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ABSTRACT

The phenomenon of secondary emission from alkali halides has been studied
theoretically and experimentally in substantial detail. Transmission type measure-
ments have been chosen, rather than reflection, because the former method gives
one more parameter (thickness) for comparisons between experiments and theory.
The energy loss suffered by primary electrons is obtained from published experi-
mental results of electron scattering by thin foils. The escape of low energy elec-
trons (.25 to 7.5 eV) is studied in detail using time dependent perturbation theory.
The resulting transport problem is solved with the exact scattering probability
distribution by a Monte Carlo method. It is shown that for low energy electrons
generated isotropically inside a solid, an exponential probability of escape exists.
Escape parameters and energy losses are computed for CsI, KCl, NaF, and LiF,
representing alkali halides from the highest to lowest Z.

The experimental yield of films of those four materials, for thicknesses of
125 to 1000§, has been measured by a pulsed method. The energy distribution
of emitted electrons for the same materials has also been measured, making
certain that the films remained uncharged. A Kelvin probe was used to establish
that fact and also to determine a true zero of contact potential difference between
collector and emitter,

A mathematical model of secondary emission based on the detailed theoret-
ical results is proposed and found to agree well with the experiments. Approxi-
mate internal excitation functions and composite escape functions for secondaries

are computed.

- XV -



The results show that perturbation theory gives good quantitative values of
escape parameters and that secondary emission from alkali halides is mainly
determined by the energy losses suffered by primaries and by the electron-
phonon interaction of the internal secondaries. A high atomic number is favor-
able for both mechanisms and the difference between the yields of extreme

materials like CsI and LiF is quite understandable.
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INTRODUCTICN

The subject of Secondary Electron Emission has received considerable atten-
tion since it was first observed in 1902 by Austin and Starke. ! Excellent review
articles have appeared in the literature, principally those by McKay ,2 Bruining ,3
Kollath ,4 and Dekker ,5 covering the great wealth of experimental information as
well as the somewhat limited theoretical understanding until 1958. Since that
date, contributions by Kanter,ﬁ"?’8 and by Kanter and St;erngla‘ts9 have helped
considerably in the understanding of some fundamental concepts, although rela-
tively little work has been reported on the subject for the last few years.

Interest in the study of Transmission Secondary Emission from thin films
has arisen more recently on account of the favorable planar geometry of the
electron multipliers which can be made with transmission dynodes,in particular
for image devices and fast photomultipliers. Dynodes made with alkali halides
are especially interesting because of the high secondary emission gains obtain-
able from films evaporated in vacuum, and even more from low density films
evaporated in an atmosphere of an inert gas. As examples, the work by Goetze,
Boerio and Ga."een10 on low density KC1 films, by Emberson, Todkill and
Wilcock11 on normal density films, and by Garwin and Edgecumbe12 on low
density KCI films for the detection of multi-MeV electrons in High Energy
Physics,can be mentioned.

The high secondary gain properties of low density insulator films are very
closely related to the trapping of charge and the building up of very high fields

within the film.lO’ 13

A detailed study of the basic processes involved can not be
undertaken unless the phenomenon of secondary emission from simpler films,

i.e,, normal density, is understood much better than it is to date. It is the



purpose of this report to present the work carried out at SLAC toward the under-
standing of the basic phenomena governing the secondary emission of alkali
halide films of normal density under electron bombardment in transmission.
Certainly, reflection and transmission secondary emission are only two
different aspects of the same phenomenon, but the study of secondary emission
in transmission offers one advantage over reflection and that is the ability, in
transmission, of limiting in effect the depth of penetration of primary electrons
by changing film thickness. Thusone more parameter is available for the final
comparison of theory and experiment and the study can be made more complete,
Chapter I discusses the theory of secondary emission applicable to alkali
halides and, in particular, it studies the rate of energy loss suffered by primary
electrons and the escape mechanism of low energy electrons as governed by the
electron-phonon interaction. Chapter II covers the measurement of transmission
secondary emission yield of thin films of four representative alkali halides, and
the measurement of energy distribution of emitted secondaries for the same ma-~
terials. Finally, Chapter II presents a comparison between theoretical and
experimental results showing that the theory is essentially correct, not only
qualitatively but also quantitatively, with the possible exception of the escape
characteristics of very low energy electrons moving in a crystal of alkali halide

with low average atomic number,



Chapter I

THEORY

A. Preliminary Considerations

It has been traditional to divide the problem of secondary emission into two
parts: (a) the loss of energy suffered by the primary electrons penetrating a solid,
with the consequent excitation of elecirons to energies above the vacuum level of
the material, and (b) the energy loss mechanisms of conduction electrons, deter-
mining the fraction of excited electrons which are actually able to leave the solid.

As observed by Dekker,5 the separation into two separate problems may not
be very meaningful for the case of metals and narrow gap (x 1 eV) semiconduc-
tors. For a large range of energies within the allowed bands, electrons (primar-
ies or secondaries) can be scattered in a sort of continuous cascade until they
either are emitted or become thermalized. The separation between processes
(a) and (b) would be quite artificial then. Wolff14 has studied a cascade process
for metals as a solution to both parts (a) and (b) when the primary energy is
small (< 100 eV), although for more energetic primaries he bas to take some
plausible distribution of initial secondary energies, @, < 100 eV, as a solution
to part (a). By the use of a screened Coulomb interaction between electrons, he
is able to predict rather well the energy distribution and total vield of second-~
aries from monovalent metals,

In the case of insulators, however, the separation into two problems seems
considerably more reasonable. Neglecting excitons and lattice imperfections at
first, electrons whose energies are above the conduction band edge by an amount less than
the energy gap cannot suffer further inelastic collisions with valence band electrons, as
that would result in placing at least one electron in the forbidden region. The

presence of lattice imperfections and impurities may allow a certain number of

-3 -



such transitions, until, for a constant number of traps, some equilibrium occu-
pancy of trapping states is reached. The absorption of electrons in the exciton
formation process appears to be demonstrated by the drop in SE coefficient with (
primary electron energies near the first optical absorption band.s’ 15 Due to the
ability to generate excitons, one should then restrict the range of energies over
which an electron cannot suffer further inelastic collisions with electrons to

£ < 81, where é 1 is the energy of the first fundamental absorption band

( €= 0 at the conduction band edge). De]»:l‘zer16 has analyzed theoretically the
possibility that excitons generated by bombardment with primary electrons may

lead to an enhancement of secondary emission, in the same manner as optically

generated excitons result in photoemission from F-centers, as reported by

Apker and ’I‘alft.17 Dekker5 reports at a later date that experimeﬁts on MgO,
with F-center concentrations of up to & X 1018 cm_3, did not reveal any yield

dependence on color center density and give some plausibility arguments for

this result. (At about the same F-center concentration, however, the vield is

known to start decreasing.ls)

Thus, except for cases with large concentrations of defects atfecting the

secondary yield, it appears plausible to define some distribution,non-zero for

0« g)s é 1 which is a function of primary energy Ep, of position within the

film , and of material, representing the number of electrons generated between

energies 80 and §0+ d@o per unit energy loss suffered by the primary beam.

This is the outcome of solving problem (2). From part (b) one would want to

obtain a set of probabilities of escape for the generated secondaries. This

approach will be followed in the wark to be reported.



B. Relationship Between the Energy Loss Suffered by Primary Electrons and

the Generation of Secondaries

All the existing theories of secondary emission have assumed a simple pro-
portionality between the energy loss suffered by a primary electron in a certain
thickness of material and the number of secondaries generated in the same re-
gion of space., This proportionality has finally been proven experimentally by
Ka,rxtt:3x"7 by differentiating with respect to thickness his results for transmission
of thin films. He shows that, at sufficiently high primary energies for negligible
backscattering losses, the secondary yield in transmission for Al and for C
films is proportional to the energy loss at the exit side of the film, He finds that
the average energy dissipation density required to obtain one escaping electron

is approximately 100 eV/{}Lg/cmz) for Al and 210 eV/(ug/cmz) for carbon.

C. The Loss of Energy by Electrons Below 12 keV

1. Comments on Published Theoretical Results

Phenomenological theories in which primary electrons are postulated
to lose energy in accordance with some power law are described in the review
articles. 25 For reflection secondary emission, Balroody]'9 found that a properly
normalized graph can represent the yield characteristics of a large number of
solids. Several degrees of agreement have been found between experimental
values of yield and the power law theories, depending on the proper choice of
the exponent 'n" in expressions of the form

dE 1
——— x ——
dx En

Quantum mechanical theories have focused their attention on the Coulomb

scattering between a primary electron and electrons in the solid. The primary

electron with wave function z}){ﬁ) = o!K-R) and energy ‘thz/ 2m interacts



with electrons in the solid represented by Bloch states zp-E(F )= up (T) exp [1(12- 'f)]

by means of Coulomb potential
VIR, ) = ==+ €x [—lR-I‘].
{ ) IR o3 l P # ,

The screening factor was first introduced into this problem by van der Ziel ,20
while previous work by Wooldridge,21 and Dekker and van der Ziel22 used un-
screened Coulomb potentials. By expanding u-E(_r') in a series

o0
up(¥) = Z Cﬁ(-lz)exp[i(ﬁ- 'f)]

.

where n are reciprocal lattice vectors, the rate of transitions from state
(ﬁ,i{.) to all possible states (—IE—‘,;‘) is computed for three particular cases :20

(a) Weakly bound lattice electrons; interactions in which the lattice takes
up momentum differences (Umklapp process). It corresponds to
Wooldridge 's21 theory (except for screening) and can apply to metals.

(b) Weakly bound lattice electrons; both energy and momentum are con-
served by the colliding electrons alone; corresponds to Batroody‘s19
free electron theory, applicable to metals.

{c) Strongly bound electrons, ui('f) is highly localized, as it would be in
insulators. Van der Ziel20 shows that screening effects can be neglected
in this case, and the results by Dekker and van der Zielzz should be
applicable to the case of insulators.

Case (c) gives as a result for energy loss the expression

4
dE 2T e \ 2E
- 9% - & Na Z' log ————E; (1)

where E is the energy of the electron, Na is the number of atomsper unit volume,

7' is the number of electrons per atom which contribute to energy loss, and E{



is an average ionization energy for the atoms, which is a slowly varying function
of E . It is not clear, however, whether Dekker and van der Ziel were thinking
of the case in which the ability of the primary electrons to ionize the atomic
inner shells decreases as E decreases. If they were,the representation of
inner core electron states by Bloch functions appears guestionable.

Equation (1) is practically identical to the well -known result by Bethe25 for
the energy loss suffered by electrons passing through matter. In the form used
by Lane and Zaffarano%and by Young27 to find the penetratién of electrons in

matter it becomes

(2)

_dE _ 13018 107N log (1.166 E ) (59_3_7)

dx E cm

where N = Number of electrons per cc., I = average ionization energy of
atomic electrons, in keV and E is the energy of the electron, alsoinkeV., Inthiscase,
Iis a constant since the intended usefulness of the expression is for a range of E in which
a fixed number of atomic electrons can participate in the scattering,

Two main questions arise about the usefulness of expressions (1) and (2)
for primary energies of the order of 10 keV and lower. The first one is on tﬁe
decision of chosing between the two equations: Since the range of energies of
interest is in the region in which the probability of ionization of inner shell elec-
trons may go to zero, the use of Eq. (2) seems out of the question. In fact, it
is shown below that Eq. (2) cannot be used at the present low energies. On the
other hand, the calculation of El‘ in Eq. (1) from first principles is at the present

time an uncertain task. The definition of E; (22) is
Z'log E{ = _Z; Z fEE" log Ekk'
k' k
where

2
K_E"



is the difference

‘2 is the optical transition probability, and E

in which Jka‘ KKk’
in energy between state k' and k. The main basic difficulty which occurs
immediately is that is is not clear at present whether valence electrons are in a
band at all in ionic crystals., Instead, it appears that their wave functions are
bound states, in which case a description by Bloch states is inadequate. Some
evidence for this is to be found, for example, in the fact that in mixtures of KCl1
and KBr the absorption bands of both materials appear together, instead of the
mixture resulting in bands in intermediate positions. 28

Sternglass' Serﬁiphenomenological theory,23 which has been very successful
in explaining reflection secondary emission, takes as a basis the idea that in all
materials the primary electrons interact not only with outer shell electrons but
also with the inner atom shells, as long as the primary electrons have sufficient
energy to ionize electrons of different shells. From this consideration the indi-
vidual atoms need to be regarded as determining the energy loss of primaries
and the relationship between energy loss and the number of secondaries generated,
His theory of secondary emission uses an expression similar to Eq. (1) in
which the value of El' is left as part of an adjustable parameter, f, dependent
on Ep. As he shows, and is well supported by J.':lh"rreiss24 for reflection second-
ary emission, the parameter 8 changes value in sharp breaks at energies cor-
responding to know x-ray lines of the secondary emitter. From his theory,

Sternglass determines the average energy E, expended by the primary electron

0

per internal secondary generated. He finds EO

with heavily populated valence p or d shells to 35 eV for atoms with a simple

to range between 20 eV for atoms

electron in the outermost shell. It is necessary to emphasize that EO is an
empirical value obtained from fitting Sternglass' theory to experimental results
and its actual magnitude depends on some assumptions made about the trans-

mission characteristics of the exit potential barrier. For the many important

. . 23
details of Sternglass' theory the reader is directed to the original paper.

-~ 8 -



The second question has to do with multiple scattering of the primary elec-
trons. As the primary electron energy is reduced, large angle collisions will
result in energy losses per unit length in the initial direction of the primary elec-
tron which are quite different from dE/dx in the direction of the electron path.
This fact is also recognized by Sternglass.23 In the process of finding the mean
depth of penetration of primary electrons d , he changes the mean free path

Asp into the transport mean free path A __ of diffusion theory

tp
A= A_(1-cos 9)-1
tp sSp ’

where cos @ is the mean cosine of the angle of scattering associated with Asp'

After defining d, Sternglass assumes that all internal secondaries are generated
at that depth and uses an empirical exponential escape depth to account for their

probability of escape.

For transmission secondary emission, Jahrrei.ssZ4 has shown that a point
source of electrons at a mean depth d, which works so well in reflection, will
not be good enough for good detailed results. The reason can be made quite clear
by considering the extreme case of a film of thickness less than d. The secondary
yield would become zero. For transmission, therefore, he proposes a function

W(x) proportional to the probability of creation of secondary electrons of the form

Il

W(x) = W (d) exp[—ozl(d —x)] for x<d

W(x)

It

w(d) exp [—az(x - d)} for d < x,

where d is equivalent to Sternglass' d. A development from this assumption
allows Jahrreiss to extend Sternglass' theory to transmission secondary emission.
Comparison with experiments yields @y and oy among other parameters,

In spite of the understanding of the underlying phenomena which has resulted

from Sternglass' contribution, none of the theories can readily be used to calculate -

- dE/dx for any given material.



More recently, Anderson, Laponsky, Peria, et al. ,74 have calculated a
secondary production function (proportional to dE/dx) by considering a Bethe
type energy loss up to a certain point and then a diffusion process. Their results
seem good in a comparison with the secondary emission characteristics of MgO.

For the purpose of the present study, however, it seems safest to obtain
data on the energy loss suffered by primary electrons by a treatment of the ex-
perimental resulis of Young,27 Kani:er,6 and Kanter and Sternglass. i

2. The Definition of Range and Bethe's Equation

Young27 measured the fraction of transmitted current vs. energy of the
incoming electrons for several thicknesses of Al203 film. He defined a practical
range for the electrons as the extrapolation to zero transmission of the linear
part of the transmission vs., energy curves obtained experimentally. In this
fashion he arrived at the ex_pression for range R,

5]

R = .0115 El'3 , for R in mg/cm2 and E in keV.

Kanter6 measured the fraction of transmitted electrons, nNy» VS. initial energy
for various materials and thicknesses, as well as average and most probable
exit energies (Ea and Ew’ respectively), and average and most probable angle
of scattering (ea and Gw). Kanter found that defining the energy of the incoming
primary electron, Ep , in terms of a critical energy, EC , corresponding to the
initial energy of an electiron with range equal to the thickness of the film under
investigation, all the transmission data for different materials could be pre-
sented in a compact form in one graph; likewise for the energy and angle data,
The definition of range is the same as Young's, with minor differences in the
numbers.

Kanter and Sterng13559 discuss the difference between the critical energy,

Ec, defining a practical range R and a threshold energy, E_, , defining a

th’

maximum range. The latter takes into consideration that for a given thickness,
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an electron with Ep = Ec actually has a finite probability of being transmitted.
If Ep is decreased until n, goes to "zero" (within the limitations of the meas-

uring apparatus), the energy of the incoming electrons is then E th' It must be

noted that electrons leaving the film with energies below 45e were not being

v

collected. For materials with Z 2 25, it was found that Ec = 1.4 Eth' ‘

In searching for an expression giving the average energy loss per unit length

in the direction of the incident electron, which can be used in determining a gener-

ation rate of carriers in a transmission secondary emitter, it is clear that the
experimental data of Kamter6 must be satisfied. Young27 reports good agreement
between experimentally determined practical range R and the results of integrat-
ing Bethe's equation[Eq. (2)]. After the above considerations this comes as a sur-
prise, but statements about Bethe's equation being valid to very low energies are
found in the literature. (For example, see Ref. 7). It was decided then to make a
test between Kanter's results and an integration of Eq. (2) for a film of 1200 K of
Al, carried out digitally by Runge-Kutta -Gill method. 29

Using the value of I = . 150 keVin Eq. (2) ,27 Fig. 1showsthe average energy of the
electrons (E) vs. distance into the film (x) for various energies of the incident electrons.
The integration method is inherently stable andthe truncation error per step is of
order h5, where h is the step size. In practice, whenever this integration
method is used, the errors due to truncation are kept sufficiently small by making
h small enough so that halving h in two successive computations does not change
the final step results by more than 1 part in 104 or 105.

Kanter's experimental results can be put into the form of average energy loss
per electron in the film by noticing that

X

max
f € ax = E_-nE
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of aluminum, Results of integrating Bethe's equation [Eq. 3]




where X ax is the thickness of the film, Ep is the initial energy, nt is the

fraction of electrons transmitted, and E, is the average energy of the electrons

transmitted,

In Table 1 the value obtained from the integration of Bethe's equation

[Eq. 2)] is compared with the right-hand side of the above equation obtained

from Kanterﬁ, and Kanter and Sternglass. 9

TABLE 1
Xmax

E —'/‘ dE gx | g E |E -nE | AE _/AE

P dx t a p ‘ta exp Bethe
kev) |0 (kev) kev) | (keV)

8 .55 ~.97 | 6.4 1.8 3.27

7 .6 ~.95 | 5.4 | 1.88 3.14

6 .7 ~.92 | 4.5 | 1.87 2.67

5 .8 .86 | 3.6 1.91 2.39

4 .95 2| 2.6 | 2.13 2.25

3 1.25 42 | 1.e8| 2.3 1.84
2-E 1.84 05| .8 | 1.96 1. 065

14=E,| 1.2 o) | o] 1.4 ~1.13%)

*
) Except for electrons with E less than 45 eV at the exit surface.

One can see from the table that it appears that the integral of Bethe's equation
gives a discrepancy of about 6. 5% for Ep = EC although from Fig, 1 it is clear
that the same result would have been obtained at an energy somewhat above 2 keV,
This small discrepancy by itself would seem to indicate the applicability of such an
equation at these low energies. However, the discrepancies in the region

1.5 Ec < Ep < 4EC are quite substantial, At Ep = 4EC, the experimental

energy loss is more than three times the one given by Béthe's formula.



Clearly, in the region between 3 and 8 keV, large angle scattering causes
the true energy loss to be much larger than the loss computed from Bethe's
equation. As the electron energy decreases, the failure to ionize K and L elec-
trons results in a smaller true energy loss per unit length than the one given by
Eq. (2). Apparently by coincidence, these two errors approximately cancel each
other out when Epz Ec..

The above discussion does not include a consideration of backscattering, but
its effects can be computed readily for the specific case of a 500 g film of alum-
inum. Kant«er8 gives the measured fraction of backscattered electrons 77 vs. E
for such a film. Also, he reports that the average energy of the backscattered
electrons is approximately half the initial energy. It is appare.nt from his study
of the contribution of backscattered electrons to secondary emission yield that
this average energy Eabs >~ 1/2 Ep holds quite well for thin films. Then we can
find, for an electron with Ep =4 keV, for example, how much energy is back-
scattered on the average. This will be T)Eabs =,065x2 = .13 keV. Then

O
Ep - (ntEa) -{n Eabs) = energy loss in the film. For a 500 A film,

EC = 1 keV

E = 4keV

P

Ut = .97

Ea = ,8x4 = 3.2 keV

or energy loss in the film = 4 - (.97 %x3,2) -.13 =4 -3.1- .13 = . 77 keV.
Thus, the backscattered energy is only a fraction .13/.77 =.17 of the energy
lost in the film. From the integration of Bethe's equation (Fig. 1), one can see that

o
500 A

f g—-@ dx ~ .4 keV
X lE =4 keV
0 p

and the discrepancy between true energy absorbed and the integral of Eq. (1) is
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still too large. We must conclude, therefore, that Bethe's equation does not

hold in the region of E < 10 keV in spite of some coincidences.

3, Finding the Rate of Energy Loss From Experimental Results

Using the experimental results of Kaml:er,6 it is possible to find approxi-
mate curves for dE/dx vs. x by dividing a film into a number of slabs and
computing successively the contribution to energy loss by each slab. No back-
scattering is assumed at first. For a given thickness of remaining slabs, Ec is

found by a convenient form of the Energy-Range relation
2\.177
(Rug/ cm )
Ee " \"133 (kev)

obtained empirically from the resulis presented by Kanter. This expression is
somewhat different in numbers from Young's. 27 The fraction of transmitted
electrons N ¢ as a function of reduced initial energy Ep/ Ec’ for films of thickness
215y g/cmz, as given by Fig. 4 of Ref. 6, can be represented very well in the

energy range of 1 < Ep/Ec < 5 by the expression

n = [1 - exp (- 7;,1:)]

where vy = Ep/ Ec and v' is a linear function of atomic number Z:

vy o= .45+ .025 Z.

The fractional average energy Ea/ Ep of transmitted electrons as a function
of v, as given by Fig. 8 of Ref. 6, is fitted again quite well >by an exponential in
the region 1 £y < 6.

E

Ei = .45 [1 -exp(—ll_—"g—fl;)} 4 (3)

For vy > 6, the above expression approaches .85. This cannot be a good
representation at large v, in which case E a/ Ep should approach almost unity.
Since Kanter's results are not extended to such regions, the calculation to be

presented will be in error whenever vy 3 6.
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By using the above expressions, it is possible to write a simple computer
program which will find the average energy loss suffered by a beam of electrons
of primary energy Ep, with a density of 1 electron/ c:m2 per unit time, ¥or the
purpose of illustration consider a film of Al, with a thickness of 100 ug/cmz,
divided into 10 slabs. A beam of 6 keV electrons enters normally at x = 0. The
energy loss in traversing the 10 slabs is found to be 5.1 keV. Table 2 gives all
the significant numbers of the computation. Next, we assume that the last (at exit
side) slab does not exist. The energy lost by the beam is 4. 77 keV, giving
- dE/dx) = (5.1 -.4. 77)/10 = ,033 (keV - cm2)/ug. The same procedure is
repeated until all the slabs have been eliminated. Figure 2 shows the energy lost

by the beam of 6 keV electrons from the calculations of Table 2.

TABLE 2

Thickness .

after x 2: 0 E, Y n Ea/Ep 1-n, fa* Eloss

@wg/em”) | (keV) Pl (kev)

100 4.67 1.28 | .30 - .48 . 851 5.1

90 4.31 1.39 | .39 .51 .79 4.77
80 3.93 1.52 | .49 .54 .73 4,38
70 3.55 1.69 | .58 .58 .65 3.9
60 3.15 1.90 | .68 . 62 .07 3.43
50 2.74 2,19 | .78 .66 .47 2,86
40 2,31 2.59 | .87 L 71 .37 2.25
30 1. 85 3.24 | .94 .6 .27 1.65
20 1.35 4.43 | .98 .81 .19 1.16
10 .79 7.56 | .99 .84 .15 .92

The inadequacy of Eq. (3) at higher values of y becomes quite evident in

Fig. 2: For x approaching zero, the energy loss should go to zero. A correction
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is proposed in which a linear energy loss is suffered by the electrons up to a
thickness such that - dE/dx, as calculated above, matches the slope of the linear
loss. This correction is also shown in Fig. 2.' If on physical grounds one excludes
the possibility of discontinuities and of more than one maximum in dE/dx, the
linear loss approximation is the only possible solution for the several calcula-
tions carried out for different materials.

The corrections for backscattering can be applied at this point. The energy
loss computed above includes the energy not transmitted because it is backscattered
by the film. This backscattered energy does not contribute (to first order) to the
generation of electrons. A correction is, therefore, necessary. One finds the first
difficulty in trying to specify a backscattering coefficient 7 for thin films as a
function of energy of the incident electron. Halliday and Sternglass30 show 7 vs.
atomic number for bulk materials. More information is available in a paper by
Gomoyunova and Letunov, 81 The former work also shows that 7 holds for thin
_ films as long as the incident electrons are of an energy Eps 2 EC for the thick-
ness of the film. For higher Ep, the only available data are for a 500 K film,
given by Kanter, 8 As a reasonable approximation, one can form a function r](Ep)
which is proportional to the one for Al when the energy has been normalized by
Ec for a given film thickness. The proportionality constant is then found by re-

quiring thatat low Ep, n = nbulk . This function can be represented by

= <
/] nbulk for vy <£2

i

nbulk exp(-— %:—7%) for y22
which fits Fig. 2 of Ref. 8 quite well up to y = 8. |

The procedure for the calculation is similar to the previous one, Consider
first the 10th slab. The primary electron which started at 6 keV reaches the 10th

slab with an average energy of =.89 keV (From Table 2). The average angle of
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arrival is not zero, but this will be disregarded given the approximate nature of
the correction. Since the average energy of backscattered electrons is approxi-
mately one-half the energy of the bombardingelectrons ,8 the energy backscattered
by the last slab can be computed. Next one takes the 9th and 10th slabs and the
procedure is repeated until the total energy backscattered is found. The correc-
tion to the total energy loss up to the slab at X, is equal to total backscattered
energy minus the energy backscattered by the material at x >X;e

Table 3 shows the corrections for the case of 6 keV primary electrons and

100 ug/cm2 of Al considered above. The corrections are also shown on Fig. 2

TABLE 3
Slab | Thickness| E E 0% 7 {E Energy | Slab | Energy
5 o] c abs
No.{ pg/cm Back- No. | Back-
scattered scattered
(keV) (keV)
10 106 .89 L1791 1.12 .15 .45 . 067 1-10 .42
9-10 20 1.22 1.35 911 .15 .61 . 092 1-9 .36
8-10 30 1,61 | 1.84 B871.15¢1 .80 .12 1-8 .33
7-10 40 2.05 {2.31 .89 .1511.02 .15 1-7 .30
6-10 50 2.56 (2.74 .931.15611.28 .19 1-6 W27
5-10| 60 3.13 |3.15 | .99].15|1.56 .23 1-5 .23
4-10 70 3.77 13.55 | 1.06 .15 (1.88 .28 14 .19
3-10| 80 4.41 3,93 | 1.12|.15|2.20 | .33 1-3 .14
2-10 90 5.04 |[4.31 §11.17 .15 (2.52 .37 1-2 . 095
1-10{ 100 5.68 |4.67 | 1.21 (.15 |2.84 .42 1 . 047

Also shown on Fig. 2 are the values of - dE/dx from the above calculations.
It can be seen that the backscattering correction is not of great significance in
this particular case; however, for higher Z materials the correction is more

substantial.



Figure 3 shows - dE/dx for several values of Ep, as computed for
100 pg/ cm2 of Al by division into 100 slabs for better accuracy. The shift of the
maximum of energy loss per unit thickness and the decay of the function at both
sides of the maximum gives substantial support to Sternglass' theory, as modi~
fied by Jahrreiss. 24 Results with and without the linear loss correction are
given. Although the linear loss correction appears necessary as indicated above,
the corrected results of Fig. 3 seem somewhat peculiar. A more uniform decay
as one moves from the peak towards low values of x makes better physical
sense from the painf of view of a spreading shower of electrons starting at x =0.
Without applying the correction, however, ~ dE/dx becomes too small at low x.
It seems that the physical process would be described better by an intermediate
situation, This is confirmed by making a comparison of the values of ~dE/dx
from Fig. 3 at the exit of Al films of 29.5 and 17.5 ug/ cm® with the secondary
yield of such films as given by Kanter. 7 This comparison is analogous to the one
made by that author in Fig. 4 of Ref. 7 and the results obtained are almost as
good as his. For the thicker film the agreement is better without the linear loss
correction, but for thethinner film the yield at the higher energies falls between
the curves found with and without the linear loss correction. Separate computations
for the 100 slabs covering 29.5 and 17.5 ug/cm2 without the linear loss correction
and with or without the backscattering corrections give about the same results.
The most obvious difference is a somewhat different proportionality constant
between 6 and - dE/dx, which is foﬁnd to range between 80 and 100 eV/(ug.cmz).
Unfortunately, it does not seem possible to calculate the intermediate energy
loss indicated above from the available data, The matter will have to be left open

at this time.
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4. Application to Composite Films

The practical films used at the Stanford Linear Accelerator Center for

0
the study of transmission secondary emission consist of a 1000 A A1203

0
porting film, a 500 A film of Al and finally an evaporated film of an alkali halide.

sup-

For the purposes of this investigation, the 1000 .(A)\ A1203 and the 500 X Al films
will be considered as a substrate with usually negligible secondary emission in
comparison to that of the alkali halide. The energy loss suffered by the primary
electrons in t{raversing the substrate is certainly not negligible and its presence
cannot be neglected.'

Since the average 7Z of AIZO3 is not very far from that of Al, one can use
Kanter's transmission meatsurements6 to find the average number of electrons
transmitted by the substrate, their average energy and their average angle for
a normally incident beam. The results are then used as initial values for the
computation of - dE/dx in the alkali halide film. The average angle is used
to determine an effective thickness 7' = T/cos 9av where T is the true film
thickness of the alkali halide and Qav  is the average angle of the incoming elec-
trons. The energy loss and backscattering corrections are computed for a film
thickness 7', but the derivative - dE/dx is taken in the forward directiocn so
that the final result is given in keV-cmz/,u g in the direction normal to the film
surface. This method of caleulation is, of course, only approximate and it is only
appropriate if the electrons transmitted by the substrate have angular distribution
which is independent of their energy distribution. There does not seem to be any
available information to substantiate such independence.

Table 4 shows the substrate transmission data used for the calculation. They
are based on 1000 K A1203 = 35 pg/cmz, 500 X Al = 13.5 ug/cmz, E, = 2.7 keV,

and Z x=11.5.
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TABLE 4

Ep EP/EC nt Eav Gav
(keV) (keV) (degrees)

4 1.48 .48 2.25 45

5 1.85 . 68 3.2 43,5

6 2.22 .81 4,1 41.5

7 2.59 . 88 5.05 39

8 2.97 .93 6.0 37

9 3.33 .95 6.9 35
10 3.7 97 7.8 33
11 4, 07 . 98 8.8 31
12 4,44 .29 9,75 29

Computations for two alkali halides, with quite different Z are shown in
Fig. 4 and Fig. 5. Both computations have been carried out with 200 slabs
covering a thickness 7 = 50 g/cmz. Results with and without the linear loss
correction are shown, except for the case of Ep = 12 keV, in Fig. 5. The
linear loss corection can only be computed for thicknesses above a certain
minimum. In a practical problem with T less than such a minimum, the com-
putation will be carried out for as much material as necessary but only the
desired number of slabs will be taken for further handling. Error is introduced
only through the backscattering correction and in view of the approximate char-
acter of the calculation, it will be neglected.

5. The Secondary Electron Generation Function

The total number of electrons generated per unit volume with energy
below the one corresponding to the first exciton peak of the material considered

will be taken as being proportional to - dE/dx at the same region in the film.
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The energy distribution is unknown and will be one of the results of the compari-
sonbetween experiment and theory in Chapter III. Some assumption has to be made
about the angular distribution of the generated electrons. Jahrreiss24 considers
that for x less than the position of the maximum in -dE/dx, the generated second-
aries must have a significant forward direction while beyond the peak their direc~
tion may be random. Although Jahrr913532 has recently observed that at sufficiently
high Ep the angular distribution of slow secondary electrons from thin metal foils
is forward directed, deviations from a cosine distribution do not occur until
Ep ~6 Ec' Since the present investigation is limited to 4 keV < Ep < 12 keV, the
primary electrons still generate escaping secondaries with a cosine distribution
from the substrate alone (see Table 4). Such a distribution is éommonly under -
stood to indicate a spherically symmetric internal generation function. It is then
reasonable to expect that the primary electrons, after having been scattered con-
siderably by the substrate will continue generating low energy electrons with
spherically symmetric distribution, independent of their energy.

From the above considerations, and for a given material and primary energy,

we consider the existence of a generation function
e, x)d€ax = - & (x)af ) db, dx
0°* dx 0 0

such that (-dE/dx ) dx is the energy lost by a primary beam of unity cross section
in a length dx and G(&O) d(go is the number of internal secondary electrons gener-
ated isotropically between energies &0 and go + déo per unit energy loss suffered
by the primary beam. One can think of the primary beam as having a current den-

sity of 1 electron per unit area per unit time in all the computations.
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D. The Escape Mechanism of Secondary Electrons

1. Preliminary Consideration

The interaction between electrons and the optical modes of the lattice
vibrations has been recognized for a long time to be the predominant interaction
controlling the transport of low energy (a few eV) electrons in pure ionic crystals.
In 1937, Fr6h110h33 was able to compute the high field breakdown of ionic crys-
tals, with reasonable agreement with experimental results, by considering the
collisions between free conduction electrons and the longitudinal optical mode
lattice vibrations. In 1939, the same aut;hor34 improved on his previous work
by showing that it i_s possible to solve the same problem without having to com-
pute the reduced masses and vibration frequencies of the lattice. Instead, ex-
perimentally determined dielectric constants and infrared absorption frequen-
cies can be used, and these are easily determined even for crystals which are

not fully ionic in character. Dca-kker'%’?’6

has developed a simplified one-
dimensional random walk model based on the electron-phonon interaction theory
of Frohlich which predicts the temperature dependence of the secondary emission

coefficient § for ionic crystals. For two temperatures T. and Tz, the ratio of

1
the yields is

% 1/2 /

3—2— = [(Zny2 + 1)/(2nv1 + 1):’ where o= 1/ [exp (hv/k T.) - 1] ,
v being the frequency of the longitudinal optical vibrations of the lattice. The
agreement with experiment has recently been reinvestigated by Stuchi.nis]:{ii37
for MgO at temperatilres ranging from 100°K to 600°K and found to be quite
good, although the experimental temperature dependence was slightly stronger
than the one predicted by Dekker. Khokley and van Vliet have investigated

further the escape mechanism of secondary electrons in polar crystals in the

absence of an electric field,38 and with field enhancement. 39. For both cases,



the authors have set up 2 Boltzman transport equation based on the following
simplifying assumptions:

1. The spatial dependence of the internal secondary electron distribution
is one dimensional.

2. The secondary electrons can be characterized by a single isotropic
effective mass m*, with energy &= 412 kz/ 2m* measured with respect
to the bottom of the conduction band.

3. The electrons interact only with lattice vibrations (optical polar modes)
which cause only strong forward scattering for é»&iw (phonon energy).

These assumptions will be reviewed carefully below, and in particular it

will be shown that the assumption of only strong forward scattéring is not a very
good description of the electron phonon interaction.

2. The Electron-Phonon Interaction

The problem of finding a scattering rate for electrons interacting with
the optical modes of an ionic lattice was initially solved by Fr'dhlichss’ 34 by time -
dependent perturbation theory. In that approach one uses the adiabatic principle,
in which the electronic states are largely independent of the lattice vibrational
states, The unperturbed wave functions are products of the lattice and electronic
wavefunctions, and the perturbing Hamiltonian operates on the product wavefunc-
tions. The transition rates are thén proportional to the square of the matrix
elements of the perturbing Hamiltonian., The applicability of this method to the
alkali halides is quite questionable for very low energy electrons, as for example,
those at the bottom of the conduction band, on the grounds that the coupling between
the electrons and the lattice is quite strong. The electrons will always carry with

them a "cloud" of polarization, i.,e., it will form a polaron. As shown by Frohlich

in his chapter in Ref. 40, one can define a dimensionless coupling parameter

241 1 m \1/2 _
) e
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where e 1is the electronic charge, € is the static dielectric constant, €0 is
the square of the refractive index in the visible range, m is the mass of the

electron and w is the angular frequency of the longitudinal optical vibrations.
{N) is the average number of phonons which clothe the electron, as shown by
Pines. 40 This latter author shows that, in terms of «, one can define the dif-

ference between the energy of a free electron pz/ 2m and that of a polaron by

AE obtained from the expression

2 2 o 4
£+ AE = - ofiw + B (1-—6—)+ ®)

2m 2m
for small p.

The first term on the right-hand side corresponds to a constant energy shift
while the second term indicates that the effective mass of the polaron m* is
m* = m/i - (a/6))

These results are obtained by perturbation theory which is only applicable for
the case in which AE is small (i.e., small perturbation}. For the alkali halides,
« is in the neighborhood of 6 and the interaction is believed to be too strong for
good quantitative use of perturbation theory. Recently the mass of the polaron has
been measured by cyclotron resonance in several m::lterifslls.zll'zl2 By using a
formula for m*/m related to the one above and the theoretical value for «, the
effective mass of the bare electron near the bottom of the conduction band is cal-
culated. For KCl and for KI the band masses thus calculated are in reasonable
agreement with the effective masses obtained from crystal band calculations.

This seems to indicate that in spite of the above remarks perturbation theory may
be applicable even to very low energy electrons in the alkali halides.

For higher energy electrons, for example, with energies much higher than
the Reststrahl energy (which is of the order of . 1 eV),the above theory for the
coupling coefficient breaks down and no theory seems to exist giving the energy

43
dependence of . It is reasonable to expect a decreased coupling coefficient
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as the electrons move faster, resulting in a better validity of the solution by
perturbation theory. This may explain the good quantitative results of Frohlich33’34
and will justify the present solution of the problem by perturbation theory. This is
the type of solution used by Dekker35’36 and by Khokley and van Vliet.38 39

The steps leading to the determination of the matrix elements for theelectron-
phonon interaction are to be found in Zima.n.44 However, for the sake of clarity
and completeness, they will be reproduced below in more detail when it is of
advantage to the reader.

The complete gquantum mechanical treatment of the lattice vibrations can
best be understood for a linear lattice, The extension to a three-dimensional
lattice with a base (one alkali and one halide ion per lattice point, for example)
will then be very easy in concept.

Consider a linear lattice of equal atoms at a distance "a". The general

Hamiltonian for the system is then
p
-1 § : s
H = P) - -t V(xl,xz,xs, e ) o
For interaction with nearest neighbors only,

V(xl,x =Zﬂ X0 x)

where f is a function only of the distance between consecutive atoms. Letting

U, =X, - fa be the displacement from equilibrium of the !Zth atom, and realizing

that at the equilibrium position u, = u, =0 the derivative av/auﬂ = 0, we

can expand the potential
Vg, Uy, Uy, --0) = Vot 'z‘z Uy 8u Suﬂ

The derivative 2 V/au du,, can be taken to be force constants ''g'', non-zero only

Ql‘

for nearest neighbors. The Hamiltonian of the system can then be rewritten as
" 1 - -
H = 5 ; pﬂpﬁ + > g; (2 uﬁuE uﬁqu uﬂuﬁ-l) .
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For the guantum mechanical solution, all we have to assume is that the P, and

a, are operators obeying the standard commutation relation for conjugate dy-

namical variables

[ul, pﬂ,] = i’HGM,
Applying periodic boundary conditions, we know from group theory that for N
atoms in the chain, there will be N representations and N eigenfunctions to
the Hamiltonian. The representations are e(izm/N) , 0 < n £N. Awavefunction

|n) will transform under a translation by m lattice sites as

ILet —— = q

y = e(127mm/N)|n> 2mm
) N

|2

In trying to find a series of wavefunctions which transform as prescribed

above, we see that

1 iqf
u = u, e'd < <
a /N ; i » 0< 2 sN
will fulfill the requirement. This is basically a Fourier series and Uq is an

operator formed by a linear combination of operators a,. In order to place the new

operators in the Hamiltonian, we have to find u, in terms of Uq. Inverse trans-

[
forming

1 gl 1 iqe2')_ 1 _
W;qu —ﬁzq:;ug,e —ﬁ§uﬁ,N5M,-—uﬂ.

Similarly, the conjugate momentum operator can be taken to be

-igl iqf

1 1
P T —— = i P
q \/_. Eﬂ p, e or P \/__ Eq 7 e

The commutation relation

[UQ’ *q ]

ifs
qq

is obeyed.



Substituting into the Hamiltonian and reducing, we obtain
1
H = 5= PP _+ U U (1 -cosq)
2m q & Z q -q ( a)
q q
The range of q for the summations has been taken to be -m < q <7 (the first

Brillouin zone).
Since P_q = Pa, the Hamiltonian can be rewritten as a sum of independent

Hamiltonians

- 1 - *)
H —Z (2m PqP(’l" + (1 cosq)Uqu .

2 \2m
where k corresponds to 2g(l - cos g). Since w = k/m,- we see that each

independent oscillator has a frequency wq = \f(2g/m)(1-cos q) =2V g/m)sin—zl— ql .

2
Each term is the Hamiltonian of a harmonic oscillator H = 1 (2—- + kxz) ,

The result is the well-known dispersion relation for a linear chain of atoms.

One can now form creation and annihilation operators, a* and a_, respectively.

q
_ 1 * : g({l -cos g}
aq 1 /mthwq Pq+1 \/ ’ﬁwq Uq .
1 £, ,[8{L-cosqg)
*
T\ TmEe P\ e, Ya

The commutation relation is [a s a(’;] = 1 and the Hamiltonian becomes

H =

B3| =

q
Zz}{w (@*a + a a*) .
a a9 49 qQ q

The eigenstates of the annihilation and creation operators are characterized
by sets of positive integers giving the number of quanta of energy »ﬁwq present
th . :
in a particular mode q. If the q mode is excited fo its nth level, we say that

there are nq guanta in the mode, and symbolize the state by Inq) .



The application of az and aq operators to a state |nq> yields

a;ln =‘/nq+1]nq+l>
% | %? TVl L

Applying this rule to each term in the Hamiltonian one finds that the energy of a
state I n > is (n + }-) /qu, and it follows that the total system energy, for a

wavefunction |ny, 0y, ng, oo > = |n1)ln2)|n3)

For three-dimensional lattices with a base, the procedure closely follows the
one given above, with substantially more complexity. The development will not be
given here; Ziman44 covers it in detail. However, the results presented below
follow very intuitively from the linear lattice case presented above.

For a three-dimensional lattices with one atom per unit cell it is found that
for each q (which is now a vector within the first Brillouin zone) there are three
normal modes of vibration. The physical meaning of these three modes is easy to
see if one chooses q in the direction of one of the three orthogonal coordinates.
Then one mode can be termed longitudinal and the other two transverse, for atomic
displacements in the direction of _a, or perpendicular to it, respectively., If the
base contains more than one atom, one new branch with three normal modes appears
in the dispersion relations for each added atom. For the alkali halide one obtains,
then, the well-known acoustical and optical branches of lattice vibrations,

The Hamiltonian for a given wavevector —cf is then
=1 Z + Wi P, Pt
q p q p 9P 9,P 4,P

where U and P are conjugate normal coordinate operators and p is an index

indicating the particular branch and mode. One can also define creation and
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annihilation operators obeying the commutation relation

*
a , a = o)
[ q,p q‘,p‘] qq' pp'
For a given branch and mode, we drop the subscript p and the Hamiltonian
becomes

a. + a
q

af

5 ) (4)

af *

1
H = i’ Z ’H.CUEI— (a
q

which is in a convenient form for subsequent use. The energy for a particular mode

and branch for an oscillator with wavenumber q is

(. + =)

g 204

33,34

The unperturbed electronic wavefunctions have been taken
1/2) ik.r
e

to be plane-
waves |k> = (l/V with energy Ep = K2 kz/Zm* where m™ is the
effective mass of the electron. For the problem of secondary emission it seems
necessary to assume that the secondaries move about the crystal with some single
effective mass m™* for all the range of energies that the electrons will have between
generation and escape. This can span as much as 1.5 eV for electrons in materials
with large energy losses, as will be shown below. The assumption can only be
strictly true for free electrons, in which case m™ = m. If the bands are not very
different from free electron bands, then most of the electrons still would

have m* = m. A few calculations of band structure of alkali halides already exist.
Oyvama and Miyakawa45 have made calculations on KCl, and Onadera, Okazaki and
Inui4 6 have calculated those of KI. The bands have a general resemblance to free
electron bands but they are quite different in detail. Effective mﬁsses have been
calculated for electrons near the bottom of the conduction band and found to be .4 m
for KCI and .49 m for KI. These numbers have little relationship, however, with an
overall effective mass.

There are possibly two arguments which support the treatment of conduction
electrons as almost free electrons in the alkali halides, One is given by J. C. Phillips47
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in which he points out that conduction electrons see only monovalent ions plus
closed shells and on chemical grounds one expects the effect of the closed shells
to be very small, The effect of the monovalent ions is to give band splittings of
the order of 1 eV.' The second argument is based on observations made by

T. DiSteph:a.no48 on the energy distribution of electrons photo-emitted from evapor-
ated films of CsI. By changing the energy of the bombarding UV photons, he finds -
no changes in the shape of the spectrum of photo-emitted electrons, except for
some minor oscillations. This is interpreted as indicating that there is no impor-
tant structure in the conduction band of CslI, i.e., that the bands are very nearly
free electron-like. This point, however, needs more studying, as Krolikowski4 9
has found substantial structure in the conduction bands of CsBr, CsCl, CsI and KI.

Another difficulty already mentioned is that of the effective mass of the polar-
on, which should result in an increased m*. With the assumption of low coupling,
though, this increase in mass may be quite small.

One can conclude, therefore, that it may be moderately reasonable to repre-
sent the secondary electrons as nearly free electrons. The overall effective mass,
m*, will be an adjustable parameter in the calculations, butit is not expected to
deviate much from the free electronic mass.

Having thus described the eigenstates of the unperturbed system, we turn our
attention to the interaction Hamiltonian, following Ziman again ,44 and adding in-
formation from Fri:i‘hlich.50 Considering the lattice to be a continuum, one can
define a polarization P(1) per unit volume, which will have two parts, (1) _150(;)
due.to the deformation of the electron shells of the ions under the influence of an
applied field, and (2) _I;ir(F) which is due to the relative displacement of the ions
in the crystal, The first part of TJ.-';O(_it") has a value which is practically independ-
ent of frequency until one gets to the ultraviolet absorption region. As long as one

is discussing interactions with electrons of energy substantially below that of the
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UV absorption edge, it has been customary to neglect 150(_17) completely. The

second part is due to the optical modes of lattice vibrations, and when driven by
an external field with electric displacement B(?) it will satisfy a dynamic

equation of the form

—_— — 2—* — _
Pir(r) + w P _(r) =

. D(T) (5)

==

where 7y is a constant separating the part of the dielectric constant which is

due to lattice polalization, given by
_ o (L -1
T \ € €

The frequency w« is related to the observable residual ray or Reststrahlen ab-

2=
4>»|€

sorption frequency W, by51

The theoretical dispersion relations for w vs. g show quite flat bands for
the optical branch of lattice vibrations and it is found experimentally that W, is
well -defined by absorption line in the alkali halides. This allows the use of a
single W, and w for all T, resulting in a substantial simplication of the problem.

The above equation of motion could be obtained from a total Hamiltonian

_ J_1_ =2 2»2) -
H —f(ZY(Pir + W Pir -D- Pirfdr

of which the part between parenthesis corresponds to the energy of the harmonic

l

oscillators and the energy of interaction is

Hiter —J P By dr .
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P, and 'Y};ir are conjugate coordinates in the Hamiltonian. It is now useful

to introduce a complex field vector E( ?) such that

—_—— /2 .
B(T) = (%’%)1 2( (F) + 1B

f

i c_t) ir (?))
/
B - (5) (B -4 5)

such that vectors P and P become

- - /20
Pir(r) :(Ziq%o) (B*

P
ir

) = (5 )1/2 (BN (T

with which the Hamiltonian becomes

V2 o e
H :'ﬁwa*(r)- B(F) dF> - ;f/w D(r)-[B*(r)+B(r)d3'f=Ho+H

inter’
If we now consider B to be subjected to periodic boundary conditions in a

crystal of volume V and expand in a Fourier series with terms corresponding
to reciprocal lattice wave-numbers H,

1 — . 1 —- —
T q iq-r BT e 9 preldr
B(T) —Vv-é%qbqe , B (T) m;q e

everything is now set for a gquantization scheme. Considering B and B* as
operators, we examine first the non-interaction part of the Hamiltonian:

_1 R LR
H() mz‘ﬁw B

1 T 9 .* 1 [ .23 i[@-qrr .
B+ B- B* Eﬁw; g. 3 bﬁ'bQ' vfdr MDY, Horm, conj.
qq'
1 q 9 s . _1 * *
=zkwy 4.9 ptb., 6~ + Herm. Conj.==Aw (b..h_.+ b.ht). (6
Zaz;quqq'qq’ JZqu CIOI) ©
q

Comparison of Egs. (6)and (4) shows that the operators defined here as b* and

q
b _are identical to the phonon creation and annihilation operators a% and a—
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It is easiest to find Hinter by considering the potential seen by an electron

at r due to the polarization of the lattice.

477_1‘511‘ = Vo (7)

and

Hinter = eo(r).

Substituting for Eir in terms of the operators a’é, and aq. into Eq. (7)

and solving for ¢(T ), we obtain

2. \1/2
_ (et
Hinter = A (Zwa) 27;1’:

-ige T iq ¥
at. e -a e ), 0.
( q a s

The limitation of q # 0 is discussed by Fréihlich.49 The q # 0 term corre
sponds to a d.c. polarization which cannot exist by the requirement of charge
neutrality.
The matrix element for the transition of one electron in state k to k' with
the loss of one phonon of wavenumber 'q can now be obtained:
M"(k’,E') = <"1‘<', n-{ﬂH

‘—“‘-‘ -
inter| ©'* O 1>

Since

(nﬁ"a?flni -1y =0 and (ngjag|ng - 1) =yn. |

2, \1/2 1 1 3 k-t -igT KT
- . 1 1 -3 ~ik-r -ig'T r
M(k,k')=47r1(e’b:) E q/na.vfdr e e e

2ywV Tlh
o ez*ﬁ 1/2 1 = ™
- —-h—"‘ _ . X . Y - —
M (k,k') = 4#1(2_)@\7) 3 JITq for k k+q. {8)
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Similarly, for transitions with the gain of one phonon, one obtains

ezﬁ ) 1/2
2ywV

M (K,k") = —411'1( L \/n_q,+ 1 for K =k'+4q (9)

q

For the problem under study, n(_l. is a constant depending oniy on the material
and temperature. The vector on the subscript will be dropped.

3. Rate and Angle of Scattering

The transition rate for electrons from a state i k) toa state |k'Dis

given by the standard result of perturbation theory

2
Wi 5 lek"l 5t 5 where 8 = oo | Cp - \Dp + Ao

Kk’ is the matrix element

for the case of an upward transition in energy. H

of the interaction,

For the case of phonon annihilation, the rate will be

( :2 2 .2
WE»' - l2 4:271-')/(4)‘?/"li i?‘- nq % sz t

g q B

A2
It will be convenient to write g in terms of k and k'. Since %{ = E “and
2, ,2 :

oy _ Tk' )
kYT 2m*

_ A2 (__ﬁ.. 2,
B = qme KU - 4m*]"+z)'

The total scattering rate from a state X to all the other available states k'
can now be found by summing over all E', but it is more convenient to do the sum

as an integral over g as foliows:

Figure 6a shows the angular relationship between *k’, k' and E in wave-
number space. In particular, q2 = kz + k‘2 - 2kk' cos 6, and also
2 .
k- K2 qz - 2kqg cos ™. Also in a crystal of volume V, the number of

longitudinal modes per unit volume in q space is V/ 871'3 so that a sum
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Fig. 6--Relationship between vectors _Ef, _IZ, andTé in wave-vector space
(a) For phonon annihilation interaction

(b) For phonon creation interaction




over all q becomes
- ./:/.f .
3 d
8 !

Since the element of volume dz is q2 dg sin 0" do* do, we have

Inax 7T 2 2 5.V 2
W = 1 @me® 1 g B sin"gt q" dq sin gxdg* do
K~ f 2 2vev qz q ot ,32 g2
* =
A4 ¢=0 8*=0
or

9max 7 _ 2

2e’n 3 si 2
Wo :f 9 5 smzﬁt dg sinf* dg*
k o Xy
min

W B

In terms of g,k and g*,

K 2 A w
B = qg= 4 - 5o ka cosd'- 3 (10)

and

dg :—2’1:—11 kq sin g d6* |
so that we can rewrite

(f_ 2,30 1q-9)
9max \#m* 9 "Zm* 972/ , 2 . sin? gt
w -f R g
A yw B8

Imin (B 2 A )
m Zm* Y "2m* kq 2
Since the interval of integration for § covers the point S =0, except for
g = 7, or g =0 (which is of little importance), we can approximate the integral
for constant q over j to be 7t, obtaining also the conservation of energy require-

ment, i.e., the only significant contribution to the integral is obtained when g =0,
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We are then left with

W dgq (11)

!

fhz Yw

max
47me m*n
- f PP g 11
k g
9min
In order to find now the total transition rate we have to integrate over all
possible g. The limits of integration are set by the conservation of energy to
insure the existence of a 8* which satisfies g = 0 ( Ziman ,44 Sect. 10.5).

From Eq. (10), setting § =0 and solving for ¢, we obtain

g = cosf k= cos2g* k2 + 211%’*%

Allowing now cos 0* to range from -1 to 1, we obtain the minimum and max-

imum positive values of q possible
1/2 1/2
k (1+1§i)/ - < g <k (1+‘l.1;(£)/ +1
% &

Integrating Eq. (11) over these limits we obtain

Hw \1/2
47re2m* ny (1 +<§f) v
fn
2 Hw,1/2
A yw (1 + _.) -1
&%

(12)

L |
R

For transitions between electronic states |‘1€> and |§) with the creation of
one phonon of wavevector _(f, Tig 6b shows the angular relationships of interest.

For this case

k =

£ 2w o .2 AT 2 x W
B :( i )_4m* im* 94 7 2m*chos€+§

Umax 41rezm*(n + 1)
T q
Wi - f -
A yw
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The limits of integration are somewhat different;

k [1 - (1 _:%)1;)1/2J <qg<k [1 7+ (1 - %)1/2]

leading to a total scattering rate

Hew \1/2
+ 41rez m*(n_+ 1) L+ (1 I 'k') l
W = g L (14)
k 1y K 1-(1-?‘:”_)1/2 s

Figure 7 shows a plot of Wk and W; computed for CsIand KCl starting
from the basic data published by Bak52 (given in Table 5 for convenience), for
electron energies between .25 and 6 eV. An effective mass m*/m =1 has
been assumed. A is the wavelength of the longitudinal waves obtained from
the residual ray absorption. Temperature is 300°K.

The logarithmic terms in Egs. (12) and (14) are practically identical to each

;‘1
other for a given =~ . The increase in their magnitude from ”: = .25eV to
]
% = 6 eV is by approximately a factor of 2, in a logarithmic fashion.

- 43 -



Wi (sec)

KCl: e=485

€=2.1

A= 46.7/_1.

Csl: €=565
€=3.0
A=TT. 70

2 {eV)

987AT

FIG, 7--Wi and Wo, the total scattering rates as a function

k k?
of electron energy, for Csl and KCl
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TABLE 5

Crystal

A {microns)

*© of longitudinal waves
LiH 12.9 3.6 8,94
LiF 8.9 1.9 15.1
LiCl 12.0 2.7 25,15
LiBr 13.2 3.2 30.8
NaF 5.1 1.7 24,2
NacCl 5.9 2.25 37,9
NaBr 6.4 2.6 47.8
KF 5.5 1.5 30.7
KCl1 4,85 2.1 46,7
KBr 4,9 2.3 60.6
KI 5,1 2.7 72.0
RbF 6.5 1.9 35.0
RbCl 4,9 2.2 57.8
RbBr 4.9 2.3 78.8
RbI 5.5 2.6 97.1
CsCl 7.2 2.6 60.6
CsBr 6.5 2.8 89.4
CsI 5,65 3.0 n7.7
MgO 9.8 2.95 13.7
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It is interesting to plot the mean-free path between collisions (A ) as a
function of electron energy for a few alkali halides, ranging from the heaviest
‘to the lightest, The computation is done by taking m*/m = 1, T = 300°K,
and again, the basic data from Bak. 52 The results from computing

Z s 1/2
(AS = (2 3/m )

- ¥
\V—E-J-WE

are shown in Fig. 8.

One characteristic of these results soon becomes apparent at the lower
energies: {A > is comparable to the lattice constant and one cannot help feeling
uncertain about a theory which is based on the equations of motion of a macro-
scopic polarization. An electron moving with a mean-free path comparable
to the lattice constant probably would see a structure in the polarization field.
It is not clear whether this would result in a higher or lower collision rate.

From a macroscopic point of view, it has been pointed out by Harrison59
that when the losses are high, the results obtained by neglecting the imaginary
part of the dielectric constant in the coupling between an externally applied
field and the lattice can lead to results for the energy losses which are too
high.

One simple way to see this effect consists in considering a one-dimensional

wave packet of charge "p" travelling in a crystal, A Fourier analysis would

yield a function ¢ (k) strongly peaked about a value kO’ such that
00 1 9
pi{x} = f ¢ (k) el( -wt) dk , where w = '}_1_13_,
Zm
—00
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FIG. 8--Mean free path vs. electron energy for several alkali halides
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If we take one component with wavenumber k out of the packet, the electronic
field E 0 due to the charge will be

B, - —ilivr o (k) o6

This field can be considered to be an externally applied field, generating an internal

field E in the crystal determined by the complex dielectric constant e _ - i€

1 2°
E -ig t€ ikx~-wt
E = 0 = 261 gli_:lcp(k)e( ).
e <~:1+€2

The current due to the charge flow is given by

- ap
V-J=- ;
or

5 -2 6w Gillex-0t)

and the power transfer per unit volume in the crystal is then

=l

%Re;}"- E‘

or

Using w = ﬂ(Z/Zm , the total power transfer for the packet in the crystal of unity

cross sectional area is

A €, (k)
p, = 220 o(k) dk .
t 2m_£ etlk) + €xi)

An examination of this result in comparison to Egs. (11) and (13), realizing that

1/Y stands basically for 1/¢ 1 in the frequencies of interest, shows that the whole
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approach by perturbation theory has been based on a relationship of the form
E

(=

E =

m
—

In fact, Eq. (5) corresponds to an undamped harmonic oscillator.

The energy loss derived from Eqs. (12) and (14) is proportional to some value
of €5 and it appears that if this value for €, 1s sufficiently large (as shown
by a large scattering rate) it has to be included in the ccmplex dielectric constant,
and calculations be carried out for a self-consistent solution,

The above argument may indicate that the very short values of (A)» in Fig. 8
are not correct and should be longer. We shall return to this point in making
comparisons with experiments.

Returning to the results of the perturbation theory, the angular distribution of
the scattering can easily be found from Eqgs. (11) and (13). For the case of phonon
annihilation,

47 e®m*n

-— g9
1y w

dq

=
K|

is the rate of scattering into a ring of area 27rk'2 sing df, with the relationships

2

q° = k2+k'2

- 2kk' cos@

gdg = kk' sinf dg

Substituting into the above expression we find that the probability of scattering into

a ring between § and 6 +df,

k' singd@g *
P(f) df x 5 3 where k'% = k2 + 21 © (15)
kKW + k" - 2kk! cosg
For phonon creation, P (#)d¢ has the same form, but
W2 o 2 2mtw (16)

H
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The function P (9)d@ normalized to unity area is shown in Fig. 9 for the par-
ameters of Csl and electron energies between .25 and 5 eV. An arrow indicates
the angle @ at which the probability of an electron being scattered to 6 <8 is . 5.
Although it is clear that the scattering is predominantly forward, particularly at
the higher energies, there is a substantial probability for moderately wide angle
scattering. In thick films, the effects of multiple scatﬁering may not be negligible
and the assumption of only forward scattering of Khokley and van Vliet38 39 is
therefore not completely appropriate for a detailed study. In particular such an
assumption would not offer any explanation for the quantum yields above . 5 observed

in photoemission experiments with alkali halides.48 49

4. The Boltzmann Transport Equation

A Bolfzmann transport equation for the secondary emission problem based
on the eiectron—phonon scattering characteristics described in the previous section
has heen developed but found impossible to solve. The complete equation will be
written below and the difficulties found in the solution will be pointed out. Without
making any approximations in the scattering terms, we obtain for a given primary

energy, assuming that the only spatial variations are in the x-direction.
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FIG. 9--Scattering angular probability distribution for CsI, phonon annihilation
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X 7 H
(i—%‘g) cosf
o 1 (_1+‘% }1/2““1 £ 1+(1 g)l/z
- f(X,GJ,G)Anq ‘-/—glog 1+5)1 » f#(x,5,0)Am +1)\/glog ———(——‘é)l/z
& | g
m
v _5\¥2
+ f f(x,5 - 6,8‘)Anq (éé—é) .
1=
(&~ 5)Y2 singrag
[ p +
[(26 — 5282 - £6)%coss cosg' ) - (262 4 25y sing sine')2]172
T 3/2
+f fx, % ~ 6,6 A (n +1)<°£> .
§'=0
g+ 6)1/2 sinfsinf'd 6
[(2é+ 6 - :2((%2 1/20080 cos§d T 2(* + été) sme s1n6) Jlﬁ
where 1 d7e

A and 6 = -Hw .

(2]
m*

The first term in the righthand side corresponds to an increase in the distribution
function due to generation of electrons in a thickness dx at x, as desecribed in
part C5 of this report. The second term corresponds to a loss of electrons by

some trapping mechanism, with lifetime 7. The third and fourth terms correspond
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to the scattering out of electrons from an elementary volume in (5,6) space to

all other allowed energies and angles for the phonon annihilation and creations cases,
respectively. Finally, the last two terms correspond to scattering into the elemen-
tary volume in (8, @) space from all other allowed energies and angles.

Since it appeared impossible to expand the scattering terms in a small number
of spherical harmonics and still preserve their character, a direct analytic solu-
tion had to be given up. A solution for a 6-function generation function in a way
similar to the one used by Baraff53 was also tried but difficulties also developed
due to the complex form of the "scattering in'" terms.

Finally, an attempt was made to solve the differential equation by numerical
integration. In spite of considerable care in the methods used, a very strong
instability developed in the solution due to the fact that the "scattering in" and
"scattering out'" terms are both very large but their difference small. Errors intro-
duced in the evaluation of the integrals over §' grew exponentially in very few steps
and no way was found to control the solution within the memory capabilities of the
computer used (IBM 7090).

Fortunately, the problem is just ideally suited for a Monte Carlo solution by

the method of direct simulation.

5. Monte Carlo Solution

The Monte Carlo direct simulation method consists in assuming that one
particle is generated with a particular initial position, direction, and energy at time
ty and moves freely for a certain lengthof time t until it suffers a collision. The
particle continues then with a newdirection and energyfrom a new initial position
determined by tl and the old parameters. This process is repeated until the par-

ticle reaches the condition whichwe are tryingto study, in the present case, until the

electron gets absorbed in the film or comes out from it. A random variable which
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is properly weighted by a function obtained from the physical process under con-
sideration determines the length of the ti's and the change in energy and angle
at each collision. Usually a fairly large number of particle tracks have to be
followed in order to establish a result with good statistical certainty.

Given an average scattering rate W(§) such that 1/W =T is the mean-time
between collisions, it will now be shown that the probability that a particle be
scattered between any time t and t+ At is approximately At/T for At T.

Start by considéring a large number N, of particles. After a short time At,

0
the fraction AN of scattered particles will be AN/ N0 = At/T. In the limit
dN/dt = NO/T , or

= 1-eYT = Bty -

z|z

0
F(t) is a distribution function giving the probability that a particle has been scat-
tered after a time t. On the other hand, if we postulate thaf the scattering proba-
bility for one particle between t and t+ At is At/T, then
- at
P_(0,At) = T = p

and

P_(At,2At) = (1 ~p)p

P_nat,(n+1)at = (1-p)'p

and the (integral) probability that a particle is scattered after some time mAt is

given by the sum of the above:

: m
p(1e-pye(1-pPe. .. @-p™7) = p(i'_(ll'_pp) = 1-q-p)™

If p is small enough,
Lo(l-p™ = 1-e P o g TAUNEAY ot

so that the two solutions are equivalent,
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This indicates the nature of the weighted random process which will determine the
occurrence of a collision. For an electron which at some time t has an energy é )
Egs. (12) and (14) determine the mean-free times 7 ((_5;) and -r+(£). Choosing an inter-
val At T or ‘r+, the probability that the electron suffers a collision in that interval
of time is (At/T )+ (At/‘r+). Let¢'s be numbers from a set of uniformly distributed
random numbers between 0 and 1, For every interval of time At of the life of the
electron, we draw one random number. If 0 <£ < At/ , the electron suffers a col-
lision with the annihilation of one phonon, If AtA < £ <(At/r )+ (At/r+), the elec-
tron suffers a collision with phonon creation. If (At/r ) + (At/AT ) < ¢ < 1, there is
no collision and the electron follows with the same energy and direction for a time At.

Whenever there is a collision, the electron is assumed to emerge instantaneously
with a new energy gﬂ £0, depending on the type of collision. The change in @ with
respect to the old direction is to be computed by properly weighing random
numbers so that their distribution becomes the one given by Egs. (15) and (16).
This is done by inversion of the distributions. b4 Let #' be the random angle with
distribution given by Eq. (15), while §{ is uniformly distributed between 0 and 1.
After drawinTg a new &, we require

fﬂ &Y 2 5ing dg
: E+ &' - 288"/ 2cosg N
- =&, for «» = &+ 0

{%1/2 sin@df
0 £+€' - Z(gg;')l/z cosf
or é+g|+2(£&')l/2 g+gl_2(g£|)1/2 COSG'

¢ log - — = log ' '
E+8 252 E+8 _28E)2

Solving for cos ', we obtain

§' __7_5,+g,’ 1 B)- B wn B 6+ & 2687
CcOS = - + where =
2(85')1 2 g_{_gl _2(ggt)172.
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This procedure has been carefully tested and found to give distribution functions
which, when plotted, are indistinguishable from the ones given hy Eqgs.(14) and (15)
after a few thousand random numbers have been sampled. The computations for
cos 6' have to be carried out in double precision when an IBM 360/75 computer is
used, otherwise a short computer "word" results in high scattering angles never
being reached.

The change in ¢ with respect to the old direction is done by sampling a distri-
bution function which is uniformly distributed between 0 and 27.

When an interaction occurs, an electron which had a momentum (p,4, ¢) with
respect to the forward direction, suffers a change in the three components of
momentum. If the sampling of the above distributions gives a change by 8', ¢", the
new momentum vector is found in the following way:

We set a laboratory frame with P, in the forward direction. The frame is

rotated about b, until =0, for convenience (see Fig. 10a). Then, set up a

¢01d

new coordinate system hy a rotation by ¢ ahout the py axis (Fig. 10b) so that pZ
is along P. The new scattering by ' and ¢' is with respect to the p)’(, ps;, pz'
coordinates.

The new 3new expressed in the laboratory frame is given by the transformation

. 1 qin A b
Py ne cosf 0 sing p'sinf' cos ¢
- [ 1o !
Py new 0 1 0 p' sing’ sin ¢
3 1 1
P, new sing 0 cosf p' cosf

Since we are only interested in the displacement of the electrons in the forward

direction, we obtain

| 1 R ' fas
Py pew =~ P (cost cosf - sind@'cos ¢'sind).
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FIG. 10--Coordinates for the computation of new momentum coordinates upon scattering




At this point one can redefine the laboratory frame Py py

¢ = 0 again. The new & to start the computation of the new trajectory is therefore

,pZ so as to make

given by

- | - Qi 1 [
cos Gne cos ¢ cos6;, ~ sing'cos ¢ smt‘i?01

W d

The next question to be considered is the behavior of an electron reaching the
surface of the crystal. The customary approach is that of assuming a potential
barrier at the surface which acts on the normal component of velocity. This is con-
siderably more reasonable for the treatment of electron emission from single
crystals than for the case of evaporated films consisting of many small randomly
oriented crystals. In the latter case, only a simpler form of barrier seems justi-
fiable. From UV absorption, photoemission and/or photoconduction in alkali halide
films, one can obtain reasonably good information about the location of the bottom
of the conduction band for a good number of materials. Also from photoemission
data, one can obtain the approximate location of the vacuum level. It must be noted
that the disturbances associated with exciton enhanced emission make accurate
determinations difficult.

Table 6 contains the available information from the literature.

-~ 58 -



TABLE 6

Material | Bottom of Conduction Band eV| Vacuum level eV | Electron affinity eV
Ref. 55 | Ref. 56 | Ref. 49 | Ref, 55| Ref. 49

KF 10. 9 - - 10. 4 ~0(or <0
RbF ~10.4 - - - -
CsF 10.0 - - - -
NaCl 8.6 - —~ 8.5 0 (or <0)
KCl 8.5 8.9 - 8.7 0 (or <0)
RbCl 8.2 8.5 - - -
CsCl - - 7.4 - =7.4 = 0
NaBr ~ 7,7 - - - -
KBr 7.8 8. 00 e 8.1 = -1
RbBr ~ 7.7 - - - -
CsBr - - 7.4 - ~7.4 = 0

Lil ~ 5,9 - - 7.3 -

Nal 5.8 - — 7.3 —~

KI 6.2 6.31 - 7.3 ~ 1leV
RbI 6.1 6.26 - 7.3 ~ leV
Csl 6.3 6. 37 = 6,0 6.4 ~6.3 0 (or <0)

The values for the energy at bottom of conduction band (referred to the top of

the valance band) given in the first column of Table 6 ,were obtained by Eby,

Teegarden and Dutton55 by assuming that an absorption shoulder in the spectrum

of the salts was due to the onset of band-to-band transitions.

Recently, Teegarden

and Baldin156 have modified the previous results after realizing that the absorption

shoulder is a poorly resolved series of excitonic peaks, converging
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to the onset of the band-to-band transitions. Their figures, given in the second
column, are from photoconduction results or from a limit of an excitonic series.
The values on the third column have been obtained by Kholikowski49 by an extrap-~
olation of the leading edge of the energy distribution of photoemitted electrons,
which should move by AE = Ahvo when the bombarding light changes in energy
by Ahuo. |

The values for the vacuum level given by Ref. 55 correspond to the energy
at which photoelectric quantum efficiency reaches 10_3 at 300°K (data obtained
from Taft and Phillip57), For the results from Ref. 49, approximately the same
¢riterion has been used, except for CsBr where the figure corresponding to
sharp rise in quantum yield has been used.

In calculating the electron affinity, it is clear that only an estimate can be
made due to uncertainties in relating different measurements. It is apparent,
however, that the electron affinity is very nearly zero for the alkali halides with
available data, except in two cases (KI and RbI) where the results indicate an
electron affinity of approximately 1 eV. It seems likely that this is in error,
though, as there is no special characteristic of these two materials which makes
them different from the rest.

It is therefore proposed to treat the existence of a small surface barrier as
follows: During the calculation of electron trajectories there will be an energy
gmm such that if any electron reaches f; < £mm, it will be considered
absorbed (eventually recombined) so that it will not contribute to secondary
emission. émm will be taken to be approximately . 05 eV for all materials.

It will become evident later that any reasonable choice for this figure yields
approximately the same resulits.

Since the Monte Carlo method requires a certain number of trials in order to

establish a result with a required certainty, it is necessary to find a criterion for
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deciding automatically within the computation when enough trials have been made.
The method to be used is the one described by Cashwell and Everett.58 Let "p"
be the true probability that electrons generated with certain characteristics will
egcape from a film., After carrying out N ftrials, it is found that M electrons
escaped. Then, the ratio of the number of sequences of N ftrials resulting ina
ratio M/N satisfying the inequality

M _
N Pi< €

to the totality of all possible sequences of N trials is, approximately,

£(t) = erf(t/V2)
where

)1/2

¢ = e(N/p(l -p) amn

and

o2
2 -X
erf(x) = \/._——-7?0/‘ e dx .

As an example, we may require that if we carried out N1 trials a large
number of times, 90% of the times we come out with l (Ml/Nl) - p[ < €

Then, we set .9 = erf(t/JE), solve for t, and approximating p~ M/N as
obtained from N ftrials, we can find the required Nl' In general, the computations
to be reported have been carried out to 95% certainty of an error less than the one
indicated in the individual cases.

This method can be used as well to evaluate the certainty of energy and angular
distributions of the outcoming electrons. During the computations, the energy and
angle of an outcoming electron are recorded in a two-dimensional multichannel array
by putting one count in the corresponding cell. At the end of the computation, energy
and angular distributions are obtained separately by summations, and correlations

between energy and angle can be cbtained. If one lets '"p" be the true probability of
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electrons falling in a particular slot of energy (and/or angle), and M be the number
of counts obtained in that slot out of N electrons, the same scheme as above can be
used. Clearly, in order to obtain good statistics in these distributions a larger

number of trials will be needed than when only probability of escape is computed.

6. Results of Computations

Computations for films of differept alkali halides have been carried out.

Films with a thickness of 2504 have been considered throughout since this thick-
ness gives sufficient information as to the behavior of secondary electrons in
films as well as in thicker solids. Film coordinates for the computations are
shown in Fig. 11. The films have been considered symmetric for the computa -
tions of the individual escape probabilities to be presented here, i.e., the proba-
bility of escape through the exit face of an electron generated backwards at some
distance from the exit surface is equal to the probability of escape through the
substrate face of an electron generated forward at the same distance from the
substrate. This cuts the number of computations by a factor of 2 and it is done
under the assumption that 2 metallic backing will act as a sink for electrons
with identical characteristics as vacuum.

The Monte Carlo method allows the obtaining of a great variety of information.
The expenditure of computer time can be, however, quite considerable and it is
necessary to conduct the calculations in such a form that the most relevant results
are obtained with reasonable accuracy. For the problem of secondary emission,
and also for photoemission, the probabilities of escape for electrons generated with
some given energy, at a given depth, with an isotropic distribution of velocities,
seems to be the most important one. The calculation of exit energy distributions for
electrons generated at some particular energies, and their mean energy loss per

unit depth can be obtained ag a by-product of the previous problem without much

added computation, Also the exit angular distribution for electrons which started
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FIG. 11--Film coordinates for computations of escape probabilities
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at some given angles, and some energy-angular correlations, are easy to obtain.
However, the overall computation of energy and/or angular distributions for the
complete phenomenon of secondary emission requires a large increase in the
number of computations, as a tight "mesh" of initial energies and angles would
be required. Computations carried out indicate that it is possible to obtain good
solutions for the escape probabilities and individual énergy and angular distri-
butions for 250181 films in approximately four hours on the IBM 7090 computer.
This also gives some information on overall distributions, as will be shown in
Chapter 3. Computations carried out on the IBM 360/75 are faster by a factor
of approximately 5.

In the computations to be reported, the film is divided into a 3-dimensional
mesh with 5 initial locations of the generated electrons: x = 25, 75, 125, 175,

and 22543; 8§ initial energies between é,o = ,25 and G;O = 7.5 eV, and 7 initial
angles: 9 = 0, 30, 60, 90, 120, 150, and 1800. This results in 280 calculations,
each requiring between 200 and 800 complete trajectories in order to obtain
escape probabilities with an estimated error of approximately * 0. 03 with 95%
certainty.

Four alkali halides have been selected for study: cesium iodide representing
materials with long wavelength in the longitudinal optical modes and having high
yield; potassium chloride for medium wavelength materials and moderate gain;
sodium fiuoride for short wavelength and moderate gain; and lithium fluoride for even

shorter wavelength and low gain. The results obtained for CsIwill be chosento illustrate

some of the detailed information obtainable from the Monte Carlo calculations.

a. Results for Cesium Iodide, m*/m =1, T = 300°K

Figure 12, a through g, shows the probabilities of escape P((go,x, 8}
&
through the forward exit surface of electrons generated with an energy -, at a

position x, with a direction 6 with respect to the forward direction. The range
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FIG. 12--Probabilities of escape for electrons generated at a position x in
5 2508 film of CsI, with initial energy go and initial angle &
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of errors shown is for 95% certainty in each computation, asdiscussed above. The

effect of scattering other than forward is very marked, particularly at the lower ener-

gies where the probability of escape of electrons generated at 6> 90° is'very substantial.
When the electrons are generated isotropically, the escape probability averaged

over all angles can be obtained from
T

P(éafo,X) = % T[ P(E&O, x, ) sin 6 df

Having divided @ into six sections of 30° each, the above integral can be evaluated
approximately by a summation. The results are shown in Fig. 13; the estimated statis-
tical errorsare approximately + . 035.

The escape probability for .25 eV electrons has a definitely exponential character.
When plotied on a semilogarithmic scale (see Fig. 14a) it results in a straight line corres-
ponding to a characteristic escape length LS o 62!0&. However, for electrons generated
near the substrate side of the film (low x) the escape probability is lower than the one given
by the exponential, reflecting the fact that a sink for electrons exists at x = 0. This canbe
understood physically by consideration of the non-forward scattering suffered by the elec-
trons arriving at x = 0 witha component of velocity inthe -x direction. Ifthere were
more alkali halide materialfor x <0, such electrons would have a chance of being scat-
tered into the forward direction and contribute to secondary emission. Therest of the
curves are best fitted by straight lines and this is attributed again to the presence of the
sink for electrons at x = 0. The effect becomes important when an exponential charac-
teristic length Ls would be of a magnitude comparable to the dimensions of the film. For
example, for & 0=+ 5 eV(Fig. 14b), the exponential characterized by the two points of
largest x corresponds to Ls & 220A. The characteristic esc ape length Lg becomes much
clearer in a few sample computations carried out for 500A films. Insuchcasesitisfound
that LS coincides quite well with the value obtained from the two points of largest x in 250A
films. Thus, if one neglects the effects of the sink for electrons at the substrate, one can
define escape probabilities of the form ‘

R G V2 AN
P(£ ¥ = Pyl o) ©
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where T is the thickness of the film. Table 7 gives values of Po(ﬂ';o) and LS

for Csl and for the three other materials selected.

TABLE 7

T = BOOOK, m*/m =1

Csl, Aw

long.” * 0105 eV, n, =1.987 - NaF, m"long. =.0513 eV, L 159
KCl1, ﬁwlong.: . 026 eV, nq =.5587 -LiF,’leong. =, 0822 eV, nq =.,0435
Gsl KCl ,
V) By L) &) BBy L&)
.25 .9 62 .25 ~1.0 <10A
.5 .83 220 .5 .9 29
1.0 .81 260 1.0 .8 121
1.75 .76 295 1.75 .8 249
2.5 .71 375 2.5 .76 280
3.5 .68 395 3.5 .71 330
4.5 .63 540 4.5 .69 360
5.5 .62 650 8.9 .68 370
Naf LiF
SeV) RS L) Sy BBy L @A)
.5 ~1 <12A
1.0 .98 22 1 ~1 <12A
1.75 .8 77 1.75 .9 29
2.5 . T8 130 ) 2.5 .86 57
3.5 v 240 3.5 .75 128
4.5 .76 265 4.5 .75 185
5.5 LT 290 5.5 .76 240
6.5 17 330 6.5 .75 270
7.5 L 380 7.5 .76 285
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The energy distribution of emitted electrons has very characteristic shapes.
Figure 15 shows P(éi; 6 =1leV, 6 =0,x), the probability that one electron with
initial energy of 1 eV, emitted in the forward direction from a source at x, will
emerge with energy é i The analysis of energies has been carried out in channels
with a width of . 05 eV. The approximate error in each channel is +.03 to . 05
for 95% certainty., Normalization of Fig. 15 is to the actual probability of escape.
In general, P(gi) becomes less peaked when 6 departs from zero and when the
energy is made lower.

The correlation between the energy and angle of electrons at the exit from

the film can be studied approximately by defining a correlation coefficient X as
3 —_
Zi: (éi "3) (31 - 9) P (gi’ 31)

g,
0. Y%

2

X =

where the summation is over all outgeing electrons; P( {{,1, ei) is 2 normalized

probability that electrons which started isotropically from a given 'x" and energy

will reach the surface in a channel corresponding to (éoi R 01). The means g and 6,
and the standard deviations ¢. and 9, have the customary definitions. It is
realized that X calculated in this way only has a definite physical meaning when
the distributions are Gaussian. This is not the case here, but P(é’i) and P(Gi)
are well behaved and roughly symmetrical. Therefore X should be a useful
measure of cérrelation.

Data for electrons ina 2501-0\ film of CsI for a few selected initial energies
and positions have been analyzed. The results are given in Table 8. In order to
obtain a better feeling for the meaning of the values of X obtained, the proba-
bilities P( é’i, Gi) have been plotted in Fig. 16 for the worst case treated,

X =-.08, for low energy electrons generated far from the exit surface. The plots

fail to show any clear correlation, and one can deduce that magnitudes for X of

order .1 indeed represent very little correlation.
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It should be pointed out that a calculation of escape probabilities based on
purely forward scattering, like the one carried out by Khokley and van Vliet, 38
results in a definite relationship between energy loss and exit angle for the elec-
trons. The inclusion of scattering to other directions has the effect of randomizing

the electron distribution and destroying correlation to a very large extent.

TABLE 8
Initial Initial _ B
Position Energy & 9 O % X

x(A) (eV) {eV) (rad) (eV) (rad)

25 .H . 368 .69 . 102 . 3178 ~ . 080
125 .5 .39 .725 . 099 . 319 -.015
225 .5 . 442 LT72 . 073 . 323 + ., 025

25 2.5 2.468 . 767 L 041 .318 - ,029
125 2.5 2.467 . 792 . 035 .314 ~-,054
225 2.5 2.470 . 868 . 029 .304 +.021

A quantity of interest in studies of electron emission is the mean energy loss
suffered by the escaping electrons. The results of the Monte Carlo calculation can
be easily analyzed to yield that information. Figure 17a shows the mean energy loss
in Csl for electrons of initial energy & emitted isotrqpically from a position x. The
standard deviation of the energy spectrum, giving a measure of the spread of energies
is shown in Fig. 17b. Two details must be pointed out regarding the results: (1) The
channel width for the analysis of energy is . 05 eV. Therefore, if most of the electrons
fall in the channel adjacent to the one corresponding to the initial energy (e.g., for
{:_0:4. 5 eV), the mean energy loss will be 1/2 channel by design of the computer
program. Thus, when the losses are low and the energy distribution becomes narrow,

the mean energy loss converges to . 025 eV instead of going towards zero. (2) The

- 4 -



Oi12r

ooy CeT
>
2
~ 008
w
O
-
> 006 —— £,=0.5eV
0 g, =leV
D’———-D\D\ O= e
D 004r 1 756V
——£.,=0.25eV
Z ‘;_—‘i\*::;*—f—egza&v
S 002k T a5 35eV
= 7 £,=45eV,55eV
0
b
010} (b)

0081 _£,=05¢eV

)

£, = eV
_£,2025eV

0.06}

£ =175eV
£,=2.5eV

- 356V

002+ g = 45eV,55eV

004 +

STANDARD DEVIATION (eV)
T P
? ® O
\

I i l i
75 125 175 225 x

INITIAL POSITION (A) 587A19

N |-
W

FIG. 17--Mean energy loss (a), and standard deviation (b), for escapingslectrons
generated isotropically at position x with energy 0 in a 250 A CsI film

- 75 -



results for S = .25 eV seem unduly low. If must be noticed, however, that the
only electrons which come out are those which have lost least energy. The rest
have been absorbed in the material, resulting in a low probability of escape. The
choice of the threshold energy for absorption only affects the results for 5 = .25eV

0
in CsI in any sensitive manner.

b. Results for KCl, NaF, and LiF

Table 7 gives the values of PO(;’S O) and LS for the exponential
probabilities of escape of electrons generated isotropically in KC1, NaF, and

LiF, in addition to CsI. The phonon energy to w and the average number

long.
of phonens per mode nq is also shown for T = 300°K. The effective mass m*
has been taken equal to the electronic mass m.

As we move from alkali halides with high Z towards low Z, the phonon
energy increases and nq decreases from near 2 to near . 04. Since the rate of
collisions with electron energy gain is proportional to nq and the rate with energy
loss is proportional to nq + 1, the relative number of collisions of the second kind
becomes very predominant as we go to lighter ions. Since the energy change per
collision is increasing, one would definitely expect lower Ls for a given energy
in going from CsI to LiF. This is reflected in the results of the table. Also, the
randomization effect due to nonforward collisions becomes very strong for the
lighter ions, particularly at low g o This is seen by comparing PO((’SO) for a
given initial energy between different materials,

It is also éxpected that the energy losses suffered by excaping electrons will
be increasing with lighter ions. Figures 18, 19 and 20 show mean energy loss
and standard deviation for electrons which were generated isotropically with
energy éfo at some position x. Although the energy losses are of the order of

0.1eV ina 250A film of Csl, they become of the order of 1 eV for NaF, and even

larger for LiF. The distribution of energies also broadens as thelosses become large.
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A test of angle vs. energy correlation similar to that of Table 8 has been
carried out for NaF. Low correlation is still found, although a bit higher than

in the case of Csl. The worst result is X =.12.

7. Dependence on Effective Mass and Temperature

From Eqs. (12) and (14) it is clear that for a given energy £ = ﬁzkz/zm* ,

the scattering rate is proportional to (m* )1/2 . Since the velocity is, in turn, pro-

~1/2

portional to (m™) , it follows that the mean free path

Oy

How this affects the escape probabilities and energy losses can easily be seen for
the case of a film with thickness large compared to the characteristic escape length
of the electrons under study. Consider the following Monte Carlo experiment: Take
one electron generated in some particular direction at a depth "d" from the exit
surface. Take a sequence of random numbers prescribing a trajectory for the elec-
tron ending with its escape into the vacuum for m* = m. Next consider the same
sequence of random numbers for the same initial conditions but with m*/m = g,
As the experiment progresses, the length of each straight section in the trajectory
will be the original length divided by g, At the end of the sequence the electron will
have travelled 1/8 of its way to the exit surface, or d/8 towards the vacuum. It
follows that its probability of escape and exit energy would be the same as if the
electron had 8 =1 but had been generated at a depth gd.

In the case of temperature dependence, {A) is proportional to 1/ (an + 1)

so that 5 becomes:

B = (2nq(T) + 1)/ (an(SOOOK) N 1)

The correctness of this argument has been tested for Csl with electrons generated
with 0 = 0° and 180°, with energies of .25 eV, 1 eV, and 2.5 eV. The normal

600 to 800 trajectories have been computed for each type of electron. The results
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obtained satisfy the above result perfectly well for «“— =.25 eV, for electrons
generated in both directions at x < 125A, i.e., in the half film near the exit,
and for /\Op =1eV for x < 22513. As expected, the argument breaks down in
higher energies for the 250A film (LS too long) or at all the energies when the
original location of the electron is too close to the substrate.

One conclusion that can be obtained from the above is the strong dependence
of the calculated secondary emission yield on the choice of m*. Indeed, electrons
with given initial characteristics will escape with a probability

o
P(go’d)oc e—dB/LS('ﬂO) .

It is also possible to obtain an approximation for the temperature dependence
of the secondary yield in films of thickness 7. Consider electrons of a single energy,

and a uniform generation of secondaries in the film. Then

-
e—(’r—x)/]'.s dx

1 -e

-T/Lg )
6(300°K) _ x=0 -
(R STED S

X=0

and the temperature depéndence will be a function of the thickness of the film, as
well as of the energy considered.

Since the total yield will be given by integrals (to be converted to summations)
over energy and space of the product of a generation function and individual escape
probabilities, there does not seem to be any way of writing a simple formulation
for m* and T dependence. Once complete calculations are carried out in Chapter III,

we shall return to this point.
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Chapter IT

EXPERIMENTS

A. Preliminary Considerations

Measurements of secondary emission in reflection have been carried out very
extensively in metals, semiconductors and insulabors; The review article's2 ,3,4,5
give a comprehensive account of the most important results obtained until 1958.
The work of JahrreissZ4contains an extensive updating to 1964 of reflection and
transmission measurements. In 1965, a comprehensive study of reflection sec~
ondary emission in all the alkali halides has been reported by Gomoyunova and

61,6

60 .
Letunov, = and in 1966 Edgecumbe and Garwin 2 have reported some

measurements in transmission for Csl and KCl. A review of the above-mentioned
literature reveals the absence of careful measurements of transmission second-
ary emission in the alkali halides with a view towards the understanding of their
basic properties.

It is well known from the literature that secondary emission from insulators
_ resuits in charging of the emitter. This charging can have a considerable effect
on the secondary emission coefficient 4, as found by Jacobs, 63 for example, in
normal density films of MgO measured in reflection. For alkali halide films,
charging effects are strong in low density deposits, as reported initially by
Goetze, Boerio and Grreen10 for KCl. The enhancement of yield observed in such
cases has not been reported for normal density films of alkali halides, but no
detailed information exists in the literature. Likewise, very little information
exists on the energy and angular distribution of emitted secondaries from these
sources.

It appears necessary for the purpose of the present investigation to engage

in a series of measurements of a selected group of alkali halides with the aim
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of obtaining data with which to relate to the theories of Chapter I. The minimum
required outcome of the experiments should be: (1) secondary yield vs. primary
energy as a function of film thickness for uncharged films, and (2) energy distri-
bution of secondaries also for uncharged fﬂms. A substantial amount of additional
information can be obtained from such a series of measurements, “but emphasis
has been placed on the two mainitems indicated. It must be pointed out that alkali
halide films evaporated in good vacuum have aimost identical secondary emission
properties in reflection as single crystals cleaved in 10_10 torr vacuum. 60 Thus
a comparison of the results of single crystal quantum theory with the escape of
electrons in evaporated films of alkali halides should be

A possible theoretical justification could be that the microcrystals formed in the
evaporation contain enough atoms to allow the application of periodic boundary
conditions for the determination of normal modes. Also, the apparently low elec-
tron affinity of these materials may allow the migration of electrons between
microcrystals without any boundary effects.

The requirements for the measurement of secondary yield, §, ininsulators are well
known; in order to avoid charging, a pulsed measurement is heeded with as few electrons
per pulse as possible. The design of the system should also take into consideration the
reduction of systematic errors due to scattering and to undesired secondary emission
from electrodes inthetube. The measurement of energy distribution in anuncharged
film poses more problems, as it cannot be done as fast asthat of yield on account of noise
problems and there is noway to know a priori how slowly it can be done without charging
the insulator film. The most appealing solution has beentobuild a Kelvin probe to
monitor the state of charge of the film as the energy distribution measurements
are carried out. Since it has been the experience at the Stanford Linear Accelerator

Center that at least Csland KC1 films can be moved from one vacuum system to
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another in an atmosphere of dry N2 without any noticeable change in secondary
emisgsion properties, the two measuring systems have been built separately,

with "in situ' evaporation facilities in only one of them.

B. Measurement of Secondary Yield in Uncharged Films !

1. Description of Equipment

a. Tube Assembly

Figure 21 shows schematically the tube used for the measurements
of yield. Elements (1), (2), and (3) comprise the electron gun. This is a very simple
Pierce type design, manufactured by Brad Thompson Industries, Inc., Indio,California,
for electron beam welding applications. It consists of a filament (1), which has been
made of .010-inch tungsten wire into a hairpin conﬁguration for the present appli-
cation, a focusing and control electrode (2), and an anode (3) with an opening of
5/16~inch diameter operating at ground potential. The filament is supplied from
a floating d.c. power supply with up to 15 amps of moderately well -filtered current
(.25 percent RMS ripple). The control electrode is supplied by a floating voltage
source of up to -1000 V.D. C. with respect to the filament. The accelerating po-
tential is then applied to the filament and the current and focusing are controlled
by filament temperature and control electrode -to -filament potential.

The electrons leaving the anode opening find a 3-plate collimator (4). The first
plate contains an insert of thickness . 010-inch and aperture 1/16-inch defining the
beam size. The small thickness helps reduce the number of electrons which will
be scattered at a shallow angle by the edges of the coilimator. Such electrons
would tend to reduce the monochromatic quality of the beam. Subsequent openings
are progressively larger so that electrons passing through the first opening can
reach any point in the dynode (1-inch dia.) without collisions. The function of the

second and third collimators is, then, to remove electrons scattered by the first
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FIG. 21--Schematic of the tube used for measurement of secondary yield
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one at angles other than very shallow. All the drift space in the tube is surrounded
by a nickel shroud (5) as protection against magnetic fields. The primary beam
then penetrates a fully enclosed system, consisting of four electrodes, through

an aperture of 5/8~inch diameter on top of electrode (5). This electrode, which
operates at - 90 volts, consists of a grid for the suppression of secondary emis-
sion from the entrance side of the dynode (7) and a Faraday cup for the collection
of electrons backscattered from the dynode. No attempt has been made to elim-
inate secondary emission from the walls of the cup due to backscattered primaries
because it does not affect the measurements, as will be shown below. This sup-
pressor electrode will be termed GO' The dynode (7) consists of an Al support
ring of 2-inch diameter and approximately 1/8-inch thickness with an opening of
1-inch diameter. A 10001(31 film of Ale3 obtained by anodic oxidation énd etching
of very pure Al foil64 is glued to the support, and SOOX of Al are evaporated onto
it to supply electrical contact to the alkali halide. 65 The dynode is easily mounted
onto its holder in the tube. The dynode will be designated by D. It is operated at
ground potential,

The collector assembly, part of which can be made to swing out under vacuum
to allow the evaporation of the salts, is formed by a collector (9), designated C, and
a suppressor grid(8) designated Gl' The collector assembly is again a Faraday cup
with an aperture of 1-3/4-inch diameter placed at a distance of 3/8 inch from the
dynode, designed to prevent the majority of high energy electrons backscattered by
the collector from reaching the dynode, The grid Gl will suppress secondary emis-~
sion from the collector and/or from the dynode depending on the measurement
carried-ouf. There are two standard measurements to be performed normally:

(1) Measurement of transmission yield, ét, in which one is interested in
finding the total number of electronsleaving the dynode, regardless of energy. For

this case, theoperating voltages are VG]_ = +45V, Vo =+90V. Low energy
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electrons (secondaries) emitted by the dynode are attracted towards the ecollector
and intercepted by G1 {very few of them) or by the collector, either inside the cage
passing through the 1-3/4-inch opening or at the diaphragm forming the cup en-~
closure. Higher energy electrons transmitted through the film come out at average
angles that depend on energy and thickness, but the location of the diaphragm and
size of opening insures that they go mostly into the cage. Energetic backscattered
electrons can only leave the cage through the opening and this presents a moderately
small solid angle from any point inside it. Secondaries generated inside the cage
cannot come out due to the potential at Gl' Transmitted primaries which do not
enter the cage can be backscattered, resulting in erronecus results. The estimated
errors will be analyzed below. The placement of the diaphragm as close as possible
to the dynode appears to be the best solution to both letting as many transmitted
primaries into the cage and as few as possible out of it.

(2) Measurement of transmission coefficient, n . in which one wants to suppress
secondary emission from the dynode, and measure only the energetic electrons
transmitted. Operating voltages are VG1 = -45 V, VC = 0 V. The discussion
regarding backscattering effects given above applies here as well. The only dif-
ference is that a negative VG1 will suppress secondaries from the dynode and secon-
daries from the grid G, will be cqllected at the dynode,

The anode (3), the collimators, and the cage (6) are made of stainless steel,
The collector and its diaphragm are of aluminum, this choice having been made on
account of its low backscattering coefficient. The grids are 97% open Ni, 20 lines
per inch. Ceramic insulators are used throughout.

With the collector assembly moved out of position, the dynode area is exposed

to a boat directly underneath in which premelted halide salts are ready for evapora-~
tion. The dynode to boat distance is approximately 7 inches. At the same distance !
from the boat but angled about 300, the head of a water-cooled quartz crystal evapor-~

ation monitor66 has been placed. It has been made sure that the crystal location is
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in full line-of-sight of the whole surface of the boat. This method of evaporation
mass control has repeatedly been found accurate within a few percent in calibra-
tions carried out at SLAC.

The system is enclosed in a Viton sealed glass belljar vacuum system. Initial
rough pumping to about 5-inch Hg is provided by a Varian venturi-type pump driven
by oil~free compressed air.( Two Varian Vac-Sorb pumps continue the rough pump-
ing up to 5 u Hg, at which point a 400 ¢/sec ion pump takes over. With the system
vented exclusively to dry Nz, it is possible to cycle to about 5 % 10—7 torr several
times a day without warming up the roughing pumps and obtain the best pressure
of 2 X107 torr for the system in about 6 hours.

b. Electronic Circuits

Figure 22 shows the electronic ecircuits for the dc and pulsed
measurements. Bias for the four electrodes is supplied by well-insulated, floating
batteries through 8.2 M resistors. For dc measurements, the currents IC and
IG1 are added and measured by a floating battery-operated Keithley 601 electrom-

eter. This total current, I , is then added to I + I.. and measured by a

C+Qy Gp D

second electrometer as the primary current. The transmission gain ¢ ¢ frans-

mission coefficient ’7t, and gain § are then given by

‘IC+G1 Ve = +90V

b Ty - iasv an
P G1
_I _
C+G V. =0V

M= o7 - for VC =45V 18
t . Ip Gl - = ( )
6= 6,-7, (19)
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Expressions (17) to (19) will be the definitions for secondary emission charac-
teristics used throughout the present work. The factor of . 97 multiplying Ip takes
into account the fact that approximately 3% of primaries are intercepted by the sup-

pressor grid GO‘ The collimator prevents interception of electrons by the G, cup.

0
The convention for the sign of the currents, to be used consistently in this
report, will be the following: '
The assembly (GO’ D, Gy C) is considered as a "black box" with 4 wires

and one hole. Conventional current coming out of the box is positive, as would be

measured by a meter. Thus

I, + I, +1, +1
GO D G}1 C

= - Ip, with Ip > 0.
The current passing through a wire connected to an element with a net collection
of electrons will be negative.

The above definition of Ip implies that the amount of charge stored inside the
"black box" per unit time is small compared to the true primary current. As shown
by some approximate estimates of positive charge trapped in photoemission in
CsI48 and from preliminary measurements of film surface potential on the same
material at SLAC it appears that about one hole is trapped without recombining
for 1000 electrons leaving the alkali halide. This effect will be considered negligible
and extendible to other alkali halides in the absence of any anomalous experimental
indications.

For pulsed measurements, the control electrode of the electron gun is biased
beyond cutoif, A single pulse of approximately 5 psec duration and sufficient ampli-
tude to turn the beam on (usually + 30 to 40 volts) is applied to the control electrode
from a Tektronix 161 pulse generator. By carefully controlling filament current
and the acceleration potential, it is found possible to predetermine the seiting of
the dec control electrode voltage in such a way to insure no aczidental turning on

of the beam or high current pulses.
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Since the aim of this pulsed measurement is to obtain the best signal-to-
noise ratio with a reasonable amount of effort, it has been decided to borrow
from the very well -developed technology of electronics for semiconductor nu-
clear spectrometry. Its aim is also that of the accurate measurement of very
small charge pulses. The bibliography of that field is quite extensive and only
a few basic works will be indicated here: Gillespie, 67 Fairstein,68 and
Chase et _:_1_1,69 discuss the essential characteristics of low-noise amplifiers to
be used for the measurement of current pulses from a predominantly capacitive
high impedance source. It is shown that a2 charge-sensitive input amplifier pro-
vides the best gain stability quite independent of small changes in input capaci-
tance. The input capacitance has 4 very important bearing on the obtainable
S/N ratio; for all practical purposes N & Cip* 1t is therefore advisable to
reduce the wiring capacitance of the amplifier input to a minimum. After the
charge pulse has been integrated, the best simple treatment of the voltage step
obtained is an integration and differentiation with equal time constant T , which
should be as short as possible, although it should be longer than the duration
of the charge pulse into the input amplifier. Radeka70 examines the behavior
of field effect transistors (FET) in defail, and finds that the inherent low gate
leakage current makes them very attractive as input elements in the charge
integrators. The importance of the transconductance of the FET is pointed out
as N & 1/g;m for a fixed input and gate-to-source capacitance. At present,
FET!s with 8 comparable to the best low-noise pentodes are available and
even at Cin up to 50 pfd, FET preamplifiers are of advantage. At Cin =100 pid,
S/N is approximately 256% worse with presently available commercial single
FET amplifiers as compared to pentode inputs. FET's can be paralleled for

a substantial improvement at high Cin' The capacitance seen by each amplifier



of Fig. 20 is very close to 100 pfd, due to the large physical size of the
electrodes, plus feedthrough, wiring and other stray capacitance. Clearly, the
amplifiers are not being used to the best advantage, but it will be shown that
there is no need to refine the measurement technique any further,

The amplifier A integrates the pulsed I G,+D W?th a long time constant
R1C1‘ A subsequent second amplification loop (not shown in Fig. 20) contains
a pole-zero cancellation network and a single differentation which has been ad-~
justed to provide a single decay time constant of 50 usec. This is equal to the

predominant time constant of amplifier B., determined by R_C,, which inte~

1’ 2727

grates I +Gy * The output signal of B1 is taken to a linear amplifier B2
with variable gain and an adjustable integrator and differentiator. The time
constants T are set to 10 usec, the longest available in the amplifier. Results
with signals from Bl with a risetimé of 5 usec are good. The output of the
second amplifier B2 is IC+G1 ready to be displayed in a Tektronix storage

oscilloscope. Its waveform is like te_t/ T

with a2 maximum at t = 7. This
would be exact for a perfect step into Bz.

The signals from A and B, are added and likewise integrated and differ-
entiated with T = 10psec bya simple three-stage operational amplifier
(A+ Bj). The coupling between B,y and (A + By) contains a variable
resistor for small adjustments of the relative gain of channels A and

1
eously with I +Gy in a storage oscilloscope (chopped mode).

B,. The output (A + Bl) corresponds to Ip, ready to be displayed simultan-~
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2. Testing of Equipment

a. Evaluation of the Tube Performance and Systematic Errors

A series of evaluation tests have been conducted with the measuring
system in order to determine its behavior and the approximate size of systematic
errors. Firsf, the characteristics of the electron beam have been studied. By
placing a solid glass plate covered with a 100 OA layer of Ag and a thin coating of
Zn§$ in the dynode holder, an image of the electron beam could be obtained. The
shadow of grid G0 in the image was used to determine the approximate spot size.
At a primary current Ip of 10 nA with the beam well focused, the area of the
spot was approximately 5 mm2 at the desired operating energies of 4 to 12 keV,
The spot was located slightly off-center in the dynode opening, due to the fila-
ment being also slightly offcenter. At Ip =2 nA, the beam area was only a little
smaller. At Ip =10 nA again, but with a defocused beam, the image was still
contained within the 1-inch dynode diameter. A convenient filament current was
chosen (=12.5 Amp) and the setting of control electrode potentials was established
for the energies of interest. They correspond to the well-focused beam of charac-

teristics indicated above.

A retarding potential measurement of the beam current was carried at
E = 2 keV. Higher accelerating potentials could not be used because the insulation
at the four tube electrodes was not designed to withstand high voltages, With an
empty dynode holder, measurements were done in two ways:

(1 GO+D were used as retarding elements, while the current was collected
atC+G,. V

1" 'c Gy
magnitude of retarding potential for I

= - 45 volts. In this case, letting VO be the

=0, it was found that at

was 0 volts, V

=1
G0+D C+G1

VO - 140 volts some current was starting to be switched from C+ Gl to GO +D
keeping the sum constant. At VO - 6 volts each of the two electrode groups was

receiving half the current, Then within the 6 volt interval the two currents became
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zero. This switching effect has been attributed to a lens effect at the high field

0
(2) GO + D at ground potential, retarding potential applied to C, with

spacing between the third collimator and the top of the G, cup.

VGl = Vé - 45 volts, In this case, at V0 - 30 volts, current started being
switched from the collector assembly to the GO + D group. At VO’IC +Gy went
to zero, and all the beam current was retained and collected at the G0 group.
The retarding field is applied between the two 97% open grids and a certain
amount of broadening of the cutoff can be expected.

The conclusion is that the electron beam is essentially monochromatic and
that the beam collimator functions properly.

The behavior of the (Gy* D) part of the assembly has been studied by measur-
ing the backscattering coefficients of thick (. 010 inch) foils of Al and Ta mounted
at the dynode support. The approximate backscattering coefficients 1 of these

two elements are ,15 and .43, respectively.8’30’31

Since no effort has been
made to prevent secondary emission from the Gr0 cup, the measurements of
IGO will not give a direct measure of backscattering. In fact, the values of

1 I_ obtained with V
G() / [¢ D

a very strong secondary emission effect, very dependent on E_. If secondary

=0, Vg = - 90 volts, shown in Table 9, indicate
0

emission were completely eliminated, normalized values of IGO of approximately

- .15 and -.43 should be obtained.

Table 9
Ep Normalized IGO
| keV Al ' __Ta
4 -, 0267 - .07
6 -, 0546 ~.134
8 -. 073 -.,18
10 -. 085 -.212
11 -, 095 - .27
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It is possible to investigate this discrepancy by sweeping V_ around - 90 volts

D
in order to establish the value of the current due to secondary electrons leaving the

GO cup. Figure 23 shows a plot of normalized I vs VD for a Ta foil, at

D
Ep = 4 and 12 keV. The point of true zero cpd can be established approx-
imately by realizing that the work function of Ni (the GO grid material) is
higher than that of Ta by roughly .5 volts (from standard handbook references), so
that at VD': - 90. 5 volts, a true zero cpd can be considered to exist. Also, from
arguments to be presented carefully later in this chapter, for a retarding potential
measurement with planar geometry, and an angular distribution of electrons which
is roughly like a cosine, the true zero occurs at an inflection point in the I vs, V
characteristics. Again this corresponds approximately to VD = -90.5 volts. The

difference in current between this point and asymptote at large negative Vo is

due to secondary emission from the G, grid and cup. Adding these currents to the

0
results of normalized IGO of Tahle 9, it is found that 7~ .35 at Ep =4 keV and
N~ .46 at Ep =12 keV. The latter value is the more reliable one as the lower
slope of the ID vs. VD characteristic makes the result less sensitive to the
accurate position of the true zero cpd. In spite of the fact that the surface condition

of the materials is not well defined, these results seem to indicate clearly that the

deficiency in IG0 noted in Table 9 is indeed due to secondary emission from the

G0 cup. This emission has no direct effect on the determination of I_ or IC+G1

needed for the yield measurements, except on account of the following two possible

leaks for secondaries:

(1) Leakage through the top aperture of the G, cup. By making a retarding

0
potential measurement between the whole (G0+D) assembly and ground, it is found
that the normalized leakage is less than .01, i.e., the value of Ip obtained by the

sum of electrode currents is too small by 1% at worse, due to this particular effect.
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(2) Leakage of electrons from dynode-to-G, space into collector. This effect

0
is found to be also approximately 1% at worst (with thick foil dynode), when
VC =+ 90 volts. Thus, measured 61: may be too large by . 01 due to this effect, At

VC = 0, the effect is not noticeable.

The loss of backscattered primaries through the top aperture of the GO cup
can be estimated by considering that the backscattering coefficient of the composite
films of A1203 +Al + alkali halide should be near .15 (that of A1203 ).31The solid
angle subtended by the aperture is approximately . 019 steradian. The angular dis-
tribution of backscaitered electrons does not appear to have been measured at the
energies of interest. If one assumes an isotropic distribution, the fraction of electrons
lost through the aperture is approximately . 0005. Even if the distribution were not
isotropic, a wide margin still exists before this effect becomes significant in the
measurement of Ip, and it will therefore be neglected.

The behavior of the (C + G;) assembly has been studied by measuring dt and
n ¢ of a standard A1203 + Al substrate, Measurements have been carried out with
the aperture of the collector Faraday cup covered by Al foil, and subsequently,
without opening the vacuum system, with the aperture open. The results obtained

are shown in Table 10. The definitions of Eqs. (17) through (19) are used without

further corrections.

Table 10
Aperture closed . Aperture opened
Dynode : Ep g T ) d, nol 6
keV
4 . 64 .1 . . . .
Substrate 76 46 575 204 37
8 1.7 .79 .91 1.43 . 865 .57
Only

12 1.48 .87 .61 1.3 .96 .34
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A previous measurement carried out with an empty dynode holder shows
that approximately . 02 Ip gets scattered from the collector cup into the dynode
area through the aperture. From Table 10, considering the case for Ep =12 keV
to be the one closest tolthe case of an empty holder, we see that the change in
77t when opening the aperture is given by

Ant =3~ ,02

where "a" isg the fraction of electrons scattered back by the aperture cover into
the dynode. The value of "a' is then .11, causing a change in § of .27. The
reflection yield of the Al substrate is then .27/.11 = 2,4 which is quite reason-
able for a high average angle of incidence. 3
When the aperture is opened, the .02 Ip backscattered will result in an
approximate error of . 048 Ip, i.e., the measured yield is too high by approxi-
mately .05. At lower Ep, the error is expected to belower for the following reasons:
(1) The transmission of the film is lower so that the absolute error
should be roughly proportional to 7 ¢
(2) The electrons entering through the aperture have a broader angular
distribution, most likely reducing the fraction of electrons coming
back out,
The measurements at Ep =4 and 8 keV are in quite good agreement with the
above interpretation of the results for 12 keV.
When a similar measurement is carried out on a substrate + 5001?& KCl1, it
is found that the reflection yield for backscattered electrons is approximately 9,
leading to measured yields which are too high by approximately .2 (in absolute
value). For materials with higher yields than KCI, this factor would become
.3 perhaps.
It appears safe then to state that measured yields will be too high by approxi-
mately .3 Tit in absolute value due to backscattering irom the collector. This is
a conservative estimate based on the worst possible case (Csl).
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The effect of the grid Gl can be estimated as follows: In the measurement
of T]t , the current intercepted will be roughly .037 tIp . If one tgkes 2 maximum
6 of 1,5 for wide angle of incidence:3 on Ni, the value of nt will be too low by
. 045 77t. In measuring 6t with 1 ~ .25, the effect of backscattering on the sec-
ondary generation of the dynode wiil be .03 7 ¢ Ipn X 9, or in absolute value IR
will be too large by approximately .07 77t. In finding 6, the measured value is
too high by approximately .1 7 £

A summary of the errors studied can be put in the following approximate form:
True 6 may range between (measured §) and (measured § - .4nt - .01)/1. 01,
or approximately (. 99 measured § - .477t - .01). This is the worst case cor-
responding to a high yield material and experimental results should be better

than the above estimate for low yield materials.

b. Calibration of Electronic System and Evaluation of Random Errors

The Keithly 601 electrometers used for dc measurements have an
accuracy rating of 1% of full scale. They are found to be within this specification.
Readability of the scales is within + . 5% of a full scale reading. With readings
made in the average at half scale, one can roughly estimate errors in finding & ¢
and n, as being + 2% each. Since in the composite films 5t is always a few
times larger than 7 o we take the error in ‘the former as being dominant, making
some allowance for the latter. One can then say that random errors in the meas-
urement of dc yields are approximately +3%.,

For pulsed measurements, the aim has been set for operation with primary
pulses of the order of 1074 coulombs at reasonably good signal -to-noise ratio.
With this amount of primary charge in an area of 5 mmz, if yield is 5 aﬁd all
electrons leaving result in trapped holes (which is clearly not the case as seen

(o]
from experiments indicated above} the voltage developed across 500A of
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a material with a relative dielectric constant of 2 is given by

-3 -2l e x5x1078 5% 107 § volts (M. K. S
- — o, volts (M. K. S,
€€A 55 85x10 x5x1078 )

v -2 _Q-d 10~

For § with a maximum of 10, it is clear that a very large number of pulses can
be used before any appreciable voltage is built up.

The initial approximate calibration has been carried out by applying a simul-
taneous step of voltage to the inpuis of A and Bl through separate 2 pfd* 2% capacitors.
The total charge delivered is Q = VC ,provided that the input capacitance of the
amplifiers is much larger than C. This capacitance Cin total is given by the sum

of wiring, electrode, and stray capacitance plus the feedback capacitor times open

equal to a few thousand pfd. In such
4

loo in of the a ifier. i
p gain of the amplifier. This makes Cin total

case, a step of 5 mV into 2 pfd corresponds to 1071 coulombs of charge. The
gains of the amplifiers were set so that one pulse produced 2 cm deflection in the
Ip channel of the oscilloscope (10 mV/cm sensitivity setting) and 1 em deflection
in the IC R channel (set at 100 mV/cm). In this way, 1 cm deflection corresponds
t0 10* coulombs in the corresponding chamnel.
This simultaneous calibration of both channels is approximate and not sufficiently
good for the present case in which Ip is obtained by the sum of two currents which
may be large and of opposite signs. The reason for the inaccuracy lies in the fact

that the charge delivered by the 2 pfd capacitor is collected at the feedback capacitor

Cyg, in proportion to  Cy, * open loop gain/C,

in total which is not the same for the

two amplifier channels, The best calibration is then carried out by switching amplifiers
A and B1 and the following stages back and forth from one channel tc the other while
adjusting R, (Fig. 20) until a unique value of & ¢ is obtained from a high gain film
(CsI, 500 %, 7 keV). This calibration, carried out at high charge per pulse

(I = 1()—13 coulcomb in 5 usec) for good S/N, allows consistent measurements

p
of & ¢ ander switching to better than 1% over a large range of yields.
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. Figure 24 shows a typical oscilloscope pattern in a measurement of ﬁt. The
top trace corresponds in magnitude to Ip . One cm is equivalent to 2 ><10-14cou10mb.

The bottom trace corresponds to the magnitude of I , With 1 em corresponding

C+ Gl

to 5 X 10“14 coulombs. Horizontal scale is 20usec/cm. The film measured is

500 & KCl, Ep =T keV, state of charge not defined. The oscilloscope traces can be
read to approximately + .05 cm. Assuming that in the measurements both Ip and
IC + Gl give about the same deflection, but the latter represents § ¢ times more
charge, the readings of o ¢ approximately good to + .1 St/ deflection in cm. Usually

measurements will be carried out with deflections of 3 to 5 cm, giving errors due

to reading of about *.0258 e

In order to estimate the electronic noise of the system at the indicated level
of signal, 20 measurements on the indicated film have been carried out. Their mean
is 4. 95 and the standard deviation is . 16. Since the expected error in reading the
oscilloscope is approximately £, 125, it appears that the noise contribution to the
error is dominant. If one assumes that in taking two or three measurements of Bt
for a given set of parameters the average of the measurements will be contained
within + one standard deviation, one can specify an approximate margin of error for
pulsed measurements as being . 16/4.95, or + 3% at typical measurement levels. The
de value of Bt for the same film is measured to be 5. 07 +, 15. The state of charge
of the film during this measurement is undetermined, ut it should be the same for
both, as the dc measurement was done first and discharge time constants are long.
The agreement between the two methods is good.

Finally, the accelerating high voltage has to be considered. The potential is
measured with a Keithley electrometer fitted with a 30 K volt probe. The assembly
has been calibrated with-a . 5% Singer electrostatic voltmeter. Resetability is to within
+ 30 or 40 volis at the more critical energies below maximum yield. The error intro-

duced is small and can be neglected in comparison with the other errors indicated above.

- 101 -



201

Fig. 24

987A27

--Typical oscilloscope pattern in the measurement of pulsed 8 .
Vertical scale: 2 X 10"14 coulomb/cm at peak, horizontal: 20 psec/cm




3. Preliminary Measurements

a. Yield of Substrates

The secondary emission yield of the standard substrates used for the
present measurements has been measured repeatedly with a dc beam. Pulsed beam
measurements have been carried out several times with identical results, as expected.
The thickness of the A1203 support film(lOOOX) and that of the 500 X Al evaporation
should be correct with in a few percent for all the different batches of substrates. No
special effort has been made to control the surface characteristics of the Al layer.
After evaporation in an oil diffusion pumped system at pressures of about 10"6 torr,
films are stored in a dry box. Figure 25a shows § vs. Ep for films of different batches.
The spread in results is much larger than the expected errors discussed above, and it
is believed to be due to differences in the surface characteristics of the Al layer.
Proof of the uniformity of film thickness lies in the uniformity of 7 ¢ for the same

films as shown in Fig. 25h.

b. Effect of Pressure and Evaporation Rate on Yield of Alkali Halides

Several films of Cs] have been evaporated at pressures between
1.5% 10 torr and 8 X 10 > torr and at rates between 1 Ao/sec and 10 .A(\)/sec. The
dec yields have been found invariant under the above changes, within the expected
errors of the measuring system. Similar measurements for KCl and NaF seem to
indicate a small effect due to pressure duriﬂg evaporation when this was carried
out at pressures of 10-7 torr or higher, but no clear effect due to evaporation rate
when the latter is in the neighborhood of 1 to 10 K/ sec. It was decided to
carry out all the evaporations at near the best vacuum obtainable in the system,
about 2 X 10_8 torr and to use anevaporation rate within the range indicated above.
The vacuum system was always be opened to dry nitrogen, with relative humidity inthe

enclosing plastic box of less than 1.5%.
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4. Measurements on Alkali Halides

Measurements of secondary yield on the four selected alkali halides have
been carried out. For a given material, six films with thickness of approximately
125, 250, 375, 500, 750, and 1000 f?x have been investigated. It has been found that
substrates can be reused by rinsing off the alkali halide deposit by immersion in
water. The low secondary emission characteristics of the substrate are recovered.
The procedure can be repeated three of four times before damage to the A1203
layer becomes evident (lifting off from support ring). Substrates have only been
reused within measurements of a given alkali halide, though.

Preliminary measurements carried out by evaporation on top of an already
existing layer of salt on which measurements have previously been made give incon—
sistent results, depending on past history. For this reason new evaporations are
required every time.

After checking the instruments by measuring & for the substrate ata selected
value of Ep, pulsed and dc, the desired thickness of halide salt is evaporated.
Immediately pulsed measurements at energies between 4 and 12 keV are taken. At
each point, 3 pulses of 2 fo 5 X 10_14c0u10mbs have been used. The average of the
results of using Eq. (17) will be 6t, the measured transmission yield for an un-
charged film, The fact that a freshly evaporated film is uncharged has been
checked by photoemission measurements of Csl by T. DiSt;ephano48 at Stanford
University.

Next, dc measurements at some energies of interest are carried out at pri-
mary currents of 5 to 10 nA. These are to be compared to :St in order to see if
there is any enhancement of the yield at de. Subsegquently, ¢ is measured at dec.

The only exception to the above procedure for carrying out measurements is

the case of CsI in which a complete set of low level (Ip < 1 nA) dc measurements

was carried out prior to developing a satisfactory pulsed method. It has been
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subsequently determined that those measurements are completely equivalent to
pulsed results as no dec enhancement of yield is observable in CsI films.

The statistical error in the measurement of 6t has been estimated to be =.03 ¢ ¢
The corresponding error in measuring 7 ¢ is approximately .02 T)t . In addition,
the systematic errors in 6 can be roughly as large as (- .016 - .4nt -.01). The
peints corresponding to § £ n ¢ will be plotted in a graph and bars between
(1. 03 6t - .98 ﬁt) and (.98 (St - 1,42 nt - .01) will indicate the. range over which
the true & is expected to exist. Since the systematic errors cannot be determined
with sufficient accuracy, they are introduced as giving rise to a possible error
rather than being used as correction factors.

Measurements are all at room temperature. The filament of the electron gun
is turned off between resetting of voltages in order to minimize temperature changes.
Reversible changes in yield have been observed after approximately 30 minutes of
having the filament on, with the beam cut off.

Figures 26 through 29 show the results of measuring secondary emission yield
in transmission for CsI, KCl, NaF, and LiF. Note that the vertical scale has been
magnified by a factor of two in the case of LiF. Also shown are theoretical results
to be discussed in Chapter II. The materials used for the evaporations can be
described as follows:

CsI: 99.99% certified purity, Research Organic/Inorganic Chemical Co.
'KCl: Optical Quality, Harshaw {(expected purity 99. 9%).

NaF: 99.99% certified purity, Research Organic/Inorganic Chemical Co.
LiF: Suprapur, Merck (expected purity 99. 9%).

Handling has been done with stainless steel tools, ultrasonically cleaned in
acetone and ethanol. Evaporations were made from Mo or Ta boats, cleaned and
fired in vacuum. Outgassing of the powder or small crystals by heating in

2 X 10“8 torr initial vacuum has been carried out before the actual evaporations.
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The four materials are presented in order of decreasing maximum yield, which
ranges from approximately 6 = 8.3 for 750 R of Csl at Ep = 8 keV to
6§~ 2.75 for 40018 of LiF at Ep = 6 keV.

The shape of the § vs. Ep curves shown is not unlike those for reflection
secondary emission. They are characterized by low 6 at low Ep, and as E
increases, a maximum in yield is reached followed by a decrease.

One can see gualitatively how this comes about in the present case by exam-
ining Fig. 4, for example, in conjunction with Fig. 26, both for CsI. For any
chosen thickness of material, and assuming an exponential escape probability,
the existence of the maximum in yield is easy to see by looking at the curves of
dE/dx for different primary energies. The shift of the position of maximum yield
with thickness is also quite clear: For a film of thickness 7T = 250 X (10 pg/cmz),
a maximum yield should be expected near Ep =6 keV, while at 7 =1000 X ,
maximum yield might be more likely at about Ep =10 keV, if an exponential
escape depth of a few hundred K applies.

It is also to be expected from Fig. 4 that at Ep =4 keV the secondary yield
will at first increase as thickness increases, while later it will decrease to a
low value as T goes towards 10600 X . At Ep =12 keV, the linear loss correc-
tion of Fig. 4 indicates a uniform energy loss up to 7 =~ 900 K , and with the
assumption of an exponential escape depth the yield at that energy should be
increasing with thickness, with the possible exception of the T =1000 K case.
These considerations are well verified by the experimental results of Fig. 26
and hold quite well for the other materials tested, although the case of CslI is
the clearest one due to its high density and atomic number allowing very distinct
changes in dE/dx with changes in thickness.

It must also be remarked that the value of Ep required for maximum yield
is much higher than in reflection, mainly because of the presence of the necessary

substrate.
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The results of Figs. 26 through 29 correspond to the secondary yield of
uncharged films. As indicated above, the measurements on Csl were originally
carried out at low level dc, but careful comparison between pulsed results for
two separate new 500 X films of CsI and subsequent dc measurements, and pulsed
on top of dc, failed to show any enhancement in yield due to charging even at pri-
mary currents of more than 10 nA on an area of approximately 5 mmz.

For KC1 and LiF films of up to 500 X thickness, no yield enhancement has
been observable within the resolution capabilities of the measuring setup.

In the case of NaF, however, yield enhancement was very apparent. For
T =385X, Ep = 8 keV, pulsed yield for a new film was approximately 5, while
it went to 6 = 6 atdec and when a pulsed measurement was carried out simul-
taneously. Ten minutes after heam turn-off, pulsed § went to 5,6 and after ten
more minutes to 5.3. The process was found to be quite reproducible. In a
1000 & film of the same material, also at § keV, the yield changed from 4. 9 to
6 in the same manner.

One can speculate on the difference between the NaF films and those of the
other three materials by realizing that field enhancement may be due to the in-
ability of low energy electrons (bottom of conduction band) to reach trapped holes.
Instead, if the film contains many imperfections due to some dissociation at the
time of evaporation, f-centers could be formed. Some evidence of dissociation
for the present NaF films was apparent as will be discussed below in the section
related to contact potential measurements., Figure 30 shows the transmission
coefficient 1 ¢ for a typical substrate and for the same CsI films of Fig. 26.
Expected errors are +2, ~5%. A line indicating the approximate M, and Ep for
maximum secondary yield at each different thickness shows that the maximum
occurs at ?]t ~ .5 for all thicknesses. From Kanter's resu.lts,6 one sees that

the average energy of the transmitted electrons is approximately .65 Ep so that
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at the point of maximum yield, the primary beam has lost approximately 75% of
its energy in the compound film. The only point of this observation is to note that

maximum yield does not occur at an energy such that primary beam absorption

is near 100%.

C. Measurement of Energy Distribution in Uncharged Films

The measurement of the energy distribution of secondary electrons from
insulators has always been somewhat problematic due fo charge accumulation at
or near the exit surface. Byusing low primary currents, Geyer71 was able tomake some
measurements of energy distribution for differentthicknesses of NaCl, in reflection.
Petz.el72 published curves of energy distribution for single crystals of KClwithacorrec-
tion for contact potential. Comparison of the two results shows a definite discrep-
ancy in the peak of the energy distribution from less than . 05 eV (Geyer) to
~ 1.5 eV (Petzel) which makes tl;e results somewhat doubtful, as the two mater-
ials are not very different. These difficulties point out the need for a system
capable of measuring contact potential differences (cpd) simultaneously to
making retarding potential measurements. In addition, for the purposes of the
present investigation, energy distribution measurements should be carried out
on films known not to be charged.

Three alternative approaches have been considered:

(1); Spherical collector with a second low energy electron gun for probing at
the exit surface of the alkali halide film, in a manner similar to the one used by
Boll. 73 This method was considered not useful for the present investigation because
it does not allow simultaneous measurements of c¢pd and energy distribution. Also,
the measurement with 2 second gun may disturb the surface which one is trying
to study. One advantage does exist, however, in the ability to use a spherical col-
lector geometry, making energy distribution measurements independent from the

angular distribution of the emitted electrons.
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(2) Planar geometry in the collector -emitter structufe, with a transverse
electron beam passing between the collector and emitter planes. Deflection of
the transverse beam would indicate the field between the two planes.

(3) Planar geometry with a Kelvin probe at the collector plane.

An examination of the second and third alternatives indicated certain advan-
tages of the Kelvin probe method: possibility of very good sensitivity without
critical alignment problems; ease of calibration at different collector-to-dyncde
spacings; measurements of cpd can be made of a small well-defined area of
the film; and recording of results is simpler. This approach to cpd measure-
ments was therefore chosen.

1. Principles of Operation

a. Kelvin Probe
Figure 31 shows schematically a physical setup for the measure-

ment of poténtial difference (pd) by a Kelvin probe. A metallic substrate holding a
thickness x; of material with a free charge distribution p (x) and relative dielectric
constant € is connected to groundthrough a battery VD which includes the contact poten-
tial difference {cpd) between the metallic substrate A and the vibrating capacitor plate
B. The latter is connected to ground via RL in parallel with CL'

In the absence of free charge p(x), the problem can be treated as the case
of a simplecapacitor which for a certain spacing d will have an induced charge
at the plate B equal to - EOGVD/[X1+(d -x,)]. For p(x) £ 0, it will now be shown
that the same simple treatment can be used for any arbitrary g (x) and any film
thickness X« d. |

For a sheet of charge g located at x,0 £ x le, the charge QB induced

at the plate B is

= - gx
Qp = @<
B (d xl)e + X,
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For a distribution of charge P(x) the total induced charge will be
X
1

- - X Pxydx
QB B _[ d -x)etx; (20)
0

We wish now to see if the charge induced at B due to an increment of voltage
VI') at A equal to the difference of potential between the two faces of the insulator
film is the same as QB of Eq. 20.

The constant electric field E for x  £X <d can be obtained from Eq. (20):

!
_ _ 1
E = € 60[(d—x1):+x1] 6[ X P(x) dx

and the potential at X, is therefore

X
_ (d-Xl) 1 '
Vi) = 60[(d_xl)€+xl]f xp(x) dx = Vv .
0

If V]‘) is now applied at A, it will result in an induced charge QB' at B given
by .
o= EOEVD g (d—xl)e
B! (d_xl)€+xl B (d—xl)rs+x1

Thus, as long as X< d which is the practical case, QB can be used as a

measure of true potential at X,. This fakes into consideration the fact that the

field in the region x, £ x < d is not really zero and takes part in the determina -

1

tion of V(xl).

With plate B vibrating in such a way that capacitance C is approximately

equal to C0 + C1 cos wt, C1 <« CO’ the instantaneous charge QB is C(VS - Vl)’

where Vg = Vo + V]') is the potential at the surface x = x

S 1°
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The charge QB will obey the equations

dQ d(v )
dt dt
and
. dQB _ dV1 V1
1=—==0C —+ g
dt dt L
The differential equation for Vl(t) is therefore
dVS dV1 dc dC dVl V1
C—-—-—C-—-+VS———V1—--=CL—-——+§—. (21)
dt dt dt dt dt L

For VS(t) =V U(t), a unit step of amplitude v g and gf

we proceed to change Eq. (21) into a time independent linear equation by taking

wC sin wt,

C = C0 in the first two terms(i. e., Cl« CO), and V> V1 so that the fourth
term can be left out. These simplifications are justified by an examination of the
approximate solution given below and from the actual performance of the system.

We have then,

L - - ; d_ )
€+ CL) (V U + R (VlU(t))— VgoCy sin wt U(t)+ €y - (VSU(t))
Taking unilateral Laplace transforms one obtains

(C +C )s,‘} +—1— {/\ = - [V wC S +C,.V
0 L 1 RL 1 S 71 s*?' + w2 0 S
Fas
where Vl is the transform of VlU(t) .
FaN
Solving for Vl’ one obtains
2
-V, w C 1 cC.V 1
{,\ _ _58 1 . _0_8

1 RATER T
Co+C  Is+3)k +w) CotCp B+

where T= R (co " CL).
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The inverse transform is

-szzcl o t/T sin (wt - ) CoVs Lt/
M A R A
R [ (£ R A

where the phase angle ¥ is equal to tan—l(w T).
Looking at the steady state signal, we find that
- VSwCl sin (wt - yr)

% (4]

v, () =

The result shows that the ac signal voltage is proportional to Cl/ (Cy* L)
so that for a given geometry and available drive, we should make CL as small
as possible. The response increases with frequency until the neighborhood of
w=~1/7. Above this point Vl(t) becomes independent of frequency.

Notice that for w7 <« 1, the phase angle i) approaches zero so that the
signal voltage is practically in quadrature with the displacement from equilibrium
of the vibrating plate. This is important for the purpose of making pd measure-
ments during a retarding potential measurement. As it will be seen from the
description of the physical setup, the vibrating probe will pick up an ac current
from the electrons present between dynode and collector. The magnitude of this
current can be orders of magnitude larger than the desired signal at the probe.

It is the near quadrature of the two signals that allows a proper separation by the
use of a synchronous detector. Anderson, Laponsky, Peria et a_l.rM at the
University of Minnesota ran into this difficulty in their measurements of surface
potential but did not resort to the near quadrature elimination, resulting in a con-
siderable limitation in their measurements.

A field effect transistor preamplifier (voltage sensitive) was considered for

picking up the signal Vl before going into a Princeton Applied Research synchronous
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detector. Iitial caleulations of S/N ratio for the FET input for a current source
with C1 =~ 5 pfd, R1 = 10 to 100 MQ, gave quite satisfactory results for opera-
tion up to 10 ke, with a half-power bandwidth of 6 kc for a probe of 1 mm2 area,

d =1 mm + 0. 05 cos wt. At lower frequencies, where obtaining such oscillations

would be easier but the noise level gets worse, S/N power ratios of 50 seemed

obtainable.
A simple calculation of the current needed to drive a speaker voice coil to

an amplitude A gives

where m is the mass of the coil plus probe, w is the angular frequency, N is

the number of turns, r is the radius of the voice coil, and B is the field at the

gap. For a J.B. Lansing Model LE-30 speaker these parameters are:

N =20, r = 2cm, B = 16,000 gauss.
A maximum current of 1 amp was calculated for easy dissipation in all aluminum
voice coil fof'ms by conduction through the "spider.' For a total mass of 1 gram
the amplitude vs. frequency is approximately

4 x10°

2
w

A

giving .001 mm at 10 ke and .1 mm at 1 ke.

The approach seemed totally realizable for operation up to 1 kc but one
would have to rely on mechanical resonances of the driving system for operation
at higher frequencies if required for faster risetime.

Initial tests were carried out with an inexpensive speaker driving a wooden
rod with metallic tip. Results indicated the feasibility of the system, and pointed
out the need for great care in shielding the probe tip from the voice coil, avoid-
ing ground loops, and constructing the system with good rigidity to avoid undesir-

able mechanical resonances.
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b. Retarding Potential Measurements With Planar Geometry

The calculation of the energy distribution of emitted electrons with
a planar geometry has been reported by Schultz and Pomerantz. & For N(V) being
tht total number of secondaries emitted by the dynode but not reaching the collec-
tor, the energy distribution G(V) is given by

2
G(V) = —V<£1—1§) 22)
dv

for a cosine distribution of emitted electrons. If the distribution is isotropic,

the result is

av) = - & - 2v<92—1§> :
dv
For the measurement system being proposed, it appears necessary to oper-
ate the collector well grounded, with a small 1 mm2 section being the vibrating
probe far pd measurements. The retarding potential is applied to the same wire
from which the dynode current is measured. A typical I vs. V characteristic for
a high gain dynode is shown on Fig. 32. VD is the dynode voltage, and for this

particular illustration we assume that the c.p.d. is zero and the film is totally

uncharged. For VD very negative, the dynode current I_ is positive, indicating

D
a net loss of electrons. With a primary beam of unity current, a fraction (1 —T)t)
remaing in the dynpde, and a fraction (7 ¢ +8D = St) leaves the dynode. In addition
there is backscattering from the collector but we shall neglect this for the present.
As VD approaches zero from the negative side, secondaries from the collec-
tor due to the nt transmitted primaries are more and more able to reach the
dynode. At VD =, all secondaries from both sources reach their destinations.
As VD is made positive, dynode electrons are being retarded until saturation.

One can then measure dynode yield SD including errors due to backscattering
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as

and also the effective yield of the collector to transmitted primaries, &

I (VD < -20) - ID(VP = 0)
L

c’ as

If the angular distribution of secondaries were known to be exactly cosine-
like, one could obtain the product T - (dZI/dVZ) from the VD > ¢ part of the
I vs. V characteristic in order to find the energy distribution. For metals in
reflection, it is well known that the secondaries have a near cosine angular dis-
tribution,5 but no data are available for alkali halides. Even in the absence of a
significant surface barrier in the alkali halides, one can justify theoretically a
roughly cosine distribution of emitted electrons if the internal distribution is
isotropic. For electrons of a given energy é generated at some depth d atan
angle 68 < 900, the path length for mostly forward scattering is roughly propor-
tional to d/cos 6 and the probability of escape should be roughly inversely
proportional to the path length.

In order to see how much error would be made by assuming an exact cosine
distribution in the analysis of results, a computer program has been written for
obtaining the energy distribution from data like those of Fig. 32 and arbitrary
angular distribution. The program is based on the work of Schultz and Pomerantz75
who show that the total number of secondaries emitted by the dynode, but not

reaching the collector, is

Vv 00
N (V) =f G(T) dT +f R G(T) dT 23)
0 A"

where G is the energy distribution of secondaries, and R = 1 ~ S is the
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fraction of electrons not reaching the shield, S is given as

ec 7r/2
S =f f(0)sin @ dﬂ/of f(6) sin ¢ dé6 (24)

0

where Bc is the maximum angie of emission for which an electron with'kinetic

energy T will be collected when the retarding potential is V, given hy

/2

6, = cos™t v/t vET . (25)

The solution for G(T) given an experimental N(V) and an arbitrary angular
distribution f(#) can now be obtained by the following numerical method:

if one divides the range of energies and retarding potentials into steps
Tl’ TZ’ T3, e 3 Vl’ Vz, V3, ..., it is possible to calculate the values of
S(Vi’ Tj) by carrying out the integrations of Eq. (24) with the limit ec(i/ i) given
by Eq. (25). From the values of S one can form R(V;, Tj) and rewrite Eq. (23)
in a matrix form by changing the integrals into summations as shown below. Let

N(V,) = N;, G(T;) = G;, and R(V;,T)) = Ry;. Then

1 Rip Bz Bygeeey G / Ny
\ . I \
Y i /
1 1 Rog  Bogeeer G, fl N,
1 1 i R34 24 -\ G3 (‘! i N3 ‘
1 1 1 Leeer | G, , \ Ny
2 [ \ :
] \
: : : : j - :
/ ,
1 1 1 1...1/ 1/ 1

This forms a system of linear equations which can be solved for G. In
practice, a range of 10 volts is taken in .1-volt steps for both T and V and

the solution is obtained in a least squares sense.
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The results obtained for six different assumed angular distributions, starting
from actual experimental data similar to the ones of Fig. 32 are shown in Fig. 33
(a), (b), and (c). Part (a) shows the results of the computation for an exact cosine
distribution and a curve fitted through the points by eye. The scatter in points is
very reasonable, as one is in effect taking a second derivative of the experimental
results in the disguise of solving a set of equations. Part (b) of Fig. 33 shows a
comparison of the best three lines for two quite substantial deviations from a cosine
distribution and for the exact cosine, all normalized to unity area. Part (c) shows
very extreme deviations from the cosine distribution. In particular, very large
changes have been introduced at large angles. The results show that, except in the
very extreme cases of Fig.33(c), even quite substantial deviations from the cosine
distribution will give results which are not too different from each other, and
almost within the resolution of the system. As a conclusion, it seems then quite
appropriate to assume a cosine distribution and obtain the secondary energy distri-
bution from the experimental results by means of the computer program discussed.
Alternatively, one could differentiate the curves electronically one time and smooth
out the data before a second differentiation by computer. This has been tried and it
turns out about as 'mcisy' as the process indicated above and it requires more steps.

It is interesting to look at Egq.(22) a bit further in relation with Ivs. V char-
acteristics for planar geometry like the one of Fig., 23 and Fig. 32. Secondary electron
energy distributions from all materials have a general appearance like that of Fig.33(a).
For metals the peak may be quite broad and have a center at several eV, and for
some alkali halides it seems to be narrower and lie below 1 eV, but there is one
peak only and the curve G(V) goes to zeroat V = 0. Examination of Eg. (22)
shows that, for planar geometry, dN/dV cannot have a peak exceptat V = 0,

If there were one at some other value of V, there would be a zero in
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the energy distribution curve at that V, contrary to findings. If one looks at a
retarding potential measurement with elecirons from two sources (for example,
dynode and collector), it is clear that the abové reasoning holds for both halves
of the measurement and V =0 corresponds necessarily to the point of maximum
slope in the curve . This holds exactly for cosine distributions, but a computer
analysis of what the I vs. V characteristics would look like for other distribu-
tions which are only near cosine-like, still supports the above conclusion. This
fact can be useful in determining or checking a t{rue zero cpd between two sur-

faces as was done in Section B2a of this chapter.

2. Description of Equipment

a. The Kelvin Probe Tube

Figure 34 shows a schematic drawing of the tube containing the Kelvin
probe. The electron gun, identical to the one described previously, consists of
a filament (1), which in this case is a W flat ribbon for a maximum current of
10 A, a control electrode (2), and a grounded anode (3) with an opening of 1/4
inch., The gun is normally operated in a defocused manner and the beam size is
determined by the exit opening of the drift tube (4) which has a cross section of
approximately 1 cmz. The drift tube is operated at +90 volts in order to prevent
the emission of secondaries. A 95% open grid G0 (5) is placed before the
dynode (6) and is operated at -300 V, preventing the escape of secondaries from

the back of the dynode. The G, and dynode assembly is mounted on a pantograph (7)

0
which can be manipulated from outside the tube with a micrometer, allowing
accurate setting of the dynode to collector spacing "d." Not shown in the drawing
is a mechanism allowing the lifting of the dynode from its centered position by
about 2 cm independent of ''d." The dynode and its holder can be removed from

its location and replaced by lifting it up and out of the tube with a threaded rod

through a 2-1/2-inch i.d. flange not shown. The collector is an aluminum plate
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FIG. 34--Schematic drawing of the Kelvin probe tube




1/8-inch thick with a hole in its center slightly larger than 1 mm2 to accomodate
the vibrating tip (16) which has an area just under 1 mmz. The permanent magnet
and pole pieces (9) with their housing came originally from a J, B. Lansing Model
LE-30 Hi~Fi speaker. ’I‘he parts were disassembled, stripped of paints, and cleaned
up for high vacuum before reassembling and remagnetizing the Alnico V permanent
magnet. The air gap was opened to . 015 inch, with a2 measured magnetic field of
near 16,000 gauss. The voice coil (10) was drawn from . 005-inch hard-drawn
aluminum sheet and spot-welded to a six-legged "spider" (11) cut and shaped from
the same material by means of a rubber sheet pressing against a steel dye. The
coil-winding consists of 20 turns of . 005 inch Al wire, with a ceramic "Duroc"
coating. A very light coating of "Sauereisen ceramic coating was used to hold

the winding together. The coil wires were taken directly to a feed-through, keep-
ing the voice coil well insulated from ground on both sides. An aluminum bar

with 1.5 mm2 cross section (12) spot-welded to the voice coil is the support for

a quartz rod (13) of approximately . 020-inch diameter with a second three-legged
spider (14) glued to the rod with a drop of "Sauereisen” cement. The probe tip (16)
is partly hollow in order to fit it to the guartz rod (glued with the same cement)
and in conjunction with the machining of the collector plate forms a labyrinth to
prevent electrons from penetrating.the probe assembly. The aluminum shield (15)
has been designed in such a way that any penetrating electrons cannot easily reach
the insulator rod or the post for support of the electrical connection. If some
charging still occurs, the shield also prevents the small piece of thin Al wire,
which connects the probe tip to a rigid stainless_ steel rigid wire, from '"seeing"
the charged insulator to a very large extent. This wire, with its own vibrational
modes, is made to see only aluminum from practically all directions. A 1/4-inch
thick nickel -plated soft iron shell (17) forms a shield against leakage of static

magnetic fields and a 1/8-inch silver-plated copper shell (18} provides electrical
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shielding between the voice coil and the probe tip. The 1/4-inch-thick base plate
(19) is the common ground point for the assembly which is transmitted to the out-
side at the flange (20) through a copper tubing shielding the probe tip connection.
Insulators (21) support the structure to the 6uter stainless steel shell. Vacuum
connections are made to a Varian '"VacSorb'" pump for roughing and to a water-
cooled 11¢/sec Varian ion pump as a final stage. After the first baking for 48
hours at 125°C, a final pressure of approximately 2 X 10_8 torr is obtained.
Baking to higher temperature results in damage to the voice coil and to some
reduction in the magnetic field at the gap. With the system only vented to dry NZ’
the terminal pressure is obtainable in about 8 hours without further baking. The
ion pump is about one foot removed from the tube and duly enclosed in magnetic

shielding.

b. The Electronic System

The design of the electronic system supporting the Kelvin probe
system has been carried out in such a way that measurements from very slow to
moderately fast speeds can be made, the choice depending on the desired resolu-
tion and required speed in the retarding potential measurements to prevent
charging. Three main circuits forming the system will be described.

(1) Regulated primary beam power supply

For measurement times of the order of one minute or more, in which the
primary current may be required to be constant, a defocused, directly-heated
cathode will not deliver anything near a constant current, even with perfect
line regulation, due to long thermal time constants near the filament. To over-
come this difficulty, the filament power supply has been designed with a simple
SCR regulator at the ac line side. The feedback signal is taken from grid

G,

0 in the Kelvin probe tube, suitably amplified. Fig. 35 (2) and (b) shows a

simplified schematic of the power supply. The acceleratingpotential is applied
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to the tube filament. The filament-to-control electrode potential is obtained from
a Zener regulated 600 volt supply. A manually operated switch energizing a reed
relay allows switching of the control electrode potential from its regulated setting
to -1000 volts approximately, and back, providing a moderately fast way of turn-
ing on the tube. The risetime of the signal at the electrode has been measured to
be 1 msec or less. A trigger signal is also obtained at beam turn-on or turn-off,
The current from GO’ suitably amplified, controls the charging current for capa-
citor C1 through transistor Tl' As each half cycle of the ac line voltage starts,
C1 starts charging at a basically constant current until the firing voltage for the
unijunction transistor T2 is reached. At that point, one of the SCR's will fire,
allowing current to flow into the power transformer of the filament supply. This
is a standard circuit technique for ac power regulation (General Electric SCR
Manual). The desired primary current is set by the '""Current Set" potentiometer
and the position of swith SW1. The settings depend, of course, on the energy of
the primary electrons, as the secondary emission coefficient of GO is energy
dependent but this is not troublescme.

The performance of the regulator is good for its intended purpose. A Nyquist
analysis shows a maximum open loop gain of 50 at dc , if stable operation is to be
expected. The open loop gain at 5 cps is only 5 under such conditions, indicating
that short-term stability may not be as good as long-term stability. The long time
constants of the power supply filtering, of the input circuit to the amplifier and of
the filament itself result in the slow response of the loop.

In practice, it is possible to holdlcurrents of .5 to 200 mA/cm2 within a few
percent over long periods of time, with slightly larger variations at frequencies
of a few cps.

When the beam has to be turned on for short periods of time with the reed

relay switch, a nonregulated operation is provided.
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(2) Dynode circuit

The circuit for measuring the I vs. V characteristics of the dynode is shown
in Fig.36, A Hewlett-Packard function generator with the low side connected to
a variable low-voltage supply provides a triangular waveform centered at some

desired voltage V.. The lowest sweep frequency is .01 cps. Dynode current is

0
measured by a floating Keithley 602 electrometer in the "FAST'" mode with rise-
times of the order of 10 msec in the range used. The Ivs. V characteristic

is plotted by a two-pen Mozeley 136A recorder,also with floating amplifier inputs.
The three axes of the recorder track sine waves faithfully up to frequencies of

1 cps. If this is too slow for a particular measurement of a material, a storage
oscilloscope with a differential input and goed common mode rejection can be
substituted. In carrying out a retarding potential measurement as described, the
electrometer will register a step of current due to the differentiation of the ramp
by the dynode -to -collector capacitance, In order to remove this step, a second
signal is obtained from the H-P ramp generator which supplies this capacitive
current through a 50 pfd capacitor. The response of the whole system to a current
source between the dynode and collector (ground) corresponds to that of a low pass
filter with a time constant of approximately 10_4 sec with the electrometer inthe

"fast' mode.

(3) Kelvin probe circuit

The internally generated reference signal of a PAR Lock-In Amplifier,
Model HR-8, is used to drive a "Hi-Fi" power amplifier with heavier feedback
than in the original design, for improved gain stability. The shielded output leads
are taken to the voice coil feedthrough in the tube. One of the leads is grounded
at the amplifier side, but its effect on stray signal pickup through ground loops
seems to be negligible. The probe signal is picked up by a modified TMC-327A

FET preamplifier and taken to the input of the PAR preamplifier. A series
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resistor of 100 kQ has been placed in the circuit to provide optimum noise per-
formance from the PAR which otherwise adds noticeably to the noise of the FET
preamplifier. The recorder output is taken to the second vertical channel of the
two-pen recorder., This electronic loop is capable of working at any frequency

within the audio range. A storage x-y oscilloscope canbe usedfor recording as well.

3. Calibration and Initial Measurements

This tube is not intended to produce an accurate measurement of secondary
emission coefﬁcient 8. The lack of a grid between the dynode and the collector
prevents a good measurement of nt and the planar geometry insures substantial
errors in at due to backscattering. Therefore, only approximate calibration of
the primary current Ip is necessary. Some care has been taken, however, with
the uniformity of the beam at the dynode position. By placing a plate with a ZnS
coating and with a l—mmz hole at the center at the dynode holder, the beam profile
is made visible from outside the tube through a flange fitted with a glass window.
Also the current passing through the hole is picked up by the probe tip and can be
measured. For primary energies between 4 and 12 keV, proper control electrode
potentials were found giving a uniform illumination at the ZnS screen, Then by
rotating a small magnet near the drift tube region, different sections of the beam
were made to pass through the center hole. Current uniformity was measured to
be +10% within a circle of half the beam radius.

The approximate primary current calibration has been carried out by placing
a solid Al plate at the dynode position and measuring both the dynode current, ID’
and the drift tube current, IDT' Assuming that about 15% of primary electrons
are backscattered and no other currents play any significant role, a table of I

DT

VS. Ep for a constant Ip - 10 nA was formed. These currents ID range

T
between -2.33 nA at Ep = 4 keV, and -1.23 nA at 12 keV. Linearity of

i holds to 5% within 3 decades.
Ip vs. IDT at fixed Ep o 7
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The current I‘DT has been taken as a scale for Ipbecause IDT is quite
independent of the collector to dynode spacing d. Notice that changing d also

changes the Go-to-DT . spacing resulting in some dependence of 1. on d. These

Gy
changes are not very small compared to IG , but they are very small compared
0
to IDT' D.C. measurements of 8t from the simple formula
6 =1 - _I[_)
t I

P

or of § by the method of Fig.32 on standard substrates and on CsI films trans-
ferred in a dry N2 atmosphere consistently give high results, the error being
quite expla'inable in terms of the backscattering difficulties and some inaccuracy
in the values of Ip.

The Kelvin probe has been tested quite extensively in order to determine
conditions for the best sensitivity, stability, etc. Since fast response of the probe
is not of the most important concern for the measurements to be reported here,
operation at approximately 500 cps with a very good sensitivity has been adopted.
With a drive of less than .1 watt into the voice coil and d ~ 1 mm, potential
changes of . 05 volts can be detected quite unequivocally with a 12 db/octave filter
time constant of .1 sec. For less demanding requirements in sensitivity, opera-
tion at higher frequencies is quite possible, up to about 5 ke, but operation at
the higher frequencies is tricky due to the presence of strong vibrational modes
at the probe with small components of axial displacement. Deviations from lin-
earity are not observable in dynode potentials ranging between ~ 100 to + 100 V,
at different spacings d. By careful adjustment of the phase between the reference
signal driving the probe and signal driving the phase sensitive detector at the PAR
instrument, it is possible to render the probe quite insensitive to the presence of
secondary and transmitted primaries at least up to currents of 100 puA. Reversible

changes in cpd of less than . 05 volts have been observed a few times between the
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collector and a metallic dynode by turning the primary beam on and off at
Ip =50 uA. Whether this change in cpd is real, due to different surface condi-
tions under electron bombardment, or is dueto slight misadjustment of the phase
control cannot be ascertained. In order to maintain a Jong-term phase adjustment
it is necessary to keep the PAR instrument on all the time and ,of course, not to
change any of the controls whichmay affect phasing. Sénsitivity of the amplifier
stage may be changed,however, as wellas the level of the reference drive signal.
In spite of the care taken with shieldings of different kinds, two minor diffi-
culties still remain with the probe: (1) Even at a true zero cpd some signal is
picked up by the probe tip. (2)Some charging still occurs inside the probe chamber
when the electron beam is on. The first problem results in a constant but unknown
zero offset. The second one results in a variable zero offset which changes in one
direction to some final value at a very slow rate with the beam on, and returns
to the uncharged condition over a period of days. Fortunately the rate of change
is slow enough that it can be totally neglected in measurements with the electron
beam at Ip< 10 A cm2 if a particular measurement can be completed in periods
of a few minutes, which certainly is the case in.practice,
The measurement of pd between collector and some other dynode surface is
carried out in a way which is independent of the actual zero offset at the time of
measurement, as long as it stays constant. With the collector ~tc -dynode distance

d at a given setting, V. is swept about zero to suitable voltages, for example,

D

+2.5 volts. The dc output of the PAR instrument, V_, is then plotted vs. V

s’ D’
Next the spacing d is changed and a second sweep is made. There is a partic-
ular value of VD such that the two traces intersect. At that point the Kelvin

probe finds a true zero pd as its output is independent of spacing d. If the

crossing occurs at Vv then the dynode surface has a potential -V

p = Vpo DO

with respect to the collector metal,
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Figure 37 (a) shows the results of a cpd measurement, plotted on a storage

oscilloscope, between a collector and probe tip covered with a SOOX layer of Au

273

is , 5 volt/cm with a zero at center scale. The result is zero cpd to better. than

0 o}
and a substrate formed by 1000A Al_O, + 500 A Au. The horizontal scale, VD’

. 05 volt. The electron beam was off. Part(b) shows a similar measurement be-
tween the Au collector and a standard A]LZO3 + Al substrate with the beam off,
Part (c) corresponds to the same measurement with the beam on at I_ =50 nA,
Ep =12 keV. Results for (b) and (c) show that Al is positive with respect to Au
(with the surface conditions prevalent during the measurement) by . 9 to . 95 volt.
After the Au layer in the collector and tip was removed, a cpd measurement on
a gold dynode gave results of the same magnitude as those of Fig. 37(b) and (c),
but of opposite sign. Al - Al cpd is often found to be - .1 to ~.2 volt (substrate
with respect to collector) before electron irradiation, going towards zero irre-

versibly after bombardment for a few minutes with penetrating electrons.

4, Measurements on Alkali Halide Films

A substantial amount of effort has been devoted to finding a good way of
making retarding potential measurements on alkali halide films while keeping the
pd fixed at an essentially uncharged condition. From experiments with several
films of CsI and KCl it is found that the potential at the surface of a composite
film (with respect to the collector) ranges between + .1 V and -. 1V, which is
essentially the same as one finds for the contact potential of substrates alone,
Thus it appears that the presence of the alkali halide layer does not substantially
affect the work function of the Al backing when the film is new. The result is a
bit different for the case of NaF. It has been found that VD 0 is approximately
-.5 volts. If the film is uncharged, then some dissociation may have occurred

during evaporation with the result that Na ions may have lowered the work

function of the Al backing.
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Under prolonged bombardment, CsI films show two different kinds of changes:
(1) an irreversible change of VDO (becoming more negative) which does not affect
the 1 vs. VD characteristics of the film, except for a shift in position, and

(2) a reversible change of V__ in the same direction whose effect on the I vs. VD

Do
characteristics is indicative of patch positive charging of the dynode surface.
This patch effect does not result in enhancement of secondary yield, however,

The irreversible change, of up to about 1 eV, is linked to dissociation of the
alkali halide with the iodine probably reacting chemically with the Al layer. The
outline of the electron beam, including the shadow of a grid, are clearly visible
on the substrate after exposure of the film to room air, even after washing the
film away with water.

The nature of the charging mechanism has been studied only as far as neces-
sary to learn how to avoid it, and a good explanation for some of the observed
effects will not be attempted here. }

The outcome of the investigation has been the finding of the following technique
for making reliable retarding potential measurements:

1. After evaporation, the film is directly transferred to the Kelvin probe

tube with exposure to dry nitrogen with less than 1. 5% relative
humidity.

2. After pumpdown to approximately 2 X 10-_8 torr, the first pd measure-
ment is carried out by the standard method indicated above. With the
beam cutoff, the filament is allowed to heat for about 5 minutes at a
predetermined current which is known to result in a primary current
of approximately 1 nA/cmz.

3. A retarding potential measurement for a desired Ep is carried out by
sweeping VD from -1 to +9 volts, and back, linearly in 10 lseconds

maximum. Only during that time is the beam turned on,
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4. A new pd measurement is made to check that no substantial charging
has occurred, and the procedure is repeated for other E 's.

It has also been determined that the secondary emission from the films due
to electrons scattered back into the dynode surface from the collector (trans-
mitted and subsequently backscattered primaries) does not affect the energy
distribution measurement. This has been ascertainedrby comparing the resulting
energy distributions for the case of a collector covered with a 50018 layer of Au
(high backscattering coefficient) and the case of an Al collector (low backscattering).
No differences could be detected between the two cases.

For the four materials studied, three consecutive measurements have been
made, one at Ep =4 or 5 keV (point of low yield), one at Ep =T or 8 keV
(highest yield), and the third one 12 keV (maximum primary penetration). The
thickness selected has been SOOX to insure isolation of effects due to the Al
backing. It has been found that potential differences changed during the measure-
ments by less than 0. 05 volts, which would not affect the measurements in any
substantial manner.

The results obtained have been analyzed by the method indicated in Section C1lb
of this report assuming a cos 6 angular distribution of emitted electrons. The
results are shown in Figs. 38 to 41. The calculations have been carried out at
intervals of .1 eV and the results are normalized to unity area. It is immediately
apparent that there is a substantial difference between the high Z, medium Z, and
low 7 alkali halides, and a ready explanation can be given in terms of the results
of the electron-phonon interaction calculations. As one considers materials with
decreasing Z, the escape probability of low energy electrons becomes very
strongly reduced. Thus if one assumes some internal secondary generation func-
tion which extends from zero energy to near the conduction band energy, more

or less monotonically decreasing with energy, the experimental results can be
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explained qualitatively. It is also interesting to note that the results for low,
medium, and high Ep cannot be differentiated from each other (for low Ep’ the
results are by necessity noisier). It would appear that at low Ep there should be
a lack of electrons with low escape probability, as the peak of - dE/dx is expected
to be located far from the exit surface. If one examines Figs. 4 and 5 for 5002
films of CsIand KCl, it is clear that the above reasoning is wrong for KClI and
would be also for the lighter materials. Some effect might be expected for CsI
but in that material the escape length LS is quite high even for .5 eV electrons.
Thus, for a 500 X film, the peak of -dE/dx is near the exit surface of the film
even at 4 to 5 keV, but the yield is low because the transmission of the substrate
is low at those energies.

The energy distribution becomes very near zero for g =6to 7TeVin Csl,
for £: 7 to 8 eV in KCl, and for gzs to 9 eV in NaF. For the case of LiF,
the decrease to zero occurs at even higher energy. The location of the first
excitonic absorption edge for these materials is approximately 5.7, 7.6, 10.5,
and 11 eV, respectively. Thus the increase in band gap is reflected in the energy
distribution of the emitted secondaries. It must be stated that the calculation of
energy distribution at the high energy end is much less accurate than in the
middle ranges, as results are very dependent on small changes in the ID Vs VD
characteristics under study (see Eq. 22). Therefore only qualitative statements
can be made about the high energy part of Figs. 38 to 41.

The appearance of dip near éo = 3.5 eV in KCl (Fig. 39) is not an error. The
experimental 1 vs. VD curves nearly have an inflection point at that energy.

Some apparent sharp peaks at other peints in all the graphs are, however, due to

the method of analysis and have no physical significance.




CHAPTER III

QUANTITATIVE ANALYSIS OF RESULTS

A. The Model for Transmission Secondary Emission

1. Mathematical Model

In Chapter I of this report, the generation of internal secondary elec-
trons in alkali halide films was studied. It was proposed that there exists a func-
tion G for a given material such that G(g O)d&'O is the number of low energy
electrons generated between energies é 0 and {; 0 +dé 0 per unit energy loss suf-
fered by the primary beam at a particular point in the film. The function G is
assumed independent of primary energy, of x, and to have an isotropic angular
distribution of velocities.

Then for a given film and Ep, the production of internal secondaries between

energies 60 and Gb + déo in a slab of thickness dx at x' is given by
d
(— e (x‘)) & &, dE, ax

The escape probability of the internal secondary electrons as governed by
the electron-phonon interaction was also studied in Chapter I and found to be very
closely exponential in character. An escape depth Ls(g O) dependent on E.:O,
the initial energy of the electron, and on the material, was defined for an initially
isotropic distribution of velocities. Likewise, a constant PO( 5" 0) corresponding
to the probability of escape of electrons generated isotropically at the film exit
surface was given.

Assuming that the transmission secondary yield of uncharged alkali halide
films is not governed by any mechanism beyond the two just mentioned, the sec-

ondary yield & should be obtainable from an expression

- f foi6 [ ety (- ot
X gO 8
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where the integral over x runs over the film thickness and the integral over
g 0 should cover the range of energies of internally generated electrons. Since
the present calculations of energy loss and escape probabilities have been made
for discrete values of x and éo, an approximation can be made to the above
equation by writing
T-X,

6 = Z G(@Oj) PO(£Oj>{Z (- chxE (Xi)) exp [-i—@l———)] AX} A&Oj . (26)

égj xi s72 0]
For a given é()j the‘summation over x, can be carried out by using the results
obtained in Chapter Ifor dE/dx and for L, 80 that the expression between
brackets in Eg. (26) can be calculated from theory and be given as a function

F(é°0j) . Then Eq. (26) reduces to

]

Each term of the summation over é 0j can be described as the contribution |
to & by electrons generated initially with an energy spread A@Oj about c%oj .
Consider now dividing Figs. 38 to 41, giving the energy distribution of emitted
secondaries, int¢ segments of width Agoj centered at éOj minus some average
energy loss suffered by the electrons in travelling through the film, This exit
energy will be labelled éfj. Since Figs. 38 to 41 are normalized to unity area,

we have for each term in the summation of Eg. 27.

p(E)6 = 6 Py (ENTF(Gy) - (28)

Both Po(goj) and F((ng) are .obtained from the theory. P(gi) and 6 are
known experimentally. This allows finding G(goj) for all j.

The relationship between é” 0] and gj can be estimated approximately from
Figs. 17 to 20 by computing an average energy loss for the escaping electrons.

Since the assumption is made that G( 50].) is unique for a given material, its
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values can be obtained from the experimental results which are most convenient
to use. A thickness of 7= 500;’)& and Ep = 7 or 8 keV will be taken, corres-
ponding to the experimental results of Figs. 38 to 41. For these parameters,

- (dE/dx) is essentially constant (see Figs. 4 and 5), so that if one approximates

the energy losses to a form (ax + b), the average energy loss is

T \ “TAL (&,
(a.x'+b)exp[——-—-—-L ’(‘ ):|dx‘ 1-e s°0] (1+ T (20 )
=x'=0 s* 0j - s' 20§
8y~ 6, =52 T sty &y
[l )
st 0
x'=0

The parameters a and b can be obtained approximately from Figs. 17 to 20.
The variable X' corresponds to (T - x) in previous expressions.

It is realized that this entire procedure is a simple approximation to the
problem under study. It can be justified, however, by the lack of structure in the
secondary electron energy distributions, with the possible exception of the case
of KCI. If the internal generation function G(@O) has structure, its reconstruc-
tion by the method described above is not expected.

Once the values of G(goj). have beeﬁ obtained from considération of the yield
at T= SOOX, Ep =7 or 8 keV, and the exit energy distribution, one should be able
to generate curves of 6(Ep) as a function of film thickness by the use of Eq. (26).

It is interesting to rearrange the summations of Eq. (26) in such a way that a

composite probability of escape for all the electrons generated at some location x

can be obtained:

5 =3 (- 4E € ) P (£ )exp| - s
]

Agoj AXx .
=1

The expression in brackets is the composite escape probability P(x) which has
usually been assumed to be a simple exponential. Here, it is a weighted sum of
exponentials.
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2. Calculations for the Selected Alkali Halides

a. Cesium lodide

The calculation of G(£0j) for CslI in accordance with Eqg. (28) has

been carried out and matched to the yield 6 at Ep =8 keV, T= SOOX of Fig. 26,
The average energy losses ng - 8]. are less than .1 eV for these materials
and have been neglected. From the resulting G(goj), the value of yield for the
six films of different thickness, and for Ep =4 to 12 keV has been computed.
Several computations of G and the corresponding & have been carried out,
starting with the values of LS given in Table 7, by increasing or reducing those
values by 10%, 20%, and 30%. The changes in L affect the computed G{éoj) as
a match to the yield at Ep =8 keV, T =500 R, is prescribed, If the values of
LS are reduced, the resulting values of G will increase. With the new values
of G, 5 for small T will become higher than previously, while & for large T
will decrease. The best fit to the experimental results of Fig. 26 has been obtained
with individual LS values reduced by 20% from those of Table 7. The theoretical
results are also shown in Fig. 26. For the cases of 7 = 140X and T = 10001({,
one point has been plotted in each graph showing the fitting obtained with the
values of LS from Table 7, without modification, For T = 1000§ the point is
too high, indicating that LS have to be reduced. For T = 14018 the point is too
low, even after allowing for the secondary emission from the substrate (maximum
yield >~ .6). As a test, the values of LS for KCI have heen used on Csl, resulting
in the points shown in Fig. 26, indicating that the escape depths used are too
small for a good fit to the experimental results with CsI.

In the process of computing different fittings, it has been noticed that changes
in LS of up to £30% do not affect the shape of the individual curves much; they
simply increase or decrease the magnitude of a given curve with a "'pivot" on the

0
T =500A curve, which remains untouched. This indicates that discrepancies
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between the shapes of experimental and theoretical curves are due to errors in
the calculation of - (dE/dx) by the procedure described in Chapter 1. Since
changes in dE/dx tire very rapid at the low Ep end, results there are very
sensitive to thickness and actual accelerating voltages of primary electrons in
both the present measurements and those of Kanter. 6 In addition, the fitting of
experimental curves by simple functions, the assumptions made regarding the
handling of composite films, and the need to compute dE/dx for films thicker
than the actual value of T (in order to determine the constant loss straight lines)
can be factors contributing substantial error. The constant loss correction in
itself probably results in the observed discrepancies at the high Ep end. It has
been ascertained that leaving cut the straight line part of Fig. 4 gives very bad
results in the computation of secondary yield, In spite of the above difficulties,
the agreement between experimental results and the computed yields is quite
good in all the ignificant details. The need to reduce the values of L by 20%
is equivalent to taking the effective mass of the electrons as being m*=~ 1.2 m
for free electrons carrying acloud of polarization. This interpretation is open to
guestion, however.

The results for G(goj) obtained for the theoretical values of LS, reduced by
20%, are shown in ¥ig. 42. The internal generation function is shown to be a
monotonically decreasing function of energy. At the low energy end, G(g Oj) is
shown to have a high value, This result is proportional to the value of P(éj) taken
from Fig. 38. Because of the spread in energy loss suffered by electrons in their
way to the exit surface, there is an uncertainty on which values to give P(éj) X
particularly at the low energy side of a peak in the distribution. The proportion-
ality constant between G{@Gj) and Péj) is high at low energies because LS is
small [refer to Egs. (26) and (28)]. Thus, at low energies, substantial error can
occur due to an imperfect reading of the exit energy distribution, in comparison
to errors incurred at intermediate energies.
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The composite escape depth P(x) for a 1000 & film of CslI is shown in Fig. 43,
as well as for the other three materials studied. For films with T<1000 K, a
section of the graph can be taken in such a way that the exit surfaces coincide.

The function P(x) is only moderately close to an expdnential. Some local values

of LS have been shown in the graph. The decrease in local LS as one moves towards
the exit of the film is due to the increased participation of lower and lower energy
secondaries to the secondary yield.

The effect on 6, G( ({’Oj) and on P(x) of reducing the value of P(é’j) read for
very low energy electrons can be easily foreseen: G will decrease at the low
energies where the reduction has been effected, while it will increase slightly at
other points. This is due to the fitting to one experimental point. The only values
of 6 which will be affected substantially will be those for small T because low
energy electrons, with low Ls , play a relatively more important role in second-
ary emission in those films. In the escape function P(x), a decrease in G at the
low energy end will tend to make the graph change slope (in semilogarithmic paper)
more slowly near the exit side of the film,

The aim of this discussion is to show that changes in the behavior of electrons
with small LS (either by reduction of P((gj) or by some actual manipulation onthe
values of Ls) cannot be distinguished very well in a comparison of experimental
vs. theoretical yield curves.

b, Potassium Chloride

The numerical results obtained for KCl shown in Fig. 27 have turned
out in substantially less agreement with experiments than in the case for Csl.
Application of the method indicated above for finding G(£;)].), by fitting the com-
puted yield to the single experimental point at 7= 525 K s Ep = 8 keV, and using the

values of Ls(g Oj) of Table 7, resulted in an internal generation function with very

high values of G at éO =.5eV and 1eV. It was felt that perhaps the escape
length calculated for those electrons might be too low and the values for LS were

) 0
increased arbitrarily to 80 A and 180A, respectively, in order to de-emphasize
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their role. Further, all values of LS were dacreased by 20% as the results for

6 indicated that current values for LS were too high. In spite of these modifica -

tions the results for & fail to agree with the experiments in the following points:

1.

The shift in the position of maximum yield observed experimentally when

T is increased does not appear in the computed curves. This is due to the
difficulties in the computation of dE/dx mentioned previously which become
more acute with low density materials (p =2, vs. 4 for CsI). In particular,
one has to compute the energy losses for a thickness much larger than the
one of the film desired in order to find the linear loss corrections, and then
take a small number of slabs from results like those of Fig. 5 for the com-
putation of yields.

The value of the maximum yield as a function of T is shown experimentally
to increase to a maximum and then to decrease. In the computed curves, the
value of the peak of § continues to increase up to T = IOOOX. This error
is again caused by an unsuccessful calculation of dE/dx. In fact, looking at
Fig. 6, it is seen that the curve for Ep =6 keV is increasing between 75018
and 100018 . On the other hand, the composite escape function P{x) shown
on Fig. 43 for KCI, obtained with the modified values of LS , must be quite
good. This can be shown by noticing that for Ep =10 to 12 keV, when dE/dx
is a straight line for all T up to 100018, the computed values of § reacha
"saturation" at thicknesses of ’750?& and 1000X and so do the experimental
results.

The shape of the computed curves at low Ep does not coincide with the ex-
perimental curves as well as in the case of CsI. The reason is the same as
in the above paragraph.

At small T the computed results are not lower than the experimental ones.

This is necessary in order to account for secondary emission from the
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substrate. It is felt that this difficulty would be due to either the same

reason as above or else to wrong values of P(éj) or Ls(goj) for low

energy secondaries, as they play a relatively large role in the thinner films.

For these reasons, and on account of the somewhat uncommon appearance of
the internal generation function shown in Fig. 42, it is necessary to look at the
results for KCl with some reservation.

One mustpoint out, however, that the results for the escape probabilities
seem quite correct, particularly with a decrease of 20% in the values of Ls' For

the very low energy secondaries, the same questioning as to the validity of the

perturbation calculations occurs again.

¢. Sodium and Lithium Fluorides

The computed values of 8 for NaF and LiF are shownin Figs. 28 and 29,
respectively. The single fitting points between the theoretical and experimental results
were T =500 X, Ep =7keVfor NaF, and 7 =500 X, Ep =8keVior LiF. The same type of
difficulties appearing on KC1 have also occurred for these two materials but the results for
NaF are a little better due to higher density than KCi and higher Z than LiF. This allows for
a better computation of dE/dx. The shifting of the peak of & vs. Ep as 7 is increased
appears in the results for NaF, although not to the extent of the experimental
results. Also, the "saturation" of the yield as 7 is increased for the higher
values of Ep occurs in agreement with experiments for both materials, indicat-
ing that the values of Ls(ng) used for the calculations are essentially correct.
These have been taken from Table T and reduced again by 20% for a better fit.

The internal generation functions for the two materials are shown in Fig. 42.
They have a general appearance similar to that of CsIwithout the irregularities
of the function for KCl. At the low energy end it is not possible to know what
G looks like.

The composite escape functions P(x) are shown in Fig. 43. Local values are

shown. As expected, they can only be represented roughly by a single exponential.
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3. Temperature Dependence

35,36 determined the ratio of

It was indicated in Chapter I that Dekker
secondary yields for ionic crystals in reflection by a simplified random walk

theory, giving as a result

o
(_S.;. = [(vaz + 1)/(211p1 + 1)}1/2 (29)

where n .= 1/ [exp(/ﬁw/kTi) - 1] . Stuchinskii®’ made some measurements on
MgO and found them to agree quite well with the above result,

It is necessary to investigate whether the above model for secondary emission,
when applied to reflection, gives a temperature dependence similar to the one
predicted by Eq. (29).

It was discussed at the end of Chapter I that if electrons of a certain energy
have an exponential probability of escape given by an escape length LS at room
temperature (BOOOK), the escape length becomes LS/ B for a temperature T,
where

B = (2nq(T)+1)/(2nq(3oo°K)+ 1) . (30)
Except for the square root, expressions (29)and (30) are quite similar, although
B is not easily related to 6,/5, .
For reflection secondary emis;sion, the model under discussion would give

for a ratio of yields

X

é{ G(go){f G(x) exp[-x/LS(gO)]de d(’go

8(300°K) _

5(T : ) o
(T) g[ G((go){f(;(x) exp -B‘X/Ls(éo) dx} d(_fgo
3 X

0

Consider the case with G{x) proportional to exp —x/xo . When X, is

small, it could correspond approximately to a low energy primary electron. For

X, > LS , we would have the case of a high energy primary, with an energy loss
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which is almost a constant within a depth LS. Carrying out the integrals over

X we obtain

x, L (&)
& 07 s =0 o
) J c&p %, L8y %o
6(300°k) _ %o S
o(T) X9 LslBy) £
f G(go) ‘B'XO+ L{(£) C]‘OO
- S 00
&0

If one looks at the extreme cases with x 0 much smaller than any significant

Ls ,and x 0 much larger than LS, one finds that the ratio of yields ranges be-

tween 8 and 1. Since 61/2

also falls between 8 and 1, one can see that

Eq. (29) may give quite good results. This is particularly true for MgO since 3
does not depart much from unity between 100°K and 500°K used by Stuchinskii-37
for his measurements. Even so, the experimental results of that author appear

/2

better f}tted by a dependence o« S rather than o g 1 as can be observed
from his Fig. 1, and using Hw = 1300 k (Boltzmann's constant) for MgO.

A better material for a test of temperature dependence would be KCl, for
example, with fiw=>300 k, with more substantial deviations in S from unity.

Also, temperature dependence should be a function of primary energy, as

electrons with longer LS increase their contribution to yield as Ep is increased.

B. Final Discussion and Conclusion

The results presented in this report show that the proposed model for second-
ary emission from alkali halides is a valid one. There is an energy loss suffered
by primary electrons which can be computed quite successfully for materials with
high Z and density by a differentiation of the experimental results of Ka,nter6 for
scattering of electrons in thin foils. Computations for lighter alkali halides
cannot be obtained with such high accuracy from those results.

The energy lost by primaries results in the generation of low energy elec-

trons (internal secondaries) with an energy distribution given approximately by
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the graphs of Fig. 42. The behavior of the internal generation function at the
lower energy end cannot be determined by the methods used, since very low
energy electrons do not manage to come out from the film if the interpretation

of the measured secondary energy distributions in the light of the electron-phonon
interaction is correct. _

The integral f G(g 0) d&o over all the energies between 0 and the energy
of the first absorggion peak (approximately) would give the number of internal
secondary electrons generated per keV of energy lost by the primary beam. In
the absence of sufficient information at the low energy end, one can carry out the
integral over the parts of the curves shown in Fig, 42. Then one obtains the number
of internal secondary electrons(with energies such that they will contribute to
secondary emission)per keV of primary energy lost, From Fig, 42 these numbers
are, approximately, 20 electrons/keV for Csl, 36 electrons/keV for KCl, 26 elec-
trons/keV for NaF, and 28 electrons/keV for LiF. In terms of energy loss needed
to create one internal secondary (still with energy (g such that they can contribute
to yield) these figures are:

Csl: 50 eV per electron generated
KCl: 28 eV per electron generated
NaF: 38 eV per electron generated
LiF: 36 eV per electron generated

It is felt that these numbers can only be taken as an indication of the magni-
tude of energy loss needed per electron generated above a certain Cg . From this
point of view they are in agreement with the figures of 20 to 35 eV per electron
obtained by Sterng;lass.23 If one had a complete generation function, from
é = ( eV, the above numbers would be reduced. In the semiconductors Si and
Ge, it is found that the energy required to generate one electron-hole pair is

approximately twice the band gap. If this holds for wider gaps, as in alkali
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halides, the above considerations are still consistent, and a large number of
very low energy electrons which do not come out at all must be generated.

It is interesting to compare the results of energy distribution of emitted
secondaries (Figs. 38 through 41) and the shape of the internal generation
function (Fig. 42) with the conclusions reached by Dekker36 from a transport
theory based on a simplified electron-phonon interaction in insulators. By
assuming an internal generation function

G(8) = constant for 0<B< &,

GEy =0 forE>§, (31)
where gO is some fixed energy depending on the material, Dekker finds an
external energy distribution peaked broadly at & =5ev by taking go =10eV
and taking an electron affinity of 1eV for the crystal. For a different assump-
tion for the internal generation function,

G(g) = constant - (& - %), (32)
the external energy distribution shifts to a broad peak near 4eV. Dekker con-
cludes that the external energy distribution is not very sensitive to the form of
the internal generation function,

In the light of the work presented in this report Dekker's conclusion appears
quite erronecus. Since the escape depth of electrons generated at the higher
energies is so much greater than that of electrons with low initial energy, the use
of expressions (31) or (32) for G(&) can be expected to lead to very substantial
changes in the external energy distribution and in secondary yield.

The electron-phonon interaction is sufficient to account numerically for the
escape of internal secondary electrons. By making measurements in transmission
with varying thickness of alkali halides, it has been possible to establish the
"gaturation” of yield with increasing thickness and, in the case of Csl where calcu-
lations of energy loss are substantially better than in lighter materials, a very

~ 163 -



complete agreement between calculated and experimental yields is obtained. It
has been found that a reduction of the calculated escape length L by about 20%
gives the best results. This may be an indication of the fact that electrons are
not totally free, but it could also be caused by some trapping effects. There is
substantial uncertainty, however, on the calculated values of LS for 16w energy
secondaries. Perturbation theory may not apply, and secondary emission meas-
urements are not very sensitive to the actual behavior of low energy secondaries. ?

A composite escape function, corresponding to the simple exponential usually
assumed in the literature, can be formed for each material, Local values of LS,
shown in Fig. 43, have the following approximate ranges:

CslI: IGOK < LS < 29018

KCL: 1304 < L < 2164

NaF: 558 < L_ < 2504
o)

LiF: 40A<L_ < 1804

These figures can be compared to some published values of LS {single expo-
nential assumption) which appear in the literature:

Sternglass and Wachtel76 measured a value of LS = (2300 + 600) ?& for KC1, 3
This high value was refuted by Edgecumbe and G‘rarwing1 who gave a value of
LS = (325 +50) AO for KCi1, These same authors found an escape depth Ls =
{500 +50) 12 for Csl. These values still appear high in comparison with the
ranges of LS found in the present work. One possible source of error in the
measurement of Edgecumbe and Garwin might be the less sophisticated and
less well characterized tube which was used for their experiments,

The secondary emission coefficient of a given alkali halide is, then, deter-
mined by four main factors: average atomic numbers, density, frequency of
the longitudinal optical modes, and size of the band gap. The average atomic
number determines how much energy loss the primary beam will suffer per unit
depth in mass units (ug/ cmz, for example). The frequency of the longitudinal

optical modes will determine fiw, the energy exchanged per collision and, along
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with € and ¢, it defines collision rates. In general, the higher w, the more
energy losses do electrons suffer on their way to the surface and the lower will
be the values of LS in units of length (K). The density of the material comes into
play by relating length to depth in mass units. For a given Z and LS, a more
dense material will result in more energy loss within the escape depth Ls’ re-
sulting in higher yield. The band gap has the following effect: If one assumes
monotonically decreasing internal generation functions extending up to or near
the conduction band energy, materials with larger gap may have a contribution to
the yield from electrons with substantially higher initial energies 30 than in the
case of smaller gaps. Since it is found that lower Z materials have the largest
gaps, this effect tends to compensate for the smaller primary energy losses and
the shorter values of LS for a given é{). Thus, comparing the results for Csl
and NaF, we see that the ratio of Z is approximately 5:1, which affects the
energy losses per ug/cm2 by a ratio of roughly 1.5:1. Since the densities are
in a ratio of 4:2, 8, the energy loss ratio per K is in the ratio of 2:1 approximately,
For a given é’,"oj , the ratio of Ls(g{)j) is again about 2:1 and yet the maximum
yield in transmission for Cslis 8.2 and for NaF it is about 5. The composite
escape functions in Fig. 43 for the two materials show that the local values of
LS are not very different from each other, with the exception of the region near
the exit surface, and this compensates in part for the lower energy losses in NaF.
Another factor that seems to help NaF is the observed primary energy loss needed
to generate one electron-hole pair, which is lower in the case of NaF. This point,
however, is not well understood at present.

The importance of density in determining reflection secondary yield from the
alkali halides was recognized by Gomoyunova and Letunov,60 who found a strong
correlation between density and yield. Examining Fig, 4 of Ref, 60, one can see

several instances, however, in which two materials with practically the same
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density have substantially different yield. An attempt to relate these differences

to a difference in « has failed, however. The relation holds in some cases and
not in others. It is interesting to note that those authors obtain higher maximum
yield for NaF than for KCI, which has about the same yield as LiF, from their data.
Since reflection and transmission secondary emission are basically the same
phenomenon, one must question some of the results of Ref. 60 in view of the
measurements reported here,

In conclusion it can be stated that a substantial amount of information has
been gained on the two main processes that make up the phenomenon of secondary
emission. A detailed treatment from first principles of the primary energy loss
is a very complicated problem at low energies. Probably the best treatment is
that of Ref. 74. Their results for MgO have been compared to the ones cvaiculated
by the method used in the present work for the same material, for very thick
films (7 = 2000 and 20, 000 X), and found to agree in the general shape and mag-
nitude of the energy loss function, although they are substantially different in
detail. Tt is felt that the semi-empirical approach used here provides a more
solid guantitative basis for use in the next step.

The results of perturbation theory for the electron-phonon interaction, when
used in conjunction with the primary energy loss calculations, give a geod account
of the escape mechanism of low energy electrons, with the possible exception of
the case of electrons with very low energies. The results of the Monte Carlo

calculations should alsc be of use in studies of alkali halides by photoemission.
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