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DiGerential cross sections have been measured for the reactions C"(Li',n)N' and C"(Li',n)N" with the
residual nuclei in their ground or first few excited states. The total cross section for the 2.31-Mev T= 1 state
of N' is 0.1 mb at 4.0 Mev, compared to a cross section of 2.9 mb for the ground state; this vio]ation of the
isotopic spin selection rule is probably due to mixing of different isotopic spin states in the compound
nucleus F'8. The di6'erential cross sections for the other levels have general features suggestive of a direct
interaction.

INTRODUCTION AND PROCEDURE

0 continue the investigation of reactions' '
induced in light nuclei by Li ions, we have

measured the di6erential cross sections for the reactions
C"(Li' n)N"+8 79 M.ev and C"(Li' rr)N" +12.39 Mev.

The equipment for producing the beam of Li ions, the
target chamber and the beam current integrator have
been described in an earlier paper. ' The target was a
self-supporting carbon film' whose thickness when
traversed at an angle of 45' was 200+30 kev for
3.4-Mev Li' ions.

Light reaction products traversed a proportional
counter and stopped in a silicon junction detector
whose amplified output E was displayed on a 100-
channel pulse-height analyzer. Alpha particles were
selected by choosing only events which had the ap-
propriate value of the function (Es shZ), where AZ was
the energy lost in the proportional counter. 2

Angular distributions were measured at laboratory
angles between 10' and 160' in 10' steps, for bombard-
ing energies of 3.3, 3.5, 3.7, 3.9, and 4.1 Mev. A vector
normal to the target plane was always at a 45' angle
with the beam and lay in the quadrant containing the
counter. Measurements taken with the counter at 90'
were repeated with both target orientations so that the
large-angle data could be corrected for a difference in
yield caused by target irregularities.

Absolute cross sections were determined by com-
paring the yield of n particles with that of Li ions
scattered by the Coulomb 6eld of the target nuclei. '
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displayed in Figs. 3—5, while the results for C"(Li7,&r)N»
are shown in Figs. 6—8. A few angles were omitted in
some of the X" data because of contamination by n
particles from the reaction p(Li', ct)n. Error bars
indicate standard deviations due to counting statistics.
Smooth curves have been drawn to follow the trend of
the data.

Total cross sections obtained by numerical integration
are shown in Fig. 9. The absolute values of the diGer-
ential and total cross sections have an estimated error
of 10%.

The rapid increase of cross section with energy
makes necessary a correction for the thickness of the tar-
get. This is most easily done by specifying the average
~n~~gy &0=&machine 6E where 2' is the energy

RESULTS

The peaks of the typical e-particle spectra shown
in Figs. 1 and 2 agree with the known energy levels4

in N'4 and X" which are marked at the bottom of the
figures. Differential cross sections for the levels which
could be resolved from the C"(Li', tr)Nt4 reaction are

soo~

t This work was supported in part by the joint program of the
U. S. Atomic Energy Commission and the OS.ce of Naval
Research.' J.J.Leigh and J.M. Blair, Phys. Rev. 121, 246 (1961).' R. K. Hobbie, C. W. Lewis, and J. M. Blair, Phys. Rev. 124,
1506 (1961).' G. Dearnaley, Rev. Sci. Instr. 31, 197 (1960).

4 F. Ajzenberg-Selove and T. Lauritsen, Nuclear Phys. 11, 1
(1959).
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FIG. 1.Typical ~-particle spectrum for the reaction C"(Li',a)N".
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FIG. 4. Differential cross section for the reaction "Li'
when N'4 is left in the erst-excited state (E,=2.31 Mev).
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The first noteworthy feature of the data is the
presence of o. particles corresponding to the 2.31-Mev
erst excited state of N" since population of this leve

FIG. 2. Typical o!-particle spectrum for the reactio
'

n C" Li'n, N".
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FzG. 5. Differential cross section for the reaction '2 Li6n N'4when
N" is left in the second-excited state (E,=3.95 Mev).

FIG. 3. Differential cross section for the react'ion C' (Li,o.)N'
when N'4 is left in the ground state.

lost by the beam in traversing the target. The dis-
tortion of the differential cross section introduced by
this simple procedure is less than 1%. The va ue
68=100~20 kev was used for all energies with both

exceeded the variation of stopping power of the I,i ions
over the velocity range studied.
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Fro. 6. Differential cross section for the reaction C"(Li',n)N's

when N'~ is left in the ground state.

is not expected from isotopic spin conservation. The
fact that these n particles were indeed from the desired
reaction was confirmed in several ways. Their energy
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varied with scattering angle in the proper manner over
the entire angular range. The only target contaminant
which could have given n particles near the proper
energy was 0"via the reaction 0"(Li' n)I'" and this
only at angles near 70' center-of-mass. No rr particles
from this reaction were observed at neighboring angles
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Fzo. 8.DiBerential cross section for the reaction C"(Li',n)N" when
N" is left in the third excited state (E =6.33 Mev).
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where the peak due to 0"(Li' n)F" would have been
isolated. As a further test, the differential cross section
for the 0"(Li',a)F" reaction at 70' was measured in a
separate experiment, while the amount of 0" con-
taminant in the carbon target was determined from
the Coulomb-scattering data. Less than 5% of the n

particles seen could be attributed to the 0"contaminant.
Since the 2.31-Mev level in N" has isotopic spin

T=1 while Lj. C and He all have T=O ground
states, the yield of these o. particles measures the
violation of the isotopic spin selection rule. "Forbidden"
excitation of this level is not new; Browne' observed
it in the reaction 0"(d,rr) N'4. Using 7.05-Mev deuterons
he found the average yield for the 2.31-Mev level was
about 7 jo of the ground-state yield. This selection rule
violation is probably due to mixing of levels in the
compound nucleus, F",having the same spin and parity
but different isotopic spins. The conservation of total
angular momentum and parity imposes restrictions on
the levels in the compound nucleus which can con-
tribute to this interaction and also restricts the partial
waves in the incident beam to l&1. An upper limit for
the formation of the compound nucleus, calculated"
from the barrier penetration of the l&1 partial waves
of a 4-Mev incident Li beam, is 20 mb. There are
about 20 exit channels with T= 1 for which the emerging
particle is above the barrier; if we assume that the
cross section for each of these channels is 0.1 mb, as
observed for the 2.31-Mev level in N'4, then we can
estimate that the square of the isotopic spin mixing
amplitude is roughly 0.1. This is not an unreasonable
value if there are two nearby levels in F" at this
excitation energy (15.8 Mev) which have the same

spin and parity but differing isotopic spins. '
The excitation of the 2.31-Mev level is also not

expected in terms of a "lump stripping" model. ' In
this model, N" is formed when either C" captures a
deuteron present in Li', or Li' captures a Be' nucleus

present in C".The spin and parity (0+) of the 2.31-Mev
level cannot be produced by this process unless the
neutron and proton change from a triplet to a single-

spin state during the transfer.
Because of the small yield from the first excited state,

we conclude that the 2.31-Mev p rays seen" when C"
is bombarded by Li' are due primarily to population
of this level by the p-decay of more highly excited
states.

~ C. P. Browne, Phys. Rev. 104, 1598 (1956).
6 J. M. Blatt and V. F. Weiskopf, Theoretical Nuclear Physics

(John Wiley lk Sons, Inc. , New York, 1952), p. 358.
7 I. Bloch, M. H. Hull, A. A. Broyles, W. G. Bouricius, B. K.

Freeman, and G. Breit, Revs. Modern Phys. 23, 147 (1951).
D. H. Wilkinson, in Proceedings of the Rehovoth Conference on

Nuclear Structure (North-Holland Publishing Company,
Amsterdam, 1958), pp. 189—191.' J.J.Leigh, Phys. Rev. 123, 2145 (1961).' R. Carlson, E. Berkowitz, S. Coon, R. McGrath, and E.
Norbeck, Bull. Am. Phys. Soc., 7, 336 (1962).

The tunneling calculation mentioned above shows
that the reactions leading to the ground and 3.95-Mev
levels of N" cannot proceed exclusively by compound
nucleus formation. The total cross section at 4.0 Mev
is about 4 mb for each of these levels. Inspection of
Fig. 1 shows that at least 7 other levels in N" are
populated with comparable yields, while exit channels
for e, p, and d emission are also open. The maximum
possible cross section of 24 mb (including the 1=0
partial wave) for formation of the compound nucleus
is insufhcient to account for all the reaction products
observed.

The angular distributions for both reactions are
similar to those seen in earlier work" and are suggestive
of a direct interaction. An attempt was made to Gt the
Cis(Li', n)Ni4 data using the plane-wave cutoff Born
approximation calculation by Leigh~; the fits were
about as satisfactory as those obtained by Leigh. The
greatest difficulty was the need to use l(d) =2 to fit the
90' peak for the 3.95-Mev level in N"; this cannot be
reconciled with the known 'S character of this state.
The closest approach of a 3.9-Mev Li' nucleus to the
C" target is 10 f for a Coulomb orbit with zero-impact
parameter, while the sum of the nuclear radii is about
5.2f, and the best values of the cutoff parameter
in the unsuccessful plane wave its were 3 to 4 f. We
therefore feel that the 6rst step in a more realistic
calculation should be to include the effects of the
Coulomb potential on the incident and emerging plane
waves.

Measurements elsewhere" of the C's(Li'n)N'4 re-
action at 1.7 Mev show angular distributions of con-
siderably different character than those reported here.
The e particles corresponding to the ground state are
peaked only in the backward direction and the angular
distribution for the 3.95-Mev level showed a pronounced
forward peak and a smaller backward peak.

The total cross sections shown in Fig. 9 illustrate the
same increase with energy that has been seen previously,
although the slope is steeper, as would be expected for a
higher barrier.

CONCLUSION

Differential cross sections have been presented for
the reactions C"(Lis,n)Ni4 (ground and first two
excited states) and C"(Lir,n)N" (ground and first
three excited states). The nonzero cross section for
the 2.31-Mev level in N 4 is evidence for isotopic spin
mixing in the compound nucleus F". The reactions
to other levels observed in N'4 and N" probably
proceed by a direct process, however.

It is hoped that a stripping calculation including the
effects of the Coulomb field would provide a satis-
factory fit to the angular distributions.

"Pham-Dinh-Lien and L. Marquez (to be published).
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A re-examination of the electron spin resonance spectra of nickel in Mgo and nickel in germanium is made.
It is proposed that the previously estimated value of 0.3 nm for the nuclear moment of ¹i6'is in error by a
factor of three, and that the value of 0.9 nm is more consistent with the published spectra. The internal
Qe]ds in nickel and nickel alloys are discussed on the basis of this new moment.

HE nuclear magnetic moment of Xi" was esti-
mated from an electron spin resonance experiment

on Ni+' in MgO by Orton, Auzins, and Wertz' to be
(0.30+0.02) nm. We believe this value of the moment
is in error by a factor of three, and we propose a moment
of 0.9nrn instead. This paper discusses how a re-
examination of the electron spin resonance data leads to
the higher value for the moment, and the consequences
of this result in the understanding of the internal fields
in ferromagnetic nickel and nickel alloys.

Using enriched nickel in an electron spin resonance
experiment on Ni-doped germanium, Woodbury and
Ludwig' found four hyperfine lines, giving I=~, for
Ni". The lines were evenly spaced 10.4 gauss apart.
Using unenriched nickel, Orton et a/. ' found no hyper-
fine structure at low powers due to the broad resonance
line, but they did find two weak hyperfine lines separ-
ated by 23.9 gauss in the considerably narrower double
quantum line' appearing at high power. They assume
the weak lines to be the outer pair of a hyperfine quartet,
the inner pair being lost in the central line. This con-
clusion leads to a separation between adjacent lines of
8 gauss and a nuclear moment of 0.30 nm. We propose
that the weak lines are the ieeer pair of a hyperfine
quartet, the outer pair being lost in the noise. An
examination of their published spectrum does not favor
one explanation over the other, but, as we will show,
our interpretation is more consistent with the german-
ium data. ' An experiment with enriched nickel would
test our proposal. If we are right, spacing between

' J. W. Orton, P. Auzins, and J. E. Wertz, Phys. Rev. 119, 1691
(1960).

'H. H. Woodbury and G. W. Ludwig, Phys. Rev. Letters 1,
16 (1958).' J. W. Orton, P. Auzins, and J. E. Wertz, Phys. Rev. Letters 4,
128 (1960).

adjacent lines would then be 23.9 gauss, leading to a
Ni" nuclear moment of 0.9 nm.

Since the nickel in the Ni-doped germanium is not
isoelectronic with the nickel in the MgO, a direct com-
parison with Woodbury and Ludwig's experiment' is
dificult. Two alternate cases arise:

First, if the nickel in the germanium is a single ac-
ceptor, the electron configuration would probably be
348 4s' Ss. The contribution to the effective field at the
nucleus from the two unpaired electrons in the 3d shell

should be comparable to the Ni+' result. The observed

spacing is reduced, perhaps to one-half its value, by an
oppositely directed contribution from the single 5s
electron. Thus, we should multiply the 10.4-gauss

spacing between adjacent levels by approximately two
before comparing it with the Ni~ result, in favorable
agreement with our suggested interpretation of 23.9
gauss between adjacent lines.

On the other hand, if the nickel in the germanium is
a double acceptor, the outer electrons would be some-

thing like 3d' 4s' Ss'. The two closed s shells will not
affect the results appreciably and the spacings should be
directly comparable to the Ni+'(3ds). However, there is

one difference. For an 5=1 state, the double quantum
transitions are spaced twice as far apart as for a single
quantum transition. This is true because the m, =0
state is not split. Hence, we must compare 10.4X2
=20.8 with the Ni+' case. This again compares favor-
ably with 23.9 gauss between adjacent lines.

We make no conclusion concerning the procedure of
Orton, Auzins, and Wertz comparing the hyperfine

coupling constant in Ni+' with Co+' in MgO. In any
case, any error in precision, due to this method, may be


