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Mechanism of the 12C„

24Mg,12C12C…

12C breakup reaction: Direct vs compound
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A backward angle measurement has been made of the angular distribution for the states in24Mg that decay
by symmetric fission to12C 1 12C in the 12C(24Mg,12C12C)12C reaction. A comparison with previous very
forward angle measurements indicates a substantial asymmetry in the angular distribution, averaged over a
range of excitation energies in24Mg. 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 number~s!: 24.10.2i, 25.70.2z, 27.30.1t
o
o
io
rg

b

th
n
ch
y

o
T
o

s
c
-

s
nd
re

ul
e

d

ural
0
ths
ula-
led-
ter

3:1

ese
nce.

ita-
not

he
ed
e
t

.07
er,

od-Un
I. INTRODUCTION

The scattering of24Mg from 12C has been observed t
excite states in24Mg that decay by symmetric fission int
12C1 12C @1# and states that decay by near symmetric fiss
into 16O1 8Be @2#. These special states that decay into la
clusters are of particular spectroscopic interest and a num
of studies have been reported on their structure@3,4# and on
their relation to the resonances in12C1 12C scattering@5#.
However, of equal importance is an understanding of
reaction mechanism by which such unusual structures ca
produced. Indeed an understanding of the reaction me
nism can in turn aid the understanding of the spectroscop
the states.

In a previous work, Gyaponget al. @6# attempted to de-
termine the reaction mechanism by measuring the yield
the breakup states as a function of the beam energy.
experimental results were compared with the predictions
four reaction mechanisms: a compound statistical proces
compound resonant process; a coupled-channels inelasti
citation; and direct12C transfer. The statistical model calcu
lation was performed with the computer codeSTATIS @7#,
which uses the Hauser-Feshbach formalism and assume
reaction to proceed via a fully equilibrated compou
nucleus. This calculation did not match the experimental
sults and a statistical fusion-evaporation process was r
out by the authors. The resonant model calculation follow
a suggestion by Rae and Merchant@8# based on their cranke
a cluster model calculations forsd-shell nuclei. In this

*Present address: School of Chemistry and Physics, Keele
versity, Keele, Staffordshire ST5 5BG, U.K.
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model, the reaction proceeds via resonant states in36Ar
which are part of a 3:1 deformed band which has a struct
overlap with a deformed band in24Mg. The states are 50–7
MeV above the particle decay threshold and thus their wid
are expected to be several MeV. The results of this calc
tion did agree with the measurements. The inelastic coup
channels calculations were performed with the compu
codeFRESCO@9# assuming a direct excitation of24Mg from
the ground-state rotational band into a band based on a
state and consistent with the band observed by Fultonet al.
@10# in their measurement of the breakup reaction. Th
results also agreed with the experimental energy depende
The final calculations, which used the computer codeCHUCK

@11# and assumed a direct12C transfer from the24Mg to the
12C, failed to match the observations.

The conclusion drawn by Gyaponget al. was that the ob-
served energy dependence of the24Mg breakup reaction was
consistent with either a resonant or a direct inelastic exc
tion process. However, the energy variation alone was
sufficient to distinguish between these.

Another key indicator of the reaction mechanism is t
angular distribution of the reaction products. There is limit
information about the angular distribution for th
12C(24Mg,12C12C)12C reaction@12#. These data showed tha
the yield is very forward peaked withds/dV falling by a
factor of 100 betweenu* of 0° and 20°, whereu* is the
center-of-mass scattering angle of the excited24Mg nucleus.
The laboratory cross section was measured to be (1
60.12) mb sr22 averaged over this angular range. Howev
this limited range ofu* is insufficient to distinguish reliably
between different reaction mechanisms by way ofds/dV.

Broadly speaking, compound nuclear or resonance m
els predict cross sections that are symmetric aboutu* 590°,
i-
©2000 The American Physical Society09-1
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TABLE I. Summary of parameters and results for the forward angle experiment@12# together with the
parameters for the present experiment.

Reaction 12C(24Mg,12C12C)12C 24Mg(12C,12C12C)12C

Beam energy~MeV! 170 85
Detector position~a! 11°248 22°
Detector position~b! 212°278 222°
Detector size (mm2) 10310 50350
Detector-target distance~mm! 120 170
Target thickness (mg cm22) 400 289
Integrated beam current~mC! 3.11 2.59
Counts inQggg peak 1644
Cross section (mb sr22) 1.0760.12
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whereas direct reaction models tend to predict very as
metric distributions~deviations from this simple average b
havior can arise under certain circumstances, as will be
cussed in Sec. IV!. Thus, although the data taken at forwa
angles are unable to separate the predictions of differen
action mechanisms, when forward and backward angle m
surements are compared, the different predictions should
come much easier to distinguish.

In this paper, we report the results of a measuremen
the angular distribution close tou* 5180° to allow the two
extremes of the angular distribution to be compared. In or
to achieve this, the reaction kinematics were reversed
forward angles measured in the reacti
24Mg(12C,12C12C)12C. This was necessary as, if a24Mg
beam were to be used, the breakup12C nuclei corresponding
to backward angle scattering would be too low in energy
be detected. Experimental parameters such as beam en
and detector angles were chosen to ensure that the new
surements would be directly comparable with the forwa
angle experiment@12# that used a24Mg beam. These param
eters are shown in Table I.

II. EXPERIMENTAL DETAILS

The measurements were performed using an 85 MeV12C
beam from the 14UD accelerator at the Australian Natio
University. The12C ions from the breakup were detected
two gas-hybrid detectors. Each detector consisted o
5 cm35 cm position sensitive silicon strip detector plac
behind a longitudinal ionization chamber@13#. Each detector
was capable of recording the energy and position of a p
ticle, as well as providing particle identification. The dete
tors were set at 22° on either side of the beam and pla
170 mm from the target, a 289mg cm22 24Mg foil.

The analysis technique is described in Ref.@13#. Briefly,
events in which two12C nuclei were simultaneously detecte
were selected for analysis. Their momenta were calcula
from their measured energies and angles and the mome
of the undetected final state12C was deduced using conse
vation of momentum. Adding the energy of the three fin
state particles together gave the total final-state energy (Etot)
from which theQ value could be determined. TheEtot spec-
trum is shown in Fig. 1. TheQ value for producing all three
12C nuclei in their ground state~referred to asQggg) is
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213.93 MeV, and that for producing two12C nuclei in their
ground state, and one in its 4.4 MeV excited state~referred to
asQgg) is 218.33 MeV.

TheQgg peak is clearly visible in Fig. 1 and evidence of
Qggg peak is also seen. Since the width of theQggg peak is
not well defined, theQgg and Qggg peaks have been fitte
simultaneously, keeping the widths of the Gaussian l
shapes fixed for both peaks. This gave aQggg peak area of
(93622) counts and a width of 1.0 MeV. The fitted lin
shapes are shown in Fig. 1 together with a second-order fi
the underlying background. It is noted that theQgg peak will,
in general, be Doppler broadened due tog decay of the ex-
cited fragment in flight. However, this effect is estimated
contribute less than 10%~less than1

2 channel in Fig. 1! to the
width of theQgg peak and therefore is not expected to affe
the above result, to within the accuracy of the fittin
procedure.

III. ANALYSIS

Although it is possible to convert the number of counts
the Qggg peak into a laboratory cross section of~0.6460.15!

FIG. 1. Etot spectrum generated for the present experim
showing peaks at the energies predicted forQggg and Qgg events.
Gaussian fits to these peaks are indicated together with a sec
order fit to the underlying background.
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FIG. 2. Definitions of terms used in the phase-space mapping.
th
m

ha
th
a
ir

ar

e
he
a

er

of
tio
ar
th
m
er

c
le
s
b

ib

e
lat
n
t

ng

e
a

n
e

e
for
mb sr22, this simple figure is not useful for comparison wi
the previously quoted forward angle cross section for a nu
ber of reasons. First, because the two measurements
been carried out under different kinematic conditions,
solid angle transformations to the center-of-mass system
different. Second, the detectors did not cover identically m
ror symmetric regions of angles at forward and backw
angles. Finally, only the exclusive yield to the12C1 12C
channel has been measured and not that from a specific
citation in 24Mg. The excitation energy ranges covered in t
two measurements are different, being determined by the
gular coverage of the detectors and the detection en
threshold.

The procedure used in this analysis was to apply a s
ware cut to the backward angle data to reduce its excita
energy and angular range down to just that of the forw
angle experiment. By this means identical sections of
forward and backward angular distributions could be co
pared over identical excitation energy ranges in the scatt
24Mg nucleus.

Any event detected in a breakup measurement can be
egorized by the velocity vectors of the two detected partic
It is possible to define a phase space of all possible value
these vectors that can be obtained in the reaction. This la
ratory phase space will be denoted asS l . It is a five-
dimensional phase space, though it is most easily descr
with the six variablesv1 , u1 , f1 , v2 , u2, andf2 wherev is
the laboratory velocity of each particle, andu andf are the
emission angles in the lab frame. Conservation of mom
tum and energy mean that these six variables are corre
in such a way that the phase space is only five dimensio
In addition, any event can be categorized uniquely by a se
five center of mass variables. These variables areu* , f* , c,
x, andEx . u* and f* define the center-of-mass scatteri
angle of the excited24Mg nucleus, whilec andx define the
angle of the breakup12C nuclei in the24Mg center-of-mass
frame.Ex is the excitation energy of the24Mg nucleus.u*
and c are shown in Fig. 2. These five variables define
five-dimensional phase space denotedSc . There is a map-
ping betweenS l and Sc , so that any point in one phas
space can be mapped onto a point in the other phase sp

Using the notation in Fig. 2, the mapping betweenSc and
S l is given by

v15v1
†1vE* 1vc.m., ~1!
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v25v2
†1vE* 1vc.m., ~2!

where

v15v1S sinu1 cosf1

sinu1 sinf1

cosu1

D , ~3!

v25v2S sinu2 cosf2

sinu2 sinf2

cosu2

D , ~4!

vc.m.5A 2mpEc.m.

mt~mp1mt!S 0

0

d
D , ~5!

vE* 5A2mu~Ec.m.1Q12Ex!

~m11m2!~mp1mt! S sinu* cosf*

sinu* sinf*

cosu*
D , ~6!

v1
†5A2m2~Ex1Q2!

m1~m11m2! S 2sinc cosx

2sinc sinx

2cosc
D , ~7!

v2
†5A2m1~Ex1Q2!

m2~m11m2! S sinc cosx

sinc sinx

cosc
D . ~8!

Here,mp is the mass of the projectile,mt is the mass of the
target,m1 is the mass of particle 1,m2 is the mass of particle
2, mu is the mass of the undetected particle (mp1mt2m1
2m2), Ec.m. is the center-of-mass energy@Ebeammt /(mp
1mt)#, Q1 is the Q value of the first stage of the reactio
~the scattering!, Q2 is theQ value of the second stage of th
reaction ~the breakup!, and d is 11 for a forward angle
experiment and21 for a backward angle experiment. Th
notationS f will be used for the laboratory phase space
the earlier, forward angle, experiment, andSb for the
present, backward angle, experiment.
9-3
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FIG. 3. A selection of views
comparing the phase-space cove
age of the two experiments. Th
coverage of the backward angl
experiment has been reflected
allow comparison with the for-
ward angle experiment. See th
text for details of views~a!–~e!.
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For each forward angle point inSc , an equivalent back-
ward angle point can be defined. The transformation fr
one point to the other is

~u* ,f* ,c,x,Ex!

→~180°2u* ,180°1f* ,180°2c,180°1x,Ex!.

~9!

An angular distribution is mirror symmetric if, and onl
if, this transformation leaves it unchanged. Ideally, the cr
sections of the two experiments would be compared a
function of the coordinates inSc . Unfortunately, due to the
low counting rate in the present experiment, this was
feasible. Instead the integrated cross sections over m
symmetric volumes ofSc were calculated. While an asym
metric angular distribution could, in principle, conspire
give identical integrated cross sections, if different values
obtained then this uniquely identifies an asymmetric dis
bution.

For the present it will be assumed that the mirror refl
tion of the volume ofSc accessible by the backward ang
experiment completely enclosed the volume ofSc accessible
by the earlier, forward angle, experiment. This latter volu
will be denotedVf . Later, the validity of this assumptio
will be verified. A volume of phase-space mirror symmet
to Vf can also be defined and will be denotedVb . A partial
cross section was defined to be
05460
s
a

t
or

re
i-

-

e

sp5E
V

d5s

du* df* dcdxdEx

dV, ~10!

whereV was the volume of interest—eitherVf or Vb .
To compare the two experiments, the analysis of

present data was restricted to include only those eve
which fell inside Vb . Any which lay outsideVb were re-
jected. The remaining counts were summed to give an in
grated yield into this volume. From this yield a cross sect
was calculated which could be directly compared to the cr
section integrated overVf as obtained from the earlier ex
periment. Although this phase space cut could in princi
have been performed by calculating the position of ea
event inSc and then comparing this to the volume of intere
(Vb) this was not the best method in practice. To use suc
method would have required a five-dimensional softw
gate. Instead, a simpler procedure was used. For each e
starting with its measured position inSb , its location inSc
was calculated. A mirror reflection was performed on t
event to give the equivalent event for the earlier experime
and this new event was mapped to a position inS f . It was
much simpler to perform the phase-space cut inS f as all that
needed to be checked was that the two vectorsv1 and v2
intersected the positions of the detectors in the earlier exp
ment. If, and only if, both vectors intersected the positions
the detectors then the point lay withinVf and hence the
original event lay withinVb .

To summarize the method, due to the difficulty in quoti
double differential cross sections, the cross section had t
9-4
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MECHANISM OF THE 12C(24Mg,12C12C)12C . . . PHYSICAL REVIEW C 62 054609
integrated over mirror symmetric regions of the phase sp
The events from the present experiment were filtered so
only those that were in the equivalent phase space matc
the earlier experiment remained.

There was still the question of whether there was a
phase space that could not be accessed in the present e
ment that could be accessed in the earlier experiment. Fi
3 shows the results of calculations of phase-space cove
assuming the reaction occurred in a plane, that is withf1
andf2, and thusf* andx, restricted to 0° and 180° only
Hence, the plots in this figure are of a three-dimensional s
through the five-dimensional center of mass phase sp
Points withf* 5180° have been shown with negativeu* .
Plot ~a! in the figure shows a projection of the thre
dimensional phase space along theu* axis onto theEx-c
plane. The two plots~b! and ~c! show slices through the
space for constantEx . The two plots~d! and~e! show slices
for constantc. It is clear from the figure that the overla
between the two experiments is good at low excitation en
gies but gets worse at higher excitation energies. The m
reason for this is that the particle energies become too low
detect in the backward angle experiment as the excita
energy increases and asc moves away from 90°.

It was known from the forward angle experiment, that t
measured yield of the reaction, at forward angles, was bia
towards u* near zero. For both experimental setups, t
tended to bias the measured yields towards low excita
energy and towardsc near 90° as that was where the pha
space coverage of the experiments was closest tou* 50.

Although the simple, in-plane, calculations could sho
that some of the phase space was missed, they were una
quantify the volume. Instead, detailed Monte Carlo simu
tions were performed. These simulations were unrestricte
that they modeled out-of-plane as well as in-plane reactio
This was necessary as the finite vertical size of the detec
allowed events withf1 andf2 away from zero~and hence
with f* andx away from zero! to be detected. The metho
used was to pick points randomly from the full five
dimensional phase space, to determine if the point was
cessible in the forward angle experiment and to determin
the mirror symmetric point was accessible in the backw
angle experiment. This way the fraction of points access
in the forward angle experiment but not accessible in
backward angle experiment could be estimated.

To account for the nonuniform distribution of the poin

TABLE II. Excitation energy weighting functions used in th
Monte Carlo simulation of phase-space coverage. All energy va
are in MeV. It is energetically impossible to access excitation
ergies below 13.93 MeV or above 56.67 MeV.

Label Function

Ea 1
Eb 2(Ex213.93)(Ex256.67)
Ec 2(Ex213.93)(Ex256.67)e2(Ex210/10)2

Ed 2(Ex213.93)(Ex256.67)e2(Ex220/10)2

Ee 2(Ex213.93)(Ex256.67)e2(Ex230/10)2
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due to the underlying reaction physics, weighting functio
were used to bias the simulation to those regions of the ph
space thought to be more likely to be accessed in the exp
ments. A selection of different weighting functions we
used to determine the sensitivity of the calculations to
choice of function. The functions are shown in Tables II a
III and Figs. 4 and 5. From Fig. 3 it can be seen that
calculations are only sensitive to theu* weighting between 0
and 20°. Comparison with efficiency corrected data from
forward angle experiment@12#, suggested that the most rea
istic weightings wereEd anduc .

The results of the Monte Carlo calculations are shown
Table IV. For the weighting combinationEd-uc , the calcu-
lations showed that approximately 22% of the phase sp
was missed in the backward angle experiment.

IV. RESULTS AND CONCLUSIONS

After performing the phase-space cuts as described
lier, an Etot spectrum was generated for the events in
overlapping region of phase space, and is shown in Fig. 6~b!.
The ungated spectrum is shown again in Fig. 6~a! for com-
parison. While aQggg peak corresponding to the12C1 12C 1
12C final state is observed before gating, there is no cl
evidence for such a peak after gating.

For the forward angle experiment, a value of (5

es
-

TABLE III. u* weighting functions used in the Monte Carl
simulation of phase-space coverage. All angles are in degrees

Label Function

ua 1
ub e(902u* /90)2

uc e5(902u* /90)2

ud e10(902u* /90)2

ue e15(902u* /90)2

FIG. 4. Excitation energy weighting functions used in the Mon
Carlo simulation of phase-space coverage.Ea has been omitted as i
is equal to unity for allEx .
9-5
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S. M. SINGERet al. PHYSICAL REVIEW C 62 054609
66) nb @5(1.0760.12) mb sr223DV1DV2# was mea-
sured for the cross section integrated over the experime
acceptance. This cross section had then to be correcte
the region of phase space inaccessible in the present ex
ment. This 22% correction reduced the coincidence cr
section to (4065) nb. For a symmetric angular distributio
the same value should be obtained for the mirror symme
region of phase space sampled in the backward angle da
the present case, a cross section of 40 nb would corresp
to approximately 800 counts expected in theQggg peak after
gating. A Gaussian line shape with this area, scaled down
a factor of 5 to fit on the figure, and with a width and ce
troid as given by the fit to theQggg peak in the ungatedEtot
spectrum, is indicated by the dashed curve in Fig. 6~b!. As
can be seen from the figure, the yield at backward angle
significantly lower than that expected for a symmetric an
lar distribution.

After gating, there are approximately ten counts in t
region of the spectrum where theQggg peak appears befor
gating. Allowing forAN statistical fluctuations, then, at the
standard deviation level there could be at most 25 cou
under the peak (2523A25510). Subtracting the backgroun

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

Ex u* weighting
weighting ua ub uc ud ue

Ea 31% 30% 26% 21% 18%
Eb 40% 39% 33% 28% 24%
Ec 13% 13% 12% 11% 10%
Ed 26% 25% 22% 19% 17%
Ee 53% 51% 45% 38% 33%

FIG. 5. u* weighting functions used in the Monte Carlo sim
lation of phase-space coverage.ua has been omitted as it is equal
unity for all u* .
05460
tal
for
eri-
ss

ic
. In
nd

y
-

is
-

e

ts

level of ten counts, this gives an upper limit of 15 counts
the peak. The upper limit used in calculations was 20 cou
to allow for errors in the background estimate. This cor
sponds to an upper limit of 1.0 nb for the cross section
backward angles. It is emphasized that this is strictly an
per limit, partly due to statistical limitations, but more not
bly because no final-state interaction between the two12C
nuclei has been identified. The data thus indicate that
angular distribution for the12C(24Mg,12C12C)12C reaction is
peaked at forward angles, with the yield at backward ang
lower by at least a factor of 40.

The earlier work of Gyaponget al. @6# indicated that the
energy variation of the breakup yield was consistent w
either a resonant-type reaction proceeding through spe
states in36Ar or direct inelastic excitation. A statistical com
pound reaction or massive12C transfer were found to be
unlikely mechanisms on the basis of the observed ene
dependence. The large difference between the meas
yield at forward angles, 40 nb, and the upper limit of 1
observed in a mirror symmetric region of phase space
backward angles is inconsistent with the average beha
expected for a statistical compound nucleus reaction, wh
would imply an angular distribution symmetric aboutu*
590° @6#. A massive12C transfer mechanism, on the oth
hand, would naively be expected to preferentially produ

ard
gle
re

FIG. 6. Etot spectra for the backward angle experiment show
~a! all data, and~b! only those data satisfying the forward ang
criteria. Note that the energy dispersion has been changed from
in Fig. 1 to help to resolve the peaks. The Gaussian line shape in~b!
indicates theQggg peak expected for a symmetric angular distrib
tion ~see text!. This peak has been scaled down by a factor of 5
fit on the figure.
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MECHANISM OF THE 12C(24Mg,12C12C)12C . . . PHYSICAL REVIEW C 62 054609
excited 24Mg* nuclei moving backwards in the center
mass~relative to the original24Mg beam direction!. Such an
asymmetric angular distribution peaked at backward an
is also inconsistent with the present result, which theref
provides some support for the elimination of this mechan
by Gyaponget al.

Of the two possible reaction mechanisms found in R
@6# to be consistent with the observed energy depende
only direct inelastic excitation is typically characterized
an asymmetric angular distribution peaked at forward ang
A compound nucleus reaction proceeding through over
ping resonances of different parity could, in principle, pr
duce an asymmetric angular distribution because of inter
ence between the different partial waves. Examples of
behavior for the12C 1 24Mg compound system are shown
Ref. @14#. However, the cross section quoted above for
forward angle data and the upper limit quoted for the ba
ward angle cross section have implicitly been averaged o
a wide range of scattering angles~typically u* 50°→10°)
and, more importantly, over many final states in24Mg* . In
such cases, interference effects between overlapping r
nances are expected to average out to produce angular
tributions, consistent with Hauser-Feshbach statistical mo
predictions, which are symmetric about 90°@15#. This is
shown, for example, in the data of Ref.@16#. The asymmetry
of the angular distribution reported in the present work th
suggests that direct inelastic excitation is the most likely
action mechanism for the12C(24Mg,12C12C)12C reaction. If
this is correct, then it would imply that the choice of12C as
the target nucleus is not critical and it should be possible
excite the unusual cluster states by24Mg scattering from
different target nuclei. Curtiset al. @17# have recently re-
ported evidence for the12C1 12C breakup of 24Mg popu-
lated via the16O(24Mg,12C12C)16O reaction, which supports
the interpretation that the cluster states are excited by d
inelastic scattering.

The spins of the12C1 12C breakup states observed in th
forward angle experiment range from 41 to 81 @10#. In
terms of a direct inelastic scattering mechanism, these s
would be expected to be populated by a multistep proc
which may have an effect on the naive expectation of a
ward peaked angular distribution. Therefore, coupled ch
nels calculations have been performed to test whether
observed asymmetry is consistent with the inferred dir
inelastic excitation mechanism.

The optical model parameters used in the calculati
were taken from Ref.@17# and are reproduced in Table V
These parameters were fitted to data obtained for12C scat-
tering from a 24Mg target at a center-of-mass energy of

TABLE V. Optical model parameters describing the Wood
Saxon potential used in the coupled channels calculations, ta
from Ref. @17#.

V rr ar W ri ai r C

Potential ~MeV! ~fm! ~fm! ~MeV! ~fm! ~fm! ~fm!

CC1 169.2 5.02 0.6400 180.0 4.85 0.480 5.0
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MeV, close to the center-of-mass energy of 56.7 MeV e
ployed in the present work. The fit was performed simul
neously to differential cross sections measured for ela
scattering and inelastic scattering to the 21 ~1.37 MeV! state
in 24Mg and the unresolved12C (21, 4.43 MeV! and 24Mg
(41, 4.1 MeV! states, allowing for two-way couplings be
tween all states and including reorientation terms, Coulo
excitation and all angular momentum transfers up toL54.
The deformation lengths thus obtained werebRg.s.5
11.491 fm for the 24Mg ground state band andbR5
21.285 fm for the ground state to 21(4.43 MeV) coupling
in 12C.

In the present calculations, as in Ref.@17#, the breakup
states have been modeled as a hyperdeformed rotat
band with a rotational gradient\2/2I equal to the value ob-
served experimentally@10#. A deformation length ofbRhd

512.495 fm was chosen for this hyperdeformed band
scaling the value for the ground-state band according to
relative rotational gradients, assuming the moment of ine
I to be proportional to (bR)2. The coupled channels calcu
lations, performed using the codeCHUCK99 @18,11#, allowed
for two-way couplings between the 21, 41, 61, and 81

members of the hyperdeformed band and included reorie
tion and Coulomb excitation. The couplings between
ground-state band and the hyperdeformed band were
way with a valuebRcross50.13bRhd50.25 fm chosen to
ensure that the hyperdeformed band was not populated
strongly. Due to this arbitrary choice for the interband co
pling, the calculated cross sections are subject to an
known scaling factor, although this should not affect the co
clusions drawn.

The angular distributions calculated for the 41 and 61

members of the hyperdeformed band, corresponding to
spins most strongly populated in the forward angle exp
ment@10#, are shown in Fig. 7. The calculations predict fo

-
en

FIG. 7. Angular distributions for the 41 and 61 members of the
hyperdeformed band, as obtained from the coupled channels c
lations described in the text.
9-7
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ward peaked angular distributions asymmetric aboutu*
590°, as expected for a direct reaction mechanism. I
interesting to note, however, that the calculations predic
rise in cross section at backward angles~near 180°) which
will have consequences for the relative yield at forward a
backward angles. To investigate this further, the differen
cross sections shown in Fig. 7 have been integrated o
equal angular ranges starting at 0° and 180°, respectiv
noting thatdV5sinu*du*df* . The forward angle experi
ment@12# was designed to be most sensitive to values ofu*
close to 0°~and breakup anglesc close to 90°c.m.). While the
precise acceptance is determined by simulations, a sim
upper limit on theu* acceptance is a reasonable and tra
parent approximation. The ratios

s~0°→u* !

s~180°2u* →180°!

of the calculated cross sections integrated over forward
backward angles are plotted in Fig. 8 as a function of
center-of-mass angleu* up to which the integration is per
formed. This ratio is not strongly dependent on the integ
tion limit and hence the details of the angular accepta
have only a weak influence. Also indicated in Fig. 8 is t
experimental lower limit of 40:1 obtained in the prese
work for the ratio of the breakup yield at forward and bac
ward angles. The equivalent ratio predicted for the 41 mem-
ber of the hyperdeformed band lies well above the exp
mental lower limit for all values ofu* relevant to the presen
work ~see Fig. 3!, while that for the 61 state lies slightly
below, peaking nearu* 514°. However, the experimenta
ratio has been obtained by integrating over many state
24Mg, the most strongly populated of which have been
signed a spin of 41 @10#, and hence the small discrepan
seen in Fig. 8 between the experimental lower limit and

FIG. 8. Ratios of the cross sections at forward and backw
angles, obtained by integrating the calculated angular distribut
over equal angular ranges of 0°→u* and 180°2u* →180°, re-
spectively, plotted as a function ofu* . The experimental lower
limit of 40:1 is also indicated.
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ratio predicted for the 61 states is not significant. The ob
served ratio of the breakup yields at forward and backw
angles thus appears to be consistent with the coupled c
nels calculations.

V. SUMMARY

The cross section of the12C(24Mg,12C12C)12C reaction at
very backward angles has been measured by performing
experiment with reversed kinematics, that is, by perform
a measurement of the24Mg(12C,12C12C)12C reaction at the
same center-of-mass energy. The yield has been compar
a previous measurement of the reaction at forward angle

The analysis was able to obtain a partial cross section
the reaction over a directly comparable region of phase sp
in the forward and backward angular regions. This w
achieved by restricting the phase space spanned in
present measurement so as to include just the mirror s
metric region equivalent to the forward angle measurem
The region of phase space accessible in the earlier exp
ment, but not accessed in the present experiment, was
mated to account for only 22% of the cross section.

The total coincidence cross section was found to be
65) nb at forward angles and,1 nb at backward angle
indicating a strongly asymmetric angular distribution wi
the cross section being at least 40 times higher at forw
angles than at backward angles. This factor would not
significantly influenced by an error in the estimate of unm
sured phase space. The upper limit on the backward a
cross section represents a limit in two separate sen
Whereas the present experiment clearly observed the12C 1
12C 1 12C final state as aQggg peak, the subset of the dat
that was directly comparable with the forward angle expe
ment showed no statistically significantQggg peak and a limit
was estimated. In addition, while the forward angle expe
ment demonstrated a12C1 12C final-state interaction for
events within theQggg peak, implying the existence of state
in 24Mg, the low cross section at backward angles preclud
a similar analysis in the present work.

A strongly asymmetric angular distribution is consiste
with a direct reaction. Taken together with the earlier me
surements of Gyaponget al., this suggests that the reactio
mechanism exciting cluster states is a direct inelastic exc
tion of the incident24Mg. The experimental lower limit of
40:1 for the relative cross section at forward and backw
angles is consistent with the predictions of coupled chann
calculations.
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