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TABLE I. Comparison of measurements on germanium.

Experimenters

Temperature

Electron mass

Hole mass

Benedict, Shockley

160-300'K
0.6 mp

=0.45 mp

Lax, Zeiger, Dexter

0.12 mo

0.27 mo

Crawford, Stevens

65—300'K
0.15 mp+0. 02 mp

0.23 mp&0. 03 mp

Present

200'-300'K
0.10 mp&0. 05 mo
0.08 mp&0. 04 mo
0.29 mo~0. 05 mo
0.32 mo&0.05 mp

work by Abeles and Meiboom" on magnetoresistance
in germanium. They find agreement between their
theory and the experimental results obtained by Pearson
and Suhl'4 at 77'K and 300'K on e-type germanium if
they assume the eight ellipsoidal model and a mass
ratio of 20. The mass ratio obtained in the resonance
experiments was 17.

'e B.Abeles and S. Meiboom, Phys. Rev. 95, 72 (1954).
'4 G. L. Pearson and H. Suhl, Phys. Rev. 83, 768 (1951).

The authors are indebted to Dr. B. Lax and Dr. H.
Zeiger, of the Lincoln Laboratory, for helpful discus-
sion; to Professor W. P. Allis of this Laboratory for
help with the theory; and to Dr. John A. Hornbeck, of
the Bell Telephone Laboratories, and Professor J. Earl
Thomas, of the Lincoln Laboratory, for supplying the
germanium samples. They would also like to thank Dr.
C. Herring, of the Bell Telephone Laboratories, for
permission to use his results prior to publication.
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Direct Measurement of the Effect of Polarization on Energy Loss*
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The energy losses suRered by 15.7-Mev electrons in traversing samples of about one gram per cm' of
absorber in gas and solid form have been measured. Two pairs of absorbers have been used; perfluorocyclo-
butane gas and its polymer, tetraRuoroethylene resin, Teflon, " and chlorotrifIuoroethylene gas and its
polymer, "Kel-F" plastic. The losses measured were of the order of one Mev and the resolution of the
apparatus made possible an accuracy of 20 kev. The measured losses compared with theoretical predictions
are as follows: Teflon —gas 1.33 Mev by experiment and 1.33 Mev by theory, solid 1.27 Mev by experiment
and 1.24 Mev by theory; Kel-F—gas 1.29 Mev by experiment and 1.33 Mev by theory, solid 1.09 Mev
by experiment and 1.11 Mev by theory.

INTRODUCTION

HERE has been a long series of discussions and
experiments presented and performed in the

study of ionization losses of charged particles in passing
through material media. ' " Many of these have pur-
sued, in particular, the eGect of the density of the
medium upon the ionization loss suffered by a charged
particle in traversing that medium. In most cases this

* Supported by the joint program of the Once of Naval Re-
search and the U. S. Atomic Energy Commission.

'M. S. Livingston and H. A. Bethe, Revs. Modern Phys. 9,
285 (1937).

e L. Landau, J. Phys. (U.S.S R.) 8, 201 (1944).' E. Fermi, Phys Rev. 57, 485. (1940).
4 O. Halpern and H. Hall, Phys. Rev. 73, 477 (1948).
e G. C. Wick, Nuovo cimento (9) 1, 302 (1943).
e R. M. Sternheimer, Phys. Rev. 88, 851 (1952).
~ T. Bowen and F. X. Roser, Phys. Rev. 85, 992 (1952).' C. S. Carter and W. L. Whittemore, Phys. Rev. 87, 494 (1952).
' A. Hudson and R. Hofstadter, Phys. Rev. 88, 589 (1952).
"Charles Warner, III, and Fritz Rohrlich, Phys. Rev. 93, 406

(1954).
"Palmatier, Meers, and Askey, Phys. Rev. 94, 766 (1954)."Goldwasser, Mills, and Hanson, Phys. Rev. 88, 1137 (1952).

change in ionization loss (density or polarization effect)
has been observed indirectly. It was the purpose of the
present work to observe the diQ'erence directly by
passing 15.7-Mev electrons through equal numbers of
grams/cm' of gases and solids of the same chemical
composition.

EXPERIMENTAL ARRANGEMENT AND PROCEDURE

The experimental arrangement and procedure fol-
lowed were almost identical with those employed in the
measurement of ionization loss and straggling of fast
electrons. " For future reference the paper describing
that work will be referred to as G.M.H. The experi-
mental arrangement is shown in Fig. 1. The absorbers,
both solid and gaseous, were contained in a brass
cylinder 16 in. long and 2 in. in diameter. The ends of
the cylinder were sealed with 5-mil foils of "Mylar"
61m. The entrance end was stopped down to a 1-in.
diameter circular hole. The exit end was at the center

of the scattering chamber and contained a horizontal
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FIG. 1. Side view ofo absorber and analyzer.
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e' 1
ln =P —ln

Zeff & Q Z'
(3)

Here n; and Z; are the electron density and atomic
number of the ith component of the compound. The
values of I calculated above then correspond to E= 14.6
for TeQon and X=14.0 for Eel-F. These numbers are
somewhat higher than would be expected from the
work of Bakker, Mather, and Segre'4" as corrected by
Sternhelmer. 16

Equation (1) does not take into account the shielding
effects occurring in condensed media as a result of the
polarization of the medium in the region of the path of

TABLE I. Theoretical and observed values of energy losses and
straggling distribution widths in gaseous and solid samples.

proportional to the atomic number, Z, and is commonly
expressed in the form I=EZ. For the chemical com-
pounds of this experiment, it may be written

I—EZef f)

where the effective Z of the compound is given by:

DISCUSSION OF RESULTS

As described in G.M.H. , the experimental data are
more sensitive to the position of the "upper-half point"
than to that of the peak of the straggling distribution.
The "upper-half point" is the point having one-half of
the peak intensity value and lying on the high-energy
(steep) side of the peak. The shape of the Landau
distribution is such that this point is related to the
most probable value by the equation, 6~=6„—1.5850.
In Table I are given the unnormalized experimental
results and corresponding theoretical values. The full
width of the straggling distribution at —, intensity, F,
is a parameter useful in considerations of the shape of
the distribution and is also presented below. It was
impossible to obtain identical gas and solid sample
thicknesses. Therefore, for convenience, in plotting the
results the parameter used is 6;/Se, since this has only
a very small dependence on sample thickness. A small
correction, +ln (D„~;q/D„.), has been applied to

TABLE II. Theoretical and observed values of the reduction
in ionization loss by the density effect, for the two pairs of ab-
sorbers used.

D P
g/cmP g/cmp

Sp
Mev

Expt. Theory

Mev I'/Sp Mev F/Sp Observed
a(s~/Sp)

Theory

F2C Solid 0.9832 2.09
gas 0.9003 0.0218

F3C2C1 Solid 0.8889 2.13
gas 0.9135 0.0221

0.0725 1.27 4.7 1.24 3.98
0.0664 1.33 4.4 1.33 3.98
0.0657 1.09 4.7 1.11 3.98
0.0675 1.29 4.6 1.33 3.98

FgC
F8C2CI

2.8m 0.4
2.6&0.4

3.0
2.6

the charged particle. This phenomenon has been treated
theoretically by many authors. ' ' All agree in one
essential; that as the energy of the particle increases,
its rate of energy loss asymptotically approaches a
limiting value. As shown in G.M.H. this value is
independent of the constant, I. The asymptotic value
of the most probable energy loss is:

~n, =SeL19.43+ ln(D/p) 3, (4)

where p= volume density of the absorber in g/cm' and
D= surface density of the absorber in g/cm'.

In between the region of no density eGect and that
of the asymptotic value of energy loss, the energy loss
can be calculated by methods given by Sternheimer. '
The solid and gas samples used in this work have
density ratios of about 100. For the electron energy
used, the gases both lay in the region of very small
density eGect, the solids in the region of asymptotic
energy loss.

"C.J. Bakker and E. Segrh, Phys. Rev. 81, 489 l1951).
'~ R. Mather and K. Segre, Phys. Rev. 84, 191 (1951}."R.M. Sternheimer, Phys. Rev. 93, 351 (1953}.

normalize the thickness of each gas sample to that of
its solid. The experimental results and corresponding
theoretical curves, normalized in this way, are pre-
sented in Figs. 2 and 3.

The agreement of theoretical and experimental
energy losses is well within the accuracy of the data.
A systematic broadening of the experimental straggling
distributions is observed. This was not true of the
work described in G.M.H. and is thought to arise
from electrons scattered from the walls of the brass
sample container.

A comparison of the observed and calculated density
efFect, 8(A;/Se), is made in Table II. The indicated
errors are based on a 20-kev uncertainty in the absolute
measurement of each energy.
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