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along these lines are in progress.
In conclusion it can be said that the mechanism

of the P+d-P+P +n reaction is fairly well under-
stood by considering only QFS along with FSI pro-
cesses.
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From a study of the reaction C '(0 e,c.'~)Mg (u~)Ne20, spina and parities have been
measured for states in Mg at the following excitation energies (in MeV): 12.10 (4+),
12.45 (7 ), 13.07 (5 ), 14.41 (4+), 16.07 (6+), and 16.59 (6+). Branching ratios were
measured for several states in Mg with 13-E~~- 28 MeV decaying to the following
states in Ne': 0+ (ground state), 2+ (1.59 MeV}, and 4+ (4.25 MeV). These results per-
mit the elimination of several postulated structures for the states in question.

The recent observation' of several unexpected
narrow-width states in Mg' at excitation ener-
gies near 16 MeV which are strongly populated in
the reaction 0"(C",o.') Mg" suggests a number of
interesting and different possibilities for the
structure of levels in this energy region. It is
presently a matter of conjecture whether these
are high-spin members of rotational bands,
quasimolecular states, ' & clusters, ' or, pos-
sibly, structures of some other type. Spin and

parity assignments are obviously of fundamental
importance in the determination both of their na-
ture and of the reaction mechanisms whereby
they are populated. In this Letter we report new

experimental information on the spins, parities,
and branching ratios for a number of states in
Mg' in the region of excitation 12-&,« - 23 MeV,
obtained from a study of the reaction C' (0'6,
o.',)Mg' (&2)Ne at &p&6=48.0, 48.8, and 58.3 MeV

(lab).
States above 9.32 MeV in Mg'4 are unbound to

n decay. A measurement of the angular correla-
tion of their decays to the 0 ground state of Ne"
enables a straightforward determination of the
spin and parity ~' of the parent states in Mg".
Since the ground-state spins and parities of 0',
C", and He are all 0, and since +, is detected

along the beam axis, only normal-parity states
are observed and the angular correlation of +,
leading to the Ne" ground state is proportional
to Pz', where P~(cos()) is the Legendre polyno-
mial of order 4. A 10-mm X 50-mm position-sen-
sitive, solid-state detector (PSD) subtending lab-
oratory angles from 25' to 90' recorded all par-
ticles with E~,b - 2 MeV which were in coinci-
dence with & particles emerging in a 10 -sr sol-
id angle at O'. Silver and nickel absorber foils
sufficiently thick (-20 mg/cm' in tots, l) to stop
the incident 0"beam were placed between the
20- pg/cm' carbon target and the dE/dN-E sol-
id-state counter telescope at O'. For each coin-
cident event, &„, E„, P, and T ~ were re-

1 2
corded on magnetic tape, where ~, I', and T de-
note energy, position, and time. These data
were analyzed and sorted on the basis of the
reaction kinematics in a multiparameter space
both on and off line with the laboratory's IBM
360/44 data acquisition system. The absolute
position calibration of the PSD was obtained with
a precision of +1' in a separate measurement in
which a grid was placed over the face of the de-
tector. Figure 1 shows an example of a two-dim-
ensional display of selected coincident events
obtained at 48.0 MeV for the transition to the Ne
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FIG. 1. Photograph taken directly from the on-line
data acquisition display: Those events for which the
ground state of Ne was populated are shown in a two-
dimensional display as a function of the energy of o.' 1

and the angle of n2. Thus, a vertical slice selects all
events corresponding to the decay of a particular state

24in Mg, and the projection of the events in this slice
onto the e~~ axis yieMs the cII~I angular correlation.
Note that the maxima and minima corresponding to dif-
ferent Pz (and hence the 4 assignments of the states
in Mg ) are readily discernable in several cases di-24

rectly from the on-line computer display. A threshold
on the display has suppressed most of the background,
and the sharp minimum at H~~b = 58' arises from the
1-mm-wide strip masking the center of the detector.
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ground state. After the subtraction of a constant
background in the laboratory system and trans-
formation to the center-of-mass system, the cor-
relations displayed in Fig. 2 were obtained. The
main limitation in the deduction of a spin for a
given level arose from the background; thus only
the six cases shown in Fig. 2 allowed a unique
spin assignment and, for example, the state at
13.44 MeV, although probably of negative parity,
remains unassigned. An angular correlation ob-
tained for a state at 14.14 MeV confirmed the 8+

spin assignment previously reported. '
Figure 3 presents + spectra obtained in direct

and coincidence measurements at &~,b =48.0 MeV
with the counter telescope at eq,b =O'. The reso-
lution (full width at half-maximum) for n groups
of -20 MeV was about 250 keV. Absolute cross
sections were determined in a separate measure-
ment, independent of beam-current integration.
The state at &„,= 16.59 MeV has a differential
cross section at 0 of 7.5+ 1.5 mb/sr (center of
mass). The branches to the 0', 2', and 4' states

20of Ne shown in Fig. 3 represent a sum of coin-
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FIG. 2. Angular correlations for the reaction C (OI
n '4I) Mg (& 2) Ne (ground state) obtained at bombarding20

energies of 48.0 and 48.8 MeV. After subtraction of a
constant background in the laboratory system, the num-
ber of coincidence events is converted to the center-of-
mass system and plotted versus c.m. angle. The full
drawn curves represent fits to the data of the form

2CPz (cos 8), where the normalization constant C is ad-
justed for a minimum value of g . The parities are
given by (-1)~. Data for the levels at E«~ = 12.1, 14.41,
and 16.07 MeV and at 12.45, 13.07, and 16.59 MeV were
obtained at bombarding energies of 48.0 and 48.0 MeV,
respectively.

cident events over the entire length of the PSD.
The branching ratios extracted from these spectra
and from similar measurements at & = 48 8 d
58 3

gab = . an
MeV are presented in Table I. We note that

a number of these ratios (e.g. , those for the
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Table I. Spin assignments and branching ratios~
for a decay to the 0+ (ground state), 2+ (1.63-MeV),
aud 4+ (4.26-MeV) states in Ne
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The branching ratios have been corrected for the
finite angle of observation and the errors include an

estimated contribution from this correction.
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FIG. 3. &-particle spectra obtained at 0 in direct
singles and in coincidence with m2 particles to the low-
est 0+, 2+, and 4+ states of Ne . The bombarding en-
ergy was 48.0 MeV. The portion below 10-MeV excita-
tion in Mg has been omitted in the direct spectrum.
The PHD had an effective threshold of -2 MeV for de-
tection of G particles which, together with the kine-
matic variation of energy E~, accounts for the ob-
served terminations of the coincidence & spectra at
E~c =10.5, 12.5, and 16 MeV for transitions to the
0+, 2, and 4 states of Ne, respectively.

states at 19.31 and 21.34 MeV) are quite surpris-
ing since they indicate a decay which goes strong-
ly to the 2+ state of Ne' but only weakly or not at
all to the 0+ and 4+ states. Although the errors,
arising from the uncertainty due to the back-
ground under the peaks and to the restricted an-
gular range of observation, are rather large,
these branching ratios should nevertheless pro-
vide essential information on the structure of the

parent state.
The direct and coincidence spectra obtained at

the three different bombarding energies exhibited
quite different structure. The states labeled with

asterisks in Table I, for example, were observed
predominantly at E~6= 58.3 MeV. The choice of
bombarding energies was made on the basis of
previously measured excitation functions, in
which it was found that the differential cross sec-
tions varied strongly with bombarding energy
(suggesting contributions from a compound-reac-
tion mechanism). Several of the states observed
in this measurement using at 48.0-MeV 0"beam
(e.g. , at E,„,=14.41, 16.59, and 17.59 MeV) are
not evident in the spectra of Ref. 1, where a
36-MeV C" beam was used, even though the
center-of-mass energy was the same in both
cases; it should be noted, however, that the ex-
perimental arrangements correspond to the ob-
servation in the center-or-mass system of the
+ particle at 0' and at 180' with respect to the
incident 0" ion. A comparison of the spectrum
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of u, -a2 co1nc1dence trans1t1ons lead1ng to the
Ne" ground state (Fig. 3) and the analogous spec-
trum observed with reversed target and projec-
tiles' shows that the ratio of the forward to the
backward cross sections [o(0') to &(180')] is ~5
for the state at 16.59 MeV. Considering that the
angular distributions for the population of these
states are smooth, ' the observed asymmetry at
the extreme scattering angles becomes sugges-
tive of a direct-reRction mechanism. If the reac-
tion does proceed in part via a direct process,
we Dote that an important role is thereby implied
for the transfer of complex clusters in the mech-
anism populating certain of these states. These
clusters consist of two a particles (Be') in the
case of the C" incident projectiles and of three
e particles (C") in the case of 0" incident pro-
jectiles. Certainly, further experimental work
is needed to determine the extent of direct and
compound contributions to the reaction mecha-
nism, and theoretical treatments must reconcile
the smooth, asymmetric angular distributions
with the observed energy dependence of the cross
sections.

One very interesting possibility for the struc-
ture of some of these states initially arose from
the suggestive spacing of the states at 14.14,
15.14, and at 16.29, 16.59, and 16.85 MeV, and
from their proximity to the C"+ C" threshold at
13.9 MeV. These states could have formed the
0-, 1-, and 2-phonon members of a quasimolec-
ular vibrational sequence. This possibility, how-
ever, is apparently ruled out on the basis of the
measured and inferred (on the basis of branching
ratios) high spins of the states populated by this
reaction in this region of excitation, leaving com-
pletely open, however, the possible rotational
quasimolecular character of these states. An-
other possible and very attractive alternative is
the n-cluster or quartet states predicted by
Arima, Gillet, and Ginocchio'. It is improbable
that any of the states observed here are the cal-
culated 0' members, but an identification of the
higher spin states (preferentially populated in
this reaction) with a rotational structure built up-
on such an intrinsic + cluster is certainly a
possibility.

The 10' member of the &=0 ground-state rota-
tional band has been predicted by Akiyama, Ari-

ma, and Hebe' to lie in the vicinity of 17 MeV.
There are several candidates for this particular
level, namely those states observed at 16.85,
17.20, Rnd 17.58 MeV, which Rre strongly popu-
lated and which undergo & decay predominantly
'to Ne (4 ). 111vesilgatiolls of 't11e p-ray decay of
these states should prove definitive in making an
assignment, RDd Rre 1D progress 1D th18 lRborR-
tory'.

It is already clear, however, that these heavy-
ion reactions open up a new dimension of nuclear
spectroscopy of very highly excited configurations
and hold promise of providing insight into new as-
pects of nuclear structure.
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