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I. TINTRODUCTION

Recently the role of stopping power in the induction of chemical
and bilologlcal effects by radiation has renewed interest on a micro-
scopic scale in the slowing down of charged particles in matter. In
addition, dosimetry measurements depend to a2 large extent on the precision
of stopping-power data. The Bragg-Gray principle which is used in
dosimetry states that the ratio of energy absorbed in a small volume
of dense medium to the energy absorbed in an equal volume of gas is
equal to the ratio of thelyr respective stopping powers.
In beta-ray dosimetry, maximum permissible beta-ray exposures are
based on the stopping powers of skin. Also, the present calculations
of the maximum permissible concantrations of beta-ray emltters in the
body are based on a knowledge of the stopping powers of human tissue. T
The stopping power of an 2osorber for electrons is defined as the

average spatial rate alt which electrons lose energy along a track in
. . . A . , N \ . dB
passing through an absorbing medium, i.e., the stopping power is (a§99

In paséing through matter a low-~energy electron loses energy primarily
by collisions with the electrons of the absorbing material. These
collisions bring.about both excit&tion‘and“ionization of atoms in the
material. 1In the latter cases, secondary electrons are produced which
are indistinguishable from the primary. The electron emerging from a

collision with the higher energy is generally called the primary and



thus the maximum energy loss in any one collision in a thin foil is
one-half the incident energy. Careful attention to the fate of secondary
electrons liberated in a foil must be paid in order that a meaningful
measurement of stopping power may be made which will be in accord with
the definition of this quantity.

The electron also experiences a number of collisions with the
nuclei of the absorber, in which case it is scattered without any
appreciable energy tfansfer because of the relatively large mass of
the nucleus compared with that of the electron. Thus in making stopping
power measurements, very thin absorbers must be used to minimize multiple
scattering so that the electron path length will not be too different
from the absorber thickness. If the path length of the electron and the
absorber thickness are not too different, then the path length may be
calculated with reasonable accuracy from existing multiple-scattering
theories.,

Effects other than ionization, excitation, and scabtering may be
neglected for the low-energy electrons being considered here. That is,
the reduction of energy loss at high energies due to the shielding effect
of the polarization of the medium by the incident electron}and the energy
loss by radiation are very much smaller in magnitude than the energy loss
by excitation and ionization for energies of the order of a hundred

kilovolts or less.



Most experiments on electron stopping power to date have attempted
to measure the energy distributlon of an electron beam from an approxi~-
mately monoenergetic source both before and after passage through a thin
foil. All such experiments have Faced the following dilemma. If the
foil is thick enough to glve an appreciable difference between the dis-
tributions hbefore and after passage through the foll, then multiple

scatbering renders the path length unknown, and the electrons emerge
> J &

from the Toll with such a wide angular distributlion that only a small
fractlion of the heam may enter the acceptance angle of the elsctron

~al ot a faly indicstlion of what

spectrometer. This fraction is in g

error. I the foll is made thinner in order to avold the complicatbions
introduced by scattering, then the differences betwzen the two distributions

error in the evaluation of

become so slight as to introduce app
the difference in the average erergy.

Cne additional difficulty in the wethicd 1s due to the shape of the
energy loss or straggling distribution which 1s charactarized by a long
low-intensity "tail” representing those few elechvoms which have lost
much more than the average amouant of energy. Despite their small abun-~
dance they represent an appreciable gart of the total energy loss.

Unfortinately they are lest in the “haskgrousnd count™ in the usual

spectrometric measurement.



The problems mentioned above may be avoided 1f the energy delivered
to the foil is determined directly by messuring the temperature change of
the foil when under bombardment. Here the foil need be only thick enough
to be self supporting, for the heating of even the thinnest foil is readily
measurable by conventional calorimetric methods.

Measurements were made of the stopping powers of 50.3 ug/bmg and
107.8 pg/cmg Al foils for monoenergetic electrons having energies of
12 KeV to 127 KeV. The foll thicknesses used were near the limit of
minimum foll thicknesses for self-supporting foils., It was this limit
on the minimum foll thickness which determined the lowest bombarding
energy which could be used. That is, the scattering at this lowest
energy and the corresponding increase in path length intrcduced un-
certainty in the average path. Had thinner Tilms with a supporting
plastic backing been used, then the energy losses of the plastic support
would have been an appreciable part of the total measured stopping power.

A cathode-ray gun and linear accelerator were used as the source of
monoenergetic electrons. A well-defined beam of electrons impinged
nornally on the foll surface and passed through the foil. The power
dissipated by the electrons losing energy in goiang through the Toil,

PB’ was measured calorimetrically. This power is the product of the
average energy loss (AR) and the electron-beam current (iB)a Because
the beam was composed of many electrons per second and the observation
times were many seconds a direct measurement of the average energy lost

by an electron (AE) in passing through the foil was obtained. The average



foil thickness (Z&) wag measured by weighing the foll and measuring
its area, to get the foil thickness in units of pgybmg. The increased
path length I of the electron going through the foil was calculsated.
When the path-length increases were larger than about 30% of the foll
thickness,'the stopping power measurements were considered invalide

The stopping power was then calculated by taking the ratio Z@VZZ



II. PREVIOUS MEASUREMENT OF STOPPING POWER

Comparatively little work has been done on the measurement of
stopping power for low-energy electrons. Leithéuserl was the first
to observe that electrons lose energy in penetrating thin layers of
matter. Early investigator52 used either cathode rays or internal
conversion electrons from radioactive sources, and studied the electron
energy loss in many substances including air, Al, Au, Ag, Sn, Cu, and
Pt.

These studies were made over a wide energy range of 1 KeV to
1 MeV., BFRarly investigators were not concerned with stopping power as
defined here, but rather were attempting to verify the empirical

relationship

suggested Dby Whiddington3, where Vo ig the velocity of the incident
electrom, Vo is the velocity of the electron after passing through the
absorber of thickness x, and "a" is a constent of proportionality which
depends on the material and to some extent on the velocity. Little can
be concluded about stopping powers from the work of these early experi-

mentors because of excessive scattering, poor resolving power of the

apparatus, and distortion of the intensity distributions by the photographic

g, Leith¥user, Amn. Phys. Lpz. 15, 299 (190k4).

For a discussion of and reference to these early works, see W. Bothe,
Handbuch der Physik, Bd. 22/2, 1 (1933).

3 g. Whiddington, Proc. Roy. Soc. Lond. A-86, 360 (1912).
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films which were freau -ntly used as detectors. Also, the Vo referred
to the peak rather than the average of the energy loss distribution.

The principal value of these early experiments then was to estgblish

D

the order of magnitude of the effect.

o

ILater investligators , using elther cathode rays or conversion

o

electrons from radiocactive sources, investlgated the electron energy

less in a wide range of substances such as A, Al, Ag, An, Be, Cu, CHM’

Kr, Ne, Pb, Sn, Ta, mica, and orgpnic materials. The foil thicknesses
. . 2 2

studied varied from about 1 mg to 53 mg/bm . The energy range of

the incident electrons used was from about 24 KeV to 2 MeV. Some of

137 32 186 . 188

the radioactive sources used were Cs » P77, RaB, Ral, Re , Re s
5 182
5e P, 1 %% ana ThB.
. . s : o . o 5,6
The general method used by these investigators, with one exception B
was noit to measure the energy loss divectly but rather to measure the
energy distribution of the elesctrons after passing through the absorber.

The usual method for measuring this energy distyribution was to use a

beta spectrometer in which a variable magnetic field bent the electrons
through a ¢lit system and onto a detector., The magnitude of the magnetic
field for the particular radius of curvabure, as determined by the slit
gave the electron energy. Detectors used were either photographic

systen

£ilms, Gelger counters, or Faraday cups with electroscopes.

A discussion of these experiments may be found in R. D. Birkhoff,
Handbuch der Physik 34, 53 (1958).

-
? P. Rothwell, Proc. Phys. Soc. Lond. 6k, 911 (2951)-
D. West, Froc. Phys. Soc. Lond 66, 306 (1953).
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By measuring the displacement of the peak of the energy-loss
distributions, these investigators were able to determine the most
probablle energy loss fairly accurately. Their experimental results

e " 7 .o 8
were compared with the theoriies of Landau’ and Blunck and Leisegang ,
wno had studied theoretically the problem of the distribution of
energy losses for electrons passing through watter. The experimental
values of the most probable energy loss agreed quite well with the
theory. However, the exparimental distrivutions were usually broader
than predicted vy theory. Foil thicknesses used in the experiments
were relatively large in order to losure energy losses large enough
to measure. For this reason and because of the source-foil geometries
used, the average path length of the electrouns traversing the foll
frequently could not be determined. Ta addition, because of the long
tail of the experimental distributions, the average energy loss could
not be obtained with any precisiocn. Hence, very little could be said
. df .
about stopplng power (agé from the experiments.
The energy-loss distribution was measured directly by Rothwell9
10 . -, , . .
and West ~, using monoenergetic electrons selected from a beta continuum

by a beta spectrometer. This beam of electrons then went through a

7. Landau, J. Phys. USSR, 8, 201 (19kh).
8 h .

0. Blunck and S. Leisegang, Z. Phys. 128, 500 (1950).
7 P. Rothwell, op. cit,.
10

De West, op. cit.



proportiona} counter filled with the gas which congtituted the absorber.
The counter was cylindrical with a thin mica window on easch end of the
cylinder. One window was placed as near as possible to the exit slit
of the beta spectrometer. An end-window Geiger counter was placed at
the other window where the electrons emerged. The two counters were
in coincidence so that the coincident pulse opened a gate to permit the
delayed proportiocnal counter pulse to go into a four-~channel kicksorter.
Thus only the electrons passing directly through the proportional counter
were counted, and the background count was practically eliminated.

It was assumed that the total lonizabtion produced in the counter
by the primery electron axnd its secondsrles was a measure of the energy
lost by the primary particlevyﬂeﬁce,vthe pulse height, which 1s propor-
tional to the ionlization, would be a measure of the energy loss. Calibra-
tion was accomplished with K-capture X-rays having energies of 4.95 KeV,
8.05 Kev, 10.5 K&V, and 20,2 KeV from the radioisotopes.0r5l, Zn65, 5675,
and PleBo Electron energies greater than 1 MeV were used because the
incident electrons entering the counter lost some energy in the mica
windows. Since the stopping power is practically constant between 1 Mev
and 2 Mev, the resulting pulse height distribubtion was independent of
counter window absorption. In addition, some of the secondary electrons
produced in the mica windows entered the counter and produced ionizatlon
in the counteré It was sssumed that this latter ionization was equal to

the ionization lost in the walls of the counter by secondary electrons

formed in the counter.
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With this method, the distribution of the energy lost in the
absorber was measured directly. However, the average energy loss
could still not be found because of the collimation used and hecause
of the failure to measure the few large energy losses. Furthermore,
the observations were limited to energies greater than 1 MeV because
of the energy loss iIn the mica window. Thus there seemed to be a need
for additional studies wherein 1) the average energy loss would be
measured directly; 2) there would be no window correction to be applied
to the data; 3) the energy deposition of the high energy secondaries or
delta rays would be better controlled. That is, an electric field at
the foil could reflect the delta rays back into the absorber so that they
would deposit their energy there, in coatrast to the experimeants of Roth~
well and West where an equilibrium conditlion between the secondaries
ejected from the window into the counter and the secondaries ejected

from the counter into the counter walls had to be assumed.



IIT. THEORY OF STOPPING POWER AND SCATTERING

A. Electron Stopping Power

1. . Classical Formulation of Rohr

In passing through matter an electron is slowed down by collisions

with electrons of the material. The elementary classical treatment
has been summarized by Birkhoffll and will be followed here. . Consider
an incident electron with an energy much larger than the binding
energles of the orbital electrons in the medium. These electrons may
then be considered to be essentlally free and at rest. Wext assume
that only a small fraction of the incident energy is transferred to the
free electron, as 1s true in the'overwhelming majority of collisions.
Then it may be assumed that the incldent electroﬁ will nolt suffer an
appreciable change 1in direction, and the calculation is simplified
conslderably.

In Figure (1) the incident electron is shown moving in the positive
x direction., Consider the free electron to be at rest at a distance r
from the incident electron such that the distance from the free electron
to the path of the incident electror will be r sin © = b, The guantity
b is usually called the impact parameter. Assume that the free electron

does not move any appreciable distance during the collision so that b may

1L R. D. Birkhoff, op. cit.

11



12

UNCLASSIFIED
ORNL-LR-DWG. 37724

@ t=0

-vt

Figure 1. Collision Between a Moving FElectron and an Electron al Rest.
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be considered to e a constant. The coulomb force between the electrons

is repulsive

2 .o
- :
F = -e-:-— ; = m ? (2)
3 o)
r
- and has components
e2
F = —5 cos 8 = m% , (3)
r
62
Fy = =5 sin & = moy s (%)
T
where m is the electron rest mass. Hence, the components of momentum
transferred to the free electron are
d ; 92 dt
: = = ll
P = l/' F dt = \[ 5 cos 6 = d& , (%)
~00 e} L
and
d d e2 t
Py:\/Fydtz\[?51neaé— ae . (6)
-0 e} T



Now

and

Hence,

Hence,

and

1h

b
r = B
sin ©
-vt
cot © 5 o
t =~ = cot © ,
v
ac b
do v sin” ©
92 ;
. é$- ‘/ cos 6 a6 = O
o
T
2 ~ 2
e R _ 2e
= o7 \/ sin 6 d©¢ = 57

—~
03}
~

(9)

(10)

(11)
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The energy (W) transferred to the free electron is

_ N _ 2e
W = = =5 - (13)

The energy W is the energy lost to one electron in a collision.
To obtain the energy lost ta all electrons of a medium lying in this
volume element dr = 2x bdbdx, W must be multiplied by the number of

electrons in dr. This energy is

L L
2e ox bavax Nz - VZe 4 &
2 2 b
mv b m v
o] a
NAP
where N = 5 = number of atoms per cc, and NA ig Avogagdro®s number;

0, Z, and A are the density, atomic number, and atomic weight of the

material. To get the stopping power %%—, the above expression must

be integrated over the range of impact parameters bebween bmin and

b ; i.e
max} ®2

aE bt wze X qp byt Wz max
- = = = 1 o lh)
ax : ) 2 £
mv mVv min
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Hence, to get an expression for stopping power, the maximum and minimum
impact parameters must be determined.

In the distant collisions at bmax’ where the minimum energy transfer
will occur, the time of collision is of the order bmax/v. If an orbital
electron is considered toymove like a harmonic oscillator, then its

1

period of motion is of the order of i Thus the maximum impact

parameter is given by

o'

max

1
T ow

. (15)

.
J

g«

b
max

In a more accurate analysis, the electric field of the incident electron
appears to the target electron to be an electromagnetic pulse. This
pulse may e Fourier analyzed into freguency components. If the transfer
of energy occurs at fesonance, hen the lnverse of the lowest Fourier
frequency will be of the order of the collision time'ﬂﬂax/¥. The
transfer of energy from the incident to the orbital electfons occurs at
resonance, i.e., when the Fourier frequency is equal to the freguency
of the orbital electron.

In the classical theory, Bohr took the maximum energy which could
be transferred in a single collision to be the energy of the incident

2
%-mov . Hence

electron. In such a case W becomes
max 2

- B 2@” _1 VE
max -~ .2 B8 = 5 B4 ’
b m v
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and
2
2e
bmin = 2 * (16)
m v
o}
Then
3
_dE _ bx NZeLL 1n BV (17)
dx 2 2 °
mov 2e M

In a more rigorous calculation, Bohr obtained

3
_dE  _ bt l\TZelJr 1n 1.123 MoV (18)
dx 2 2
m_v e

2 Quantum Mechanical Formulatlon of Bethe

The incident electron-atomic electron interaction is an inelastic
collision in which the energy transferred to the orbital electron
(assumed to be virtually at rest) excites it to higher states, The
average energy transferred in a collision is calculated by obtaining
the matrix elements for all the transitions of the electron induced
by the field of the incident electron and then averaging over all iniltial
and final states. The stopping power of the medium is the sum of the

contributions from all its electrons.



18

In his earlier guantum mechanical treatment, Bethe12 replaced the
single freqguency w by an assemblage of oscillators having frequencies

w, and oscillator strengths fi so that fi = Z. Hence, the stopping

i
power formula bhecomes
i
4 max
_dE b Ne 5 o b (19)
ax 2 . i b ’
m v i
b .
min
where
b= I . (20)

According to quantum theory the minimum impact parameter cannot be

less than the de Broglie wavelength. Therefore,

b - o (219

This value of b ., is larger than the classical b ., for most electron
min min

energies. Thus the b_. ~given by Equation (21) is more suitable than

12 H. A. Bethe, Ann. Physik 5, 325 (1930).
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the classical bmin’ Because of the lack of experimental or theoretical

information regarding elther fi or w,, & mean excltation potential I of

a substance is defined as

i o= 1_1(1&01) £, . (22)

ar ho W elL Z mov2
& T 7 Wb o - (23)
m v

Bquation (23) is essentially correct for non-relativistic incident
energles. A correct quantum mechanlcal treatment given by Bethel3
used the Mott electron-electron scattering formula, and assumed that

the more energetic electron after scattering is the primary electron.

The result of this calculation is that

2
4 m v
daE b N Z o e
T ax z in ( T >€/2 > ’ (21*)

m v " 2
o)

where € is the base of the natural logarithms.
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13

For the relativistic case Bethe used the Mdller formula for the

electron-electron scattering cross section and obtained

2

m

b - m v
2 2 2 ]
SE _ENe B 0 () 249 1w (1) (25)
dx 2 2 2 8
m v 2T v -
o
where E is the kinetic energy of the incident electron, y is the Lorentz
factor V1-B2 , B = v/c with ¢ the velocity of light.
Using the Thomas-Fermi model of the atom, BlochlLL has developed a
theory showing that the mean excitation potential is proportional to Z,

i.e.,
T =K% (26)

where K is a constant. Using the more accurate Thomag -Fermi-Dirac model
of the atom; which takes into account the electron-spin interactians,

Jensenlb found that

I, = K, (1 + X 2'2/3) Z s (27)

where the index o refers to isolated atoms. The constants Ko and ko

have not been calculated except that ko < 0.8. As Brandtlé points out,

13
14
15
16

H. A. Bethe, Hendbuch der Physik 24, S-273 (1933).
F. Bloch, Z. Phys. 81, 363 (1933).

H. Jensen, Z. Phys. 106, 620 (1937).

W. Brandt, Health Physics 1, 11 (1958).
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the constants KO and ko must be determined experimentally. Brandt17
has glven a rather detalled discussion of the mean ionization potential.
By using the I = 150 ev for aluminum and a Lindhard-Scharff diagram,
Brandt gets K = 7.6 ev and k= 0,60 Such values are difficult to
verify for the following,reasons. The value of I oceurs ﬁnder the
logarithm in the stopping power formula which makes its evaluation by
measuring stopping power very difficult, Furthermore, if the stopping
power of heavy particles is determined experimentally, the effects of
the tightly bound, fastﬂnovingiinner shell electrons which do not par-
ticipate fully in slowing down relatively sioquoving heavy particles
must be removed from the data Pefore the Bethe formula is applisd. And
if the stopping power of electrons is measured, scattering and straggling

introduce enough error to make a determination of I all but impossible.

B. Calculation of Path Length in a Thin Foil

In passing through matter electrons are scattered by the nuclei of
the stopping material. In most colllsions the scatter angle 8 per
collision is small enough that sin © =2 6. Also electron-elechtron scat-
tering is small., Shown in Figure (2) is the scattering geometry in

three dimensions. Consider first the triangle ARC, and let OA be 45

17 W. Brandt, Phys. Rev. 104, 691 (1956).
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the incremental path length taken by the scattered electron. Then

AR = ©_3d
X
B o= 6, da (28)

By the Pythagorean theorem,

2 2 2
(ac)” = (aB)” + (®)™ (29)
Hence,
2 2 2
o = o + 9 (30)
and
e 2 2
8 = ey + eZ (31)
It can be readily seen that
at at 92
ds = = = at (l + —= - -vo) (32)
2 2
cos © S
l - ——“+ “-nw



2k

Since it was assumed that © is small, terms containing © to larger

powers than 2 may be omgittéd. Now

i

ds at + dg (33)

where df is the increase in path length due to scattering. Eguations

(32) and (33) may be solved for df

92
& = & at (34)
s0 that
)
g = 5 dt . (35)

Then the total increase in path length A 1is given by

t
m:/u:%—f{fdt, (36)
0]

e}

where t is the foil thickness. The problem then 1s to calculate the

92 in Equation (36). To do this, the theory of multiple nuclear

scattering must be used as presented in the following section.
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C. The Mean Squared Scattering.Ahgle

1. Williams ' Scattering Distribution

A simplified treatment of multiple scattering has been given by
WilliamslS and will be followed here.
The Rutherford differential cross section per atom for single
scattering into a solid angle dQ is given by
ﬁuzg eh (1-32) sin @

as(e) = e ae (37)
2 mo v

sin =

where the rest mass of the electron has been replaced by the relativistic
mass. The scabtering cross section for small angles may be written as
the probability for a single scattering between © and © + 48 in a thickness

dx,

" 2
8 1) e (- d
% N Z éz +4 ) e (1-g7%) _%. ax (38)

m v 5]
0

f(e,dx)as =

where the factor 22 is replaced by Z{(Z + 1) to account for the scattering

3

by the atomic electrons. Since €° appears in the denominator, the prob-
ability for scattering at small angles becomes extremely large. Physically

it is the screening of the nuclear charge by the orbital electrons which

18 E. J. Williams, Proc. Roy. Soc. Lond. A-169, 531 (1939); Phys. Rev.

58, 292 (19%0).
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reduces the small angle scattering. However, it is sufficient for
purposes of integration to cut off the multiple scattering contributions
at some minimm angle € . . Thus, the form of Equation (38) need not be
altered. If the Born approximation is valid; i.e., if the amplitude of
the scattered wave is small compared to the amplitude of the undisturbed

incident wave, then a reasonable estimate of emin is given by

x

emin - (39)
Wwhere
A
x = == (40)
and
a = aoz"l/3 (1)

In these expressions, p is the momentum of the incident electron, and

[1 P 4

a" is the effective shielding radius which is used in the approximate

expression for the shielded nuclear potential

Z,e2 e-r/a
r

Vo= (42)



and a_ is the Bohr radius = b1 = 5.29 X 1O~9 cm. (%¥3)

For the above expression for O

nin to be valid, the Born approximation

requires that

, 2
a = Ze = z

nv 137 B

<< 1. (kh)

When this condition is not satisfled, then the classical

o . = a2 (15)

is more nearly correct. This expression may be obtained from the
equation derived in classical single nuclear scattering theory relating
the scattering angle © and the Impact parameter b is the shielding radius

a is used for be.

2
tan 5 = Loy (46)
mw_v b

The maximum angle of scattering in a single collision (emax) must

——

5 ,
now be estimated before 87 can be evaluated from £(8,dx). An arbitrary

value of emax is usually chosen such that there is on the average through-

out the whole foil thickness t only one collision in which © is greater



28

. . . . o o '
than emax' By integrating f(€) from emax to some larger angle ©',
where (8')2 >> eiax , and setting the integral equal to unity, the

following expression for emax is obtained,

r L 2y +1/2

_ by NZ (2 + 1) e (1-87)

pax = | K 0 2 N ° (47)
(@]

Equation (38) may then be written as

e2
£o,ax) a8 = 2 2% 99 4 | (48)

t 93
vhere £(6,dx)d6 is the single scattering distribution for a thickness

dx. Hence

R max. o 2 : 6max dx
0 (ax) = f 0" f(0,dx)ds = 2 e M5 T (49)
min
min
and because of the additivity of mean squared deviations for independent

events the total mean squared deviation for a foil of thickness t is

6% = 200 1n =X | Thus
max o .
min
L 2 - 2
62 . 4 lLatNZ(Z—;l)Z (1-87) 1 | wegl/3 (z+1) W ( %) 1 . (50)
m v o - -

@)
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2., Moliere's Scattering Distribution

The theory of multiple scattering has been treated most recently by
9

Moliérel who has considered modifications to the scattering distribution

from singly and plurally scattered electrons as well. The value of the
mean squared scattering angle differp 1ittle from the Williams' value as

will be noted below. Solving for 62 5 Molitre found that

N2 2 6max
" = 28 [ In 3 - .289 ] (51)
> min

(compara, with Rguation 49).

For © and © . Moliere used
max min

2 b 2
2 L hrwzt e’ (1-87) ;
emax =t 2 _h g (52)
m v
O
and

2 A > 2

o, = ([ 22— ) (1.13 + 3.76 &) . (53)

min <v0.885a

The expression for emax is similar to that of Williams except that
Z(Z+1) is replaced by ZE. Also, the expression for the angle emin is
similar to that of Williams' except for a slight correction in the Thomas -

Fermi radius and for a factor which accounts for deviations from the Born

approximation for values of & = Z/lSTB not small compared with unity.

19 q. Molidre, Z. Naturforsch, 3a, 78 (1948).



IV. TRANSIENT RESPONSE OF THE CALORIMETER

Consider a well-defined electron beam of circular cross section
and of constant beam current impinging normally on the surface of a
foil which has been pre-cooled to a temperature Ti below the enviromnmental
temperature To. Assume that there is some means for measuring the foil
temperature at its periphery such as a set of thermocouples equally spaced
around the circumference of the foil. Then the time rate of temperature
change of the foil, i, will be proportional to the net heat to the foil

per unit time. Hence,

T o= Ky Py - KE(TJ.PO) , (54)

where T is the foil temperature, P_ =

B R ZB = beam power absorbed by

the foil in watts, Zﬁé is the average beam energy absorbed by the foil
in volts, and iB is the beam current in amperes.

Kl is the calibration constant of the system and is equal to
the reciprocal heat capacity of the system in appropriate units.
KE(T*TO) represents the heat exchange between the system and the
environment due to conduction and radiation. Because of the small

temperature differences involved, the radiation losses are proportional

to T~TO in accord with Newton's law of cooling.

30
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From Equation (54) it can be seen that at T = T _, the rate of

temperature change is Just

[ T ]T = Ky Py (55)

However, in order to measure @, the temperature change must be observed
for an increment of time 24t. Assume that T = TO at the time to’ and
that the temperabure is messured for equal intervals of time, séy AL,
on elther side of too The problem then 1s whether or mot this observed
slope is the same as or nearly the same as the true slope at To‘ If the
observed slope is nearly equal to the true slope, then the observed slope
may be used a s a dirsct measure of the beam power absorbed in the foil.
If the beam current is known then the average energy loss in the foil
Zﬁg'may be determined.

By separation qf variables and integration of Eguation (5&) the

following result is obtained,

T £
[ dr - fat . (56)
., N Py - Ky(T-T))
Let u = X, Py —,KE(T—TO) so that du = - K, dT. Then
i K, P - (T-T ) K
te-x [ Wb, 2B O 2 (57)
T K u K ’

2

. 2 Ky Py - (Ti~TO) X,



and
K, P
by = - %«» in LB . (58)
2 K, Py - (Ti~TO) K,
From Equation (57) it is found that
K, P, - (T.-T)K, |e®2® = xp - (rr)x (59)
| 1B i "ol T2 1B ol T2
so that
_ Kot Kot Kot
KT = K, Pp (1-e )+ K, T, (1-e )+ KT, e . (60)
Hence,
K, Kot Kot
T = < — P_ 4+ T ) < 1 - e™e > + 7, 670 . (61)
. K2 B o i

As a check on this solutlion for T, it is seen that at t = 0, T = Ti; and

as t = «, then

T== P_+T =T (62)
If this definition of T is used, Equation (61) becomes

T=T_ (1- e Xty | T, e Kot s (63)
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or

T=T - (T, -T,) e Kb (64)

Now define T = T+ when t = to + Ot, and define T = T_ when t = tO-At,
so that

T, =1, - (z,-1,) eTeltor®) (65)

and

T =T -(T, -T,) o Falty-a6) (66)

As can be seen from Figure (3), the observed or apparent slope is

given by
Ko(t -at) -e-»KQ(t'i—At) )

v s (e
(’ }T T, T (T,,-T.) \,

2AE 24t

K-t
) CAL KAL
_ & 0o (T B T.) e-{’thL -e KEAL: (67)
DAL ot
(r -m)
_ Kot oo i -
= e 0 — sinh K2 ya\e .
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From the expression for t_ given in Equation (58}, T becomes

= simh X, At . (68)
T K, Py - (Ti—T‘O) X, At

[ : J K, Pg (T - T‘i)

From the expression for T given in Equation (62) l T } tecomes

T
o]

K .

. K, P, (ﬁgPB'kTo—Ti)

[ T ] = sinh K, At. (69)
T K, Py - (T1~TO) X, AL

Factoring out K Py - (Ti-TO) K, in the mumerator, Equation (69) becomes

. sinh K At
( T } = K, P e, (70)
) s , K AL

The sinh Kgéx may be expanded to give

(KEAt) 3 (K. At

sinh K At = Kb 4 ———— 4 . (71)
3! 51

If all but the first term may be neglected, i.e., if

KAL > e (72)
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or
2 z
(KAL) << 6 ; (73)
then
K K At
> ~ 1 2 _ 2
{ T ] N PB - Kl PB - Tﬁrue * (74)
3 - 2 JANS
o}

The problem now is to determine Kp which is the reciprocal of
the time constant of the sytem. Referring to Equation (61) it can

be seen that

T =T (1-e Kby 4 T, e¥ob (75)
or
T=T + (0. -7 ) eXeb when P_ = 0 (76)
o) i 0 ? B ¢
Then
T - T
log . —> = - K.t log . ¢ (17)
0 . 2 10 .
i o}

Thus, if the pre-ccoled foil is permitted to drift toward T ,'KQ may be
O .
evaluated by measuring T as a function of time and by then determining

T ~-T
the slope of a plot of logjo T_:Till versus t. This slope is equal to
) i 7o

X, loglo € = - 0.U435 ng
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The constant,Kl may be determined by decrepsing the beam energy
until the beam is completely absorbed in the foil. From the measured
values of [ iy ] » beam energy, and beam current, the constant K.l

i T

o}

may be found.



V. APPARATUS AND TECHNIQUES

A. Accelerator and Auxiliary Equipment

1. Accelerator

An accelerator was used as a monoenergetic source of electrons.
The accelerator has been described in a somewhat modified form by
Blackstock, Birkheff, and Slatergo. It consists of electron gun,
an accelerating tube, and another identical tube which may be used
for either acceleration or deceleration. In this work, the latter
tube was grounded and served no useful purpose. The accelerator
tubes are similar to those used in Cockroft-Walton machines and
consist of alternate ceramic insulators and accelerating electrodes
senled vacuum tignt with vinyl cement.

A voltage divider consisting of six fifty megohm IRC resistors
in series and across the accelerating tube was used Lo establish the

electrode potentials.
2a High Voltage Power Supply

The high voltage was supplied by a Westinghouse 250 KV X-ray
povwer supply which was center-grounded to provide flemibility of
operation and to permit voltages of 250 KV with no part of the

system beling more than 125 KV from ground. This power supply was

20 A. W, Blackstock, R. De Birkhoff, and M. Slater, Rev. Scia Inst.,

26, 27k (1959).

38
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used for both an X-ray machine and the accelerator. An oil immersed,
high voltage switch allowed the power supply Lo be switched easily

to either the X-ray machine or the accelerator. Separabe control
systems permitted the hlgh voltage supply to be operated from elther
the accelerator or X~ray control panels. In the work described here
the potential applied to the accelerator was varied from 10 to 125 KV.
The voltmeter circult used for measuring the high voltage applied to
the accelerator consisted of a calibrated 2% panel meter in series with
a string of forty-two calibrated resistors of 4 MQ each. The resistors
were immersed 1n an oil tank and were calibrated with a Wheatstone
bridge to an accuracy of 0.025%. Hence, the relative error of the

total resistance of the resistors in series is- at least as good as

0.025% and prcbably as good as 95252%0 This was much better than the

Ji

accuracy with which the panel meter can be read, which was about + 0.5 KV.

ro

Frequently a i_l%, 30 KV, electrostatic voltmeter was alsc used
to measure the lower potentials applied to the accelerator. Its readings

checked very closely with those of the panel meter.,
3e Electron Gun Power Supply

Shown in Figure (4) is the power supply for the electron gun. Dual
potentiometers (R~8 and R-9) were used to vary the potentials of each
member of the two palrs of deflection plates above and telow the second

anode potential. Panel meters were built into the power supply so that
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all of the voltages of and the currents to all of the gun elements
could be measured. The electron beam could be aimed by varying the
potentials of the deflection plates and the focusing electrodes of
the gun in conjunction with the adjustment of the horizontal and vertical
magnetic degaussing fields. Most frequently, however, the deflechtion
battery switch was left open and the electron beam was asimed by varying
the horizontal and vertical magretic degaussing filelds and the potentials
of the focusing electro@es pf the glectron gun. A Variac was used for
controlling the current through the Ffilament of the electron gun.

The chassis of the electron gun power supply was lelt "floating®
and the second anode was comnnected to the 125 KV power supply and to
the end plate of the accelerator. In this manner the gun cathode
wag at a potential equal to the second anode voltage below the end
plate of the accelerator. Hence the electrons from the gun entered
the accelerator with a kinetic energy determined by the second anode
voltage. Two cascaded isolation transformers were used to supply the

110 AC line voltage to the electron gun power supply.
%, Electron Gun

The electron gun was that used in a General Electric 5BPI cathode
ray tube. The guns were purchased on a special order. They were delivered
without the luminous screen and cubt off at the end of the glass neck. After
exposure to air and after each shut-down, the cathode had to be re-activated,

This was done in the following manner.
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The electron gun and high voltage power supplies were initially
off, and the pressure in the accelerator was of the order of 10_5 mm
of mercury with no liquid nitrogen in the cold traps of the vacuum
system. In the electron gun power supply, the filament Variac was
set at zero, the second anode switch was turned off, the first and
second anode controls were set for minimum potential, and the grid
control was set for maximum potential. Then the electron gun power
supply was turned on. The filament Variac was adjusted until 0.3
amperes of filament current was obtained. The second anode switch
was turned on. Under these conditions there were 450 volts, 150 volts,
and -50 volts on the second anode, first‘anode, and grid respectively.
A potential of about 20 KV was then applied to the accelerator. The
grid potential of the electron gun was set at zero, and the current
through the gun filament was gradually increased to 0.7 amperes.
Several minutes of warm-up time were allowed to elapse. The cathode
emission meter would then read from 0.6 to 1,0 milliamperes. The beam
was then aimed and focused until it was detected at the opposite end
of the accelerator. If necessary, the filament current was increased
further, However, this was avoided whenever possible in order to

prolong the life of the oxide coated cathode.

=

e Pumping System

The pumping system used with the accelerator consisted of a
small and a large Duo-Seal vacuum pump and an oil diffusion pump.

The large Duo-Seal pump and the VMF260 diffusion pump could be
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sealed off from the accelerator btubes with a valve. This arrangement
made it possible to let air into the accelerator without having to
turn off these pumps. The small Duo-Seal pump was used as a roughing
pump. With the large Duo-Seal and the diffusion pumps, pressures of
0.3 to 0.5 X :LO'5 mn of mercury were obtained. Liquid nitrogen was

used in a cold trap between the accelerator and the diffusion pump. -

B. The Determination of 28

As stated earlier, the average energy loss 0E ig given by
E = = (78)

where PB is the beam power absorbed by the foil in watts, and iB
is the beam current in amperes, The apparabus for measuring 28
congigted of two parts, one part for measuring iB and the other part
for measuring PB.
1. Measurement of iB
Shown in Figure (5) is a drawing of the apparatus for defining
the electron beam and measuring the beam current iB. It consisted
of’: a) Defining slits. and alming screen; b) Blas discs and a power

supply to provide the bias potential; c) Faraday cup; d) The current

measuring apparatus; and e) Electrostatic shisld.
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Parts List for Figure 5

Description
Faraday cup
Bias Discs
Foil and Foll Mount
Defining Slits, gold-plated aluminum
Aiming Screen
87 Volt, Glow Discharge Tubes
Flectrostatie Shield
¥eithley Model 410 Micro-microammeter, Keithley Instruments

Company, Cleveland, Ghio

Negative Power Supply

Rubicon Galvanometer (X16019), 0.00L06 ya/mm sensitivity,
1053 internal resistance
Leeds and Northryup Gelvanometer (X4%9375), 0.000L2L ga/mm

sensitivity, 510 internal resistance
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Qe Defining Slits and Alming Screen

The holes in the defining slits were 5/16 inch in diameter and the
distance between them was adjusted so that the electroms could not hit
the foil mounting. Had electrons been able to strike the foll mounting,
they would have been completely absorbed, and an errcneous stopping
power measurement would have been inferred. In addition, the defining
slits were adjusted so that the zenter of the defired electron beam hit
the center of the foll. The aiming screen, made of gold-plated aluminum,
was oix ioches in diameter and 1/2 inck thick. Its furnction is to
faclilitate Tinding and aimirg the electron beam. It was made of aluminum,
a low Z material, in order to mirnimize the productlion of X-rays by the
ineident electrons. Efforts were made to minimize tre preduction of
X-rays in order to redize emissicn of electrons from various parts of
the apparatus which migr cavse erroneous current measurements. The
surface was gcld plated to hide the layer of aluminum oxide. Such a

layer cculd have charged up to prodice an extranesous electric field.

Lo Biss Dises and Power Supply
The Pbias discs were made from a brass screen having a fice mesh.
Screen was used so that the air would not “blew out™ or break the Foil
whern the system was pumped dowr. Fire mesh was used to minimize
distortions of the electric field., BRach bias disc was electrically
insulated from and mounted on the inside of the Faraday cup. Three

small spacers, made of teflon and equally spaced around the airecumference
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of each blas disc, were used for this purpose. There were two reasons
for mounting the bias discs using three small equally spaced insulators
rather than a single circular insulator. The first was to permit the
air to flow more freely when the system was being pumped down to help
prevent breaking the foil. The second was to minimize the insulation
surface charge effects which would distort the electrie field produced
by the bias discs.

The blas discs provided an electric field to repel the secondary
electrons which left the foll back into the foil. This was so that
secondary electrons would dissipate their energy in the foll in accordance
wlth the definition of stopping power. That is, the primary electron is
taken to be the one emerging from the foll with the higher ensrgy. Thus
any electron emerging from the foil with less than half the primary
enerygy 1s assumed to be a secondary and should be reflected back to
the foll where 1t should gilve up its energy. 1In addition the bias
discs provided an electric field near the Faraday cup to repel the
secondary electrons from the Faraday cup back into the cup.

The power supply'(vl) for the bias discs was an Abomic Instrument
Coupany Super-Stable High Voltage power supply with a negative outputb
voltage which could be varied from O to -1500 volts in steps of 87
volts. When it was desired to vary the bias disc potential from ©
to -87 volts continuously, a 100 KQ helipot was used as a continuous

voltage divider to give the desired pltential. The output current
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of the power supply was kept below 1 ma by use of the 100 K helipot
which was the largest available. On occasion another Atomics Instru-
ment Company regulated high voltage power supply was used with a

negative output voltage which could be varied from -500 to -3000 voltsa

c. Current Measuring Circuitry

A gelvanometer (G3) having a sensitivity of 0.00042L4 microamperes
per millimeter was used to measure the current to the bilas discs.
Galvanometer G2 with a sensitivity of 0.00389 micro emperes per milli-
meter was used to measure the current to the foil. Depending on the
position of the switch SI, galvanometer GI measured the current to
either the aiming screen or the Faraday cup. This galvanometer had
a sensitivity of 0.00406 micrc-amperes per millimeter. These galvano-
meters had built-in scales, and could be read within + 0.2 millimeter.
Each galvanometer was frequently calibrated by connecting it in series
with a calibrated resistance, and by then measuring the current through
the galvanocmeter by measuring the potential drop across this resistance
with a potentiometer.

A reversing switch (52) was used to connect a recording electrometer
in series with elther; galvanometer Gl or galvanomeber G2. This was done
for two reasons. One was to provide more sensitive current measurements
whenever necessary. The other was to provide a permanent record of the
beam current, which consisted of the cup current when the stopping

measurements were made and the foll current when the beam was completely
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absorbed in the foil during the calibration measurements. The

electrometer was a Keithley Instruments, Inc., model 410 "Micro-

Microammeter”™, and had 20 overlapping ranges of ZLOW3 to 3 X lO‘l3
amperes full scale.
The accuracy of the electrometer on the ranges from lO~3 through

I X ZLO-7 amperes was within 2% of full scale. On the ranges from 10-8
through 3 X 10713 51s accuracy was within 4%. It was calibrated at
the beginning and end of a day's run by connecting a 1.5 volt dry cell
in series with a calibrated wire wound resistance and the electrometer
input. The ratio of the voltage drop across the resistance to the
resistance gave the current to the electrometer input. This current
was compared with the electrometer current measurement as recorded

by the Brown recorder, vwhich was always connected to the electrometer
output to record the electrometer measurements.

The Brown recorder was a popentlometer-rebalance type recorder
which automatically recalibrated 1tself every few minutes. It was
manufactured by the Brown Ianstrument Company and had a quoted accuracy
of 0.25% of fuil scale deflection.

The potential drop across the calibrated wire-wbund resistor was
measured with a Leeds and Northrup, type K2 potentiometer. The accuracy
of this potentiometer was within one microvolt. Thus, the accuracy of
the calibration, and hence the accuracy of the electrometer measurements

were within 0.5%, since the electromeber was calibrated on the range used.
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The input impedance of the electrometer was controlled by negative
feedback from the output so that the total voltage drop across the
input terminals was less than 5 millivolts for full scale deflection.
On the 10'6 ampere scale, which was the largest scale used, the ef~
fective input impedance was 5000 chms. This effective input impedance
was thus comparable to galvanometer impedances. The zero drift on all
but the most sensitive range was less than 2% in eight hours for a
warmip from a cold start. When a two-hour warmup was provided, the
zero drift was consilderably less. For this reason, the electrometer
was left on at all times. EKlectrometer grid current was less than
5 X 10“1)Jr amperes ,

Although the electrometer had a voltage-regulating Sola trans-
former built into its chassis, an additional sine wave Sola regulator

was used for its power supply to minimize harmonics in the power input.
2, Measurement of PB

The apparatus for measuring the amount of power (PB) dissipated
by the electron beam in the foll consisted of: a) A foil and mounting
ring; b) thermocouples and isothermal furnace and heat sink; and c)

temperature control.

a. Foil Mounting Ring
The foils were mounted on a small copper ring which had an inside
diameter of 0.5 inch and a maximum outside diameter of 0.588 inch at

one end, which tapered dowr to 0.560 inch over a thickness of 3/32 inchis
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Three holes equally spaced around the periphery were drilled and tapped
for 0-80 screws to facilitate handling this copper ring. The mass of

the copper ring was kept small to minimize its thermal capacity which

in turn resulted in a greater temperature change for a given amount of
added energy, and decreased the time constant of the system. The surface
of the ring on which the foll was mounted was highly polished so that

the foil would adhere to the ring to give good thermal and electrical
contact between the foil and ring. The ring was made of copper because
of the good thermal conductivity of this metal,

The copper ring fitted into a plastic riﬁg holder., A slight
trace of vacuum grease was used on the oubside surface of the copper
ring to bhold it in the plastic . ring holder.

The dimensions and hence the thermal capacity of the ring holder
were kept to a minimum. The ring holder had twelve, size 80, equally-
spaced holes drilled thrcugh it. Two sets of thermocouples -- six
thermocouples per set -- had their Junctions Inserted into these holes.
Bakelite cement was used to cement these thermocouple junctions'in place
and to provide thermal contact between the Jjunctions and the ring holder.
The riang holder was made of plastic to provide electrical insulation
between the foll and the thermal Junctions as well as between the

Junctions themselves.
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b. Thermocouples and Heat Sink

The thermocouples were made of number 40 copper and number 38
constantan wires. These small wire sizes were used in order to mini-
mize the heat losses by conduction from the foil. Copper-constantan
thermocouples were used because of the relatively high hhermoelectric
power, tensile strength, and malleability. The tensile strength and
malleability qualities were desired because the thermocouples served
the mechanical function of holding the foil holder in position.

One Junction of each thermocouple was inserted into a small hole
in the ring holder and cemented in place with bakelite cement. These
Junctions were welded as follows. The ends of a copper and a constantan
wire were twisted together just enough to give mechanical contact. This
twisted end was connected electrically to one side of an 18 volt, 60
cycle, AC supply and inserted through a small glass tube into a bottle
which had a pool of mercury in its bottom. This pool of mercury was
connected electrically to the other side of the 18 volts, 60 cycle,

AC supply. A continuous flow of helium filled the remaining volume
of the bottle. The twisted copper and consténtan Junction was slowly
brought into contact with the mercury causing an electric arc which
welded the two wires together. The welded junction formed in this

manner was a small spherical joint about 0.010 inch in diameter.
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Shown in Figure (6) is the apparatus used for making the welded
junctions. The bottle was a 20 ml beaker which was stoppered with a
two-hold rubber stopper. Two glass tubes through the rubber stopper
served an inlet and outlet for the helium gas. The latter glass tube
was also used as the place for inserting the thermocouple wires to be
welded, A Variac connected to a 110 volt 60 ecycle AC line was used to
supply the 18 volts 60 cycle AC. The rate of helium gas flow was set
at about 0.1l §.F.H. as measured with a Fisher and Porter Company
"Flowrator”, Model 132-6.

The other end of the copper and constantan wires served as the
reference junction. This junction was & pressure Jjunction which was
formed by crossing the two wires over and by squeezing them together
tetween the two halves of a heat sink. Theré were twelve such junctlions
sandwiched in the heat sink. Screws were used to squeeze the two halves
of the heat sink together.

Shown in Figure (7) is the manner in which these Junctions were
made. Cn either side of each junction was a 0.005 inch thick sheet of
copper. Hence there were twelve pairs of these copper sheets. Each
pair was separated from neighboring palrs so that the thermocouple
Junctions would not be shorted. The sheets of copper were sandwliched
between two thin annular discs of teflon which in turn were sandwiched
between the halves of the heat sink. The copper sheets provided a large
area of contact and hence good thermal conductivity between the reference

thermocouple junctions and the heat sink. The teflon sheets provided
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Parts List for Figure 7

Item No. Description
1. Foil
2a Copper Ring
3. Plastic Ring Holder
W, Teflon Insulator
5. Copper Plate
6. Thermocouple Wires
Te Aluminum Heat Sink, 4%-1/2 inch 0.D., 2-1/2 inch I.D., and

11/16 inch thick per each part
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electrical insulation to prevent shorting out the thermocouples.
The teflon sheets were made as thin as possible to improve the heat
flow between the thermocéuple Junctions and the heat sink. The
‘minimum thickness of the teflon sheets was limited by the protusion
produced by the crossed thermocouple wires which could have pushed
through the teflon sheets and shorted out the thermocouples to the
aluminum beat sink had the sheets been too thin,

The heat eink was mﬁ@e as large as possible and made from
aluminum to provide fthe maximal thermal capacity in a minimal mass.
Since aluminum oxide is sush a relatively poor electrical and
thermal conductor, the bealt sink was gold plated.

Tt may be seen in Figure (7) that the electron beam was incident
on the fvil from such a direction that the electrons scattered in the
forward direction could not strike the copper rings. Although some
of the back-scattered electrons could concelvably strike the copper
ring, they were a very small fraction of the scattered electrons for
a low Z material like Al in the thicknesses employed here. FHad the
scattered electrons been permitted to strike the copper ring, they would
have dissipated most or all of thelir energy there and the system would
have been heated erronecuslys.

As pointed out earlier, there were two sets of six thermocouples
connected in serles. One set was us=d for cooling the foll by means of

Peltier cooling. The other ildentical set was used for monitoring the
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foil temperature. Shown in Figure (8) is an electrical diagram of
the the:mocouple circuits. For convenience, only one of the six thermo-
couples in each set 1s shown in this drawing. The function of switeh 83
is to permit reversing the direction of current flow (ih) through the
cooling thermopile so that the foil may be conveniently heated or cooled
by the Peltier effect. As is well known these effects are exactly
reversible. When a current flows through a thermocouple junction, the
heat generated by the junction or the heat absorbed by the junction from
its surroundings is Just equal o the product of its thermoelectric
power, its absolute temperature, and the current flowing through it.
There were several reasons for having six thermocouples in
each thermopile. It was considered desirable in the case of the
coaling thermopile to cool the foil wniformly around its periphery
rather than at one or a few selected points. In the case of the
temperature monitoring thermopile, it was considered desirable to
monitor the foil temperature at several points around 1ts periphery.
The reason for this is that the diffuse electron beam may have "hot
spots™ in it which would heat the foll more at some points than at
others. In addition, the large number of thermocouples gave more
sensitivity to temperature. After the experiment was concluded, it
was felt that undue emphasis might have been placed on this consideration,
and that a thinner ring of lower heat capacity and with only one measuring
and one cooling thermocouple would have been better., This is discussed

in the Conclusion section.
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The ammeter for measuring the cooling current iu was a Weston
C ammeter, model 45 and had an external shunt. With the external
shunt provided it gave a full scale reading at 10 ma. It had an
accuracy of f~0.25% of full scale, and the shunt was accurate to
within O.l%. The cooling current was controlled by a variable
resistance in series with the cooling thermopile. A fixed resistor
in series with the variable resistance was used to limit the cooling
current and protect the ammeter. The cooling current could be turned
off and on and reversed with switch S3.

The galvanometer GU measured the thermal e.m.f. of the temperature
monitoring thermopile. This was a Leeds and Northrup galvanometer
(Y-84951) which used an external scale. It had a focal distance of
91 cm, and a sensitivity of 0.07h microvolts per millimeter deflection.
Since the thermoelectric power of a copper-constantan thermocouple is
about 40 microvolts per centigrade degree, the sensitivity of this
thermopile was about six times forty divided by 0.074, or about 3160
millimeters per centigrade degree.

Galvanometer (G4 called for a critical damping resistance of 17 Q.
It had an internal resistance of 15.6 @, and a period of 4.8 seconds.
The thermopile had a resistance of about 16 and served as the critical
damping resistance. Shown in Figure (9) is a potentiometer type
circuit which was used to provide an e.m.f. for zeroing the galvanometer.
The galvanometer itself was mounted on a one foot square sbteel slap four
inches thick which fitted into a 15 inch cubic woaden box which had been

filled with foam rubber.
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For monitoring the rate of drift of the foil temperature, a
10 r.p.m, Bodine motor was used to close a microswitch every revolu-
ticn. The microswitch momentarily energized a buzzer to give a noise
signal every 0.l minute.. The readings of galvanometer GIt were recorded

manually at each of these signals.

C. Isothermal Furnace and Temperature Control

It was necessary to control the environmental temperature of the
heat sink to within very close tolerances because of the high sensitivity
of the temperature monitoring thermopile. The apparatus for measuring
AR was placed in an aluminum cylinder equipped with flange for bolting
it in place at the end of the accelerator. This aluminum cylinder was
6-1/2 inches in diameter on the inside with a 1/16 inch wall thickness.
Asbestos tape was wound around this cylinder to provide a one-inch-thick
layer of insulation. Then a 12-inch diameter copper cylinder was placed
around this aluminum cylinder and concentric with it, thus providing an
air space for more insulation between the two cylinders. The outer
cylinder was made of l/lé»inchnthick copper to provide good heat conduc-
tion throughout its length.

The outer cylinder was heated to a constant temperature. This
was done by wrapping around this cylinder a 40-fool long, 400-watt,
110 AC heating wire of the type used in homes for radiant heat in
the ceiling. Over and around the wire and outer cylinder was placed

a layer of furnace cement which was about 3/8-inch thick. A hole was
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drilled through the outer cylinder and a stainless steel tube was
placed through this hole at such an angle that three inches of this
tube extended down into the air space between the two cylinders.
This stainless steel tube, sealed at the bottom, was silver-soldered
to the outer cylinder to provide good heat conduction to it. The
tube was filled with mercury and a mercury-to-wire thermostat having
a sensitivity of 0.01 degrees centigrade was then placed into it.

The inside diameter of the tube was only about 0.010 inches
larger than the diameter of the sensitive part of the thermostat in
order to provide maximum thermal conductivity through the mercury
to the thermostat. The tube was deep enough so that the sensitive
part of the thermostat extended all the way down into the air gap
betweesn tﬁe two cylinders, where the temperature was éxpected to be
more stable than the outside temperature. The tube was made of
stainless steel because 1t does not amalgamate with mercury as
readily as do other materials.

The thermostat controlled the power input tec the heater. The
control circuit is shown in Figure (9) which was used. This control
clrcult was designed by J. A. Harter in the Health Physics Division
of the Oak Ridge Naticnal Laboratory and operated as follows. With
the thermostat normally open, the values and phase relationship of
the plate and grid potentials are such that the 2D21 tube conducts

on the positive half-cycle. This energizes the relay in the plate
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circuit, closing the normally open relay contacts. This applies power
to the heater by way of a Variac. When the temperature increases, the
thermostat contact closes, shutting off the 2D21. The relay de-
energizes, and its contacts open disconnecting the power to the

heater until the system cools, and the cycle is repeated.

The thermostat was adjusted to hold the heater temperature at
about 29 degrees centigrade, independently 6f the ambient room tem-~
perature. The room was air conditioned and its temperature was
thermostatically controlled to within 3 degrees centigrade. The Variac
output to the heater was adjusted so that the heater on and off times
were equal to give optimum temperature control., Although the thermostat
conld respond to a change of 0.01 degrees centigrade, the heater
temperature oscillated approximately 0.1 degrees centigrade above and
below its average temperabure. These temperature oscillations were
considerably damped out at the heat sink of the temperature monitoring
thermopile because of the large thickness of the air, asbestos, and
vacuum heat insulation between the heater and heat sink.

It should be pointed out that the end of the heater was covered
with a thin aluminum plate which was lined on the inner side with a
1/8-inch-thick layer of asbestos. Between this plate at the end of
the heater and the end of the Inner cylinder, which housed the apparatus,
was about a l~l/2 inch air gap. At the end of the inner cylinder was a

3/4~inch—thick lucite plate with an O-ring seal to provide a vacuum seal.



65

Two holes with O~ring seals were provided in this lucite plate. One
hole was for an lonization pressure gauge which measured the pressure
at this point in the system. The other hole was for a specially
built brass tube, which had a "Kovar" seal and Amphenol connectors

for the wire connections to the apparatus.

Co The Determination of AX

A modified "Cahn Electrobalance”, model M10, made by the Cahn
Instrument Company, Downey, California, was used for welghing a known
area of foil. The ummodified electrobalance will first be described
and then the modifications and the improvement each made will Dbe

given,
1la The Cahn Rlectrobalance

Shown in Figure (10) is a schematic of the commercial electrobalance.
The torgue motar drives a lever or balance arm on which a stirrup and
pan are mounted. This pan holds the object to be weighed. The balance
resistor R9Y is used to vary the currenﬁ through the torgue motor to
bring the lever arm to a Tiducial mark. This position is attained when
the shadow of the balance arm cast by a light beam is directly in line
with a segmented fiducial mark scribed on a frosted glass screen.

Figure (11) is a drawing of the electrobalance weighing mechanism.
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As can be seen in Figure (10), the potential drop across Rh,

R8, and the torgque motor was measured with a potentiometer type circuit.
The resistor R4t was a range resistor which determined the magnitude of
this potential drop for a given weight range. The variable resistor R2
with the batteries B2 and B3 was used to "buck out™ the potential
necessary to balance the empty pan. Hence, R2 was labelled as the

zero control. The variable resistor R3 was used when a calibrated
weight was in the pan so that the Duc-dial setting of the hellipot R1
would give a direct reading of the weight in the pan.

The accuracy of the electrobalance was determined by several
factors. The Duo-dial on the helipot had 1000 divisions, and by
interpolation between the divisions the Duo-~dial could be read to
about two parts in 10,000 at full scale. As designed, the minimum
range for which the electrobalance could be calibrated was five milli-
grams . The linearity of the helipot Rl was 0.05%, whiech corresponds
to an error of t_2—1/2 micrograms on the D milligram range. If all
possible sources of error are considered and the overall error cal-
culated by taking the square root of theFSum of the squares of the
errors, an overall error of about f_8 micrograms is obtained for the
5 milligram range. Since foils having thicknesses of the order of
100 micrograms per square centimeter or less were to be studied,
this accuracy was not considered good enough. Hence, several modi-

fications were incorporated into the electrobalance.
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In balancing the lever arm by lining it up with the fiducigl -
lines, one could obtain greater reproducibility by approaching the
fiducial line consistently from the same direction. In this work,

the fiduclal line was approached from the bottom.
2 Modifications to the Blectrobalance

Several modificationé were Incorporated into the electrobalance.
The effect of each successive modification on the accuracy of the
microbalance was ascertained.

First, the six volt dry cell Bl was replaced with a 6 volt wet
cell and all variable resistors were replaced with 10 turn helipots
to give a more stable e.m.f. source and more vernier control, respec-
tively. National Bureau of Standards, class S, calibrated weights of
1, 2, and 3 milligrams were welghed on thé 5 milligram range which
was calibrated with a 5 milligram, National Bureau of Standards,
class M, weight. The readings were not very reproducible, particu-~
larly for the 1 milligram weight, where the maximum deviation between
successive readings was 7 micrograms. The standard error was 0.26%,
It was concluded that these modifications did not improve the accuracy
of the electrobalance very much. This implied that the inaccuracy was
due. to a large extent to the errors inherent In the potentiometer cir-
cult for measuring the potential drop across R4, R8, and the torque

motor.
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A type K-2 lLeeds and Northrup potentiometer was then used to
measure the potential drop across the torque motor for successive
readings using the 1 milligram weight. With this potenticmeter the
potential drop across the torque motor, which was of the order of 22
millivolts, was measured to within a few microvolts. The repro-
ducibility for successive readings was not very good. Hence, the
resistor R8, which was a f_QO% carbon, fixed resistor, was replaced
with a 1000, + 0.5%, nichrome, wire-wound resistor. The K-2
potentiometer was then used to measure the potential drop across
this resistor. Using this method, the standard error for ten
successive measurements was 0.083%, for the 1 milligram weight.

To improve the accuracy further, a microscope having a magni-
fication of 16, and made by the Central Scientific Company, was used
to improve the optical system. With this the lever arm could be
brought to the balance position in line with the fiducial lines more
accurately. The standard error was only 0.056% when the 1 milligram
weight was weighed ten times.

In order to minimize errors resulting from friction in the
torque motor bearings, a small amount of alternating current was
applied to the torque motor. This was done by applying the 110 volt,
AC line through current limiting resistors and condensers on each
silde of the AC line and thence to the torque motor. The condensers
were used to block the DC of the electrobalance., The values of

resistance and capacitance were varied until the 60 cycle vibration
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of lever arm was barely discernible. The ultimate values were 43KD
and 0.1 uf on each side of the AC line leading to the torgue motor.

A two pole on-off switch and headphone plug were used to be sure that
this AC wibration was on only when measurements were made in order to
prevent excessive wear on the torque motor bearings. Using this
additional improvement, a 1 milligram weight was weighed lO‘tﬂngSg
The standard errcr was reduced to 0.011%,

Table T glves the modifications and the effect each successive
modification'had on the accuracy of the electrobvalance. The errors
are tabulated as absolubte errors Tather then percentage errors be-
cause the absolute error seemed to remain fixed when the 1, 2, and
3 milligram standard welghlts were welghed. This Implies thét the

absclute error may be aboulb the same for smaller weights.

Do Freparation of Foils

Two metheds for making thin uniform foils were employed which
cpp . . . 21,22

~differconly slightly from the methods described in the literature -
In one method, a carefully cleaned glass slide was first dlpped into a
solution containing 0.1 grams of Formvar dissolved in 9 milliliters of
ethylene dichloride to which 50 drops of methyl alcohol had been added.
One of the most successful methods found for éleaning the glass slides
was to rub them clean with either "Bioloid” number 17471 lens paper or

"Sight Savers”™ a Dow Corning silicone btreated tissue. The Formvar used

was a 15/19 resin produced by the Shawinigan Products Corporation,

el 5, . Warshaw, Rev, Scid. Inst. 20, 623 (1940).

22 W. Franzen and L. Schellenberg, Rev. Sei. Inst. 27, 171 (1956).
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TABLE I

Electrobalance Modifications and the Resulting Improvement

(Using a 1 mg. Weight)

Modification

Absolute
Standard Error in

B“e

5.

None

Dry cell replaced by wet cell, and
variable resistors replaced by 10
turn helipots.

K-2 potenticmeter used to measure
potential drop across preclsion
resistor in series with motor.

Microscope having a magnification of
16 used to magnify the fiducial lines.

AC vibration used to reduce frictional
EerTrors.

2.6

0.84
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New York City. After dipping, the glass slides were hung up to dry
in an air-conditioned room. The slides prepared in this manner were
used in the preparation of the aiuminum foils used in this experiment.

The evaporator was a glass bell jar pumped down with a large Duo-
Seal Forepump and a oil VMF 260 diffusion vacuum punp. After pumping
down to about 0.15 X ZLO_5 millimeters of mercury, liquid nitrogen was
added to the cold trap to bring the pressure down to about lO"6 milli-
meters of mercury. The glass slides were mounted beforehand in the
evaporator at distances of 10.6, 15, and 21.2 centimeters from the
filament usad for evaporating the aluminum. Aluminum wire bent in the
Torm of a horseshoe was hung on the center of the filament where a small
"U" was Tormed to hold the aluminum. The filament was magde of number
LO tantalum wire. The mass of aluminum wire to be evaporated was 283
milligrams.

A Veriac was used a&s the power supply for the filament. The
Variac output was slowly increased until visual observation showed
that the aluminum wire melted to form a bead in the U-shaped center
of the filament. Tﬁe aluminum bead then wetted the filament. Again
the Variac output was slowly increased further untll the alumipum
evaporated off the filament. This complete operation took aboutb

Lwo minutes.
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For the distances (d) at which the glass slides were mounted
from the point source of aluminum, foil thicknesses of close to
200,100 and 50 micrograms per square centimeter were evaporated onto

the slides. This is in accordance with the inverse square low

m

lmdg

where t 1g the foll thickness in milligrams per sqguare centimeter,
m is the mass of metal evaporated in milligrams, and the distance d
is in centimeters.

The foil on the glass slide was cuft into B/M inch squares by
scribing through it with a razor blade. The copper ring foil holders
were cemented onto these areas with India ink which serveﬁ as both
an electrical conductor and a binder. After the India ink had dried,
the glass slides with the foil and copper rings were immersed into
ethylene dichloride to dissolve theFormvar film between the metal
foil and the slide. The mounted folls were then slowly slidc off the
glass slide and then 1lifted in a vertical plane out of the ethylene
dichloride so that surface tension would not break the foil. Several,
smooth, 50, 100, and 200 micrograms per square centimeter aluminum

foils were successfully mounted in this manner.
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A somevwhat better method was suggested by J. V. Cathcart and
Jo Campbell of the Metallurgy Division at the Qak Ridge National
Laboratory. In this method glass slides were cleaned as before. In
this case, the glass slides were number 14340-A, non-corrosive, select
grade, size 3 X 1 iﬁches, "Micro-3lides”™ made by the W. H. Curtin Com-
pany, New Orleans, Loulsiana., These slides were highly polished and
had smooth ground edges which proved tc be advantageous.

The slides were mounted in the evaporator at a distance of at
least 10 centimeters from the metal to be evaporated in order to get
uniform folls., Two separate filaments were used., One filament was
used to evaporate some Victawelt onto the glassg slide before evaporating
the metal, Vichawet is a wetting agent made by ths Vicks Chemical
Corporation. The filament for evaporating the Victawet was a 0.015
inch diameter tungsten filament which was wound in the central region
to form a conical cup for holdirg the Victawet. Using the same evapora-
tion and pressures already described, the output of a Variac was slowly
increased to give 16 volts across thls filament. The Victawet was then
allowed to evaporate slowly. This caused the pressure to go up. The
rressurg was then allowed to come down again to about 0,15 X ],O-‘5 milli-
meters of‘mertury'before evaporating the metal.

Several different metal foils were evaporated onto slides prepared
in the above manner. Although these foils were not used in stopping

power measurements, the technigues used in their preparation will Dbe
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included for completeness. Different techniques had to be employed
for each metal in the evaporation process. For example, silver was
evaporated by placing it on a 0.003 inch thick by 0.25 inch wide
tantalum ribbon filament. The filament was curled up a bit on its
edges to hold the molten silver during the evaporation process.
This was done because silver would not wet the filament and would
otherwise drop off before it would evaporate.

To evaporate chromium, it was found necessary to electroplate
it first onto a helical tungsten filaﬁent. First, oxidized lead
was prepared by using lead at the anode and graphite at the cathode in
a 2 maolar sulfuric acid solution. The power source was a Mallory
batbtery charger, type 107 made by the P. R. Mallory Co., Ince.,
Indiarapolis, Indiarna. The current was controlled with a rheostat
tc be about 2.5 amperes for this cxidation process which lasted for
about eight minutes. Then To electroplate the tungsten filament with
chromium, the tungsten filament was used as the cathode with the oxidized
lead as the anode in a solution made of LO grams of chromic acid (solid),
0.4 milliliters of concentrated sulfuric acid, and 160 milliliters of
water. Oxidized lead was used as the anode because 1t gave the best
results. When lead was used as the anode, an insulating layer of
lead chromate formed on the lead causing the current to decrease
gradually. When graphite was used as the anode, the graphite dis-

appeared into the solution, causing the electroplating current to
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decrease gradually. The Mallory Battery charger was agaln used as
the electrical power source. The current was controlled with a
rheostatl to about 2 amperes for about 20 minutes to give a current
density at the cathode of 80 amperes per square centimeter of cathode
surface.

In the evaporation process for chromium, the Variac output to
the electroplated Tilament was slowly increased with the pressure
being observed contiruously. Initlally the pressure went up quickly
to about lO'h willimeters of mercury. Time was allowed (one to two
minutes) for the pressure to come back down to about 0.15 X 10’5
millimeters of mercury. Tae Va:iac output to the filament was then
increased further until the pressure went up to 0.2 X 10_5 milli-
meters of mercury. Actually the chromium does not evaporate, because
of the oxide coating which forms on it; rather, the chromium sublimes.
In avout five minutes or more, erough chromium sublimed to give a good
film on the glass slide. Usually two or more glass slides were used
in one operation to improve thé chances of getting a good foil mounted
on the copper ring holder.

An excellent reference on the evaporation techniques of thin
films is the recently published book by Holland23.

After the metal film was evaporated onto the glass slide, the

liguid nitrogen was removed from the cold trap of the evaporator.

23 1. Follend, VACUUM DEPOSITION OF THIN FILMS, (Chepman and Hall
Ltd., London, 1956).



The cold trap was warmed up by compressed air blown on it with an
air hose. The diffusion pump was then turned off and cooled off
with the air hose. Then the forepump was turned off. Air was let
into the system through silica gel to absorb the moisture in the
ailr before it was admitted to the system., The glass slides were
removed from the evaporator and placed in Petrl dishes to keep the
metal film free from dust.

To remove the foll from glass slide, the following procedure was
used. The edges of the glass slide were scraped with a knife to.
facilitate peeling the Foilioff. The foll was peeled off the glass
slide by sliding the glass slide into some warm tap water at a L5°
angle. This was done very slowly and with a steady hand to keep
the foil from tearing. The water dissolved the webtting agent and
the surface tension peeled the foil off. The foil floated on the
surface of the water.

To get the foill mounted, some detergent was first dissolved in
some warm tap water in a separate beaker. A small amount of this
solution was poured into the water holding the foil, to decrease the
surface tension of the water. e copper ring was then brought: under
the foll and a piece of the foil draped over the copper ring was lifted
vertically out of the water. It should be pointed out that the surface
of the copper ring on which the foil was mounted was first highly

polished on a gem polishing machine., A fine abrasive, type B-~-5125
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madé by Linde Air Products Company, New York City, was used. This
was done so that the foil would adhere to the copper ring.

Another method for getting the foil out &f the water and onto
the copper ring was also used. A brass sheet about 2 inches sguare
and l/32-inch thick had a 3/& inch hold punched in the center. A
handle was soldered onto this sheet for holding it. An 0-80 brass
screw was put into one of the tapped holes of the copper ring. The
head of this brass screw was glued to this brass sheet in such a
manner that the copper ring was concentric toithe hole in the brass
sheet and its face flush with one surface. "Duco” cement was used
to glue the screw to the sheeta The sheet and ring were used to
1ift the foil from the water vertically so that the foll draped over
the hole and copper ring. After drying, the foil was brimmed around
the edges of the hole and the residue was folded over the copper ring.
Acetone was used to dissolve the "Duco™ cement, and the copper ring
with the mounted foil was removed from the brass sheet.

This latter method proved to be the more successful method for
mounting the thinner foils. Self-supporting foils thin enough to see
through were successfully mounted in this manner. However, these
thinner foils were too fragile to be transported to the accelerator
and put in place. It is believed that had the copper ring been

smaller in diameter, these thinner Tolls would have been much stronger.



V1. PROCEDURE

The stopping power is the ratlio of the average energy loss
&B to the average path length £ of the electron as it goes through
the foil. ‘This average path length £ is the sum of the average foil
thickness Ax and the average increase in path length szresulting

from multiple scattering within the foil. The procedure was to

medsure AR, and Ax, and to calculate A in order to obtain Z@Vﬁ:

A, Measurement of AR

As shown in Equation (54), the time rate of tempersture change

of the foil (T) is given by

moo_ A s L oo
r o= K, & iy - K, (1-T) , (79)
where /& is the average energy lost by the electrons in going through

the foil, iB is the electron beam current, TO is the environmental

temperature, K, and K2 are constants of proportionality which are to

1

be determined. The determination of Zﬁﬂproceeds as follows.
1. Determination of Kl and K2

The apparatus described earlier for measuring PB was put into the
accelerator. The heater for controlling the temperature TO was installed
and the heater was turned on. The accelerator was then slowly pumped
down through a small throttled orifice with the small Duo-Seal vacuum

pump in order to reduce the air currents in the accelerator so as not

80
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to break the fragile foil. After the pressure in the accelerator had
reached about 100 microns of mercury, the small Duo-Seal. vacuum pump
was turned off., The valve to the evacuated lines to the diffusion
punp and large forepump was opened. The pressure was allowed to be
brought down to about 0.5 X 10‘6 millimeters of mercury. The ambient
temperature TD as measured by the temperature-monitoring thermopile
was noted. The galvanometer (G4) which measured %he e.m.f. Of this
thermoplile was zeroed.

The cathode~ray gun was activated as described earlier. The high
voltage to the accelerator was turned off and the accelerator was
grounded. The second anode potential of the cathode-ray gun then
determined the electron beam energy. The electron beam was focused
on the foll by varying the magnetic deguassing fields to give a
maximum foil current, and a minimum aiming screen current. At these
low - beam energies the electrons were completely absorbed in the foil
as determined by zero current to the Faraday cup.

The foil temperature determined by galvanometer G4 was measured
in units of centimeters of deflection with 25 centimeters, the center
of the galvanometer scale, corresponding to the ambient temperature
TO. The foil was first cooled to 15 centimeters. The electron beam
was controlled manually by varylng the grid ﬁotential of the cathode-
ray gun to keep the beam current constant. The timer which gave a
buzzing signal every 0.l minubte was turned on. The foil temperature

was recorded every 0.1 minute to get the rate of the temperature drift.
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This was done for various beam currents, and with beam energiles low
enough for the beam to be completely absorbed in the foil. Various
pias disc potentlals were applied also. The beam energles were varied
from about 750 to 2500 volts. At these beam energies the electrons
were completely absorbed in the foll so that the current measured to
the foil was the beam current. The beam currents were varied from about
0.05 to 0.4 microamperes. Thus the range of beam power PB absorbed in
the foil at full absorption of the beam was from about 50 to 400 micro-
watts. The bias disc potential was varied from O to 2400 volts, in
no: cagse being larger than the beam energy wsed in order to permit the
electrons to reach the foil. This bilas disc potential did not affect
the energy of the electraons stfiking the foll because the latter was
close to ground potential at all times.

The temperature T was plotted as a function of time t for a given
beam power and bias disc potential. The time to was defined as the
time at which the temperatire T was equal to TO or 25 centimeters. The
observed slope % at T = TO was determined by the method of least squares
using those observed points within a time interval of 0.5 minute on
either side of to. Shown in Figure (12) are some typical temperature-

versus -time curves. Now as shown earlier in Equation (74),

[ iy 1 = K, Py , (80)
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when

(K2 A,t)2 < 6 . (81)

As shown in Equation (77)

T-T
0

—————— - - .) > ==
1og, T 0.435 Kt when P 0 (82)

B

where Ti is the inltial temperature to which the foll was cooled.

Therefore, to determine X, the foil was precooled to Ti = 15 cm, and

2)
the foil was allowed to drift toward TO. The temperature T was observed
T -7

0
T.-T
i 7o

every 0.1 minute. Then the ratio was plotted as a function of the

time t on semi~log paper, with t being plotted on the linear scale.
Shown in Figure (13) is the resulting curve. From this curve it was

found that K, = 0.326 mint. Hence for At = 0.5 minute,
2 2 .1
(Kgat) = (0.163)" = 59 < 6 . (83)

Thus it can be seen that

T = K, P, . (8k)
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It was found that the bias disc potential EBias could be varied from
about -200 volts to -2400 volts without significantly affecting the
calibration constant Kl' Usually EBiaS conld not be Ilncreased to
-2400 volts because of the arc-overs inside the system. Hence, the
bias disc potential was wusually kept at about -1000 volts. Kl was
also found to be independent of beam energy as long as the energy was
low enocugh to provide complete absorption.

To debermine Kl’ the observed T was plotted as a function of
the beam power absorbed at Tull absorption of the beam. Shown in
Figure (14) is one such calibration curve. All calibration curves

were linear which indicated that
P, = = T . (85)

To insure that the measursd beam energies were accurabte at full
absorption, the second anode potential, as measured by the panel meter
on the gun power supply, was checked with an electrostatic voltmeter
which was accurate to i_l%g The correction to the second anode panel
meter reading was plotted as a function of the panel meter reading. A

least squares fit to this calibration yielded the following expressions.

N = 0.038V + 7 (86)
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for the 0-1500 v range, and
N = - 0,054V + 11 (87)

for the 0-2500 v range. In these expressions AV is the correction

to the panel meter reading and V is the panel meter reading.

2o Measurement of PB

At the higher beam energies used for Stoppiﬁg power measurements
only a small fraction of total beam power was absorbed by the foil.
The accelerator patential was varied from 10 KV to 125 KV in discrete
steps. The beam energy was the sum of the accelerator voltage and
the potential on the second anode of the electron gun.

To check the reliability of the measurements, the beam current
was varlied for a glven beam energy and % measured for each beam current.
From each observed T and the calibratlon constant for the particular
foil used, the power absorbed by the foil was calculated with the

relationship
po- Lo (88)

These calculated values of PB were then plotted as a function of the
beam current for the corresponding beam energy as shown in Figure (15).
For each beam energy, the power absorbed can be seen to be directly

proportional to the beam current,
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3. Determination of AR

As pointed out earlier, the average energy absorbed by the foil

(AB) is given by

o= = . (89)

where iB is the electron beam current., Thus,

(90)

Electron currents to the foil and bias discs were negligibly small,

and thus iB was the Faraday cup current. The average energy lost in
the foil by the electron beam was then calculated from Eguation (90),
using the observed values of f and beam current iB.

» . s . Ly ol
Since a rough estimate of the foll thickness Ax was known before-

hand, the ratios of were compared to be sure that the measwurements

% Bl

were consistent with one another before the foil was removed from the

accelerator.

B. Measurement of Ax

To measure Ax, the foil first had to be removed from the accelerator.
To do this, the vacuum valve between the accelerator and the diffusion and

forepump was closed so that the pumps  could be left on. Air was slowly
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let into the accelerator through a throttled air inlet after passing
through a bottle of sllica gel. Then the calorimeter was removed from
the accelerator so that the foili mounted on the copper ring could be
removed. The foill was punched out with a clrecular, razor-sharp punch
specially made for this purpose. The diameter of the punch’s cutting
edge was accurately measured to be 0.442 inch, which made the area of
the punched foil 0.99 cmg. It was fourd that a hard, smooth surface
such as & plece of formica was best for pxmch:ing out: the foil. A
metal surface was not suitable for this purpose because the foil tended
to adhere to the metal. A polished glass surface such as a glass slide
vags found teo be sultable provided care was taken to preserve the cutting
adge of tha punch. .It.was found that the foil could not be punched on
& softer surface than formica.

The punched-out foil was ther welghed in the modified Cahn electro-
balance, which was Tirst calibrated with National Bureau of Standards
Clase M weights of 1, 2, and 3 milligrams. The balance was always
calibrated before welghing a foil because the calibration could change
slightly from time to time, Each standard weight was weighed ten times
to improve the statistical accuracy. The 1 and 2 milligram weights

were also welghed together to get 2 check. The weight measurement was
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actually a measurement of the potential drop across a 1000 nichrome
resistor placed in series with the torque motor. The weight was then

given by the relationship

W = av+b , (91)

vhere W is the weight, V is the potential measurement corresponding to
the welght W, a and b are constants which were determined by a least
squares fit of the calibration measurements.

The foil was then weighed alone and then with the 1 milligram
standard, ten measurements being taken at each point. The foil welght
was then calculated from Equation (91). The foil weight obtained by
welghing the foll alone and by weighing the foil with the 1 milligram
standard checked within 1 microgram, ' The result of the measurements then
gave the foil weight to about + 0.5 microgram. The average foil thickness
AX in micrograms per square centimeter was then the ratio of the foil
welght in micrograms to the foll area in square centimeters.

The average increase in patir length Al of the electrons going
through the foil was then calculated from Bquations (36) and (50).

The simpler scattering theory of Williams'eu was used since results

obtained with it did not differ much from those obtained from the more

oL
E. J. Williams, op. cit.
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25

accurate theory of Molidre ™. Then the ratios

AR )
< - (& , (92)
]
where
I = & + N (93)

were calculated for each of the incident electron energies and fTolls

used.

25

G. Moligre, op. cit.



VII. RESULTS

Shown in Figure (16) are the results of the stopping power
measurements for the 50.3 and 107.8 micrograms per square centimeter
aluminum foils respectively. The stopping power of the thicker foil
was studied for electron energles of 12 to 102 KeV. In this run the
electrons were not accelerated to higher energies because corona
effects outside the accelerator became troublesome. This was subse-
quently remedied so that the stopping power of the thinner foil was
studied for electrons having energies of 11.9 to 127 KeV. Several
measurements were made for each energy using different beam currents.
Probable errors were calculated for the stopping power measurcments
with the thicker foil. The results for both foils are shown in
Figure (16) along with the Beths stopping power theory. It may be

seen that the agreement is excellent.

ol
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VIIT. DISCUSSION

In Figure (16) it can be seen that there is very good agreement
between the Bethe stopping power theory and the experimental results
of this work for the two aluminum fcils used. Taere is no other experi-
mental work with which comparison may be made. That 1s, the thinnest
ca s . . \ . . ; 2
foil in which electron slowing down has veen observed being 1.65 mg/cm
or some 15 times thicker than the thickest foil used here. Furthermore,
“ R - PR
the lowest energy emphasized in this study by Shpinel™ was 148 KeV,
and the principal interest was the straggling distributioan. Foils in
2 . s s N .
the mg/cm range have been used in all gquantitative studies to date in
order to achieve an energy loss large enoughn to messure by taking the
difference (usually comparable to spectrometer resolution) between the
incoming and outcoming beam energies. Such thick foil experiments always
involve enougn wmultiple scattering to make path length correction to the
foil thickness difficzult. Furthermore, the angle of acceptance of the
typical spectrometer for the emerging electrons is invariably very small.
Thus, the energy distributions of only a small fracticn of the emerging
electrons are studied. In the work reported here the average energy loss
itself was measured directly by calcrimetric means. Folls used were

-

thin enough to pernit a calculation of the path length for the energles
used. For example, the increase in path lenghth as calculated by using

Equations (36) aad (50) were 7.8% and 1.4% at 10 and 20 KeV incident

electron energles, respectively for the 50.3 pg/:m2 Al folil. The path~

26 V. C. Shpinel, Zhur. Eksper. i. Theor. Fiz. 22, 421 (1952).
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length corrections for the 107.8 ug/cmg Al foil were 20.6%, k.19,

and 1.5% at 10, 20, and 30 ¥eV incident electron energies, respectively.
The amount of heat involved here is readily measured by simple calori-
metric techniques. The only limitation on the primary energy which may

e investigated is imposed by the thickness of foils which may be made.



IX. CONCLUSIONS

The stopping power of aluminum for electrons having energies
of 10 to 125 KeV was studied by measuring the average energy loss
directly by calorimetric means. Two different aluminum foils were
studied of thicknesses 50.3 and 107.8 micrograms per square centimeter.
At these thicknesses the scattering was not excessive Tor the incident
electron energies used. The maximum path length correction was 20.6%.
This was for the thickest foll and lowest incident electron energy.

The foils were evaporated folls evaporated rapidly so that their
thicknesses were uniform.

The maximum meagured energy loss was 205% ofT the incident energy
and was found for the thicker foil and lowest energy. The minimum
measured energy loss was 0.28% of the incident epergy. This was for
the thinner foil and maximum Incident epergy.

The experimental results gave excellent agreement with Bethe's
stopping power theory for the aluminum foils used after vath length
corrections were made. Since the stopping power of aluminum oxide
would not be much different from thaft of aluminum, according to theory,
then any aluminum oxide coating on the foils would not be expected to
affect the results significantly. On the basis of these experimental
results, it appears likely that Bethe's stopping power theory is accurate
for the energy range studied and for light materials. This is to he

expected in that the beam energy was always wore than five times the

a8
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ionization potential of the deepest electron shell (K shell ionfization
potential is 1500 volts In Al)a It would be interesting to study
electron stopping power for energles and atomic numbers where; this

is not so.

In addition, it would be well to extend the measurements to lower
incident electron energles for low Z materials., Since the foils used
were near the minimum thickness of self-supporting folls, it will be
necessary to use a thin plastic backing for supporting the foil. By
using different ratios of foil thickness to the thickness of the plastic
backing, the measured stopping power may be eitrapolated to give both
the stopping power of the metallic foll material and the stopping power

of the plastic backing.



APPENDIX

A. Sample Calculation

The sample calculation which follows is for the 50.3 p.g/cm2
aluminum foil. The procedure to be followed will bve to describe
in detail the evaluation of T for one of the calibration points
at full absorption of the beam, and then the evaluation of the

calibration constant which appears in the relationship

p. = L T | (9k)

Then the AR for an incident energy of 11.9 KeV will be determined.,
The method for obtaining the average folil thickness Ax with the
associated calculations will be given. Then the average increase

in path length A/ for 11.9 KeV incident electrons will be caleulated.
The measured stopping power ZEVE; where § is the sum of Ax and A%,

will be calculated for this incident energy of 11.9 KeV.
1. Calibzration

Given below in Table 1T is a tabulation of the data for one of

the calibration points at full absorption of the beam.

100
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TABLE IX. Data for One Calibration Point -
Measured
2nd Anode Beam
Temp. T T - 20.4 | Time ¢, Potential, |{Current,
cnm min volts pa "
20.4 0 0 1500 0.21
21.4 1.0 0.1 (0-1500
22,3 1.9 0.2 range)
23.3 2.9 0.3
24 .2 3.8 0.4
To= 25.0 h.6 0.5
2549 5.5 0.6
26.7 6.3 0.7
27.5 7.1 0.8
28.h 8.0 0.9
29.2 8.8 1.0
TOTALS k9.9 545
T = at+b ,

A straight line 'was fitted to these points - and. the slope "a" is
Just T, the quantity to be determined. According to the theory of

least squares

n n n
n I T.t, - n L 7
. 3=1 + 1 i=1 % =1 *
a = T = T = 5 (95)
noLot] - ( 5ty )
i=1 .=l y
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where n is the number of observabions. From the data of Table I

above then with n = 11

n
RN PR 3k.56
i=1
n
Lt = 5'5 »
i=1
n
5 t? = 3.85 ,
i=1
n

= )
.Z Ti 1G,9 .
i=]

Putting these values into Eguation (95), then

“ _ cm Vs
T o= 870 % (96)
At full absorption, the electron energy is determined by the second
anode potential which was measured on the panel meter to be 1500 volts,

Using Equation (86) to get the correction to the panel meter reading

for the 0-1500 vollt range,

A

il

0.038 (1500) + 7

57 + 7 = 6% volts (97)

it
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Hence, the beam energy EB was
E, = (1500 + 64) = 1564 ev. (98)

B

The beam power PB absorbed by the foil at this full absorption was

gl
i
=
.
il

1564 ev (0.21 pa)

il

328.3 uw . (99)

Tabulated below in Table IIT are the various beam powers P_ at

Ba

full absorption along with thelr corresponding @.

TABIE TIT. Calibration Data
PB = §w | T cm/min
0 : 0
%7.99 0.916
93.02 2.440
140.7 3.750
187.6 4.870
237.6 6.090
328.3 8.740

A plot of P_ versus T is made with the straight line fit forced to go

B
through the origin. The points fall well on a straight line as can be

seen by referring to Figure (lh). The best stralght line was fitted to



104

these points by means of least squares. Consider the slope of this
line to be the constant (Kl)”l, which is called the calibration
constant. The units of (Kl)"JL will be microwatts per centimeter

per minute so that
P. = K T (100)

Now according to the method of least squares, if the curve goes

through the origin then the slope (Kl)'l will be given by

D °
-1 iil (PB I)i
X = (101)
1 n V0
% (T')i
i=1

where n is the number of observations. From the data of Table 1171,

™M B

_ (PB T)i = 6028.49
i=1

n .2

T (T )i = 158.05 y
i=1

. -1 uw
so that (Kl) = 38 m -
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2. Determination of ZEE

When the beam energy 1s increased above that for full absorption
in the foil, the beam power absorbed in the foil (PB) will still be

given by

P, = (Kl)~l T (102)
since the temperature monitor is sensitivé only to the power absorbed

in the foil. In this case, however, the absorbed beam power will be

the product of the average energy loss in the foil (Zﬁ)‘andﬁthe»beam
current (iB). This incident energy of 11.9 XKeV is numerically equal

to the sum of potentials of the accelerator and the second ancde of

the electron gun. When the beam current was 0,150 microamperes at

this incident energy of 11.9 KeV, the observed @, determined by least

squares as before, was 3.62 cm/min. Therefore, AE is given by

=] -
I U TE R (103)
iB { 0.150 ua

&l
|
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3. Determination of £

The average path length Z is the sum of the average foil thickness
Ax and the average increase in path length meproduced.by scattering.
To determine Ax, the foil was punched out with a punch having a diameter
of 0.442 inch or 1.12 cm. Thus, the area (A) of the punched foil was

2
A = = QE‘ = §%—li-(l.le)2 = 0,99 ca” | (104)

The foill and standard 1, 2, and 3 mg weights were weighed in
the modified electrobalance. Weight measurements were actuzlly a
measure of the potewtial drop V across a wire wound resistor in series
with the torque motor. In Table IV, these measurements of V are
tabulated along with the corresponding weight. The V which is tabulated

is the average V for ten successive readings.

TABLE IV. Welght Measurements

Weight W, mg Vave(mv)
1.000% 118.025
2.000% 231.99
3.000% 346.31
foil** 9. L6k
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The weights designated wlth the single asterix were N.B.5. Class M

weights. Using these weights as calibration points, the constants

in the relationship

W = av + b (105)

were determined by least squares, where W is the weight in milli-

grams and V is in millivolts. The data of Table IV gives

a = 0.00876 =& ' (106)
mv
and
b = 0,.0333 mg. (107)

To get the weight of the foill, then

W = av + b

#

‘ 0.00876 (9.464) - 0.0333 ] mg

it

‘ 0.0828 - 0.0333 ] mg

i

0.0496 mng

W(foil)

49.6 png (108)
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The average foll thickness Ax in micrograms per square centimeter

is given by

_ M(foil) L9.6 mg . ug
- - = 50.3 &5 (109)

A(foil) 0.987 em” cm

s

To calculate the average increase in path length produced by scat-

tering, the simpler scatter theory was used, so that

t
N = 1)z ;/ﬁ o° at , (110)

o}

with
2 Y4aNZ (Z+1) eh (1~52) 1/3 e
° =t In | bx % (Z+1)Nt —— ,  (111)
2 L m v
m v - o] -
Q
N0
and W = i NA being Avogadro's number.

Consider for example an incident electron emergy of 10 XeV so that

0.34 x 1070 L,

sec

<
i

(1-52) 0.962 .

]
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For simplicity, let

bz, (Z41) el* (1-{32)
TSR

o (112)
m
Q
and & = lzl/3 (z+1) ™ (%)2 . (113)
(@)
Thus
t t
&r = 1/2 fatln(at)dt = ‘21 [ [tln6+tlnt -]dt
Q o] - =
FoL2 2 2
a t t t
= 5 [ "‘2-' In d + i) In t - —K ]
2
- % [ n 6+ 1nt ~1/2]
at® '
=T(m5t-1/2] (11k)
Now, for aluminum
N,p 23
N o= AL 6.02 x 1077 x 2.70 - 6.02 x 10°2 atoms )
A - ] cc
27
Z = 13,
and e = 4,8 x 10710 esu,
m_ = 9.11 x 10'28 Ea
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Using these values in Eguations (112) and (113), then

Q
il

T.25 X 10% en™t 5 {115

Ny

9.5 x 10° em™~ (126)

o
}

when the incident energy is 10 KeV. Since we have been considering

the 50.3 pg/cmg aluminum foil, then

2 -
£ = 29:§w&5189§. = 1.87x 1077 cm. (117)
2.70 gfem

Thus Al given by Eguation (llh) becomes

M = 0,154 x 107 cm
2
= 4.2 ug/em (118)
and hence,
- ol v 2
I = M+ N = (50.3 + 4.2) pg/em
- 2 \
= 54.5 pg/em (119}
Therefore
é%j - 913 ev 5 = 16.7 ev.__ . l6,7 Kevhay (120)
I 5hk.5 pg/em pe/cm mg/em”
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Be Data

Tabulated velow are the complete data for the 50.3 and 107.8 ug/cm2
aluminum foils in Tables V, VI, and VII. Table V is for the 50.3 ug/cm2
aluminum fodl. The data of Table VI is for the 107.8 ;Lg/cm2 aluminum
foil for incident energles of 11.25 to 62 KeV. For this data the
calibration constant (Kl)-l was larger than that of Table V because the
resistance in series with the temperature monitoring thermocouple was
10Q rather than 1Q shown in Figure (8). This decreased the sensifivity
of the temperature monitoring galvanometer so that the @ was lower for
a given beam power absorbed. The data of Table VII was for the 107.8
ug¢Cm2 aluminum foil for incldent energles of 22 to 102 KeV. In this
case the calibration was lower than that of Table V because the
temperature monitoring galvanometer G4 shown in Figure (8) was con-
nected directly across the thermocouple, The circuit for zeroing
the galvanometer was disconnected. This increased the sensitivity
of the galvanometer since there was less resistance in series with it.
Thus the % was larger for a given beam power absorbed and this resulted

in a smaller calibration constant.
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TABLE V. Stopping Power Data for the 50.3 p,g/cm2 Al Foil

P -
L
A dx )
3 . . B mg/cm
E(Beam) T Pp= 38T iy
Ke¥V cm/min uw pa ev Exp Theory
11.9 3.62 137 0.150 913 16.7 15.0
22.1 2.00 76.0 0.152 500 9.77 9.75
32.3 1.50 570 0.152 375 T 5 7,10
he.6 1.15 3.7 0.151 289 571 5,75
52.8 0.63 23.8 0.090 264 5025 4,98
1.26 47,9 0.182 263 5.23
1.83 69.6 0.270 258 5.13
Ave. H.20
62.9 1.65 62.7 0.270 232 L.62 b, 4o
72.9 1.40 53.2 0.270 197 3,91 3.90
82.8 1.22 b6,.3 0.270 172 3,42 3.60
1.09 b1k 0.269 154 3.06
Ave. 3.24
92.6 1.05 39.9 0.269 148 2,94 3.35
1.1k 43.3 0.270 160 3.18
1.28 48.6 0.270 178 3.5
Ave. 3.22
106.8 2.42 92.0 C.605 152 2,02 3.17
1.50 57.0 0.350 163 3.24
Avz=, 3,13
116.8 1.23 6.7 0.305 153 3.0k 3.11
2,08 79.0 0.495 159 3.16
Ave. 3,10
127.2 0.37k 1.2 0.090 158 3.1h 3,06
0.791 30.1 0.180 167 3.32
1.05 39.9 0.270 1L2 2,94
2,79 106. 0.705 151 3.00
2.69 102, 0.700 145 2.88
Ave. 3.05
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TABLE VI. Stopping Power Data for the 107.8 pg cm2 Al Foil
F
7 - ?g_ (§§9: KeV
E(Beam) T P=b7.1 & i B mg/cm
Kevy cm/min uw na ev Exp.

11.25 1.33 65.1 0.0255( 2552 19.20
1,20 58.9 0.0206| 2858 21.50

Ave, 20.3 + 1.32%
22 1.20 58.5 00,0572 1023 9.06
1.93 93,0 0,082k | 1129 _10,00
Ave, 9v53
32 2.ho 115.3 1,148 TTT 7.06
1.15 564 L06L 886 8.06
k.30 204.8 .238 860 782
Ave., .65
4o 1.99 96.0 .156 616 5072
3.80 181.2 «311 58k 5l
Ave. 5,56
52 3.60 171.5 »322 533 4.9k
1.80 E7.0 .159 546 5.07
Ave. 5.00
62 2.09 100.6 L192 523 4.85
3.56 169.7 «32h 525 h.87
Ave., 14,86

# Probable Error.
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ping Power Data for the 107.8 p,g,/cm2 Al Foil

TABIE VII. Stop]
P
oo B | (& _KeV
. . ZE - ZaB <dx>? o /Cnlg
£ (Eeam) T p~28.1 % iy &
KeV cm/min pv ua ev EXPa

22 740 209 0.191 1090 9,67
Ave. 9.56 + 0.33%

32 10,54 2.97 |0.39 T50 6.83
Ave. 7.40 + 0.41

42 3.88 110 0.170 648 _6.01
Ave. .71 ﬁ‘OOEO

52 5430 151 0.312 483 L. h8
Aveo. 4.83 + 0.21

62 6,10 172 0.342 504 k.68
Ave, 4.80 + 0,09

72 5 +20 1 0,342 1430 3.99

5.38 152 0,350 435 .03

3.29 93 0.203 461 h.28
Ave. 4.10 # 0,10

82 2,88 82 0.204 %03 3,74

535 151 0.371 LOT7 3.776

5.3k 151 0.372 hC5 376
Ave. 2.76 + 0.02

92 5.50 155 0.364 27 3.96

5617 146 0.368 397 3.68

2.75 78 0.20k 38k 3.6
| Ave. 3.7k + 0.1k

102 h,82 136 0.367 371 - 345

4,98 141 0.360 391 3.63

2.50 71 0.189 377 3.50
Ave. 3.53 f_OolO

¥ The averages include the data of Table VI. The error is the
probable error. :
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C. Error Analysis

The current measuring apparatus was calibrated before and after
each day’s worg. The measurements of the beam current were acpurate
to about 1l.5%. The panel meter used for measuring the accelerator
potential was a E%Jneter which was calibrated as described previously.
The second anode potential of the electron gun was also calibrated as
described earlier., Since the second anode potential determined the
beam energy at full absorption of the beam during the calibratidn,
the accuracy of the calibration depended on a knowledge of the second
anode potential. Both potentials were assumed to be known to within
2%.

The foil thickness depended on the welght of and area of the
punched out foil to determine the foll thickness in micrograms per
square centimeter. The diapeter of the punch used for punching out
the foil was measured to one part in 400. Tt was found that by weigh-
ing the foil above, and then welghing it with one or more National
Bureau of Standards, Class M weights, that differences of no more
than 1 microgram were found. Assuming the standard weights to be
exact, and using the average of the welght measurements, the foil
welght was accurate to within 1%. Thus the foil thickness in micro-

grams per square centimeter was accurabe to within 1%.
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In measuring the rate of temperature drift for a given beanm
power absorbed by the foil, the measurements depended on how accurately
the galvanometer scale can be read as the galvanometer drifted. The
times at which the measurements were made wére as accurate as the 60
cycle frequency of the AC voltage inasmuch as a sychronous motor
(10 revolutions per minute) was used to trigger a buzzer every 0.1
minute. The buzzer sound was the signal for making a temperature
measurement and thus the limitation on timing accuracy was human
reaction time, Since the galvanometer used in these mesasurements
had a gold fiber suspension and was exposed to room temperature
variations extraneous thermocouple effects were introduced. However,
these latter effects were small since the galvanometer usually drifted
back to its original zero position after each run. When the galvanometer
did not drift back to near its zero position, then the data was discarded

for that run.

The probable error27 is 0.67 times the standard deviation, where
n
— 2
s (x - xﬁ)
o C v i
[s] = = l ) (121)

n - 1

Here n is the number of observations, and x the average value of the

observations. Consider x to be the average measured stopping power

2
[ Yardley Beers, INTRODUCTION TO THE THEORY OF ERROR (Addison-Wesley,

Cambridge, Mass., 1953).
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of the 107.8 ug/cmg aluminum foil for 32 KeV &lectrons and the X,

to be the individual observation. If one uses the data of Tables VI

and VII, then

;{" = 7.1{.’0 KEV

mg/cm
and
(Fx)% = (7.50 - 7.06)2 -
(Fx,)° = (7.40 - 8.06)2 -
(%)% = (100 - 7.82)2 -
(§?xu)2 = (7.k0 - 6.83) =
Thus
2 - 1,§23 - 0.374

and the probable error (P.E.) is

P.E. = 0.67 (0.374)%/2

0.116

0.435

0.176

0.396

= O.41

(122)

(123)

(124)
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Thus the relative prcobable error determined in this manner was

P.E. _ O.41 5.5% . (125)
7.40

The errors associated with the various experimental guantities
have been evaluated previously. Errors in the measurements of iB,
the beam energy during a run, the same during calibration, and foll
thickness were respectively 1.5%, 2%, 2%, and 1%. Since these errors
are independent, then the over-all error of these factors is the square

root of the sum of the squares of each individual error, i.e.,

[ 2 ) 2 > /2
over-all error = (0.015)° + (0.02)° + (0.02)° + (0.01) ]

-

0.03% = 3.4% (126)

il

Da List of Symbols Used

Listed below in alphabetical order are the symbols used in this

work. The c.g.5. system of units was used unless otherwise specified.

a = effective atomic shielding radius = a_ 2”4/3 .
g % Bohr radius = 5.29 X l0"9 cm.

2
a = Ze  _ % .

hv 137 B
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B = V/c wiere v 1g the eleetron veloclty and ¢ is the velocity of
ligb.t P

b = impact parameter, the closest distance of approach of two
colliding partlcles 1f there were no force of interaction.

b = maximum Impact parameter at which an energy transfer can
max . X
oceur in the electrom-electron collisione.

bmin = minimum impact parameter In an electron-electron collision.

c = veleclty of light = 3 x 1510 em/sec .

-1 . . wabtts R . .

(Kl) = calibration constant in %57535" , which appears in the
relationship P = (k)™ it

7 = Lorentz factor = (1 - Be)l/a -

Ebias = bTias potential applied to bias discs on elther side of the
foll for repélling secondary electrons back into the foil.

E = - average energy lost by the incident slectrouns in the foil,
in unite of electron-volts. -

. -10

e = elestronic charge = 4.8 x 10 eSl.

€ = base of the natural logarithms = 2,71828

f£(0,dx)d® = probability for a single nuclear scattering between ©

and 6 + 40,

Gh ‘ denotes the galvancmeter used in monitoring the Toll temperature.

B = Planck's constant/2x = 1.0k x 1077 erg-sec.

iB = current of the electron beam strilking the foil in microamperes.

i# = Peltier cooling current; i.e., the current sent through the
cooling thermopile for precooling the foil below its environ-
mental temperature.

I = mean lonization potential of an gbsorver; 150 ev for Al.

K = thermal conductivity
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Kl, K2 = proportionality constants which appear in the relationsnip
T = K Py -%, (T-T.).
K. is in upits of SH2 |
1 nv
. =L
K2 is in units of min .
r = average path lenghth of the electrons going through the foil.
af = increase in path length produced by a single scatiering.
N = average increase in path length over the entire thickness
of the absorber.
. -28
m, = electronic rest mass = 9,11 x 10 g
NA = Avogadro's number = 6,02 X 1023 atoms /mole.
N.p 23
N = number of atoms per cublec centimeter = A = 6,02 X 2077 x 269 =
A
26.97
22
6.02 x 1077 atoms/cc for Al.
PB = iB AE = power lost by the incident electron beam in the foil
in units of micro-watts.
ds = increment of path taken by the scattered electron between
collisions.
do(©) = Rutherford differential cross section per atom for scattering
into a solid angle dfl.
3) = maximum scattering angle in a single collision of the incident
max .
electron with a nucleus.
°] = minimum scattering angle in a nuclear collision.
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increment of foll thlckness.
either the foil thickness or time
Ltime at which T = Tou

tEmperature(usually the foil temperature)measured in centi-
meters of deflection of the temperature monitoring galvanomefera

temperature of the enviromment and the thermopile reference
Junctions .

foil temperature at time 1 —» o ,

foil tempersature at time %

1

t o+ Ok,
o
foil temperature at time t = to - A,

initial temperature of the folil prior to heating it by the
electron beam.
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