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integrated flux shown in Table I, it is concluded that no
evidence of radiation annealing ‘is found. The best
value for the resistivity change per (electron per cm?),
from five runs, is (8.2541.2) X 10~2" ohm cm/ (electron/
cm?). This uncertainty in rate of resistivity change is
the total absolute uncertainty which includes the un-
certainties in the various quantities used to derive p.,
the resistivity change per (electron per cm?). The value
of p, measured in this experiment is about 20 times that
previously measured by Meechan and Brinkman® at
liquid nitrogen temperatures.

The simplest model of the electron radiation damage
process assumes that one isolated interstitial and
vacancy combination is formed in every collision in
which a copper nucleus receives more than 25 ev of
kinetic energy. The calculated cross section for this
process is 44 barns® and this, coupled with our measured
value of p., gives a value of 1.88 wohm cm for the
resistivity of 1 atomic percent of Frenkel defects.
Recent theoretical estimates of this number are given
in Table II. Although the agreement with Blatt’s value

TasBLE II. Theoretical estimates of resistivity for 1 atomic percent
of defects (in wohm cm).

Reference Vacancies Interstitials Frenkel pairs
Dexter? 04 0.6 1.0
Jongenburger® 1.3 5.0 6.3
Blatte 0.75-1.0 0.75-1.0 1.5-2.0
Overhauser and Gormand 1.5 10.5 12.0

a D, L. Dexter, Phys. Rev. 87, 768 (1952).

b P, Jongenburger, Nature 175, 545 (1955).

¢ F, J. Blatt, Phys. Rev. 99, 1708 (1955).

d A. W. Overhauser and R. L. Gorman, Phys. Rev. 102, 676 (1956).
is seen to be quite good, the niiveté of the radiation
damage model precludes any choice at this time between
the different theories. A number of effects such as
multiple displacements and the probability of displace-
ment tend to make the calculation of the number of
defects unreliable and it is by no means certain that
we are dealing exclusively with isolated interstitials and
vacancies. The experiment does, however, appear to be
in good general agreement with the simple theory and
this is a quite different result than that obtained by
using heavy-particle irradiations.5:8

We have performed a preliminary series of isochronal
and isothermal anneals in the temperature range from
5°K to 80°K. No damage is observed to anneal out
below 21°K while 909, has annealed out by 65°K.
The maximum rate of isochronal annealing occurs at
about 35°K. These results are in qualitative agreement
with those obtained in heavy-particle experiments,®®
with the exception that considerably more of the
damage anneals out in the present experiment. The
annealing does not appear to be describable by a single
first- or second-order rate equation.

Additional experiments measuring the details of the
annealing process and the dependence of the resistivity
change on bombarding electron energy are now in
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* progress. We are also attempting to obtain an inde-

pendent estimate of the defect concentration by meas-
uring the change in lattice parameter by an x-ray
diffraction technique. These experiments will be re-
ported in more detail in the near future.

( 1 5(:}5) H. Kinchin and R. S. Pease, Repts. Prog. Phys. 18, 1
1955).
2J. W. Glen, Advances in Phys. 4, 381 (1955).

3 F. Seitz and J. S. Koehler, in Solid State Physics (Academic
Press, Inc., New York, 1956), Vol. 2, p. 307.

4 C. J. Meechan and J. Brinkman, Phys. Rev. 103, 1193 (1956).

5 Cooper, Koehler, and Marx, Phys. Rev. 97, 599 (1955).

6 Redman, Noggle, Coltman, and Blewitt, Bull. Am. Phys. Soc.,
Ser. IT, 1, 130 (1956).

Nuclear Magnetic Resonance in a
Superconductor

W. D. Knicat, G. M. ANDROES, AND R. H. HaMMoND
Department of Physics, University of California,
Berkeley, California
(Received September 13, 1956)

E have observed the nuclear magnetic resonance
in colloidal Hg at temperatures above and below
the transition temperature (4.15°K). For T>3°K and
Hy>9000 oersteds, a single resonance (I) appears at
the expected frequency for metallic Hg in the normal
state. However, for T<2°K and H,= 5200 oersteds, an
additional resonance (II) appears near the proper fre-
quency for a nonmetallic salt of Hg. Since in searches
under similar conditions resonance II is not observed in
separate samples of the possible impurities HgNO; and
HgS (or in the colloids above the critical temperature),
we do not believe that it can be associated with a non-
metallic substance. Rather, the disappearance of II in
high magnetic fields leads us to believe that it represents
the effects of superconducting material, since the critical
field for similar colloids can range from about 5000 to
8000 oersteds.!

It should be emphasized that the dc fields usually em-
ployed in nuclear magnetic resonance experiments
greatly exceed the critical field for macroscopic pieces
of Hg. Furthermore, in large pieces of superconductors
the penetration of magnetic fields extends through only
a small fraction of the volume of the material. However,
the use of colloids eliminates both of these difficulties,
since, in particles possessing radii ¢ much smaller than
the superconducting penetration depth (A~400 A), the
critical fields are increased! by an order of magnitude
over the values for bulk material. Then, recalling that
the penetration depth is much smaller than the rf skin
depth for frequencies of a few Mc/sec, one may apply
the quasi-static solution of London’s equations? to
show that the penetration of both rf (1) and dc (H,)
fields is nearly complete. Reif* has calculated the de-
tailed distribution of the dc field within a sphere under
these conditions,
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To investigate the composite spectrum for a colloidal
sample, let us designate by 7, the number of spheres of
radius . Then the total spectrum for all spheres will be
a superposition of curves (see Fig. 3 of reference 3),
where the maximum intensity of each curve is propor-
tional to an, and the range of the abscissa for each is
proportional to @*. Note that the number of particles
of a given size is more important than their relative
volume. In general, an exhaustive count of the several
particle sizes must be made in order to determine the
probable shape of the spectrum. If observations are
made by means of a variable-frequency spectrometer in
a fixed magnetic field, the absorption decreases rather
sharply toward the high frequencies. The “position” of
the line is determined approximately by the point of
maximum slope on this high-frequency edge of the line.
The uncertainty of this determination is reduced if the
very small (<150 A) particles predominate. Further-
more, the edge will appear at slightly lower frequencies
for such a distribution.

Two colloid samples were prepared as suspensions in
albumen and gelatin, respectively. As may be seen in
the electron micrographs of Fig. 1, each sample con-

Fic. 1. Electron micrographs of colloidal Hg prepared as sus-
pensions in albumen (top photograph) and gelatin (bottom
photograph). The specimens were enclosed in a thin sandwich of
SiO before exposure in the electron microscope. In each picture,
the circled particle has a diameter of approximately 300 A.

tained spherical particles, the majority of which are less
than 200 A in diameter. This sort of distribution would
tend to produce a resonance whose “position” is slightly
lower in frequency than the corresponding position for
a colloid containing a larger proportion of larger spheres.
Our measurements of the nuclear resonance absorption
indicate that the metallic line shift for superconducting
Hg is AH/HZX0.59%,. Reif’s result (~1.59%) is for a
different particle-size distribution and for lower mag-
netic fields. In view of the different conditions in the
two experiments, the results are not necessarily incon-
sistent. For normal Hg, AH/H=2.540.19,3*

The result is of some significance in considering the
electron-nuclear interaction in a superconductor: AH/H
~x»Pr, where x, is the spin susceptibility for the
Fermi electrons and Pr is the average electronic wave
function for s states over the Fermi surface. For a
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superconductor, the small value of AH/H requires that
Xp O Pr, or both, are considerably smaller than for a
normal metal.

The exact value of AH/H is difficult to determine
experimentally: (1) the line width in normal Hg is
considerable, (2) the shape of the resonance in the
superconductor depends on the distribution of particle
sizes, and (3) the range of the chemical shifts in Hg is
not known.’ We are attempting to perform experiments
with multiple uniform thin films of Pb and Sn. Here the
geometry is simpler, the uniformity in sample size will
greatly simplify the analysis of line shape, and the
widths of the normal lines are smaller.

We are greatly indebted to Mr. R. T. Haines, of the
Crookes Laboratories, Ltd., London, for preparing the
samples, and to Professor Robley Williams for advice
concerning their examination with the electron micro-
scope. We have benefited from conversations with
Professor C. Kittel, Professor W. A. Nierenberg, and
Mr. A. Mitchell about the interpretation of the experi-
ments. After we had obtained a preliminary result, we
learned of Dr. Reif’s work. We are grateful to him for
discussions of the results.

* This work has been partially supported by the U. S. Office of
Naval Research, and a grant from the Alfred P. Sloan Foundation.

1D. Shoenberg, Proc. Roy. Soc. (London) A175, 49 (1940).

2 F, London, Superfluids (John Wiley and Sons, New York,
1950), Vol. 1, pp. 29-36.

3 F. Reif, Phys Rev. 102 1417 (1956).

41. Sarles and H. Loehger (private communication).

5 W. D. Knight, in Solid State Physics (Academic Press, Inc.,
New York, 1956), Vol. 2, p: 93.

Associated Production of Hyperons
and K Mesons*

SAuL BARSHAY
Radiation Laboratory, University of California,
Berkeley, California
(Received August 9, 1956)

HERE are now several pieces of experimental
evidence indicating definite asymmetries in the
angular distributions of A° and K° particles that are
produced in association in pion-nucleon and nucleon-
nucleon collisions.* Experimental evidence also exists
for asymmetries in the angular distributions of 2~ and
K+ particles produced in pion-nucleon collisions.'—*
This note concerns a suggestion for a possible interpreta-
tion of these asymmetries in terms of a coupling between
pions and K mesons and a coupling between pions and
hyperons. These remarks were considered originally in
connection with an experiment performed by Osher and
Moyer,® in which they observed the angular distribution
of neutral unstable particles, produced by bombarding a
copper target with protons of various energies ranging
from 2 to 6.2 Bev. The angular distribution of the K°
produced in the reaction p+n—Y+ K+ N was fitted
with a cos*f in the center-of-mass system, at all energies



Fi1G. 1. Electron micrographs of colloidal Hg prepared as sus-
pensions in albumen (top photograph) and gelatin (bottom
photograph). The specimens were enclosed in a thin sandwich of
SiO before exposure in the electron microscope. In each picture,
the circled particle has a diameter of approximately 300 A.



