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FIG. 1. Blocks 1, 2, 3, 4, and § result from differences in adjusted counter-
telescope curves at various latitudes. The smoothed curve is a plot of an
empirical relationship that fits the ionization data with experimental errors.

extrapolated behavior of known curves for lower minimum
momenta of the primaries. This block is admittedly the least well
determined of the set. The chief difference between the present
results and those published by Bowen, Millikan, and Neher in
1938,8 is in the abscissas.
An empirical expression that fits the experimental data is as
follows:
EN(E)=0.048E"3/(14-0.09E¢/3)3/2, 1)

where E is measured in units of 10° ev. EN(E)dE is the energy in
Bev cm™2 sec™! steradian™ brought to the earth by protons whose
energy lies between E and E+dE. The differential number dis-
tribution is then

N(E) =0.048 /[ E3(1-0.09 E*/3)3/27, )

The integral of this last equation, giving the numbers of primary
particles with energies larger than E, is plotted in Fig. 2.

In justification of these expressions the following may be cited:
(a) The expression (1) may be integrated directly and gives a total
energy of 0.418X10° ev cm™ sec™ sterad™? for all particles at the
vertical in Peru. The experimental value is 0.413 in the same units.
(b) A similar integration for Bangalore, India, yields 0.35 as
against the experimental value 0.34. (c) From 0.4X10° ev to «,
it gives 0.787 as compared with 0.774 for Saskatoon. (d) It gives a
dependence on E of E~2%7 for the differential number distribution
at very large E. This is within the limits of the exponent found
by Hilberry® to be necessary to explain extended showers.
(e) It gives an effective dependence on E of E'! for the
integral number spectrum in the range 2 to 12X10° ev. This
is the distribution found necessary by Van Allen and Singer®
to explain their results using rockets. (f) It gives a ratio in the
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F1G. 2. The integral number distribution of the pnmary cosmic radiation
deduced from the empirical relationship given in Fig. 1. For data of Van
Allen and Singer, see reference 9.

LETTERS TO THE EDITOR

total number of particles at 50°N and 30°N of 3.4, as compared
with the value of 3.5 found for all primaries by Bradt and Peters.1®

The presence of particles heavier than protons in the primary
radiation will affect only the constant in the numerator of Egs. (1)
and (2), provided the relative numbers of different particles are
not dependent on the momentum, as it seems to be from the work
of Bradt and Peters.1?

The application of Liouville’s theorem to be charged particles
moving in the magnetic field of the earth implies that the found
energy distribution of the primary cosmic-ray particles is also
their distribution in space.

As has been pointed out by Van Allen and Singer,® and by
Winckler ef al.,!! a discrepancy of about a factor of 2 exists between
the numbers of primary particles determined directly near the top
of the atmosphere and that found by taking the area under ioniza-
tion curves. The, as yet undetermined, albedo effect will tend to
make the directly measured value at high altitudes too large,
while energy losses due to neutrinos will tend to make the numbers
computed from ionization data too small. The small east-west
effect measured at very high altitudes®! is good evidence that
the albedo, or general background, is important, at least at the
Equator.

Further details are being published elsewhere.

* Assisted in part by the joint program of the ONR and AEC.
1A, T. Biehl and H. V. Neher, Phys. Rev. 78 172 (1950).
2 M. A. Pomerantz, Phys. Rev. 77, 830 (1950).
’ Bxehl Neher, and Roesch, Phys. Rev. 76, 914 (1949).
H. V. Neher and W. H. Pickering, Phys. Rev. 61, 407 (1942).
‘Blehl Montgomery, Neher. Pickering, and Roesch Revs. Modern
Phys 20, 360 (1948).
¢ Bowen, Millikan, and Neher, Phys. Rev 53, 855 (1938).
7 H. V. Neher, Phys Rev. 78, 674 (1950).
8 N. Hilberry, Phys. Rev. 60, 7 (1941).
9J. A. Van Allen and S. F. Smger, Phys. Rev. 78, 819 (1950).
10 H, L. Bradt and B. Peters, Phys. Rev. 77, 66 (1950
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Observations of Zener Current in
Germanium p-n Junctions*
K. B. MCAFEE, E. J. RYDER, W. SHOCKLEY, AND M. SPARKS

Bell Telephone Laboratories, Murray Hill, New Jersey
(Received June 11, 1951)

N 1934 Zener! published a theory of excitation of electrons
directly from the valence band to the conduction band under
the influence of high electric fields. For this purpose the energy
gap of width &g is treated as a region of negative kinetic energy
in which the wave function is attenuated, so that the probability
of penetrating the gap is approximately

J=exp[—(x*/h)(2m)*¥Ee}/eE], )

where m is the effective mass and E the electric field; this formula
differs from Zener’s by being extended to larger energy gaps.
The number of oscillations per second in the valence band is

v=eaE/h, (2)

so that the current per unit cell, containing z/a® electrons, is
evfz. If the field is uniform over a certain region and produces a
voltage drop V, then the Zener current per unit area is

I=eVzf/ath=V exp[a—(8/E)]
= V10(11—1°7E>amp/cm’, 3)

the last form corresponding to the constants for germanium and
an effective mass equal to the electron mass, V being expressed
in volts, and E in volts/cm.

Measurements of the Zener current have been made across
p-n junctions in germanium, formed in a single crystal by using
arsenic as the donor impurity and gallium as the acceptor.™
Figure 1 shows the reverse i—e characteristic of the junction
plotted on a log-log scale over five decades of current. The critical
voltage gradient across the junction was measured by determining
the behavior of the capacitance of the junction against the reverse
bias voltage. The slope of the logV versus logC plot for the junc-
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Fi1G. 1. Current-voltage characteristic for a p-» junction.

tion was 3, as is expected for a constant gradient of impurity
concentration across the junction.® From the measured capaci-
tance of the junction it is possible to calculate the maximum
voltage gradient across the junction, which occurs at the midpoint.

The general behavior of the curve is in agreement with theory,
and the rapid increase in current with voltage is consistent with
Eq. (3), which gives

dInl/d InV=1+4(28/3E) 4)

for ExVi For V=8 and I=2.5X10"% Eq. (4) becomes 23,
whereas the slope in Fig. 1 is 24. In agreement with out observa-
tions, the Zener current should cause no permanent damage, since
it corresponds to field-induced generation of hole-electron pairs in
the junction which are separated by the field, leaving an un-
disturbed valence bond structure.

The field for appreciable currents deduced from Fig. 2is 2.2X 105
volts/cm, whereas Eq. (3) gives 6.9X10% volts/cm. The dis-
crepancy may be due to the poorness of the approximation (1).
A group of junctions having critical voltages varying from 1 to
10% volts due to differences in concentration gradient all have
critical fields of about 2< 105 volts/cm. The high critical voltage
junctions were measured under pulse conditions to avoid heating
effects; heating is negligible in the low voltage units.

An alternative explanation of the “breakdown” phenomenon
might propose the production of secondary electrons by the normal
saturation current flowing through a critical field. This mechanism
was eliminated by comparing the high field current when the speci-
men was dark and when illuminated sufficiently to change the low
field saturation current* by a factor of about two. It was found that
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Fi1G. 2. Capacnty-voltage characteristic for a p-n junction.
(A dielectric constant of 16 is assumed.
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the increase in current was the same both below and above the
critical breakdown voltage, i.e., that the photocurrent was not
multiplied in traversing a barrier biased at greater than critical
field strength.

Investigations are now being carried out to determine to what
extent “patch effects” are important and to compare temperature
and pressure coefficients with theory.

We are indebted to our colleagues H. R. Moore, G. L. Pearson,
W. J. Pietenpol, G. K. Teal, and W. van Roosbroeck in connec-
tion with this study and to F. Seitz for a stimulating question
regarding secondary currents.

* This material was presented on March 9, 1951, at the 304th meeting of
the Amencan Physical Socxety, Phys. Rev. 82 765 (1951

C. Zener, Proc. Roy. Soc. (London) 145, "523 (1934) See also W. V.
Housmn. Phys. Rev, 57, 184 (19

2 Teal, Sparks, and Buehler, Phys. Rev. 81, 637 (1951).

(lsggucher. Pearson, Sparks, Teal, and Shockley, Phys. Rev. 81, 637

4 W. J. Pietenpol, Phys. Rev. 82, 120 (1951).
8 W. Shockley, Bell System Tech. J. 28, 444 (1949).

Erratum: Radioactivity of Ag!!t, Cd!!t, In'!!, and Sn't!
[Phys. Rev. 81, 734 (1951)]

CArRL L. McGINNIS
Department of Physics, University of California, Berkeley, California

HE formulas of Egs. (1) and (2) should read N../N.
=Qx(1—e ™) and N oo/ (N errrt-N e2a)=2Quy(1—€7) [(5+y),
respectively.

Asymptotic Expression of the Thomas-Fermi
Function for a Packed Atom*

Kwar UMEDA

Department of Physics, Faculty of Science, Hokkaido University,
Sapporo, Japan
(Received May 28, 1951)

HE Thomas-Fermi function ¢(x) for an atom packed in a
finite volume, i.e., the TF function with the initial slope
B<B, (=1.58808), has recently become of interest because of
its role in the theory of solids under high pressure. Since it is
given hitherto merely numerically and only for several values of
the atomic radius, its approximate expression in a closed form is
strongly desired.

For a free atom (B=By) as well as for free ions (B> B,), we
have indeed the well-known Sommerfeld asymptotic formulas.!
Now, since a packed atom probably has a finite radius, like an
ion, it seems reasonable to treat it by a procedure wholly analogous
to that used by Sommerfeld for an ion, provided that the indeter-
minate constant 4 in Eq. (36a) of the Sommerfeld paper is deter-
mined by means of an alternative boundary condition at the
surface, x=xo, of the atom:

&' (20) = (%0) /%0. 1)

By this method, we have obtained a definitive asymptotic ex-
pression for the TF function for a packed atom with a finite radius
%9, in TF units,

(@) =[1/A+2M2T{1+ A [(1+2)/(A+z) TP}, ()

Ao=(d20+1)/LOA+3)z0—1], z=(x/12D},
M= 7772, )\50.772, 7\1/)\= 10.067.

The coefficient 4o converges to 1.06 with increasing radius and
can be taken in practice as 1.2 for x> 5.

In spite of the fact that our method seems at first sight to be
not so successful, the values of Eq. (2) for xo>5 are in a surpris-
ingly good accord with the exact solutions computed numerically
by Slater and Krutter2? For the atom packed as extremely as
20<2.5, however, Eq. (2) departs too much to be useful, as would
be expected, since for the smaller values of x, the starting assump-
tions, i.e., the adequacy of the asymptotic treatment and the

where



