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A backward angle measurement has been made of the angular distribution for the st that decay
by symmetric fission t0'’C + %C in the Y2C(**Mg,*?C'?C)'“C reaction. A comparison with previous very
forward angle measurements indicates a substantial asymmetry in the angular distribution, averaged over a
range of excitation energies #Mg. The observed degree of forward-backward asymmetry is reasonably well
reproduced by coupled channels calculations assuming a direct inelastic scattering mechanism. Combining this
information with previous measurements of the energy systematics supports direct inelastic excitation as the
most likely reaction mechanism leading to the fissioning levels.

PACS numbse(s): 24.10-i, 25.70~2, 27.30+t

. INTRODUCTION model, the reaction proceeds via resonant stateSCAr
which are part of a 3:1 deformed band which has a structural
overlap with a deformed band #Mg. The states are 50—70

... MeV above the particle decay threshold and thus their widths
“C+ “C[1] and states that decay by near symmetric f'ss'or}are expected topbe several I\)//Iev. The results of this calcula-

into °0+ *Be [2]. These special Sta‘?‘s .that decay into Iarge[ion did agree with the measurements. The inelastic coupled-
cluster_s are of particular spectroscopl_c interest and a NUMBQ}, - 1 els calculations were performed with the computer
of s_tudles.have been reported on thelrlstructBr,é] gnd ON  coderresco[9] assuming a direct excitation 8fMg from
their relation to the resonances HiC+ *“C scattering5].  the ground-state rotational band into a band based on a 3:1
However, of equal importance is an understanding of thetate and consistent with the band observed by Fiétaa.
reaction mechanism by which such unusual structures can (] in their measurement of the breakup reaction. These
produced. Indeed an understanding of the reaction mechaesults also agreed with the experimental energy dependence.
nism can in turn aid the understanding of the spectroscopy dfhe final calculations, which used the computer codeck
the states. [11] and assumed a direé¢tC transfer from the?*Mg to the
In a previous work, Gyapongt al. [6] attempted to de- '°C, failed to match the observations.
termine the reaction mechanism by measuring the yield of The conclusion drawn by Gyapormg al. was that the ob-
the breakup states as a function of the beam energy. Theerved energy dependence of Mg breakup reaction was
experimental results were compared with the predictions o€onsistent with either a resonant or a direct inelastic excita-
four reaction mechanisms: a compound statistical process;t@®n process. However, the energy variation alone was not
compound resonant process; a coupled-channels inelastic estdifficient to distinguish between these.
citation; and direct'?C transfer. The statistical model calcu-  Another key indicator of the reaction mechanism is the
lation was performed with the computer codeaTis [7], angular distribution of the reaction products. There is limited
which uses the Hauser-Feshbach formalism and assumes tildormation about the angular distribution for the
reaction to proceed via a fully equilibrated compound *C(**Mg,*?C'2C)*°C reaction[12]. These data showed that
nucleus. This calculation did not match the experimental rethe yield is very forward peaked witlo/d() falling by a
sults and a statistical fusion-evaporation process was rulefdctor of 100 betweerd* of 0° and 20°, whered* is the
out by the authors. The resonant model calculation followedenter-of-mass scattering angle of the excitédg nucleus.
a suggestion by Rae and Merch@Bfbased on their cranked The laboratory cross section was measured to be (1.07
a cluster model calculations fosd-shell nuclei. In this +0.12) mbsr? averaged over this angular range. However,
this limited range of¢* is insufficient to distinguish reliably
between different reaction mechanisms by wayofd().

*Present address: School of Chemistry and Physics, Keele Uni- Broadly speaking, compound nuclear or resonance mod-

versity, Keele, Staffordshire ST5 5BG, U.K. els predict cross sections that are symmetric alstut 90°,

The scattering of**Mg from '°C has been observed to
excite states ir**Mg that decay by symmetric fission into
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TABLE I. Summary of parameters and results for the forward angle experifaightogether with the
parameters for the present experiment.

Reaction 120 (Mg, CHC) 2C 24\g(12C, 2C12C) 12C
Beam energyMeV) 170 85
Detector position(a) 11°24 22°
Detector position(b) —12°27 —22°
Detector size (m#A) 10X 10 50% 50
Detector-target distandgnm) 120 170

Target thickness g cm ?) 400 289
Integrated beam curreinC) 3.11 2.59
Counts inQgygq Peak 1644

Cross section (mb SF) 1.07+0.12

whereas direct reaction models tend to predict very asym--13.93 MeV, and that for producing twtC nuclei in their
metric distributiongdeviations from this simple average be- ground state, and one in its 4.4 MeV excited stagderred to
havior can arise under certain circumstances, as will be disangg) is —18.33 MeV.
cussed in Sec. IV Thus, although the data taken at forward The Qgq peak is clearly visible in Fig. 1 and evidence of a
angles are unable to separate the predictions of different rQ) o Peak is also seen. Since the width of Qg,, peak is
action mechanisms, when forward and backward angle megpot well defined, theQyy and Quqq peaks have been fitted
surements are compared, the different predictions should b&imultaneously, keeping the widths of the Gaussian line
come much easier to distinguish. shapes fixed for both peaks. This gav@g,, peak area of
In this paper, we report the results of a measurement 0fg3+22) counts and a width of 1.0 MeV. The fitted line
the angular distribution close " =180° to allow the two  shapes are shown in Fig. 1 together with a second-order fit to
extremes of the angular distribution to be compared. In ordefhe underlying background. It is noted that g, peak will,
to achieve this, the reaction kinematics were reversed angh general, be Doppler broadened dueytaecay of the ex-
forward - angles =~ measured in  the - reactiongited fragment in flight. However, this effect is estimated to
Mg(*?C,"*C1*C)™”C. This was necessary as, if Mg contribute less than 10%ess tharg channel in Fig. 1to the
beam were to be used, the breakii nuclei corresponding wigth of theQg4 peak and therefore is not expected to affect

to backward angle scattering would be too low in energy tahe above result, to within the accuracy of the fitting
be detected. Experimental parameters such as beam enefgpscedure.

and detector angles were chosen to ensure that the new mea-

surements would be directly comparable with the forward . ANALYSIS
angle experimerit12] that used &*Mg beam. These param-
eters are shown in Table |I. Although it is possible to convert the number of counts in

the Qgqq Peak into a laboratory cross section(6f64+0.15

Il. EXPERIMENTAL DETAILS 500 |J” T T T

The measurements were performed using an 85 Nf&/
beam from the 14UD accelerator at the Australian National 499 | i
University. The'?C ions from the breakup were detected in
two gas-hybrid detectors. Each detector consisted of &
5 cmXx5 cm position sensitive silicon strip detector placed 300 | % Qg Qoo i
behind a longitudinal ionization chambelr3]. Each detector
was capable of recording the energy and position of a par
ticle, as well as providing particle identification. The detec- ~ 200 | i
tors were set at 22° on either side of the beam and placet
170 mm from the target, a 28%gcm 2 Mg foil.

The analysis technique is described in R&f3]. Briefly, 100 | -
events in which twa"?C nuclei were simultaneously detected L\
were selected for analysis. Their momenta were calculatec ) ]J"":,%
from their measured energies and angles and the momentui 0 . L
of the undetected final statéC was deduced using conser- 5 60 E &56\/) 0 &
vation of momentum. Adding the energy of the three final
state particles together gave the total final-state enefgy ( FIG. 1. E, Spectrum generated for the present experiment
from which theQ value could be determined. Tli®, Spec-  showing peaks at the energies predicted @, and Q,q events.
trum is shown in Fig. 1. Th€ value for producing all three Gaussian fits to these peaks are indicated together with a second-
12C nuclei in their ground statéreferred to asQggy) is  order fit to the underlying background.
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Z
lab frame
FIG. 2. Definitions of terms used in the phase-space mapping.
wb sr 2, this simple figure is not useful for comparison with v2:v;+v§ +Vem 2
the previously quoted forward angle cross section for a num-
ber of reasons. First, because the two measurements hawere
been carried out under different kinematic conditions, the
solid angle transformations to the center-of-mass system are sin 6, cos¢,
different. Second, the detectors did not cover identically mir- . .
ror symmetric regions of angles at forward and backward vi=vy| SiNBisiné, |, (3
angles. Finally, only the exclusive yield to th€C+ '%C cosé,
channel has been measured and not that from a specific ex-
citation in 2*Mg. The excitation energy ranges covered in the sin 6, cos¢,
two measurements are different, being determined by the an- . .
gular coverage of the detectors and the detection energy V2=vp| SiNOzsing, |, (4)
threshold. cos6,

The procedure used in this analysis was to apply a soft-
ware cut to the backward angle data to reduce its excitation 0
energy and angular range down to just that of the forward / 2mpEcm.
angle experiment. By this means identical sections of the Vem.= W 0f, (5
forward and backward angular distributions could be com- 6

pared over identical excitation energy ranges in the scattered
2“Mg nucleus. sin 6* cos¢*

Any event detected in a breakup measurement can be cat- . \/Zmu(Ec_m_Jr Qi—-EJ| . . . .,
egorized by the velocity vectors of the two detected particles. VE= (M, + m,) (M, +m;) sing=sing™ |, (6)
It is possible to define a phase space of all possible values of . coso*
these vectors that can be obtained in the reaction. This labo-
ratory phase space will be denoted Bs. It is a five- —siny cosy
dimensional phase space, though it is most easily described T [2m,(E,+ Q) o .
with the six variables,, 61, ¢, v,, 65, and¢, wherev is Vi= m singsiny |, 7)
the laboratory velocity of each particle, aficand ¢ are the —CcoSsy
emission angles in the lab frame. Conservation of momen-
tum and energy mean that these six variables are correlated siny cosy
in such a way that the phase space is only five dimensional. T 2m(Ex+ Q)| . .

In addition, any event can be categorized uniquely by a set of Vo= m singsiny | . 8
five center of mass variables. These variablesdared*, i, COoSs

X, andE,. 6* and ¢* define the center-of-mass scattering
angle of the excited*Mg nucleus, whileys and y define the Here, m,, is the mass of the projectiley; is the mass of the
angle of the breakup®C nuclei in the?*Mg center-of-mass target,m; is the mass of particle I, is the mass of particle
frame.E, is the excitation energy of th&'Mg nucleus.6* 2, m, is the mass of the undetected particta, (- m,—m;
and ¢ are shown in Fig. 2. These five variables define a—m,), E., is the center-of-mass enerdyEpea,m;/(mM,
five-dimensional phase space denol¥d There is a map- +m;)], Q; is the Q value of the first stage of the reaction
ping between, and 3., so that any point in one phase (the scattering Q, is theQ value of the second stage of the
space can be mapped onto a point in the other phase spaaeaction (the breakujp and § is +1 for a forward angle
Using the notation in Fig. 2, the mapping betwé&nand  experiment and-1 for a backward angle experiment. The
3, is given by notation; will be used for the laboratory phase space for
N the earlier, forward angle, experiment, a}, for the
Vi=Vi+VE+Vem., (1) present, backward angle, experiment.
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Excitation energy in 24Mg (MeV) 6* (degrees) 0* (degrees)
20.0 25.0 30.0 35.0 -30 0 30 -30 0 30

[ 1L T T T 1 T T T T T T T ]
150.0 (b)E,=20MeV |  (0)E,=25MeV
120.0 | T T .
)
[
o
2 900 T .
z
> FIG. 3. A selection of views
60.0 T ] comparing the phase-space cover-
age of the two experiments. The
30.0 | 1 1 i coverage of the backward angle
- 1 1 1 | | 1 .
20.0 [ ] experiment has been reflected to
@ 1 @vy=290" . allow comparison with the for-
@ 10.0 . .
] L | ward angle experiment. See the
§’ 0.0 C ] ——— Backward angle text for details of viewqa)—(e).
g -10.0 |- S Forward angle
-20.0 ¥ } + } + } + | N
. 200
g 100 | ]
§> 0.0 r 1
=~ -100¢} 1
® 200f ]
20 25 30 35
Excitation energy in 24Mg (MeV)
For each forward angle point iB., an equivalent back- d5o
ward angle point can be defined. The transformation from p=J — dv, (10
one point to the other is v de*de*dydydE,

whereV was the volume of interest—eith&f; or V.

(6%, 0% 4, x,Ey) To compare the two experiments, the analysis of the
0w ol % . . present data was restricted to include only those events
—(180°—67,180°+ ¢™,180°~ 4, 180°+ . Ey). which fell insideV,. Any which lay outsideV, were re-

(90  jected. The remaining counts were summed to give an inte-
grated yield into this volume. From this yield a cross section
was calculated which could be directly compared to the cross

An angular distribution is mirror symmetric if, and only section integrated ovev; as obtained from the earlier ex-
if, this transformation leaves it unchanged. Ideally, the crosperiment. Although this phase space cut could in principle
sections of the two experiments would be compared as have been performed by calculating the position of each
function of the coordinates i .. Unfortunately, due to the eventinZ . and then comparing this to the volume of interest
low counting rate in the present experiment, this was not{V,) this was not the best method in practice. To use such a
feasible. Instead the integrated cross sections over mirranethod would have required a five-dimensional software
symmetric volumes o . were calculated. While an asym- gate. Instead, a simpler procedure was used. For each event,
metric angular distribution could, in principle, conspire to starting with its measured position K, its location in3 .
give identical integrated cross sections, if different values argvas calculated. A mirror reflection was performed on the
obtained then this uniquely identifies an asymmetric distri-event to give the equivalent event for the earlier experiment,
bution. and this new event was mapped to a positiorin It was

For the present it will be assumed that the mirror reflec-much simpler to perform the phase-space cl jras all that
tion of the volume ofX . accessible by the backward angle needed to be checked was that the two vectqrand v,
experiment completely enclosed the volumegfaccessible intersected the positions of the detectors in the earlier experi-
by the earlier, forward angle, experiment. This latter volumement. If, and only if, both vectors intersected the positions of
will be denotedV;. Later, the validity of this assumption the detectors then the point lay withv; and hence the
will be verified. A volume of phase-space mirror symmetric original event lay withinVy, .
to V¢ can also be defined and will be denotégl. A partial To summarize the method, due to the difficulty in quoting
cross section was defined to be double differential cross sections, the cross section had to be
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TABLE II. Excitation energy weighting functions used in the TABLE 1ll. 6* weighting functions used in the Monte Carlo
Monte Carlo simulation of phase-space coverage. All energy valuesimulation of phase-space coverage. All angles are in degrees.
are in MeV. It is energetically impossible to access excitation en-

ergies below 13.93 MeV or above 56.67 MeV. Label Function
Label Function 6, 1 2
% (90— 6% 190)

Ea 1 0 £5(00- 4% 190
Eb —(Ex—13.93) Ex— 5?-(6;2 10107 04 10(90- 6% /90)?
c - (Ex_ 1393) (Ex_ 5667b X ) els(go_ . /90)2

Eq —(Ex—13.93) Ex— 56.67)9*(Ex*20/10)2 e

Ee —(Ex—13.93)Ex— 56.67b7(Ex730/10)2

due to the underlying reaction physics, weighting functions
were used to bias the simulation to those regions of the phase
integrated over mirror symmetric regions of the phase spacépace thought to be more likely to be accessed in the experi-
The events from the present experiment were filtered so thanents. A selection of different weighting functions were
only those that were in the equivalent phase space matchirigsed to determine the sensitivity of the calculations to the
the earlier experiment remained. choice of function. The functions are shown in Tables Il and
There was still the question of whether there was anyll and Figs. 4 and 5. From Fig. 3 it can be seen that the
phase space that could not be accessed in the present exp@glculations are only sensitive to thé weighting between 0
ment that could be accessed in the earlier experiment. Figu@nd 20°. Comparison with efficiency corrected data from the
3 shows the results of calculations of phase-space coveradgerward angle experimenil2], suggested that the most real-
assuming the reaction occurred in a plane, that is with istic weightings wereEy and 6, .
and ¢,, and thus¢* and y, restricted to 0° and 180° only. The results of the Monte Carlo calculations are shown in
Hence, the plots in this figure are of a three-dimensional slicd able V. For the weighting combinatioBy-6., the calcu-
through the five-dimensional center of mass phase spacktions showed that approximately 22% of the phase space
Points with ¢* =180° have been shown with negatigé. =~ was missed in the backward angle experiment.
Plot (a) in the figure shows a projection of the three-

dimensional phase space along thit axis onto theE,-i IV. RESULTS AND CONCLUSIONS
plane. The two plotgb) and (c) show slices through the ) )
space for constari,. The two plots(d) and(e) show slices After performing the phase-space cuts as described ear-

for constanty. It is clear from the figure that the overlap lier, an Ey spectrum was generated for the events in the
between the two experiments is good at low excitation eneroverlapping region of phase space, and is shown in Kig. 6
gies but gets worse at higher excitation energies. The maihhe ungated spectrum is shown again in Fig) 60f1C0m'
reason for this is that the particle energies become too low t@arison. While @44, peak corresponding to th]éCJF_ C +
detect in the backward angle experiment as the excitationC final state is observed before gating, there is no clear
energy increases and gsmoves away from 90°. evidence for such a peak after gating.

It was known from the forward angle experiment, that the For the forward angle experiment, a value of (51
measured yield of the reaction, at forward angles, was biased
towards 6* near zero. For both experimental setups, this
tended to bias the measured yields towards low excitatior E >
energy and towardg near 90° as that was where the phase-
space coverage of the experiments was closest te0.

Although the simple, in-plane, calculations could show
that some of the phase space was missed, they were unable 2
quantify the volume. Instead, detailed Monte Carlo simula-:
tions were performed. These simulations were unrestricted ir
that they modeled out-of-plane as well as in-plane reactions;
This was necessary as the finite vertical size of the detectorz
allowed events withp; and ¢, away from zeraand hence
with ¢* andy away from zerpto be detected. The method 4,
used was to pick points randomly from the full five-
dimensional phase space, to determine if the point was ac /
cessible in the forward angle experiment and to determine if 4, .
the mirror symmetric point was accessible in the backward 10.0 200 800 MeV) 400 500 60.0
angle experiment. This way the fraction of points accessible &
in the forward angle experiment but not accessible in the F|G. 4. Excitation energy weighting functions used in the Monte
backward angle experiment could be estimated. Carlo simulation of phase-space coverdgghas been omitted as it

To account for the nonuniform distribution of the points is equal to unity for alE, .

500.0

400.0 -

in

300.0

ive weighti

elat

200.0 -
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FIG. 5. 6* weighting functions used in the Monte Carlo simu- § 40

lation of phase-space coveragg.has been omitted as it is equal to

unity for all 6*. ,‘

201 |
+6) nb [=(1.07£0.12) mbsF2xXAQ;AQ,] was mea- _L|_II|—|_|L"r \
sured for the cross section integrated over the experimente 0 . | L‘-“\l—L,_r"\J_l_,—._.—'j i

acceptance. This cross section had then to be corrected fc 60 65 70 75 80
the region of phase space inaccessible in the present expet E, (MeV)
ment. This 22% correction reduced the coincidence cross ) )
section to (4&:5) nb. For a symmetric angular distribution, ~_ FIG. 6. Ei Spectra for the backward angle experiment showing
the same value should be obtained for the mirror symmetrié2 @ll data, and(b) only those data satisfying the forward angle
region of phase space sampled in the backward angle data. ?H::gna.ll;lothe Th"’t‘t the elner?ﬁ/ d'SpirS'c%rt: heg been ck:_ange;i from that
the present case, a cross section of 40 nb would correspon’.\'?j 9. - 1o help lo resolve the peaks. The Haussian line s a.(m.'n
. . indicates theQ,,, peak expected for a symmetric angular distribu-
to approximately 800 counts expected in Qg peak after . 999,
. . - . - 9 tion (see text This peak has been scaled down by a factor of 5 to
gating. A Gaussian line shape with this area, scaled down b, )
. - . . t on the figure.
a factor of 5 to fit on the figure, and with a width and cen-
troid as given by the fit to th@y,4 peak in the ungatel
spectrum, is indicated by the dashed curve in Fifp).6As
can be seen from the figure, the yield at backward angles
significantly lower than that expected for a symmetric angu
lar distribution.
After gating, there are approximately ten counts in the

regjon of the. spectrum wh_erg tyqq pea}k appears before bly because no final-state interaction between the @
gating. Allowing for VN statistical fluctuations, then, atthe 3 |\ iciei has been identified. The data thus indicate that the
standard deviation level there could be at most 25 Couméngular distribution for thé?C(?*Mg, 2C12C)*2C reaction is

under the peak (25325=10). Subtracting the background peaked at forward angles, with the yield at backward angles

lower by at least a factor of 40.

The earlier work of Gyapongt al. [6] indicated that the
ﬂergy variation of the breakup yield was consistent with
Sther a resonant-type reaction proceeding through specific
States in®Ar or direct inelastic excitation. A statistical com-
pound reaction or massiv&C transfer were found to be

level of ten counts, this gives an upper limit of 15 counts in
the peak. The upper limit used in calculations was 20 counts
allow for errors in the background estimate. This corre-
‘sponds to an upper limit of 1.0 nb for the cross section at
backward angles. It is emphasized that this is strictly an up-
per limit, partly due to statistical limitations, but more nota-

TABLE IV. Results of the Monte Carlo simulations. The figures
are the percentage of the phase-space accessible in the forw
angle experiment that could not be accessed in the backward an
experiment. The statistical counting errors on these figures ar
much less than 1%.

E, ¢* weighting unlikely mechanisms on the basis of the observed energy
weighting 0, 0, 0, 0, 0, d_ependence. The large difference between t_he. measured
yield at forward angles, 40 nb, and the upper limit of 1 nb
Ea 31% 30% 26% 21% 18% observed in a mirror symmetric region of phase space at
E, 40% 39% 33% 28% 24% backward angles is inconsistent with the average behavior
E. 13% 13% 12% 11% 10% expected for a statistical compound nucleus reaction, which
Eq 26% 25% 220 19% 17% would imply an angular distribution symmetric aboat
E. 53% 51% 45% 38% 3395  =90° [6]. A massive'’C transfer mechanism, on the other

hand, would naively be expected to preferentially produce
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TABLE V. Optical model parameters describing the Woods- 10° .
Saxon potential used in the coupled channels calculations, takel

from Ref.[17]. —— J=4 hyperdeformed
— — - J=6 hyperdeformed

=1

\ r a W r a e 10
Potential (MeV) (fm) (fm) (MeV) (fm) (fm) (fm)

CC1 169.2 5.02 0.6400 180.0 4.85 0.480 5.02

[

do/dQ2 (mb/sr)
=

excited “Mg* nuclei moving backwards in the center of
mass(relative to the originaP*Mg beam direction Such an 10°
asymmetric angular distribution peaked at backward angles
is also inconsistent with the present result, which therefore
provides some support for the elimination of this mechanism
by Gyaponget al. 0y 90 180
Of the two possible reaction mechanisms found in Ref. 6* (degrees)
[6] to be consistent with the observed energy dependence,
only direct inelastic excitation is typically characterized by ;
an asymmetric angular distribution peaked at forward angle _yperdeformgd bgnd, as obtained from the coupled channels calcu-
A compound nucleus reaction proceeding through overlapions described in the text.
ping resonances of different parity could, in principle, pro-
duce an asymmetric angular distribution because of interfer-
ence between the different partial waves. Examples of thidleV, close to the center-of-mass energy of 56.7 MeV em-
behavior for the'”C + 2*Mg compound system are shown in ployed in the present work. The fit was performed simulta-
Ref. [14]. However, the cross section quoted above for theneously to differential cross sections measured for elastic
forward angle data and the upper limit quoted for the backscattering and inelastic scattering to the @.37 Me\) state
ward angle cross section have implicitly been averaged ovah 24Mg and the unresolved?C (27, 4.43 Me\) and Mg
a wide range of scattering angléypically 6*=0°-10°) (4%, 4.1 Me\) states, allowing for two-way couplings be-
and, more importantly, over many final states’iMg*. In  tween all states and including reorientation terms, Coulomb
such cases, interference effects between overlapping resgscitation and all angular momentum transfers up.te4.

nances are expected to average out to produce angular dispe  deformation lengths thus obtained wegR, .=
tributions, consistent with Hauser-Feshbach statistical model 1 4191 tm for the /Mg ground state band anﬂ?lsé

predictions, which are symmetric about 9025]. This is " .
shown, for example, in the data of REL6]. The asymmetry in 11'22C:85 fm for the ground state t0'24.43 MeV) coupling
of the angular distribution reported in the present work thus .

suggests that direct inelastic excitation is the most likely re- In the present calculations, as in REL7], the breakup_
action mechanism for th&?C(?4Mg, 2C12C)*2C reaction. If states have been modeled as a hyperdeformed rotational

this is correct, then it would imply that the choice B as ~ Pand with a rotational gradierit®/27 equal to the value ob-
the target nucleus is not critical and it should be possible t¢€"ved experimentally10]. A deformation length of8Ryq
excite the unusual cluster states B§Mg scattering from =1 2.495 fm was chosen for this hyperdeformed band by
different target nuclei. Curtit al. [17] have recently re- scaling the value for the ground-state band according to the
ported evidence for thé?C+ 2C breakup of?“Mg popu-  relative rotational gradients, assuming the moment of inertia
lated via the'®0(**Mg,*?C*?C)*60 reaction, which supports Z to be proportional to 8R)2. The coupled channels calcu-
the interpretation that the cluster states are excited by diredtions, performed using the codeiucke9[18,11], allowed
inelastic scattering. for two-way couplings between the*2 47, 6", and 8"

The spins of the*?C+ °C breakup states observed in the members of the hyperdeformed band and included reorienta-
forward angle experiment range from"4to 8% [10]. In tion and Coulomb excitation. The couplings between the
terms of a direct inelastic scattering mechanism, these statggound-state band and the hyperdeformed band were one
would be expected to be populated by a multistep processyay with a valueBR;,,ss= 0.1X BR,,q=0.25 fm chosen to
which may have an effect on the naive expectation of a forensure that the hyperdeformed band was not populated too
ward peaked angular distribution. Therefore, coupled chanstrongly. Due to this arbitrary choice for the interband cou-
nels calculations have been performed to test whether thgling, the calculated cross sections are subject to an un-
observed asymmetry is consistent with the inferred direcknown scaling factor, although this should not affect the con-
inelastic excitation mechanism. clusions drawn.

The optical model parameters used in the calculations The angular distributions calculated for thé 4nd 6*
were taken from Ref[17] and are reproduced in Table V. members of the hyperdeformed band, corresponding to the
These parameters were fitted to data obtained'f@rscat- spins most strongly populated in the forward angle experi-
tering from a?*Mg target at a center-of-mass energy of 60 ment[10], are shown in Fig. 7. The calculations predict for-

FIG. 7. Angular distributions for the 4and 6" members of the
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1000 T T T ratio predicted for the 6 states is not significant. The ob-
— J=4 hyperdeformed served ratio of the breakup yields at forward and backward
——=- J=6 hyperdeformed angles thus appears to be consistent with the coupled chan-

---- lower limit (this work) nels calculations

/_\ V. SUMMARY

100 | -
The cross section of th&C(**Mg, ?C*?C)*°C reaction at
] very backward angles has been measured by performing the
--------------------- experiment with reversed kinematics, that is, by performing
a measurement of th&Mg(*2C,*?C'%C)*°C reaction at the
same center-of-mass energy. The yield has been compared to
a previous measurement of the reaction at forward angles.
10 L L L The analysis was able to obtain a partial cross section for
0 the reaction over a directly comparable region of phase space
in the forward and backward angular regions. This was
FIG. 8. Ratios of the cross sections at forward and backwardachieved by restricting the phase space spanned in the
angles, obtained by integrating the calculated angular distributionpresent measurement so as to include just the mirror sym-
over equal angular ranges of 6°6* and 180% ¢*—180°, re-  metric region equivalent to the forward angle measurement.
spectively, plotted as a function dof*. The experimental lower The region of phase space accessible in the earlier experi-
limit of 40:1 is also indicated. ment, but not accessed in the present experiment, was esti-

S ) mated to account for only 22% of the cross section.
ward peaked angular distributions asymmetric abétit e total coincidence cross section was found to be (40
=90°, as expected for a direct reaction mechanism. It is

interesting to note, however, that the calculations predict %5) nb at forward angles and 1 nb at backward angles
rise in cross section at backward anglesar 180°) which dicating a strongly asymmetric angular distribution with

will have consequences for the relative yield at forward anc}he cross section being at least 40 times higher at forward

backward angles. To investigate this further, the differential‘r’l.ngl.e.S than.at backward angles. .Th's factp r would not be
gnificantly influenced by an error in the estimate of unmea-

cross sections shown in Fig. 7 have been integrated ovel -
equal angular ranges starting at 0° and 180°, respectivelyt'ed Phase space. The upper limit on the backward angle
noting thatd) = sin ¢*dé*d¢*. The forward angle experi- CrOSS Section represents a limit in two separate senses.
ment[12] was designed to be most sensitive to valueg’of \{Vherea}s the present experiment clearly observed et

close to 0°(and breakup angles close to 90%,). While the ~ —-C + °C final state as ®qqq peak, the subset of the data
precise acceptance is determined by simulations, a simpf@at was directly comparable with the forward angle experi-
upper limit on theé* acceptance is a reasonable and transment showed no statistically significa@t,q peak and a limit

ratio o(< 6*) / 6(> [180°- 6])

——— ———
- -
-
-
-
-
-
-
-
-

0* (degrees)

parent approximation. The ratios was estimated. In addition, while the forward angle experi-
ment demonstrated &*C+ 1°C final-state interaction for
o(0°— g*) events within theQ,,4 peak, implying the existence of states

in 2*Mg, the low cross section at backward angles precluded
a similar analysis in the present work.

_ _ A strongly asymmetric angular distribution is consistent
of the calculated cross sections integrated over forward angii, 5 direct reaction. Taken together with the earlier mea-
backward angles are*plotted in Fig. 8 as a function of theyyrements of Gyaponet al, this suggests that the reaction
center-of-mass anglé* up to which the integration is per- mechanism exciting cluster states is a direct inelastic excita-
f_orme_d._Th|s ratio is not strongly dependent on the integrasion of the incident24|\/lg. The experimental lower limit of
tion limit and hence the details of the angular acceptancgq:j for the relative cross section at forward and backward

have only a weak influence. Also indicated in Fig. 8 is theangles is consistent with the predictions of coupled channels
experimental lower limit of 40:1 obtained in the present.giculations.

work for the ratio of the breakup yield at forward and back-
ward angles. The equivalent ratio predicted for therem-

ber of the hyperdeformed band lies well above the experi-
mental lower limit for all values of* relevant to the present
work (see Fig. 3, while that for the 6 state lies slightly The experimental work was carried out at the 14UD ac-
below, peaking neag* =14°. However, the experimental celerator facility at the Australian National University
ratio has been obtained by integrating over many states iPANU) under a joint agreement between the ANU and the
2“Mg, the most strongly populated of which have been asU.K. Engineering and Physical Sciences Research Council
signed a spin of 4 [10], and hence the small discrepancy (EPSRQ. The assistance of the personnel at the ANU is
seen in Fig. 8 between the experimental lower limit and thegratefully appreciated.

o(180°— 6* —180°)
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