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I. STATEMENT OF THE PROBLEM

The problem herein discussed is a study of the spatial distri

bution of electron energy dissipation in aluminum by electrons in the

energy range 50 to 125 kev. The measurements were made with an

electron accelerator and a triple plate ionization chamber of unique

design. The spatial distributions as a function of incident energy

are compared with the recent theory of L. V. Spencer.

Spencer has considered the problem of the energy dissipation of

an electron beam in an infinite medium under the combined influences

of scattering and slowing down. Many contributions have been made

toward understanding simpler situations, in which one or another effect

is neglected, but Spencer has made the first complete calculation of

electron spatial distributions taking into account both energy loss and

direction changes.

The primary contribution of this investigation is a measurement

of energy dissipation under conditions corresponding to those assumed

in Spencer's theory. Similar experiments have been made, but are

unsatisfactory for checking Spencer's theory because of the lack of an

adequate backscattering plate needed to approximate an infinite medium.

In addition, the work described herein represents the first attempt to

make an absolute measurement of dose inasmuch as previous experiments

have measured the distribution only in terms of percent of maximum

ionization.



6.

II. THE SPENCER THEORY OF ELECTRON PENETRATION

Previous treatments of electron penetration have assumed in

general either that scattering takes place without energy loss or that

energy loss occurs with no dependence on scattering. Such approxi

mations are adequate for absorbers which are thin compared to the range

of the electrons, but theories based on these approximations fail to

give even qualitatively correct results when applied to deep pene

trations* Spencer is the first to develop a theory of electron pene

tration to the point of numerical application considering both scattering

and energy loss of a parallel beam originating in an infinite, homo

geneous medium. If l(r,0,z)dz aft is the flux of electrons making

angles between 0 and 9 + d© with the normal to the source plane, having

residual ranges between r and r + dr and crossing a unit spherical

probe at a distance z from the source plane, the flux change in going

from a distance z to z + dz is given by

[l(z dz,0,r -dr) -l(z,e,r)] d/l dz =dz dn dr Jd-fl' NCT (r, © )

(1)

l(r,0',z) -I(r,e,z)j +(2jt)-1 £(z)dz £(r..- rQ)dr ^(cos 0-l) dfL

Here, 2*0" (r, @ )sin(P) d(P) is the cross section per atom for de

flecting an electron with residual range r through an angle between @

and (h) + d(P) . N is the number of atoms per gram and r = r(T0).

1 L. V. Spencer, Phys. Rev. 98, 1597 (1955).



It is assumed that an electron source is located at the plane

z = 0 and emits monoenergetic electrons in the direction 6=0, i.e.,

perpendicular to the source plane. Expanding the left member of the

equation above, one obtains

51 5I , ,+ cos e — = I dJV NCr(r,0 ) \l(r,9',z) - I(r,9,z)[
3r 3 z

(2)
+ (2s)"1 &(z) £ (r - r ) £(Cos 0 - l)

The relation between the residual true range r and the kinetic

energy of the electrons is given by the expression below which may be

integrated to give the residual range.

T

r(T) =/dT (—| (3)
o

The distance parameters may be rescaled, taking r = r(T0) as

unit and defining t = (r/rQ), x = (z/r0), and S(t, @) )« roN0" (r, @ ).

I and S are then integrated over spherical harmonics and Eq. (2) is

transformed into a linked system of differential equations involving the

terms of S(t) and l(t,x). The equation is then multiplied by x and

integrated from -1 to +1 where
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1

/ xn I^ (t,x)dxI^Jt) - / X11 lg (t,x)dX (4)

The diffusion Sq« (2) becomes

JCn

a*

+S, (t)I- (t) - n(2£ +1)_1 f(£ +1)1 (t)
* Xn 1 je+l,n-l

+ Xl (t) + <f £(t - 1) (5)
£-l,n-l j no

For low Z materials, the McKinley-Feshbach relativistic nuclear

scattering cross section may be used and the corresponding So is

-Ir-2S^ [t(T)]= (Z +1)(3NA0OZ/4A)(1 +£)T_1(T +2)~1B

(Cj2_ +2*aB& -(B2 +jtaP) ^T i_1f r0
i-1 J

(6)

Here, NA is Avogadro's number, T is the kinetic energy in mc2 units,

a = z/l37> B = v/c and 0O = 8«e /3m2c . £ represents a correction due
p

to inelastic deflections and is given by Fano as

2 U. Fano, Phys. Rev. 93, 117 (195*0.



9.

£-(Z +l)-1 nihT))-1 (5 -in [0.16 z'2/3 (1 +3.33a/p)] (7)

where "^ is the screening constant calculated by Moliere,

1 51/3

0.885(137)
T -1(T +2)"1 x[l.l3 +3.76a2 (T+l)2 XT"1(T+2)"1

(8)

The numbers C are:

Co = 0

c »m(i+ rj'1) -(1+ ^)_1

c =(2 +£-1)(i +27?)c, -(l +rV -(a +rtd^)"1
l+l ' *~ Jc-l

(9)

Spencer demonstrates that if the source energy is less than

p
about 1 mc , an approximate expression agrees well with the Sp 's:

S^(t) = H (10)

where the constants &n are evaluated at t = 1.

The formal solution of the differential equations (5) has been

given by Lewis3, but the numerical evaluation of the integral is feasible

3 H. W. Lewis, Phys. Rev. 78, 526 (1950).
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only for n < 4. Spencer avoids this difficulty by writing the trans

port equation in terms of integrals of the I (t) which are easier to
SL n

calculate. The solution of Eq. (5) is obtained by multiplying by

t^x and integrating over the range 0^t<^l. When I „ is defined
jLn

as

1

IVn = I tP I (t) dt, (11)
Jin jL n

o

the solution is given by the system of equations

•P
n f £+ 1

-\

I I^1 +-1— J*1
In (dp + p+1) {2I + 1 1+1**-1 2X+I JUl^-1,

-1
+ £ (d # + p + 1) (12)

no a-

The numbers I now constitute the knowns and I. may be cal-
Zo Xn

culated from them.

The energy dissipation distribution is given by

1

J(x) =/ IQ(t,x) (—Jdt (13)
0
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and has the spatial moments

1

It should be noted that the stopping power used here should be

that of the detecting material (i.e., ion chamber gas).

If the stopping power dT/dt is fitted with the expression,

- -A^ ♦ Atl/2 +.t3/2
dt 1 2

the spatial moments, J , become:
n

J -AT -l/2 +AlI l/2 +AI 3/2n o on 1 on + A2 on

(15)

(16)

Since only a finite number of energy dissipation spatial

moments can be calculated, the extrapolation of the distribution from

a few moments may be carried out only if the trend of the highest order

spatial moments obtained can be shown to have the correct asymptotic

behavior at deep penetrations. Using the method of Wick/ Spencer has

G. C. Wick, Phys. Rev. 75, 738 (1949).



12.

shown that the energy dissipation distribution should be of the form

f(x) =(l -x)"3/2 exp
1 - x

near x = 1

Here, A is the asymptotic constant. The logarithms of the numbers

I^"1'2, I 1'2, and I 3'2 should plot as straight lines again

(17)

711 + 1 .

Spencer has discussed the construction of a distribution from

a knowledge of its moments and has found that a "function fitting"

method can be used to advantage in problems of x-ray and electron

penetration. The distribution is represented by a sum of terms:

J(x) = 2 a±F7(p1, x)

where the F7(p., x) is given for the parallel beam by

F7(pjL, x) =Bi'1(l -x/Bi)7 exp
- Ax

B, - x

, O^x^B.

• 0, x>B<

Moments taken of the above equation yield

Jn »2 aiFn(Pl) *2 °iPH
i *

(18)

(19)

(20)
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where

/ I 7CO = / (l -y) exp
n

-Ay

i - y

n ,
y dy (21)

The best asymptotic trend is given by y = -3/2, and Spencer has found

the asymptotic value (n > > l),

1/2

CJn*3/2 =f!̂ eA/2 exp (- [4A(n +l/4 +A/l2)] l/2| (22)

The asymptotic constant A in the equation above may be found by iteration

of the equation below:

In ^_=(4A)1/2 f[(n +2+1/4) +A/12] V2 -[(n +l/4> +A/l2] l/2|
^ ^ (23)

Although 7 = -3/2 gives the best asymptotic fit, Spencer uses

7=0 for distributions in Al and Au and 7=1 for Be so that the dis

tributions will superpose without "bumps."

o

The integral of CO has been evaluated and gives a recursion
n

expression for these moments.

6J° =A"X 1n CJ° n - 2(n + l) £J° + (n + 2) <J° ,
n I n-1 n n+1

-\

, n > 0 (24)
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CJ° =1-AeA|- E.(-A) 1 ,n= 0 (25)

where E^^ is an exponential integral. For large n, the asymptotically

correct expression for <U° is
n

(J °=(n +14- A/12)"1 eA/2 [l»A(n +1+A/l2)J ±/2 L± UA(n +1+A/l2j] l/£

(26)

Lx(y) =yK^y) where K is the modified Bessel function of the second

kind of order one.

To obtain the 60°, Eq. (26) is solved for two successive large

moments (e.g., 21 and 20) and the recursion relation (Eq. 24) is worked

backwards to find uJ°. All CJ° are then multiplied by a number such

that the CJ calculated above agrees with the value obtained from
o

Eq. (25).

The Eqs. (20) are divided into two sets, one for even n and one

for odd n. This procedure simplifies the algebra and gives an estimate

of the accuracy of the approximation since the two component distri

butions should become asympotically the same. The equations to be

solved are:

"O n
=

Jn

n

t

i

=

Jn

n

)

n = 0, 2, 4 ....

(27)

n = 1, 3, 5, ....
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To the first of these systems is added the equation

2 at V2 -A_1
'd A dT

At J dt t - l (28)

which guarantees the known slope change at x- 0. To the latter set
is added

^ -1 «P
2 aip - -

dt t = l
(29)

to give the known discontinuity. From asymptotic considerations,

B2 -1in both systems. The equations are solved simultaneously and

even n odd n

J(x) and J(x) are evaluated by the relation,

Then,

ai -(Ax/Pi - x)J(x) - C 1 e
^ 04

even n odd n

J(|x|) + sgn x J(jx|)
J(x) = —

(30)

(31)
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III. CALCULATION OF 50 KEV SPATIAL DISTRIBUTION

A sample calculation is given below for the case of 50 kev electrons

absorbed in aluminum, assuming that the ionization is to be measured in a

parallel plate air cavity placed in the medium.

At least six figures are carried throughout the calculation for

reasons of "internal consistency" even though input data and final result

are correct to only three figures at best.

Wherever it appears, the energy is expressed in mc units. Usually,

however, electron energy is given in terms of t = r/r0, where rQ is the

total range measured along an electron track and given by an integration

of the Bethe stopping power expression and r is the residual range, i.e.,

the distance an electron still has to traverse at any given energy.

Because the energy parameter, t, is so basic to the theory, the

calculation may well begin with a determination of the dependence of t

on energy. The Bethe formula^ is given by

dT 2* NAe4 Z

f dy mv2A

mv2 T
In

2l2(i _ p2)
-(2Vi -82 -1+ B2) In 2

+1 _P2 +_(1 ./1 .p2)2
8

5 H. A. Bethe, HANDBUCH DER PHYSIK 2^, Part 1, p 491, Verlag Julius

Springer, Berlin, 1933.
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Th» cymbals are defined as

I = sv«rage ianiiation potential of an atom,

T • kinetic energy of the electron (total energy minus
rest energy),

e = charge of electron,

Z = atomic number of the absorbing matter,

P = v/c,

f = density in g/cm ,

A = atomic weight

m = rest mass of electron

y = distance along electron track

Spencer has given a tabulation of stopping powers and residual

ranges for various materials and electron energies in his paper and

Table I, given here, is an abstract from Spencer's table of the data

relevant to this study.

Table I

Stopping Powers and Corresponding Residual Ranges
for Electrons Calculated from the Bethe Formula

Mev Air Aluminum

Stopping Residual Stopping Residual

power range power range

mc2/(g/cm2) g/cm2 mc2/(g/crar) g/cm2

0,01 38.80 0.000285 33.25 0.000339

0.03 16.67 0.00199 14.625 0.00230

0.05 11.42 0.00490 10.101 0.00559

0.07 9.011 0.00880 8.008 0.00999

0.10 7.127 O.Ol6l9 6.362 0.01830

0.20 4.843 0.05074 4.356 0.05684



18,

The rQ values are found by integrating with a polar planimeter

the plot of (dT/fdy)"1 vs T as shown in Fig. 1. Next, a graph of r

vs T is plotted as in Fig. 2. t is given by the r at T divided by the

rQ at T0, that is, the range corresponding to the incident electron

energy.

The stopping power occurs in the theory as dl/dt and this may

be obtained from dT/p dy in the following way. If y denotes distance

along the electron track, then

r + PT = ro

dr + p dy = 0

dT dT 1 dT 1 dT

Hence

fdy dr rQ d(r/rQ) rQ dt

dT

dt

Because the ionization is measured in an air cavity, one must

multiply the above stopping power by the ratio

(stopping Power)air

(stopping power)A2
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in accordance with the Bragg-Gray principle. Then,

/— r^ (dg/f>dy)Air t ) fan
(Pay ° (dT/Pdy)A1 VA1 I Pdy

corr V /Al ^' ' ^'Al \ r^ Air

21.

Table II gives the adjusted stopping powers for 50 kev.

The corrected stopping power must be fitted with the expression

dT

- -AS1** +At1/2 +At^2
dt ° 1 2

A least squares fit was attempted but proved impractical. An an

alternative the fit was made at three values of t at approximately

t = 1, t = 1/2, and t = 0.1. This requires solving three simultaneous

equations to determine A„, A, and A .
01 o



Table II

Table of Adjusted Stopping Powers

22.

E

(Mev)
r

g/cm2
t

r/rQ
(r0)A1(dT/f dy)Mr

0.050 0.00559 1.00000 O.O6384

0.040 0.00380 O.67985 0.07519

0.030 0.00230 0.411449 0.09319

0.020 0.00115 0.205725 0.1266

0.010 0.000347 0.062075 0.2169

0.007 O.OOOI896 0.0339177 0.2868

0.005 0.000108 0.0193202 0.3734

0.003 0.0000464 0.0083005 0.5601

0.001 0.0000095 O.OOI6995

An an example,

For t = 1.00000,

O.06384 = A0 + A± + A2

For t = 0.411449,

0.09319 - 1.558985 AQ + 0.641443 Ax + 0.263921 A2

For t = 0.062075,

0.21690 = 4.017633 A0 + 0.249149 Ax + 0.015466 A2

AQ = 0.052762

A± - 0.021222

A = - 0.010144
2
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Next the quantity S. jt(T)J must be evaluated. For aluminum,
T

a suitable expression is

S^ jt(T)] =(Z+ 1)A NA 0o~J (1 +€)T_1(T + 2)"1 p-2

x '
1 ^C^ +2jta pjt - (B2 +«qB) V i"1 I rQ
i-1

p

For energies less than about 1 mc the dependence of the Sn *s may be

approximated by the expression S£ (t) = dj^/t. This representation

makes possible far less laborious methods of solution than direct

numerical or analytical integration, df is evaluated at t = 1.

Some of the numerical values for this equation at 50 kev and

for aluminum follow:

T = 0.097847 mc2

fy =6.049 x10"1*
a = 0.09489051

P = 0.412685

£ =-0.0945244

0o =6.68 x 10-25



co = o
Cl = 6.4116 C2 = 16.26009

c3 = 28.58344 C4 = 42.72551 C5 = 58.27080

c6 = 74.88161
C7 = 92.29710

sl == 1.87641 sr =
5

= 17»34552

V = 4.80933 s6 == 22.30072

V = 8.48662 V = 24.49577

s*--• 12^70725

The system of equations

n (^+D p+1 i p+i
I„ . . + T

^

Lln (dj7 +p+ 1) (2l+ 1) 1+1>*-1 21+ 1 /-Ln-l

£ (dp + p+ 1)
no *•

24.

may now be computed. The Kronecker delta function, & , has the
no

property of being zero for all n other than zero, and the value of 1

when n=Oo For n=0the linkage term vanishes and I-P =(d^ +p+1) ~1.
These numbers now constitute the knowns and from them the I.P may be

obtained, which in turn yield L , and so on. The calculation is simpli

fied if made in lattice form with n + p = m(l/2) heading the rows and /

the columns. For reasons which appear later, m takes on all odd integer

value from -1 to n, and a table is calculated for each value of m as
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in Table IV.

Before constructing the lattice, it is convenient to tabulate

the quantity, (d£ +p+l), from/= 0to /-7vs p+l/2 =0to

p + l/2 = 9 as in Table III.



Table III

Tabulation of (dg + p+ l) Values

>

(p + 1/2?i 0 1 2 3 4 5 6 7

0 0.50000

1 1.50000 3.37641

2 2.50000 4.51641 7.30933

3 3.50000 5.32641 8.30933 11.98662

4 4.50000 6.37641 9.30933 12.98662 17.20705

5 5.50000 7.37 10.90 13.9 18.2 22.84552

6 6.50000 8.37 11.30 14.9 19.2 23-8 28.80072

7 7.50000 9.37 12.30 15.9 20.2 24.8 29.8 34.99577

8 8.50000 10.37 13.30 16.9 21.2 25.8 30.8 35-9

9 9.50000 11.37 14.30 17-9 22.2 26.8 31.8 36.9

&
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Table IV

Residual Range Moment Lattice for 50 kev

0 1 6.66667-1 2.96173-1

1 0 5.92346-1

Note: Powers of ten are written

as superscripts. That is,
2.00000 6.66667-I = 6.66667 x 10-1.

0 2 4.00000-1 2.28498-1 1.35811-1

1 1 1.52332"1 6.65030-2

2 0 2.66012_1

0

0 3 2.85714"1 1.87744-1 1.20347-1 8.34264-2

1 2 7-50976"2 4.00943"2 1.71223"2

2 1 5.34591"2 2.14895"2

3 0 1.29537"1

0 4 2.22222-1 1.56828"1 I.07U19"1 7-70023"2 5.81157"2

1 3 4.48080-2 2.73519-2 1.31098-2 6.61118-2

2 2 2.18815"2 1.08198"2 4.0791-3

3 1 2.16396-2 8.89689-3

4 0 7.H751"2

This table is continued through (p + 1/2) = 9 and J? = 7, giving I-P

values listed in Table IV, continued.



Table IV, cont.

n p + l/2 j*. 0

0 5 1.81818-1

1 4 3.01260-2

2 3 1.12264-2

3 2 7.65878-3

4 1 1.01343-2

5 0 4.05754-2

0 6 1.53846-1

1 5 2.17060-2

2 4 6.64159-3

3 3 3.47145-3

4 2 3.14112-3

5 1 5.07330-3

6 0 2.46992"2

0 7 1.33333"1

1 6 1.64078-2

2 5 4.28058-3

3 4 1.84306-3

4 3 1.27033-3

5 2 1.40500-3

6 l 2.74497-3

7 0 1.53937"2

n P + 1/2 /-o

0 8 1.17647-1

1 7 1.28497-2

2 6 2.93066-3

3 5 1.07888-3

4 4 7.30649-4

5 3 5-00114"4

6 2 8.II289-k

7 1 1.51546"3

0 9 I.O5265-1

l 8 1.03413"2

2 7 2.09905-3

3 6 6.35002"4

4 5 3.26513"k

5 4 2.13802"4

6 3 2.29011"4

7 2 3-33990-h

28.
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The numbers listed in Table IV for which p = - 1/2, l/2, and 3/2

are combined with AQ, A,, and A« as follows to yield the moments of the

energy dissipation distribution.

Jn =*Ion"l/2 ♦ Von172 +V0„3/2n o on 1 on 2 on

J± = 0.115614407

J2 = 0.033734360

J3 = 0.014947868

Jfc = 0.0072l6ll8

J5 = 0.003938547

J6 = 0.002234253

J7 = 0.000840975

Hext, the asymptotic constant A must be determined. A simple

iteration of the equation below will serve the purpose.

in —=(4A)1/2 ([(n +2+l/4) +A/12] l/2 -[(n +l/4) +A/l2]l/2
n+2

For Jj, and J>, A = 1*506 gives agreement to four figures.

7 = 0 is chosen because F°(p, x) superpose smoothly and the corres

ponding numbers 6_)° are calculated. Then, two successive large 6J°, say

CJ °_ and CJ° are calculated using the equation
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6J° =n" (n +1+A/12)"1 eA/2 L± (>A(n +1+A/l2)] 1/2

% - y Vy)

where J^ is the modified Bessel function of the second kind of order one.6

Q°21 =4.08346536 x10"6

^° - 5.50621886 x 10"6

Lower moments are obtained by working the recursion equation

(Eq. 24) below backwards.

6J1
Wn(A + 2n + 2) - 63 (n + 2)

n-1

^ = Oo00000748586599

^18 = 0o00001°26725040

63°
17

^16

-15

W13

Q°
12

11

= 0.00001421670414

= o.00001988939595

= O.OOOO28I4326363

= 0.00004032323066

= O.OOOO5858082O5O

= 0.0000864336330

= O.OOOI29776OOI8

0.0001987631570)° -
10

4d° = 0.0003114888995

"g = 0.000501383442

k>° = 0.000833137004

*^g -0.00143892077*

^>° = 0.00260780157

60° = 0.00502970452

W°= 0.01055624269

GO ° = 0.02506637347

6)° = 0.07296l6l42

k>° = 0.3265275274

G. H. Watson, "Theory of Bessel Functions," Tables, (1952).
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All moments are now slightly readjusted so that the 6J° value calculated
Q

from Eq. 24 agrees with

^0 =1-AeA j-Ei(-A)

where Ei is an exponential integral.'

7

co° = 0.326892903

Readjusted Values

o

cd = 0.0008340692618
7

60° = 0.001440530883
6

co° = 0.002610719630
5

60° = 0.005035332624

60° = 0.01056805484

0J° = o. 02509442207

6J ° = 0.07304325628

^>° = 0.326892903

"Tables of Sine, Cosine, and Exponential Integrals," (WPA) Vol. I,
(1940).



The equations to be solved simultaneously can now be written

down. Even and odd component distributions are to be determined

separately, requiring the solution of the two systems

where K = jju° *
n n n

<g,a± P* =Kn, n=0, 2, 4, ...
i

*£L a± pj =Kn, n=1, 3, 5. •••

32.

To the first (even) of these systems one more equation is added

which guarantees the known slope change at x=0. To the second (odd)

system an equation guaranteeing the known discontinuity is included

i

£ a± p72 =A~ —
i x dt

2a, P"1 =(-
i 1 x V dt

"dT

dt t = 1

t = 1

To insure the asymptotic trend, one of the f}± s, say P2, may be set equal

to unity.

8
The equations may be solved by a method introduced by Spencer.

Define

n n n-2

8 L. V. Spencer, Phys. Rev. 88, 793 (1952).



dT

d /dT>
K = A-1 —

dt V dt,

b =
D7D1 " D5D3

D5Dl "D32

= 1.124999108

c =

bD3 - D5

Dl

= 0.1904757641

a 2
b-^b2 -4c

po
2

• 0.207633404

2
B

b +Jb2 -4c
Pl

2

= 0.917365702

# DlPl2 "D3
2o -Jh2 -4c

= 0.202706l38

For odd n,

t = 1

t - 1

ai = Dn - a
1 0

= O.195157850

(T

*

a p
0 0

0

C-i

= O.II6570687

°1

*

al pi

Pi2 -1

= - 2.26202256

a2
ao al

= K - __ - _

"1 P Piwo Hl

= 2.68136

33.

a2 = Kl - aoPo " alpl

= 2.68136887



b -

D6D0 - 1\D2

D4D0 " D2

= 1.089084046

bD2 - Di,.
c =

Dr

- 0.2059259267

?? =

CC

b -Jb2 - 4c

= 0.243543538

b +Jh* - 4c

= 0.84540458

DoPl2 - D2

.7b2 - 4c

= 0.123682909

For even n,

ai* =Do "«o*

= 0.250568832

* a 2
ao 6o

°o = - 2
•V-1

= - 0.0398201017

al* ?12
a, =

1 Hz-i

1.371660709

34.

02 * K-2 " ~2 • 72
Po Pl

- 1.765157521

<*2 * Ko " ao " al

= 1.765157522



J(x) for either n odd or n even is evaluated by the relation

J(x) =^ ^ e^/tei " x)
i ^

35.

odd
where the numbers a± and &± vary as n is odd and even. Then, j(x) and
even

J(x) combine to give j(x) by

even

J(:
J(|x|)

x) =
+ sgn x J(|x|)

2

X

odd n

J(x)
even n

J(x)
even odd

J(x) + J(x)

2

0.12831

even odd

J(x) - J(x)

0 0.06383 0.19278

2

0.06448

0.02 0.07444 O.19344 0.13394 0.05950

0.04 0.08529 0.19422 0o13978 0.05447

0.06 0.09645 0.19503 0.14574 0.04929

0.08 0.10777 0.19591 0.15184 0.04407

0.10 0.11929 0.19687 0.15808 0.03879

0.15 0.14784 0.19827 O.I7306 0.02522

0.20 0.17416 0.20096 O.18756 0.01340

0.25 0.19463 0.20013 0.19738 0.00275

0.30 0.20385 0.19853 0.20119

0.35 O.19781 0.19127 0.19454

0.40 0.18047 O.I7879 0.17963

0.50 0.13880 0.14367 0.14123

0.60 0.09113 0.09606 0.09360

0.70 0.04013 0.04029 0.04021

0.80 0.00528 0.00406 O.OO467

1.00 --_«.___
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The resultant distribution for 50 kev is shown in Fig. 3« Also, indi

vidual distributions were constructed for 75; 100, and 125 kev and are

shown in Figs. 4, 5? and 6, respectively.

IV. THEORY OF TRIPLE PLATE IONIZATION CHAMBER

The triple plate ionization chamber is an instrument which is

designed to measure the spatial distribution of electron depth dose in

an approximation to an infinite medium of aluminum. The general principles

used were first suggested by Spencer and Fano.

Consider the spatial distribution of energy loss due to an electron

born in an infinite medium with the Figs. 7, 8, 9, and 10, representing

a cross-sectional view of such a medium. Assume that the air-filled

cavities, A and B, are small enough not to disturb the electron flux

appreciably. According to the Bragg-Gray principle, the ionization in

the cavities will be proportional to the energy dissipation rate in the

medium. In Fig. 7 an electron is born at x = 0 and travels in a positive

x direction. The ionization in cavity B is proportional to the rate of

energy dissipation at this point. An analogous situation takes place in

the triple plate ion chamber sketched in Fig. 9° Here, plate number 3

(whose thickness may be varied) represents the positive distance x in

Fig. 7. Plates 2 and 4 are greater in thickness than the electron range.

In Fig. 9, the ionization current in cavity B is collected with a battery

and meter No. 4 is proportional to the rate of energy dissipation. The

spatial distribution in the positive x direction may be constructed by

varying the position of cavity B in the medium by changing the thickness
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of plate 3.

The situation for measuring the baekscattered dose (negative x)

is sketched in Figs. 8 and 10. Note that the position of x = 0 has

changed and that plate 3 now determines the negative distance x. In

this case, the ionization in cavity A is proportional to the back-

scattered energy dissipation rate.

Obviously, meter No. 1 (in the circuits sketches in Figs. 9, 10,

and Ik) will record the total beam current into the chamber. Also,

II = X2 +J3 + Xh regardless of the direction or magnitude of the ion
current. The ratio of ion current to total beam current gives

ion pair/electron. However, 1^ consists of a fraction of I plus or

minus the ion current. Ion current and I, are functions of cavity

pressure. Therefore, if the ratio of l^/l^ is plotted against pressure,

the slope of the line through these points will represent ion pair/

electron/unit pressure. When this quantity is substituted in the

expression below, a value of j(x) mc2/g/cm2/electron can be obtained.

mc2 (lh i-.pA f3k evA/293 K°\ / 1 \ /f6 cm Hg\
J(x)

el - g/cm2 lix el / I i.p. A273 k° p cm Hg

0.001293 g/cm3/^d cm y\0.51l x106 ev/mc2,

d = depth of chamber

Fig. 11 and Fig. 12 show constructional details of the chamber.



Fig. 11 Cross Sectional View of Triple Plate Ion Chambei
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Parts List for Ion Chamber Shown in Fig. 11

Part No.

1. Soc. Hd. Cap Scr. (Steel)
2. Flat Hd. Mach Scr. (Steel)
3. "0" Rine # 622? (Neoprene)
k. Flat Hd. Mach Scr. # 10-21* (2UST-A1)
5. Adapter Plate (2UST-A1)
6. Collimator (2^8T-Al)
7. Inside Disc (2S-A1)
8. Aluminum Foil (2S-A1)
9. Insulating Spacer (Fluorothene)

10. Insulator Plate Retainer (Brass)
11. Insulator Plate (Fluorothene)
12. Contact Leaf (Be Cu)
13. Rd. Hd. Mach Scr. (Steel)
Ik. Terminal Pin (Copper)
15. Hex Nut # 5 (Steel)
16. Flat Washer # 5 (Steel)
17. "0" Ring # 6227-11 (Neoprene)
18. Insulator (Fluorothene)
19. "0" Ring # 6227-5 (Neoprene)
20. Level Spring (Be Cu)
21. "0" Ring # 6227-9 (Neoprene)
22. End Seal Insulator(Fluorothene)
23. Contact Pin (Gopper)
2k. End Seal Terminal (Copper)
25. Jam Nut (Steel)#
26. Contact Spring (Be Cu)
27. End Seal Retainer (Brass)
28. Insulating Ring Guide (Fluorothene)
29. Outside Disc (2S-A1)
30. "0" Ring # 6227-59 (Neoprene)
31. End Plate (Brass)
32. Housing (Brass)
33. Flat Ed,Mach Scr, (Steel)
3U. Female Foil Holder (2kST-kl)
35. Male Foil Holder
36. "0" Ring # 6227-17 (Neoprene)
37. Soc. Hd. Cap Scr. (Steel)
38. Rd. Hd. Mach Scr. (Steel)
39. Flat Washer (Steel)

1*5.
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The large lateral dimension of the cavity is necessary to insure

essentially complete collection of all ions formed. The linear ion

current vs pressure curve shown in Fig. 13 is evidence that the chamber

fulfilled this requirement.

The following development by R. H. Ritchie of Oak Ridge National

Laboratory demonstrates that the total ionization per incident electron

for a small well-defined beam incident on an infinite parallel plate

chamber is identical to the total ionization per incident electron for

a point chamber with the beam incident over an infinite plane.

1 el

p~m
oo

T - C 2« pafF(p)
Parallel o

But, f(p I F(f« )

Hence, I -

Point

<T I

Parallel

CTel/cmc

1 I 1 J

f

00

I =°" / 2* p ' d/* F(p')
Point J

F(f>) : ionization/cm2 at alateral distance from incident electron
, 2

0" z number of electrons/cm .

I z total ionization.
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V. DESCRIPTION AND DESIGN OF EQUIPMENT

A. Accelerator

A description of the instrument in a slightly modified form has

been published by Blackstoek, Birkhoff, and Slater.9 The instrument

consists of an electron gun, an accelerating tube, and a tube for either

accelerating or decelerating. The accelerating tubes are typical of

those used in Cockroft-Walton machines as seen in Fig. Ik and Fig. 15•

Each consists of alternate ceramic insulators and accelerating electrodes

sealed vacuum tight with vinyl cement. The potentials of the electrodes

are established by six fifty megohm IRC voltage dividing resistors in

series across the accelerator and six across the decelerator which was

grounded in this experiment.

The electron gun used was the gun structure from a General

Electric 5 BPI cathode ray tube. The guns were obtained on special

order without the screen and cut off at the end of the glass neck.

The activation schedule given by the company was followed and gave

satisfactory results.

B. Triple Plate Ionization Chamber

The design of the triple plate chamber incorporated available

parts from a parallel plate chamber in use at the time. The basic

considerations in the chamber design were: 1. Ease of assembly since

frequent changing of foils and windows made it necessary for the chamber

9 A. L. Blackstock, R. D. Birkhoff, and M. Slater, Rev. Sci. Instr.

26, 27^ (1955)-
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to be taken apart and reassembled readily.

2. Good insulation of ion collector plate which implies that

the plate be insulated with a resistance no less than 10^ ohms in

order that leakage current be no greater than 1$.

3. Harrow collimation of the beam at the entrance aperture

(taking into consideration accelerator beam current, galvanometer

sensitivity, chamber geometry, and alignment problems) in order that

the aperture could be made small so as to subtend a small solid angle

for backscattering out of the chamber.

k. Tightly stretched foils since the foils formed one plate

of the ion chamber, and hence it was necessary that the foils be

plane within 0.005 in. to give a uniform electric field for ion

collection.

5. Maintenance of spacing between foil and backplate. Since

this spacing was only O.I56 in., it was necessary to design a means for

replacing foils without disturbing the chamber depth more than 0.002 in.

The above considerations were embodied in the design shown in Fig. 11

and Fig. 12.

It should be noted that the apparatus will have to be modified

before the method for measuring negative x discussed on Page 1*2 will be

practical.

One of the principal problems encountered was the collection of

part of the incident beam on the front plate before the beam entered

the chamber. A collecting chamber replaced the backplate (to reduce

solid angle of baekscattered electrons) when experiments were performed

to determine the minimum aperture possible in order that no incident
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beam current would be collected on the front plate. At first, the

electrons baekscattered from the collecting chamber to the front

plate confused the results. However, the back surface of the front

plate was covered with a sandwich of insulator and foil to avoid

collection of baekscattered electrons on the front plate. Collimation

and aperture size were considered satisfactory when no current was

recorded on the front plate with no window over the aperture.

The original plan for introducing the beam from the accelerator

into the ion chamber was to use an aluminum window in front of the

last collimators thin enough not to affect seriously the energy or

angular distributions of the electrons incident on the foil. However,

a window thin enough to satisfy these conditions broke in a few minutes
Q

under a recordable beam (approximately 10" amp) and with a few cm Hg

of air in the ion chamber. The next most attractive alternative seemed

to be the use of differential pumping. "Cut and try" methods yielded

a pumping system satisfactory as far as pressure in the accelerator

tank was concerned, but increased positive ion bombardment gave a

rapid deterioration of the gun and introduced critical adjustment of

electron gun potentials. Also, the reduced chamber extrapolation

pressure was difficult to measure under dynamic conditions. These

factors forced the abandonment of this procedure. For the taking of

data, a thin aluminum coated mylar window (approximately 1 mg/cm )was

cemented to the inside of the front plate. Electrical contact was made

with aquadag. In this case, the window thickness was added to the foil

thickness to give the total penetration depth. The backscattering and

secondary electrons lost (i.e., not read as part of %) were considered
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negligible because of the very thin window and the small angle sub

tended by the aperture from the foil and backplate. All of the inci

dent electrons, including backscattered and secondaries must be

collected if an absolute measurement is to be made. Otherwise, the

dose/electron will be in error. Because of the inclusion of the thin

foil for the window, a new geometry will have to be devised for

measuring the negative distribution. This measurement is complicated

by the incident beam ionization since we wish to measure the ionization

only from electrons that are backscattered from the backplate and pass

through the foil. This may be accomplished by subtracting the contri

bution of the beam (measured with a punctured foil thicker than the

range of the incident electrons) from the usual extrapolation measure

ment.

C. Differential Pumping

In order to dispense with a window between the ion chamber and

the accelerator, a system of differential pumping was developed. Several

chambers with beam apertures as small as possible were constructed and

combined with the fastest possible pumping on each chamber using available

equipment. Satisfactory results were obtained with a Kinney VSD 556

(rated pumping speed of 8 cubic feet per second at 1000 microns) on the

"Tee" chamber shown in Fig. 16, a DPI booster VKB-8 Oil Ejector Pump

(7 j-/s at 75 microns) backed by a CENCO-Megavac (|rX-/s at 100 microns)

on the "gate" valve. The accelerator itself used a DPI VMF 260R Oil

Diffusion Pump (20 jc/s) (in combination with a liquid air jacket) backed

by a Welch Duo-Seal.
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The sizes of the beam aperture holes for the accelerator, "Tee"

chamber, and ion chamber are respectively 0.060, 0.016, and 0.008 inches

in diameter.

The design of the "Tee" chamber was dictated by the bolt circles

in use, available fittings, and ease of construction rather than any

theoretical requirements and is shown in Fig. 16. The beam collimator

is detachable and is sealed with a small "0" ring.

The operating pressure in the accelerator tank was kept below

10-1*- mm Hg to avoid power supply overload and arcing inside the

accelerator. A maximum of six cm Hg of air pressure could be allowed

in the ion chamber without exceeding the operating pressure in the

accelerator. To improve the accuracy of the pressure readings, the

mercury manometer was replaced with one using butyl phthalate, expanding

the scale by a factor of approximately thirteen.

With air in the ion chamber, the high filament current necessary

to maintain an adequate beam shortened the gun life to a few days.

Apparently the difficulty was caused by positive ion bombardment of

the cathode. A twenty mesh screen was inserted between the accelerating

tube and the grounded tube in order to give an essentially field-free

region to avoid accelerating positive ions toward the electron gun. The

gun emission would recover if the air were pumped from the ion chamber.

Critical adjustment of the gun potentials and degaussing fields were

required to maintain the beam. In spite of these difficulties, data

were taken on several foils. Unfortunately, the data were erratic and

useless for a quantitative measurement.

The effect of the air gradient on electron scattering and energy
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loss was also difficult to evaluate. For these reasons, the system of

differential pumping was abandoned.

However, the equipment designed for the system was kept in

operation as a safety device for the gun. Experience has shown that

a "slug" of air from the chamber when the filament is on would greatly

shorten the life of the gun or ruin it entirely and seriously overload

the high voltage supply. Subsequent broken windows justified the above

precaution.

D. Beam Positioning

The extremely small holes required for differential pumping made

it difficult to get a beam into the ion chamber. Investigation revealed

"play" in the bolt circles and the components did not line up perpendi

cular to the axis of the accelerator. All the faces of the "Tee" and

the gate valve were remilled. The components were assembled on a lathe

and aligned optically. Then the ion chamber and "Tee" were "pinned"

with a dowel fixed in the ion chamber which fitted snugly into a hole

in the "Tee". However, the optical alignment was not sufficient to

assure a beam because the gun was not necessarily on this optical axis.

Additional adjustment was provided by construction of a "positioner"

that permitted movement in any direction in the vertical plane with the

beam on and the system under high vacuum. Details are shown in Fig. 17.

The position of the beam at the entrance to the ion chamber was deter

mined by introducing a plexiglass disc on which concentric circles were

machined and which was covered with a fluorescent powder. In general,

each new gun required realignment of the system.
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E. Auxiliary Equipment

The source of electrons was an electron gun from a GE 5 BPI

employing both electrostatic focussing and deflection. The tubes

were shipped unactivated and minus the screen.

The pumping system is described on Page 53 . The pressure was

measured with a Consolidated Vacuum Corporation VG-1A ionization gauge.

A National Research Corporation Model 501 thermocouple gauge was used

to indicate pressures above the range of the ionization gauge. A

pressure interlock in the thermocouple gauge control circuit cut off

the diffusion pump if the pressure went too high. A valve between the

diffusion pump and the rest of the system permitted the system to be

brought to atmospheric pressure without allowing the diffusion pump to

cool.

The power supply for the electron gun shown in Fig. 18 was de

signed and built by J. L. Blankenship of the Instrument Division of Oak

Ridge National Laboratory. Dual potentiometers permitted the potentials

of each member of the two pairs of deflection plates to be varied above

and below the second anode potential. Meters were installed so that the

voltages of and currents to all gun elements could be monitored. The

beam is aimed by varying the potentials of the deflecting plates and

focussing electrodes of the gun in combination with adjustment of the

horizontal and vertical magnetic degaussing fields.

The high voltage was supplied by a Westinghouse 250 kv x-ray

power supply. The supply was center grounded to give maximum flexibility

to the accelerator's operation. An oil immersed switch permitted either

the accelerator or the x-ray machine to be operated from the same power
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supply. Separate controls, designed by Drs. H. Hubbell and M. Slater,

permitted the high voltage supply to be operated from the accelerator

control panel.

In operation the electron gun and its power supply were at high

negative potential. This permitted the ion chamber and its metering

circuit to be at ground potential. All equipment at high voltage was

enclosed by a screen wire cage. Insulating rods attached to the equip

ment at high voltage permit the power supply to be operated from outside

the cage. The thermocouple and ionization gauge controls, the power

supply for the neutralizing coils and the accelerator high voltage con

trols are mounted in a relay rack which is located at a gap in the cage.

Safety interlocks were installed to protect operating personnel. Fig.

15 is a photograph showing the cage, the accelerator and the backs of

the control panel and the auxiliary equipment.

The simple metering circuit is diagramed in Fig. 7- A small con

trol box which was constructed to give flexible switching of galvanometer

and power supply was abandoned because of the extreme difficulty en-
10

countered with high resistance leaks of the order of 10 ohms between

switch terminals and connector leads. The leakage was kept within one mm

deflection by mounting the control box (containing only the battery power

supply) on teflon legs and suspending the wiring from component to component.

The galvanometers used were Rubicon wall (# 2^30-D, sens. O.OOO678

ua/mm, period 5-7 sec) and aL&Nbox (# 3515, sens. 0.000^6 jxa/mm,
period 3.2 sec). Aryton shunts were used on each galvanometer. Meters

were overdamped to integrate currents so that the adverse effects of
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beam variations would be minimized. The L & N proved to be 1.^3 times

as sensitive as the Rubicon waU galvanometer.

The assembled system consisting of ion chamber, "Tee", "positioner",

and gate valve is shown in Fig. 19*
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VI. TREATMENT OF DATA

A. Sample Calculation

The ratio of 1^. to Ix was plotted against ion chamber voltage

for pressures of 150 microns, 5 cm, 10 cm, 15 cm, and 20 cm Hg as shown

in Fig. 20. The chamber depth was maintained constant throughout the

experiment. A collection potential was chosen for each pressure and ten

readings each of 1^ and I. were taken at these potentials for each foil

at each incident energy at each pressure and at both positive and

negative collection potentials.

lit. was divided by I, and these ten ratios were averaged and

plotted vs pressure in cm of Hg. A typical graph is shown in Fig. 13.

The slope of the best straight line drawn through these points was sub

stituted into the equation on Page k2 to give j(x) mc2/el/g/cm2.

It was difficult to average the points and determine the slope

visually. For this reason, and for consistency, the slope was deter

mined by a least squares analysis according to the formula

a

Z*±2 -l/n($>i)

where the xj's represent the various pressures, the y^'s indicate the

corresponding current ratios and n is the number of points determining

the slope in each case. Since the data were always taken at the same

10 Y. Beers, THEORY OF ERROR, Cambridge%Addison-Wesley, 1953<
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five pressures, the equation reduced to

.. g'vi - 10S>i
£t „ ' ' '•••• • ••'•'•• him mim

250

A typical calculation is given below.

Incident energy - - 10k kev

Foil thickness - - 6.139 mg/cm

Positive collection

xi yi x±y±

0 0.9^28 0
5 13.72 68.6 6kkk

10 27.52 275.2 . w,4f'i . 9 «.7o
15 39.3^ 590.1 a " p„ " 2>5Ttt
20 52.58 1051.6 °u

13^.1028 1985.5

Negative collection

xi yi xiyi

0 -0.539 0
5 12.62 63.10 631.89
10 27.^0 27^.0 a s = 2.528
15 37.1^ 557.1 250
20 50.39 1007.8

J± xivi

127.011 1902.0

average, a s 2.553 i.p./el/cm Hg.

a is divided by I.U63 to correct for differences in the sensitivities of

the galvanometers.



If W = 3^.0 ev/i.p.

t » O.156 in.,

1 *k i#Pa
J(x) mc2/el/g/cm2 : 10.52 ( —

I-, el-cm Hg
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This quantity is converted to J(x) mc2/unit range by multiplying

by the residual range, r0, of the incident electron. The abscissa

x = z/rQ, is determined by dividing the thickness of the foil in g/em2

by the residual range, r0, of the incident electron. Note that the foil

thickness includes the thickness of the window (0.99k mg/cm2). In all

cases the window was assumed to be entirely of Al although it was a

sandwich of Al and mylar. Because the mylar differs only slightly from

Al in stopping power and scattering properties and because it was thin

compared to the range of the incident electrons, this approximation

introduced little error.

The data are presented in Figs. 3, k, 5, and 6.

B. Estimation of Error

The Spencer theory of the spatial distribution of ionization in

a medium involves the extrapolation of a few calculated low-order moments

to infinite order. Spencer uses a Wick-type asymptotic calculation to

demonstrate that high-order moments need not be calculated if lower order

moments can be shown to have the correct asymptotic behavior.

An estimate of error is difficult to make because function fitting

techniques have no accompanying test of accuracy comparable with the

convergence criteria for polynomial approximations. However, fitting

even and odd distributions separately gives an estimate of the accuracy
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of the approximation. Since the two component distributions become

the same asymptotically, differences which appear in the separate

constructions must reflect the error.

Spencer neglects range straggling and assumes that all secondaries

are absorbed at the point of origin. The theoretical distributions should

be altered little by these approximations.

The accuracy of the construction is dependent on the Mott single

scattering theory and the validity of the Bethe stopping power formula,

both at low energies. The discrepancy between Mott theory and experiment

in this range has apparently been resolved by the recent work of Petters,

Blosser, and Hereford. Although the Bethe formula has never been found

to be incorrect, it has not been cheeked accurately for low electron

energies. The most recent measurements have been made by Kageyama and
12

Nishimura who found agreement within a few percent for the average

stopping power of electrons in the range from 600 kev to I.76 Mev.

The experimental error was computed on the basis of a probable

error of 1$ in the chamber depth and a probable error in the slope of

the incremental ion current vs pressure as computed below for each point.

Errors due to variations in temperature (the room was air conditioned) and

foil thickness (weighed on an analytical balance and gauged on a Pratt and

W. G. Petters, H. G. Blosser, and F. L. Hereford, Phys. Rev. 101,

17 (1956).

12 Seizaburo Kageyama and Kazuaka Nishimura, J. Phys. Soc. Jap. J_,

292 (1952).
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Whitney Electrolimit gauge) were considered as negligible. Errors due

to reading pressures and meters are reflected in the probable error

assigned to the slope, a. The W value of air for electrons of

3k.0 ev/i.p. given by Jesse and Sadauskis^ was used and no probable

error was assigned for its accuracy or its variation (if any) with

energy.

The slope of a line through the five points was given a con

ventional least squares fit1 for each foil at each energy for both

positive and negative collection potentials. Assuming the form,

y = ax + b

nZVi -2.xi2yi
a as ______

- 2

PE =
a

PE

&He - (-V

n2xi2 - (S>i •2 "V

— (0.675)
n - 1

Z±(SY±)2 =Zyi2 - -*_?[ yi "2b2» Xiyi +n&2 +2&h2L *_ +b22 **

3 W. P. Jesse and J. Sadauskis, Phys. Rev. 97, 1668 (1955).
lk

Worthing and Geffner, TREATMENT OF EXPERIMENTAL DATA, p 2k9, John
Wiley and Sons, New York, 19k3»



This requires the computation

n2>_ - r_£ xis

The positive a and negative a were averaged to give a.

PE = (PE )2 + (PE )'
- ^' pos a' v neg a'

PE = (PE )2 + (PE )2
total -J ^ depth
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Probable errors were computed for each point by this procedure and are

shown in Figs. 3, k, 5, and 6.

VIIo COMPARISON OF EXPERIMENT WITH THEORY

The data taken at 126„5, 10k, 80, and 57 kev were compared with

adjusted theoretical curves calculated at 125, 100, 75, and 50 kev,

respectively, and the results are shown in Figs. 6, 5, k, and 3. The

theoretical curves were adjusted by multiplying the theoretical ordinate

by the ratio of energy of data to energy of the calculation, i.e.,

126.5/125, etc. This procedure appears to be justified because of the

striking independence of curve shape on the incident energy„ There is
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good agreement between calculated and experimental values except near

the source plane x = 0 and in the tail on the positive side. The ex

perimental curve crosses the theoretical curve three times in every

case.

For an additional comparison the theoretical curves were

normalized by dividing the ordinates by the incident energy in kev.

The results shown in Fig. 21 for our normalized 50, 75, 100, and 125

kev theoretical distributions together with Spencer's 500 kev distri

bution suggest that some universal curve might exist over a limited

range.

Another comparison is shown in Fig. 22 for which the normalized

experimental points are compared with an average curve of the four

normalized distributions (50, 75, 100, and 125 kev) shown in Fig. 21.

Apparently the experimental data agree better with Spencer's normalized

500 kev distribution in Fig. 21 than with our own average curve. The

experimental data consistently start lower than our theoretical calcu

lation, peak slightly, higher and at a smaller x than the theory, drop

below the theory on the backside of the distribution, and again rise

above the theory for deep penetration. It is noteworthy that the areas

of the experimental and theoretical curves are approximately the same.

The drop near the source plane might be caused by loss of baekscattered

electrons through the window although the small solid angle subtended

by the window for this process should have minimized this effect. In

the positive tail, range straggling effects not included in the present

theory should increase the experimental ionization over that predicted
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by theory.

Although most of the points agree with the normalized distribution

within their probable error, the consistency of the data would indicate

that our calculations of the Spencer theory differ slightly from the

experimental observations.

VIII. COMPARISON WITH OTHER EXPERIMENTS

The rate at which a monoenergetic beam of electrons dissipates

energy when normally incident on a slab of material has been experi

mentally investigated a number of times, originally because of the

importance of such information to biologists and radiologists in esti

mating electron beam dosages, and later to physicists who were

interested in the problem from a theoretical standpoint. The general

shape of the curves was first determined by Trump, Van de Graaff, and
15Cloud at incident energies from 300 kev to 1500 kev for absorbers of

water, Al, Cu, and Pb. The procedure involved the introduction of a

parallel plate ionization chamber behind the various absorbing foils,

with the resulting ion current then being a measure of the amount of

energy left behind in the medium at that depth provided that the value

of W, the average energy required to form an ion pair, could be con

sidered to be independent of the electron energy. Several experimental

problems become apparent as a result of this early work. Ideally both

15 J. G. Trump, R. J. Van de Graaff, and R. W. Cloud, Amer. J. Roent.

_£, 728 (I9k0).



7k.

the absorbing material and the back of the ion chamber should be of

the same material, with the latter of thickness greater than the range

of the primary beam. The filling gas should be of the same or nearly

the same atomic number as the absorbing material and the chamber should

have lateral dimensions as large as the range of the electrons in the

gas. Also, the electrons backseattered from the surface of the foil

should be considered, especially where absolute measurements of energy

dissipation are involved.

In the experiments of Trump, Van de Graaff, and Cloud, a steel

plate was used at the exit face of the ion chamber regardless of the

composition of the absorbing foils. Thus backscatter into the chamber

could be expected to be different from that arising in an infinite

homogeneous slab. However, subsequent experiments yielded curves of

energy dissipation in aluminum which have quantitative significance.

These are reproduced in Fig. 23 for energies of 2 Mev and 3 Mev, with

the data taken by Frantz at 515 kev and the present data at 126.5 and

57 kev. Distributions constructed from the Spencer theory are plotted

for 500, 126.5, aJQd 57 kev beams on aluminum, so that this figure out

lines the available data and theory on the depth, dose of electrons in

aluminum.

IX. SUMMARY OF FINDINGS AND CONCLUSIONS

The findings are best summarized by Fig. 22. There seems to be

16
J. G. Trump, K. A. Wright, and A. M. Clarke, J. Appl. Phys. 21, 3k5

(1950).
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a small, but definite, discrepancy between theory and experiment although

the theory lies within the probable error in most cases.

It is beyond the scope of this paper to explain this discrepancy

although several possibilities present themselves. The reliability of

the Mott theory and the Bethe formula as well as the accuracy of the

Spencer moment fitting method have already been discussed. There may

be something fundamentally incorrect with the experimental arrangement

and treatment of the data. Alternatively, because our data agree with

the normalized Spencer distribution for 500 kev better than the distri

butions given here, one would suspect that our theoretical distributions

are somewhat incorrect.
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