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A kinematically complete study has been made of the 12C + 60 —-12C + 2C + & and 12C + %0
—2%Ne + @ + a reactions at E55=58.3 MeV (lab). « particles were detected at a mean labo-
ratory angle of 2°, while the remaining reaction products were observed in coincidence by
two large-area position-sensitive detectors placed symmetrically about the beam axis and
subtending angles in the range 15°= 6, =75°. Particle identification was based on the reac-
tion kinematics. Intense yields to the lowest four states of ?’Ne were observed, with a signi-
ficant fraction thereof proceeding through well defined intermediate states in 24Mg. The pre-
dominant interaction in the 12C + 2C+ « final state appears to involve 2C+ a corresponding
to an excited state at %0 near 10 MeV excitation. No evidence was found for a 12C + 12C final
state interaction, i.e., for quasimolecular states in >*Mg in the region of excitation 21 < E*
=29 MeV. The predictions of a Hauser-Feshbach statistical model agree rather well with
the observed 2Ne + o+ « yields. A selected portion of the 2C + 12C + « yield, not necessarily
proceeding through an excited state in 10, is accounted for by a statistical model assuming
formation and decay of compound states in 2‘Mg.
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NUCLEAR REACTIONS 2C(*0,a,)*'Ne, 2C(¢0,q,2Cy)12C,, E=58.3 MeV;

measured 0(Ee,y, Epgy, ;004,00 ), 0(ECy, Eqycy 5 fracy,y) 029 =2°

. De-

duced intermediate o-12C interaction; Hauser-Feshbach analysis. Position-
sensitive detectors.

I. INTRODUCTION

The study of nuclear cluster structure in the con-
tinuum is a relatively new field in heavy-ion phy-
sics and has received much attention in recent
years. This activity is related to long-standing
questions concerning the distribution of the avail-
able energy in a nucleus at high excitation energy:
whether this increased energy is sampled statisti-
cally by all the individual nucleons in the system,
leading to evaporation-like decay, or whether the
major fraction of this energy can be absorbed as
binding energy in the assembly of simple nuclear
subunits, or nuclear clusters involved in simple
relative motions. This latter possibility has a
long history of conjecture behind it and is especial-
ly suited to investigation through heavy-ion-in-
duced reactions, where it becomes possible in
principle to transfer or pick up one or more of the
clusters through a direct process.

The 2*Mg nucleus presents an interesting and
challenging subject for the study of cluster phenom-
ena induced via heavy-ion reactions. Figure 1 is
anabbreviated level diagram for this system, show-
ing several relevant thresholds. The possibility
of cluster-like states appearing in the Mg con-
tinuum at excitation energies less than 17 MeV
was recently raised by the discovery of Middleton,
Garrett, and Fortune! that a number of very sharp
states in 2*Mg were selectively populated by the
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160 (12C, a)**Mg reaction in the energy range 13-17
MeV. In a simple interpretation, this reaction
might be considered as the transfer of two or three
a particles, either as discrete entities or bound
to form ®Be or !2C, respectively. Arima, Gillet,
and Ginocchio? had predicted the existence of a
number of a-particle, or more generally, “quar-
tet” states in this excitation region: Indicated in
Fig. 1 are the positions of the 0* members of the
lowest quartet configurations predicted in these
calculations. Analyses of angular correlations
measured in this laboratory® and at the University
of Pennsylvania® have shown that the observed
states tend to be of high angular momentum, and
it is thus unlikely that they correspond to the quar-
tet states of Ref. 2.

The possibility of cluster configurations in **Mgat
excitation energies in excess of 17MeV in Mg was
suggested initially by the observation of nonstatisti-
cal resonances in the !2C +2C total reactioncross
sectionby Almqvist, Bromley, and Kuehner®and by
Patterson, Winkler, and Zaidins.® These reso-
nances occurring near the Coulomb barrier (E*~ 20
MeV)for this channel have been interpreted as !2C-
12C molecular configurations.® The narrow resonant
states observed by Almqvist, Bromley, and Kueh-
ner® were found’ to be of low spin ( =0%, 2%, 4%)
and are indicated in Fig. 1. We considered it of
interest to pursue this question of heavy clustering
through an investigation of the possible existence
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of higher-spin molecular configurations at yet
higher energies in 2*Mg. A preliminary report of
the work to be described herein has already ap-
peared.® We note further that preliminary results
of a similar experiment at Brookhaven National
Laboratory have been reported by LeVine,
Schwalm, and Littman.®

The present experiment was designed to search
for heavy-cluster configurations of high spin in
24Mg through direct observation of the decay of

these configurations into heavy-cluster components.

The known selectivity of the 2C(*°0, @)**Mg reac-
tion for populating high-spin states in >*Mg was ex-
ploited in studying the excitation-energy range
E*=20-30 MeV. A kinematically complete mea-
surement was performed in which « particles,
which may populate states in 2*Mg, were detected
along the beam axis with the resultant decay prod-
ucts of **Mg observed in two position-sensitive
detectors placed at symmetric angles with respect
to the beam. Angular distributions resulting from
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FIG. 1. An abbreviated energy-level diagram for **Mg.
The number of levels (most of which are not shown) in-
creases rapidly above E*~ 10 MeV. The states indicated
between 13 and 17 MeV are those observed in the
160(“C,a)“Mg reaction (Ref. 1), while those near 20
MeV correspond to resonances (Ref. 5) in the 12C + 12C
reaction.

the bombardment of a !2C target by 58.3-MeV %0
ions were obtained as a function of the 0° a-par-
ticle energy for the reaction channels *°Ne(g.s.,
1.63,4.25+ 4.91)+a + o, *0(g.s.) +2a + @, 12C(g.s.)
+12C + @, and ?C(4.43 MeV) +12C + a.

It was found, as expected from previous mea-
surements on the 2C(*%0, a)**Mg(a)*°Ne reaction,3*
that the 2°Ne + a + @ channels carry most (~90%) of
the three-body flux at the '°0 incident energies
studied. An intense a-particle background was
found to contribute almost 50% of the observed
triple-coincidence yield, and is attributed primari-
ly to the %0 +3 & four -body final state in which one
particle is undetected. Analyses of the triple-co-
incidence events provided no evidence, in the ex-
citation range studied, for the existence of narrow
states in 2*Mg having a '2C-!2C molecular config-
uration. Rather, the '2C(g.s.) +!2C(g.s.) + @ final
state was found to be dominated by a strong final-
state interaction between the a particle and a '2C
nucleus, occurring at an effective excitation ener-
gy of roughly 10 MeV in the %0 compound system.

A statistical model calculation assuming two-
stage sequential compound decay was applied to
the observed cross sections in the five channels
under study; the results show excellent agreement
with gross features of the data (for which the above
mentioned 2C +!2C + o events showing a strong
final-state interaction were excluded) both in terms
of relative magnitudes and observed excitation en-
ergy dependence. This suggests that the fission of
24Mg into two !2C nuclei has been observed, al-
though from decay of a number of broad close-ly-
ing levels in 2*Mg rather than from long-lived iso-
lated quasimolecular states.

II. EXPERIMENTAL METHOD

Negative %0 ions were produced in a direct-ex-
traction Penning source!® and accelerated by an
MP Van de Graaff accelerator to an energy of 58.3
MeV. The beam was focussed onto a 10-ug/cm?
carbon target positioned inside a standard 75-cm
ORTEC scattering chamber.

The experimental arrangement is shown sche-
matically in Fig. 2. The defining aperture for the
beam collimation had a diameter of 1.2 mm.

Beam currents on target were restricted to less
than 250 nA in order to prevent excessive counting
losses.

The detection of light particles at angles near 0°
was accomplished by mounting an annular Au-Si
surface-barrier detector with a depletion depth of
~700 um and an area of 300 mm? inside a cylind-
rical aluminum vessel having a 2-mg/cm? Havar
window and filled with hydrogen gas. The gas pres-
sure corresponded to an absorber thickness of 2.70
mg/cm? and was selected to prevent the forward-
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FIG. 2. Schematic diagram of the experimental arrangement. The ring with the 13 slits in front of each position-
sensitive detector was used for calibration and was otherwise removed during the data collection.

scattered %0 ions from reaching the detector. A
tantalum beam stop 1.5 mm thick and 2.65 mm in
diameter was positioned before the Havar window,
preventing the direct beam from entering the ab-
sorber, and was used during the experiment as a
rough monitor of the beam current. This detection
system, collimated to subtend 8 msr of solid angle
at the target with a mean angle of 2°, possessed
several advantages over the system employing
metal-foil absorbers used in earlier measure-
ments.® First, the hydrogen absorber led to a re-
duction in the energy straggling of a particles—
the resolution improved by nearly a factor of 2
from previous values of AE =300 keV (for a nickel-
foil absorber) to ~AE =170 keV; and second, the
thickness of the absorber was continuously and
conveniently variable without having to break the
chamber vacuum. DirectdE/dx-E particle identi-
fication by a counter telescope was not used in the
present system. This lack of direct identification
did not introduce significant problems in the analy-
sis since the known absorber thickness, known de-
tector depletion depth, and measured kinematic
variables of the other decay products were suffi-
cient to eliminate any possible ambiguities.

In addition to the detection of light particles at
angles near 0°, two position-sensitive detectors
(PSD’s), each collimated to an area of 7 mmX 50
mm, were mounted on either side of the beam axis

and subtended angles of 15~75° in the laboratory
system. Their depletion depth was ~600 um. Each
of these detectors produced two pulses: an energy
pulse E and a position-energy pulse PE, where P
is proportional to the location along the detector
face where the ion was incident. More detailed in-
formation on their operation can be found else-
where.!! The large magnet indicated in Fig. 2 pre-
vented electrons from the target from reaching the
PSD’s.

A block diagram of the electronic configuration
is shown in Fig. 3. In this system, a triple-coin-
cidence event was defined by the time overlap of
two double-coincidence events, the latter arising
from coincident particles in the 0° detector and
either PSD. Separate double-coincidence events
were also accepted for analysis. The gated analog
signals for each triple-coincidence event (E ag?
Epsp,s PEpsp,s Epspys PEps,s Toyy Top) Were digitized,
processed on line by the Yale IBM nuclear data
acquisition system,!? and simultaneously recorded
on magnetic tape for later analysis. The PE/E
division was accomplished digitally by software.

A five-channel pulser was used to simulate triple-
coincidence events. Constant monitoring of the
analyzed pulser events revealed no significant vari-
ations in gain or in electronic timing during the
experiment.

The PSD’s were calibrated by means of an annu-
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FIG. 3. Block diagram of the electronic configuration used in the triple-coincidence measurement. LG denotes

a linear gate.

lar brass ring containing 13 slits covering the an-
gular range of both detectors. For the position
calibration, direct noncoincidence measurements
were made with the slit system in place using a
58.3-MeV %0 beam incident on a thin vertically
mounted gold wire. With this target, scattered
160 ions varying continuously in energy were ob-
tained. A least-squares method was used to de-
termine a 16-parameter transformation from en-
ergy channel number and position channel number
to absolute laboratory angle.

The energy calibration was determined by accu-~
mulating spectra from the elastic scattering of
160 by a 10-ug/cm? thin gold target at three '°0
energies: 14.60, 25.24, and 40.52 MeV. A second
least-squares analysis resulted in a similar trans-
formation and a calibration in absolute energy.
These two transformations were included as part
of the final general computer program used in the
analysis of the data.

The energy calibration of the 0° detector pro-
ceeded in the following way. The energy-loss ta-
bles of Northcliffe and Schilling!® were used to gen-
erate a cubic relationship between the energy of
the a particle leaving the target and its subsequent
lower energy on entering the Si detector after pass-
ing through the absorbers. The energy calibration
of the Si detector was then determined using this
relationship and the identification of known states
in 2*Mg appearing as peaks in a direct a-particle
spectrum.

III. DATA ACQUISITION AND ANALYSIS
A. Acquisition

Data were accumulated over a 200-h period
in a series of 27 runs, all of equal integrated-
beam current. The total accumulated data
consisted of over 11000000 double-coincidence

and almost 80000 triple-coincidence events. The
triple-coincidence data were analyzed as described
in the following subsections.

B. Analyses
The analyses of the triple-coincidence events
proceeded in three steps. First a time-correla-
tion (T,, - T';,) analysis of each event was per-

formed to determine its real or random coincidence
character. Then a kinematic mass analysis was
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FIG. 4. Two-dimensional time spectrum of the data.
Real triple-coincidence events occur in the region where
the three lines cross (window A). The time coincidence
windows are labeled (0 1 2), where the integers corre-
spond to the labeling of the detectors in Fig. 3. For
example, (0 1 2) denotes an event in which the particles
observed in detectors 0 and 2 are from the same nuclear
collision while the particle observed nearly simulta-
neously in detector 1 is from an unrelated or random
event.
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made of the two particles detected in the PSD’s,
enabling a partial determination of their masses.
Final identification was accomplished by deter-
mining the total energy or @ value of the event.

1. Time analysis

The two-dimensional time-correlation spectrum
is shown in Fig. 4. This figure shows three con-
verging loci of events superimposed on a uniform
background, representing the four types of ran-
dom time coincidences that occur in a triple-coin-
cidence measurement. It should be noted that the
relatively high intensity of the diagonal line arises
from the large kinematic coincidence rate pro-
duced by heavy-ion elastic and inelastic two-body
scattering. The real triple-coincidence events lie
within the region of intersection of these three
lines; the subtraction of the random coincidence
background was accomplished by defining five two-
dimensional windows in the T, - T, parameter
subspace as shown in Fig. 4. The designations in-
dicate the type of events enclosed by each window.
Those events which occurred in windows A or D
were tagged for addition in subsequent pulse-height
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FIG. 5. Mass-ratio spectrum for the particles ob-
served in the position-sensitive detectors. The back-
ground area (shaded) was obtained from the two-dimen-
sional mass-ratio—@y, spectrum in Fig. 7. The label
a/®Ne denoted that events in this peak correspond to the
detection of the @ particle in PSD, and the 2'Ne in PSD,.
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analyses; those which occurred in B, C, or E

were tagged for subtraction. The resulting ratio

of real-to-random events in Fig. 4 was 4 to 1.
Real-plus-random and random events were subject-
ed to identical analyses, as described below, with
the subtraction occurring only at the last stage of
the analysis procedure. All of the data presented
in the following figures have random events sub-
tracted.

2. Mass-ratio analysis

The ratio of the masses of the particles incident
on the PSD’s was determined from the measure-
ment of their energies and angles. The detection
of the light particle at 0° results, as a necessary
consequence of conservation of linear momentum,
in the following expression for the mass ratio:

M,/M, =E, sin®6,/E,sin%6,.

Use of this expression is only approximately cor-
rect in the present analysis because of the finite
solid angle subtended by the 0° detector. A spread
in the experimental value of M,/M, is thus intro-
duced. By further assuming that 0° particle to be
‘He, a unique identification of the channel can be
obtained. Special exceptions to this assumption
will be discussed in a later section.

The resulting mass-ratio spectrum is shown in
Fig. 5; the large peak at the mass-ratio value
Ml/M2 =1 corresponds to the detection of an « par-
ticle in PSD, and a 2°Ne in PSD, (this peak is la-
beled as the a/?°Ne group since it will be necessary
to specify in the subsequent discussion which PSD
recorded the a particle). Similarly, the peak at
M,/M,=5 corresponds to the ?°Ne/a group of
events where the a particle has been detected in
PSD,. The smaller peak at unity corresponds to
the observation of a '2C-!2C pair. The smaller
peaks at M,/M, =3, 2 indicate observation of %O
in one PSD and two coincident a particles in the
other. The background arises principally from
triple-coincidence events corresponding to a four-
body final state with one particle going undetected.
Much of this background is eliminated by subse-
quent steps in the analysis. This will be discussed
further in the following subsection.

3. Q-value analysis

In order to specify uniquely the internal excita-
tion energies in the channel in question, and in
order to check on the assumption that an a-par-
ticle was indeed detected at 0°, the experimental
energy sum

Qva =E,+E, +E,=58.3+@Q

was obtained. The resulting spectrum is shown in
Fig. 6. The labeled arrows denote, for the respec-
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tive mass ratios indicated, the predicted positions
of the excited and ground states of the channel
based on the summation of the experimentally de-
termined energies of each of the three particles
using the absolute energy calibration of the three
detectors.

It is also useful to consider the two-dimensional
M-Q.y spectrum, shown in Fig. 7, for which the
one-dimensional mass ratio (Fig. 5) and Q-value
spectra (Fig. 6) are projections along the ordinate
and abscissa, respectively. Lower and upper dis-
criminator levels of 48 and 281 counts, respective-
ly, have been applied to the computer display from
which this figure is taken directly. Several fea-
tures of the two-dimensional spectrum (Fig. 7) are
to be noted. First, the resolution of the *°Ne/«
group is superior to that of the @/?°Ne group. Sec-
ond, a locus of background events contained by the
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FIG. 6. @-value spectra for the various three-body
channels indicated. The arrows indicate predicted peak
positions for the states shown based on the absolute
energy calibrations for the three detectors.

two curves labeled a is seen to extend approximate-
ly from each a+ a +2°Ne group into the region of
the '2C +!2C* + @ group. This will be discussed in
Subsec. 4.

The first effect mentioned above was investigated
and found to arise from inferior intrinsic energy
resolution in PSD,. It was possible, however, to
effect an improved final-state separation in the
@, + a, +*°Ne channel by a consideration of the
summed energy as a function of the observed an-
gle of the a particle. Figure 8 shows the result-
ing spectra whereby the measured energy of the
2°Ne has been replaced by a value computed from
the known kinematic variables associated with the
other two a particles. Subsequent analyses of the
events in this channel were done by defining two-
dimensional windows about the loci of events as-
sociated with each state in ?°Ne.

It is apparent from Fig. 8 that nonlinearities in
the detection system were not removed completely
by the calibration procedure, particularly in the
case of PSD,. The following sources of error in
the calibration were investigated. First, the dif-
fering dE/dx for a particles, '2C, !°0, and ?°Ne
ions'? in the dead layer on the surface of the PSD
was considered; it was found that no differential
energy variations in excess of 100 keV could be
expected from this source. Second, the possibili-
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FIG. 7. Two-dimensional spectrum of mass ratio vs
Qval- A display window having upper and lower levels of
48 and 281 counts, respectively, is in effect here. Fig-
ures 5 and 6 are one-dimensional projections of events
in this parameter space. The full curves labeled a, b,
and c denote background regions as described in the
text.
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ty of significant errors introduced through effects
of pulse-height defects were considered and dis-
counted largely on the basis of previous studies'*
of these effects for heavy ions stopping in position-
sensitive detectors.

Thus, although the different nonlinearities shown
in Fig. 8 are not yet completely understood, it
should be emphasized that they are sufficiently
small (note the suppressed zero on the ordinate) to
be of no consequence in the identification of the dif-
ferent particle species in the exit channels; in
consequence they do not affect the conclusions of
this work. Since the energy spacings of the ground
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FIG. 8. Two-dimensional Qvai -0, spectra for the
@y + o + ¥Ne final states. The three curves in each
spectrum correspond to the ground, first excited (1.63-
MeV), and second and third excited (4.25-4.97-MeV)
states in ®Ne. The nonlinearities indicated are dis-
cussed in the text.

and first excited states of !°0 and '2C are much
larger than in 2°Ne, extended analyses such as
those described above were not required for the
separation of states in these other channels.

Finally, a projection onto the mass-ratio axis of
all events with @ values outside the range 45-59
MeV enabled the direct experimental determination
of the shape of the background shown in Fig. 5.

4. 2C channels

The identification of the '2C +'2C + @ channel was
complicated by the possibility of contributions from
the !5N +!2C +p channel. Since direct dE/dx par-
ticle identification was not used in the 0° detector,
the corresponding mass ratios (15/12 and 12/15)
would have been experimentally indistinguishable
from unity, and the deduced Q,, would pass
through the '*C +'2C + a value for E, =3-6 MeV.
This ambiguity was removed by examining the dis-
tribution of events in E -6, parameter space for
those selected in the M-Q,,; space; no evidence was
found for any such interference.

The identification of the a+!2C +'2C*(4.43) chan-
nel required additional steps in the analysis in
order to discriminate against contributions from
background events. The excited '2C channel was
observed to lie above an enhanced background,
the locus of which is semicircular in the region of
the '2C +12C* group. This region is denoted by the
curves a in Fig. 7. The source of this background
was found to be the detection of the four-body %0
+3a channel in which the least energetic « particle
remained undetected. This conclusion was reached
on the basis of an approximate computer simula-
tion of the energy and angle distribution of the four
bodies in this exit channel. A careful two-dimen-
sional background subtraction in mass-@-value
space was performed in which the *2C +!2C* + &
events were first obtained from region ¢ (see Fig.
7) and the events in the region between curves b
and ¢ were used for background subtraction. The
12C +!2C* + o events were then further limited to a
region in 6,-6, space corresponding to the allowed
kinematic range for these events. The ratio of the
12C +12C* + @ events remaining after background
subtraction to the number of background events
was 1.0. The net yield of 2C +2C* + « events is
about one sixth the number of those observed for
12C +12C + @. Given the nature of the background
subtraction, this ratio R =4 represents a lower
limit on the actual ratio of the two groups of 2C
events.

This value for the ratio R >4 may be compared
with the upper limit R <} reported in Ref. 9. In
attempting to account for this apparent discrepan-
cy, the following differences between the present
experiment and that of Ref. 9 may be noted where
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we use the notation, quantity= (Yale, Brookhaven):
Epp 1% = (58.3, 56.0) MeV; lab angle subtended by
the PSD’s = (15-175°, 20-65°); maximum observable
excitation in 2*Mg = (~31, ~28) MeV. Although it is
difficult to make a quantitative estimate of the con-
sequences of these differences in experimental
configuration, we note that all of these differences
are in a direction expected to produce a relative
increase for the present experiment of the ob-
served 12C +'2C* + a yield. It is therefore unnec-
essary to conclude that the respective experiment-
al results are in contradiction.

5. 80-2a channels

With the present detector arrangement, it is dif-
ficult to assess precisely the yield of ®Be in the
@, +'% +2a channel. The lifetime of the ®Be
ground state (r =2.6x107'® sec) is such that it de-
cays into two a particles (Q =0.094 MeV) while
still in the vicinity of the target. With the half-an-
gle of the decay restricted to 0y, <7° an estimate
of roughly 60% is made for the efficiency of detect-
ing a ®Be moving toward a PSD. However, a com-
peting source of events is the detection in one PSD
of two a particles associated with a four-body
channel independent of ®Be, as for example

160 +12C~1%0 +3a (direct breakup) @)
or
160 +12C - a, +2*Mg*
L @, +%°Ne*
L. a,+1°0. ®)

Detection of such events can contribute to the
peaks in the mass-ratio spectrum observed at the
values £ and ;. Such events are also expected to
cause an additional broadening of the mass-ratio
peak depending on the relative center-of-mass en-
ergy of the two a particles. There is no evidence
in the present work that the peaks in the mass-
ratio spectrum correspond to ®Be +!%0 as opposed
to %0 and two uncorrelated « particles. [In fact,
calculations to be described in Sec. V indicate that
for a statistical compound-nucleus reaction mech-
anism, the former is a much weaker process com-
pared to reaction (b) above.] If thedetection of ®Be is
to be of prime importance, then a completely dif-
ferent detector system must be used with much
smaller solid angles or involving separate detec-
tion of both a particles from the decay of ®Be. We
note that the lack of any yield with a mass ratio of
~% in the results of Ref. 9 originates most prob-
ably from the smaller active area of the PSD’s
used (4 mmXx50 mm in Ref. 9, vs 7T mmX50 mm in
the present work) and from the consequently re-
duced efficiency for the simultaneous detection of

two « particles.

IV. PRESENTATION OF RESULTS

All the triple-coincidence events measured in
this experiment were subjected to the various one-
and two-dimensional time, mass-ratio, @-value,
and fpsp gates described in Sec. III B, and then an-
alyzed with respect to the energy of the a particle
detected at 0°. Provided that this o particle comes
from the decay of the ?®Si compound system its en-
ergy bears a direct relation to the excitation en-
ergy in an intermediate 2*Mg system: if the reac-
tion proceeds through given sharp states in 2*Mg,
sharp peaks then appear in the E o spectrum,
while if the reaction proceeds through broad states
in Mg, or not through the 2*Mg system at all, no
such sharp structure would be expected to appear.

The a-particle energy spectra measured at 0°
are shownin Figs.9and 10 for the various reaction
channels. The spectra for **Ne + o, + @, in Fig. 9
show sharp individual groups indicative of the in-
termediate formation of discrete states in **Mg.
The structureless %0 +2a + @, and '2C +12C* + o,
spectra in Fig. 10 offer no such indication of the
participation in the interaction of sharp states in
24Mg within the low statistical accuracy present.

12¢(160,a0)2%Mg *(a,) 2°Ne
300 Eiep = 58.3 MeV :

20Ne
an SPECTRA

200 gs. 4
i

| 1 L

o

1000

T

2% (1.63) 7]

500

LABORATORY YIELD

2000

T

4% (4.25)
+
27 (4.91)

1000} E

L 1 1 N

30 25 20 15
E Zapg (MeV)

FIG. 9. Energy spectra of o particles ¢, observed at
~ 2°1ab in coincidence with an ¢,-*Ne pair in the two
position-sensitive detectors. The abscissa is plotted as
excitation energy in the intermediate /Mg nucleus.
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There is, however, clearly marked structure in
the '2C +'2C + @ spectrum; its interpretation is the
subject of further analysis to be described below.

2
A. ®Ne +a,+a; channels

Figure 11 displays the two-dimensional 6, - E*
(**Mg) spectra for three-body final states leading
to the ground, first excited (1.63-MeV 2*), and
second and third excited (4.25-MeV 4*; 4.91-MeV
27) states (unresolved) of *°Ne, respectively.
Shown below each two-dimensional spectrum is the
one-dimensional projection of events along the E*
(*Mg) axis. Population of higher excited states in
20Ne was not observable, since these states are un-
bound against a-particle decay to %0, with life-
times much shorter than the target-to-detector
flight times. The events forming straight vertical
lines correspond to the observation of intermediate
states in 2*Mg through detection at 0° of the (pri-
mary) « particle which populates the particular
state in 2*Mg together with the detection in the
PSD’s of the @-?°Ne pair depopulating this state.
The events forming the sloping loci, on the other
hand, correspond to the detection at 0° of the (sec-

160 +12C —g,+A+B
Eien=58.3MeV
A+B: i
IZC . |2C

80 E34M°=3(i.7

ol 12¢ +12c(4.43)

LABORATORY YIELD

200} 160 424
100 .
o
L 1 1 1 1o L 1
o} 10 20 30 40
Eqo (MeV)

FIG. 10. Energy spectra of « particles q; at ~ 2°lab
in coincidence with the indicated A + B pair detected by
the two position-sensitive detectors.

ondary) a particle which depopulates a state in
?*Mg, while the a particle which populated the state
in ?*Mg is observed in a position-sensitive detec-
tor in coincidence with the remaining ?°Ne particle.
The assignment of an excitation energy in 2Mg in
this figure is, of course, made on the assumption
that the o particle detected at 0° is the a particle
which populates the state in **Mg. Kinematic an-
alysis of the events in the sloping lines allows the
assignment of the corresponding excitation energy
in *Mg which is in fact much smaller than the ex-
citation energy given by the intersection of the
sloping lines with the abscissa. The kinematic re-

a,
160 + 12¢ —= a°+24M°' /'m
Ne*

70°

50°
6a \lem.)

. 2% 1.63
30°

500
YIELD

1000

16 20 24 28
E., (MeV)
24mg

FIG. 11. a)-oy angular correlations for the three
@ + &; + ¥Ne channels displayed as a continuous function
of excitation energy in %Mg. E*(**Mg) has been calcu-
lated on the assumption that the a particle observed at
2° is from the decay of the %Si system. The straight
vertical lines correspond to the detection of a primary
« particle at 0°, while the curved lines indicate detec-
tion of a secondary a particle at 0°.
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lationships for primary and secondary « particles
are illustrated schematically in Fig. 12. The clear
recognition in Fig. 11 of the two classes of events,
primary and secondary, observed by this detection
system will have important consequences in ex-
plaining the observed yields. This will be dis-
cussed in Sec. VC.

B. '2C+"C+a channel

We begin by noting the definite peaks in the a,
+12C +12C gpectrum (Fig. 10) corresponding to ex-
citation energies of 22.0 and 30.7 MeV in >*Mg.
Our initial interpretation® of this structure was
that it constituted evidence for '*C-'2C quasimolec-
ular configurations. However, a subsequent and
more detailed investigation of the mechanisms
through which this particular three-body final
state may be populated has shown this interpreta-
tion to be incorrect. (See note added in proof in
Ref. 8.) The source of the structure in the 0° -
particle energy spectrum shown in Fig. 10 be-
comes apparent in the two-dimensional spectrum
shown in Fig. 13. The yield is plotted here against

TRIPLE-CORRELATION EVENTS

a,<

20Ne

PRIMARY EVENTS:

|___24Mg_,

180 —wi2g |

ao jo°

PSD2

FIG. 12. Schematic interpretation of the structure
observed in the experimental angular-correlation data
(Fig. 11). The o particles are subscripted according to
the detector in which they are observed. The super-
scripts P and S denote primary and secondary « parti-
cles, respectively. “Primary” refers to an a particle
coming from the decay of the 28Si compound system:.

the relative kinetic energies of the « particle with
respect to each of the '2C ions observed in the
PSD’s. The presentation of data in this form was
motivated by the methods introduced by Dalitz.!®
The axes are labeled in terms of the correspond-
ing excitation energy in 0.

Evidence for the participation of intermediate
states in 2*Mg (through strong correlations between
the two !2C ions) would appear as events lying
along diagonal loci in this spectrum and as peaks
in the one-dimensional spectrum in Fig. 10. The
apparent absence of such diagonal lines in Fig. 13
indicates that if such states are present in this
region of excitation in 2*Mg they are either very
weakly populated or have such large decay widths
as to be obscured by their overlap with other states
in the surrounding continuum. Rather, the pattern
of events in Fig. 13 suggests two broad orthogonal
lines, each lying approximately parallel to an
axis. This indicates a strong a-!2C correlation or
final-state interaction corresponding to an excited
state in 0.

There are indications of two types of structure
along the bands of correlated events in Fig. 13:

(1) a broad minimum appears near 12 MeV in each
band; and (2) the bands are modulated by a series
of narrow maxima running approximately at a 45°

|60+|2c_> ) +|2C|+|2C2
E;n0=58.3 MeV
f 22 DATA
E|60(|2C]+a) 20_- .
(MeV) 1
18

16

T T T T T T T T

8 10 12 14 16 18 20 ' 2'2
*
E'GO('2C2+0)(MeV)_’

FIG. 13. Energy correlation of events in the o, + 2C

+12C channel. From the measured kinematic variables,
the kinetic energy of the a particle relative to each 2C
ion has been calculated for each event. These values
are then converted to an equivalent excitation energy in
the €0 system and used as coordinates in plotting the
event. Only channels with two counts or more are dis-
played.
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angle to the axes. This structure can be under-
stood with the aid of Fig. 14, which represents a
kinematic mapping of the parameter space shown
in Fig. 13 using a two-step sequential reaction
model shown in the figure inset. The contours of
kinematic lines for events corresponding to the
indicated scattering angles are shown in Fig. 14
for the sequential decays. It may be noted that the
direction of the structure in the data coincides with
the isoangle contours associated with the first step
of the reaction.

In order to check this interpretation against the
experimental data and to obtain a better qualitative
picture of the characteristic angular distributions
for the !®0 +!2C scattering and the subsequent '°0
decay, a series of Monte Carlo simulations of a
two-step sequential reaction were made. The two
angular distributions mentioned above were param-
etrized under various assumptions and used to
weight scattering events randomly selected in the
appropriate center-of-mass systems. The follow-
ing effects were considered in the Monte Carlo
calculations: the resolution, nonlinearities, and
thresholds in the position and energy determina-
tions, the finite solid angle of the detector at 0°,
and the width of the excited state in 0. The am-
plitudes for the observation of the recoil '2C ion
(from the first step of the reaction) in each of the
PSD’s were added incoherently, this approxima-
tion being valid when the experimental energy reso-
lution is much greater than the natural width of
the excited %0 nucleus.

*
Eieo 180+ 12C—= 12C + (12C+q) ; E[p2=58.3 MeV
(MeV)
f 20}
IZC
18 ecm‘
160 wt2cl 22 _
16 80" e
N2
i2¢
14
12
10
8
'l 1 L - 1 A 1 Il
8 10 12 14 16 18 20

— E.’éo (MeV)

FIG. 14. A kinematic mapping of the parameter space
shown in Fig. 13, based on the two-step reaction
12C(160’ IZC)le*O(aO)IZC'

It is clear from Fig. 14 that an intensified yield
may be expected in the region of the data where
the orthogonal lines cross, not only because of the
addition of the intensities from the crossing bands,
but also because of the smaller spacing between
the isoangle lines. The sizes of these enhance-
ments were first isolated and studied through Mon-
te Carlo calculations employing isotropic angular
distributions (in the center-of-mass systems). In
subsequent calculations the angular distribution
for 6,, (see Fig. 14) was varied while that for 6,4
remained isotropic. This assumption of isotropy
for 6.4 is consistent both with the experimental re-
sults and the fact that all of the magnetic substates
of an excited state in '®0* may be populated at the
scattering angles considered here, 45°<6,, <140°

The results of a Monte Carlo simulation for an
excited state in '°0 at 10 MeV are shown in Fig.
15. The simulation qualitatively reproduces the
data and demonstrates that a two-step reaction
proceeding through an excited state in !°0 can ac-
count for the type of structure indicated in Fig.

13. Furthermore, when the spectrum of a par-
ticles at ~0°is obtained from the simulation, two
peaks appear at approximately the energies indi-
cated by the arrows in Fig. 10. The angular dis-
tribution for 6,, used in the simulation is peaked
forward of 90°c.m. in the region 50~ 60°. About
35% of the total yield in the observed region of 50
to 130° occurred at angles larger than 90° c.m.

and the spacing between maxima in the angular dis-
tribution was 15-20°,

IGO +12¢c = a°+|2c'+ |2C2
16
Epn’ =58.3 MeV
22 1

E’
'60(|2C|“‘ao) SIMULATION

(Mev) 297

18
16
14
12 4

104

é I'O I'Z ?4 I'S I'B 2'0 2'2
—_— El’so(IZCZ*ao)(MEV)

FIG. 15. A Monte Carlo simulation of the reaction
2¢ (180, 2C)1¥*0()12C for Efy,~10 MeV. A slight non-
linearity in the energy calibration of the PSD’s included
in this calculation is responsible for the over-all sloping
of the kinematic lines away from the coordinate axes at
high excitation.
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There are a number of excited states in %0 in
the region 8.5-10.5 MeV excitation which (individ-
ually or collectively) could be responsible for the
structure in Fig. 13. The smearing of the struc-
ture in Fig. 13 over a width of approximately 1.5
MeV excitation in '®0 is consistent with the finite
position and energy resolution of the three detec-
tors. This experimental width and the slight non-
linearity do not permit more precise identification
of the state or states in the region 8.5-10.5 MeV
responsible for the structure. However, it is
known from measurements at higher '®0 bombard-
ing energy (i.e., 65 MeV,'® 67 MeV'") that the
10.34-MeV 4* state in '®0* is strongly excited in
the 2C(*%0, 12C)*®0* reaction and this state is
therefore a most probable candidate.

There is significant '2C +!2C + & yield in the area
of Fig. 13 corresponding to an excitation in '%0*
of 12 MeV or greater along each axis. It is not
possible to ascertain whether this yield arises
from the population of close-lying states in *°0*
at higher energies, from a direct breakup of the
160 projectile, or from compound-nucleus forma-
tion and decay. Each of these processes could
account for the lack of structure in the region
E*(%0)>12 MeV. This yiel& will be the subject of
further discussion in Sec. V.

C. "2C+'*C* +a channel

Figure 16 exhibits the corresponding @-!2C cor-
relation spectrum for the excited !2C three-body
final state. The background has been subtracted
as described in Sec. III B4 above. The right-hand
ordinate is approximately scaled for a particles
correlated with the ground-state '2C nucleus; the
left-hand ordinate is scaled for « particles cor-
related with the !2C nucleus excited to its 4.43-
MeV (2%) level. No evidence is seen for any such
correlations nor for correlations between the two
12C nuclei; rather, the distribution is suggestive
of a phase-space population confined within the
ellipsoidal boundaries determined by the kinemat-
ics and detector thresholds for energy and angle.

D. '°0+ 20+« channels

Because of the ambiguities introduced by the con-
tributions from the four-body final states, no in-
formation is expected from further consideration
of these channels. Indeed, analyses of the data
along the lines described in the preceding sections
offered ro indication for any unusual structure or
correlations.

E. Section summary

The measurements described in this section
represent a detailed comparison of the most im-

portant three-body exit channels involved in the
160 +12C reaction. Evidence has been presented
that the 2°Ne + @ + @ channels carry away approxi-
mately 90% of the three-body flux at a bombarding
energy E,q = 58.3 MeV. The four-body background
was found to contribute almost 50% of the total
number of triple-coincidence events measured.

No evidence was found for the population of sharp
states in *Mg of '2C-'2C molecular structure.
Rather, the '2C +!2C + @ channel was found to be
dominated by an intermediate state(s) in 'O at

~10 MeV excitation which decays into an « particle
and one of the '2C nuclei.

The discussion in this section has centered
around a consideration of the reaction mechanisms
involved in the particular scattering channels ob-
served in this experiment. With the understanding
of the '2C +'2C + a yield as described in Sec. B
above, it is possible to exclude from this yield
those events which arise from the population and
decay of the ~10-MeV state in '°0* and to focus on
the remaining a-'2C-!2C data within the frame-
work of a statistical model for nuclear reactions.
In the following section, a comparison of predic-
tions obtained with the Hauser-Feshbach statisti-
cal model will be made with the corresponding ex-
perimental yields from the 2C and 2°Ne three-body
channels.

160412 o 12c% 4 126, o
160 _
Eng = 58.3 Mev

e ’ 2 DATA *f
160=12C M q , , _|6E|GO=IZC‘+G
(Mev) 207 (Mev)
18+ 14
6 12
144 10
12 - 8

12 14 16
E|60= |2C*+ a
(MeV)

FIG. 16. Two-dimensional spectrum of events in the
@y + 12C+ 12C* channel plotted as a function of the rela-
tive kinetic energy of each a-'2C pair. The coordinates
of each event were obtained as described in Fig. 13.
The scale of the left~-hand ordinate is appropriate for
those events in which the a particle is associated with
the 12C nucleus excited to its 4.43-MeV (2*) level; the
right-hand ordinate, for those a particles correlated
with the ground state !2C.
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V. STATISTICAL MODEL ANALYSES

A. Introduction

The statistical model of nuclear reactions'® has
met with much success in predicting individual
channel reaction cross sections in the '°0 +'2C and
2C +'2C reactions at intermediate energies.?+?°
Thus it is natural to ask to what extent such a
model can account for the gross properties of the
yields measured in the three-body channels de-
scribed in the previous section.

While the **C channels were seen to proceed
primarily through a direct interaction involving
a ?C and an o particle, a number of scattering
events in this channel are not necessarily so
associated. These events lie in the kinematic
region of Fig. 13 bounded by E*>12 MeV in 60,
There is no strong evidence for any intermediate
a-"?C interaction here, although this process is
not ruled out. The formation and decay of >*Mg
could then account for a sizable fraction of these
events and a comparison with the statistical model
is thus meaningful.

Recent calculations by several workers?! have
demonstrated that the energy-averaged cross
sections of a number of high-spin states observed
in the *C(*®0, a)**Mg reaction are consistent with
a purely statistical compound-nucleus process.
The associated a-particle energy spectra exhibit
peaks superimposed on a smooth background of

R. WIELAND et al.
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events which also presumably arise from the pop-
ulation of states of a statistical compound nature,
though of low spin and, hence, with a high level
density. Thus it is possible that a comparison of
the ratio of theoretical and experimental yields
averaged over excitation energy in an assumed
intermediate 2*Mg compound system for the three
?0Ne and two !2C channels may give some informa-
tion on the source of the observed '2C three-body
yield in the kinematic region mentioned above.
Furthermore, the two-step sequential processes
involved here in the *Ne channels and possibly in
the '2C channels as well should provide a valuable
check on the statistical parameters describing the
coupled compound nuclear systems 2Si and 2‘Mg.

B. Angle-integrated experimental yields

The data for the three-body channels involving
'2C in the final state were taken from the region
of the spectrum enclosed by the full curve shown
in Fig. 13. Events lying outside this region were
excluded from consideration. The data from the
inelastic *C* three-body channel were taken as
the entirety of those shown in Fig. 16. The data
for the *°Ne final states were taken from the spec-
tra shown in Fig. 11.

The yield extracted for a given a-particle angle
(6) and excitation energy interval (AE*) in Mg
is related to the associated triple differential
cross section for a particular channel by the re-

TABLE I. Statistical-model parameters.

Optical-model parameters

V teal R a w R a

System (MeV) (fm) (fm) (MeV) (fm) (fm) Ref,

2¢ 4+ 12¢ 14 6.18  0.35 0.4+0.1E 6.41  0.35 26
20Ne +a 57.5 5.3 0.56 13.2 5.30  0.56 27

%0+8Be 14 6.1 0.49 0.4+0.15E 6.10  0.49
2Na +p 56 —0.55E 3.56 0.65 13.5 3.56 0.47 28
BMg +n 48.2-0.3E 3.56  0.65 11.5 3.55  0.47 28

180 4+ 12¢ 17 6.49 049 0.4+0.1E +0.006E> 6.11  0.15 26
“Mg +a 54,4 4.9 0.53 9.8 4.90 0.53 217
20Ne +8Be 14 6.36 0.49 0.4 +0.15E 6.36 0.49

21A] +p 52.2—-0.3E 3.75  0.65 11.5 3.75  0.47 28
218i +n 48.2—-0.3E 3.75 0.65 11.5 3.75 0.47 28

Level-density parameters (Ref. 25)
2dJd+1 — 12
p(E,J)= AL +t)5/2(202)m exp[2(al)1"?] exp [_(‘;0;22)] ,

where U=E~A, 02=9t/hi% U=at?~t, = 2 MR?(1+0.318+0.448%), and R = r,A!/3,
a=0.149A, A=3.6 for even-even nuclei; 7,=1.2 fm, A=1.8 for odd-even nuclei; 8=0.3,

A =0.0 for odd-odd nuclei,
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lationship
Y(Bo, 8, E%) o =30 F(G)F(Fpp )
0 Yy dﬂonPSD dE* 0 PSD
X B0 A% gy AE*, (1)

where laboratory quantities are indicated by super-
posed bars and where the function F is the ap-
propriate transformation between center-of-mass
and laboratory coordinate frames. The appro-
priate experimental quantity with which model cal -
culations are to be compared is the angle-inte-
grated double differential cross section in the
center-of-mass system

d%o(E*) J’ d3c

gy @05 AE*

dQudE* Besp » @

where the integration is performed over the ang-
ular range kinematically available to the particular
channel at a given excitation energy E*.

The resultant experimental cross sections, not
possessing an absolute normalization but norma-
lized relative to one another, will be displayed in
a later section together with the corresponding
model predictions.

C. Hauser-Feshbach calculations

The basic assumption involved in these calcula-
tions, as noted above, is that the individual chan-
nels proceed through two-step sequential process-
es involving compound nuclear states in 8Si and
24Mg.

The calculations were performed using the
computer codes STATIS and BRKUP .2 As input
parameters, these codes required the transmis-
sion coefficients for all the important exit chan-
nels coupled to the two compound systems. These
were obtained from optical-model calculations
using the code ABACUS 2® with optical-potential
parameters derived from the literature. The exis-
tence of a consistent set of such parameters for
the heavy-ion channels was particularly useful,
these being obtained partly from the results of

in 2°Ne or '2C, and is given by

dB 1

& TerD 2 2y TvENZULLE0, DZW, LV, L', L)(-1)*
L s

where s’ =1’ +i’,I’ and i’ are the spins of the decay
products, and I=1'+s’. Z is the z coefficient de-
fined in Ref. 18 and T, is an optical-model trans-
mission coefficient. 5. ~T,~(c”) represents the
total number of open channels available for the
decay of the particular state in **Mg. Evaulation

previous elastic scattering measurements done
at this laboratory.?* The calculations were made
for the channels indicated in Table I at center-of-
mass energy intervals of 1.0 MeV using the poten-
tial parameters also indicated there. The param-
eters used in the level-density expression within
the Hauser-Feshbach model are given in the table
and were obtained by comparison of calculated
Hauser -Feshbach cross sections with the 2C(*¢O,
a)**Mg reaction data of Halbert, Durham, and
van der Woude.'®

The calculations were of two types depending
on whether the particular «a particle detected at
0° came from the decay of *Si (=primary reac-
tion) or from the subsequent decay of *Mg (=sec-
ondary reaction). The relative contributions of
these two processes can be clearly seen in the
data shown in Fig. 11. The '2C channels required
only the calculation of the primary contribution,
while the *°Ne channels required the sum of the
primary and secondary contributions in order to
arrive at a valid comparison with the experimental
cross sections.

Calculations of primary cross sections. For the
primary case, the cross section is given by the
expression

d30(6,, 6, E¥,I'
dQ,dQ,dE *

) do
=L g g 1)
ngl y V1
xp(E*,I)%(E*,I,n-—E*’,I’,ﬂ'),
2
(3)

where 6,=0° and 7 =(-1)! since only normal-parity
states are populated in ?*Mg when the primary o
particle is detected along the beam axis.
(do/aQ)(E*, 6,,1) is the differential cross section
for formation of a state in ?*Mg of spin I at an ex-
citation energy E* and p(E*,I) is the level density
of Mg for states of normal parity. Expressions
for the cross section do/dQ, are given, e.g., in
Ref. 18. dB/dRQ, is the differential branching ratio
for emission of a second particle from anm =0
substate in 2*Mg leading to a given state E*',I’, 7’)

+ P;(cos6,)

2, Tyr(c")’ )

—
of this quantity was done using explicitly the levels
of the various nuclei with known spin and parity,
and a level-density formula at higher excitation
energies. Yrast-level cutoffs were applied in the
calculation of @o/dS)(6,,E*,I) and d B/dS.

In the case of >*Mg decaying into identical spin-
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zero particles, special considerations apply in
evaluating Eq. (4). Only states of even spin and
parity in ?*Mg may undergo such decay, and the
summation over [’ is restricted to even values.
Symmetrization of the wave function and the in-
distinguishability of the particles require that the
quantity dB/d2 be multiplied by a factor of 4. For
the decay of 2*Mg into '2C +'2C*, these restrictions
on the states in 2*Mg or on the values of ’ do not
apply. The position-sensitive detectors, however,
do not distinguish between '2C and *C*, and dB/
dS? must be multiplied by a factor of 2. These
above conditions also apply in evaluating angle-

sion

d3c
49, dS2,dE*

where 6,=0°15°<g,<75°,
B=Y" T,,(E*’)/Z T,»(c"), (6)
l’s, C"

and

*
& (0,840 =2EL D )

Addition of the primary and secondary cvoss
sections. The excitation energy in **Mg is defined
by the energy of the primary « particle. Since
it is impossible for any given event to know wheth-
er a primary or a secondary a particle is detected
at 0°, an ambiguity results when attempting to
present the data as a function of excitation energy
in 2*Mg. The data presented in Fig. 11 are given
in fact as a function of the energy of the a particle
detected at 0° this energy was then converted into
an equivalent excitation energy in ?*Mg on the as-
sumption (for purposes of presentation only) that
the primary « particle was detected at 0°. In
comparing the statistical-model calculations to
the data, therefore, additional steps were required
before the calculated secondary cross sections

could be combined with the primary cross sections.

For a given excitation energy in **Mg there is

a unique relation between the energy and angle

of the primary « particle, detected in one of the
PSDs, and the energy of the secondary « particle,
detected at 0°. This allows the assignment of a
“pseudo” -excitation energy in **Mg for the second-
ary reaction, namely that excitation in **Mg which
would prevail had the secondary « particle in fact
been a primary a particle. Primary reactions
and secondary reactions, thus combined using
this pseudoexcitation energy for the secondary
reaction, are compared to the data in Fig. 17.

do
(Gu 929E*I’11) = Z d_ﬂ (GI,E*y 1, ")D(E*:I, m
Im

|©

integrated cross sections, provided that the in-
tegration does not go beyond 90° center of mass.
This was the case in both the calculations and
analysis of the data.

Calculation of secondary cross sections. In this
case the intermediate 2*Mg system is not con-
strained to the m =0 substate, and the angular
distribution of the second a particle leading to
0Ne is reasonably taken to be isotropic in the
center of mass. The primary o particle from
28Si, now detected in the angular range 15°<§
<175°, is well described by a (sing)~' distribution.
Thus the cross section is now given by the expres-

\Blo B, L, 1= E*, I',m)

(5)
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FIG. 17. A comparison of two-step statistical model
calculations to the experimental data. Experimental
angular distributions have been integrated over the
center-of-mass angular range: 60-90° (circles); 50—-90°
(crosses); 40—90° (triangles). The dashed curves rep-
resent the relative primary and secondary a-particle
contributions to the 2°Ne (2*) channel. The data have
been normalized to the 2¥Ne (2*) prediction. The
12¢ 4+ 12C 4+ a, data shown here are selected from the re-
gion of the kinematic plane in Fig. 13 given by E*(160)
=12 MeV.



D. Results and conclusions

The angle-integrated data for the three *°Ne
channels and the two '2C channels are displayed
in Fig. 17 together with the results of the two-
step Hauser-Feshbach calculations described in
the previous section. The absolute cross sections
for the data have been adjusted by normalizing the
20Ne (2*) cross sections to the predicted results.
The relative contributions of the primary and
secondary reactions are indicated by dashed curves
for that channel in the figure.

In general, the experimental cross sections are
well accounted for in this treatment. The selected
12C ground-state cross sections are reasonably
well reproduced in both shape and magnitude. The
12C-excited channel, however, is not well repro-
duced particularly at higher excitation energies.
This most probably results from the presence of
additional flux from the breakup of '°O above 11
MeV in excitation. It should be noted here that
there exists another reaction route that can feed
these '2C channels. This is the statistical process

160 +12c__ ZBSi*_, 12C +160*
L a+22c.

Similar Hauser-Feshbach calculations placed an
estimated upper limit of 10% on their strength
compared to the ?**Mg decay route. Hence, these
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contributions were not explicitly considered here.

Although the angle-integrated cross sections pre-
sented in Fig. 17 serve to illustrate the over-all
relative yields for the different channels, there is
considerably more information contained in the dif-
ferential cross sections. These are shown in Figs.
18 and 19 for selected excitation energies in 2*Mg.
The data represent a summation of events over
a 1-MeV interval centered around the indicated
values. The errors shown are based solely on
counting statistics. The angular distributions
show some structure which becomes less pro-
nounced for increasing spin in *Ne. The '2C +!2C
cross sections show considerable structure. Note
that these cross sections show the symmetry re-
quired by the presence of identical particles.

The full-drawn curves are the results of the
Hauser -Feshbach calculations described above.
The agreement with experiment is reasonably
good. That the data show more structure than the
calculations may possibly arise from the small
size of the energy interval (1 MeV of excitation
in 2*Mg) over which the data are summed. It may
be noted in Fig. 9 that the spectrum of « particles
at 0° does not indicate strong states in this region
of excitation which could produce such structure.
However, the secondary reaction, proceeding
through isolated states in 2*Mg at lower excitation
in ?*Mg, is more probably responsible for some

5
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FIG. 18. «y-a; angular correlations for the ¢, + oy + %Ne final state. The curves are results of the Hauser- Feshbach

calculations described in the text.
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FIG. 19. «)-'2C angular correlations for the &, + 12C
+12C channel. The data are selected from the region of
the kinematic plane in Fig. 13 define by E*(%0)> 12 MeV.
The curves are results of the Hauser-Feshbach calcula-
tions described in the text.

of the observed structure. The predominant ang-
ular momenta in **Mg contributing to the cross
sections in this region are 7, 8, and 9 for *Ne,
and 6 and 8 for 2C +!2C. The densities of levels
in ?*Mg at E*=23 MeV given by the level-density
expression used in this calculation are 150, 70,
30, and 10 levels per MeV for spins 6, 7, 8, and
9, respectively.

The periodicity and magnitude of the pronounced
structure appearing in the *2C +!2C angular dis-
tribution in Fig. 19 are reproduced rather well
by the statistical-model calculations. The origin
of this structure is found in the exclusion of the
odd angular momenta in the decay of ?*Mg into two
12C nuclei (and, of course, in the fact that the

|©

24Mg is initially in an m =0 substate). Thus the
angular distribution consists predominantly of
[Ps(cos6)]? and [Py(cos6)]? whereas in the case of
the *Ne + a decay, odd angular momenta also
participate and smooth the angular correlations.
Indeed, the over-all agreement of the statistical
model predictions for the a(0°) +'2C +!2C yield

as evidenced in Figs. 17 and 19 strongly suggests
that the events lying in the kinematic region of Fig.
13 bounded approximately by E*>12 MeV arise
predominantly from the formation and subsequent
decay of 2*Mg into two '2C nuclei.

It is interesting to note that the formation of 2*Mg
and subsequent decay into two '2C nuclei has also
been observed in the **Ne(*He, !2C)!2C reaction by
Lassen® in the region of excitation 22 < E*(**Mg)
<26 MeV. Analysis of the angular distributions
indicated the reaction proceeded predominantly
through compound states with J " =6*,8*. Thus it
seems likely that the fission into '2C +!2C of the
same states in ?*Mg has been observed although
these states were populated in two different reac-
tions, *Ne(a, '2C)'2C and *Q(**C, a)**Mg ~ 12C +!2C.
Further support of this suggestion is obtained
from a comparison of the absolute cross sections
measured for *Ne(q, 2C)*2C and the corresponding
statistical model prediction. This comparison is
made in Fig. 20 which shows the data of Ref. 29,
the average value of the fluctuating cross sections
(dotted line), and the Hauser-Feshbach prediction
(full line). The Hauser-Feshbach calculation em-
ployed the same parameters as used in the two-
step three-body final-state calculations. The
agreement is excellent.

In conclusion, the experimental results indicate
that the '°0 +'2C = a +'2C +!2C reaction proceeds
primarily through a two-step process involving the
formation of '*0* (~10 MeV) which then decays
into @ +'*C. The events corresponding to the
a(0°) +!2C +!2C* (4.43-MeV) final state did not
reveal any such two-step process but showed a
phase-space-like distribution. All of the remaining
data, viz. the @(0°) + @ +**Ne channels and a se-
lected portion of the a(0°) +'2C +!2C reaction yield,
were well reproduced by a statistical model for
the reaction mechanism in which the compound
nuclei ?®Si and **Mg are formed.

No evidence was found in this three-body reac-
tion for the existence of sharp high-spin quasi-
molecular states in 2*Mg. We note that the quasi-
molecular states seen earlier in 2C +!2C-induced
reactions®'® were not expected to be observed in
this work. The reasons for this are the low angu-
lar momenta of these states, [ <4, and the fact
that in the present experiments angular momentum
matching favors the population of states in ?*Mg
with higher spin. The comparison of Hauser-
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FIG. 20. Comparison of the 2Ne(a, 2C)12C reaction at 6cm.=90° from Ref. 29 and the predictions of the Hauser-Fesh-
bach statistical theory. The calculations, performed at 1-MeV intervals, are connected by a full drawn line. The en-
ergy average of the experimental cross section is given by the dotted line.

Feshbach calculations with the data suggests that
we have observed the formation of **Mg in the
12C(*%0, a)**Mg reaction and its subsequent decay
into **C +'2C. This process, however, involves
overlapping statistical compound states in ‘Mg
with J "~6*- 8" rather than the molecular-type
states originally sought in this experiment.
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