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ABSTRACT

The energy distribution of the electron flux generated by

lightly filtered 250 KVCP X-rays has been determined for media

consisting of pairs df parallel plates made of copper, aluminum

or graphite. The space between the plates was kept at high

vacuum and the plate current was recorded as a function of plate

voltage. Saturation currents of .OO63, .0011 and .00021)- esu

2
cm r

for the three chambers respectively were obtained at about 30

volts plate potential. All curves reached saturation at much

lower applied voltages than would be expected from the energy

distribution suggested by Greening. It was found possible to

obtain the energy distributions from the first and second

derivatives of the current-voltage curves. All distributions

were fitted well with the function

a esu

n2 2
cm r voltE - (E - l)

v w '

where E is the electron energy and E is the sum of the Fermi
w

energy and the photoelectric work function, all in volts. The

empirical constants a were found to be .11, .023 and .0021

p for the three media respectively where the E were
cm r v

taken to be 11.5> 15-9 and k.6 volts.



I. INTRODUCTION

The basic unit of radiation exposure is the roentgen, which

is defined in terms of the number of ion pairs or electrons formed

per cubic centimeter of air, at standard temperature and pressure,

by the passage of X or gamma radiation. Other units of radiation

exposure such as the rep and rad are defined in terms of the amount

of energy imparted to matter per unit of mass, in such a way that

they represent about the same amount of energy deposition as the

roentgen. Thus, the basic measurement of radiation exposure is

still based upon the number of electrons or ions liberated in the

medium by the passage of ionizing radiation.

However, experiments on biological systems indicate that

biological damage depends not only upon the energy absorbed per

unit mass, but also upon the type of the radiation (X, y, p, a,

neutrons, etc.) which produces the exposure. In fact, the dif

ference in biological damage found for the same energy deposition

from the different radiations has led to the introduction of a

factor called the Relative Biological Effectiveness, which is

characteristic of each radiation. The Relative Biological Ef

fectiveness factor takes into account observed differences in

biological damage, and provides a means for estimating biological

damage by the physical measurement of ionization.



The importance of studying the spectra of low energy electrons

in irradiated media or as an aid to understanding radiation damage

has been pointed out by Platzman. The present work has been directed

at the measurement of the electron energy distribution in Irradiated

media in an effort to obtain some preliminary estimates of the dis

tribution .

A related, but not identical problem has received considerable

experimental attention in recent years. In this work, the energy

Spectrum of electrons ejected from surfaces by the action of corpus-

p
cul&r radiation has been measured. Wolff has developed a theory

of the electron energy distributions found for surfaces bombarded

by electron beams and obtained approximate agreement with experi

ments .

3
Greening has made a semi-quantitative estimate of the low

energy electron distribution emerging from the walls of an ir

radiated chamber. Greening's low energy electron distribution is

based on secondary emission experiments, and gives only 3$ of the

total number with energy in excess of 100 ev. In this distribution

the number of electrons per -unit energy interval for energies be

tween 0 and In ev is given by kve" ' and for energies greater than

kl ev is given by 6k k/fy^ where V is in ev.

Platzman, R. L., Rad. Res., 2, No. 1, 1 (1955).

2 Wolff, P. A., Phys. Rev. 95, No. 1, 56 (1954).
3

Greening, J. R., Brit. J. of Rad., 2J, No. 315, 163 (1954).
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Interpretation of secondary emission experiments is compli

cated by the boundary which is arbitrarily placed in the irradiated

medium. Ideally, the medium should be of effectively infinite

extent and bombarded isotroplcally in order to facilitate theoretical

interpretation and to correspond more closely to radiation exposures

found in biological systems. Experiments of this type have been

carried out by Taylor who has investigated the small currents which

persist in irradiated ionization chambers even when the chambers are

evacuated to a negligible pressure. Analysis to determine energy

distribution of the electrons was complicated in his work by the use

of a cylindrical chamber. Experiments similar to Taylor's are des

cribed in the present work, utilizing a parallel plate chamber, which

is more readily amenable to theoretical analysis.

In the present work, the current-voltage curve for an evacuated

parallel plate chamber is subject to simple theoretical interpreta

tion such that the energy distribution of the secondary electrons may

be obtained from it. However, it is necessary in the analysis to

know the angular distribution for the secondary electrons emerging

from the walls of the chamber in order to obtain their energy distri

bution. Whereas plausible arguments may be made for three such

Taylor, L. S., Brit. J. of Rad., 2k, No. 278, 67 (l95l)
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distributions, namely, the straight ahead, isotropic, and cosine,

the resultant energy distribution obtained in these three cases

depends strongly upon which of these is assumed. In order to

avoid making any such assumption, it was found possible to calcu

late in the case of metals the angular distribution outside the

surface using a classical picture of the barrier penetration, pro

vided that the angular distribution inside the metal could be

assumed to be isotropic. A calculation of this type yields the

electron flux distribution inside the metal from the current-

voltage curve.

5
McKay in his review article on secondary emission has

mentioned some of the many experimental difficulties found in

the application of conventional electron spectrometers to low

energy spectral measurements. The method used in this work avoids

many of these problems. Since the path lengths in the parallel

plate chamber are relatively short, a larger residual magnetic

field may be tolerated without any large error being introduced.

Also, the energy resolution of the chamber method is not limited

by geometrical considerations but only by the accuracy with which

chamber voltages and currents can be measured. Furthermore, the

McKay, K. G., Advances in Electronics, 1, 65 (19^8)
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distortion of the energy distribution by the passage through the

surface barrier may be more readily evaluated in the evacuated

chamber experiments than in the secondary emission experiments,

because the flux in the medium is more nearly isotropic in the

former than in the latter situation.

In the present work, X-rays of 250 kev maximum energy were

directed at the chamber plates, producing Compton and photo-

electrons, which in turn generated secondary electrons. The

plates were made from copper, aluminum and graphite, and had a

thickness approximately equal to the range of 250 kev electrons.

Current-voltage measurements were made with potentiometers to

insure data of sufficient accuracy to permit the extraction of

first and second derivatives from these curves as required by

the theoretical analysis. The electron energy distributions

were then determined, and fitted with simple analytic functions.

The saturation current is compared with that found by Taylor.
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II. THEORY

A. Generation of Secondary Electrons in Media

Theories on the generation of secondary electrons in a medium

6 7
have been given by Spencer and Fano and by Wolff. The Spencer-

o

Fano treatment has been shown to be approximately correct for

electron energies above 30 kev and for a medium of low atomic num

ber. Its validity below this energy has not been established. The

essential ingredients of the Spencer-Fano theory are the Moller

electron-electron cross section and the Bethe stopping power

formula. Both of these have been accurately checked at energies

above 100 kev, but await experimental verification below this

energy. A more serious objection to the use of the Spencer-Fano

theory at the low energies found here may be seen to arise from

the consideration that the flux of electrons at energies of the order

of the K shell binding energy and below depends upon atomic ionization

cross sections and the stopping power corrected for shell effects.

Thus it is probable that rather extensive modifications to the theory

will be necessary before it may be expected to be valid at energies

of a few electron volts.

Wolff has obtained a theoretical estimate of the electron

flux in metals in the low energy region by solving the slowing

Spencer, L. V., and Fano, U., Phys. Rev., 93, 1172 (195*0 .

T Wolff, op. cit.
o

Birkhoff, R. D., Hubbell, H. H. Jr., Cheka, J. S., and Ritchie, R. H.>
Health Physics Journal, 1, 27 (1958)•



down equation using an electron-electron scattering cross section

which is spherically symmetric in the center of mass system and is

modified strongly by the exclusion principle operating in the con

duction band. Wolff's results, strictly speaking, are only applicable

to those electrons whose energy before scattering exceeds twice the

Fermi energy in the metal. Most of the electrons measured in this

work had energies less than twice the Fermi energy, and thus the

theory is not applicable here. Furthermore, use of the spherically

symmetric cross section is not valid for primary energies as high

as those employed here (250 kev).

B. Parallel Plate Spectrometer

In considering the relationship between the energy distribu

tions of the electrons emerging from the electrodes or plates of

the parallel plate spectrometer and the current-voltage curve of

the spectrometer, the following assumptions will be made:

1. Edge effects are negligible due to the small gap (.25 in)

between the collecting plates compared to the plate diameter

(7.0 in.). Furthermore, only the central portion of the

plates was irradiated while collection of emitted electrons

took place from the total plate area, thus more nearly

approximating infinite plane parallel geometry.
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2. The number and energy of the electrons emitted from the

plates is not altered by the applied collecting voltage

(v). Also, the energy distribution is not distorted by

any medium between the collecting plates due to the vacuum

maintained in the spectrometer ( < 5 X 10 mm of Hg).

3. Equal numbers of electrons having identical energy distri

butions are emitted from both upper and lower plateB of

the spectrometer.

The energy distribution of electrons emitted by the plates may

be determined by analyzing the current-voltage curve if the angular

distribution of emission is known. The relationship between the

energy distribution and the current collected at a given applied

voltage may be understood on the basis of the following arguments.

Consider first the parallel plate collecting electrodes when

the lower electrode is positive with respect to the upper electrode,

as shown in the sketch. When the

lower electrode is positive, all

those electrons emitted from upper

-r r — or negative electrode reach the

+ lower electrode. All those electrons

emitted upwards from the lower

electrode reach the upper electrode

if they have a kinetic energy

T 7~V v:

Iy-r\?^t
+
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(expressed in ev), associated with the component of the velocity

perpendicular to the electrode, which is equal to or greater than

the applied collecting voltage, V. Therefore, those electrons having

kinetic energy, associated with the component of velocity perpendicular

to the electrode, which is less than the applied collecting voltage V,

will return to the positive lower electrode from which they were

emitted. The current which is observed at any particular collecting

voltage is thus due to those electrons leaving the negative electrode

which are the counterparts of those leaving the positive electrode

which have insufficient energy to reach the negative electrode. A

reversal of the polarity of the collecting voltage should exactly

reverse the current if the emission of electrons from one plate is

identical to that from the other.

In order to calculate the total current I, obtained at some

collecting voltage V, from a given emitted electron energy distri

bution, N(V), the angle of emission from the surface of these

electrons must be either known or assumed. Since angular emission

distributions are not well known, the straight-ahead, isotropic,

and cosine distributions will be assumed successively and treated

here. Each of these distributions is characteristic of the emission

anticipated in some physical situation, and a determination of the

relationship between the energy distribution and the derivatives

of the current-voltage curve affords an insight into the operation
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of the parallel plate spectrometer as well as providing an inter

esting exercise in the solution of integral equations. For the

straight-ahead angular emission assumption, the kinetic energy

associated with the velocity component perpendicular to the

collecting electrodes is- identically the kinetic energy of the

electron. Therefore, as seen previously, the current, I, is due

to the counter parts from the negative plate of all those electrons

leaving the positive electrode which have energy less than the applied

collecting voltage V. Therefore, I can be expressed as

V

I=eAR 7 N(V')dV* (l)
o

where N(V')dV is the number of electrons per unit area per

roentgen emerging from either electrode, which have an energy

between V, and V'+dV, A is the average area of the irradiated

electrodes, e is the charge on the electron, R is the dose rate

in roentgen/sec., and V, as already mentioned, is the applied

collecting voltage.

To obtain N(v), the desired energy distribution, from I,

Equation (l) may be differentiated with respect to V and evaluated

at the limits of integration which gives

§ = eARN(v). (2)
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Solving Equation (2) gives N(v) as

»W -nS • 0)

For the assumed case of straight-ahead angular emission, it

is Been that the number of electrons emerging from either electrode

having an energy between V and V+dV (where V is the applied chamber

potential) is proportional to the first derivative of the experi

mental current-voltage curve at the voltage V.

Consider next the case where electrons emerge from the electrode

surface isotroplcally, i.e., the same number per unit solid angle in

any direction.

As Been previously, all those electrons which leave the negative

electrode will, of course, reach the positive electrode. But only

those electrons leaving the positive electrode wHose kinetic energy

associated with the velocity component perpendicular to the electrode

is greater than or equal to the applied voltage, V, will reach the

negative electrode. Let v be the velocity an electron must have to

cross againBt the field if it is emitted normal to the surface. Then

vQ = V2ev/m (k)

where e is the charge on the electron, m is the mass of the electron,

and V is the applied collecting voltage.
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In order for an electron of velocity v emitted at an angle

9 to the normal to reach the negative electrode, it must satisfy

the condition that

v cos 9 > v . (5)

Let 9 be defined as the angle of emission for which an electron

of velocity, v, leaving the positive electrode just grazes the

negative electrode when the applied voltage is V. Then

v

cob e1 = -^ . (6)

Let f be defined as the fraction of all electrons emitted from

the positive plate with velocity v > v which fail to reach the

negative electrode. The fraction f can be found by simply inte

grating the differential solid angle element from 9 to it/2 because

of the assumption of isotropic emission. Thus

i2f = / a 2jc sin 9d9 , (7)

°1

where 2jt sin 9d9 is the differential solid angle, and a is a

normalization constant to be determined.
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The integral of the angular distribution may be normalized

to unity over the direction away from the surface. Thus

i21 = / a 2jt sin 9d9 =a 2n (8)
o

and the normalization factor a becomes

a =
2*

The fraction f may now be evaluated from (9) and (7).

3t/2 rt/2
r- —1 '

f = / sin 9d9 =

9,

Substituting (6) in (10) gives

f =

cos 9 = cos
\ '

9
1

(9)

(10)

(11)

Now the current, I, obtained at an applied collecting voltage

V, is composed of the sum of two integrals over the velocity dis

tribution. The first integral is the contribution of the current

due to all those electrons with velocity v < v , and the second
— o

integral is the current due to that fraction of electrons., f, given

by (ll), with velocity v > v . Therefore

I = eAR

v °°
O o V

N(v)dv + / -^N(v)dv (12)



•14-

where N(v)dv is the number of electrons per unit area per roentgen,

emerging from either electrode which have a velocity between v and

v+dv.

Differentiation of I, given by (12), with respect to v and

evaluation of the differentiated integrals at their limits yields

dl

dv
= eAR

v N(v )
R(v ) _ _°J_°_ +
x o' V

N(v)

Differentiation of (13) with respect to v gives

d2I
= eAR

dv

N(v )
v o'

V
o J

dv (13)

(HO

Now (ik) can be solved for the velocity distribution N(v ), giving

N(v )
N o' eAR o . 2

dYo
(15)

To obtain the desired energy distribution, N(v), the proper conversion

from the velocity distribution N(v ) given in (15) must be made. The

velocity energy definition (k) may be written as

eV * 1/2 mv (16)
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Now solving for V in (l6) and differentiating with respect to

v , it is seen that
o'

av i oj— = 7t- 2 mv
dv 2e o

o

Substitution of (k) in (17) gives

mv

?-»a VseV/m = v/aVe" Vs
dv e ' '

Also

Now

dv

dV
S - V^ V^

dl

dv

dl dj_
dV dv

Substitution of (l8-a) in (19) gives

g- . § VivT v*
dv

(17)

(l8-a)

(18-b)

(19)

(20)

Differentiation of (20) with respect to v proceeds as follows:

d

dv

dl

dv dV

dl_
dv

dV

dv
(21)
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Substituting (l8-a) and (20) in (2l) gives

dv 2 =~§v(§^ V*)J ^ T

Completion of the differentiation on the right in (22) gives

dv 2

or

l*>/a^V* + |V-2 ^2m7e" g
dV

- dV

d2I =2mV dfl m dl
dv2= e dV2 + e dV

>/2m/e V"

The energy distribution N(v) is related to the velocity distribution

N(vQ) by

N(v)dV =
dv

"<To> -w dV

Using the following sequence substitution of (l5), (23) and (l8-b)

in (2k), the final result is

N(V) =
eAR 0 dVdV2

(22)

(23)

(2k)

(25)
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Inspection of (25) shows that the energy distribution for the

isotropic angular emission assumption is dependent upon both the

first and second derivatives of the current voltage curve.

In considering the cosine angular emission assumption, the

symbols v , a, 9, 9 and f will retain the same definitions as

given in the isotropic angular emission derivation. Once again

only those electrons with a sufficient normal velocity component,

v cos 9 > v , will reach the negative electrode after being emitted

from the positive electrode.

The fraction, f, of those electrons with velocity v > v
— o

which leave the positive electrode, but fail to reach the negative

electrode will, of course, have a different value from that derived

for the isotropic emission case. Using the cosine angular emission

assumption, f is now defined.

Jt/2 rt/2

f= / a 2rt sin 9cos 9d9 = C6T /Bin (29) d9 . (26)

Integration of (26) and substitution of (6)
r v

— = cos 9..
v 1

gives

/ v \2

f =a*vw ' (2T)
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The normalization constant, a, is obtained from

jt/2

I = an • sin (29) d9 = an

o

a = i/jt

Substitution of (29) in (27) gives

f =

v x2

v J

Now the current I obtained at some applied voltage V

corresponding to the electron velocity v , given by (k) is com

posed of two integrals as in the isotropic emission case. The

first integral gives the current due to all those electrons having

velocity v < v and the second integral gives the current due to

that fraction, f, of those electrons which have velocity v > v ,
o

therefore,

I = eAR / N(v)dv +

"0 v

v \2
^ ) N(v)dv

Solving for N(v ) is accomplished by two differentiations of (31).

The first differentiation of (31) with respect to v gives

dl

dv
= eAR 2v

N(v)
o ./ 2

v
V

dv

(28)

(29)

(30)

(3D

(32)
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Differentiating (32) with respect to v and substituting from (32)

gives

dv £

1 AT N(V )
k- *£ -2eAR—HI
v dv v
00 o

Solving <33) for N(vq),

N(vo> = 2eAR
dl

dv

d2I
dv

0

Using the velocity distribution relationship given by (2k),

substitution of (3IO in (2k) gives

N(V) =
1

2eAR

dl

dv
- v

°dv2
o

dv
o

dV

Further substitution of (4), (l8-b), (23) and (20) in (35) gives

as the final result

n(v) = - -±5- V
v ' eAR dv2

(33)

(3*0

(35)

(36)

From (36) it is seen that the flux of electrons having an energy

between V and V+dV where V is the chamber voltage is proportional to

the applied voltage and second derivative of the current-voltage curve

if the electrons follow a cosine angular emission law.
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C. I vs. V for Assumed Energy Distribution

If the energy distribution, N(v), of emerging electrons from

a surface is known, then it is very simple to derive a current-voltage

equation for these electrons, provided their angular emission distri

bution is known or can be assumed.

9
Using Greening's semi-quantitative energy distribution and

considering the straight-ahead, isotropic and cosine angular emission

distribution, the following current-voltage equations are easily

derived for a parallel plate vacuum chamber as shown. The current I

obtained for the straight-ahead angular emission is from Equation (l)

V
A _ir» /ft 1

for V < kl volts ,I = eAR kV* e"7'/8 dV
o

and (37)
kl V

I = eAR /\V* e"y'/8 „, +Tk ft av
<•> J V

in

where Greening's energy distribution, N(V), is kV2e~V' for electron
, '6k

energies < 41 ev and k —^ for electron energies > 41 ev, A is the
V

average plate area, R is the dose rate, and e is the electronic charge.

For the isotropic angular emission distribution, some fraction,

f, given by (ll) of those electrons with velocity v > v contribute
J - o

to the net electron flow, while for v < v all electrons contribute
o

to the net electron flow.

9
Greening, J. R., op. cit,

for V > kl volts
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Let

v = V 2eV'/m

Substituting (4) and (38) into (ll) gives

f =
s/ 2eV/m

v/ 2eV'/m
= sT V/V*

Therefore, the current I obtained for the isotropic angular emission

using Greening's energy distribution is

V 41
I =eAR / kV,2e"V'/8 dV' + A/v/V kV'̂ e"^8 dV* + //v/V k— dV

Vo V ill V'

(38)

(39)

(40)

when the applied voltage, V, is < 41 volts. The current, I, obtained

when the applied voltage, V, is > 41 volts, is

I = eAR

41 V 00

^kV'V7'/8 dV + f k% dV +f^T/Y7 k^_ dV'
41

V „2

For the case of the cosine angular emission, the fraction f

given by Equation (30) was expressed in terms of v and v. In terms
o

of energy and applied voltage f may be obtained by substituting (4)

and (38) into (30) as follows

f =

v \2
o

(41)

(42)
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The current, I, obtained using Greening's energy distribution for

the cosine angular emission distribution is then

41

I = eAR /\vVv'/8dv ♦ /k^vi^'/e^, .J^ ft
'o V 41 V

dV

when the applied vpltage, V, is < 41 volts. When the applied

voltage, V, is > 41 volts, the current, I is then

I = eAR

41 V

rkV'VV'/8dV, +[*% dV +[^lr% dV
o ill V' V V'

(43)

(44)

D. Energy Spectrum in Medium

In the discussion of the parallel plate spectrometer theory,

Section B, it was seen that the energy distribution of the emitted

electrons could be found from the current-voltage curve provided

their angular emission distribution was known. Since angular emission

distributions of emitted electrons are not known with precision and

are in general not of the simple forms discussed, the final calculated

energy distributions are somewhat open to question as to their validity.

Furthermore, the primary interest in the work presented here is the

energy spectrum inside the medium. Therefore, a relationship will now

be derived which gives the energy distribution that the electrons have
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inside the medium, before they overcome the surface work function

ant emerge from the spectrometer plates.

Inside the medium the generated electrons will be assumed to

have an isotropic angular distribution. Therefore, the number of

electrons N(E1)dE1 per unit area per roentgen inside the medium

which have an energy between ~S± and E.+dE. multiplied by the dif

ferential solid angle dfl. is

N(E1)dEiafl1 « 2*N(Ei)dEi sin e 6B± . (45)

The energy, E^ of the electron inside the medium is

Ei - \ + EQ (46)

vhere E is the minimum constant energy which an electron must have

in order to escape from the medium, and E is the energy which the

emitted electron has outside the medium. In the case of metalB* E
' w

is the sum of the Fermi energy Ep and the photoelectric work function <t>.

Sinee the velocity component parallel to the spectrometer plates

is the. same for a given electron inside and outside the medium, then

vi sin 9 = vq sin 0q , (47)

where v^ is the velocity inside and v is the velocity outside.
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i 2
E. = imv. •gm

i 2 i
E = -mv = fm
o * o *
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2 2
(v.cos9.) + (v.sinO.)
v i i' x l i'

(v cos9 ) + (v sin9 )
v o o' x o o'

Substituting (48) and (49) in (46) gives

•gm
2 2n 2.2.

v. cos 9 + v. sin 9.
1 1 i

E + am
w *

2 2 2 2
v cos 9 + v sin 9
o 00 o

(48)

(49)

(50)

Substitution, of the equality (47) and (50) and further simplification

using (48) and (49) gives

2 2
E. cos 9. = E + E cos 9
1 1 w o o

Solving (51) for cos 9. yields

cos 9 = s/ e + E cos^ 9
1 ./ ,-, wo o

= sTe +~

Differentiation of (52) yields

Sin9,d9.
i 1

E cos9 sin9 d0
1 0 o 00

E vE +~E cos 9
i w o

(51)

(52)

(53)
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Differentiation of (k6) gives

dEi = dEQ . (54)

Substitution of (53), (5I+), and (1+6) in (1+5) gives

E dE cos9 sin9 d9
N(E )dE dfl = 2«N(E +E ) -gr-S- ° ° °- . (55)

W ° s/E +E v/E +E cos2 0
O W W O 0

Now if the relation

sIT cos eQ <v/v (56)

is satisfied, a contribution to the net electron flow between spec

trometer plates results. From (56) it is seen that all those electrons

having energy Eq < V contribute to the current plus all those electrons

with EQ > V whose angle of emission 9 is large enough such that (56)

is satisfied. Therefore, the total current, I, is

o N(E +EJ H2 cos 9 sin 9 d9
I = eAR 2* / V ° E dE / a- ° ° °

n ^E +Ett ° ° ./ vfi 7^ cos2 9
o o w o wo o

N(E +Ej %2 cos 9 sin 0 d9
+ eAR 2rt / _ V ° E dE / a ° ° °

v sT E + Ett ° ° J /e +E cos 2 e
V ° W cos^n/vTe^ W °

(57)



Let

and

-26-

a = cos 0

du. =-sin © d0
^ oo

Then substitution of (58) and (59) in (57) gives

X N(E +E ) p udu
I = eAR / . ° E.dE

Vi~+E ° ° J v/"e +E u2"
- r*\ t.t r\ ~

_ +E
o o w w o

r N(VEo)+ eAR / .. E dE /
\/E+~E ° ° J s/e +E u.'̂

o w o

v/v/E
o udu

... .„ +E
V o w

Integration with respect to the |i function gives

p dE
I = eAR / N(E +E ) °

o o w

v E +E - s/i :E +E - s/E
wo w

dE

+ eAR / N(E +E )
w ° vf:

s/e +V - VE
w w

. E +E
V o w

Further simplification of (6l) gives

00

(Ve +V - v/i~ ) / N(E +E )
x w v J wo'

I = eAR

+ / N(E +E ) (l- n/e /E +E ) dE
, / x w o' x vow' o

dE

•Je+e
o w

(58)

(59)

(60)

(61)

(62)
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••'•(

Now to solve for the energy distribution, N(E +V), (62) must first

be differentiated with respect to V and evaluated at the limits of

integration giving

dl

dV
eAR L= / N(E +E )-p^

-2 n/e +V „
w V

E +E
o w

Differentiation of (63) with respect to V gives

ii
dV2

= eAR

N(Ew+V) n

L 4(Ew+V)

n r dE .,
^72 / N(E +E )7=^ -—I+y)3/2 J wo J£— ^--E +E 2v/e +V s/e +V

wo w w

Substitution of the integral of (63) into (64) yields

ii
dV2

= eAR

N(E +V) -1

2(E +V) eAR dV 2(E +V)
w x w

Solving (65) for N(E +V) gives
w

aOL+v) - ^
w

2(Ev+V) <^-§
dV

Equation (66) may be written also as

eN(E +V) =
w '

2(E^V) UiM. - MiM
dV

w

(63)

(64)

(65)

(66)

(67)
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E. The Saturation Current as a Function of the Parameters a and fi.

Of special interest in regard to the energy distributions, is

whether or not there is some simple analytic function which will fit

these distributions. It is shown later that a function of the form

eN(E +V) = - p (68)
(p+Ew+vr

provides a fit to the energy distribution. One estimate of accuracy

of this fit can be obtained by calculating the saturation current

density of the chamber. In order to calculate this saturation current,

a relationship must be found which allows a determination of the number

of electrons emerging from the medium from the number of those found

inside. Such a relationship has been given by Wolff a.nd it will be

derived here for the sake of completeness.

Consider a differential solid angle in the medium into which are

moving electrons having an energy distribution N(E.). From previous

discussions it is evident that only those electrons whose velocity

component normal to the spectrometer plates is at least equal to the

velocity value v2E /m will contribute to electron flow between the

plates. Thus the condition

v. cos 9. = s/ 2E /m

or

<

must be satisfied.

10 Wolff. P. A., on. cit.

-i ^7* -irrrr m9. = cos ^ — = cos xvE /E.
v.

l



-29-

If the energy distribution N(E.) exists inside the medium,

the number, N , of these electrons which emerge is given by

cos

N =
o

Ve~7e
w' i

N(Ej_)
2jt sin 9.,d9.

i 1

2jt

N(Ei) is the number of electrons inside the medium which have an
p

energy between E± and Ei+dEi per cm per unit solid angle.

Integration of (70) gives

"Ve /E.

or

N = -N(E.)
o ^ i'

N = N(E.)
0 v i'

cos 9.
1

cos

vt/e7

N

From (70) it is seen that the fraction, '/° t , of those

electrons of energy E. inside the medium which emerge is equal to

1 - Ve /e.
w' 1

(TO)

(71)
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The current density l(v) in units Df esu/cm -r obtained at

some collecting voltage V is then given by

I(V) = J eN(E.)(lWEw/Ei ) dE± =̂ a

(p+E +v)'
o v w '

(l-v/Ew/Ei ) dV (72)

where

a
eN(E.) =

1 (P+E +V)
w

E,, = E +V , and dE. = dV
i w i

Integration of (7l) gives

n/e +V .. n v/e +V
w 1 . , -1 w

l(V) = a
6+E 6+E +V
K w K w

a/i"~
w

Qs/i~ r v/e~
w w

p

-I -1 ^ -11 , , -1 w
o -r, "T= ctnh ——

(73)
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III. APPARATUS

A. X-Ray Machine

The X-ray machine used was a Westinghouse '^Quadrocondex" 250

KVCP. The X-ray tube was a Westinghouse WL 395 having an inherent

filtration of 2.5 mm of aluminum. The only further filtration of

the X-ray beam before it passed through the spectrometer plates was

the .080 inch thick aluminum cover plate of the vacuum system as

shown in Figure i. The distance between the target of the X-ray tube

and the center of the test chamber shown in Figure 2 was 35-5 cm (or

14.1 inches). A one-half inch thick lead plate diaphram, shown in

Figures 1 and 3, with an inside hole diameter of 4 5/32 inches,

served to define the X-ray beam reaching the plates. The X-ray head

was placed in position over the vacuum system enclosure as shown in

Figure 3.

In order to improve the stability of the output of the X-ray

machine, a Sorenson A.C. voltage regulator, Model 15000-25, was used

to stabilize the input line voltage. Even with this added stability,

erratic fluctuations having magnitudes of up to 1$ still existed in

addition to a 120 cycle ripple component of 2 to 3$- Also, a long-

term drift ranging from 1 to 3$ (downward) in the X-ray output was

observed during the course of a complete run which generally required

from four to six hours.
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It was desirable to measure the current-voltage curve of the

vacuum ion chamber to an accuracy of the order of 0.01$ in both

current and-voltage in order that the'second derivative of this

curve could be calculated to an accuracy of the order of 5$« Thus

it was necessary to set up a monitoring chamber as shown schematically

in Figure 4. The upper chamber is the test chamber with a variable

collecting voltage V and the lower chamber is the X-ray beam monitor

with a constant saturation voltage V... Since both chambers are in
M

the same X-ray beam, they will both see the same percentage beam

fluctuation. Thus, for a given applied voltage V on the test chamber,

the ratio i/lw of the chamber output currents remains constant inde

pendent of the beam fluctuation. By reading simultaneously the two

currents I and "L. a more precise current-voltage curve for the test

chamber could be obtained. One further limitation of the X-ray

machine was its maximum current output of 15 ma at 250 kev. In

order to improve stability, the current output was reduced to around

10 ma and the output voltage to around 245 kev.

B. Parallel Plate Chambers

Both the test and monitor chambers consisted of four parallel

plates. The thickness of the plates for each of the media used was

made about equal to the range of a 250 kev electron in that medium.
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Theoretical ranges have been given by Spencer and these and the

values used here are given in Table I. If the chamber plates were

made any thicker, the spectrum of low-energy electrons would probably

not be altered appreciable, but the X-ray beam would be attenuated.

Therefore, the ideal thickness should be identically equal to the

maximum range of the highest energy electrons produced.

Table I. Calculations of Chamber Plate Thickness

Medium

Range
(g/cm2)

Density
(g/cm3)

Ideal Thickness

Thickness

Used

cm inches Inches

Copper

a) Chemically
Cleaned Surface

b) Annealed

.097 8.89 .011 .001+3

.0052

.001+8

Aluminum .082 2.699 .030 .012 .013

Graphite .079 * 2.25 .035 .011+ .020

* The range used was that given for Beryllium. Because
of their close atomic numbers, the value for graphite
is approximately the same as that for Beryllium.

The two outer plates of each chamber served two purposes.

Referring to Figure 1 and Figure 2, it is seen that the outer

plates (8.5 inch diameter) support the inner collecting plates

(7.0 inch diameter) by means of eight equally spaced fluorothene

11
Spencer, L. V., Phys. Rev., 98, 1597 (1955)
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insulators (0*1+95 inches long for Cu, O.I+85 for Al, and 0.475 for

C) which were tapped for appropriate machine screws. In addition

to their role of support, the outer plates had the same applied

voltage as the inner collecting electrodes which they supported.

Thus unwanted electrons generated elsewhere inside the vacuum system

such as those from the aluminum cover plate, base plate, and support

rods were stopped from entering the parallel plate spectrometer where

they could be collected and add erroneously to the measured current.

The outer plates were in turn supported by aluminum rings one-half

inch in cross section and having aa putside diameter of 8.5 inches

with the lower ring being attached to three support rods. The

upper and lower rings were then separated by three H-shaped teflon

insulators giving a gap of 0.25 inches between the inner collecting

plates. Since the test and monitor chambers were suspended by the

same three support rods, three inverted T-shaped teflon collars

around the support rods served to insulate the monitor chamber from

the test chamber.

Copper, aluminum and graphite plates of thicknesses given in

Table I were made for the test chamber while the plates of the

monitor chamber were made of copper and remained the same through

out all of the current-voltage curve measurements.
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An effort was made to remove the oxide layers found on the

copper and aluminum plate surfaces in order that any surface ef

fects might be minimized. The copper plates of the monitor chamber

were not cleaned however, since its use did not depend on any

surface effects. The graphite was not treated in any way since no

oxide normally exists and most of the absorbed air out-gassed after

the plates were inside the vacuum system for a time.

No practical way of cleaning the copper plate surfaces inside

the vacuum system was possible, so a series of chemical cleaning

tests were performed on similar copper surfaces outside the system

in order to develop a procedure which would leave the surfaces in

such a state that they could stand brief exposure to air while being

transferred to the vacuum. Although most acids removed the copper

oxide, they also removed too much of the copper plates themselves

besides leaving the plate surfaces in a state which quickly oxidized

again in air. Basic solutions seemed to offer a better cleaning

method, and so a buffer solution of one part 1 M NH.C1 plus five

parts 1 M NHiOH was chosen since these ammonia bases reduce copper

oxide readily and do not react with pure copper. After the plates

had been immersed for about ten minutes in the heated buffer solution,

they were rinsed thoroughly in alcohol and immediately placed in

the vacuum tank which had been filled with argon. In a matter of

minutes the chambers were assembled and the vacuum system pumped
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down during which time the plates were continuously in argon.

Even though the plates appeared to be clean and shiny after the above

cleaning process, later measurements with an Ellipsometer* calibrated

o

for copper gave a value of ~ 150 A oxide thickness as compared to

~ 300 A before cleaning. Thus about half of the oxide was probably

removed. Another method used for removing copper oxide was to first

electropolish the copper specimens and then anneal them at 500 C

in an atmosphere of hydrogen. Electropolishing was accomplished

using the plate as the anode in an electrolytic cell supplied with

current by a Mallory 172 battery charger. Because of the large

chamber plate areas and a current limited to 16-17 amp, a slightly

etched instead of a mirror-finished surface was obtained. The

electropolishing also removed approximately .0005 inch thickness

from the plates. The plates were then annealed and a reliable

estimate of the probable oxide remaining place the thickness at

about ~ 20 A. The hydrogen annealing process also leaves the

copper surface in a state which does not easily oxidize even if

exposed to normal air.

No straight-forward chemical method was available for removing

the oxide layer from aluminum because the aluminum itself reacts

more easily with acids and bases than its oxide. Thus a purely

mechanical polishing and detergent cleaning technique was used.

* The Ellipsometer Model I+36 is designed to give oxide thicknesses
for single crystals only. Thus the readings obtained are some sort
of average due to the polycrystalline nature and relatively rough
surface of the plates. Also, since the instrument is calibrated
for a specific oxide, any impurities on the surface can greatly
affect its absolute readings.
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The final polishing agent used was a sapphire dust, which left the

surface shiny and clean in appearance, even if not altogether free

of oxide.

C. Electrical System

The various instruments and electronic components used were

chosen with particular attention being given to their stability

characteristics. Since the expected vacuum chamber currents would

be around 10 amperes in magnitude, a sensitive small-current

measuring device was needed. The ORNL Q.-826-B electrometer was

subsequently chosen because of its good sensitivity and stability.

12
The electrometer is described by Glass and a circuit diagram is

shown in Figure 5. As shown in the schematic of Figure 6, each

electrometer drives a 10 mv recorder. Each chamber measuring system

operates on a null basis with the voltage produced by the chamber

currents in R being bucked out by an accurately measured voltage

applied to the closed circuit jack in the grid return. The bucking

voltages VR and V^, were supplied by standard 6 and 12 volt wet

cells. Rubicon High Precision Type B and Leeds Northrup Type K

potentiometers were used to measure one-tenth of the applied bucking

voltage with the aid of voltage dividers. Since it was desired to

measure the chamber currents or output voltages very accurately, it

was necessary that the electrometer grid resistors and the voltage

12
Glass, F. M., Nucleonics, 10, No. 2, 36 (1952).
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divider resistors be highly stable. This stability requirement

was met in the Q-826-B electrometer by the use of Victoreen precision

resistors for the grid resistors R and R^. Daven precision wire

wound resistors were used in the voltage dividers, their tolerance

being +0.5$ of nominal value and their temperature coefficient

only + 20/10 per degree Centigrade or + 0.002$/c°.

The response time of the electrometer was reduced as much as

possible in its design by minimizing stray capacity in the grid

circuit. The RC time constant of the input circuit is approximately

0.1 sec for the 10 -ohm range and 1 sec for the 10 -ohm range.

The chamber-to-electrometer leads were kept at a minimum length

thus introducing as little added capacitance as possible.

The capacity of the parallel plate chambers was about 40 uuf

which increased the response time to approximately 0.5 sec for the

10 -ohm range. When the chambers were connected to the leads the

final response time became about 1 sec for the 10 -ohm range and

10 sec for the 10 -ohm range. Thus all short-term X-ray fluctuations

were effectively integrated in the output current readings while the

more important longer-term drifts and changes were detected.
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D. Vacuum System

The vacuum system equipment consisted of a Distillation Products

Industries diffusion pump, Model MCF 300-01, a Distillation Products

Industries water-cooled baffle, a W.M. Welch Manufacturing Company

duo-seal vacuum forepump, and a liquid nitrogen vapor trap. A

General Electric ion gauge supply was used with a Distillation Pro

ducts Industries VG 1A ion gauge to measure the vacuum which was

maintained in the following ranges for the different media:

chemically cleaned copper, 3.I+-3.8 x 10" mm of Hg; annealed copper,
-6 £

4.6-1+.8 x 10" mm of Hg; aluminum, 2.9-3.0 x 10" mm of Hg; graphite,
-6

1+.0-4.4 x 10" mm of Hg. The best vacuums were attained when the

diffusion pump was operated at 3.95 amperes and 72 volts. Also the

flow of the circulating water coolant in the pump was adjusted such

that the water initially at 13° C reached the exit (36 feet of copper

tubing from diffusion pump to exit) at a temperature between 22° and

2l+° C.
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IV. EXPERIMENTAL PROCEDURE AND DATA ANALYSIS

Before a complete set of current voltage data was taken for

each of the different chambers, a rough current-voltage curve was

obtained in order to determine appropriate chamber voltage incre

ments to be used along various portions of the curve. The low

voltage region of the current-voltage curve had the largest slope

and rate of change of slope. Therefore, small voltage increments

were used for the first portion of the curve in order that the

derivatives might be evaluated accurately, and larger increments

were used as the curve levelled off toward a constant saturation

level. The use of too small a voltage mesh was undesirable in

that there was a limiting accuracy to which the chamber voltage

V could be set. In addition, if successive current measurements

had very small differences in their values, the first and second

derivatives could once more become meaningless.

The chamber voltage V was measured with a Rubicon High Pre

cision Type B (Pot. 2) potentiometer which actually read 0=99$ of

V. The bucking voltages were then adjusted until both the elec

trometer simultaneously gave null readings- Then the applied

bucking voltages were read with the Leeds and Northrup (Pot. l)

and Rubicon (Pot. 3) potentiometers. The limiting accuracy of

these bucking voltage readings was determined by the smallest

bucking voltage increment detectable on the 10 mv recorders, which
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will be discussed later in the error analysis in Appendix II.

Since the electrometers had a small inherent drift in their zero

current position, this zero position was checked with the nulling

switches S shown in Figure 6 at each reading in the following

manner. After the bucking voltageB had been adjusted to give a

supposedly null current reading, both nulling switches S of the
n

two electrometers were closed simultaneously. If no deflection

occurred in either electrometer then the bucking voltages were

correctly adjusted.

Analysis of this data to obtain the energy distribution

centered around the calculations of the first and second derivatives

of the current-voltage curve aB required by the energy distribution

given by Equation ($7)• The first derivative, d>^AR^ or slope
of the current-voltage curve can be expressed

d(l/AR) \ _ yi+l"yi

dV A.+1+V. " A
l+l i'

2

where the derivative is evaluated at V. ,+V. . & = (v. -,-V,)
i+i i _ i+1 i

2

represents the voltage mesh, and y. is equal to the current per

unit area per dose rate (i/AR). obtained at an applied chamber

voltage V..

(74)
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o

Nov the second derivative, —•*-£,• *•• of the cirrrent-voltage

dV fl/Wfi-R)
curve is equal to the slope of the ""^Sv—vs ^ curve.

Normally the second derivative -would titan be expressed

or

d2(l/AE) N
yi+2-yi+i yi+i^i

AX ' AX

vi+l
AX

\ cRT /.. A X ^
Vi+1

where the second derivative is evaluated at T „ But it can be
JL+J.

seen from Equation (75) that if the yi+, ciirrent value is in error,

the net effect upon the second derivative is far greater than if

either y±+2 or 7± were in error. Therefore, in order that the current

values., y. used in calculating the Becond derivative might all be

weighted equally, four current values were used in the second

derivative calculations. The resultant second derivative • *• «^ '
d?

then has the algebraic form

d2d/AR) \ m yi+3'yi+2"yi+i-fyj
IV2 J 2 AX2

vi+2 yl+l

(76)
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V +Vvi+2+vi+l

Equations (74) and (76) were used in calculating the derivatives

as required by Equation (67). Appendix I gives a sample calcula

tion of one point on an energy distribution and Table II tabulates

the step by step results for a portion of the annealed copper data.
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V. EXPERIMENTAL RESULTS

A comparison of the current-voltage curves obtained from.

Greening's energy distribution for the isotropic, cosine and

straight-ahead emission cases as given by Eq-.iations (1+0), (1+3)

and (37) respectively is made in Figure 7° All three curves

become asymptotic to the same current value of 21.20 in. arbi

trary units at an infinite collecting voltage. Since it became

apparent that only Greening's isotropic current-voltage curve

would come close in general shape to the experimental curves of

this work, comparison was made only to this curve. Figures 8,

9 and 10 show the results of the annealed copper, aluminum and

graphite current-voltage curves respectively normalized at 1+0

volts to Greening's isotropic current-voltage curve. It is

readily seen in Figures 8, 9 and 10 that the experimental curves

rise nearer their saturation levels at lower collecting voltages

than does Greening's isotropic case current-voltage curve. This

indicates that the experimental curves have a larger relative

number of low energy electrons contributing to the current than

does Greening's distribution.

The question of which one of the angular emission assumptions

most closely approximates the actual experimental electron emissL on

may be considered. Most experimental secondary emission work seems

to indicate that the cosine emission distribution is the best approxi-

13mation. However, a comparison of the experimental current-voltage

13
McKay, K. G., op. cit,
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curves with Greening's corresponding cosine based current-voltage

curve would show even larger discrepancies than those observed in

Figures 8, 9 and 10 which compare the experimental data of this

work with Greening's isotropic current-voltage curve.

From these comparisons and consideration it is therefore

evident that the electron energy distributions which contributed

to the measured current-voltage curves of this work had a con

siderably lower energy distribution than that predicted by Greening.

As might be expected, the surface conditions of the spectro

meter plates had a definite effect upon the measured current-voltage

curves and the calculated energy distributions. Figure 11 compares

current-voltage curves of three different copper surfaces normalized

to the same ordinate at saturation to facilitate comparison of shapes.

In addition to the faster rise of the less-clean copper plates, i.e.,

thicker oxide layer, the saturation current from these surfaces was

also larger. Thus the thicker the oxide layer on the spectrometer

plates the larger the saturation current and the lower in average

energy the corresponding energy distribution becomes.

A comparison of saturation current values for the different

spectrometer plates with values obtained by Taylor is shown in

Table II.

Ik
Taylor, L. S., op. cit,



Table II. Experimental Current Densities

Medium

Experimental Current

Density at Chamber
Potential of 30 Volts

(Saturation)

Values Found By Taylor
(Plate Area Assumed to

be 60 cm )

Values Derived From

Empirical Constants
a and (3

Chemically
Cleaned

Copper
.0076 -SSL-

cm =*r

.0086 ^~
cm -r

Annealed

Copper .0063 -~-
cm -r

ooo6i+ -^~
cm"-r

Brass .0028 e|11
cm -r

Aluminum .0011 -^Ip-
cm >r

.0008 e*u
cm -r

.0013 —~

cm -r

Graphite

1 —uj 1

.00024 -™=

cm -r

.00027* egU
cm -r

. .00025 -^—~
cm -r

* This value is for grapidte-coated bakelite,
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Figure 12 shows the experimental current-voltage curve of

the chemically cleaned copper for a chamber collecting voltage

from zero to 70 volts. Since the current levels off after a

collecting voltage of 20 volts is reached, the first and second

derivatives of this curve become very small, approaching zero.

Since the significant portions of the current-voltage curves

being analyzed lie within the first twenty volts of the chamber

collecting voltage, only this portion will be shown in the re

maining current-voltage curve figures.

Appendix I gives the procedure and a sample calculation for

obtaining the first and second derivatives of the current-voltage

curves and the energy distributions.' Figure 13 shows the experi

mental current-voltage curve and Figures 14 and 15 show the calcu

lated first and second derivatives versus voltage curves for the

chemically cleaned copper spectrometer plates.

Figures 16, 17 and l8 show the experimental current-voltage

curve and the calculated first and second derivatives versus

voltage curves, respectively, fof the annealed copper spectrometer

plates. Similarily, Figures 19 through 24 show the experimental

current-voltage curve and first and second derivatives versus

voltage curves, respectively, for aluminum and graphite.
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The calculated energy distributions for the chemically cleaned

copper, annealed copper, aluminum and graphite are shown in Fig-ares

25, 26, 27 and 28, respectively. Tables III, IV and V give the

complete energy distributions for the annealed copper, aluminum

and graphite, respectively.

As was expected from an earlier comparison of the chemically

cleaned and annealed copper current-voltage curves, the width at

half height of the energy distribution of the former exceeds that

of the latter significantly. Not only were there a greater number

of electrons collected from the chemically cleaned copper plates,

but also the distribution was generally lower in energy than that

found for annealed copper.

As was discussed in Section E of the theory, an analytic function

of the form given by Equation (68) might provide a fit to the experi

mental energy distributions.

Figures 29, 30, 31 and 32 compare the data for the chemically

cleaned copper, annealed copper, aluminum and graphite with Equation

(68). The parameters a and p were adjusted by trial and error in

each case to achieve the best fit.

An estimate of the accuracy of the fit was made by obtaining the

saturation current density value using Equation (73) from the empirical

parameters a and p. These current density values are given in Table II

for comparison with the experimental values.
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Table III. Energy Distribution in Copper (Hydrogen Annealed
Surface)

Upper Half Current Lover Half Current

Voltage Curve Voltage Curve

n(e +v)
w

n(e +v)

V

(Volts)
/ esu *\

Vm2r(Volt) /
/ esu \

Vm2r(Volt) /

.05 .0780 .O689
•15 0918 .0549
.25 .0601 .0517
•35 .0552 .0541
.^5 .01+03 .01+23
•55 .0176 .0267
•65 .0284 .0307
•75 .01*1*2 .0265
.85 .OI87 .0221*

.95 .0181+ .0197
1.05 .0227 .0200

1.15 .0185 .0171
1.25 .0156 .0177
1-35 .0173 .0175
1.1*5 .0li»8 .0150

1-75 .0132 .0122

2.05 .0109 .0105

2.35 .0087 .0097
2.65 .0075 .0080

2.95 .0076 .0060
3.25 .0060 .0053
3-55 •0039 .001*8

3.85 .0038 .001*0
1+.15 .0039 •0039
l*.i*5 .003U .0031*
k.T? .0033 .0033
5.05 .0030 .0030

5-35 .0026 .0021* 1

5.65 .0023 .0027 1
1

5.95 .0022 .0027 - ,• 1

6.25 .0024 .0023 \

6.55 .0019 .0011

7.50 .0016 .0014

8.50
1 1 1

.0012 .0010
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VI. CONCLUSIONS

Parallel plate chambers constructed of copper, aluminum and

graphite were bombarded with lightly filtered X-rays generated by

a 250 KVCP machine. From the current-voltage curves of these

chambers at effectively zero gas pressure, the energy distributions

of the electrons inside the media were found. These energy dis

tributions were found to depend on the first and second derivatives

of the current-voltage curve. The distributions all showed a rela

tively large number of low energy electrons, having a width at half

height of about E + 0.5 and approaching zero at about E +20
w w

where E is the sum of the Fermi energy and the photoelectric

work function.

A comparison of the experimental current-voltage curves with

those obtained from Greening's energy distribution indicates that

the energy distributions of this work have a much larger number

of low energy electrons than the distribution proposed by Greening.

Surface conditions were found to influence the current-voltage

curves and energy distributions. In the case of copper a layer of

copper oxide on the plate surface increased the relative number of

low energy electrons in the energy distributions and increased also

the chamber saturation current density. This is in accordance with

the usual behavior of oxide coatings which tend to reduce the photo

electric work function, thereby allowing lower energy electrons to

escape from the surface.
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All energy distributions could be fitted well with an analytic

function of the form =• . Saturation currents based on the

(B+Ew+vr
empirical constants a and £ were found to check the observed satura

tion current closely.

In all cases the value of B was found to be about equal to

(l-E ). Thus all distributions could be represented by the

function
a

E-(E -1)
w '

-i2

where E is the electron energy and a varies from one material to

another.
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APPENDIX I

Sample Energy Distribution Calculation;

A portion of the experimental data and analysis for annealed

copper is given in Table VI. A step-by-step sample calculation

of each operation performed in the analysis is given below.

As indicated in Table VI, the first operation is the calcula

tion of the output voltage ratio V-,/}/™,.
K Jr(M

For the values given for a chamber voltage V of .7 volts,

the ratio becomes

\ = 2.2^9 volts = <la]+702 m (a)
EM 5-^37^ volts

The current ratio, (l/lw) is obtained by dividing each of the

voltages Vo and V™, by their respective electrometer resistors

R and R. giving

L V / V R ^ '

For the voltage ratio for a chamber voltage V of .7 volts the

current ratio becomes

f- = .klkmx -973 x10^ ohms = A2Q^ > (<j)
Tl .960 X 10 ohms



Table VI. Sample of Data and Analysis for Annealed Copper (Lower Plates Positive)

V VR V
RM VVKM

VR x^
VRM R

i/ar =

d(l/AR)
dV

d2(l/AR)
dV2

2(E +V)
w

-2(E +V) X
w '

d2(l/AR)
dV2

eN(E +V)
w '

1/^ x cyAR.

•5

•55

1.7380 5-4388 .319556 .32388 .0013441

.002077

.6

•65
2.0065 5.4388 .368923 •37392 00015518

.001925 -.00135 24.2 .03267 .0307

•7

•75

2.2549 5.4374 .414702 .42032 .0017443

.001807 -.00116 24.4 .02830 .0265

.8

•85
2.4885 5-4374 .457664 .46386 .0019250

.001694 -.00098 24.6 .02411 .0224

•9

•95

2.7075 5-4375 .497931 .50467 .0020944

.001612

1.0 2.9158 5-4373 .536259 .54352 .0022556
'

I

00

1
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In order to express the currents, the first and second derivatives

and the energy distribution in appropriate units, (i/L.) can be "

multiplied by the average value (3-VaR) giving

1 x (i^ar) = Ir • U)
^

The average V—, value of 5-k6 volts from Table VI, and the
RM

values of A and R^ given in the supplement to Table VI along with

the ratio (i/jlj calculated in (c) yield

VRM/R.
jj£ = .42032 (Ij/AR) = .42032 S

- .42032 x 5.46 volts/.973 x1010 ohms x3x109 e6U/W
I47.63 cm x 2.75 roentgen/sec

(e)

or

|g- = .42032 X .00415 -^ = .0017443 -~i
cm r cm r

The i/AR values given in Table VI obtained at chamber voltages of

.6 and .7 volts are used to obtain the first derivative at .65 volts.

d(l//AR) = yi+l"yi = .0017443 -.0015518
dV A x .1

(f)
or

= .001925 esu
cm r(volt)
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The second derivative also at .65 volts is calculated using

the (i/AR) values given in Table VI for chamber voltages of .5,

.6, .7 and .8 volts.

d2(l/AR) = yi+3"yi+2~yi+l"t'yi =.0019250-•0017443-•0015518+.0013^41
dV2 2Ax2 2(.l)2

or

lUML m.00135 2esu g . (g)
dV cm r(volt)

In order to obtain the energy distribution it is necessary to

multiply the second derivative by -2(E +V) and then subtract the
w

first derivative from this value. For copper, E which is the sum
w

of the Fermi energy Ep = 7.0 volts and the photoelectric work function

* = 4.45 volts is equal to 11.45 volts as given in Table VII.

The value of the energy distribution eN(E +V) at the applied

chamber voltage of .65 volts is then

eN(E+V) - -2(E+V) *2d/AR) _&(l/AR)
v w ssT dv

= (-24.2)(-.00135) - .001925 (h)

eN(E +V) = .0307 esu

cm r(volt)
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Throughout the data analysis more than the correct number of

significant figures have been carried for reasons of internal

consistency. The final energy distributions have been rounded

off to the correct number of significant figures.

nr

15

Table VII. Fermi Energy E_ and Photoelectric

Work Function <t> for Cu, Al and
Graphite.

EF(eV) *(eV)

Copper 7.00 4.45

Aluminum 11.7 4.20

15
Graphite ~ 0 4.56

Dekker, A. J., SOLID STATE PHYSICS, (Prentice Hall, New York,
1957) P- 215.

Taft, E., and Opker, L., Phys. Rev. 99, 1831 (1955).



-9 1

TABLE VI SUPPLEMENT

Explanation of Symbols and Values of Constants Used in Table VI

V = Test chamber collecting voltage in volts.

VM = Monitor chamber collecting voltage in volts.

I = Test chamber current in amperes at chamber voltage V.

L^ = Monitor chamber current in amperes at chamber voltage V .

R = .960 x 10 ohms = electrometer resistor carrying test
chamber current I.

Rjj = .973 X 10 ohms = electrometer resistor carrying monitor
chamber current L-.

VR = I R = test chamber output voltage in volts.

VRM = J^ = 5.46 volts = average value of monitor chamber
output voltage for dose rate of 2.75 roentgens/sec.

o

A = I47.63 cm = average irradiated test chamber plate area.

R = 2.75 roentgens/sec = average dose rate between test

chamber plates measured in air with Victoreen chamber.

E = 11.45 volts,
w

Rjj/R = 1.0135

(I^/AR) = .00415 ~esu

2
cm r
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APPENDIX II

A. Error Analysis

Error estimates for the final energy distributions were

obtained by considering only the deviations in the second deriva

tives. That is, not only was the first derivative term in Equa

tion (67) smaller than the second derivative term usually by at

least one order of magnitude, but the per cent error in the first

derivative was smaller that the per cent error in the second

derivative as well.

Let

2 v/(AV. J2 + (AV.)2
D , + L^ 1_±!_ , (a)

' <vi+i - V

where D-, is the per cent deviation of the denominator of the

Becond derivative (Equation 76), and AV. is the deviation in

the applied chamber voltage V..

Let

vi(Ay )2 + (Ay )2 + (Ay )2 + (Ay )2
d2 = + ^±3 ^_i+i _^i+i ^ f (t)

(yi+3 -y1+2 -yi+1 + 7±)

where D? is the per cent deviation of the numerator of the second

derivative (Equation 76) and Ay. is the deviation of the current
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value, (i/AR).. Therefore, D the total deviation in per cent of

the second derivative is given by

D = + Vd^ + D22 . (c)

B. Sample Error Calculation for Annealed Copper

In Table VIII there is tabulated a portion of the annealed

copper data with the corresponding error analysis. The deviations

of + 0.00005, + 0.0005, and + 0.0012 assigned to V, V„ and V—,
— — — R KM

respectively were determined in the following manner. The devia

tion of + 0.00005 volts for the test plate collecting voltage V

was the smallest voltage change which could easily be detected with

a Rubicon (Pot. 2) High Precision Type B potentiometer using a

0.004 ua/mm Leeds Northrup Galvanometer. The deviations of + 0.0005

volts and + 0.0012 volts given for the output voltages V0 and V.-,
— R KM

corresponded to the smallest bucking voltage change which could be

detected on the 10 mv recorders of the respective chambers. The

test chamber electrometer had a full scale deflection sensitivity

of 0.15 volts as compared to 0.29 volts for the monitor chamber

electrometer which accounts for the difference in the V_, and V^
K KM

deviations.



Table VTII. Error Analysis for Annealed Copper

V VR V
RM iVRW) AV (4'

Ji
yi Ayi Dl

OJ

•H -H

1 + ,on H
+ +

•H -H

>
0

H
<D

FP

(L>

CO

D2 D

DeN(E +V)
w '

esu

2
cm r

.50000

+.00005

1.7380

+.0005

5.4388

+.0012

.0287 .0221 .0362 1344.1

X 10"6
.486

XIO"6 1.410

.60000

+.00005

2.0065

+.0005

5.4388

+.0012

.0249 .0221 .0336 1551.8

>< 10"6
.521

xio"6 1.410 27.0

XIO"6
1.065

XIO"6
3-950 4.430 +I.36 x 10~3

.70000

+.00005

2.2549

+.0005

5.4374

+.0012

.0222 .0221 .0313 1744.3
-6X 10 °

.546

XIO"6 1.410 23.2

xio"6
1.123

-,rs~6
XlO

4.850 5-050 +1.3+ x 10 _3

.80000

+.00005

2J+835

+.0005

5.4374

+.0012

.0201 .0221 .0208 1925.0

xio-6
•57^

XIO"6 1.410 19.6

xio

1.183

XIO"6
6.040 6.210 +1.39 x 10"3

.90000

+.00005

2.7075

+.0005

5-'+375

+.0012

.0185 .0221 .0238 2094c4

x 10"6
O604

xio"6 1.410

1.00000

+.00005

_^_ !

2.9158

+.0005

5-4373

+.0012

.0171 .0221 .0279 2255.6

X10"6
0630

xio"6
' • • " •

Caption for Column 11: ^"(Ayi+3)2+(Ay~+2)2+(Ayi+1)2+Ay.2"
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After calculating the percent voltage deviations, AVt)(0)
R

and AVT_.(0) of the test and monitor chambers the per cent devia-
RM

tion in the current (i/AR). was found by taking the square root

of the sum of the squares of these quantities. Therefore

Ay.

yi
AVp(0)

-i2

R ***<*)RM

For example, for a test plate collecting voltage V of .6 volts,

this is

Ay.
—i (0) = + n/(.0249)2 + (.0221)2 *+ .03360 .

Now the absolute deviation Ay. of the current value for the

collecting voltage V of .6 volts is

Ay,
yi x—- = + .000336 x .0015518 =+ .521 x 10 -~i

yi cm r

where y. = (i/AR). = .0015518 esu/cm r.

(d)

(e)

(f)

The per cent deviation D.. of the denominator of the expression

for the second derivative is given by (a). If one substitutes for
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the voltage deviation AV. = + 0.00005, and for the voltage mesh

(V^-V^ =0.1 volt,

=2^(.oooo5)2+(.OQ005l2= i^xixT* =+lAl$ m (g)
1 (.l)2 .01

The per cent deviation D? of the second derivative numerator is

given by (b). When substitution is made for the current values

y. and deviations Ay for the collecting voltages V of .5, -6,

•7 and .8 volts (b) gives

^„.io"6 n/(".574)2 + (-546)2 +(.521)2 + (.486)2 1.065 x 10"6
D M _ : - _ __

10 (1925.0 - 1744.3 - 1551.8 + 1344.1) 27.0 x 10

(h)

or

D2 = + 3-950 .

The per cent deviation D in the second derivative according

to Equation (c) becomes

D = + s/(l.410)2 + (3.950)2 = + 4.2^ . (±)
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The absolute value of the error is obtained by multiplying the

value .0307 esu from Table VI for a chamber voltage V of .65

volts by D the total deviation error in the energy distribution

DX eN(E^+V) = + 4.430 X .0307 =+ .OOI36 -^— .
cm r

The other energy distribution deviations have been

calculated similarily. These deviations are indicated on

the energy distributions shown in Figures 25, 26, 27 and

28.
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APPENDIX III

SUMMARY OF ABBREVIATIONS AND SYMBOLS

A = Average irradiated test chamber plate area.

e = Electronic charge.

E-, = Fermi energy.

E. = Energy of electrons inside the medium.

E = V - energy of electrons outside medium.

* = Photoelectric work function.

E = E„ + $ - minimum energy an electron must have in order
W x1

to escape from the medium.

V = Test chamber collecting voltage.

Vy. - Monitor chamber collecting voltage.

Vti = Test chamber output voltage.

^ovr = Monitor chamber output voltage.

I = Test chamber current.

L, = Monitor chamber current.

R = Test chamber electrometer resistance.

Rj, = Monitor chamber electrometer resistance.

R = Dose rate in roentgens/sec between test chamber plates,

r = Dose in roentgens.
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