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TABLE I. Screening radius as a function of valence
difference for impurities in silver.

—2 -1 +~ +2

r. (A) 0./3 0.'7 0.665 0.5 0.485 0.473 0.468

equal the valence difference (Friedel sum rule), one
then 6nds the r, is, for a given solvent metal, also a
function of Z.

The correct screening radii for ful6lling the Friedel
condition have been evaluated for impurities in silver.
The results are listed in Table I. The form of the po-
tential, namely (Z/r) exp( —r/r, ), was assumed a priori,
and r, was treated as an adjustable parameter. In Fig. 1
are shown the activation energies for solute diffusion
calculated from these screening radii using the formula
derived by Lazarus, as well as the experimental activa-
tion energies and those obtained by using the screening
radius predicted by the Fermi-Thomas model.

There may be a number of reasons for the discrepancy
between the calculated and experimental results. The
theory proposed by Lazarus is admittedly only semi-
quantitative. Also, the assumption of a screened
Coulomb potential neglects all eBects due to the size
of the ion core, although this may play a signi6cant role.

In any case, a signi6cant feature of the results is the
marked asymmetry of the calculated activation energies
about the point Z= 0. This asymmetry is a consequence
of the dependence of r, on Z, shown in Table I, which
gives rise to much larger screening radii for negative
than for positive Z values. One may, therefore, predict
from this dependence of r, on Z that the absolute mag-
nitude of the difference in activation energies for solute
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FIG. 1. Calculated and experimental activation energies for
solute diffusion in silver. The straight line results from the use of
a constant screening radius given by the Fermi-Thomas model.
The solid points were calculated with the screening radii listed in
Table I. The circles show the experimental results.

and self-diffusion should be signi6cantly larger for
solutes which are electropositive relative to the solvent
than for the corresponding electronegative solutes. This
conclusion appears to be con6rmed by preliminary
measurements on the diffusion of ruthenium in silver. e

The author is grateful to Professor D. Lazarus,
Professor L. Slifkin, and Dr. C. T. Tomizuka for several
stimulating conversations, and to Dr. S. Machlup for
his generous help in preparing the numerical work for
machine computation by the ILLIAC.

*Supported by the Once of Naval Research.' Sonder, Slifkin, and Tomizuka, Phys. Rev. 93, 970 (1954).
s C. T. Tomizuka and L. Slifkin, Phys. Rev. 96, 610 (1954).
e D. Lazarus, Phys. Rev. 93, 9/3 (1954).
4 N. F. Mott, Proc. Cambridge Phil. Soc. 32, 281 (1936).
s J. Friedel, Advances in Phys. 3, 446 (1954).
e C. T. Tomizuka (private communication).
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S LOW neutrons, when scattered magnetically by a
paramagnetic material, undergo an energy change

which depends on the degree of coupling of the mag-
netic ions. Van Vleck' has calculated the energy changes
expected for paramagnetic substances in which the
coupling arises from exchange forces. In a high-tempera-
ture approximation he 6nds that the rms energy change

(3z), .=u IAll6/zs(s+1)j',
where k~ is Boltzmann's constant, Z is the number of
interacting neighbors, S is the spin of the ion and 6
is the Vfeiss constant determined from the measured
susceptibility by fitting to the Curie Weiss law z=C/
(2' —6). Van Vleck was not able to obtain a detailed
energy distribution but a calculation of the fourth
moment suggested that a Gaussian might be a fair
approximation.

By using the apparatus shown in Fig. j., the energy
distribution of neutrons scattered by a number of
paramagnetic substances has been measured. Neutrons
of wavelength )to in the region of 1.3 angstroms (energy
0.05 ev) are selected from the %EX reactor spectrum
by a crystal (X1). A small fraction (usually about 10
percent) of the resulting monoenergetic neutrons is
scattered by the specimen, and the energy distribution
of those scattered at some particular angle p is examined
by means of an analzying crystal spectrometer (X2).
Background is obtained by turning the crystal (X2)
by an amount such that the Bragg law can no longer
be satis6ed for any neutron energy. This is done auto-
matically at intervals during a run. A background so
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Annealing Process in Neutron-Irradiated
1
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(Received May 12, 1955)

'HE previous work' on neutron irradiated LiF
crystals showed that the lattice expansion was

caused by equal numbers of vacancies and interstitial
atoms. It was also shown, by analyzing the annealing
data for nonuniformly irradiated crystals, that the
annealing process was of order higher than one. We
will now derive a more exact order, an activation energy,
and a jump frequency for the lattice defects causing the
expansion by analyzing the annealing data for uni-

formly irradiated crystals.
As described previously, ' two crystals were covered

with 0.03 in. of cadmium during irradiation to insure a
uniform irradiation. The lattice parameter changes as
derived from density measurements, (Aa/a)„ for the
crystals after irradiation and after 10-minute anneals

TABLE I. The lattice parameter changes after irradiation
and successive thermal anneals.

Condition
104 (Aa/a) p

Crystal Cd-3 Crystal Cd-4

Irradiated
315'C anneal
345
375
410
425

8.02
7.65
6.64
4.62
2.06

8.51
8.16
7.08
5.18

~ ~ ~

1.25

be expected from the uncertainties in both the theory
and the experiment.

Work has been done on a number of other materials
including MnO, Cr203, and ZnFe204 and is being con-
tinued with a view to studying the dependence of the
energy distribution on the temperature, the angle of
scattering, and the degree of magnetic order. An account
of this work. will be submitted to the Camadiae Jolreal
of Physics.

The author is indebted to Dr. D. G. Henshaw for the
excellent aluminum crystals used in these experiments.

' J. H. Van Vleck, Phys. Rev. 55, 924 (1939).' J. M. Cassels, Progress im Nuclear Physics (Academic Press,
Inc. , New York, 1950), Vol. 1.' Energy distributions of neutrons scattered by vanadium metal
under several different conditions have been measured by the
author with results in agreement with the theory. This work is
being continued with a view to obtaining the frequency distribu-
tion of the normal modes in vanadium metal.' G. E. Bacon and R. D. Lowde, Acta Cryst. 1, 303 (1948).

5 de Haas, Schultz, and Koolhass, Chem. Abstracts 34, 22222
(1940); Physica 7, 57 (1940).

6See also Shull, Strauser, and Wollan, Phys. Rev. 83, 333
(1951).' E. G. King, J. Am. Chem. Soc. 76, 3289 (1954).

8Bhatnagar, Cameron, Harbard, Kapur, King, and Prakash,
J. Chem. Soc. 1433 (1939).

0—
O O

~o E
-'l

0
~O g

I I

O -2—

1.40 1r50 1.60 1.70 (x10 )

~, RECIPROCAL TEMPERATURE ('K )

FIG. 1. Annealing data assuming a second-order process.

at successively higher temperatures, are summarized in
Table I. The probable error in (Aa/a), is &1 3X10 ',
and the blank spaces represent anneals not performed.

Assume that the lattice defects change position by a
random walk process. Then if we have a single rate
process with activation energy E for unit motion, the
probability for taking one step at temperature T varies
as e ~~~~, and the rate of change of the total defect
concentration e is

log, ( (happ/rs) ~ —(rs p p/rs p) ~ }
=log, ((y —1)rtpp& 'ct}—8/kT, (1)

where happ is the defect concentration for the irradiated
condition and ep is the concentration for the start of
each anneal at temperature T.

We assume rs is proportional to (Ao/a), so that both
rtpp/rs and rspp/rtp may be determined from ratios of the
data in Table I. Since the anneals were performed for a
fixed time interval, the plot of log, ( (rspp/+) &

—(happ/rsp)r '} eersls 1/T should be a straight line for
the correct order y, and the slope should determine the
activation energy. A straight line is obtained for p=2,
as shown in Fig. 1, and the slope indicates an activation
energy of 1.5&0.1 ev. The possibility of p=1 was
eliminated in reference 1, and the plot for y =3 is curved
as shown in Fig. 2. The annealing process is then of the
second order as expected from the random recombina-
tion of non-neighboring, isolated vacancies and inter-
stitials, or Frenkel defects.

Keating has suggested that the irradiation-induced
distortion cannot be due to isolated vacancies and
interstitials, but to large aggregates of imperfections.
His data show a lattice expansion only one-tenth as

de/dt= cn&e —~'sr,

where c is a constant and y is the order of the reaction.
The solution of this equation for p) 1 may be expressed
in the form,


