VoLuME 30, NUMBER 10

PHYSICAL REVIEW LETTERS

5 MARCH 1973

Compound System Formation at £, =36 MeV in "N +"C 5 °Li+ *Ne

T. A. Belote, * N, Anyas-Weiss, J. A, Becker,f J. C. Cornell, P. S. Fisher,
P. N, Hudson, A. Menchaca-Rocha,{ A, D, Panagiotou, and D. K. Scott

Nuclear Physics Labovatory, Oxfovd, England
(Received 9 October 1972)

Angular distributions of ®Li produced in the reaction N+ 12C — Li+2'Ne have been
measured at a center-of-mass energy of 36 MeV. Data were taken for the reactions
20 A4y, 81,1)2'Ne and “N(*2C, ®Li)2'Ne in order to cover the complete angular range (16°
<0.,m.<165°. The angular distributions are symmetric about . ,,=90° and closely fol-
low a (sin6) "! dependence. This is interpreted as indicating that the reaction proceeds
primarily through compound-nucleus formation.

Recent experiments’'? indicate that many heavy-
ion reactions proceed through a compound-nu-
clear shape resonance or quasimolecular state
at relatively high excitation energies. The main
evidence for such compound processes is the
correlated resonancelike structure in the elastic
scattering and reaction excitation functions. On
the other hand a large number of similar reac-
tions have been interpreted as proceeding via
direct or semidirect transfer of one of more nu-
cleons. (See, for example, Scott et al.® and
Middleton, Garrett, and Fortune.?) These reac-
tions are characterized by forward-peaked dif-
ferential cross sections and by a selectivity in
populating final states.

Previous reports®® on the reaction 2C(¥N,
5Li)?°Ne have been interpreted in terms of the
direct transfer of eight nucleons which were as-
sumed to be coupled into quartet configurations,
Marquardt, Von Oertzen, and Walter® have re-
ported angular distribution for six transitions in
the angular range 10°<6_ , <70°at a N bom-~
barding energy of 52 MeV,

In order to obtain information on the reaction
mechanism involved in the reaction N +2C -°Li
+2°Ne, we have measured angular distributions
of the °Li reaction products covering the entire
angular range from 16°<6,  <165°. The ob-
servations were made at the backward angles
by exchanging the roles of projectile and target.
This procedure allows one to overcome the se-
vere experimental problem normally encountered
in measuring differential cross sections over a
wide angular range using a single target and in-
cident beam of approximately equal masses.

Beams of 76,1-MeV N and 67.2-MeV '2C from
the Harwell variable-energy cyclotron were used
to bombard targets of *C and N, respectively,
This corresponds to a center-of-mass energy of
about 36 MeV and a compound-nucleus excitation

450

in %Al of 51 MeV. The °Li reaction particles
were detected using a double E-AE particle iden-

tification system.?
Spectra were measured at seven angles. The
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FIG. 1. Spectra for the reaction “N+2C~8Li +2'Ne
at E. m.=36 MeV. The excitation energies (in MeV)
and the spin and parity assignments, except for the un-
derlined energy values, are adopted from those re-
ported in Ref. 7. Levels identified by underlined ener-
gies may correspond with previously reported levels
(Ref. 7).
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scattering angle 6 is here defined as the angle
between the !N direction of motion and that of
the outgoing °Li, i.e., for *C(™N, °Li)**Ne a for-
ward laboratory angle for the detected °Li cor-
responds to a forward center-of-mass angle.
For the case of N incident on *C, data at 6y,
=10° 15° 20° and 35° were obtained using a
solid carbon target and at 6;,,=10° using a thin-
window gas cell containing CH, gas at 96 Torr
pressure. The data for C incident on N were
taken at 6;,,=10° 20°, and 30° using the gas cell
filled with N, gas at 90 Torr pressure.

In Fig. 1 the spectra at 6,,,=10° for the reac-
tions '2C(*N, ®Li)*’Ne and “N(*2C, °Li)*Ne are
compared, Levels up to an excitation of 19.6
MeV are identified. The results are in good
agreement with previously reported spectra at
E('N) =60 MeV® and E(*N) =52 MeV.> Also of

particular interest in the present spectra are
the strong states at 16,66, 17,38, 18,12, 19,15,
and 19.58 MeV. These states may correspond
to those quoted in Ref. 7.

The angular distributions for twelve ®Li groups
are shown in Fig. 2. The overall relative cross
section for all the runs is correct to better than
+15%, and the absolute scale, established by the
gas target run, is accurate to about +30%. The
error bars on the data arise from statistics and
background only.

The following observations were made: (1) All
the angular distributions appear to be symmetric
about 90°, (2) All the transitions appear to be
very similar in shape even though they populate
states with spins ranging from 0 to 8. The data
at this bombarding energy are also in good agree-
ment with the approximate 2J+1 strength rule
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FIG. 2. Angular distributions for the reaction N+ 12C—SLi+ 2Ne. Several of the angular distributions corre-
spond to unresolved or partly resolved multiplets as indicated. The solid curves are (sin9)”! fits. The energy and
spin values are adopted from Ref. 7, except for the 16.66 and 17.38 transitions whose energies were determined in

this work.
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reported at the bombarding energy of 60 MeV.®
(3) The present data are only in rough agreement
with the shapes reported for E(*N) =52 MeV.®

Generally, it has been assumed”® that this reac-
tion is dominated by direct eight-nucleon trans-
fer in this region of bombarding energy. It was
then expected that the shapes of the angular dis-
tributions would be forward peaked since the
amplitude for direct transfer of eight nucleons
from *N on to *C should be large for forward
angles whereas the amplitude for six-nucleon
transfer from 2C on to N is expected to be
smaller and backward peaked (recall the defini-
tion of 6).

However, as pointed out above, within normal-
ization and statistical uncertainties, it was ob-
served that all the angular distributions are sym-
metric about 90°, These observations strongly
suggest that this reaction proceeds via compound
nuclear excitation. To test this assumption fur-
ther the angular distributions were compared
with the predicted compound excitation shape® for
decay with large angular momenta averaged over
many values of L, namely o,~(sin6) !, Excellent
overall agreement was found between the data and
this simple theoretical angular dependence.

One of the arguments used in the earlier work®
for suggesting a direct mechanism was the appar-
ent selectivity in exciting different bands. Within
statistics, however, we observe an approximate
2J +1 population of all states. In particular, the
population of the SU(3) (9,0) K=0" band, based
on the 5.78 MeV, 17 level, does not appear to be
anomalously weak. The best evidence for this
is the strength of the 5° member of the band at
10.26 MeV as deduced from a peak analysis of
the triplet of states at 10.26, 10.61, and 11,05
MeV.

Data at higher bombarding energies, £(**N) =120
MeV and E(**C) =114 MeV, were also obtained to
see if the reaction changes character at increas-
ing energies. A more selective population of
states would be consistent with an increasing di-
rect transfer contribution. It was found, how-
ever, see Fig. 3, that the spectra were almost
structureless and only a few transitions at most
could be identified. At these energies the graz-
ing angular momentum for the entrance channel
is about I =28k whereas the exit channel, with
20Ne in its ground state, carries off only about
22k, This rather large momentum mismatch
may be responsible for the very small cross-
section observed below 15 MeV excitation.® At
higher excitation the angular-momentum transfer

452

T T I T |
" a0 ' 30 1 20 10 0
Ex®ONe) tn Mev
300} -
(@)
- Oag = 7°
w200k 14y T 120 MeVv 4
—
>
100+ |
T T : T T T’ I I ,\ T T
40 30 20 10 0
Ey@Ne) in Mev
150 .
@]
J O ag = 10°
wio0k E12C = 112 MeV _
—
>
501 -
W
0 | WT‘% ]
0 200 400 600

CHANNEL
FIG. 3. Spectra for "N +!2C—51i +20Ne at high bom-
barding energies. The small selectivity of this reac-
tion for high bombarding energy should be compared
with the results shown in Fig. 1. Although there is evi-
dence for states even at high excitation, few levels
could be unambiguously identified.

is more favorable, but the three-body breakup
becomes progressively more pronounced and ob-
scures any possible excitation. Furthermore,
the density of high-spin states (=10, 11, 12) be-
comes very large (about 10 levels/MeV for J=11
and 12 at 30 MeV excitation),’® and because of
our limited resolution, 430 keV full width at
half-maximum, individual levels cannot be re-
solved. It is, therefore, difficult with the pre-
sent data to make any quantitative argument re-
garding the reaction mechanism at the high inci-
dent energies.

The present experimental results indicate that
the reaction 2C(**N, ®Li)2°Ne proceeds through the
compound system having 51 MeV of excitation in
contradiction to the previous assumption that this
reaction proceeds by direct eight-nucleon trans-
fer, At present one can only speculate on the
structure of such a high lying state in the com-
pound system. Since, however, at the incident
energy of this experiment, the grazing angular
momentum is about 21%, it is likely that the com-
pound system has high angular momentum. The
lowest energy for an angular momentum state of
217 in the compound nucleus 26Al can be calculat-
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ed from the expression for the yrast energy,!

=(n?/29)J(J +1), where 4 is the rigid body mo-
ment of inertia; E; is found to be approximately
70 MeV. From this consideration one expects
compound nuclear formation involving such high
angular momenta to be inhibited. In fact calcula-
tions show that 21 units of angular momentum is
greater than the compound nucleus ?°Al can sup-
port.’? The compound system may therefore re-
sult from a temporary fusion of the ions in the
incident channel,
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Measurements of the Quadrupole Moments of the First 2" States of

150
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We have observed the influence of the nuclear quadrupole moment on the y-ray angu-
lar correlation following Coulomb excitation by heavy ions scattered through angles of

about 90°.

A prolate quadrupole moment precesses the y-particle correlation in the op-

posite direction to that produced by a moment of oblate shape. The method has been ap-

plied to the first 2* states of °°Sm and !**Pt, which are found to be prolate,

==1.25

+0.2 b, and oblate, @ =+0.77+0.5 b, respectively.

The rapidly growing body of data on static qua-
drupole moments @ of first 2% levels in even nu-
clei continues to have considerable impact on our
understanding of these highly collective states
which extend throughout the periodic table and
include the closed shells. A number of recent

articles review the theoretical and experimental
situation.®? The various techniques so far used
measure the differential cross section for Cou-
lomb excitation in such a manner that the diago-
nal quadrupole matrix element—a second-order
effect—can be deduced from the data. Breit,
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