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Angular correlations for a-particle decay in the reaction 12C†12C, 12C„31
2
…˜

8Be„01
1
…1a ‡

12C *
at Ec.m.532.5 MeV

S. P. G. Chappell
Department of Physics, University of York, Heslington, York YO1 5DD, United Kingdom

W. D. M. Rae
Department of Nuclear Physics, University of Oxford, Keble Road, Oxford OX1 3RH, United Kingdom

~Received 7 December 1995!

We present angular correlations in ‘‘Basel’’ coordinates fora-particle decay in measurements of
12C@12C,12C(31

2)→8Be(01
1)1 a#12C* scattering atEc.m.532.5 MeV. A semiclassical model of the angular

correlation function has been used to describe the observed angular correlations in the various exit channels.
We demonstrate that the semiclassical result can be used even in the case where there are two nonzero spins
in the exit channel if the decay products from both ejectiles are detected. We apply this new method to the
mutual sequential breakup reaction12C@12C,12C(31

2)→8Be(01
1)1a#12C(31

2) →8Be(01
1)1a. We deduce that

the scattering occurs dominantly to a final state with fully aligned spins and orbital angular momentum
L8512 or 14.@S0556-2813~96!01206-X#

PACS number~s!: 25.70.Ef, 21.60.Gx, 27.30.1t, 27.20.1n
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I. INTRODUCTION

New experimental studies of scattering reactions to st
high above the 6a particle decay threshold in24Mg have
revealed new resonant structure in the12C112C system.
Most notably, it appears that the wide resonance first
ported in the 12C@12C,12C(02

1)# 12C(02
1) reaction at

Ec.m.532.5 MeV @1#, with an unusually large strength of th
scattering cross section at 90°~in the center of mass!, may
also be common to a number of other channels. We h
previously reported on similar behavior for scattering to
12C(02

1)1 12C(31
2) and 12C(02

1)1 12C(03
1) channels@2#,

whilst Freemanet al. @3# have found that the16O(01
1)1

8Be(01
1) channel also resonates at this energy with the ch

acteristic 90° enhancement. This striking feature in the
gular distribution originally suggested that the 32.5 Me
02

1102
1 resonance be considered as an approximate s

eigenstate@4,5#, where many overlapping resonances w
different L values are excited. It was thought that this d
formed structure was consistent with the formation of aa
linear chain configuration@6,7# ~LCC! at Ex546.4 MeV in
24Mg. The crankeda-cluster model@6# predicts a band
crossing between the ground state and chaina-cluster con-
figurations in 24Mg near Ex550 MeV and L516. This
seemed to be confirmed by the observation of dominant
gular momentaL514 and 16@1# in the reaction. However
the resonant strength recently discovered in other de
channels@2,3,8,9# at this energy presents a challenge to t
interpretation. Since the dominant decay mode of a 6a LCC
is expected to be through symmetric fission to two 3a LCC’s
or three8Be nuclei@13#, the observation of strong resonan
for scattering to nuclei with no relation to chain configur
tions is surprising. Moreover, the 02

1 state in 12C is widely
accepted as having at best only a limited overlap with aa
LCC structure@10–12#. It is thus difficult to construct a 6a
chain from two12C(02

1) states@13#.
An alternative explanation of theEc.m.532.5 MeV reso-
530556-2813/96/53~6!/2879~6!/$10.00
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nances is provided by the band crossing model~BCM! @14#.
This predicts excitation function enhancements in the 02

11

02
1 , 02

1131
2, and 02

1103
1 channels at this energy, whe

realistic transition densities for12C @15# are included@16#.
This model suggests that the structure of the 02

1102
1 reso-

nance can be understood in terms of a weakly coupleda
plus 3a configuration, where the 3a particles do not neces
sarily form a chain state. The BCM predicts a dominant p
tial wave of L5J518 for the 02

1102
1 channel, somewhat

larger than those in the experimental data (L514,16 @1#!.
L is the orbital angular momentum andJ the total spin. The
02

1131
2 resonance is predicted to be the result of a simila

extended 3a structure coupled to an excited12C(31
2) core

with stretched angular momentumL5J23. This model has
had some success in reproducing resonances at other
gies in the12C1 12C system. The resonances discovered
Cormieret al. @17# in the 01

1121
1 and 21

1121
1 channels and

those by Fultonet al. @18# for scattering to the 01
1102

1 and
01

1131
2 states are also observed in BCM calculatio

@14,16,19#. Note that only the more recent formulation of th
BCM @16#, which incorporates a distorted form factor for th
02

1 level in 12C, can describe the excitation function en
hancement seen in the angular momentum mismatc
01

1102
1 channel.

The physics underlying the BCM is rather simpl
namely, it predicts that molecular resonances should
dominated by an aligned coupling between the orbital an
lar momentum and intrinsic spin. One expects this res
quite naturally given the negativeQ value of these reactions
Such alignments have been observed in studies of12C on
12C collisions for the single and mutual excitation of th
12C~21

1) state using particle-g-ray angular correlations@20–
22#. Resonances in the cross section were found to
uniquely associated with a strong enhancement of the s
alignment, particularly in the mutual 21

1 channel@22#. These
data suggest that the resonant configuration is characte
2879 © 1996 The American Physical Society



e
d
c

p

t

l

y

x
r
i

r
a

e

o
a

u

t

t

on
the
an-
the
ne
he

aly-

the
e

g

re
We

el

x-

the
ical
sen
l to

is

tial

2880 53S. P. G. CHAPPELL AND W. D. M. RAE
cally different from that of the nonresonant weakly align
background and that the respective orientation of the
formed 12C nuclei plays a decisive role in this resonan
behavior.

It would be interesting to make similar measurements
the alignment in the case of the resonances observed in
31

2 channels in the12C1 12C system, especially in order to
test the hypotheses proposed to explain the 32.5 MeV re
nances. Since the 31

2 channels involve excitations to nuclea
states above the decay threshold for particle emission,
ticle detection techniques for determining angular corre
tions and spin alignments must be used. One such me
has been discussed previously and illustrated for the cas
the sequential breakup reaction12C@12C,12C(31

2) →8Be
(01

1)1a# 12C(01
1) at Ec.m.527 MeV @23#. The data pre-

sented display a strong spin alignment at this energy wh
coincides with one of the resonances observed by Fu
et al. @18# in this channel.

Here, we report on similar measurements extended
the case of mutual sequential breakup. In particular,
have examined the data of Chappellet al. @2# and
reconstructed 12C@12C,12C(31

2)→8Be(01
1)1a# 12C* and

12C@ 12C,12C(31
2)→ 8Be(01

1)1a# 12C(31
2)→ 8Be(01

1)1a
angular correlations atEc.m.532.5 MeV. We choose to study
these angular correlations using the ‘‘Basel’’ coordinate s
tem @24# as was used in the particle-g-ray correlation studies
@21,22#. The theoretical angular correlation function reduc
to a particularly simple form using a semiclassical appro
mation in Basel coordinates in which the physical interp
tation of the data is transparent. This form of the correlat
function also yields an efficient method of projection b
which to study the correlation ridge structures in one dime
sion @25#. The ridge periodicity and projection gradient a
related to the spins and angular momenta in the final st
As indicated above, we also present angular correlations
the mutual inelastic scattering12C@12C,12C(31

2)# 12C(31
2).

The simultaneous measurement of decay angles for
breakup of both recoil and ejectile nuclei provides a n
technique by which to examine the spin orientation in s
quential mutual breakup reactions. Although the results fr
our existing data are ambiguous we believe that import
information can be extracted from both the single and mut
12C(31

2)→8Be(01
1)1a correlation functions in a simple

way. This paper is mainly concerned with the new simp
technique for extracting reaction information from the m
tual channel.

II. ANGULAR CORRELATIONS
IN BASEL COORDINATES

Particle decay angular correlation measurements have
come well established in the study of heavy-ion sequen
breakup reactions using the techniques of resonant par
decay spectroscopy@26,27#. A sequential breakup reaction
a(A,A*→C1c)a, consists of scattering a projectileA from
a targeta to form an intermediate nucleusA* which then
decays via particle emission to leave a three-body final s
C1c1a. Mutual sequential breakup,a(A,A*→C1c)a*
→D1d, is said to occur when both the ejectile (A* ) and
recoil (a* ) nuclei are excited above the threshold for partic
d
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decay. The dependence of the direction of particle decay
the initial scattering angle can reveal many features of
reaction process. In particular, the gross structure of the
gular correlations may be used to determine the spins of
nuclei, often in a model-independent manner, while the fi
details may in conjunction with reaction models reveal t
m-substate populations@28#.

The Basel coordinate system adopted in the present an
sis is defined in Fig. 1. In this representation, thez axis is
defined on an event-by-event basis to lie perpendicular to
reaction (xy) plane andx is taken as the beam direction. Th
trajectory of the ejectile nucleusA* is then given by the
anglesuB* andfB* , whereuB* is fixed at 90° by definition.
The anglescB andxB characterize the breakup by definin
the orientation ofvrel ~the relative velocity vector between
the decay productsC andc) with respect to the out-of-plane
(z) and beam (x) axes. Most of the events considered he
are restricted by the detector geometry to be in plane.
thus takecB5p/2.

The semiclassical angular correlation function in Bas
coordinates has been obtained previously@29#. In these co-
ordinates, using the decay amplitude

~21!ke2 ikxBdk0
I S p

2 D , ~2.1!

the semiclassical angular correlation function for single e
citation and a single incident (L) and final (L8) partial wave
reduces to

W~fB* ,xB!}
1

sinfB*
UsinF S L81

1

2DfB*1kxB1
p

4 GU2dk0I S p

2 D 2
~2.2!

for a spin zero recoil. Here,k is the projection of ejectile spin
(I ) on thez axis.

The combined use of the Basel coordinate system and
semiclassical approximation results in considerable phys
insight into the nature of the scattering reaction. The cho
z axis, perpendicular to the reaction plane, is also paralle
the orbital angular momentum vectorL 8 semiclassically.
Thus the angular momentum transfer in the reaction
L 82L and the projection of this on thez axis must be equal
to the projection (k) of the ejectile spin vectorI on thez axis
in this approximation. Ifk5I then the vectorI is fully
aligned alongL andL is exactly parallel toL 8. For reactions
with a very negativeQ value the dominantL8 is generally
much less thanL so that the only important contribution to

FIG. 1. Velocity vectors in the center of mass for the sequen
breakup reaction (A,A*→C1c) defining the correlation variables
(uB*590°,fB* ,cB ,xB) in the ‘‘Basel’’ coordinate scheme.
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53 2881ANGULAR CORRELATIONS FORa-PARTICLE DECAY IN THE . . .
the cross section comes from the maximum possible valu
k, namely,k5I . However, forQ.0, there would be a dis-
tribution of possiblek values althoughk.0 may dominate.
In such cases the alignment ofI is not well defined and for
any incident partial waveL there will be several exit partia
wavesL8 contributing simultaneously. The direction of th
vector I is then different for each possible partial waveL8.
~Note that the semiclassical approximation assumes
I!L so that the projection ofL 82L on thez axis is always
assumed to be approximatelyL82L althoughL 8 may not be
exactly parallel toL .)

III. EXPERIMENTAL DETAILS

The experimental method used in these measurements
been described in detail elsewhere@2#. Briefly, the setup con-
sisted of three 25 cm2, 500mm thick position sensitive strip
detectors ~PSSD’s!, each segmented into 16 strips. Th
PSSD’s were arranged with their centers 12 cm from
target at125°, 152°, and232° in the horizontal plane
relative to the beam direction. A natural carbon target foil
aerial density 90mg cm22 was used. This system allowe
the scattering to channels above the multiplea-decay thresh-
old to be studied. For example, Fig. 2 demonstrates the ra
of 12C*1 12C* inelastic scattering channels identified in th
present data atEc.m.532.5 MeV. The simultaneous detectio
of 3a 1 3a hits on either side of the beam is characteris
of the scattering to states in12C* above thea-decay thresh-
old ~7.37 MeV! @Fig. 2~a!#. For the similar case of 3a 1 1
hits @Fig. 2~b!#, the individual hit may correspond to eithe
an intact 12C nucleus below the breakup threshold or ana
particle. In this spectrum, the12C* (.7.37 MeV! 1 12C*
(,7.37 MeV! case has been selected by comparing the tw
bodyQ values for scattering to12C* on either side of the
beam. Events were discarded for which theQ values did not
match to within 500 keV, thus reducing the backgroun
Note that the overdetermination of reaction kinematics
these measurements also allows the reconstruction of 6a fi-

FIG. 2. Two-body Q value for 12C*112C* events at
Ec.m.532.5 MeV reconstructed from~a! 3a13a and~b! 3a11 hits
identified on either side of the beam direction.
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nal states following the detection of only 5a coincidences.
We therefore consider four-, five-, and six-fold particle-h
data in the following analysis.

IV. RESULTS AND ANALYSIS

A. 12C†12C,12C„31
2
…˜

8Be„01
1
…1a‡12C„01,2

1
… angular

correlations

Figure 3 shows the12C(31
2)→8Be(01

1)1a angular cor-
relation pattern observed in the12C(31

2)1 12C(01
1) channel

atEc.m.532.5 MeV. A series of prominent ridges can be see
in these data within a segmented detection boundary. T
limits of this boundary agree well with the phase space co
erage predicted by three-body kinematics@30# ~Fig. 3!. The
small differences between the observed and calculated ph
spaces in Fig. 3 arise from deficiencies in the kinemati
simulation. Most importantly, the reaction proceeds to
four-body final state where8Be(01

1) further decays into 2a
particles. In addition, the characteristic position-depende
energy thresholds of the PSSD’s have not been accura
reproduced. The angular correlation pattern in this channe
compared with the loci of maxima in the correlation func
tionsW(fB* ,xB) @Eq. ~2.2!#, for a number ofL8 values and
k53, in Fig. 4.

The observed ridges are clearly 60° apart inxB ; from Eq.
~2.2! the spacingDxB must bep/k and this yieldsk53. The
gradient of the ridges isDxB /DfB*5(L81 1

2)/k. Note that
the semiclassical correlation function is independent ofL8 at
fB*590°. Since the present data span only a narrow ran
aboutfB*590°, an unambiguous assignment of the dom
nantL8 value in this channel is not possible. However, w
may examine the structure in this correlation more closely
assuming possible ridge gradients and projecting the d
onto thexB50, fB* axis. This is equivalent to averaging the
data along lines of constantfB*1xBk/(L81 1

2), as in Fig. 5.
This averaging process is advantageous since from Eq.~2.2!
the angular correlation depends only on a linear combinati
of the anglesfB* and xB . If the data are dominated by a
single combination of oneL8 and onek then the averaging

FIG. 3. The12C@12C,12C(31
2) → 8Be(01

1)1a #12C(01
1) angu-

lar correlation compared to the (fB* ,xB) phase space~shown as the
grid of dots! defined by the detector geometry.



in

s,

our

-

in

les
il
on
a

s

2882 53S. P. G. CHAPPELL AND W. D. M. RAE
procedure enhances the statistics without any loss of inf
mation since the correlation is the square of a pure si
wave. However, even if the latter condition of a single com
bination ofL8 andk is true, we do not necessarily knowa
priori which values ofL8 and k dominate. These must be
deduced from the experimental data. A convenient way to
this is to evaluatefB*1xBk/(L81 1

2) on an event-by-event
basis and histogram the data as a function of this variab
This can be done for several values ofk andL8. When the
correct choice ofk andL8 is made~which is equivalent to
choosing the projection gradient! a regular sequence of
maxima and minima should be seen in the one-dimensio
projection of the correlation spectrum. If the wrong choice o
k or L8 is made and the data span a sufficiently large pha
space in thefB* and xB variables then the maxima and
minima will be smeared out. As we noted our data are r
stricted infB* space and do not determine the gradient at a
well. Since the correlation function is nearly independent
L8 all projections show similar structure.

FIG. 4. The12C@12C,12C(31
2)→ 8Be(01

1)1a#12C(01
1) angular

correlation overlayed with the calculated loci of maxima in th
semiclassical correlation functionsW(fB* ,xB) for k53 and the
L8 values indicated.

FIG. 5. One-dimensional projections of thek53 angular corre-
lation in the12C(01

1)112C(31
2) channel for a number ofL8 values.
or-
ne
-

do

le.

nal
f
se

e-
ll
of

Figure 6 shows the12C(31
2)→8Be(01

1)1a angular cor-
relation pattern observed in the12C(31

2)1 12C(02
1) channel.

One-dimensional projections of this correlation are given
Fig. 7. As was noted above the data do not determineL8
well. However, note that if, in both of the above example
the measured range offB* was extended the correlation
analysis would determineL8. This is illustrated below for
the mutual case where the range of angles obtained from
existing data set is larger.

B. Spin-orientation alignment
in 12C†12C,12C„31

2
…‡

12C„31
2
… scattering

We will now consider the particle decay angular correla
tions for the mutual inelastic scattering12C@12C,12C(31

2)#
12C(31

2). In this case, the variation over the possiblem sub-
states for recoil nuclei with spin destroys any ridge pattern
the simple (fB* ,xB) plot ~Fig. 8!. However, the present mea-
surements allow us to investigate both the correlation ang
xB and xB8 for the breakup of both the ejectile and reco
nuclei simultaneously. The semiclassical angular correlati
function for mutual excitation and decay can be obtained in

e
FIG. 6. The12C@12C,12C(31

2)→ 8Be(01
1)1a#12C(02

1) angular
correlation and loci of maxima in the correlation function
W(fB* ,xB) for k53 and theL8 values indicated.

FIG. 7. One-dimensional projections of thek53 angular corre-
lation in the12C(02

1)112C(31
2) channel for a number ofL8 values.
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similar way to that used by Hahne and Rae@29#. The decay
amplitude for a specifick andk8 for the case of two separat
nuclei is

~21!ke2 ikxBdk0
I S p

2 D ~21!k8e2 ik8xB8dk80
I 8 S p

2 D . ~4.1!

Herek andk8 are the projections of the two12C spins (I and
I 8) on thez axis andk1k8 is now identified withL2L8.
Using the formalism of Hahn and Rae, this amplitude giv
the final angular correlation function

W~fB* ,xB ,xB8 !}
1

sinfB*
UsinF S L81

1

2DfB*1kxB1k8xB8

1
p

4 GU2dk0I S p

2 D 2dk80I 8 S p

2 D 2 ~4.2!

where againL8 is the final state orbital angular momentum
If we assume thatk andk8 have equal magnitudes then w
can plot the correlation as a function ofX5xB6xB8 . We find
that ridge structure is observed in plots offB* versusX when
X5xB1xB8 @Fig. 9~a!# but not whenX5xB2xB8 @Fig. 9~b!#.
Projections of these correlations are shown in Fig. 10
regular sequence of peaks can be seen in theX5xB1xB8
projections forL8512 and 14. No structure is observed f
theX5xB2xB8 case. Note that again the ridges have a sp
ing of 60° in theX5xB1xB8 direction, suggesting thatk and
k8 are predominantly both equal to 3. Also note that in t
case the projected correlations do indeed provide some in
mation onL8. Structure in the projected correlations is on
visible if we assumeL8 to be either 12 or 14 in our even
by-event histogramming. Again a wider angular covera
would make this assignment unambiguous. These results
ply that the 12C(31

2) nuclei scatter dominantly with fully
aligned spins, i.e.,K5k1k856 andL8512 or 14 in this
channel. This is consistent with the very negativeQ value for
the reaction so that for each incidentL only L85L26 con-
tributes. This suggests a resonant spin ofJ5L81K518 or
20. Hence considerable information can be gleaned fr
these mutual angular correlations by the simple techniqu

FIG. 8. The12C@12C,12C(31
2)→ 8Be(01

1)1a#12C(31
2) angular

correlation.
e

es

.
e
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projection of the three-dimensional correlation
W(fB* ,xB ,xB8 ) onto a single axis using various assumption
for k, k8, andL8.

V. CONCLUSIONS

We have compared angular correlation measurements
12C@12C,12C(31

2)→8Be(01
1)1a# 12C* scattering at

FIG. 9. 12C@12C,12C(31
2)→ 8Be(01

1)1a#12C(31
2)→ 8Be

(01
1)1a angular correlations including consideration of the reco

breakup angle:~a! X5xB1xB8 and ~b! X5xB2xB8 .

FIG. 10. Projections of theW(fB* ,X) angular correlations in the
12C(31

2)112C(31
2) channel fork5k853 and theL8 values indi-

cated.
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2884 53S. P. G. CHAPPELL AND W. D. M. RAE
Ec.m.532.5 MeV to a semiclassical description of the corr
lation function in Basel coordinates. The present analy
suggests that the dominant partial wave in12C~31

2! 1
12C~31

2! scattering atEc.m.532.5 MeV isL8512 or 14 and
that the dominant partial wave in the incident channel
L518 or 20~the incident partial wave is equal to the tot
spinJ). This result cannot be compared with the band cro
ing model of this reaction@16# since the mutual 31

2 channel
was not considered in those calculations. Our experime
results may be consistent with a new model of the 32.5 M
resonance presented recently by Rae, Fry, and Merchant@31#
but more extensive angular correlation data are required
make the dominant partial wave assignments less amb
ous, especially in the 01,2

1 131
2 channels. It will also be nec-

essary to establish that the 31
2131

2 channel is resonant a
e-
sis

is
l
ss-

tal
eV

to
gu-

this energy. In the new model proposed by Rae, Fry, a
Merchant, theEc.m.532.5 MeV resonance is thought to b
the result of the scattering of12C nuclei with threefold
a-cluster symmetry and aligned spins. The present data
dicate that a correlated full spin alignment between the
formed nuclei in the12C(31

2)112C(31
2) channel has been

observed atEc.m.532.5 MeV.
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