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sheets of Qne grade emery paper, in such a way that all the activity
was retained on the paper. The p —g character of each new face
was checked by means of a thermoelectric probe. The activity of
the paper was measured in a 6xed geometry with a scintillation
counter. The weight of the sample was measured after each grind-
ing. The results for two samples are shown in Fig. 1. Here are
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F&G. 1. Plot of log (counting rate) es xg for the diffusion of radioactive
antimony 124 into a germanium single crystal at two temperatures, 900'C
and 8370C. The linearity of the plot on this chart is a test of the appli-
cability of the "5-function" solution. of the diffusion equation.

plotted the counting rate per unit weight of material removed,
ee'sos the square of the distance' from the original surface. This
plot is chosen to check an important point. If the original surface
layer could legitimately be considered to represent an in6nitely
sharp distribution (B-function), the theoretical distribution of
impurity should be given by the relatiorP

C= 0/(~St)-& exp',
'—x'//4Dt),

where C is the concentration of diffusing impurity (atoms /em'),
Q is the original surface density of impurity (atoms/cms), s is the
distance in centimeters, t the time in seconds, and D the diGusion
coeRicient (cms/sec}. Thus, the linearity of the curves on this
plot is a check on the validity of the 8-function solution, and the

slope of the linis obtained determines the diffusion coeQjcient.
The good linearity obtained in all our tests shows that in spite of
uncertainties that do exist, regarding the actual initial conditions,
including such effects as the formation of a liquid surface layer,
2-phase solid layers, effect of evaporation of the antimony, etc., all
these effects either involve such a negligibly thin surface layer or
are over within such a short time that they do not aGect the
diffusion in any important way.

Figure 2 shows the diffusion coefIicients for antimony at various
temperatures as measured by the p —n junction method and by the
radioactive tracer method. The results are seen to be in excellent
agreement. The average difference between the values of D
determined by the two methods is about 10 percent. The p —e
junction method gave uniformly lower values. The reason for this
may be sought in the tendency of a thermoelectric probe to balance
between p and n slightly on the e-type side, because of the ten-
dency of surfaces to be P-type and because of the higher mobility
of electrons than holes. However, a factor neglected in the radio-
active tracer method was the absorption of the emitted p-rays in
the germanium powder itself, and this may also acct the results
slightly.

The activation energy determined from the slope was 2.5 ev, or
57,000 cal/moL The value of Ds, the intercept of D on the I/2'=0
axis, was about 10 cd/sec. A calculation of Do based upon the
Langmuir-Bushman' diffusion equation gave a value Do 0.3.
The two values are in satisfactory agreement considering the
uncertainty involved in the Langmuir-Bushman equation, the
error in extrapolating for Do, and the possibility that the activation
energy is slightly dependent on temperature. Thus the diffusion is
a true volume diffusion and does not involve the "short circuits"
found by Nowick4 to play a part in many diffusion studies.

We should like to thank R. N. Hall for single crystal samples,
and J.H. Hollomon, J. C. Fisher, D. Turnbull, J. A. Burton, and
W. Shockley for helpful discussions.

~ A partial report of these studies was presented at the meeting of the
American Physical Society, January 31, 1952 [Bull. Am. Phys. Soc. 27.
No. 1, 41 {1952)],

j See %'. C. Dunlap, Jr., Bull. Am. Phys. Soc. 27, No. 1, 40 (1952).
& R. M. Barrer. DQ'fusion in end tkrolgh Solids (University Press, Cam-

bridge, England, 1941).
6 I. Langmuir and S, Dushman, Phys. Rev. 20, 113 (1922).
4 A. S. Nowick, J. Appl. Phys. 22, 1182 (1951).
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Fio. 2. Plot of the temperature variation. of the diffusion coeKcient for
antimony in germanium determined by the p -n junction method and by
the radioactive tracer method. The good agreement observed justi6es the
use of the p —n junction method for the measureme nt of diGusion in semi-
conductors.

'HE search for unusual x —
IM, decays in photographic emul-

sions has been continued. ' Electron sensitive G-S plates
have been exposed in the positive meson beams' of the University
of Chicago cyclotron. A total of 10,686 m —p decays have been
observed in C-2 and G-S plates where both the m- and p-meson
tracks stopped in the emulsion. Thirteen unusual events were
found among the 10,674 normal ~—p, decays. The data concerning
the unusual m —p, decays are given in Table I.

Event 12 is interpreted as a decay in Qight of a negative x-meson
and has been described elsewhere. ' The p-meson in event 13 did
not stop in the emulsion. The length of the p-meson track is 975
microns. The number of gaps along the p,-meson track has been
measured and compared with the gap density along a p;meson
track from a vr-decay which stops within 100 microns of the p;
me'son track of event 13. Using this method it was found that the
residual range of the p;meson track in event 13 is about 60 microns.
The long range of the meson track of event 13 is most probably due
to the decay in Qight of the positive x-meson. The observed short
ranges of the p;meson tracks in events 8 through 11 are possibly
due to the decay in Qight in the backward direction of the x-
mesons. Assuming that the short ranges of the p,-meson tracks in



TAal. E I. Characteristics of unusual ~-p decays.

Range of
p;meson Energy of

Type of track in p,-meson
Event emulsion microns in Mev

Measured
angle

between
directions

of %~ and pl
meson
tracks

Energy in
Mev of
~-meson
assuming
decay in

Sight

1a
2s
35
4a
Sa

C-2
C-2
G-5
G-S
G-S

G-5
G-5
C-2
C-2
G-S

120
185
290
416
430

441
470
258
260
444

1.6
2, 1

. 2.7
3.3
3.35

3.4
3.35
2,5
2.5
3.*

73
20
59
51
26

56
28'
93

113
160

5.0
16.6
6.6
8.3

15.4

5.1
15.4
1.7
O.V

0.03

11
12
13

G-S
C-2
G-S

476 3.5 117 0.09
828 4.8 10 0.05

1035 5.5 55 0.5

Events which do not appear to be decays in flight of the ~-mesons.
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events 1 through 7 are due to the decay in Bight of the x-mesons,
the energy of the ~-mesons at the time they decayed can be cal-
culated from the directions of the x- and p-mesons and the ranges
of the p-meson tracks. In events 1 through 7 the grain density near.
the ends of the m.-meson tracks is clear'ly inconsistent with the
assumption of decay in Right of the ~-mesons. However, it cannot
be entirely ruled out that the m-mesons were scattered through a
large angle in the last one or two grains and subsequently decayed
in Bight in the backward direction. From a study of the 1arge
angle scatterings near the end of the m-meson tracks of normal
x-p decays, it was found that the probability of large angle

. scatterings is quite smal'I, hence the probability that a g-meson
would be scattered and subsequently decay in Bight is extremely
small (~10 '). For this reason it seems quite certain that the
short ranges of the p,-meson tracks in events 1 through 7 are not
due to the decay in Bight of the m-mesons. A decay electron track
is observed from the end of each of the p-meson tracks which
stopped in 6-5 plates. A study of the grain density and the total
energy of the 8-rays along the p-meson tracks indicate that the
p,-mesons were ejected with a lower velocity than in normal
x —p, decays. The range distribution of p-mesons from ~-meson
decays in C-2 plates has been studied. From this study it is con-
cluded that the events where the ranges of the p-meson tracks are
less than 480 microns cannot, be due to straggling. Correcting for
the increased probability that short p;meson tracks will end in the
emulsion, the ratio of unusual m. —p, decays I'range of the p;meson
track &480 microns) to normal x —p. decays is then 2.8+1.2&10
if the events which can be explained by decay in Bight are not
included. A micro-projection drawing of event 4 is shown in Fig. 1.

Short p;meson tracks from m-meson decays have also been
found by Powell, 4 Smith, s and Seifert, Bramson, and Havens. 6 A
theoretical explanation of the occurrence of unusual ~—p decays
in terms of soft photon emission has been given independently by
Primakoft, ~ Eguchi, ' and Nakano, Nishimura, and Yamaguchi. '
The percentage of unusual m —p, decays and the energy distribution
of the p-mesons appear to be in general agreement with the
theoretical predictions based on a soft photon emission accompany-
ing the charge acceleration of the p-mesons from the m.-meson
decays.

The author is indebted to Dr. M, Schein for the use of the
facllltles of the cosm1c"I'Ry laboratory Rlld fol' suggcstloIls Rnd
encouragement. The author is also indebted to Dr. J.K.Knipp Rnd
Dr. J. J. Lord for many helpful and stimulating discussions. A
portion of the plates was supplied by Dr. R. Sagane to whom the
author is very grateful. The author is also indebted to Dr. H. L.
Anderson and the cyclotron group for many exposures to the large
cyclotron. Three of the unusual events were found by Miss M.
MCLean.
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FIG. 1. An unusual vr -p, —e decay which is listed as event 4. The w-p,
junction is indicated by arrow A and the p, —e junction by arrow B. The
range of the p,-meson track is 416 microns. The norma& range of the p-meson
tracks from decays is about 600 microns,
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N attempt has been made to detect the polarization of the
fast, neutrons of the D-D reaction at very low bombarding

energies. Various descriptions ' of the interactions in the D-D
reaction result in the possibility of a polarization of the D-D
neutrons. A method proposed by Schwinger' to detect polarization
of fast neutrons was used in this experiment. The experimental
arrangement is shown in Fig. 1.

Following Schwinger s notation, 8~{8~) is the fraction polarized
of neutrons eInelglng fl'OIn soulce at angle 8l and I2(02) ls the
fraction of the neutrons polarized by the Pb scatterer emerging
from the scatterer at angle 8~. The ratio of the neutron intensities,
I, at positions 1 and 2 is given by

1+~i(~i)&~(A)
Il 1—El(gl)Pg(gg}'


