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ABSTRACT 

A detailed examination and orltloal evaluation of the 

existing theories of secondary electron emission has been oondwted. 

Among the new theoretical approaches which were considered 

was the application of the method of virtual quanta which had been 

employed successful!? in studies of the interaction of high energy 

electrons with aatter. Although the resultu  obtained were in good 

agreement with experimental results,, and the method of virtual 

quanta predicts the observed universal energy-dependence curve, 

detailed IsiTuatigation of the conditions for validity revealed that 

the method cannot be utilised in its exact form ITS the solution of 

the present problem. 

Calculations have indicated that the bulk of the secondaries 

originate in the bound states in most metals. 

The principal conclusions based upon the results of an 

investigation of the interaction between the primary and conduction 

electrons are that the Wooldridge theory of secondary emission is Jin 

error, end that the oorreot expression for the rate of production 

of internal secondaries is very similar in form to that obtained 

by Bethe for the ionization of gases. 

An expression for the energy-dependence of high-energy 

secondary emission has been derived, and on the basis of certain 

assumptions regarding the escape probability, the influence of 

primary scattering on lew ess-rgy secondary emission has been 

demons tratad. 
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ABSTRACT (Continued) 

The experimental program has boen directed toward the 

study of secondary emission under conditions such that the 

primaries pass through the target without appreciable energy 

loss. Targets ranging over the periodic system from carbon to 

gold, as thin as £xl(T0 Inches and as thick as 10  inches, have 

been bombarded with a 1,3 Mev beam provided by the Bartol linear 

accelerator, A new technique which permits measuring the yield 

from both faoes of a thin target has been developed. The forward- 

backward ratio for an 11 mg onT2 Ki targe*-, is &J 6    « 1,02 + 0,05, 

The emission of energetic secondary electrons (delta rays 

or knookon electrons) has been investigated.  There is only « small 

dependence of the yield upon target material for an equivalent 

thickness expressed in mg cm"2. For lt5.8 mg cm"2 Ni, the delta-ray 

yield is 2,03 + 0.15 percent, as compared with 1,14.8 + 0,25 percent, 

the yield of low-energy secondaries from the same surface. The 

dependence of the yield upon target thickness and material is in 

accord with the results of a theoretical analysis of the phenomenon. 

* x -w JtLJiAiiiSSf .-Li'A-.  ••-:. ••• • ••••»••' ••••-:•• - •^-•••^-s-^,, ,'fHfth fX^.I-v. G.1& 



I.  INTRODUCTION 

The present program of Investigations of secondary electron 

emission was Initiated in November, 1950, under the sponsorship of 

the Office of Naval Research.  Attention was confined initially to a 

theoretical study of various aspects of this general subject, with 

the aim ultimately of performing suoh experiments as might appear 

crucial from the point of view of tosting specific theoretical pre- 

dictions in the absence of satisfactory existing data.  A primary 

mission of this project was to conduct a critical survey of ••'e 

entire field, in order to determine what line of attack, if any, 

would be fruitful in the endeavor to advance our understanding of 

this extremely complex phenomenon. 

Various approaches to this problem have boen explored, 

and the principal conclusions which have emerged either from general 

or detailed considerations are summarized in this final report. 

It was apparent at the outset that measurements obtained 

by bombarding, with very high energy primary electrons, targets 

which are sufficiently thin to permit the impinging electrons to 

pass through with negligible scattering and energy los3 would render 

certain phases of the process of secondary electron emission more 

susceptible to theoretical treatment.  Consequently, at the beginning 

of the second year of operation of this contract, a program of 

experiments was undertaken utilizing the Bartol multiple-cavity 

linear accelerator as the source of a 1.3 Mev electron beam.  The 

existence of this device, which had been developed and constructed 

in this laboratory as part of the ruclsar physics program sponsored 

by the offioe of Naval Research under Contract N6ori~liil|., was indeed 

a very fortunate circumstance from the point of view of the secondary 

L'I A £rJ««iai?'
:iti'.iS; 



Pig. 1 

(A) Control console of BarWl linear accelerator. 

(B) Four-cavity linear accelerator and associated 

equipment. The cavities are tuned by means of 

the rods whioh extend Into the control room. 

The demountable experimental tube utilized In 

the Investigations of secondary eleotron emission 

Is attached to the magnetic spectrum analyser at 

the output end of the machine. The aaxiisawsE 

attainable energy Is approximately 1.5 Mev. 
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electron emission investigations*  It 3oon became evident that the 

linear accelerator could profitably be devoted almost exclusively 

to tclid state and physical electronics problems, and that its 

continued operation as well a3 further developments, such as the 

exter'-siw to higher energies, should be promoted as an independent 

project.  In accordance with this policy, since February 2, 1953» tne 

experimental program has been continued v/ith the support of the 

Office of Ordnance Research, under Contract DA=36-03h.~0RD-12l6RDe 

With this acknowledgment to the Office of Ordnance Research, it is 

appropriate to include in the present report a description of the 

experiments which were performed during the period ol 'joint sponsor- 

ship of the program by ONR and 00Ro  Shortly after the termination 

of Contract Nonr 198(00) on Jan.  31 , l")Sh  *he Office of Ordnance 

Research, cognisant of the intimate relatiorship between the 

theoretical and experimental aspects of this problem, enlarged the 

scope of its contract to provide for the continuation of the 

theoretical Investigations in the light of the nature of the results 

wnicfc had been obtained thus far. 

This report will be divided into two sections, of which 

Section I will discuss purely theoretical matters, whereas Section 

II will deal primarily with the experimental results, including 

their theoretical interpretations. 

I I 



3. 

II.  THEORETICAL 

(c\)  General Hemr-rixs. 

Initial omphasis was Riven to a detailed examination of 

the existing knowledge regarding secondary electron emission, and 

;ii6 most significant conclusions were discussed in a published 

oapor-j a reprint of which Is attached herewith, 

A critical evaluation of existing bheories was undertaken 

In order to arrive at a decision as to whl^h of the following alter- 

natives would provide the greatest promise for fruitful results: 

1) An extension of existing theories. 

This would be accomplished by affecting various improve- 

ments of the underlying assumptions,, and adding refinements such 

as a more detailed treatment of the basic processes involved; 

2} A search for a new model of secondary electron emission 

independent of any previous theories>. 

Several alternative modeia night be pursued simultaneously. 

Critical consider at ion leu to the conc?.usion that; 

alternative (2) was most advantagsoJS, particularly in view of the 

rather fundamental limitations inherent in existing theories, and 

*;heir basic Inability to predict physical consequences except in 

yery limited Instances.  The remainder of this section will be 

devoted to a summary of some of the more significant results of 

this line of attack. 

(E)  Analysis of Secondary Electx'on Emission by the Method of 

Virtual Quanta. 

In the study of the interaction of high energy electrons 

with matter (e.g. excitation of nuclei, or lonizstion of atoms) 



satisfactory results can bo obtained in many cases by treating the 

field of the electron as if it were composed of gamma-ray quanta 

traveling with the electron.  The number of such quanta to be associa- 

ted with tne electron is determined by a Fourier analysis of the 

electronic field.  If one knows, either experimentally CP theoretically, 

the probability that a given process will occur when a material ±3 

bombarded by ganma-rays, it is than possible to determine the 

probability that electronic bombardment will excite the same process. 

The electron problem, which in many cases would be a very difficult 

one, Is thus reduced to a problem which has already been solved, and 

to a Fourier analysis which is the same for all types of interaction,, 

The method outlined above is valid, in general., only if 

the energy of the bombarding electrons is high, i.ea if their 

velocity is nearly that of light,  However, under certain limiting 

conditions, the method is useable for low velocity electrons as wo11. 

Consequently, it was considered worth while to attempt to adapt this 

procedure to the analysis of the phenomenon of secondary electron 

emission, even though it- was not known whether these conditions were 

actually satisfied. 

Application of this technique to the problem of secondary 

emission led to results which were in remarkably good agreement 

with experiment.  It was possible to make rough estimates of the 

absolute value of the number of secondaries per incident primary 

to be expected from metals (yield d*'» 1) for all elements investigated, 

and an exact expression for the energy dependence of the yield was 

derived.  Baroody has pointed out (E. M. Baroody, Phys. Rov. 783 

?80 (1950)) that if    ^AC, » (secondary yield/maximum secondary 

^^igawiiwinin •»'« wwwrww «r«w - i****^-***".** 
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yield) is plotted as a function of EQ/
/'jiinax (primary enorgy/energy 

for raaximtrri yield) a curve which ID independent of the nature of 

the emitting metal is obtained,,  The method of virtual quanta pre- 

dict.? a universal mwgy-danendence of this type, and, furthermore, 

the calculated cur/? agrees with the experimental data within the 

nirperimental uncertainties. 

Detailed investigation of the conditions for validity of 

the method revealed, however, that although valid in a certain 

approximation, it is, nevertheless, quite incorrect to employ it 

here in its exact form.  Hence the excellent agreement with experi- 

ment must be regarded as fortuitous„  Furthermore, in its correct 

form, the method of virtual quanta is exactly equivalent to the Born 

approximation which can be utilized directly Just as easily*  Con- 

nequentlVj, further application of the method was abandoned,, 

(G) The Origin of Secondary Electrons 

A fundamental question in the theory of secondary emission 

is whether most of the secondaries conu> from the conduction band or 

from more tightly-hound levels,.  This problem was investigated in 

detail fox' the case of copper, and it appears that the conclusions 

thus obtained should apply at least qualitatively to other metalso 

The number of internal secondaries, produced per unit path 

of the primary, with sufficient energy to overcome the surface 

barrier is computed on the basic of the following assumptions: 

»'a) the conduction electrons can be treated as free; (b) the wave 

functions for the bound electrons are the 3ame as those for the 

corresponding states in isolated atoms. 

The calculations revealed that9 In the case of copper. 



only ihe M electrons and the conduction electrons are important 

sources of secondaries, and that roughly twice as many secondaries 

come from the M shell as from the conduction band. 

Consequently, we can expect that the bulk of the secondaries 

originate In the bound states in most metals*  Hence, in developing 

a theory of secondary electron emission, it is essential to take this 

fact into account. 

(D} The Interaction of the Primary with the Conduction Electrons. 

The results of an investigation of the interaction between 

the primary and conduction electrons have been discussed in a note 
y 

published in The Physical Review, a reprint of which is attached 

herewith. The principal conclusions are that the Wooldridge theory 

of secondary emission is incorrocfc, and that the correct expression 

for the rate of production of internal secondaries is vary similar 

in form to that obtained by Bethe for the ionlzation of gases. 

§ (E) The External Secondary Yield. 

Utilizing the results of the previous sections concerning 

the production of internal secondary electrons* an expression for 
: 

the energy-dependence of high energy secondary emission can be 

derived.  On the basis of certair assumptions regarding the escape 1 
probability, it is then possible to discuss the influence of primary 

scattering on low energy secondary emission. 

I 
I I 

Prom the theory of the primary interaction, the rates of 

production of secondaries and of primary energy loss are given by 

U(E> -£" !~ % (1) 
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and 
i r- Q 

dX  -    E  '--• \ (2) 

rvhsre T5'(E)    represents the number of secondaries produced per 
dE unit path by a primary of energy E,  -r~ is the rate of energy loss, 

and A. Bpfcj-n are constants independent of the primary energy. 

These expressions are valid regardless or whether the secondaries 

ere assumed to originate only in the conduction band or in deeper- 

lying levels as well. 

In order to obtain the external secondary yield, Eq.(1) 

is multiplied by the probability of escape of the secondaries, arc?, 

integrated over the range of the primary.  If we assume that the 

jiecondaries escape by some sort of diffusion process* the probability 

of escape of a secondary, p(x), depends only upon x, the depth below 

l.he surface at which it is produced.  The secondary yield is then 

given by:  ^ 

*-J •*(*) U(E) An. (3) 
o 

vihere -"-> is the distance traversed by the primary,, measured along 

its path, and R its range. 

For primaries of sufficiently high energies, U(E) is 

practically constant over that portion of the primary path from 

which the secondaries can emerge. Furthermore, the primaries are 

rot scattered appreciably.  Consequently E is approximately equal 

to the incident energy EQ, and -rc^ ~&   over the region in which 

p(x) is appreciably different from zero. We then obtain: 
CM 

*- U(Eo>J +*W cix (h) 

• • . - 

•mi IUI ••**>• mi'ii   /i man . fi* 



which reduces to 

since p(x) is Independent of the primary energy.  Thus, independently 

cf the basin assumptions, any theory of secondary emission should, 

reduce to the EQ
X  JU^ E0 form at high energies. 

»-* J       "31 

At low energies the  situation ia mare complicated,   inasmuch 

as E can no longer be  treated as constant.     Consequently.  T7(E)  cannot 

be taken outside the integral and the expression for d" will Involve 

the explicit form of the escape probability function.     For ease of 

computation,   we shall assume that this function can be approximated 

by a simple 3tep,   i.e.  no secondaries produced beyond a certain 

distance,   L,   from the ptxrface ccn   escape,   whereas a constant x"raction 

(independent  of pr5j?iary energy)  of the secondaries  created within 

the critical  distance emerge.    This would correspond roughly to a 

range*energy relationship  for the secondaries. 

Under these conditions*  we have 

p(x) = a ,       x <L (6) 

PU) = 0 ,   x >L 

and if it is further assumed that the primaries are unseattered, the 

expression ford* becomes: 

"6 

IT dt * (7) 
"feu   **• 

If all of the primary energy is expended in the production 
dE of secondaries, — is proportions'1   to U(E) and Eq. (7) becomes 
dx 

*- ^>tEe~ELl (8) 



J* 

whore S0 is the incident energy of the pi'imary, E its energy after 

penetrating to depth L, and D a constant independent of energy. 

Actually, the last assumption Is unnecessary and (8) is a very good 

approximation to (?) even if the primary loses energy by processes 

other than the production of secondaries. 

The quantity (EQ - EL} may be obtained as a function of 

Lc by the integration of Eq. (2). The resultant yield vs. energy 

curve is found to be very insensitive to the choice of parameters, 

end is thus nearly independent of target material,, 

The results of the calculation are shown in Fig. 2, where 

E0 is the primary energy, and Ema_ the energy at which the maximum 

yield, 6 is obtained.  Curve A is a normalized empirical plot of 
* max 

yield vs. energy for metals, which as was at first pointed out by 

Baroody, is nearly independent of material.  Curve B is a typical 

plot of (Ec - E ) normalized to unity at the maximum,  while the 
L 

t ro curves are very nearly parallel at higher energies, corresponding 

to the E~ -kw- E form, curve B falls off much too rapidly at low 

energies. This rapid decrease is attributable to the fact that the 

3?fect of primary scattering has been neglected. 

That taking into account the effect of primary scattering is 

in the direction of removing this discrepancy is readily demonstrated. 

In the model which has Just been discussed, the following situation 

prevails: 

A primary of energy E0 strikes the surface and continues 

undeflected until it reaches the end of its range.  If its range is 

loss than L, all of its energy will be expended in the region from 

which secondaries can escape, and the yield is simply properticnal 



Z£&-£ 
Universal curve of secondary electron emission aa a 

function of the energy of the primaries*  The ratio 

of the yield, 6 ,   to  the maximum value of the yield,, 

6 nnx»  ?or  a particular target is plotted as ordinate, 

and the corresponding ratio E^/EL-^ as abscissa. 

Curve A fits most of the available experimental data. 

B is the theoretical curve derived i?n the basis of 

the assumptions discussed In the text, neglecting the 

effect of scattering of the orimaries.  Wher. this Is 

taken into account, curve C is obtained.  The discrepancy 

between curves C and A can be reduced by assigning a 

larger value to the arbitrarily-estimated scattering 

parameter assumed in the computation.  The influence 

of primary scattering displays the predicted qualita** 

tlve effect, I* a. it flattens the yield vs energy curve. 
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to the primary energy. After the range has exceeded L, the yield 

will decrease fairly rapidly as the energy increases, and the 

condition in which most of the secondaries are produced beyond the 

escape depth will be attained quickly* For example, at a primary 

energy E = 2 E   about 75> percent of the secondaries are produced 
'0    max 

at distances from the surface greater than L.  If primary scattering 

is taken Into account, however, this situation is modified considerably. 

Many primaries having energies near the maximum of «ne yield vs„ 

energy curve are so strongly scattered that their paths lie entirely 

vithin the escape region. The number of secondaries produced by 

these scattered primaries increases linearly with energy, and 

partially compensates for those which would otherwise have been pro- 

duced too far from the surface to emerge,, This effect tends to 

flatten the yield vs. energy curve. 

To investigate the problem somewhat more quantitatively, 

we make the following assumptions with respect bo the escape process: 

(1) The primaries are either stopped within depth L or 

jass through it undeflected.  Of course, this is not an accurate 

description, but it should represent the average behavior to a 

sufficient approximation for the present purposes. 

(2) The fraction of primaries stopped in the "escape 

region* is proportional to l/RB  Examination of p-ray absorption 

curves reveals that, at least for high energy electrons, the 

proportionality constant ("B" ) should be somewhat greater than one, 

Eq. (8) modified to take into account the influence of 

primary scattering, then becomes 

CUDO-V^CEO-EO + DT^ H0 (9) 

. 
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The first term represents She contribution to the yield of secondaries 

produced by primaries that pass beyond the escape region, and the 

second the contribution by those that are stopped therein.  The 

results of the computation with V« 1 are show, in Pig. 2, Curve 0o 

The influence of scattering displays the predicted qualitative 

effect. The discrepancy between the theoretical curve C and empirical 

curve A can be ascribed, at least in part, to the fact that the 

effect of scattering probably exceeds that corresponding to the 

assignment of the value unity toT , 

It is of interest to note the importance of the role played 

by primary scattering in the phenomenon of secondary emissione  At 

E^E   « 2, almost all of the emergent secondaries are produced by 
^   max 

the strongly-scattered primaries, even though only about 1/3 of the 

primaries are in that category, A EQ/ELJ-- = h*   scattered and unscattered 

primaries contribute about equally. At higher bombarding energies, 

scattering becomes unimportant, and the expression for<f reduces to 

the form given by Eqt {$)* 

Although the approximations made in this analysis are 

admittedly rather crude, the agreement between theory and experiment 

is fairly good,  furthermore, the model basnd upon a simple step 

function for the escape probability is probably more realistic than 

the commonly-used exponential absorption law, and tlie qualitative 

conclusion that primary scattori?>g plays a dominant role in low 

anergy secondary emission is undoubtedly correct. 



12. 

Ill,  EXPERIMENTAL 

(A )  Ggngyal Remarks. 

The experimental program has baen directed toward the 

study of secondary emission under conditions such that the primaries 

pass through the target without appreciable energy loss, so that we 

ire dealing with secondaries produced by monoenergetic primaries in 

contrast to the usual situation in which thick targets are bombarded 

by low energy primaries.  In the latter case, the secondaries are 

produced by primaries of all energies up to tneir initial energy,, 

In all of the measurements which have been obtained thus 

far* the target has been exposed to the primary beam which passes 

through it essentially undisturbed, producing secondaries which can 

emerge from either the front or back face.  Thfi yield is then deter- 

mined by measuring the ratio of the secondary currents to ths primary 

current.  Targets of various elements ranging over the periodic 

system from carbon to gold, as th*n as 5 x 10" inches and as thick 
-2 as 10  inches, have been bombarded and the following quantities 

have been measured: 

1) The combined yield of low energy secondaries from 

both faces of the target? 

2) The ratio of the low energy yield from the exit 

face of the target to that from the entrance face? 

3) The yield of high energy secondary electrons (E > 2 I^ev) 

(B) Low Energy Secondaries. 

The general method of" measurement is shown in Pig. 3. 

The beam passes through a carbon collimator, then through a sand- 

v.ich arrangement, consisting of the target surrounded by a thin 

•• 
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Schematic diagram of sandwich arrangement for measuring 

secondary electron emission from thin targets through 

which the primary beam passos essentially undisturbed. 

The beam enters through a carbon colliraator, then passes 

through the electrodes consisting of the target surrounded 

by ^ thin foil shield, and is finally stopped by the 

carbon trap. The method of determining the yield from 

the measurements in terms of the accompanying equations 

Is explained in the text. 

• 

1 



to 

CM P-> 

CO 

A 
6- 

I 11 

f u 
O   H 
H 

•* •• M 

O o o 
A V 

L*» 

c*> 

a 



Typical energy distribution obtained by the method 

illustrated In Fig„ 3« The yield of secondaries per 

impinging primary, I (E\/l  , having .^-associated 
8  A   P 

energy less than that corresponding to \L is plotted 

us  «. function of the retarding potential„ 
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f faction of the primary current I ) with X-assoeisted energy <v 

li! plotted as a function of the retarding potential, V-.  (This is 

tie inverse of the usual distribution in which is plotted the yield 

of electrons of snergy >" vs* V )<,    The form cf the distribution 

is typical of those obtained with all targets (this one being 0,>0005 

lr.0 Ni) and in the low energy region is very similar to that observed 

with low energy primaries., The maximum of the corresponding 

differential distribution occurs at about six volts, and there is 

no ob-ervable intensity of secondaries in the energy range from 

^3. 

fail shield, and is finally stopped by the carbon trap,  The sand- 

wich arrangement is necessitated by the fact that the target must 

be snieldod from stray secondaries produced in the collimator and 

t'.-»ap0 The yield3 are calculated from the equations shown on the 

righto  In Eq. (1) I_, represents the measured current of electrons 

from the target when the target is biased positively with respect 

to the shield by V volts.  "Jhder these conditions only those 
T 

electrons can leave the target whose normal velocity component is 

sufficient to overcome the retarding potential V* , while all the 

secondaries produced on the inside faces of the shield reach the 

target.  The net target current is then the difference between the 

current of target secondaries, T ^ , ^nd the current of secondaries 

reE.ehing the target from the shield, S,.  Eq. (3) rsprea^vbs the 

condition when the target and shield are at the same potential.  Tie 

n-jt target current, 3_ , is then the difference between all of the 

3 icondarles emitted hy the target and those emitted by the shield,, 

Subtracting (3) from (1) and dividing by the primary current, one 

obtains the yield of secondaries with X-associated energy lass than 

Vn»  A typical integral energy  distribution obtained by this method 

in shown in Figo I;.  Here, the yield of secondaries (measured as a 

><-*4im-M-+.t&rtttA&iMvi*mfrtfi\-*,»*c->—   • 
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20 ev to 2000 ev„  The saturation value of the emission with high 

Vm, which is the yield of low energy secondaries, is about I4. percent, 

aid varies from about 2 percent to I4. percent for the other targets 

we have measured.  These values in themselves &r-e not too signifi- 

cant, sines the measurements were made in bno vacuum system of the 

linear accelerator and the surfaces were consequently not free of 

contaminations.  A sealed-off tube C?ig. 5) has been constructed for 

measuring the yields of targets degassed under good vacuum conditions, 

the beam being admitted through a thin glass window, and it is anti- 

cipated that the yields will be somewhat lower than those cited above. 

(C)  Forward-Backward Ratio. 

The experimental arrangement for the measurement of the 

relative yields from the entrance and exit faces of the target is 

shown in Pig. 6.  It differs from the arrangement already discussed 

oily in that the potentials of the shields opposite the two faces 

Of the target can be varied independently.  By fixing the potential 

o ' one shieldo and varying the other, the yield from the correspond- 

ing face of the target can be obtained.  For example, by holding Vp 

constant and varying V* the low energy secondary yield from the 

entrance face can be measured, and by reversing the process the 

7:.eld from the exit face can bG determined.  This measurement has 

been performed with a .0001 in. Ni target, with the result that the 

yields from the two faces were found to be essentially the same. 

The observed ratio is: 

-7- = 1.02 + 0.05. 

In order to insure that this result wa3 not a consequence of 

different surface conditions of the two target faces, the experi- 



Sealed-off tub» for measuring secondury electron emission 

from clean metal surfaces by the sandwich method. The 

beam is admitted through a thin glass window, after which 

it passes through a carbon oollii?ator into the system of 

electrodes shown schematically in Pig. 6.  By means of a 

magnetic plunger, the target and shields may be removed 

frctn the beam to determine the effect cf stopped primaries 

which may become appreciable with thicker targets* The 

sandwich is heated by bombardment with electrons from two 

adjacent groups of filaments between which the assembly 

r*ests during processing on the exhaust sys'oem. 
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Fig, 

Experimental arrangement for the measurement of the 

relative yields from the entrance and exit faces of 

a thin target. 
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Trent v;as repeated after rotating the target through 160 in vacuum, 

thus interchanging the front and back faces of the foil.  The yields 

were found to remain unchanged. 

This result indicates the importance of the scattering 

of the secondary electrons while traversing the path from their 

point of origin in the target to the surface. Were it not for this 

factoi-* a preponderance of secondaries woulf" be expected to emerge 

la the direction of travel of the beam, in view of the conservation 

laws which must apply in the Jnteraction between the primary and the 

atomic electrons. 

( )) Hiffa Energy Secondaries. 

In the com?**** of the investigations of low energy secondaries 

it was fcund that a relatively large group of hi^h energy secondaries 

(<*ith energies ">• 2000 ev) is also emitted, and these have been studied 

l.i some detail„  This subject is discussed in the following manuscript, 

which has bosn submitted for publication. This paper also contains 

a description of the demountable experimental tube with which the 

measurements have been obtained, as well as general information regard- 

ing the linear accelerator. 

9 
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EMISSION OP ENERGETIC SECONDARY ELECTRONS PRODUCED BY 1,3 Mev 

ELECTRON BOMBARDMENT* 

Re A. Shataap J. F* Marshall and M. A. Pomerantz 

Bartol Research Foundation of The Franklin Insbltutee swarthmore. Pa, 

Abstract 

The emission 02" energetic secondary electrons (delta 
  

rays or toook-oa electrons) produced by 1.3 Mev primaries which 

penetrate thin targets with negligible mean energy loss has been 

investigatsd.  These have previously not been observable in the 

customary thick-target experiments because of the inherent impossi- 

bility of distinguishing between true secondaries and reflected 

primaries which have suffered large energy los3es. The present 

arrangement does not record back-scattered primaries, but only 

emitted electrons. The deit a ray yields from various targets 

(AX,   Ni, Au, Ag, Ca, C) ranging in thickness from 5*10  to 10*  in0 

have beer measured,,  The determinations of I* /l_ vary between 

0.3 percent and 2U1 percent independent of surface treatmentp and 

there is only a small dependence of the yield upon target material 

for an equivalent thickness expressed in rag.cm ,  For U5.8 rag cm 

Nip the delta ray yield is 2,08 + 0.1$ percent.  This may be compared 

with lttL£+ 0.20 percent, the yield of low-energy secondaries as 

measured with the cleanest surface attainable .in the demountable 

experimental tube,, 

* Assistoi by the Office of Ordnance Research and the Office of 

Naval Research, 

—M»or- ; 



""' • ••-••-- 

2. 

Io  Introduction 

Although secondary emission from solids bombarded by 

electrons having energies below several thousand ev has been the 

subject of considerable investigation, the advantages of extending 

the observations to high primary energies have remained generally 

unrecognizeds  Sources of electrons in tne Mev- region have been 

available for many years, and numerous studies of electron scatter- 

ing have been conducted.  Nevertheless, the only previous secondary 

emission measurements have been those in the r;inge from 30 kev uo 
1) 

3i;0 kev obtained by Trump and Van de Graaff  vjith the electrostatic 

generator in the course of experiment3 directed primarily at investi- 

gating the mechanisms of voltage breakdown in high vacuum, and from 
2) 

18 kev to !„!| Mev by Miller and Porter  with the linear accelerator, 

The conventional arrangement for measuring the yield of 

secondary electrons Involves a thick target in which the primary ia 

completely absorbed.  When the bombarding energy is lowP the des- 

cription of the phenomenon of secondary emission comprises essentially 

four processes, seme of which are not particularly amenable to 

theoretical analysis.  These are:  (1) the primary interaction,, 

(2) the primary energy loss, (3) the escape of secondaries, and 

(J4.) integration of the first three steps over the range of the 

primary.  By invoking a combination of very hi{;h primary energy 

and targets which are sufficiently thin to permit the bombarding 

electrons to pass through with negligible scattering and energy loss,, 

a significant simplification r>f the theoretical treatment results„ 

p'or this reason,, and in order to study certain other aspects of 

secondary electron emission, a program of experiments was undertaken 

\ 
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utilizing the multiple-cavity linear accelerator as the source of 

a 1.3 Mev electron beam.  In contrast with the methods employed 

previously, the present techniques have permitted the direct observa- 

tion of energetic secondary electrons, long familiar to cosmic ray 

investigators as knock-on electrons or delta rays. 

II. Experimental Procedure 

A.  Method 

The electrons leaving a bombarded target can be ascribed 

to three different mechanisms.  Some of the primary electrons are 

directly reflected- whereas others are scattered with some loss of 

energy.  Finally, secondary electrons are emitted by the target as 

a consequence of interactions between the primary electrons and the 

electrons in the solid.  In the usual experimental arrangement, which 

is illustrated schematically in Pig. lf it is impossible to distinguish 

between true secondaries and reflected primaries which have suffered 

large energy losses,,  In this case, the target current, 1-1=1 , 
*    S    RP 

is the difference between the total primary current and the current 

cf secondary electrons plus back-scattered primaries which do not 

return to the target.  The collector current is  composed of both 

secondary electrons leaving the target, I , and primaries scattered 
S 

from the target, I _.  The classification in terms of secondaries 
RP 

and scattered or reflected primaries is made on the basis of tho 

energy distribution of the collected electrons, obtained by applying 

retarding potentials. -V to the collector with respect to the target. 
C 

Collected electrons which can overcome some rather arbitrarily-assigned 

retarding potential  are  th<3n regarded S3  scattered arid reflected 

primaries,  whereas the electrons  of lower energies  are  designated 

n 
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Conventional arrangement; for measuring secondary 

electron emission from thick targets.  It is impossible 

to distinguish between energetic secondaries and back- 

scattered primaries in th:?s «ase,- 

arrangement for measurin/i secondary electron emission 

from thin targets through which the primaries pass with 

negligible energy loss.  Primaries scattered from the 

target arc not recorded. 
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as true secondaries.  Thus, high energy secondaries and scattered 

primaries are indistinguishable, and the contribution of the for.aer 

to the total yi jld is, In fact, assumed to be negligible* 

In the present arrangement, shown in Pig. 2,   the scattered 

primaries are not recorded,  when the potential of the target is 

positive with respect to the surroundings, the target current, I—, 

represents ;he difference between those jecondaries which have 

sufficient energy to overcome the retarding potential. V, and the 

secondaries from the surroundings (trap and collector electrodes} 

which are attracted to the target.  1\.& primary beam penetrates the 

target, and is observed aa the trap current, I , the magnitude cf 

which is unaffected by the presence of ths target.  The secondaries 

from the surroundings can be prevented from reaching the target by 

the application of a transverse magnetic field of appropriate magni- 

tude in the vicinity of the taxget, ch«r-»by permitting the determina- 

tion of the delta ray yield. 

The effect ~s revealed in Fig0 3* which shows the deo«ndence 
3) 

of the ratio , Im/l^, upon target potential, V , with a. transverse 

magnetic field either on or off.  With no magnetic field, all of 

the secondaries leave the target when V is negative,,  In this case, 
T 

Low energy secondaries  from the surroundings  are repelled by the 

targat4   although high  energy secondaries may be  collected.     However, 

when the target potential  is between  -15 • and  zero,   all  extraneous 

low-energy secondaries  are not retarded,   and those which strike  the 

tar-get cause  the net  target  cur-rent  to  decrease.     When   V_  is  suffi- 

ciently positive,   a net collection of electrons by the  target  occurs, 

since  the low energy secondaries  from the   surroundings  are now 



' 

Dependence of I-/lp wpon V_  (cf.   Fig.   2) with and 

without a brattsversa mab..;;tic field.     The i*atlo is 

defined as positive when    here Is a net emission 

of electrons from the target. 
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attracted, and the yield becomes negative.  However, the application 

of a transverse magnetic field prevents the stray electrons from 

reaching the target, and a net emission Is manifested by the positive 

yield. 

This provides a lower limit Tor the delta ray yield, since 

both Imperfect protection of the target from extraneous electrons and 

the return of emitted delta rays to the target tend to reduce the 

net target current.  In practice, the measured value probably 

coincides with the actual value within the experimental uncertainty. 

B.  Tube Design 

The arrangement of the electrodes In the demountable experi- 

mental   tube is shown in Fig. k«     The tube is attached to a magnetic 

spectrum analyser by means of a flange with an O-ring gasket at the 

output end of the linear accelerator. 

The graphite collimator defines the slss of the primary 

beamy which is approximately 6 mm in diameter at the target.  The 

eccentric pumping holes provide adequate pumping speed without ';he 

introduction into the target region of the copious background of 

stray electrons from the analyzer,, 

The target is supported by a rod equipped with a sliding 

O-ring gasket arrangement (not illustrated) which permits positioning 

the 1" x 1 l/kn  foil in or out of the path of the beam by remote 

control.  The graphite trap which collects the primary electrons 

after they have penetrated the target can also be moved in vacuum 

tc facilitate observations of any possible dependence of the results 

upon geometrical factors*  In order to preclude the influence of 
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Ei&Jt 
Cross-sectional  view of experimental tub© utilized 

for determination of secondary electron yields. 
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ionizatlon currents  generated by the  interae  x-ray background,   coaxial 

leads   (not  shown   In Fig*   )j)   Insulated from the  brass  envelope,   are 

Introduced through vacuum seals. 
• 

Co     Linear   Accelerator and  Auxiliary Apparatus 

The  essential   features  of the four-cavity linear accelerator 
k) 

utilized in these experiments have been described previously.       Several 

modifications have produced a high degree  of  stability In operation, 

and the maximum attainable output  current  has been increased  to  peak 

values of  60 ma at  1.3  -  1.5 Mev by removal of  the buncher cavity 

and Improvements  In  the  electron  Injection system.     In the present 

measurements,   the  targets were  generally  bombarded by rectangular one 

microsecond pulses of primary electrons at  a repetition rate of 20 

pulses per second and pulse-height  0.05 -  1.0 ma.     The energy spectrum, 

determined by the  geometry of the analyzer,   is   triangular with a 

half-width of  7 percent,  corresponding to 91+ kev at  1.35 Mev. 

Trap and target currents are measured simultaneously by 
5) 

a pair of two-stage negative-feedback d.c. amplifiers  with inte- 
•12 

grating networks In the input.  The maximum sensitivity Is 10  " amps 

per division, and tho variation in the calibration of the electronic 

meters is less than 1 percent. 

D.  Determination of Delta Ray Yields 

Pig. 5 represents the series of observations comprising a 

typical delta ray yield determination,  A potential as low as 18 v 

applied to the target with respect to its surroundings is sufficient 

to impede the escape of the low-energy secondaries produced in the 

*;arget„  However, In the absence of a transverse magnetic fieldg low- 

i 



TTpieal series of obaervi .ions of delta-ray yield,, 

With  Up  > 18 v,     ^n/^p    i3 m«asu?od a» a function 

of the  transverse magnet12 field strength.     Plateau 

values represent  I    /lp. 
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energy secondaries emitted by the auxiliary electrodes are collected 

by the tar/ret. aa a result of which a small net negative I_/l_ is - - T v 
measured.  When the transverse field is fipplledj stray low-energy 

secondaries ar-e deflected away from the tarpet, and with the field 

strength of appropriate magnitude, the torpet current is comprised 

primarily of electrons emitted by the target.  I_/Ip tnen remains 

constant over a •"plateau" region of magnetic field strength.  This 

reveals that a negligible contribution is attributable to extrtneoua 

effects.  As confirmed by direct observation with P fluorescent screen 

placed at the position normally occupied by the trap, the primary beara 

is deflected considerably,, and hence suffers appreciable scattering 

while traversing the collimator, when the field intensity exceeds a 

maximum vulue, which with the present arrangement is 21+0 gauss„ 

The delta ray yield of a particular target is determined 

from the average of at least eight individual measurements., with 

two different target voltages, spanning the magnetic field strength 

plateau,.  The dependence upon V,., (V > -*-l8 v)   is negligible. 

E*  Targets 

Various metals (Al, Ni, Au, Ag* Cu) commercially available 

in fell, leaf, or sheet form, ranging in thickness from 5^10  in* 

(Au) to 10"c in. (Al) were employed as targets*  Carbon targets 

were prepared by grinding the faces of a thin section sliced from a 

in diameter graphite rod* 

In contrast with the conditions which prevail in measure- 

ments of low-energy secondary electrons, it is not necessary to 

exercise the customary precautions regarding surface ole anliness 

: 
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In view of the high energy with which the delta rays emorge. 

III.  Resulta 

All of the determinations of delta ray yield are summarised 

in Pig. 6, where ±x  /l0 is plotted as a function of target thickness 

expressed in rag om~^.  The standard deviation of each point is 

approximately + 10 percent of the indicated value.  The experimental 

uncertainty is governed by fluctuations of the primary beam.  Data 

obtained with a preliminary experimental tube having different 

dimensions from those indicated in Pig= I4. wjre in satisfactory accord 

with these results.  Detailed comparison of total yields, including 

low-energy secondaries, was not attempted because of the dependence 

of the latter upon surface conditions.  However, it is of interest 

to note the relative magnitudes of the yields of low and high energy 

secondaries from a typical target. 

Although the delta ray yield was independent of surface 

treatment in all eases, the total yield invariably decreased when 

the target was degassed by electron bombardment from an adjacent 

filament In the experimental tube immediately prior to the measurement. 

The minimum low-energy yield from^^.Q «»g cm  Ni subjected to the 

maximum practicable heating was l.lj3+ 0„25 percent, a value which is 

presumably higher than that characteristic of an extremely clean 

specimen.  The corresponding delta ray yield is 2.08 + 0.15 percentu 

Measurements of the yield of low-energy secondaries are now under way 

with sealed -off tubes processed in accordance with the procedures 

requisite for insuring the cleanllriAos of the target surfaces. 

. 
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Dependence o"   ielta-ray yiald from various materials 

upon target  thickness.     Tlie solid curves represent 

the theoretical  predlctict a  discussed in Section IVo 

- 



D   *   O    •  -0 

„ 4 a 3 a <s 

o 
•1 

o 

-OP^I/ JI  ePTePf X«r-p 

|U 

r 
g 

B 
s 
c.-> 
M 
33 
H £ 

•u 



9. 

IV„  Theoretical Discussion 

On the basis of a model involving sovarai simplifying 

approximations, the delta ray yield expected theoretically from 

a target of specified atomic nirnher and thickness may be computed. 

The assumptions are:  (a) the electrons in the target can be treated 

as unbound; (b) the delta ray energies are much lower than the energy 

of the primary; and (c) a secondary created at a distance x from the 

surfece of the target will emerge if its residua" range is greater 

than x. 

Under these conditions, the delta ray yield (6  ) is given 

by A 

6  m    / f(E) dx (1) 

where f(E) is the number or secondaries produced per unit path of 

the primary, with energy greater than E, the. minimum energy necessary 

for escape from depth ( S.-x)? and 5, is the thickness of the target. 

Assumiig the rate of energy loss of the secondaries to be given by 

||« -4>CE) (2) 

and changing the variable of integration in Equation (1) from x to 

E, we obtain A. 

where E*  is the energy of an electron whose range is equal to L, 

and is obtained from ^ 

r dE 
j >PTET (U) 
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• 
The rat©  of production oT  Internal  secondaries may be 

6) 

obtained,   either from Mpller's expression      for  the production of 

knock-on electrons,   or from a purely classical calculation.     Both 

yield 
f(E)  = Gn/E (5) 

Here,  y, * mc   ,   the  rest  energy of the  electron,   and 

C  -  2« NQ r0
2    | «  0.3 |    em"1  cm2 

where N    is   Avogadro's number,   Z and  A are the  charge and mass 
e2 

numbers  of the t-aroat material,   and r    = —    is  the classical 

radius of the electron. 

I 

The rate of energy loss is  given by the  Bethe-Bloch 

expression 2 

v gm"     omc (6) 
E I 

(Rel&tivistic  effects  are  unimportant  in the present  case).     Here, 

aa is customary,   I is assumed to be proportional  to the atomic 

number of the target material,   I « az.     The final results are found 

to be  extremely insensitive  to the choice of the constant of pro- 

portionality,   and for purposes of calculation,   a is taken to be 
7) 

11.5 ev. 

Substituting  (5)  and  (6)   in   (3)  one obtains 

<5- 
X/H 

KT   (1 r\* 

where 
"^E" U)=j r+cx 

X ) 

-oo 

(7) 

i 

: 
! 



11. 

and Equation  (k)   becomes 

L^T~-T_   Ei^iL  — ; (8) 

Solving (8) for o.^ \2iL.     and substituting in (7) one then obtains 

the delta ray yield as a function of the thickness and atomic number 

of the target. 

Prom an analysis similar to that already outlined, one can 

determine the energy distribution of the emergent secondaries, and 

it is found that almost all of them have energies between 10 and 100 
8) 

kev.   Consequently, assumption (b) is valid, as is (a) for all but 

the most tightly-bound target electrons.  Assumption (c) is not so 

well justified, since the path of an emerging secondary is in general 

longer than the distanoe from its point of origin to the surface, 

and the computed yieldc are consequently too high by about a factor 

of two.  The ratio of the computed to the experimentally-determined 

yield is, however, substantially the same in all cases, indicating 

that the dependence of the delta ray yield on the thickness and 

atomic number of the target is correctly given by Equation (7). 

The computed yields normalized to fit the experimental 

value for I4.6 rag cm  Ni are plotted in Pig. 6.  Theory and experiment 

are in agreement within the experimental uncertainties, except for 

the case of $ mg cm  AU. This discrepancy may be caused either by 

the stopping of an appreciable number of primsiries (0.1 percent) or 

by the fact Miat tlio scattering of the secondaries has not been taken 

into account in the theory*  Both of these effects would be more 

pronounced in a high Z  material such as gold. 

: 
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CONTACT POTENTIAL DIFFERENCES * 

BV 

IMRE F. PATAI :•» AND MARTIN A. POMERANTZ z 

I. INTRODUCTION 

The potential differences and charges acquired by dissimilar mate- 
rials in contact are related to phenomena observed at the very beginning 
of the history of experimental electricity. Although there never was 
any doubt regarding the reaiity of the potential differences which could 
be produced between insuLcOrs such as amber, glass, wood, wool, 
leather, etc., the existence of a potential difference between metals has 
been a controversial issue. 

This effect was discovered and first measured by Volta in 1797. 
Such well-known figures as C. E. Maxwell, W. Ostwald, O. Lodge, and 
others thought that the true contact potential between pure metals is 
negligible, of the order of magnitude of the Peltier effect, amounting 
to some hundredths of a volt at most. The observed magnitudes of 
several volts were attributed to impurities such as adsorbed gas layers 
or thin layers of electrolytes adhering to the metallic surfaces. It is 
only in relatively recent times tlutt a decisive state has been reached. 
Notable contributions toward this end were the experiments of Coehn 
(l)4 and of Perucca (2), who revealed that reproducible measurements 
could be made, and the theoretical treatments of Sommerfeld (3) and 
Eckart (4), who predicted the existence of contact potential differences 
of the observed order of magnitude from purely physical considerations. 
Thus, although it was originally assumed that the explanation of con- 
tact potential must be based upon a treatment of chemical equilibrium 
involving electrochemical theories such as those of Helmholtz and 
Nernst, it was finally realized that the subject with which this paper is 
concerned constitutes an exclusively physical effect. 

* This work was sponsored by the Office of Naval Research under Contract N8onr-65!. 
1 Deceased; formerly, Physicist, Bartoi Research Foundation of The Franklin Institute, 

Swarthmore, pa. 
1 It was with great sorrow that the Bartoi Research Foundation lost, through death, the 

services of Dr. imre F. Patai in January, 1949. Although Dr. Patai had been with the Founda- 
tion for oniy six months, the warmth of his personality had endeared him in the hearts of all 
of us, and it is a happy comfort for us to know that this feeling was reciprocated. The present 
paper has been prepared by Dr. Martin A. Pomerantz on the basis of notes left by Dr. Patai 
at the time of his death, and while it is only the beginning of w'u.ii would hr.ve be^n an extended 
development had he 'lived, it does form a valuable unit of accomplishment in itself. [\V. F. G. 
Swann, Director, Bartoi Research Foundation of The Franklin Institute.]] 

3 fhysicist, Bartoi Research Foundation of The Franklin Institute, Swarthmore, Pa. 
4 The boldface numbers in parentheses refer to the references appended to this paper. 

239 



I 

240 IMRH  i\  PAT-\ 1 AND M.  A.  POMERANTZ [J F. I. 

As in other phenomena of an allied nature, the surface conditions 
are of paramount importance. Minute traces of chemically active gases 
produce surface films which can modify the contact potential markedly. 
It is therefore not surprising that many discrepancies among the results 
ot various investigators arose in the early work which did not utilize 
vacuum techniques. Even under the most carefully controlled condi- 
tinno, reproducible results have not always been obtained. 

Considerable confusion has arisen in the literature as a consequence 
of the many definitions adopted by different authors. For example, 
terms such as "contact potential," "Volta potential," "contact potential 
of the first kind," "contact potential of the second kind," "inner" or 
"outer Volta potential," etc., occur in various references. All of the 
aforementioned terms have been applied to the potential difference 
which exists at the point of contact of two metals. Furthermore, this 
terminology has been employed in the discussion of the contact potential 
between various pairs of the classes of solids denned by th<* nature of 
their electrical conductivity as ionic conductors, electronic conductors, 
or dielectrics. For example, Gysae and Wagener (5) defined four vari- 
eties as follows: 

(1) Electronic conductor-electronic conductor: "Galvani po- 
Lcniiai. 

(2) Electronic conductor-dielectric (vacuum between bodies): 
"Contact potential" when bodies are electrically connected; 
"charge potential" when bodies are insulated. 

(3) Electronic conductor ionic conductor: "Volta potential." 

However, the most prevalent practice has been to denote the quan- 
tity measured by the various methods which will be described iater as 
the contact potential or Volta potential. 

The term "Galvani potential" has in general been relegated to the 
electrochemical phenomenon as distinguished from this purely physical 
effect. It symbolizes the supposed electrical potential inside a phase, 
and unfortunately, is an indefinite quantity. This so-called "internal 
potential" is the sum of the electrostatic potential outside a phase, and 
the electrostatic part of the work required to take electrons from the 
interior through the transition layer at the surface, to the point outside 
at which the electrostatic potential is measured. There are no known 
means of distinguishing between the electrostatic part of the work of 
extraction of an electron and the chemical part due to the difference in 
chemical environment of the electrons in the interior of the phase and 
outside. 

II. THEORY OF CONTACT POTENTIAL 

A.    Fundamental Principles 

The theory of electrical conductivity leads to the conclusion inde- 
pendently of experimental evidence that a potential difference should 
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exist between the interiors of two metals in contact even when their 
temperatures arc equa 
the equation: 

(ft " fi) 

In the equiubfium state this is represented bv 

V, - Vi - (1) 

where j is the Gibbsian thermodynamic potential of the electrons, 
designated as the Fermi energy at temperature T, and e is the electronic 
charge. The derivation of this fundamental relationship will be out- 
lined later. 

The quantity {V% — Vi) cannot be measured, however, owing to the 
fact that its magnitude depends upon the zero-point energies in the 
two metals. For free electrons, these energies may be regarded as equal 
to zero when the kinetic energies are zero. In tills case ft and f2 repre- 
sent purely kinetic energies, and the internal held shifts the energy zero 
by an amount (f2 — fi) such that: 

(fi -eVx) - (f, -eVt). (2) 

• 

• 

I 

I 

, ft-ftL-(v,.-vJ.)e 

FIG. 1. 

Although the internal field is not measurable, the contact potential, 
that is, the difference in potential between two points just outside each 
metal, is independent of the zero-puint energies, and hence measurable. 
The situation is indicated in Fig. 1. Here — W\ and —W, are the 
potential energies of an electron in the specified metal relative to a 
vacuum, whereas ipi and <f2 represent the respective work functions. 
The potential difference between points 1' and 2', or the contact poten- 
tial, is given by: 

Vr -vv-\ [<w, - r.) - w - r,)] = - ifLZJEil.    (3) 
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B.    Derivation Based Upon Free Electron Model 

According to the usual connotation, a contact is described as a 
junction at which the distance apart between the bodies is comparable, 
at least in order of magnitude, with inter-atomic dimensions. It is 
entirely consistent with wave-mechanical principles for electrons to pass 
even across a relatively large gap at any temperature including absolute 
zero. The wave function will undergo totai reflection at the surface of 
the first metal, but it is possible for penetration to occur into the second 
metal, with the amplitude of the transmitted wave decreasing expo- 
nentially. 

It is evident that, in accordance with the above definition, two 
surfaces are in actual contact over a very limited region, and the major 
portions are separated by gaps many atomic dimensions wide. Of 
course, these gap;> must be taken into account in any theory of the 
conduction of electricity. 

Consider two metals as indicated in Fig. 1. Here, an exchange of 
electrons between 1 and 2 will occur. The current density ji2 flowing 
from metal 1 to metal 2 may be expressed as follows (6): 

jn = 2irm  I     Tn(u.z)dE,  |    fi(Ei)dEr; (4) 
Jo Jo 

similarly, the number of electrons passing from metal 2 to 1 per unit 
area per unit time is: 

jn = 2irm  I     Tn(Ex)dEx  I    f2(E2)dEr. (5) 
Jo Jo 

Ex denotes that part of the kinetic energy which corresponds to the 
component of motion normal to the surface, while Er signifies the portion 
associated with the parallel motion. Inasmuch as the principle or 
reversibility must be operative in a system of this type, the trans- 
mission coefficient T2i(EZt) is equal to 7\2(£Xl).    Hence 

T.n(EZi + Vn) = Tu{E,t)t (6) 

where Vi2 denotes (EXt — EXJ, that is, the decrease in potential of an 
electron passing from metal 1 to 2. 

From the above relationships: 

jn = 27rm f" TyAEx)dEz f" /,(£, + Vu)dEr. (7) 
Jo Jo 

Hence the net flow in the direction 1 —> 2 per unit area per unit time 
is given by: 

2l\M 
J- k> 

f" T„(E„)dE, f" [/,(£,) - ME, + Vn)yEr.       (8) 



Ser-t, 1951.] CONTACT POTENTIAL DIFFERENCES 243 

r-or equilibrium, j must vanish.     This can occur only if in the latter 
equation: 

/.(/*:.) - MEt + Vn) = /,(£,). (9) 
Since 

/,(£»)   - — ~ ;_-  (10) 

h^
El - ^ + 1 

it is seen that, provided the two metals are at the same temperature, 
this condition can be fulfilled if: 

or 
Ey - ft = E, - f2 (11a) 

Vw - £s - £, « ft - ft. (11*) 

This fundamental result was stated earlier in this section as Eq. 1. 

Cu 3 

<J©       €^ 
2n 1 

f   I I   \ 
i I I \ 

FIG. 2. 

IU. METHODS FOB MEASURING CONTACT POTENTIALS 

A large variety of methods has been employed for investigating 
this phenomenon. As is generally true in the case of effects which are 
dependent upon the surface conditions of the material under investiga- 
tion, the results have often not been reproducible, in some instances, 
on the other hand, measurements conducted by different methods have 
yielded excellent agreement. 

A.    lonization Method 

The original experiments performed by Kelvin (7) utilized a tech- 
nique which is exceedingly simple in principle.    The method is repre- 
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'A 

1 
FIG. 3. 

sented schematically in Fig. 2. Cine of the metals, copper in the 
example, is grounded, whereas the other metal with respect to which 
the contact potential is desired is placed adjacent and is connected to 
one of the pairs of quadrants of a quadrant electrometer. If a radio- 
active source is brought into the vicinity of the plates, the outer surfaces 
of the metals are essentially connected together, so that their potentials 
equalize. Consequently, a potential arises between the metals them- 
selves. This is called the Volta potential difference. The nature of 
the potential distribution is indicated in Fig. 3. The potential is con- 
stant in the region between the plates, and decreases in a small transition 
region undei the surfaces of both metals becoming again constant in the 
interiors. The fall in zinc is greater, indicating that it is negatively- 
charged with respect to copper. 

It is apparent that it is essential to ionize only the air between the 
plates, and to avoid ionization elsewhere in the apparatus, in order to 
prevent the loss of charge to other objects. Grcinacher (8) used a lead 
strip, on which was deposited a radioactive source, as one of the plates. 

o 
a. 
U 

J_ 

plat* separation-mm 

FIG. 4. 

10 
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This permitted bringing the metals very close together and thereby 
reducing the irradiation of the surroundings. However, this dot.3 not 
completely solve the difficulty. Owing to the short range of the alpha 
particles, the magnitude of the electrometer deflection depends upon 
the separation of the plates, in order to utilize completely the ionizing 
potentialities of the source, the radiation proceeding from it should 
traverse a certain optimum thickness of air. Upon increasing the 
separation of the plates, the effect of recombination of ions enters, 
causing a subsequent decrease. As a consequence, a curve such as that 
shown in Fig. 4 is obtained. It was observed that the best separation 
is approximately 2 mm., for the tellurium source used. As a control 
upon the experiment, Greinacher also observed the resistance of the 

i 

W%M7/////////>A 
Fin. 5. 

I^VV^V.V\WAVHAXI 

FIG. 6. 

cell, to determine whether water droplets or other disturbances were 
operative. 

K. T. Compton (9) improved the apparatus by using as one metal 
a wire net N, and as the other a plate P in a large lead container. The 
radium source was then situated at R. This Hevice had the advantage 
that photoelectric measurements could also t. conducted at the same 
time. Radiation of the surrounding region is here practically entirely 
avoided. The arrangement is illustrated in Fig. 5. In principle, the 
use of a third metal as a tank is not free from obiections, inasmuch as 

I 



240 [MRE F. PATAI AND M. A. POMERANTZ [J. F. I. 

the potential difference of the metal under investigation with respect 
to lead might introduce errors. However, in practice, this does not 
appear to be significant. The values of the Volta potential thus deter- 
mined %em to agree quite wcii with those obtained from photoelectric 
measurements, as may be concluded from the summary ot Compton's 
results in Tabie I. 

TABLE i.—Comparison of Contact Potential Difference of Various Metals 
ivith Respect to Cu, as Determined by the Ionization 

and Photoelectric Methods (Ref. 9) 

Al Zn Pb Fc !'t 

ionization Method i .02 0.75 0.55 0.15 -0.11 
Photoelectric Method 1.16 0.70 0.50 0.25 -0.14 

J. J. McHenry (10) minimized the aforementioned possible source 
of error in his arrangement illustrated in Fig. 6.    Here, the metal box 

Cu © Zn 

X 

FIG. 7. 

itself served as one electrode, and the second electrode was introduced 
through a very narrow orifice. 

B.    Condenser Method 

The arrangement originaiiy employed by Kohlrausch (ll) but usually 
designated as the Kelvin method, here is indicated schematically in 
Fig. 7. If the key K is closed, the metals themselves are connected 
rather than the surfaces of the metals as in the previous method. The 
potential distribution is then represented by Fig. 8. The potential now 
has the same height in both metals. In the transition regions, thtie 
is an increase which differs for the two metals, and consequently a drop 
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Fir-. 8. 

in potential occurs in the space between the surfaces. The electric field 
in the interspace is exactly that which would he produced by charging 
zinc positively with respect to copper. This method ostensibly leads 
to a Volta effect with reversed sign. The charge is then measured by 
varying the separation between the plates, thereby altering the capaci- 
tance. The measurement can be performed in various ways, although 
a null method is most satisfactory. 

As a consequence of the fact that, in the arrangement of Fig. 7, a 
potential V arises when the key A' is closed, the condenser comprising 
the two piates is charged to an amount Q = CXV. When the Zn side 
is isolated by opening K, the entire charge resides thereon. Upon 
increasing the spacing between the two plates, the charge distributes 
itself between the parallel plate condenser now having the capacitance 

• 

1 e e 

\ 

! ! 

FIG. 9. 
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C'j, and the electrometer system and leads having capacitance C.   I fence: 

Q = V'(C, + C), (12) 

where V is the potential measured by the electrometer.    Consequently: 

V - v, <£t + C) 
C, 

(16) 

in order to avoid the necessity for determining &, C2, and C, the 
customary procedure involves the calibration of the electrometer by 
the application of known potentials. The most satisfactory procedure 
is a null method first utilized by Kelvin (7). Here the potential P is 
applied by means of a potentiometer, as is indicated in Fig. 9. This 
method is- rather time-consuming, and even modifications such as the 
plotting of deflection vs. bucking potentials proposed by Ende (12) are 
relatively cumbersome. 

The principal problem associated with the condenser method is the 
necessity for providing a mechanism for altering the plate separation. 

hard »t««i 

bru5i friction 
fcsarino*^/ 

thumb jcrtw 
^1^ 

hard ttttl 
plot* ••• 

2*. 

'—7  
st««l wirt 

•>oMMte 

assgsaa 
w MMI Tram? 

boktIIU 

C^al&£S5S*-bofe«iit» 
FIG. 10. 

Initially, rather crude methods sufficed. Kelvin, for example, merelv 
separated the plates by hand, whereas Kohlrausch provided a silk thread 
suspension. The most precise determinations up to his time, as evi- 
denced by the reproducibiiity of the results, were obtained by Conrad 
(13) who constructed what was then a relatively complicated system 
involving a lever and a support. It is evident that none of the afore- 
mentioned arrangements is adaptable to measurements in vacuum. 
However, such experiments can easily be accomplished by introducing 
the required motion into the vacuum system by means of magnetically- 
actuated moving parts. 

A significant improvement upon the classical Kelvin method was 
introduced by Zisman (14). The electrometer in Fig. 9 is replaced by 
the input to an audio-frequency amplifier, and the capacitance of the 
condenser is varied periodically.    An audio-frequency signal is then 
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heard until the applied potential difference balances the contact poten- 
tial. The measurement consists merely in balancing a resistance until 
no signal is heard, and it can be carried out in a few seconds, whereas 
the older method was slow and tedious. The vibrating condenser 
arrangement, shown in Fig. 10, involves a steel piano wire against the 
middle of which an air blast is directed from a small nozzle. One end 
of the wire is fixed while the other end rocks a metal rod threaded 
through a triangular knife-edged prism which rests upon a steel plate. 
The moving plate of the condenser is fastened to the other extremity 
of the rod. The method originally permitted the measurement of con- 
tact potentials with certainties up to one-thousandth of a volt in but a 
few seconds of manipulation, and this can probably be improved by 
modification of the amplifier. 

This principle would be very valuable for studies of variations with 
orientation of the contact potential between uie faces of single metal 
crystals and some standard metal surface, or in the study of rapid 
changes with time of the contact potential between pairs of newly 
prepared surfaces. Furthermore, information regarding the uniformity 
of the metallic surface is provided by the fact that a zero sound mini- 
mum is obtained onlv with a uniform surface. In a modification 
developed by Rosenfeld and Hoskins (15) the condenser plate was 
vibrated by 60-cycle c urrent. 

The condenser method has many advantages, certainly as compared 
with the ioiiization method which has the fundamental disadvantage 
that the measurements depend upon the resistance of the ionized air. 
Obviously the condenser method can be utilized in vacuum, and further- 
more the sensitivity is considerably higher. The principal precaution, 
aside from the usual requirements regarding vacuum and degassing 
practice, is concerned with the avoidance of the accumulation of spuri- 
ous charges on insulating bodies near the specimens under investigation. 
The condenser method, in principle, is the only one which actually 
measures contact potential directly as compared with other procedures 
which will be discussed later. Its most unfavorable aspect is the 
necessity for ...oving the electrode, although, as mentioned above, 
modern techniques c/e readily adaptable to'this purpose. 

C.    The Photoelectric Effect 

1.  Field Between Electrodes 

The photoelectric effect merely provides a source of electrons in this 
instance. The motion of these elect"ons is then determined by the 
potential distribution in the region between the surface from which they 
were emitted and a second metal nearby. 

(a) Curve Displacement Method. In this case, the applied potential 
P and the contact potential V are superimposed. Thus, the potential 
between the electrodes is given by Vi — P + V with a given anode, 
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and Vi = P 4 V with another anode. It is evident that with the 
same applied voltage, the effective potential differs for different metals. 
Consequently, as may be seen in Fig. 11, a parallel displacement of the 
photocurrent vs. applied potential curve results. Inasmuch as zinc is 
positive with respect to copper, the curve obtained with the former 
material appears on the left. 

K. T. Compton (9), utilizing a plate cathode surrounded by it grid 
anode, measured contact potentials by both the ionization method and 
by this method, and obtained the results listed in Table I. 

(b) Saturation Current Method, The difficulties associated with the 
procedure described above are circumvented in the saturation current 
method. Ile.e the cathode is surrounded by an anode and conditions 
are established such that no fieid exists in the interspace. Electrons 
leave the cathode with aii possible velocities between zero and a certain 

applied potential, P 

FIG. 11. 

maximum. However, the precise velocity distribution piays no role, 
inasmuch as all electrons emanating from the cathode with finite velocity 
must reach the anode owing to the absence of an interelectrode field. 
Consequently the photoelectric current must first exhibit a saturation 
value when the true potc .itial becomes equal to zero. As the potential 
between the electrodes decreases from cathode to anode, some of the 
electrons are repelled. The actual potential is equal to zero only when 
the applied potential is equal to the contact potential, and it is evident 
that, in principle, the contact potential corresponds directly to the value 
of applied voltage at which saturation current occurs. 

Measurements of this type (16, 17, 18, 19) are usually performed in a 
glass envelope having an evaporated metallic layer, for example, silver, 
which serves as anode. The cathode may be in the form of a foil or 
another evaporated iayer iocated as near the center of the anode as 
possible.    Light is admitted through a port in the anode, and an opening 
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must be provided for introducing the specimen. Owing to the latter 
factors, the vessel is not completely closed, hence a rounding of the 
saturation curve rather than a sharp break is observed in practice. 
Extrapolation is required for deceniiiiun^ the voiluge at which satura- 
tion occurs, as may be seen in Fig. 12. Teichniann (20) reports agree- 
ment between measurements obtained with this method and with Lhe 
condenser method. 

Inasmuch as measurements of the magnitude of the saturation 
current are obtained in this procedure, some control is maintained over 
the state of degassing of the surface. 

(c) The Photoelectric Yield. It has been shown (21) that the Voltaic 
series corresponds with the arrangement of metals according to their 
photoelectric yield.    However, quantitative determinations of the latter 

applied pottntiai, P 

FIG. 12. 

factor require knowledge of the photocurrent, the surface area, the 
light intensity and spectral distribution; the absorption in quaitz win- 
dows, etc. The latter two characteristics are difficult even to hold 
constant, and so this method does not seem very practicable as a means 
of determining the contact potential. 

2. Work Function 

(a) Long Wave Length Limit.    The well-known photoelectric equa- 
tion of Einstein is: 

h>> 
V--- + (14) 

V represents the value of applied potential such that no photoelectrons 

are emitted.    Wnen V = (J, v — vQ and <p —  .    It is thus assumed 
e 

that V can be determined precisely.    Presumably, in accordance with 
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Eq. 3, liie contact poieiii.Ni! could be obtained directly from a com- 
parison of the work functions as determined in this in.inner. However, 
in practice, the situation is not so clean-cut. Actually, it is found that 
tp can he represented as th'> sum of two terms p and q. of which the 
former relates to the contact potential, and the latter represents a 
remainder. Although according to experimental indications q has the 
same value for all metals, the explanation for its existence is not well 
understood. The empirical approach makes use of the following rela- 
tionships: 

V% — pi — qi (15a) 

i 

hv 
V;    = "    ~    />.. 

e '/•-- (ISA) 

The value of applied voltage Pi for which no photocurrent is observed 
is then determined.    Now: 

Vt = Pi - (p, - p0), M61 

where px — /\ is the contact potential between cathode 1 and anode 0. 
Furthermore: 

- - P, - po (17a) 

and 

</i 

Qt - * - p. 
e 

(176) 

If the external potential necessary to produce cutoff can be regarded as 
constant for different cathodes and the same anode, Pi = P2 and hence 
qi = q2. However, the general ignorance regarding the physical identi- 
fication of q makes this method very unsatisfactory. 

The measurement of the long-wavelength limit is accurate only to 
within several per cent. Inasmuch as values of the work function 
usually range between 2-6 volts, the inaccuracies amount to some tenths 
of a volt, which is of the order of magnitude of the Volta effect. In 
view of the fact that two such values are required for the determination 
of contact potential, the limitations of the method are apparent. 

Representative values obtained by Richardson and Compton (17) 
using both the saturation-current method and photoelectric threshold 
determinations are given in Table II. 

TABLE II.—Comparison of Contact Potential Measurements, in Volts, Obtained 
with Respect to Platinum by Two Different Methods (Ref. 17) 

Cv. Bi SM Zn Mg Al Na 

Saturation-current Method    0.13     0.35      0.62     0.90      1.05      1.2 2.4 
Long Wavelength Limit 0.30     0.64     0.64     0.85      LOO      1.31       2.2 
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£).    Thermionic Emission Methods 

Those methods are similar to the photoelectric measurements in that 
one metal of a pair under investigation emits electrons, in this instance 
thermionically. The principal advantage is that the materials under 
investigation may be carefully degassed under vacuum conditions, par- 
ticularly if the specimens are fabricated in the form of wire f laments. 

1.  Field Between the Electrodes 

The remarks in Section 1II-C are equally applicable here, inasmuch 
as the mode of production of the electrons is not a pertinent factor. 
The method involves the observation of the displacement of the char- 
acteristic current vs. voltage curve of a vacuum tube. 

(a) Diode Method. The saturation-current method was originally 
used by Rothe (22), Germer (23), and Reynolds (24). In their experi- 
ments, a fiiament was completely surrounded by the anode, as in the 
corresponding photoelectric technique. From the current vs. voltage 
curve, the applied potencial P necessary to produce saturation is deter- 
mined. This, of course, corresponds to zero effective voltage, and hence 
to the contact potential. It is a relatively simple matter to compare 
the contact potential of different anodes with respect to a fixed cathode. 

Oatley (25) determined Vx = V -\- P by measuring the value of the 
axial magnetic field which would just prevent the passage of electrons 
from filament to anode in a cylindrical diode. An analysis depending 
upon the relation between anode voltage and critical magnetic held 
originally deduced by Hull (26) for the magnetron, and requiring several 
approximations and corrections for departures from theoretical condi- 
tions owing to the absence of a sharp cutoff, permits the calculation of 
the desired quantity from the experimental data. The error of the 
determinations thus made is =fc0.02 volts. 

The curve-shift method is superior to any of the aforementioned. 
In various forms, it was initially used independently and simultaneously 
by Monch (27), Langmuir and Kingdon (28), and Patai (29, 30, 31, 32). 
The simplest arrangement utilizes a filament and a plate, the latter 
being replaceable by another specimen.    The current vs. voltage curves 

TABLE III.—Comparison of Contact Potential Difference Between Cn and Ni, 
as Measured Successively by the Condenser and Saturation- 

Current Methods (Ref. 27) 
Volts Method 

0.26 Condenser 
0.20 Saturation-current 
0.22 Condenser 
0.24 Saturation-current 
0.22 Condenser 
0.22 Saturation-current 
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corresponding to the various anodes are then plotted, and the parallel 
shift corresponds to the eon tact potential between the two anodes. 
Monch has compared this method with the condenser method and, as 
may oe seen in I able m, a series ui measurements alternately per- 
formed on a given specimen are in good agreement. 

(b) Triode Method. The three-electrode tube may be utilized in 
several ways. One technique involves the measurement of the contact 
potential between the grid and anode, with the filament serving merely 
as a source of electrons. It is necessary to provide for the control of 
effects such as a potential drop across the filament, and the temperature 
of the filament. As is indicated in ¥\g. 13, the grid '" - "•nected directly 
to the cathode, and the variable voltage P is ap^./ tween the grid 
and the anode. The shift in the V-I curve is the* .^served. Either 
the grid or the anode may be changed, and the electrodes may be in the 
form of plates or cylinders. 

r 

-©- 

FIG. 13. 

The most advantageous method for many applications is that origi- 
nated by one of the authors (29, 30, 3i, 32). No mechanical system is 
required for introducing motion into the vacuum tube. Careful de- 
gassing of the specimens can be accomplished, and sources of error 
arising from inhomogeneous field distributions are minimized by the 
concentric electrode arrangement without the introduction of guard 
electrodes. 

The procedure consists of the determination of the characteristic 
curve of a three-electrode tube. This is measured first with a grid of 
the metal under investigation, and then again after a uniform layer of 
another metal has been coated thereon. In the first case, the charac- 
teristic curve is governed by the contact potential difference between 
the filament and the base metal of the grid, and in the second by that 
between the unchanged filament and the coated grid The difference 
between the two cases manifests itself as a paraiiei shift of the charac- 
teristic curve, and the amount of the displacement constitutes a measure 
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of the contact potential between the grid base metal and the evaporated 
metal layer. 

The shift is to the left, that is, toward negative values of grid voltage, 
if the grid is covered in the second instance with a metal for which the 
v/ork function is smaller than for the base metal, in ail of the experi- 
ments utilizing this method, sodium was employed as the covering 
applied to various bases to serve as a reference metal. In the first 
place, this metal can \)e introduced into an evacuated tube in a very 
pure state, by a method developed by one of the writers (33). Secondly, 
inasmuch as the work function for sodium is considerably smaller than 
that for the grid materials, an observable effect is always produced. 
Finally, the reference layer of sodium can easily be evaporated by 
heating the grid.    Thus, the reproducibility of the measurements may 

X AUXILIARY CATHODE \— 
G GRID 
A ANODE 
F  -SLAMENT 

FIG. 14. KIG.   1.1. 

readily be checked by alternately glowing the spiral grid while the 
envelope is cooled, taking data, and then repeating after the glass 
envelope has been heated to recoat the grid. Figure 14 indicates the 
construction of the experimental tube. The grid G, as well as the spiral 
anode A of the triode, has two leads to permit heating directly by 
electric current. An auxiliary cathode K serves as the source of elec- 
trons for the electrolytic introduction of sodium into the tube. The 
envelope is constructed of soft lead-free glass. Usual vacuum precau- 
tions and procedures are observed in the preparation of the tube which 
i=. finally sealed off under conditions such that the residua! pressure is 
less than 10-8 mm. of Hg. 

Sodium is introduced into the tube by an electrolytic process which 
is represented in  Fig.  15.    Any sodium salt may be used, although 
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NaN03 1>;IK the advantage of a low melting point. The bottom of the 
experimental tube is immersed in tin molten salt, while, the upper 
portion is surrounded by a cooling coil. A potential of the order of 
KM) to 200 volts is applied between the auxiliary cathode A.' and the salt. 
Currents of about 5 to 15 milliamperes flow during the process, arid 
after 4 to 5 minutes the cooled walls of the tube become coated with a 
metallic mirror-like layer of sodium. 

The characteristic curve (plate current vs. grid voltage > of the triode 
prepared in this manner is then obtained with at least two different 
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anode voltages. The shift of the characteristic curve corresponding to 
the clean grid with and without the sodium layer turns out to be com- 
pletely independent of the anode voltage. The curves of Fig. 16 are- 
typical of those obtained with this arrangement. The results of meas- 
urements on  various  materials are  summarized  in  Table   IV.    The 

TABLE IV.— -Measured Values of Contact Potential Differences of Various 
Metals with Respect to Na (Ref, 31) 

Mo VV Fe Ni Pt Cu 
2.0 2.7 1.4 2.4-5 2.1 2.05 

contact pofential differences with respect to sodium are in good agree- 
ment with values deduced from the differences of work functions deter- 
mined thermionicaily and photoelectrically in the case of the particular 
metals investigated. 
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2.  Work /•'unction 

The theoretical discussion in Section !! leads to the conclusion that 
the contact potential between two metals is equal ro the difference 
between their work functions. This would suggest that the measure- 
ment of work functions should provide a satisfactory method for evalu- 
ating contact potentials. However, the difficulties associated with 
accurate wot!: Sanction determinations arc well known, and the limita- 
tions mentioned in the discussion of photoelectric measurements are 
equally applicable here. 

IV. CONCLUDING REMARKS 

It has not been the purpose of the present paper to provide an 
extensive survey of the entire subject of contact potentials. On the 
contrary, attention has been confined to the fundamental aspects of 
this subject, and particularly to a critical consideration of the experi- 
mental methods of determining contact potential differences. In con- 
formity with this point of view, extremely small temperature effects 
which are known to occur, but which are orders of magnitude smaller 
than contact potentials (34, 35) have not been mentioned. Furthermore, 
the additional complications inherent in the nature of the contact 
between a metal and a semi-conductor have been avoided by restricting 
the discussions to metals only. 

This policy has its inception in i he desire to investigate the feasi- 
bility of employing contact potential measurements as a tool, in con- 
junction with other types of observations such as seiundary-clectron 
emission, thermionic emission, and the photoelectric effect, for arriving 
at a more profound understanding of certain properties of solids. 
Perhaps the most interesting theoretical problems in this field relate to 
the observation originally made by Rose (36, 37) and later by Kurzke 
and Rottgardt (38) that the contact potential depends upon crystal 
orientation in the case of single crystals. 
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The Theory of Secondary Einission* 

/  Krsrurth  I'tntmttltit 
I. I'. MARSHALL 

h'ranktin  ln'lilute. Stearthmo 
:eivetl .V'Kust 7. 1952) 

SEVERAL authors'-5 have treated the problem of the inter- 
action between energetic primary :•'<••; irons and the wcakiy- 

hnun.! laJI^u >.!<.>..ions of a solid. However, owing to considera- 
tions involving the orthogonality of Liloch wave functions, certain 
conclusions based upon these theories arc incorrect. 

The differentia! cross section for the process in which a primary 
electron undergoes a transition fron' •> stale K to a state K'. 
within a sulk! angle <.'!!', is given by 

wh 
</<j|.K   >K')=ZatloQ, 

ere 

<iVq = O-iVA" h<S'K~\X ! w„ ,(kMm'(k'),W. 

il) 

(2) 'q —[_«'" ' ,x     " *-> 'v J^ i wm'<m + qt 

Here, S = K —K', m and q are vectors with integer components, 
and k and k' arc wave vecmrs corresponding to initial and final 
states of the lattice electro.".. The <;m are the coefficients in the 
Fourier expansion of the eigenfunctions for a cubic lattice of lattice 
constant a. 
These have the form 

*k(r)= V~* cxp[»k-r]-m(im(k) exp[:'(2ir/<i)m-r]. (3) 

it is found that for each q the following conservaiion relation 
holds: 

S-fk -k'-j-nini <i =•'> (4) 

For given K, K', k, and q, k' is uniquely specified by Eq. (.4), 
and the summation indicated in Eq. (!) is equivalent to an inte- 
gration over final states k'. 

Because of the presence of 5' in the denominator of Eq. (2) 
rfffq is appreciable only woen X' Sis values for which 5 is near its 
minimum Sn.io- For primary energies above several hundred cv, 
S_|, is emsiderably smaller than any of the other terms in F.q. (4). 
and, i:; the region of interest, k' is given approximately by 

k' = k-r27rq/,i. (5) 

It is consequently assumed for purposes of integration over 11' 
that Um(k') can be replaced by <i_(k f^irq/a). This approximation 
leads 10 the total cross section of the Wooldridge theory: 

16ymV jEmjn)4,(k)an/(k+2sV<i)!'! 

(6) 
"''        A< £(2*q/a)-t2wq/a+2k)J 

However, expressions for secondary yields and energy losse 

based upon this cross section actually vanish since, in this approxi- 
mation, r q is zero, a fact not recognized in previous theories. This 
is an immediate consequence of ;!;o orthogonality relation hetuwn 
the lattice eigenfunctions belonging to k and k-f 2;rq/<j, 

/' (7) 

i:2 

'/'k'/'kl-S. ,/a dr-i). 

Substiiution of Ki 1, ij) into F.q. (7) yields 

(k): ^'(k + iirq/'j) I exp[(2T:'/(j)(n    q — m)T^dr 

= -mJm+,(k)cm*(k-r-2>rq/li)=0.    (8) 

Substitution of Eq. (&) into Eq. (0) yields a zero cross section. In 
order to obtain a finite result, it is necessary to tike into account 
the variation of am(k') with K'. This can l>e sc-.orr.plished by a 
Taylor series expansion of um(k') about the point k'=k-f-2irq/a. 
This results in a cross section which for sufficiently high energies 
has the same form as that obtained by liethe5 for the ionization of 
atoms namely, 

<r, = (,l /£)ln(E/£'), (9) 

where E is the energy of the primary electron and ,' and E' are 
parameters characteristic of the medium. \ similar expression 
is obtained for the rate of energy loss by electrons passing through 
solids. These results are entirely different from those obtained on 
the basis of Eq. (4>. which have previously been interpreted'-2 to 
mean that both the rate cf production of secondaries and the rate 
ot energy loss should be practically independent of the energy of 
the primary. Actually, these quantities are zero in the approxi- 
mation leading to Eq. (4). and as indicated by Eq. (9) and the 
equivalent expression for the energy loss, they decrease rapidl ' 
with energy. 

It should be pointed out thai the above considerations do not 
apply to the ease of flee electrons (q=0), which has been treated 
by Baroody* and by Dekker and van der Ziei*, since values of S in 
the neighborhood of S,„i„ are forbidden because they correspond 
to transitions to occupied states. 

The questions outlined here »••'! be treated in more detail in a 
forthcoming paper 

* Supported by the ONii. 
1 D. E. Wooldridge. Phys. Kev. 56. S62 (l«;t9). 
•A. J. Dekker and A. van der Liel. Phys. Kev. 86. 755 (1952). 
' H. Bethe. Ann. phys. 5. '25 (1W0). 
< E. M. Baroody, Phys. Kev. 78. 780 (1950). 
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Summary—Secondary electron emission is of great importance to 
the physicist because of its bearing upou 'he problem of the inter 
actions between fundamental particles and to the radio engineer 
because of its applications, as well as its effect, upon th; operation of 
electronic tubes. A complete theoretical picture capable of accounting 
quantitatively for all observed phenomena does not exist. Secondary 
electron emission differs from other modes of emission in many 
respects. The essential characteristics can best be evaluated by con- 
sidering a typical experimental arrangement for investigating the 
phenoiiicoou. Three categories of emitted electrons are recognized. 
The yield may depend upon various factors, such as the primary 
energy, collector voitage, target temperature, time, angle of in- 
cidence, atomic properties of target, and the composition of the 
target. 

The difficulties of propounding a satisfactory theory are evident 
from an individual consideration of each of the various processes in- 
volved. The primary iniemCtiuii, primary energ/ loss, escape of 
secondaries, and integration over the range of the primary must each 
be treated to arrive at a finil solution. In severa' previous attempts it 
formula! i j a theory, only the most loosely bound electrons in the 
solid have been regarded as constituting t'ae source of secondary 
electrons. Normalisations are required for comparison of the results 
with existing ej^pcrimentf1 data. There are cogent reasons for re- 
garding bound electrons as a very imponaui source of secondaries. 
The probability of ioaization in gr ~es exhibits the same general de- 
pendence upon primary energy as secondary electron emission, and 
this resemblance suggests a possible model for secondary emission 
based upon detailed considerations ot primary ionization probabil- 
ities. 

I. INTRODUCTION 

HEN A SOLID BODY is subjected to bom- 
bardment by electrically charged particles, some 
electrons which may be detectable under 

suitable circumstances are always emitted. Although 
this process, commonly designated "secondary electron 

w 
* Decimal classification: R138. Original manuscript received by 

the Institute, JulyJ23, 1951 Supported by the Office of Naval Re- 
search. 

t Bartol Research Foundation of the Franklin Institute, Swarth- 
more, Pa. 

emission," has been observed to occur in various forms, 
by far the most widely investigated type is that in 
which an electron beam falling upon the surface of a 
target in a vacuum causes the emission of a stream of 
electrons from the surface upon which it impinges. It 
should be emphasized, however, that this variety of 
secondary emission is net endowed with any intrinsically 
greater significance than any other. Rather, the distinc- 
tion arises solely from the geometrical and practical cir- 
cumstances that in this case the phenomenon is readily 
observable and is, in fact, involved in the operation of 
common electronic devices. 

In the field of radio engineering, secondary electron 
emiosicn originally manifested itself only as a source of 
annoyance which seriously interfered with the satis- 
factory functioning of vacuum tubes. The problem was 
solved by the addition of the suppressor grid or its 
equivalent to the tetrode; after the advent of the 
pentode, the effect received relatively little attention. 
In recent years, however, successful attempts, both un- 
intentional antl conscious, have been made to utilize the 
phenomenon to some advantage. It is now generally 
realized that secondary electron emission is inherent in 
the opciation of a cathode-ray tube. Devices such as 
the magnetron and certain types of reflex klystron de- 
pend upon secondary electron emission for their high 
output capabilities. In dynatron and photomultiplier 
tubes, secondary electron emission constitutes the 
fundamental principle of operation. 

Electron emission may he divided into four principal 
categories: (1) thermionic emission, (2) photoelectric 
emission, (3) field emission, and (i) secondary emission. 
Despite the radical differences among these modes of 
emission, certain similarities exist among the first three. 
In general, satisfactory theories have been formulated 
(although   complicated   systems,   such   as   activated 
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barium-strontium oxide-coateci cathodes, have been 
the subject of considerable controversy) despite the 
fact that they may be unable to account for all ob- 
served phenomena quantitatively (ar, in the case of the 
photoelectric effect). Nothing resembling a complete 
theoretical picture of secondary electron emission exists 
up to the present time, nor is it likely that an all-inclu- 
sive model can be developed in the light of the limita- 
tions of our present grasp of physics of the solid state. 

The most striking characteristic of secondary emis- 
sion as contrasted with the other types is the similarity 
of behavior over a vide variety of materials. The range 
of values of yields encountered is quite limited as com- 
pared with thermionic or photoelectric yield;. The na- 
ture of the dependence of secondary emission upon the 
work function of the surface differs appreciably from 
that in the other cases, and the yield is actually quite 
inser ~itive to the nature of the barrier. At first sight it 
might be expected that secondary emission is more 
closely related to photoelectric emission than to ther- 
mionic emission. This resemblance, which hapens to be 
valid in a certain sense for rather subtle reasons, cannot 
be accorded much significance upon closer scrutiny. 
Whereas photoelectric emission from a solid is primarily 
2 surface effect, this is certainly not the case for second- 
ary emission. A single photoelectron absorbs all of the 
energy of the incident quantum hv, and hence the situa- 
tion is dominated by the work function <f>. On the other 
hand, each secondary electron a'tsorbs only a small frac- 
tion of the energy of the primary which may penetrate a 
considerable distance into the target material. Thus, we 
are here concerned with a combination of volume and 
surface effects. 

From the standpoint of tube engineering, the opeia- 
nuiiai problems associated with secondary e.ectro:: 
emitters are to some extent somewhat less complicated 
than those encountered in applications utilizing thermi- 
onic emission. It is appropriuii to emphasize at this 
time that the generalizations to which the discussion in 
this paper will be confined are occasionally subject to 
exceptions. In the event that these are not specifically 
mentioned, it should not be tacitly assumed that the 
broad statements are necessarily rM-inclusive. For ex- 
ample, there are certain specific applications for which 
the requirements of reproducibility and long-time sta- 
bility of specially prepared targets present very difficult 
technical problems. Except for 9 few composite sur- 
faces with certain desired characteristics, activation 
procedures are not involved. As in the case of thermionic 
emitters, there are two general classes of materials 
which are useful as a source of electrons, namely, 
metals and semiconductors. A third class, broadly 
termed "insulators" for lack of a less ambiguous desig- 
nation (note that semiconductors under some conditions 
are included in this group), is also of importance pri- 
marily because of practical applications, although the 
first two present greater theoretical interest. 

II.  BASIC EXPI-.KI.MKNI A\, CONCKPTS 

The most direct approach to an evaluation of the 
significant characteristics of secondary electron emis- 
sion is to consider a typical experimental arra 
lor investigating this phenomenon. ! 
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Fig. 1—Schematic diagram of a typical experimental arrangement 
for measuring secondary election emission. 

diagram ol such an apparatus 
an electron gun G serving as tl.c source of a b.aui of 
primary electrons Iv which, after acceleration through a 
difference of potential Vv, bombards the target T. The 
secondary electron.. /, leaving the target are then at- 
tracted to the collector C, owing to The presence of the 
positive voltage Vc applied to the collector with respect 
to the target. 

N 
IN    f LCC r°.OK   VCL.'S 

;. 2 -Typical energy distribution of secondary elect::.;;:-.. This 
particular cMtve, obtained by a method utilizing a transverse 
magnetic analyzer, refers to a Cu target. (Sec E. Rudberg Phys 
Rsv., vol. SO, p. 138; 1936.) 

The yield 5 is defined as the number of secondaries 
collected per incident primary, given by the ratio I,/Ip. 
It should be noted that this is a purely empirical defini- 
tion, but nevertheless one of practical interest in any 
event. Some of the primacy electrons arc directly re- 
flected, whereas others are scattered with some loss of 
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energy. Those do nui constitute true secondary electrons 
which have actua'ly been knocked out of the target by 
.m impinging primal y. It is practically impossible to 
distinguish between true secondaries and primaries re- 
flected after suffering energy losses, ard this is indeed 
unfortunate from the point of view of obtaining theo- 
retically useful experimental data. However, the dis- 
tinction is unnecessary as regards obtaining "emission" 
from a target regardless of the origin of the "emitted" 
electrons. 

It lias been slated that the secondary electrons 
emitted by a material bombarded by a primary beam 
can be ascribed to three JifTerent mechanisms. This 
t lass.'.fication is made en tin- basis of the energy distribu- 
tion of collected electrons, which is obtained by apply- 
ing retarding potentials — V. to t'.c cr!!'.""r'"' with re- 
spect to the target, taking into account the contact 
difference in potential between the surfaces of these 
two electrodes. As is evident in Fig. 2, there is a 
sharp distinguishable peak at the energy of the incident 
beam corresponding to eVr, and these electrons are, of 
course, to be identified as eiastically reflected primaries. 
At the other end of the spectrum a group of slow elec- 
trons may be observed. The average energy of these 
electrons is only a few ev when the primary energy is of 
the order of hundreds of ev. Between cin.se electrons 
and the eiastically reflected primaries there is an inter- 
mediate group which results principally frcrn inelastic 
scattering in the lattice. The slow electrons arise from 
collisions betwee:. the prinuu ies and the atomic electrons 
^f the target in which sufficient energy is transferred to 
til;' latter so that they can penetrate to the surface and 
emerge from the solid material. These electrons are 
therefore true secondaries; although most possess low- 
energy, it is certainly not warranted, however tempting, 
to assign an arbitrary upper limit, such as K», above 
which no true secondaries appear and beiow which 
scattered primaries are prohioited. 

Various factors in addition to the natuie of the 
target material may affect the magnitude of the yield 
of secondary electrons. These will be discussed briefly 
in a general manner, and certain special situations 
will ho mentioned. 

A.  Primary Voltage V, 

All known secondary emitters manifest the same 
qualitative dependence of yield upon primary energy. 
Starting at low voltage, the yield rises smoothly until a 
maximum value, often in the neighborhood of 400 to 600 
volts, is attained. Thereafter, the yield decreases slowly 
and may approach a more or less constant value at very 
high energy. A typical curve is shown in Fig. 3. The 
maximum value of the yield, 5m»x. is often cited, prob- 
ably because it is convenient, at least from the practical 
point of view and for some purposes, to know the high- 
est multiplication which could be expected under op- 
timum conditions. The corresponding voltage is desig- 

nated VVm.,. Although 5m.t and /Pm.v alone are not 
necessarily of any fundamental theoretical significance, 
it is interesting that at least in the case of metals a 
universal curve which fits the available data within 
the   experimental   errors   is   obtained   by   applying   a 

Kig. 3 -Dependence of secondary electron emission upon primary 
bombarding energy for a typical metal, in this case Mi. 

normalization in which the ratio d/bmzI is plotted as a 
function of Vp/ VPmmx. This is shown in Fig. 4. The shape 
of the yield versus energy relationship can be accounted 
for, at least qualitatively, as will be described in the fol- 
lowing section. 

~•Vt J~"rjs**Zv^ 
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X N, .%    Mo 
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a T, »   c<, 
a M© o nb 
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Fig. 4—Normalized yield, S/3am, plotted as a function of normalized 
primary energy, K»/K»m«»i lor various elements. This is the so- 
called universal curve* of secondary electron emission. 

Other valuta of primary voltage sometimes cited be- 
cause of practical considerations, particularly in the 
case o:: insulators, are the two crossover points, in the 5 
versus V, plot, at which the yield attains the value 
unity. It is evident that if an insulator is subjected to 
electron bombardment the surface will charge nega- 
tively, as long as the yield is less than one secondary 
per incident primary, until it approaches the cathode 
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potential, thereby effectively reducing the primary 
bombarding energy. When the yield exceeds unity, be- 
tween the so-called "lower and upper sticking poten- 
tials" a positive charge is acquired by the surface, 
thereby reducing the dilative collector voltage l'c until 
tlie measured yield approaches one. Above the upper 
crossover   voltage,   the   surface   becomes   negatively 
charged until the yield again approaches unity. 

B.  Collector Voltage  l"c 

!n the case of metals, the secondary current is inde- 
pendent of the collector voltage as long as this is posi- 
tive. For substances with lower conductivity, such as 
certain oxides, o;: the contrary, an increase of yield 
with increasing collector voltage is sometimes observed, 

1 1                                                    1 
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- 
\ 
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Fig. 5—Dependence of yield upon collector voltage, illuaLmLiiiK lack 
of saturation3 in the case of BaO. (See H. Bruming and J. H. De 
Boer, Physica (The Hague), vol. 6. p. 823; 1939.) 

r.r, is illustrated in Fig. 5. This effect may be qualita- 
tive!^/ understood when it is recognized that by virtue 
of a yielu Id h tnan unity Dre electrons leave the 
emirtei than enter. As a consequence of the high re- 
sistance of the oxide layer, a positive charge will ap- 
pear on the cuter surface and a negative charge on the 
inner surface, thereby forming a double layer. The re- 
sulting field promotes a phenomenon analogous to cold 
emission. The dependence upon collector voltage arises 
from the fact that the potential on the outer surface of 
the oxide laye." is limited to values smaller than the 
collector voltage. An increase in the latter is accom- 
panied by an increase in the internal field. 

C, Temperature of Target 

The secondary electron emission from metallic ma- 
terials is not ostensibly dependent upon the tempera- 
ture of the target, at least in any fundamental manner. 
Actually, changes in the nature of the surface layer or 
in the crystal structure may be introduced by heat treat- 
ment, thereby producing only small changes in sec- 
ondary emission. In the case of at least one semiconduct- 
ing medium, which in particular has been investigated 
rather extensively L.jause of its great practical  im- 

portance-—the   so-called   oxide-coated   cathode —,   ap- 
preciable variations with temperature do occur.1'1 

D. Time 

At least in the case of metals, there arc no essential 
changes of secondary electron emission with time, ex- 
cept for obvious consequences of structural changes 
which the target surface may undergo during the life- 
time of the tube. Specialized emitters consisting, for 
example, of thin films of aluminum oxide on an alu- 
minum base, with an outer layer of Cs, operating by 
virtue of the so-called "Maker Effect,", are capable of 
emitting thousands of electrons per bomba/ding pri- 
mary. This phenomenon, also termed "thin-film field 
emission," h produced by an extreme manifestation of 
the mechanism already described in Section II B. It is 
evident that it might be anticipated from the nature 
of the process that the maximum emission is not at- 
tained until the primary beam has been on for some 
time and, furthermore, that emission may persist after 
the beam has been turned off; this is quite contrary to 
the situation with ordinary secondary electron emission 
winch displays no detectable time delays. 

E. A ngle of incidence 

The data plotted in Fig. 3 were obtained with the 
beam striking the target surface perpendicularly. As 
might be expected from the general nature of the proc- 
esses involved, theyioido for oblique incidence are some- 
what larger inasmuch as the secondary electrons are 
formed closer to the surface and are consequently ab- 
sorbed to a lesser extent before reaching the surface 
barrier, 

For nearly grazing incidence, the yield may be in- 
creased by a facto; of as much as three, depending upon 
the primary voltage and the composition of the target. 
In general, the maximum value of the yield and the 
energy at which it occurs are both higher, which is con- 
sistent at least with qualitative expectations. 

F. Atomic Properties of Target 

No simple correlation between the secondary yield 
and the known atomic properties of the target exists, as 
in the case of other types of electron emission. In some 
instances, trends which are certainly suggestive are re- 
vealed, although the relationships are evidently indirect. 
For example, the curve in Fig. 6 shows the correlation 
between 8„.i= and if,. The positive slope is opposite that 
which would be expected at first sight, and the sugges- 
tion of a correlation is a consequence of the fact that 
the work function changes along with some other 
atomic property which really predominates the second- 

1 M. A. Pomerantz, "f.acondary electron emission from oxide- 
coated cathodes," Jour. Frank, ln.it.. vol. 241, p. 415; vol. 242, p. 41- 
1946. 

* j. B. Johnson, "Secondary electron emission from targets of 
barium-strontium oxide," Rhys. Rev., vol. 73, p  1058; 1948. 

• L. Maltcr, "Thin-film field emissiu.i." Phys. Rev., vol. 50. 
p. 48; 1936: 
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ary emission process. Actually, a reduction :n <f>, intro- 
duced without alteration of the bulk material, would 
result in an inc***^610 in the \-w.i.-! 

Fig. 6—Correlation between maximum secondary electron emission 
and work function for "arious metals "* 

compounds which are designated either as semicon- 
ductors or as insulators at room temperature. The 
maximum values of the yield range from aproximately 
1.0 to 7.5. 

(3) Composite surfaces: These are various compli- 
cated systems-, sometimes designated "photocathodes" 
because they pre characterized by very high photo- 
electric sensitivity, usually prepared by evaporating 
layer upon layer of different materials in a vacuum and 
by performing other special operations. For example, 
the notation [Agj-CsjO, Ag—Cs refers to an electrode 
consisting of a silver base covered with a CsjO layer 
(also contai»is:g Ag atoms), on the surface of which Cs 
atoms are absorbed. The yields range between 3 and 10, 
in  typnora!. 

(4) Activated alloys: Certain aiicys, for example sev- 
eral ppr rent Mg with Ag. when "activated" by what 
appears to be an oxidation procedure, produce yields 
as high as 18, without any stability. Yields as high as 
4 to S can be maintained. 

Another illustration of the so*'* of trcr.d which may 
be exhibited is shown ir. Fig. 7, where the yield is plotted 

•s a function of the first atomic ionization potential of 
the target element. Now obviously, this characteristic 
it3eif it-liiin* .so significance when the atoms are brought 
together to form a solid. However, it is not unreasonable 
to assume that it may reflect the effective number of 
conduction electrons in the rnjfal (high-icnization po- 
tentials corresponding to small effective numbers) and 
hence the number ot electrons which will impede the 
progress of an outgoing secondary. Thus, the addition of 
an electron to the outer shell should decrease the yield. 
It has not yet been possible to test this hypothesis 
experimentally because of the inavailability of the 
requisite data. 

G. Composition of Target 

It was noted in the introduction that secondary elec- 
tron emission is unique as contrasted with the other 
types, in view of the relative insensitiviiy io the nature 
of the chitting material. It is indeed remarkable that 
values of 6mmx (includingspecial unstable cases of high 
yields) vary only by a factor somewhat greater than 
one order of magnitude. It is appropriate to include 
herewith at least a genera! statement regarding the 
values of yield which are encountered in practice. 

Secondary electron emitters may be classified into 
four categories as follows: 

(1) Elements: This group includes all chemical ele- 
ments normally in the solid state for which measure- 
ments have been reported. The maximum values of the 
yield range from about 0.5 to 1.6 for clean surfaces, re- 
gardless of the specific nature of the conductivity of the 
solid. 

(2) Compounds:  This group   includes  all  chemical 

u K G. McKay, "Advances in Electronics," Academic Press, Inc., 
New York, N. Y., vol. I; 1948. 
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Tig   7—Correlation between maximum secondary electron emission 
and first atomic ionization potential for various elements. 

III. THEORY OF SECONDARY EMISSION 

In contrast to the theory of thermionic emission, the 
theory of secondary emission is in a very unsatisfactory 
state. This is a consequence of the fact that where2** the 
problem of thermionic emission can be treated in a 
fairly straightforward manner by standard techniques 
of statistical mechanics4 that of secondary emission is 
highly complex, involving several processes none of 
of which is well understood. The difficulties involved 
become obvious from an examination of the following 
outline which lists the steps i.". the computation of the 
secondary yield from a solid. 

A.  The Primary Interaction 

The problem here is to compute the probability 
that a primary electron of a given energy will interact 
with one of the electrons in the solid to produce a sec- 

4 W E. Danfoith, "Elements of thermionics," PROC. I.R.E., vol. 
39, p. 485; May, 195 i. 
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ondary election with sufficient energy to emerge. Our 
present state of knowledge ol solids is such that it is 
certainly impossible to solve even this very funda- 
mental problem in any exact way. It is not even clear, 
for example, whether the sources of secondary electrons 
in a metal are the conduction electrons or the more 
tightly bound inner-shell electrons, a complication that 
does not exist in thermionic emission since it is known 
in that case that only the conduction electrons can be 
involved. Any attempt to discuss the question of pri- 
mary interaction thus involves the introduction of cer- 
tain simplifying assumptions about the solid, and even 
then the problem is generally extremely complicated. 

B. Primary Energy Loss 

The probability of producing a secondary electron 
of a given energy certainly depends upon the energy of 
the primary that produces it. Consequently, one must 
have some knowledge of the energy ot the primary as a 
function of the depth lo which it has penetrated. Since 
there is no experimental evidence available on the rate 
of energy loss of low energy primaries, it must be com 
puted theoretically Jnp'smnch us the primary can lose 
energy in several ways (production -f secondaries, exci- 
tation of bound electrons, and the like), such a computa- 

C. Escape of Secov.daries 

In order for a secondary to be observed, it must 
escape from the surface of the solid. To accomplish 
this, it must mov through the body of the solid from 
the point at which it was created to the surface, retain- 
ing sufficient energy to penetrate the surface potential 
barrier. Although the problem of the penetration of the 
uarrier can be treated quite adequately, the ruotion of a 
slow secondary through the solid is not at all well under- 
stood. Several possible assumptions can be made, such 
as exponential nbsorption, random diffusion, uniform 
energy loss, and the like, but whetha any ol these as- 
sumptions are valid is not at all clear. 

D. Integration over the Range of th* Primary 

The solution of the above problems will furnish in- 
formation regarding the number of emergent second- 
aries which are produced at a given depth, in the solid. 
In order to obtain the total yield, it is necessary to 
integrate this result over all possible depths, i.e., from 
zero to the total range of the primary. It steps (A), 
(B), and (C) have been solved, this process can always 
be accomplished numerically if necessary, and conse- 
quently this does not represent an essential difficulty. 

*\s may be concluded from the above discussion, the 
general problem of secondary emission is very compli- 
cated, and at present the only feasible approach in- 
volves adopting various simplifying assumptions and 
investigating the agreement between theories based on 
these approximations and experiment. Several theories 
of secondary emission from metals have been developed 

in this manner. Of these *ve shall discuss the theories of 
Baroodyand Wooldridge which, though not theonlyat- 
tempts, are quite typical of the usual approach, since 
both assume that the loosely bound valence electrons 
constitute the principal source of secondaries. 

Baroody's theory,8 which is somewhat simpler, em- 
ploys the Sommerfeld mode! of the metal, as is done in 
the theory of thermionic emission. The interaction be 
tween the primary and secondary electrons is treated in 
a purely classical manner, and the secondaries an; as- 
sumed to he absorbed exponentially in their passage to 
the surface. This theory, in common with all existing 
theories of secondary emission, involves several param- 
eters whose magnitudes are unknown, and consequently 
the values of the secondary yields to be expected from 
metals cannot be computed in absolute terms. A rela- 
tion between yield and energy is obtained, however. 
Baroody points out the existence of the universal curve 
shown in Fig. 4, relating experimental values of the 
secondary yield and energy, and compares his theo- 
retical results with it. Unfortunately, although the 
theoretical curves have the same general form, the 
quantitative agreement is very poor. For example, 
for V,/VPmtx=4.S, the experimental value of 5/5,nnx is 
three times the computed value. This lack of agreement 
should not cause great concern, however, inasmuch as 
this application of the Fermi gas model is exceedingly 
questionable, and the aim of the investigation was pri- 
marily to demonstrate pertain qualitative features of 
secondary emission. 

Wooldridge's theory8 is similar to Baroody's in that 
it considers only the valence electrons as potential 
secondary electrons, and assumes an exponential law 
for their absorption. It differs from Baroody's theory 
in treating the primary interaction quantum mechan- 
ically and taking into account the interaction of the 
valence electrons with the lattice. Again, absolute values 
of yields cannot be determined, and for comparison with 
experiment, the theoretical value of 5mal is set equal to 
the empirical value. Within the expected range of 
validity of the formulas, the yield curves thus obtained 
agree with experiment quite well for the dense metals, 
such as silver and copper; but for less dense sub- 
stances, such as lithium and aluminum, the agreement 
is rather poor. Wooldridge assumes that the primary 
loses energy only by the production of secondaries, 
and attributes the disparity with experiment in the case 
of light elements to the neglect of other types of energy 
loss. It is quite possible, however, that this disagree- 
ment arises from errors inherent in the basic assump- 
tions. 

Both of the aforementioned theories are based upon 
the hypothesis that valence electrons are the principal 
source of secondaries, and at sufficiently lo".' primary 

' E. M. Baroody, "A theory of secondary electron emission from 
metals," Phys. Rev., vol. 78, p. 780; 1950. 

• D. E. Wooldiidge, "Theory of secondary emission," Phys. Rev., 
vol. 56, p. 562; 1949. 
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energies, this is undoubtedly the ease. At very high 
primary energy, on the other hand, bound inner-shell 
electrons are the principal source since their binding is 
then very small compared to the energy of the incident 
primary and since they are much more numerous than 
the valence electron0. At intermediate enemies ''ap- 
proximately 100 to 2,000 volts) it is not at all obvious 
that one group of electrons or the other necessarily 
plays the dominant roie. The work ot Baroody, Woo!- 
dridge, and others shows that by proper choice of 
parameters, the yield versus energy curves for metals 
can be explained qualitatively on the valence electron 
assumption, and for some metals, as mentioned above, 
good quantitative agreement is even obtained. 

The hypothesis that the bound electrons may be the 
principal source of secondaries lias not as yet been in- 
vestigated quantitatively; however, there are cogent 
qualitative arguments indicating that this may be the 
case, (i) Bound electrons which could be available as 
secondaries are much more numerous than the valence 
electrons in most metals. (2) The ionization of gases 
has been investigated experimentally, and it has many 
features in common with secondary emission from 
metals. In particular, it the probability of ionization a 
cf a gas molecule is plotted as a function of the energy 
W of the incident electron a curve having the same 
general form as the secondary yield curve shown in Fig. 
3 is obtained. Furthermore, it this curve is normalized 
by plotting <j/am^T against IV/V/.M.., a universal curve 
which is: very similar to the universal emission curve 
results, as is seen in Fig 8. 

This resemblance suggests a possible model for sec- 
ondary emission. If the bound electrons in a solid are the 
principal source of secondaries, the production of an 
internal secondary will be essentially an ionization 
process. Hence the probability ot production should 
have much the same d pendence u>> energy as the 
probability of ionization of gases. Although many fac- 
tors affect the shape of the secondary yield versus 
energy relationship, it is quite possible that the primary 
interaction is the dominant factor, in which case the 
universal secondary emission curve and the universal 
ionization curve should be very similar. An examination 
of Fig. 8 reveals that this is indeed the case. Further 
more, rough calculations indicate that if one modifies 
the gas curve to take into account the fact that only 
those electrons with sufficient energy to penetrate the 
surface barrier can be observed as secondaries, the re- 
sultant curve will be in even better agreement with the 
secondary emission curve. 

Consequently, it seems important to investigate in 
more detail tiie possibility that the bound electrons may 
be an important source of secondaries. It should be 
pointed out that whether or not the conduction elec- 
ivoris in a metal are a copious source of secondaries they 
are certainly of great importance in the emission 
process since it is very likely that interactions between 
internal secondaries and the conduction electrons are 

responsible for most of the secondary absorption vv...".' 
so drastically limil3 the secondary yield of metals. It 
might be expected that, in the case of metals, filling 
an inner-shel! in progressing through the periodic sys- 
tem should increase the secondary electron emission, 
u't">rpn<! *•••> -<!<u<;.-.» .•! •-" ..i....»-,.., <~ tt,,. nutpr-shel! 'ni-i^.i.i    vnv.    ,»viwi ilv'ii    wi    :«II    ClCCtrOn    LU    tile    vyui.^1    .?«»*-.« 

should decrease the yield. The absence of conduction 
electrons in insulators thus accounts for their high 
secondary yields. 
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I'I'R. 8 -Normalized primary ionization probabilities, o/oma', plotted 
as ,i function of normalized primary energy, ii /li'mUi, tor various 
gases. The solid curve is the universal curve of secondary el-^.tron 
shown in Fig. 4. 

IV. CONCLUSION 

Many specialized features of secondary electron emis- 
sion have not been mentioned in this paper, and it lias 
been possible to include only a brief summary of the 
salient features oi the phenomenon, in conformity with 
the primary- purpose of this review. Frequent refer- 
ences and inclusion ui deto.led descriptions of experi- 
ments have necessarily been avoided in the interests of 
stressing general principles rather than presenting an 
encyclopedic survey of the literature. For this reason, 
descriptions of applications of the phenomenon have 
likewise been omitted For additional facts, the reader 
is referred to the lengthier articles containing rather 
comprehensive bib;;..graphics.'''8 

In conclusion it seems appropriate to hazard a pre- 
diction regarding the course of future progress in this 
field. Certainly the known engineering goals are well 
defined; efforts to obtain high yields with good stability 
will undoubtedly be continued, together wich the search 
for new applications of the effect. From the scientific 
point of view, there is need for a self-ccnsistent series 
of reliable measurements on all chemical elements in 
the periodic system which can be made into suitable 
targets. The disagreement among the results of dif- 
ferent experiments is such as to preclude many crucial 
comparisons which could cast light upon the nature of 
the mschanisms involved in the process of secondary 
emission. 

7 K. (i. McKay, "Advances in Electronics," Academic Press, Inc., 
New York, N. Y., vol. I; 1948. 

* 11. Biuiiiiflij, "!)ic Sekunuir-Eiecironen-Emission iester 
Kf3rper," Julius Springer, Berlin; 1948. 
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