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FrG. 1. Potential energy for electron in F center.

electron motion adiabatically. In this case, using the same argu-
ment usually applied to calculations of energies of formation of
defects in ionic crystals, ' one must use the average polarization
so that instead of (2) one gets

1F=eV —x—~~eq. (3)

In typical calculations in the alkali. halides the polarization
potential q is of the order of 3 electron volts, and the factor of —,

'
in (3) then makes the well deeper than the conventional estimate
by about 1.5 ev. This has a strong effect on the 1s level but does
not lower the 2s and 2p so much. The result is to increase the
energy separation between the 1s and 2p levels.

Some further remarks are in order. In the first place the simple
potential model used is already an idealization made necessary for
simplifying calculations. For this reason the quantitative signifi-
cance of the present criticism is not very great (at least in so far
as the results on the alkali halides are concerned). On the other
hand, in the alkaline earth oxides where y is larger the. difference
may be signiiicant. In the second place, the use of (3) leads to a
higher thermal activation energy than estimates based on (2).
This may give greater disagreement between theory and experi-
ment; for instance, see Dutton, Heller, and Maurer, 4 concerning
experiments on V& centers where very small thermal activation
energies are observed compared with what one might expect.

Professor H. Brooks has brought to the authors' attention the
similarity between this problem and that of estimating the image
potential for Schottky corrections to thermionic emission. Here
also it is assumed that the conduction electrons in the metal can
follow the motion of an external electron adiabatically. The
analogous competing arguments are: (a) If an electron is at a
distance x from the metal the electrostatic potential produced by
its image is e/2x= q at the elec/ron. If the electron is removed
to infinity the work done would be W'=ep, if it is assumed that
the metal electrons (image charge) cannot follow adiabatically.

(c) Thus, in removing an electron from the center of the vacancy
to a point in the crystal far removed from the vacancy and at the
bottom of the conduction band the work done is

8'= eV —x—eq. (2)

The criticism of this reasoning is that including in Vo the
full potential which would exist at the vacancy center in the
absence of the electron is tantamount to assuming that the
optical polarization of the medium cannot follow the motion of
the F-center electron. If this assumption is correct then the usual
choice of Vo is justified. If, on the other hand, the optical polar-
ization follows the electron motion adiabatically, then the medium
will not be polarized at all (to a first approximation) when the
electron replaces the negative ion right at the vacancy center.
Since the characteristic frequencies:for fundamental optical
absorption are much higher than those of the electron in the F
center, it is probable that the polarization can in fact follow the

But, (b) if one assumes that the metallic electrons do follow
adiabatically, the work done is only —',es =e'(4z, in agreement
with the usual choice. ~

We have included these considerations in a calculation of
F center levels in representative alkali halides. The levels for
NaC1 and KCI are tabulated below. The energies are given in ev,
and the zero of energy has been taken at the bottom of the
conduction band. These results were obtained using (3), and the
contribution to the potential energy that depends upon the wave
function of the trapped electron was introduced as a perturbation.
The perturbation calculation shows that the effect of the latter
on the ground state is small, thus accounting for the agreement
between the results obtained by Pincherle and those found by
Simpson. The effect on the excited state is greater, as expected.
Agreement with experiment is as good or better than that obtained
by previous calculations.
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"ANY investigations of high energy fission, both with
J. particles and x-rays, have been reported. ' ' One striking

feature of these studies is the decrease in the peak-to-trough yield
ratio of the yield-mass curve as the energy of the bombarding
particle increases, resulting in the one hump yield-mass curve as
the energy of the particle enters the hundred Mev range. This
paper reports the results of the radiochemical study of the photo-
fission of natural uranium at the University of Chicago Betatron. 9

The study was made, in the main, at 48 Mev maximum energy,
with a beam intensity of 300 roentgens per minute, 1 meter from
the target. Measurements were made on the yields of 28 fission-
product nuclides. Some experiments at 22 and 100 Mev were
performed on the yields of selected peak and trough nuclides.
Experiments were performed on the contribution of neutrons to
the observed fission rate; it was found that this effect could not
have appreciably affected the results.

In the betatron experiments, about 10 g of uranyl nitrate was
irradiated within the half-angle of the x-ray beam about 32 cm
from the tungsten target for periods of 10-min to 2 days. Radio-
chemical analyses" were employed to isolate the desired nuclides
which were counted with a Geiger-Mueller P-counter. Most of
the separated samples had counting rates of about 2000 counts
per minute. In addition, neutron irradiations were performed in
which about 2 g of uranyl nitrate was irradiated in the thermal
column of the Argonne heavy-water pile, and the same nuclides
were studied as in the betatron irradiations. Some neutron irradi-
tions were also made at the 37-inch cyclotron of the University
of Chicago. The photoyield curve was obtained by the comparison
method, previously described by Spence4 and Turkevich and
¹day."

The photoyields given in Fig. 1 were calculated from a thermal-
neutron fission-yield curve for U"' which is a combination of that
given by Glendenin et al.'2 for yields greater than 2 percent, and
of the familiar double-humped curve" for yields less than 2
percent. The photocurve of Fig. 1 was constructed by the "fold-
ing" process with the fragment mass sum of 234 for masses in the
mass range 90 to 103 and 131 to 141. In the mass range 111 to



1156 LETTERS TO THHE E D ITOR

Pr
Betatron were acaccomp}ished through the eng erous coope atio of

r . . rs an r. T. J. Keegan.

esearch was supported in+ This reseese e in part by a grant from the U. S.

f Presented in partial f

m e . S. Atomic

ar ia fulfillment for the Ph. D. de r e
is ry, niversity of Chicago Ch'

Connor and G T S

en

ewton, Phys. Rev. 75 17
rmann and I. Perlman, Pha, ys. ev. 76, 628 ( 9). on erence Report, Ch
n National Laboratory, 1949),

, Ph . R . 79, 532 (1950
esis, assachusetts Institute of Tec no o

8Turkevich Niday d T
8W F W t do dE'

chemical Studies: The Ii '

om I N Yo k 1951) N
onium Project Record, Vol. 9 D' eries,

» Glendenin Steinberg I h
dix 8 of reference

yellof the M a h tt I tInstitute of Technology and L. E.
a

N G. C B'ld '" od Ge S
gKolnne National Laboratory

an . . Klaiber, Phys. Rev. 71, 3 (1947).

lo
1 1

3o

z
O
Vl
V)

0.2—

O.l—

0.05—

0.02—
l

I

I

FiG. 1. Photofission yields oi ur
Dashed curve is that of th ermal-neutron fission of U"e' Q 48Me

ev. The yield of Mo» t 22 M
percent.

a ev and 100 M
yie

ev is normalize

Ooi l i I

l

70 so 90 IO0 IIO l20 l50 l40 I 50
MASS NUMSER

127 it was not ed that more concordant a r
h '4 f237 Th p

The peak-to-trough ratio, as determ s at

of t}M - b

-- ., --ll-.h
~ ~

ose.o other re orted ', m-
marized in Table I. The f

p e experiments, are sum-
e act that the peak-to-t h- o- rou ratio wasg

TABLE T. Peak-to-trough r t' ar'ra ios at var'arious x-ray energies.

Nuclide
irradiated

Peak-to-
trough ratio

Energy of
x-rays, Mev Reference

Engelkemeir, Seiler,
Steinberg, and Winsb

e erence 10, Paper 218.
ee reference 6.

See reference 6.
See reference 4.
This paper.
This paper.
D. M. Hiller and D S

M
~ ~

artin, Jr., presented
before the 122nd Natl.
Meeting of the American
Chemical Society, Se t.
14—18, 1952.

This paper.

2.6,
fission

neutrons
10
16

~20
22
48
69

U238 100

U238
U238
U238
U238
U238
Th232

126
121
20
20
10
10

U288100

observed to change from 48 to 100 Mev indica
f h t '

i thig gy verage

1 Th fi
b Bld i dKlib

e ssion activation cur

M, a appo ha a -wi thofabo
ev—must then have a hi h

roac es

d th't th'tro h ld
etric fis on" th th

is roug yie at hi h en

fro h't'n"f 48 t' 100 M
en e contribution to

F th k th p

p gress on independent yields of some
th 1 tdfi '

dsion pro ucts.
We wish to acknowledge the assistance of

A Nt' 1Lb t
di to Th 22-M '

de - ev irradiations at the University of Illinois

for
lds;

ssignment of Y" and Y'4*
d to G. L. SCHOTTS AND W. W

Department of Che
WAYNE MEINKE

msstry, Universit ofy o M3chzgan, Ann Arbor, Mich'.
(Received January 12, 1953)

fc 1gan

~

~

~

SHORT—LIVED isoto e ofpe of yttrum ass gned to Y" h
reporte as a fission roduct

as

plutonium2 and as th
pro uct from uranium' and

A recent investigation of the isoto e io e sot pe ndicates that the ha}f-life is

listed5 as "probabl b

'g nt of this activity is still
a e ut not certain "In additio

of th 3.5-ho
$ CC

'
m ac ivity to Y' has rec

fid "obblbt ot

1 ti bo b
prepared by the (d 0. re,o. reaction. Zirconium met
except for two percent h f o
7

a nium content) was bo

nd th tt '
oc1 cl lly. Th foilo uce was separated ch

ddd dth
o me y ro uoric acid carri

precipitate was metath
'

d
~ ~

n e yttrium preci itated'p as the Auorride. This
o ~ ~

The resulting solut'
a esize to the h droxid

u ion was scavenged with zir
y xi e and then dissolved

and niobic acid preci it t
wi zirconium phosphate

ipi a es to complete the s
8

o nt . Th to tal sep t'
m uori e was slurried onto
separation required about

c1
' ' from zirconium and niobi least 10' and

o a out 0 percent.
ecay of the samples was followed for several

th 1 t ld ofth'
c1 of th tt 1

s o e'yttrium isoto es fo

35h d 18
' t 1

m samp es was resolved in

in the
-minute ine. No 2.0-hour Y' ~ was

e decay. A small amount of 105-da Y" w
fo d' th bo b d t b
scarcel detectable b b k

ar ment, but its ield wa
a ove ackground. The

b d t 1o h h
were observed. The lut

enoug t at no productsc a of a (d,ne) reaction
u ecium isotopes arisin from

th 11 o tofhf '

1 ot tdb h
o a nium impurit re

f d' hl b d
para e y the chemical r

w a un ance that their e
curve was negligible.

ir e ect on the decay

Ab sorption curves taken .at diferent time
samples indicated that the 18-minu

emitted a beta-particle of about 3.g-Me gy d g - y
ctivity emitted a b t-e a-

y

The experimental yields for these threor ese ree isotopes normalized to


