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F1G. 1. Heat capacity of niobium below 6°K.

A Cy/T vs T2 plot of the experimental data for the super-
conducting phase at the lowest temperatures is shown in Fig. 1
(open circles). The solid line through the origin gives the best
fit for a 7% specific heat dependence with no linear term, i.e.,
C,=464(T/6,)3, with 0,=161°. (Superconducting data at higher
temperatures are shown in Fig. 2.) It will be noted that below
4.5°K the data lie below the solid line, the departure being
definitely greater than the estimated experimental error. It thus
appears that for niobium the superconducting specific heat below
4.5°K falls off more rapidly than a 7% law would allow. It would
be of considerable theoretical interest to know whether a de-
parture of this kind is a general property of the superconducting
phase at very low temperatures or whether this behavior is
peculiar to niobium, or to take a more pessimistic point of view,
only to the present specimen. There is not enough information on
low temperature heat capacities to choose among these possi-
bilities. In the published papers on low temperature heat capacities
this effect either has not been noticed or the data have too much
scatter to determine if it is present.
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F1G. 2. Heat capacity of niobium below 20°K.
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In contrast with the behavior of the specific heat in the super-
conducting phase, the specific heat in the normal phase follows
the usual relation C,=+vT+464(T/6,)3, where in this case the
constants 6, and y are 254° and 21.0X10™* cal/mol-deg?. The
specific heat expressed in this way fits the data from the lowest
measured temperature to about 12°K, above which the experi-
mental pomts fall below those predicted by the equation (see
Fig. 2). This is interpreted as indicating that the Debye charac-
teristic temperature changes, a value of 268° being appropriate
to 20°K. This behavior was expected since earlier determinations
of the specific heat made in this laboratory at liquid nitrogen
temperatures gave a value for 8, of about 280°.

If we assume an ideal case for which the superconductor follows
the parabolic relation, H=Hy(1—T2/Ty?), between the critical
magnetic field, H, and the absolute temperature, and also for
which the superconductor has thermodynamically reversible
transitions between the normal and superconducting phases, then
a number of well-known relations’ hold among the following
quantities, Ho, (dH/dT)T=1o, v, To, TCn=Cs, (AC)T=15. (The
last four of these were determined independently in this experi-
ment.) With the aid of these relations, any pair of experimental
values, except the pair T and T'c,=cs, serves to determine all the
other quantities. When H, is chosen to be 1960 gauss (a value
considerably lower than any previously reported), complete con-
sistency was found between the theoretical relations and the
experimental data. In other words, the heat capacity data re-
ported here correspond to the behavior of a sample of niobium
which undergoes reversible transitions and which. follows the
parabolic relation with the constants Hy=1960 gauss, To=38.7°K.
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Total Collision Cross Sections of Negative Atomic
Iodine Ions in Nitrogen and Argon
FraANk L. MCCRACKIN

National Burean of Standards, Washington, D. C.
(Received February 14, 1952)

HE total collision cross sections of positive ions in gases have
been measured for several cases,! but no previous measure-
ments have been reported for negative ions. A convenient instru-
ment for measuring these cross sections is a Bennett radio-
frequency mass spectrometer.?

The source of negative atomic iodine ions was an oxide-coated
cathode that had been previously exposed to iodine fumes. The
iodine poisoned the cathode so that it emitted negative iodine
ions but no electrons when heated. These ions were accelerated
and passed through the mass spectrometer, and a fraction of
them was detected at the plate of the spectrometer. If I, is the
current due to the iodine ions at the plate of the spectrometer
with a high vacuum in the spectrometer tube, the ion current I,
when gas at a pressure p is introduced in the path of the ions, is

I=Tog oPLIFT,

where ¢ is the cross section for collisions between the ions and gas
molecules which prevent the ions from reaching the plate, L is the
distance the ions travel in the gas, & is Boltzmann’s constant,
and T is the temperature of the gas. The value of ¢ can be calcu-
lated from the slope of the straight line obtained by plotting
InI against p. Some typical curves are shown in Fig. 1.

The Bennett mass spectrometer does not require that the ions be
formed in a narrow beam, so a measurable ion current is more
easily obtained than in a magnetic type of spectrometer. Measure-
ments were made at pressures from 107 to 6)X10™* mm of Hg.
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F16. 1. Typical curves used to calculate the total cross section of ions of
400-volts energy in argon. The réadings indicated by triangles were taken
as the pressure was increased, and then the readings indicated by circles
were taken as the pressure was reduced.

These pressures were measured on an ionization gauge calibrated
for each gas. A weak magnetic field applied across the jon beam
swept out stray electrons.

Considerable scattering of the measured cross sections was
observed, which was partially a result of variations in emission
from the cathode during a particular run. This variation can be
seen in Fig. 2. The gases used should not react chemically with
the cathode and did not appear to affect the ion yield. The tem-
perature of the cathode was measured by means of a thermocouple
but was found not to vary appreciably with the gas pressure or
variations in the heater current. Therefore the variation in
emission was not mainly caused by variation in the temperature
of the cathode or gas pressure.

The types of collisions that are expected are elastic collisions,
de-ionization of the iodine ion by a neutral molecule, and in-
elastic collisions. Charge transfer is not possible, as the gases
used do not form negative ions. De-ionization of a negative ion
produces a neutral atom which will not be detected. The energy
selection of the spectrometer prevents all ions slowed down by
more than one volt from reaching the plate. Therefore, all ionizing
and nearly all inelastic collisions are included in the measured
cross section. Elastic collisions prevent the ions from reaching
the plate if the decrease in the velocity along the axis of the tube
corresponds to more than one volt. For ions of 20 volts energy
this corresponds to scattering of more than 6° and for ions of
400 volts, more than 1.4° from conservation of energy and
momentum.
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F1G. 2. The measured cross sections for collisions of negative
iodine ions in argon and nitrogen.

The average value of the measured cross section in nitrogen was
9% 1071 cm? The measured cross section was constant within
the accuracy of the measurements from 100 to 400 volts. The
average value of the measured cross section in argon was 14X 1016
cm?. The measured cross section appeared to decrease slightly
from 10 to 400 volts, and the decrease was on the borderline of
experimental error. The accuracy of both averages is estimated to
be £3X 10716 cm?.
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Diffusion of Donor and Acceptor Elements
into Germanium*
CALvIN S. FULLER

Bell Telephone Laboratories, Murray Hill, New Jersey.
(Received January 25, 1952)

HEN donor or acceptor elements diffuse into p-type or

n-type germanium, respectively, pn barriers are formed.

By determining the distance of these barriers for two specimens

of different but known original conductivities, the diffusion

constant, D, as well as the surface concentration, Co, can be
determined from

=Co erfc[

=Co erfc[ 1

2(Dt)*] M 2(Dt)*]
where o1, o2 are the original conductivities in ohm™ cm™!;
g=celementary charge, 1.6X 10719 coulombs; u=carrier mobility,
3600 cm?/volt sec for = type, 1700 cm?/volt sec for p-type;
erfc=error function complement,

= \/rfxﬂ(Dl)) exp(——ﬁz)dﬁ;

%1, xg=corresponding diffusion distances of barriers in cm;
D=diffusion constant in cm?/sec; ¢{=time in seconds, and
Co=the surface concentration in cm™3, assumed to be constant
and the same for both specimens.

In Eq. (1) the quantity ¢/qu is the concentration of the carriers
in the original germanium. This at the boundary is equal to the
concentration of diffusing atoms if we assume each atom supplies
one electron to the conduction band or one hole to the filled band.

Thus, in a given experiment, Eq. (1) allows D to be calculated
from the ratio of the conductivities (p or #) of two specimens
exposed to the same surface concentration of donor or acceptor
element, respectively, from the relation

erfc [ 3 (gt) ’] / erfc [ 7 (f;t) 9] = %. (2)

When D is known, Cy is obtainable from (1).

Specimens of single crystal' p-type germanium containing
gallium have been subjected to both arsenic and antimony
diffusion. Similar specimens of #-type germanium have been
diffused with indium. The barrier positions were determined by
means of a “cold” tungsten probe employing contact rectification
as an indicator and by means of a ‘“hot” tungsten probe con-
nected to a galvanometer to measure the sign of the thermo-
electric voltage. The hot probe method in most instances gave
somewhat lower values for the barrier distances. Values of D

TaBLE I. Data for antimony and arsenic diffusion into germanium.

o1 o2
T  (Time)* (ohm-1 (ohm™ x2 D X101 Co
(°C) (sec) em71) cmY (cm) (cm) cm?/sec (cm™3)
Antimony
710 778 14.5 1.12  0.0038 0.0045 0.03 2.0 X102
755 761 11.1 0.50 0.0084 0.0123 0.13 3.2 X101¢
810 564 32.3 1.08 0.0152 0.0229 0.76 1.8 X1018
850 922 52.6 1.25 0.0350 0.0399 0.37 1.0 X1022
850 704 52.6 1.25 0.0186 0.0265 0.51 2.9 X1019
850 481 13.5 1.30 0.0166 0.0217 0.96 4.4 X108
850 481 13.5: 1.30 0.0180 0.0227 0.96 7.0 X101
905 408 32.3 1.08 0.0154 0.0263 2.3 7.2 X1017
Arsenic
710 778 13.5 1.12 0.0064 0.0075 0.01 1.0 X1020
750 831 1 1.30 0.0127 0.0138 0.05 1.0 X10208
(0.09)2
755 761 11.1 0.50 0.0150 0.0164 <0.04) 1.0 X1020a
.14)=

800 613 16.7 5.6 0.0112  0.0133 0.36 3.0 X1018
800 487 16.7 8.3 0.0038  0.0052 .36 3.0 X107
850 701 76.9 12.5 0.0183  0.0350 1.2 1.5 X108
850 920 76.9 12.5 0.0169  0.0355 0.79 2.2 X1018
905 701 14.3 1.08 0.0222 0.0333 1.4 1.0 X108

a These values of D are calculated assuming Co=1.0 X102,



