding line and the number

of holes in the molten metal are greatest when the values of the focus-

ing current If are close to those corresponding to the crest of the

peak inside the W.3

3. APPLICATION OF THE MEASUREMENTS OF CURRENTS PASSING THROUGH OR

LEAVING THE TARGET, AS A FUNCTION OF THE FOCUSING CURRENT. (1) Focus-

ing Adjustments. It is easy to determine, by means of a single record-

ing of the Ip = f(If) curve, the focusing current value corresponding

to the deepest weld obtainable in a given metal with the parameters

chosen. We have pointed out that this focusing current value is fixed

so long as the gun, the acceleration voltage, the bombardment current,

the distance, the welding rate, and the metal to be welded are the same.

The result is that for all welds made with these conditions respectively

equal, it is simple and useful to define the degree of focusing of the

beam with respect to this fixed point. This degree can be defined as

the excess or deficiency, with respect to the fixed value, of the fo-

cusing current passing through the electromagnetic focusing coils. The

method is simple,immediate, quantitative,and independent of the skill

of the operator. Finally it makes it possible for a focusing character-

istic to be adjusted during the welding operation whatever the power

used and the metal welded.

(2) Choice of Focusing Current Giving a Weld of Predetermined Shape

and Size. From the I = f(If) curve it is possible to 
determine the

focusing current which gives the deepest weld when the other welding

parameters are already known, to find out which If ranges give welds

with or without the "nail" characteristic of electron bombardment, and

finally to avoid If values likely to correspond to welding lines con-

taining numerous defects such as shrinkage holes and periodic depth

variations.

(3) Immediate Detection of a Large Accidental Change in a Welding

Parameter. We have shown that the position of the characteristic points

on the I = f(If) curves is fixed if all the welding parameters are

constant and conversely that a change in one parameter leads to a dis-

placement of these points. By plotting a single curve it is therefore

possible to check that none of these parameters has changed appreciably.
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III. VARIATION IN THE CURRENT PASSING THROUGH OR LEAVING THE TARGET

WHEN THE BEAM PASSES OVER A DEFECT IN THE METAL

1. EXPERIMENTAL METHOD. When the beam passes through a crack, a

blister, or an inclusion present in the metal before welding, the elec-

tron flow inside and outside the target is perturbed. If the current

passing through the sample, or the current Ib - I leaving it is

recorded as a function of time, an electrical signal appears on this

recording. Its amplitude and derivative are small. Since we only want

to localize its position we recorded its derivative with respect to

time in order to amplify it. A diagram of the experimental device is

shown in Fig. 7; it includes an electrical signal collector, the deri-

vative system, and the fast galvanometric recorder. A Sciaky-Sv 2

diode-type electron gun is used.

2. DETECTION OF DEFECTS PRESENT IN THE METAL BEFORE WELDING. (1)

Holes Opening onto or Close to the Surface of the Target. We drilled

calibrated holes in plates of aluminum alloy steel, molybdenum, and

tantalum. We attempted to detect a signal on the recordings giving the

derivative dI /dt of the current I with respect to time as the

electron beam passes over these holes. The welding parameters were

such that the holes would be completely absorbed in the molten zone of

the welding line. If the hole has a diameter and depth exceeding mini-

mum values characteristic of each metal, a peak appears on the recording

as the beam passes through it. This can be verified on Fig. 8, which

shows, in the case of a semihard steel, recordings of the derivative of

the current Ip with respect to time obtained when the beam does not

meet and then meets calibrated defects. The peak height varies with

the height and diameter of the hole and with the nature of the material.

Figure 9, which gives the peak heights as a function of these three

parameters, shows that the nature of the metal has more effect than the

dimensions of the calibrated hole.

We verified experimentally that the appearance of the peak corres-

ponds to an increase in the current I passing through the target,

accompanied simultaneously by a decrease in the total current
(Ir + Is + It) leaving it. This means that some of the incident back-

scattered, secondary, and thermal electrons are trapped in the hole.

This trapped current is higher in absolute value for molybdenum and

tantalum targets having a high thermoelectron power, as demonstrated

on the recordings obtained for these two metals by the fact that the

derivatives and therefore the peak heights are larger. It seems also
that the current trapped is higher as the hole is less easily plugged

with the liquid metal, i.e., as the melting point and the thermal dif-

fusivity of the metal, separately or simultaneously, are higher. It

should be noted that in the case of tantalum and molybdenum the thermo-
electron current leaving the target is higher than the incident current,
the result being that the current Ip passing through the target is
opposite in sign to that observed for aluminum alloy or steel targets.

(2) Cracks Opening onto or Close to the Surface of the Target.
Cracks were simulated by arranging a calibrated gap between the two
faces of a flat joint perpendicular to the direction of welding as
shown in the drawing of Fig. 10. With semihard steel and aluminum alloy
we observed peaks on the dIp/dt recording as the beam passed above
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cracks between 0.1 and 0.5 mm wide and 5 mm deep. These cracks were

not revealed in the case of tantalum because the recording is very un-

even and the peaks undetectable. Figure 10 shows some of the recordings

obtained with semihard and aluminum alloy.

(3) Solid or Gaseous Inclusions. To simulate a solid inclusion we

drilled a hole 1 mm in diameter of known depth perpendicular to the sur-

face of the metal plate. A small scrap of graphite, tin, or copper was

placed at the bottom of the hole which was then completely plugged with

material of the same composition as the plate. A gaseous inclusion was

simulated by partial plugging of the hole. Our results show solid in-

clusions less than 1 mm3 in volume are easily detected with our experi-

mental apparatus in semihard steel, aluminum alloy, or tantalum; this

can be verified on the recordings reproduced in Fig. 11. Gaseous inclu-

sions are detectable, but at equal volume solids produce much higher

peaks.

3. DETECTION OF DEFECTS APPEARING DURING WELDING. (1) Perforation

of the Target. If the beam passes violently through the entire thick-

ness of the target, we observe a sudden increase in the current Ip

passing through the sample and a simultaneous reduction in the total

current leaving the target. In Fig. 12 we have reproduced a recording

of the derivative dIp/dt showing the peaks which appear when the beam

completely perforates an aluminum alloy plate.

(2) Blisters, Shrinkage Holes, Cracks. These defects appear after

passage of the electron beam, and it is unlikely that they could be

detected with an experimental device of the kind described.

IV. CONCLUSION

We have shown that a study of the backscattered, secondary, and

thermal electrons appearing during electron-beam welding gives the user

greater control over the dimensions and quality of his welds. In par-

ticular the focusing of the beam can be adjusted qualitatively and

accurately by measurement of the currents passing through or leaving

the sample. This measurement also enables the presence of certain de-

fects appearing in the welding line to be detected and their nature

analyzed.
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STUDY OF FACTORS PRODUCING HIGH EFFICIENCY WELDS

WITH A NONVACUUM ELECTRON BEAM WELDER

B. W. SCHUMACHER and F. D. SEAMAN

Westinghouse Research Laboratories and

Westinghouse Astronuclear Laboratories

Systematic welding tests (bead-on-plate) were made on 2219-T87 alu-
minum to determine the process latitudes for obtaining good weld profiles.
A minimum beam energy requirement was found to exist below which no good
weld profiles can be expected any more at a given thickness of the work

piece, even if the welding speed is lowered. Typical values are 4 kW
57 ipm for 1/4-in, plate and 7 kW 38 ipm for 1/2-in. plate. Whenever
the proper narrow weld is produced the weld is free of porosity and the
upper bead is very smooth, surface cleanliness is apparently not criti-
cal. The required shield gas flow (helium) from the electron gun nozzle
is independent of beam power and welding speed but must be closely con-
trolled. Power data, speed, the latitude which exists in these para-

meters, and the weld profiles related to it were compiled in a process
parameter plot.

From observations and from theoretical considerations it seems that

in the proper mode of operation a melt-front is maintained by the elec-

tron beam, the liquid metal flows around the beam channel and resolidi-

fies behind it, but little or no metal goes through the vapor phase.

INTRODUCTION

In this paper we present the results of some systematic welding tests
(bead-on-plate) on 2219-T87 aluminum in which we determined the process

latitudes for obtaining good weld profiles with an electron beam at

atmospheric pressure but under a protective gas shield of helium. The

data were summarized in what we called process parameter plots. A

simple and logical explanation of what happens in the welding process is

also discussed. From observations and from theoretical considerations
it seems that in the proper mode of operation an inclined melt front is

maintained by the electron beam. The liquid metal flows around the

beam channel and resolidifies behind it, but little or no metal goes

through the vapor phase.

WELDING EXPERIMENTS

THE ELECTRON GUN. For the following welding experiments we used a

nonvacuum electron-beam (EB) welder of the type which has been previously

described' but with a greater freedom in its operating parameters.
The beam passes through a differentially pumped beam transfer column

which ends, at the atmosphere side, in an over-pressure chamber with

helium. Some of this helium is pumped into the column, some enters the

atmosphere through the same hole as the electron beam. The effluent
helium acts as a shield gas in the welding. If the effluent gas jet
gets too violent it blows the liquid metal out of the weld. If the amount
of effluent helium is not high enough it does not replace all the air in
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the gap between gun (beam exit nozzle) and workpiece. In a 1/8-in, air

gap the electron beam would nearly double its width owing to scattering,

as calculations show. If the helium pressure is so low that even some

air is sucked into the transfer column, the beam power density is affected

because of increased scattering inside the gun.

In all our tests the total helium flow was measured. In some cases

the effluent part flushing the workpiece was determined separately. In

some tests additional helium shield gas (not co-axial with the electron

beam) was also applied, but had no effect on the welds.

MEASUREMENT OF BEAM CURRENT DENSITY. The EB current density was mea-

sured, prior to or after the welding, with a spinning disk which had a

pinhole. It was moved quickly through the beam and the fraction of the

current which passed through the pin hole was displayed on an oscillo-

scope. This yielded, after suitable calibration, the beam width and

peak power density at any desired plane through the beam. The following

data refer always to measurements at a level identical with the top sur-

face of the work piece. Further details about gas flow and power density

calibrations will be reported elsewhere.

WELDING PROCEDURES. Several series of welding tests were made. Three

series comprised 60 to 100 welds each. This was followed by a number of

shorter test series to check on the influence of just one or the other

of the parameters. All together 420 welds have been produced; of these

over 300 have been radiographed.

For each series of tests the beam power was set at definite values,

for instance 7, 5, 4, and 3 kW, with the beam voltage maintained at

150 kV. The total beam power to the workpiece was measured prior to

welding with a Faraday cup. Therefore different scatter losses in the

beam transfer column would not affect the beam power used for welding.

However the beam power distribution and the beam profile could well be

different. The power density and beam width was measured, with the beam

analyzer described above, at the end of each welding pass.

All welding tests were made as bead-through-plate in 2219-T87 aluminum,

mostly with 1/4-in, plate and a gap of 1/8 in. between the beam exit

nozzle and the workpiece. A few data were taken at 1/4-in, working dis-

tance and/or 3/8-and 1/2-in. plate. The distance was set for each weld

to an accuracy of ± 0.01 in. by means of shims.

The upper surface of the workpiece was scraped to remove a heavy gray

mill oxide film, in order to prevent it from interfering with the normal

flow of metal and obscuring bead formation. In order to provide a source

of H2, which is a major source of porosity in aluminum, the underside

was not scraped to remove the mill oxide. (The hydrogen comes from the

moisture and hydrocarbons trapped in the mill oxide.) All the helium

used was "welding grade." Gas lines were copper to minimize contamina-

tion of the gas during transmission to the gun.

With the above parameters at a fixed setting, a series of welds was

produced by varying systematically the welding speed as well as the

flow rate of helium into the overpressure chamber. Three to four-inch

long bead-through-plate welds were made side by side, about 1/2 in.

apart, on aluminum plates 4 X 12 in. in size.

RELATIONSHIP BETWEEN MEASURED BEAM CURRENT DENSITY AND WELD WIDTH.

The appearance and quality of these welds was evaluated by visual
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inspection and classification. Where indicated, radiographs with a 2%
sensitivity level for porosity were taken. Process parameter plots were
developed, showing the latitudes in the process parameters graphically.

Typical operating parameters are listed in Table I. A transition from
wide to narrow welding conditions occurred for Beam A very near 125 CFH
total gas flow. Yet it does not seem that at that gas flow a signifi-
cant change in the beam parameters occurred. The fact that for Beam A
a slight peak in the power density occurs at 125 CFH can be interpreted
that at this value the gun-to-work gap is just completely filled with
helium. At higher helium flow (and pressures) the beam begins to de-
teriorate in the transfer column. For Beam B a slight peak occurs at
115 CFH total flow which is lower than for A because the beam nozzle was
narrower. It was also observed that with a longer exit nozzle (e.g.,
0.06 in. dia. X 0.25 in. long) the optimum flow was always less than
with a shorter one, probably because it assured better laminar-flow con-
ditions. The minimum helium flow rate at which a narrow weld could be
produced (dependent upon beam nozzle diameter) was called "transition
flow rate."

TABLE I.--Comparative characteristics of two electron
beams (7 KW 150 KV, 0.125 in. nozzle-work spacing).

BEAM A BEAM B

Pressure in

transfer column
P2 = 1.5 to 2.5 Torr P2 = 0.6 Torr

Appearance

of Welds

Maximum

intensity

(A/cm2)

Beam

width

(in.)

Gas

flow

(CFH)

Maximum

intensity

(A/cm2)

Beam

width

(in.)

Gas

flow

(CFH)

Wide weld

(see Fig. 2

Weld 3-6)

Narrow weld

(see Fig. 2

Weld 3-7)

Slightly

excessive gas
flow (see Fig. 2

Weld 3-10)

Excessive gas
flow (more gouging
than 135 CFH)

Greatly excessive
gas flow

(severe gouging)

6.6

7.05

5.07

---

___

0.0235

0.0200

0.024

___

___

110

125

135

---

---

5.17

6.35

6.09

4.82

5.05

0.025

0.024

0.024

0.026

0.025

110

115

135

145

155

Representative welds are shown in Fig. 2.
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GENERAL OBSERVATIONS REGARDING THE NARROW WELD PROCESS. Since the

objective of these welding series was to establish the influence of the

machine settings and the process variables like power, welding speed,

and workpiece distance on the appearance and quality of the welds, the

welds were subdivided into the type-classification of Table II according

to the appearance of the upper surface and the degree of penetration.

TABLE II.--Classification of welds.

Symbol

Name Description Clear Porous

weld weld

Type A Wide Welds: penetration through the

full workpiece thickness.

Type B Wide Welds: incomplete penetration

of the workpiece.

Type C Narrow Welds: penetration through the

full workpiece thickness.

Type D Narrow Welds: incomplete penetration

of the workpiece.

Type E Narrow Welds: undercut (gouged) upper

bead surface; penetration through the

full plate thickness.

Type F Narrow Welds: undercut alternating

with regularly spaced sectors of normal

or excessive crown on the upper surface

of the bead; incomplete or marginal

penetration of the workpiece.

0

•

A -45

Plots were made with gas flow on the vertical axis and welding speed

on the horizontal axis. Each weld was entered in the plot with a symbol

showing to what type it belongs. Porosity was also determined radio-

graphically for these welds. Where porosity was found the symbol in the

process-parameter-plot was given a superimposed cross mark.

This sorting process revealed some interesting relationships. First,

it became evident that the change from the wide to the narrow weld con-

figuration, as far as it is influenced by the helium gas flow, always

occurred at the same flow regardless of welding speed and beam power.

In other words, gas flow is not a process variable but rather a machine

setting which is to be kept at a certain level within certain limits.

The margins for this setting under various operating conditions will be

discussed below. It became further evident that the tolerance for varia-

tions in welding speed are larger at higher power levels than at lower

ones, which can also be understood.



EFFECTS OF SPEED AND GAS FLOW ON WELD APPEARANCE AT 7 kW OF POWER,
1/4-in. PLATE THICKNESS. Figure 1 shows a classification of the welds
in a plot as just described. The symbols indicate the appearance of the
weld, the location of the symbol indicates the process parameters under
which it was obtained. The gas flow on the vertical scale is given as
CFH above or below the transition gas flow, the point where the appear-
ance of the weld changes from wide to narrow. The absolute value for
this transition flow changes with the size of the beam exit nozzle as
previously mentioned.

We see that symbols for similar welds are grouped in certain areas
of this two-dimensional representation of process variables. These areas
are indicated by dashed lines. However, these lines are not meant to
suggest an abrupt transition but rather a transition zone. Typically
for any welding process such transition manifests itself in an increas-
ing probability for obtaining a particular type of weld as the variables
are adjusted to move away from the boundaries and into the center of the
various regions.

Of considerable importance is the observation that the transition gas
flow falls on a straight line, in other words is constant and unaffected
by speed or power. It is not a variable in the process but a machine
parameter. Nevertheless, separating the results into these various areas
suggests some important features of the narrow weld process as it is
effected by the gas flow and speed.

As is the case with any fusion process, welds exhibiting lack of pene-
tration become more prevalent as speed is increased, without regard to
gas flow. However, changes in gas flow complicate this phenomenon. For
example, as gas flow is increased above the transition line a narrow weld
not fully penetrating the plate can be expected to increase in penetra-
tion. Especially the narrow gouging process (triangular symbol) goes
from partial penetration to full penetration as the flow is increased,
as shown by the line BD. In simple language, the high-speed gas jet
blows the liquid metal out of the slot. In the range of the wide welds
(square symbol) the gas flow apparently chills the workpiece so that gas
flow must be reduced if the speed is increased in order to maintain full
penetration. Shielding gas has a similar effect in the arc welding pro-
cesses. As a result the boundary line from C to E has a negative slope.

Between these exposures lie the narrow, high-efficiency welds, as
described above in Table II. Figure 2 shows typical cross sections for
the various types of welds.

In Fig. 1 an extension of the line BD down to A on the transition-
gas-flow line encloses the area of acceptable welds. The low-speed end
of the process, at about 110 ipm, has been established by the appearance
of the undercut. There were no wide welds to provide a better definition
of this transition at the 7-kW power level. However it seemed remarkable
that a direct transition from gouging to cutting might occur, if the pro-
cess is slowed to a point that from the vastly overwelded joint the
liquid metal falls out of the slot. In fact, later tests at 5 kW showed
such an effect. Besides, the beam can begin to vaporize metal, leaving
a hole.

From a practical point of view, Fig. 1 suggests that the process is
more tolerant of a variation in speed than it is of a variation in gas
flow. But this may have something to do with the way in which the gas
flow was measured. The optimum gas flow appears to be 2 to 5 CFH above
the transition.
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EFFECTS OF SPEED AND GAS FLOW AT 5, 4, AND 3 kW OF POWER, 1/4-in.
PLATE THICKNESS. Welds made at a power level of 5 kW are classified in
Fig. 3 in the previously adopted manner. There is a region A-B-C where
acceptable welds can be produced. Point A, the slowest speed at which
acceptable welds result, is 30 ipm slower at 5 kW than it was at 7 kW.
But the high speed limit for the process has changed more. Point C
moved from 145 ipm to 88 ipm, a reduction by some 55 to 60 ipm. Thus
the speed range of the 5-kW process is only about 10 ipm, whereas the
range of the 7-kW process was 35 ipm. This suggests that the process
cannot be applied below some minimum power. Assuming a continued, pro-
portional reduction in latitude the lowest level would appear to be 3 kW.
Further tests with 4 kW of power showed that there is only a 9% latitude
in speed left where the process gives acceptable welds. In 36 tests with
3 kW of power no acceptable welds could be obtained.

EFFECT OF SPEED AND GAS FLOW AT 7 kW OF POWER, 3/8- AND 1/2-in. PLATE
THICKNESS. Some welds were produced in 3/8-in, thick plate of 2219-T87
aluminum following all the procedures described before. To get full
penetration in this thicker plate at the 7 kW power level requires, of
course, a slower welding speed. The classification of the welds made
on 3/8-in, plate is shown in Fig. 4. The over-all effect of increasing

plate thickness is much like reducing power; with the l/2-in, plate the
welding process at 7 kW performs much as the 4 kW does on 1/4-in. plate.
The power level of 7 kW is marginal for welding 1/2-in.-thick materials,

but narrow welds were produced successfully in l/2-in.-thick plate at

this relatively low power level and could be easily produced at slightly
higher power levels. A cross section through some of several narrow
welds is shown in Fig. 5.

EFFECT OF CHANGE OF WORKING DISTANCE FROM 1/8 TO 1/4 in. For all
the work discussed so far the working distance, i.e., the gap which the
beam must cross from the beam exit nozzle to the workpiece, was 1/8 in.
If it is increased to 1/4 in. the welding speed must be reduced to get

the same penetration. At 4 kW for 1/4-in, plate little, if any, process
latitude remains. Further studies were not made at this time.

PROCESS LATITUDES. The latitude which the narrow-weld process per-
mits in the setting of gas flow rate and process speed varies with
power, and the relevant data are summarized in Fig. 6. That there is a
minimum power below which the process no longer works at all, is under-
standable on the basis of energy-balance considerations to be discussed
below. Tolerances for variations in the process variables as a function
of plate thickness are shown in Fig. 7 for the 7-kW process.

As is evident even from these limited data, it is always advantageous
to have excess power available and run at higher speeds.

EFFECT OF SPEED AND GAS FLOW ON POROSITY. The welds are subjected to
radiography at the sensitivity level of 2-2T (that is, using an appro-

priate penetrameter with a thickness equal to 2% of the specimen being
radiographed and adjusting the radiographic procedure so as to define a
hole in the penetrameter with a diameter equal to twice the penetrameter
thickness). In reading the radiographs data were taken from a 1.5-in.
section of weld. The first 1/2 in. of weld was disregarded, as was the
last 1/2 in. of the weld, to avoid end effects caused by the entry of
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the process onto the plate (and by its termination in the plate) influ-

encing the results. Gouged welds were not subjected to individual in-
terpretation if it appeared from the film that the joint thickness was
beyond the limits of radiographic sensitivity. All visible porosity was
noted. The detectable minimum was about 0.030 in. The number, distri-
bution, and size of the pores were noted. However, it was felt that the
sample size (length of the weld) was too small to permit conclusions to
be drawn regarding trends in these effects. Therefore only the presence
or absence of porosity in the sample is reported. Only in some excep-
tional cases, which seemed anomalous, the severity of the porosity (which

was always very low) was noted.

In order to display any relationship that might exist between porosity

and the major process variables, the existence of porosity in a particular

weld was marked in our process parameter plots by a vertical cross over

the symbol of those welds which showed porosity. The symbols of clear

welds were left unchanged.

The most remarkable result is that no porosity appears as soon as the

process yields a narrow weld. Even where the narrow-welding process

becomes marginal, as with lower power or thicker material, porosity is

low; most of the narrow welds in 1/2-in.-thick material produced with

7 kW of power would meet conventional aerospace porosity standards and

would easily meet the ASME Code for Unfired Pressure Vessels.

It is quite plausible that when the process latitudes become marginal

the probability that instabilities can trap vapor or gas during the
freezing process is greater, and thereby produces pores. The welds made

at 7 kW of power in 1/2-in, materials were indeed made where the toler-

ance limits of the process are very narrow. In addition, in thicker

material the height of the column of liquified metal is longer and there-

fore more likely to be unstable; at the same time the cooling rate in-

creases as a result of the larger mass of metal. The first condition

would encourage the formation of cavities and the second would tend to

trap them in the weld. Unfortunately we could not extend the present

studies at this point to include welds made with higher-power beams.

THE WELD PROCESS

GENERAL CONSIDERATIONS. It has been indicated in earlier papers that

electrons with an energy of the order of 100 keV which arrive at a metal

surface at a relatively low rate, say with a current density of 1 mA/cm2,

will only penetrate into the metal to the depths of their so-called range,

this being in the order of 100-200 microns, or a few milligrams per

square centimeter. For these very low beam currents the penetration

range depends upon the kinetic energy of the individual electron (given

by the beam voltage). When the beam-current density becomes high the

range depends also on the current as has been mentioned and observed many

years ago;2 if the high-power beam hits a stationary metal target it

melts and finally vaporizes the metal and drills a hole. This continues
as long as the beam stays confined enough and has enough power to vapor-

ize the metal in its path.

Vaporization of the target by a high-power electron beam was used for

drilling holes of small diameter (e.g., through 1-in.-thick quartz glass)

long before it was ever used for welding. It is impossible for 100-kV

electrons to penetrate through either liquid or solid metal to any ap-

preciable depths. Any statement to the contrary is misrepresenting the
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physical facts.

In a recent paper we have discussed at which power density level the

laws for the penetration of the individual electrons become invalid and

power phenomena begin to appear.3 The power density in EB welding is

always so high that power phenomena dominate.

Since a beam channel or hole has to be formed first the EB welding

process has been called a "keyhole" process. It is usually assumed that

the beam channel is filled with metal vapor. But even then, as shown

by Schwarz,4 most of the energy of the electron beam is deposited at the

bottom of this hole and little energy is absorbed in the metal vapor

itself. This can hardly be otherwise, because energy absorption from

the electron beam is associated with scattering which would limit the

power density and the range of the beam. We have recently confirmed

this fact by a theoretical study on the electron scattering in the weld

zone5 and by some observations on electron beams under water.6 That the

EB energy is mainly deposited at the bottom of the welding cavity im-

plies also that we cannot rely on electron scattering to distribute this

energy equally over the depths, or over the wall area, of the weld

cavity. Hence we face the very interesting question, how this energy

is, in fact, distributed. Schwarz4 has argued that the vapor produced

at the bottom of the cavity and hitting the walls in the upper region

of the cavity can account for the energy transport. This may be compared

to a violent boiling process, and indeed Schwarz has shown motion pic-

tures of in-vacuum welding where the cavity is closed by a liquid metal

film which is periodically rupturing owing to the vapor pressure. Al-

though this mechanism seems to explain the energy redistribution properly,

it presupposes that the weld cavity is closed at the bottom, even in a

full-penetration-weld with a noticeable underbead, and that capillary

forces are holding the liquid in the welding gap. It is understandable

that this mode of operation requires a rather delicate equilibrium be-

tween power input and melting rate, i.e., welding speed.

WELDING WITH A MELT-FRONT. In welding aluminum in air (under helium)

with a 0.08-in.-wide beam and a weld depth of 1/4 to 1/2 in. the top

of the keyhole cavity is certainly not closed by a liquid metal film,

as one can readily observe by eye (and a small telescope). The open

top forms such a large escape hole that a process of energy redistribu-

tion by means of vapor can hardly be effective.

We believe there is another mechanism for the energy distribution,

as follows. The electron beam, which has a finite width and is moving

forward at a finite speed, produces an inclined "melt front" in the for-

ward direction of the beam movement. If this front is properly sloped

in relationship to beam width and speed, then the beam energy is dis-

tributed over the full height of the front. A combination of vapor

pressure, gas pressure, beam pressure, and surface tension causes the

liquid metal to flow around the center of the beam to the rear, where

it resolidifies. Next to no metal needs to be vaporized, except per-

haps in the beginning when the beam cavity is initially formed. Even

this seems unnecessary if the beam cuts into the metal piece from the

edge.

Many observations suggest that there is indeed an inclined melting

front in the forward direction of the beam movement. Such a front can

be seen whenever the beam power is suddenly shut off, then the weld

terminates in a crater with a sloping front. Very often a hole right
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through the metal is seen (which means no liquid metal at the bottom

of the weld cavity), and a rearward face which looks as if it were mainly

formed by surface tension. Figure 8 shows cross section and top view of

a weld termination showing this sloping front face. The above descrip-

tion of the melting process is also consistent with the observation that

when "good welds" are made little "smoke" is seen and no black deposits

afterwards. The hydrodynamic process which accomplishes the metal trans-

port will need some further study and will not be further discussed here,

but it may be noted in passing that the triangular groove which can be

observed on the surface near an abrupt termination of a weld (e.g.,

Fig. 8) resembles the funnel which can be seen on the inlet of continuous

casting machines; there it is a prerequisite for a sound, pore-free

casting.

We may ask now what conditions must be fulfilled to achieve and to

optimize this mode of operation. Another question would be whether this

mode of operation promises advantages over a mode with violent boiling.

Obviously, power input, traveling speed, and workpiece thickness are

again most critically interrelated. Because there is a postulated geo-

metrical relationship between the beam diameter and the slope of the melt

front one would also expect that this process might be more stable if the

diameter of the electron beam were not too small compared with the depth

of the weld. The process may therefore be most suitable for producing

welds with depth-to-width ratio in the order of 2:1 to 4:1 as was the

case in the above described experiments.

ENERGY RELATIONSHIPS REGARDING MELTING, VAPORIZATION,

PENETRATION-DEPTH AND WELDING SPEED

MINIMUM THEORETICAL ENERGY EXPENDITURE. A narrow weld or cut in

2219-T87 aluminum, made in atmosphere under helium shield gas, is typi-

cally 0.08 in. wide. A simple calculation shows how much energy is needed

to melt a 1-in, long slot of this width in a 1-in.-thick plate, assuming

all the energy goes for melting and nothing is lost by heat conduction,

namely 3.54 kW-sec/in./in. For the 0.25-in.-thick specimens used in our

tests this means a minimum of 0.885 kW-sec/in. to melt a 0.08-in. slot.

As seen from the tests it takes a minimum energy expenditure of 18 kJ/in./in

(or 4.5 kJ/in. in 1/4-in.-thick material) to produce a weld at the lowest

possible power level which the process will permit, namely 3 kW, at a

speed of 0.66 in./sec. Hence under those conditions the process is less

than 20% efficient, 80% of the energy is carried away by heat conduction.

At higher power and speed (7 kW, 2.3 in./sec) the energy expenditure is

only 3 kJ/in., which means the energy efficiency has risen to 30%. We

know from other experiments that the efficiency improves at higher powers

and welding speeds.

The conditions under which 100% energy utilization can be achieved

have been analyzed recently.3 In short, the energy must be supplied to

the surface at a rate sufficiently high or within a time interval suf-

ficiently short so that during the melting process no significant amount

of heat is lost by conduction. For example, with a 9-kW beam going into

a 1-mm2 spot on a molybdenum surface it would require a time of PT = 3 x10-5

sec to bring the molybdenum to the melting point. This time is not short

enough to make the energy transfer quasi-adiabatic, i.e., insensitive to
heat conduction. The power density would have to be increased by an or-

der to magnitude to achieve quasi-adiabatic melting. We see that in this

40



respect theory and experimental observations are compatible.

Let us finally look at the postulated sloping-front theory of narrow,

out-of-vacuum welding in the view of the energy transfer calculations

of Klemens.7 In the narrow welding mode that part of the energy which

is not used for melting never goes into vaporization (at least not a

significant amount) as Klemens has shown. He also showed why a minimum

power density in the beam is a prerequisite for deep penetration, in case

vaporization temperatures are reached or exceeded, and in case we have

a vapor-filled keyhole. But apart from the power density argument

Klemen's calculations, including the relations for the change in depth

with welding speed, remain valid also in the case of a sloping-melt-front

process. The absolute values of the welding speed and the width of the

weld depend, of course, upon power density as well as upon power.

CONCLUSIONS

The latest EB welding tests at atmospheric pressure have shown that

narrow welds with high depth-to-width ratio can be produced within a

fair range of the process parameters.

A controlled flow of helium from the exit gas nozzle of the welder

was necessary to produce the narrow welds over a variety of power levels

and weld speeds. The controlled helium flow rate must replace the air

between the electron gun and workpiece; calculations of electron scat-

tering showed that the beam would roughly double its width across a

1/8-in, air gap. In addition, the controlled exit gas flow may be re-

placing the metal vapor in the beam path, thus again reducing beam

scattering.

The possibility of hydrodynamic effects caused by the gas flow could

not be directly observed within the scope of this program. It is ob-

vious, however, that the narrow gouge-type welds or cuts which occur at

higher helium flow rates are related to the exertion of excessive force

on the liquid metal. The proper exit gas flow required to transform

the welding process from a wide to a narrow weld was found to be the

same for all beam-power levels and welding speeds; it may be considered

a machine parameter.

For a given workpiece thickness, the process requires a minimum beam

power below which narrow welds can no longer be obtained at any combina-

tion of speed, gas flow, or power. For every beam-power level above the

minimum, there is a range of welding speeds within which narrow welds

are obtained, the latitude in the operational parameters being larger

at higher powers and faster welding speed. The practical minimum power

for getting narrow welds in 1/4-in, plate of 2219-T87 aluminum is 4 kW

(speed 57 ipm); for 1/2-in, plate it is near 7 kW (speed 38 ipm). At

7 kW, 1/4-in, plate can be welded conveniently (speed 120 to 145 ipm).

These data refer to 1/8-in, gun-to-work distance and 150-kV electron

beams; yet even at 1/4-in, gun-to-work distance, narrow welds could

still be obtained.

At the termination of the welds, a formation can be seen that looks

like a resolidified melting front, inclined in the forward direction.

It seems that the projection of this melt-front onto a plane perpendic-

ular to the beam is as wide as the electron beam, and that the beam

melts the metal over the full depth of the weld more or less uniformly.

This finding would be compatible with various considerations about the

energy transfer from the electron beam to the metal.
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The molten metal appears to flow around the beam region and resolidi-
fies in the rear. It seems significant that if this model of the welding
process is correct, vaporization of metal is not a condition for narrow
deep welding, at least out-of-vacuum. It would avoid local overheating
and boiling, therefore give smoother weld beads, and reduce the likeli-
hood of entrapped vapor causing porosity, in agreement with the observa-
tions.

Radiography showed that all narrow welds which were produced, and
even some of the wide ones, were free of porosity. In this connection,
it is also important that no particular care was taken to clean the plates
prior to welding.

The process latitudes at each power level and specimen thickness, as
a function of welding speed, work distance, and gas flow setting can be
clearly displayed in graphs so that the process can be applied with
confidence.

ACKNOWLEDGMENTS

The authors express their most sincere appreciation to Mr. C. R. Taylor
for the conscientious and careful performance of all the welding experi-
ments reported herein. The study has been financed in part by NASA/MSFC
under Contract NAS8-11929, Task F.

REFERENCES

1. J. Lempert, IEEE Transactions IGA-3: 438, 1967.
2. B. W. Schumacher, Ann. Phys. 13: 404, 1953.
3. B. W. Schumacher, "Power density limits for the particle penetra-

tion laws and the onset of energy phenomena in electron beam targets,"
in Electron and Ion Beam Science and Technology, Third International
Conference, R. A. Bakish, Ed., New York: Electrochemical Society, 1968.

4. H. J. Schwarz, "Mechanism of high-power-density electron-beam
penetration in metal," in Electron and Ion Beam Science and Technology,
R. Bakish, Ed., New York: Wiley and Sons, 1965.

5. D. C. Schubert and B. W. Schumacher, "Effect of electron scat-
tering in the metal vapor on the energy dissipation in the cavity pres-
ent during electron beam welding," in Electron and Ion Beam Science and
Technology, Third International Conference, R. W. Bakish, Ed., New York:
Electrochemical Society, 1968.

6. B. W. Schumacher, "Some observations on high-power electron beams
under water," ibid.

7. P. G. Klemens, "Energy considerations in electron beam welding,"
ibid.

42



CORRELATION BETWEEN DIMENSIONS OF AN ELECTRON

BEAM AND THOSE OF WELDS OBTAINED WITH IT

M. BONCOEUR and M. RAPIN

Commissariat d'gnergie Atomique, Paris

I. INTRODUCTION

Among all the other welding parameters, the dimensions and the
current-density distribution of the electron beam in planes normal to

its axis must have a considerable influence on the dimensions and qual-

ity of the weld. Several authors have described devices by which these

two characteristics can be measured.1-5 So far however the systematic

study of the envelope of the beam and its current-density distribution

variation in different cross sections normal to its axis, and also the
establishment of correlations between these two characteristics and the

dimensions or quality of the welds, seem to have been neglected, and

very few publications have appeared on the subject. We propose to des-

cribe some of the results we obtained in the course of such a study

carried out for beams from a Pierce-type gun.

II. EXTERNAL FORM OF THE BEAM

We studied two beams produced in vacuum by a Sciaky-SV 3 gun built

according to the principles laid down by Pierce. The electrical power

involved in their production was 1.5 and 2.3 kW, respectively, and they

were obtained with the parameters shown in Table I. If we assume that

the beams are axially symmetrical, the beam envelope is known when we

know the dimensions of an axial cross section. We plotted the latter

after measuring the diameter of the beam at increasing distances from

the electron gun, using the device shown in the diagram of Fig. 1.

TABLE I.--Parameters used to produce the two beams

with a Sciaky-SV 3 gun.

BEAM 1

Electrical power in kW 1.5

Acceleration voltage in kV 16.2

Bombardment current in mA 90

Focusing current in A 2.90

BEAM 2

2.3

19.3

120

3.35

A rapidly rotating 350-mm-diameter copper disk cuts into the beam per-

pendicularly to its axis. The maximum diameter of the beam in one of

its cross sections equals the length along which the disk must be dis-

placed in order for the current collected in the Faraday cage to de-

crease from its maximum value to zero. The curve giving the variation

of the current collected in the Faraday cage as a function of the length

of penetration of the disk into the beam is recorded on a galvanometric

apparatus. In order to eliminate errors owing to inaccurate localization

of the points where the current collected is at a maximum or zero, we

plotted the first derivative of the above curve and assumed arbitrarily
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that the beam diameter was the width of this derived peak measured at a

distance from its summit equal to 95% of its height.

The axial cross sections of the two beams are plotted in Fig. 2. In

both cases we observe a narrow region about 1.1 mm in diameter and 20 mm

long. Above and below this region the beams widen rapidly.

III. CURRENT-DENSITY DISTRIBUTION IN THE BEAM

We attempted to calculate the current-density distribution in the

electron beams at various distances from the gun. We used the method

described by Harker,6 which allows this distribution to be obtained from

the derivatives of the current mentioned above. The current densities

calculated by this method are subject to numerous errors of a magnitude

difficult to estimate, which means that the value of the current density

distributions is only semiquantitative. However, for a given beam they

can be compared, and it is possible to follow their variation for beam

cross sections situated at increasing distances from the electron gun.

Figure 3 shows the curves giving the current density distribution in

cross sections of the 1.5 and 2.3 kW beams situated at various distances

from the gun. The current density is low but relatively uniform over

the whole cross section for the region near the gun. It reaches its

maximum value in the narrowest section of the beams. Beyond this it de-

creases at the center of the beam but does not tend to become uniform

again throughout the cross section.

IV. DEPTH AND WIDTH OF WELDS AS A FUNCTION OF THE BEAM DIAMETER IN THE

WELDING PLANE

Figure 4 shows the curves giving the depth of welds made in stain-

less steel and in uranium with a 2.3-kW beam, as a function of the beam

diameter, measured in the plane of the welded sample. The number beside

each point refers to the distance in centimeters between this plane and

the lower face of the gun. We observe that the weld depth does not in-

crease regularly with the inverse of the beam cross-section diameter in

the welding plane, as we might have expected, and in particular the

deepest weld is not that obtained when the surface of the sample lies

in the smallest cross section. The curve presents three parts. In the

first the weld depth increases inversely as the diameter, up to a maxi-

mum value reached when the weld is made in the plane containing the

smallest cross section of the beam. This first part corresponds to welds

made when the welding plane lies between the gun and the narrow section

of the beam. The second part of the curve lies above the first: the

depth increases as the beam diameter decreases, and reaches a maximum

for a beam cross section greater than the narrowing zone. This is the

highest value on the entire curve and is obtained when the welding plane

is situated at a distance between 10 and 15 mm from the narrow section.

This second part of the curve corresponds to welds made in planes lying

beyond the minimum cross section. The third part is more or less recti-

linear and joins the two points corresponding to the two maximum depths

observed on the first and second parts of the curve. It must be noted

that in this part the weld depth increases with the diameter of the beam

cross section. It is important to observe that the penetration depths

are different for welds carried out in two planes of equal beam cross-

section diameter, one lying above and the other below the narrow section.
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The diameter of the beam in the welding plane does not therefore account

for the variations in the weld dimensions. The curves of Fig. 5, which

we plotted for welds made in stainless steel, uranium, and aluminum alloy

with the 1.5-kW beam, are similar to those of Fig. 4, which confirms this

result.

On Fig. 6 are plotted the curves showing the width of the welds, mea-

sured on the surface of the sample, as a function of the 2.3-kW beam

diameter. We notice that the curves present three distinct parts having

as abscissas the same limiting diameters as those seen on Fig. 4 for the

curves giving the weld depths. We also plotted the straight line corres-

ponding to an equal width of the weld and the beam. We observe that

welds made in uranium and stainless steel can be narrower than the beam

diameter when this becomes large. It is probable that the electron den-

sity is low on the periphery of the beam, and that electrons located on

the outside of a cross section approximately as wide as the weld are ab-

sorbed or reflected by the target without causing the metal to melt.

V. INFLUENCE OF THE CURRENT DENSITY DISTRIBUTION ON THE DIMENSIONS OF

THE WELDS

In Fig. 7 we again plotted the curves giving the depths of the welds

as a function of the beam diameter in the welding plane, for welds made

in uranium with the 2.3-kW beam and for those made in aluminum alloy with

the 1.5-kW beam, respectively; near each experimental point we have

sketched the curve giving the current density distribution at this point

and shown the calculated value of the maximum current density on the beam

axis. We prove that the mean current density and the current density on

the axis are the highest in the narrow section of the beam, but the

greatest weld depths are obtained when the welding plane passes through

beam cross sections with lower current densities. On the curve obtained

with the 1.5-kW beam we observe that, for a given beam cross-section

diameter, the welds are deeper when the current density is very high near

the beam axis than when it is low and uniform throughout the cross sec-

tion. The same result can be seen on the curve plotted for the 2.3-kW

beam.

The diameter of a beam of constant power, measured under the condi-

tions described in Sec. II, gives no indication on the concentration of

power in the beam. Our results show that the penetration is greater as

the current density, i.e., the energy, is concentrated in the beam.

When the total power is constant this concentration rises as the beam

cross section decreases and as, within this cross section, the current

density is concentrated near the beam axis. To account for these two

power concentration parameters it would be better to define the beam

diameter, in a given welding plane, as the diameter of the cross section

inside which passes a defined proportion of the power of the beam. To

achieve this, using the curves showing the current density distribution

in various cross sections of a beam, we would have to plot the curves

giving the power distribution in the same cross sections. It would then

suffice to measure the diameter of the cross section containing the pro-

portion of power defined. For the two beams studied the relative posi-

tions of the diameters measured remain the same whatever the definition

chosen for the diameter, and our conclusions are identical.
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FIG. 7.--Effect of current-density distribution on weld depth.

VI. DEFORMATION OF THE BEAM DURING WELDING

We have shown experimentally that the position of the narrowing

point of the 2.3-kW beam, estimated visually by the operator during

welding, was 20 mm lower than its earlier position measured when no

target was being matted. This confirms the results of authors who have

pointed out that the presence of a cloud of metallic ions around the beam

could reduce the spreading effect due to its space charge and produce a
'V
pinch effect," reducing its.cross section and changing its current den-

sity distribution.1 s7 This pinch effect exists if the beam energy

concentration is great enough in the welding plane for the target to

melt and vaporize; its amplitude varies with the quantity of metal melted

and vaporized. The weld dimensions are thus bound up directly with the

characteristics assumed by the deformed beam during welding, and not with

those it possesses under nonwelding conditions. This explains why in

Figs. 4 and 5 the welds are not the deepest at the level of the beam

cross section which, under nonwelding conditions, has the smallest diam-

eter and the most concentrated energy.
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CONCLUSION

We performed a series of welds at constant power in metal plates, the

surfaces of which were made to coincide with beam cross sections of

known diameter and current density distribution. We established the fact

that welds obtained with a given beam were deeper as the energy of the

beam was more concentrated near its axis. Since the energy distribution

in a beam cross section is not constant, the external diameter of the

latter is not enough to define the energy concentration at this level.

It is necessary to measure the diameter of the circle containing a fixed

proportion of the total beam power.

We have put forward the hypothesis that the electron beam is deformed

during welding and suffers a "pinch effect" owing to the presence of a

cloud of metallic ions at its periphery. The result is that the envelope

and the current density distribution are not identical in the beam on

which our measurements were carried out under nonwelding conditions and

in the beam actually used for welding. The correlations should there-

fore be made between the weld dimensions and the beam characteristics as

they actually are during welding. It should be noted that these charac-

teristics will be difficult to measure.

From the practical point of view, a knowledge of the correlations we

have established between the dimensions of welds and the beam character-

istics measured under nonwelding conditions provide additional parameters

connected with the beam which should enable the user to reproduce the

same weld more accurately, even at widely spaced intervals of time.
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UTILIZATION OF THE ELECTRON BEAM IN PRODUCTION

R. R. COLLEGE

IBM Corp., SMD Endicott, N. Y.

INTRODUCTION

Much has been written and presented on the subject of electron beam

(EB) metal working applications. To a great extent the material was of

an experimental nature, laboratory work was theoretical, but little has

been published on EB welding actually paying its way within a manufac-

turing plant. However, today, more and more EB technology is proving

itself to be a useful production machine tool. In the early stages of

this project to develop the EB welder and metal-working techniques for

production, it was found that the electron beam could be advantageously

used as an engineering service tool. The electron beam is no longer

restricted to a laboratory environment. We hope to inform others of

the electron beam's capabilities and potential in a manufacturing plant

and help to bring about additional potential production applications.

The electron beam is not by any means a cure-all for assembly problems,

but rather an additional tool that will broaden the material combina-

tions and design configurations which may be used in modern manufactur-

ing. It may also often supplement other processes to speed up fabrica-

tion and assembly providing a higher-quality part with fewer subsequent

operations. This paper describes how the electron beam has been used

by IBM's Advanced Manufacturing Engineering to service a production or-

ganization and shows the breadth of possible service applications for EB

metal working.

HISTORY

Approximately three years ago, the Systems Manufacturing Division at

IBM Endicott entered the field of EB technology. The entry was accom-

plished by acquiring a hard-vacuum, high-voltage EB welder (Fig. 1).

Primarily, this welder was to be utilized to join the hammer assembly for

the 2203 Printer used in System/360 (Fig. 
2).

INITIAL APPLICATION

The 2203 Hammer Assembly consists of a chrome-plated 2.5% silicon

steel hammer and a chrome-plated mild-steel socket plus two copper-plated

special stainless-steel springs. The capabilities of the EB welder to

join dissimilar materials plus the ability to accomplish this joining

under rigid requirements and specifications provided a perfect solution

to an otherwise difficult manufacturing problem. Some of the rigid re-

quirements and specifications that had to be met in this assembly included:

1. The precise location and repeatability of the weld spots.

2. Minimum weld spot diameter.

3. Weld penetration.

4. Very close and precise tolerances.

5. Minimum heat.

6. Minimal distortion.
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FIG. .--EB welder with N/C controller on the production floor.

FIG. 2.--A 2203 Hammer assembly after EB welding.

FIG. 3.--Spring-leaf assembly.
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These specifications had to be met repeatedly to render the process
economically feasible for the production requirements that had been
dictated.

Initially, the welding of this assembly was accomplished by posi-
tioning the point of impingement or the desired location of the weld
spot on the hammer assembly under the electron gun and triggering the
beam manually. This process required the positioning of the hammer
assembly and the triggering of the beam four times for each assembly.

PROCESS AUTOMATION

As the production requirements increased, IBM developed and built an
automatic deflection system. This system was coupled to the EB welder

and resulted in increased production capacity. With the automated de-
flection system incorporated, we now had to position only once for each
hammer assembly. This was accomplished by positioning the center of the
weld pattern for each hammer assembly under the electron gun and manu-
ally triggering the deflection circuitry. The beam would then auto-

matically deflect from a central location to the number one weld spot

for a predetermined length of time and then automatically switch the
deflection load to the number two weld spot, and the beam would again

be fired for a predetermined time. This process was repeated until all

four weld spots per assembly were welded.

Because of the potential and capabilities of this new technology and

its impact on the production industry in the field of assembly, an ad-

ditional electron beam welding unit was purchased. Also, at this time,
a project was established to attempt to automate the positioning of the
hammer assembly to increase the productivity and capabilities of the

equipment.

The first attempt at automating the positioning was to evaluate
several mechanical systems. These attempts were unsuccessful as the
speed, accuracy, and repeatability that were required could not be suc-
cessfully or economically achieved. The next endeavor was to attempt

numerical control positioning. From our initial investigations, we

learned that it was feasibly impossible to acquire a dc motor that would
operate in a high vacuum. This requirement was necessary if we were to

accomplish the task with minimum disturbance to the vacuum work chamber.

Some of the problems that were encountered in this task were:

1. A positioning table had to be found or built physically to fit
the vacuum work chamber.

2. The height of this table could not exceed 22" from the floor of
the work chamber owing to the necessary distance below the heat shield
that was required to provide a proper field of range for the deflection
pattern.

3. The positioning table had to support a minimum of a 50-lb static

load.

4. A point-to-point N/C positioning system with an accuracy of ± 0.001
and a repeatability of 0.0005 had to be acquired.

5. A table move of 1 IPS was required.

6. Dc motors had to be acquired that would operate in a 1 X 10-4 mm
of Hg vacuum environment at temperatures of 78° to 150°F.

7. All of these requirements including design, construction, instal-
lation, and debugging of the entire system had to be accomplished within
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four months at a comparable estimated cost.

No commercial tables were available that would physically fit the

vacuum work chamber. Consequently, a special table had to be developed

and built. Two special dc motors were also developed and built that

would operate in the vacuum environment as specified. The Numerical

Control System that was adopted for this project was a G.E. Mark Century

120 with an accupin feedback system.

The complete system was developed, built, installed, and debugged in

5 months. The N/C control system was married to the automated program

deflection system.

The final results that were realized with this new automated posi-

tioning and deflection system were as follows:

1. A positioning table was designed and built that was compatible

to the vacuum work chamber.
2. A point-to-point Numerical Control System was achieved that

could position a 50-lb static load to an accuracy of ± 0.001 with 0.0005

repeatability and variable speeds of 0 to 120 IPM.
3. Two special dc motors were developed, designed, and built that

would operate in the temperature range of 78° to 150°F and 1 X 10-4 mm

of Hg vacuum environment.

4. The system was developed, designed, built, installed, and debugged

in the projected time span and at a comparable cost. The reliability

of the system has far exceeded our expectations.

The system has been utilized almost continuously for the past 2 years
with complete trouble-free operation.

With the installation of this automated positioning system the opera-
tion now consists of obtaining a proper vacuum and setting the predeter-
mined parameters on the EB welder, then depressing the cycle start

button. The positioning table automatically positions a hammer assembly
under the center of the electron gun then sends a signal to the deflec-

tion system. The deflection system automatically fires the four deflected
weld spots, then signals the N/C Controller to position the next hammer
assembly. The deflection system can be altered for various weld patterns
simply by inserting new logic cards in the deflection controller.

PRODUCTION APPLICATIONS

After the major concerns for joining the 2203 hammer assembly were

under control, new production welding applications were sought. One

such application that was adopted to EB welding was the previously

bonded spring leaf assembly (Figs. 3 and 4).

Figures 5-9 show the many potentials and versatilities of the EB
welder which can be utilized to accomplish the majority of assembly
applications found on the production floor today.

DEVELOPMENT UTILIZATION

EB welding can also be used in developing and evaluating new ideas
and design configurations. This eliminates the building of prototype
parts many times from raw material (Figs. 10 and 11). EB welding can

also be utilized in the producing of pilot or prototype production

orders (Figs. 12-14).
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REPAIR AND SALVAGE UTILIZATION

The EB welder can also be used most advantageously in the repair and
salvage of production parts and in the area of build, repair, and salvage
of tooling, molds and dies (Figs. 15-22).

CONCLUSIONS

The above are just a few of the many applications and their use where
the EB welder can be utilized in a manufacturing facility. Many of the
applications currently being assembled by riveting conventional welding,
staking, bonding, screw and dowels, brazing, etc., can be economically
joined by utilizing EB welding. In the majority of cases, EB welding
produces a higher quality part in less time and with fewer subsequent
operations, such as straightening, deburring, etc., than any of the other
conventional means currently being employed.

For production application, the quality of the tooling involved plays
an essential part in the results to be achieved. The various models and

configurations of equipment available today leave no product or applica-
tion uncovered. The variety of accessories and equipment that also can
be obtained with the EB equipment enhances the potentials of this tech-

nology all the more.

The electron beam has most assuredly earned a place as a competent
and competitive production machine tool.

FIG. 16.--EB welder used to build up undercut area of aluminum cast frame.
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FIG. 20.--Air wrench (before and after) utilized on production equipment

has new plugs installed by EB welding.

FIG. 21.--Ball bearing, 0.5-in, in diameter, welded to a 3/16-in.-diam.

dowel pin to produce an accurate locator.
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ELECTRON BEAM WELDING OF STRUCTURAL STEELS

A. MATTING and G. SEPOLD

Technical University of Hannover (Institute for Materials Research),
Germany

1. INTRODUCTION

Unalloyed and low-alloy structural steels are among the most impor-
tant structural materials of our time. They can be joined, e.g., by
welding, without difficulty to form complex structural components and
fabrications and, because of their high degree of economy, are being
used in all areas of technology. That does not mean, however, that the
welding of these materials is entirely without problems; on the contrary,
problems do arise, for example from the wide welding zones and the metal-
lurgical notches associated therewith and, in the case of heavier sec-
tions, from long and hence uneconomic welding times. In contrast to the
disadvantages attendant upon the welding of structural steels by conven-
tional methods, electron beam (EB) welding produces extremely narrow and
deep welds, the welded component exhibiting but a minimal amount of
cross and angular contractions, very small heat-affected zones, and cor-
respondingly favorable strength values under static and/or dynamic load-
ing. Over and above that, EB welding has proven economical when applied
to parts of 10- to 50-mm thickness as these can be butt-welded within a
very short time and often require neither subSequent heat treatment nor
machining even if close tolerances are involved.

The wide application of EB welding has hitherto been prevented by a
number of unsolved problems which are in part due to ignorance of the
capabilities inherent in, and hence of the design and engineering pos-
sibilities afforded by, this process, but mainly to the inadequate and
defective joints produced in ordinary steels (Fig. 1). The left-hand
part of the future depicts a crack in the cross section of the weld
caused by structural transformation and high cooling rates. The next
two illustrations depict piping which can be regarded as typical of welds
whose penetration depth is less than the cross section of the work piece.
The two pores in the right-hand illustration are so-called frozen bub-
bles of vaporized metal which were unable to rise to the surface of the
welding zone because of excessively rapid solidification of the over-
heated weld pool. Defects of this kind render the strength of the welded
joint doubtful. In consequence, extensive investigations and experi-
ments designed to discover ways and means by which to prevent the forma-
tion of pores and cracks were required. In addition, it was necessary
to obtain data on the mechanical-technological properties of the welded
joint so as to facilitate a comparison between the welded and unwelded
materials.

2. MATERIALS

The investigations included two unalloyed structural steels, Grades
C 22 and TT St 35 and, for purposes of comparison, the low-alloy Grade
13 CrMo 44. Each grade had been heat-treated. Table I gives their
composition.
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TABLE 1.—Welded steels.

Steel Grade Si Mn P S Cr Mo

C 22 = approx.

AISI C 1020
0.19 0.22 0.42 0.014 0.022

TT St 35 0.14 0.30 0.47 0.008 0.024

13 Cr Mo 44 0.14 0.24 0.015 0.017 0.93 0.45

With the exception of a higher carbon content of 0.19%, the normalized

C 22 Steel Grade had a composition very similar to that of TT St 35,

which is a grade tailored for applications requiring high toughness at

lower temperatures. The wall thickness in each case was 10 mm. Prior

to welding the butt-joint the flanks of the parts were ground so as to

obtain a good match.

3. WELDING EQUIPMENT

The experiments were conducted with the aid of a Carl Zeiss Model

ES 1013 EB welding machine which is designed as a medium power unit de-

livering 3 kW at a maximum acceleration voltage of 150 kV.

The power densities attained in the focal spot can be as high as, and

in excess of, 107 W/cm2 so that, locally, the melting of narrow areas

and even vaporization of metal in the center of the impinging beam may

occur. If the high voltage transformer is connected in series to a

voltage stabilizer, this will produce adequate stabilization of the ac-

celeration voltage and the emitted beam, which means constant average

intensities in the focal spot. A self-developed focusing device per-

mitted reproducible adjustment of the beam current, which is not always

assured, particularly at high beam currents of more than 10 mA, by

focusing the beam on a block of tungsten and examining the point of im-

pingement of the electrons through an enlarging eyepiece.' The focusing

device consists of a motor rotating.at high speed and having a long

piece of metal fixed to its shaft end. Placed underneath the piece of

metal and electrically insulated from it is a piece of copper which acts

as a cage for the electrons. The piece of metal rotates above the cop-

per cage so as to interrupt the flow of electrons at intervals. The

more precise the focusing of the beam, the shorter the period of inter-

ruption of electron flow by the rotating piece of metal. This appears

on an oscilloscope as a signal with a steep flange. Focusing can be

regarded as optimum if the flange of the signal attains maximum

steepness.

4. CONDUCT OF EXPERIMENTS

The metal specimens, which had been carefully cleaned with carbon

tetrachloride, were clamped in a fixture in abutting relation to each

other. The beam was focused on the work piece surface prior to the

actual welding operation.

Before welding the front faces of the two specimens it was con-

sidered advisable to make a few welds side by side in the solid so as
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to develop approximate operating parameters for welding down to a depth
corresponding to the thickness of the specimens. It was not until the
top and bottom weld beads had been tested macroscopically that useful
data for butt-weld joints could be established.

5. RESULTS OF EXPERIMENTS

WELDING PARAMETERS. X-ray pictures of the joints indicated porosity
in the weld. Unetched micrographs of the center of the weld taken par-
allel to the welding direction indicated these defects to be located
predominantly in the vicinity of the root (Fig. 2). The left-hand micro-
graph of Fig. 2 illustrates a weld whose depth of penetration falls short
of the wall thickness of the specimen resulting in large oblong pores
along the root. The weld depicted in the middle of Fig. 2 has a poorly
formed root which will act as a notch when the weld is subjected to
loading. Again, there is some porosity in the weld indicating a high
cooling rate.

These unsatisfactory results were obtained in the initial experiments
making it clear that more elaborate and sophisticated investigations were
necessary. These tests involved variation of welding parameters, i.e.,
beam current, voltage, and feed rate. Moreover, the intensity distribu-
tion in the focal spot was varied, the beam was wobbled at 50 Hz in the
x and y directions, and the specimens were finally preheated to 200°C
by applying a defocused electron beam. The results of these experiments
can be summarized as follows.

When welding with rising energy per centimeter of weld, that is to
say with greater energy than was required to melt the cross section of
the material, porosity was reduced to a minimum. Thus, when applying
3100 J/cm of weld length, nonporous joints were obtained; whereas at
lower energy rates down to 1400 J/cm of weld length the melting of the
material over its entire cross section was still accomplished but was
accompanied by a considerable increase in defect size and frequency.
The application of energy in excess of 3100 J/cm up to a maximum of
8000 J/cm of weld length, which was associated with a reduction of beam
intensity by reason of higher beam current and lower voltage values,
produced deep penetration notches on the surface of the weld. Hence an
upper limit was imposed on the amount of energy to be applied to exceed
which yielded no advantage. However, it was found that even optimum
combinations of welding data did not altogether prevent the odd occur-
rence in the weld of spherical cavities up to 0.01 in. in diameter. Fur-
thermore, the weld roots were apt to 

sag,. 

i.e., protrude by as much as
1 mm, whereas a protruding top bead, such as is often observed on EB-
welded joints, did not occur. Smoothing of the wavy top face of the
joint was accomplished by subsequently remelting the material with a
beam of lower intensity. Preheating of the work pieces was dispensed
with for economic reasons although the welding results of a few tentative
experiments showed a considerable improvement even with work pieces which
had not been melted over their entire cross section.

The following welding data were found to be usable:

Acceleration voltage U = 130 kV
Beam current I = 16 mA
Feed rate v = 0.7 cm/sec
Focal distance a = 10 cm
(measured from center of lens to work piece surface)
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In order to record reproducible welds, a simple measuring device was
used permitting collection of the electrons emerging from the root of
the weld (Fig. 3). The electrical signal could be compared subsequently
to the macroscopic and metallographic findings of the weld (Fig. 4).

If the work piece, shown in Fig. 3 in cross section and appropriately
insulated, is penetrated by the electrons of the beam, the latter are
collected in an insulated copper cage positioned below the work piece.
The current is displayed on a Visicorder. The electrons impinging upon
the work piece can be measured in the same way. Figure 4 illustrates
the currents impinging upon cage and work piece, and the metallographic
finding of a longitudinal weld in Grade C 22 structural steel. During
the welding operation the beam power was reduced and then increased, re-
sulting first in a full-cross-section weld and then in a partial-cross-
section weld followed again by a more pronounced formation of the weld
root. This is reflected in the associated current curve which drops to
zero at partial depth of penetration, only to rise again towards its
peak as root formation improves. Thus, if used in conjunction with more
sophisticated measuring techniques,2 a control quantity would be avail-
able, making it possible for welding speed as well as beam or lens cur-
rent to be controlled in such a way as to assure the formation of a uni-
form weld root.

MECHANICAL-TECHNOLOGICAL PROPERTIES. The preliminary experiments had
proved that electron-beam welding will produce virtually flawless welds
in structural steels; this did not, however, mean that the welds would
also have optimum mechanical-technological properties. The very thin
but intensive beam (its diameter was approximately 0.5 mm) produced very
narrow welding zones which, by reason of the very steep temperature
gradient, led to the assumption that a structure of very high hardness
and hence drastically reduced elongation and impact strength would result.

Hardness curves across the welding zone confirmed that assumption. In
the center of the weld, Rockwell hardness values up to 42 HRc were found
in respect of 13 CrMo 44 and C 22 Steel Grades compared with 34 HRc for
Grade TT St 35. It was therefore logical to attempt to reduce these
hardness peaks by the subsequent application of a defocused electron
beam, thereby avoiding more elaborate and hence costly post-treatment
such as normalizing the parts in a furnace. The result of these inves-
tigations is shown in Fig. 5. The hardness across the weld in C 22
follows the path represented by the curves I to III in dependence on
the distance from the work piece surface. A total energy of 12 000 J
was applied during this post-treatment with the result that at no point
of the weld down to a depth of 2.5 mm did hardness values exceed 23 HRc.
Subsequent heating of EB-welded joints additionally effected some kind
of stress-free annealing whereby residual stresses caused by welding were
reduced.

Figure 6 shows the result of tensile tests on specimens which had not
undergone subsequent heat treatment. The specimen size corresponded to
German Standard Specification DIN 50120. The nominal values of round
specimens were compared with the actual values of welded joints. Rep-
resentation of the elongation at fracture of welded specimens was dis-
pensed with because a fracture occurred in the heat-affected zone of
grade C 22 for example, and the value for elongation was found to be
appropriately low. The results are average values for each of the three
specimens tested. As a rule, strength values of the welded joints equalled
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those of unwelded specimens. A slight deviation of the yield strength
from the nominal figure for 13 CrMo 44 steel grade should not be over-
rated. The fractures of the TT St 35 and 13 CrMo 44 specimens which
were tested for tensile strength occurred mainly in the parent metal or
could be interpreted as a mixed fracture starting in the parent metal
and reentering it after crossing the welded joint. Bending tests accord-
ing to German Standard Specification DIN 50121 consistently resulted in
bending angles of 180°. It, therefore, appeared meaningful to conduct
the bending tests at right angle to the welding direction as the weld
would still be subjected to genuine bending stresses even if bending

mandrels of somewhat larger diameter were used.

The EB-welded joints were also tested for brittleness by subjecting

them to V-notch impact bending tests. In view of the very narrow welds,

the specimen according to German Standard Specification DIN 50122 with

Charpy-V-notch proved particularly favorable as it covered the entire
weld from the root to the top bead and was positioned parallel to the

direction of rolling. Blows were applied to the specimens at room tem-

perature, the results being subsequently evaluated statistically and

compared with those of unwelded specimens (Fig. 7). A striking point to

note here is that the welded specimens have a wider value scatter band

than do the unwelded specimens which, among other things, is an indica-

tion that the transition temperature from high to low position had been

reached. In no one instance, however, did V-notch impact strength fall

below 2 kpm/cm2.

Annealing the welded specimens for a period of 0.5 hr at 890°C re-

sulted in V-notch impact strength values identical to those of the parent

metal. We therefore intend to conduct further experiments designed to

improve the impact strength of structural steels by post-treatment for

example, involving the application to the weld of a defocused electron

beam.

WELDING OF TUBES. The results of the mechanical-technological tests

provided the incentive to attempt to butt-weld structural steel tubes of

the aforementioned grades using the electron beam welding technique. To

accomplish this, the experimental set-up shown in Fig. 8 was devised.

The welding system is composed of four main components:

1. Focusing device

2. Work holding fixture

3. Welding table

4. Feed units

The focusing device I enabled optimum current density distribution to be

obtained in the focal spot. The block of copper placed below the focus-

ing device served as a cage and had been generously dimensioned to avoid

melting which a block of smaller size would undergo upon application of

the high beam powers involved.

The surface speed of the tubes was capable of being varied infinitely

from outside the welding chamber. After evacuation of the welding cham-

ber down to approximately 10-4 Torr, the intensity pattern in the focal

spot on the work piece surface was first displayed and checked on an

oscilloscope, compared with previously determined patterns, and, if

necessary, corrected by adjusting the lens current.

In welding the tubes, the same machine settings were used as those

which had been found and used previously in the production of longitudinal
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welds. Subsequent smoothing of the scaly top face of the weld was ac-

complished by reducing the acceleration voltage from 135 to 110 kV,
which entailed a drop in beam current to 7 mA and a diminishing of
intensity in the focal spot, with the electric field of the electromag-
netic lens remaining constant. This technique of smoothing by means of

a defocused electron beam was advisable whenever the top face of the
weld had sunk somewhat as a result of the slight "sagging," i.e., pro-

truding, of the weld root. The macroscopic finding of the tube welds
was supplemented by micrographs taken parallel to the welding direction

(Fig. 9). In this figure, the dark zone near the top of the weld de-
notes the depth of the fusion zone produced by post-treatment of the top
bead with a defocused electron beam whereby the metal was remelted near

its surface. The wavy transition from the root to the top bead results
from a reduction of beam power which was effected by manual adjustment

of the machine. By means of a slope device which permits, for example,
control of voltage across the Wehnelt cup, the operation of weld-smoothing,

that is to say the transition from focused to defocused beam, can be ini-

tiated automatically.

In manufacturing, the application of EB welding to the joining of

components of nonuniform wall thickness constitutes a further problem

as it is questionable whether such components can be joined satisfac-

torily. Components falling into this category are especially those of

heavier cross section which undergo changes in wall thickness by reason

of the particular manufacturing techniques employed such as casting or

forging. In welding such components, it may happen that the mutually

abutting weld flanges are offset by more than 1 mm. To obtain some more
specific information on this problem it was necessary to simulate experi-

ments with geometrically simple shapes for which purpose tubes of dif-

ferent inside and outside diameters were joined by welding. The maximum

and minimum wall thicknesses were 12 and 10 mm, respectively. The beam

was focused in all cases on the surface of the tube having the largest

cross section, which means that it was applied at the shortest focal

distance applicable in the circumstances. The results of welds produced

in tubes with mutually offset edges are shown in Fig. 10, which depicts

micrographs taken at right angle to the welding direction. The steel

grade used for the experiment was 13 CiMo 44. The left-hand micrograph

shows the surfaces to be offset by 2 mm, the right-hand micrograph indi-

cates the outside and inside diameters to be offset by 1 mm each. These
micrographs illustrate very clearly that EB welding is possible without
the need for repeated adjustment of current and voltage even if amounts

of edge offset greater than those stated above are involved. Moreover,

it appeared that, in view of the relatively high beam power, it was of

no consequence whether the beam was focused on the work piece surface or

on a point 2 mm lower since complete penetration of the entire cross

section consistently occurred. This meant that, with a small image aper-

ture, i.e., an almost parallel beam, the pattern of beam intensity dis-
tribution in the focal spot was similar to that obtaining at a distance
of 2 mm. With beams of small image aperture it would also be possible
to weld components of uniform wall thickness but complex shape along the
joint, that is to say at different focal distances without the need for
complicated adjustments of beam or work piece.
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6. WELDING AT HIGHER PRESSURES

Welding at higher pressures of 10-1 to 10-2 Torr requires shorter

pumping times, yielding shorter cycle times and hence improved economy

of electron beam welding as such. Except for reactive metals on which

conclusive experimental data are not yet available, many materials are

capable of being welded also at higher chamber pressures. It must be

expected, however, that materials welded at a pressure of 10-1 Torr will

require a higher beam power than those welded at 10-4 Torr since a cer-

tain amount of energy will be lost in the chamber owing to the electrons

of the beam colliding with residual gas molecules. Therefore, a few

tentative experiments were made for the purpose of determining the depth

of penetration of the electrons in structural steels in various vacua.

The equipment used was a k-kW unit, Model ESW 500, made by Leyboldt-

Heraeus. The results of these experiments are shown in Fig. 11.

Using the same welding parameters, i.e.,

Acceleration voltage

Beam current

Focal distance

Feed rate

U = 135 kV

I = 15 mA

a = 130 mm

v = 7 mm/sec

with the electron beam focused on the work-piece surface, different

fusion-zone depths resulted as a function of pressure. Although pres-

sure of 10-4 Torr yielded satisfactory fusion welds, complete fusion of

the material over its entire cross section was no longer obtained at a

pressure of 10
-1 Torr. Increasing the focal distance to 330 mm but

otherwise retaining the same operating conditions resulted in a shallower

depth of penetration than was produced in the weld made at a lower pres-

sure. This result is attributable to divergence of the beam at increas-

ing focal distances due to greater lens aberrations and electrostatic

repulsive forces. With increased beam power it was possible to produce

a butt-welded joint between 10-mm-thick specimens of C 22 structural

steel plate even at a higher pressure. A striking point to note in this

connection was that, in terms of applied energy per centimeter of weld

length, the joint produced at a higher pressure required less energy,

i.e., 2000 J/cm, than the one produced at a lower pressure; here, the

energy requirement was found to run to 2900 J/cm. It should be noted,

however, that the deep-penetration joints produced at 10-4 Torr were

narrower than those produced at the higher pressure of 10-1 Torr.

7. SUMMARY

EB welding of unalloyed structural steels is possible. Under specif-

ic operating conditions, reproducible and virtually nonporous welded

joints can be produced. Increases in hardness up to 42 HRe in the region

of the weld are unavoidable; these are, however, confined to a very narrow

zone of less than 1 mm and need not be regarded as critical. Besides,

a reduction in hardness can be effected by post-heat-treatment of the

weld with a defocused beam. Under static loading, the mechanical-

technological properties of the joints were found to meet the specifica-

tions laid down in the relevant German Industrial Standards (DIN-Standards).

The virtually flawless welding of tubes of different cross section is

possible, the welding parameters determined for longitudinal welds being

fully transferable to the production of circular welds. The top beads
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of the welds can be smoothed by repeated remelting of the weld to a

shallow depth which, however, may entail some increase in residual

stresses within the area of the weld. In welding structural components,

shorter cycle times, resulting from shorter pumping times for example,

should be aimed at with a view to improving economy. Here, automatic

welding at a pressure of 10-2 Torr constitutes a modern development

which however necessitates higher beam power at increased welding speed

if complete penetration of the work piece is to be achieved. Tentative

experiments in this respect yielded data on resultant increases in the

width of the welds and the heat-affected zones as well as on the vir-

tually complete absence of porosity in these welds.
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ELECTRON BEAM WELDING OF COPPER PLATES

RAJ K. RAHEJA

IBM Corp. (Components Division), East Fishkill, N. Y.

The physical structural properties of electron beam welds in copper

plates have been investigated. The actual weld region consists of a

dendrite grain morphology. On the basis of dendrite axial orientations

determined by Laue X-ray techniques, the actual kinetics of dendrite

growth seem to conform to those theoretically calculated. Nonisotropic

growth kinetics can explain the striations observed in the dendritic

weld regions. Other microstructural features are explained by using

temperature distribution profiles. A slight decrease in the tensile

strength of the cold rolled top copper plate is caused by the recrystal-

lization of grains adjoining the actual weld region.

INTRODUCTION

The purpose of the investigation was to evaluate both the physical

(structural) and mechanical properties of electron beam (EB) welds of

two copper plates. In the semiconductor industry such welds are useful

since they prevent damage to the surrounding regions by preventing ex-

posure to high temperatures.

EXPERIMENTAL RESULTS AND DISCUSSION

The welds were made using a Hamilton Standard EB welding machine.

The electron gun operating conditions were: 100 kV high voltage, 3 mA

beam current, and 1.75 A filament current. Figure 1 is a schematic of

a beam weld cross seetion. Figures 2 and 3 show representative photo-

micrographs of weld regions at the surface and cross section, respec-

tively. In the actual weld region, where the copper of both the ground

plane and the bit plate was molten and subsequently rapidly solidified,

the copper grains are seen to be columnar or dendritic. Adjoining this

the grains of the copper ground plane have been recrystallized to some

distance from the weld.
Dendritic growth occurs when the difference in Gibbs free energy AG

between the liquid and solid phase, is positive and increases with dis-

tance ahead of the interface. In the case of the pure copper to copper

bit plate weld, the dendritic morphology develops in those regions where

the temperature gradient in the liquid copper is negative at the liquid/

solid interface. In the case of palladium plated bit plates where we

have copper-palladium alloy liquid, the dendritic structure may have

developed even with a positive temperature gradient in the liquid, pro-

vided the solute distribution was such that d(iG)/dZ >0 at the inter-

face. It can be shown that the stablest condition is one where the

growth velocity is maximum.

Since most metals are nonisotropic in character, two types of crystal

faces have to be considered in dendritic growth: (1) the face growing

in the axial direction, the fastest (0-direction) and (2) the slowest

growing crystal faces, usually the closest packed faces--(111) for copper
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Copper

Plate Y

00028" Weld
thick Copper Plate

0. 05" thick

FIG. 1.--Schematic illustration of a cross section of EB weld.

FIG. 2.--Photomicrograph showing scalloped edge of columnar grained EB
weld region (mag. 100X).

FIG. 3.--Photomicrograph of cross section of EB weld (mag. 100X).
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and Cu-Pd alloy--(0-direction) make an angle 0 with the dendritic axis.

These faces make angles 0 with the specimen axis (symmetrical faces).
If p is the radius of curvature of the tip of the dendrite, it can be

shown that the dendrite growth velocity V is inversely proportional to

this radius of curvature p for a constant ST(0). For a diffuse

interface:

p=
2G (0)

1 G(0) 
2

2G(0) 
cos 0 (1 + cos 0)

(°) cos 0 - 1
µ, (0)

Here µ is the atomic kinetic coefficient, 0 is a primary crystal-

lographic direction (slowest growing faces), and G is the free energy.

For a constant ST(0) as we have in our case, the growth direction that

minimizes p in the equation above is the preferred dendrite growth

direction. The dendritic growth direction is one in which µ(0)/µ(0)

is maximum.

One would expect that the atomic kinetic coefficient would decrease

as the atomic packing of the crystallographic faces increases, so that

for closest packed planes the atomic kinetic coefficient would be mini-

mum, i.e., µ(0) is minimum for 0 in the direction of the closest

packing. This would maximize µ(0)/µ(0) . The closest packed planes

in Cu and CuPd are (1113 planes. The preferred growth directions for

face centered cubic materials would then be the axis of a pyramid of the

four sets of (111) planes. This was shown by Weinberg and Chalmers a

few years ago. The axial growth direction is thus (100). The axial

directions of the dendrites have been verified by Laue X-ray techniques

to be close to (100) directions. Figures 4 and 5 represent Laue back

reflection micrographs of small regions of the dendritic weld and copper

plate respectively.

The four significant microstructural features observed are (1) den-

dritic structure of the actual weld region with the dendrites following

(100) axis, (2) scalloping of the edges of some weld regions (Fig. 2),

(3) striations in the weld regions themselves probably due to anisotropy

of atomic freezing kinetics (Fig. 6), and (4) recrystallization of re-

gions adjoining the actual weld.

Items (1) and (2) can be explained readily by the use of temperature

distribution profiles (Fig. 7). It is assumed here that (a) the shape

of the electron beam on the work is circular and (b) the shape of the

temperature profile across any diameter of the beam spot is Gaussian

with a half-width of approximately 10 µ . It is seen from these profiles

that higher-energy peaks T2 , Tn give rise to deep notches. An increase

in the relative rates of translation between the work piece and the elec-

tron beam would give rise to increased scalloping of the weld edges. In

addition, the copper grains on either side of the actual weld region

(temperature T > TR) will be recrystallized as observed.

A microscopically layered temperature interface between liquid and

solid may be caused by an inconstancy in 6T(0) across the liquid/solid

interface owing to (1) electron beam and/or specimen table vibration

and/or a slight periodic electron density or flux variation associated

with the beam, and (2) anisotropy of atomic kinetics. This second

reason appears quite likely (Fig. 8a). For a microscopically smooth
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TEMPERATURE T(X,Y.)

12:3 RECRYSTALL/ZED GRAI/VS

ME MELTED WELD REGION
T, MELTING TEMPERATURE

MINIMUM RECRYSTALLIZATIOAI

TEMPERATURE

CEAJTER
OF WELD

FIG. 7.--Temperature distribution profiles.

Ti

\I
A V(ø)9.yr TE

AV Ta oTb

T

Microscopically Microscopically
smooth interface layered interface

(a) (b)

FIG. 8.--Schematic illustration of undercooling ST necessary to cause
dendritic solidification at a rate V. TE is the equilibrium freezing
temperature and Ti is the interface temperature: (a) microscopically
smooth interface, (b) microscopically layered interface.

75



interface some undercooling 6Ta will cause the transformation to occur

at a certain rate V. This relation between V and 6T is also a func-

tion of crystallographic orientation of the interface. It is expected

that growth in the high-index crystallographic directions will occur at

a lower 6T (lower V) than in the low-index directions. Figure 8(b) is

a schematic illustrating this phenomenon. If 6Tb < 6Ta,V(0) > V and

V(Ø) is the growth velocity in the high index direction,

V(0) = V cos 0

V(0) 
V(0) = 6Taµ(0) cos 0 ; OT =

a p(0) cos 0

therefore,

V 
ST >

a p, (0) cos 0

Thus the growth condition (1) in Fig. 8 will become unstable and (2) will

occur giving rise to the layered structure (Fig. 6). Such a microscopi-

cally layered interface would give rise to the striations observed in

the columnar grained weld regions.

In tensile tests the fracture of the copper plate-weld-copper plate

composites took place in all cases adjoining the weld region at the

transition between recrystallized and nonrecrystallized grains. The

reduction in yield strength of the thin copper sheet was approximately

20%.
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APPLICATION OF ELECTRON BEAM WELDING TO THICK SECTIONS
OF 12% Cr TURBINE GRADE STEEL

L. J. PRIVOZNIK

Westinghouse Electric Corp. (Large Turbine Division),

South Philadelphia, Pa.

The Large Turbine Division of Westinghouse Electric Corp. is pre-
paring to use the electron-beam (EB) welding process for the welding of
selected steam turbine components. The components are of 12% Cr turbine-
grade alloy steel and will vary in thickness from 1 to 4 in. and in
diameter from 2 to approximately 12 ft.

Welding will be done in a special facility designed and manufactured
for the Large Turbine Division by the Westinghouse Headquarters Manu-
facturing Laboratories.

The facility is unique in that it is one of the first large-chamber
partial vacuum systems to be built and installed for production welding.
It is also one of the first systems to incorporate the use of a closed-
circuit television monitor for positioning the weld and continuously
viewing the weld during welding. This system is also unique in that it
uses an indirectly heated emitter for its source of electrons.

The facility consists of the following basic components:

1. CHAMBER. The chamber was designed specifically for welding flat
circular assemblies such as turbine diaphragms and nozzle blocks. The
inner dimensions of the chamber are 4.5 X 12.5 X 15 ft. (Fig. 1). With
the rotary table in place, the maximum size component that can be accom-
modated for welding is 10 in. height X 148 in. diameter. Provision for
welding components of greater height can be made by replacing the exist-
ing table with one of more compact design. The table has three axes of
motion: vertical, horizontal, and rotary. The vertical motion was in-
corporated so as to permit welding at the shortest practical distance
from the gun.

Because of the partial vacuum there is some loss of energy of the beam
as the distance from the gun to the work increases. It was also con-
sidered desirable to maintain a fixed focal point even though welding
various thicknesses of material.

The work chamber is evacuated to a vacuum of 45-50 µ in 8 min using
two mechanical pumps.

2. ELECTRON GUN. The electron gun system is mounted in the roof of
the chamber. The gun assembly is capable of being tilted ± 30° from the
vertical. The cathode or electron emitter is of the indirect-heat type.
The cathode consists of a polished tungsten rod heated by a noninductive,
helically wound tungsten filament. The emitting rod, heater filament,
and heat shield are mounted in a standard multiple-pin type tube plug.
This arrangement permits simple and fast replacement of the cathode into
the mating female socket. The electron gun system of our production
facility is presently rated at 12.0 kW.

The anode plate, focus coil, and deflection coils are mounted below
the cathode. Mounted below the deflection coil is the intermediate
orifice system. This stage is pumped down to a vacuum level intermediate
between the chamber and the gun and prevents entry of metallic vapors or
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FIG. 1.--Partial-vacuum EB welding facility.

FIG. 2.--Completed diaphragm assembly after welding and machining but

prior to cutting apart.

‘...mmemoramoiNillmem/

_
FIG. 3.--Cross section of typical diaphragm showing location of full-

penetration EB welds.

78



II

other particles into the gun system.

3. POWER SUPPLY. For ease of maintenance, the electrical components

of the power supply are mounted in an ASME code pressure vessel and in-

sulated with SF6 gas maintained at approximately 42 psi of pressure,

rather than the more conventional type of oil insulation. All of the

electrical components are mounted on a monorail system inside the tank.
This construction also contributes to easy maintenance. Power input to

the power supply is provided by a motor generator set operating at 960 Hz.
The power supply is rated at 25 kW.

MAJOR APPLICATION

Although several applications are being qualified for this facility,

the major application is the welding of reaction diaphragms, i.e.,

stationary vane assemblies that redirect the flow of steam from one row

to another row of rotating blades.

Reaction diaphragms are installed in high-pressure, intermediate-

pressure, and low-pressure cylinder sections. Each diaphragm has up to

120 vane segments. Each vane segment is in the shape of a "dog bone"

with the welds joining the heavy ends. The individual vane segments are

assembled into a full circle and welded as a ring. In the past, weld

metal was deposited by the MIG process in grooves machined at the inner

and outer circumference in a plane perpendicular to the central axis of

the diaphragm. Present plans call for welding these assemblies with the

electron beam process instead of the MIG process. Instead of filling in

grooves with weld metal at the inner and outer circumferences, the welds

will be made from the surface parallel to the central axis of the dia-

phragm. Penetration will be through the full thickness. Figure 2 shows

a completed diaphragm assembly after welding and machining but prior to

cutting apart. The cross section of a typical diaphragm, indicating

location of the welds, is seen in Fig. 3.

Changing from the MIG process to the EB process required a change in

weld joint design. The MIG welds are large in cross-sectional area and

in width. The electron beam welds are considerably smaller in cross-

sectional area and are narrow. Based on engineering design requirements

and the results of destructive tests of prototype diaphragms, the number,

location, and cross-sectional area requirements for EB welds for the

diaphragms were established.

Two welds are required at both the inner and outer circumference.

The location and cross-sectional area requirements of the welds at the

inner circumference are more critical than those at the outer circum-

ference, particularly for those diaphragms that will be installed in

the high-pressure cylinder.

Normally EB weld applications call for very narrow welds with a large

depth-to-width ratio. In developing weld parameters emphasis is nor-

mally placed on penetration and weld shape with no particular emphasis

on weld width.

For the diaphragm application, primary emphasis is placed on weld

width and weld shape with penetration being dictated by the thickness

of the material being welded. Literature contains much data and infor-

mation relating to the effect of parameter changes on depth of penetra-

tion for EB welds. However, very little information is available con-

cerning the effects of parameter changes on the width of EB welds,
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particularly those made in heavy sections in partial or soft vacuum. In

addition to the rigid requirements for location and area of the welds,

there is a rigid requirement as to the quality of the welds. There is

a general feeling that since the welds are relatively narrow, the pres-

ence of even small-size defects occurring in multiple number would have

a detrimental effect, particularly since they inherently occur as linear-

type defects.

Preliminary welds made in 12% Cr turbine-grade steel indicated that

welds made at too high a travel speed or made under conditions that pro-

duced an excessively wide weld were susceptible to centerline cracking.

Electron microprobe analysis indicated that cracking occurred in alloy-

enriched ferrite areas segregated along the centerline of the weld.

Therefore, it was considered mandatory to establish parameters with con-

trolled limits that would not produce conditions which would lead to

cracking.

In order to satisfy the rigid requirements for the diaphragm welds

and to prove out the repetitiveness of settings and the reliability of

the equipment, an extensive testing and evaluation program was conducted.

The program consisted of a designed experiment to assist in establishing

optimum parameters and to determine which parameters had a significant

influence on the critical weld characteristics. Another goal was the

development of data that could be used to predict effects of small

changes in parameters on weld depth, width, and quality. Since this

program is not completed at this date, the results of this program will

not be included in this paper. The results of an earlier experiment

(designed primarily to evaluate the characteristics of the welder) are

presented instead.

EVALUATION OF EB WELD CONFIGURATION

A preliminary designed experiment was conducted on a duplicate welder

to evaluate the effects of the major parameters on the configuration of

the EB weld. This experiment involved the definition of the parameters,

the limits of these parameters, the variations and combinations of these

parameters, and finally the preparation of 81 sample welds.

The following parameters were chosen as major independent variables:

VARIABLES LIMITS

S = Speed 8-12 IPM

V = Accelerating voltage 120-140 kV

I = Beam current 60-80 mA

Fo = Focus current 0.38-0.44 A

Fr = Frequency of circle generator 150-250 Hz

D = Cathode-to-work distance 27.75-29.25 in.

Other variables such as chamber pressure (vacuum), beam deflection,

and work temperature were maintained constant at fixed values. We were

interested in the effects of variations in values of the independent

variables on the following dependent variables:

L = weld depth

W = average weld width

L/W = depth-to-width ratio
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After completion of the weld samples, the dependent variables were
measured and tabulated for computer processing. The experiment was
evaluated using regression analysis. The equations generated by the
computer are as follows:

A. Depth of the weld, L:

L = 7.974 - 0.427S - 0.192V - 0.0286C + 51.843F0
+ 0.0033Fr - 0.0992D + 0.019S2 + 0.001VC

+ 0.324VF0 - 0.204CF0 - 101.09F02

B. Width of the weld at half length, W:

W = - 1.129 + 0.0855S + 0.0118V - 0.000076C - 2.532F0

- 0.0019Fr + 0.0426D - 0.0032SD - 0.00004VC

- 0.0231VF0 + 
0.0135CF0 + 6.09F02 + 0.000037Fr2

C. Length-to-width ratio, L/W:

L/W = 107.195 - 22.632S - 2.997V - 0.0858C + 952.768F0
+ 1.235Fr - 5.107D + 0.800SD + 0.0166VC + 4.999VF0

- 4.602CF0 - 1469.341F02 - 0.863F0Fr - 0.0276FrD

From the equations generated by the computer the depth, width, and
depth-to-width ratio of an EB weld can be calculated for a given set of
variables within the stated limits. These equations are obviously long
and tedious to use. Our interest at this time was to determine the gen-
eral effect of the independent variables; therefore, a different approach
was taken to present the equations in a simplified form. The equations
were transformed to vectors, all of the cross terms broken down to com-
ponents and summarized, and from the minimum values of the independent
variables a new constant was generated for each equation. A nomogram
was then set up for each equation, with the length of the line repre-
senting the amount of contribution of the independent variable to the
dependent variable, and the direction of the line representing positive
(+) or negative (-) contribution. By this method, it is possible to
indicate the contribution of the six linear terms to each dependent
parameter (L, W, L/W) on a single nomogram. The nomograms are presented
in Fig. 4.

Since the equations represent an exponential expression (parabola),
their use for quantitatively predicting weld depth and width must be
confined to specified limits of the independent variables. Although the
usefulness of the equations or nomograms for predicting welding para-
meters is limited, it is felt that the direction of contribution and the
relative magnitude of the contributor can be predicted on a wider range.

As part of the evaluation of the production welder an investigation
to determine the reproducibility of results with different cathode
assemblies was conducted. Three welds were made with each of six dif-
ferent cathode assemblies with identical welding parameters. The welds
were sectioned and etched and measurements were made of depth and width.
To summarize the results of the cathode evaluation, the greatest varia-
tion among the measurements was found to be less than 5% based on a
single cross section per weld. The average weld depth of each test weld
was 1.30 in. with a variation of ± 0.03 in. Therefore, reproducibility
from cathode to cathode was considered excellent.

After operating with a single cathode assembly at power levels between
8 and 10 kW for a total accumulated time in excess of 30 hr there was no
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FIG. 5.--Partial-vacuum EB welds in 12% Cr steel 4 in. thick.
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NEW DEVELOPMENTS IN EB-DRILLING AND PERFORATING PROCESSES

K. H. STEIGERWALD, W. E. MEYER, and D. K6NIG

Steigerwald Strahltechnik, Munich

During the last few years processes for removal of material using an
electron beam (EB) have developed so far that today we have production

application in various fields of industry. It will be seen that es-

pecially EB drilling will soon reach an extent equal to EB welding or

even greater. These methods open new possibilities in aircraft indus-

tries, turbine production, filter techniques, application of plastic

materials, and a great deal more. This paper describes some important

characteristics of these material-removing processes and gives numerous

examples of present-day applications.

Contrary to EB welding, where for most purposes a steady beam is used,

for material removing a pulsed electron beam is normally chosen. A lot
of experiments have shown that the pulse effect alone is by far not
sufficient to remove material precisely, reproducibly, and with optimal
efficiency.

For this reason we have developed a number of processes using the spe-

cific properties of electron beams under optimized conditions. They

make it possible

- to remove any material in portions exactly defined by beam parameters;

- to make the process highly reproducible; and

- to work under maximal efficiency of beam power in order to realize.

very high working speeds.

With these properties the important preconditions for production appli-

cation had been achieved.

Of course, parallel to this process research, a lot of improvements on

the machine (especially on the gun) had to be made. Today we can say

that without having made some fundamental changes all of the possibili-

ties now to be reported would not exist.

First, I want to comment on terms EB drilling and EB perforation. Both

techniques are used to make holes. Depending on the material thickness

it is necessary to work with a series of EB pulses to get a hole or it

is sufficient to use a single but more powerful pulse. A few years ago

we thought there was a limit to the single-pulse process in thicknesses

of about 0.5 mm (about 20 mil), and that it was possible to make holes

5 mm deep or more only with multipulse techniques. But this picture

has changed rapidly as new guns with improved electron optics and power

supplies have become available. With multipulse drilling, where the

hole diameter normally is determined by the amplitude of some kind of

circular deflection, holes can be realized in thicknesses of up to

nearly 1 in. Tests have been made in which we obtained first holes 2 in.

deep and more, but I think it is still too early to talk more about this.

The range of diameter begins with about 0.1 mm and has in principle no

upper limit; normal application requires values between 0.1 and 2 mm.
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Drilling time goes from a few tenths of a second (for example to get

holes 0.3 mm in diameter in a 1-mm steel plate) up to 1-2 min to drill

a 1-mm-diameter hole 20 mm deep. The shape of holes and surface quality

are determined by the beam parameters and, of course, by certain special

process characteristics. Normal surface roughness inside of the holes

is of the order of about 10 pm, in some cases we realized figures smaller

than 5 p.m.

Diameter setting and reproducibility normally lie within 5%, but values

of 1% have been realized.

The figures above relate to the drilling of metals, since most applica-

tions today concentrate on these materials. Of course drilling of metals

which cannot be tooled with other methods or the tooling of which is very

expensive and time-consuming is of great interest. Therefore, machines

are operating to produce holes, for example, in turbine blades and other

turbine parts, where very exotic materials had to be used.

In those fields where high precision holes are necessary, for instance
injection holes, the EB-drilling method has become increasingly important.

Moreover, the drilling of ceramics, graphite, semiconductors, and glasses

should be mentioned. These applications play a secondary role today, but
become increasingly important, since many attractive results have been

achieved.

Single-pulse drilling we call "perforation." This process naturally was
first applied to make holes in thin metals and plastic sheets, but today
we are able to shoot holes through steel plates 10 mm thick.

Pulse times range from a few microseconds to several milliseconds, so
that we can reach very high drilling speeds, this single-pulse process
is thus increasingly replacing the multipulse method used so far.

Properties of the holes, such as diameter, conicity, quality of entrance,
and exit are determined by the EB parameters, especially the distribu-
tion of the power density in the working spot.

As a result of the extremely short drilling time this process has been
applied to perforate metals and plastics in the same intense way.

Hole diameters go from a minimum of 1-2 pm to values of about 1 mm.
Commonly it is interesting to know the smallest diameter possible in a
certain thickness. The relation is shown in Fig. 1.

The accuracy of holes and the reproducibility attain values of a few per
cent, as we shall see.

Figure 2 shows the relation between the attainable perforation frequency
(holes per second) and material thickness, since with increasing thick-
ness, pulse time has also to be increased. The dotted line shows the
frequency of about 20 kHz reached in our machines to date.

Very high hole densities can be obtained. We have found that the
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material between two holes in normal cases should be 0.1-0.5 of the hole
diameter. Depending on the hole diameter densities of 106 holes per
square inch and more are obtainable in principle; about 0.5 X 106 holes per
square inch have been realized in our machines. The free hole area,
which in many applications determines the efficiency, attains values of
up to 50%, in special cases even more.

A widespread field of application for this technique is now visible.
Reduction of weight in airplane design, acoustical absorption, jet
engines, filters, and artificial leather are only some of the most im-
portant ones.

Some examples to demonstrate the state of the art follow; first, multi-
pulse drilling.

(a) high-precision holes of 0.5 ± 0.01 mm in 1.5-mm-thick Inconel
600; application, injector nozzles

(b) holes of 0.5 mm dia in a flat tube of 1 mm wall thickness oblique
to surface, 5 and 10 sec, application, injection and cooling

(c) holes very close together, 1 mm dia, Nimonic 90, 1 mm thick;
application, to demonstrate accuracy and reproducibility of hole size
and position

(d) oblique holes in 3.3 mm thick Nimonic 90, 0.2 and 0.7 mm dia,
clean edges, cylindrical small hole, time: 15 and 3 sec

(e) holes with very small diameter of about 0.1 mm in 3.3 thick
Nimonic 90

Here some samples for perforation:

(a) holes in 0.1-mm Ni sheet, about 100 µm dia, time for each hole
20 µsec

(b) small holes of 35 pm dia in 0.05-mm-thick tantalum sheet, hole
density 130 000/in.2, time/hole 10 µsec, application, special filter for
hot fuel liquid in turbine engine,

(c) perforated Nimonic 90-sheet 0.4 mm thick, hole 120 pm dia, hole
density 15 000/in.2 , time/hole 45 µsec, application, production of tur-
bine parts

(d) cross section through one row of the holes shown before,no
thermal influence of the remaining material

(e) shaping of holes by special setting of EB parameters
(f) plastic sheet 0.1 mm thick, hole 90 pm dia, hole density

20 000/in.2, thermal stiffening of the wall,filter application
(g) part of a biological filter, 12-µm thick plastic sheet, 4-µm-dia

holes, hole density 500 000/in.2, time/hole 2 µsec
(h) perforated artificial leather, two layers, the impervious one to

be perforated, hole 40 µm dia

The essential preconditions to obtain the shown results are certain
properties of the EB machine. The most important ones should be men-
tioned:

(a) Electron optics had to be developed, capable not only of pro-
ducing power densities of up to 109 W/cm2 and more, but also of allowing
variations of power density distribution within wide limits. Especially
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for perforation, where all properties of the holes have to be made by a

single pulse, a large variety of shapes is necessary.

(b) High hole densities mean very narrow material parts between the

holes; programming the hole pattern require a very constant position

of the spot. Therefore, guns have been developed which allow constancy

of spot position within 5 pm for a period of several hours.

(c) With measuring devices which work by control circuits on the

various supply elements of the beam the required stability of the beam

parameters is obtained over the total working period, which is at least

one shift.

The above is a general view on these EB drilling processes. Additional

information is shown in Figs. 3-17.

FIG. 3.--High-precision EB drilling in Inconel 600, 1.5 mm thick;

diameter 0.5 ± 0.01 mm, drilling time 20 sec.

FIG. 4.--Oblique holes drilled in flat tube of Inconel 713, wall thick-

ness 1.5 mm; diameter 0.75 mm, drilling time 5 and 10 sec.
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FIG. 5.--High-density EB drilling in stainless steel, 1.5 mm thick;
diameter 1.0 mm, drilling time 15 sec.

FIG. 6.--Oblique holes drilled in Ni alloy, 3.3 mm thick; hole length 5.2 mm,
angle to surface 35°, diameters 0.7 and 0.2 mm, drilling time 15 and 3 sec.

FIG. 7.--Small-diameter holes in Ni alloy, 3.3 mm thick; diameter 0.1 mm,
drilling time 1 sec.



FIG. 8.--EB perforation of nickel, 0.1 mm thick; diameter 0.1 mm, hole
density 2000/cm2, time per hole 15 ps.
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FIG. 9.--EB perforation of tantalum, 0.05 mm thick; diameter 35 pm, hole

density 16 000/cm2, time per hole 10 ps.

93



FIG. 10.--EB perforation of Nimonic 90, 0.4 mm thick; diameter 120 pm,

hole density 2000/cm2, time per hole 45 ps.

FIG. 11.--Cross section of EB perforation of Fig. 10.
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FIG. 12.--Cross section of EB perforation of Nimonic 90, 0.2 mm thick;
diameters 280 pm (entrance) and 110 pm (exit), time per hole 20 ps.
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13.--EB perforation of Hostaphan, 0.1 mm thick; diameter 90 pm,
density 3500/cm2, time per hole 2 ps.
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FIG. 14.--EB perforation of

Hostaphan, 12 pm thick; diameter

4 pm, hole density 70 000/cm2, time

per hole 2 ps.

FIG. 16.--EB perforation of stain-
less steel, 10 mm thick; diameter
0.8 mm, time per hole 3 ms.

FIG. 15.--EB perforation of arti-
ficial leather, perforated thickness
0.3 mm; diameter 40 pm, hole density
2500/cm2, time per hole 10 Is.

FIG. 17.--Part of a hole obtained

by EB perforation of EPK-24, 2 mm

thick; diameter 0.3 mm, time per
hole 1 ms.
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A HIGH RESOLUTION ELECTRON-BEAM SYSTEM
FOR MICROCIRCUIT FABRICATION

T.H.P. CHANG and A.D.G. STEWART

Cambridge Scientific Instrument Co., Cambridge, U.K.

INTRODUCTION

Electron-beam (EB) methods offer the possibility of improving on the
performance of light-optical methods for the fabrication of microcir-
cuits. The main advantages are (1) significant improvement in resolu-
tion; (2) ease of control, which makes the technique more amenable to
automation; and (3) ability to initiate certain chemical reactions not
possible with the light beam.

It is generally believed that microcircuits and microstorage elements
with dimensions smaller than those possible with light optics will become
necessary in the near future. It is therefore logical to study EB tech-
niques for this application.

This paper describes a high-resolution EB system which has been
developed and some experimental results obtained with it.

GENERAL DESCRIPTION OF THE SYSTEM

It is clear that for any studies of high-resolution EB fabrication
technique to be meaningful, an inspection method with a resolution at
least comparable to that of the fabrication must be adopted. The present
system is constructed around a high-resolution scanning electron micro-
scope. This microscope is used both for fabrication and inspection. A
general view of the system is shown in Fig. 1.

The scanning electron microscope used is the Stereoscan IIa.1 The
standard version of this microscope has an electron optical-column with
a conventional electron gun and three magnetic lenses. Beam accelerating
voltage can be varied from 1 to 30 kV and beam current in the final probe
can be varied from 10-12 amp to tens of microamperes. For inspection
purposes this microscope has a resolving power of about 100 1.

Some of the attachments which have been added to the standard micro-
scope are:

(a) A beam blanking unit which cuts off the electron beam by deflect-
ing it away from its axis. The unit can be triggered by an external
signal and has a switching time of approximately 400 ns.

(b) A specimen current amplifier capable of measuring 10-12 to 10-4
amp. This unit has sufficient bandwidth to enable a visual picture to
be displayed.

(c) A second video display which allows both a secondary electron
picture and a specimen current picture to be displayed simultaneously.

(d) A scan rotation unit which enables the scan direction to be
altered electronically through 3600.

(e) An ion source and an evaporation unit built into the specimen
chamber. The specimen carriage can be moved 1 and 2 in. in the X and
Y directions, respectively. It can also be driven by stepping motors
to give programmable movements.

In addition the deflection unit of the microscope has been modified
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because, for fabrication, it is necessary to have several sets of deflec-

tion coils for (a) alignment, (b) dc deflection, and (c) conventional

scanning. The new unit consists of three sets of coils and one set of

deflection plates. The ranges that can be covered by each set of coils

and plates are approximately as follows at a working distance of 1 cm:

Fabrication mode

Alignment ± 50 pm or more

Dc deflection ± 2.5 mm

Scanning (coil) ± 200 pm

(plate) ± 100 pm

Microscopy mode

± 10 pm

± 2.5 mm

± 100 pm

For fabrication, it is necessary to control the electron beam to

generate complicated circuit patterns. Several techniques were con-

sidered; a high-resolution flying-spot scanner was selected for the

initial evaluation.

The operating principle of a flying-spot scanner is illustrated in

Fig. 2. The four main components of the unit are: (a) the cathode-ray-

tube (crt) assembly, (b) the imaging lens, (c) the mask assembly, and

(d) the photomultiplier. The performance of the unit depends on crt

resolution, imaging lens resolution, mask quality, and signal-to-noise

ratio of the light detector.

One additional feature of using a scanner unit is that it can also be

used to produce high-quality microscope pictures. A mirror assembly is
introduced halfway down the column to enable pictures to be taken at a

side port.

The scanner uses a 3-in, flat-face high-resolution crt with a very

fine-grain, short-persistence phosphor (50 ns to 50% amplitude). The

masks for the scanner, which are 4 X 4 in., can be produced from 4 X

5-in, standard photographic plates and are held in a carrier which can

be controlled externally to give ± 100 rotation for alignment. An 8-in.-

diam. condenser lens is placed immediately after the mask, and it focuses

the imaging lens on to the screen of the photomultiplier for efficient

collection of light. The output signal from the unit can be mixed with

that from the microscope and displayed on a visual crt for alignment pur-

poses. When a pattern is to be generated, the output of the scanner is

connected directly to the beam blanking unit which switches the micro-

scope beam on and off. Measurement of resolution shows that the crt can

produce a spot of approximately 20 pm at the center; with the application

of dynamic correction the scanner is capable of resolving more than 2000

lines over the mask.

FIELD OF COVERAGE

For fabrication purposes, it is essential to know the maximum area

that can be covered by the electron beam for the resolution to be kept

within a certain tolerance. It is also highly desirable to devise means

of increasing this field of coverage. Experiments have been carried out

to evaluate the various relevant factors.

99



One important factor which limits the field of coverage is deflection
aberrations. It is well known that an electron beam becomes defocused
and distorted when deflected away from its axial position. The magnitude
of this deterioration depends on several factors such as angle of deflec-
tion, working distance, solid angle of the beam, deflection-coil configura-
tion, etc. To restore the beam diameter to its original value, it is
necessary to apply both focus and astigmatism corrections.

To measure the effect of deflection aberrations and also the correc-
tions required to counteract them, a series of experiments have been per-
formed in which the electron beam in the microscope was given a static
deflection, the amplitude of which could be varied, and a series of
scanning electron micrographs were taken with the beam at this deflected
position by feeding the normal deflection waveforms to an independent set
of scan coils.

Figure 3 shows the estimated deterioration of resolution with deflec-
tion. Two curves are shown for working distances of 1 cm. Curve A
represents the case where no correction is applied and Curve B represents
the case when both focus and astigmatism corrections are used. The semi-
angular aperture of the beam is 5 X 10-3. The comparison of the two
curves shows that an increase in the field of coverage can be achieved
by applying the corrections. It is estimated that with no correction,
the maximum field of coverage for a resolution of 0.1 pm is approximately
1 mm2; with correction this area can be increased by a factor of roughly
2 at a working distance of 1 cm.

The results also confirmed that for best performance it is necessary
to apply corrections to both focus and astigmatism. A detailed measure-
ment of the magnitude of the corrections required as a function of de-
flection amplitude in the X direction and the Y direction has been
performed. It was found that in the case of focus correction an (X2 +
law was was followed. In the case of astigmatism correction for an eight-pole
stigmator, the correction for quadrupoles A and quadrupoles B follows
roughly laws of (Y2 - X2) and 2XY, respectively. These results agree
with previous published work,2 but measurements were necessary because
the effects of nonparaxial-electron paths and the small pinholes in the
final electron lens were not fully known.

The field of coverage can also be limited by the need to position the
electron beam accurately. For example, if an electron beam is to be posi-
tioned to an accuracy of 0.1 pm by use of a deflection drive with a
stability of 1 part in 1000, the maximum distance that it can be deflected
is limited to 100 pm. Deflection drives with stability approaching 1 part
in 104 are possible if the environment of the driving unit can be properly
controlled, but this stability cannot be fully utilized unless all other
parameters which affect magnification and spot position are controlled
to the same degree of accuracy. It seems unlikely that with this type
of system, it will be economical to provide over-all stability to allow
more than a 3000 lines raster to be used at one time.

Positioning accuracy can also be affected by hysteresis in the deflec-
tion coils. ,Although the deflection coils of the microscope are wound
on air-core formers, the unit is inside the final magnetic lens, and
flux linkage with the soft-iron polepiece could give rise to hysteresis.
Measurements were performed by applying a dc deflection of known value
to the electron beam and measuring the position shift after this deflec-
tion current was switched on and off and varied over a wide range. The
shift was measured from high magnification scanning electron micrographs
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obtained by feeding normal scanning waveforms to an independent set of
scan coils, as described earlier. Results show that the effect of
hysteresis was in fact very small. The observed position shift due to
a deflection in either direction over a range of distances from 0 to
± 500 pm was less than ± 0.1 pm over a working distance of 1 cm.

FABRICATION OF HIGH-RESOLUTION PATTERNS

The photoresist materials generally used in light-optical methods are
not suitable for EB methods. A special kind of resist must therefore be
developed.

Several electron resist materials can be used. Thin organic films
polymerized by an electron beam from various oil vapors have been used
as a resist to form patterns of fine lines 0.05 pm wide in metal films.3'4
However, this type of resist has relatively low sensitivity and cannot
stand some of the strong etchants used for microcircuit fabrication.
Recently IBM's Yorktown Heights Group5 reported the use of PMM (polymethyl
methacrylate) as an electron resist. That material was used for this
work. The electron beam degrades the polymer and renders it more soluble
to a particular solvent. Hence the areas exposed by the electron beam
can be subsequently removed, whereas the surrounding area remains.

PMM materials with molecular weights over a wide range were tested.
The tests were performed by controlling the electron beam with the
flying-spot scanner to produce a series of fine line patterns. By
varying the magnification, exposure time, and beam current, a wide range
of exposure dosage can be administered. After exposure, the slice was
developed, etched, and reintroduced into the microscope for the results
to be examined. This method enabled both sensitivity and resolution of
the resist to be evaluated at the same time. Exposure dosage required
was found to be approximately 5 X 10-5 coulomb/cm2 at 10 kV for the best
samples.

By using this PMM resist, high-resolution patterns have been etched
on passivated silicon slices by the procedure shown in Fig. 4. Some
results are shown in Fig. 5 to Fig. 8. In all these examples, the
oxide of the silicon slices used is approximately 0.15 lam thick.

Figure 5 shows a MOST circuit pattern etched in the oxide with the
line width of the central channel 0.5 pm wide. The lettering at the
corner is less than 1 pm high, with line width of approximately 0.25 pm.
Edge definition of the lines is better than 0.05 pm.

Figure 6 shows the same MOST circuit pattern as in Fig. 5 with the
negative image exposed, so that the pattern consists of a series of
isolated areas of oxide raised from the surface of the silicon. The
line width at the center is less than 0.5 pm.

Figure 7 shows a series of lines etched in the oxide at two different
spacings, 0.75 pm and 1.5 pm for the top and bottom series, respectively.
The line width is 0.5 µm.

Figure 8 shows writing etched in the silicon slice. The letters are
approximately 0.5 pm high and are formed by lines of oxides on the sur-
face of the silicon. The minimum line width shown is better than 0.2 pm,
with edge definition better than 0.05 pm.

Similar results have also been obtained on chrome films and on other
metallic films.

Several problems have been encountered when working at dimensions of
less than 1 pm. For example, it has been found that line width depends

102



(a) (b)

FIG. 5.--MOST circuit pattern etched in silicon: (a) 6000X, (b) 15 000X.

(a) (b)

FIG. 6.--Another MOST circuit pattern etched in silicon: (a) 6000X,
(b) 15 000X.
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(a)

(b)

FIG. 7.--0.5 pin line etched in silicon oxide: (a) 8000X, (b) 20 000X.
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(a)

(h)

Why has man not o microscopic cyc,
For the plain reason man is not a fly.

Alexander Pope
1688 - 1744

Essay on Man

man not a microscop
plain reason man is ne

Alexander Pope
1688 -v• 1744

Essay on Mon

FIG. 8.--Writing standing proud of silicon with line width less than

0.2 pm: (a) 5000X, (b) 10 000X.
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on the packing density. When line spacing is made less than 1 pm, there

is a noticeable increase in the line width obtained when the spacing is

large. Typically, it was found that for 0.5-pm lines at 0.75 pm spacing,

the line width can in some cases increase by 10-15%, as shown in Fig. 7.

The exposure dosage required to reproduce the pattern also becomes more

and more critical as the dimension of the patterns are reduced. It has

also been noticed that lines adjacent to sharp corners can sometimes show

a slight displacement, as shown in Figs. 5, 6, and 7. This fault is

believed to be a result of slight localized charging by the electron

beam itself; the charge produces a high field at the corner and deflects

the beam. The effect is much reduced when higher beam energy is used,

which tends to reinforce the above theory. No experiments have been

made with thin conducting coatings or other methods to minimize charging

problems.

CONCLUSION

It has been shown that an EB system can be used to form reliably

complex patterns on passivated silicon and thin metallic films. The

initial experiments have achieved a line width of less than 0.2 pm with

an edge definition of 0.05 pm.
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HIGH-RESOLUTION ELECTRON-BEAM FABRICATION

M. HATZAKIS and A. N. BROERS

T. J. Watson Research Center, Yorktown Heights, N. Y.

INTRODUCTION

Several electron-beam (EB) fabrication techniques have been reported

over the last ten years, all of which offer resolution beyond that

available from optical processes, i.e., line widths of 0.5 micron and

below.1-5 These processes have been difficult to apply to the building

of useful devices and have only been used to fabricate elementary struc-

tures to demonstrate their resolution capability. The difficulties that

arise in applying EB processes to making real devices are the slow speed

in the case of the vapor-resist methods, and the difficulty in finding

an etching process which produces edge definition consistent with the

small dimensions.

The latter problem can be overcome with the added complexity of ion

etching, but ion etching still has the limitation that the resist layer

is progressively removed as well as the material from which the device

is to be made, and the structure to be fabricated cannot therefore be

accurately defined in the initial resist pattern. Chemical etching has

been used in conjunction with a vapor resist in one case to produce

excellent edge definition, but in general it necessitates a compromise

between satisfactory edge definition and sufficient film thickness.

The two problems of speed and etching have been circumvented in the

technique reported by Hatzakis5 for producing high-resolution metaliza-

tion patterns. In this process the resist, with a sensitivity in the

normal range of 10-4-10-5 coulomb/cm2, is coated on to the sample rather

than used in the vapor phase, and after exposure and development the

resist pattern itself is used as a contact evaporation mask eliminating

the etching step altogether. This paper describes high-resolution results

obtained by this method in conjunction with a new high-resolution

electron-probe system built by A. Broers6 for scanning electron micro-

scopy and microfabrication. The new electron-probe system produces a

minimum probe size of 30 A at a working distance of 7 mm. Working

acoustic surface-wave devices with 3000-1 dimensions have been built with

this apparatus, as well as metallic patterns with 1000-I line widths.

In addition to the microfabrication processes a technique is described

that allows precise measurements to be made in the high-resolution

scanning electron microscope of the cross section of the exposed and

developed resist lines, the fabricated metal lines, and slots etched in

silicon oxide. The observation of the exposed volume in the resist layer

gives a direct indication of the electron penetration profile.

A modified development process which effectively increases the sensi-

tivity of the methyl-methacrylate resist used in all this work is also

reported.

HIGH-RESOLUTION ELECTRON-PROBE SYSTEM

The high-resolution probe system (Fig. 1) has been designed to produce

a broad range of spot sizes and can be operated with two or three con-

denser lenses to demagnify the crossover formed by the electron gun.
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711111711

FIG. 1.--High-resolution probe system.

FIG. 2.--Palladium-gold microgrid
fabricated with high-resolution
probe.
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FIG. 3.--1000 A wide gold-palladium
wires fabricated with high-resolu-
tion probe.



The column is prealigned (except for the gun anode and the final aperture)

to allow for simple operation and assembly. An electron gun with a

lanthanum hexaboride cathode capable of producing approximately 5 times

the brightness available from a conventional tungsten hairpin electron

gun is used as the electron source. The increase in brightness over

guns using tungsten hairpin cathodes is believed to result from the

lower operating temperature of the LaB6 cathode (resulting in smaller

velocity spread) and the finer point on the rod cathode increasing the

accelerating field at the cathode surface and minimizing the effects of

space charge. The electron gun and column can be operated up to accel-

erating potentials of 40 kV.

The system is pumped with an ion pump and a combination of mechanical

and absorption roughing pumps and employs techniques which reduce the

deteriorating effects of vibration and stray—field interference below

significant levels. The instrument produces a minimum probe diameter

of 30 ± 7 A with a current of 10-12 amp at a working distance of 7 mm

and an accelerating voltage of 23 kV. This result closely approximates

the theoretical minimum useful diameter of 27 A as calculated from the

formulas of Smith.7 In the reflection scanning-electron-microscopy mode,

point-to-point resolution of 50 A has been measured. In general for .

high resolution microfabrication, probe diameters between 100 and 200 A

are used with currents between 10-10 and 10-9 amp. A probe of 3000 A

containing 10-6 amp can be formed for higher speed and lower resolution

applications, as for example in the formation of contact pads.

An electronic pattern generation system is used in conjunction with

beam blanking plates to write the desired patterns in the resist layer.

An ac signal can be superimposed perpendicular to the scanning signal

to control accurately the width of the exposed lines.

MICROFABRICATION OF METAL PATTERNS

In the fabrication process, the electron resist is first coated on

the sample surface by conventional spinning methods. After baking at

about 170°C for 20 min the resist is then exposed with the electron beam

and developed, which removes the resist from the areas where the metal

is required. Following development the metal is evaporated over the

entire surface and the unwanted metal is removed by stripping the re-

maining unexposed resist. This stripping is possible because the under-

cut in the resist, caused by electron scattering, results in a discon-

tinuity between the metal in the slot and that over the resist layer

(as long as the metal thickness is kept below that of the resist) and

this discontinuity allows solvent to penetrate to the unexposed resist

and remove the resist and the unwanted metal as well.

The edge definition is determined by the edge definition in the resist

and is generally better than 200 A. The width of the line is equal to

the narrow top of the resist slot and is not degraded by the undercut

in the resist. However, the undercut can place a limit on the proximity

of one line to another.

Figures 2-5 are structures made in the matter described above with

the high-resolution electron probe. The palladium-gold microgrid in

Fig. 2 has a grid spacing of 1 micron and a line width of 1400 A. The

gold-palladium wires in Fig. 3 are 1000 A wide and separated by 0.25

micron. Figure 4 is an optical micrograph of an acoustic wave transducer

on a LiNb03 crystal which operates at 1.8 GHz. Figure 5 is a scanning
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FIG. 4.--Optical micrograph of an acoustic-wave transducer fabricatedwith high-resolution probe on LiNb0
3 
crystal.

1 MICRON'

FIG. 5.--Scanning electron micrograph of the acoustic-wave transducerfabricated on a silicon wafer.

FIG. 6.--Scanning electron micrograph of cross section of lines exposedby beam on thick methacrylate resist layer.
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electron micrograph of the same transducer structure but built on a

silicon substrate so that it can be examined in the scanning electron

microscope without specimen charging. The line width is 3000 A and the
center-to-center spacing of the fingers 0.9 micron.

MEASUREMENT OF RESIST AND METAL PROFILES

In order to examine the cross section of the exposed and developed

resist lines, and the cross section of the final fabricated metal lines,

monitor experiments are made on silicon wafers which are then cleaved at

right angles to the lines and the edges examined in the SEM. This method

allows the cross section to be measured to an accuracy determined by the

resolution of the scanning electron microscope.

Figure 6 is such a micrograph showing the profile of a line exposed

and developed in a thick resist film. The undercut due to electron

scattering is clearly visible in the bottom of the developed line. If

this pattern were to be used for metalization by evaporating through the

resist one could achieve a height-to-width ratio in the metalized pattern

in excess of one-to-one. Figure 7a shows schematically the metalization

steps and Fig. 7b shows an actual resist profile after aluminum evapora-

tion through the resist. The cross section of the metal line at the

bottom of the resist slot and the discontinuity between the metal over

the resist and the metal line can be seen in this micrograph. °The line

width is approximately 3000 A and the metal thickness is 1500 A.
The cross section of an acoustic wave transducer made on a silicon

substrate is shown in Fig. 8. Finger spacing is approximately 0.9 micron

for this device and finger width is 3000 A. The metal thickness is

2000 A.

RESIST SENSITIVITY IMPROVEMENT

As already reported5 methacrylate resist can be used as a mask for

HF etching of silicon oxides in semiconductor fabrication with much

higher resolution than conventional light-exposed photoresists. However,

the exposure sensitivity of the resist is relatively low (5 X 10-5

coul/cm2), making it difficult to use with a high throughput microfabri-

cation system. In order to increase sensitivity a new development

procedure which effectively increases the resist sensitivity to 5 X 10-6

coul/cm2 has been developed.

When making a liquid solution for sample coating, the methacrylate

resist is initially dissolved in methyl-isobutyl-ketone and is usually

spin-coated on the sample. After EB exposure the resist is developed in

a mixture of liquids consisting of methyl-isobutyl-ketone, which is a

resist solvent, and isopropyl alcohol, a nonsolvent.6 The proportion of

liquids in the developer is adjusted so that very little of the unexposed

portion of the resist is removed during development. If the developer

consists of the resist solvent only it is obvious that the entire resist

layer will be removed during development. However, it was found that if

the resist is baked after coating and before exposure to a temperature

of 160-170°C for a period of 30 min or longer, it becomes partially

insoluble in methyl-isobutyl-ketone. In fact it was found that the

original baked resist thickness was reduced by only 50% after a 4-min

development in methyl-isobutyl-ketone. This change in solubility cannot

be easily explained since no chemical change of the polymer is expected
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RESIST
REMOVED

RESIST

A

EVAPORATED
METAL

ratinentreillat

Awns A

SUBSTRATE
(a)

(b)
FIG. 7.--(a) Schematic of the metalization steps; (b) scanning electronmicrograph of cross section of aluminum line evaporated through methacry-late resist.

FIG. 8.--Scanning electron micrograph of cross section of an acousticwave transducer fabricated with the high-resolution probe system.
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(a) (b)

••••••

FIG. 9.--(a) Developed resist pattern exposed by 12-kv beam at 5 X 10
-6

coul/cm2; (b) same pattern after Si02 etching in buffered HF for 7 min;
resist removed.

FIG. 10.--Scanning electron micrograph of cross section of part of pattern
shown in Fig. 9 after 5i02 etching but before resist removal, indicating
undercut in 5i02 of only 1500 A.
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at these temperatures. The methyl-isobutyl-ketone developer has been
used together with the baked resist, to develop and etch patterns in
Si02 with resist exposed at 5 X 10-6 coul/cm2 at 12 kV. Figure 9a shows
a developed resist pattern and Fig. 9b the same pattern after Si02 etch-ing in buffered HF for 7 min and resist removal. Minimum line width is1 micron. Figure 10 is a scanning micrograph of the cross section ofthe etched pattern before resist removal. A resist layer 1000 A thick
can be seen over the oxide and at the edge indicating an undercut ofonly 1000-1500 A. Line widths of 0.5 micron have been formed with this
technique.
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HIGH-CURRENT RELATIVISTIC ELECTRON BEAM

ACCELERATORS AT CORNELL UNIVERSITY*

J. J. CLARK, M. URY, M. L. ANDREWS, D. A. HAMMER, and S. LINKE

Cornell University (Laboratory of Plasma Studies), Ithaca, N. Y.

The Laboratory of Plasma Studies at Cornell University entered into

experimental high-current relativistic beam research in July of 1967

when, under the guidance of Mr. J. C. Martin's group of the AWRE, England,

construction of an 800-kV pulsed electron beam accelerator was started

at the Pulse Power Laboratory. The first beam was extracted into a

drift space five months later. Since then, experiments have been per-

formed on aspects of beam production, propagation, self-pinching effects,

and magnetic-field interactions, with almost 2000 events to date. Peak

diode currents in excess of 100 kA and voltages greater than 600 kV

have been obtained. Operation at approximately two-thirds of these

values is routine.

Within economic limits, the optimum system developed as a slow energy-

store (conventional Marx generator) discharging into a submicrosecond

store (planar transmission line), which is fast-switched to produce a

50-ns pulse. An end-fed planar diode, using a "plasma" cathode, injects

the electron beam through a thin anode foil into a drift space. This

system is relatively economical to maintain and is normally operated by

one person at a rate of 3 to 4 firings per hour.

I. MARX GENERATOR

The Marx generator employs 16 0.5-pf ICSE capacitors conservatively

rated at 100 kV, 25% reversal for 100 000 firings (Fig. 1). When charged

in parallel to a maximum of ± 60 kV, up to 960 kV is obtained when eight

pressurized spark gaps fire in a cascade mode to place the capacitors in

series. A trigger pulse is applied to the number 2 gap to fire the

machine on command. Envelopment in Freon-12 at atmospheric pressure is

necessary above 450 kV to prevent occurrence of corona discharge. The

generator feeds either one of two accelerator systems (3.5 ohms, 600 kV

and 4 ohms, 800 kV) through quick-disconnect flexible steel tubes. The

lower-impedance transmission line presents a 29-nf load to the 31-nf

Marx generator. When losses in both systems are considered, 56% peak

energy transfer can occur between the two storage systems.

II. TRANSMISSION LINE

The planar pulse-forming transmission line is arranged in a folded

Blumlein configuration to produce an output voltage on a diode load

equal to the charging voltage Vo under matched impedance conditions, or

as much as 2V0 when feeding an open circuit (Fig. 2). With this scheme,

This research is funded by Office of Naval Research (ONR) Contract

Number N00014-67-A-0077-0003.
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the system need not be stressed above the voltage desired at the load

under matched conditions.

The pulse-forming section utilizes copper and mylar strip lines com-

pressed between polyethelene by hydraulic pressure (Fig. 3). In the form

of thin sheets, mylar provides the greatest breakdown strength of any

insulating material available for this application, as well as excellent

energy-transmission and storage characteristics. The 3.5-ohm machine

utilizes 1.4 X 104 cc of mylar in the fully stressed region. AWRE stud-

ies indicate an inverse dependence of pulse-breakdown strength on the

total volume stressed, but above 103 cc (for 10-mil mylar sheets) the

breakdown strength remains constant at approximately 3 MV/cm. These

data are usedl to suggest an approximate statistical expression for ex-

pected failure prediction:

(Mean breakdown voltage)n = The average number of expected

\ Operating voltage operations without failure

The exponent n is normally taken to be 8 and gives an average of 170

firings between failures at 600-kV operation on 15 sheets of 10-mil

mylar. With operation between 300 and 400 kV, the maximum number of

firings between failures has been 368. This result is an order of mag-

nitude below that predicted at this voltage. All failures, with only

one exception, have occurred at field-enhanced areas and were not what

could be considered statistical insulation failures.

The entire transmission line is immersed in a grading solution of

copper sulfate and water. Field enhancement at the edges of the 20-mil

copper strips is thus reduced by allowing the voltage gradient to diffuse

out along the channel created between the mylar and polyethelene. If

the channel is treated as an R-C transmission line,

V(x,t) = Vo[l - erf(x/2,/t/rc)]

for a step input of voltage, Vo with x being the distance along the

channel. The requirement that the breakdown strength of water never be

exceeded leads to the approximation:

where

tT
P = 2

y c

p = resistivity of the grading solution

t = time to 1/2 peak voltage

c = capacitance/unit area of channel
peak charging voltage

Y dielectric breakdown strength of water

T = channel thickness

119



Pumping Port

Lucite
Connecting
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FIG. 4.--Diode assembly (approx. 1/10 full size).
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FIG. 5.--Oscillographs: (a) Marx generator voltage; (b) diode voltage (top)

and current (bottom), V = 380 kv, Ipeak = 82 kA; (c) V = 315 kv, 'peak
= 80 kA.

120



III. SWITCHING

Switches are slabs of 1/4-in, low-density polyethelene into which a
1/16-in, chrome-steel ball bearing has been automatically heated and
pressed to a preset depth. The slab is inserted into one section of the
transmission line and the polyethelene remaining between the ball and
an electrode (20-80 mils) breaks down when the transmission line is
charged past a critical voltage. When operating in the 300- to 400-kV
range a standard deviation of ± 4% for breakdown voltage may be obtained
with a pulse-voltage rise time of 7 ns.

If a switch fails to fire, the Marx generator continues to charge the
system and a ringing condition exists which eventually reverses the
polarity of charge on the transmission line. Water breakdown is lower
for positive polarities and the increased stress time on various sur-
faces in the machine will cause breakdown that results in mechanical
damage. This undesirable behavior is eliminated by use of an energy
dump gap. Charging voltages are set 25% above the desired switch break-
down point while an adjustable spark gap is set to close at approximately
10% over this breakdown point. If the switch fails to fire, unwanted
energy is discharged through a critically damped circuit.

IV. DIODE AND INSTRUMENTATION

Insulation in the field-emission diode consists of three 1-in.
Lucite spacers (four in the 800-kV diode) tapered at 45° and capacitively
graded (Fig. 4). When the spacers are lightly coated with diffusion-pump
oil, the diode will withstand over 600 kV. The "plasma" cathode is
mounted on an adjustable stalk to vary the impedance of the diode. It
is a solid brass disk, 4.0 in. in effective diameter and 5/8 in. thick,
with rounded edges to decrease field enhancement. The emitting surface
contains about 200 conical indentations approximately 1/8 in. in diameter
at the cone base. These holes may be filled with Lucite or epoxy to form
plastic "studs." The anode, consisting of 1/2- to 2-mil aluminum or
titanium foil, is stretched over the opening to the drift space which
has an effective diameter of 5-3/4 in.

Beam current is monitored by a resistive torroidal shunt located in
a path between the anode foil and the anode terminal (Fig. 5). Con-
sisting of two hundred 10-ohm 1/2-W resistors in parallel, this monitor
produces a 5-kV signal at its maximum operating current of 100 kA. The
short pulse duration precludes breakdown while the large output is use-
ful in overcoming the RF1 environment. Low-resistance, quality carbon
resistors appear to display negligible frequency effects up to 100 kHz.

Diode voltage is monitored with one or two voltage dividers. Two
hundred 10-ohm 2-W carbon resistors are assembled in a noninductive
series chain with the last five connected to give a 50-ohm output. The
chain is potted in an epoxy rectangle to withstand 600-kV pulses. The
attenuation ratio is calibrated with relative ease but the output-pulse
shape tends to be distorted owing to inductive and stray-capacitance
effects. A capacitive divider developed at the Naval Research Labora-
tory gives almost perfect frequency response allowing 2-ris resolution.3
Care must be taken to provide adequate shielding for the low-level
output (1 V/300 kV).
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TABLE I.--Comparison of measured field-emission diode impedances and
Child-Langmuir predictions.

CHILD-LANGMUIR

2
cf 136 (d)

= 
- 

3/2
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V. DIODE OPERATIONAL CHARACTERISTICS

Since the diode impedance ZD does not collapse or droop appreciably,
some form of space-charge-limited current flow is expected and a com-
parison with the classical predictions of the Child-Langmuir equation
is made in Table I for the Cornell and other accelerator facilities. It
is seen that most of the measured diode impedances agree within a factor
of 2 with Z C-L • The factor can be accounted for by considering the
space-charge neutralization effects of beam-generated ions (collisions)
in the anode-cathode gap.4

If an imbalance of more than a few percent in the charging impedance
of the Blumlein occurs, a "pre-pulse" voltage may exist across the diode
during the Marx-to-Blumlein energy-transfer cycle, prior to the firing
of the solid dielectric switch. Since the charging cycle lasts about a
microsecond, the diode gap has sufficient time to become plasma filled
and upon arrival of the main pulse VD the diode impedance collapses.
The Cornell Blumlein has been measured to be balanced within 1.5% but the
results of gross line imbalance have been observed to cause main-pulse
collapse very similar to that of short-circuit test shots. It is be-
lieved that a line imbalance of approximately 10% explains in part, at
least, the difference between the measured impedance of the NRL facility
(Table I) and the other listed results.

VI. BEAM ENTRANCE CONDITION STUDIES

Since the propagation characteristics of the electron beam in the
drift tube are largely determined by the spatial current distribution
and angular spread of the electron trajectories at the anode plane, mea-
surements of these "beam-entrance" conditions have been made.

A. TIME-INTEGRATED CURRENT DISTRIBUTION STUDIES. X-ray pinhole
camera measurements (magnification 1/2) were made of the "plasma" cathode
for a variety of input voltages, pressures and anode-cathode gaps. Most

radiographs of the plasma cathode showed a honeycomb type emission pat-
tern, the resolution of which indicated reasonably laminar flow, as

predicted by J. C. Martin,' who originally suggested the plasma-cathode
design. In addition the pattern was quite uniform in intensity and
regularity across the cathode surface (Fig. 6a). However, a number of
radiographs gave evidence of a distinct skewing of the beam to the down-
stream side of the diode (Fig. 6h) and in certain cases (Fig. 6c), both
a skewing and a radial compression or "pinching" of the beam were evident.

A simple model for the prediction of this pinch condition in the
diode-gap region may be obtained by assuming that the self-generated
magnetic field at the stream edge makes the Larmor radius of the edge
electrons just equal to the anode-cathode gap d . The force equations
are then solved for the current, 'critical , that satisfies this condi-
tion. Such a solution yields5

where

'critical 
= 8500 I fi'y

d
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(a) (b) (c)

FIG. 6.--Radiographs of 4-in.-diam. planar plasma cathode.

Figure (a)

Uniform

emission

(b)

Skewed

emission

(c)

Skewed and

pinched emission
VD (kv) 457 366 372
I
D
(kA) 56 78 71.5

ZD (ohms) 7.85 4.7 5.2
Gap (in.) 0.351 0.290 0.290
\'/y critical 2.83 3.45 3.45

measured 1.86 3.31 2.93

Cathode Diameter
10 cm

Drift Tube
Inside Diameter

14 cm

1 cm

FIG. 7.--Forty-one-point segmented calorimeter array.
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r = beam or cathode radius

d = anode-cathode gap

or, in terms of the Lawson model,5 where

Lawson 
= 17 000 f3y and v = Y

(
—
Y /critical 2d

A comparison of the measured values of v/Y for the radiographs of

Figures 6(a-c), with v"'critical and measured ZD shows the general

departure from laminar flow as v/Nmeasured approaches " critical
It 

•
It is notable that the beam pattern which is both skewed and pinched

occurs for a lower relative value of v/V but a higher value of ZD

than for the skewed beam only. This phenomenon has occurred consistently

but cannot be explained at present.

This diode-pinch mode has been further studied for v/V both less

than and greater than v/Ycritical by means of a segmented graphite

calorimeter7 mounted 1 mm behind the anode foil (Figs. 7 and 8). The

data of Fig. 8 represent about 30% of the initial beam energy since a

fine stainless-steel mesh, which is only 30% transparent to the beam

electrons, was used as the anode. The net transmitted energy measured

by the calorimeter agrees within approximately 15% of that obtained from

the beam-current-and-voltage monitor data. Again it can be seen that
the higher the relative ratio of v/Y , the more pronounced is the
pinching tendency.

Other Cornell data7 reveal that there is a strong tendency for the
pinch to be perpetuated as the beam propagates down the drift tube. The
pinch position at the diode is always on the downstream (left) side, as
is the general beam skewing, and this condition is believed at present

to be caused by the asymmetrical feed of the Cornell system.

B. TIME-DIFFERENTIATED CURRENT DISTRIBUTION STUDIES. A time-history

of the beam "instabilities" in the diode was accomplished by a masking

technique (Fig. 9) used to decrease the primary beam current to a level

that can be tolerated by a fast-rising (3-ns) scintillator material.

Since the electrons which reach the scintillon are more effective (by a

factor of at least 103) in producing optical photons in the scintillon

than those anode-generated X rays which reach the scintillon, a scintillon

sheet thin enough to pass the X rays with little optical excitation al-
lows one to discriminate against the X rays and, in effect, photograph

the electron spatial distribution.

Figure 10(a) shows a time-integrated photograph and Fig. 10(b) a
5 ns/frame photograph of the plasma cathode for the following conditions:

V
D 
= 360 kV , I

D 
= 61 kA , Z

D 
= 5.9

\) =260 py 1 measured y critical
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FIG. 8.--Segmented calorimeter data at 1 mm. (Numbers represent tempera-

ture rise in deg C.)

Test Data (i) (ii) (iii)- (iv) 

Test number and date 5 - 3/15/69 2 - 3/19/69 3 - 3/15/9 11 - 3/19/69

Drift tube pressure Same as diode pressure - less than 0.0005 torr

Diode voltage (Ave.),kv 400 320 430 350

Diode current (Peak),kA 44 49 75 77

(Listed v/Y was calculated from peak current. Average values are

about 70% of those listed; v/y1
critical 

= 2.81.)
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PLASMA

CATHODE

.010" S.S. MESH
#100

,,
,

f (1'

>

.005"ALUMINUM

LAYERS

>
>

CAMERAS

(INTEGRA-

TED &

STREAK)

.020"
PILOT "B

/--

II

„..„.....,-›

OPTICAL

PHOTONS

•••••••••-•---,..0-->

e".....................›

..".............

T
.75" LUCITE COVER PLATE
( MAKES VACUUM SEAL)

.010" BLACK
DRAWING
PAPER

FIG. 9.--Masking technique for time-differentiated EB studies.
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(a) Time-integrated electron spatial distribution, f/32 and neutral-
density filter X 10.

(b) Time-differentiated electron spatial distribution, 5 ns/frame, f/2
plus neutral-density filter X 40. (Time increases to right.)

(c) Time-synchronized diode voltage VD (lower trace) and TRW framing
camera marking pulses (20 ns/cm).

FIG. 10.--Framing camera study: Test 22-4-69, 360 kv, 61 kA, 5.9 ohms,

critical /M
V/Y = 2.95, v = 2.59.

measured
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0

(a) (b) (c) (d) (e)

Streak du-
100

ration(ns)
50 50 50 50

V (kv) 386 254 350 329 358

I
D 
(kA) 65.5 73.2 76.2 70.0 75.0

Z (ohms) 5.9 3.5 4.6 4.7 4.8

Gap (in.) 0.290 0.226 0.290 0.290 0.290

\)/Ylcritical
3.45 4.43 3.45 3.45 3.45

v/YI 2.58
measured

3.87 3.28 3.16 3.22

Diode

pressure 2

(torr X 104)

2 1 10 50

Test number 11

and date

8 7 12 19

(1969) 5/8 5/14 5/7 5/7 5/7

FIG. 11.--Streak camera study.
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Figure 10(c) shows the time-synchronized trace of VD vs the framing-

camera marker pulses. The skewing of the beam to the downstream side

of the line (diode) is notable.

Figure 11 shows fast streak-camera (50-100 ns/5 cm) evidence of the

skewing and/or pinching of the electron beam in the diode, as a function

of v/Y and diode pressure. From the time-synchronized oscilloscope

trace of the diode voltage and streak-camera monitor pulse, it is

estimated that the build-up time of the pinch is typically about 25 ns.

The approximately equal v/Y• measured of Figs. 11(c)-(e) indicate that

the degree of pinch is somewhat pressure dependent. An estimate of the

radial collapse velocities of the beam electrons is about 108 cm/sec

(Fig. 11e).
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PRODUCTION AND DIAGNOSTICS OF HIGH-CURRENT

PULSED RELATIVISTIC ELECTRON BEAMS

JOHN J. CONDON

Naval Research Laboratory, Washington, D. C.

This paper reviews the work on high-current diodes used for the genera-
tion of electron beams at the Naval Research Laboratory. The work is
directed at seeking answers to questions of high-current beam focusing
and associated instabilities.

The methods for measuring voltage and current of the pulse supplied to

the diode and procedures used to calibrate the voltmeters and the current

meter are outlined. Types of cathodes which have been examined and the

diagnostic methods which were used to measure their characteristics are

described. Comparison is made between available theoretical predictions
and the experimental values.

Blumlein generators' were used to provide a 50-ns pulse of up to 500 kV

to the diode. One was a low-current generator with a maximum of 12 kA
into a matched 41-ohm load which used oil as the dielectric. The other

generator used de-areated water as the dielectric and had a maximum cur-
rent of 72 kA into a matched 7-ohm load.2 The principal features of this
7-ohm generator are shown in Fig. 1, together with an ideal pulse shape
into a matched load. The generator is unbalanced due to the equal spacing
of the two concentric pipes, giving a transmission line impedance of 5.1
ohms for the center conductor and 1.9 ohms for the intermediate pipe.
The effect of this unbalancing is shown in the "staircasing" pulse shape
which has about 82% of the available stored energy (maximum of 2200

joules at 500 kV) delivered in the first 50 ns and 42% of the remaining

energy in each subsequent reflection.

Generator voltages were measured with capacitive or resistive dividers

shown in Figs. 2 and 3. The first used capacitive coupling through the

dielectric to the stressed high-voltage electrode, which in the case of
water had a resistivity of 10-15 megohm-cm. In the circuit diagram

shown in Fig. 2, the 1-nf capacitance was obtained by wrapping the small

cylinder' with three layers of 1-mil Mylar before insertion into the

hollow cylinder.2 In practice the attenuation with these voltmeters is
about 114 to 125 db, which yields a signal voltage of less than 1 volt
in most cases. The attenuation is found by calibration but can be cal-

culated from the product of the ratio of the capacities and resistances.

In Fig. 2 the capacitive ratio of 1 nf/1 pf is 103 and the resistive

ratio of 50 K/50 is 103, giving a total attenuation of 106. The size of

the capacitive coupling tip, which can be seen to vary in the photograph

of the assembled voltmeters,3 is determined by the dielectric constant.

Further details regarding this type of voltmeter, which we have used for

several years, can be found in Ref. 3.

Photographs and a circuit diagram of the resistive divider are shown in

Fig. 3. The liquid resistor is aluminum chloride. The ratio of the
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resistance of the liquid in the tube to that between the plates, which

are 200 ohms and 0.2 ohms, respectively, gives an attenuation of about

1000:1, which yields signal voltages of the order of 100 volts. The

capacitance of the liquid (dielectric constant about 80) in the long

tube is compensated for by adjusting the spacing and capacity of the

plates so that the time constants for both resistive-capacitive circuits

are equal. The length of the long tube determines the maximum voltage

that can be measured with this type of voltmeter.

Calibration is usually done by pulse charging a much larger capacitance

than the generator capacitance and measuring its charged voltage with an

electrostatic voltmeter. The capacitor is then switched into the gener-

ator and the signal from the voltmeter to be calibrated is measured with

an oscilloscope.4 Another procedure uses an rf signal to null out the

inductance and capacitive components at the resonant frequency, leaving

only the resistive, which can be compared to a known resistance.5 With

these generators the measured diode voltage is very nearly the same as

the electron accelerating voltage, since the inductive voltage drop

between the diode and the voltmeter is small.

Current measurement is done by integrating a rate of change of current

signal from a single-turn loop mounted flush with the inner wall of the

generator. Calibration is done by short-circuiting the generator and

measuring the voltage as described in the previous paragraph. The cur-

rent is calculated from i = V/R, where R is the known generator re-

sistance, and compared with the integrated signal on an oscilloscope.

The accuracy of the calibration is estimated to be 5%.

To determine some of the effect of the cathode and anode configuration

on the EB characteristics both plane and conical cathodes were used. An

example of a plane cathode consisting of about 55 needle emitters is

shown in Fig. 4. The Ta anode was parallel with the cathode face and

separated from it by about 16 mm. A corona ring (shown in the upper

photograph) was placed around the needle array to help give a uniform

field distribution over the needle tips. Pressure in the cathode-anode

region was in the range of 10-7 torr. The cathode emission pattern is

shown in the lower photograph, as recorded by a remote closed-circuit

TV screen. The TV camera was focused on a phosphor disk that was in

good contact with the anode surface. A solenoid coil was placed around

the end of the electron gun and a high-current pulse passed through the

coils, generating a magnetic field whose flux lines were parallel with

the electron paths and provided a guide path for the electron streams

from each emitter.

Emission from the steel corona ring was considerable and probably ac-

counts for most of the electron flow. Recently some thought has been

given to using the ring as a source of hollow electron beams which could

be accelerated and subsequently compressed to a smaller radius--the

so-called electron ring accelerator. The scope traces in the center show

that the beam was nearly a constant impedance of 60 ohms.

Results using another type of nearly flat cathode that was in the shape

of a dome or hemisphere with a maximum height of 3 mm are shown in

Fig. 5. The TV picture shows the appearance of a ring of bright emission
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NEEDLE CATHODE WITH To ANODE
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WITH STAINLESS STEEL COLLAR

FIG. 4.--Needle cathode before assembly into diode and during emission,
and scope traces of current and voltage.

DOME
CATHODE

ANODE
USED WITH DOME CATHODE

EMISSION FROM DOME CATHODE

FIG. 5.--Dome cathode before assembly and during emission.
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around the outside edge that is similar to the emission from the corona
ring in the previous figure. The diameter of the circle of pit marks
on the anode matches a diameter on the cathode face which is slightly
smaller than the maximum diameter. Some of individual emission points
on the face of the smooth cathode are also visible.

The current obtained with these planar-type cathodes can be compared to
that determined by one-dimensional Child's law for relativistic elec-
trons. In Fig. 6 the calculated current for various anode-cathode volt-
ages given by the solid lines was reproduced from Ref. 6. The complete
expression is given by the series expression shown and is asymptotic at

the low-voltage end by the classical type Child's law of V3/2 and in

the ultrarelativistic range by the expression given for V . In nearly

all cases, the experimental data fall below these curves, indicating

that at a given voltage, more current is obtained than would be expected

on the basis of this simple model. Results for the needle cathode, the

dome cathode, and one of the cone cathodes are shown in Fig. 6. The

cone cathodes were attempts to give a more convergent flow. It is shown

here that, indeed, greater current density can be obtained by such de-

sign.

Any realistic model of the high-current diodes must of course account

for the effects of the self-magnetic field which tends to compress the

beam by overcoming some of the electrostatic repulsion of the electrons.

An attempt to do so is described in Ref. 7, where it is conjectured that

the electron flow could be divided into a core current and sheath cur-
rent. As shown in Fig. 7 (reproduced from Ref. 7) the core current is
similar to low-current, nonrelativistic flow across equipotential lines
(equipotential flow) in contrast to the parapotential sheath where the
flow is along equipotential lines (parapotential flow), and may account
for most of the flow in relativistic diodes. Based on these considera-

tions, an approximate expression for the conductance is derived and shown

in the figure.

For the case of the needle cathode, at 16 mm separation (see Fig. 4)

the impedance was about 61 ohms. Using the derived expression, a value

of about 30 ohms is calculated for this condition.

Any of these time-independent models can only be approximations, since

our results generally show a time-dependent current and voltage. Re-
cently, work has begun to obtain a time-dependent code for computer

analysis of these flows. It is now giving correct results for low-
voltage diodes in a time-dependent calculation. The effort now will be
to keep the code time dependent and solve numerically the equations for

various geometries for these high-current flows.8

Our attempt to achieve convergent flows has been to use conical cath-

odes. The first of two cones that we have used is designated 131 , and
the photographs in Fig. 8 show the cathode and corresponding current

and voltage traces. The results shown here were obtained with the 40-ohm

generator. (Results for the same cathode obtained with the higher-

current generator--7-ohm, water-dielectric Blumlein--are given below.)

As can be seen in the photograph, the tip of the cone is the region of
most deterioration.
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In the example shown here, the impedance is nearly a constant value of

12 ohms. This can be compared to a value calculated on the basis of the

assumptions previously outlined for parapotential flow. The cone con-

figuration and the derived expression for impedance are shown in Fig. 9.

For these conditions, the calculated impedance was about 11 ohms. The

agreement is encouraging, but it must still be demonstrated that flow of

this type does in fact exist in these diodes.

Two problems in particular arise in high-current-density beams such as

these. The first has to do with diode breakdown and the second with

beam focusing. We used two cone-cathode configurations in these initial

experiments, one of them the P1 cathode previously described and a

more convergent cone designated as P2 (Fig. 10). The configuration was

fixed by the 900 and 20 cones and the cathode-anode spacing (held at

about 3 mm). The anode material was Ta , except in one case where it

was Ti . The high-current, 7-ohm generator was used, where the prepulse

was kept at 2%.* The residual gas pressure in the cathode-anode region

was either 10-7 or 10-4 torr. Essentially we are examining the effects

of these two pressures on the two cone configurations. Figures 11 and

12 show examples of results obtained for the P1 and P2 cathodes,

respectively. With P1 the pulse was shortened for either pressure

but was twice as long at 10-7 as at 10-4 torr. The time was determined

by the duration of the photon emission from the anode as observed with

a photodiode-scintillator detector. The total photon energy, determined

with thermoluminescent dosimeters (TLD), was considerably different in

both cases. The impedance values shown in Fig. 11 indicate that it was

changing during the entire pulse with the maximum value achieved at the

beginning of the pulse. The calculated impedance as previously described

in Fig. 9 was about 7 ohms or approximately the same as the peak value

at 10-7 torr. The results with this 1)1 cathode on the higher current

generator are in marked contrast to those obtained with the low-current

generator previously described in Fig. 8. There, the pulse was a

"nonbreakdown" type, whereas it now has the characteristics of a break-

down pulse, i.e., the current continues to change rapidly during the

entire pulse and never levels off, and the duration of the pulse is much

less than the 50 ns that the generator can provide. Vacuum baking of

the diode to remove adsorbed gases from the surfaces had no substantial

effect on these 131 results. It is noted that the photon yields at the

two pressures are comparable on the basis of the voltage ratio squared

multiplied by the ratio of pulse duration times.

In contrast to these results, the P2 diode behaved as a nearly constant-

impedance device at 10-7 torr over most of the pulse duration, but at

10-4 torr it was remarkably similar to the P1 results, with about the

same range of impedance in both cases. The calculated impedance of about

35 ohms is much higher than observed values. The photon energy is not

available at 10-4 torr with the P2 cathode but the value at 10-7 torr

* The prepulse is due to the charge that builds up on the inner conductor

while the intermediate pipe is charging and can ionize the gas in the

cathode-anode gap prior to arrival of the main pulse. This condition can

be controlled by holding the inner pipe near ground potential while the

intermediate pipe is charging (note coil in Fig. 1 between the center con-

ductor and ground).
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can be compared with the P1 result by multiplying the P2 energy by

the ratio of the radiation time for each diode.

These results are too limited to form any general conclusion, but it doe's

appear that the pulse-time duration is longer at low pressure with the

impedance higher and that the higher pressure masks the differences

arising from the cone geometry.

The second problem, that of beam focusing, has only recently received

attention, so that any results are very preliminary. One of the means

used to investigate has been to measure the energy distribution in the

beam by carbon calorimetry. Nonuniformity in beam-energy distribution

would partially explain lack of focusing in some cases. An example of

this calorimetry measurement is given in Fig. 13, where a map of the beam

energy density is shown. The beam was produced with a parallel-plane

multipoint cathode and extracted through a transmission anode into a

drift chamber, as indicated in the drawing in the center of Fig. 13. A

carbon calorimeter shown in the lower left was positioned 0.5 cm from

the anode. The calorimeter consisted of 25 bars of carbon with thermo-

couples in the back whose output was recorded on the oscillograph shown

in the lower right. The map at the top was made by arranging the results

into energy intervals. The lowest energy density is all shaded. The

next highest has one diagonal line and the next two and three. Finally,

the highest is in the upper left corner, showing that this beam was not

very symmetrical in the energy distribution. The decrease in energy

density of the beam, as the calorimeter is moved away from the anode,

is shown in Fig. 14, where the energy density decreases from about 22 to

2 cal/cm2.

Focusing of the beam depends on a symmetric emission of electrons from

the cathode, since the forces acting on the beam become unbalanced and

lead to unreproducible discharges. One of the ways to enhance symmetric

emission is to coat the cathode surface with a clean, fresh layer of

metal. The importance of cathode preparation is still being examined.

Another diagnostic method for examining diode behavior is to determine

the electron and photon spectra from the anode. Knowledge of electron

spectra is needed for input information for computer codes to calculate

photon spectra and also for data reduction. At this time, we are cal-

culating the spectra from the current and voltage traces. This procedure

is facilitated by reducing the current and voltage profiles to values on

punched cards by a digitizing device.9 An example is given in Fig. 15

with the original scope trace on the right and the digitized version on

the left reproduced from punched cards.

An example of an electron spectrum calculated from measured current and

voltage is shown in the upper part of Fig. 16, where the data were pro-

cessed from the punched cards in the manner just described. In this

example, most of the electrons had an energy of about 375 keV. Shown in

the lower portion of the figure is a calculated photon spectrum for this

electron spectrum. The photon spectra were determined with a transport

code called ELECTREX. In this code the electron distribution in the

converter is assumed to be governed by the Bethe-Rose-Smith equation,

which is derived from the Boltzmann equation. The code computes the
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electromagnetic radiation emerging from the converter upon which the
electron beam is incident. The maximum photon energy was about 375 keV,
corresponding to the maximum electron energy of the same value.

We have reviewed our work in generating high-current electron beams.
Although advancements have been made, such as the design of cone cathodes,
it is apparent that much remains to be learned about conditions leading
to interelectrode breakdown and instabilities of these beams. Comparison
of various cathode configurations with available theory is limited by
lack of more refined measurements and a more comprehensive time-dependent
theory.
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EXPERIMENTAL INVESTIGATIONS OF HIGH v/Y BEAM TRANSPORT

G. YONAS and P. SPENCE

Physics International Company, San Leandro, Calif.

INTRODUCTION

The continuing development of pulsed electron accelerators has pre-

cipitated much interest in the generation and propagation characteristics

of intense relativistic electron streams where the beam self-magnetic

field is sufficiently large so that paraxial electron trajectories can

not exist. This paper reports on experimental and analytical studies

of beams in this regime.

Lawson' provided a solution to the single particle trajectory problem

under the restrictive assumptions of steady flow, radial and longitudinal

uniformity, and almost paraxial trajectories. With these assumptions he

showed that the ratio of beam transverse energy to longitudinal energy

was given by:

where

<0 
2
>

2
+ f - 1)

2' 2
<0 > y

cOprr = transverse velocity component

cL = longitudinal velocity component

y = total electron energy in rest mass units
= ratio of ion to electron density

p2 
= I (amp)/17 0000

= 0T2 + Pk 2PL

(1)

He required, therefore, for a space-charge-neutralized beam, that

(v/Y) << 1 in order that the original assumptions be valid. Lawson

also showed that relation (1) could be derived by treating the beam as

a linear pinch with the transverse energy defined in terms of a kinetic

temperature, and as such, no inherent limitations on electron trajec-

tories existed. However, there have been no successful orbit calcula-

tions for cases where v/Y > 1 , and there has been concern as to whether

such beams can be generated and successfully transported.

The experimental results reported here are concerned with beams of

primary beam current Inr at the anode which exceeds 200 000 A at mean

electron energies of 2016 keV (v/Y 10). We have concluded that beams

with values of (v/y)pr > 1 , based on the primary electron beam cur-

rent, can be propagated over sizable distances, but only if current

neutralization as a result of back streaming secondary electrons, Ipl ,

can occur such that

4 4

(v/Y)
net 

= II
pr 

+ I
p1

1/17 000 fty s 1 .
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The major emphasis of this work was, then, to relate beam transport
properties to current neutralization and neutralization to the time de-
pendence of the beam currents in terms of the electromagnetic fields
generated by the beam-plasma system.

APPARATUS

Throughout this work considerable emphasis has been placed on devel-
oping low-inductance-diode and drift-chamber diagnostics. Diode accel-
erating voltage and current probes, as well as net and primary current
probes have been used to instrument the Physics International Model 730
Pulserad, shown in Fig. 1. The pulser consists of a Marx generator used
to pulse charge an 8.5-ohm oil-filled coax whose load impedance can be
varied in the 1- to 9-ohm range by adjusting the cathode-anode gap.
Typical operation at pulse charge voltages of 3.5 MV yields beams with
mean electron energies from 180 keV to 1 MeV, at mean current levels of
200 kA to 100 kA respectively, and with a 50-ns pulse duration (FWHM).
The anode consists of a 0.00025-in. aluminized Mylar window that allows
injection of the electron beam into the separate drift chamber region.

A resistive voltage divider, consisting of a capacitively and resis-
tively graded column of copper sulfate solution, was used to directly
monitor the cathode voltage.2 The diode current was monitored by a self-
integrating magnetic fluxmeter, which consisted of a single-turn loop in
series with an integrating resistor (L/R 600 ns). Calibration was
performed under machine operating conditions by comparing the monitor
output to the current measured in a Faraday cup placed at the anode to
test the credibility of the diode diagnostics. The total beam energy
was measured by a totally absorbing graphite calorimeter and compared
with

co

V (t) I (t) dt

This test was performed at both high [(v/Y)pr 8] and low
— 1.6] current levels. At low current levels, the agreement was within
5%. At higher current levels, which necessitated placing the calorimeter
further from the anode to avoid its destruction by the intense beam, the
measured total energy was low by 10%. This discrepancy is consistent
with a loss in beam energy during transport from the anode to the
calorimeter. The electron energy deposition-vs-depth profile was cal-
culated from voltage and current data by the use of a Monte Carlo elec-
tron transport code. At low current levels the agreement was quite good.
However, measurements of low-energy, high-current deposition profiles
typically showed a more steep profile near the front surface and a higher
front surface dose than that calculated. This effect was most pronounced
at 200 keV, was only slightly apparent at 500 keV, and could not be re-
solved at energies above 700 keV. The excellent agreement for net cur-
rents sufficiently low so that the self-magnetic field of the beam does
not influence the electron trajectories, confirms the independent cali-
brations of the diode diagnostics. The high v/Y data point to the
existence of transverse energy components in the electron beams. This
deduction is discussed more fully in the next section.
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The Rogowski coil, a torroidal winding with a self-intevating
4

resistor, is used to measure the net current, (Ip rimary Iplasma)z
flowing through the area enclosed by the guide pipe, typically 1.25-in.-
diam. Since no charge can build up at any plane cutting the guide pipe,
the net current must be balanced by wall current flowing back along the
conducting wall of the metallic guide pipe. A low-inductance wall cur-
rent shunt was used to measure the net current independently. Measure-
ments of the primary current waveform at the end of the drift region
were accomplished by use of a Faraday cup specifically designed to col-
lect low-energy, high-current electron beams. A more complete discussion
of the design and calibration of these current diagnostics is given in
Ref. 3.

Electron beam time-of-flight measurements were carried out using a
scintillator photodiode combination to detect the bremsstrahlung pro-
duced in thin tantalum foils placed at various distances from the anode.
Oscillations inherent in the voltage and current waveforms produced
oscillations in the bremsstrahlung output, which allowed arrival time
measurements for various portions of the beam pulse.

RESULTS AND DISCUSSION

A. CURRENT NEUTRALIZATION. Before we discuss the results of these
measurements we must describe the dominant processes that play a role in
current neutralization. When the beam is injected into the drift region
an azimuthal magnetic field and a longitudinal electric field are
generated by the rising current, and a radial electric field by space
charge. Collisional ionization is sufficiently rapid at 1.0 torr to
provide enough background gas ions to space charge neutralize the beam
in about 2 ns. Prior to this time, the radial electric field dominates
and the beam front expands rapidly. After this region, the behavior
depends on the degree of current neutralization. The ions, however, are
relatively immobile so that the net beam current is carried by primary
electrons and is canceled only by the back streaming secondary electrons
within the beam channel. Let us describe this back current in terms of
a scalar conductivity a; 3 = cg . Initially, a is quite low and builds
as the number density of secondary electrons increases. As a result of
the large longitudinal electric field that exists, the gas can undergo
avalanche breakdown with a delay time that depends only on the background
gas pressure for a given electric field strength. Once the gas breaks
down, the plasma conductivity controls the resulting net current for a
given primary current waveform. The general features of this model are
that rapid avalanche breakdown and high plasma conductivity result in
maximum plasma current and thus optimum current neutralization. Once
the primary current begins to decrease, the net current also decreases;
but now the induced emf tends to keep the net current constant.
Finally, after the end of the primary current pulse, the plasma current
continues to flow, now in the forward direction, and decays in a time
that depends on the plasma conductivity.

Net current waveforms were measured for 250-keV mean energy beams
propagated in a 1.25-in.-diam copper drift tube at various background
gas pressures of air, argon, and helium. Figure 2 shows a typical net
current waveform and gives the data for net current maxima, breakdown
time, and plasma current decay time in air. The net current was ob-
served to rise steeply during the first few nanoseconds of the pulse and
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then break over to a slowly varying function of time; the breakover point

was defined to be the breakdown time. Plasma decay time is the time con-
stant of the exponential decrease in the net current for times greater
than the pulse duration. As we can see, lower pressures are charac-
terized by long breakdown times, high net current maxima, and long decay

times. Near 0.75-1.0 torr the net current goes through a minimum, associ-

ated with a short breakdown time and a decreasing decay time. At higher

pressures the breakdown time and net current maxima both increase and the

decay time decreases.
The rise time of the net current was used to calculate the longitu-

dinal electric field, and the breakdown times in the calculated electric

field compared well with measurements of pulsed-dc breakdown times in

air, argon, and helium,4 thus providing strong confirmation of this pro-

posed model.

Many of the general features of the net current waveform can be cor-

related with the following zero order model of plasma return current flow.

As a first calculation of the net current waveform, a simplified treat-

ment of the plasma current has been used. We have assumed 41 = de ,
which is valid for w/v << 1 (w = electron cyclotron frequency, v =

collision frequency). With the plasma fully ionized, a decay time of

about 100 ns at 1 torr, and a net current of 17 000 A, we estimated

w/v R.,;0.05. For 0.1 torr, we find a decay time of about 200 ns and peak

currents of about 50 kA giving w/v > 1 . We see, therefore, that tensor

conductivity effects must be included if we are fully to understand the
behavior in the 0.1-torr range. We shall therefore limit the validity

of our discussion to the 1-torr range. If, in order to describe the
breakdown phenomenon, we take C = 0 for 0 < t < ti , where t1 is
the breakdown fime, and a equal to a constant independent of time and
radius for t > t1 , we can see some features of the solution.

We can relate the plasma current at a given radius to the rate of
change of the flux between that radius and that of the surrounding con-
ductor, rb , by the following:

4
(J
p1
) r

b-a
C 

 - Ez = j 130(r
/
)dr

/

With Ampere's law including the displacement current, we find that

B(r/) =
2TIT

Pd0 Jr
) + O

p'
) + epr 0 at

a('E4)z]
2 fir" dr"

4 4

(3)

If we consider times which are long compared with the relaxation time,

T = 60 /a , we 
then have a diffusion dominated problem described by:

P'0 /
;r z 

ao )rrb 
r1 
[s r 

4/ au 4) z H]
r dr

148

dr (4)



Although an exact solution to (4) has not been found for a general

functional form of the primary current, a zero-order solution for small

radii has shown excellent agreement with measurements of net current

flowing within the beam radius.3

The implication from these results is that a current-diffusion-

dominated problem with conductivity relatively constant in time, except

for a rapid change at breakdown, provides a valid description of many

of the essential features of current neutralization.

Measurements of net current have been carried out at 10, 51.4, and

154 cm from the anode. Calculating (v/Y)net using the voltage monitor

to give (0y) as a function of time, we find that (/)net increases

from a value of about 0.5 early in the pulse to a value of about 1.0

late in the pulse at these locations. We shall see in the next section,

that time-of-flight measurements show a value of longitudinal drift

velocity consistent with these values of (v/Y) net •

B. BEAM TIME OF FLIGHT. Measurements using scintaillator photodiode

detection of bremsstrahlung produced by high-Z targets placed at the ends

of 1.25-in.-diam. guide pipes were taken at 0, 50, 120, 190, and 300 cm

at seven drift tube pressures in the range of 0.1 to 2.0 torr (air).

Results are shown in Fig. 3. The beam front velocity was seen to be

much lower than the velocity of the bulk of the beam and appeared to be

a monotonically decreasing function of distance. The beam front velocity

was greatest at 1.0 torr and was found to decrease at both higher and

lower pressures.

It is obvious that the bulk of the beam appears to be traveling at a

longitudinal velocity higher than that of the beam front. Diode voltage

monitor records were used to determine for the various bremsstrahlung

peaks, which was then compared with OL These data indicate a trend

for vp to decrease with distance into the beam (i.e., 0L/P for the

third peak > plip for the fourth peak). Net current measurements above,

show that 'net increases between the time of the first and fourth peak,

which indicates a correlation between large net currents and larger

relative transverse velocities. It was found that for most pressures

studied 0
L
/13 was approximately equal to 0.7 for2

the fourth peak in

agreement with (1) (using the expression 02 = wi + PL2) and the mea-

surements of v/"Y — 1 late in the pulse.

One can obtain a zero-order approximation for the electric field and

then the work done on electrons at the beam front. From (3) we find

that for r O , Ez 10 6Jnet/at Tina . As above, we use the = -7 mea-

sured average net current over the area of the beam to give an estimate

of Ez • For 0.75 torr, and <E> 230 keV, Rogowski coil measurements

at 10, 51.4, and 151 cm indicated that aInet/at at the beam front does

not change with distance and is equal to 1.6 X 1012 A/sec, This gives

Ez = 1.6 X 105 V/m . As we can see, fields of this order must have an

important effect on the electrons that begin their life at the anode

within the time required for breakdown, about 5 ns for air at 0.75 torr

We can also see that after the front has traveled 1 to 2 meters, the

region near the front is being filled with electrons that have been

traveling in a region of reduced electric field until they approach the

front. Work is continually being done on new energetic electrons, which

replenish those lost by radial motion to the walls.

The model of breakdown described above indicates that the length of

this region of large electric field at the beam front should increase as
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the pressure is decreased from 1.0 to 0.1 torr. Since the energetic

electrons must pass through this region to reach the front, this would

predict a larger beam front velocity for higher pressures, as is observed.

C. ELECTRON DEPOSITION AND ELECTRON TRANSMISSION MEASUREMENTS. Net

current and beam time of flight measurements were found to suggest the

existence of substantial transverse energy in beams with (v/y)net 
,,

1 •
Energy deposition versus depth profiles, measured by thin-foil dosimetry,

lend further support to this interpretation. As a first approximation

to the description of transverse energy in the beam, Monte Carlo elec-

tron transport calculations were performed with (1) voltage and current

waveforms used to define the electron energy speEtrum, and (2) a single

mean angle of incidence <e> = tan-1 (<572>/p1,2) , which was taken to
be constant over the pulse duraton . Results of a series of such cal-

culations are consistent with experimental data with <e> between 45

and 60°.

Measurements of electron deposition were also made at the end of a

12-cm guide tube by use of a Faraday cup behind filters of various thick-

nesses. Figure 4 shows the fractional number of transmitted electrons

versus material thickness, and gives results of electron transport cal-

culations. The data suggest <e> 50-60° at 0.5 torr and <02

at 0.75 torr. Simultaneous measurements of net current indicated

(v/Y)net R,;2.5 and 1.0 at 0.5 and 0.75 torr, respectively, 
giving ap-

proximate agreement with the relation tan e = /(vnInet

D. ELECTRON BEAM TRANSPORT IN GUIDE TUBES. Transport efficiency e

was found to be an exponential function of tube length, E = e-X/L , for

transport in a 1.25-in, guide tube for 10 cm < L 3 m . The charac-

teristic length X appeared to be greatest at 0.75 torr where X 250

cm. Absolute energy transport depended upon both distance and pressure.

For pressures lower than 0.75 torr the beam energy at L = 10 cm was

found to increase with decreasing pressure down to 0.1 torr. However,

X for transport to greater distances was found to decrease. This

effect was interpreted to arise from better initial containment, at

lower pressures, of the high fraction of transverse energy beam com-

ponents coupled with a stronger energy loss mechanism for high (v/Y)net.

At distances L 50 cm, (v/Y)net was found to be nearly 1.0 at all

pressures, and for these longer distances energy loss at the beam front

appeared dominant. Although it is clear that the substantial longitu-

dinal electric field contributes to energy loss at the beam front, a

correlation with the observation of exponential decay is lacking.

E. BEAM MANIPULATION AND SHAPING. Several interesting experiments

have been carried out that rely on the image currents generated in nearby

conductors by these beams. It was found that by injecting the beam into

a shallow angle cone, extremely flat fluence distributions could be

produced over areas as large as 3 cm4. Fluence uniformity over the cone

exit area was investigated with (1) calorimetry, (2) front-surface crater

formation in materials, and (3) pinhole photography of the bremsstrahlung

produced by a tantalum target. All diagnostics indicated essentially no

fluence variation except at the very edge of the beam. The use of guide

cones to provide uniform fluence distributions has been demonstrated

over the full range of Model 730 Pulserad operating conditions, 0.2-1

MeV, with the general observation that changes in drift chamber pressure
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FIG. 4.--EB transmission through aluminum filters.
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affect the magnitude of the fluence levels while preserving fluence

uniformity in the 0.5- to 0.8-torr pressure range.

Other observations include (1) the splitting of a single beam into

two or more separate beams by the use of sharp-edged metallic planes in-

serted into a guide pipe, and (2) the transport of electron beams through

curved guide tubes with no apparent change in transport efficiency over

that observed for straight pipes. Other experiments, directed at the

re-injection of the beam into its own wake by the use of curved guide

configurations, are in process.

CONCLUSION

The major conclusions of this paper relate to the observation of

1 for beams transported in the 0.5- to 1.0-torr range, and

definite evidence of beam electron trajectories with non-negligible com-

ponents of transverse velocity. Time-of-flight, deposition profile, and

transmission measurements indicate that

<f3 
2
>

1

giving consistent agreement with an extension of Lawson's model or an

interpretation of the beam behaving as a linear pinch. Time-dependent

measurements of net and primary current have been correlated with a

diffusion-dominated model of current neutralization that depends on the

rise time of the primary current and two background gas parameters:

(1) avalanche breakdown time, and (2) plasma conductivity. Measurements

of energy loss with distance were presented; primary electron energy

degradation in the inductively induced electric field, near the beam

front, was suggested as a major loss mechanism.

In order to test many of the features of this model of high v/Y

beam transport it is suggested that pre-ionization of background gas can

provide effectively a zero value of breakdown time and, if our model is

correct, lower values of net current, energy loss rate, and iar . The

other parameter of considerable importance is the primary current; it

should be varied through both considerably higher and lower ranges. The

1- to 2-mA, 100-keV Mylar and copper sheet strip line pulser now under

development under DASA support should provide an ample test for many of

these concepts.

The authors are indebted to several individuals who played invaluable

roles in this work: D. Pellinen, who developed the voltage and current

diagnostics; B. Ecker and S. Heurlin, who carried out much of the data

collection and analysis; and S. Putnam, J. Creedon, and Ian Smith, who

participated in many helpful discussions during the course of this

program. This work was supported by the Defense Atomic Support Agency

under contract number DASA-01-68-C-0096.
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BEAM CHARACTERISTICS OF INTENSE
RELATIVISTIC ELECTRON ACCELERATORS

J. R. UGLUM, W. H. McNEILL, and S. E. GRAYBILL

Ion Physics Corp., San Leandro, Calif.

INTRODUCTION

The rapid advance of pulsed-power technology over the past several
years has led to the development of pulsed accelerators which produce
very intense relativistic electron beams. These beams have now been
used to generate high-density plasmas and there is a large effort now
being carried out to investigate the behavior of relativistic beam
propagation in a plasma environment.

It is clear that the propagation characteristics of the beam must
depend strongly on injection parameters and any attempt to correlate
experimental data with theoretical models must take this dependence into
account. This paper reviews the diagnostic tools, both time resolved
and time integrated, which have been developed at Ion Physics Corp. for
measuring the injection parameters. The quantities which are measured
are:

(1) Injected current (time resolved)
(2) Electron energy
(3) Radial current density profile
(4) Emittance
(5) Divergence

Finally, a brief description is given of computer calculations made to
predict some of the beam parameters.

ACCELERATOR

Figures 1 and 2 show a typical dc charged accelerator used at Ion
Physics Corp. The coaxial-transmission-line capacitor is dc charged
by a Van de Graaff generator and then end switched to a capacitively
graded tube which houses a cold-cathode electron gun. The electron beam
which is produced passes through the thin anode plane into a drift-tube
region, where a plasma is formed via interactions of the beam with the
background gas. Precise synchronization between firing of the machine
and a command pulse (± 5 ns jitter) has been attained through the use of
advanced trigatron switching technology. This synchronization has al-
lowed correlated time measurements to be made of the beam parameters.

CURRENT MEASUREMENTS

Two techniques have been employed for time resolved measurements of
the beam current. The first is a Rogowski coil (Fig. 3), which has been
used to measure the beam current in the drift tube region. The Rogowski
coil can be considered to be a current transformer, with the beam acting
as the primary. The coil is self-integrating when the inequality

L 
coil /Rload 

>> beam pulse width
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5.8 m

Generator Column 280 pf Coaxial Line

0.7m 1.5 m

300psi CO2.N2

Pressure Vessel

Triggered Gap

-FE Cathode

Transmission
Window

1 2m

Drift
Tube

FIG. 1.--Configuration of 4-My coaxial generator.

FIG. 2.--FX-1 machine with charging column and line withdrawn.
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FIG. 3.--Parallel-element Rogowski coil.
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is satisfied, and this is the mode in which it is normally used. When
the coil completely surrounds the beam it can be shown that the response
is nearly independent of exact beam location.

Since the Rogowski coil responds to the azimuthal magnetic field due
to the net current (beam current minus induced plasma current) carried
inside it, it affords an ideal way to measure net current, and hence
plasma current, in the drift-tube region. Some results of this type of
measurement are shown in Fig. 4, where the currents at 10 and 20 ns after
the start of the pulse are plotted against drift tube pressure. It shows
that maximum net current, and hence minimum return current, occurs at
about 0.1 torr. At higher pressures the return current increases, pre-
sumably owing to a higher plasma density and corresponding higher plasma

conductivity, up to pressures where the conductivity is reduced by in-

creased collision frequency.

Time-resolved current measurements are made with resistive shunts,

which interrupt either the drift-tube or field-emission outer conductor

with a large number of parallel resistors, as shown in Fig. 5. The

voltage across them is proportional to the current induced in the outer
conductor by the primary current. The current shunts are all calibrated
with a constant-impedance transmission-line pulser. The risetime has

been shown to be less than 1 ns when checked by a square wave pulser and

a sampling scope. Some results of time-resolved data taken from a field-

emission current shunt mounted on the IPC FX-1 machine are shown in Fig. 6.

The two curves correspond to different cathodes, one consisting of a cir-
cular array of 20 pins, the other a blunt-tipped single-point cathode.

ELECTRON ENERGY

A capacitive voltage divider has been found useful for measuring the
energy of beams produced by high-impedance accelerators. In order to
get sufficient sensitivity without degrading response time, a metal strip
completely encircling the inside of the outer conductor of the field-

emission tube was used (Fig. 7). The metal strip is insulated from the

outer conductor by Mylar tape. The metal strip is connected to the center

conductor of a coaxial cable leading to a Tektronix 519 oscilloscope

through a resistor. The resistance is chosen to give a time constant

RC 500 ns. The risetime of the voltage monitor has been shown to be

less than 1 ns when checked with a constant-impedance transmission-line

square-wave pulser and sampling scope. Calibration is accomplished by

using the photodisintegration threshold of beryllium at 1.67 MeV and of
deuterium at 2.22 MeV.

Results of voltage measurements are shown in Fig. 8, together with
current pulses for the single-point and multipoint cathodes. From the
time-resolved measurements of voltage and current, the time-dependent

diode impedance Z(t) can be determined. Figure 9 shows Z(t) for the
20-pin cathode. The impedance in this case reaches a steady state after

about 10 ns.

A separate measurement of the beam energy spectrum has been made by

use of a magnetic spectrometer (Fig. 10). The spectrometer is a 180

fixed-field type, with charge collectors arranged to give a 45 p keV
energy resolution. The spectrometer can be used to measure the time-

resolved spectrum by replacing the charge collectors with current de-

tectors.

Results of time-integrated magnetic spectrometer measurements for two
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cathodes (Z — 30 for the 20 pin cathode, Z — 100 for the single point

cathode) are shown in Fig. 11. Time-resolved results are shown in

Fig. 12.

TOTAL BEAM ENERGY

Direct measurement of the total beam energy has been made using a total

stopping carbon calorimeter. This energy measurement agrees within 10%

with the total energy calculated by integrating the voltage-current

product over the pulse duration.

CURRENT-DENSITY PROFILE

Time-integrated current density profiles have been obtained by using

thin film dosimetry, i.e., a thin film is placed in the beam path and

then optically analyzed with a microdensitometer. A typical result is

shown in Fig. 13. The tendency for the beam to be hollow should be noted.

DIVERGENCE AND EMITTANCE

Divergence can be inferred from an X-radiation dose map if the input

electron energy is known. A typical dose map from which divergence at

the anode can be determined via computer analysis is shown in Fig. 14.

Emittance and divergence can be measured more directly using a scheme

depicted in Fig. 15. The beam is allowed to pass through an L-shaped

array of holes in the anode, which is a total stopping distance thick.

A thin-film dosimeter behind the tantalum mask detects the beamlets that

pass through the holes. Emittance data are inferred from the spreading

of beamlet diameter, divergence depends on the spreading of the center

of the beamlets. The results for a planar cathode and a hemispherical

cathode are shown in Fig. 16.

The average divergence at the anode for the hemispherical cathode is

< e > 120, in agreement with results deduced from a radiation map.

The planar cathode shows no divergence at the anode. The emittance for

the hemispherical cathode is 6.4 millirad-cm and for the planar cathode,

10.4 millirad-cm, both values indicating high-quality beams with respect

to these parameters.

COMPUTER PREDICTIONS

A computer program has been used to predict beam behavior in the

diode region, yielding gun impedance and current-density profiles. The

program proceeds by determining electric and magnetic fields selfcon-

sistently with electron trajectories in an iterative fashion in the gap

region. Impedance is determined from the current carried to the anode

and the assumed voltage. The result of one such calculation is shown

in Fig. 17, which shows that the formation of a hollow beam is brought

about to a large extent by the electrons emitted far back on the cathode

shank. The impedance determined by the computer calculation is in ap-

proximate agreement with the measured impedance for this diode.
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COLLECTIVE EFFECT--ACCELERATION OF IONS

A. W. TRIVELPIECE

University of Maryland, Silver Spring, Md.

SUMMARY

Some of the recent interest in the development of high-current
relativistic electron beams has its origin in ideas put forward by Veksler
and others. The paper discussed these collective-effect schemes for ion

acceleration and reviewed current work in this area.
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PARTICLE BEAMS IN THE SOLAR TERRESTRIAL ENVIRONMENT (Invited Paper)

S. J. BAUER

Laboratory for Space Sciences, NASA Goddard Space

Flight Center, Greenbelt, Md.

SUMMARY

Energies of particle beams in the solar terrestrial environment range

from hundreds of MeV for solar protons to a few keV for electrons re-

sponsible for auroras. Solar protons associated with strong solar flares

cause ionization deep within the terrestrial ionosphere, called polar

cap absorption events (PCA), i.e., radio blackout. The intensities of

these solar protons exceed the galactic cosmic rays by several orders

of magnitude. In addition to these high-energy particles which are

associated with disturbances on the sun, there is a steady outflow of

charged particles from the sun called the solar wind. The solar wind

consists primarily of protons and electrons (with a small fraction of

heavier constituents) having a bulk flow velocity of about 300 km/sec,

which is supersonic in the interplanetary medium, and a density of about

5-10 particles/cm3, the characteristics of the solar wind change with

solar activity. The interaction of this solar wind with the geomagnetic

field leads to the formation of a magnetosphere with a shock front and

a magnetopause behind which the terrestrial geomagnetic field is con-

tained. As the results of the interaction of the solar wind with the

earth's magnetic field, field lines are swept back into a tail behind

the earth extending to very great distances. Within the magnetosphere,

into which charged particles from the outside can only enter through

limited regions, there are energetic particle populations whose origins

are not well understood. In addition to the trapped particle population

of the radiation belts, there are particle beams of a few keV, especially

in the auroral zone and over the polar cap, which may possibly be the re-

sult of "local" acceleration processes in the magnetosphere.

Particle beams traveling in the sun-earth environment can also lead

to the generation of radio noise by means of the eerenkov mechanism.

For instance, charged particles emitted from the sun during disturbances

lead to radio bursts which are observed in space and on the ground.

Similarly, particles precipitated in the terrestrial environment can

lead to radio noise which has been observed in the magnetosphere and

ionosphere.

Recently a space-borne electron-beam experiment proposed and imple-

mented by W. N. Hess of NASA was performed by means of a rocket launched

from Wallops Island. An artificial aurora was generated as the result

of an electron beam of a few keV injected along magnetic field lines.

A slender, rayed aurora was observed by ground-based image orthicon

cameras. Based on this successful test, it appears that electron beams

launched from spacecraft can be used to study, under controlled condi-

tions, a number of phenomena in the earth's magnetosphere.
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ELECTRON TRANSMISSION, ENERGY LOSS, AND RADIATION DAMAGE
AT HIGH BEAM VOLTAGES (Invited Paper)

V. E. COSSLETT

Cavendish Laboratory, University of Cambridge, Cambridge, England

INTRODUCTION

The recent development of electron microscopy to high voltages
(1 MV and more) has revealed considerable gaps in our knowledge of the
transmission and energy loss of electrons in thin films. By "thin" is

meant here a film thickness equal to a few mean free paths for elastic

scattering. It is timely to review the situation in order to see how

far theory can be relied upon and where further experimental measure-

ments are needed. It will appear that many situations of practical

importance for electron microscopy are too complex for any comprehensive
theoretical treatment, particularly of energy loss and hence of the lim-
its of observation as set by chromatic aberration. In respect of radia-
tion damage by ejection of atoms from a lattice, however, the predictions
of theory accord closely with observation.

ELECTRON TRANSMISSION IN AMORPHOUS AND POLYCRYSTALLINE MATERIALS

The main reason for using high voltages in electron microscopy is to
obtain images from thicker specimens than can be observed at 100 kV.
So interest centers on the factors that limit transmission through
relatively thick specimens and into the small collection angle of the
objective aperture ab (order of 10-2 radian). Much work, both theoret-
ical and experimental, has been done on this problem at normal operating
voltages. It has been established that results agree fairly well with
the plural scattering theory of Lenz (1954) in respect of the fraction
of the beam transmitted through thicknesses up to about ten elastic

mean free paths, and its variation with ao and beam voltage VU . The

fit can be made even closer by using two independent atomic parameters

(Lippert and Friese 1962) instead of the single one (the mean atomic

radius R) used by Lenz. Although Lenz's treatment is based on scattering
(elastic and inelastic) by isolated atoms, and so is not strictly ap-
plicable to anything except a gas, it is found to agree well with re-
sults for polycrystalline as well as for amorphous materials (Reimer
1965). The anomalous conditions of transmission through a perfect
crystal require a quite different treatment, as outlined later.

The first attempt to predict how transmission would change with in-
creasing beam voltage was made by Burge and Smith (1962). They showed
that it should increase more rapidly for carbon than for gold, owing to
the greater inelastic and smaller elastic scattering in the former, and

also that the increase would become almost linear if a relatively large

aperture (5 X 10-3) were to be used (at all voltages). Since Burge and

Smith's treatment is based on a very different model of the atom from

Lenz's, it was not prima facie clear how reliable their predictions

might be. It was also evident from work done at 50-100 kV that their

scattering theory (Smith and Burge 1963) did not agree so well as did
Lenz's with experiment. So we set out to measure transmission through
carbon and gold as a function of voltage and aperture, and also calculated
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what would be predicted by the plural theory of Lenz (in relativistic

form).

The experiments were carried out in the Cavendish high-voltage electron

microscope (Smith, Considine, and Cosslett 1966) at voltages up to 700 kV.

Measurements were made on three thicknesses of carbon and two thicknesses

of gold at three values of ao . Full details of the procedure have been

given by Curtis (1968) and a preliminary account of the results by Curtis,

Cosslett, and Ferrier (1968). Dr. Lippert has since made available an

extrapolation of the Lippert and Friese empirical relation into the rela-

tivistic region, taking plural scattering into account.

Figures 1 and 2 show the results obtained for a carbon film of mass-

thickness 0.26 mg.cm-2 with ao = 1.1 X 10-3 and 5.5 X 10-3 radian,

respectively. Transmission T is plotted against beam voltage Vo ,

where T is defined by

T= (log I /I)
-1

e 0

It is evident that the experimental points are close to the curve pre-

dicted by the plural theory of Lenz (LP), which lies just below them at

1.1 X 10-3 and just above them at 5.5 X 10-3 The empirical curve of

Lippert and Friese (LFP) rises too steeply with voltage. Burge and

Smith do not give a plural scattering curve for these conditions, but it

would probably fall between the LP and LF curves in the same way as for

the single scattering curves (L, BS, LF).

The results for gold are shown in Fig. 3, where curves A and B are
calculated from Lenz's plural theory with ao = 1 x 10-3 and 5 x 10

respectively. The experimental points lie higher in each case, by much
more than the experimental error. The curves BS are the corresponding

predictions of the Smith and Burge (1963) plural theory. They show a

much greater change in transmission with aperture than do Lenz's curves,

so that for ao = 5.5 x 10-3 there is fair agreement with experiment at

very high voltages, whereas for 1.1 x 10-3 the BSP curve lies far

below both the Lenz curve and the measured points. No curve is shown

for the Lippert-Friese plural treatment, as Lippert was not able to get

consistent enough results over a range of apertures and voltages suffi-

cient to justify an empirical relation.
The method of presentation adopted in Figs. 1-3 seems to show a rather

slow rise in transmission with voltage. This is partly due to the use of
a logarithmic scale on the ordinate, but also reflects a fact of real
physical significance. With a film of given thickness, as here, single-
scattering conditions are approached at very high voltage. As the volt-

age is decreased, the mean number of scattering acts increases and there
is an increasing tendency for electrons to be scattered back into the
aperture in a second or subsequent act. So the decrease in T due to
the increase in scattering cross section is partly masked in plural con-
ditions, and the curve falls less steeply than expected.

A more direct measure of the increase in effective penetration is pro-
vided by plotting the thickness which produces a given attenuation of the
beam, I/I0 A set of such constant intensity-ratio curves is shown in

Fig. 4 for carbon and Fig. 5 for gold, in each case for T = 0.25

(i.e., I/I0 = e-4), as calculated from the plural theory of Lenz. The
slope of the thickness-voltage curve changes dramatically with aperture,
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FIG. 1.--Electron transmission T through a carbon film of mass-thickness

260 pg cm-2 as function of accelerating voltage Vo, for ao = 1 X

calculated from the single-scattering theories of Lenz (L), Burge and

Smith (BS), and Lippert and Friese (LF), and the plural scattering the-

ories of Lenz (LP) and Lippert and Friese (LFP). Crosses = experimental

points of Curtis (1968) for ao = 1.1 X 10-3.
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FIG. 2.--Electron transmission T through a carbon film of mass-thickness

260 pg cm-2 in function of accelerating voltage Vo, for ao = 5 x 10-3,

calculated from the theories listed under Fig. 1. Crosses = experimental

points of Curtis (1968) for ao = 5.5 X 10-3
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FIG. 3.--Electron transmission T through a gold'ofilm of thickness 450 A

in function of accelerating voltage Vo, calculated from the plural scat-

tering theories of Lenz (A, B) and Burge and Smith (BS5, BS)) for

ao = 5 X 10-3 and 1 X 10-3 in each case, compared with the experimental

points of Curtis (1968) for ao = 5.5 X 10-3 (crosses) and 1.1 X 10-3

(circles).
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especially in the case of carbon, becoming almost linear for

ao = 5.5 X 10
-3 . For gold the change with aperture is less marked

even at 10-2 (Curve C) because the angular scattering distribution is

wider, reflecting the greater cross section for elastic scattering as

compared with carbon.

Some experimental points of our own and from Reimer and Sommer (1968)

are included in Figs. 4 and 5. They are few, because measurements are

not usually taken down to such a low transmission as e-4 , but they

agree well with Lenz's curves. The Burge and Smith curves lie appre-

ciably lower. The good agreement with Lenz is not surprising, since he

chose values of the mean atomic radius for carbon and gold which made

his calculated scattering curves fit such experimental evidence as

existed at the time. Nonetheless it is very satisfactory that agreement

remains good at relativistic voltages, from the almost linear variation

of thickness with voltage at large aperture to the nearly (v/c)2 curve

at very small aperture.

So far we have been concerned with transmission in the axial direc-

tion into an aperture of the order of 10-2 radian, which obeys an

approximately exponential law for foil thicknesses up to a few elastic

mean free paths. For thicker foils the intensity becomes so small as

to make measurement difficult. No such simple law is obeyed by the

total transmission, i.e., the fraction of the incident beam emerging

into the whole forward hemisphere, for which measurements can be made

with film thicknesses up to the practical range of electrons of the

incident voltage. Detailed results have recently been obtained by

Dupouy et al. (1965b) with an accuracy greater than any earlier work at

high voltages. They give transmission-voltage curves for given thick-

nesses of a variety of elements at several voltages from 100 to 1200 kV,

making available a wealth of data for practical use and also for the

theoretician who might care to devise a comprehensive theory to fit them.

It is interesting to note the good agreement with the very early results

of Crowther (1910), who investigated electron transmission at 600 kV.

Figures 6 and 7 show his results for aluminum and platinum, plotted as

transmission-thickness curves, with the Dupouy et al. results added.

The shape of the curves is similar to that for lower voltages, tailing

off to the exponential form first noted by Lenard. A discussion of the

various theories of multiple scattering and diffusion which have been

advanced to account for these transmission curves will be found in

Scott (1963) and Cosslett and Thomas (1964). The most successful of

the attempts to obtain an empirical expression to fit them is probably

that due to Makhov (1960), unwieldy though it is to use.

ELECTRON TRANSMISSION IN PERFECT CRYSTALS

When the specimen is a single crystal a high degree of channeling can

occur in certain orientations, some electrons passing almost unhindered

down the gaps in the lattice between rows of atoms. The resulting
ft
anomalous" transmission in (for instance) aluminum is great enough to

give a value of T (per unit mass-thickness) two or three times higher

than for polycrystalline aluminum, the absorption coefficient (µ) being

one-half to one-third the normal value. The wave treatment of Hashimoto,

Howie, and Whelan (1960, 1962) gives a satisfactory explanation so far

as thin specimens are concerned. In its two-beam form it predicts

fairly closely the variation in T (or 1/µ) with voltage in thin films

168



6000
ratc4

500

400

300

200

100

A

200 400 600 800 1000
v. 

1200

FIG. 4.--Mass-thickness of carbon

for a transmission of e-4 when the

objective aperture is 10-5 (A),
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a transmission of e-4 when the ob-

jective aperture is 10-5 (A), 10-3

(B), and 10-2 (C), calculated from

the plural scattering theory of Lenz.

D, E are from the plural scattering

theory of Burge and Smith for
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FIG. 6.--Total forward transmis-

sion (I/I0) through aluminum as

function of thickness for elec-

trons of 600 kV as measured by

Crowther (1910) (continuous curve).

Crosses = experimental points of

Dupouy et al. (1965b).
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(1965b).

169



(Dupouy et al., 1965a, Mazel and Ayroles, 1968) by introducing an
imaginary term into the refractive index, the physical basis of which
is not clear. In essence we need to bring in some mechanism to attenu-
ate the channelled beam, which otherwise could pass through a lattice
indefinitely. It seems probable that thermal diffuse scattering, due
to the lattice vibrations, is the dominant process but other inelastic
effects cannot be neglected. In thick films, where the various types of
loss process become convoluted with each other in angular distribution,
discussion of attenuation cannot be separated from that of energy loss.
This is difficult within the confines of the anomalous transmission
theory, which is initially concerned only with elastic processes. How-
ever, Ichimiya (1968) has put forward an empirical theory to explain the
observations by himself and by Uyeda and Nonoyama (1968) on the maximum
thickness of molybdenite through which acceptable images could be obtained
at voltages up to 1200 kV.

ELECTRON ENERGY LOSS

A variety of energy-loss processes have to be taken into account:
plasmon and phonon excitations, ionization, and electron-shell excita-
tions of all types, including X-ray levels. Greatest attention has been
paid to the characteristic losses due to plasma oscillations, especially
by the anomalous transmission theorists (see Hirsch and Humphreys, 1968).
The angular spread of the loss electrons is very narrow, so that for
single crystals one or two mean free paths thick they make the
chief contribution to the energy spread in the imaging beam and hence to
the chromatic aberration in an electron micrograph. The mean free paths
for some other loss processes, however, are of the same order and some
are possibly smaller. Even those for low-level X-ray excitations differ
only by one or two orders of magnitude and being individually of large
energy may make an appreciable contribution to the total energy loss.

From thin films the loss distribution is thus dominated by the plasmon
"lines," the higher losses being only just visible in the high-energy
tail. But in a film thickness of (say) ten plasmon mean free paths,
these higher losses may have a significantly broadening effect on the
distribution, which is already widened by the Poissonian convolution of
the multiple losses. In carbon, for instance, the ten-fold plasmon loss
peak falls near the K-energy (280 eV), for which the cross section is
relatively great (though most of the energy appears as Auger electrons
not X-ray quanta). From recent measurements we have made, it appears
that even the K-loss electrons are peaked in the forward direction
(Wittry, Ferrier, and Cosslett, 1969) so that a high proportion of them
remain in the imaging beam, especially from thick films where multiple
scattering acts occur.

If we knew enough about the mean free paths and the angular distribu-
tions for the separate loss processes, it would be possible to calculate
the over-all loss distribution, which is characterized by the position
of the peak (Er) and the half-width of the peak at half-height (A Ew).
The convolution procedure is not significantly more difficult than that
for multiple plasmon losses (see Metherell 1968; Misell 1968; Burge and
Misell, 1968). In our present state of ignorance we can only resort to
the less detailed treatment of energy loss due to Landau (1944), which
requires only the mean effective energy loss, and look for experimental
evidence to test it. The measurements of Knop et al. (1961) on Al, Cu,
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Ag, and Au at 1 MV are the only extensive results available for conditions

approaching those of electron microscopy. They show conclusively that

Landau's expressions for E and AEw are obeyed in thick films, but

that as thickness decreases the peak gets more asymmetrical and the half-

width becomes narrower than the Landau prediction. But if the high-

energy losses of low probability are omitted from the theoretical calcu-

lations, dropping the K-, L-, and M-level contributions successively,

good agreement with experiment is obtained.

The only detailed measurements of Ep and AEw made actually in an

electron microscope are those of Kamiya on magnesium oxide at 200 kV and

500 kV, as reported by Uyeda (1968). Full details have not yet been

published, but it was stated that the results agree with Landau's theory.

The problem of reconciling the observed energy spread with the electron

microscopical resolution obtained in similar conditions is discussed

elsewhere (Cosslett 1969). Surprisingly there was only a small differ-

ence between the loss distributions in the Bragg reflecting and nonre-

flecting orientations, which supports the view that simple anomalous

transmission is swamped by multiple-loss processes in thick films.

Kamiya's thinnest specimen was 1 pm thick, corresponding to 7 or 8 mean

free paths for plasmon loss at his lowest voltage (200 kV).

Clearly more experimental evidence is required. Verdier (1968) has

attempted to derive the loss distribution from the chromatic aberration

in electron micrographs, but this is a doubtful procedure as the scatter

of his results shows. Only a direct determination will give the accuracy

needed to check the Landau theory, as modified by Knop et al. We are in

process of making measurements in the Cavendish high-voltage microscope

with a magnetic energy analyzer of the Ichinokawa type (1968). Owing to

the difficulty of maintaining the required stability over the 20 to 30

min needed for recording a wide range of energy losses, we have not yet

obtained sufficiently consistent results to report here.

RADIATION DAMAGE

A type of energy loss that is peculiar to high-voltage operation is

the ejection of atoms from a lattice by the "knock-on" mechanism, in

which an electron transfers all or nearly all its energy to an atom in

a head-on collision. Since the electron mass is so much smaller than

that of an atom, the incident energy must be very high if enough energy

is to be transferred to overcome the binding energy. Relativistic col-

lision theory predicts a threshold energy of 495 kV for an electron beam

incident on a copper lattice, assuming the displacement energy to be

25 eV. This prediction has now been closely confirmed by Makin (1968)

in experiments carried out in the Cavendish high-voltage microscope.

At a beam energy of 490 keV, no radiation damage was visible even after

15-min exposure at an incident current density of about 1 A.cm-2, but

at 500 keV slight damage occurred and the amount increased rapidly at

510 keV, 520 keV, and finally 600 keV. An accurate test of the change

with voltage of the theoretical cross section for ejection is difficult,

because individual atomic events are below the resolution of the micro-

scope and damage becomes visible only by diffusion and aggregation of

interstitial atoms (or vacant sites), but qualitative confirmation has

been obtained (Fig. 8).

Detailed studies are now being made of the variation in threshold

energy, rate of production of damage and of annealing it out, as
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influenced by experimental conditions, especially specimen temperature

and lattice orientation. It has already been shown by Steeds and Valdre

(1968) that radiation damage in the form of dislocation loops readily

occurs in lead at liquid helium temperatures, but that it quickly dis-

appears on warming to room temperature. We are finding that the

annealing process is very sensitive to experimental conditions, and also

that the threshold energy varies more strongly with orientation than had

been predicted. There is a considerable field opening here for the metal

physicist, one example of which is the effect of radiation damage in

destroying the coherence between a precipitate and its matrix (Woolhouse

1968). If nothing else, these investigations have brought home to us

the value of having designed the Cavendish high-voltage microscope to

be variable over a very wide voltage range, from 75 kV to 7
50 kV.
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A VERSATILE ARC SOURCE FOR ION IMPLANTATION SYSTEMS

T. C. SMITH

Ion Physics Corporation, Burlington, Mass.

An arc discharge ion source which has been operational in the Van de

Graaff accelerator of a 2-MV implantation system is described. Ions are

obtained from either four gases or two gases and one solid in any arbi-

trary sequence without opening the pressure vessel of the accelerator.

An ion source test stand has been used to determine source operating

conditions for many materials prior to running on the accelerator.

Operating experience and typical target currents are reviewed.

INTRODUCTION

Several recent survey articles discuss the various types of ion sources

which might be adapted to provide ions of many elements required for im-

plantation purposes.1-3 Several considerations led to the development

of an arc discharge source of the Nielsen type4 for use in the Van de

Graaff accelerator. The rf ion source is most frequently used in such

accelerators; the duoplasmatron ion source is also employed. The ions

provided by these sources are usually limited to those derived from gases.

Some of these gases cannot be run in sequence without a drastic deteri-

oration in source output and problems of contamination and condensation.

With the rf source, the output ion current degrades with time and useful

source lifetimes are limited to about 50 hr for some vapors.

Greater flexibility is possible with the arc discharge source since

the discharge chamber is thermally isolated and the high wall temperature

prevents condensation. This allows source operation with gases run in

sequence as well as with materials having vapor pressures of the o
rder

of 10-3 torr at temperatures up to 1000°C. Several modes of operation

are possible with charge material fed from an attached vaporize
r or placed

directly inside the discharge chamber. The use of a support gas is usu-

ally not necessary.

ION SOURCE DESCRIPTION

The principle of operation of this type of source is as follows: Ions

are created by electron bombardment of neutral molecules which have been

introduced into the cylindrical discharge chamber. Electrons emitted

from an incandescent filament at cathode potential are accelerated toward

the discharge chamber walls at anode potential. An axial magnetic field

generated by an electromagnet increases the electron path length a
nd an

arc discharge is initiated. The ion beam is extracted from the boundary

of the plasma at the source aperture. A schematic diagram of the source

for operation on gases is shown in Fig. 1.

In general, the beam current is proportional to the ion density 
in

the plasma and therefore to the arc current. For any charge material,

the total beam current and the distribution of the various ionic species

obtained depend upon the particular combination of extracting electric

field, discharge chamber pressure, source magnetic field intensity,
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emitted electron current, arc voltage, and a
rc current. For most elements

the magnitude of the doubly charged ion curren
t is usually several per-

cent of the singly charged component. The relative yield of the multiply

charged ion species increases with increa
sing arc voltage.

The ion source assembly, with the vapori
zer attached, is shown in

Fig. 2. The temperature of the vaporizer is se
nsed by the thermocouple

and maintained at the desired operati
ng level within ± 1°C by means of

a temperature controller. The arc discharge chamber is made of high-

purity graphite. The tungsten filament is crimped into tantalum holders

and insulated from the graphite anode
 by alumina sleeves. The remainder

of the materials of construction ar
e stainless steel.

When the material to be vaporized
 is placed inside the discharge

chamber, a simple modification
 of the same basic source provides an

auxilliary filament at anode pot
ential to produce additional heat. With

radiation shields, internal temp
eratures in excess of 1100°C have been

attained. The total power dissipated withi
n the source assembly proper

can be as much as 500 W, so that
 proper cooling is imperative. The source

assembly in the accelerator is
 cooled by circulating the high-pressure

(300 psi) insulating gas through co
oling ducts on the source housing and

mounting flange.

SOURCE TEST STAND

A testing system shown in Fig. 3 simul
ates the conditions of the ac-

celerator terminal and was employed fo
r initial evaluation of the arc

discharge source. It has also been utilized in a continuing development

program with a source assembly
 identical to that in use on the accelera-

tor. Proper source operating conditions for ma
ny materials have been

determined prior to running on the accelera
tor. This test system also

incorporates a mass spectro
meter with high resolving power to obtain

data on the yield of the ion desi
red for implantation.

A broad range of informatio
n is obtained from data taken on the test

stand. This includes factors affecti
ng reliability, such as filament

lifetimes, materials compat
ibility, and cooling requirements. When

operating with the vaporize
r, the proper working temperatures and re-

sulting charge consumption 
rates are observed. An evaluation of several

charge materials yielding a 
given ion can be carried out to select the

one which results in optimum 
source performance. In the current develop-

ment program, this source has 
been operated on 24 different materials

including 9 elemental metals.

ION SOURCE IN ACCELERATOR

In addition to the many con
siderations which must be taken into

account for reliable source perf
ormance, some special problems are associ-

ated with the horizontal Van d
e Graaff accelerator. The constraints

upon the size, weight, power, con
trol and cooling requirements are con-

siderable. The ion source is inaccessible inside the
 terminal of the

accelerator, and is operated by remot
e control with no readout of the

source operating parameters. The pressure vessel is evacuated to a
 pres-

sure of 10 µ before being backfilled to 3
00 psi with an insulating gas

mixture. All mechanical and electrical components in the 
terminal must

be able to withstand this vacuum/pressure
 cycle.

To date, the filament lifetime has not been 
a serious problem.
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Implantation operations have only been interrupted once because of

filament burnout and this occurred after 124 hrs. Many filaments have

been intact after operating for 70 to 100 hr. The capacity of the vapor-

izer is sufficient to hold enough material for at least 400 hr of opera-

tion at the present charge consumption rates.

The total power required to drive the source and its associated

power supplies and cooling blower is less than 1 kW. The cooling system

described above can remove 1 kW of heat with a 9°F temperature rise in

the insulating gas.

In this particular installation, the remote controls
 allow source

operation on any one of four gases or two gases 
and one solid in arbi-

trary sequence without opening the pressure vessel of 
the accelerator.

OPERATING EXPERIENCE IN 2-MV IMPLANTATION SYST
EM

The arc discharge source has been operated in 
the 2 MV accelerator

for more than 1000 hr. Different combinations of five gaseous charge

materials and three pure metals have been run at 
various times. No

cross contamination and no degradation in typical
 source output for a

given ion has been observed after switching back 
and forth. The gases

used include: BF3, PH3, 15% A5H3/85% He mixture, N2, and Ar . Zn and

Se have been fed from the attached vaporizer and Ag has been vaporized

directly inside the discharge chamber, so that all three 
modes of source

operation have been demonstrated in this implantation 
system. The per-

formance of the source in the accelerator has been similar t
o that seen

on the test stand.

Considerable effort was involved in determining the proper conditions

to provide vapors of Zn or Se when required but to keep the feed

rate low when operating on either of the two gases. Because heat is

conducted from the discharge chamber, the minimum temperature of the

vaporizer is approximately 250 C for any of the interconnecting feed

tubes. The vacuum conductance of the feed tube must be such that the

feed rate at this minimum temperature is negligibly
 small. In practice,

•••••••0

FIG. 3.--Ion source test stand.
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when running on phosphine with zinc in the vaporizer, the 64Zn+ current
is less than 1% of the 31P+ current. The average charge consumption
rate for runs with the pure metals have ranged from 1 to 8 mg/hr.

The beam current delivered to the implantation target depends upon
the transmission of the complete source, accelerator, analyzer, and scan-
ner system. The total accelerated ion current which corresponds to ac-
ceptable focus at the target in our system is in the range of 20 to 40
pA . The focused spot is typically 1 to 4 mm in diameter. The source
itself is capable of producing several hundred microamperes, so that the
limitation at present is in the ion optical system.

Typical target currents for some of the ions implanted to date with
this system are given in Table I. Over the working range of voltage
for this accelerator (0.2 to 2.0 MV), these target currents may vary
somewhat from the quoted values. The versatility of the arc discharge
ion source in providing ions for implantation has been demonstrated in
the accelerator as well as on the test stand.
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TABLE I.--Typical target currents for arc discharge
ion source in 2-MV implantation system.

Ion

species

Isotopic

abundance

(%)

Typical target
current

(µA)
11
B

14
N

19
F

31

40
Ar

64
Zn

75
As

80
Se

107
Ag

80.2

99.6

100.0

100.0

99.6

48.9

100.0

49.8

51.8

1.0

6.0

1.0

7.5

20.0

10.0

6.0

5.0

10.0
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DEFECTS IN SILICON DURING ION IMPLANTATI
ON

T. IKEDA, T. TSUCHIMOTO, and T. TOKUYAMA

Central Research Laboratory, Hitachi, 
Ltd., Tokyo

1. INTRODUCTION

When a crystal is bombarded by hi
gh-energy ions, the Frenkel-type

defects as well as many vacancy 
clusters are supposed to be generated

by an elastic collision of bomba
rding ions against the crystal lattice.

By an increase of bombarding dos
e, these defects overlap each other and

apparently an amorphous layer 
is usually observed. These amorphous

layers could be recovered into t
he perfect lattice by thermal annealing

at suitable conditions, but i
n some cases, there are difficulties in

recovering the lattice structu
res even by a long-time thermal annealing.

We have observed that the dose
 to form such an amorphous layer depends

on energies and the species of io
ns. The distribution depth of these

defect layers in the substrate surf
ace is also observed to depend on the

mass and the energy of ions. In our experiments, ions are hydrogen,

helium, boron, and argon at the a
ccelerating energy of 100 keV, and ion

doses are varied from 1014 to 101
7/cm2. The substrates were silicon

single crystal, (111) oriented, n-t
ype, 1 ohm-cm. The channeling

phenomena will occur even in (111) alig
nment directions, but when the

lattice disorders are generated and ar
e accumulated, these irradiations

can be considered as off channel.

2. EXPERIMENTAL RESULTS AND DISCUSSIONS

We have chosen the electron diffrac
tion pattern as a measure of

lattice disorders and measure
ments are carried out to determine the

depth of defective regions 
through successive layer removal technique

by anodic oxidation. Between perfect lattice patterns and amorphous

patterns, we have observed 
a region of substrate indicating weak Kikuch

i

lines. This latter case seemed to
 correspond to the state of substrate

having many defective structu
res.

Figure 1 represents the 
change of electron diffraction pattern from

the silicon substrate surface 
to the depth direction, when the sample

was bombarded by nitrogen ions
 of 100 keV energy, 1016/cm2 dose. The

substrate surface showed the 
perfect crystal pattern, and at 0.1 µ depth

the pattern changed to show weak
 Kikuchi lines. These patterns then

changed to amorphous at 0.2 a
nd 0.3 µ depth. At 0.5 µ, the perfect

crystal patterns appeared agai
n. This result showed that there is a

buried defective zone which wa
s produced by the bombardment of high-

energy ions. When ions are injected into the substrate
, in the first

process, ions lose their energy 
by an electronic collision process. In

this process, the incident ions 
do not generate Frenkel-type defects 

and

lose their energy by an inelastic collisi
on. When the incident ions are

slowed down by the above process, they
 begin to lose their energy by 

a

nuclear-collision process successively.
 In this process, the ions

generate many of defects by an elast
ic collision. Therefore, the buried

defects zone is produced below the surface.

Figure 2 shows the etched cross section of
 hydrogen and helium bom-

barded silicon substrate. The bombarding energy was 100 keV an
d the

183

Record of 10th Sympcsium on Electron, len, and Laser Beam Technolog
y (L. Marton, ed.); San Francisco Press, Inc.

Copyright © by The Institute of Electrical and Electronics Engin
eers, Inc.—Printed in the U.S.A.



Surface

0.2 µ,m

)

0.1 km

0.3 µ,m

Si: (111)

1 ç - cm,

p-type

0.5 pm

FIG. 1.--Change of electron diffraction pattern from surface to depth.

(Nitrogen-implanted silicon substrate, 100 keV, 1 X 1016/cm2.)

H, 100 keV, 1 X 1016/cm2 He, 100 keV, 1 X 1017/cm2

FIG. 2.--Etched region by Sirtl etching after angle lapping. [Substrate:
Silicon, (111) 1 n - cm, p-type.]
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bombarding doses were 1016 and 1017/cm2, respectively. Etching by

Sirtl's solution after angle lapping was carried out. From these

figures, we can see the etching zone in the depth of the substrate. In

the case of hydrogen bombardment, although we have not found the buried

defective zone region by an electron diffraction method, the etching

method revealed that there is an etched zone below the surface. The

etching by Sirtl's solution seems to be very sensitive in these cases.

In the helium bombardment case, the electron diffraction showed weak

Kikuchi lines.

These results are summarized in Fig. 3. In the figure, the dashed

line represents the etching zone, 1.3 to 1.5 µ from the substrate sur-

face, as in the case of hydrogen bombardment. The dotted line repre-

sents the region which showed very weak Kikuchi lines, and the solid

line represents an amorphous region. In the case of helium bombardment,

there is only a very weak Kikuchi line zone from 0.7 to 0.9 µ from the

substrate surface, but in the nitrogen case, l016/cm
2 bombardment, there

are weak Kikuchi line zones above and below an amorphous zone. Increas-

ing the mass numbers, from boron to nitrogen and argon, this buried

defective layer moves towards the surface and the surface becomes amor-

phous. In the case of argon, amorphous patterns are observed at the

substrate surface, and these are followed by a Weak-Kikuchi-line region.

Figure 4 represents schematically the results of preceding figure.

The abscissa represents mass numbers and the ordinate represents the

bombarding doses. The dotted and solid line in the figure represents

the critical dose that puts the amorphous region both in or at the sur-

face of substrate. The bombarding condition was 100 keV, room tempera-

ture. The amorphous zone is recovered to the single crystal by adequate

thermal annealing treatment. The recovery was assured by the electron

diffraction method, that is, the change of amorphous pattern to single-

crystal pattern. Beside the critical dose, there is another critical

dose that yields an amorphous zone in a polycrystal when the bombarded

substrate is annealed. This also assured that the amorphous pattern

changed to the polycrystal pattern. Therefore, it may be possible to

draw another critical-dose line that separates these amorphous samples

into two groups. One group leads to the single crystal and the other

group to the polycrystal when these samples are annealed. From the

figure, it is seen that the irradiations by large mass number have a

tendency to make the latter. Therefore the smaller mass number ion is

suitable for ion implantation. In the case of the large mass number and

high density implantation, these relations must be taken into considera-

tion.

Figure 5 represents one example of the annealing characteristics of

boron-implanted silicon substrate. The implantation condition was

100 keV, 1014/cm2, and room-temperature implantation. The carrier den-

sity changes with annealing temperature, and between 800 and 900°C, the

value of the carrier density reaches saturation. The means that the

substrate is annealed out completely in this condition. The annealing

times were set to 5 and 100 min, but there are no differences in these

time intervals in the annealing characteristics. This seems to indicate

that the annealing does not depend on the time but the temperature in

this implantation condition. The hole mobility was also measured vs

temperature and also settles to a constant value between 800 and 900°C.

These values are also compared with the value that was obtained from
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Irvin's data. The implantation of boron to 1015 and 1016/cm2 was also

carried out and the annealing characteristics were examined. The ten-

dencies of curves are nearly the same as the figure but the saturation

temperature becomes 900 and 1000°C, and higher carrier density and lower

hole mobility was obtained. The boron implantation of these doses are

in the single crystal region in Fig. 4, but even in this region, the

recovery to perfect bulk nature is not obtained.

3. CONCLUSIONS

(1) The buried defective zone was obtained by the electron diffrac-

tion method and the successive layer removal technique.

(2) In the case of hydrogen bombardment, the defective layer was

not observed by the electron diffraction but was observed by the etching

by Sirtl's solution.

(3) There are critical doses that make the bombarded substrate

amorphous, and there are also critical doses under which the bombarded

samples are not recovered into single crystal but to polycrystal.

(4) The annealing of ion-implanted substrate was mainly determined

by the temperature, not the time intervals in the boron implantation of

this condition. From the annealing characteristics, even though a per-

fect crystal was observed by electron diffraction, the bulk perfection

was not assured completely.

188



THE UNIVERSITY OF COLORADO ION IMPLANTER

LARS WIHLIN and FRED CHERNOW

University of Colorado (Department of Electrical

Engineering), Boulder, Colorado

The ion implanter described is of the Colutron type. It is capable of

implanting any element over an energy range of 5-260 keV at beam currents

up to 250 µA. The machine, which employs the velocity filter analyzer,

has a mass resolution of M/AM over 3000 at half peak height and a cross

contamination better than 1 part in 10-5 between adjacent masses in the

mass 200 region. The unmasked beam size is 0.4 mm in diameter and can

carry a current density of 10 mA/cm2. The implanter also incorporates

computer-programmed beam-handling devices for automatic beam writing.

Detailed descriptions of the ion source, beam optics, and velocity filter

analyzer are given, together with a brief discussion of the vacuum

systems.

UNIVERSITY OF COLORADO ION IMPLANTER

a 130-kV, 250-µA ion implanter has recently been completed and put into

operation in the Department of Electrical Engineering at the University

of Colorado. The machine is providing service for a number of research

programs in various departments within the University. As such, it was

designed to have the capability of performing a wide variety of substan-

tially different experiments. Aside from the need for flexibility,

primary emphasis was placed on the delivery of as wide a range of ions

with as high a mass resolution as was possible while remaining within

the confines of our budget. Of secondary importance was fast cycling

of source material and targets and the ion energy and current capability

of the machine. Minimum size and ease of operation were also desirable

but of lower priority.

Figure 1 is a schematic representation of the machine. Ions are extracted

from the source, accelerated, and focused by a three-element electro-

static lens system and are passed through a velocity filter. The filter

passes particles with a preselected velocity unaltered but disperses

particles with either higher or lower velocities in a horizontal plane.

Since the source provides essentially monoenergetic ions (less than 0.2

eV energy spread), velocity filtering provides mass filtering. The long

(3-m) drift tube located between the velocity filter and the target

chamber serves two purposes. Its primary function is to convert the

dispersion of the ion beam into a spatial separation (perpendicular to

the direction of motion of the ions) at the target chamber. Thus a small

orifice in the target chamber can be used to select the specific ion

desired for implantation. The drift tube also serves to trap any neutral

beam that is formed prior to filtering. One set of electrostatic deflec-

tion plates, located in the drift tube, direct the ion beam to bypass the

neutral trap. A variety of electrical, mechanical, and optical feed-

throughs can be mounted on the eight 2.75-in, ports that circumscribe the
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target chamber. The end of the target chamber is removable so that
entire experimental units may be plugged into the chamber.

The vacuum pumping system was designed to maintain the system oil free,*
provide an operating pressure in the mid-10-9 Torr range in the drift
tube, and reach operating pressures overnight. Rough pumping is per-
formed by three molecular absorption pumps operating at liquid nitrogen
temperature. Two of these pumps are located at the acceleration chamber
and the third at the target chamber. Low-pressure pumping is accomplished
by ion and titanium sublimation pumping. The total peak pumping speed
is approximately 5000 liters/sec for nitrogen. The acceleration chamber

is differentially pumped to optimize the vacuum in the drift tube while

pumping against the constant leak from the ion source (10-4 Torr liters/

sec). It is necessary to maintain a low pressure in the drift tube to

minimize the interaction between the ion beam and the residual gas after

filtering the beam. At the present time a vacuum of 2 X 10-8 Torr is

achievable in the drift tube. A 250°C automatic bakeout system is being

installed to reduce the outgassing load. In principle, this addition

should lower the pressure to the mid-10-9 Torr range. A 3-in. bakable

gate valve separates the target chamber from the drift tube. The target

chamber can be independently pumped. In this manner targets may be

altered without venting of the entire machine to atmospheric pressure.

Replacement of targets and cycling of the target chamber requires ap-

proximately 2 hr. Cycling of the machine for purposes of repair or re-
placement of the source chamber requires overnight pumping. The automatic
bakeout system will not alter this time element but rather utilize it to
achieve lower operating pressures. The machine utilizes both standard
crushed copper and reusable polyimide gaskets.
are machined to washer-like configurations and
knife edges machined into the mating stainless

18-in.-diam., 2-in.-thick disk of polyimide is

The polyimide gaskets

sealed with obtuse (120°)
steel flanges. A large
simultaneously used as

the back wall of the acceleration chamber and to insulate the ion source

from ground potential.

The ion source shown in Fig. 2 is of the confined plasma variety. It

is constructed of carbon and boron nitride to permit high-temperature

operation. To prevent heating of the acceleration chamber, it is sur-

rounded by a kerosene-cooled jacket. A tungsten filament is used as
heater and electron source. The pressure in the source is maintained at
10 microns by a variable leak utilizing pure nitrogen with solid source
materials or the particular gas when gaseous materials are employed.
Solids are mechanically driven into the source through a vacuum lock.
A potential developed between the filament and front plate of the source
confines the plasma to a small region of the chamber. A pin hole
(0.020 in. in diameter) located in the front plate serves as an egress
for the positively charged ions which are extracted from the plasma by

the grounded extraction lens in the acceleration chamber. The mono-

energetic nature of the ion beam results from the extraction of the ions

from a plasma. Control of the source is by means of servo motors and

a

Systems contaminated with pump oil tend to suffer from oil deposits

on implanted surfaces. The oil is apparently dragged by the ion beam

and deposited on the target.
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FIG. 4.--Experimental plug-in unit.
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FIG. 5.--Thallium mass spectra.
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insulated connectors as the entire system is at high potential. The

power supplies are monitored by closed-circuit TV.

The velocity filter used in this system has been described in an earlier

paper.' Conceptually the operation of the filter is straight forward.

A vertical magnetic field coupled to a horizontal electrostatic field

result in a cross E and H configuration. The fields can be adjusted to

permit the net force on a singly ionized particle with a velocity per-

pendicular to the fields to be zero. Ionized particles with other veloci-

ties are acted upon by the field and dispersed in a horizontal plane.

Although this concept for particle separation has been utilized since

the 1930s, the intrinsic focusing effect of the velocity filter limited

its use. For this reason the ion detector or targets have been mounted

at the end of the velocity filter. This practice precludes sizable mass

separation and in turn high mass resolution. To surmount this problem

both the electrostatic and magnetic fields have been tapered. The taper-

ing virtually eliminates the cylindrical focusing effect of the filter,

making the use of long drift tubes and high mass resolution practical.

The target chamber with an experimental apparatus attached to it is shown

in Fig. 3. In this particular experiment 8i210 was implanted in a CdS

crystal for radioactive tracer studies of the implantation depth. The

ion current incident on the target is measured and integrated externally.

The crystal itself is mounted on a goniometer head, oriented with X-ray

Laue patterns and then mounted with the goniometer in the apparatus. A
Geiger counter has been mounted in the target chamber permitting in situ
radioactive counting. The apparatus is arranged so that the external
arm at the rear of the equipment positions the goniometer and crystal
either in the path of the ion beam or in front of the Geiger counter.
Figure 4 shows the internal construction of an experimental arrangement

that permits X-Y writing of the ion beam on a target crystal that is

mounted on a goniometer. The circular disk at the right of the apparatus

provides an orifice for the incoming beam. Sets of vertical and hori-

zontal wires mounted behind the orifice measure any spatial drift of the

ion beam and are utilized in feedback loops to correct its position. The

deflection plates are capable of moving the beam 1 cm in the vertical or

horizontal directions. With the target rotated out of the path of the

beam, a second set of vertical and horizontal wires (not visible in
Fig. 4) measures the sensitivity of the electrostatic displacement ele-
ment. The various elements are mounted on an optical-type bench for ease
in alterations and cleaning. This particular experimental apparatus is
for a study of ion-implanted devices. The implanter is currently being
interfaced with a hybrid computer that will be eventually utilized to
measure and control device characteristics as ions are being implanted.

The machine has been used for implantations ranging from hydrogen to
bismuth. Beam currents of 250 p,A have been readily achieved. The mass
resolution (M/LM at the half height) has been measured to be more than
4100 at mass 205. Figure 5 shows the mass spectra of thallium from which
the resolution was determined.
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ELECTRON-BEAM-PUMPED CdS LASER

S. NAMBA, H. ARITOME, and K. MASUDA

Osaka University (Faculty of Engineering Science), Toyonaka, Osaka

The penetration of electrons into CdS crystal is examined by the

microscope method based on the luminous figure adopted by Ehrenberg and

King. From the differential energy loss obtained by this method, the

threshold conditon of electron-beam-pumped CdS laser is calculated. The

agreement between the calculated and experimental results is reasonable.

Laser oscillation was also observed for the crystal grown with bi
smuth

added. Its threshold current density is lower than that of undoped

crystals as in the case of Cd-rich crystals. The reason is not under-

stood at the present stage.

I. INTRODUCTION

The threshold condition of the electron beam pump
ed laser is first

presented by Klein' and discussed in the case of GaAs. Recently it has

been theoretically treated for CdS by Haug2 from the
 quantum-mechanical

basis. But so far little has been said about the threshold conditio
ns

and the impurity effects on it.

In this paper only the preliminary results obtained at the present

stage are described and discussed on the basis of the expression given

by Klein. First, electron penetration depth into CdS crystal is mea-

sured as a function of the electron energy by the microscope method based

on the luminous figure adopted by Ehrenberg and King.3 Then

from the differential energy loss obtained by this method, the threshold

condition of CdS laser is calculated and compared with the exp
erimental

results. The agreement is reasonable in the case of undoped crystals.

The dependence of threshold current density on the 
beam voltage is

also shown. It was tentatively explained by the surface effects.
 Laser

oscillations were also observed for CdS crystals 
grown with bismuth

added and Cd rich CdS crystals. They were briefly presented.

II. EXPERIMENTAL PROCEDURES

1. ELECTRON PENETRATION. Figure 1 shows the principle of the

method employed for examining electron penetration. An electron beam

through the aluminum hole of about 40 pm in diameter was focused so as

to impinge upon a flat cleaved face of the undoped vapor-grown CdS single

crystal and the resultant luminous glow was photographed through the

microscope using the Kodak Tri-X Pan Film. The magnification of the

microscope was 100. An electron gun of a Pierce type was used. Its

maximum capacity was 22 mA at the beam voltage of 40 kV. This corres-

ponds to the maximum current density of 7 A/cm2. Current was supplied

in about 500-ns pulses at a repetition rate of 20-200 Hz. The exposed

film was developed and then traced by a microphotometer.

2. LASER OSCILLATION. Three kinds of CdS crystals were used for
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observing laser oscillation: undoped crystals, those grown with bismuth

added, and Cd-rich crystals. They were all vapor-grown platelets. The

optical cavity was formed by cleaving along two parallel (1010) faces,

which were normal to the surface of the platelet and parallel to the

c-axis. The width of the samples (i.e., the dimension of the optical

cavity), varied from 50-500 pm; all were about 1 mm long and 1-20 pm

thick. The samples were then attached to the copper heat sink with

vacuum grease. The pulsed electron beam was incident on the platelet

surface and the radiation was emitted normal to the beam from the

cavity face. The distribution in the beam in the radial direction was

approximately Gaussian, i.e., the current density J(r) was given by

J(r) = (iO/2o2) exp(-r2/2c), where 10 is the total current and

was measured to be 0.23 mm. The variation of the current density over

the sample thus did not exceed ±370 for the 140-pm cavity sample, ±5% for

the 200-pm cavity sample, and ±1070 for the 280-pm sample, respectively.

Laser radiation was detected by an RCA 1P28 photomultiplier through a

monochromator and observed by a dual-beam synchroscope.

III. ELECTRON PENETRATION

Figure 2 shows an example of the microphotometer trace of photo-

graphed films of luminescence converted to the distribution of energy

loss of electrons with depth at 80 K. The electron energy was 25 keV.

For the determination of the distribution of energy loss per unit length,

it was necessary to assume that the luminous intensity from any elemental

volume within the glow was proportional to the energy dissipated within

the volume. The integrated area was normalized to give the incident

energy E0 . It was graphically integrated and is shown in Fig. 3 to

give the dissipated energy. The depth at which the dissipated energy

is equal to the incident energy was defined as the ultimate range. A

theory for the total electron penetration depth was first presented by

Bethe.4

For nonrelativistic electrons,

per unit of path length,

Bethe gives as the average energy loss

dX 

2

= 2

dE 41-rNq

my 

4
in my fe\

2.1 
(erg/cm) (1)

N =
zp
AN

a

(2)

where N is the number of electrons per cubic centimeter of material,

q is the charge of the electron, e = I is the average

excitation potential of the atoms, Z is the atomic number, A is the

atomic weight, p is the mass density of the material, and Na is

Avogadro's number.

The total range RB may then be calculated from

0= r (ddEx) -1R

B J 
dE

0
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with (1) substituted in the integrand, where Eo is the incident energy.
For compound materials, the effective values of (Z/A) and "I were

used.5 For compounds of the formula (Z1)111(Z2)/12 , the effective values
of (Z/A) and I were obtained from
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For the CdS crystal, (Z/A)eff = 0.443 and Ieff = 360 eV were used which
were calculated from (4) and (5) using the values in stopping power experi-
ments for protons.6 With these values and p = 4.82, (3) was graphically

integrated. The result is shown in Fig. 4 for comparison of the ex eri-
mental results. The range RB increased with energy as RB cc E0

1.

Accurate comparison cannot be made because it is understood that Bethe's

model of the electron transmission through metals does not give the

accurate coincidence with the experimental values.7 But it is noted

from this experiment that the exciton or ambipolar diffusion seems to be

unimportant at this temperature when the beam voltage is sufficiently
high.

IV. LASER OSCILLATION THRESHOLD

Table I shows the representative experimental results of laser
oscillations. Laser oscillation condition for electron pumping is given
by Klein.'

TABLE I.—Representative experimental results at 80°K.

Dimension Threshold Current Wavelength
Crystal Doping

(pm x pm x mm) Density at 25kV(A/CM2) (R)

A undoped 140 x 20 x 1 1.3 4960

doped 280 x 10 x 1 0.2 4940

Cd-doped 200 x 10 x 1 0.2 4940

Carrier generation rate Z excited by an electron beam is given by

=
J 1 dE
— — --
q e dX

(6)

where J is the beam current density, q is the electronic charge, and
E: is the average energy for creating one electron hole pair. For the
CdS crystal, e of 7.5 eV is given.8 Laser action occurs when this
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generation rate exceeds the threshold value Zth determined by the

internal loss. Zth is given at very low temperature,

2
n
2 
(h (h

87 0
Z
th 

=  3 2
he

tc + ln
1

(7)

where h is Plank's constant, c is the light velocity in vacuum, hv

is the emitted photon energy, Mhv) is the half line width of the

emission spectrum, 116 is the quantum efficiency, no is the refractive

index, a is the absorption coefficient, L is the cavity length, and

R is the reflectivity of the material. At the elevated temperature,

the additional carrier excitation is necessary to maintain the quasi-
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Fermi level at its 0°K position. So (7) is valid only at very low tem-
perature, but it was also used at 80°K using the parameters at 80°K, as
the precise data at very low temperatures is not available. This is not
strictly true but may not be absurd because according to Hurwitz's re-
sults,

9 
the difference of the threshold current density at 77 K and

4.2°K is 20% (1.2 A/cm2 at 77°K and 1.0 A/cm2 at 4.2°K at the beam volt-
age of 50 kV). So, for CdS crystals, no = 2.8, a = 16cm-1, R = 0.22,
and A(hy) = 0.03 eV were used for the oscillation wavelength of 4960 R
at 80°K; 761 was assumed to be 1.

Figure 5 shows the threshold carrier generation rate calculated from
(7) and the carrier generation rate calculated from (6) using the experi-
mental energy loss per unit length shown in Fig. 2. The agreement is
reasonable. Their difference may be explained by the additional excita-
tion necessary above 0°K.

For the crystal B and C, the threshold current density is considerably
lower than that for the crystal A as shown in Table I. The reason the
threshold current density is so low for the crystal B as in the crystal
C is not clear, but may be due to the increased crystal homogenity. The
reason for the shift of oscillation wavelength toward the shorter side
is also not clear, but it is most probably that the sample heating of
the crystal B is not so great as in the case of the crystal A because
the threshold current is lower.

The dependence of the threshold current density on the beam voltage
for the crystal B is shown in Fig. 6. The threshold current density
increases as the beam voltage decreases. The electron penetration depth
at beam voltages of 12.5 and 25 kV can be estimated about 1 and 4 pm,
respectively, from Fig. 4. As the electron penetration depth increases

1with energy greater than Eo , the peak energy loss per unit length in-
creases, so the peak carrier generation rate increases, as the electron
energy decreases. Owing to the carrier recombinations, however, the situa-
tion becomes different because the recombination effect is significant at
at the surface. It is necessary to solve the differential diffusion equa-
tion involving the surface recombination for precise analysis. But it
was tentatively attributed qualitatively to the surface effect.
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GaAs LASER BY ELECTRON BEAM EXCITATION

SUSUMU NAMBA and SOHACHI IWAI

Institute of Physical and Chemical Research, Yamato-machi Saitama, Japan

The laser emission was observed in GaAs by the excitation of 27-keV
electron beams. The temperature dependence of threshold urrent density
was measured in n-type and p-type samples from 100 to 300°K, The thresh-

old current increased with T T1.5 in samples with impurity concentra-

tion of 1017 and 1018 cm-3.

I. INTRODUCTION

The temperature dependence of laser threshold has been studied in

detail for injection lasers. An approximately T3 dependence was

reported elsewhere.1-3 In the case of injection laser the active region

of the semiconductor was heavily doped and compensated. Since an im-

purity gradient exists, the impurity concentration in an active region

cannot be determined exactly. On the contrary in this case, the electron-

beam pumping method enables one to excite the homogeneous material with

any impurity concentration and to investigate n-type and p-type materials

separately. This method is useful for determining the laser parameters

of injection lasers. It is also a powerful method to investigate stimu-

lated emission from many semiconductors in which p-n junctions are dif-

ficult to make, for example II-VI compounds.

In this paper are described the laser emission from GaAs and the

temperature dependence of threshold current density and photon energy

in the region from 100 to 300°K. The dependence is discussed by a sim-

ple calculation.

II. EXPERIMENTAL PROCEDURE

The optical cavity was formed by the two parallel polished surfaces

separated by 0.2 mm. In some cases one of the polished surfaces was

coated with evaporated aluminum. The surface to be bombarded by elec-

tron beams was cleaved in a (110) plane, perpendicular to the polished

surfaces. The sample was soldered with Sn or In in a groove of a

copper heat sink, which was attached to a cold finger of a liquid nitro-

gen cryostat.

The block diagram of the experimental arrangement is shown in Fig. 1.

The electron-beam energy was 30 keV maximum, the pulse duration time

from 0.1 to 0.5 µsec, and the repetition rate from 10 to 1000 Hz. The

beam current was observed on a synchroscope by measuring the terminal

voltage drop through a low resistance between the cryostat and the earth.

The beam had a diameter of 1 mm on the sample surface and the maximum

current density was 4.5 A/cm2. The threshold current density was mea-

sured within an error of about ± 5%. The temperature of the sample as

measured by a thermocouple was controlled by heating the heat sink. The

emitted light was detected by a photomultiplier after being passed

through a spectrometer and then observed by a synchroscope.
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III. EXPERIMENTAL RESULTS

As shown in Table I, the laser emission occurred at 8306 A in

Te-doped samples and at 8440 A in Zn-doped samples with impurity con-
centrations of 1018 cm-3 at 100°K. The threshold current density was

1.1 A/cm2 for Te-doped and 1.2 A/cm2 for Zn-doped samples at 100°K with

an electron-beam energy of 27 keV. The minimum electron energy for

lasing was 15 keV at 100°K and 25 keV at 300°K in both samples.

TABLE I. The experimental values in GaAs laser by the

excitation with a 27-keV electron beam at 100°K.

Impurity Wavelength Photon energy Threshold

(cm
-3
) (.11) (eV) (A/cm

2
)

Te - 1.5 X 10
17

Te - 1.0 x 1018

Zn - 2.0 x 1017

Zn - 2.0 x 10
18

8330

8306

8340

8440

1.488

1.492

1.486

1.468

2.5

1.1

4.0

1.2

In Te-doped samples with 1.5 X 1017 cm-3 impurities the wavelength of

laser emission was 8330 A, which is longer than that of the samples with

1 x 1018 cm-3 impurities. On the other hand, in Zn-doped samples with

2 x 1017 cm-3 impurities the wavelength of laser emission was 8340 I,

which is shorter than that of the samples with 2 X 1018 cm-3 impurities

and which is almost the same wavelength as in the case of the Te-doped

samples with 1.5 X 1017 cm-3 impurities. Before lasing, the peakof

spectra of emitted light of Te-doped samples was about 8310 A, but that

of Zn-doped samples with 2 X 1017 cm-3 impurities was about 8400 A

under a low excitation and shifted gradually to shorter wavelengths with

increasing beam current, and the laser emission occurred at 8340 A.

As the temperature rises, the threshold current density increases as

shown in Fig. 2 for p-type and in Fig. 3 for n-type. The threshold cur-

rent increases with an approximately T1-5 dependence both in n-type

and p-type samples with 1018 cm-3 impurities. In the n-type samples

with 1017 cm-3 impurities, the temperature dependence of the threshold

current is weaker than that of 1018 cm-3 doped samples and the absolute

values of the threshold current density are larger than that of heavily

doped samples. A similar temperature dependence of threshold current

was reported recently.4

The wavelength of laser emission shifted to longer wavelength with

increasing temperature. The temperature dependence of photon energy

above threshold is shown in Fig. 4 in which the change of the band gap

of pure GaAs is also shown. The temperature dependence of the photon

energy was slightly larger than that of the band gap.

Though the power of laser emission was not measured strictly, its

temperature dependence was stronger than that of the threshold and the

power decreased rapidly when the sample was heated above 200°K.
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IV. DISCUSSION

At very low temperature the threshold current density of an electron-
beam pumped laser is given by

J
th 

= 6.3 X 10
-3 

n
2
E
2 

AE(a + ln R
-1
/L)C

p
d/11 sV (A/cm

2
) (1)

where n , , and R are the index of refraction, the internal

quantum efficiency, and the reflectivity, respectively, E and AE are

the photon energy at the peak of the spontaneous emission and the line

width at half of maximum in eV respectively, a is the internal and

diffraction loss in cm-1, e is the pair creation energy (eV), d is

the penetration depth (µ), and s is the energy fraction of penetrating

electron and V the electron energy (keV).

At very low temperatures, the electrons completely occupy the states

below the electron quasi-Fermi level Fe when the stimulated emission

occurs. With increasing temperature the electrons distribute over a

broader energy range above Fe , and additional electrons must be gen-

erated by increased excitation in order for a population inversion to be

established.

In general, the density of electrons in the conduction band is repre-

sented by

n = 2 N(E)f(e) de (2)

where N(6) is the density of state and f(6) is a Fermi-Dirac func-
tion. For a parabolic energy surface, n is given

3/2 r.
dE

n = 47(2m*/11
2
)

j exp[ (6 - e
f
)/kT] + 1

0

2 
3/2

= 47(2m*kT/h ) F(E
f
/kT) (3)

where m* is the conduction band effective mass, h the Plank's con-
stant, k the Boltzmann's constant, T the absolute temperature,
Ef the Fermi energy measured from the bottom of the conduction band

and the function F(x) is defined by the integral

cx
dt 

F(x) =

0 e +1

In the p-type samples with 2 X 1018 and 2 X 1017 cm-3 impurities, the
laser emission at 100°K occurred at 1.468 eV and 1.486 eV, respectively,
which are smaller than the band-gap energy by 20 to 40 meV. This implies

206



that the transition occurred from conduction band to acceptor level (or

band). The density of electrons generated by the electron beam at the

threshold is given by

N
th 

= 0.625 X 10
26 

J
th 

TsV/e d (cm
-3
) (4)

where T is a radiative lifetime (about 10-9 sec), which is much longer

than the thermal relaxation time of the electrons in the conduction band.

From (3), Nth is also represented as follows,

N
th 

=41-r(2m*kT/h
2
)
3/2

F(F
e
/kT) (5)

where Fe was the electron quasi-Fermi level for the metastable state

under electron-beam excitation and the conduction band is assumed to be

parabolic. The value of Nth at 100 Kwas calculated by substitution of

the experimental value of Jth (at 100

o 

K) for (4) and Fe was determined

from (5). The following are parameters used in the calculation:

S = 0.8, e = 4.6 eV, d = 2.5 µ, V = 27 key, m* = 0.072 m0

where mo is the free electron mass.

From (4) and (5), jth is formulated as follows:

3/2
j
th 

= AT F(F
e
/kT) (6)

By assuming that Fe is constant, the relation between Jth and

is calculated as shown in Fig. 2.

In n-type samples, the laser emission occurred at 1.488 eV for

1017 cm-3 doped samples, and this photon energy was almost the same

energy as in the case of lightly doped p-type samples. This result im-

plies that the transition occurs from a conduction band to a valence

band through acceptor levels about 30 meV above the top of the valence

band, which are formed by residual acceptor centers. In 1018 cm-3 doped

n-type samples, the photon energy of laser emission was 1.492 eV. In

this case, the transition occurs from upper states in the conduction

band. The role of residual acceptors has been reported earlier.6

The total electron density in the conduction band at threshold is

n
th 

= no + Nth

where no is the electron density in equilibrium and Nth is the

generated electrons, which are given by (4) and nth is given by

207

(7)



n
th 

= 4r(2m*kT/h
2
)
3/2 

F(FI/kT) (8)

where the conduction band is also assumed simply to be parabolic. The
value of Nth at 100°K is calculated by substituting the experimental
value .of Jth for (4), and no is assumed to be equal to impurity

concentration. The electron quasi-Fermi energy at 100°K is obtained'

from (8), which is measured from the bottom of the conduction band.
From (4), (7), and (8), Jth is formulated as follows:

where

J
th 

= AT
3/2 

F(F//kT) - Bn
o

3/2
e d

A =
47(2m*k/h

2
) 

0.625 X 10
26 

TsV

B
1

e d

0.625 X 10
26 

TsV

(9)

At higher temperature, nth was calculated under the condition that .
the electron quasi-Fermi level is constant as in the case of the p-type
samples. In this calculation, however, the value of 1‘ used was re-
duced by about 30%, because the actual position of the quasi-Fermi level
is depressed by the tail of conduction band states.7 The difference of
temperature dependence between a lightly doped and heavily doped sample
is calculated from (9) as shown in Fig. 3.

V. CONCLUSION

The agreement between the calculated and the observed temperature
dependencies of the threshold current is fairly satisfactory as shown
in Figs. 1 and 2, and the slight differences between them might be

attributed to the omission of the weak temperature dependency of Fe .
It has been shown that the temperature dependency of the threshold cur-
rent density of the electron beam excited laser was much weaker than
that of the injection laser which is about T3 .
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ELECTRON BEAM PARAMETERS FOR PUMPING SEMICONDUCTORS

TO MULTIMEGAWATT STIMULATED LIGHT LEVEL

J. L. BREWSTER

Field Emission Corporation, McMinnville, Ore.

Stimulated light outputs of 10, 2.5, and 2 MW, with corresponding pulse
half-widths of 2, 9, and 18 ns, have been obtained by electron pumping

large-area semiconductor targets. The effect of beam parameters such as

kilovoltage, current density, and pulse duration on semiconductor output

and life is discussed. Choice of semiconducting materials and beam

energy depends on end applications such as fluorescent decay measurements,

flash photography, or flash photolysis.

Successful electron beam-pumped semiconductor lasers were first reported

in 1964, for CdS,1)2 InSb,3 and InAs.3,4 Such lasers have the advantages

of very high output per unit volume, fairly high efficiency and wave-

length choice--by selection of the proper compound or alloy--from UV to

IR. As a result, extensive investigations5-7 have been conducted by

several groups. Several types of laser diodes are produced commercially,

but with power levels and wavelengths not suitable for some applications

such as photography. The cathodes and accelerating configurations in

most electron-beam systems have limited peak currents and current den-

sities. As a result, electron-pumped lasers have apparently been con-

fined to laboratory studies. This paper presents data showing stimulated,

although not true laser, emission at substantially higher levels, using

several commercially available electron accelerators.

The very simple technique, shown in Fig. 1, involves fastening the semi-

conductor crystals to an electron-transparent support foil. This assembly

is then placed directly over the electron tube output window of the ac-

celerator, at room temperature. We recently reported8 research data as

shown in Fig. 2 for CdS platelets,9 indicating an efficiency of about 1

per cent at room temperature. The current density was varied over the

range indicated by simply changing the tube-to-sample spacing. The 3-ns

acceleratorl° was pulsed, recording light output with a planar photo-

diode and traveling-wave oscilloscope. The initial steep slope, at low

current densities, is characteristic of the transition from fluorescent

to stimulated emission. The subsequent linear region has an efficiency

of about 1 per cent, consistent with the room-temperature reported value
11of Nicoll. The platelet did not have parallel (Fabry-Perot reflector)

surfaces, and consequently the output was noncoherent and approximately

isotropic.

The peak output of 200 kW thus obtained, with only a small portion of

the beam area used, suggested the source design of Fig. 3. Many small

semiconductor crystals are attached to a reflective aluminum foil window

with clear plastic. Such sources have proven highly uniform in bright-

ness, with typical large-area-source Lambert's-law radiation pattern.

Sources of this type have been used on several systems. Figure 4 shows
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typical light output waveforms, with electron-beam current waveforms

superimposed for comparison. The substantially shorter light output

durations are consistent with the current density threshold data shown

previously, further proof that stimulated emission, rather than fluo-

rescence, is taking place. Typical operating parameters for several

systems are shown in Table I. The maximum electron effective energy of

about 380 keV is determined by observed damage to CdS, presumably a

result of cadmium ion displacement. Substantially higher current density

loading has also resulted in mechanical damage to the crystals. Either

will give a sizable reduction in source life. Alternatively, operation

at a slightly reduced level will give a substantial increase in life.

Figure 5 shows the energy and photon outputs for several different

materials, obtained with the 3-ns system. Efficient output depends on

material purity, with substantial differences noted between supposedly

the same purity materials from different suppliers. The thickness should

be approximately equal to the electron range, with the plastic binder

selected for transparency and radiation resistance. Several other ma-

terials have been used, giving different wavelengths, including semi-

conductor alloys.

The light outputs are sufficient for direct photography. Figure 6 is a

schematic for such an application. A .22 caliber bullet is shot at a

1/4-in, aluminum rod, with the camera shutter open and time delay trig-

gering between the trigger-wire signal and pulser firing. Figure 7 shows

the resultant photograph, using Kodak Tri-X film and an f/4.5 lens. The

source-to-object distance was 12 in., without collimating lens. Note
the fine detail on the rapidly moving rod, indicating absence of motion

blur.

A different photographic instrumentation technique is the shadowgraph,

shown schematically in Fig. 8. The camera is adjusted to focus slightly

behind the moving object, so that changes in index of refraction in the

surrounding gas are pictured. The optical system is very efficient, so

a small apertured source size provides sharp detail. Figure 9 is a

shadowgraph of a 30-06 bullet in flight, moving at about Mach 2.5. The

bullet, shock waves, and turbulence are clearly seen, without any of the

undesired interference effects often seen in similar coherent laser ex-

posures. The source spectral bandwidth of about 1 per cent is suffi-

ciently narrow to permit use of interference filters in cases where ob-

ject or gas luminosity would provide excessive light, and the wavelength
can be selected to utilize spectral regions where such emission is a
minimum.

A similar lens system can be fitted with a pair of Polaroid filters,

and used to obtain strain patterns as in Fig. 10. In this picture a

.22 bullet is shown striking the edge of a 1/4-in. Lucite plate. A 1-cm

diameter, 3-color source was used, fabricated from ZnSe for blue, CdS

for green and CdS0.5Se0.5 alloy for red. The Polaroid filters were

crossed at slightly less than 90° to give an outline of plate and bullet,

and the camera, with 4 X 5 Kodacolor S film, was focused on the Lucite

plate. The three exposures are separate tests, with slightly different

delay time settings. Since the velocity of sound in plastic is faster

than the speed of the .22 caliber bullet, the shock waves are well in
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TABLE I.--Table of several electron-beam and CdS light parameters for four systems.

Febetron Model 706 701B 707 705

ELECTRON BEAM PARAMETERS

Pulse width at half maximum

intensity, nsec 3. 5 17.5 Approx. 30 Approx. 45

Electron effective energy, keV 380 370 370 400

Approx. peak current density, A/cm2 800 230 150 280

Beam energy into 2 cm diameter

SRL source, joules 3 5 6 18

SRL OUTPUT PARAMETERS FOR CdS

Pulse width at half maximum

intensity, nsec 1.4 8. 5 12. 5 18

Peak power, megawatts 8.6 2.6 1. 33 2. 0

Total output, joules .015 . 024 . 020 . 046

Peak source brightness, megastilbs 500 160 80 120

Approximate life, in pulses

(decay to 65% of initial intensity) 400 400 200 100

1 CM

CdS TARGET

  \— I ALUMINUM FOIL

CAMERA

ALUMINUM ROD Y." SQUARE

WOOD BLOCK

GUN

WHITE
BACKDROP

FIG. 6.--Schematic indicating direct photography technique.
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FIG. 7.--SRL Photograph of .22 caliber bullet cutting 1/4-in, aluminum

rod.

BULLET

FIELD EMISSION  COLLIMATOR LENS OBJECT PLANE CAMERA FILM
WINDOW ELECTRON
TUBE

FIG. 8.--Schematic indicating shadowgraph technique.
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FIG. 9.--Shadowgraph of 30-06 bullet in flight.

FIG. 10.--Crossed Polaroid color stress wave photograph of .22 caliber

bullet entering 1/4 X 2 X 2-in. Lucite plate.
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front of the impact point.

This paper has described a new technique which is being used by several
laboratories for such applications as hypervelocity photography and ra-
diation chemistry research. The versatility and intensity levels are
significantly useful.
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LASER PROBE FOR CHARACTERIZATION OF

SEMICONDUCTOR SURFACE STATES

L. A. KASPRZAK

IBM Corp. (Components Division), East Fishkill, N. Y.

A system is described for the measurement of the surface photovoltaic

response of semiconductor devices as a function of position on the device

surface. A laser is used for the excitation of the surface carriers.

The system has been used to measure minority carrier lifetimes and the

location of surface inversion layers. It can also be used to measure

conductivity gradients, work functions of metal-semiconductor contacts

and bulk lifetimes.

INTRODUCTION

A number of investigators
1-4 have constructed systems capable of

displaying photoresponses of semiconductor devices. The maximum attain-

able resolution with these systems is 5-10 11. The photovoltaic effect5

is the source of information for all of these systems, as it is for the

system described below. Our particular application for such a system

required a resolution of 1 µ or less, as well as the ability to study

"passivated" devices. This presented two problems: first, the optics

would be critical; and second, the signal level would be very low and

buried in noise. The selection of a laser as a source of illumination

simplified the optics. A Pockel's cell was chosen to amplitude modulate

the laser beam intensity, thereby producing a photoresponse at the ampli-

tude modulation frequency of the Pockel's cell. A lock-in amplifier,

with a reference input at the amplitude modulation frequency, is used to

amplify the photoresponse to the desired level and reject all noise.

The photoresponse of a P-N junction is explained in terms of a photo-

voltage which arises when carriers are generated near the junction, for

example, by illumination. The nonequilibrium minority carriers are

swept across the high field junction region and cause an external voltage

drop across the device. If the area of illumination is restricted to a

spot, and a path normal to the junction selected, a photoresponse of the

surface is obtained that is similar to that shown in Fig. 1. This photo-

response leads directly to a measure of the diffusion length6 of the sur-

face minority carriers IP

V (x) = V(0) e

The diffusion length, mean lifetime

(Dn,p) are related as 
follows:

- 
n,p

(Tn,p) , and diffusion constant

L
n,p 

= 1D
n,p n,p
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FIG. 1.--Photoresponse of a p-n junction.
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If one now measures L
nfP 

and knows either T or Dn,p the other

can be readily determined. The photovoltaic effect can also be used to

measure conductivity gradients, work functions of metal-semiconductor

contacts, and the location and characteristics of surface inversion

layers.

PHYSICAL ARRANGEMENT OF LASER PROBE

A schematic diagram of the physical arrangeme
nt of the laser probe

is shown in Fig. 2. A collimated beam from a 6328-A cw (He-Ne) laser

is initially polarized (P1). The beam then passes through a Pockel's

cell and an analyzer (P2). The function of the Pockel's cell is to

rotate the plane of polarization of the beam as
 a function of the volt-

age applied to its terminals. Thus the amplitude of the light emerging

from the analyzer can be controlled. The rise time of the Pockel's

cell employed is less than 10 ns. Therefore, the Pockel's cell can be

used to generate amplitude modulated light at a
mplitude modulation fre-

quencies into the megahertz range. The Pockel's cell can also be used

to generate pulses of light.

The beam next passes through a 48-mm focal length
 lens positioned

48 mm from a mirror used to reflect the beam throug
h 900 into a micro-

scope ocular. Finally the beam is focused to a 1-µ spot on 
the device

under investigation by a 500X, 0.85 numerical aperture, 
microscope

objective.

The device to be studied is mounted on a scanning stage 
modified to

move in y-increments of 1 µ. The scanning stage moves in a raster

beneath the microscope objective to effectively move the spot in
 a raster

over the device surface. The area of the raster thus generated is con-

trolled by microswitches on the scanning stage. The position of the

spot is monitored by sliding pot resistors mounted on the sides of th
e

scanning stage as shown in Fig. 2. The voltages from these pots gener-

ate a raster on an oscilloscope screen.

The signal from the device is

where

- Ixl/L

V(x,t) = V(0)e n'13 sin 27ftl

x = distance from a junction, and

f = amplitude modulation frequency.

(3)

This signal is amplified by a lock-in amplifier
 whose reference fre-

quency is the same as the amplitude modulation frequency of 
the Pockel's

cell. This is accomplished by driving the wave amplifier for 
the Pockel's

cell and the lock-in amplifier reference input by a common 
small signal

wave generator. The end result is that the signal from the de
vice at

the amplitude modulation frequency is amplified and all 
noise is re-

jected. This complete noise rejection allows very low s
ignals to be

measured (nanovolt range). The amplified signal is used to intensity

modulate the raster on the oscilloscope thereby generati
ng a TV-like

picture of the photovoltage response of a given area of 
the device. The
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signal can also be used to generate sequential line scans, which results

in a quantitative three dimensional topograph of the photoresponse as a

function of position on the device surface. When necessary, single line

scans can also be generated. Finally, if the spot is kept stationary

the waveform of the device output can be measured.

APPLICATIONS

The very first application of the system was in mapping (by use of

sequential line scans) the normal surface photovoltaic response of a

typical transistor (Fig. 3). The response of the device (Fig. 4) was

as expected, i.e., the junctions (collector-base and emitter base) re-

sponded as P-N junctions. The same device was also displayed in the

intensity modulation mode (Fig. 5).

A similar transistor (Fig. 6) with a slightly inverted curve-tracer

characteristic was scanned using intensity modulation (Fig. 7). Area A

in Fig. 7 was identified as suspicious and a sequential line scan was

generated (Fig. 8). The inverted area was clearly discernible. As can

be seen in the single-line scan (Fig. 9), Area A did indeed have an

abnormally high photoresponse. The effect of the amplitude modulation

frequency and scanning speed can be seen in Fig. 9, where the photo-

response of the collector-base junction is seen to be non-Gaussian.

This curvature at points P on Fig. 9 is due to long lifetime surface

minority carriers, which could not reach equilibrium with a scanning

speed of 16 mil/sec and an amplitude modulation frequency of 10 kHz.

The amplitude modulation frequency must be an order of magnitude or so

slower than the minority carrier lifetimes. Also the scanning speed

must be selected such that the spot does not move appreciably during one

cycle of amplitude modulation. Unfortunately the minority carrier life-

times are not known before the fact.

This sensitivity of the system to carrier lifetime can be used to

separate responses with respect to the lifetime of the carriers. For

example, if the amplitude modulation frequency is zero and the scanning

speed is very slow, minority carriers of all lifetimes present should

be able to respond and contribute to the photoresponse. Now as the

amplitude modulation frequency and scanning rate are increased, the

response of the slower states eventually washes out and only the response

due to the fast carriers is observed.

Finally, the lifetime7P8 of the minority carriers at a given position

on the device can be measured directly by applying a square pulse or

wave across the Pockel's cell, and measuring the waveform of the device

response (Fig. 10).

V(t) = V(x)[1 - e

max

-(t-t
0
)/T

n,p

-(t-t
2
)/T

n,p
v(t) = V (x)e

max

to < t < t
1

t
1 
< t < t

2

(4)

(5)

The laser illuminates the area from t = to to t = t1 and the illumina-

tion is turned off from t = t1 to t = t2 . The rise time of the input
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FIG. 4.--Sequential line scans of

FIG. 3.--Typical transistor (500 X). transistor in Fig. 3 (300 X).

FIG. 5.--Intensity-modulation scan of transistor in Fig. 3 (300 X).
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FIG. 6.--Typical transistor (500 X).

FIG. 7.--Intensity-modulation scan of transistor in Fig. 6 (,---:300 X).

FIG. 8.--Sequential-line scans of transistors in Fig. 6 (,--.1300 X).
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to t2

FIG. 9.--Single-line scan of Line A, FIG. 10.--Typical lifetime measure-
Fig. 6. ment.

voltage to the Pockel's cell must be a few orders of magnitude faster
than the lifetime of the carriers. The lifetime of the carriers in
Fig. 10 is 0.85 msec.

SUMMARY AND POTENTIAL APPLICATIONS

The 1-µ resolution coupled with the laser as source of excitation of
carriers, which permits study of passivated devices, makes the laser
probe a very powerful system for the characterization of semiconductor
devices. This author has only explored a few of the possible applica-
tions. The obvious application is as a failure analysis tool. However,
the system could be used to experiment with any light sensitive devices
and phenomena; for example, localized photoconductivity measurements.
The versatility of the system could be enhanced by the use of a multiple-
wavelength laser, such as a cw argon laser, thus permitting measurement
of parameters which depend upon wavelength.
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SOME NOVEL APPROACHES IN THE UTILIZATION OF LASERS

IN MATERIALS PROCESSING

R. B. BARBER and D. L. LINN

Laser Systems Corp., Ann Arbor, Mich.

Since their conception, lasers have held great promise, especially to
some of us, as machine tools. But as with most new discoveries, the
step from laboratory curiosity to production line tool has been a slow
one. Recent reports in industry journals' and in conferences such as

this one2 make it clear, however, that lasers are now being successfully

used as economical materials processing machines.

The purpose of this paper is to discuss some techniques which we have
found significantly increase the potential of lasers for cutting and

machining.

Considerable attention, including ours, has been directed toward the
use of an auxilliary gas jet, in conjunction with continuous-wave lasers
used to cut materials. The gas is usually oxygen and the materials are
usually metals. The exothermic reaction between the laser-heated metal

and the oxygen jet provides additional heat to speed the cutting process

and the jet also acts to eject molten metal and metal oxides from the

cut. This technique was described in the British Welding Journal by

Sullivan and Houldcroft as early as August 1967,3 but seems not to have
received much attention in this country until recently. In that early
article a 300-W, ac, 100-Hz, CO2-N2-He laser was focused to a 0.016-in.-
diameter spot and oxygen was delivered from a 1/10-in.-diameter co-axial
nozzle to produce cuts with 0.020-in. kerf, at the rate of 40 IPM in
0.10-in.-thick steels.

An extremely narrow (0.003-in.) heat-affected zone was produced, and

the focused diameter of the laser beam was found to do more to deter-

mine the width of the cut than did the oxygen flow.

Recently a pulsed CO2 laser in our laboratory has achieved cutting

rates of 24 in. per minute in steels of various thicknesses and up to
400 IPM in 0.036-in.-thick titanium alloy sheet. This latter figure is
all the more interesting when one considers that for a pulse rate of
250 pps, succeeding focused pulses are separated by as much as 2.5 spot
diameters, with the oxygen jet carrying the cut along between.

With the oxygen the kerf in titanium was 0.060 in. and the heat-affected
zone was 0.010 in. wide (not optimum conditions), whereas without the
oxygen, kerf was 0.008 in. (focal-spot diameter) but with 0.015 in. HAZ.
Without the oxygen jet, the cutting rate for titanium was 12 IPM.

Of the many things happening at once as a given metal is being cut by

the oxy-laser method, the most interesting process is that of oxidation.

The list in Table I compares heats of formation of the oxides of several

metals. Certainly other quantities are also important: heat of fusion,

heat of vaporization, thermal conductivity, etc., but a rough correla-

tion exists between the exothermic heat of oxide formation and the
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cutting rate, as seen here for the cases of iron and titanium mentioned.

We have also had considerable success using oxygen-jet assist to drill
individual holes in metal parts of irregular thickness. Here, the oxygen
serves not only as a producer of heat energy in bringing the hole to the
desired size and depth consistently, but also serves to keep the hole
clear of debris and speeds cooling. Splattered material tends to be in
the form of surface-oxidized beads which do not bond strongly to the

surrounding metal, facilitating clean-up of the finished part.

Along with the earlier investigators, we find that there is a definite

minimum rate of clean cutting, which is a function of the material, the

laser beam power, the focusing optics, and the oxygen delivery system.

All our successful oxygen-delivery nozzles have had a small-diameter

orf ice (around 1/10 in.) located co-axially with the focused laser beam,

and operated at moderate pressures (10-30 psi).

The second novel approach to materials processing involves a special

optical device which increases the size of holes that may be drilled,

or circles that may be heated or welded with a laser. A conventional

lens system can focus a laser beam to a very small spot, ranging from

microns to perhaps 0.025-in, in diameter, depending on focal length, beam

divergence of the laser, and laser wavelength. But most applications
involve much larger diameters.

This deficiency in capability has been the source of several ingenious
and, usually, expensive techniques, including rotating the work beneath
the laser, rotating an offset laser beam above the work, and using an
x-y controlled work platform programmed for circles and special toroidal
lenses. All these methods have their particular shortcomings, primarily
that of expense, and engineers tend not to design parts with these pro-
cesses in mind.

The device we have developed as a solution to this problem is not en-
tirely new to the optics industry and is known somewhat descriptively
as an axicon. It usually consists of an element having a conically
ground and polished upper surface, and a flat lower surface, although
other configurations are possible.

Taken in cross section (Fig. 2), the axicon is seen to be an afocal
device which deviates parallel light through a fixed angle with respect
to the system axis, in the manner of a Fresnel biprism, but with cir-
cular symmetry.

The system is completed with the addition of a conventional positive
lens, whose function is to bring all parallel rays to the same focus.
Parallel rays entering a lens at an angle are focused at a point off the
axis, so that the resulting focused pattern is that of a ring rather
than a disk. When this device was first used in this way in our labora-
tory, its utility was limited by available laser energy, but this problem
has been greatly alleviated with the advent of high-power gas lasers
which may have output beams of large diameter and of relatively uniform
intensity.
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TABLE I.--Heats of formation of various metallic oxides.

H (kcal/mole)

Copper

Nickel

Iron

Chromium

Titanium

Vanadium

38- 44

58- 59

60 - 277

141 - 142

125 - 586

299 - 1076

AX/CON LENS WORK

FIG. 1.--Axicon-lens system cross section, with resulting pattern.
II '

1:!

ii I 
  LASER BEAM

11 111'
AXICON LENS

FOCUSING LENS

FOCUSED CONVERGENT
"CYLINDER" OF LASER LIGHT

LASER-PRODUCED SLUG

FIG. 2.--Sketch of axicon in operation.
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Functionally, the diameter of the focused ring is determined by both
the "wedge angle" (or "edge angle") of the axicon and the focal length
of the lens. Thus, the size of the ring can be changed by a change in
the associated lens element, requiring fewer different axicons to be
manufactured.

With reference to Fig. 1, which shows the effect of the axicon in only
one plane, the important formulas are:

co = wedge angle of axicon

6 = angle through which light is deviated
c = diameter of focused spot E width of ring

0 = beam divergence of laser

D = diameter of focused ring

f = focal length of lens

n = index of refraction of axicon material

r = distance of focused point from axis = radius of ring

o = (n - 1)00
r = f tan 6
c Re, f tan 0 f

D = 2r

(deviation of thin prism)

We should hasten to add at this point that the energy density in the
focused ring has been reduced (divided) by a factor approximately equal

to the ratio of 86/0 or 8 X (deviation/divergence). For a simple sample
case, let

a = 6° 0.l radian
f = 2 in.
n = 1.5

d = 4 X 10-3 radian

From the formulas above, we obtain:

b = (1.5 - 1) 0.1 = 0.05 radian . . . . (= 3°)

r = 2(tan 0.05 rad) 2(0.5) = 0.1 in.

c = 2(tan 4 X 10-3 rad) 2 X 0.004 = 0.008 in. (width)

D = 2r = 0.2 in. (diameter)

The energy density is about [8(0.05/0.004)1-1 of what it would have
been with the focusing lens alone.

This decrease in energy density is not as disastrous as it would have
been a few years ago now that higher-power lasers are commonly available.

In fact, the reduction of energy density produced by the axicon (and by
other methods, such as beam splitters, line lenses, etc.) may be thought
of as a modulating technique which provides an additional and advan-
tageous means of controlling the somewhat intractable laser beam.

Figure 2 depicts the axicon in operation; Fig. 3 shows some cuts made in
plastic using an axicon.

One last interesting approach to laser materials processing is found in
our design of an industrial pulsed CO2 laser to drill holes in a non-
metallic part--a baby bottle nipple. Three separate and diversely
located holes are drilled simultaneously with a timed pulse burst, as
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FIG. 3.--Circles cut with axicon in Plexiglass.

FIG. 4.--Diagram of beam trisection in laser drill.
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shown in Fig. 4. Beam splitters are used to divide the single laser
beam into three, each beam having a specific proportion of the total
energy. Three separate sets of focusing lenses then produce the cor-
rectly sized holes on the part, at the rate of 250/min.

The laser itself was designed to perform 400 such operations per minute,
with a 2000-hr operational guarantee. Vaporization of the rubber

material produces a clean hole without residue, unlike various mechanical

means of punching the holes.

In defense of our opening statement that lasers can be economical tools,

the cost of this laser operation, including operator and amortization of
equipment cost over a two-year period of approximately $1/1000 pieces.

A pre-laser method would have cost about $4/1000 pieces.
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INTERACTION OF HIGH-INTENSITY LASER BEAMS WITH METALS

M. K. CHUN

General Electric Co., Schenectady, N. Y.

ABSTRACT

With high-intensity laser radiation, such as that from a focused

laser beam, metals have been melted and vaporized in the process of hole

drilling. The analysis of this process is very complicated, since the

simultaneous interaction of complex physical phenomena is involved. Prior

reported work has been incomplete since some of the factors that use up

a substantial fraction of the energy of the incident laser beam have not

been measured. The present study includes detailed measurements of all

significant factors.

Because of a large heat of vaporization for most metals, the amount

of energy required to remove a given mass depends strongly on the liquid/

vapor ratio. Therefore, the total amount of metal removed was measured,

together with the time-dependent ratio of mass ejected as liquid to that

expelled as vapor. The measurement of the time dependence of this ratio

is shown to be necessary to account for the effects of laser pulse dura-

tion upon metal removal. It is further found that the greatest part of

the absorbed radiation energy is used to produce the liquid and vapor

phases of the removed metal. However, in order to account for the re-

mainder of the energy, a number of auxilliary experiments were performed.

The radiation absorbance of the metal sample and its time dependence

was considered for the first time. The result was analyzed in terms of
the temperature-dependent reflectivity and the evolution of the crater

configuration. In addition, the kinetic energy of the ejected material

was estimated from a pendulum deflection experiment, the residual heat

in the specimen was assessed from the thickness of the recast layer in

sectioned samples, and the blocking of the incoming laser beam by ejected

metal was evaluated from the combination of several experimental data.

When all of these results are considered collectively, an over-all

energy balance is maintained, even on a time-resolved basis. The auxil-

liary experiments confirm the conclusion that most of the absorbed laser

beam energy is consumed in the production of the liquid and vapor phases

of the removed metal. In general, this study provides a better over-all

picture of the time-dependent interaction between the laser beam and the

metal.

The Nd-doped glass laser used for this study consisted of a Schott
glass rod 5/8 in. in diameter and 18 in. long in an exfocal pump cavity

and a resonator cavity with long-radius external reflectors spaced 3 m

apart. The metals studies (Al, Cu, Mo, and Ni) provided a variety of

thermal and optical properties.
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EXPERIMENTAL USE OF A LASER TO PENETRATE URANIUM*

H. Y. SPITZ

Technical Division, National Lead Company of Ohio

I. INTRODUCTION

The work described here was undertaken to study the feasibility of

using a laser beam to replace conventional tools for cutting uranium

metal. To be an efficient drilling or cutting tool, the laser beam must

have (a) an intensity sufficiently great to evaporate the target material,

(b) an adequate penetration depth, and (c) the ability to make a hole of

sufficient size to preclude its being closed by refrozen material.

II. THEORY

Let a laser beam of radius rb be focused by a lens of focal length

f to a spot of radius rf rf will always be finite, although it may

become very small. From Fig. 1, the double truncated light cone has its

vertices a distance E away from the focal plane. It follows that

r
f
/e = (r

b 
- r

f
)/f = tan 0 (1)

The gaussian intensity distribution is given by

1(p) = [P0 Mira
2 
)] (k2/2) exp[- (k

2 
/2)(p

2 
/a
2 
)] (2)

where P0 is the total power of the beam, a is the radius of a circle

containing a fixed fraction of the total power, p is the variable

radius in the cross section of the beam, and k2/2 is a constant whose

significance is shown below. The power contained within a circle of

radius P is

P(p) = 2TT (P) PdP = 130 (1 - exp[- 
((2/2) (p2/2)]

0

For the limitimg case, when p = a , this simplifies to

P(a) = P
0 
[1 - exp (- k2/2)]

With

r
f 

R R
1

Work performed undiDtr AEC Contract No. AT(3°-1)-1156.
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we wish to define the radius of a circle on which the intensity I is

equal to a fixed value. Thus

I(r) = [P
0 
/(7R

2 
)] (k2/2) exp[- (k2/2) (r

2 
/R
2 
)] (6)

However, with increasing distance s from the focal plane, r decreases,

until it vanishes at s1 • There

2
Ir=0 = [P

0
/(7R

1
)] (k

2
/2)

Equating the right-hand sides of (6) and (7) gives

r = (2/k)R(2n R /R)
1/2 

= (2/k) (r /E)s(2n s /s)
1/2

1 f 1

Differentiation of (8) with respect to s shows that a maximum will

occur at s = s1e-1/2 with

r
max 

= (2/k) (r
f
/Os

1
(2e)

-1/2

The volume Vo enclosed by r(s) for E S Sl is

(7)

(8)

(9)

s
l

V
0 
= 7 j r

2 
• ds = (2/9) [ f/ (r

b 
- r

f 
) ] (2/k

2 
) r
3

f
[ (s

1
/0

3
- Ln (s

1
/0

3
-1]

e
(10)

If it is desired to express the volume in original rather than in derived

quantities, use can be made of (8) and the initial condition s = 6
when r = re .

Assume now that the laser beam is focused onto the surface of the
target and that I is the minimum intensity required to evaporate
material. It is evident that s

1 is the maximum depth of penetration
and V0 is the maximum volume of material that can be evaporated; i.e.,
these are the steady-state expressions. The only quantity to be measured
is re . This measurement can be achieved with fairly good precision
by focusing the laser beam just below the surface and exposing the sample
to a large number of shots.

III. EXPERIMENTAL

A Lear-Siegler pulsed CO2 laser emitting at 10.6 µ was used. The
beam had a cross-sectional radius of 0.9525 cm, which was reduced to a
spot with a radius of 0.762 X 10-2 cm by means of a 2.54-cm focal length
NaC1 lens. The laser was operated at 95 W, 245 pps. The pulse width
was 1 X 10-6 sec at the half-power point. Thus, the energy flow was
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0.194 X 106 w, assuming a nearly triangular pulse. It was necessary to

irradiate the uranium sample in an inert atmosphere to prevent its oxida-

tion and also to prevent contamination of the area with evaporated

material. Therefore, a special apparatus was designed. After the sample

was placed in position, the container was closed and the air was purged

with an argon stream which was stopped just before irradiation began.

Four different samples were subjected to irradiation by the laser beam.

Each sample was machined to a slab having a square base 2.54 cm on a side.

Prior to irradiation, the samples were exposed to air to oxidize the sur-

face and thus reduce reflectivity. The samples are described in Table I.

All samples were subjected to five series of shots, consisting of 1, 3,

6, 9, and 12 shots. Each shot, comprising 245 pulses, lasted I sec, and

the interval between successive shots was 6 sec. Samples 1 and 2 were

irradiated parallel to the rolling direction.

TABLE I.--Characteristics of samples.

Sample

No.

Thickness

(cm)

Hardness

(R
G
)

Density

(g/cm3)
Condition

Additives (ppm)

C Fe Si Al

1

2

3

4

0.6350

0.3175

0.3175

0.3175

61.0-78.5

79.0

75.7

87.5
,

19.04

19.04

18.95

18.61

As rolled &

recrystallized

As rolled &

recrystallized

As cast

As cast

52

52

219

1030

49

49

230

945

14

14

227

841

32

32

222

981

IV. RESULTS

A metallographic examination of the holes showed large variations.

In samples 1, 2, and 3, a zone of molten and recrystall
ized material can

be recognized (Fig. 2). Sample 4 (Fig. 3) exhibited a different type of

behavior. The holes are oddly shaped and there is a mass of what had

been molten material on the surface at one side of the crater. This mass

appears to have frozen instantaneously.

From the dimensions of the holes, one can calculate the volumes ex-

cavated. These volumes can be fitted to a curve of the form

V = V
o 
[1 - exp (-aS)]

where V0 is the maximum volume that can be removed with the apparatus

described, S is the number of shots, and a is a constant. Both Vo

and a are characteristics of the target material. The individual equa-

tions are:

Sample No. 2 V = 0.000 1671 [1 - exp (- 0.0472 5)] cm3

3 V = 0.000 2381 [1 - exp (- 0.0557 S)] cm3 (12)

4 V = 0.000 0485 [1 - exp (- 0.0438 S)] cm3

235



- R, r

_ _ FOCAL
- PLANE

FIG. 1.--Configuration of focused laser beam. FIG. 2.--Sample No. 3:
"kr

11111P1111191

Uranium with 219 ppm C,
230 ppm Fe, 227 ppm Si,
and 222 ppm Al. Hardness
75.7RG, 12 shots, polar-
ized light (100 X). Focal
plane is slightly beneath
the surface, its position
indicated by topmost con-
striction of pit.

FIG. 3.--Sample No. 4: Uranium with 1030 ppm C, 945 ppm Fe, 841 ppm Si,and 981 ppm Al. Hardness 87.5RG, 6 shots, polarized light (100 X).
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The observed values and the fitted curves are shown in Fig. 4. The

coefficients Vo and a decrease with increasing hardness. (Sample

No. 1 is omitted because it was found on inspection after the experiment

that considerable inhomogeneity existed in its surface hardness.)

We shall now apply the theory developed in Section II to these experi-

mental results. Let I be the minimum intensity required to evaporate a

material, and let the target be placed so that the focal plane of the

lens is on the surface of the target; then sl is the maximum depth of

penetration and Vo is the volume of material removed, provided the

distance between lens and target remains constant, and provided the ex-

posure consists of an infinite number of shots.

In the experiment described here, f = 2.54 cm , rf = 0.7620 X 10-2 cm,

rb = 0.9525 cm, and Po = 0.194 X 106 W , where f = focal length of the

lens, rf = radius of laser beam in the focal plane, rb = radius of the

incident laser beam, and Po = total power in the laser beam. We let

k2/2 = 5 , since 1 - e-5 = 0.99326, which means that 99.326% of the total

power in the beam is being considered. Thus,

-2

s1 
2.05 X 10 exp (4.30 X 10

4 
T
2
) cm (13)
6

4 2 2
I = 5.31 X 10

9 
exp(- 8.61 X 10 r

e
) w/cm (14)

-6 4 2 42
V = 0.166 X 10[exp(12.92 X 10 r )-12.92 X 10 r

e
-1]

0

(15)

The method described here for the calculation of the maximum penetra-

tion depth sl , the critical intensity I , and the maximum removable

volume V
0 

has definite advantages over the purely empirical approach.

There, measurements had to be made of the average radius and depth of

each hole, from which the individual volumes were calculated. These

calculated volumes had then to be curve-fitted. This process had to be

repeated for each sample. But the method outlined in Sec. II necessi-

tates the measurement of only a single quantity for each sample, namely

C •
Substitution of the measured values of re into (13), (14), and (15)

gives the maximum penetration depth, critical intensity, and maximum

removable volume, as summarized in Table II. The good agreement of the

values of Vo in Table II with those shown in (12) is noteworthy.

TABLE II.--Maximum penetration depth, critical

intensity, and maximum removable volume.

Sample No.
-2 

r (10 cm) s (cm) 1(10
8 
w/cm

2 
) V0 

(10
-4

cm
3
)

2 0.735 0.210 0.507 1.768

3 0.750 0.231 0.418 2.362

4 0.665 0.137 1.176 0.485
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Figure 5 gives plots of r(s) for samples No. 2, 3, and 4. The
excellent correlation between the upper region of the cavity in Sample 3
(Fig. 2) and the calculated longitudinal cross section of this sample
can be seen clearly in Fig. 6.

Thus far, the hardness of the samples has not been considered. This
is readily done by writing (11) in the form

V = V
o
[1 - exp(-RP

0 
t/H)] (16)

where p is a constant, Po is the total power in the beam, t is the
time of exposure, and H is the Knoop hardness of the material. Solving
the equations ais = Pot/Hi gives p 0.128. The results are listed
in Table III. The removed volume can now be written

V = 0.166 X 10
-6 

[exp(12.92 X 10
4
r
2
)-12.92 X 10

4
r
2
-1]

6

X [1 - exp(- 0.128 Pot/H)] cm3 (17)

or more specifically,

Sample No. 2: V = 0.000 1768 [1 - exp(- 0.000 5311 Pot)] cm3
3: V = 0.000 2362 [1 - exp(- 0.000 5565 Pot)] cm3 (18)
4: V = 0.000 0485 [1 - exp(- 0.000 4555 Pot)] cm3

TABLE III.--Effective hardness on material removed.

Sample

No.

Hardness
a P

V Obs.o
(10-4cm3)

V Calc.0

(10-4cm3)
R
G

p
Knoop

2 79.0 241 0.0472 0.128 1.671 1.768
3 75.7 230 0.0557 0.128 2.381 2.362
4 87.5 281 . 0.0438 0.128 0.485 0.485

V. DISCUSSION

The interaction of laser beams with solid targets has been subject to
extensive investigations. Attempts have also been made at theoretical
treatments of the heating of metals by laser radiation)- 3 Among the
few articles describing or mentioning the craters formed by laser radia-
tion, Ready's4 is the most complete; but a good comparison of his results
with those described here cannot be made because he did not expose his
samples to more than a single pulse in any given area. Khan5 and his
co-workers made the same observation that is reported here. Consoli6
et al. found that crater sizes increase with decreasing pressures.
Ehler7 determined the evaporated mass by weighing before and after
irradiation.

It is unfortunate that no mention is made in the literature of any
metallography of areas exposed to laser radiation. Elion8 states that
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Chang and C.

and neutrals

harder materials are more easily penetrated by a laser beam than softer
materials. It became very clear here that the harder the metal, the less
volume is removed with each pulse.

The mechanism by which radiant energy succeeds in evaporating and
ejecting material from the target was not investigated here. Rather,
our objective was to study the laser as a potential machine tool; i.e.,
to determine (a) whether a laser could be used as a cutting tool beyond
drilling microscopic holes in thin metallic films, and (b) whether the
melting and subsequent recrystallization would cause intolerable struc-
tural changes in the target metal.

The term "hardness" is used here with the realization that it is not
an absolute value but rather a result of some basic properties of the
sample. The true nature of the constant p is not understood at this
time, and the meaning of the ratio P/H will have to be clarified by
experiments on various metals, both in the elemental state and in alloys.

On the basis of the calculations in Sec. II and on the strength of
the experimental evidence, the required higher rate of evaporation for
cutting bulk metal with a laser could be achieved by one or more of the
following means: (a) increasing the power output; (b) using a lens
having a longer focal length, since both the maximum removable volume
and the penetration depth are directly proportional to the focal length;
(c) using a high-precision lens that focuses the beam to an extremely
small radius rf (the quantities Vo and sl are directly proportional
to the factor rf/(rb-rf), which approaches infinity as rf approaches
zero); or (d) providing for travel of the target in a plane perpendicular
to the optical axis, as well as for travel, at a predetermined rate,
along the optical axis toward the lens (feed rate).
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NONLINEAR SURFACE PHENOMENA ASSOCIATED WITH

LASER BEAM PENETRATION OF METALS

J. F. ASMUS and F. S. BAKER

Gulf General Atomic Inc., San Diego, Calif.

Experimental and theoretical heating rates for thin metallic foils

under continuous laser irradiation are compared to determine
 the effec

tive time-dependent surface absorptances for stainless steel
 and brass

In air a surface runaway phenomenon is characterized that 
can lower the

amount of beam energy required to penetrate a metal sheet by
 orders of

magnitude. The experimental work was performed at the 10.6 µ carbo
n-

dioxide-laser wavelength.

INTRODUCTION

The development of the 10.6-µ CO2 laser with its available high-power

output and efficiency has provided an optical r
adiation device capable

of performing a variety of materials-processing op
erations. Many of

them, such as metal hole drilling and welding, depend 
on the laser beam

energy being deposited at a metal-air interface. However, it is well-

known that the vast majority of metals have reflectivities in exc
ess of

90% at the CO2 
laser wavelength.' Consequently, metallic heating by

means of this type of laser can be quite inefficient. However, it has

been observed that if the metal to be penetrated with the CO2 laser

beam has a thick oxide layer, the energy absorption is dramatically in-

creased.2 As pre-oxidation of metallic surfaces is undesirable for many

microfabrication processes, an alternative for initiation of m
etallic-

surface absorption is needed. A clue to the answer is supplied by the

fact that oxide initiated penetration proceeds even aft
er the initial

oxide layer is burned off, suggesting that molten me
tal has a high sur-

face absorptance at 10.6 µ which sustains the h
igh heating rate.

The study reported in this paper was concerned 
with a determination

of the surface absorptances of various metallic
 alloys during CO2 laser

irradiation. This was accomplished by heating a small spot in the

center of a thin foil of the metal under invest
igation with the laser

beam. As the thermal conduction away from the heate
d area is radial an

analytical solution for the temperature rise of
 the metal is available.3

Correlating the experimental and theoretical temperatur
e-rise profiles

then yields a quantitative measure of the surface absorptance at early

times and a qualitative measure at late times.

THERMAL-CONDUCTION ANALYSIS

The exact solution for the temperature response of a ci
rcular segment

of an infinite web is given in Ref. 3. In this model the heated spot

has infinite conductivity (i.e., constant temperature) and i
s heated at

a constant rate while the surrounding region has a finite 
conductivity

and is not heated. The temperature rise at any point r > a in the web

can be written in the form
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where

A T = 
2P(1-R)  j
2 2
7 Pa tC a

p o

co 2

(1 - e-CtiU T) f(u,r) dU

a = spot radius

p = web density
Cp = web specific heat

t = web thickness

a = web thermal diffusivity

P = power

R = reflectivity

T = time

U = complex variable of integration having units

of (length)-1

f(U,r) = expression containing first- and second-kind

Bessel functions

For the case r = a , which gives the temperature of the heated region,

numerical values for the solution of the above equation are given in

Ref. 3. Figure 1 has been prepared from this information. The dimension-

less parameters are:

where

kt AT
0 (temperature) =

P(1-R)

aTY (time) = —
2

a

k = web thermal conductivity

The experimental temperature-rise curves of the next section were
caused to coincide with the theoretical curve of Fig. 1 at low tempera-

tures. This was accomplished by assuming that the thermodynamic para-
meters for the materials are constant with temperature and then finding
that reflectivity R that causes the experimental curve to fall on the
curve of Fig. 1.

EXPERIMENTAL MEASUREMENTS

The temperature rises for several metals were measured with the
apparatus shown schematically in Fig. 2. The beam from a 1-kW CO2
flowing gas laser passes through a programmed shutter and power monitoring
device to impinge upon a concave mirror. The optical axis of the mirror
is oriented 10 off the laser beam axis so that the radiation converges
on the center of the sample foil located to one side. The radius of the
heated zone, a , is controlled by adjusting the mirror to sample dis-
tance. The radiant power density at the sample is a function of the
spot radius a and the total laser power which may be varied between
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200 and 1000 W. The time-dependent temperature of the front surface of

the sample is measured by means of a high-speed infrared pyrometer. The

back surface temperature is measured by a thermocouple of 0.0005-in.
wire spot welded to the sample. The front- and back-surface tempera-
tures, laser power, and shutter orientation are simultaneously displayed
on a multichannel recorder.

Temperature rise profiles have been obtained by means of the Fig. 2

apparatus for aluminum, brass, stainless steel, and titanium. Foil

thicknesses from 0.001 to 0.020 in. were studied. At temperatures up

to a few hundred degrees centigrade the heating curves for these metals

matched that of Fig. 1 at reflectance values very close to the pub-

lished' magnitudes. However, at higher temperatures all of the above

metals exhibit nonlinear heating rates. An example of this phenomenon

is shown in Fig. 3. The family of curves represents the measured temper-

atures at the center of 0.010-in, thickness stainless-steel foils when

irradiated at the indicated laser power densities. It can be seen that

when the temperature reaches 1100-1200°C the rate of change of tempera-

ture increases by about an order of magnitude, indicating a corresponding

increase in the surface absorptance. A similar set of curves for 0.010-

in. brass appears in Fig. 4. However, at the higher power density the

irradiated spot diameter was less than the foil thickness, leading to a

considerable temperature differential between the front and back surfaces.

This example represents a less extreme case than the stainless steel in

that the surface absorptance increases by only a factor of about three
at the runaway knee.

A few observations about this high-temperature surface phenomenon
may be in order here. First, as it is not observed when the heating
takes place in vacuum, it is clear that surface oxidation is involved.
Second, an inspection of Fig. 3 reveals that the threshold for the onset
of the runaway is exceedingly sharp. It fails to occur out to 10 sec
at 1100 W/cm

2, yet appears at about 3.5 sec for a mere 20% increase in

power density to 1300 W/cm2. Consequently, the amount of laser energy

required to penetrate a given metal foil can be vastly different for a

modest change in the incident power density.

For pure elemental metals such as aluminum and titanium it appears

that the runaway is related simply to the oxidation which proceeds

rapidly when a critical temperature is reached. In the case of alloys
such as brass and stainless steel the situation may be somewhat more
involved. This is suggested by the photographs appearing in Fig. 5.
These show the front and back surfaces, respectively, of a stainless-
steel plate. In this instance the laser beam was turned off after the
runaway had begun, but before the plate had been completely penetrated.
Of significance is the fact that although penetration is incomplete,
approximately equal amounts of metal have been evaporated from both the
exposed and back surfaces. This observation, together with the fact
that the runaway appears below the boiling point for stainless steel
suggests that (1) the runaway is initiated by high-temperature oxidation

of the stainless steel, (2) the enhanced heating rate quickly brings the
temperature up to the point where the lowest-boiling-point alloying
constituent begins evaporating, (3) the resulting alloy depletion further

enhances the oxidation and heat transfer rates, and (4) the boiling be-
comes rather violent carrying out cooler chunks of material which are

deposited at the crater lip, as shown in Fig. 5.
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The above phenomenological description is largely speculation. High-
speed photographic studies and interaction-zone chemical analyses may
lead to a fuller understanding of the process. Nevertheless, the present
investigation has illuminated at least two important aspects of the pro-
cess. First, the runaway threshold is very sharp in terms of incident
power density. Second, in many instances the boiling takes place at both
the front and back surfaces of the metal under irradiation.

EXPERIMENTAL HOLE DRILLING STUDIES

From the background provided by the preceding surface absorptance

study an investigation of hole drilling in stainless-steel plates was

performed. In this work the beam from the 1-kW CO2 laser was brought to

a focus on the metal surface as it was rotating at a few hundred rpm to

insure that the hole was circular. The sectioned lip from a hole cut in

this manner with an incident power density just below the runaway

threshold at 1000 W/cm2 is shown in Fig. 6. As several seconds were re-

quired to penetrate the metal considerable lateral conduction and melt-

ing took place. A high density of microcracking is visible in the re-

solidified lip along with substantial crystal growth in the adjacent area.

In contrast note the sectioned lip shown in Fig. 7. The laser power

density was increased to 105 W/cm2 so that runaway occurred in a few

milliseconds. As very little lateral conduction could take place on

this time scale, no crystal growth is visible. In fact the cold-rolling
filaments appear to extend into the lip itself. The quality of the hole
is further revealed in the planar view displayed in Fig. 8.

DISCUSSION

The studies reported in this paper have shown that when designing a
laser beam machining operation it is necessary to consider the dynamic

aspects of the surface absorptance. For sufficiently high power den-

sities the absorbed energy may be as much ds an order of magnitude greater

than that inferred from low-temperature measurements. If maximum use is
to be made of this phenomenon, high power densities are required which

materially improve the quality of the cut by lessening the heating of

adjacent material.
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METAL MACHINING WITH AN ARGON LASER BEAM

D. E. FLINCHBAUGH and G. M. BARNARD

Orlando Research Corp., Orlando, Fla.

SUMMARY

It has become apparent that high-power blue-green laser light is an

important potential energy source for industrial machining and cutting

applications. The anodic-bore ion laser tube (see W. H. McMahan, Appl.

Phys. Letters 12: 383, 1968) is particularly suitable for generating

relatively high power output beams with aocompact, efficient, laser

system. At wavelengths of 4880 and 5145 A, the effect of concentrated

argon ion laser beams is appreciable and material removal rates increase

rapidly with incident laser power once a threshold level is attained.

The experiments were performed with a modified Orlando Research Model

800 plasma tube, which is capable of generating argon laser beams at

power levels ranging from a few milliwatts to 10 W (cw). Just outside

the cavity an uncoated converging lens (focal length 35 mm) focuses the

beam on the sample under study. Samples are bolted flat to a holder

which is driven by a Moseley X-Y plotter at speeds controlled by a

Hewlett-Packard 180A-1821A oscilloscope and time-base generator.

Sample results were obtained for stainless steel type 301 and tanta-

lum. Observations on the general appearance and measurements of machining

parameters were made on a Bausch and Lomb Dynazoom steroscopic micro-

scope with a B & L bright line stage micrometer. A 30-sec scan across

the 0.002-in.-thick stainless steel yielded a cleanly cut slit averaging

0.16 mm in width over a 9.14-mm length. The edges of the cut were smooth.

Vapor plumes during the cutting and the absence of ridges or sputtered

particles on the surface indicate that the irradiated material was cleanly

removed. Also, it was observed that the airstream from a small blower

assisted in removing the vapor from the laser beam, resulting in much

smoother, more even slit edges. The edges were feathered for about 0.09

mm on the side where the laser beam was incident; on the back side the

taper to the original surface measured about 0.05 mm in width. The sur-

face immediately surrounding the slit appeared tarnished for about 1 mm.

The tantalum sample was 0.005 in. thick and several holes were cut

through this material with a laser power output of 5.2 W measured with

a Coherent Radiation power meter. The argon laser tube was operating

at a 35-A current level. The time required to drill a very clean, round

6.25-µ-diam. hole was 105 sec. Larger holes could be drilled by moving

the sample in the focal plane. This material did not emit a vapor plume

as had the stainless steel, but crater ridges were formed and sputtered

particles were evident on the surface surrounding the holes. On the

side facing the laser, the surface acquired an irregular ridge averaging

25 p, in diameter for the 6.25-µ hole. On the back side, however, the

surface was clean and a barely detectable depression appeared at the edges.

Some factors influencing the effectiveness of argon laser metal ma-

chining appear to be (1) color and surface finish, (2) thermal conduc-

tivity, (3) thickness, (4) hardness and physical structure, and (5) sur-

face tension of the molten material. Paper, wood, and other fibrous

dielectric materials burn readily when exposed to the unfocused beam.

Some quantitative explanations of the observed differences have been

attempted on the basis of physical properties of materials tested.
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APPLICATION OF HELIUM-NEON LASERS FOR PROCESS
DIMENSIONAL CONTROL

SHELDON MINKOWITZ

Laser Engineering Instrument Division, The Perkin-Elmer Corp.

SUMMARY

The laser generates a new type of light beam, one that is intense,

monochromatic, and coherent. By applying these characteristics, measure-

ments once considered impractical or impossible become feasible.

Laser tooling has already made significant contributions in the areas

of aircraft jig alignment and machine tool fabrication over distances

and to accuracies not previously possible.

The laser tooling system makes use of the brightness and unidirec-

tionality of the laser only. The distance-measuring laser interferometer

depends on the monochromaticity and spatial coherence of the laser. The

interferometer utilizes a stabilized single-frequency laser source.

Thus, the user has a length standard essentially "built in" to his

distance-measuring instrument, the great advantage being that the same

instrument may be utilized for measuring ranges from 0 to 150 ft.

Results of typical applications of the laser interferometer and laser

tooling system were presented.
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AN APPLICATION OF THE LASER IN CONTOUR MEASUREMENT

SHIGERU ANDO,* KAZUNARI SATO,** MASAO AOKI*
KAZUO OKADA,* MAKOTO KIKUCHI,** and TSUTOMU SUGANO**

Mitsubishi Electric Corp., Japan

An optical profiling system, in which a light beam serves for a
stylus, will be described. A helium-neon 6328-1 laser and a light-
emitting diode are used as a light source respectively. The helium-neon
laser enables the stylus to have a minute light spot, which results in
a sensitivity better than 1 p. In the case of the light-emitting diode,
the signal-to-noise ratio can be greatly improved by modulating light
at a medium frequency and narrowing the receiving bandwidth. The scan-
ning speed can be exceedingly increased by rapid scanning with correction
for displacement.

1. INTRODUCTION

If the profiling for contour measurement in industry were made
without contact instead of a mechanical stylus, there would be remark-
able conveniences. When a mechanical stylus weighing 1 g is kept in
contact with a surface perpendicularly at a circle 10 p in diameter,
the pressure amounts to 1.3 ton/cm2. Since the contact pressure is
generally high, a serious problem arises as to the deformation of the
surface to be measured. Requirement for high accuracy with a sharp
stylus contradicts that for high speed and high fidelity in the pro-
filing operation. The problem can be settled by substituting a light
spot for the top of a mechanical stylus. Now that the helium-neon
6328-A laser and the light-emitting diode are available, a light spot
whose diameter or width is within a few microns is practical.

In the case of the profiling milling machine, the optical stylus does
not help to avoid the error caused by cutter curvature, or simply "cut-
ter error," which is usually avoided by using a mechanical stylus of the
same diameter as the cutter. The optical profiling system is essential
to the model scanning in a mechanical automation system, which makes an
integrated work of contour measurement, smoothing, fairing, programing
for cutting, and die cutting. Other important applications are the in-
spection of machine parts, the position control in the machine tool and
measurement of the surface roughness.

2. APPARATUS

The block diagram of the optical profiling system using a helium-
neon 6328-1 laser is shown in Fig. 1. A laser beam emitted from an
objective lens serves for a stylus, which keeps the distance between
the lens and the surface constant in the same way as reported previ-
ously.

1
 Three kinds of improvement have been made since the previous

* Central Research Laboratory, Amagasaki.
** Kakamura Works.
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report, as follows:

(1) An automatic gain control system has been developed to compen-

sate a range of about a thousand times of variation in the intensity of

received light.

(2)

Vx +V = Vmax 
= constant (1)

where Vx and V denote components of velocity.

(3) The time required for measurement can be reduced by rapid

scanning with correction for displacement.

The profiling system using a light-emitting diode is illustrated in

Fig. 2. The 7700-1 light emitted from the diode is modulated at 455 kHz

and the received signal is amplified by a narrow band amplifier whose

center frequency and half width are 455 kHz and 1.5 kHz respectively.

Other part not shown in Fig. 2 is the same as Fig. 1.

3. DESIGN CONSIDERATIONS

As far as the author is aware, few papers
2 

concerning the optical

profiling system have been published. As for the optical system for

detecting focus, very few papers3 have been published. In this chapter,

the comparison between those systems and design considerations will be

described.

The optical profiling systems are generally simplified as shown in

Fig. 3. Using the notations shown in the figure, received power Pr

can be written as follows,

P
r 
= (BSO) • K

t 
• (°c2)) • K

S r r
(2)

Fidelity of measured contour is improved as the area of the light spot

decreases and therefore as the area of light source S does. As can

be seen from Fig. 6, the lowest efficiency factor of scattering a

corresponds to the surface of low diffusibility such as polished metal

with large angle of incidence. In order to measure low a surface at

a high accuracy, the helium-neon 6328-A laser is essential because of

its extremely high brightness.' In the case of the light-emitting diode,

signal-to-noise ratio can be greatly improved by modulating light at a

medium frequency and narrowing the receiving bandwidth.

The optical systems for detecting focus are classified into longi-

tudinal and transversal method. Comparison between the two methods is

made as shown in Table I. In the case of the transversal method and

a = 90° , the system is suitable for position control but not for pro-

filing. The system corresponding to the condition 0 < a < 90° is

applicable to the profiling and relatively small a is desirable con-

sidering the sharpness of the stylus. It should be noted that accuracy

and sensitivity decrease with a and are limited by the spot size. The

spot size is limited by the spherical aberration and the diffraction of

lenses.

In the case of the longitudinal method and a = 0 , the accuracy is

limited by the spherical aberration of lenses. Since the angle of in-

cidence 0 changes unceasingly during the profiling operation and so
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FIG. 2.--Block diagram of optical

profiling system using light-
emitting diode.
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FIG. 3.--Simplified illustration

optical profiling system.
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TABLE 1.--Comparison between two methods of focusing.
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effective

case

a

What is

the accuracy

limitted by?

What is

the sensitivity

limitted by?

Optics
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method

cx= ID o°

Spherical

aberration

of lenses

' ce4IIAIW

Trans-

versal

method
Oc = 90°

900
Diffraction limit, spherical

aberration of lenses

a 

j..

0<a<96

_

Spot size (spherical aberra-

tion of lenses or diffraction

limit)

6
14,

..44frop.ii.4.
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does the intensity distribution of scattered light on the lens surface,

the focal point moves about within the limit of spherical aberration

along optical axis.' On the contrary, the sensitivity is not limited

by the spherical aberration, as shown later on.

Several systems for detecting focus and their characteristics are

shown in Figs. 4 and 5, respectively. In the figures, e indicates

the direction in which the displacement of the light spot is detected;

V1 and V2 denote the output voltage of photodetectors. System A is

sometimes used for an inspecting lens. Its characteristic is shown in

Fig. 5(a). In this case, the intensity distribution of light is required

to be uniform on the surface of lens. If the distribution is not uni-

form, that is, V1 and V2 characteristics are not symmetric such as

V1 and V2' in consequence of the change in 0 , an error corresponding

to XI enters. The characteristics of system A I, B, and B' are shown

in Fig. 5(b). In the case of A', the uniformity of light intensity is

required for the same reason as in A. In the case of A, A', B, and BI,

a change in the sensitivity of a photodetector such as V2' results in

an error corresponding to X' as shown in Fig. 5. The systems C and CI

are free from the problems illustrated by Fig. 5. Because of the exis-

tence of the error signal V for large absolute value of e , the system

A is preferable to the servo-system. According to the design considera-

tions mentioned above, we have adopted system C as shown in Figs. 1 and 2.

Unlike the mechanical stylus, if any automatic compensation is not

employed, the voltage-to-displacement ratio K in Fig. 3 changes un-

ceasingly during the profiling operation. In this case, K is propor-

tional to the efficiency factor of scattering a and consequently to

the received power Pr . The received power Pr vs 0 measured by the

apparatus of Fig. 1 is shown in Fig. 6. In the case of the profiling

for brass surfaces, the received power Pr varies more than a hundred

times as 0 varies from zero to 700. An automatic gain control system

shown in Fig. 1 is adopted to compensate the variation. Since the un-

modulated component of received light is proportional to Pr , the

amplifier gain is controlled in such a way that the dc component of the

output voltage is held to a constant value E . Thus the ratio K is

kept to be constant for a thousandfold change in Pr .

Design considerations concerning servo-characteristics of the optical

profiling system will be described next. Fidelity of profiling can be

much improved by employing a two-dimensional servo-system in the same

way as the mechanical profiling cutter. The system has the stationary-

state characteristics as shown in Fig. 1, where (1) holds, and

vx =V max 
. e/e() (3)

v
Y 
= (1 - lel/e0). vmax 

(4)

V /V = tan 0 (5)
x y

and stationary-state displacement

e = e tan e/(1 + tan 0)
0
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For the transient state,

de/dt = V tan e - vx (7)

The system can be represented by transfer functions as shown in Fig. 7,

where Kis the time constant ofand Kv denote constant gain, Tm

the servo-motor of the mechanism carrying the optical system, and N is

the ratio of V
x 

to the shaft velocity of the servo-motor. The dynamic

response to a zero-to-e step change is observed by an analog computer to

determine the condition of critical damping. One of the results is

shown in Fig. 8, where stationary-state displacement e vs vmax is

given for various values of Tm . As can be seen from the figure,

is proportional to the maximum speed Vmax .

4. RESULTS AND DISCUSSIONS

The lenses used in the experiment are designed to reduce the spher-

ical aberration, especially at the focus. Observable errors caused by

spherical aberration are shown in Fig. 9 for these lenses. The sample

in Fig. 1 is replaced by a plane mirror and only the Vx loop is

actuated while the V loop is stopped. Then displacement in X direc-

tion is plotted for the angle of incidence e when the plane mirror is

rotated with the light spot as the central point. When the reflected

laser beam moves from center to edge of the objective lens as e in-

creases, maximum error caused by spherical aberration is observed as

shown in Fig. 9. The results agree with the design of lenses under test.

The test is also necessary for optical alignment of the profiling system.

In the experiment, the divergence angle of the laser beam is about 10-3

radian and diameters of the light spot are 15, 27, 36, and 120 µ for the

lenses of focal length 15, 25, 35, and 100 mm, respectively. In the

previous work,' no design considerations were given to reduce the spher-

ical aberration of lenses and diameter of the light spot was 0.2 mm for

the lens of 60-mm focal length. We find that when the Vy loop is

stopped, the sensitivity or the repeatability of X in the system

shown in Fig. 1 is better than 1 µ for both cases of low and large aber-

ration lenses. These results confirm what is described in Table I.

The performance of the automatic gain control system is shown in

Fig. 10 for brass, which is a most severe case. As can be seen from

the figure, the output voltage from lock-in detector V' is perfectly

compensated for the change in 0 ranging from zero to 800 and the width

of linear part L increases by about 40% because of the saturation

effect of the system.

Observed contours for various samples are shown in Fig. 11. These

contours involve errors shown in Table 2. The lower limit of the spot

diameter is 5 µ because of difficulty in servo-control owing to smaller

L, which is several times as long as the diameter. Though the stationary

state displacement e predominates in error, particularly for rapid

scanning, the value of c is indicated by the lock-in detector as shown

in Fig. 12(b). Superposition of two curves in Fig. 12(b) yields curve

(c) which is similar to curve (a), settling the problem of error caused

by e . Using this method of correctioni C smaller than L/2 is al-

lowable. In the case of the He-Ne 6328-A laser, L/2 ranges from 130 to
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FIG. 7.--Block diagram of transfer functions for optical profiling system
shown in Fig. 1.
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(a)

1008 '

Zpi -41 1.1110 At

258

1 m m
•

1 m m

(b) (c)

FIG. 11.--Observed contours of various samples: (a) plaster statue,

(b) standard sample of surface roughness, (c) hollow clay 
model. Contours

(a) and (b) are observed by using He-Ne laser, contour (c)
 by using light-

emitting diode.
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TABLE II.--Classification of errors.
Error Origin Appearance Lower limit

Mechanical

Errors in dimension, bend
torsion, backlash

Stationary
10 p for 25 cm
of displacement

Vibration, shock Temporary

Optical
Spherical aberration Stationary 5 p

Spot area Stationary 5 p of diameter

Servo-

Stationary-state

displacement
Stationary See Fig. 8

Optical and electric noise Temporary Within 1 p

Position

indicator

Nonlinearity of scale Stationary
1 p for 25 cm
of displacement

Unresolved part of scale 1 p

(.) 111777

(b)

(c)

1100p

j-00p

contour

voltage of

the lock-

in detector

FIG. 12.--Cathode-ray-tube display
for rapid scanning with the cor-
rection of displacement. Contour
of a screw shaped into chalk is
observed. (a) Slow scanning
(V:max = 0.16 ram/sec); (b) rapid
scanning (Vmax = 0.6 mm/sec);
(c) rapid scanning with the correc-
tion (superposition of two curves
in b).

200 p for the objective lens of 35 mm focal length. According to the
analysis by the analog computer, the open-loop gain KpKv/N is allow-
able to be three times as large as in the case of critical damping, if
an overshoot of 10% of step difference is permissible. If Tm is 10 ms,

Vmax ranges from 4.8 to 7.5 mm/sec and the error caused by nonlinearity
of V vs e is smaller than L/20, that is, 13 to 20 p. Since the cathode-
ray-tube display shown in Fig. 12 is very sensitive to mechanical vibra-
tions because of its rapid response, particular consideration should be
given to reducing it.

In the case of the light-emitting diode, the result such as shown in
Fig. 11(c) is obtainable only when light modulation and narrow-band re-
ception are used. Considering practical use of the profiling system,
the diode should emit higher power for visible wavelengths in future and
will be more suitable than the gas laser because of its minute size.
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SELECTIVE REMOVAL OF TEFLON INSULATION

FROM WIRE USING CO2 AND ARGON LASERS

A. D. TENCZA and R. W. ANGELO

IBM Corp., Endicott, N. Y.

The selective removal of Teflon insula
tion from Teflon-coated 3.5-

mil-diam. wires has been demonstrated 
with a 100-watt CO2 laser. The

technique demonstrated employs a rotat
ing fixture to permit rotating the

wire in the focal plane of a germanium
 lens. The paper includes photo-

graphs showing removal of the Teflon a
nd the exposed gold on beryllium

copper wire.

The selective removal of a narrow 
(1-mil wide) strip of Teflon along

the length of the wire was demonstra
ted with a 2-watt argon laser.

The paper discusses the experi
mental difficulties and limitations of

the present technique relative to 
subsequent bonding operations.

INTRODUCTION

NECESSITY OF STRIPPING SMALL WIRES. As electronic packaging has

become smaller, interconnecting conductors had
 to be reduced in size.

Special problems arise when th
e wire diameter is approximately 3.5

mils. Knife stripping may be used but requires car
e in order to prevent

scoring the conductor or dulling the knife edges.

TEFLON IN SMALL WIRE. We have been working with such small-diameter

wires insulated with Teflon. This is DuPont's tradename for poly

(tetrafluoroethylene) or PTFE. This material, also known as TFE, has

the chemical structure illustrated in 
Fig. 1.

This is the old Teflon which has bee
n available from DuPont since

about 1950. A new material, FEP, or fluori
nated ethylene-propylene is

also used to coat wires. The structure of this material is also illus-

trated in Fig. 1.

As a wire coating, the FEP p
olymer can be applied by extrusion tech-

niques around the conductor. FEP has the extended molecular chains of

the high-temperature extrusion pro
cess held in place by normal tempera-

ture. At high temperature these stresses
 are relieved and the coating

shrinks back by elastic memory. But TFE must be applied by a dispersion

process that does not leave the stre
sses of plastic memory; it cannot

be removed from microwires by appl
ication of temperatures near the ex-

trusion temperature. TFE is the type of Teflon used in this study.

Because of its inertness and dielect
ric properties, Teflon is a

desirable insulation material. However, the chemical inertness eliminates

stripping by chemical means. There is no known Teflon solvent.

THERMAL DEGRADATION OF TEFLON. Not only is Teflon chemically inert,

but it is thermally one of the more resistant polymers. 
It is, for

example, used as a frying-pan coating. However, the material does degrade

almost completely at temperatures on the order of 500°C.
 Figure 2,

taken from Madorski, shows the percentage of sample 
volatilized as a

function of time at 460, 475, and 485 °C.
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Similar studies plotted as rate of degradation vs percent vo
latiliza-

tion at various temperatures are shown in Fig. 3. The data indicate that

the rate of degradation falls to zero only when 100% of the sample

has been volatilized.

ABSORPTION OF CO2 
LASER RADIATION BY TEFLON. Figure 4 (top) shows the

infrared spectral absorption of a 2-mil-thick cl
ear film of poly (tetra-

fluoroethylene). The CO, laser emits radiation at 10.6 microns. At this

wavelength, the 2-mil TFt transmits 68% of
 the radiant energy.

The relationship determining the absorptio
n of light by a material

is a function of thickness, in accord with
 the Lambert law. If I is

the intensity of transmitted light and I
 is the intensity of the inci-

dent light, then each increment of materia
l absorbs a fraction of the

light,

dl = -kI db

where b is the thickness of the material and
 K is a constant.

Integration yields

in (I/Is) 
= -kb

Substituting the transmittance value
 at 10.6 microns from Fig. 4 (top)

and converting to base 10 logarithms yields 
the equation:

-K
clear

log (I/i0) = log 0
.682 =  2.303 

(2 mils)

which yields the constant K for the clear Teflon,

= 0.193 mil
-1

K
clear

A sample of TFE stripped from 
the wire and pressed into a 1.4-mil-thick

pellet produced the IR absorptio
n spectrum shown in Fig. 4 (bottom).

In the 10.6-micron region the 
percent transmittance is about 40%, cor-

responding to a constant K for 
the purple Teflon coating of

K
dyed 

= 0.655 mil
-1

The increased value for the dyed 
Teflon may not be due to the purple

dye, since the effect is approximate
ly the same throughout the spectral

region. More probably it is due to the particulate nature of the 
wire

coating, which would cause an increase
 in light scattering in comparison

with the more uniform sheet material.

Assuming that all the radiation is
 reflected from the gold the total

path length for the laser light is the
n twice the thickness of the Teflon

insulation on the wire or approximatel
y 1 mil. Using the value of K for

the purple of coating and neglecting curvature results i
n a percent trans-

mittance of 52% for the insulation.

The absorption of light can also be expressed as 
absorbance or optical

density A . The relationship between absorbance and tran
smittance is

given by
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%T = 100 I/I
o

A = log 00/I) = 2 - log %T

The absorbance of the 1-mil-thick dyed TFE is then 0.28 and that of the
clear TFE is 0.08.

Table I summarizes the transmittance and absorbance calculations.

TABLE I.--Absorbance and transmittance calculations.

%T I/Ilog I/I00
(mil) (mil)

68 0.68 -0.167 0.1934 2.0 clear
82 0.82 -0.084 0.1934 1.0 clear
40 0.40 -0.398 0.6547 1.4 dyed
52 0.52 -0.284 0.6547 1.0 dyed

EXPERIMENTAL

APPARATUS. A 100-watt 10.6-micron Korad CO
2 

cw (120-Hz) laser served
as the source; the focusing element was a 3-in, focal length germanium
lens. The small-diameter wire produced a number of unique handling
problems. In order to provide uniform exposure to the focused laser
energy, precision wire rotation fixtures were designed and built (Figs.
5 and 6). The single-spindle fixture (Fig. 5) was a convenient design
for exposing a few samples quickly without having to load and thread
the 3.5-mil-diam Teflon wire after each sample. The over-all length of
the free end of Teflon wire was limited by the tendency of the wire to
twist and kink the Teflon coating. Approximately 2 ft of free wire was
found to be optimum and provide several well-spaced samples.

The narrow focused beam width of the CO
2 

laser indicated a need for
a precision rotation fixture. In the single-spindle fixture, precision
rotation was accomplished by passing the wire over two nonrotating brass
"pulleys." A 20-g magnet clamp provided tension of the free end.

The dual-drive fixture was designed for greater precision in posi-
tioning. In this scheme (Fig. 6), both ends of the wire rotate.
Precision-bored and pre-aligned caps and holes served as only a rough
guide for the wire. A hole diameter of approximately 12 mils in the
caps was used because of the difficulty in threading 3.5-mil wire.

Elimination of the remaining irregular wire motions was achieved by
raising the Teflon wire with the Teflon wire support illustrated in Fig.
7. The support was positioned by a precision xyz positioning device.

The wire-support mechanism itself was designed to provide minimum
friction and to allow locating the region of focus of the beam. Minimum
friction was achieved by routing the wire between two adjacent ball
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bearings on either side of the support.
The region of focus was located by substituting a 36-mil-diam graphite

rod and observing the region of maximum radiated energy (Y & Z). The
vertical positioning stage served to bring the wire support into the
range of the focal region.

For the bearing diameters used in the experiments, the distance from
the top of the graphite rod to the top of the Teflon wire was calculated
to be 54 mils. Once the region of focus was optimized, the wire was
loaded and the support raised to provide sufficient tension to remove
the residual erratic wire motions. The entire apparatus was then raised
the remainder of the 54 mils to bring the top of the Teflon wire into the
focal region. Because the focal region (approximately 7 mils in diameter)
could be determined by this technique to within ± 25 mils (which corres-
ponds to the theoretical beam configuration for a 3-in, focal length and
a divergence of approximately 2.5 milliradians), the final adjustment of
54 mils was warranted, although the precise location of the "top" of the
Teflon wire along the Z axis of the focal region is not critical. The
rotating mechanism was observed to maintain the wire location in the
focal region within approximately ± 0.15 mil.

A precision vertical stage supported the brass pulleys in the single
spindle fixture and the entire assembly in the dual-drive fixture.

Figure 8 shows the entire dual rotation drive apparatus.

WIRE. The conductor is 2.5 mils in diameter and is composed of gold
plating on a core containing 99.9% copper and 0.1% beryllium oxide (by
weight). The wire is coated with 0.5 mil of TFE. A purple dye was
added by the vendor to improve visibility. The relevant parameters are
summarized in Table II. The value of the Be0 in Cu melting point
was obtained by differential thermal analysis using a DuPont 900 with a
high-temperature cell and flowing N2 .

TABLE II.--Characteristics of Teflon wire coating.

Copper Gold 0.1% Be0 in Cu2

Melting Point 1083°C 1063°C 1067°C
Reflectivity at 4880 I 42% 43.6%
Reflectivity at 9 µ 93.4% 98%
Total Emissivity 0.15(Polished) 0.02@l00 C(Unoxidized)
Diffusivity 1(X10-4 M2/S) 1.14 1.18
Conductivity(cal-cm/sec-cm2-°C) 0.85(100-837°C) 0.74(100°C)

1. Ref: Gagliano.
2

2, 0.1% Be oxide particles in copper.

EVALUATION. The success of Teflon removal was evaluated first by
microscopic examination. If the preliminary examination was satisfactory,
the samples were ultrasonically bonded to a gold pad. The strength of
the bond was then determined by a pull test with an indicator gauge.
Bond strengths of more than 80 g were considered satisfactory.
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RESULTS AND DISCUSSION

ARGON LASER. A 2-watt argon laser was also used to remove the Teflon.

The results are shown in Fig. 9. A 40x focusing objective removed an

approximately 1-mil-wide region and a 20x objective removed an approxi-

mately 1.5-mil region. Swelling of the heat affected zone was also pres-

ent.

The narrow stripped region limits the applicability of the argon laser

since it is desired to remove completely an approximately
 10-mil length

of insulation.

RESULTS WITH SINGLE-SPINDLE APPARATUS. Figure 10 shows the results

of laser stripping of 25 wires using the si
ngle-spindle fixture. For

comparison, the bond strength of control wires bo
nded at the same time

are given in the upper portion of the figure.

The distribution of bond strengths shows 
both the problems and the

potential of the method. Some bonds were of satisfactory strength (over

80 g). This first technique showed poor reproducibility of bo
th controls

and laser-stripped samples. The scatter in the laser samples was prob-

ably due to two factors: nonreproducible positioning of the wire in the

laser beam and possible residues (a thin transparent laye
r of Teflon not

removed by the laser).

These results were obtained early in the program. 
Subsequently, im-

provements were made in the wire and in the bonding technique 
which

tended to increase the bond strength and to reduce the scatter. The

commercial apparatus illustrated in Fig. 11 uses twin fiberglass cones

to abrade and tear the insulation. Except for the long length of in-

sulation removed, this apparatus performed adequately. For comparison,

results obtained using this method are shown in Table III.

TABLE III.—Twin-cone stripping.

Cone No.

640
Control

Cone No.

661
Control

110 120 90 60

130 135 125 135

120 140 130 125

115 125 145 120

85 130 130 130

560 650 620

Ave. 112 130 124

120 85 60

0 60 100

60 125 120

110 130 120

100 105 80

570

114

125

125

120

135

100

390 505

Ave. 78 101 
480 605

96 125

950 1155 1100 1175

Over-all Ave. 95 116 110 118
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FIG. 10.--Bond strengths of laser-

stripped wire and of controls.
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CONES

TO DRIVE MECHANISM

FIG. 11.—Twin-cone stripping

apparatus.

FIG. .12.--Laser residual film mechanically removed.

FIG. 13.--IR spectra of TFE residue.
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RESULTS WITH DUAL-DRIVE APPARATUS (RESIDUAL FILM). Microscopic exami-
nation of samples prepared with the dual-drive apparatus of Fig. 6 also
showed a thin residual film. Microscopic examination indicated that
this film was of the order of 1 to 3 microns thick.

With care, the film could be mechanically removed. Ten samples were
prepared by this technique and evaluated. The average bond strength was
126 g with a standard deviation of 21 g. Figure 12 is a photograph of
such a sample.

Three mechanisms are suggested as the cause of residual Teflon layer.
The first possibility is that the layer is a unique characteristic

of the Teflon and that laser radiation causes a change to a more resistant
form. Figure 13 (top) shows the infrared spectrum of the insulation
residue. The decrease of the 12.8 micron peak, which has been attrib-
uted to amorphous Teflon,4 indicates an increase in crystallinity. The
peaks at 3.4 and 2.8 microns, in the carbon-hydrogen vibration region,
are probably due to contamination. The peaks at 5.8 and 6.1 microns can
usually be attributed to C=0 and to C=C , respectively. Whether the
carbonyl is due to a contamination or the result of laser action in the
presence of oxygen is not known. If the spectrum truly represents laser-
caused changes, the significance of the resulting structures is not yet
determined. Figure 13 (bottom) shows the IR spectrum of a petroleum
ether extract of the TFE residue. The spectrum indicates that the con-
taminants are largely soluble in the extract. Possibly the products are
thermally resistant materials which would survive further treatment.
Alternately, the products are intermediates which would be volatilized
by further laser energy. Separating the residual layer slightly from
the gold surface and subsequent laser exposure does, in fact, remove the
residue.

A second possible cause is the coherence of the laser energy. A
standing wave established by the coherent nature of the laser beam would
have a node of the electric vector at the gold surface as required by
Maxwell's equations. Between the node and the first quarter wavelength
(region of maximum intensity), the energy would range from zero to maxi-
mum. The effective wavelength X/N (where X is the wavelength of
incident light and n is the index of refraction, 1.35) is 7.8 microns.
Somewhat less than a quarter wavelength (less than 1.9 microns) would be
the maximum thickness of the layer. In addition, the focused laser
energy would form a high temperature plasma which would tend to obliterate
the layer structure.

A third possible cause is the high thermal conductivity of gold in
conjunction with the high reflectivity of gold at 10.6 microns. This
is judged to be the most likely cause, since the layer (thickness greater
than X/4) is easily removed by the laser if it is slightly separated
from the gold surface.

EFFECT OF EXPOSURE TIME AND POWER. Table IV summarizes the data ob-
tained with the dual-drive fixture. For comparison, control values
determined concurrently are also presented and sample averages are pre-
sented as a percentage of the control average for each parameter combina-
tion.

The power of the beam was varied from 7 to 10 watts, corresponding to
energy densities of the order of 30-40 kw/cm2. Exposure times were set
at 6, 15, and 20 sec. In all cases, the rate of rotation was 34 rpm.

The results do not show any great change in bond strength with time.
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TABLE IV.--Data obtained with dual-drive fixture.

Watts
Exposure

Time, Sec

Controls Samples % Samples

N g a N R a Controls

7.0-7.3 6 5 134.0 6.5 4 22.5 5.0 16.8

15 5 139.0 7.4 4 0 0 0

20 5 124.0 4.2 5 4 8.9 3.2

7.5-8.0 6 5 136.0 8.9 4 11.3 13.1 8.3

15 5 131.0 4.2 5 51.0 61.9 38.9

20 5 136.0 9.6 5 21.0 21.9 15.4

8.3-9.3 6 5 120.0 27.2 5 102.0 24.1 85.0

15 5 128.0 26.6 5 81.0 34.9 63.4

20 5 131.0 8.2 5 82.0 68.7 62.7

9.0-10.0 6 5 135.0 9.4 4 133.7 13.8 99.0

15 5 134.0 10.8 5 93.0 34.6 69.4

20 5,135.0 10.0 6 121.7 23.8 90.2

Bond Strength in Grams

All at 34 rpm

N = Number of Samples

X = Average

a = Standard Deviation

This finding may be due to poor control of the laser output. However,

as the power increases, the average bond strengths also increase, un
til

the range of 9.0 to 10.0 watts gives averages as high as 99.0% of the

controls. The same data are presented in Table V with the exposure times

averaged out. The average bond strength increases rapidly with increased

power until the average of 15 samples is 115.3 grams with laser powe
r at

9.0 to 10.0 watts.

TABLE V.--Data of Table IV with averaged 
exposure times.

Watts a

7.0-7.3 13 8.5 11.4

7.5-8.0 14 28.9 40.9

8.3-9.3 15 88.3 44.3

9.0-10.0 15 115.3 29.6

Bond Strength in Grams

N = Numbers of Samples

X = Average

a = Standard Deviation

EFFECT OF TIME AND TEMPERATURE ON CONDUCTOR. Samples of uninsulated

wire were exposed to approximately 1000°C for 1, 2, 3, and 4 
sec. Bond

strengths were then obtained on the exposed wire segments. 
The results

(Fig. 14) show that exposure to high temperature can cause a 
decrease

in bond strength.
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SUMMARY AND CONCLUSIONS

We have demonstrated feasibility for laser stripping of Teflon-
insulated small-diameter wires. A comparatively low power range (30-40
kw/cm

2
) was investigated at 6, 10 and 20 sec. By averaging the results

over this time span, 15 samples gave an average of 115.3 grams at 9.0
to 10.0 watts. Further, the results show an increase in bond strength

with increased power over the range explored.

The problems of handling the wire and of bringing the laser energy to

the insulation have been overcome. A suitable mechanical device has been

built. By using a graphite rod, the micro wire may be easily located in

the focal region.

IR studies show that the residue is probably unvolatilized Teflon.

The cause of this layer is probably protection by the thermal conductivity

of the metal. In spite of this residue problem, proper parameter selec-

tion gave samples with bond strengths of 99% of control values.
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ROCK BREAKAGE BY MEANS OF ELECTRON BEAM PIERCING

(LABORATORY TESTS)

B. W. SCHUMACHER and C. R. TAYLOR

Westinghouse Research Laboratories, Pittsburgh, Pa.

A stationary electron beam of 9 kW will pierce any rock, forming a

narrow melt-cavity 2 to 4 in. deep. Most of the beam energy is deposited

at the bottom of this cavity and leads to a te
mperature distribution with

steep gradients. Consequently high thermal stresses develop which can

break the rock. Laboratory tests showed that the energy efficiency of

this mode of rock breakage is better than for con
ventional methods and

other novel methods of drilling or rock breaka
ge which have been inves-

tigated in recent years. So-called specific energy figures have been

obtained of 240 J/cm3 in diorite, 230 J/c
m3 in sandstone, and 112 J/cm3

in granite. Even limestone breaks with an energy expenditu
re of less

than 250 J/cm3. The energy transfer from the electron beam to the rock

is particularly efficient. The conversion efficiency from electrical

energy into electron beam energy is also bette
r than 90%. Therefore,

based on energy requirements, the process can be 
considered competitive

with any other rock breaking method.

INTRODUCTION

In a previous paperl we have shown how an electron beam can be used

to cut rocks by making what has been called a melt-cut. Because of the

high power and power density available in the electron beam the rock

may be melted or even vaporized in a narrow channel less than 1/8 in.

wide at the top and less than 5/8 in. wide at a depth of 2 t
o 3 in. It

was discussed how by means of this slicing method prismatic s
ections

can be cut from a solid rock face. It was also shown that thermal stress

cracking may occur in some rocks producing breaka
ge far beyond the region

of the actual melt-cut. But this breaking action was not further dis-

cussed or analyzed.

Here we want to report on some new experi
ments where we have inves-

tigated the thermal cracking of the rock. The electron beam used was

stationary or traveling across the rock face
 at slow speeds. In the

stationary mode the electron beam drills 
or pierces a cavity into the

rock until a certain equilibrium depth is reached. During this piercing

process, as well as after the cavity has fully
 formed, nearly all the

input power is deposited at the bottom or the lower quarter of the

cavity heating a thin layer of the rock very quickly to the melting

point. The temperature gradients which are produced in the adjacent

rock are very steep because of the high power and power density. They

lead to thermal-stress cracking of the rock regardless of whether 
or not

the rock is of the "spalling" type. With this piercing mode of opera-

tion we get higher efficiencies for rock breakage than for inst
ance with

surface spalling. The latter can also be produced by an electron beam

provided its power density is reduced, or provided it is swept ov
er the

surface at a very high speed.2

For measuring the efficiency of any rock-breaking method a parameter
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has come into use which is called specific energy. It is defined5 as
the energy expended divided by the volume of debris produced. It has
been claimed that with this figure one may extrapolate from small-scale
tests to large-scale tests safely. Applying it to our recent experi-
ments we obtained figures for the efficiency of electron-beam rock break-
age which compare very favorably with the figures for older methods.

MAIN FEATURES OF THE ELECTRON BEAM

A beam of 150-keV electrons can be focused to an energy density of
106 W/cm2 and yet a narrow beam angle of a few degrees can be maintained
at this power density level. When this beam hits a target all substances
melt immediately and if there were no other impediments the melt front
in the beam spot could proceed with speeds of 3 m/sec or more. Usually
vaporization takes place as well, and the electron beam melts and
vaporizes a hole for itself, thereby piercing the target to a considerable
depth within a few seconds. It is essential that the melt front of the
target material is not propagated via heat conduction; the individual
electrons penetrate the surface of the solid or liquid target to some
depth, regardless of its heat conduction properties.

The vapor which forms will not unduly impede the electrons either.
In this selfgenerated hot-vapor channel, which represents a rarefied
gas atmosphere, the electrons can travel a considerable distance before
being scattered. Scattering of the electrons does, however, limit the
depths to which the electron beam can pierce a target. In the equilib-
rium stage a cavity is present which is somewhat wider at the bottom than
at the top as schematically shown in Fig. 1. It is typical for the
electron-beam process that most of the power input is dissipated at the
bottom of this cavity.3 It is also significant that practically all of
the power is transmitted to the rock because very little energy escapes
as kinetic energy of the vapor jet which blows from the top of the
cavity.4 We may assume the walls of the cavity to be at the melting
temperature of the rock T = TM . The cavity grows to a final size where
all the incoming power can just be dissipated by heat conduction through
the walls under the molten surface layer of the cavity. This final size
of the cavity is approached slowly; just before it is reached the power
input is so high, and the coupling of the power to the rock so good, that
very steep temperature gradients are produced around the bottom of the
cavity. In first approximation we may assume the temperature distribu-
tion to be nearly spherical. In the center, which lies about 3 in.
below the rock surface, it reaches the melting temperature TM . It ob-
viously induces high thermal stresses with a tendency to lift off the
sections of the rock surrounding the cavity. This has indeed been ob-
served. A more detailed analysis of the thermal stresses shall be given
elsewhere.

EXPERIMENTS

In Figs. 2 and 3 we show once more what happens if a 9-kW electron
beam travels across a rock surface at slow speed, namely 4 in./min. In
Fig. 2 a piece of volcanic lava was subjected to the electron beam. It
melted away rapidly and the liquid flowed out of the path of the electron
beam owing to the fact that the piece was relatively thin and a slot was
cut. Some, but not much, stress cracking can be seen. In Fig. 3 a piece
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1,11

-POWER INPUT
I 9kW BEAM

POWER
DISSIPATION
ZONE AND
MELTFRONT

FIG. 1.--Cavity drilled into a rock by a stationary electron beam, power

dissipation zone at the bottom of this cavity, and temperature distribu-

tion; schematic.

FIG. 2.--Melt-cut in a piece of volcanic lava: kleiL) rock piece unuer

the electron gun; (right) view of slot and melted material.
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of taconite (Reserve Mining Company, Minn.) and a piece of diorite (Cold

Springs Granite Company, Minn.) was placed under the electron beam. In

the taconite a melt-cut was produced and in addition considerable stress

cracks, as can be seen. In the diorite a melt-cut was produced going

to the same depths as in the taconite but no thermal stress cracks ap-

peared, the molten diorite, in this instance, stuck to the gun and was

pulled up while still red hot when the work-piece table with the rocks
was lowered. This produced the peculiar shape in the left picture of

Fig. 3.

In a subsequent test other specimens of the same types of rocks were

subjected to a stationary electron beam. Figure 4 shows the results ob-

tained on the diorite or charcoal granite. A 9-kW beam was going into

the center of the block with dimensions 4 X 4 X 4 in. and a weight of

6 lb 7 oz. It took 27.5 sec until breakage occurred as shown in the

upper photograph of Fig. 4. The moment of breakage is very distinct.

One can see light flashing through the cracks. To take the photograph

the block was very carefully lifted off the work-piece table, photographed

and then broken apart by a slight blow as shown in the lower photograph

of Fig. 4. There it can be seen that the electron beam cavity went about

3 in. deep into the rock. The cavity walls broke loose as a separate

section, the tube-like structure that can be seen in the middle of the

photograph.

It is, of course, hard to say how much longer it would have taken to

break a block of twice the volume shown here. Some tests are planned to

find out more about this dependence. Using just the present data we

see we have expended 250 kJ to produce 1040 cm3 of debris. This gives

a specific energy figure of 240 J/cm3.

The breakage of a block of taconite is shown in Fig. 5. The energy

expenditure was slightly less. Figure 6 shows the breakage of a block

of coarse-grained granite. It took the 9 kW beam 37 sec to achieve

breakage, with the volume of the block being 5 X 8 X 4-3/8 in. or 2850

cm3, a specific energy figure of 112 J/cm3 results.

A fine-grained granite from Vermont was subjected to the stationary

electron beam as well as to a beam traveling at 4 in./min. The breakage

which resulted is shown in Fig. 7. It took nearly equal times in both

modes of operation until breakage occurred. If we count half the volume

of the block as debris then a specific energy figure of 315 J/cm3 results.

A sandstone (of unknown origin) is shown in Fig. 8. It took 59 sec

until it broke apart under the 9-kW beam. If we consider the two parts

as the debris which was produced then we get a specific energy figure of

230 J/cm3. The block is 4-1/16 in. thick and the melt cavity produced

by the electron beam reaches right to the bottom. In this case the fused

material adhered to the wall of the cavity and split in half with the

block. Figure 9 shows a block of Sioux or Jasper quartzite (Jasper Stone

Company, Jasper, Minn.). When hit by the 9-kW beam it broke apart after

9 sec. If we count two-thirds of the volume of the block as debris,

then we get a specific energy figure of 244 J/cm3. In the lower photo-

graph of Fig. 9 one can see that the resolidified material, forming the

walls of the beam cavity, sticks together and breaks away as a tubular

piece, as we have observed in all the granites. Figure 9 shows very

well how narrow the beam input channel is at its upper end.

A piece of copper ore is shown in Fig. 10. It originated from the

dark gray massive zone of the White Pine Copper Company, Mich. The 9-kW

beam was run across the surface at a speed of 4 in./min resulting in a
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FIG. 4.--Piercing of a block of Granodiorite with stationary 9-kW electron
beam; time to breakage 27.5 sec. Top: block carefully taken from the
electron gun; bottom: broken by a slight blow.
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FIG. 5.--Reserve taconite, thermal-stress cracking produced by stationary

electron beam.

—Jog"
•

1°'ar

0aVo

FIG. 6.--Coarse grained granite broken by 9-kW, 150-kv electron beam in

37 seconds. Melt cavity is nearly 4 in. deep.
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FIG. 7.--Fine grained granite from Vermont. On the left breakage induced
by stationary 9-kW electron beam after 56 sec. On the right breakage
induced after 57 sec by 9-kW beam traveling at 4 IPM. The melt-cavity
broke away from the block as a separate tubular piece.
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FIG. 8.--Sandstone split by the thermal stresses induced by a 9-kW

electron beam after 59 sec. The melt cavity is 4 in. deep and has split

open with the breakage of the rock.
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FIG. 9.--Sioux or Jasper Quartzite split after 9 sec under a 9-kW, 150 kV
electron beam. The melt cavity, about 2 in. deep, broke away as a separate
unit, seen in the center of the lower photograph.
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FIG. 10.--Copper ore with 2-in.-deep melt cut and concurrently induced

extensive thermal-stress cracking. Beam: 9 kW, traveling at 4 IPM.
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melt-cut 2 in. deep, as is typical for this power and speed. The melt-
cut region can be clearly seen. While the block was traversing under
the beam it split several times along its natural laminations owing to
the thermal stresses. Many such breakage planes perpendicular to the
melt-cut can be seen in Fig. 10. Deriving a specific energy for this
kind of breakage was not attempted.

Of particular interest is the behavior of limestone when subjected
to the electron beam. Limestone cannot be pierced by a flame jet.5 As
noted earlier' limestone does not show extensive stress cracking in or
around a melt cut. But when pierced by a stationary beam it can neverthe-

less break into two parts. A block 3-3/8 in. thick, 5 in. wide, and
8 in. long was subjected to the electron beam of 9 kW. A hole was drilled
through the 3-3/8-in, thickness of the block in 58 sec. Towards one side
of the block a thin crack appeared across the full thickness. In another
block of different origin (the exact origin of none of the blocks was
known) in which a hole was drilled in 39 sec, a one-sided crack appeared.

The first block could be broken in two with little force. In each case
the hole had a diameter of 0.5 in. and nearly cylindrical walls over the
3-3/8-in. length. The second block broke into three pieces. Since it

appeared that the blocks would not break by themselves because the beam
went clean through, a third block was placed under the beam with the
8-in, length in the beam direction. When the 9-kW beam was fired into
the block it took 57 sec until the block split into two sections along
the full length, although the beam had only penetrated about 4 in. This
block is shown in Fig. 11.

An electron beam penetrates into a limestone block deeper than into
the other kinds of rocks probably because limestone does not melt but
disintegrates chemically into vapors and gases. This is noticeable by
an intense blowing action when the electron beam hits the limestone. The
vapor makes room for the electron-beam path much quicker than the molten
material would do. Hence the actual beam penetration is faster. In
passing it may be mentioned here that the electron beam decomposes rock
partly because of the heat it produces but also because of the radiation
degradation of the molecules bombarded by the electrons. With an elec-
tron beam we may generate gases, vapors, perhaps even oxygen and water
vapor, by decomposition of rocks. On earth it may not be of great
interest, but perhaps someday on the surface of the moon it may be of use.

To complete this report we show in Fig. 12 the photograph of a rock
surface, a coarse granite, being bombarded by the electron beam from a
greater distance. The beam has spread owing to scattering in the air,
but no noticeable loss of total beam power has occurred. Because of the
lower power density the surface of the rock only melts; a deep penetra-
tion cavity is no longer formed. The formation of the deep cavity is
essential for the breakage which we have seen in the other experiments,
but underneath the melted surface some superficial cracks were found.

DISCUSSION

Regardless of any considerations concerning the energy efficiency
electron-beam rock cutting has certain potential advantages simply from
a process point of view. The electron-beam equipment may be designed to
be relatively mobile and lightweight. Its interaction with the rock does
not produce any mechanical reaction forces, like kickback, on the gun.
Therefore, no heavy supports or braces are required to hold the equipment
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FIG. 11.--Limestone block pierced by a
9-kW electron beam in the direction of
the long axis to prevent burning through

without breaking; breakage occurred
after 57 sec.

FIG. 12.--Melting of the surface of
a granite at 5-in, stand-off dis-
tance from the electron gun. No
deep cavity is formed anymore and
little cracking or spalling occurs.

in place. The process uses electrical energy, which is easily brought
in; the conversion of electrical energy into electron-beam energy is very
efficient, better than 90%. Although not yet available, a gun could be
designed for field use permitting uninterrupted running times into the
hundreds of hours. It may seem a small disadvantage that the gun must
be maneuvered close to the rock surface, but so must a mechanical cutter.
The electron gun produces X rays against which the operator must be
shielded. This is no serious problem since a machine of this type has
to be operated under remote control in any case. Additional shielding
of the operator's booth will require about 1/4 in. of lead.

In addition to these process advantages the above experiments have
now shown that the electron-beam piercing method has also an advantage
in terms of energy efficiency. For comparison let us discuss some typical
figures for rock breakage by other methods.5 Crushing hard rock (compres-
sive strengths 1000 to 2000 kg/cm2 with a percussive drill (jack hammer)
requires specific energy of 260 J/cm3. For very hard rock (compressive
strengths greater than 2000 kg/cm2) the specific energy would be 390 J/cm3.
In the same hard rocks a rotary drill of the roller type would require
210 to 840 J/cm3 and a diamond drill would require 1120 to 4500 J/cm3.
Some specific energy figures for newer experimental drilling techniques
are as follows. Pellet drilling of pink quartzite requires 67,000 J/cm3
input energy. Figures for explosion drilling in limestone and limestone
with clay range from 160 J/cm3 to 685 J/cm3. Erosion drills using high-
pressure water jets have required 11 000 J/cm3 in sandstone to 56 000 in
granite. Ultrasonic drilling in quartz and Jasper requires 19 000 J/cm3.
For flame-jet piercing, which is the only new drilling method that has
found widespread applications during the last decades, the specific.
energy data range from 134 000 J/cm"/ for shale to 3300 J/cm3 for jasper.
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Here the coupling of the energy of the flame jet to the rock determines

the limits; it is thought that the jet drilling is only 15 to 50% energy

efficient. The energy not going into the rock heats the surrounding

gases or is carried away with the combustion products. A variation of

this method, the so-called forced flame drill, shows energy efficiencies

around 16 000 J/cm3 in iron quartzite. Limestone cannot be broken or

spalled by a flame jet. There are some experiments reported of heating

rock by electric currents, either dc or ac or high-frequency current.

Conditions must be very favorable to do this effectively. But then very

large blocks have been cracked with a specific energy of 10 J/cm
3 for

iron quartzite and between 100 and 1000 J/cm3 for copper ores and granite.

Compared with these electric-heating methods the electron-beam method

has the great advantage of good coupling of the energy into the rock

regardless of the properties (conduction, dielectric constant, etc.) of

the rock and may yet attain the same energy efficiency if beams of higher

total power are used. Crater formation in rocks by means of an electric

arc has also been tried. The surface spalling rates gave specific energy

figures between 5000 and 100 000 J/cm3. Again the energy transfer from

the electric arc to the rock poses an insurmountable limit.

Finally it should be mentioned that all of our present data are based

on experiments with the relatively small beam power of 9 kW. We can

expect the power efficiency of all the processes to increase with an in-

crease in beam power, because the heat losses owing to heat conduction,

etc., do not increase proportionally. With an increase in total beam

power the cavity drilled in the rock initially will go deeper; this will

lead to an increased breakage volume. A further increase in the depth
of the cavity can be achieved if the electron beam voltage is increased,

even at constant total power. Neither an increase in voltage nor in
beam current will pose serious technical problems. Extrapolating to
what we may reasonably expect at higher beam powers we may assume with

a 24-kW beam a block of 1 ft3 (28 320 cm3) can be cracked off a larger

block (or broken from a natural rock face with a 1-ft ledge) in 20 sec;

then the specific energy figure would amount to 17 J/cm3. This could

more than triple today's excavation rates in hard rock. We believe the

electron-beam method and machinery can readily be developed to the point

where it can successfully compete with conventional rock drilling methods

in many applications.
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PHENOMENA ASSOCIATED WITH ELECTRON-BEAM EVAPORATING

SHELDON S. WHITE

Texas Instruments, Inc., Attleboro, Mass.

During electron-beam (EB) evaporation of cop
per at high power levels,

the slope of the evaporation rate-power curves decrease.
 Therefore, the

percentage of the beam power which is used t
o evaporate the copper be-

comes less with increasing power. Measurements and calculations have

been made which show that the most likely caus
e of this phenomenon is

the existence of a space charge. This space charge would decrease beam

energy and would come from a low-energy so
urce, which is thought to be

thermionic emission from the melt.

The power density distribution on the su
rface of the melt was found

to be quite uniform. Therefore, each power level imposed by the beam

yields a particular current density and, h
ence, a specific amount of

thermionic emission and specific evaporati
on rate. By equating thermionic

emission with current loss from the filament
 (less overspray current)

divided by emitting area, a surface temperature 
for the melt may be cal-

culated. This temperature can be used with Langmuir's law to 
predict

evaporation rates which agree with measured rates, t
hereby proving that

Langmuir's law operates for at least single-element EB
 evaporation.

Thermocouple probes into the melt show that a sharp temper
ature drop

exists at the surface of the melt.

INTRODUCTION

The emission characteristics of various vapor source
s and film thick-

ness distribution have been analyzed from a theo
retical and practical

standpoint.
1
'
2 Vapor emission through apertures and "molecular beaming"

when the aperture is in the form of a tube
 has been the subject of stud-

ies by Clausing3 and Korsunsky and
 Vekshinsky.4 Experimental data on

profile families for linear and 
ring sources has been obtained by Bugenis

and Preuss5 using conventional eva
poration (non-EB) techniques. Behrndt6

has strived to obtain uniformly thic
k deposits using large-area sources

and two-source control.

The theory of evaporation of c
rystals has been treated by Knacke et

al.7 and by Hirth and Pound,8 followi
ng ideas developed by Gibbs,9

Kesse1,1° Stranski,11 and Burton
 et al.12

Using the kinetic theory of gase
s, Langmuir

13 devised the following

expression for the equilibrium vap
or pressure Pe in free evaporation:

P = (th/a ) (27RT/M) 
1/2

where M = rate of evaporation, g/cm
2
-sec

av = vaporization coefficient

gas constant

T = surface temperature of source

M = molecular weight of vaporizing species
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The vaporization coefficient is defined here as the ratio of the
observed rate of evaporation to the maximum possible rate of vaporiza-
tion at equilibrium vapor pressure.

The Langmuir equation implies that the rate of vaporization is the
equilibrium rate and that no condensation of the evaporant takes place
on the sample.

In view of nonequilibrium conditions which are encountered in practice
a modification of Langmuir's equation, known as the Hertz-Knudsen equa-
tion, is used:

V 
Q'
v 
(P
e 
- P) ralIkT)

1/2
J (2)

where Jv = the net vaporization flux in molecules per unit area per
second

P = actual vapor pressure
R = Boltzmann's constant

It has been shown12 that vaporization occurs by a stepwise process
that may be summarized as follows:

(1) movement of atoms from a kink position in a monatomic ledge
to a position on the ledge;

(2) dissociation of atoms from the ledge to adsorbed positions on
the surface;

(3) surface diffusion of the adatoms; and
(4) desorption to the vapor phase.

The final step, desorption, is rate controlling, so that the evapora-
tion rate (and hence av) is determined by the adatom concentration, which
is fixed by the ledge spacing on the surface.

Small ledge spacings which tend to give orv = 1 as a limit are
favored by the presence of surface imperfections, such as dislocations,
and by high index surface orientations. Large ledge spacings, which tend
to give ay = 1/3 as a limit, can occur only for perfect crystals with
low index orientations.

Frank14 and Cabrera and Vermilyeal5 have considered the influence of
adsorbed surface contaminants. They indicated that strongly bound con-
taminants retard step motion, with the result that av is lowered.

In agreement with theory, values of 1 have been obtained for
the evaporation of metallic polycrystals. Cases where ay was less
than unity are associated with surface contamination owing to poor vacuum
or preparation of specimen.

The above literature search turned up very little information on the
mechanisms and phenomena associated with evaporation in the electron
beam evaporation-condensation process. The main purpose of the research
described below was to gain a clearer understanding of the role and im-
portance of some of these mechanisms and phenomena.

EQUIPMENT AND TECHNIQUES

Two different EB evaporating chambers were used in this work. The
larger chamber (Fig. 1) consisted of a 5 ft diameter X 6 ft long vacuum
chamber, a 20-in, diffusion pump, and a mechanical pump. The pumping
time to 5 X 10-5 Torr was 30 min. The chamber had a Temescal gun (Fig. 2)
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orator.

gm-

FIG. 1.--Large laboratory EB evap-

orator.

,A0Mrjimmimi-

FIG. 2.--EB evaporating gun (75 kW).

FIG. 3.--Small laboratory EB evap- FIG. 4.--EB evaporating gun (10 kW)

mounted in the small laboratory EB

evaporator.
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and power supply capable of delivering 75 kW of power.

The second chamber (Fig. 3) was smaller, 36 in. in diameter and 26 in.

deep. It was evacuated by a 10-in, diffusion pump and a mechanical pump,

which allowed a pressure of 5 X 10
-5 Torr to be reached in 18 min. This

smaller chamber used another Temescal gun (Figs. 4 and 5) and a power

supply capable of delivering 10 kW of power.

Evaporation efficiency curves were obtained from both the smaller and

larger units. However, the larger size of the 75-kW gun crucible per-

mitted greater flexibility in positioning thermocouples in the melt,

whereas the smaller, 10-kW gun permitted more accurate heat and electrical

balances to be measured.

All experimental work was done using OFHC copper, with and without

an auxiliary wire feed system for 1/16-in.-diam. wire. Gun efficiency

was defined at a given power level as the ratio of actual evaporation

rate to theoretical evaporation rate, under the assumption that the en-

tire beam power was converted into evaporation energy.

EXPERIMENTAL PROCEDURE

A summary of gun efficiencies versus power is given in Figs. 6, 7, and

8. For the larger gun, a threshold value of 7.5-10 kW at 10 kv was ob-

served; a corresponding smaller value was required for the smaller gun.

This minimum power must be supplied to overcome heat losses to the cool-

ing water in order to melt the charge. The efficiency of operation was

increased to more than 50% by a change in the angle of the magnetic

poles. The 9.5-in, spacing in Fig. 6 corresponds to magnetic deflection

poles parallel to one another.

At high power levels, the slopes of the efficiency-power curves de-
crease, implying a decrease in the rate of increase of efficiency with

increasing power. Therefore, the rate of rise in percentage of the beam

which is used to evaporate the copper becomes less.

This result may be due to one or more of several causes: attenuation

of the beam by interaction with the evaporant, development of a space

charge above the crucible, increased overspray, or other loss of power

in the electron beam reaching the crucible. Overspraying increases very

little as power increases (see Before Evaporation, Table I). Also, sec-

ondary emission caused by high-energy electrons (above 4 kv) is thought

to be small, as secondary emission from copper decreases strongly above
1 kv,

Heat measurements were made on the gun cooling water. The flow rate

of the cooling water and the inlet and outlet water temperatures were
measured as a function of power. The heat transfer to the cooling water
can then be calculated as well as the heat which goes into evaporation,
into heating the wire feeder unit, and into radiation. Then, with the
amount of overspray and beam current measured by insulating the gun and

overspray area from the chamber, a heat balance may be made for the
crucible. At high power levels, the heat balance works well, accounting

for 98 per cent of the imposed power, implying no loss to attenuation of

the electron beam or increased overspray (Table II). (It should be noted

that the area of overspray can be readily detected by bleeding argon gas

into the chamber. The beam path becomes visible as the argon atoms pro-
duce a yellow green light when excited by the electrons.)

The effect of pressure was investigated to determine if the electron

density could depress evaporation. The pressure due to electron
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FIG. 5.--EB evaporating gun

(10 kW).
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bombardment can be calculated from the momentum loss suffered by the

electron beam as it impinges upon the surface:16

f
e 
= nmv

ee

where fe = electron pressure 
(newtons/m2)

= number of electrons striking the target per unit time

ve = velocity of electrons i
s the beam (m/sec)

meve momentum change of a single electron (assuming final

velocity to be zero)

m
e 
= electron mass (kg)

n = J/e = WE0 /e

J = current density (amp/m2)

e = electron charge (coul)

E0 = accelerating voltage

Ve = 12eE0/me

Therefore

f
e 
= /2eE

0
/m

e 
J

Force = fex 
area = ra

2
fe 

= /-2eE0 /me 10

where Ie 
= total current (amp).

The resulting electron pressures are given in Table III. The back

pressure of evaporating atoms can be calculated on the basis of conser-

vation of momentum,

f
a 
= mv
Oa

where mo = evaporation rate per unit area.

The atomic velocity is

v
a 
= j21{T/m

where K = Boltzmann's constant

m = atomic weight

Total force exerted by the evaporant back pressure is

F
a 
= m

l
v
a

where ml = total mass of material removed per unit time. Assume, con-

servatively, that ml is the measured evaporation rate at 10 kv, 20 kW,

ml = 46.3 g/min, T = 3150
o
F. Then
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F
a 
= 35.60 newtons

,
f
a 
= 1.125 X 10

4 
newtons/m

2

This is far in excess of the electron force. Therefore, it may be said
that impinging electrons cannot physically force evaporant back into the
crucible (even though similar calculations can show that the force of
electrons is greater than the surface tension of the melt). Thus, the
melt surface can be suppressed physically, but not its evaporation rate.

Nevertheless, interaction between the beam and the evaporant is seen
in the visible light emitted above the crucible. In the case of copper,
the color is that of a green gas.

Since beam pressure cannot decrease evaporation rate, the most likely

means of accounting for a decreasing slope in the efficiency-power curves

is by the existence of a space charge. This space charge would decrease

beam energy and would come from a low-energy source. This source is

thought to be thermionic emission by the hot copper melt.

If we assume that each power level imposed on the beam yields a par-

ticular current density and hence temperature distribution, then for this

given temperature distribution across the crucible, we have specific

thermionic emission and evaporation distributions (Fig. 9). We can only

measure with ease the gross amount of thermionic emission and evaporation

taking place over the entire molten area. If we assume that all thermionic

emission took place uniformly over the molten surface, we can find an
"average" surface temperature by this route. If we use this temperature
and Langmuir's law to predict total amount of evaporation and find agree-
ment between this calculated amount and the amount measured, a proof for
Langmuir evaporation mode under conditions of little or no surface tem-
perature distribution is obtained (Fig. 9).

The amount of thermionic emission may be determined by the following
expressions:

(I 
filament 

- I
overspray

) - I =
cruc. to ground 

AI - thermionic emission density
emitting area

Thermionic emission may be calculated from the following expression:

2
J =A1 T e

where J = current density

y = 8.62 X 10-5b0
Al = 100 for clean metallic surfaces

y = electronic work function (4.0 v for copper)

Therefore
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-b /T
J = 100 Te

where 130 = (4.0/8.62) X 10-5 = 4.64 X 104

or J = 100 T2e -4.64 X 104/T

From these expressions an average surface temperature may be calcu-
lated (Fig. 10), on the assumption that the emitting surface is 6 cm2
(as estimated by visual observation) in the 10-kW crucible.

The power levels chosen for evaporation rate-thermionic emission
interdependence on temperature are shown as circles in Fig. 11 on the
evaporation rate vs power curve obtained with the 10-kV gun. Table IV
shows the agreement between the evaporation rate calculated from the
resultant thermionic emission temperature and measured evaporation. The
agreement is well within the 10-percent error of the meters or the visual
estimation of emitting surface area.

All of the electrons are stopped within 0.001 in. from the surface of
the molten pool. Hence it may be expected that the surface temperature
of the metal is superheated. By insertion of shielded W-26% Re thermo-
couples from the bottom of the 75-kW gun crucible and adjustment of the
wire feeding rate so that the protection tube tip was barely washed by
the evaporating surface, the experimental temperature shown in Fig. 12
was determined as a function of temperature. The calculated surface
temperature (using the Langmuir expression) for the large gun system is
shown on the same plot, indicating that a temperature drop of approxi-
mately 200°F exists in the surface of the melt.

CONCLUSIONS

In conclusion, the following points may be made:

(1) Changes in evaporation efficiency with increasing power are
observed during electron beam evaporation.

(2) The physical pressure of electrons colliding with evaporant does
not account for the decrease in slope of the evaporation efficiency-
power curves at high power.

(3) Thermionic emission from the melt seems to account for the ob-
served evaporation efficiency.

(4) A proof is offered for Langmuir type of evaporation from the
melt.

(5) The surface temperature of the melt is as much as 200°F higher
than the bulk temperature of the melt.
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TABLE I.--Experimental results: Current distribution in EB evaporation.

Before Evaporation During Evaporation

Voltage

(kv)

Current

on fil.

Current

to ground

Current to

Overspray

Current

on fil.
Current
to ground

Current to

Overspray

5 0.21 0.18 0.02

6 0.19 0.17 0.02

7 0.11 0.10 0.01

8 0.08 0.07 0.01

5 0.32 0.30 0.02 0.34 0.30 0.04

6 0.28 0.25 0.04 0.28 0.25 0.03

7 0.24 0.20 0.03 0.24 0.20 0.04

8 0.20 0.18 0.03 0.22 0.18 0.04

5 0.44 0.42 0.48 0.32 0.05

6 0.43 0.27 0.05

7 0.40 0.26 0.05

5 0.57 0.33 0.08

6 0.56 0.52 0.03 0.54 0.33 0.10

7 0.52 0.46 0.04 0.49 0.34 0.09

TABLE II.--Summary of heat-balance calculations. (Heat values have been

converted to kilowatts to permit comparison with emitted filament power.)
Power Losses, KW

To cooling
Run

water

Heat Cu

feed wire
Evap Cu Overspray

Total

loss

Emit.fil

power

Loss
X100

Emit

1 0.56 0.1 0.66 0.90 73
2 0.60 0.1 0.70 0.95 74
3 0.94 0.11 0.53 0.15 1.73 2.58 65
4 1.42 0.20 0.98 0.15 2.75 3.42 80
5 2.84 0.24 1.14 0.20 4.42 4.50 98

TABLE III.--Electron pressures.

kW E
0 
(volt) I

0 
(amp) F

e
(newton) F

e
(newton/m2)

10 10 000 1 106 x 10-3 0.199

20 10 000 2 212 x 10-3 0.399

40 10 000 4 425 X 10-3 0.799

10 12 000 0.834 91 X 10-3 0.170

20 12 000 1.668 182 X 10-3 0.340

40 12 000 3.336 364 X 10-3 0.680

TABLE IV.--Comparison of measured and Langmuir predicted evaporation

rates from calculated average temperature given by thermionic emission

and open pool of one-half crucible, or 6.0 cm2 emitting area.

I Calc'd T°F Measured Langmuir pred.

Volt Amp kW through from evap.rate based on

crucible th.em. (g/min) cal'd T

5000 0.34

5000 0.48

5000 0.57

1.70 0 0 0 0

2.40 0.11 3070 8.60 8.28

2.85 0.16 3120 12.90 11.42
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ENERGY BROADENING IN ACCELERATED ELECTRON BEAMS BY

COULOMB INTERACTION

BODO ZIMMERMANN

Fried. Krupp GmbH Zentralinstitut fiir Forschung und Entwicklung,
Essen, Germany

The velocity distribution of thermionically emitted electrons depends
on temperature and quality of the emission surface. However, all ex-

periments that measure the distribution existing immediately at the

emission surface have this in common, that the energy spread ac of

the distribution is about equal to Boltzmann constant k times cathode

temperature T , that is, at T = 2300°K,

AEc kT 0.2 eV (1)

In the experiment sketched in Fig. 1, much greater energy widths have

been measured at high current densities.' Between cathode K and

anode A an electric field accelerates the emitted electrons, which

then drift up to the electrode Al in a field-free space before being

decelerated to the cathode potential of Kl . The energy spread AE I

at Kl exceeds the energy spread AEc at the cathode. For an accelera-

tion potential of (E) l keV and a current density of j 5 A/cm2,

AE I ;---,12.5 eV . Calculations have shown that the energy broadening in

such electron beams can be quantitatively explained by the Coulomb inter-

action between the electrons.
2 This was first proposed by Ulmer.3 In

this paper we give an outline of the theory and calculations and discuss

the results. Let us first restrict ourselves to the beam configuration

shown in Fig.1 and assume that the electrons are moving in a fictitious,

ideally reflecting tube, so that the current density remains constant

along the beam. This could be approximately realized by a magnetic

field.

In order to describe the process of energy broadening, we introduce two

magnitudes, the local energy width AE and the local internal energy u.

Consider a volume element in the beam. The longitudinal momentum com-

ponents p (these are the momentum components parallel to the beam axis)

of the electrons within the volume and the associated energies E = p2/2m

fluctuate about a mean value. We define

2 2
(6E) = ((E (E)) )

(Ap)
2 
= (03 (P

2
))

(2)

(3)

AE is a quantitative measure of the energy spread. The last equation

yields

u = (AP)
2
/2m = ((0 (P))

2
)/2m
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for the internal energy per electron, where AE and u are connected

by a simple but crucial relation:

(AE)
2 

4(E)u (5)

We can see this easily, if we restrict ourselves to two electrons only.

Energy and momentum difference are then related by

AE = (p)AP/m (6)

Squaring of (6) yields (5). It has important consequences, which can

also easily be derived from the example of two electrons.

If one accelerates two electrons in an electrostatic field, each elec-

tron gains the same energy, that is, AE remains constant. But the

momentum spread diminishes from Ap to Ap, in consequence of the quad-
ratic relation between energy and momentum, as shown in Fig. 2. Because

the internal energy of the two-electron system is proportional to the

square of the momentum difference, it also diminishes. The same con-

clusion can be drawn from (5): since AE remains constant during

acceleration, the internal energy u decreases with increasing mean

energy (E) . This means that in an electron beam with energy broadening

there occurs an increase of the longitudinal internal energy. But (5)
shows that even a small increase of u causes a considerable increase
of AE .

From (5),

(E)
d(AE) = 2 • du >> du (7)

for constant (E) (in our example du 5 meV).

This energy du is delivered--as calculations
2 have shown--by the

thermal energy contained in the transverse momentum components of the
electrons. The transverse internal energy, which we have not con-
sidered until now, is not affected by acceleration and is thus con-
siderably greater after acceleration than the longitudinal internal
energy. The exponential function describing the now beginning relaxa-
tion process can be replaced for short times t by its linear approxima-
tion. Thus we have for the internal energy in the moving system

U U • t/T (8)

[um = u(t = a) = kT/3]. This approximation is sufficient to describe

all hitherto existing experiments. Now we calculate the relaxation
time T . The energy transfer from the transverse into the longitudinal

degree of freedom occurs by encounters between individual electrons.
Let us designate the momentum transferred to an electron during the i-th
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encounter as api . Then the momentum spread after several encounters
is given by

(AP)
2 
E ((ap.)2) = E((6P.)

2
) n ((b.)

2
) (9)

In the simplified expressions on the right-hand side the mixed terms

(61:0'6P*)j are suppressed, because the opi have alternating signs and
are not correlated, n is the number of encounters an electron suffers
during the time t . From the scattering laws and a Coulomb interaction
with a cut off at the mean electron distance d , the momentum spread
has to be calculated by a tedious calculation. However, we can easily
estimate the result.

An electron is submitted to fluctuations of the space-charge field. The
correlation time Tk of the fluctuations is that time an electron needs
to fly through the mean distance. The amplitude of the fluctuations is
proportional to e2/d. Thus, denoting the thermal velocity of the elec-
trons by VT , we have

2 .c
 
2)e

v
T 

4
T = n = -t , 6p = c
k T

k 
Tk 

d
2

d VT
' 

((elpi)2) (

2 2 (10).

where (c
2
) is a number of magnitude 1. Substituting (10) in (9) we

have

(pp)
2 
= (c

2 
e
4
[t/v

T
d3]

From (8), the relaxation time T of the energy transfer is given by

T = [m
2
/3(c

2
)e
4
] • vT

3
d
3

(12)

It is seen that the relaxation time T is not identical with the cor-
relation time Tk. This difference had not been recognized in earlier
papers.3-5 Introducing current density j and beam length z by the

2relation t/d3 = (2rtm/3e) • (jz/(E)) and using mvT/2 = kT, we finally
have

U = u
0 
+ (11(c

2
)e
4
/3e)jz/(E)v

T

2 -1/2
(AE) = (AEo

)
2 
+ Cjz(kT)

(13)

(14)

where C = 4(c2)47773-7 . Exact calculations2 have shown that (c2) is
not a constant but a function depending to a small extent on the beam
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parameters:

(c2) = 0.42 ln(kTd/2.22e2)

C = 0.11 • ln[4 • 10
6
(kT)

3 
%REM]cm(ev)

5/2
/A

(15)

(16)

(In the last equation energies are in eV and current densities in

A/cm2). Equation (13) was first developed by Mott-Smith.6

Unfortunately, no systematic measurements on beams of constant current

density, which could be compared with (14), have been made so far. It

is not difficult in principle to take into account the spatial divergence

of an unfocused beam. After an effective length zeff the particle

density is so small that further encounters take place only rarely. This

length is determined by the divergence angle and, as shown by calcula-

tion,2 is approximately given by

z
eff 

= 0.132 R/KE/kT (17)

(2R = diameter of the beam at the anode). This model permits an under-

standing of the result of the exact calculations, which yield the energy

spread of a divergent beam at z > zeff as follows:

(AE) = (AEo 
+ C/j111--(1-7/kT

C/ = 0.0015[1n(3 • 107(kT)3 /(E)/J)]2 cm(ev)5/2/A

(18)

(19)

From (14) the energy broadening produced by a crossover of a focused

beam of monoenergetic electrons can also be estimated. If we denote the

crossover diameter by 2r0 and the beam semi-angle by a , z has to be

replaced by the effective beam length 2r0/a :

z 4 2r /a
0

(20)

Moreover, the transverse internal energy is no longer kT but (E)Q'

kT 4 (E) a2 (21)

Thus the energy broadening caused by a crossover is given by

2 2
(AE) = o 

+ Cjr
0 
A/7 a

2
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This estimate is confirmed by a calculation of LOffler,7 who obtains
as follows:

3 3
C
_Loffler = 

One
4 
j17-117/e)[3.69 + 2 ln(8irr p) + (1/4)1n

2 
(8rw p)] (23)

0 0

Relativistic beam energies require only a slight modification of (14)

in the logarithmic term of C. In (16) (E) has to be replaced by

(E)-0(E) + (E)/m0c2

where m
0 
c2 = 0.5 MeV is the rest energy of the electron.

Let us now compare theory with experiment.

(24)

Figure 3 shows the dependence of the energy spread of an unfocused beam

on the beam length. Only if z is small does the energy spread in-

crease with z . The z independence for the greater beam lengths is

experimentally verified.1 Figure 4 shows the dependence of the energy

spread of an unfocused beam on the current density j (at smallest beam
diameter). The full lines show the dependence as expected by theory.

The points are measured energy spreads. Because C is calculated ab-
solutely we have no free parameter at our disposal. The discrepancy
between theory and experiment is probably caused by a dependence of the
beam diameter on the current density (induced by the potential of the
control grid, which served to vary the beam current).

Figure 5 shows the dependence of the energy spread on the emitter radius.
Systematic experiments in this field have not been made up to now. The
experiments made to date seem to confirm this dependence.8

One remark should be added to the relaxation law (8). In Ref. 3, a
linearized relaxation law for AE instead of for u was proposed. The
more careful analysis has led, however, to (8). It follows from the
fact that the broadened velocity distribution is a convolution of the
initial distribution and a Boltzmann distribution. From this, the
broadened distributions themselves can be calculated.

Figure 6 shows the agreement between the calculated and measured in-
tegrated energy distributions. The analytically given distribution
makes it now possible to state the relation between the energy widths
AE1/2 and AE63% (which are normally taken from the measured distribu-
tions) and the energy spread AE . The relations are nonlinear and are
shown in Fig. 7 for the broadened normal energy distributions (K1/2

and K63%, respectively) and for the broadened total energy distributions
(B1/2 and B63%, respectively). Following Ref. 9 we have designated the
energy distributions dn/dE cc (14/t) • exp(- E/kT) as (unbroadened)
normal energy distribution; and dn i/dE cc fE • exp(- E/kT) as total
energy distribution, where dn is the number of electrons within the
energy interval from E to E + dE .
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PART V

LASER EXCITATION & INSTRUMENTATION; NEW MICROANALYTICAL TOOLS





CERAMIC PLASMA CONTAINER FOR ION LASERS

M. NASINI and G. REDAELLI

Technological Research Group, Physics Division, CISE, Milan

R. PRATESI

Istituto di Fisica Superiore dell'Universit, Florence

INTRODUCTION

The very high current densities needed for laser action in ionized

gases put a severe limitation to the type of materials which can be used

for the construction of the plasma containers. Material are needed with

high resistance to thermal shocks, discharge erosion, and decomposition.

Further, they should present large thermal dissipation and low gas evo-

lution and permeation at the operating temperatures. The lifetime of

the laser tube strongly depends on the value of these parameters.

Silica is highly resistant to thermal shocks, but has low thermal

conductivity and high gas clean-up rate and suffers decomposition owing

to collisions of ionized and neutral (metastable) atoms diffusing away

from the discharge. Recently, more or less sophisticated methods of

confining the discharge by the use of segmented metal or graphite struc-

tures have been used,1-3 but a gas-replenishing system has been necessary

to obtain useful lifetimes. Some ceramic materials satisfy most of the

above cited requirements. Beryllia is unique with a high thermal con-

ductivity and good thermal shock resistance. Sealed-off beryllia tubes

have been successfully tested for long-life operation without the need

Glass-ceramic seal4 and metal-ceramicof a gas replenishing system,4,5

seal5 (moly-manganese) have been employed for medium- and high-power

operation, respectively. On the other hand the toxicity of beryllia

and the difficulty of finding commercial tubes with high-vacuum tight-

ness properties may limit its utilization.

In this paper we present some preliminary results on a particularly

simple method for constructing laser tubes with operation characteristics

comparable to those obtained by Conder and Foster.5 A low-cost,

commercially available ceramic material (Sintox) has been employed and the

old, quite simple "soldered'seal" technique has been used for the metal-

ceramic seal.

CHOICE OF SINTOX

Among commercial ceramics Sintox
* 

presents very good mechanical prop-

erties, sufficiently high thermal conductivity (0.054 cal/cm sec °C),

extremely low gas permeation and gas evolution (impervious ceramics),

and relatively low coefficient of thermal expansion (6.5 l0-6/°C) in the

temperature range 20-600°C. Moreover its thermal shock resistance is

not too small (3.5 cal/sec dm) and it can be safely processed and

handled.

*Sintox, made by Smith Ltd, England, is the trade name of a ceramic with

large content of crystallized alumina embedded in a continuous glassy phase.
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TECHNIQUES FOR VACUUM JOINT AND DISCHARGE TUBE CONSTRUCTION

Standard technique for glass- or metal-ceramic sealing can be used
with Sintox. Glass-ceramic seal and soldered seal techniques have been
experimentally tested.

GLASS-CERAMIC SEAL. Discharge tubes (1.2 mm bore, 200 mm long ceramic
tube) with glass-Sintox seals have been constructed as reported previ-
ously6 and tested under standard conditions encountered in argon-ion
lasers. The upper limit to the current density supported by the dis-
charge tube was determined by the glass-ceramic seal and turned out to
be approximately 250 A/cm2. At higher current densities the ceramic-
glass seal was broken. Obviously, if the end bore of the ceramic tube
is conically shaped, the current density inside the capillary will be
significantly higher than the above value.

SOLDERED SEAL. As is known, ceramic insulators and feedthroughs
have been metallized by the thermal reduction of salt solutions of pre-
cious metals for many years. The thin, conductive coating thus obtained
can then be strengthened by electroplating and soldered connections may
be made directly to them. Vacuum-tight joints can be achieved in this
manner.7 This technique was successively overtaken by the well-known
moly-manganese process.8 It is opinion of the authors that with the
recently developed materials, soldered seals can with great advantage
substitute the moly-manganese technique in the construction of ceramic
plasma containers for ion-laser applications. The sealing process is
briefly reviewed below.

Both ends of the Sintox tube were externally metallized by thermal
reduction of a noble-metal solution to which a small amount of a glass
flux powder with the same expansion coefficient of the ceramics has been
added. When the mixture is heated, the glaze melts and wets the ceramic.
The precious metal then floats to the surface of the glass and forms a
continuous and, under particular conditions, very compact layer with
excellent adhesion. The bonding strength turns out to be9;10 higher
than 5000 lb/in.2 (about one-third that achievable with the moly-
manganese process.11) The coating is now strengthened by electroplating
with copper. Solderability is excellent Nv,.:th soft solders such as lead-
tin and gold-tin eutectic alloys (m.p. 185

; 

and 280°C, respectively).
Owing to the large differential expansion between the noble-metal coating
and the ceramic it is essential to keep the over-all thickness of the
coating less than 30 µ (thickness of the copper plating 10 µ). For
the same reason, good metal-ceramic seals can only be attained with suf-
ficiently thin metal parts.

Figure 1 shows a schematic drawing of the soldered ceramic-to-metal
seal. Two commercial feedthroughs for high-power vacuum tubes (FIVRE
3F 25 TA) have been used to connect the Sintox tube to the glass bulbs
supporting the electrodes. The OFHC copper pin was drilled and shaped
as shown in Fig. 1 to fulfill the requirement cited above and directly
soldered to the Sintox tube.

Figure 2 shows the complete discharge tube. An
the LaB6 cathode" has been used (emitting surface
perature 1500

o
C). A glass jacket placed coaxially

insures good cooling of the graded seals, soldered

improved version of
5 cm2, working tem-

to the discharge tube
seals, and ceramic

tube with a flow of recirculated de-ionized water. The tube was finally
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SINTOX TUBE

Oi= 1.2 mrn
oe. 4mm

METALLIZED

SURFACE

3 F 25 TA

OFHC
COPPER

KOVAR CORNING
7056

PYREX

Sn/Pb EUTECTIC

SOLDER

GRADED
SEAL

FIG. 1.--Schematic drawing of soldered metal-Sintox seal.

La 86 CATHODE

BY-PASS LKB

PIRANI GAUGE

FIG. 2.--Discharge tube. The discharge produces a red fluorescence in the
Sintox capillary, which appears bright.

evacuated and backed out at 150°C for several hours.
charges in pure argon the tube was filled with Ar at

and sealed off.

PERFORMANCE OF SINTOX DISCHARGE TUBE

After several dis-

about 0.8 Torr

The discharge tube has been tested for gas clean-up, mechanical and
thermal resistance, discharge erosion, and decomposition. The discharge
current was increased stepwise to 7.2 A (about 637 A/cm

2
). No gas

clean-up was observed after 100 hours, when the test was terminated. •
At 7.2 A, 108 W/cm was dissipated in the capillary, assuming R2/111 = 3.3
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(R2 denoting the outer radius and R1 the inner radius) the calculated
temperature gradient across the Sintox tube turns out to be much larger
than that for the beryllia tube of Ref. 5 with a lower value of the ratio
R2/111. In addition, the power dissipated per unit inner surface area of
the Sintox tube is about 1.4 times larger than the corresponding value
of Ref. 5. However, these more stressing operating conditions did not
negatively influence the behavior of the discharge tube. The tube was
successively dismounted and sectioned. No erosion nor appreciable de-
composition was observed.

Laser action has been observed in ionized argon with a laser tube

similar to that described above. Output powers consistent with those

predicted13 have been achieved without noticeable variations over many

hours of operation. To date, laser data are limited to low current den-

sities. Measurements are still in progress.

CONCLUSIONS AND ACKNOWLEDGMENTS

We have presented evidence that ceramic discharge tubes for ion laser
applications can be very easily realized employing a low-cost commercially
available ceramic (Sintox) and the soldered-seal technique. This ceramic
can be substituted for beryllia for sealed-off ion lasers with long life-
times and without gas-replenishing systems. The difficulty of finding
high-quality beryllia tubes and the ever-present hazard in processing
and handling them can be in this way overcome; the superior character-
istics of beryllia seem not to be determinant in this application in the
power range reached with ion lasers to date.

The authors are greatly indebted to A. Capelli for his skill in glass
blowing.

The present research, partially supported by the CNR, has been made
possible by the collaboration between the Technological Research Group
of CISE Laboratories in Milan and the Istituto di Fisica Superiore,
University of Florence. The authors are greatly indebted to Profs. F. T.
Arecchi, U. Facchini, and G. Toraldo di Francia for their interest.
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FOCUSING OF INTENSE LASER BEAMS

R. H. ROCHEROLLES

Laboratoire de Marcoussis de la C.G.E., Marcoussis, France

In many applications we need to concentrate the luminous energy coming

from the quasi-point source of a high-pressure arc, or coming from a

laser.

Classical methods lead to a conical surface of uniform densi
ty in the

vicinity of the focus. We describe here an optical technique giving a

uniform density of energy along a short part of the axis
 of the system,

the energy is concentrated into a cylinder about 1 mm 
long and 10 wave-

lengths in diameter.

We use only plane or spherical surfaces which we can make 
accurately

and cheaply, and the entire system is symmetrical. The limits of the

concentration zone are obtained by diaphragms, and we use the geometrical

aberrations of spherical surfaces.

It is well known that the field distribution for a fundamental mode of

a spherical Fabry-Perot cavity is gaussian.1 Consider the mirrors

limiting the optical cavity. C1 and C2 are their centers of curva-

ture, Bi and S2 are their apex on the axis (Fig. 1). The circles

having diameters CO' and C2S2 intersect in two points F and Ff

which are:

(1) The foci of oblate ellipsoids axisymmetrical about Oz and

tangent to the mirrors.

(2) The foci of hyperbolas which are the trajectories of the energy:

the light rays are orthogonal to the equiphase surfaces (Fig. 2).

This can be demonstrated (however not perfectly) im the followi
ng manner.

Starting from a spherical wavefront at the first step, and a
 gaussian

distribution of the intensity of the electric field, we comp
ute the re-

sulting field at any point. With some approximations, Pierce has cal-

culated the equipotential surfaces.2

Equiphase surfaces at a point M near the axis are thus well represented

by parts of spheres whose radius is equal to the diameter of the circle

passing through FFIM (Fig. 3).3 Confocal mirrors represent a case of

degeneracy: in this case F and F' are on the median plane.

We define the divergence of a laser beam as the angle y of the asymp-

tote of the hyperbola corresponding to the envelope of the beam (Fig. 4).

On the line FF1, we call wo the half-width of the beam at 1/e of the

maximum intensity of the electric field (1/e2 of maximum power).

The circle of radius wo contains 84% of total energy and is the mini-

mum spot size. We have the two relations:

Cp = wo/c
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We see that woy is constant (= X/r).

Going now to the description of our system, let us begin by examining a

classical focusing lens (Fig. 5). In order to have a small focusing

region, we employ large objective aperture of the order of F/1 . And

working with very high energy lasers, we know that a hole is necessary

in the center of the lenses to avoid multiple reflections and damage.

In that situation,

paraxial rays have

rays. Corrections

cylindrical volume

Our purpose has been to use directly the geometrical aberrations to con-

centrate the energy, rejecting the classical image of the source. There

is a system in which the axial rays are lost, the Cassegrain telescope

(Fig. 7). The central part of the beam is lost:

spherical aberration plays an important role, since

been suppressed and the image is formed with inclined

are important. The best one can do in that way is a

0.06 mm long and 0.03 mm in diameter, and often worse.

2 _ f = .1
F G

We now change the system, making it convergent, reducing the focal length

of the main mirror: F 4 F1 (Fig. 8). Let us call X the converging

distance and N the ratio N = X/F . The central part of the beam which

is lost is now

2,
(N - 1)G + 1

and the new focal length is

Fi =
N + 1

We compute the aberrations of this system (Fig. 9). In the following

example, we take:

the diameters are

G = 10

f = 24 mm

F = 240 mm

N =2

Fl= 160 mm

X = 480 mm

y = 16 mm

= 160 mm

V= 88 mm

the fraction of shadow is
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A

So we have:

FIG. 8

FIG. 9
external iliaphropm

FIG. 10

pa ra X 10
point -
of the source

h (mm) 1 2 3 4 5 6 7 8

h i (mm) 10.011 19.994

10 10' 2° 20'

L µ 52 201 523 891 1414 2040 2799 3430

29.991 39.989 49.972 59.948 69.916 79.862

3° 30'
40 

50' 6° 7
0
 10' 8° 30' 9° 40'
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where

h is the incidence height on the central mirror

h i is the incidence height on the main mirror

u l is the aperture angle of the emerging ray

L is the distance between the paraxial image and the

intersection of the ray with the axis.

We may now calculate the energy on the axis, which we call "sagittal

focusing line." The linear density is about

h
2 
- h

2

1 2
W = W

O 
Ll 

- 
L2

meaning that an annulus of radius Ah on the small mirror will illumi-

nate an annulus of height Ph' on the main mirror, which in turn will

send rays on AL on the axis.

Letting h vary from 1 to 8 mm, we find that between 3 and 7 mm the

density of energy is quite constant on the axis, on a length of 1.14 mm.

The diameter of the cylinder containing the energy is 10 X . The

"tangential conical focusing surface" is formed by the same rays, but the

energy density is low. The length and the position of the two focusing

regions are limited by two diaphragms, and the tangential surface ends

1 mm before the sagittal focusing line. The point image of the source

is suppressed by the internal diaphragm (Fig. 10). The choice of the

diameter of the two diaphragms allows one to modify the length and the

position of the bright line.

This system is seen to lose an important fraction of the energy at first

glance. But we may concentrate the beam exactly in the region we want
at a great distance of the optical parts, under the shape of a straight
element of limited length and with a uniform distribution of energy.
For this, we use only spherical surfaces centered on the axis. But the
situation is well adapted to powerful lasers. We know that problems of
pumping arise with large-diameter rods of neodynium glass. It is easily
seen that a tube of glass will deliver its laser energy exactly in the
useful region of that aberrant telescope.
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LASER REQUIREMENTS FOR MAGNETO-OPTICAL RECORDING

JOHN W. BECK

International Business Machines Corp. (Systems Development Division),

San Jose, Calif.

A key part of any magneto-optical recording system is the light source.

The optical properties of the laser makes it a preferred transducer.

However, system specifications coupled with limitations imposed by other

components require certain attributes and a level of performance of the

laser if the complete configuration is to prove practical. This paper

considers the effects of these constraints on such las
er properties as

beam configuration, power, wavelength, noise character
istics, efficiency,

and reliability. These considerations are illustrated by reporting the

latest measurements we have made using thin films o
f gadolinium iron

garnet Gd1G and an argon-ion laser.

INTRODUCTION

The availability of lasers with improved performance and reliab
ility12

has encouraged the consideration of magneto-optical recording as an

alternate approach to conventional magnetic recording for information

storage. The motivation is the promise of improved areal storage den-

sity, higher data rates, lower access times, and the elimination of

critical magnetic-head to storage-medium spacing.

A complete magneto-optical storage system requires a combination of

components whose characteristics are, for the most part, interdependently

constrained. A tabulation of the areas that must be addressed in order

to configure a magneto-optic memory is given in Fig. 1.

This paper considers the factors involved in selecting a suitab
le

light source, in terms of the functions that the laser mu
st perform as

a transducer, i.e., writing and reading. These are illustrated for the

specific case of an Ar-ion laser and thin films of gadoli
nium iron

garnet GdIG.

THERMOMAGNETIC WRITING

Each method used to write magneto-optically, i.e., Curie point,3

thermostrictive,4 temperature-sensitive coercive force,5 and compensa-

tion point,6 relies on the combination of a nonlocalized magnetic field

and the temperature rise caused by a focused beam to switch the direc-

tion of magnetization of a small film area. The write energy needed to

raise the temperature AT of a unit area of a film is given by CvtAT ,

where Cv is the specific heat and t is the film thickness. The

energy absorbed in a unit time is given by 10(1 - where 10 is

the nonreflected incident beam intensity and a is the absorption coef-

ficient of the material. The required write energy per unit area ap-

proaches the limit CAT/a' as at approaches zero, indicating the

desirability of high values of a . The absorption coefficient of

magneto-optical materials is wavelength dependent,7-9 but for some

materials the match to suitable laser lines is not optimum. For GdIG9
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at a wavelength X of 4880 A, a strong line of the Ar-ion laser,

a = 104/cm. At 4416 1, a strong line of the He-Cd laser,10 a = 3 X 104/cm.

The distribution of energy in the beam is an important factor in the

writing process. To obtain the smallest recorded spots, it follows that

the laser beam divergence and diameter should be as small as possible.

Since the diffraction-limited spot size will be proportional to wavelength

and since electro-optical materials used for deflectors and modulators

have optical phase retardations inversely proportional to wavelength,11

it is usually preferable to work with shorter wavelength lines if not

constrained by other material or systems considerations. To obtain the

minimum spot size on the storage material, it is also preferable to employ

the TEM00 transverse mode of gas lasers.12 To a good approximation the

focused spot of such a laser beam is Gaussian if spherical aberration

and aperturing effects are minimized.13

On very thin films and for a laser beam exposure time much shorter

than the thermal diffusion time, the temperature profile on the film

matches the intensity distribution of the beam. In addition, the tem-

perature profile of the spot appears to "collapse"; the heat dissipates

primarily into the supporting substrate. For a given magnetic bias

field, all thermomagnetic writing techniques have a threshold temperature

above which the material switches. It can be shown15 that the ratio of

beam energy over the threshold value gives a switched spot size which

can be expressed as xo = [in(mn)/2]1/2, where xo is normalized to the

1/62 beam radius. The symbol mn is proportional to the ratio of beam

energy to threshold energy. Figure 2 is a plot of this expression which

shows that operation well above threshold avoids spot size versus beam

power sensitivity effects

Furthermore, operation in excess of threshold tends to reduce de-
focusing effects, because the increase in beam width caused by defocusing

is offset by the decrease of beam intensity per unit area. The plots of

Fig. 3 give a simplified picture of this effect. For an optical system

with a numerical aperture of 0.1, the change in spot size resulting from

a lens to material distance change of 100 pm would be one part in two.
We have written dynamically9 on 1-µm films of GdIG at X = 4880 I

with energies of approximately 1.25 nJ/pm2. Inasmuch as this figure

includes the losses due to scanning and finite beam switching times, as

described elsewhere, -6 and represents an absorption of 50% of incident

energy and a temperature rise above ambient of 80°C at beam center, it

compares well with a previously estimated value17 of 0.8 nJ/pm
2. Mea-

sured values for a 1-pm-thick film normalized to 0.23 nJ/pm2 are shown

plotted in Fig. 2. To obtain high data rates, it is important to mini-
mize the required writing energy. The energy of 1.25 nJ/pm2 corresponds
to a beam-power requirement of 20 mW/MHz for a 5-pm diameter spot.

MAGNETO-OPTICAL READING

For materials such as thin stressed films of GdIG, where the mag-
netization is perpendicular to the film plane, two magneto-optical

effects can be used to sense the state of magnetization: (1) the Faraday

effect and (2) circular dichroism. As plots9 of these effects indicate,

both are strongly wavelength dependent. Of available lasers the Ar-ion

laser is reasonably useful for the Faraday effect with GdIG. The He-Cd

line at 4416 A is a good match to the circular dichroism spectrum of GdIG.
The minimum power level for reading is determined by signal-to-noise
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FIG. 1.--Magneto—optical check list.
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FIG. 2 . --Plot of xo versus mn for expression xo = (mn)] /2 , where

xo is equal to the written spot radius normalized to the 1/e2 beam radius.

Points represent values measured on 1-pm thick GdIG film crystallized

epitaxially on (111)-oriented yttrium aluminum garnet (YAG) substrate.

Film temperature 26°C above its compensation temperature of -1°C; magnetic

field bias 150 0e; 1/e2 beam diameter 4.75 pin; threshold writing energy

0.23 nJ/pm2.
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FIG. 3.--Plot of relative spot size x- /xum 04 as a function of beam

energy/threshold writing energy A, illustrated for the case of three

normal distribution plots of equal total energy. The case for the mul-

tiplier m = 4 corresponds to the best focused spot.
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FIG. 4.--Read signal from film of Fig. 2 as read by a pair of matched

photodiode detectors and a differential amplifier. Incident beam power

8 mW, 1/e2 beam diameter 6.1 pm, X = 4880 A, amplifier bandwidth = 12 MHz,

scanning velocity = 8.2 m/s, written track width 4 pm. Vertical scale

referred to equivalent amplifier input = 400 pV/div. Horizontal scale:

upper trace = 50 ps/div, lower trace = 5 ps/div.
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S/N considerations. Since the power S/N ratio18 for photodetection and

amplification is proportional to the optical power, the S/N ratio can be

improved by increasing the beam power. The upper limit to such a pro-

cedure is reached when the material is thermally demagnetized. With GdIG

samples, we have heated reversed spots 100°C above the compensation tem-

perature with no change in spot size.9

Noise terms from other sources such as the laser, unavoidable relative

motion of optical components in the beam path, scratches, material in-

clusions, irregular crystallite sizes, and film magnetic dispersion

generally have more significance than the Gaussian noise terms.19 For

example, the read waveform of Fig. 4 illustrates the case where the

predominant noise term is due to surface imperfections in the film. The

noise contributed by fluctuations inherent in the output of a gas laser20

can be reduced by the use of a differential reading technique.
21,22

However, when this technique is not practical, the allowable noise per-

centage modulation of the light output that falls in the passband of the

read amplification system must necessarily be small. For single-ended

readout near extinction using the Faraday effect with 1-µm-thick films

of GdIG at X = 4880 A., the change in light level, i.e., the effective

signal, is only 1 part in 104 of the incident transmitted light.9 For .

1-µm-thick GdIG films using the circular dichroism effect at X = 4416 IL,
the signal is 4 parts per 100. For the latter case, the modulation

effects would still have to be well under 1 part per 100.

SUMMARY

The primary factors of interest in a laser for use with a magneto-

optical memory are the wavelength (to match the film characteristics),

the power available (large for high data rates), the optical beam proper-

ties, and to a lesser degree the (lack of) intensity-modulation effects.

The efficiency of the laser is of consequence since for power require-

ments approaching 1 W, the primary power becomes inconveniently high for

units with efficiencies below about 1/2%.

It is obvious that for a successful configuration of large storage

capacity such operating features as stability of output, long life, short

warm-up times, ease of repair, and in general high reliability are essen-

tial.
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OBSERVATION OF ELECTRON DIFFRACTION PATTERN ON

NONLUMINESCENT TARGET CAUSED BY LASER INTERACTION
*

HELMUT SCHWARZ and HEINRICH HORA+

Rensselaer Polytechnic Institute (Hartford Gradua
te Center),

East Windsor Hill, Conn.

INTRODUCTION

Electron transmission diffraction patterns 
of thin monocrystal films

of SiO2 and A1203 were made visible on a nonluminescent screen.'

The films were optically transparent. 
An argon-ion laser of 10 W inter-

sected the electron beam of 50 keV en
ergy and a few microamperes of cur-

rent within the crystal film. The light beam was parallel, 10 to 100 pm

wide within the intersection region; it was 
polarized so that its elec-

tric field vector was perpendicular to the 
thin film and parallel to the

electron beam.

A satisfactory explanation for this "modul
ation of the electron wave"

cannot yet be offered. Two theories are briefly outlined:

One theory, based on quantum mechanics, is that t
he electrons after

leaving the laser beam remain in the quantum oscill
ation state they

picked up within the intersection region and then somehow 
transfer their

oscillation state by collective effects due to bremsstrahl p
rocesses

within the target material, and finally the target material 
emits light

of the frequency corresponding to the electron oscillation state.

A second theory2 is more classical: the electrons acquire in t
he ac

field of the optical frequency an ac acceleration superimposed on the

dc acceleration voltage of 50 kV, since the electrical vector of the

light is parallel to the electron beam.

Unfortunately not enough experimental data are available as yet to

test the theories proposed.

However, we shall only elaborate somewhat on the fi
rst theory, since

the second one would require higher fields and a wi
der interaction region

to guarantee enough voltage modulation of the ele
ctron acceleration

voltage.

EXPERIMENTAL SET-UP

The thin films of 5i02 and A1203 of approximately 1000 A thickness

were epitaxially vacuum-deposited. After floating them off their sub-

strate and supporting them with special grids cooled with liquid nitr
ogen,

we observed transmission electron diffraction patterns on a fluorescen
t

screen of zinc sulfide at a distance of 25 cm from the films. For this

purpose, usual electron optics were applied to obtain an electron 
beam

of 50 keV energy and a beam current of the order of 1 µA in a spo
t of a

few microns diameter. The electron beam was directed through such an

area of the thin film where the diffraction pattern on the s
creen

Sponsored in part by a "Research Support Award" of the Conne
cticut

Research Commission.

Also with Institut fiir Plasmaphysik, Max Planck Gesellschaft, Garch
ing,

Germany.
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indicated that the beam passed through a monocrystal structure (see

upper part of Fig. 1).

The film supporting grid was constructed in such a way that two
opposite edges were not obstructed by the grid wires, so that a laser

beam could pass through the film lengthwise and perpendicular to the

electron beam.

DIFFRACTION PATTERN AS LIGHT ON NONLUMINESCENT TARGET

After the fluorescent screen is replaced by a smooth flat sheet of

polycrystalline alumina, the diffraction pattern produced by the elec-

trons obviously becomes invisible. But if a parallel light beam of

10 to 100 p.m from an argon ion laser (X = 4880 1) of 10 W output is

directed symmetrically (Fig. 2) lengthwise through the solid optically

transparent film and perpendicular to the electron beam with the elec-

tric field vector of the light polarized parallel to the electron beam,

the diffraction pattern becomes visible again on the nonluminescent

target with the same spot positions as on the fluorescent screen. But

this time the spots emit light of the same wavelength as the blue argon

laser. However, no wavelength measurements were performed to prove

whether this statement is correct, but visual observation made the light

appear of the same frequency. The lower part of Fig. 1 shows the dif-

fraction pattern emitted as blue light from the nonluminescent alumina

target, whereas the upper part represents the usual picture from a

fluorescent zinc sulfide screen. The lower part of Fig. 1 was, of course

not directly photographed by placing a sensitive film at the target, but

rather a mirror with a hole for the passage of the electron beam was

placed at 45° between target and thin film, so that a picture could be
taken from the side through a glass window of the vacuum system.

EXPERIMENTAL PROOF THAT ELECTRONS TRANSFER LIGHT TO NONLUMINESCENT TARGET

The experiment shows that the electrons remain in the state of oscilla-

tion of light frequency w picked up from the photon-electron interaction

within the crystal. That the light spots on the nonluminescent alumina

target are really due to the arriving electrons is demonstrated by the

ability of a magnet of about 300 gauss to displace the spots or even

make them disappear. Care was, of course, taken that the photon-electron

interaction region was well shielded against this magnet.

TENTATIVE WAVE-MECHANICAL THEORY

WAVE EQUATION AND SOLUTION OF MODULATED ELECTRON. Free electrons are

very often describable by classical models even when the limits of quan-

tum theory (Heisenberg's Uncertainty principle) are far exceeded. In

particular, the oscillation of a free electron in an electromagnetic

wave field does fulfill a classical description which is usually used

without restrictions, for example in plasma physics. The experiments

reported in this paper show that a free electron passing through a light

wave may possess under quantum conditions a state of internal oscilla-

tion which cannot be described point-mechanically. Point-mechanically

one would expect that the electron would remain in such a state of oscil-

lation only as long as it stays within the light beam and would then

move unperturbed in a straight path in some direction determined by the
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FIG. 1.--Diffraction pattern of 50-keV electrons crossing a 1300-A-thick

Si02 crystal. Top: luminescent screen, bottom: nonluminescent alumina

when an argon laser beam passes the crystal perpendicularly to the elec-

tron beam.

ELECTRON BEAM
(CLASSICALLY)

a < I

ELECTRON BEAM
(QUANTUM MECHANICALLY)

a > I

LIGHT BEAM -CRYSTAL

Ax/Np a

FIG. 2.--Interaction of a light wave beam penetrating along a sheet •of

Si02 and crossed by an electron beam in a classical (a > 1) way; a is

defined by Eq. (2).
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phase and momentum vector at the point of exit (see left side of Fig. 2).

In an electromagnetic wave of maximum electric field strength E0 and

frequency w , a point-mechanical description of acceleration X ,
velocity k , and elongation x of an electron from a center at time t

is given by

E E
. e 0 e 0
x = - — cos wt ; x = - 1T1 sin cut (1)

m a.) 2
w

where e is the charge and m is the mass of the electron. This clas-

sical description should not hold if Ax = lxmax I = (e/m)E0/w2 and

'AP = linkmaxl = eED/w lead to Ax Ap < h . One can introduce a parameter

a into the Heisenberg relation as follows:

Px Ap = (2)

where a then serves as a criterion as to whether a classical descrip-

tion (a < 1) or a wave-mechanical model (a > 1) should be applied.

Using (1) and (2), we find:

a = 3.72 X 10
-31 

w
3
/E
2

0
(3)

For a classical description (a < 1) , E0 must be larger than 1.46

X 108V/cm for the frequency w of the blue argon laser line. However,

the classical description is also applicable for results observed at

much lower field strength as it is well known from the plasma physical

description of the inverse bremsstrahlung, from the observation of Thomson

scattering in plasmas,3 from propagation of waves,4 etc. One consequence

of a classical description is that the electron is driven by the electro-

magnetic field only as long as the field is acting. If an electron beam

(Fig. 2) crosses a light beam, the electron oscillates inside the beam

and gets a final velocity which generally leads to a change of its

original direction; however, no oscillation can occur after the electron

beam leaves the light beam.

Our experimental data yield for a a value much larger than 1

(a ''4 X 106) . Therefore, a wave-mechanical treatment seems in order.

The description of the electron state by a wave function starts from the

Hamiltonian Hint of the electron and uses an interaction operator5 simpli-

fied to only one frequency w of the light:

* 2 2
H
int 

= q q2w p = E cos wt (4)

where the factor determines the energy absorbed by the electron, and

EL is the interaction energy of electrons with light given by:
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2 -,
E = nh w /(wInl) (5)

Use was also made of the known interaction of light with a plasma6 by
introducing the plasma frequency Wp and the complex refractive index

as it is also analogously' applicable for 50-keV electrons in solids.
An approximate solution of the wave equation for the electrons as given
by

is then

! 72 'if

(2m
(_ A 

2m 
+ E

L 
cos2wt ) = ih

1 T = A exp li. 0
1

P - (c
e 
+ —
2L

)t
CL

4w
sin

2wt

(6)

(7)

showing a modulation of the electron wave at the frequency of the light.

The wave function (7) indicates with its factor

(exp
1 L

T1 4w )sin 2wt

a phase factor which is also modulated; but for interaction durations
t > (2w)-1 this can be neglected, which is the case in our experiments.
Though EL is smaller than eo by many orders of magnitude, the brems-
strahlung process of the electrons in the alumina somehow reproduces the

light frequency.

DAMPING TIME OF OSCILLATION STATE. The following simple calculation

shows that the damping of the oscillations picked up by the electrons is

sufficiently slow, so that the state of oscillation of the electrons at

the frequency of light is still of high enough energy to cause an emis-
sion of radiation at the target. The intensity of dipole radiation of
the electron after leaving the light beam is S = e4E02/(3c3m2) . The
time t* until the oscillation energy eo = e2E02/(mu.) of the electron
drops down to l/e is

. „
t
* 
= /S = 0 c

3 
m/ (ew)

2
0

(8)

We get for the argon laser radiation t* = 2.14 X 10-8 sec. The time of

flight for the electrons to travel the 25 cm from the material sheet to

the nonluminescent alumina target is 1.9 X 10-9 sec, which is an order

of magnitude shorter than t* .
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ESTIMATE OF INTENSITY OF LIGHT RADIATION CARRIED BY THE ELECTRONS

The oscillation picked up by the electrons acquires approximately the

same frequency w due to collective effects7 in the sheet, similar to

the Thomson scattering in a plasma.3 The number of photons transported

by the electrons can be calculated from (5), taking into account that a

few microamperes of electron current constitute a number of electrons

large enough to account for the visibility of the spots on the non-

luminescent screen. The observed light intensity from the alumina is in

rough agreement.

We should like to point out that the theory outlined here has not been

confirmed experimentally in all aspects, but that the effect has con-

sistently been observed. More experimental data are needed in order to

verify and refine the theory. Different materials should be used and

the geometrical and electrical data must be varied.

Preliminary experiments have shown already that slowing down the elec-

trons and increasing correspondingly their number resulted in a substan-

tial decrease of light intensity on the alumina target, whereas the light

from the fluorescent screen did not show much decrease in over-all

intensity.

It should be mentioned that in the theory of the diffraction of an

electron beam by a standing light wave (the Kapitza-Dirac effect9), a

point-mechanical approach was sufficient to describe the stimulated

Thomson scattering. A detailed interpretation of the measurementsl° ,11

was discussed, taking into account the quantum-mechanical properties of

the electrons.11
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FEEDBACK CONTROL OF HIGH INTENSITY TRIODE GUNS

Ern O FOti

Central Research Institute for Physics, Hungarian Academy

of Sciences, Budapest

Triode guns are generally used for low-power purposes, though their
optical properties allow them to be applied advantageously even in

electron beam (EB) machines of medium power, e.g., in EB welding

machines of 3-5 kW power like those developed in our laboratories for

the instruments industry,' where these guns have an extra advantage:

good controllability. To make proper use of this advantage of triode

guns needs a thorough study of their feedback control properties and

behavior as outlined below.

DEFINING CONTROL CRITERIA

An accuracy criterion involving not only process variables but also

material properties of the part to be welded is best defined by starting

from the heating effect of the beam scanning on the surface of a semi-

infinite solid at a constant velocity v along the x axis (Fig. 1).

Supposing that the impact surface of the beam constitutes a heat source

made up of point sources of strength

q = U
a
j (r)r dr de

having a gaussian distribution on account of the presumed gaussian
distribution of current density

j(r) = j
max 

exp[- (r/r
n
)
2
]

and from the well-known relation

T = e
-v/2a 

cp(§,y,z)

which is a solution of the differential equation describing conduction

of heat in the quasi-stationary state,2 where in this case

=
q 

xp[-(v/2cY) ( + 1 t 10cp(§, I,zi 2xrz e

the temperature generated by a point source in point P at a distance

R from the center of the spot is found by the function

U j (r) dr de
sT —  a 

2TrXu 
expE- (v/2a) (t + R)]
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where Ua is acceleration voltage, X the thermal conductivity and a

the thermal diffusivity of the material. Integrating over 0 5 r 5 rn

and 0 5 0 5 27-r , the temperature at point P

T =c

U • I
a b 

e
-(v/2a)R

provided that rn R , i.e., R u ,for all point sources and = 0

that is the point P is in the y ,z plane of the coordinate system

moving with the beam.

Any small change of the process variables Ua, It), and v cause a

large change of temperature

arr arr
=— Au + AI + — Avau

a 
a alb b

Computing the partial derivatives and introducing constants which ex-

press relative changes of the respective variables, we obtain

k =k +k + —
vR 

k
T U

a 
I
b 

2ot v

in the pessimistic case.

Since we are now interested in the control of the gun only (that is

why we have excluded rn from our computation) and the term expressing

the effect of velocity changes is small (generally of the order of 10-3),

the accuracy criterion may be defined by the requirement that the sum

of the relative changes of Ib and Ua , or for large signals the

relative change of beam power P , must not be greater than the relative

change of temperature allowed at a reasonable distance from the weld

seam.

As to the dynamic properties we might require that transient over-

shots do not exceed the steady-state accuracy limit.

MODEL OF THE CONTROLLED SYSTEM

When Ib and Ua are the controlled variables or we take beam

power as indirectly controlled variable, the controlled system should

contain the high-voltage rectifier, the power amplifier on the primary

side of the rectifier (which might be magnetic amplifiers, thyristor

power controllers, or any other suitable power elements), and the elec-

tron gun. Then the manipulated variables are the input of the primary

power element Ue (which is generally a voltage) and the Wehnelt

voltage Uw .

In operating an EB machine with a triode gun, usually the accelera-

tion voltage is constantly switched on and the beam current (frequently

pulsed) is generated by a signal that controls Uw , so that this part

of the system must be of a follower type and the whole system may be

represented by the block diagram shown in Fig. 2 (a two-variable
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canonical representation).

The static characteristics describing the dependence of the controlled
variables on each of the manipulated variables while the other is con-
stant are almost linear or can be piecewise linearized as shown by the
typical characteristics given in Figs. 3 and 4.

A series of measurements carried out on several machines prove that
the dynamic properties of the controlled system are rather uniform. The

transfer functions were determined from measured time responses. Yll

and Y12 might be regarded as critically damped second-order lag (at

any rate that should be the aim of proper high-voltage power-supply

design) and the transfer functions Y21 and Y22 in turn best approach

first-order lags. The time constants in these functions are generally

found to coincide within 10-15 per cent so for a general investigation

all time constants of the controlled system may be taken as equal, TS
and its dynamic properties may be described therefore by the transfer

matrix

=

CHOICE OF CONTROLLERS

A A
sll s12

2 2
(1 + sT

s
) (1 + sT

5
)

A
s21 

A
s22

1 + sT
s 

1 + sT
s

The R1 controller cannot be a simple proportional controller because

it would always give either a greater steady-state error or a greater

transient overshoot than the permissible static accuracy (about 3 per

cent as seen from Fig. 5) gotten from analog-computer simulation. Since

an integrating (lag) compensation results in a slower operation and the

high-voltage loop is the slower'of the two control circuits, R1 must

be a PID/proportional-integrating-differentiating = lag-lead) controller

with the transfer function

R
1 
(s) = A

R1

1 
sTD )

sT 1 + sT
ii 1

The beam-current control loop is much faster and R2 therefore may be

a proportional integrating (lag) controller, its transfer function being

R
2 
(s) = A

R2 
(1+  

1 

sT.

12)

whereas A has the character of an amplifier, that is
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FIG. 7.--Dependence of the settling

time of Ua on the integration time

constant Ti when R1 is a PI (lag)

controller.

1 -

-f

FIG. 9.--Effect of the compensating

amplifier A (Fig. 6.) as a function

of its gain.

FIG. 8.--Settling time and maximum

loop gain allowed for aperiodic set-

tling as a function of differentiating

time constant (T1 = 0.1T) when R1 is a

PID (lag-lead) controller, Ti = 1.5T5
NTr

scz'
-4

-2

•  112

Art

A
FIG. 10.--Properties of the time re- - 

;

sponse of Ib to a2 when the loop stands

along (subscript 1) and is intercon-

nected with the Ua control-loop (2).
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11C2

FIG. 11.--Properties of the indirectly controlled beam-power time response

as a function of loop gain Ki(Ua-loop) and K2(Ib-loop) when beam current

is switched on.

comnsa/ing
pulse Q.

FIG. 12.--An effective control system realized on basis of these studies.
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A (s)
1 

+A 

sT
2

With these controllers both loops are structurally stable though because

of the strong interaction the system may easily become unstable. For

the study of system behavior an analog program (Fig. 6) has been devel-

oped and investigated on a MEDA 80T analog computer.3 For the study of

small-signal behavior the multiplier may be replaced by an adder and

system compensation and the input amplifier representing A(s) left

out. (In the setting investigated Ts = 1 sec was adjusted.)

CONTROLLER PARAMETERS

The optimal time constants of the R1, PID controller had to be

determined experimentally since in case of a controlled plant having

the character of a critically damped second-order lag the usual tuning

rules such as those of Kessler or Ziegler and Nichols cannot be directly

applied especially when disturbance signals are applied--as in this case--
through a first-order lag having the same time constant. Since try runs
showed that an overshoot or oscillation in any of the control loops results
in barely controllable swings in the whole system, the fastest aperiodic
setting was regarded optimal. Results of these measurements are given
in Figs. 7 and 8.

The integration time constant Ti2 of the R2 controller may be
simply chosen equal to the system time constant (T12 = Ts).

SYSTEM BEHAVIOR

As seen from Fig. 8 the high-voltage control loop is rather slow and
settling time is 3-4 times as great as the system time constant. Though
there is a possibility to speed it up by applying a step signal on its
input simultaneously with the current command signal (Fig. 6a) and it is
really effective (Fig. 9) this solution is useless because any setting
of this coupling works in one working point only and makes the system

practically always instable.
Though interconnecting the two loops the Ib loop may be adjusted

faster (Fig. 10) the system as a whole gets much slower as clearly

demonstrated by the time response of the indirectly controlled beam
power (Fig. 11). Any speeding up of the system can be achieved by open-
loop compensation only, which consists in giving a step signal of short
duration preceding or simultaneous with the current command signal as
seen in Figs. 2 and 12, which gives the block scheme of a realized con-
trol system developed as a result of these studies.

That putting the controlled system time constants equal may be allowed
for system studies was proved by the fact that changing the individual
time constants of the controlled plant over 25 per cent gives a devia-
tion of the output smaller than 1 per cent in the optimal setting.
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INDUCED ELECTRON EMISSION SPECTROSCOPY

J. C. HELMER and N. H. WEICHERT

Varian Associates, Palo Alto, Calif.

INTRODUCTION

Perhaps the best orientation to photoelectron spectroscopy is the

first paragraph of "ESCA, Atomic Molecular and Solid State Structure

Studied by Means of Electron Spectroscopy," by K. Siegbahn et al.,

Uppsala, 1967:

"Most of the phenomena that are studied in a physics laboratory and

utilized in technology take place in the electronic structure of atoms,

molecules and solid material. Different kinds of spectroscopy have been

developed for investigating these structures, the most well known being

optical, infrared, Raman and ultraviolet spectroscopy, optical rotational

dispersion, X-ray emission and absorption spectroscopy, nuclear magnetic

resonance, nuclear quadrupole resonance, electron spin resonance,

MOssbauer spectroscopy, microwave spectroscopy and mass spectroscopy.

A recently developed high resolution spectroscopy named ESCA is based

on a magnetic or electric analysis at high resolution of the electrons

which are emitted from a substance on irradiation with X-rays. ESCA

reproduces directly the electronic level structure from the innermost

shells to the atomic surface. All elements from lithium to the heaviest

ones can be studied even if the element occurs together with several

other elements and represents only a small part of the chemical compound.

This spectroscopy is characterized by sharp electron lines and by a high

sensitivity. The precision has been brought to the limit set by the

inherent widths of the atomic levels themselves. Shifts of inner levels

due to chemical structure effects are characteristic features and ESCA

provides information on the chemical bonding in molecules."

In considering this field we found a new approach to the design of

photoelectron spectrometers which yields higher sensitivity, smaller

size, and reduced dependence on external environment. The resulting in-

strument is called the Induced Electron Emission (IEE) Spectrometer. In

the following paper we describe this instrument together with the con-

siderations which are important to its design.

HISTORY

In 1964, it was shown at Uppsala that X-ray photoelectron spectroscopy

is an important technique for chemical structure analysis.

The history of the field goes back to the time of Heinrich Hertz, who

in 1887 noticed that the maximum length of the spark of an induction coil

is increased by illuminating the gap with ultraviolet light. He had, in

fact, produced photoelectrons from the gap electrodes.

In 1905, Albert Einstein showed that the kinetic energy of the photo-

electrons is equal to the quantum energy of the radiation reduced by the

binding energy of the electrons in the solid. It was then recognized

that the absorption of X rays in materials is due to the photoelectric

effect, by means of which the atoms become ionized. By varying the X-ray

wavelength it is possible to investigate the onset of ionization of deep-

lying electron shells. This is called X-ray absorption-edge spectroscopy.
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In 1920, J. Bergengren discovered that the positions of X-ray absorption-
edges depend slightly on the types of bonding or valence states of the
atoms of the material. This effect was subsequently explained by L.
Pauling in 1929 as being due to the charges appearing on atoms from ionic
bonding. For example, in the salt NaCl the sodium atom has a positive
charge, whereas the chlorine atom has a negative charge. These charges
produce electric fields which modify the binding energies of the electrons.

It is clear that one can look either at the absorption of X rays in
the direction of the X-ray beam, or at photoelectrons ejected at right
angles to the X-ray beam. In the early days, however, electron spectro-

scopy was not capable of the same resolution as X-ray spectroscopy. In
recent years, the group at Uppsala has developed an electron spectrometer

whose resolution equals or exceeds that obtained in X-ray spectroscopy,

and this development has given rise to the work of which we now speak.
In fact, the analysis of photoelectron energies now enables us to measure
the binding energies of electrons with a precision that is much higher
than could ever have been achieved by the X-ray method. Fantastic resolu-
tion has been obtained by D. W. Turner in England, using an ultraviolet
light source, in measuring the binding energies of molecular orbital
electrons in gas phase molecules by means of photoelectron spectroscopy.
In some sense, we are now in communion with Heinrich Hertz.

IEE SPECTROMETER

Being electrostatic, the IEE Spectrometer is shielded by a double
layer of mu-metal so that it is not sensitive to the common laboratory
environment. The shield is about 1 ft in diameter and 4 ft high. The
IEE Spectrometer is operated by, and the data processed by a 620/i Com-
puter. The data and control system is shown in Fig. 1. The analyzer is
derived from the rotational-spherical condenser of Purcell. This figure
of rotation provides a very large solid angle of acceptance.

Figure 2 shows a schematic of the analyzer itself. Other features
which give rise to improved operation are:

(1) The employment of electron retardation between the sample and the

spectrometer.
(2) The use of annular slits giving rise to a high source area.
(3) The employment of focus electrodes to adjust the optical axis of

the system.
(4) The employment of a filter in front of the electron multiplier of

the system.
(5) The ability to vary the analyzer line width electronically from

1.0 to 0.2 eV by changing the energy at which the electrons are analyzed.
Normally the energy of analysis is held fixed while the spectrum is swept
by applying a voltage to the sample.

The sample is inserted through a vacuum lock and its temperature may
be varied by hot or cold gas flowing in the interior of the sample
holder. Most commonly, the sample is a solid thin film or a powder. A
cylindrical surface is especially convenient for mounting films and pow-
ders. However, flat samples can be used as well. Very often the com-
pound of interest is powdered and brushed on the surface of cellophane
tape wrapped around the sample holder with the sticky side outwards.

The sample sits in a chamber with thin aluminum walls. Soft X rays
from an aluminum X-ray tube pass through the walls and irradiate the
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sample. The X rays produce photoelectrons from the sample surface,
which pass through the entrance slits of the spectrometer. It is of no
consequence whether the sample is conducting or insulating, as there is
a natural process which stabilizes the surface potential of insulators.
High vacuum is provided by a special nonmagnetic titanium pump with a
speed of 400 1/sec, designed especially for the IEE Spectrometer.

APPLICATIONS

Applications for the IEE Spectrometer fall in both organic and

inorganic chemistry. The greatest area of application appears to be for
inorganic structural chemistry. The most important single application

is catalysis. The chemical states of supported metals such as copper

on alumina or nickel on silica gel have never before been understood or

measurable. IEE spectroscopy will provide scientists in the major chem-
ical and petroleum industries with the information they need. Another

branch of catalysis deals with the structure of metals in organic com-
pounds, otherwise known as organometallics. These are especially attrac-
tive for study by IEE. The structure of colloidal particles can be
easily studied by TEE but are too small for study by X-ray diffraction.
Recently we have been able to measure the chemical state of lead in air-
pollution samples and the surface composition of aluminum used in the
aircraft industry. Another important area relates to energy transfer in
the valence electron states of organic macromolecules. IEE is especially
well suited for the measurement of electron densities in the valence
states of large molecules and crystals.

THEORY OF ANALYSIS

Electrons can be energy-analyzed in electric and magnetic fields.
When sensitivity is marginal, the optimum design of the analyzer becomes
an important problem. At a given resolution, the current transmission
is limited by the allowed slit-width and second-order angular aberra-
tions. The effect of angular aberrations is most easily visualized for
the case of throwing a ball at a uniform initial velocity against a uni-
form gravitational field. The ball travels themaximum horizontal dis-
tance when it is launched at an angle of 45 . For greater or lesser
angles the ball falls short. If S is the distance thrown, and So is
the maximum distance, then we find that S - So = 250(0 - r/4)2. We say
that So is a first-order focal point with second-order aberrations
given by the above equation. This example illustrates a phenomenon of
great generality observed in the focusing of charged particles in dc
electric and magnetic fields.

The simplest analyzers employ uniform electric or magnetic fields
with straight slits forming the entrance and exit apertures. The cur-
rent transmission is limited by the allowed trajectory angles which are
constrained to prevent second order aberrations from degrading the reso-
lution of the analyzer. For visualization the beam envelope may be pro-
jected in the plane of and perpendicular to the slits, as shown in Fig. 3.
Second-order aberrations arise from angle a . Similar aberrations arise
from angle . These off-axis trajectories arise from the finite length
of the slit 1 and have a longer path in the field than trajectories which
are parallel to the beam axis. If R is the radius of curvature of the
central trajectory, we find that each aberration has a value
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6x = C(angle)2, where C is a number between 1 and 2.

A substantial advance in the state of the art occurred with the de-

sign of the Siegbahn "double-focusing" iron-free magnetic instrument.

This would better be called a point-focusing instrument, since in mass

spectroscopy the term "double-focusing" may be taken to have a different

meaning. The projected trajectories of this instrument are shown in

Fig. 4. The magnetic field form has a radial gradient whose value may

be adjusted so that second-order aberrations vanish in
 either angle a

or 0 (but not both angles simultaneously). Thus the total solid angle

of emission (at the same resolution) may be increased 
by an order of mag-

nitude and the current transmission goes up accordingly. Off-axis

trajectories are allowed by the finite slit length. These cross the

axis at an angle y and also give rise to second-order aberrations.

In addition to the magnetic instrument there exis
ts a hemispherical

electrostatic analyzer which operates in the same wa
y, as a point-focusing

device.

We thought that an approach to even greater trans
mission would be to

create a rotational generalization of the above designs, 
with longer ef-

fective slit length and larger solid angle. The rotational-spherical

electrostatic analyzer of Purcell has the desired symm
etry and is a point

focusing instrument. From an analytical standpoint, this analyzer has

the attractive property that trajectories within the defl
ector are ob-

tained from solutions of the equations for motion in a central 
inverse-

square-law field. Angular momentum is preserved about the center of

curvature of the electrodes forming the deflecting field. Therefore,

the electron orbits lie in planes which intersect the center of curvatu
re,

and these planes cut the spherical electrodes in great circle paths.

The spherical-rotational analyzer has previously been used with point

sources and point detectors. In this case, the resolution is determined

by the size of the entrance aperture which plays the same role as the

slit width in other analyzers. Owing to the small aperture area, the

transmission of this instrument does not represent a
n improvement in the

state of the art. The idea of rotational generalization lead us instead

to consider the use of annular slits. The diameter of the annulus then

produces aberrations in the same way as the sl
it length does in other

instruments.

We also observe that the spherical-rot
ational analyzer will not per-

mit any misalignment of the optical and mech
anical axes. Therefore, it

is necessary to provide some means of obtai
ning perfect registry of the

image of the annular entrance slit onto t
he annular exit slit. This is

provided by the addition of an electrostatic, octupole focus corrector,

which adjusts the position and shape of the final electron image.

The focusing properties of this analyzer were derived by Purcell.
 He

showed that a straight line connecting a source point with its co
rres-

ponding image point passes through the common center of curvature
 of the

two spherical electrodes (Fig. 5). We have chosen off-axis focal points

P,PI so that the line connecting these points crosses the axis 
and at an

angle (1, . If and the axial projections of P,P' are held constant

then the loci of all possible points P and P' form circles whose

centers lie on the axis. Thus the image of a circle in the source plane

is also a circle in the image plane. These two circles locate the en-

trance and exit slits of the spectrometer. Prior to formation of the

image, the trajectories cross over the axis in a manner analogous
 to

that found in light-optical systems.
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Our configuration is shown in Fig. 2. Electrons from an annular

filament strike the anode of an annular X-ray tube, creating aluminum

Ku fluorescence X radiation at a photon energy of 1486 eV. The X rays

irradiate a cylindrical sample surface, ejecting photoelectrons in all

directions. A fraction of them pass through the annular entrance slit

into the region of the spherical analyzer. The electron image of the

entrance slit is focused onto an annular exit slit, after which the elec-

tron cone is brought to focus on the aperture of an electron multiplier.

Typically, a positive voltage is applied to the sample so that the

initial photoelectrons are retarded to 100 eV upon passing through the

slit. The geometry of the retarding region does not appear to be crit-

ical as long as one insures that all electrons entering the analyzer

originate from a strongly irradiated portion of the sample surface. Then

the beam intensity will be governed by the brightness conservation law.

The spectrum is swept by sweeping the voltage applied to the sample.

This has the advantage that the analyzer voltages remain fixed and the

line-width contribution of the analyzer remains constant throughout the

spectrum. Also, one can reduce the analyzer line width contribution by

reducing the energy at which the electrons are analyzed. Nominally, we

analyze electrons at an energy of 100 eV. With a spectrometer designed

for 1-percent resolution we get a spectrometer contribution of 1 eV,

full width, half height. Under these conditions we obtain the spectrum

shown in Fig. 6 of the 4f gold doublet. Including the energy width of

the aluminum Ka radiation of about 0.9 eV, we obtain a spectrum line

width of 2 eV full width, half height, as would be expected. With a

power input of 400 W to the X-ray tube, we get an electron counting rate

of 9000 counts per second at the peak of the spectrum. This, we observe,

is about ten times higher than is normally reported in the ESCA litera-

ture, for the same resolution, from instruments of three times larger

radius. In addition, we have observed in general that the peak-to-

background ratio is comparable to that obtained on other instruments

and this is primarily a sample characteristic. Background is produced

by bremsstrahlung and by high-energy electrons scattered to lower ener-

gies prior to escape from the sample surface. Complete details on the

performance of this spectrometer will be published elsewhere.

As an example of work done with the IEE Spectrometer we show in

Fig. 7 the carbon spectra from three polyester plastic films, two of

which were surface treated with silicon compounds to reduce their per-

meability, and one of which was untreated. The untreated film exhibits

two carbon peaks, the smaller of which represents the CO bonds, as

opposed to the CH bonds. In one case, our results suggest that silicon

treatment replaces CO bonds by SiO bonds, and an oxidized silicon peak

appears (Fig. 8) with a chemical shift of 3 eV corresponding to the

chemical formula SiO2 . In the other case, an intermediate oxidation

state of carbon appears on the surface.

It is with pleasure that we acknowledge the continued support and en-

couragement of Dr. W. A. Anderson and many other members of Varian Corp.
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ELECTRON IMPACT SPECTROSCOPY

J. AROL SIMPSON

National Bureau of Standards, Washington, D. C.

Recent developments in electron spectrometer design have made the

application of inelastic electron scattering measurements to gas analysis

competitive with other techniques. The energy distribution of electrons

of an initially monoenergetic electron beam after an encounter with a

gas target (the loss spectrum) contains the optical absorption spectrum

of the gas. The absorption data extend from the extreme vacuum ultra-

violet into the visible with an energy resolution comparable to a

1/2-meter optical grating spectrometer. Its response is linear with

concentration over a very wide range and contains between 103 and 104

resolution widths. This spectrum, by revealing the valence energy states

of the gas, is the most intrinsic possible "fingerprint" of the atom or

molecule. An instrument has been built to explore the potentialities of

this method. The instrument is described and its performance as a trace

analyzer for air pollution studies discussed.

INTRODUCTION

One of the ambitions of analysis is to distinguish between various

atoms and molecules by virtue of differences in some physical property.

The more fundamental or intrinsic this property the more unambiguous the

identification. For example, despite the extreme usefulness of the

various forms of chromatography, the differential solubility or adsorba-

bility on which they depend is a secondary property which may be shared

by any number of otherwise unrelated species. On the other hand, the

property of mass, which is used in mass spectrometry, is much more funda-

mental but is limited by the fact that masses differ by almost exact

integers and hence even the mass of such simple species as N2 and CO

differ by only some parts in ten thousand. Optical spectrometry uses

the most fundamental of all atomic properties, the number and spacing

of the energy levels of the atom or molecule. This spectral fingerprint

is unique, since it arises from the same physical property (the outer

electron configuration of the species) as do all other chemical and

physical properties.

For atomic species emission spectrometry is an extremely powerful

analytical tool. Unfortunately, the conditions necessary to excite an

emission spectrum are severe enough so that many molecules are disrupted

or only weakly excited.

However, the same information is obtainable from absorption spec-

trometry since for every emission feature arising from a transition from

the ground state there is at the same wavelength an absorption feature.

The problem which interferes with the full exploitation of this fact is

that to measure the absorption spectra one must have light of appropriate

wavelength to absorb. Unfortunately, the first few energy levels in

simple atoms or molecules lie in the ultraviolet, where the smooth con-

tinuum desired is not easily generated. This difficulty has been circum-

vented to some extent by the development of infrared spectrometry, where
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blackbody thermal sources are available. The penalty paid here is that

no longer can one measure the fundamental atomic levels but rather the

vibrational-rotational levels of the molecular ground state. These fre-

quencies are characteristic of particular chemical bonds, C-H, C=0, etc.,

and are very nearly the same for any molecule containing such a bond.

Hence at usual resolutions the "fingerprint" is not so distinctive and

interference is a serious problem.

For quantitative work all absorption techniques suffer from the fact

that absorption obeys Beer's law, i.e., is exponentially dependent on

absorbent concentration, only if the width of the absorbing state is

larger than the instrumental bandwidth.' For absorbing states much nar-

rower than the instrumental bandwidth, oscillator strength determinations

have been reported which are orders of magnitude too sma11.2 Further-

more, the amount of light absorbed by a contaminant at low concentration

is lost in the noise level of the light source.

Electron impact spectroscopy (EIS) is a method of obtaining optical

absorption data which avoids the difficulties of source availability, of

narrow lines, and of source noise.

THEORY

Electron impact spectrometry is based on the physical fact that if an

atom or molecule is bombarded by an electron whose energy is greater than

the energy gap between the ground state and the first excited state of

the target, an energy transfer may occur, in which case the target is

left in an excited state and the incident electron is deviated from its

course and suffers an energy loss precisely equal to the gap between
the ground state and the final excited state. If the electron energy
is above the ionization potential of the atom and the experiment is re-

peated a sufficient number of times, the initial monoenergetic beam of

electrons is transformed into a loss spectrum with a discrete energy loss

in the beam corresponding to every possible energy state in the atom.

This fact has been long known3 and interesting work in the far UV was

done by Whiddington and Priestly4 more than 30 years ago. Figure 1 shows

such a spectrum taken on a modern instrument for the very simple helium

atom. It is to be noted that unlike photon absorption this process is

essentially nonresonant. Any state whose energy is below that of the

incident energy can be excited, hence there is no need for a continuum

of electron energies. Moreover the apparent line width of a very narrow

line becomes the line width of the incident electron beam and the diffi-
culty of relative intensity determinations of narrow lines is eliminated.

It has been shown that if the energy of the electron is high enough
(about 20 times ionization energy is sufficient in practice) and if only
those electrons that have been deflected through a very small angle (in
practice5 less than 10) are used then the intensity of the loss peak for

a given state is directly related to the optical absorption of that

state.6

The use of electron spectrometry languished for a long time for lack

of sufficient resolution in electron monochromators and analyzers. With

the recent interest in oscillator strengths in the far UV and with

renewed interest in electron scattering, the technique has recently been

taken up by ourselves7 and others8 and a resolution of a few millivolts

at usable intensities has been obtained.9 Figure 2 shows the currently

available resolution as a function of wavelength as compared to an
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APPARATUS

At the 8th Symposium I described the over-all design of a modern

instrument. Since then Kuyatt10 has published the detail design con-

siderations of electron monochromators. The latest machine, developed

in the NBS Electron Physics Section with support from NASA Langley Re-

search Center, is shown removed from its vacuum housing in Fig. 3. This

machine is a direct descendant of the earlier model which has been op-

timized for gas analysis. The performance characteristics of the instru-

ments are compared in Table I. Along with these improvements in.per-

formance it was possible to reduce the size of the instrument so that

its projected area is only 2.5 X 5.5 in. and hence fits easily into a

6-in.-dia. housing. The small size resulted in the unexpected benefit

that it can be enclosed within an "inside the vacuum" magnetic shield

and the bulky Helmholtz coils can be eliminated.

RESULTS

Because of its interest in air-pollution studies and because of the

difficulties it presents to the competing method of mass spectrometry

the system chosen for the demonstration of the capabilities of EIS was

carbon monoxide in air. Figure 4 summarizes the situation. Both CO

and air have complex spectra extending over many volts of energy loss.

In the air spectrum the strongest loss peaks of 02, N2, Ar , and He
could be identified by inspection. For the sample flow rates used the

two noble gases are detectable in amounts of about 0.2 nanograms and 0.2

picograms, respectively. In the region just above 11 eV, CO has two

peaks, corresponding to the C1E+ and ElE+ absorptions. These peaks

are separated by about 60 milli-electron volts from a broad band believed

to be an 02 state. The center of Fig. 4 shows the CO peak appearing

on the shoulder of this band. At a dilution of 250 ppm the CO peak is

still well resolved.

Until very recently electron impact spectrometry has been the province

of physicists interested in details of atomic structure and its applica-

tion to chemical analysis was completely overlooked. Nonetheless the

instrumentation has been developed to a high degree of performance and

reliability and the real advantage of the method for chemical analysis

can be exploited.

DISCUSSION

Electron impact spectrometry is best compared with mass spectrometry,
which uses instrumentation of comparable complexity and of superficial

resemblance, and to absorption spectrometry, which depends on the same

atomic or molecular properties.
Compared to mass spectrometry EIS has the following advantages.

(1) Each species has a complex EIS spectrum of many lines or bands

which extend over several hundred or thousand data points. These com-

plex spectra are to be compared to the single mass peak of an ion species

or the dozen or so peaks of a fragmented complex ion in mass spectrometry.
The additional data points obtained with EIS greatly reduce the problems
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FIG. 3.--The electron impact spectrometer shown outside its evacuated

housing. The electron beam is initiated at bottom right and •traverses

through the 1800 turn of the electrostatic deflector (above). The beam

then collides with the target gas (center) and electrons scattered in the

forward direction then pass through another identical 180
0 deflector

(bottom) to the multiplier (top left).

TABLE I

Parameter
Model B Model AN

(measured) (predicted)

Resolution AE (ev)

Scattering energy E0 (eV)

Scattering chamber current 10 (A)

Relative Born cross section at E0

Percent Born cross section accepted

Response at equal path length X(times) density

Path length X(times) density (1% of optimum)

Detector limit (S/N =1, integration

time = 1 sec) (A)

Relative sensitivity 1 9200 

*Note that increased resolution of Model AN is responsible for decreased

scattering chamber current. Some of this loss in sensitivity will be.re-

claimed in increased peak height for states whose natural width is less

than the resolution.
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of interference that arise in mixtures, since all data points may be

compared with standard spectra.
(2) Mass spectra analysis depends on both the parent species and its

ion being at least metastable or identifiable by means of its fragmenta-

tion pattern. EIS depends only on the parent being stable, and no recon-

struction from fragments is necessary. Also, in the case of fragile

species, the fact that the hot filament present in both methods is

physically well separated from the sample gas eliminates problems of

thermal dissociation.

(3) The physical size of the EIS apparatus does not increase in pro-

portion to the molecular weight of the sample. The apparatus is electro-

static and all dc powered, it is essentially lighter in weight than a

magnetic mass spectrometer, and the electrical circuity is simpler than

that of rf-type mass spectrometers.

One apparent disadvantage of EIS is that a priori the spectrum of a

substance is not known, whereas its atomic mass is; hence standard

spectra of all species of interest must be developed. In the case of

complex molecules, which usually fragment in a mass spectrometer, this

disadvantage is more apparent than real since the fragmentation pattern

is also unknown and fragmentation patterns must be measured for all

species of interest. Because electron impact spectra are simply related

to optical absorption spectra one can draw on the catalog of these spec-

tra where they are known.

EIS shares the common disadvantage with the mass spectrometer that
the sample must be a gas or a substance with a detectable vapor pressure
at a temperature below 400°C and stable enough to be passed through a
tube. The well known difficulties of reducing the sample pressure to
1 torr or below without changing its composition by selective absorption
on the inlet walls or by mass separation during flow must also be con-
tended with in quantitative work.

Compared to optical absorption spectroscopy, EIS has the following

advantages.

(1) The equivalent wavelength range of EIS is very much larger than

any optical instrument of comparable size; it can extend from the visible

to the soft X-ray region in a single scan. Since the scan is achieved

by electrical means there is no fundamental limit to scan speed and time-
resolved analysis is limited only by the speed of response of the de-
tector. Most identification work will be done at energy losses corres-
ponding to the UV region beyond the quartz limit. This is the region
where the transitions from the first few excited states to the ground
state lie. These "resonance lines" are the strongest lines in any
spectrum and the easiest to recognize.

(2) For quantitative work the response of EIS as a function of con-
centration is easier to interpret than that of optical absorption. In
the latter technique the response to a narrow line is linear at extremely
low pressures, becomes exponential at slightly higher pressures, and then

goes over to approximately a square-root dependence on pressure. The
transition regions depend on the natural line width relative to instru-
ment resolution and hence occur at different partial pressures for each
constituent. For narrow lines, measurement of the relative intensity
relations in a single substance can be an extremely difficult experi-
mental problem.
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FIG. 4.--A three-part graph demonstrates the sensitivity of the electron-

impact spectrometer to carbon monoxide. The upper portion (white dashed

curve) provides the full spectrum of breathing air including all of the

air's most prominent constituents--oxygen (02), nitrogen (N2), and argon

(Ar). The lower graph shows the full carbon monoxide spectrum with the

main peak shadowed. The central graph (within the circle) shows an expan-

sion of the spectrum of air as given by the electron impact spectrometer

for two conditions: (1) with no carbon monoxide present (dashed curve),

and (2) with 250 parts per million of carbon monoxide present (solid curve).

Note that in the solid curve there is a definite peak at the same location

as the main peak of CO. 351



In EIS the response R is given by

-a _P
T T

R = ke P as s

where k is an instrumental constant, the subscript T refers to total
scattering cross section and pressure, and the subscript s refers to
the individual species. Hence as long as the species of interest is a
minor constituent the response is linear with partial pressure and is
independent of natural line width. If one wishes to analyze for major
constituents the pressure can be lowered to minimize the effect of the
exponential absorption term. Moreover, the fact that the EIS response
is a signal on a zero background, instead of a decrease in a large back-
ground, is favorable with respect to signal to noise and places less
stringent requirements on system stability.
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ELECTRON AND ION MICROPROBE ANALYSIS

KURT F. J. HEINRICH

National Bureau of Standards, Washington, D. C.

This review covers the principles and development of electron probe
microanalysis, with particular emphasis on recent developments. The
double function of the instrument as a spectrograph and as a microscope
is considered. The salient characteristics of the ion beam microprobe
are also indicated.

INTRODUCTION

The demand for characterization of increasingly complex and sophis-
ticated materials used in science and technology has prompted an untiring
search for new analytical tools. The rapid progress in electronics,

nucleonics, electron optics, and in the construction of particle and

photon detectors has made possible the development of a broad range of

physicochemical and spectroscopical techniques. Electron probe micro-

analysis (EPM) has been one of the most successful.'

The essence of EPM is the interpretation of the X-ray line spectrum

emitted by a microscopic volume of a specimen bombarded by a focused

electron beam. The excited mass of the specimen is typically 10-11 g.

All elements except hydrogen and helium emit bands or lines of wavelengths--
or photon energies--which are characteristic of the emitting element.
The intensity of emission of these lines permits, with appropriate correc-
tion procedures, the determination of the mass fraction of the respective
element in the specimen. We have thus the foundations for an almost com-
plete qualitative and quantitative elemental analysis. However, it is

difficult to detect or determine trace concentrations, therefore, EPM

is a microanalytical but not typically a trace-analysis method.

Most materials survive the impact of the electron beam without ob-

servable alterations. The method can thus be considered essentially

nondestructive and repeated measurements at the same site are possible.
The most significant advantage is that a small portion at the surface of
the specimen can be analyzed without physical separation from the sur-

roundings, thus obviating the tedious mechanical extraction methods that

must precede microanalysis by chemical techniques.

Although EPM is particularly well suited to the investigation of alloys,
it can be applied to a very wide range of solid materials including min-

erals, ceramics and semiconductors, atmospheric dust, and biological speci-

mens. Consequently, the technique has been applied in many areas of
science and technology. It will, for example, play a prominent role in the

characterization of lunar specimens.

Since the electrons penetrating the specimen act to charge it nega-

tively, the specimen must conduct electricity. Nonconductors must be

covered with a thin conductive film (carbon or metal) to prevent charging

of the specimen. Such coatings also avoid excessive local heating of the
specimen under electron bombardment. The specimen must withstand the

vacuum necessary for the formation of the electron beam and for the trans-

mission of soft X rays. Organic materials must thus be dehydrated, this
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unfortunately precludes the analysis of most biological tissue in vivo.

The positions and shapes of X-ray emission bands in the soft X-ray

region suffer slight changes as a function of the chemical state of the

emitting element. It is possible to observe such changes in the elec-

tron probe microanalyzer and thus to draw conclusions as to the chemical

state of such elements in the specimen.2 This interesting technique is

being investigated at present in several laboratories.

The scanning electron microscope antedates the electron probe micro-

analyzer by more than a decade. In the former instrument, beam currents

as low as 10-11-10-12 A produce useful images, and beams diameters of the

order of a few angstroms can be used. Hence the scanning electron micro-

scope approaches the transmission electron microscope in resolution but

has a much greater depth of focus.

Cosslett and Duncumb have shown that the technique of the scanning

electron microscope can be incorporated in the electron probe micro-

analyzer.3 The scanning electron probe4 can produce images of the speci-

men surface using either electron signals (backscattered electrons,

secondary electrons, or target current), or X-ray signals (Fig. 1).

Hence, both the topography (Fig. 2) and the distribution of elements on

the specimen surface can be observed and photographically documented.

The resulting interaction of microscopy and spectrography has been

extraordinarily useful in the inspection and characterization of the many

types of specimens. Besides, it has stimulated the investigation of

phenomena other than X-ray emission, which are useful in analysis, such

as cathodoluminescence in the visible and infrared range,5 the emission

of backscattered electrons, and the liberation of gases under the impact

of the electron beam.6 One may thus define EPM as the observation and

interpretation of all phenomena caused by the interaction of the electron

beam with the specimen, which contribute to the better knowledge of the

specimen.

PRESENT STATE OF QUANTITATIVE ELECTRON PROBE MICROANALYSIS

The foundation of the theory of quantitative EPM was laid by R.

Castaing, the inventor of the electron probe microanalyzer.
7 He proposed

to compare the X-ray intensities emitted by the specimen with those ob-

tained from standards of simple and well-known composition (typically,

pure elements). The theory of the corrective calculations has been

greatly advanced through the efforts of many investigators' and with the

aid of increasingly available computers. At present, the errors in the

determination of the composition of alloys are usually of the order of

2 percent (mass-fraction) or less.8 Some difficulties persist with

specimens which contain elements differing considerably in atomic number,

and particularly in the determination of elements of atomic number below

12

The analysis of geological materials •is usually performed by comparison

of the specimen with minerals of similar and well-known composition. Ef-

forts are currently under way to study the analysis of such specimens in

a more systematic way, so that the number of needed standards can be re-

duced. The situation is least satisfactory for biological specimens.

The difficulties of preparing the complex biological tissues for analysis,

of minimizing their destruction by the electron beam, and of obtaining

adequate standards are considerable and progress is slow.9

The preparation of well-characterized and microscopically homogeneous
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FIG. 1.--Area scans of section of ferrous meteorite: left, scanning

electron micrograph obtained from target current, showing topographic

features; right, Ni K alpha X-ray scan, showing the distribution of

nickel in the light areas. (Scale: 20 µm per large division.)

FIG. 2.--Scanning electron micrograph of tungsten filament after recrys-

tallization (from used light bulb). This image, obtained in conven-

tional electron probe microanalyzer, shows capabilities of this instrument

as microscope. Note in particular depth of focus. (Scale: 20 pm per

large division.)
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standards is difficult in all applications of microprobe analysis. Even
when pure elements are used as standards, multielement standards are
needed for the evaluation of the correction procedures. At the Spectro-
chemical Analysis Section of the National Bureau of Standards, techniques
and instrumentation for the semiautomatic evaluation of homogeneity of
standard materials have been developed, and several standards specially
designed for the use in microprobe analysis have been prepared and char-

acterized.
10

NEW DETECTORS

The availability of lithium-drifted silicon detectors,11 with an
energy resolution of less than 400 eV, has prompted a reinvestigation of
the application of nondiffractive spectrometry to EPM. The rapid detec-
tion of all elements of atomic number 12 or larger is possible with such
detectors. Such a rapid qualitative test is of great value when many
points of a specimen must be characterized (Fig. 3). Combination with
a flow-proportional detector having a thin window extends the rapid
qualitative analysis to the elements of lower atomic numbers. Another
advantage is in the fact that such detectors do not focus on a small area
on the specimen, so that beam deflection does not appreciably change the
signal strength. The high efficiency of the silicon detector permits its
application in scanning electron microscopes, where the typical beam
currents are too low for the use of spectrometers provided with diffract-
ing crystals. Consequently, one may expect in the near future a greater
interaction between scanning electron microscopy and EPM.

USE OF COLOR PHOTOGRAPHY IN SCANNING ELECTRON PROBE MICROANALYSIS

The success of scanning electron microscopy cannot fail to increase
the interest of the analyst in the capabilities of the electron probe as
a microscope. For instance, combining several X-ray images by means of
color photography is a very useful means of synthesizing the available
information and has been advocated by several authors.12-14 The avail-
ability of rapid-development color films has permitted the design of
simple, rapid, and economical techniques for this purpose.15 A particu-
larly attractive possibility is the combination of target-current and
X-ray scans in a single color image. The X-ray scanning image, although
specific to the presence of the element emitting the corresponding X-ray
line, lacks the spatial resolution of the electron image, since X rays
are emitted from deeper levels below the specimen surface than the back-
scattered and secondary electrons. By superposing in a photocopy process
the electron image and up to three X-ray images, we can efficiently com-
bine the topographic information and the distribution of several elements
present in the specimen.

QUANTITATIVE PHASE ANALYSIS

Quantitative phase analysis (stereometry) has been performed in the
past on the basis of photographic images. The specificity of the elec-
tron probe X-ray signals offers an excellent means for the application
of this technique as demonstrated by DOrfler, who has extensively des-
cribed the theory and developed the necessary instrumentation.16 In
DOrfler's technique, compositional differences are used to characterize
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FIG. 3.--Energy spectra of the X radiation emitted from copper, aluminum,
and a copper-aluminum alloy, obtained with the use of a lithium-drifted
silicon detector. Resolution of this detector was 500 eV at half peak-
height. Currently available detectors have a resolution of 250-300 eV.
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the phases of a multiphase specimen in order to determine the volume
fractions, as well as mean diameters of grains, contiguity relations,
and other topological characteristics. The development of rapid detec-
tors and the possibility of extensive machine computation will greatly

further the studies in this important field. The combination of this
information with automatic quantitative analysis at many points of the
area of investigation may ultimately permit an exhaustive characterization

of microstructure in solid materials.

ION PROBE MICROANALYSIS

In spite of progress in the construction of X-ray spectrometers, the

presence of the continuous radiation in primary X-ray spectra limits the

sensitivity of microprobe analysis, particularly for elements of low

atomic numbers. It is possible that some of the limitations of X-ray

analysis may be overcome by electron spectrography if the quality of the

vacuum in current instruments is substantially improved. The use of ion

beams instead of electron beams offers a very attractive alternative.17

A focused beam of monoenergetic ions impinges upon the specimen surface,

causing secondary ions of the elements present in the specimen to be

emitted. These ions are separated and detected in a mass spectrometer.

Ion beams a few microns in diameter can be obtained, and the detection

of elements at the 1 part-per-million level and below has been demon-

strated. Raster scanning can also be performed.

This technique is complementary in several ways to EPM. The sensi-

tivity of the procedure is particularly important in view of the increas-
ing importance of measurement at the trace level. Since isotopic analysis
is feasible, the self-diffusion of elements can be studied. Although all
elements can be detected, the method will be particularly useful in the
detection of elements of low atomic numbers, for which electron probe
analysis is less efficient. Preliminary studies indicate that there is
hope for quantitative or at least semiquantitative application.

Ion probe analysis is at present in a preliminary stage and much more

work will be necessary to evaluate it fully. It must also be conceded

that the ion probe will be an even more costly instrument than the electron

probe. Nevertheless, evidence now available indicates that this device

will be of great value in microanalysis. In view of the gratifying re-

sults obtained with electron-beam instruments, it can be expected that fur-

ther significant progress in the application of particulate beams to micro-
analysis will be achieved in the near future.
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FURTHER DEVELOPMENTS IN STROBOSCOPIC

SCANNING ELECTRON MICROSCOPY

G. S. PLOWS and W. C. NIXON

Engineering Department, Cambridge University, England

The stroboscopic scanning electron microscope, and its use in the

observation of high-frequency (7-MHz) microcircuit voltages, were both

presented at the Boston Conference on Electron Beam Technology (May 1968),

and were fully described in the J. Sci. Instr. (Journal of Physics E),

June 1968, Series 2, Vol. 1, pp. 595-600. The instrument can be used

to study time-periodic surface voltages on large and complex microcir-

cuits in operation, over a very wide range of frequencies, either by

imaging the spatial distribution of surface voltages at a given phase

or by displaying the time-dependent voltage waveform at a selected sur-

face point. Among other circuits studied, one is a monolithic integrated-

circuit 24-bit dynamic-shift register which uses MOS transistors as

active devices. The 100-kHz interleaved clock pulse trains were imaged

simultaneously with the input pulse, supplied at 1/24 of the clock rate

(about 4 kHz). Successive micrographs showed the input pulse at all

stages of its progress through the register. The time-dependent voltage

waveforms on selected electrodes of the shift register have been displayed

on the screen of the stroboscopic scanning electron microscope.
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IMPROVED CONTRAST IN SCANNING ELECTRON MICROSCOPY

J. R. BANBURY and W. C. NIXON

Engineering Department, Cambridge University, England

For conventional scanning microscopy, the secondary-electron detector
is placed close to the specimen, which inclined at an angle to the beam,
in order to collect as much as possible of the available signal. Con-
trast arises mainly from point-to-point changes in the secondary-emission
coefficient of the specimen, and modifications oi this contrast are
limited to electronic expansion or contraction within the video ampli-
fier before application of the signal to the display cathode-ray tube.

Little attention has been paid previously to the possibility of in-
creasing the available contrast at the specimen surface. A new detector
design has been produced in which the highly efficient scintillator-
photomultiplier combination is retained but new electrodes are added to
control the electron trajectories between the specimen and the collector.
In this way the variable component of the collected signal can be in-
creased and greater information is obtained about the surface under
examination.

By altering bias voltages on the electrodes several modes of operation
are available, giving enhanced surface detail, sensitivity to magnetic
and electric field components parallel and perpendicular to the specimen
surface, and voltage contrast. To a considerable extent these effects
may be separately observed and the sensitivity can be varied electrically
from outside the vacuum chamber.

The system is being developed to optimize the facilities provided by
this form of detector, where the improvement in contrast is particularly
marked for flat specimens normal to the electron beam and there is no
foreshortening of the image.
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TRANSMISSION SCANNING ELECTRON MICROSCOPE USING

FIELD EMITTERS AND LIQUID HELIUM

DANIEL WEINER

Berkeley, Calif.

A transmission scanning electron microscope has been built which

features a field emitting electron source and a cryogenically maintained

vacuum. Total field emission currents of about 10-5 to 10-6 A and focused

spot currents of about 10-10 to 10-11 A have been used in practice. They

are stable enough for practical microscope pictures and were achieved

with no special care in selection ofconstruction or sample materials.

A resolution of several thousand Angstroms at 5 kV is demonstrated.

Methods of improving this to about 20 A at 10 kV with our single electro-

static demagnifying lens are discussed.

I. INTRODUCTION

The great potential advantages of scanning in transmission electron

microscopy have long been recognized.' Here the possible resolution is

at least as good as in ordinary electron microscopy and one can obtain

much more information about the sample being examined.2 For example we

may, in principle, measure the differential elastic and inelastic scat-

tering cross section at each resolved area. This brings the possibility

of atomic structure analysis of biological materials much closer.

The use of field emitters3 as an electron source in such a system has

many advantages. Their very great electron brightness allows us to scan

our samples in reasonably short times. Their small source size requires

less demagnification and hence simpler electron optics.

The main disadvantage of field emitters is the very good vacuum

(10-9 Torr) needed for useful emitter lifetime in practical systems.

This places considerable restrictions on construction materials, sample

materials, and cleanliness. By cooling the microscope to cryogenic

temperatures, we may get sufficient vacuum4 without these restrictions.

Vacuums of under 10-13 Torr have been reported5 in cryogenic field-

emission microscopes. Also cooling may allow use of superconducting

lenses,6 magnetic lens coils, and magnetic shields and provides auto-

matically the best sample environment for ultrahigh resolution.

In this paper we report encouraging preliminary results in such a

cryogenic microscope.

II. DESCRIPTION OF THE MICROSCOPE

A schematic of the microscope is shown in Fig. 1. Here electrons from

a field emitter (a) of 310 oriented tungsten wire pass through a 1/32-in.-

diameter beam-defining aperture (b) in a molybdenum disk that covers one

end of the brass cylindrical anode (c). The anode is insulated from

ground by glass and mylar spacers so that the total field emission cur-

rent can be monitored.

The electron beam then passes through an electrostatic deflector formed

by four quadrants of a cylinder (d) to a molybdenum disk with an
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FIG. 1.--Schematic drawing of
cryogenic transmission scanning
electron microscope.



approximately 0.0015-in. aperture (e). The fraction of the beam trans-

mitted through the aperture is focused by an electrostatic Einzel lens

(f) of about 1 mm focal length onto a standard electron microscope sample

grid (g).
The sample is held by a cap (h) so that the cap and grid are insulated

from the detector support (i). Thus the current through the 0.0015-in,

aperture may be monitored.

Electrons that are transmitted through the sample strike a phosphor-

coated disk (j). Light thus produced is reflected from polished aluminum

surfaces (k) through a quartz light pipe (1). Light loss at necessary

breaks in the light pipe is minimized by polishing their ends and connect-

ing them with polished aluminum sleeves (m). The light is detected out-

side the vacuum by an RCA 931A photomultiplier, powered by a battery pack

and connected to the quartz light pipe by a short fiber-optic light pipe.

The sample support is itself supported by a disk (n) held in place by

leaf springs (o) and can be moved by turning a differential screw (p).

The slot in the differential screw is turned via a fin (not shown) con-

nected by a tube to a graphite lubricated copper screw (q) which is

turned from above by a sliding coupling (r). This scheme allows for

thermal contraction and decouples the sample somewhat from vibration.

The microscope is held together by four aluminum rods (s) in copper

sleeves (t). They may be tightened by vertical set screws between runs.

The materials were chosen to tighten the system on cooling. The micro-

scope is pressed against a rim (u) in a copper ring via four steel tubes

(v) which also serve as conduits for low-voltage electrical leads. These

tubes are connected (via leaf springs) to an 0-ring-sealed disk above

that holds electrical and mechanical vacuum feedthroughs. The entire

microscope assembly may thus be easily removed from the vacuum can from

above for modification.

Mechanical, optical, and low-voltage electrical connections are made

through 12 symmetrically placed, easily removable copper plugs (w), two

of which are shown in the figure. They are sealed sufficiently by vacuum

grease. They provide great flexibility.

Standard 10-kV ceramic hermetic seals (x) are used for high-voltage

feedthroughs. One pair supports the split disk assembly that holds the

0.0055-in, tungsten field emitter support hairpin (y). The emitter is

cleaned in the standard way by passing current through the hairpin.

Another high-voltage feedthrough, not shown, replaces one of the copper

plugs. It is used to excite the Einzel-lens center electrode and allows

biasing it by a few per cent for a fine focusing adjustment.

For clarity many clips, springs, and electrical leads are not shown.

Among the mechanical linkages not shown are two that adjust the field-

emitter position via eccentric cams. Another is used to rotate the entire

anode assembly so that the four deflector quadrants may be used as a

stigmator.

Also, the many nonmagnetic stainless-steel Allen set screws are not

shown. Of these, three of special interest are in the disk that holds

the tubes (v). They press against the 1-in.-diameter copper tube via

short pins so that the copper disk (z) connected to the tube may move

slightly to seat correctly.

In the vacuum can region above the figure, the tubes (v) pass through

two 2.75-in.-diameter, 8 in. apart, rings that prevent the tubes from

buckling. Also in this region, the high-voltage lead tubes are split

and pass through sleeves so as to allow for thermal contraction.
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III. CRYOGENICS

In principle, the ultrahigh vacuum is maintained in the following way.
An initial low vacuum (10-5 Torr) is obtained throughout the vacuum can
with a Vacsorb and an 8 1/sec Vacion pump. The region of the can below
the rim (v) is connected to the region above through twelve 1/64-in.-
diameter holes in a 1/16 X 1/16 X 2-7/8-in.-diameter greased brass ring.
This ring rests between the rim (u) and the copper microscope support
disk (z). When liquid helium outside the can reaches the level of the
rim, it cools the ring and disk by conduction to 4.2°K. Thus any air in
the can below adheres to the walls and any from the relatively poor
vacuum above is trapped before it gets through the small holes in the
rim5 or between screw threads in the plugs (w).

In practice, the effective thermal conductivity of the grease Which
is used for thermal contact at flat interfaces throughout the microscope)
is much poorer than one would expect. Thus the copper disk does not
cool easily. For example, it requires about 10 hr to precool the disk
with liquid nitrogen to near 77°K as monitored by a temperature sensing
resistor imbedded in one of the copper plugs (n).

This procedure requires the following changes. About 1 Torr of air
is left in the vacuum can during precooling. This change reduces the
precooling time to about 2 hr. Also the liquid-helium level is kept
more than 6 in. above the rim so that air is trapped on the can walls
above before it reaches the holes in the ring or spaces between threads
of the copper plugs. With lower levels of helium, field emitter stability
is noticeably affected.

The helium level is monitored by sensing of the resistance change in
a current-carrying resistor as it passes through the liquid surface.
Use of the pressure in the ion pump as a guide to the correct helium
level (10-7 to 10-8 Torr with a high helium level, 10-5 to 10-6 Torr
with a low level) proved unreliable and caused several field emitter
failures early in the work.

IV. STABILITY

The electrical stability of the total field emission current is shown
in Fig. 2. In Fig. 2(a), the field emitter voltage of 4900 V is turned
off for about 10 sec in the middle of the trace, during which time the
current drops from about 1.9 µA to zero. Over many hours about 2 µA of
current can be maintained with slow drifts (of ±10 per cent) as long as
the helium level is maintained.

In Fig. 2(b), the effect of higher currents on stability is shown.
For the central 25 sec of the trace, the voltage is 5900 V and the
current is 16 µA (the voltage is 0 and 5000 V in the other plateau
regions). This decrease in stability is attributed to heating of the
molybdenum disk (b) and its mylar insulators. Earlier experiments
using a much thicker metal anode and glass insulators gave about 100 µA
of stable current.

The electrical stability of the current in the focused spot is shown
in Fig. 3. Throughout the voltage was about 5 kV, the total current was
about 2 µA, and the current in the spot was about 10-11 A. Figure 3(a)
indicates that low-frequency (< 1 sec-1) noise is comparable to that of
the total field-emission current. High-frequency noise is shown in
Figs. 3(h) and 3(c) where the RC time constants are 0.04 and 4 msec,
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FIG. 2.--Oscillographs showing electrical stability of total field

emission current for (a) 1.9 µA and (b) 16 µA.
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8 Seconds

0.08 SeconU

0.08 Second
FIG. 3.--Oscillographs showing electrical stability of current in focused
spot (a) over 50 sec with an RC time constant t R.,;0.04 ms, (b) over 0.05
sec with t O.04 ms, and (c) over 0.05 sec with t k-,14 ms. Photomultiplier
dark current is also shown in (b) and (c).
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respectively. The dark-current noise is also shown. From these and the

known photomultiplier sensitivity we can infer that (1) the short-term

instability is dominated by photomultiplier shot noise and (2) the light

to the photomultiplier is less than 1 per cent of that expected, probably

owing to poor phosphor material.

Our stability is certainly sufficient for resolution measurements in

process of improving the microscope. The above indicates that it should

be sufficient for actual scanning-microscope pictures, especially when

our phosphor is improved. This stability is achieved with no care in

cleaning and material selection. For example brass, soft solder, mylar,

epoxy, and formvar-coated wire are used in the high-vacuum region. This

fact illustrates a great advantage of the cryogenic field emission micro-

scope.

V. RESOLUTION

An example of microscope action is shown in Fig. 4. Here the spot

is swept roughly perpendicular to the bars of a 1500-mesh silver screen

mounted on a 200-mesh electron microscope sample grid by an external

magnetic field. Throughout it was found that the best focus occurred

at considerable (more than 0.001-in.) deflections. Nonuniformity of

transmitted current peaks is attributed to the effects of phosphor non-

uniformity and vignetting by the 1/32-in. aperture.

An example of the resolution obtained is shown in Fig. 5. Here the

spot is swept over the edge of a silver screen wire by the internal

electrostatic deflectors. Two 1/10-sec. sweeps are made manually within

1 sec of each other. The dual trace is probably due to magnetic biasing

field instability. The voltage for both Figs. 4 and 5 was 5 kV.

From the figure a resolution of a few thousand Angstroms can be es-

timated although it seems better than that at the left of the figure.

For our configuration, we expect 100-1 resolution at 10 kV, dominated by

spherical aberration. The difference is probably due to off-axis aber-

rations (e.g., coma) caused by aperture misalignment, and perhaps to

other electron optical asymmetries. It does not seem due to aberrations

caused by the lens action of the 1/32-in. aperture. Rough estimates

show that for our configuration, the much stronger objective lens always

dominates the chromatic and spherical aberration of the system. Thus

specially shaped apertures of the type devised by Butler3 are not needed.

VI. FUTURE WORK

The previously described work suggests many improvements. To attain

100-A resolution the 0.0015-in, aperture must be better aligned, which

might be done by nudging it slightly with leaf springs held taut with

fine wires. Current pulses through the wire momentarily heat and expand

the wire, allowing the spring momentarily to push against a clip held

aperture holder. Room-temperature tests of this technique were success-

ful. It may also be necessary to improve cylindrical symmetry in all

regions of high electric field.

The optimum theoretical resolution of our microscope is about 20 A at

10 kV. This takes into account spherical and chromatic aberration, dif-

fraction, and electron-source size. It will require a 0.7-mil-diameter

aperture. This will reduce the current at the focus. To compensate we

must improve the phosphor and/or make better thermal contact between the
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Transmitted Current

Scope Grounded
AO Microns

FIG. 4.--Transmitted electron current as focused spot is swept over
1500-mesh silver screen (mounted on 200-mesh microscope sample grid)
by magnetic field.

1 Micron >I

Transmitted Current

Scope Grounded

FIG. 5.--Transmitted electron current as focused spot is swept over

edge of single silver screen wire.
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anode and the helium bath so that the field emitter current may be

safely increased. For the latter we may make use of an indium-soldered

single-crystal quartz wafer. It serves as a thermal short and an elec-

trical insulator.

To improve the resolution to 10 i at 10 kV, a miniature magnetic lens

excited by Alnico cylinders may be used. Such a lens failed to show a

focus earlier in the work, probably owing to a large background of secon-

dary electrons from the long narrow bore of the lens. (Here a Faraday

cup detector was used.) Thus special apertures may be needed. Also

such a lens considerably restricts the sample holder and detector con-

figuration.

Mechanical vibration7 may be a problem at higher resolution owing to

the relatively thin support and low demagnification of the field-emitter

electron source. At present the microscope cart is mounted on four air-

craft tire inner tubes as a precaution. A further precaution would be

to mount our field emitter on the end of a cylindrical cylinder, tapered

on the end instead of on a thin hairpin. This configuration is also less

astigmatic and easier to assemble. Several experiments of this type were

performed with a 1/16-in.-diameter by 3/4-in.-long cylinder.

Of course a new way must be used to heat the emitter. The most suc-

cessful way that was tried was to charge two 250-pf capacitors to the

voltage needed for 0.1 µA and place them in series with the emitter and

a variable resistor. The large current pulse from this voltage doubling

would heat the emitter tip8 enough to clean it when the resistance was

lowered to the correct value. In practice the correct resistance value

was difficult to find and the emitter tip would often be deformed so

that the emitter current would no longer be peaked in the forward direc-

tion.

A great convenience would be to substitute screw (or solder) connec-

tions for grease to increase thermal conductivity. This method should

reduce precooling time and liquid helium consumption (at present about

20 1 per 3-hr run). It should also significantly reduce run preparation

time. It now requires about 1 day to change the field emitter and

sample, clean and grease the microscope, tighten set screws and align

the field emitter (via a laser).

Ultimately higher voltages may be used for higher resolution. Also

a compact energy analyzer of the counterfield type9 could be incorporated

to measure electron energy losses. However, calculations show that even

at 10-A resolution, single heavy atoms attached to DNA on a 100-A thick

carbon substrate may be detected by measuring small and large angle

scattering.

VII. CONCLUSION

The microscope described above is relatively inexpensive and easy to

modify. Although marginally useful now, it has a large potential and

many simple improvements suggest themselves. Perhaps most important, it

may motivate cryogenic scientists to enter the scanning electron micro-

scope field as Crewe's microscope has motivated high-energy scientists.
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ION THINNING OF ELECTRON MICROSCOPE SPECIMENS

N. J. TIGHE and B. J. HOCKEY

National Bureau of Standards (Inorganic Materials Division,

Institute for Materials Research), Washington, D. C.

INTRODUCTION

The present paper concerns the application of argon ion bombardment

to the preparation of ceramic specimens for study by transmission elec-

tron microscopy. Ionic thinning was first used for preparing metal

specimens for electron microscopy.' However, work done by Castaing and

Jouffrey2 showed that most metals suffered severe radiation damage which

changed the initial substructure of the samples. Castaing performed

thinning experiments on gold foils in the electron microscope and showed

the development of dislocation loops at low temperatures and argon-filled

bubbles when the specimens were thinned at temperatures over 200°C. The

radiation damage, in addition to slow rates of materials removal, dis-

couraged extensive use of ionic thinning for metals which could be thinned

readily by electro-chemical methods. Most ceramics are insulators and

are chemically inert; thus chemical and electrochemical thinning methods

can be used only with great difficulty for single crystals and are not

useful for polycrystalline bodies. Ionic thinning has become a useful

technique for preparing electron-microscope specimens from ceramic

materials because (1) the times necessary for thinning a sample are

comparable to those needed for some chemical methods, (2) the radiation

damage from argon ions is less severe in ceramics than in metals, and

(3) the existing dislocation substructures in a sample are not changed

by the thinning method. In this laboratory, a number of ceramic materials

have been studied including alumina, magnesia, silica, and zirconia in

both single and polycrystalline forms.3

Initial work was done with polycrystalline A1203 because results

could be compared with the electron microscopic results of Barber and

Tighe on chemically thinned single crystal A1203 (corundum).5 Observa-

tions on neutron-irradiated corundum showed that point-defect clusters

did not interact with grown-in dislocations but that annealing at tem-

peratures in excess of 1000°C caused interaction with increasing temper-

ature, dislocation loops formed, and some precipitation on grown-in

dislocations occurred.5c

BOMBARDMENT APPARATUS

The ionic bombardment apparatus was that by Paulus and Reverchon.6

Figure 1 is a schematic of the bombardment chamber showing the positions

of the ion guns A, specimen holder B, motor for specimen rotation C,

viewing telescope D, and sensor for the ion beam current E. The vacuum

system has a diffusion pump with a capacity of 350 1/sec which maintains

a pressure of 10-3 Torr during operation. The specimen holder consists

of two stainless-steel or aluminum plates 3 cm in diameter held together

by screws. The details of the ion gun are shown in Fig. 2, where the

anode A, cathode B, insulator tubes C, and gas inlet D are marked. The

anode-cathode separation is adjustable and for operation at 6 kV is set

at 0.8 mm. Teflon insulating tubes are used instead of the original
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FIG. 2.--Ion gun showing anode A,
cathode plate B, insulating tube C,
and outer case for attachment to bom-
bardment chamber.

FIG. 1.--Bombardment chamber showing
ion guns A, specimen holder B, motor
C for specimen rotation.

FIG. 3.--Petrographic thin section of
Brazil quartz deformed under confining

0 • I I% P•A 0

pressure.

FIG. 4.--Optical micrograph of thin area in polycrystalline alumina
specimen; hardness indents are arrowed and fringes are optical inter-
ference fringes for green light.
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glass tubes but because they expand during operation, the outer brass
holder is grooved to allow even gas flow. Both guns are operated from
the same power supply and the beam current is varied by adjusting the
gas flow.

Prior to ion thinning, disks 3 mm in diameter are cut from mechanically
polished sections. The disk thickness is limited only by the fragility
of a sample and the depth of polishing damage and typically is 40 to 60
pm. Samples which were particularly fragile or fragmented because of
internal strain and fracture resulting from deformation could be prepared
by cementing a supporting ring to the thin section or to the disk speci-

men. It was possible to make four specimens from the quartz sample shown
in Fig. 3 by this technique. These supporting rings also are useful for

samples which are less than 3 mm in diameter.
Most of the materials were thinned using an operating voltage of 4 to

6 kV and a beam current of 100 A/cm2 in each gun. Some typical thinning

rates are as follows: A1203, Fe203, Zr02 1 pm/h; Si02, Cu20, 4 pm/h;
MgO, 0.5 pm/h for both single and polycrystalline samples. Progress of
thinning was monitored by removing the specimens and measuring the thick-
ness with the fine focus of an optical microscope and during the final
stages, by observing the optical interference fringes. The thinning

process can be controlled so that special features of interest are in

the thin areas. Figure 4 shows a polycrystalline A1203 sample which was

indented and then thinned from one side. Final thinning was carried out

carefully so that several hardness indents were in the electron trans-

parent areas. Specimens can be rethinned after observing them in the

electron microscope.

SURFACE CONDITION

A surface texture resulted from ionic thinning and can be detected
in some of the micrographs included in this paper. Surface attack in
the form of pits and sometimes hillocks occurred on one or both surfaces
of some single crystal specimens. These features could not be associated

uniquely with either dislocations or impurity precipitates and therefore

were similar to the randomly occurring features which form on surfaces

during thermal etching rather than to dislocation etch pits resulting

from chemical etching. Surface texture results from non rotation of the
sample, shadowing by particles of dirt or the edges of the specimen
holder, and contamination build-up in ion guns and in the chamber.

EXAMPLES OF ION THINNED SPECIMENS

Satisfactory electron-microscope specimens have been prepared from
many ceramic materials regardless of composition, porosity, and total
strain resulting from deformation. Grain boundaries and pores were not

etched preferentially and sufficient thin area--of a few thousand ang-
stroms thickness—was present to obtain information on the microstruc-

ture. A few examples are given below.

Figure 5 shows a region in the quartz sample of Fig. 3. The area

shows the high dislocation density expected from the deformation, pores,

and a fault. Analysis of the deformation substructure is complicated by
rapid damage caused by the electron beam during observation. The se-
quence in Fig. 6 shows the progress of the damage. Small damage centers
form and become amorphous and the region under observation becomes
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FIG. 5.--Dislocation arrangements
in quartz specimen of Fig. 3.

a4

I/Lm

FIG. 6.--Area in Orcopia quartzite

showing progress of vitrification

induced by electron beam during ob-

servation: (a) less than 1/2 min,

(b) after 2 min, (c) after about 12 min.
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FIG. 7.--Grains in hot-pressed

Al203 sam
ple.

lfrot4
_Ad*

FIG. 9.--Hardness indent in

rhombohedral plane of corundum

specimen.
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FIG. 8.--Amorphous phase A between

MgO grains in periclase refractory

brick.

FIG. 10.--Dislocations associated

with surface scratches on an alumina

(A1203 + *70 MgO) specimen.



completely amorphous in about 10 min. Vitrification occurred in all of
the quartz rocks studied and more details are presented separately.7

Figure 7 is an area in a fine-grained hot-pressed A1203 sample. The
area shows the microstructure of a sample deformed 3% by bending. The
electron microscopy done on this material provided direct evidence for
grain boundary sliding and deformation twinning.8

Figure 8 shows an amorphous phase between two MgO grains in a specimen
made from a sea-water periclase refractory brick. This material had
about 19% porosity and was found to contain second-phase material on
dislocations, on grains, and between grains.9

The ionic bombardment apparatus allowed specimens to be thinned from
one or both sides and thus permitted studies of deformation associated
with hardness indents and surface scratches. Figure 9 shows a hardness
indent in a single crystal A1203 (sapphire) specimen. Deformation con-
sists of twinning on rhombohedral systems and some slip on the basal
system.1° Figure 10 shows dislocations associated with scratches on a
chemically polished surface of sapphire. The sample was annealed 1 hr
at 1000°C and the dislocations have moved slightly.

CONCLUSIONS

Thinning of ceramic material for study by ionic bombardment can be
accomplished by ionic bombardment. The process is slow and introduces
some radiation damage into the specimens; however, the process permits
preparation of samples not possible by other methods.

REFERENCES

1. R. Castaing, Rev. Metall. 52: 669,
2. R. Castaing and B. Jouffrey,

No. 113, 62-69, Paris, 1966.

3. N. J. Tighe, in Ultrafine
Mat. Conf. 1968 (in press).

4. N. J. Tighe and A. Hyman,
fractory Compounds, New York: Plenum

5. D.

(b) Phil.

6.

7.
8.

M.

J.

A.
Ceramics,

9. N.

1955.

in Le Bombardment Ionique, C.N.R.S.

Grain Ceramics, Proc. 15th Sagamore

in Anisotropy in Single-Crystal Re-
Press, 1968.

11: 495, 1965;

51: 611, 1968.

103A, 1961.
M. Christie and N. J. Tighe, to be published.
H. Heuer, R. M. Cannon, and N. J. Tighe, in Ultrafine
Proc. of 15th Sagamore Mat. Conf. 1968 (in press).
J. Tighe and J. R. Kreglo jr., Bull. Am. Ceram.

(in press).
10. B. J. Hockey, Bull. Am. Ceram

J. Barber, and N. J. Tighe, (a) Phil. Mag.
Mag. 14: 531, 1966; (c) J. Am. Ceram. Soc.
Paulus and F. Reverchon, J. Phys. Rad. 22:

380

Soc.

Grain

Soc. 48: 393, 1969 (abstract).



COLOR OBSERVATION OF ELECTRON MICROSCOPE IMAGES

K. KANAYA, H. KAWAKATSU, and N. ATODA

Electrotechnical Laboratory, Tokyo, Japan

and

H. YOTSUMOTO and A. ONO

Japan Electron Optics Laboratory Co.
, Tokyo, Japan

A color observation of electron micros
cope images utilizing the

cross-linking phenomenon of a silicone
 resin is reported. When bom-

barded by an electron beam, the silico
ne becomes cross linked and in-

soluble in organic solvents. An image recorded as thickness variation

of the insoluble layer presents interf
erence color corresponding to the

thickness. The measured cross-linking characteristics o
f the silicone

with thickness of about 1 pm for 50-keV 
electrons are found to be in

good agreement with a theoretical formula 
assuming that molecules ini-

tially present follow a Poisson distribution
. On the basis of the

colorimetric theory, optical characteristics g
overning the appearance

of the recorded image are calculated. As a preliminary attempt, elec-

tron microscope images of magnification of several t
housand are recorded.

It is shown that images can be recorded with high co
ntrast and high

resolution by the recording method.

I. INTRODUCTION

It is well known that long-chain organic molec
ules, when bombarded

by an electron or an ion beam, become poly
merized or cross linked and

that these materials are no longer solub
le in organic solvents. Since

the thickness of the insoluble layer cor
responds to the intensity of the

incident beam, this phenomenon is avai
lable for recording of electron or

ion images. Recording methods of this type were reported by many

authors 1-5 who used contaminat
ion layer formed by electron or ion bom-

bardment. For more sensitive recording media
, some organic compounds

were investigated.6 Recently, it has been reported that photoresist

such as KPR (Eastman Kodak Co.) may 
be of great value in fabricating of

microelectronic circuits combined 
with electron or ion exposure tech-

niques.7-9 In this field, materials with higher sensitivity are re-

quired and are also to be utilized as record
ing media for electron or ion

microscope images.

In the present work, Silicone SH 410 (Toray Silicone Co.
) is used as

a recording medium for electron microscope images. Although the sen-

sitivity to electrons is about ten times higher than the 
other materials

ever used, it is still considerably lower than usual silve
r halide plates.

Thus, the magnifications of images are limited to several 
thousand.

These recorded images, however, can be largely optically 
enlarged, since

such recording media are, as the above-mentioned authors
 pointed out, of

high resolution. This recording method may offer a useful tool 
of quan-

titative analysis of electron microscope images, since 
current intensity
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transferred from a specimen is uniquely represented by the cross-linked

thickness, i.e., the interference color.

II. CROSS-LINKING CHARACTERISTICS

The structure of the recording plate is shown in Fig. 1. On the

clean surface of the glass plate, Al is evaporated several hundred ang-

stroms in thickness. The organic substance is coated by use of a

spinning table. The organic solution of Silicone SH 410 is applied to

the Al-coated glass plate while stationary, after which the plate is

spun at about 3000 rpm for 1 min. The thickness and the uniformity of

the silicone layer depend on the concentration of the organic solution

and the spinning speed. The plate coated with the organic substance is

inserted into the normal position of photographic plates of an electron

microscope and exposed to an electron image. For developing, the exposed

plate is rinsed in trichloro-ethylene and then the cross-linked layer

with thickness corresponding to the intensity of the incident remains on

the base plate. After that, Al is evaporated on the surface. The

thickness of the upper and the lower Al layer determines transmission

coefficients of interfaces of the organic layer and is controlled so that

brightness and purity of interference color of the transmitted light may

be suitable for observation, i.e., about 300 A in thickness.

Silicone SH 410 is a silicone polymer consisting of dimethylpolysiloxan

with vinyl radicals, which is not photosensitive. When bombarded by

electrons, double bonds of vinyl radicals change into free radicals and

cross linking occurs. The experiments show that the thickness of the
insoluble layer of the silicone t (A) depends on the initial thickness
of the organic film to (I) as well as the amount of exposure. The nor-

malized value t/to , however, is a function of exposure charge density

q (coul/cm2) only, which is shown in Fig. 2, where measured values of

t/to of four samples different in the initial thickness almost coincide

with each other within the experimental errors. Therefore, the relation-

ships between t and q can be represented by

t = t
o 

• f (q)

where f(q) is independent of to From (1), "contrast" is

(1)

dt/dq = to • df (q) /dg (2)

Accordingly, the contrast increases proportionally to the initial thick-

ness to . Practically observed contrast, however, is also governed by
the optical characteristics of the recording plate, which is theoreti-

cally calculated in the next chapter.

As is shown in Fig. 2, when the exposure charge density is less than

about 5 X 10-8 coul/cm2, any cross-linked layer does not remain after

developing. Therefore, the recording plate is uniformly exposed more

than 5 X 10-8 coul/cm2, previously to being exposed to a magnified

image (for convenience, which is called "pre-exposure"). If the pre-

exposure is performed, the average exposure charge density required for

recording an image can be reduced, that is, the sensitivity apparently

382



C
r
o
s
s
- 
L
i
n
k
e
d
 
T
h
i
c
k
n
e
s
s
 

Electrons

. • Silicone SH 410

Evaporated At (-3004)

Glass plate (60x55x1Mrn)

37 Rinse in trichloroethylene

(44z4zr/Z.7.7/

//7/ 

Insoluble cross-Linked layer

Incident light

Evaporated AR ("•3004)

i Transmitted light

(Interference colour)

FIG. 1.--Structure of color recording plate.

1.0

—0.5

50 keV Electrons

1

Silicone SH 410

Y to = 8.800

t 0 = Loa°
® to =16.400
x to =18. 000

it.

10-7 10-6 10-5

Exposure Charge Density , (Coulomb/cm2

FIG. 2.--Cross-linking characteristics of silicone SH 410 
for 50-keV

electron.

383



increases, which will be mentioned later.

For several types of the initial molecular weight distribution of

polymer substances, theoretical formulas which give relationships between

the insoluble fraction, i.e., the gel fraction g and the cross-linking

index y , which is defined as average number of cross-links per mole-
cule, have been derived.10 The initial molecular weight distribution

of the silicone employed possibly follow a Poisson distribution. For

the case,

g = 1 - [1/(1 + yg)
2
] (3)

From (3), it is shown that g = 0 for y s 0.5 and that gel formation

starts at y = 0.5 (gel point).
Generally, y and q are considered to be directly proportional to

each other.6 Then

y = q/2qm (4)

where qm is the exposure charge density required for y to reach the

gel point. The curve a in Fig. 3 is that of (3) where the gel frac-

tion g is taken to be equivalent to the normalized thickness t/to

and (4) is used with qm = 5.5 X 10-8 coul/cm2. This curve is far from

describing the experimental behavior. The cause for the disagreement

is considered that (4) is not valid for the present experiments. Then
(4) is modified assuming that a few cross-links Yo exist initially,
that is, y = yo + k • q , where k is a constant depending on the
transferred energy from the incident electrons and chemical properties

of the organic substance. From comparing the equation with the experi-

mental values, the following empirical formula is derived,

y = 0.385 + 2 x 10
6 

• q (5)

The curve b in Fig. 2 is that of (3) combined with (5). It almost

coincides with the experimental behavior within the limits of the ex-

perimental conditions. Further arguments, however, are not given, be-
cause the number of initial cross links, the energy required for cross
linking, and other chemical properties of the silicone are, so far, not
precisely known.

III. OPTICAL CHARACTERISTICS

Observed under a light source with a spectral distribution, a
transmitted light from an image recorded on the base plate as thickness
variation of the cross-linked layer presents interference color
ponding to the thickness. In order to perform quantitative
qualitative analysis of observed images, we must know

color and brightness as a function of thickness. For
chromaticity coordinates were calculated on the basis
theory. -1 Figure 3 shows calculated color locus for

corres-

as well as

the interference

a simplified model,

of the colorimetric
r2 = 0.7 where

r is the amplitude reflection coefficients of the interfaces of the
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interference layer, which are, practically, controlled by the thickness

of evaporated Al layers. Figures additionally remarked to the locus are

values of nt (n is the refractive index of the interference layer) in

terms of mp . All pairs of coordinates on a line between a point on

the spectrum locus and the white point (the coordinates of the light

source: x = 0.33, y = 0.33) have roughly the same hue but differ in

purity of color, which is the highest on the spectrum locus. In order

to realize high purity, the value of r must be large. The large value

of r , however, is restricted by the decrease of brightness. Figure 4

shows calculated relationships between relative brightness Y and thick-

ness nt . Optimum conditions with regard to purity and brightness of

observed images are inferrable from these calculated results.

It is considered that in this recording method what is equivalent to

the ordinary photographic density is log(1/Y). Figure 5 shows log(1/Y)

as a function of q . These curves correspond to the curve for

t = 11 000 A in Fig. 2. Characteristics of high resolution plates of
0
Kodac and Fuji are also illustrated for comparison. Distinctive features

of characteristics of the silicone are the periodical behavior and the

existence of extremely high contrast regions. In the descending region

from a peak to a bottom, color varies as purple-blue-green-yellow. On

the other hand, in the ascending region, color varies as yellow-orange-

red-purple. The amount of the pre-exposure mentioned in Sec. II has to

be more precisely chosen from the view point of which region to be

utilized. The pre-exposure apparently increases the sensitivity.

Figure 6 shows relationships between log(1/Y) and the exposure charge

density required for recording an image qi , where the pre-exposure qp

is assumed to be 8 X 10-8 coul/cm2 . Comparing Figs. 6 and 5, it is

obvious that the sensitivity increases by about ten times. However, the

contrast decreases to the same order of that of usual photographic plates

and undesirable "fog density appears. According to (2), decreasing of

the contrast can be compensated by using thicker organic films. When

thicker films are to be used, it may be necessary to confirm to what

extent of thickness (1) is valid and it may become a technical problem

to obtain uniform thick films.

IV. COLOR OBSERVATION OF ELECTRON MICROSCOPE IMAGES

For a preliminary attempt, electron microscope images were recorded

on the organic films. The electron microscope employed was JEM-120

(JEOL).

If the current density on the specimen plane is i , the maximum of

which limited by specimen changes due to dense electron bombardment is

imax and the exposure charge density required for recording an image is

qI , then the magnification M and the exposure time T are restricted

as

2
= i • T/M i

max 
• T/M

2

Further, the allowable displacement of an image due to the drift, D,

also contributes to the restriction to the magnitude of M and T :
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D M•T• d (7)

where d is the drift rate of the specimen. As an example, imax
= 10-1 A/cm2, d = 1 1/sec, D = 1 pm, and qI = 2 x 10-8 coul/cm', then

(6) and (7) give MT 104 and T/M2 2 x 10-7 . Consequently, the

magnification is limited to smaller than about X4000 and the exposure
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time is several seconds. In the experiments, the exposure time was
10-20 sec when the magnification was several thousand. Accordingly, the
displacement of images due to the drift might be larger than the value
adopted above. Therefore, the resolution of the recording plate is
chiefly affected by the drift, whereas the graininess of the recording

plate is practically not distinguished at least up to X100 in the mag-

nification of an optical microscope observation.

Photographs of recorded images are shown in Photos 1-4 (frontispiece),

taken on a usual color film with an optical microscope and then printed

on color printing paper with enlargement of about three times. Photo 1

is interference contours of molybdenite. Photo 2 is a replica of an

etched Al crystal. Photos 3 and 4 are largely overfocused images of a

plastic micromesh. Electron microscopic magnifications of the photo-

graphs are all X1500 and optical magnifications of Photos 1-3 are X12

and that of Photo 4 is X75. The pre-exposure is 9 X 10-8 coul/cm2. The

current density incident to the plate and the exposure time are 2 x 10-9

A/cm2 and 20 sec for Photos 1 and 2 and 2 X 10-10 A/cm2 and 200 sec

for Photos 3 and 4. In Photo 4, fringes are more clearly distinguished

than with usual photographic plates or films.

V. CONCLUDING REMARKS

It has been shown that the color observation of electron microscope

images is a very useful recording method of high resolution and high

contrast. Some of the important conclusions may be summarized as
follows.

1. The cross-linking characteristic of SilicJne SH 410 is in good
agreement with the modified theoretical formula of Charlesby. 10

2. Relationships between interference color and thickness are cal-

culated, which may be available for quantitative as well as qualitative

analysis of recorded images.

3. If more sensitive materials are used, it is possible to realize

much higher contrast than with usual photographic plates.

4. The graininess of the zecording plate is not distinguishable at

least up to X100 in the magnification of an optical microscope observa-

tion and the resolution is, so far, not affected by the drift of the

image.

REFERENCES

1. G. Willenstedt and C. JOnsson, Z. Physik 155: 472, 1959.
2. R. Speidel, Z. Physik 154: 238, 1959.
3. G. M011enstedt and R. Speidel, Z. angew. Physik 13: 231, 1961.
4. K. Kanaya et al., Optik 21: 399, 1964.
5. S. Matsui et al., J. Electron Microscopy 14: 290, 1965.
6. H. Hamisch and L. Binkele, Z. angew. Physik 16: 145, 1963.

7. K. Kanaya et al., Bull. Electrotechnical Lab. 31: 206, 1967.
8. M. W. Larkin and R. K. Matta, Solid-State Electronics 10: 491,

1967.

9. K. Kanaya, K. Shimizu, and Y. Ishikawa, Brit. J. Appl. Phys.
(J. Phys. D, ser. 2) 1: 1657, 1968.

10. A. Charlesby, Proc. Roy. Soc. (London) A222: 542, 1954.
11. G. Wyszecki and W. S. Stiles, Color Science, New York: Wiley,

1967.

388



A NEW TYPE OF ELECTRON GUN

K. H. STEIGERWALD, W. E. MEYER, and W. SCHEFFELS

Steigerwald Strahltechnik, Munich

About 10 years ago, most of the electron beam (EB) machines were used

for research and development work only. Since that time the picture

has changed considerably. Great efforts have been made to introduce

EB welding into production. From that time on, the EB gun designer has

become more and more engaged with such question
s as reliability, repro-

ducibility, stability, and running costs.

In order to insure reproducible results many ap
plications of EB welding

in production lines with a higher degree of automati
on ask especially

for a high constancy of the spot position and of t
he power density dis-

tribution within the spot.

The EB guns normally used so far often cannot m
eet these requirements

with sufficient accuracy. During the life of the filament and in con-

nection with filament change the geometric position of the
 electron

optical components (filament, bias cup, anode, lens) may chang
e with

respect to one another. Therefore, a readjustment of the beam becomes

necessary, which, for practical reasons, is normally restricted to an

alignment of the beam to the center of the lens. Apart from the disad-

vantage that the accuracy of this step depends on the quality of the

operator, this readjustment cannot inhibit variations of the spot posi-

tion and of the power density distribution.

This problem and others arising from EB production applications resulted

some years ago in a target specification, the main points of which may

be summarized as follows:

(1) For normal application no readjustment of the beam (eve
n after

filament change) should be necessary.

(2) For special, high precision application a fine adjustme
nt should

be available having no influence on spot posi
tion and power density dis-

tribution.

(3) Working distances up to 2 m should be available for welding of

bulky structures.

(4) Rapid filament change should be possible.

(5) The price of the filament should be reduced considerably.

(6) The feed-in of the high voltage should be possible without oil

insulation.

(7) Application of soft vacuum within the chamber should be possible.

(8) A robust and simple construction is necessary.

The result of the development is shown in a simplified drawing (F
ig. 1).

All electron-optical components are fixed close to a central m
ounting

plate. They are aligned during assembly and there is no necessity 
of

their being separated when a filament change has to be made. The ribbon

filament is clamped to a filament cartridge with close toleran
ces in a

jig outside of the gun. For filament change, the top seal is opened,

the cartridge with the used filament is removed by a special tool
, a

second cartridge with the new filament is inserted into a fixed
 position
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FIG. 2.--Filament cartridge with

special tool.

FIG. 4.--View of the new

electron beam gun.
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with respect to the bias cup, and the seal is closed for evacuation.

This procedure need not take more than 20 sec. Figure 2 shows the fila-

ment cartridge with the special tool. Figure 3 demonstrates the car-

tridge change. Since the filament support is a permanent usable part,

only the ribbon filament itself has to be renewed. This results in a

very low price (about $1) for each change.

All electron-optical components have been redesigned with respect to an

optimal power-density distribution within the spot. This has proved to

be a most important factor for a large number of applications. For

normal welding a standard set of components has been developed as a

compromise solution. For extremely long working distances as well as

for small spot diameters a special set of electrodes is available gen-

erating a beam with a larger aperture angle. The gun is fitted with a

system for ac and dc deflection of the beam.

The problem of oil-free feed-in of high voltage could be solved by trans-

ferring the well-known press cone design to a cable with three high-

potential conductors.

The electron gun is evacuated by means of its own pump system. The

acceleration area is separated from the chamber by a Venturi system,

which allows application of vacuum up to some 10-2 mm of Hg within the

chamber. A gun valve closes off the upper part of the gun completely

during the time of workpiece change.

A view of the whole gun is given in Fig. 4, showing the simple con-
struction. The optical viewing system, still valuable for some type of

work, has been totally separated from the electron optical part of the

gun. For mass-production applications it may simply be omitted.

The electric supplies for the gun depend on the type of application.

For normal welding, a high-voltage unit of 150 kV with a maximum power

of 7.5 kW is standard. The gun itself is capable for application of

power up to about 15 kW.

The experience obtained so far with this new type of gun have shown

that the target specification has been reached in all important points.

Further development must now concentrate on various types of electric
and electronic equipment suitable for tape- or computer-controlled

production processes.
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DESIGN AND ANALYSIS OF SYMMETRICAL AND ASYMMETRICAL

ELECTROSTATIC IMMERSION LENSES USING A DIGITAL COMPUTER

A. B. EL-KAREH

Syracuse University (Department of Electrical Engineering),

Syracuse, N. Y.

An analytical expression giving the potential distribution along the

axis of symmetrical two-cylinder electrostatic immersion lenses is

derived as has already been done by Bertram. The result is used to

determine the cardinal points and important aberration coefficients of

the lenses using a digital computer.

A similar analysis is performed with asymmetrical electrostatic
 im-

mersion lenses using a derivation given by Lebedev et al.

I. INTRODUCTION

Electrostatic lenses can be classified into various groups one of

which is the immersion lens. Figure 1 shows some examples of immersion

lenses. Their common characteristic is the fact that the potentials in

the object and image space are constant and unequal. Their name derives

from their analogy to the oil-immersion objectives of light optics in

which the object and image lie in media of constant but different indices

of refraction, namely oil and air.

Some authors have referred to cathode lenses as immersion lenses

since the object is here immersed in the lens. This is a misnomer.

It is well known thatthe paraxial ray equation can be reduced using

the substitution R = /11/4 first suggested by Picht, and becomes

d 
R= 

3 (0,)22

- T-6
dz
2

Here the primes represent derivatives with respe
ct to z .

For a weak lens, the focal length is given by

and

1 _ 3

f
o 
- 16

1/4 zr .1 [0,(z)12
00 J I 0(z)1

z
o

(1)

dz (2)

1/4 z.

1- 3 Co) j 
1 
10
, 
(z)1

2

f. 16 0. 1 0(z) 
dz

Z
O
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The subscripts o and i refer to object and image side, respectively.

As in light optics, we have

a 1/2

(;o)

1 

=
f

f
o

(4)

When the lens is strong, by which we mean tha
t the height of the ray

changes inside the lens, the above relation
s for focal lengths are no

longer valid. The determination of the cardinal points is then made by

computing the actual path of the ray throug
h the lens. In any case, the

potential distribution along the axis and i
ts derivatives must be deter-

mined before the analysis of the lens can be ma
de.

II. AXIAL POTENTIAL DISTRIBUTION OF THE SYMMETRIC
AL LENS

The potential distribution along the axis of 
two equidiameter

cylinders separated by a distance S was first calculated by Bertram.
1

We shall quickly review the derivation here for t
he sake of clarity.

It is well known that

+m

0(r,z) = 
r

a 
J0 
(jkr)e

jkz
dk

2 7 j k 
- CO

(5)

(in which Jo is the normal Bessel function of the first kind of zero

order) is a solution of Laplace's equation

V'
2 
=0 (6)

If we consider two cylinders of potenti
als V1 and V2 separated by

a distance S and of radius unity and assume that the potential in the

gap varies linearly at r = 1 , we finally obtain

Vi + V
2

0(0,z) =  2

V - V1)

 wS
loge

cosh wz

cosh w(z - s)

(7)

where w = 1.32. For very small separation, we let S 4 0 and obtain

0(0,z) =

V1 + V9

2

(V2 - V1)

2 
tanh wz (8)

The value of w was determined by equating the derivatives with respect

to z at r = 0 and z = 0 of (8) and
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V
1 
+ V

2 
V
2 
- V

0(0,z) - 2
7 

1 j sin k z 1 
dk

J
0 
(jkR)

0

co

(9)

which was obtained following the analysis of Bertram. Since 0(z) and

its first and second derivatives are to be used in the analysis of a

series of lenses, it was important to determine the accuracy of the

simplifications introduced by (7) and (8). Tables I-III represent a

computer comparison between the actual numerical integration and the re-

lation given by (8). It can

practically all the points.

at large distances from the

plays an insignificant role

trajectory.

Equations (7) and (8)

the relaxation technique

of S =2R .

be seen that the error is very small at

Where the errors become exceedingly large,

lens, the field is very weak and therefore

in the determination of the course of the

were also checked with values obtained using

and the accuracy was remarkable even for values

III. METHOD OF ANALYSIS OF THE SYMMETRICAL LENS

One way of analysis which looks

simplicity is the method of sectionizing the lens.

distribution of the lens system, the parameter [01(z)/0(z)]2
as a function of z . First the center of gravity G on the
is determined by finding a line perpendicular to the axis which divides
the area under the curve into two equal parts. Next, G1 and G2 are
obtained as points on the z axis through which lines perpendicular to
the axis divide each half area of the curve into two equal areas. In-

stead of one lens, we place two lenses, one at G1 and one at G2 ,

each having reduced focal length given by

and

UL)1 at G
1

very attractive because of its

For a given voltage

is plotted

z axis

3 r 1Ø'(z)  1 
dz

16 j [ 0 (z)

(F1 ) 3 r re (z) 2

at G 

=

16 J 0 (z) 
dz

2 
2

(10)

Since the areas are equal, F
1 
= F2 = F . We can now obtain the cor-

rected reduced focal length Fc

1 _ 1 /

dF
c 

kl 4F)
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TABLE I.--Potential V(z).

Z Eq. (9) Eq. (8) Difference
Column 2 - ColuMn 3_

Per cent
error

0.2 0.406502 0.405318 0.001184 0.291262

0.4 0.759237 0.760033 -0.000795 -0.104767

0.6 1.03068 1.03601 -0.005325 -0.516636

0.8 1.22227 1.23171 -0.005442 -0.772492

1.0 1.35011 1.36154 -0.011437 -0.847114

1.2 1.43253 1.44392 -0.011392 -0.795221

1.4 1.4847 1.49471 -0.010004 -0.673827

1.6 1.51738 1.52547 -0.008089 -0.533102

1.8 1.53769 1.54391 -0.006216 -0.404232

2.0 1.55031 1.55488 -0.004572 -0.294919

2.2 1.55814 1.561)9 -0.003256 -0.208963

2.4 1.56295 1.56524 -0.002291 -0.146593

2.6 1.56595 1.56752 -0.001572 -0.100371

2.8 1.56781 1.56887 -0.001055 -0.067276

3.0 1.56894 1.56966 -0.000719 -0.045811

TABLE II.--First derivative w (z).

Z
First Derivative

Eq. (9)

First Derivative

Eq. (8) Difference
Column 2-Column 3

Per cent
Error

0 2.08326 2.07345 0.009808 0.470801

0.2 1.93454 1.9354 -0.000855 -0.044207

0.4 1.56953 1.58803 -0.018503 -1.17890

0.6 1.14775 1.17151 -0.023762 -2.07026

o.8 0.782622 0.798575 -0.015953 -2.03835

1.0 0.511255 0.515637 -0.0043E2 -0.857171

1.2 0.32582 0.32144 0.0043796 1.34418

1.4 0.204783 0.196022 0.008762 4.27861

1.6 0.127728 0.117942 0.009786 7.66161

1.8 0.079345 0.070391 0.008953 11.284

2.0 0.049174 0.041809 0.007365 14.978

2.2 0.050444 0.024761 0.005683 18.6664

2.4 0.018832 0.014640 0.004192 22.2607

2.6 0.011648 0.008647 0.000300 25.7678

2.8 0.007200 0.005104 0.002096 29.115

3.0 0.004453 0.0030118 0.0014415 32.3695

TABLE III.--Second derivative y (z).
Z

Second Derivative

Eq. 
(9)-

Second Derivative

_Zq. (8) Difference
F 2-Colu olumn mn3

Per cent
Error

o o o o o

0.2 -1.41007 -1.3184 -0.091661 6.50

0.4 -2.09473 -2.02849 -0.066238 3.16

0.6 -2.02696 -2.03982 -0.012861 -0.63

0.8 -1.5968 -1.65313 0.056328

1.0 -1.12603 -1.17994 )0.053907 -4.79

1.2 -0.747482 -0.780054 0.052572 -4.36

1.4 -0.480192 -0.492427 A0.012235 -2.55

1.6 -0.30304 -0.302382 -0.000658 0.22

1.8 -0.189425 -0.182651 -0.006773 3.58

2.0 -0.117803 -0.109256 -0.008547 7.26

2.2 -0.073050 -0.064977 -0.008072 11.05

2.4 -0.045247 -0.038512 -0.006735 14.89

2.6 -0.027983 -0.022780 -0.005203 18.59

2.8 -0.017323 -0.013458 -0.003865 22.31

3.0 -0.010694 -0.000795 -0.0027484 25.70
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where d is the distance between G1 and G2 . It is therefore not
necessary to determine the location of G .

This method is not very accurate. For example, for a lens of ratio
V2/V1 = 10, it was found that

or

or

z.1

k

l_ 3 r / 01)2

z 
-d 3 . 2.14967

F 16 J 0 - 16

z
o

• 
1 3

(11) 

1/4 

'
2.14967 = 0.2265

0 16 

f = 4.42

This is the result obtained using the thin-lens formula. The exact
value obtained by numerical integration is f = 4.95 . There is, there-
fore, an appreciable error. Actually this was to be expected because
with V2/V1 = 10 the lens is strong.

The lens is then sectionized and following are the relevant values:

Half area = 2.14967/2 = 1.07483

Position of 1/4 point at z = -0.74505

Position at 3/4 point at z = -0.12715

Distance d between the two points = 0.61790

Corrected focal length

and

1 1
= 7 1 -

I r ( 4F) 
= 0.378

10
1/4

f = = 4.7
0.378

The error is still about 5%. Similar errors were obtained for other
values of V2/1/1 It is obvious, therefore, that this method is not
suitable for the analysis of this type of lens if a sufficient accuracy
is required.

Another method was also investigated. It was thoroughly explained by
Goddard.2 We shall review very briefly the analysis presented in his
paper. For further details readers are referred to his paper or to a
forthcoming book.3
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By defining

and using the expression for the focal length as given by (2) or (3),

we finally obtain

f =
i 

- 1

f  a + 1)
log a - 2

\ CT 

2.020a1
/4

(13)

This formula is dependable for weak lenses, i.e., for small values of a.

The values of a can be as high as 4 before serious errors develop.

For stronger lenses we use the method of successive approximation. By

defining

0"J

1 2
2 2 

C4
/
(zl) 

= .1 10((zz))1 .1 S_ z1-)] dz1dz2dz
z z z0 0 0

and after some lengthy derivations, we finally obtain

where

and

3 )
2

B = (U.

1 _ 1/-4,
f - a kA - B)

1
A = -8- 3w ( Tc- log a - 2)

2

J = (2-) 2 (4x - 2[(l + log(1 - x
2
)flog a

16 x

(14)

(15)

(16)

+ 
1 
-(1 - x

2
) (log a)

2 
+ 2x2 1 (17)

Here w = 1.32 as before, x = (a - 1)/(a + 1) , and p is defined by

=

+1

1
a2

- 'D log (1 + x §)log 1 4- §

11 (1 + x)
2 1

d§
- §
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where = tanh wz .

It can readily be seen that A in (15) represents the thin-lens
formula given by (13) and B is the second term of the infinite series

of the successive approximation; B is appreciably smaller than A .
Thus, even by limiting ourselves to up to the second term of the series
the results are still accurate.

When an attempt is made to determine the other cardinal points of a

lens with separation S , the analysis becomes very complicated. We

have thus decided to analyze the lens using a digital computer. The

paraxial ray equation (1) was solved numerically using the following for-

mula, which was found to be very accurate and convenient in this case:

2
s

n-5
R
n+1 

= R _ R - R + 
h 

(67R - 8R11
 

- 8R + 67R )+ 122R
n-4 n n-1 n-2 n+2 n=4

(19)

Here h is the increment. The analysis was started from a point suf-

ficiently outside the field to ascertain that the derivatives along the

z axis are zero. The numerical analysis was then performed step by

step until a point was reached after passing through the lens where the

field is negligible.

In all cases, we started parallel to the axis at a normalized height

of 1 . The slope of the trajectory was determined outside the lens and
the values of the focal length, midfocal length,and position of the
principal plane were all determined.

Using this method a series of lenses was analyzed with spacing S = 0
to 2 in steps of 0.1. The voltage ratio was taken from 1.5 to 50 in
steps of 0.5. To the best of our knowledge, these are the most complete
sets of results available in the literature. Table IV shows a comparison

between the results obtained numerically and those obtained analytically.
Table V gives a sample of the results for S = 0.2

IV. METHOD OF ANALYSIS OF THE ASYMMETRICAL LENS

In the case in which two coaxial cylinders of unequal diameters are
placed end to end, the determination of the axial potential distribution
and its derivatives is very complex. An analytical solution was obtained
by Lebedev et al.4 A cylinder of radius b is assumed to be of infinite
length and is maintained at zero potential. A coaxial cylinder of radius
a and of semi-infinite extent with a thin wall (actually negligible in
our case) is at potential V. Although this is not an exact model of the
asymmetrical lens, the potential distribution along the axis and its
derivatives are practically the same in both cases. The potential along
the axis is given by

= 1 -
V

(X)

m=1

exp[-(Ymz/a)]J0("Ylmr/a)

Ymj1 (Ym)K+(j Y nia 
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TABLE IV

A fi fi fi

Eq.(13) Eq.(15) Numerical Analysis

1.5 0.013510 0.000043 81.92 82.18 82.18
2 0.039276 0.000372 30.28 30.57 30.57
2.5 0.068233 0.001133 18.43 18.74 18.74

3 0.097508 0.002334 13.50 13.83 13.83

3.5 0.126059 0.003931 10.85 11.20 11.20
4 0.153507 0.005871 9.21 9.58 9.57
4.5 0.179739 0.008103 8..10 8.49 8.48

5 0.204759 0.010583 7.30 7.70 7.69

5.5 0.228617 0.013272 6.70 7.11 7.10
6 0.251384 0.016139 6.23 6.65 6.64
6.5 0.273135 0.019157 5.85 6.29 6.28

7 0.293944 0.022302 5.53 5.99 5.98
7.5 0.313881 0.025557 5.27 5.74 5.73
8 0.333012 0.028904 5.05 5.53 5.52
8.5 0.351395 0.032331 4.86 5.35 5.33
9 0.569085 0.035825 4.69 5.20 5.18

9.5 0.386130 0.039376 4.55 5.06 5.04
10 0.402575 0.042977 4.42 4.95 4.92

10.5 0.418461 0.046619 4.30 4.84 4.82
11 0.433823 0.050296 4.20 4.75 4.72
11.5 0.448696 0.054002 4.10 4.67 4.64

12 0.463108 0.057733 4.02 4.59 4.56

12.5 0.477089 0.061484 3.94 4.52 4.50

13 0.490663 0.065251 3.87 4.46 4.43
13.5 0.503853 0.069031 3.80 4.41 4.38
14 0.516681 0.072821 3.74 4.36 4.32
14.5 0.529166 0.076619 3.69 4.31 4.28
15 0.541326 0.080422 3.64 4.27 4.23
15.5 0.553178 0.084228 3.59 4.23 4.19
16 0.564737 0.088036 3.54 4.20 4.16
16.5 0.576018 0.091843 3.50 4.16 4.12
17 0.587033 0.095649 3.46 4.13 4.09
17.5 0.597796 0.099452 3.42 4.10 4.06
18 0.608317 0.103251 3.39 4.08 4.03
18.5 0.618608 0.107044 3.35 4.05 4.01
19 0.628678 0.110832 3.32 4.03 3.98
19.5 0.638538 0.114613 3.29 4.01 3.96
20 0.648194 0.118386 3.26 3.99 3.94

All values normalized to cylinder R.

FIG. 5.--Cardinal points of two equi-
diameter cylinders separated by a

distance s = 0.2; f is focal length,

zm is midfocal length, zp is distance

from principal plane to center of

lens. (All values normalized to

cylinder radius R.)
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74.62 -7.94
..67.41 -74.78 -7.37

2 25.79 -4.92 -21.71 -26.05 -4.34

2.5 14.89 -3.94 -11.90 -15.24 -3.33

3 10.43 -3.45 - 8.00 -10.85 -2.83

3.5 8.017 -3.18 - 6.01 - 8.55 -2.54

4 6.62 -3.00 - 4.81 - 7.15 -2.34

4.5 5.64 -2.87 - 4.01 - 6.22 -2.20

5 4.94 -2.79 _ 3.46 - 5.55 -2.10

5.5 4.41 -2.72 - 3.04 - 5.06 -2.02

6 3.99 .2.68 - 2.72 - 4.68 -1.95

6.5 3.66 -2.64 - 2.47 - 4.37 -1.90

7 3.38 -2.61 - 2.27 - 4.13 -1.86

7.5 3.15 -2.59 - 2.10 - 3.92 -1.82

8 2.96 -2.58 - 1.96 - 3.75 -1.79

8.5 2.79 -2.57 - 1.84 - 3.60 -1.77

9 2.64 -2.56 - 1.73 - 3.48 -1.74

9.5 2.51 -2.55 - 1.64 . 3.37 _1.73
10 2.39 -2.55 - 1.56 - 3.27 -1.71

10.5 2.29 -2.55 - 1.49 - 3.19 -1.69

II 2.19 -2.55 - 1.43 - 3.11 -1.68

11.5 2.11 -2.55 - 1.37 - 3.04 -1.67

12 2.03 _2.55 - 1.32 - 2.98 -1.66

12.5 1.96 -2.55 - 1.28 - 2.92 -1.65

13 1.89 -2.56 - 1.23 - 2.87 -1.64

13.5 1.83 -2.56 - 1.20 - 2.82 -1.63
14 1.77 -2.57 - 1.16 - 2.78 -1.62

14.5 1.72 -2.57 - 1.13 - 2.74 -1.61

15 1.67 -2.58 - 1.10 - 2.70 -1.61

15.5 1.63 -2.58 - 1.07 - 2.67 -1.60
16 1.58 -2.59 - 1.04 - 2.64 -1.60
16.5 1.54 -2.60 - 1.00 - 2.61 -1.59

17 1.50 -2.60 - 1.00 - 2.58 -1.59

17.5 1.47 -2.61 - .97 - 2.56 -1.58
18 1.43 -2.62 - .95 - 2.5.5 -1.58
18.5 1.40 -2.62 - .93 - 2.51 -1.58
19 1.37 -2.63 - .92 - 2.49 -1.57
19.5 1.34 -2.64 - .90 - 2.47 -1.57
20 1.31 -2.64 - .88 - 2.45 -1.57

V2"1
fi

z
mi

z
P f

.
z

mi .
z
Po

23.00 3.95 1.31 -2.64 -0.88 -2.45 -1.57

20.50 3.93 1.28 -2.65 -0.87 -2.43 -1.56

21.00 3.91 1.25 -2.66 -0.85 -2.41 -1.56

21.50 3.93 1.23 -2.67 -0.84 -2.40 -1.56

22.00 .88 1.20 -2.68 -0.83 -2.38 -1.56
22.50 3.86 1.18 -2.68 -0.81 -2.37 -1.55
23.00 3.85 1.16 -2.69 -0.80 -2.35 -1.55
23.50 3.84 1.14 -2.70 -0.79 -2.34 -1.55
24.00 3.82 1.12 -2.71 -0.78 -2.33 -1.55
24.50 3.81 1.10 -2.72 -0.77 -2.32 -1.55
25.00 3.80 1.08 -2.72 -0.76 -2.30 -1.54
25.50 3.79 1.06 -2.73 -0.75 -2.29 -1.54
26.00 3.78 1.04 2.74 -0.74 -2.28 -1.54
26.50 3.77 1.02 -2.75 -0.73 -2.27 -1.54
27.00 3.76 1.01 -2.75 -0.72 -2.26 -1.54
27.50 3.75 0.99 -2.76 -0.72 -2.25 -1.54

28.00 3.74 0.97 -2.77 -0.71 -2.24 -1.54
28.50 3.74 0.96 -2.78 -0.70 -2.24 -1.54

29.00 3.75 0.94 -2.79 -0.69 -2.23 -1.53

29.50 3.72 0.93 -2.79 -0.69 -2.22 -1.53

30.00 3.72 0.91 -2.80 -0.68 -2.21 -1.53
30.50 3.71 0.93 -2.81 -0.67 -2.20 -1.53
31.00 3.70 0.89 -2.82 -0.67 -2.20 -1.53

31.50 3.70 0.87 -2.85 - .66 -2.19 -1.53
32.00 3.69 0.86 -2.83 -0.65 -2.18 -1.53
32.50 3.69 0.85 -2.84 -0.65 -2.18 -1.53
33.00 3.69 0.84 -2.85 -0.64 -2.17 -1.53
33.50 3.68 0.82 -2.86 -0.64 -2.16 -1.53
34.0C 3.68 0.81 -2.87 -0.63 -2.16 -1.53
34.5c 3.67 0.80 -2.87 -0.63 -2.15 -1.53
35.0( 3.67 0.79 -2.88 -0.62 -2.15 -1.53
35.5( 3.67 0.78 -2.89 -0.62 -2.14 -1.52
36.0( 3.66 0.77 -2.90 -0.61 -2.13 -1.52
36.50 3.66 0.76 -2.90 -o.61 -2.13 -1.52
37.0: 3.66 0.75 -2.91 -0.60 -2.12 -1.52
37.5( 3.66 0.74 -2.92 -0.62 -2.12 -1.52
38.0( 3.65 0.7; -2.93 -0.59 -2.11 -1.52
38.51 3.65 0.72 -2.93 -0.59 -2.11 -1.52
39.01 3.65 0.71 -2.91 -0.58 -2.11 -1.52
39.5( 3.65 0.70 -2.95 -0.58 -2.10 -1.52
110.0( 3.65 0.69 -2.96 -0.58 -2.10 -1.52
40.5( 3.65 0.68 -2.96 -0.57 -2.0 -1.52
41.0( 3.61 0.67 -2.97 -0.57 -'.09 -1.52
41.5( 5.64 0.66 -2.93 -0.57 -2.08 -1.52
42.. 5.64 0.66 -2.99 -0.56 -2.08 -1.52
142. • 3.64 0.65 -2.99 -0.56 -2.08 -1.52
43.. 3.64 0.64 -3.00 -0.56 -2.07 -1.52
43. • 3.64 0.63 -3.01 -0.55 -2.07 -1.52
44.. 5.64 0.62 -3.02 -0.55 -2.07 -1.52
44. 5.64 0.62 -3.02 -0.55 -2.06 -1.52
45.. 5.64 0.61 -3.03 -0.54 -2.06 -1.52
45. s 3.64 o.62 -3.04 -0.54 -2.06 -1.52
460. 5.64 0.59 -3.04 -0.54 -2.05 -1.52
46. 5.64 0.59 -3.05 -0.53 -2.05 -1.52
47.• 3.64 0.58 -3.06 -0.53 -2.05 -1.52
47. 3.64 0.57 -3.07 -0.53 -2.04 -1.52
48.. 3.64 0.56 -5.07 -0.53 -2.04 -1.52
48. 3.64 0.56 -3.08 -0.52 -2.04 -1.52
49.. 3.64 0.55 -3.09 -0.52 -2.04 -1.52
49. . 5.64 0.54 -3.09 -0.5:' -2.03 -1.52
50.“ 3.64 0.51 -3.10 -0.51 -2.0 -1.52
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in the region 0 r S a and z > 0 and

V

e

bL 2 2 

j'Y) 

ymz

j0 b j0 b

Yma ymr
1

in ; 
m=1 Ymj1(Ym)

in the region 0 r S a and z <0.

In the above two equations, ym are the roots of

Jo(y) 
= 0

(21)

(22)

where J
0 
(y) is the Bessel function of the first kind, order zero, and

J1(Y) is of order 1, and

The

where

f(y)

+Yin)
K

a

functions

f(Y) =(

c

= f_ 
a

K
+b

Yin)

(

a
(23)

(24)

(25)

a 
Y
m

are real functions defined

by

by

+ TS)]

f
(

b

Ym)

b

)
e
-y/[r(c/(b-a)

b - a

/ ay \A

in a -

p 0"7)

kb - ar' 

= (b - a) in (b - a) + a

and the functions P(a), S,and Q(a) are defined by

and

P (a) =11
n=1

Y

a 
ye-a/Y

(a) = Ii
n n=1

S =

n=1

(6
n 

yn

1 1

-a/6

+ T-)e
a

In the above relations, 
6n 

are the roots of the cross product
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j a6 '1:3.O 'b,5 / a6 

Okb - a/ YOkb - ai jOkb - a/ YO(b - a) 0 (27)

where Y is Bessel's function of the second kind. The series for0
P (CY) , (a) f and S were found not to converge very rapidly. We

have instead chosen the following series:

in Q (x)

in P (a) = 
I- (3/4) a ty + 3 in 2)

FCT ) TT k

= - yo'
IT

co

++

n=1 

fl(

- r(i. + ?in)

_ 1
- 2

yan Y
n

+ 2-6n)

n=1

L-1-'
nn

03

7 
in2 

4- I.3

n=1

a'

6n

(77

_ _
n Tr 

y1n 4. 1 )

7171
1 1

n7

)

(28)

(29)

(30)

In the above three series we define y = 0.5772_, which is Euler's
constant, and yi = nir - 7/4 .

With the above relations, a digital computer program was written to

determine the axial voltage distribution and its derivatives. The

cardinal points were obtained using exactly the same procedures outlined

earlier. Table VI gives an example of the results obtained.

The coefficient of spherical aberration Cs using Scherzer's formula

was also computed for each lens. Table VII shows an example of the re-

sults for the experimental lens. I is the value of the integral in

Scherzer's formula. The spacing is 0.2 in units of R .

V. RESULTS

From the detailed results obtained in both the symmetrical and

asymmetrical cases, the following conclusions were drawn.

(a) The focal length in the direction of increasing potential is

always greater than the focal length in the direction of decreasing

potential.

(b) The focal length of the symmetrical two tube lens with spacing

s increases, i.e., the lens gets weaker as the axial spacing of the

cylinders increases. The change is small for small spacings but in-

creases as the spacing is increased. At high voltage ratios, the effect
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TABLE VI.--Cardinal points of

asymmetrical two-cylinder lens of
radii a and b and potentials V2
and V1, respectively, for b/a = 2.

V
2
/V
1

fi zrni Pi o 
f z00 Po

25

25.5

6.72

6.71

6.7

6.6

6.68

6.67

6.67

6.66

6.65

6.65

6.64

6.64

6.63

6.63

6.63

6.62

6.62

6.62

6.62

6.61

6.61

6.61

6.61

6.61

6.61

6.61

6.61

6.61

6.61

6.61

6.62

6.62

6.62

6.62

6.62

6.62

6.63

6.63

6.63

6.63

6.64

6.64

6.64

6.65

6.65

6.65

6.65

6.66

6.66

6.67

6.67

1.47

1.44

1.41

1.39

1.36

1.33

1.31

1.29

1.26

1.24

1.22

1.2

1.1g

1.16

1.14

1.1

1.1

1.08

1.06

1.04

1.03

1.01

0.99

0.98

0.96

0.95

0.93

0.92

0.9

0.89

0.87

0.86

0.85

0.83

0.112

0.61

0.8

0.78

0.77

0.7G

0.7S

0.74

0.72

0.71

0.7

0.69

0.68

0.67

0.66

0.65

0.64

-5.25

-5.27

-5.29

-5.3

-5.32

-5.34

-5.36

-5.37

-5.39

-5.41

-5.42

-5.44

-5.46

-5.47

-5.49

-5.51

-5.52

-5.54

-5.56

-5.57

-5.59

-5.6

-5.62

-5.63

-5.65

-5.67

-5.68

-5.7

-5.71

-5.73

-5.74

-5.76

-5.77

-5.79

-5.8

-5.82

-5.83

-5.85

-5.86

-5.87

-5.89

-5.9

-5.92

-5.93

-5.95

-5.96

-5.97

-5.99

-6

-6.01

-6.03

-1.35

-1.33

-1.32

-1.3

-1.29

-1.28

-1.26

-1.25

-1.24

-1.23

-1.22

-1.2

-1.19

-1.18

-1.17

-1.16

-1.16

-1.15

-1.14

-1.13

-1.12

-1.11

-1.11

-1.1

-1.09

-1.08

-1.08

-1.07

-1.06

-1.06

-1.05

-1.04

-1.04

-1.03

-1.02

-1.02

-1.01

-1.01

-1

-1

-0.99

-0.99

-0.98

-0.98

-0.97

-0.97

-0.96

-0.96

-0.95

-0.95

-0.9S

-4.16

-4.14

-4.13

-4.11

-4.1

-4.08

-4.07

-4.06

-4.04

-4.03

-4.02

-4.01

-4

-3.99

-3.98

-3.97

-3.96

-3.95

-3.94

-3.93

-3.92

-3.91

-3.9

-3.9

-3.89

-3.88

-3.87

-3.67

-3.86

-3.85

-3.85

-3.84

-3.84

-3.83

-3.82

-3.62

-3.61

-3.81

-3.8

-3.8

-3.79

-3.79

-3.76

-3.78

-3.77

-3.77

-3.76

-3.76

-3.76

-3.75

-3.75

-2.81

-2.81

-2.81

-2.81

-2.81

-2.81

-2.81

-2.81

-2.81

-2.8

-2.8

-2.8

-2.8

-2.8

-2.8

-2.8

-2.8

-2.8

-2.8

-2.8

-2.8

-2.8

-2.8

-2.8

-2.8

-2.8

-2.8

-2.6

-2.8

-2.8

-2.8

-2.8

-2.8

-2.8

-2.8

-2.8

-2.8

-2.8

-2.8

-2.8

-2.8

-2.8

-2.8

-2.8

-2.8

-2.8

-2.8

-2.8

-2.8

-2.8

-2.8

V
2
/V
1

fi z01 Pi
f
o

z.0 Po

26

26.5

1.5

2

2.5

3

3.5

4

4.5

5

5.5

6

6.5

7

7.5

8

8.5

9

9.5

10

10.5

1 1.5

12

12.5

13

13.5

14

14.5

15

15.5

16

16.5

17

1 7.5

18

18.5

19

19.5

20

20.5

21

21.5

22

22.5

23

23.5

24

24.5

118.92

45.41

28.33

21.2

17.37

15

13.4

12.25

11.39

10.77

10.19

9.75

9.39

9.09

8.83

8.6

8.41

8.24

8.09

7.96

7.84

7.73

7.64

7.55

7.47

7.4

7.34

7.28

7.23

7.12

7.13

7.09

7.01,

7.01

6.9%

6.95

6.92

6.9

6.87

6.85

6.83

6.81

6.79

6.78

6.76

6.75

6.73

106.93

37.58

21.86

15.38

11.92

9.78

8.34

7.3

6.51

5.89

5.39

4.98

4.63

4.34

4.08

3.86

3.66

3.48

3.33

3.18

3.05

2.93

2.82

2.72

2.63

2.54

2.46

2.39

2.32

2.25

2.19

2.13

2.07

2.02

1.96

1.92

1.87

1.83

1.78

1.74

1.7

1.67

1.63

1.6

1.56

1.53

1.5

-11.99

-7.83

-6.48

-5.82

-5.45

-5.22

-5.06

-4.96

-4.88

-4.83

-4.8

-4.77

-4.76

-4.75

-4.74

-4.75

-4.75

-4.76

-4.76

-4.77

-4.79

-4.8

-4.81

-4.83

-4.84

-4.86

-4.88

-4.89

-4.91

-4.93

-4.94

-4.96

-4.98

-5

-5.02

-5.03

-5.05

-5.07

-5.09

-5.11

-5.13

-5.14

-5.16

-5.18

-5.2

-5.22

-5.23

-97.11

-32.12

-17.93

-12.25

-9.29

-7.51

-6.32

-5.48

-4.86

-4.38

-4

-3.69

-3.43

-3.22

-3.03

-2.87

-2.73

-2.61

-2.5

-2.4

-2.32

-2.24

-2.16

-2.1

-2.04

-1.98

-1.93

-1.88

-1.84

-1.8

-1.76

-1.72

-1.69

-1.66

-1.63

-1.6

-1.57

-1.55

-1.52

-1.46

-1.44

-1.42

-1.4

-1.38

-1.36

-107.99

-38.8

-23.2

-16.82

-13.44

-11.39

-10.01

-9.03

-8.29

-7.73

-7.27

-6.9

-6.6

-6.34

-6.1P

-5.93

-5.7/

-5.62

-5.49

-5.38

-5.27

-5.18

-5.1

-5.02

-4.95

-4.88

-4.82

-4.77

-4.72

-4.67

-4.62

-4.58

-4.54

-4.51

-4.47

-4.44

-4.41

-4.36

-4.35

-4.33

-4.3

-4.28

-4.26

-4.24

-4.22

-4.2

-4.16

-10.88

-6.67

-5.27

-4.57

-4.15

-3.86

-3.69

-3.54

-3.43

-3.34

-3.27

-3.22

-3.17

-3.13

-3.09

-3.06

-3.03

-3.01

-2.99

-2.97

-2.96

-2.94 ,

-2.93

-2.921

-2.91

-2.89

-2.86

-2.88

-2.67

-2.87

-2.86

-2.86

-2.65

-2.85

-2.84

-2.84

-2.84

-2.83

-2.83

-2.63

-2.83

-2.82

-2.82

-2.82

-2.82

-2.82

27

27.5

28

28.5

29

29.5

30

30.5

31

31.5

32

32.5

33

33.5

34

34.5

35

35.5

36

36.5

37

37.5

38

38.5

39

39.5

40

40.5

41

41.5

42

42.5

43

43.5

44

44.5

45

45.5

46

46.5

47

47.5

48

48.5

49

49.5

50
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TABLE VII.--Coefficient of spherical
aberration of two-cylinder equidi-
ameter electrostatic lens of spacing
s = 0.2 in units of R.

-,727cy ci7m c/a

1.50 3377912.51 0.70 211119.52 3153.39
2.00 135338.79 0.83 8458.67 390.43
2.50 25590.48 0.95 1599.40 134.51
3.00 8769.40 1.07 548.c9 68.42
3.50 4081.56 1.18 255.10 42.47
4.00 2280.69 1.28 142.54 29.66
4.5o 1436.25 1.39 89.77 22.37
5.0.3 983.14 1.49 61.45 17.79
5.50 715.21 1.59 44.70 14.70
6.00 544.82 1.69 34.05 12.51
6.50 430.18 1.78 26.89 10.88
7.00 349.49 1.87 21.8.4 9.63
7.50 290.58 1.96 18.16 8.65
8.00 246.28 2.05 15.39 7.86
8.50 212.08 2.14 13.26 7.22
9.00 185.11 2.22 11.57 6.68
9.50 163.45 2.31 10.22 6.22
10.00 145.78 2.39 9.11 5.83
10,50 131.14 2.46 8.20 5.49
11.00 118.88 2.54 7.43 5.20
11.50 108.49 2.62 6.78 4.94
12.00 99.59 2.69 6.22 4.71
12.50 91.92 2.76 5.74 4.50
13.00 85.24 2.83 5.33 4.32
13.50 79.38 2.90 4.96 4.15
14.00 74.22 2.97 4.64 400
14.50 69.63 3.04 4.55 3.86
15.00 65.54 3.10 4.10 3.73
15.50 61.88 3.17 3.87 3.62
16.00 58.57 3.23 3.66 3.51
16.50 55.58 3.29 3.47 3.41
17.00 52.87 3.35 5.30 3.32
17.50 50.39 3.41 3.14 3.23
18.00 48.13 3.47 3.01 3.15
18.50 46.05 3.52 2.88 3.08
19.00 44.13 3.58 2.76 3.01
19.50 42.37 3.63 2.65 2.94

V
21

V
1

Integral Ci/M Csoft Csoft.

,
,
,
p
n
w
,
,
,
,,,
,
,
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
,
e
4
,
4
.
 

8
R
8
R
8
R
8
R
8
R
8
R
8
R
8
R
8
S
8
R
8
S
8
R
8
9
.
8
9
,
8
9
,
8
g
8
F
,
8
9
,
8
9
,
8
9
,
8
9
.
°
°
8
°
°
°
8
°
8
°
8
°
8
°
8
°
8
°
°
 

3.69 2.55 2.88
3.76 2.45 2.82
3.79 2.36 2.77
3.84 2.28 2.71
3.89 2.20 2.66
3.94 2.13 2.62
3.99 2.06 2.57
4.04 2.00 2.53
4.08 1.94 2.49
4.13 1.89 2.45
4.17 1.83 2.41
4.22 1.78 2.38
4.26 1.74 2.34
4.30 1.69 2.31
4.34 1.65 2.28
4.39 1.61 2.25
4.43 1.57 2.22
4.47 1.53 2.19
4.50 1.50 2.16
4.54 1.46 2.13
4.58 1.43 2.11
4.62 1.40 2.084.65 1.37 2.064.69 1.34 2.044.72 1.32 2.024.76
4.79

1.29 1.99

4.83
1.27 1.97

4.86
1.24 1.95
1.22 1.934.89 1.20 1.914.92 1.18 1.90

4.95 1.16 1.88
4.99 1.14 1.86
5.02 1.12 1.84
5.05 1.10 1.83
5.08 1.08 1.81
5.10 1.06 1.79
5.13 1.05 1.78
5.16 1.03 1.76
5.19 1.02 1.75
5.22 1.00 1.73
5.24 0.99 1.72
5.27 0.97 1.71
5.30 0.96 1.69
5.32 0.94 1.68
5.35 0.93 1.67
5.37 0.92 1.66
5.40 0.91 1.64
5.42 0.90 1.63
5.44 0.88 1.62
5.47 0.87 1.61
5.49 0.86 1.60
5.51 0.85 1.59
5.54 0.84 1.58
5.56 0.83 1.57
5.58 0.82 1.55
5.6o 0.81 1.54
5.62 0.80 1.53
5.65 0.79 1.53
5.66 0.78 1.52
5.68 0.78 1.51
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is quite small.

(c) The position of the principal planes does not change much with

voltage ratio except at very low values.

(d) As the spacing s is increased, a slight movement of the prin-

cipal planes towards the low voltage cylinder occurs. At high voltage

ratios, this effect is negligible.

(e) The lens thickness defined by the separation of the principal

planes increases monotonically with voltage ratio.

(f) The focal length increases monotonically with the diameter ratio

in an asymmetrical two-cylinder lens. The rate of increase of f de-

creases as the diameter ratio increases.

(g) The spherical aberration decreases monotonically as the voltage

ratio increases.

VI. CONCLUSION

All the results and conclusions agree reasonably well with those

already published by previous authors. We have reason to believe that

our method of analysis is more accurate and convenient. The entire data

obtained are to be published elsewhere and represent, in our opinion,

the most complete analysis of the electrostatic immersion lens available

in the literature.
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COMPUTER ANALYSIS OF SYMMETRICAL MAGNETIC

LENSES WITH UNSATURATED POLE PIECES

A. B. EL-KAREH and H. G. PARKS*

Syracuse University (Department of Electrical Engineering),

Syracuse, N. Y.

A computer method of analysis for symmetrical magnetic lenses is

presented. An analytical expression for the axial magnetic field is

derived from a boundary-value solution of the magnetic scalar potential

of the lens. Important field, paraxial, and aberration properties of a

series of magnetic lenses are calculated with the help of a digital

computer.

I. INTRODUCTION

Numerous methods of analyzing magnetic lenses have been described

in the literature. Glaserl started with a bell-shaped curve given by

B
0

B(z) - (1)
211

1 +

Here B
0

is the maximum value of the field and a and µ are constants

related to

equation

the hdlf-amplitude width 2d , as shown in Fig. 1, by the

d = al-21/11 - 1 (2)

Glaser found that for µ = 1 , he was able to analyze the lens completely.

Unfortunately the field distribution obtained with µ = 1 does not ac-

curately represent the fields found in real lenses. The field decreases

much more slowly with increaseing z than the fields in real lenses.

The results are given in terms of the parameter

2
k
2 
- 

8mV 
(B

O
a) (3)

where e and m are the charge and mass of the electron, respectively,

and Vr is the accelerating potential corrected for relativity by

-
V
r 
= V(1 + 0.978 X 10 6V)
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407

(4)
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The Glaser field distribution leads to some serious errors in lens

analysis. For example, Glaser finds that if Cs , the coefficient of

spherical aberration, is plotted as a function of k2 , the curve passes

through a minimum. In real lenses Cs decreases monotonically with k2.

The Glaser field distribution is most accurate for lenses with saturated

polepieces. However, even in that case it does not truly represent the

broadening of the field distribution owing to saturation found in real

lenses.

Owing to the inaccuracies of the field model when µ = 1, the results

of Glaser's analysis are now primarily used for qualitative rather than

quantitative lens analysis, i.e., as a learning model. It should be

noted, however, that at the time of its development, which was over 25

years ago, the model was a major breakthrough in the understanding of

magnetic lenses and it found wide application in the analysis and design

of lenses.

Ramberg
2 published data for a magnetic lens with axial field distribu-

tion given by

2
B(z) = B

o 
sech (2.630 (5)

where Bo is the maximum amplitude of the axial field and D is the

bore of the lens. This field distribution was obtained by considering

the polepieces of the lens to be magnetic scalar equipotentials and al-

lowing the ratio of gap width to bore diameter, S/D, to become very

small. The preceding paper on electrostatic lenses describes a similar

case in detail where the case of two equidiameter cylinders of potentials

V1 and V2 with negligible separation is analyzed. Calculations for

the magnetic system would be essentially the same based on the magnetic

scalar potential.

Using this field distribution and numerical techniques, Ramberg was

able to obtain solutions for the paraxial-ray equation and the aberration

coefficients as a function of lens strength. Along with this lens, three

types of electrostatic lenses were also considered and the important

optical properties of each lens system versus lens strength were pre-

sented in graphical form. From this study, Ramberg was then able to

conclude that magnetic lenses are superior to electrostatic lenses of

comparable dimensions in terms of spherical and chromatic aberrations

for the types of lenses used as microscope objectives.

The majority of magnetic lenses found in practice have ratios of gap
width to bore diameter in the range of 0.2 to 2.0. The field distribu-
tion used by Ramberg, constrained by small values of S/D, is in general

too limited for the analysis and design of magnetic lenses. It does,
however, present a limiting case with which other methods of lens analysis

can be compared.

Van Ments and Le Poole3 used a combination of experimental and analyt-

ical techniques to investigate the optical properties of magnetic lenses.

Their method of field measurement was based on the force exerted on a

current carrying conductor placed in a magnetic field. They defined a

parameter
2

K = 
(NI) 

V
r
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where NI is the number of ampere turns. This is related to the dimen-

sionless parameter k2 by

K = cik
2

was found to be constant for a given ratio of gap width to bore diam-

eter, S/D, provided saturation of the lens polepieces was avoided.

Van Ments and Le Poole presented optical properties of a series of

lenses (0.2 5 S/D 5 2.2) using the above-mentioned procedure.

Liebmann and Grad4 published results for the optical properties of

a series (S/D = 0.2, 0.6, 1.0, 2.0) of magnetic lenses. The polepieces

of the lenses considered were assumed to be scalar magnetic equipoten-

tials and were modeled on a resistance-network analog of ten mesh units

per lens radius. The mesh potentials were then recorded to five decimal

places and after correction for local errors, the relative accuracy was

2 parts in 10 000. The relative field intensity H(z)/H(0) was obtained

by taking first and third differences of the axial potentials. Relative

values for the first and second derivatives of the field were obtained

in a similar manner from differences of H(z)/H(0) and H i(z)/H(0) ,

respectively.

The optical properties of the lenses were obtained by numerical ray

tracing and were presented in graphical form as a function of the para-

meter

k
2 
= 
8mV 

(B
0
R)
2

( 7 )

where R is the radius of the bore. This value of k2 differs from

that defined by Glaser, since here R and not a is used. This form

is more suitable because the radius is a more easily obtainable parameter

than the field halfwidth. A relationship between Vr , NI , and k2

was defined:

V
r= k  -

(NI)
2

(8)

13 is constant for any given value of S/D .

The above-mentioned work was based on the measurement of the axial

magnetic field either experimentally or with the help of a resistor

board. This involves a considerable amount of labor for each value of

S/D. In addition important errors occur whenever the first or second

derivative is calculated. In what follows we shall develop an analyt-

ical expression for the axial magnetic field with the help of which the

complete optical data will be obtained. This analytical approach was

first developed by Lenz.5

II. AXIAL MAGNETIC POTENTIAL OF A SYMMETRICAL LENS

Laplace's equation of a rotationally symmetrical lens can be
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conveniently written in cylindrical coordinates as

2
2 1 6

= 
(r 

) 
+ 

a T = 0
ar 2

az
(9)

where T is the magnetic scalar potential. A general solution of the

equation based on the Fourier integral6 is

where In(ar)

(r,z) =
-OD

is the modified

+co

f (a)ejaz I (ar) dc
0

Bessel function of first kind, order

(10)

zero, ana is defined by the series

CD

2k

(ar)
1 iar)

(11)=
0(1)

2 (o 2

k=0

In order to solve our problem we need to determine the function
f(a) in (10). We do this by using the boundary conditions. Along the
bore radius R , (10) becomes

+co

T (R,z)= f (a) ejaz I
0 
(aR)da

-co

(12)

which is obviously a function of z only. We note the similarity of
(12) with the Fourier inversion integral

+co

1
azdag (z) = G (a) ej (13)

—co

which is used to recover g(z) from its Fourier transform G(a). We thus
have

G (a) 
f (a) -

271
0 (all)

(14)

Therefore, the function f(a) is defined in terms of the Fourier

integral of the potential variation along the bore radius of the lens.
The lens excitation NI is assumed to be low enough so that saturation
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is avoided.

At points far from the bore, the field is parallel to the z axis and

H = NI/S (15)

In this region the potential varies linearly across the gap with a

slope given by (15). Along the bore radiusfringe fields exist which

cause a curvature in the field lines and the potential distribution.

However, as with the case of electrostatic lenses, we can assume a linear

variation along the gap without any significant error. We therefore

assume the following conditions:

T(R,z) = g(z) =

-NI
2

NI
z

NI

2

lz < 5/2

z S/2

(16)

where g(z) appears as the inclined step as shown in Fig. (1).

Now that the potential along the bore radius has been specified,f(a)

can be determined and the solution for T(r,z) completed. From (14)

we see that this involves evaluating the Fourier integral G(a) given

by the equation

+m

G(c) =g(z)e-"zdz (17)

-CO

for the function g(z) given by (16). The function g(z) does not

satisfy the classical conditions for existence of the Fourier transform

pair defined by (17) and (13), namely the condition of absolute

integrability

+co

g(z) laz <

-CO

(18)

is violated by g(z) . However, due to the frequent occurrence of

functions such as g(z) in physical problems, techniques have been

developed that extend the Fourier theory to encompass them.7 Here we

will follow the limit method presented by Bracewel1.8 First we modify

g(z) slightly by letting

g
1 
(z) = e- T I Z Ig (z)
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where T is a small positive constant. Equation (19) satisfies the

conditions of existence for the Fourier integral and we can, therefore,

write

+m

G (a) =
1 

g
1 
(z)e-jazdz

-co

(20)

We then define a Fourier transform for G(a) which exists in the limit

as

G(o) = lim G
I
(a)

T-00

In view of (16) and (19), (20) becomes

(21)

-S/2 +S/2 co

NI -jaz-T1z1
dz + 

j E 
ze
-jaz-T1z1

dz + 
r NI -jaz-T1z1

dzG (a) = j
1 - 2 e S 

j 7 e

-m -S/2 +S/2

For the magnitude of z we can write

lz I
-z z 0

z 0

(22)

(23)

and substituting this in the preceding equation for G1(o) we obtain

-S/2 0 S/2

G
1 
(a) = NI I

S

_ 1 f 
e
(T-ja)z

dz +-
1 

j

'
ze 
(T-j a) z

dz + 
j 

ze
-z

dz

-00 -S/2 0

If we define

+ e
1 -(T+ja) 

zdz

S/2

a = T + ja

b = T- ja
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(24) becomes upon substitution of (25)

-S/2 

e 
d 

0

bz.z 1 j bz 1
G
1 
(a) = NI - j + ze dz +

-m -S/2

Taking the limit as T approaches zero gives

ze 
-az

dz
1

+ e 
-az

dz
I

NI e
-jaS/2 

+ e
jaS/2 

d 
G(a) = lim G

I
(a) -

TO 
2 ja 

+ 
NI i

S
(-ja)

[ (jaS/2) + 1]

as/2

-jaS/2
e 1 1 

[ (jaS/2) + 1] +

(ja) 
2

(ja)
22

(jet')

1
2

which after some simplification gives

or

G(a) 
_ 2NI . 'Sax

sin 7

jSa
?

f (a) -  
NI . (Sa)2 

sin
2 

•  
1

7I (aR)jsa o

Substituting (29) into (10) we obtain

NI

rrS

+co
S_co

sink—)
2  j 

cyz I
0 
(ar)

e da
2 I (all)

ja 0

This integral can be simplified further by writing

0

T(r,z)
. r NI sin(Sa/2) 

e
jaz 

I
0
(gr)

J 2 
du + j

I
o 
(aR)

ja
- CO

which after some simplification gives
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0

(26)

(27)

(28)

(29)

(30)

sin(Sa/2) 
e
jaz

Ja
. 2 

Io (ar) I

I
o
 (aR) 

da

(31)



m
NI r sin(Sa/2) sin(z) 

I
0
(aT)

T(r,z) = da
it J Sa/2 a I (all)

0
0

(32)

Equation (32) is the final solution for the scalar magnetic potential

of the symmetrical magnetic lens as calculated from the approximate

boundary conditions for unsaturated polepieces. For the analysis of

magnetic lenses we are interested in the magnitudes of the axial magnetic

induction and its derivatives.

The magnetic-field intensity is obtained from the gradient of the

scalar potential. Thus, for the axial magnetic induction B(z) we have

B(z) =- µ
0

(r,z)

z0

dT
(0,z) 

- Pb dz

where '(O,z) is the axial scalar potential variation. We obtain

from (32) by letting r = 0 . Since I0(0) = 1 ,

= NI r sin(Sa/2) sin(az) 1 
T
(0,z) it J S I (il)S/2 

dc
a a

0 
0

(33)

(34)

Before taking the derivative of (34), we change the variable of integra-

tion so that the dependence of the potential and fields on the lens

dimensions will be more obvious by defining t = aR , and therefore

and since D = 2R we obtain

Therefore

a, = t/R

dt = Rd a (35)

m

T
= I N j sin(St/D) sin(2tz/D) 

dt
(0,z) 

_
S 27 15o

m
NI r sin(St/D) cos(2tz/D) 

dtB(z) = 2µ
0 TTS J t10

 
(t)

0

for the axial magnetic induction. This equation was first obtained by
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Lenz.5 Similarly we obtain the derivatives of the axial induction as

and

13,(z) = dB(z) =

0
(t) 

4 
µ
0
NI

dz 

r00 sin(St/D) sin(2tz/D) 
dt (38)

TISD j I 

0

Bi,(z) = 
d2 

-
B(z) 

µ
0
NI rlap t sin(St/D) cos (2tz/D) 

2 
8 

2J I (t)
dz TrSD 0

0

III. NUMERICAL ANALYSIS TECHNIQUES USED IN THE PROGRAM

(39)

A program was written in Fortran IV for the analys
is of symmetrical

magnetic lenses using the field distribution derived 
above. It is con-

venient to express the field distribution, and the z,r coordinates in

relative units rather than MKS units. The lens bore radius R and the

maximum axial field B(0) are used as units of measure. By defining

e 2 2
k
2 
- B (0) R

8mV
r

(40)

the coefficient of spherical aberration Cs can be written in terms of

Scherzer's coefficient C1

C
s

R
=

9

k

2

[ 2 _4 -, 2
3k B + (B ) -

and the Glaser definition of Cs is given by

-,
-2(

r
a
)2

1_4
B =

ra
r
a

_
dz (41)

Here

with

by

Z = z/R ,

respect to

C 2
..2_ = 11_

R 12

_
B = B(z)/B(0)

Z . The chromatic

-i0

[16k
2j

- CO

, and

-4 -, - -
B + 5 (B )

2 
- BB "] 4 r di (42)

a,

the primes represent derivatives

aberration coefficient Cc is given

Z
0

C
c

R 
= 
j -, 2 -

(r ) dz
a

- CO
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The terms of Z

expressed as

and

the

B- 
(z)

(z)

axial field

2 kto NI
CO

r
J

distribution and its derivatives

sin(St/D) cos(tZ)
dt

are

(44)

(45)

1-6

-2µ
0
NI

tI
0 
(t)

sin(St/D) sin(tZ) dt=

17S I (0
0

0

-2µ
0
NI 
j t sin(St/D) cos(t) 

B
() 

= 1
0
(t) 

dt
1-6 

At Z = 0 the field is given by

0

CO

2µ0NI
sin(St/D) 

B
(0) 

-  rrSdt
t I
o

0

(46)

(47)

Another field quantity of interest is the ratio of the maximum axial

field B(0) to the field in the polepiece gap, Bp . Since

we obtain

NI
Bp = p,0

CO

(0) 2
= 

sin(St/D) 
- dt
rr t1 0(t)

0
0

(48)

(49)

The lens analysis program uses two specific methods of numerical

integration. All definite integrals are solved by a modified form of

Simpson's rule.9 The solution of the differential equation is obtained

by the Runge Kutta technique.

The value of r and T.' are determined for the interval 6.0

with an increment of Az = 0.01 . This large interval was needed in

order to guarantee that the starting and end points of Z lie in a field

free region for the range of values of S/D which were studied.
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As the ray proceeds through the lens we keep track of the value of ;

so that the first axial crossing of the trajectory can be obtained.

These values are used to determine the objective optical properties.

Since we are only evaluating values of r at discrete increments, we

note that the ray could cross the axis at one of these points; however,

it will more than likely fall within the increment where -i. is not

defined by the analysis. We therefore provide for these conditions in

the program. If the ray crosses at a point where r is evaluated, we

set the value of z at this point equal to the normalized midfocal

length. However, if the ray crosses at an intermediate point, we save

the values T.-, r', and Z at the increment points immediately to the

left and right of where the ray crossed. We then interpolate these

values to define the objective properties. If the lens is weak (i.e.,

k2 small), the trajectory does not cross the axis within the lens field.

In this case the objective properties are set equal to the projective

properties which are evaluated from straight-line projections based on

the coordinates of the trajectory in the field free region after leaving

the lens.

IV. RESULTS OF THE PROGRAM

With the program the most complete set of results on the symmetrical

magnetic lens available in the literature were obtained for the range of

S/D from 0.01 to 2. It should be borne in mind that for S/D > 2 , the

field model which was derived earlier in this paper is no longer accurate.

However, as was stated before, the most widely used values of S/D lie

well within that range.

As the ratio of gap width to bore diameter, S/D , increases, the

axial field distribution broadens and flattens out near the center of

the gap. This is shown in Fig. 2 which, owing to the symmetry of the

field, is plotted for positive values of Z only. We note that for the

extreme case S/D = 2.0 , after which the field model loses its validity,

the normalized field has fallen to a value of 0.07 at 2 = 3.0 . In view

of this result and the nature of the field distribution, we see the

justification in assuming that the region IZI 6.0 , is field free in

the lens analysis program.

The field half value width in relative units, a/R , is plotted

versus S/D in Fig. 3. From the figure we see that a/R asymptotically

approaches S/D as S/D becomes large. Some values of a/R for some

of the lenses analyzed are given in Table I. From these values a correla-

tion can be formed between Glaser's value of k2 , and the Liebmann value

of k2 used in the lens analysis program. The two values of k2 are

related by

2
k 1

a \ 2

RGlaser 

. ( 
) k I Liebmann

(50)

Similarly the optical properties determined from the lens analysis pro-

gram, which are normalized with respect to R , can be normalized with

respect to a by dividing them by the value of a/R , if it is so desired.

The ratio of the maximum axial field to the field in the gap at the

polepieces versus S/D is given in Fig. 4. With these values one can
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FIG. 1.--Glaser bell-shaped field. FIG. 2.--Normalized axial fields.
a/R Bo/Bp 1
•

2.0—

_1

1.0 —

S/D
1.0 2.0

FIG. 3.—Half-value width of B(z)
OR

0.015 —

0.010 —

0.005 —

FIG. 5.--Beta as

1 1 1 1 1 1 1 1 1 1

1 . 0 2.0

Po.
S/D

10.0 
FIG. 4. --B(0)/Bp as function of S/D.

1.0

0.1
0.1

a function oI S/D.

I I- I

I . 0
S/07.0

S/D 0.1

2.0

FIG. 6.--Objective focal length as

function of lens excitation.
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TABLE I

S/D B
(0)

/B
p 

a/R p x lo2

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

2.0

0.132

0.259

0.377

0.483

0.577

0.656

0.723

0.778

0.823

0.860

0.889

0.912

0.931

0.945

0.957

0.966

0.973

0.979

0.983

0.987

0.667

0.674

0.699

0.733

0.776

0.828

0.886

0.952

1.023

1.099

1.179

1.263

1.350

1.440

1.532

1.625

1.720

1.816

1.912

2.010

1.51

1.45

1.37

1.27

1.15

1.04

0.93

0.82

0.73

0.64

0.57

0.50

0.45

0.40

0.35

0.32

0.29

0.26

0.23

0.21

relate a given value of B(0) to the lens excitation NI or vice versa.

A more important parameter that can be obtained from these values is p
which relates the dimensionless excitation parameter k2 to the actual

electrical parameters NI and Vr of the lens. The relationship

between [3 and k2 is

We have

which becomes

k2
 
= 

(NI)
2

p
V
r

k
2 
=
8mV

r

(B
(0)

R)
p

8mV
r 

B
p

9

2

)  
(

B
(0 

B
2 

R
2

2

2 2

2 
epti Co)) 

\2 (NI)2

32m B Si V

and p is given by
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2 2 2
ep,0 (B(0)) (D 2

32m B 

2
(0)) (D

S
= 0.0087( 173-- .§.) (53)

Figure 5 shows p versus S/D . Some values for both 0 and

are given in Table II for some of the lenses analyzed.

The objective optical properties fo/R and z0 /R ar2 plotted for the

lenses S/D = 0.1, 0:5, 1.0, and 2.0 as a function of k in Figs. 6 and

7. At small values of k2 the focal length, Fig. 6, is larger for the

smaller values of S/D . As k2 increases fo/R decreases monotonically.

The focal lengths for lenses with smaller values of S/D , however, de-

crease more rapidly than the lenses with larger values of S/D. This

results in a crossover of the focal lengths in the region 0.8 5 k2 5 3.3

for the range of lenses considered. The focal lengths then emerge from

this crossover region being larger for the larger values of S/D. After

the crossover, the focal lengths become more nearly equal as k2 in-

creases, and continue to decrease at a decreasing rate. This trend is

indicated in Fig. 6. The focal lengths at k2 = 100 are 0.36, 0.37,

0.38 and 0.38 for S/D equal to 0.1, 0.5, 1.0, and 2.0, respectively.

The midfocal lengths, zo/R , versus k2 are given in Fig. 7. Again we

see a monotonic decrease as k2 increases with zo/R being smaller for

larger values of S/D . The midfocal lengths, unlike fo/R , remain

separated as k increases becoming negative in the range 0.8 5 k2 5 8.0.2 

This separation is still evident at extremely high values of k2 . For

example, at k2 = 100, zo/R is -0.65, -0.79, -1.14, and -2.08 for S/D

= 0.1, 0.5, 1.0, and 2.0, respectively.

The objective optical properties just discussed are of particular

interest when the image or object is immersed in the lens field, e.g.,

the electron microscope objective lens. In some applications, e.g., the

projective lens of the electron microscope and the lens of a magnetically

focused CRT, the projective optical properties are of interest. The

projective focal lengths are of an oscillatory nature as k2 increases.

This is a result of the multiple crossings of the optical axis by the

beam for strong lenses. For practical purposes, only beams that cross

the axis once are of interest. In this region the projective focal

lengths initially decrease reaching a minimum value and then increase

again as k2 increases. This is shown in Fig. 8 for the series of

lenses S/D = 0.1, 0.5, 1.0, and 2.0. As for f° /R 
we see that the

projective focal length at small k2 is largest for small values of

S/D . In fact, for small values of k2 fo/R and f /R are equal.

For the range of lenses considered, fo/R and f /R are always equal

for k2 5 0.1 (i.e., for S/D 2.0). This correspondence increases

with k2 for smaller values of S/D up to approximately k2 = 1.0 for

S/D = 0.1. The minimum value of f is of particular interest since it

represents the minimum value of focal length obtainable when the lens is

used as a projective lens. Furthermore, operation of the lens at or

near this point makes fp invariant with reasonable fluctuations in k2

due to the broad shallow nature of the minimums. For the range of lenses

considered, the minima fall in the approximate range 0.35 k2 5 3.0.

After the minimum, further increase in k2 results in a rapid increase

of f which asymptotically goes to infinity. This corresponds to the

value of k2 when the beam leaves the lens field parallel to the optical

axis. The projective midfocal lengths, zp/R , as a function of kz are
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FIG. 7.--Objective midfocal length as function of lens excitation.

0.0

0.1

1'111 I 1 ( I 11 1110.

1.0 10.0 112

FIG. 8.--Projective focal length as function of lens excitation.
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FIG. 9.--Projective midfocal len
gth as function of lens excitation.
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FIG. 10.--Spherical-aberration coefficient as functio
n of lens excitation.
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FIG. 11.--Dimensionless aberration constant as function of objective

focal length.
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FIG. 12.--Chromatic-aberration coefficient as function of lens excitation.
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given in Fig. 9. Just like their corresponding focal lengths, the

values of z /R and zo/R are equal for small values of k2 . As k2

increases, zp/R decreases monotonically, becomes negative, and then

asymptotically approaches minus infinity as the beam leaves the lens

parallel to the optical axis.
The aberration values obtained from the lens analysis program are

plotted as a function of k2 in Figs. 10 and 11 for the represented

values of S/D = 0.1, 0.5, 1.0, and 2.0. In Fig. 10 the spherical

aberration coefficients Cs/R are shown. For small values of k2 the

values of Cs/R vary drastically, the larger values of CsR corres-

ponding to the smaller values of S/D . At k2 = 0.1 the ratio for

Cs/R for the range of lenses analyzed can have a maximum value of the

order of 80:1. However, Cs/R decreases rapidly as k2 increases,

especially for the small values of S/D . For k2 = 0.5 , which

approaches the range of k2 often used in microscopes, this ratio is

of the order of 8:1. As k2 increases further the Cs/R curves cross

each other, which for the lenses considered here occurs in the interval

1.4 < k2 < 5.5. They emerge from the crossover with larger values of

Cs/R corresponding to the larger values of S/D . Then as k2 continues

to increase, the values of Cs/R continue to decrease at a decreasing

rate and become more nearly equal. This is not really obvious for the

range of k2 shown in Fig. 10, however, our results show that Cs/R

at k2 = 100 is 0.12, 0.12, 0.13, and 0.13 for S/D = 0.1, 0.5, 1.0,

and 2.0,respectively.

In Fig. 11 the dimensionless aberration figure C5 /f0 increases as

fo/R increases and is larger for the lenses with smaller values of

S/D . We also note that at low values of fo/R , the curve for S/D
= 2.0 crosses the curves for the other values of S/D . The shape of

the curves for S/D = 0.1, 0.5, and 1.0 indicate a general crossover

of the curves in the neighborhood of fo/R = 0.2. Focal lengths this

small correspond to values of k2 > 100 and are, therefore, not of much

practical interest. Values of C5/f0 are of particular interest be-

cause they provide a figure of merit by which various types of lenses,

both magnetic and electrostatic, can be compared.

The coefficient of chromatic aberration Cc/R is plotted versus k2

in Fig. 12. The curves for Cc/R appear very similar to those of f0/R.
It is particularly interesting to note that at small values of k2

(around 0.1) the values of Cc/R differ from the values of their corres-

ponding focal lengths by only a few tenths. At the high end of k2 ,

the values of Cc/R are roughly equal to two-thirds of the corresponding
values of fo/R and as with fo/R are nearly equal for the various
lenses. In the intermediate range 0.9 5 k2 5 4.0 we see that the
curves for Cc/R cross each other which again relating to fo/R is
approximately the same range where the curves crossed.

V. COMPARISON OF THE RESULTS WITH EARLIER WORK

As was mentioned earlier, the field used in the Glaser analysis of

magnetic lenses, with p = 1.0, is quite different from the fields found

in real lenses. The results of the lens analysis program are thus not

comparable with the Glaser analysis.
The field distribution used in the lens-analysis program was derived

from the scalar magnetic potential with the assumption that the polepieces
of the lens were equipotentials. The field distribution used by Ramberg
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was also based on equipotential polepieces with the additional constraint

of negligible gap width S . For purpose of comparison, then, we return

to the equation for the axial scalar potential and impose the constraint

of negligible gap width by taking the limit as S approaches zero.

Doing this, we obtain

m

NI r sin(a z) 1
lim T(0,z) 

= dc"
7 J a

S-I0 
1
0 
(a R)

0

By numerical integration we find that

co

sin(kz) 
dk tanh 

(1.3112 
z
)1 

ykR)

0

Thus, in view of this approximation the scalar potential becomes

T
(0,z)

S-)0

(1.32z 
= tanh

2 
\NI

R /

(54)

(55)

(56)

Differentiating (56) and noting that D = 2R, we find the axial magnetic

induction to be

B 
(z) 

= B
O 

sech  
D 

2
j

(2.64z \
(57)

Therefore, by using the approximation given in (55
), we see that the

field distribution used in the lens-analysis progr
am passes over into

the field distribution of Ramberg for small gap widths.

The specific numerical results given by Van Ments and Le Poole were

compared with the results obtained from the lens analysis program. The

value of k2 used by Van Ments and Le Poole follows the Glaser defini-

tion. In comparing the results, the value of k2 = 0.976 given by them

was first converted to the Liebmann value of k2 . This conversion re-

sulted in a value of k2 = 0.47. Since this does not correspond to a

value of k2 calculated by us, the paraxial properties were obtained

by interpolation of the given values at k2 = 0.4 and k2 = 0.5. The

ampere turns NI were calculated from the value of [3 for S/D = 1.4

and V = 80 kV (Vr = 86.26 kV). The results of the comparison are shown

in Table II.

We note that the difference between the results obtained with the

lens analysis program and those of Van Ments and Le Poole is always less

than 5%. Since the field distribution used by Van Ments and Le Poole

was obtained experimentally from real lenses we consider the close agree-

ment of the two methods a justification for use of the field equation

derived earlier in this paper.
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TABLE II.--Comparison of Van Ments and Le Poole's

results with the lens-analysis program.

0 0 0
NI

Van Ments

and Le Poole
8.2 mm 6.0 mm -2.2 mm 3200 At

Lens analysis

program
7.9 mm 5.8 mm -2.1 mm 3199 At

% Difference 3.6 3.33 4.5 0.03

Given: S/D = 1.4, S = 14 mm, D = 10 mm, V = 80 kV, k2 = 0.976

The results given by Liebmann and Grad were compared with results

obtained from the lens analysis program. For these cases the values of

k2 corresponding to the different S/D values (0.2, 0.6, 1.0, and 2.0)

were computed using the value of f3 obtained by our program and the

values of NI and Vr given by Liebmann and Grad. The comparison is

shown in Table III.

From the table we see that for the magnitudes of the fields, the

paraxial properties, and the chromatic aberration, the correlation

between the methods is very good. The percent error in these quantities

ranges from 0% to 5%. For most of these cases, however, it is less than

3%. The percentage error for the spherical aberration coefficient is
extremely high. For the four lenses the minimum error is 4.25% for

S/D = 1.0 and the maximum error is 30.3% for S/D = 2.0. In view of

these large errors the lens analysis program was changed so that the

spherical aberration coefficient was calculated using Glaser's definition.

The same results were obtained in both cases, with agreement up to the

fifth decimal place. The method of calculating Cs/R used by Liebmann

and Grad requires evaluation of the first and second derivatives of B.

These derivatives were obtained by successive differencing of the initial

potentials read from the resistance-network analog. In our case, the

derivatives are obtained from equations, and the field equation provides

excellent correlation with the different methods for parameters other

than Cs/R . We conclude, therefore, that the values of Cs/R obtained

from our analysis are more accurate.
In their paper Liebmann and Grad also presented a table of values of

ampere turns NI necessary to obtain a given focal length fo/R at a
fixed anode voltage, Vr = 6.7 X 104 V. These values of NI were also

calculated from results obtained with the lens analysis program. The
results obtained by Liebmann and Grad and those obtained from the lens

analysis program are compared in Table IV.
Again we see the results are in excellent agreement for the two meth-

ods. For the case fo/R = 10.0 and S/D = 2.0, the percent error is

19.2%. Otherwise, it is always less than 6%. k2 for this value of

fo/R is found by interpolation over a large range of fo/R and is,

therefore, the probable source of error.
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TABLE III.--Comparison of Liebmann and Grad's results
with the lens-analysis program.

Source S/D 0.2 0.6 1.0 2.0

Liebmann & Grad

Lens-analysis

program

% Difference

9
k-

1.44

1.36

2.68

0.94

0.97

3.10

0.56

0.60

7.15

0.19

0.20

5.3

Liebmann & Grad

Lens-analysis
program

% Difference

Ho(gauss)

10 500

10 162

3.21

8450

8589

1.65

6500

6750

3.85

3800

3876

2.00

Liebmann & Grad

Lens-analysis

program

% Difference

fO/R

1.00

1.02

2.00

1.20

1.18

1.67

1.50

1.45

3.33

2.40

2.37

1.25

Liebmann & Grad

Lens-analysis
program

% Difference

zo/R

0.84

0.88

4.8

1.00

1.00

0.0

1.20

1.21

0.84

1.85

1.88

1.62

Liebmann & Grad

Lens-analysis
program

% Difference

Cs/R

1.05

1.17

11.4

1.25

1.31

4.80

1.65

1.58

4.25

3.8

2.85

30.3

Liebmann & Grad

Lens-analysis
program

% Difference

Cc/R

0.81

0.82

1.22

0.96

0.94

2.09

1.2

1.14

5.0

1.9

1.85

2.64
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TABLE IV.--Comparison of Liebmann and Grad's values

with the lens-analysis program.

fO/R S/D = 0.2 S/D = 0.6 S/D = 1.0 S/D = 2.0

Liebmann & Grad

Lens-analysis

program

% Error

10.0

670

644

3.87

720

707

1.80

810

846

4.44

1000

1192

19.20

Liebmann & Grad

Lens-analysis

program

% Error

5.0

960

983

2.39

1060

1082

2.07

1170

1227

4.87

1500

1586

5.73

Liebmann & Grad

Lens-analysis
program

% Error

2.0

1600

1622

1.37
,

1800

1757

2.39

2000

1996

0.20

3000

2986

0.46

Liebmann & Grad

Lens-analysis

program

% Error

1.0

2500

2575

3.00

2850

2930

2.80

3700

3513

5.75

6700

6640

0.89
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PARAXIAL ELECTRON TRAJECTORIES WITH SPACE CHARGE

J. H. McWHIRTER

Westinghouse Research Laboratories, Pittsburgh, Pa.

Gans's approximation is a method for computing electron trajectories

near an axis of radial symmetry when the angle between the trajectory

and the axis is small. The effect of the electron-beam space charge

on the field and thus on the trajectory is neglected. This paper des-

cribes an extension to include the effect of the space charge. Several

simplifying assumptions are made which permit a simple expression for the

electron-beam charge density. The effect of this space charge on the

electron trajectory can then be included. The results of calculations

which have been made appear to be reasonable.

A calculation of the space-charge-limited current is also obtained

as a byproduct.

BACKGROUND

Gans's approximation1,2 is useful as a means of calculating electr
on

trajectories where the electron path is close to an axis of radial

symmetry, the angle between the path and the axis is small, and space

charge effects are negligible. The method requires that the axial field

be approximated by a series of straight line segments. The off-axis

field is approximated by the initial terms of a series solution to

Laplace's equation.

APPROACH3

The approach which has been taken here is similar to Gans's method.

The difference is that a series solution
 in the radial distance r is

obtained for Poisson's equation rather than
 Laplace's equation. The

potential is an even function of r . We neglect the terms including the

fourth and higher powers of r , leaving only a term which does not

change with r and a term varying with the square of r . The coef-

ficients of this series vary with axial positi
on and are functions of

the axial potentials and the charge densities along an axis.

The solution to this problem by any method encounters difficulty in

the calculation of space charge. Initially, the electrons come from

the cathode in densities which are functions of position, with various

initial energies, and at various angles. Each electron affects the

field and the position of each electron is in turn influenced by the

field. This difficult problem is simplified by means of the following

assumptions:

(1) The axial charge density is calculated as if the entire 
current

is uniformly distributed within the beam radius.

(2) The beam radius is defined to be the radial displacement of an

electron which leaves the outer edge of the cathode with zero init
ial

velocity.

A mathematical approximation is made which is equivalent to the
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assumption that the charge is concentrated or "bunched" at discrete
planes along the axis.

AN EXAMPLE

The beam profiles have been determined for the electron beam gun
configuration in Fig. 1 with several currents.4 The procedure used was
as follows:

(1) The entire field was found by means of numerical field plotting
techniques without including the effects of space charge.

(2) The charge density was found by relating the electron velocities

to the axial potentials (Eq. 3). The beam diameter was assumed to be

equal to the cathode diameter. Since beam diameters are later deter-

mined, calculated beam diameters could have been used in an iterative

manner. This is an unnecessary refinement since the effect of the

charge on the axial potentials is secondary and is more a function of

total charge per unit axial distance than it is of charge density.
(3) The entire field is found including the effect of the estimated

space charge.
(4) Steps 2 and 3 are repeated until the axial potentials have con-

verged. An over-relaxation factor of 1.5 was applied to the axial po-
tentials in this iterative process and this seemed to hasten convergence.
As is shown it is not important for the axial potentials to be precisely
consistent with the space charge.

In order to calculate the charge densities, the following formulas
are utilized:

where

v = 5.93 X 10
5 

V
1/2

_  I 
P 

11R 
2
v

m/sec

coul/m
3

v is the electron velocity (m/sec)
y is the axial potential with respect to the cathode (V)
p is the charge density (coul/m3)

I is the current (A)

R is the beam radius (m)

If we change to a length unit to inches and combine 1 and 2 we have

p/E0 = 6.06 X 104   V/in.
2

y1/2R2

RESULTS OF CALCULATIONS

(3)

The beam profiles for the gun configuration in Fig. 1 have been cal-
culated for several values of cathode current. The results are shown in
Fig. 2, all calculated on the basis of a mesh interval of 0.030 in. which
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is the radius of the cathode.

Some explanation is required for the trajectory shown for 20 mA, in

that the electron which defines the beam crosses the axis. Since the

space charge is assumed to be continuous within the beam, all of the

charge concentrated in a zero radius beam would infer an infinite con-

centration of energy. The anomaly occurs because of the assumption of

a 
“
bunching of the charges at discrete planes along the axis. Just

before the axis is crossed, the charge is not great enough to divert

the electron from crossing the axis. Before another plane of charge

concentration is reached the axis has been crossed. A finer representa-

tion of the axial potentials would have avoided this anomaly. This re-

finement would not have a large effect on the beam profile except close

to the point of minimum beam diameter.

The charge enters into the calculation of the beam in two ways. It

has an effect on the axial potentials. When a 0.030-in, mesh interval

was used there was no discernible difference in the axial potentials

between 0, 20, and 40 mA current. The charge also enters into the beam

calculation in that it affects the coefficients of the series expansion

in r of the potential. The axial effect appears to be much the smaller

of the two. This fact is illustrated in Fig. 3, where the axial poten-

tials which are determined for currents of 0, 60, and 80 mA are used in

the trajectory calculations. A current of 80 mA has been used in all

three of these calculations in determining the variation of potential

with radial distance.

One might be concerned that, if a smaller mesh interval had been

used, the trajectory solution would be quite different. This concern
arises, at least in part, from the fact that the relative effect of the
space charge increases as the cathode is approached. In order to estab-
lish some insight into this effect, the 80-mA trajectory is calculated
with'a mesh interval of 0.006 in. and the result is shown in Fig. 3.

The field plot was also used to cstimate the space-charge-limited

current. If we have a plane field, that is,. one which varies only in

one direction, the space-charge-limited current density is given byl

J
2

,,,
2.335 X 

10-6 3/2 
V

amperes per unit area

where 0 is the known potential which is at distance z from a plane
cathode. If the axial potential at a distance of 0.024 in. is used from
the 80-mA field plot with a 0.006-in, mesh interval, the limiting cur-
rent is 86 mA. If the field were computed with a higher value of cur-
rent, the voltage would be less and, therefore, the limiting current
would be less. Therefore, the space-charge-limited current is between
80 and 86 mA.

COMPUTER PROGRAM

The computer program which calculates the trajectory with space charge
is a modification of a program3 that had been developed to implement

Gans's approximation. Two options are available in its use.

(a) The trajectory of an electron, whose path determines the outer

boundary of the beam, is calculated. In the computations which have been
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made, this has always been an electron which starts from the outer edge

of the cathode with zero initial velocity.
(b). If the beam radius has already been determined, the values of

the radii can be part of the input data and the trajectory of an elec-
tron with any other initial condition may be determined.

POTENTIAL FUTURE DEVELOPMENT

Gans's approximation was originally intended to be used as a manual

calculation. The modification for space charge was designed to be a

minor change in an existing computer program which could be easily and

quickly incorporated. It is therefore quite likely that the method is
not the ultimate in its use of mathematics or computational techniques.

Some possible lines of improvement are:

(1) The use of more terms in the series expansion of the potential.
(2) A more elegant solution which does not require the "bunching" of

the space charge.

(3) A variable step size in the trajectory tracing which will permit

the specification of more detail in the potentials where it is needed.
(4) Automatic interpolation of the potentials so that a smaller step

can be used where the direction is changing rapidly without the necessity
of specifying the data for each step.

It would be a simple matter to develop an analogous program which
would solve problems in an x-y coordinate system with symmetry in the z
direction, the electron path being confined to small values of y . The
equations will be somewhat different.
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HIGH-SPEED HIGH-RESOLUTION DEFLECTION SYSTEM

R. F. WOLTER

International Business Machines Corp. (Systems Development

Division), San Jose, Calif.

A magnetic deflection system has been developed for use in a high-

resolution electron-beam-on-film recorder. Performance of the system

has been tested under various operating conditions, and experimental

results have been compared with predictions of third-order deflection-

aberration theory. Ultimate resolution of 60 000 spot diameters per

line (measured at the l/e points of a Gaussian current distribution) is

limited only by energy-spread induced chromatic aberration.

INTRODUCTION

A demand for high-resolution video-on-film recordin
g' initiated the

development of an electron-gun assembly for a compact electron-beam re-

corder (Fig. 1). The deflection system presented in this paper is part

of the recorder and was designed to meet the resolution specification

of 11 000 spot diameters over an 11.4-cm (4.5-in.) line-scan format a
t

a sweep frequency of 8.3 kHz, a beam current of 1.6 X 10-6 A, an ac-

celerating voltage of 15 kV, and a working distance of 12.7 cm (5.0 in.).

Contract requirements necessitated the development of a new deflection

system since our experience with previously built electron-optical

systems has shown that commercially available deflection yokes presently

do not have or cannot guarantee the required high-resolution performance.

DEFLECTION YOKE

The deflection yoke shown in Fig. 2 consists of 
a ferrite core fur-

nished with an approximated sinusoidal curren
t distribution for x and

y deflection to generate a homogeneous field for all deflection direc-

tions.
2 The number of windings and the yoke configuration have been

optimized to achieve a high resonant
 frequency and therefore a high de-

flection linearity at fast sweep rat
es while maintaining a reasonable

deflection sensitivity. Fifteen pairs of windings have been used for

each deflection direction, and the y
oke has an outside diameter

2R2 = 6.2 cm, an inside diameter 2R1 = 3.2 cm, and a length L = 3.8 cm.

Deflection sensitivity can be approximated by

where

sin

IN PON/ 

e L

amU 2R1

p

p= deflection angle
I = deflection current

N = number of pairs of windings per deflection direction
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po = induction constant

e = electron charge

= mass of electron

Ti = accelerating voltage

The numerical constant k is a function of core material and geometry,

where 1 5k _<2 .

Measurements have shown the deflection sensitivity to be 4.2°/A at

an accelerating voltage of 10kV, and the yoke resonant frequency to be

6.1 MHz.

For calculating deflection aberrations, the on-axis deflection field

has been approximated by the on-axis field of a cylinder with radius

R1 and length L , which has sinusoidal current distribution and a

center field Ho :

H(0,0,z) = Ho [

DEFLECTION ABERRATION

z- L

V/( 
2 2

z-L) + R
1

The theoretical performance of the deflection yoke has been calculated

according to the third-order deflection-aberration theory of Glaser.3

If we assume space charge and relativistic effects to be negligible, a

deflection field symmetrical against the plane of deflection, small

deflection angles (i.e., sin P - 0, and aperture angles a small compared

to [3(a < ), the main resolution-limiting deflection aberrations are caused
by image curvature and astigmatism. In a first approximation, the spot

diameter of the deflected beam is a linear function of the aperture angle

and proportional to the square of the deflection angle.

Deflection aberrations measured at various working distances, aper-

ture angles (beam semiangles at the target), and deflection angles are

shown in Figs. 3 and 4. The spot diameter is defined at the l/e points

of a Gaussian current distribution. Figure 3 demonstrates the linear

relationship between the aberration diameter and the apertur
e angle for

three different deflection angles. Operating parameters include the

following: working distance = 15 cm, accelerating voltage - 10 kV, and

beam current = 0.7 X 10-9 A . The measured spot size as a function of

the deflection angle is shown in Fig. 4 for working distances of 16.8

and 10.5 cm, and aperture angles of 0.9 X 10-3 and 1.28 X 10-3 rad,

respectively.

A numerical comparison between experimental and theoretical data is

given in Fig. 5. The upper solid curve represents the uncorrected spot

diameter according to the theory and the small circles on the dotted

line are experimental results. The operating parameters are as follows:

aperture angle = 10-3 rad, accelerating voltage = 10 kV, working dis-

tance = 5.9 in., and beam current = 0.7 X 10-9 A

The resolution expressed in terms of numbers of largest spots per line

is about 1000.

CORRECTION ELEMENTS

To improve performance, correction elements have been added to the yoke
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FIG. 3.--Deflection aberra-

tion as function of beam

semiangle.

FIG. 4.--Deflection aberra-

tion as function of deflec-

tion angle.

FIG. 5.--Deflection aberra-

tion as function of deflec-

tion angle (theory and
experiment).
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as shown in Fig. 6. Incorporated into a projection lens, which is not

part of the deflection system, is a dynamic lens for correcting image

curvature and a 4-pole stigmator for correcting astigmatism. Furthermore

a 6-pole isoplanator4 is positioned at the beginning of the deflection

yoke, which could be used for correcting any three-fold aberrations.

Theoretical and experimental results for the corrected spot diameter

are shown in Fig. 5 as a function of the deflection angle. Correction

of image curvature yields an astigmatic spot, whose diameter in deflec-

tion direction is shown by the middle solid line. Experimental results

are again indicated by small circles on the dotted line.

Correction of image curvature and astigmatism shoul
d result in a spot

size mainly determined by the spot-focusing syst
em and deflection coma.

The system used for the experiments was a modifi
ed electron gun from the

IBM Photo Digital System,5 which is design
ed for a spot diameter of

1 X 10-4 cm. The theoretical deflection coma at the above stated oper-

ating conditions is well below 0.5 X 10-4 
cm and, therefore, does not

show up in Fig. 5. The measured spot size, however, increased by more

than 1 X 10- 4 cm, indicating that a further aberration must be present.

Correction of image curvature and astigmatism increase
d the resolution

of the deflection system under the above-mention
ed operating conditions

by a factor of about 50.

ENERGY SPREAD

The unanticipated increase in spot size for the image curvature and

astigmatism-corrected system indicated that chromatic aberrations could

be present. Chromatic deflection aberrations could be caused by the

cathode temperature-dependent normal energy spread or by the energy

spread owing to interaction of beam electrons.6,7 Since this energy
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FERRITE CORE
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FIG. 7.--Deflection

aberration as function of

beam current (effect of

energy spread).

FIG. 6.--Magnetic deflection system with correction el
ements.
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spread is a function of the beam current density, the minimum spot di-
ameter in the deflection direction has been investigated as a function
of beam current. The beam current at the target has been increased
over three orders of magnitude by modulation of the emission current of
the triode-type electron source by means of grid voltage variation
while all other operating parameters were kept constant. The diameter
of the undeflected spot has been measured to be less than 3 X 10-4 cm

for all beam currents. Figure 7 indicates that, with increasing beam

current, a growing spot has been observed, a result which qualitatively
agrees with the energy-spread theory.

RESOLUTION LIMITATIONS

The resolution of this astigmatism and image-curvature-corrected
deflection system is therefore limited under the above-mentioned oper-
ating conditions by energy-spread-induced chromatic aberration. Deflec-

tion aberrations could be corrected in agreement with the theoretical
predictions of third-order aberration theory. Coma aberrations have
not been detected in the present system and, therefore, correction of

three-fold aberrations by means of the 6-pole isoplanator could not be
demonstrated.

Ultimate resolution, measured at a beam current of 0.3 X 10-9 A and

a working distance of 5.0 in., was a 1.8 X 10-6-m spot up to a deflec-

tion angle of 0.4366 rad. This resolution is equivalent to a resolution
of 60 000 spot diameters per line.

CONCLUSION

A magnetic deflection system has been developed for a high-resolution
video-on-film recorder for airborne applications. The system incorporates
a ferrite-cored magnetic deflection yoke with a sinusoidal current dis-
tribution and dynamic correction elements for third-order deflection
aberrations. Performance tests resulted in deflection aberrations mea-
surements which are in agreement with theoretical prediction. The ulti-
mate resolution is limited by energy-spread induced chromatic aberration.
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LONG-LIFE, HIGH-BRIGHTNESS SOURCES FOR DEMOUNTABLE GUNS

W. C. HUGHES

General Electric Co., Schenectady, N. Y.

INTRODUCTION

In recent years there has been considera
ble activity in the develop-

ment of electron beam (EB) devices for in
dustrial application. Included

have been electron guns for data recording,
 joining and machining; and

microcircuit inspection, diagnostics
, and fabrication. These are, for

the most part, demountable systems; that
 is, the gun is let down to air

periodically to insert or remove the
 target or workpiece.

Demountable guns have always been view
ed as a special class by those

working in electron optics, because th
e low vacuum quality found in

these systems requires special precaut
ions, often influencing the optical

design. Elements which intercept the beam, such as apertu
res or meshes,

are usually avoided, for example, becaus
e it is difficult to keep these

parts from accumulating an insulating la
yer. The electron source also

requires special attention. Most low-temperature electron emitters,

which would be favored in sealed-tube appli
cations, do not perform sat-

isfactorily under poor vacuum conditions. Demountable guns have, there-

fore, commonly made use of the tungsten hairp
in cathode.

The tungsten hairpin has served honorably but the
re has long been a

desire on the part of the designer and user for sourc
es which would

last longer, be less fragile, and require less mechanic
al adjustment.

The optics designer would also like to be able to u
se higher cathode

loadings. At loadings above 3 A/cm2 the life of a 0.005-in.-diameter

tungsten hairpin is less than 10 hr even in a good va
cuum environment.'

In the past 5 years, there has been considera
ble activity and progress

toward sources which display all of these des
irable characteristics.

Practical emission systems in the 3- to 
10-A/cm2 range using lanthanum

hexaboride and thorium carbide have been
 reported in the literature.2,3

In this paper a series of so
urces using barium cathodes of the dispenser

type will be described. These units were first developed for thermo-

plastic recording and reading 
guns but have subsequently been applied in

several other applications.

THE BARIUM DISPENSER CATHODE

The barium dispenser cathode is 
well known and several types are

available from various manufactu
rers. The type which has been used

here is commonly known as the Phil
lips B cathode.4 These cathodes con-

sist of a mixture of barium compound
s dispersed throughout a porous

tungsten body mounted in a molybde
num shell. In operation, barium

diffuses out of the tungsten to 
coat the active surface of the cathode.

As barium evaporates, it is replac
ed by the diffusion process.

The performance of the barium dispenser cathode, in ter
ms of zero

field emission as a function of temperature, is shown i
n Fig. 1. From

these data it can be seen that this emitter operates at 
a much lower

temperature than any of the others mentioned. There is a direct per-

formance advantage to lower operating temperatures in 
that higher bright-

ness can be realized for a given loading and the thermal 
energy spread
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in the beam is reduced. Furthermore, the operating temperature is low
enough to allow the convenience of indirect heating and conventional
mounting of the cathode in a ceramic insulator. The "B" cathode can be
accurately machined to almost any desired shape. The shape of the
emitting surface is retained throughout cathode life. Techniques are
also available to reduce emission from undesirable locations. Good

configuration control near the cathode is, therefore, possible. This
is an important factor for the sources to be described.

These advantages make the barium dispenser cathode attractive but,

although they are mechanically rugged, they are not noted for being

tolerant of poor vacuum conditions and cannot be used successfully in

the average demountable gun. They can be used very successfully in

these applications, however, if the vacuum is improved in the area of
the cathode itself.

VACUUM SYSTEM

It has been found that the divergent requirements of a poor vacuum
at one end of the electron gun and a very good vacuum at the other can

be met in a practical manner if the gun is separated into two parts.
We have then (Fig. 2) a "lens chamber" and a "source chamber" with a
restricted passage for the beam between them.

For many guns the electron optics can be arranged such that this
"restriction" is an aperture, 1-2 mils in diameter, located near the
source... n A 2-mil aperture in a thin plate has a conductance of about
1 X 10 "I Vsec.5 Considering only this leakage and assuming a lens
chamber pressure of 2 X 10-5 torr, a pumping speed of 0.2 k/sec main-
tains the cathode chamber at 1 X 10-8 torr. Because the pressures in-
volved are low enough for molecular flow conditions to prevail, elaborate
gas seals are not required between the two chambers. Metal-to-metal
contact between parts constitutes sufficiently leak-tight construction.

The source housing design presently being used is shown in Fig. 3.
It has been constructed as a separate unit so as to be easily replaceable
at the end of cathode life and so that it can be conveniently cleaned
and baked during assembly and activation. A l-./sec ion appendage pump
is used to maintain vacuum in the unit during operation and storage.
Pump life appears to be several years of continuous operation under
these conditions. A single layer of magnetic shielding around the mag-
net is sufficient to reduce the field to less than earth's field at the
cathode.

To allow the lens chamber to be let down to atmospheric pressure an
elastomer valve is incorporated into the source housing. This valve,
shown in Fig. 4, is a simple lever arrangement actuated by rotary motion
through a metal bellows seal. If required, the valve can be arranged to
spring close in the event of high pressure in the lens chamber. The
source can be stored for long periods (years) with this valve closed and
the ion pump operating or if dead storage is required a leak-tight
crushed copper seal can be made over the mounting flange.

SOURCE OPTICS

In many demountable gun applications the maximum source brightness is
required but sensitive control grid operation is not. In these cases, a
narrow-angle Pierce optical design6 is attractive because performance
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can be very accurately predicted and a close approach to the Langmuir

theoretical brightness limit7 can be achieved.

The Pierce source is a diode in which, for the ideal case, electrons

flow from the cathode to the anode along radial paths. The flow is con-

trolled by the shape of the anode, the cathode, and a beam-forming

electrode surrounding the cathode (at cathode potential). Classically,

the design for these elements has been determined by analog methods in

an electrolytic tank8,9 or more recently by digital methods using

programs such as that developed by Kirstein.1° The Kirstein program is

suitable for axially symmetric systems in which space charge is 'lot

negligible. For the ideal Pierce gun, unmarred by a hole in the anode

or any discontinuity between beam former and cathode, a unique electrode

shape exists that produces the desired flow precisely. Owing to the work

of Radley, 11 these theoretically exact shapes are now known. The equi-

potential surfaces given by Radley for two convergence angles are shown

in Fig. 5.

Digital analysis, using the Kirstein program, indicates an agreement

between the program and Radley's conclusions. Computed trajectories in

a configuration approximating the Radley shapes are plotted in Fig. 6.

The rays are seen to travel along nearly radial lines, as desired, until

they deviate near the anode as a result of the effect of the anode

aperture.

Examples of practical electrode shapes which are being used are shown

in Figs. 7 and 8. Both of these designs make use of a cathode with a

10-mil diameter emitting area. For the applications in which these

sources have been used, smaller cathodes would have been acceptable.
However, it has not been found practical to go much below 10 mils. The
character of the electric field close to the active surface of the
cathode is most important in obtaining the maximum source brightness.12

The designs of Figs. 7 and 8 differ primarily in the manner in which this

field is obtained. In Fig. 7, a small portion of the beam-forming

electrode (BFE) is attached directly to the cathode itself. This allows

the space between cathode edge and this part of the BFE to be kept to a

minimum and assures that concentricity and axial alignment is maintained

after the cathode is assembled in the structure and heated to operating

temperature. Digital computer calculations have shown that a cathode

cap only a few mils thick is sufficient to determine the initial beam

direction and convergence. The remainder of the BFE need not be located

with great accuracy. To prevent emission from the cathode cap, it is

necessary to have this surface carburized.4

At the higher temperatures required for 10 A/cm2 loading the carburi-
zation apparently has a poisoning effect on the active surface of cathode

and results in shorter life. The carburized cap is eliminated in the
design shown in Fig. 8. This arrangement produces longer life at 10 A/cm2

but at the price of some sacrifice in brightness. The design also allows

grid control of the beam current as illustrated in Fig. 9. For this par-

ticular source the maximum output occurred at about -15 V. Ideally,

maximum output would occur at 0 V. At -100 V, the current was reduced

to about 3% of its maximum value. The mechanical construction for a

typical source is shown in Fig. 10.

PERFORMANCE

From the viewpoint of cathode performance, in the environment provided
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by the vacuum techniques described above, the most imp
ortant parameters

are cathode loading and life. Life is always difficult to specify ac-

curately, especially for a developmental device wh
ere the design is

continually changing and few samples are tested, but
 the testing which

has been done provides at least a rough estimate. The data come from

sources which have been run to failure under sim
ulated conditions and

from sources which have been used in actual equipm
ents.

Tests of the first type have been made in ion-pu
mped belljars at

pressures of 5 X 10-7 torr and below. Under these conditions it appears

that several thousand hours can be obtained at 3 A/c
m2 and about 1000 hr

at 10 A/cm2. Cathode loading figures used in this report are the tota
l

cathode current divided by the area of the cathode tip
. The beam current

gradually decreases with time as shown in a typical perfor
mance curve

(Fig. 11). The life stated above is the time at which the beam current

falls to 70% of its original value.

Tests under actual operating conditions 
are more meaningful than a

simulated test can ever be, but the uniq
ue history of each device makes

it difficult to generalize about life. 
Some cathodes, for example, have

been used on several machines over a perio
d of years. One such device,

assembled and activated almost four years ag
o, is still operating at near

its original performance. To illustrate the life that has been experi-

enced in various laboratory devices, Table I h
as been prepared showing

the performance of five assemblies. All of these units are still opera-

ting except for Assembly No. 4, which suffered an 
unusual heater failure.

From these data and from experience with other units 
not included in

Table I, it would appear that the life of 3-A/cm2 gu
ns is of the same

order in the operating environment as in the belljar tests. 
Results are

less conclusive at 10 A/cm2 because experience with thes
e units is more

limited. Sufficient life is obtained, however, for practical use in many

applications. Some of the developmental equipments which are using these

sources are illustrated in Figs. 12 through 14. To illustrate the over-

all gun performance that has been obtain
ed, the gun in Fig. 12 produces

a 4-p-diameter spot with a beam cu
rrent of 1 µA at a 1000-V landing po-

tential from a 3-A/cm2 source. The thermoplastic recorder gun (Fig. 14)

produces a spot approaching 5 µ in
 diameter with a beam current of 20 µA

at an 8000-V landing potential f
rom a 10-A/cm2 source.

From the electron optical vi
ewpoint the source performance is best

described in terms of brightness a
t the operating voltage. The brightness

that can be obtained from a ca
thode is limited by the thermal velocity

distribution of the electrons, s
pace charge, and imperfections in focus-

ing the electrons on the aperture.
 For these cathodes thermal velocity

effects predominate. It is, therefore, meaningful to compare their per-

formance to the maximum theoretica
l brightness in A/cm/steradian accord-

ing to Langmuir7

. 
= 

11 600 V 

T
) -
max0 ITT

(1)

A summary of the performance of three sources is given
 in Table II. For

this table, brightness was calculated using the area of 
the object aper-

ture and the beam current contained in a 1.9-milliradian 
solid angle as

defined by a 0.013-in, aperture located 3.37 in. from 
the object aper-

ture. For the best gun the brightness obtained is ab
out 70% of the value

given by (1).
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FIG. 12.--Device for testing integrated circuits.

FIG. 13.--Fly's eye lens device.



FIG. 14.--Thermoplastic recording gun.
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TABLE II.--Performance of various sources.

Current and voltage
3 A/cm2,

6 kV

10 A/cm2,

6 kV
10 A/cm2,

8 kV

Configuration
Figure

RC/RA

4
2.22

6

2.17
6

2.36

Heater
Vf
If

10.2

0.87

9.2

0.93
10.5

1.0

Cathode

Temperature (°K)

Ik (mA)

V (kV)

A/cm2

1433

1.9

-6

3.75

1468

6

-6

11.85

1468

6

-8

11.85

Aperture

output

Beam current (µA)

Radian

1.2

1.35 X 10-3

23

1.9 X 10-3

20

1.39 X 10-3

Brightness

(A/cm2 - steradian)

Actual

Theoretical

Actual/Theoretical

4.14 X 104

5.78 X 104

0.72

10 X 104

17.8 X 104

0.56

16.2 x 104

23.8 X 104

0.68

ASSEMBLY AND ACTIVATION

During assembly the sources are treated very much as if they were

going into a sealed tube. The parts are cleaned with solvents and

demineralized water and given a vacuum bake. They are then assembled

and the source housing is sealed, evacuated, and baked while pumping

with an external ion pump. The ionk:appendage pump is started and the

copper tube for the external pump is pinched off. The cathode is ac-

tivated on the schedule recommended by the manufacturer using only the

appendage pump to maintain the vacuum.

CONCLUSIONS

Experience with these sources over the past five years has demon-

strated the practicality of using barium cathodes at loadings up to

10 A/cm2 in demountable electron guns. It has been shown that long life,

stability, and freedom from mechanical adjustment can be achieved in

these applications.

While the life being experienced at the present time is much higher

than is obtainable with tungsten cathodes, it is shorter than has been

demonstrated for barium dispensers in diode tests under ideal conditions.

This finding would indicate that there is a possibility for life improve-

ment. Barium cathodes are also known to be capable of loadings much

higher than 10 A/cm2, suggesting that improvements in the direction of

higher loadings may also be possible.
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POINT-CATHODE ELECTRON GUN ANALYSIS

H. YAMAZAKI and T. E. EVERHART

University of California, Berkeley

SUMMARY

Recently, a specific model of a point-cathode electron gun was ana-

lyzed to determine the source size, position, magnification, and electron-

optical brightness.' In this model, both the grid voltage and the anode

voltage of a three-electrode gun affected the electric field at the

cathode tip, which is an important parameter of electron emission in both

field-emission and Schottky-emission guns. In field-emission guns in

particular, it is desirable to operate so that only one applied voltage

determines the electron emission, to insure current stability. This

voltage is applied to the electrode closest to the cathode, or first

anode; the second anode is placed at the desired beam voltage. This sys-

tem has been used by Crewe et a1.,2 and experimental points were presen-

ted for a given electrode configuration. Since that electrode configura-

tion closely approximates the so-called hyperbolic electrodes3 which were

assumed in the previous model, a modified analysis based on hyperbolic

fields suggested itself to us. This modified model is relatively straight-

forward, and produces theoretical curves in excellent agreement with the

experimental points of Crewe et a1.2

The three-electrode guns used previously for field emission require a

fixed voltage for the desired electron emission; if a given total accel-

erating voltage or beam voltage is desired, all electrode voltages are

fixed. Under these circumstances, the only way the source position can

be adjusted up and down the gun axis is by mechanically moving the tip.

If a four-electrode gun is used, it should be possible to adjust the

axial position of the apparent source by varying the potential on the

fourth electrode. The first-order analysis of this case has been carried

out for a variety of electrode shapes, and this conclusion has been veri-

fied. However, no experimental confirmation of the predicted performance

of a four-electrode electron gun has been obtained yet.
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DIRECT MEASUREMENT OF ELECTRON ENERGY LOSS IN SOLIDS

P. H. HOFF and T. E. EVERHART

University of California, Berkeley

A knowledge of the distribution of energy loss vs penetration depth for

kilovolt electrons is of great importance in the scanning electron

microscopy of semiconductors. For the mode of operation where the video

signal is derived from the electron-beam-induced current, it is necessary

to know the density and location of beam-created electron-hole pairs in

order to reach a quantitative understanding of the beam-induced effects

in the semiconductor and to relate these to the video signal.

If the assumption is made that the generation at every point is directly

proportional to the local energy dissipation at that point, the problem

of finding the generation function becomes one of finding dE/dx vs x.

In particular, an analytical expression would be especially desirable

from the standpoint of mathematical manipulations. Expressions for

dE/dx vs x have been proposed by Everhart et al.,1 by Kyser and Wittry,2

and by Klein.3 The expression of Everhart et al. was a cubic polynomial

fit to the experimental data of Grun.4 Kyser and Wittry used a Gaussian

approximation, and Klein used a function which was basically a product

of linear and exponential terms. The latter two functions each contain

one or more undetermined parameters. In addition, both are symmetrical
about some value of penetration depth. The experimental data of Grim,
however, indicate some asymmetry about its peak point.

Grin measured the ionization of gas by an electron beam, but it is not

obvious a priori that his measurements are applicable to the solid tar-

gets which are of interest to us. On the other hand, Schumacher and

Mitra5 used Grin's data by introducing a linear scaling factor for the

density of the solid target to gage thin metal films and obtained good

agreement. Furthermore, Griin's curve of dE/dx vs x is in good qualita-

tive agreement with published experimental and theoretical results for
solid targets of atomic number Z < 30.

One of the most attractive features of the Griin curve of dE/dx vs x
is that it is the basis of a definition of electron range which is highly
consistent over the range of voltage from 5 to 54 kV. Figure 1 shows
the basis on which the Griin range is defined. Figure 2 shows a log-log
plot of the Griin range vs the primary beam energy. The small point
scatter is evident. An experimental determination of dE/dx for solid
targets seemed in order. In particular, it was desired to see whether
postulating the range-energy relationship of Grin led to an energy loss
vs depth function quantitatively similar to his result for gases.

In the experiment, metal-oxide-semiconductor sandwiches were fabricated
and subsequently bombarded while a bias was applied between the metal and

the semiconductor. The electron beam creates carriers in the normally in-
sulating oxide. After a transient current associated with the accumula-
tion of a hole space charge very near the oxide-cathode interface, a
steady state current associated with electron drift through the oxide is
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observed.6 The magnitude of this electron current is taken to be
directly proportional to the amount of power dissipated in the oxide,

i.e., to the integral of the dE/dx between the values of x corres-

ponding to the oxide boundaries.7 Griin found that if the ordinate of a

plot of dE/dx is normalized to the primary beam energy, and the abscissa

is normalized to the Griin range as defined in Fig. 1, the resulting plot

is essentially the same for all beam energies in the range he investi-

gated. It is this universal curve that we attempted to find by experi-

ment. Changing the beam voltage thus has the effect of imposing different

parts of the energy-loss curve upon the oxide region, as illustrated in

Fig. 3. By experimental measurements of beam power and induced current

for beam voltages between 6 and 20 kV, and by introducing the appropriate

normalization for both axes for each point, data are obtained which by

a method of selfconsistent calculations can be used to construct a curve

of the residual energy function, E vs x. Such a curve is shown in

Fig. 4.

It should be pointed out that Griin's normalization convention is

r d(E/Eo)
J dx 

dx = 1

-CO

(1)

The electron beam enters the gas space at x = O. Thus Griin's normali-

zation includes backscattering. Using the fact that for a given target,

the backscattered energy for kilovolt electrons is essentially indepen-

dent of primary beam energy,8,9 the normalization condition may be ex-

pressed by the following equation, where f is that fraction of the

primary beam energy which is actually dissipated in the target.

COr d(E/fEo)
J dx 

dx = 1

0

(2)

Since Griin's gas space backscattered only about 2% of the primary beam

energy, only slight renormalization of his ordinate is necessary to

allow a comparison with our experimental results.

Once the data for a curve of E vs x have been obtained, a seventh-order

polynomial is fitted to it by a least-squares computer program as shown

in Fig. 4. The polynomial expression is differentiated to give dE/dx.

The resulting curve is shown in Fig. 5 along with other published re-

sults. The curve of Bishoplu is based on a Monte-Carlo calculation for

29-kV electrons on copper. Cosslett and Thomasll combined experimental

measurements of backscatter from copper for 20-kV electrons with a theo-

retical expression relating backscatter and dE/dx. Agreement of our

data with those of both Grun and Bishop is within experimental error.

Although more extensive measurements yet to be performed will undoubtedly

improve the accuracy, we have found that the following expression
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represents experimental results quite well.

d(E/fE )

X (y)   - 0.76 + 5.44y - 11.64y
2

dy 

0 + 5.64y3; (0 ; (0 1); y = x/R
G

(3)

The disadvantage of simple power-series representation is that a small

change in the curve being represented often results in a substantial

change in each of the coefficients. This problem may be minimized by

expressing the curve in orthogonal polynomials. Then if small changes

are made in the curve, the coefficients of the lower-order polynomials

are essentially unchanged, and the perturbation of the curve is evidenced

in the coefficients of the higher-order terms. Orthogonal expansion not

only has this stabilizing effect on the coefficients, but i
t also insures

that if the expression is truncated at any given order term, the best

possible approximation to the function for that order expansion results.

On the interval 0 y 1 orthogonal polynomials with unity weight are

the shifted Legendre polynomials. In terms of these functions, the nor-

malized energy loss function becomes

X(y) = 1.00P
0 
(2y - 1) - 0.57P

1
(2y - 1) - 0.53P

2
(2y - 1) + 0.28P

3
(2y - 1)

(4)

This may be compared to the cubic approximation to Grin's curve as pub-

lished by Everhart et al. (renormalized as described to exclude back-

scatter)

X(y) = 1.00P0(2y - 1) - 0.49P1(2y - 1
) - 0.59P

2
(2y - 1) + 0.18P

3
(2y-1)

(5)

The form of the argument of the Legendre polynomials
 is due to the fact

that the region of orthogonality for these functions is from -1 to 1.

Hence the P(y) are not orthogonal on the interval 0 
y 1 and an

expansion in terms of them would not have the desirable characteristics

that motivated the expansion originally.

In summary, an experimental method has been developed for measuring the

rate of energy loss in solid targets. The results obtained from so doing

Grim are in good agreement with those of n for gases, provided that appro-

priate scaling factors are introduced for density, and provided that the

1.75 power range-energy relationship of Griin is postulated.

The authors acknowledge with gratitude partial financial support by the

Joint Services Electronics Program at the University of California in

Berkeley. Thanks are also due to Mrs. D. McDaniel for assistance in

device fabrication and to Mr. N. Susta for the line drawings.
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COMPUTATION OF SMALL-ANGLE SCATTERING AND

ITS IMPORTANCE FOR ELECTRON BEAM WELDING

D. C. SCHUBERT

Westinghouse Research Laboratories, Pittsburgh, Pa.

Calculated current density distributions of electrons scattered by

gas atoms from a high-voltage beam of infinitesimal cross section are

reported. Uniform gas density along the entire electron path is assumed.

Calculations were carried out on the B-5500 digital computer, using the

Born approximation and X-ray form factors found in the literature. Re-

sults are presented in form suitable for scaling in pressure and beam

length. The difference of present configuration from that of scattering

from a point source causes a striking difference in current density dis-

tributions at small radius from the corresponding point source distribu-

tions.

I. INTRODUCTION

Small-angle scattering of electrons by gas atoms tends to degrade

the power density for atmospheric and semivacuum electron beam (EB)

welders. The electron beam, carrying several kilowatts of power, is

generated in a region maintained at a vacuum of about 10-4 Torr, but

the objects to be welded are at a much higher pressure, and to get there

the beam passes through narrow apertures in one or more barriers which

are the walls of differentially pumped vacuum chambers. Electrons are

scattered out of the main beam while traversing these intermediate-

pressure chambers, as well as in the high-pressure region between the

last aperture and the workpiece. The scattered electrons reduce the

power density of the main beam, they carry power to positions where it

is no longer desirable to melt the target (producing "nail head" welds),

and sometimes they may damage the apertures. A less than optimum power

density distribution in the beam may, of course, have many other reasons.

To distinguish between these other effec
ts and the unavoidable effect of

electron scattering we should know its contributio
n to the current-density

distribution in any selected plane in the welding machine. This paper

presents scatter distribution curves derived from scatter theory in

order to permit an independent assessment of the significance of electron

scattering in welding.

II. DEFINITION OF TERMS

The situation which we want to consider is illustrated in Fig. 1.

An electron beam of current 10 is passing through a gas of density P

and pressure P , over a certain path of length L which is defined by

two planes, one located at Z = 0, the second located at Z = L. The

scatter current distribution in the plane Z = L is calculated. As a

first approximation we assume the beam to be of infinitesimal width and

coincident with the axis Z. Since we have a line-beam of finite length

L, the scatter current is composed of electrons coming from every loca-

tion along the beam path, but the analytical equations for scattering are
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FIG. 1.--Scattering configuration and scattering nomenclature.
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conventionally given for scattering from a point source through a certain

scattering angle e .
In order to get the scatter current from the full length of the beam

we have first to calculate the contribution to the scatter current den-

sity from any one beam element of length dZ at position Z . To dis-

tinguish clearly between the two types of scatter current, the one coming

from the line element dZ and the one coming from the full length of

the beam, we have used lower-case letters for the point-scatter intensity

and capital letters for the scatter intensity from the full length of the

beam, as shown in Fig. 1 where isc (R) and Jsc(R) represent the local

current density dI/dA from a beam element of dZ and from the entire

beam, respectively. Here dl is the current, which could be found ex-

perimentally from electrons scattered onto the element dA .

Since our problem exhibits cylindrical symmetry it is convenient to

define another quantity, namely the current per centimeter width scat-

tered into the ring area of radius R and width dR . This quantity is

calledjring()f or Jring(R) respectively. There is a simple geometricR 
relationship between i-sc and iring as indicated in Fig. 1.

Assuming for the moment that the scatter current density J-sc has

been calculated, as well as Jring(R), we see immediately some other

geometrical relationships. Integrating over the current density Jring(R)

between R1 and R2 will give us the scatter current falling into the

area between R1 and R2 . This current value can also be obtained if

a table is produced for the scatter current falling outside a given

radius R1 , R2 , etc., and the relevant values are subtracted from one

another. For large values of R this leads to a subtraction of two

relatively small numbers, giving us a higher numerical accuracy than

that obtainable if we would subtract the two figures for the large scat-

ter currents which fall inside the radii R1 , R2 , etc. For this reason

we have computed the values

00

I (R) = j J  . (R) dR
sc 1 ring

R
1

(1)

Isc- (1R ) 
represents scatter current which falls outside a certain

radius R1 . This may be the current intercepted, for instance, by an

aperture of diameter D = 2R1 . This is also identical with the current

loss of the main beam as long as the pressure is low and the majority

of the electrons are only scattered once. The scattering into angles

larger than 900 is also neglected.

At higher pressures, with R1 << L, Isc(111) may be interpreted as

10 times the number of scatter events per incoming electron in which

the effective displacement

D
eff 

= (L-Z)tan 0 (2)

is greater than R1 . In this sense we can accept values of 'Sc greater

than Io . Taking into consideration the independence of successive

random random scattering events we can show that if we assign to each
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scattered electron an R value equal to the largest value of Deff in

its individual scatter history, we thus define a current distribution

Ithru(R1) which may be easily calculated; this is the current that would

pass through an aperture of radius R1 with R assigned as indicated
above. This is certainly a better approximation to the multiply scat-
tered current that would pass through the aperture than Io - Isc(R1).
The probability of each beam electron being assigned in the above manner

to the circle of radius R and width dR may be shown to be

dI
thru 

I
thru 

dl (R)
sc 
2

0 10

Integrating this and setting Ithru (R=°K) = TO

thru(R) = I e

-I
sc
(R)/I

0

0

we obtain

(3)

(4)

The current which is lost from the beam through multiple scattering in
this approximation is then

-I (R)/Isc
(R) =1- e

loss 0 (5)

Although this derivation of 'loss is not strictly accurate it gives
reasonable indication of the current loss in the transition region from
single scattering to multiscattering. On the other hand Ithru is a
reasonable number for the current retained in a welding beam focus of

radius R (e.g., identical to the width of a finite beam).

A systematic extension of the calculations to the case of finite

diameter primary beams will be presented at a later time.

Having in the above paragraphs defined some of the geometric rela-

tionships, let us now consider how Jsc can be calculated from i-sc
which is first calculated from scattering cross section data.

III. SCATTERING EQUATIONS AND CROSS SECTIONS

Since the beam voltage in which we are most interested, namely
150 kV, is in the range at which the Born approximation works well, and
extensive Born data can be found in the literature, we made this the
basis of our small angle scattering calculations. In nonrelativistic
form, the elastic and inelastic cross sections are given (in cm2/atom)
as:

2 44
a = F (X) = [z - f(11)]

2
. = Sul)

w,e1 24 w,inaq a
2
q
4

(6) (7)

where X = [sin(0/2)]/X , X = h/p = wave length of electron, h = Planck's
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constant, q = 2.17Pp/h , Pp = magnitude of momentum change to the elec-

tron as a result of the collision, 7 = qa, a = h2/44e mo is the Bohr

radius for hydrogen, e = electronic charge, m0 
= rest mass of the

electron, and Z = atomic number of scattering atoms; F is called the

Born wave amplitude and is listed' as a fu
nction of X; cgs units are

used for all quantities.

To use (6) and (7), one must determine e and q for each tabular

value of X or 11 , and then use the equation to calculate aw . It

is well known that

Pp = 2 mv
1 
sin (0/2)

in the case of elastic scattering and

pp = m + v
2

2 
- 2v

1
v
2
cos 6

2

1

(8)

(9)

for inelastic scattering where vl and v2 are the electron velocities

before and after the collision; f is called form factor in X-ray

diffraction, and the function S , introduced by Morse, was calculated

and presented in graphs by Lenz.2 In the case of 150-kV electrons, the

tables and graphs take us to angles of only a few degrees. 
For larger

angles the Rutherford (Coulomb) scattering formula may be used.
 Since

at 150 kV relativistic effects are already appreciable it seemed advis
able

to include relativistic corrections at both large and small angles.

Thus, for large angles we used Mott's formula for Coulomb scattering:3

aw,e1(0) —
24
Z e

24 . 4 0
4m v sin

2 2 2 0 . 0
(1 - ) [1 - p sin + Tra0 sin (1 - sin ±)]

2

(10)

where 0 = v/c , v = electron velocity, c = velocity of light, and

a = z/137. It was not obvious in the text whether m  was intended to

mean the rest mass mo or the dynamic mass m0//1 - 02 . We found,

however, that use of the rest mass 
mo gives consistency with rela-

tivistic forms of (6) and (7), 
which we shall consider next. The second

bracketed expression in (10) gives 
the effect of spin, and differs only

negligibly from 1 at small angles, 
but the remainder of the Rutherford

aw,e1 should join smoothly with the relativistic form of (6), namely'

2

a
w,e1

1 - p2

Likewise in the use of (6) and (7) it was not clear whethe
r X, q, and 'n

should be computed by classical or relativistic methods, 
although it was

noted in the tables' for F that the tabulated values of F were to be
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multiplied by (1 - 02)-1/2. We can get internal consistency in (6) if
both expressions for w,e1 are divided by (1 - 132) and the indepen-

dent variables X and q are either both computed classically or both

computed relativistically. Since f(T) approaches zero for large 11 ,

substitution of f = 0 into (6) should give consistency with the Mott

equation (10) without the spin term. The unique choice of alternatives

which makes such consistency possible was for X and q to be computed

relativistically, i.e., using m = mo/j7---P and for Mott's m to be

simply mo . Since second forms of (6) and (7) are often written to-

gether as a single expression for total cross section,2 it seemed rea-

sonable to apply the same relativistic treatment to (7) as to (6).

Finally, to avoid an artificial break in our curves when we passed from

the Born formula to the Mott formula, we decided to include the spin term

in the Born formulae. In the equation for inelastic scattering (7) S

approaches Z as 11 becomes large. Hence it seemed reasonable to extend

equation (7) to large angles with Z replacing S , or equivalently to

apply equation (10) to large angle inelastic scattering with Z2 re-

placed by Z .

In summary then, the formulae which we used for computation were:

Small angle elastic:

2
a (0) = F (x)o(,e), x = sin - X ; X —2e/w,e1

Small angle inelastic:

2
= 4a

w,in 
SCI”(13, 0)

Large angle elastic:

a
w,e1 (e)=

Large angle inelastic:

where

-w, in

G(0,0) = (1 - f32) [1 -

Z e
24

2 4 4 0 
G(,e)

4m0 v sin -f

Ze
4

2 4 4 0 
G(,e)

4m0 v sin

1 -

mov

(12b)

(12c)

(12d)

-2 . 2 0
0-sin + ra0 sin. (1 - sin 2)] (12e)2 2

In relating v and 02 to the beam voltage V , we define a relativistic
potential
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9 - 510 976

which is related to 13 by the equation

from which

1
+1)

2 
= 2

1- [3

2 29
* 
+ 9

*2

=  *2
(11(p )

c)2 
*2

9
* 
+

1
_I*

(13a)

(13b)

(13c)

(13d)

In the case of inelastic scattering equation (13d) is used t
o calculate

velocities vl and v2 separately using the volt energy after collision

V2 = V1 Vloss • The typical loss voltage was taken as half of the

ionization potential of the scattering atom. In the region of very low

11 values, S(11) varies as the square of Ti and only the fact that the

condition V2 < Vi leads to a nonzero value for 11 at 0 = 0 in (12b),

prevents aw,in(05- from becoming infinite. This means that the peak

value of aw, in (0) is determined entirely by the assumed value of \floss.

Further consequences of this almost singular behavior of a(0) will

be discussed with the results of the computations.

COMPUTATION OF SCATTER CURRENT DENSITIES

The above equations give us the scatter cross
 section in cm

2
/steradian-

atom. This result must be related to our scatter current densities

defined in the previous chapter. The current which is due to that scat-

ter probability can be expressed as

j
w
(0) = I

Ow
(0)N dZ (14)

where N is the number of atoms/cm
3 and dZ is the length of the beam

element. The relationship between jw and i-sc depends upon the geo-

metric orientation of the surface element dA with respect to the point

of scatter; in our simple case of Fig. 1 the relationship becomes

with

jsc 
= jwpw/dA
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cos 0 
d
w 
-

2
dA

R + (L - Z)
2

From this one can derive the following:

10N sin
2
0

j (R) -   cos 0 a(o) dZ
sc 2 w

R

j . (R) -
ring

1
o
27 sin

2
0

R
cos 0 a (0)Ndz

w

where isc (R) is related to jring(R) as shown in Fig. 1.

For small angles this simplifies to

N
j . a0 = 1

o
27 sin e a (6)   dZ

ring w (L- Z)

N 
= 1

0 
a
ring

(0) dZ
(L - Z) 

(16)

(17)

(18)

(19)

(20)

The term 27 sin e aw(0) in (19) can be considered another cross section

which we have designated aring(0). It represents the probability for

scattering into a cone mantle region with half angle 0 and width de .
This is of some importance because aring behaves differently at small

angles from aw . While aw becomes constant for 0 -0 0 , aring 4 °

for 0 -4 0 . As a consequence the scatter cross section aring , if

plotted over 0 , starts at 0 and shows a peak at some small but finite

angle 0 .

Numerical values for aw(0) andaring(e) have been computed using

the input data from Refs. 1 and 2. Details of the computation, programmed

on a B-5500 digital computer, will not be discussed here.

As an additional quantity Fig. 2 shows the so-called partial cross

section Q which is defined as follows:

Q =

n

.II
e
l

cf.(e) de
ring

(21)

This quantity represents cross section for the scattering of an electron

beyond a given angle 01 . For 01 = 0 we get

Qo = s0

TT

a. d0
ring
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which is called the total scattering cross section. The above value of

jsc (11) is not yet the quantity which we need for our later computations;

we have to integrate (17) over dZ . This can best be done by substi-

tuting Z = L - R cot 0 and integrating over 0 . Then we obtain

Tr/2

J 
sc 
(R) = — I a

w
(0)cos 0 de (22)

R 0
arc cot(L/R)

Combining this result with the definition of Jring(R) gives us also

n/2

jring(R) 
= 271 N a

w
(0)cos 0 de (23)

0

arc cot(L/R)

The above equations give us the scatter current densi
ty from a line

source as a function of radius R in the lower plane at which the line

source ends. After these quantities are known, it is a simple matter to

calculate, for instance, Isc(R) according to (1) by integrating over

dR .

The results of these computations for helium and for nitrogen as the

scatter medium are presented in the forms of graphs in Fig. 3. The

properties of these charts and the quantities represented therein are

discussed in the next section.

CHARTS FOR SCATTERING FROM A LINE SOURCE

The graphs in Fig. 3 are  drawn for the particular conditions P = 1

Torr, L = 1 cm, and T = 0°C, and all quantities are marked with an

asterisk. These charts are called master charts because they may be

readily converted into graphs correspo
nding to any desired values of

P, L, and T; we see from (23) that Jring(R) depends upon R and L

in the combination of the ratio L/R only, and not on either of them

separately. Apart from this ratio Jring is proportional to initial

beam current 10 and density p . On the other hand' Jsc in (22)

depends not only on L/R but also on 1/R = 1/(L tan 0); and the

integration of (1) for Isc(R) uses the term dR = L sec20 d0 . The

above two expressions contain functions of the ratio L/R and coefficient

terms 1/L and L , respectively. We therefore must multiply 4c by

1/L to arrive at Jsc and multiply I:c by L to obtain Isc . Con-

sidering the gas laws we arrive at the following conversion formulas

which permit us to go from the data on the master graph to any other

values of 10 , L , and p , P , or T which we may want to use:

J (R) =
sc

PI
0 

273) 
J
sc
(R)

L(1 + T
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a finite value as arc cot L/R approaches zero, whereas 1/R* remains as a

coefficient. Following these facts, we should expect the shapes of

Jting(R*) and Ils(c(R*) essentially to match aring(0) and Q(0) in the

small angle Rutherford scattering region and to have larger slope in the

range R* < 0.01. These characteristics are confirmed in the curves.

A set of curves, converted from the nitrogen master chart (as previ-

ously explained) to actual conditions as found in a semivacuum welder is

given in Fig. 4. From the chart we see that for scattering to a radius

of 1 mm, Isc(R) = 30 mA and Jsc(R) = 0.25 A/cm2. This indicates that

somewhat more than 30% of a 2-mm-diameter beam would be scattered outside

the main beam cross section. Without scattering the current density

would have been 32 A/cm2 but at a distance of 1 mm from the boundary of

the original cross section, current density has fallen to the neighbor-

hood of 0.25 A/cm2. Clearly this is too low to melt metal and current

scattered this far must be considered as effectively lost.

Another way to look at beam degradation due to scattering is to look

i.e., the fraction of current retained in the beam, passingat Ithru,
through an aperture of D = 2R. From the graph of Fig. 6(b), (24), and

(4) we have calculated Table I. Distances L have been chosen to

resemble work spacings typical for nonvacuum welding.

TABLE I

Gas L
Fraction of beam current Io passing through aperture
of diameter D = 2R (Pressure P = 760 Torr)

(cm) D = 0.1 cm D = 0.2 cm D = 0.5 cm

0.3 0.997 0.9986 0.9992

He 0.6 0.984 0.994 0.9977

1.2 0.862 0.969 0.9907

0.3 0.944 0.974 0.986

N2
0.6 0.675 0.886 0.958

We see with a beam path of 1.2 cm in helium 97% of the beam remains in

a 0.2-cm spot (e.g., giving a 0.2-cm-wide weld at 1/2 in. working dis-

tance). In nitrogen, even at 0.6-cm distance only 89% of the beam is

retained in the same spot.
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ANGULAR DISTRIBUTION OF BACKSCATTERED ELECTRONS

D. M. HART

International Business Machines Corp. (Systems Development

Division), San Jose, California

The angular distribution of backscattered electrons has been deter-

mined from targets of different atomic number at various angles of the

primary beam. The two targets chosen were materials with vastly different

atomic numbers, i.e., aluminum and tantalum. This was done to determine

experimentally the effect of the atomic number Z and the angle of in-

cidence y on the backscatter fraction 11 .

Polar diagrams, representing the angular distribution of the back-

scattered electrons, show that 11 is considerably greater for the high-Z

material Ta than for the low-Z material, Al . Also, the dependence

of the backscatter fraction 11 on the angle of incidence y is apparent,

particularly for large angles of incidence.

It appears that for large angles of incidence the backscatter for

aluminum is greater than tantalum. This is probably due to the fewer

orbital electrons in the low Z material, i.e., less stopping power, and

ease of escape from the shallow penetration depths as a result of the

large incident angle.

INTRODUCTION

Electron beam readout of information recorded in the form of varia-

tions in surface topography requires an understanding in the distribu-

tion of the backscattered electrons relative to angle of incidence of

the impinging 'electron beam. This information allows optimization of

detector positioning relative to the slope of the recorded information.

The angular distribution, as well as the energy distribution of the

backscattered electrons, depends on the interaction of the incident

electrons with the target nuclei and electrons. Owing to the difference

in masses, the principal effect of the target nuclei is to change the

direction of the incident electron, whereas the principal effect of the

target electrons is to decrease the velocity of it. Experimentally,

then, it has been shown2,3 that as the atomic number of the target in-

creases, there is a greater influence on the incoming electron, in that

the direction of an incident electron may be changed several times

through successive nuclear scatterings.

The following experimental work shows the influence of the atomic

number of the target, the angle of incidence of the primary beam, and

the energy of the primary beam on the backscattered electrons.

EXPERIMENTAL WORK

The prime purpose of this work was to determine the angular distribu-

tion of backscattered electrons from targets of different atomic number

at various incident angles of the primary beam. For our experiments a

rotatable Faraday cage was selected as the electron collector, and a'

rotatable target was used for providing changes in the angle of incidence.

473



The directional distribution of greatest interest was in a plane perpen-

dicular to the rotational axis of the target. We expected that the

greatest change in the number of backscattered electrons would occur in

this plane as a function of a change in the angle of incidence y .
Here, then, was where the Faraday cage collector was rotated.

The collector was rectangular in cross section with sufficient area

to collect a useful quantity of electrons. The quantity of electrons

collected as a function of angle of incidence are those electrons that

are backscattered within the solid pyramidal angle. Figure 1 shows the

collection concept.

Electron current measured at the collector is not meaningful in terms

of high-energy backscatter from the target unless some measure is taken

to minimize the effects of backscatter and low-energy secondary elec-

tron emission from the collector. Since the backscatter fraction 11

is a direct function of atomic number,3 the collector must be constructed

of material having a low atomic number. When high-energy backscatter

electron distribution is required, it is important to eliminate the

collection of true secondary electrons that emanate from the target and

from surfaces within the recording chamber. The secondary electrons that

emanate from the chamber surface are eliminated by the configuration of

the Faraday cage collector. The true secondaries (that is, those elec-

trons that emanate from the target with energies less than 50 eV) are

eliminated by applying a retarding field at the entrance to the collector.

To determine the backscatter distribution as a function of the angle

of incidence, the target could be set at any angular position from 0°

to 90° relative to the beam. Care was taken in the fabrication of the
target holder to insure that the axis of rotation of the target was on

the surface of the target. This prevents the electron beam from moving

across the target surface, and prevents any change in position of the

backscatter source relative to the collector.

EXPERIMENTAL APPARATUS

The primary beam of electrons is produced by a conventional demountable

electron optical system using a triode gun with a tungsten hairpin fila-

ment. The beam is first bent off axis to prevent possible contamination

of the target by tungsten evaporation, and then repositioned on the elec-

tron optical axis by a magnetic turning field.

A single magnetic lens, located approximately three times its focal

length from the first crossover at the gun, is used to focus the beam

to a spot size of approximately 0.5 mm on the target. Accelerating po-

tentials of 10 and 20 kV were used to determine experimentally the de-
pendence of 1.1 on the initial kinetic energy. The beam is positioned

on the target by applying a balanced voltage to a set of electrostatic

deflection plates located just below the magnetic lens. The focal length

of the final lens is sufficiently long to prevent any interaction between

the magnetic and electrostatic fields with the backscattered electrons

that emanate from the target.

Figure 2 shows the electron collection chamber. It consists of a 6-in.-

diameter copper cylinder with a demountable endplate. The endplate sup-

ports the entire target and collector assembly for ease of sample handling.

Distribution of the backscattered electrons is measured in terms of

electron current and angle of collection in the plane perpendicular to
the axis of rotation. The collection angle is measured by using an
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FIG. 2.—Experimental electron-collector chamber.
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adjustable angle plate locked on the face of the endplate. The Faraday

cage collector is rotated through 180° about the target axis. Both the
collector and target are independently rotatable on coaxial shafts.

Figure 3 shows the Faraday cage which consists of two deep, concentric,

rectangular, aluminum cups separated at one end by an insulator. Secondary

emission and high-energy electron backscatter are reduced by coating the
interior surfaces of the collector with colloidal graphite, which has a
backscatter fraction of 0.07.

A negative potential of 50 V is applied to the entrance grid to

eliminate those electrons with energies from 0 to 50 eV. The grid, ap-

proximately 12 mesh, provides an open area of 95%. The grid wire was

coated with colloidal graphite to minimize secondary emission. The en-

trance to the collector, including the repelling grid, is completely

surrounded by a second grid and grounded to minimize any directional dis-

turbance in the distribution of the low-energy secondary electrons.
To prevent erroneous electron collection and extraneous fields, the

collector lead and the grid lead are shielded. The grid is grounded

when no potential is applied, thus preventing the grid from charging.
The primary beam current is measured by temporarily positioning a small

Faraday cup under the beam (Fig. 2).

The metal targets were cut into 1/4-in. squares from 10-mil-thick

sheets and attached to the target holder by silver paint. A 2-in. by
1/16-in, tab, which was an integral part of the target, was grounded to
insure removal of the conducting electrons. The targets were polished
and ultrasonically cleaned with Freon-12 and acetone. This provided a
flat mirror-like surface which is necessary to prevent any angular back-
scattering that would occur from topographical irregularities.

DISCUSSION AND RESULTS

A potential problem area in a study of this type is the contamination
of the target surface. The most probable contaminant is the residual
oil molecules from the oil diffusion pump. The interaction of the elec-
tron beam with the oil molecules forms an amorphous carbon deposit and
therefore affects the backscattering and the secondary emission yield.
It was noticed that, during the time required to record the backscatter
distribution, a sufficient amount of interaction had taken place to
cause a slight reduction in the collected electron current. This was
evident when the entrance grid was placed at ground potential, thus
allowing the collector to accept the low-energy secondary electrons.
The reduction in the collected electron current is a consequence of a
reduction in the secondary emission yield of the thin amorphous carbon
buildup.

It is also reasonable to expect that the interaction could cause a
thin insulating layer to form. This layer would tend to become charged
by some of the low-energy backscattered electrons and, therefore, affect
the directional distribution of the secondary electrons. The contaminated
area under the beam does not affect the more energetic backscattered
electrons.

The angular distribution of the backscattered electrons has been ob-
tained from two materials with vastly different atomic numbers. This
was done to determine experimentally the effect of the atomic number Z
and the angle of incidence y on the backscatter fraction Ti .

Figures 4 through 7 are polar diagrams representing the angular
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distribution of the backscattered electrons for various angles of inci-

dence of the primary beam. The solid curves are for a primary energy

of 10 kV and the dashed curves for a primary energy of 20 kV. Figures

4 and 6 show the distribution when collecting electrons of all energies

up to the primary energy, and Figs. 5 and 7 show the distribution when

those electrons below 50 eV are omitted. If we compare Fig. 5 with

Fig. 7, we can readily see that 11 is considerably greater for the high-Z

material Ta (Z = 73) than for the low-Z material Al (Z = 13). Also,

the dependence of 11 on y is apparent, particularly for large angles

of incidence. We can see that, for large angles of incidence, the low-Z

target shows a greater value of 71 than the high-Z target. This is

probably due to the fewer orbital electro
ns in the low Z material, i.e.,

less stopping power, single large angl
e scattering, and ease of escape

from shallow penetration depths.

We can also see that the 71 for the low Z target is independent of

the primary energy in the range betwee
n 10 and 20 keV, with the exception

of the very large angles of inciden
ce. However, for the high-Z target,

11 tends to increase as the primary 
energy increases for large angles

of incidence. The greater penetration depth of these more energetic

electrons and the occurrence of 
the interaction near the surface as a

result of the large incident angl
e would tend to allow more electrons to

escape. The independence of the pri
mary energy at normal incidence is

in agreement with the results of 
other workers.1 )23 Lower values shown

in the first 30° to 120° of th
e 20-keV primary-energy curve appear to be

a reduction in the contributio
n of the low-energy electrons.

Figure 8 shows the dis
tribution of the low-energy secondary electrons

below 50 eV for Ta. These curves are plotted by subtracting the high-

energy values of Fig. 7 from 
the combined high- and low-energy values of

Fig. 6. The secondary-electron distribution
 tends to represent a cosine

distribution about the normal 
to the target for all angles of incidence.

But as the angle of incidence 
increases, the secondary-emission yield

increases. This result has been confirmed
 by other workers.4;5

It appears that the increas
e in yield for an increase in the primary

angle of incidence is the result 
of the increased production of secondary

electrons by the backscattered 
electrons. Kanter6 has shown that "for

the energy range from a few keV 
to several tens of keV, close to 40% of

all secondaries from the front 
surface ofa thick aluminum target was

formed by the backscattered 
electrons. Therefore, since 11 increases

with y , it is reasonable to 
expect that the secondary electron yield

would also increase with y .

Figure 9 shows the 
backscattering as a function of angle of incidence

for Z = 13 and 73, with a prim
ary energy of 10 keV. The values for 11

are not actual backscattering 
ratios, however, the curves can be compared

with each other because they r
elate to the same primary beam current of

47 X 10-9 A.

CONCLUSIONS

The angular distribution of
 backscattered electrons has been deter-

mined from targets of different 
atomic number at various incident angles

of the primary beam. The quantity of backscattered electrons increase

with increasing atomic number and with increasing angle of i
ncidence

with respect to the target normal. It was found that for very large

angles (i.e., 70°) the quantity of backscattered electrons from
 Al
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exceeded that of tantalum by approximately 20% (Fig. 9). It appears
that this may be due to the decreased stopping power of aluminum and the
ease of escape of the electrons from the shallow penetration depth. That
is, if D is the penetration depth and y is the angle of incidence be-
tween the beam and target normal, then the distance of escape is D cos y
Also, there is less chance for multiple scattering and, therefore, it is

more probable that large-angle single scattering would occur.

It appears that from Figs. 4 and 6 there is a reduction in the secon-

dary electron contribution for collection angles between 20° and 120°

for a primary beam energy of 20 keV. The increased penetration depth of
these more energetic electrons reduces the backscattered electrons which

would be in an energy range for most effective production of secondary

electrons from the front surface of the target.
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PART VII

BIOLOGICAL AND CHEMICAL APPLICATIONS OF LASERS



BIOLOGICAL RESEARCH WITH LASERS (Invited Paper)

Charles Siisskind

University of California, Berkeley

The course that biomedical applications of the laser have followed

since its invention is so reminiscent of earlier instances of what we

should today call bioengineering that it is tempting to seek a charac-

teristic pattern. One need not think farther back than uhf and micro-

waves to see the sequence: invention, realization that biological inter-

actions are possible, various medical applications (diagnostic, clinical,

therapeutical), appreciation of hazards, protective legislation, and

study and elucidation of the basic mechanism of interaction. The same

pattern may be discerned in other instances, for example X rays and

indeed the development of all electrophysiology. The several stages

are not always of equal length and often overlap and interact. In the

case of microwaves, for example, recent legislation' has given a new

impetus to the study of basic questions in the U.S.; and lasers are fol-

lowing a similar, though considerably foreshortened, path.

Because of the manifold possibilities offered by a device capable of

delivering a highly concentrated and easily controlled dose of thermal

energy to tissue--in some cases, deep-seated tissue--it is not surprising

that extensive use was made of laser rays before the mechanism by which

they interact with biological materials was properly understood. The
spectacular successes of laser techniques in ophthalmic surgery were
reported in 1967 at the 9th Symposium in Berkeley, the Record of which
devoted an entire section to the biological effects of lasers and also
contained reports from most of the groups carrying on basic research in
the field in America; e.g., on the mechanism of damage from thermochem-

ical changes, on apparently frequency-specific photochemical effects,

and on the increase of absorption at specific wavelengths by vital stain-

ing.2 Other photochemical effects that have been studied include rapid

absorption changes in photosynthetic organisms under pulsed laser radia-

tion3 and the susceptibility of various organisms to photosensitization

by laser light.4 From the program of the 1969 Gordon Conferences it is

evident that this work is being vigorously carried forward, mainly by
the same groups.5

The engineer who approaches this particular field hoping to contribute
his mite to the advancement of biological knowledge by technological
means should be forewarned that he is laboring in a fairly sophisticated
vineyard. Even if the principal effect of laser light on tissue should
prove to be thermal, it remains to show by what means energy is trans-
ferred and propagated, what role is played by vaporization and by acous-
tical effects, and whether photosynthesis is affected by the physical
peculiarities of laser light--all questions requiring extensive famil-
iarity with highly advanced branches of science.

A pilot experiment made in connection with the last question may serve
to illustrate what pitfalls await the unwary. The comparison of the
efficiency of coherent and incoherent radiation in producing photosyn-
thesis was a virgin field--or almost so: one other preliminary report
came to our attention after our measurements were completed.6 (As in
our tests, coherent radiation was reported to be more efficient at the
same light intensity.) Moreover, it was tempting to think of interactions
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between visible light and cellular organisms in terms of electromagnetic

resonances, in the manner of microwaves and artificial dielectrics.7

The details of our experiments have been reported elsewhere.8 Briefly,

seaweed was irradiated alternately with an He-Ne cw laser at 6328 A and

with filtered light (at almost the same frequency) from a tungsten lamp;

the amounts of oxygen evolved in the two cases were compared after com-

pensation for meters, filters, and the action spectrum of the sample over

a 1000-A range straddling the center frequency. The results of the first

test showed that 2.75 times more oxygen was evolved by coherent light

than by incoherent light. But a second test, made several months later

at 10 times the power level and with somewhat different filters, gave a

ratio of 32. That was certainly unexpected, if only from the viewpoint

of the quantum efficiencies implied by a 32-fold enhancement.

What could be the possible explanation of these large and widely rang-

ing ratios (2.75 to 32)? The other research team6 had also obtained

better efficiencies with lasers than with ordinary light but the ratios

ranged only from 1.2 to 2.0--depending on whether the ambient temperature

was 25 or 30°C. Here was one possible explanation: we had not monitored

the temperature. Other questions presently suggested themselves. The

incoherent light had not been polarized: would that produce differences

resulting from the structure of the chloroplasts? Did variations in the

relative absorbance by the sample chlorophyll over the filter passband

account for the ratios differing from unity? Did the coherent light so

alter the absorption spectrum as to produce appreciable bleaching around

the operating frequency--i.e., "burn a hole" in the spectrum? Did the

action of the oxygen electrode depend on light intensity? Did the op-

tical inhomogeneities characteristic of the interaction of laser light

with biological samples cause "hot spots" that produced greater local

response at the level of individual chloroplasts?9 (Such hot spots might

be eliminated by the use of a diffusing plate that would nevertheless

preserve coherence;10 and conversely, there are methods for processing

laser light by which its coherence may be lessened to any desired degree.)

It is thus evident that the question, Does coherent light produce a

photosynthetic effect different from that produced by incoherent light?

cannot be answered by a quick and simple experiment. Even if all the

uncertainties enumerated above are resolved by a greatly elaborated ex-

periment, one would still like to be able to vary the most obvious para-

meter, frequency, once laser technology is equal to that desideratum.

Other elaborations will doubtless arise from further experimentation."

The scientific and technological pay-off resulting from a thorough

understanding of the mechanism of interaction would be high--not only

for medicine, but possibly also for agriculture, water pollution, and

other applied fields. But it is manifest that he who expects to base

such understanding on a crucial experiment involving only one or two

parameters, as is often successfully done in the physical sciences, is

not likely to be rewarded by useful results.
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INTRODUCTION

Previous reported work indicates that laser radiation can destroy

normal and tumor tissue.1-4 With both the ruby (693.4-nm) and neodymium

(1060-nm) wavelengths used in the conventional mode (pulse length of

1 to 3 msec), the mechanism of tissue destruction is caused primarily

by thermal energy transfer. Detailed studies of the histology of the

high-energy neodymium laser tissue interaction identified a nonuniformity

in the pattern of tissue treated by this form of energy. A zone of tis-

sue surrounding the epicenter of the impact site contained cells (normal

and tumor) which morphologically and functionally were not completely

destroyed.5

Reports6;7 of high-power ruby laser radiation indicated the biological

effects in tissue were similar, whether treatment was administered using

high energy with low power or high power with low energy.
This study was designed to investigate the effect of high-power

neodymium laser radiation on normal and tumor tissue.

MATERIALS AND METHODS

THE LASER. Both the high-energy and the high-power systems used in

our studies were developed by the Eastman Kodak Co. (Fig. 1). The high-

power module consists of an oscillator-amplifier combination, with Q

switching in the oscillator produced by a rotating mirror driven by a

400-Hz motor. Oscillator output ranges from 50 to 75 MW (4 joules) and

the amplifier up to 400 MW in a single 40-ns pulse. The amplifier rod

output end is Brewster angle-shaped, resulting in an elliptically shaped

output beam.

A Fresnel plate was used to divert 8 per cent of the exit energy into

a TRG energy monitor. Nitrogen gas purged the reflective chambers and

cooled the rods and flash lamps. Output power levels were controlled by

time-spacing successive laser discharges.

Studies were made with unfocused and partially focused beams. At

350 MW unfocused, the average power density was 140 MW/cm2 (5.0 J).

Partially focused beams were developed by placing the target surface

120 mm from a 170-mm focal length piano-convex lens. Power density at

this surface averaged 450 MW/cm2 (17.0 j). All energies were delivered

in a single spike potential.

*Now at Department of Surgery, Duke University, Durham, N. C.
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NORMAL TISSUE. In the treatment of normal tissue, the

intact abdominal skin areas of 3-month-old New Zealand white rabbits

were irradiated. The animal was anesthetized and the hair over the an-

terior abdominal wall shaved. The skin surface was positioned at right

angles to the beam of incident laser light. Following treatment of the

skin in various areas, the abdominal cavity was opened through a midline

incision and intra-abdominal organs inspected for evidence of damage.

The suspensory ligaments of the liver were then incised and the
 anterior

surface of this organ positioned at right angles to the beam of
 incident

laser light. Areas of the liver exposed to laser treatment were identi-

fied with diagrams and photographs so that at the time of sectioni
ng,

6 days to 10 weeks later, these areas could be adequately evaluated.

Following treatment, the abdominal cavity was closed and the anima
l

allowed to recover.

To evaluate the transmission of laser light through the organ 
being

treated, 2 X 2-cm segments of exposed film or pieces of black card
board

were placed either in a subcutaneous pocket under the skin or under the

segment of liver being treated. At selected time intervals after ir-

radiation (6 days to 10 weeks), individual animals were killed. Areas

of the treated tumor were sectioned and stained with hematoxylin and

eosin for later examination under light microscopy.

TUMOR TISSUE. The heavily pigmented mouse tumor, S-91

melanoma in CDF1 mice, was used. In experiments with high-energy

neodymium laser, this tumor-host system was, of the six systems studied,

the most sensitive to laser radiation. Freshly excised tumor tissue was

mixed with saline in a ratio of 1:10, and 0.01 cc of this suspension

(approximately 300 000 viable cells) was injected beneath the skin on

the dorsal flank of the mouse. At the time of laser treatment the mouse

was anesthetized and the skin (previously shaved) overlying the tumor

on the muscles of the dorsal flank was either opened or left intact.

The tumor was positioned so that its anterior surface was at right angles

to the beam of incident laser light. Following treatment, the mice were

individually housed and the growth rate of each tumor recorded by mea-

suring its major and minor diameter every two days.

Four experiments were conducted, each of which used 40 mice, bearing

tumors that had been simultaneously injected. At the time of laser

treatment, the size of the tumors in each of the experiments was:

I - 1-2 mm; II - 3-4 mm; III - 4-5 mm, and IV - 5-6 mm.

In each experiment the mice were randomly divided into 4 groups of

10 each and treated as follows:

(1) Skin opened over tumor at time of laser treatment, then closed.

(2) Skin not opened over tumor at time of laser treatment.

(3) Skin opened and closed only; no laser treatment.

(4) Skin not opened; no laser treatment.

In each experiment, as the animals began to die, the entire group was

killed and the presence and size of distant metastases noted.

RESULTS

GROSS EFFECTS. Normal Tissue. A beam of incident laser light,

unfocused or partially focused, directed on the nonpigmented abdominal
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FIG. 1.--Experimental neodymium laser system. High-energy module (1000 J,

2-ms pulse) is mounted on the left arm and the 400-MW, 40-ns high-power

unit on the right arm.

FIG. 2.--Abdominal skin area

of rabbit treated with a high-

power laser pulse. Beam center
was positioned 1.5 mm above the
3-mm scale mark.

FIG. 3.--Nonabsorption of high-
power laser light. Film, placed

between the abdominal skin wall

and peritoneal sac, is blanched

from high-power laser energy

transmitted through the wall.

Laser beam center was positioned

similar to Fig. 2. Film blanching

effect is comparable to that pro-

duced by direct exposure.
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skin of a rabbit, produced no effect (Fig. 2). Previously exposed film,

placed under the skin tissue, was blanched from the laser energy trans-

mitted through the skin wall (Fig. 3). Immediately after laser treat-

ment, it was difficult to determine where the laser radiation had been

administered. No adverse tissue effects were observed in later examina-

tions.

Unfocused laser energy directed at the surface of rabbit liver was

ineffective. With partial focusing, a slight drying and wrinkling of the

capsule was apparent. No other effects were noted at the site, either

immediately after, or 10 weeks after exposure.

Tumor Tissue. Skin blanching developed on the shaved area of the

dorsal flank of mice injected with tumor cell suspensions (Fig. 4). The

tumor site was later surgically exposed and examination revealed no t
umor

tissue disruption. On the exposed S-91 melanoma (Fig. 5), a slight dis-

ruption of the tumor substance and a small amount of hemorrhage occurred

with both unfocused and partially focused laser light (Fig. 6).

MICROSCOPIC EFFECTS. Examination of the areas of liver treated with

high-power neodymium laser revealed minimal changes. No alteration oc-

curred in the architecture of the hepatic cells or change in the staining

characteristics of the nucleus or cytoplasm. In the sections of liver

treated with partially focused radiation, there was a slight thickening

of the capsule without any alteration in the underlying hepatic stroma.

A similar alteration in the capsule was noted on the undersurface of the

liver when film or cardboard was placed under it.

EFFECT ON TUMOR GROWTH RATE. The growth curves of the S-91 melanoma

in the four experiments performed indicated no significant difference in

experiments II, III, and IV between the animals treated with the skin

either open or intact. These results were combined for final analysis

as indicated on Graph B of Fig. 7. This analysis revealed that in experi-

ments II, III, and IV, the growth rate of control and of treated animals

was similar. In experiment I, the growth rate of tumor in the high-power

neodymium-treated group and in the control group was similar (A in Fig. 7),

the only difference represented was a delay in the onset of tumor growth

in the group treated with the skin open. Two of the 10 animals in this

group had no tumor development.

Autopsy analysis of the presence or absence and location of distant

metastases in all groups revealed metastases occurring only in the lungs.

The size and number of pulmonary metastases in all groups were similar

and no difference was noted between the treated and the control groups.

Exposed film and black cardboard placed beneath tissue and organs

being treated were markedly blanched and appeared similar to effects pro-

duced with direct exposure. The laser's effect on photographic film sug-

gested that tissue absorbed little energy at the neodymium wavelength.
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FIG. 4.--Effects of an unf
ocused pulse on unexposed tumor. An S-9l

melanoma implant is outlined in the center of the blanch
ed area. The

tumor was later examined after surgic
al exposure and revealed no tumor

disruption.

FIG. 5.--Prelaser view
 of exposed 5-mm tumor. Surgically exposed site

with epidermal skin in tension.

FIG. 6.--Postlaser effect on
 tumor. Slight hemorrhaging of tumor surface

occurred with a minimal disturbance to the tumor mass.
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LASER-INDUCED CHEMICAL REACTION

SUSUMU NAMBA, PIL HYON KIM, and KO TAKI

Institute of Physical and Chemical Research, Yamato-machi
 Saitama, Japan

Hydrogen and hydrocarbons (ethylene, methane, ethane, and cyclo-

propane) reacted with the carbon vapor produced from the carbon target

by irradiation of the pulse r
uby laser. The main product was acetylene.

From the distribution of the react
ion products, it is assumed that

diatomic carbon contained in the carbon
 vapor plays a main role in the

reaction with hydrogen and hydrocarbons.

By irradiation of the giant puls
e laser, the

was observed. The main reaction product caused

also acetylene. In the mixture gas of argon at

ethylene or methane, the breakdown of argon ga
s

reaction products were obtained. In this case,

the reactions occur by the energy trans
fer from

breakdown to the substrate gas.

1. INTRODUCTION

breakdown of hydrocarbons

by the breakdown was
high partial pressure and

was observed and the
it may be suggested that

argon excited by the

When the intense laser beam is focused on a suitable target, its

surface material is heated and vaporized. It is of interest to study

the chemical reaction of an organic or inorganic material with a vapor

produced by laser irradiation.

In this paper, two kinds of laser-induced chemical reactions will be

described. One is the reaction of hydrogen and hydrocarbons with a

carbon vapor produced from graphite carbon by irradiation of the focused

ruby laser. The other is the reaction caused by the gas breakdown which

is produced by the focused gi
ant pulse laser.

The carbon target was used by the follo
wing reason. First, there have

been many investigations for the
 reactions of carbon species which were

produced by nuclear recoil reaction,
- photolysis of carbon suboxide,

explosion of silver acetylide,3 carb
on arc,4 and heating of carbon

filament.5 Therefore, it is easy to make comparison of the laser-induced

reaction with the other. The carbon species produced by laser irradia-

tion seems to be similar 
to those produced by carbon arc or heating of

carbon filament, because 
the carbon species are produced by a thermal

process. Second, the composition and yield of the reaction products

(low hydrocarbon gases) a
re easily analyzed by gas chromatography.

Although the carbon vapor has been known to consist of C1 , C2 ,

C3  species by other authors,516 the ratio of the species is dif-

ferent from case to case. 
From the distribution and the ratio of the

reaction products, it may be possibl
e to estimate the ratio of the car-

bon species which depend 
on the surface temperature of carbon target and

clarify the mechanism of 
the laser-induced chemical reaction.

II. EXPERIMENTAL PROCEDURE

The target material employed was Shimadzu spectroscopic
 electrode

graphite preheated under vacuum. The ruby laser used was the normal
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laser whose output energy and pulse duration were 3 joules and 0.5 ms,

and the giant pulse laser whose output power and pulse width were 30 MW

and 20 ns, respectively.
The laser beam was focused by a lens of 30 mm focal length on the

carbon target in a 7-cm3 Pyrex cell filled with hydrogen or vapor of

hydrocarbon, as shown in Fig. 1. After irradiation of 10-20 pulses, the

reaction products were analyzed by gas chromatography using a silicagel

column. Figure 2 shows an example of recorder trace in an analysis of

reaction products formed from hydrogen and carbon vapor. The quantita-

tive analysis was made by using inner standards. The yield of C3 and

C4 compounds were determined by means of the analyses of propane (C3H8)

and butane (C4H10) produced by the catalytic reduction of all products.

Spectroscopic analysis of the carbon vapor was also performed by a

grating spectroscope.

III. RESULT AND DISCUSSION

A. REACTION WITH CARBON VAPOR PRODUCED BY NORMAL LASER.
7 

The

products in the reaction with hydrogen are listed in Table I. The main

TABLE I.--Yield of products in the reaction with

hydrogen (normal laser irradiation).

Products Yield (X 10-6 moles)

Methane 0.3-0.4
Acetylene 15.0-20.0
Ethylene 0

C3-compounds 0.1

C4-compounds 1.0

C3/C4 0.1

Hydrogen: 700 Torr.

Carbon consumed: 3.0 - 4.0 X 10-5 moles.

Laser: 10 pulses.

product is acetylene (C2H2) and carbon vapor produced almost reacts with

hydrogen. The trace of methane, C3, and C4 compounds are detected, but

ethylene (C2H4) is not detected. As far as the main product is concerned,
the result is similar to that in the reaction of a graphite filament

with hydrogen at about 3200°K. In our experiment, the temperature at

the surface of carbon target irradiated by normal laser was estimated

at 3000-4000°K.8

In the reaction of hydrogen with the carbon atom produced by recoil

reaction, CH, CH2, and CH3 radicals are produced and undergo further

reaction to produce acetylene, ethylene, and others. But ethylene was

not detected in our case. Since it was suggested that addition of

methyne (CH)9 to an ethylene molecule gives pentene-1 (C5H10), the car-

bon target was irradiated in the mixture of hydrogen and ethylene (8:1).

But pentene-1 was not detected. From above results, acetylene precursor

might be mainly C2 in our case. Though methane may be the reaction
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product of Cl, the carbon vapor produced by laser irradiation will con-

tain much more C2 than Cl.
Spectroscopically, C2 Swan bands were observed from the carbon vapor

produced in hydrogen atmosphere by laser irradiation as shown in Fig. 3.
The products in the reaction with ethylene are listed in Table II.

TABLE II.--Yield of products in the reaction with

ethylene (normal laser irradiation).

Products Yield (X 10-6 moles)

Methane

Ethane

Ethylene

Acetylene

Vinylacetylene

Diacetylene

C3-compounds

C4-compounds

C3 /c

0.15-0.22

0.06-0.08

24.0-26.0
0.5

3.5-4.0

0.12-0.15

4.0-4.5

0.03-0.05

Ethylene: 700 Torr.

Carbon consumed: 3.0 - 4.0 X 10-5 moles.
Laser: 10 pulses.

The main products are acetylene and C4 compounds such as diacetylene and
vinylacetylene. Spectroscopically, C2 Swan bands were also observed
from the carbon vapor produced in ethylene by laser irradiation.

The products in the reaction with methane, ethane and cyclopropane
are listed in Table III. The main products are also acetylene and C4
compounds.

TABLE III.--Yield of products in the reaction with methane,
ethane, and cyclopropane (normal laser irradiation).

Substrate Methane Ethane Cyclopropane

Pressure (Torr) 700 670 680

Products

(X 10-6 moles)

Methane - 2.9-4.2 2.6-2.8

Ethane 1.1 - 0.1
Ethylene 0 4.2-6.6 2.0-2.3
Acetylene 12.7-17.1 16.1-23.5 22.6-23.2
Propane - 1.4 -

Propylene 0.31-0.41 - 14.5-16.6
C3-compounds 0.5-0.7 1.4-2.7 -
C4-compounds 1.8-3.9 3.6-4.0 8.8-10.0
C3/C4 0.1-0.4 0.4-0.7 -

Carbon consumed: 3.0 - 4.0 x 10-5 moles.
Laser: 10 pulses.
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The reaction products and ratio of products are different from those

in the recoil reaction of hydrocarbons or in the reaction of hydrocar-

bons with carbon vapor produced by the carbon arc. In the recoil reac-

tion, the most common primary processes have been shown to be addition

of the C atom to the C-H and C=C bonds, the resulting adducts

undergo secondary processes, whereas the carbon vapor produced by the

carbon arc reacts with butens (C4H8) and the resulting products are

spiropentane (C5H8) and bisethanoallen (C7H8) derivatives, which are

reaction products from monoatomic and triatomic carbon species, respec-

tively, 1° but formation of acetylene is not found. In the reaction with

methane, the main product is acetylene but ethylene is just trace as

listed in Table III. If carbon atom reacts with methane, ethylene and

acetylene are to be produced almost in equivalent yield by the insertion

mechanism:11

C + CH
4 
4 (CH

3 
- C - H) 4 C

2
H
2 

and C
2
H
4

•

In our case, from the fact that the product distribution consists of

C2 and C4 compounds, it seems likely that the reaction may occur in

the combination of C2 species with hydrocarbons.

B. REACTION INDUCED BY GIANT PULSE LASER.
12 (1) Reaction with Car-

bon Vapor. The reaction products in hydrogen are listed in Table IV.

TABLE IV.--Yield of products in the
reaction with hydrogen.

Products

Yield (x 10-6 moles)

Normal laser

(10 pulse irradiation

in 700 Torr H2)

Giant pulse laser
(20 pulse irradiation
in 720 Torr 112)

Methane

Ethane

Ethylene

Acetylene

0.3-0.4

0

0

15.0-20.0

0.1

0.01

0

0.4

The reaction products 
in ethylene and methane vapor at 10 Torr pressure

are listed in Table V. 
For comparison, the products obtained at 10 Torr

pressure by normal laser 
irradiation are also listed in Table V. The

difference of product ratios in between Table II and Table V may be due

to the pressure difference of
 the substrate gas. The gas pressure

(10 Torr) was chosen to avoid the breakdown caused by the focused giant

pulse laser. At higher pressure (more than 100 Torr) the breakdown was

observed as mentioned later.

Although the ratios of methane and ethane to acetylene are higher than

in the case of the normal laser, the main products are C2 compounds. It

seems that the carbon species produced by the giant pulse laser is dif-

ferent from that produced by the normal laser, and the fraction of

.10 497

111



TABLE V.--Yield of products in the reaction with

ethylene and methane vapor at 10 Torr pressure.

Substrates Products

Yield (X 10-6 moles)

Normal laser

(10 pulse irradiation)

Giant pulse laser

(12 pulse irradiation)

Methane 0.007 0.014

Ethane trace 0.009

Ethylene Acetylene 1.6 0.47

C3-compounds trace 0.018

C4-compounds 0.48 0.19

Ethane 0.022 0.084

Methane
Acetylene

C3-compounds

1.52

0.02

0.32

0.024

C4-compounds 0.5 0.19

monoatomic carbon (C1) increases. The result may be due to the dif-

ference of the surface temperature of the carbon target. The estimated

temperature13 in the giant pulse laser is much higher than in normal

laser.

(2) Reaction Caused by Breakdown. The breakdown14 of gas by the

focused giant pulse laser is well known. The yields of products in the

breakdown of various substrates at 720 Torr pressure are listed in

Table VI. In this case, the carbon target was not used. The main

TABLE VI.--Product yields in the breakdown of

various substrates at 720 Torr pressure.

Yield (X 10-6 moles) in 10 pulse irradiation

Substrates Methane Ethane Ethylene Cyclopropane

Products

Methane 0.5-0.7 0.05-0.08 0.4-0.5

Ethane 0.1-0.2 0.2-0.3 0.02

Ethylene 0 0.3-0.5 0

Acetylene 0.5-0.7 1.1-1.4 1.7-2.7 0.8-1.2

C3-compounds 0.1 0.3 0.03

C4-compounds 0.1 0.2 0.4-0.5 0

Propane 0.1

Propylene 1.5-2.0

product is also acetylene, and spectroscopically C2 Swan bands were

observed as observed by Adelman15 in the breakdown of organic vapors.
At high pressure of the substrate (for example at 720 Torr), the reac-

tion products and their ratios in the reaction with the carbon target
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were almost the same a
s that in the breakdown without the carbon target.

When the laser beam wa
s focused on the carbon target, the breakdown of

gases was also observ
ed in the focal region. These facts suggest that

the products are for
med mainly by the reaction of substrate with C2

produced in the break
down, even if the carbon target is used.

The breakdown was 
not observed at 10 Torr in ethylene or methane,

because it is hard 
to produce a breakdown at the lower pressure. But

in the mixture of 
10 Torr ethylene and 750 Torr argon, the breakdown was

observed, and argon 
lines were detected spectroscopically. The product

ratios of C3 compo
unds to C4 compounds and CH4/C2H2, C2H6/C2H2 are

plotted as a functio
n of the partial pressure of ethylene in th

e mixture

as shown in Fig. 4. 
The interaction of argon (I.P. = 15.7 eV) wit

h

ethylene (I.P. = 10.5
 eV) is not found until at the pressur

e of 100 Torr

ethylene and 660 To
rr argon (ethylene mol fraction is 0.15) becaus

e the

ratios of CH4/C2H2 and C2H6/C2H2 are constant. The drastic change

of the ratios in 
the mixture of 10 Torr ethylene and 75

0 Torr argon

(mol fraction is 
0.013) may show some interaction of ethylene wi

th

argon. It may be considered to be t
he energy transfer from argon to

ethylene. In the case of the Y-radiolysis of 1019 eV dose at room tem-

perature in the mixture of 1
0 Torr ethylene and 750 Torr argon, the

product ratios are different f
rom that in laser irradiation, as shown

in Table VII. For reference, Lampe's result16 is also
 listed. This

difference might be considered to depe
nd on the excited energy state of

ethylene.

TABLE VII.--Relative yield in the Y-radiolysis

and in the laser irradiation in the mixture of

ethylene and argon.

Relative G value in

y-radiolysis

Relative yield in

laser irradiation

Ethylene mol

fraction in Ar 1.0* 0.7* 0.013 0.013

Products

Methane
0.13 0.38

Ethane 0.26 0.18 0.16 0.57

Acetylene 1.00 1.00 1.00 1.00

n-butane
0.33 0.26 0.18 0.35

C3-compounds
0.17 0.27

* From Ref. (16).

The methane and
 argon system also showed an almost similar result to

the ethylene and 
argon system, and the condensable product was only

ethane at the pr
essure of 10 Torr methane and 750 Torr argon. In the

presence of nitric 
oxide (4 Torr) as radical scavenger, the breakdown

of the mixture o
f methane (12 Torr) and argon (744 Torr) did not g

ive

ethane. This suggests that the reaction involves the foll
owing free

radical processes:
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Ar* + CH
4 
4 CH

4
* 4 • CH

3 
+ H

2 • CH
3 
4 C

2
H
6

The fact may be the evidence for the energy transfer from argon to

methane. In the radiolysis of methane17 and methane-argon mixture,18

the main products are hydrogen and ethane, but acetylene is not formed.

The result is similar to that in laser induced reaction.

From the above results, it may be concluded that the focused giant

pulse laser also produces mainly diatomic carbon (C2) in the breakdown

of organic vapors and C2 is considered to play the dominant role in the

reaction.
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LASER DETECTION OF VISIBLE AIR POLL
UTION

J. J. WILHELMI* and A. P. SZ
EWS

Marquette University College 
of Engineering, Milwaukee, Wis.

There are many facets to 
the problem of air pollution. This paper con-

siders only one aspect of
 the air pollution problem--the detection and

measurement of visible air pol
lution such as smoke, dust, and other

particulate wastes emitted b
y a chimney.

When asked the question
 about what life would be like in our country 50

years from now, the 
Director of the Institute for Atmospheric Research

(and men from similar 
institutions) declared that many of our major urban

areas will be uninhab
itable in less than 50 years because of air pollu-

tion.1

Laws will be enacted to li
mit air pollution, but these laws cannot come

into being if there is no .accu
rate way to measure air pollution.

The purpose of this paper is to s
how that:

(a) the present method for measuring visible 
air pollution is archaic

and inconsistent;

(b) uniform standards of pollution measurement based on th
e old method

can be utilized;

(c) constant monitoring of emission is possible; and

(d) monitoring of emission can result in lower plant operating costs.

There is only one statutory standard for the measurement of visible

emission--the Ringlemann smoke chart. One type of Ringlemann smoke

chart is shown in Fig. 1. This is a reproduction of the Ringlemann type

smoke chart used by the Milwaukee County Air pollut
ion Control Agency.

The chart contains five shaded area
s which are grids obscuring 20, 40,

60, 80, and 100 per cent of the
 white card.

To determine the Ring
lemann number, the shaded areas on the white card

are compared with th
e smoke at the chimney top against a sky background

(as seen through
 the hole in the center of the card). Ringlemann 2, the

permitted maximum emission sha
de in Milwaukee County (and many other

communities), is a shade that obscu
res 40% of the white card. Since the

ratio of the bri
ghtness of the sky compared to a white card can vary

from 5:1 to 0.6:1 in
 normal weather conditions,2 the same smoke appears

to compare with 
different Ringlemann numbers under different conditions.

The Ringlemann metho
d for measuring visible air pollution, in its present

form, leaves much 
room for improvement. Feasibility studies done at Mar-

quette University in
dicate that a laser can be used to detect and measure

visible air pollution
 with significant advantages over the present method.

To conduct these stu
dies, a 4-in, square column was fabricated from Clear

acrylic plastic. This column was made 4 ft long in order to eliminate

*Currently with Collins Radio Company, Newport Beach, Cali
f.
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PLIBRICO SMOKE CHART
RINGELMANN TYPE

INSTRUCTIONS
This miniature Ringelmann smoke scale will
enable the observer to conveniently grade the
density of smoke issuing from the stack.

The scale should be held at arm's length at

which distance the 'dots in the scale will blend

into uniform shades.

Then compare the smoke (as seen through

the hole) with the chart, determining the shade

in the chart most nearly corresponding to the

shade or density of the smoke. Experienced

observers often record in half chart numbers.

By recording the changes in smoke density, the

average "percentage of smoke density" for any

period of time can be determined.

Observer's line of observation should be at

right angles to the direction of smoke travel.

Observer should not be less than 100 ft. nor

more than IA mile from the stack.
Observer should avoid looking towards bright

sunlight. The background immediately beyond

the top of the stack should be free of buildings

or other dark objects.

Copt. 1944. l'Ithrtro JoIntl,. Firetptlek CO.

FIG. I
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any turbulence at the inlet and ou
tlet from affecting the smooth flow

of smoke at the point of measure
ment. An exhaust fan was mounted at

the top of the column and a ch
amber for commercial smoke bombs was pro-

vided at the bottom. An 80-mW H-N gas laser (provided through a National

Science Foundation grant)
and an optical power meter tuned to the laser

frequency of 6328 A were placed on opposite
 sides of the column at the

half way point. The recorder output of the power meter was connected to

an oscilloscope. This oscilloscope was equipped with a camera to record

the variations in the transm
itted power of the laser during the time

smoke was present in the
 column. The equipment used in this feasibility

study is shown in Fig.
 2.

A smoke test was made 
with a 30-sec smoke bomb. The oscillogram in

Fig. 3 shows laser p
ower detected versus time. The smoke bomb was lit

and placed in the ch
amber and the door was closed. As the smoke bomb

burned, the density of the smo
ke drawn through the column increased,

and the laser power 
detected by the optical power meter decreased reach-

ing zero power when th
e density of the smoke in the column was greatest.

This is shown in the first tra
ce starting at the upper left in Fig. 3.

As the smoke bomb burned out
, the density of the smoke in the column de-

creased and the optical power detected gradu
ally increased. This is shown

in the second trace starting at the lowe
r left in Fig. 3. The horizontal

time scale in this oscillogram is 5 sec/cm; the vert
ical scaling is equiv-

alent to 8.3 mW/cm. The first smoke test lasted approximately 90 sec.

Another smoke bomb was ignited and placed in the chamber at the base of

the column--only the chamber door was left open. The oscillogram of the

laser power detected versus time is shown in Fig. 4. (The short hori-

zontal line at the upper right is the start of the second trace.) In-

spection of Fig. 4 indicates that this system is sensitive to rapid changes

in the smoke density. These variations in smoke density were caused by

air turbulence at the base of the co
lumn due to the open chamber door

and nonuniform emission of smoke fro
m the smoke bomb. It can also be

observed that with the smoke chamber door op
en and the mixing of smoke

and air, even at maximum
 smoke density in the column, the laser power

detected is greater than zero--about 9
 to 10 mW. Also, the period of

maximum smoke density is shorten
ed because there is no buildup of smoke

in the chamber as 
there was in the first smoke test.

The advantages of 
a laser measurement and detection system are three:

1. Uniform standards of pollution based on the spirit of the

Ringlemann number can be utili
zed. A chart of Ringlemann numbers and

the corresponding 
percent obscuration for a fixed optical path length

is shown in Fig. 5.
3 This chart shows the correlation between Ringlemann

numbers and the percen
t obscuration caused by the smoke emitted from the

chimney. This chart is based on the assumption that the average sky

brightness is 1.7 times 
the brightness of a white card.4 If the measure-

ment is taken across
 the outlet diameter of a chimney, Ringlemann 1 cor-

responds to 52% obscuration, Ringlemann 2 to 64%, Ringlemann
 3 to 76%,

and Ringlemann 4 to 
88%.

2. Constant monitoring is possible. A chart recorder can monitor

chimney emission around the clock and make a permanent 
record of emission

detected. This can be an asset to the local air pollution control agen-

cies whose detection methods are nonexistent after
 sundown.
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FIG. 2.--The laser, smoke column, optical power detector, and oscilloscope
used in this study.

 •••••••••••••-• 

••••-•44 •

 ,taidsoi.4

FIG. 3.--Laser power detected vs

time (closed chamber).
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FIG. 4.--Laser power detected vs
time (open chamber).
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3. Where there may be no direct economic incentive to a plant

operator to reduce pollution, a monitoring system can detect inefficient

combustion processes which increase plant operating costs.

The authors feel that this approach can lead to a significant develop-

ment in the field of air pollution detection and measurement.

Marquette University has recently obtained a 250-mW laser and is cur-

rently involved in determining the attenuation of laser power in fiber

optic bundles. Field testing of a system for measurement and detection

of visible air pollution utilizing a laser, will be conducted this summer

in Milwaukee.
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BIBLIOGRAPHY ON THE SCANNING ELECTRO
N MICROSCOPE

Oliver C. Wells

IBM Watson Research Center,Yorktow
n Heights, N.Y. 10598.

ABSTRACT: Approximately 450 liter
ature references to the scanning electron microscope are cited

in this bibliography. Instrumental 
aspects and applications are both covered. Applications include

both biological and non-biologica
l work. References are indexed by subject matter. Co-authors are

cross-indexed.

INTRODUCTION AND

ACKNOWLEDGMENTS

This bibliography contains references of

interest to users of the scanning electron micro-

scope (SEM). Theory, applications and instru-

mental aspects are covered. High brightness

electron guns and non-thermal irradiation ef-

fects in silicon dioxide have been selectively

included. X-ray analysis and thermal effects

were excluded. Conference Proceedings were

listed in full up to 1967; and selectively there-

after. Citations are listed alphabetically by the

lead author, and conference proceedings are

listed by the editor. References having more

than 4 authors are listed as Author, Coauthor,

Coauthor and xx others (year). Numbers in

square brackets [xx] refer to the position of the

reference in the main list.

Biological and non-biological references are

included in the same reference list. This was

done to avoid subdividing the work
 of authors

who have published in both
 fields. Biological

citations are indicated by the lett
er B beside

the reference. These are
 catalogued in the

subject index under "Biological
, (subdivision)".

An earlier version of this bi
bliography was

published as pp. 412-438 in Pease [318
1. It was

assembled with the help of author
s who sent

reprints of their work; and I shall be very

grateful for new information to be included
 in

later versions. If readers sen
d reprints then it

would help greatly if they could
 also suggest

the correct classification for eac
h of them in

the subject index; and also pr
epare microab-

stracts of the type that are included after some

references in this list. Microabstracts refer to
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papers published in conference proceedings

that otherwise would not be cited; errors;

forward references; special cross-references;

and points of special interest. Notification of

errors will be greatly appreciated. I am grateful

to G.R. Booker, A.N. Broers, Miss E.E. Brown,

Miss I. Corvin, T.E. Everhart, T.L. Hayes, J.

Heslop-Harrison, 0. Johari, D. Kynaston, I.

Minkoff, C. Munakata, W.C. Nixon, R.F.W.

Pease, G. Pfefferkorn, P. Pinard, A. Reza-

novich, F. Rossi, P.A. Sandberg, R.F.M.

Thornley, P.R. Thornton and several others, all

of whom either supplied references or sent

reprints of their work.

These pages were processed using the

TEXT360 text-handling system. The input file

for TEXT360 was prepared by a bibliographic

program which inserted new references at the

correct alphabetic point in the existing list,

renumbered the updated list, cross-referenced

the coauthors and updated the reference num-
bers in the subject index. The final pages were

photocomposed by Alphanumeric Inc. from a
modified 'TEXT360 print tape. I am grateful

for advice from colleagues at IBM concerning

these programs.

LIST OF CONFERENCES

A list of conferences by location and year is

given below following the list of sponsoring

organizations:

A Alloyd Electronics Corp.

B All-Union Conferences on Electron Micros-

copy (USSR).
.0 British Paper and Board Makers'

Association.

Reccrd of 10th Symposium on Electron, Ion, and Laser Beam Technology (
L. Marton, ed.); San Francisco Press, Inc.

Copyright (0 by The Institute of Electrical and Electronics Engineers, Inc.—Printed
 in the U.S.A.



D Electrochemical Society.
E Electron Microscope Society of America.
F Engis Equipment Co.
G German Society for Electron Microscopy.
H IIT Research Institute.
I International Association of Research Insti-

tutes for the Graphic Arts Industry.
J International Federation of Electron Micro-
scope Societies (International Conferences).

K International Federation of Electron Micro-
scope Societies (Regional Conferences).

L Institute of Electrical and Electronics
Engineers.

M Institute of Physics.
N Institution of Electrical Engineers.
O The Physical Society of Japan.
P RCA Laboratories.
Q University of Denver.

1956 M Leeds: Challice [78].
1956 K Stockholm: Sjostrand [366].
1957 et seq., Q Denver: Mueller [273].
1958 J Berlin: Bargmann [18].
1960 K Delft: Houwink [205].
1961 A Boston: Bakish [13].
1961 C Oxford: Bolam [33].
1962 J Philadelphia: Breese [58].
1964 K Prague: Titlebach [418].
1964 P Princeton: Kurshan [231].
1964 D Toronto: Bakish [14].
1964 D Washington: McKinley [262].
1965 C Cambridge: Bolam [34].
1965 I Finland: is cited in Lyne [245].
1966 J Kyoto (electron microscope): Uyeda
[421].

1966 0 Kyoto (semiconductors): no editor; see
Wittry [448].

1966 N London: no editor; see Chang [80].
1966 Michigan: Haddad [166].
1967 E Chicago: Arceneaux [6].
1967 B Novosibirsk: see Spivak [380].
1968 L Berkeley: Pease [318].
1968 D Boston: Bakish [15].
1968 et seq., H Chicago: Johari [210].
1968 et seq., F Chicago: (available from Engis
Equipment Co).

1968 G Munster: will be published in BEDO
(Beitrage zur elektronenmikroskopischen
Direktabbildung von Oberflachen).

1968 E New Orleans: Arceneaux [7].
1968 K Rome: Bocciarelli [32].
1969 L Karlsruhe: will be published in BEDO.
1969 L Washington: Marton [253].
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INDEX OF REFERENCES BY SUBJECT

Airplane Accident:
Clancey [89].

Barium Titanate:
Robinson [343].

Bibliographies:
Corvin [96],
Heinrich [179].

Biological:
survey:
Fromme [146],
Hayes [175].

see Fossils, Papermaking.

Biological, specimen preparation:
bacteria:
Boyde [51].

critical point drying:
Horridge [204].

examine while frozen:
Thornley [406].

freeze drying:
Blumcke [30],
Boyde [53],
Small [367],
Thornley [406],
Washburn [430].

freeze etching:
Peveling [320].

graded solvents:
Barber [17],
Blumcke [30],
Jaques [209].

hard biological tissues:
Green [154].

ion etching:
(blood cells) Lewis [243],
(dental) Boyde [40],
(dental) Stewart [383].

replicas:
Chapman [84].

sectioning:
McDonald [258].

see Specimen Preparation (non-biological).

Biological, human:
blood cells:
Clarke [90, 91],
Hayes [171],
Lewis [243],
Salsbury [346-348].



bone:
Boyde [55],
Chatterji [87],

Hobdell [194].

chromosomes:
Christenhusz [88],

Neurath [287],
Pawlowitzki [309].

dental:
Boyde [40-56],

Fromme [145],

Hoffman [195, 196],

Lester [239-241],

Poole [329, 330],

Stewart [383],

(following laser irradiation) Vahl [422,

423].
see Dental Fillings.

kidney:
Morgenroth [271].

lung:
Jaques [209].

ocular:
(trabecular meshwork) Spencer [375].

soft tissues (various):
(sectioned) McDonald [258].

synovial membranes:

Fujita [147].

Biological, mammals:

cilia:
(rabbit) Barber [17].

lymph-node cells:

(rat) Clarke [92].

mitochondria:

(rat) Kurahasi [230].

ocular:
(rabbit cornea) Blumcke [30].

scar tissue:

(rat) Forrester [144].

(rat) Thornley [406].

Biological, insects:

Bernhard [29],

Hinton [191-193],

Oatley [299],

Smith, K.C.A., [369],

Smith, D.S., [368],

Sokoloff [374],

(insect, alive) Pease [317],

(insect, alive) Hayes [172].
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Biological, microorganisms and fungus:
Bartlett [19],
(dental bacteria) Boyde [51],
(algae) Dwornik [126],
Gray [153],

(effect of antibiotics) Greenwood [160],
Jones [212].

Biological, other animal:
(chick embryo fibroblasts) Boyde [54],
(echinoderm calcite) Curry [108],
(ammanoids) Erben [128],
(nematode cuticle) Green [154],
(xylariaceae) Greenhalgh [159],
(fossil) Gross [161],
(onychiurus) Hale [167],
(organelles) Heslop-Harrison [183],
(gecko foot) Hiller 11901,1

(rotifer jaw) Koehler [225],

(house cricket eggshell) McFarlane [260],

(mollusc teeth) Runham [345],

(meal worm grub) Smith [369],

(amoeba) Smith [369],

(shore crab) Thornton [410],

(mollusc shell) Wise [443].

Biological, Foraminifera:

Be [23],
Honjo [199, 201],
Jannin [208],
Malapris [252].

Biological, pollen:
Bourreil [37],
Burrichter [72],
(fossil pollen) Drew [124],
Echlin [127],

Heslop-Harrison [180-184],
Reyre [337], [338],

Thornhill [404].

Biological, other plants:
chromosomes:

Guervin [163].
leaves:
(spinach leaf) Pease [316].

lichen:
Peveling [320],
Reznik [339].

wax cover:
Amelunxen [5].

wood:
Resch [334].
see Papermaking.



Cadmium Sulphide:
Flogel [140].

Cathodes:
dispenser:
Ahmed [1, 2],
Beck [24].

field emission:
(sealed-off SEM) Zworykin [451],
(demountable) Crewe [99, 100, 102, 103].

lanthanum hexaboride pointed rod:

Broers [62, 63].
oxide cathodes:

te Gude [395].
tungsten hairpin:
(brightness) Wittry [444],
(thermal etching) Thornley [405],
(single crystal on point) Grote [162].

Cement Fractures:
Chatterji [85, 86],
Tooper [419].

Ceramics:
by low voltage method:
Thornley [407].

see Glass Ceramics.

Composite Materials:
Fairing [138],
Majumdar [251],

(in dental fillings) Riedel [341].

Coates Patterns:

effect first recognised:
Coates [93].

theory:
Booker [35],
Schulson [352, 353],
Shaw [358],
Van Essen [425].

applied:
Coates [94],
Holt [198].

see Crystal Orientation Contrast.

Cold Stage:
joule cooling unit:

Wayte [431].
by evaporating water in vacuum:

Cross [105].

Corrosion:
Castle [76],
Pfefferkorn [324],
Ugiansky [420].
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Crystal Orientation Contrast:

in polycrystalline nickel:
Knoll [220].

reversed with small specimen tilt (acknowl-

edged to Christenhusz):
Pfefferkorn [324].

see Coates Patterns.

Crystals:
graphite crystals:

Minkoff [266-268].
quartz crystals:
Dwornik [126].

tungsten crystal:
Grote [162].

crystals decomposing by heat:
Bowden [38],
McAuslan [256],
Oatley [299],
Smith [370, 373].

twin structures:
Schwuttke [355].

see Coates Patterns; Ice; Phosphors;
Semiconductors.

Dental Fillings:
Riedel [341, 342].

Dielectric Films:
examined by induced signal method:
Green [157].

see Irradiation Effects; Integrated Circuits;
Iron Oxide; Low Voltage Method.

Disc Recording:
Woodward [450].

Dislocations: see Gallium Arsenide (by lumi-
nescent method); Image, luminescent; Im-
age, induced signal; Semiconductors.

Display, methods of:

cathode ray tube:

Knoll [220],
Heinrich [177].

storage tube:
Brookshier [66].

deflection modulated:

Chang [83],
Everhart [137],

Wittry [449].

see Image Processing; Instrument Design.

Dust Particles:
Pfefferkorn [323].



Electron collector: see Disk Recording.

Electron Beam Fabrication (involving princi- Kimoto [216],
pies of SEM): Sandberg [349].
formation of structure: see Biological, pollen; Biological, other ani-

Broers [59-61], mal; Geological.
Chang [81], Fractures:
Larkin [238], in iron oxide:
Matta [255], Howes [206].
O'Keeffe [304], see Composite Materials; Metallurgical.
Pease [314].

Friction and Wear:registration:
in metal:Wells [436, 438].
Bowden [39].

secondary electron:
(scintillatorilight-pipe) Everhart [132], Gallium Arsenide:

(channel multiplier) Hughes [207], by secondary electron method:

(pair of collectors) Kimoto [214], Drummond [125],

(back through lens) Tamura [392], Northrop [295],

(back through lens) Zworykin [451]. Shaw [359],

secondary electron energy analyser: Thornton [409, 410].

Wells [439]. by luminescent method:

transmitted electron energy analyser: Casey [74, 75],

Crewe [100]. Kyser [235],

variable impact energy: Holt [197],

Paden [306, 307]. Shaw [361, 362],

see Image. Wittry [445-448].

Electron Gun: see Cathodes. 
Gunn effect:
Robinson [344].

Gallium phosphide:
Al frey [3],
Everhart [131],
Sulway [389].

Geological:
Energy Analyser: see Electron Collector; calcite-clay mixtures:
Image. Noel [294].

Explosion Fragments: chalk:
Clancey [89]. Hancock [168].

Fabrics and Fibres: feldspars:

Bobkowicz [31], Nissen [291].

Challice [78], lithographic calcite:
LCulpin [107], affitte [236].

Reumuth [335], minerals by luminescent method:

Sikorski [365], Long [244].

Smith [369], quartz crystals:

Thompson [402]. Dwornik [126].
sand:

Fibres: see Fabrics; Papermaking. Cailleux [73].
Field Emission: see Cathodes. sedimentary rocks:

Fossils: Leuteritz [242],

Bens [25], Noel [294].

Dwornik [126], see Fossils.

Hay [170],
Honjo [200],

Electroplating:
metal on metal.:

Richards [340].
metal on plastic:
Heymann [185].
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Germanium:
etched surface:

Allen [4].
p-n junctions in:

Everhart [129, 130],
Oatley [296],
Wells [435, 437].

irradiation of:
Ovsyuk [305].

Glass:
Korda [229].

Glass Ceramics:
Majumdar [250].

Gravure Cells:
Goode [151, 152].

Gunn Effect: see Gallium Arsenide.

Gypsum Plaster:
Majumdar [251].

Hot Stage:
Knoll [224],
McAuslan [256],
Smith [370].

Ice:
evaporating in SEM:

Cross [105, 106].
examined by replicas:

Odencrantz [302, 303].

Image, backscattered electron:
theory:
McMullan [263-265],
Vercensini [429].

to analyse materials:
Heinrich [178],
Shirai [363].

compared with secondary electron image:
Everhart [129, 130],
Kimoto [215].

escape area measured:
Pease [311].

see Coates Patterns.

Image, Deflection-Modulated: see Display.

Image, induced signal:
in semiconductors:

Everhart [133, 134],
Higuchi [186, 188],
Lander [237],
Munakata [274-285],
Thornton [411, 415],
Wells [436, 438].

transverse induced signal:
Munakata [274-285],
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transverse induced signal image:
Matare [254],
McAvoy [257].

in dielectric films:
Green [157].

see Integrated Circuits.

Image, luminescent:
method first demonstrated (acknowledged to
McMullan):
Smith [369].

monochromatic:
Williams [442].

see Geology; Phosphor Crystals;
Semiconductors.

Image, secondary electron:
to examine surface topography:

Knoll [220, 221],
Zworykin [451],
Smith [370-371],
Everhart [129, 130],
see Surfaces.

to reveal mechanical strain:
Davoine [116].

contrast formation:
Everhart [129, 130],
Spivak [378, 379],
Wells [439].

see Coates Patterns; Crystal Orientation
Contrast; Magnetic contrast; Voltage
Contrast.

Image, transmitted electron:
with energy analyser:
Crewe [99, 100].

without energy analyser:
von Ardenne [8, 9],
McMullan [263],

Smith [369].

water vapor cell:
Smith [370],
Thornley [405].

Image Contrasts: see Coates Patterns; Crystal
Orientation Contrast; Image; Magnetic Con-
trast; Stroboscopic Method; Voltage
Contrast.

Image Processing:
multiple exposure to obtain difference:
Everhart [129].

differentiate to enhance contrasts:
(semiconductor induced signal image)

Lander [237],
(Coates Patterns) Shaw [358].



Image Resolution: see Resolution.

Instrument Design:
method proposed:

Stintzing [386],
Knoll [220].

made from glass:
Knoll [220],
Theile [398],
te Gude [396].

metal, oil pumped:

von Ardenne [8, 9],
Zworykin [451],
McMullan [265],

Bernard [26],
Smith [370-372],
Kimura [219],
Stewart [384].

ultra-high vacuum:
Crewe [99, 100, 103],
Haas [164, 165].

quadrupole lenses:
Crewe [101].

combined with x-ray microanalyser:
Cosslett [97, 98],
Kushnir [232-234].

first commercial model:
Stewart [384].

Faraday cage:
Hill [189].

see Cathodes; Cold Stage; Display; Electron
Collector; Hot Stage; Image; Resolution;
Specimen Stub; Vidicon-Type Electron
Optics.

Insulators: see Dielectric Films; Low Voltage
Method.

Integrated Circuits:
Everhart [133-135],
Kimura [218],
Mackintosh [249],
Sulway [390],
te Gude [397],
Thornhill [403],
Thornton [414].

see Low Voltage Method; Semiconductors.

Ion Etching:
non-biological:

Broers [59-61],
Pease [312],
Stewart [382].

see Biological, specimen preparation.
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Iron Oxide:
layers:

Castle [76, 77],
Howes [206],
Knoll [223],
Pease [312].

particles:
Themelis [399-401].

see Corrosion.

Irradiation Effects (non-thermal):
in germanium:
Ovsyuk [305].

in silicon dioxide:
Green [156],
MacDonald [248],
Nealey [286],
O'Keeffe [304],
Speth [376],
Szedon [391],
Thornton [414],
Varker [426],
Wells [440].

Lithographic Calcite:
Laffitte [236].

Low Voltage Method:
to examine insulators:
Thornley [405-407].

to reduce electron penetration:
Bernard [28],
Davoine [117].

to measure work functions:
Haas [164, 165].

to examine dielectric films:
Da Silva [113],
Harris [169].

to examine integrated circuits:
Bauer [21, 22].

Magnetic Contrast:
in normal SEM image:

Banbury [16],
Dorsey [123],
Joy [213],
Vertsner [427].

by SEM shadow method:
Thornley [408].

Metallurgical:
diffusion couple:

Shirai [364].
metal fractures:
McGrath [261],
Morris [272],



Tipper [417].
eutectic alloys:
Day [120, 121].

by luminescent method:
Heinrich [177].

survey:
Johari [211],
Predel [331].

see Corrosion; Electroplating; Image; Sur-
faces; Whiskers.

Microdeformation: see Surfaces.

Microfossils: see Fossils.

Mode (conductive, emissive, luminescent): see
Image.

Nylon Spinneret:
Wells [433].

Orientation-Dependent Patterns: see Coates
Patterns.

Paint Films:
Brooks [65],
Pfefferkorn [322].

Papermaking:
initial evaluation:

Atack [10].
wood fracture, chipping and pulping:

Atack [11],

Buchanan [67],
Debaise [122],
Forgacs [141, 143],
Green [158],
Horn [203],
Koran [226, 227],
Smith [371],
Teder [393, 394].

paper:
Baker [12],
Buchanan [68-71],
Forgacs [142],
(printability) Lyne [245],
Pye [333],
Sennett [356],
Sepall [357],
Smith [371],
Washburn [430].

Particles: see Dust; Explosion Fragments; Iron
Oxide; Biological, pollen.

Phosphor Crystals:
by secondary electron method:

Pinard [326].
by luminescent method:

Bernard [27],
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Williams [441],
Davey [114],
Davoine [117-119],

Korda [228],
Pinard [325],
Shaw [360, 361],
Smith [369].

Pollen: see Biological, pollen.

Replicas: see Specimen Preparation; Biologi-
cal, specimen preparation.

Resolution:
best resolution for a time:

Knoll [220],
von Ardenne [8, 9],
Zworykin [451],
McMullan [265],
Smith [370-372],
Pease [310, 313],
(in transmission) Crewe [103],
(in reflection) Broers [64].

resolution calculated:
Brachet [57],
Zworykin [451, 452],
Smith [373],
Everhart [129],
Pease [313].

Retarding Field Method: see Electron Collec-
tor; Vidicon-Type Electron Optics.

Semiconductors:
survey:

Thornton [416].
breakdown of junctions:

Davies [115],
Gaylord [150],
Neve [288-290],
Sulway [387].

action of light on p-N junctions:
Vertsner [428].

crystal defects in:
Czaja [109-112],
Lander [237],

Thornton [410],
Wittry [445-448].

depletion layers:
MacDonald [246],
Everhart [136].

diffusions:
MacDonald [247].

inversion layers:

Green [155],



Higuchi [187],
Lander [237],
Sulway [388].

time-varying effects:
Northrop [295],
Saparin [351],
see Stroboscopic Methods.

beam-induced potentials:
Chang [82],
Wells [439].

see Irradiation Effects; Gallium Arsenide;
Gallium Phosphide; Germanium; Image,
induced signal; Integrated Circuits; Zinc
Selenide.

Shadow Method: see Magnetic Contrast.

Silicon Dioxide: see Irradiation Effects.

Specimen Preparation:
test specimens:
Schur [354].

metallizing:
Boult [36],
Smith [369].

replicas:
(ice crystals) Odencrantz [303].

wood fibres:
Washburn [430].

see Biological, specimen preparation.
Stereomicrographs: theory of:

Kimoto [217],
Wells [434].

Specimen Stub:
Sandberg [350].

Stroboscopic Method:
Plows [327, 328],
Robinson [344].

Surfaces:
chemically etched:
(aluminum) Everhart [130],
(germanium) Allen [4],
(very deeply) Day [120, 121].

etched plastic:
Heymann [185].

electron beam machined:
Chang [79, 80].

laser irradiated:
Baston [20].

spark machined:
Cole [95].

thermally etched:
Thornley [405].
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deformed in the microscope:
Gane [148],
Smith [370].

barium titanate:
Robinson [343].

see Composite Materials; Fractures; IonEtching.

Survey Papers (most recent):
Kimoto [217],
Mackintosh [249],
Minkoff [269],
Mollenstedt [270],
Nixon [292, 293],
Oatley [297-300],
Pease [319],
Pfefferkorn [321],
Pruden [332],
Reumuth [336].

Textiles: see Fabrics.

Vidicon-Type Electron Optics in SEM:
Bauer [21, 22],
Flemming [139],
Haas [164, 165],
Harris [169].

Voltage Contrast:
surrounding a charged particle:

Knoll [222].
at a p-n junction:

Oatley [296],
Everhart [130],
Thornton [413].

high field:
Drummond [125],
Spivak [377, 379].

see Electron Collector; Semiconductors.
Water Vapor, specimens examined in:

Smith [370],
Thornley [405].

Wear: see Disc Recording; Friction.
Whisker Growth:

Morris [272],
Pease [312, 315],
Gardner [149],
Thornton [412].

Zinc Selenide:
Williams [441].

Zinc Sulphide:
Shaw [360].

see Phosphor Crystals.
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