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Prominent gross and intermediate width structures are observed in the 2C+!2C,
2C 4 12cx(2+), 12C*(2+) 4 2C*(2%), ®Be+ %0, and *Be+ '%0* (37,0%) decay channels fol-
lowing **Mg* population via the '>C('°0,a )**Mg reaction at E., =33 MeV. Evidence that
the 2C('%0,a)**Mg reaction populates states in >*Mg which are associated with 2C+ 2C
resonances is presented in the form of correlation analyses between the a + 2C+2C three-
body spectra and previously measured 'C+!C elastic and inelastic excitation functions.
Direct determination of '>C+'2C widths from these measurements is obscured by a back-
ground of other strong transitions which appear to be present in the '*C(!%0,a )**Mg singles

spectrum.

NUCLEAR REACTIONS 2C(*0,a)*Mg* — X +Y; measured o(aXY)
three body coincidence, fission widths of states in **Mg between
E, =20 and 40 MeV. Intermediate structure observed.

I. INTRODUCTION

Much information has become available recently
in the study of resonant behavior in the 2C(*?C,X)
reactions at energies well above the !2C 4 !’C
Coulomb barrier. The first reported data of Cosman
et al.! indicated the presence of several isolated and
sharp resonances at E,(**Mg)=25.4, 28.3, and 33.3
MeV in the reaction '>C(!>C,p)**Na. They were seen
to decay strongly to a pair of states in **Na at
E,=9.04 and 9.81 MeV. Subsequent analyses of
the '2C('2C,p)**Na coincidence study*> and of the
analogous *C(?C,n )23Mg reaction® have indicated
that these are high-lying states in **Na and >Mg

. . 15 . 15 +
with spins —- and either 5~ or - . The lower
state is a member of the ground-state rotational
band. From considerations of the dynamics of pro-
ton decay to these two states in 2*Na and also from
studies of the >C('2C,a,)*Ne reaction,’ the three
resonances were assigned spins of J”=8%, 10*, and
12%, respectively. A resonance at Ey(**Mg)=39
MeV was seen in the '>C(12C,d)**Na reaction and
has been tentatively assigned J7= 147,

More recent studies by Fletcher et al.® and by
Eberhard et al.” of the >)C(>C,®Be)!%O reaction have
revealed a multiplicity of resonant states in 2*Mg; 17
resonances have been reported between 24 < E, < 34
MeV. The resonances are closely spaced, with
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widths equal to 100—400 keV. They are observed
to cluster in groups of common spin and parity, the
groupings themselves being several MeV in breadth.
Most of the states have spins J”=8% and 10%; one
state at the lower end of the energy range has been
assigned as 61 and several at the high end of the
range have been identified as 12*. Fletcher et al.,$
and, more recently, Feshbach,® have commented on
this behavior of the '*C + 'C system. They point
out that this experimental evidence is supportive of
the presence of one or more doorway states in Mg
which have been fragmented over the compound-
nuclear states of the system. Such a fragmentation
can be accounted for by a weak coupling between a
broad shape, elastic resonance in the entrance chan-
nel ion-ion potential and the more complex doorway
states themselves. The weakness of the coupling is
imperative if the spreading width of the resonances
into the compound nucleus is to remain small
enough for them to be observable.

Cormier et al.’ have observed resonances in
12C + 2C inelastic scattering. Their data show evi-
dence for strong enhancement of the single and mu-
tual excitation of the >C ions to the 2+ (4.43 MeV)
state. As in the case of the ?C(12C,%Be)!°O reaction,
the inelastic scattering samples the resonant strength
of entire groups of states. Their earlier study was
performed employing a pair of large Nal(Tl) detec-
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tors to monitor the 4.43 MeV gamma rays produced
in the reaction. The later study was performed via
charged particle measurement of the '2C ions them-
selves. This later experiment had sufficient energy
resolution and fine enough step size to observe inter-
mediate structure which is superimposed upon the
broader structure. These authors speculated that the
gross structure corresponds to groupings of nar-
rower states, all of which have common spin and
parity. The broad resonances were hypothesized to
constitute a rotational band in 2*Mg generated by a
quasimolecular interaction of the type first described
by Imanishi!® and later extended to higher energies
by Kondo, Matsuse, and Abe,!! and also by Greiner
and Scheid.!? The fact that the inelastic scattering
to the 2+ state samples the gross structure was inter-
preted to indicate that the excitation of the 27 state
is an important part of the reaction mechanism by
which the resonances are bein§ produced. A
theoretical study by Phillips et al.'> has demonstrat-
ed, however, that such gross structure in inelastic
scattering can be generated, in part, by nonresonant
diffraction; so, the complete explanation of the in-
elastic functions may involve interference among
several mechanisms.

Information has also become available on the
2C + 2C fusion-evaporation excitation function.
Sperr et al.'* performed the first measurement by
detecting the evaporation residues with a particle
telescope. Recently, the fusion-evaporation excita-
tion function has been determined by Kolata et al.'®
by measuring yields of known gamma-ray transi-
tions in the final-state evaporation residues. The
agreement between measurements is poor at the
lowest bombarding energies, presumably because of
particle decays directly to evaporation residue
ground states. Nevertheless, both measurements in-
dicate that the fusion-evaporation cross section exhi-
bits an energy dependence which is modulated by a
gross structure. The average cross section is found
to follow the Glas and Mosel'® prediction rather
well. The gross structure is in good agreement with
similar structure observed in the elastic scattering
deviation function.!” It also aligns itself well with
the centroids of the resonances reported by Cosman
et al.! and by Fletcher et al.® In contrast, the in-
elastic scattering measurements of Cormier et al.’
are distinctly out of phase with these other fluctua-
tions. Indeed, the groups of intermediate states
which make up the gross structure of the inelastic
scattering reactions may not all have the same spin.
Some indication of this is found from examination
of individual states seen in the inelastic data® which
correspond, in many cases, to resonant states report-
ed from the '2C(12C,®Be)'®O reaction, from which
reaction their spins and parities have been inferred.®

The role which the gross and intermediate struc-
tures play in the spectroscopy of Mg is still not
clear and furthermore, their interrelationship is not
determined. For example, does the gross structure
arise from a clustering of several sharper states
comprising the intermediate structure, or rather,
does it arise from a dynamic window effect originat-
ing from the nature of the 2C + >C entrance chan-
nel, through which window the sharper states of the
nucleus 2*Mg can be seen? Are the narrower struc-
tures relatively isolated intermediate states or are
they substantially overlapping high spin states pro-
ducing a statistical or strong interference behavior in
the cross section? There have been recent stud-
ies!®~2% which suggest that the structures arise from
a fairly sparse population of special high spin states
in 2#Mg. The first!® was the examination of high
resolution 2C('%0,a)**Mg spectra over a wide range
of bombarding energies. Here, it was seen that this
reaction selectively populates final states at excita-
tion energies which have also been observed in
2C + 2C reaction excitation functions. The
second'®? was a correlation analysis between inter-
mediate structures seen in '2C + 12C elastic and re-
action channels. Here, the existence of discrete
states in 2*Mg with large >C + ’C and a +?°Ne*
partial widths was observed.

The present experiment was motivated by con-
siderations outlined above and also by the earlier
study'® which indicated that the '2C('°0,a )**Mg re-
action was capable of populating states at high exci-
tation in 2*Mg which had also been observed as
resonant states in earlier 1>C + '2C reactions. A re-
cent study by Nagatani et al.?! has also shown this
to be true for the 2C(!0,a )**Mg reaction at higher
bombarding energies. We present here data which
survey the heavy particle decays from states in 2*Mg
that are populated via the >C(1°0,a )**Mg reaction;
that is, we have measured the three-particle coin-
cidence between «, X, and Y in the reaction
2C(%0,a)**Mg* —X + Y. Such a three-body reac-
tion could be of importance since it can potentially
reveal in a direct way the location of cluster struc-
tures in Mg involving these species. In addition,
this could lead to an experimental determination of
the T'(12C) strength function over a large range of
excitation in 2*Mg and possibly to a determination
of the spins of the associated states in 2*Mg. In this
study we have observed the **Mg* —!2C* 4 2C* and
Mg* —®Be+ 1°0* modes. It is notable that this ex-
periment had been tried by two previous groups,
Wieland et al.?? and LeVine ef al.,?* at lower ener-
gies, viz., E1,,(1%0)=56MeV. They did not find any
evidence for structure in >*Mg associated with the
12C + 12C decays. However, for the reasons stated
above we were confident that such structure should
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be seen at higher energies. In fact,
E,(1%0)=77 MeV was chosen here because of the
apparently strong population of discrete states ob-
served in the 12C(1°0,a)**Mg reaction at this energy.
Our measurements have shown abundant >*Mg in-
termediate and gross structures in several of the
2C(1%0,a)**Mg* —X + Y channels, but give a pre-
liminary indication of the problems encountered in
extracting spectroscopic information from such
data.

II. EXPERIMENTAL METHOD

The experiment was performed at the Brookhaven
National Laboratory tandem Van de Graaff facility
using a 7t %0 beam of 77 MeV. Typical beam
currents were 10—20 particle nA. The targets em-
ployed were natural self-supporting carbon foils
(99% '2C, 1% "3C) and were typically 20 ug/cm? in
areal density.

Three detectors were used, yielding energy spectra
for each of three coincident fragments, two labora-
tory angles, and the time correlations among the
three particles. (See Fig. 1.) These parameters
served to specify the final state uniquely. The a was

detected at zero degrees in a single element 2000 um
totally depleted surface barrier detector located
directly behind a 51 mg/cm? tantalum beam stopper
foil. Although protons and deuterons could also be
observed in the detector, the particle identification
could be performed later by using the measured
three-body reaction Q value. In similar earlier mea-
surements performed at lower bombarding ener-
gies?>?3 the masses of the two heavy fragments ob-
served laterally in coincidence with the light particle
at zero degrees were determined kinematically by us-
ing the measured energies and angles of the pair in
two position sensitive surface barrier detectors.
With these quantities it is possible to determine the
mass ratio of the two fragments. This technique is
not a very clean one experimentally, as the resolu-
tion of both the energy and position in the position
sensitive detectors (PSD’s) directly affect the calcu-
lated mass ratio. It was therefore decided to use a
somewhat different technique for performing the
kinematically complete measurement for the present
case. As can be seen in Fig. 1, one counter (hereaf-
ter labeled “1”) consisted of a gas AE solid state E
counter telescope.?* The proportional wire used in
the gas AE section was a strand of resistive ni-
chrome wire, 10 um in diameter. The isobutane gas

3-body experimental setup
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FIG. 1. Arrangement of detectors for the three-body final state measurements.
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at 50 Torr pressure and the thin (60—90 ug/cm?)
stretched polypropylene entrance window represent-
ed about 500 ug/cm? of material through which the
fragments reaching the solid state detector traversed.
The energy detector consisted of a 450 mm?, 300 um
thick totally depleted surface barrier detector. By
performing charge division along the resistive wire,
it was possible to obtain a position determination
with a resolution of 0.1 mm. From the AE-E infor-
mation only the atomic number of the fragment
could be determined. This, however, was used to
infer the mass: Thus Z =6 implies '*)C and Z =8
implies 1°0. Although the counter could not per se
resolve isotopes of the elements, the above assign-
ments were reliable because of the differences in re-
action Q values for various final states. The third
detector (detector 2) was also a large area 450 mm?,
totally depleted 300 um surface barrier detector.
Because of the number of parameters obtained from
the telescope, only the energy of this third fragment
was needed to determine a three-body final state
completely.

The a detector at zero degrees subtended a solid
angle of 15 msr. This was defined by a tantalum
aperture with a diameter ¢ =7 mm at a distance of
~2.5 cm from the target. The lateral detectors had
large acceptances. These detectors were collimated
with circular aperatures and subtended laboratory
angles of 6,(lab)=31%8.5° and 6,(lab)=—42
+13.5° respectively, for detectors 1 and 2.

Data were collected both as singles using the on-
line storage disc of the Brookhaven National Labo-
ratory (BNL) =7 computer and in coincidence mode
event by event using magnetic tape. The coin-
cidence data were of three types: triple coincidence
and the two possible sets of twofold coincidences.
The latter ones were used off-line for calibration
purposes. The singles data included the three energy
signals (E,,E,,E,), two time signals (ta;,ta;), the
charge spectrum from detector 1 (AE-E), and the
position spectrum from this same device (x AE-AE).
These signals were collected primarily to observe the
on-line performance of the electronics and the detec-
tors during the experiment. The energy losses suf-
fered by the particle at zero degrees and by the slow
heavy-ion detected in the telescope were accounted
for in the later analysis on an event by event basis
using a lookup table derived from Northcliffe and
Schilling.?®

III. EXPERIMENTAL RESULTS
AND ANALYSIS

A. Discrete three-body final states

The data were first classified by the particle mul-
tiplicity in the final state. The time correlations be-

tween the a at zero degrees and both lateral detec-
tors were used to discriminate those events for
which at least three final states fragments were
detected. The true-to-randoms ratio for the experi-
ment was measured to be ~100:1 and random coin-
cidences posed no problem in the interpretation of
the results. Those events lying in the triple coin-
cidence peak consist of at least three particles in the
final state; the multiplicity could be greater than
this. To discriminate against events with greater
multiplicities, the total energy spectrum (E,+E,
+E,) for those events characterized by the indivi-
dual elemental lines in the AE-E; spectrum was
produced. This charge spectrum obtained during
the experiment is shown in Fig. 2. The spectrum
presented here is the inclusive yield collected during
the run; the only appreciable yields observed for
threefold coincidences occur for the carbon, oxygen,
and neon lines. The *°Ne fragment is in coincidence
with two alpha particles; a( originating from the a
decay of 28Si and a; coming from the subsequent de-
cay of *Mg. Calculations have shown that the ex-
pected efficiency of the present geometry for detect-
ing both Ne and a fragments in the lateral detec-
tors is nil; the threefold coincidences associated with
the 2°Ne line come from an observation of the secon-
dary alpha at zero degrees and the primary alpha in
the lateral detector. This latter configuration for the
three-body final state does not allow the spectros-
copy of the intermediate nucleus **Mg to be studied
via the energy spectrum of alphas detected at zero
degrees; consequently the °Ne+a,+a, final state
was not given further consideration.

The total energy spectra for three-body final
states are presented in Fig. 3. The channels which
have been observed with appreciable yields are the
a+"2C+ 2Cand a + ®Be + 'O final states. The
energy resolution is adequate to resolve transitions

Charge Spectrum , Particle 1

AE,

FIG. 2. A typical AE-E spectrum obtained with the

. gas AE-solid state E, position-sensitive telescope.
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FIG. 3. Q-value spectrum for three-body final states.
The arrows indicated expected positions of peaks arising
from

ao+"Be+'°0,

a+°%Be+%0*(6.1 MeV) ,
ao+"Co+"Co

a+"2Co+2C*(4.43 MeV) ,
a+'7C*(4.43 MeV)+"C*(4.43 MeV)

final states as determined from energy calibrations of the
three-detector system.

which proceed through excited states of **C and °0
(the expected Q values for these states are indicated
by arrows in the figure). Here the observed
a+"2C 4 2C events correspond to the final states
12C + 12C

g-S. g.8.?

¢, o +12C*(J™=2"%,E, =4.43 MeV) ,

and !2C*4'2C*. There is no observed yield to any
other states of 1>)C. The a +*Be + '%0 channel con-
tains Q-value peaks corresponding to *Be,  +'°0,
and

8Beg_s'+16O*(J"=3_,0+,Ex=6'_1 MeV) .

The continuous background present in the «
+%Be + °0 channel arises from the subsequent de-
cay of the fragment ®Be; the two alphas produced in
its decay may not be both detected. The four-body
nature of the a +®Be + '%0 breakup then produces a
continuous spectrum for the three-particle energy
sum. This fact reduces the detection efficiency of
the setup for events producing ®Be + °0 below that
which has been calculated by assuming a three-body
final state. The present setup cannot detect three-
body final states proceeding through excited states
of ®Be.

For each of the discrete three-body final states it
is possible to produce the energy spectra of the alpha
particles observed at zero degrees. These spectra are
presented in Fig. 4. The uppermost histogram la-
beled “a singles” is the inclusive '2C('%0,a)**Mg
yield at zero degrees for this experiment. The exper-
imental energy resolution is 480 keV and is account-
ed for by straggling of a particles through the tan-
talum beam stop. The characteristics of the
spectrum—discrete states observable above the eva-
porative continuum-—are quite similar, aside from
the inferior energy resolution, to the E_ ,, =33 MeV
spectrum obtained at 6),,=7.5° in an earlier study.'®
This high resolution spectrum at E,, =77 MeV for
the '2C(!%0,a )**Mg reaction is shown in Fig. 5. The
spectra in Fig. 4 for the a +*Be + '°0 channel have
been extracted as follows: The spectrum labeled
a+8Beg_S, +!%0 arises from those events with a
sharp three-body energy sum in the spectrum of Fig.
3. The a+*Be+ '%0* yield has been obtained by
subtracting an appropriate background from those
events in the @ =6.1 MeV peak of the energy spec-
trum. All these data should, in principle, represent
states of the **Mg nucleus which decay via heavy
particle fission. That this is indeed the case was
found in a detailed study of the a+‘2Cg.s.+12Cg,s'
channel.

B. Three-body analysis of the a+'>Cy ;. +'2C, , channel

The previous studies of the *C(1°0,a )**Mg*(X, Y)
breakup reaction’”?® that were performed at lower
bombarding energies have indicated that in these ex-
periments a major contribution to the
a+"2Cy +'2C, yield arose from the projectile
breakup of 0. At the lower energies the lateral
PSD’s were exposed to laboratory angles well for-
ward of the grazing angle for 2C + °0. The pro-
jectile breakup is, by nature, a peripheral process
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FIG. 4. Energy spectra for 0° a detector gated on la-
beled three-body final states. Energy scale is in the excita-
tion energy of the *Mg* system.
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and hence has appreciable cross section at or for-
ward of the grazing angle. In the present experi-
ment the 12C + !0 grazing angle is calculated to be
~8—10° in the laboratory. The a-'>C angular

|ZC(IGO,u)24Mg
E4=63MeV (a)
@ 77 (b)
9l (c)

(b)

(c)

counts /channel

R S e e L R 2 T S S
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£, (MeV)
FIG. 5. Singles a-energy spectra for three bombarding
energies taken at 6, =7.5° (see Ref. 18). (b) corresponds
to the energy used in the present experiment.

correlation for breakup processes is known to be
quite sharply peaked near 8('%0*)~0°2° The small-
est a-'2C angle observable by the lateral detectors of
Fig. 1 was typically ~25° in the laboratory. These
considerations make it unlikely that the
a+ 12Cg.s, + 12Cg.s. final state in particular, and that
the other three-body final states also, arise from
peripheral processes involving the breakup of either
12C or 10.

In the present study a more detailed analysis of
the nature of the a+'2Cy +'2C, final state has
been performed in the manner of Dalitz?’ and of
Chapman and MacLeod.”® From the parameters
determined experimentally it is possible to recon-
struct each event in the center of mass. The angles
and velocities of the three particles are shown

3-body kinematics for a—2*Mg intermediate states

FIG. 6. Center of mass kinematics for an intermediate
a +*Mg* system for the a particle emitted at 0°.
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schematically in Fig. 6. Because the total momen-
tum in this system is zero, the energy and momen-
tum of any one particle can be used to determine the
total momentum and energy of the other pair. In so
doing, the three-body final state can be reduced to
an equivalent two-body final state represented by an
intermediate particle which subsequently decays. In
this manner the energy of the third particle effec-
itvely determines the two-body Q values. Hence, the
energy of the alpha particle at zero degrees can be
used to determine the effective excitation energy in
24Mg for the 2C(*%0,a )**Mg* reaction, while the en-
ergy of the '2C observed in the position sensitive
detector, E 1, can be used to determine the effective
excitation energy in 'O for the reaction
12¢(160,12C)1%0*. Both these reactions can, in prin-
ciple, produce a three-body «a +IZCg.S‘ +I7'Cg.& final
state. For all three-body events, then, a two dimen-
sional Dalitz plot may be produced, wherein each
event is plotted according to its coordinates
[E,(**Mg),E,('°0)]. In such a graph any tendency
for the event to scatter along bands parallel to either
axis can be interpreted as evidence for the popula-
tion of an intermediate state in the nuclei **Mg* or
160* prior to the subsequent three-body decay. Fig-
ure 7 presents the data in this manner. All events
are bounded by the dashed curve representing all ac-
cessible points in the phase space of the reaction (47
solid angle). Furthermore, the solid line in the fig-
ure corresponds to the calculated region of phase
space which is kinematically allowed by the present
experiment when the angles of all three detectors are
taken into account and when the energy cutoffs
represented by the beam stop for the alpha detector
and the AE gas element of the telescope detecting
the 12C are considered.

There is no real evidence for bands parallel to ei-
ther axis. This is not surprising in the case of *Mg
since the reaction is populating many states in 2*Mg
at 20—40 MeV of excitation. In the case of !0,
however, this indicates that the present set of data
does not include an appreciable yield arising from
the reaction '0* »a+ 12Cg_s.. The data of Wieland
et al.?? indicated the presence of a state in %O at
~ 10 MeV which a decayed very strongly. The data
of Fig. 7 can be projected onto either axis and these
are shown in Fig. 8. The histograms represent exci-
tation energy spectra of the nuclei '°0O and Mg for
the three-body events. There is no appreciable struc-
ture in the spectrum of !°0O which cannot be ac-
counted for by the statistics. The first a-decaying
state in °0 occurs at E,~9.6 MeV, while the
a+'2C threshold is 7.2 MeV. The histogram at en-
ergies below E, ~ 10 MeV appears similar to the his-
togram for energies above this threshold energy,
thus indicating that there is no appreciable yield

2C (180, ) 2¢Mg : —> 2C, + 2C,

40

[Pp———

35

251

20
(o]
Ex('®0)

FIG. 7. Dalitz-type plot for ay+'>C+'2C events. For
each event the equivalent **Mg* and '%0* excitation for
the three-body final state has been plotted (see text and
Refs. 27 and 28). The dashed ellipse represents the limits
of the phase space for the three-body final state (4
geometry). The solid curve represents the region sampled
by the current experiment.

from the '®0 breakup to the three-body events. The

spectrum of **Mg is essentially a transformation of

the laboratory spectrum presented in Fig. 4.
Calculations indicated by the solid lines in Fig. 8

Dalitz Projections
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FIG. 8. Projections of the data of Fig. 7 onto the two
axes. The curves in the left-hand figure correspond to
calculations for emission from a state in 2*Mg at the cor-
responding excitation and for angular momentum as la-
beled on the curves.
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show that the a +12Cg.s, +12Cg.s, yield is consistent
with the fission of states in 2*Mg between
20<E, <40 MeV with J"=6%,8",10", and possi-
ble 12+, The curves of Fig. 8 were produced by tak-
ing a product of the three-body phase space for a
given value of angular momentum in >*Mg with the
appropriate transmission coefficient, T;(E,) for
Mg—'2C+"2C. These functions were derived from
the elastic scattering code ABACUS-2 with optical
model parameters of the Yale group. All curves are
normalized to the data. The characteristics of the
threshold between E,~ 20 and 25 MeV indicate
that it is unlikely any large contribution is coming
from states with spins less than J =6. It may be
concluded, then, that the a+ ?Cg.s. + 2Cg.s. yield ar-
ises from the fission of states in 2#Mg at reasonably
high spin that are populated via the ?C(!0,a)*Mg
reaction.

C. Structure in the coincidence spectra

The three-body coincidence spectra in Fig. 4 show
pronounced gross structure and intermediate struc-
ture for all five Mg fission channels measured.
This suggests that we are seeing real variations in
the fission width distributions for these channels.
Important questions to be answered therefore are the
following: (a) Are there correlations in energy be-
tween the structures seen in any of these channels
and structures observed previously in *)C+ '2C reso-
nance reactions; and (b) are there cross correlations
in energy between the structures seen in two or more
different fission channels from the present experi-
ment? The answers to these questions would clarify
whether the structures in the three-body spectra
arise from individual *Mg states or whether there
exist significant interference effects which would
tend to obscure the nuclear structure.

First we shall consider the gross structure in the
fission channels, that is, the structure with widths of
order 2—3 MeV. Such structure is evident in all
five of the 2*Mg decay channels shown in Fig. 4. It
has been determined that they are not due either to
threshold effects or to instrumental ones. From a
visual examination of the spectra, it does not appear
that there are cross correlations in this gross struc-
ture between any two of these channels. Comparing
these spectra to previously reported 2C+ !2C inelas-
tic® and fusion'*!® excitation functions, there does
not appear to be any obvious gross structure correla-
tions with them either. Figure 9 shows the sum of
the three-body spectra of Fig. 5 together with
12C 4+ 12C fusion data from Sperr et al.,'* and with
12C 4+ 12C elastic scattering deviation function data

]1[!7][]Tllillllll

2¢(®0, )2 Mg —> X + ¥
TRIPLE COINCIDENCE
YIELDS SUMMED FOR
2¢c+2¢c AND 88E + €0

c+"2¢ Fusion
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FIG. 9. Comparison of our summed three-body yields
(over five three-body final states) with reported fusion ex-
citation functions for !>)C + 2C. Also shown is the
12C 4 12C elastic scattering deviation function on this en-
ergy domain.

from Shapira et al.!” The latter results are chosen
as possible indicators of gross structure effects such
as shape resonances, should these exist in 2*Mg.
Weak evidence for broad enhancements near
E,(**Mg)=30 and 34 MeV may be seen in all these
data. It would be expected that the enhancements in
the 2C + '2C reaction data, which could be indica-
tive of the C,, +'2C, strength function, should
show up most clearly in the present
a+12Cg‘s, + 12Cg.s, states significantly. The fact that
this is not the case casts some doubt on the origin of
the gross structure in our data as being specific to
the interaction of the two ions X and Y of the partic-
ular a+X +7Y spectra in Fig. 4. An alternate ex-
planation is that the gross structure in the '>C + 2C
channels arises from the sequential mechanisms of
the inelastic excitation of the '%0 to excited states in
the continuum '®0O*, and subsequent decay to
2C+a. The 0° alpha spectrum would then still re-
flect the discrete energies of the excited 'O* recoil-
ing to forward angles. The mechanism has been ar-
gued by Rae et al.? to be very important, at least
for a-'2C coincidence measurements involving *C
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ions emitted below 6(lab)=30°. In this paper we
have not addressed this question in any quantitative
way to explain the gross structure seen in Fig. 4.

It was the objective of this study to determine
whether a value of '2C + >C widths from Mg
states could be deduced from identification of the
same transition in the *C(1%0,a)**Mg singles spec-
trum and in the coincidence a +'C + >C decay
spectra. We have determined, however, that a direct
comparison between coincidence yields and singles
yields is very difficult, at least at this bombarding
energy. The most strongly populated states in the
singles spectrum do not have very large carbon
widths and thus obscure those states seen most
strongly in the coincidence spectra. As an example,
consider the peak which appears at E, =25.4 MeV
in the @ +'>Cy 5 +'2C, ;. yield. There is also a peak
at 25.4 MeV in the singles spectrum. Assuming the
two are one and the same state, one obtains

[(12C) /T4 ~[0.05]%8:055 -

This is in disagreement with a recent study of the
same quantity from Breit-Wigner analysis of the
elastic scattering,'®?° which indicates that

I'(12C) /Ty ~0.25 .

Furthermore, a triple coincidence measurement of
the 2C(1%0,2a )*Ne channel®® indicates that there is
a state at 25.18 MeV in >*Mg which is strongly pop-
ulated by a decay from 2%Si, and which also a de-
cays to excited states in ?°Ne. This is at odds with
the measured a, width of the '>C + '2C resonance
at 25.4 MeV, which appears strongly in the
20(12C,a)®Nelg.s.) reaction.” Thus although this
resonant state is seen in a ‘ZCg_s. +12Cg,s. + a spec-
trum, it is masked in the singles spectrum, probably
by the state at 25.2 MeV, and this precludes making
a straightforward determination of I'(>C)/T,, for
the resonant state. Furthermore, Branford et al.?’
report that the state at E,=25.18 MeV has a total
width of 163+6 keV, whereas the 2*Mg state at
E, =~25.4 MeV known from resonance reactions ap-
pears to have a width of greater than 200 keV. This
further supports the conclusion that the a singles
spectrum itself is dominated by transitions which do
not correspond to the >C + '2C resonant states, and,
that the latter states populated by the
2C(1%0,a)**Mg reaction are obscured in the a sin-
gles spectrum. The argument about the widths
must, however, be tempered by the fact that a very
fine-stepped excitation over the '2C + '?C resonance
near E,=25.4 MeV has not been done to evaluate
whether its reported width is an average and wheth-
er finer structure might reveal fragments that are
more in line with the widths of Branford et al.

Thus, our conclusion here is that a direct observa-
tion at this single bombarding energy of known
12C 4+ 12C resonance states in the 'C(°0,a)**Mg
singles spectrum is not possible.

However, this conclusion does not rule out the ob-
servation of '2C+ '2C resonant states in the
a +X + Y coincidence spectra since these should be
a drastically constrained subset of the entire a-
singles spectrum. To ascertain the degree to which
this is true, we have performed a correlation analysis
between the a +X + Y spectra of Fig. 4 and reported
2C 4+ 2C excitation functions for the '>C+ '2C
elastic” and inelastic’ reactions. This is shown in
Fig. 10. C;(E) is the cross-channel correlation
function and is defined as
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FIG. 10. Cross correlation functions between the
present three-body data and other '>C + C reported
data.
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The evidence for correlation appears strongest in the
elastic versus a+‘2Cg,s,+‘2Cg‘s, and the inelastic
versus a+'2Cy, +'2C,, cases. The degree of
correlation in these graphs can be compared to the
graph in the lower left of Fig. 10 which presents the
same calculation between two !*C + 2C reaction
channels which are known to manifest resonant
structure; namely, the >C + '2C 90° c.m. elastic
channel excitation function and the

2¢(12C,a )°Ne* — 1%0* (3= =01 ) +a

channel excitation function of Kolata et al.'> The
enhancements in the correlation functions occur at
energies where there have been reported *C + 2C
resonances; viz., E. , =13.3, 14.9, 16.3, and 19.3
MeV.

We conclude, therefore, that the >C(!%0,a)**Mg
reaction does populate some of the same 2*Mg states
seen as '>C 4 '2C resonances, but it is not possible,
in view of the above discussion, to make a quantita-
tive statement about how strongly they are popu-
lated or what the carbon widths for these states are.

We now address ourselves to the cross correlations
among the five @ +X +Y channels of Fig. 4. The
calculations are shown in Fig. 11, where Cy(E) is
the same function defined above. There is weak evi-

RC('0,x) 24Mg — X +Y CROSS CORRELATIONS
ALL FIVE FISSION
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FIG. 11. Cross correlation functions, averaged over 1.8
MeV (in '2C + 2C c.m. energy), for the five three-body fi-
nal states observed in this experiment.

dence of cross correlations between the
C+C/C+C* and C+C/C*+C* channels, and
these occur at the same energies that we quote above
for 12C + !2C resonances. Sums of pairwise correla-
tions, examples of which are shown in the upper
right hand figure, are relatively structureless, but
this reflects the fact, however, that the individual
graphs exhibit both positive and negative excursions
which will average out in a sum of several such
functions. This can occur despite the presence of
large correlations because there will be minor energy
shifts of the same resonance maximum in each
channel caused by differing interference patterns be-
tween the resonance amplitudes and background
amplitudes for each channel. The interferences pro-
duce a fore-aft asymmetry of the resonance shape,
giving rise to the above mentioned shifts. Since the
shifts need not be the same for each channel, posi-
tive and negative variations of C(E) may readily
occur.

As a final comment, we note that the degree of
population of 2C+!2)C  states in the
12C(1%0,a )**Mg reaction may vary significantly
within a few MeV in >)C + 0 incident energy if
resonances in this entrance channel affect the pro-
cess. In fact, resonances in the 2C('%0,a )**Mg reac-
tion excitation functions and recent analysis®® have
revealed that E_,, =33 MeV may not have been a
favorable bombarding energy for this reaction. The
excitation functions show that E_,, =33 MeV is a
minimum between resonances in the %0 + 2C sys-
tem. Had the incident energy been equal to one of
these %Si resonance energies, there might have been
a proportionate increase in the selectivity of the
three-body reaction if there were a structural simi-
larity between the '2C + %0 and the '2C + '2C reso-
nances themselves.

IV. SUMMARY

In summary, we find evidence that the
2C(1%0,0)**Mg—X +Y coincidence reaction at
E. ., =33 MeV does populate >*Mg states associated
with '2C 4 2C resonances at E,, =11.3, 14.9,
16.3, and 19.3 MeV observed in other works, i.e.,
states with large '2C 4 '2C decay widths. This is
based on correlation functions between the
a+"2Cy s +"2C, ;. coincidence spectrum and excita-
tion functions of '2C + '2C elastic and inelastic
scattering. Further support for this conclusion

‘comes from the cross channel correlations between

12C(1%0,a )**Mg—X + Y final channels, particularly
between the channels X +Y=12C+ >)C and
12¢* 1 12C*. 1t also appears that at E, ,, =33 MeV
the 2C('%0,a)**Mg singles spectrum also contains
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relatively strong transitions corresponding to known
states in 2*Mg between E,(**Mg)=20 and 40 MeV
which have relatively weak '?C + '?C decays. The
presence of these transitions makes it difficult to
isolate those transitions in the o+ 2*Mg singles spec-
trum which have significant '2C + '2C decays, and
thus it was not possible in this study to derive
directly any quantitative '>C + >C decay widths in

2Mg by comparison of singles and coincidence spec-
tra.
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FIG. 2. A typical AE-E spectrum obtained with the

gas AE-solid state E, position-sensitive telescope.



