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rules for this reaction allow the neutron to carry into the residual
nucleus an orbital angular momentum of 0, 2, or 4 units, while the
shell model requires that /,=2, corresponding to the addition of a
d3/2 neutron to the configuration of CI%,

The experimental data are plotted in Fig. 1 along with the
angular distribution of the protons predicted by the Butler?
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Fi1G. 1. The angular distribution of the protons associated with the
ground state for the reaction CI35(d, $) C1®. The solid curves are calculated
from the Butler theory.

theory for values of /,=0, 2, and 4. The theoretical curves were
computed using values of 70=35.5X1072 cm, ¢=0.23X10® cm™,
and b=1.4X 10 cm™., The incident deuteron energy was 6.90 Mev
(c.m. system) and the Q of the reaction was measured to be 6.3
Mev in good agreement with Shrader and Pollard* and with Ennis.®

The target, a foil of silver chloride 0.0003 inch thick, was rolled
from a pure silver chloride crystal. The background counting rate
was obtained by substituting for the silver chloride target a foil
of pure silver containing very nearly the same amount of silver per
square centimeter as that of the target. It was negligible at all
angles except 0°, where it accounted for 35 percent of the total
counting rate. In Fig. 1 the vertical lines through the experimental
points represent the standard deviations as determined from the
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F1G. 2. The angular distribution of Fig. 1 replotted after subtracting
from each point the constant ‘‘background’” counting rate at 65°. The
solid curves are calculated from the Butler theory for two values of 7.

total number of counts and do not represent the over-all uncer-
tainty of the data.

Although (d, p) reactions proceed mainly by means of a stripping
process, other processes, such as compound nucleus formation,
offer competition. These, however, do not show such marked
angular dependence.® Because of the competitive processes the
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measured values do not become zero where indicated by the
Butler curves. Since it is difficult to obtain a reliable estimate of the
relative cross sections, we subtracted from each point of Fig. 1
an amount equal to the counting rate at 65° and replotted the
renormalized data in Fig. 2. The theoretical curves for /,=2 for
two values of 7o are included. Much better agreement is obtained
for angles of 20° and larger.

The results of the measurement indicate that the neutron
carries mainly two units of orbital angular momentum into the
residual nucleus and is presumably a ds» nucleon as required
by the shell model. Assuming that the ground state is a single
level (there is some evidence of a doublet structure as in the case
of P%), the amount of admixture of /,=0 appears to be less than
4 percent. It is difficult to set a limit on the /,=4 admixture,
particularly because of the uncertainty in the “background.” It is,
however, presumably small.

* This work was supported in part by the AEC and the Michigan Memo-
rial Phoenix Project.
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Nuclear Spin of V% by Paramagnetic Resonance*
C. KikucH1,t M. H. SIrvETZ, AND V. W. COHEN

Brookhaven National Laboratory, Upton, New York
(Received August 15, 1952)

E have investigated the hfs in the paramagnetic resonance
absorption spectrum of a Tutton salt of vanadium, en-
riched to 22.83 percent of V%, and find evidence that the spin of
V0 is 6. This nucleus, consisting of 23 protons and 27 neutrons,
was expected on the basis of Nordheim’s rule! to have a spin of 7,
or near this maximum value. Hitchcock? has recently made shell-
theoretical calculations based on various potential functions and
finds that the state 7=06 lies lowest for a §-function potential.

The crystals of V(NH)2(SO4)2- 6H:0 diluted in the correspond-
ing zinc salt were grown from a solution prepared by using 10 mg
of V205 with a V:Zn ratio of about 1.5:100. A sample of V,0j5 en-
riched in V% was supplied by the Stable Isotopes Research and
Production division of the AEC. Measurements were performed
on several specimens, each approximately 5 mm long and 2 mm
in diameter, inserted axially into a cylindrical transmission cavity
operating in the TEq; mode at approximately 23,000 Mc/sec.
The rf was kept constant in frequency while the magnetic field
was modulated at 60 cps over a range of approximately 80 gauss.

The observed spectrum consisted of 8 strong lines, correspond-
ing to I(V8)=7/23 and a number of weak components which have
been assigned to V%, The intensity ratio of weak to strong lines
was approximately 1:5 and their relative splittings 0.39. The
spectrum can be calculated from the known g-values*® and iso-
topic abundance for various V% spin values. Figure 1 shows the
spectrum that is expected for I(V5) =6 and 7. The calculated
relative splitting is 0.38 and the intensity ratio, for /=6, is 1:5.5.

In all samples used we observed the components corresponding
to —6<m <6, excepting those for m=4, which, according to
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Fi1G. 1. Theoretical hfs spectrum of V& and V?., The solid V* lines are
those to be expected for I =6. For I =7, the additional dotted lines would
appear.
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theory, should almost coincide with the strong V5! lines. The lines
for m=£7 were not observed, and considerable effort was directed
towards demonstrating that these components would have been
observed if present. In Fig. 2(a) we show the lines m=35/2 of

(@) (b)

FiG. 2. Photographs of two sectlons of spectrum. (a) The line m=—5/2
of 3];‘ afn{i/ the satellite m = —6 of V 0; (b) lines m=1/2 of V5 and m =1
and 2 o

Vi and m= —6 of V% separated by 20 gauss. Figure 2(b) shows
that line m=--1/2 of V5 with the partially resolved lines m=+1
and -+2 of V%, the measured separations from the main peak
being 21 and 14 gauss. Therefore, we conclude that the line for
m=—7 would have been observed if V5 spin were 7. No line
attributable to 7>7 was observed.

. h* \Xéngc done at Brookhaven National Laboratory under the auspices of
the .
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High Energy Nuclear Reactions and the
Goldberger Model*

J. W. MEapows
Cyclotron Laboratory, Harvard University, Cambridge, Massachusetts
(Received August 14, 1952)

CCORDING to a model first proposed by Serber! and de-
veloped in greater detail by Goldberger,? high energy nuclear
reactions are usually considered as occurring in two steps. First, a
high energy particle (100 Mev or greater) may pass through a
nucleus, perhaps knocking out one or more nucleons and leaving
the residual nucleus in an excited state. Second, this excited nu-
cleus may evaporate other nucleons or emit photons according to
the statistical theory. If we can determine the probabilities of the
various processes in the first step and the distribution of excitation
energy in the residual nucleus, it should be possible to apply the
statistical theory to calculate reaction cross sections. Estimates
for (p,m), (p,2m), (p,2p), and (p, pn) reactions for incident
protons of 100 Mev have been made in the region of 4 =64.
Reactions of the above types can proceed in one or more of the
following ways:

p+A—Ci*+p; Ci*—Bi+n
Cr*>Ba+p
p4+A—Co*4n; Cy*—-Bs+n
Cy*—Bi+p
Cy*—=Bs+vy
p+A—Cs*4-2p; Cy*—Batvy
p+A—-Ci*+2n; Ci*—Bs+y
p+A—-C*+p+n; Cs*—Bit+y
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TaBLE I. Calculated distribution of various knock-out processes,
or 100 incident protons.

Particles No. of
ejected cases
P 11
” 12
2p 8
2n 5
o 25

where 4 is the target nucleus, C* is the excited residual nucleus,and
B is the product nucleus. The contribution from deuteron pick-up
is not included, although experiments by Hadley and York?
indicate that it may be appreciable.

The probabilities of the various initial knock-out processes were
calculated on the basis of the model developed by Goldberger.2
The calculations were performed for 4 =64, Z=32, and R=(1.4
X1078)4% cm. The maximum Fermi energy is 24 Mev. If an
average binding energy of 8 Mev is assumed, the total well depth
is 32 Mev. For protons there is an additional 7 Mev representing
the Coulomb barrier. The mean free path as a function of energy
was calculated from experimental »—p and p—p cross sections.
The value of the n—n cross section used was that obtained from
a n—d, n—p subtraction by Dejuren and Knable.* The calcula-
tions followed the technique described by Goldberger® and Bernar-
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Fi1G. 1. Distribution of excitation energy in the residual nuclei.

dini et al.5 The results for 100 incident protons applicable to these
calculations are shown in Table I and Fig. 1. The secondary evapo-
ration processes were calculated from the statistical theory using
constants given by Blatt and Weisskopf.®

The experimental cross sections were obtained by a previously
described method? using enriched isotopes? in the case of copper
and the natural element in the case of zinc. A comparison of the
experimental and calculated cross sections is given in Table II.

There are two factors which may account for the discrepancy
between the observed and calculated values. (1) At incident proton
energies of 25 Mev, where the statistical model alone should ac-
count for all reactions, the observed value is twice the calculated
value for the p, pn reactions and about one-half the calculated
value for the p, 2n reactions. (2) The same distribution of the

TABLE II. Comparison of calculated and experimental cross sections.

o in millibarns

Reaction cale exptl.
Cu®(p, pn) Cus2 23 98
Cu8(p, 2n)Zns? 20 7
Cu®(p, n)Zns 6 8
Cuss(p, pn)Cubt 34 120
Zn8(p, 25)Cus? 4 14
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F1G. 2. Photographs of two scct_ions of spectrum. (a) The line m = —5/2
of V& and the satellite m = —6 of V*; (b) lines m=1/2 of V% and m =1
and 2 of V%,



