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Resonance spin assignments in12C112C„32
… inelastic scattering

from angular correlation methods

A. H. Wuosmaa, B. B. Back, R. R. Betts, M. Freer,* B. G. Glagola, D. J. Henderson, D. J. Hofman, and V. Nana
Physics Division, Argonne National Laboratory, Argonne Illinois 60439

~Received 16 July 1996!

Angular correlation techniques have been used to determine the spin of a strong resonance observed in the
12C 112C(32;9.64 MeV! inelastic scattering channel, at a bombarding energy of 33.5 MeV in the center-of-
mass system. The alpha particles produced in the sequential decay12C(32)→8Be~g.s.! 1 a0 were detected
using four double-sided silicon strip detectors. The data are consistent with a spin assignment ofJp5181 for
this resonance. The current results are compared to calculations of resonance behavior in this system from the
band crossing model.@S0556-2813~96!03511-X#

PACS number~s!: 25.70.Ef, 25.70.Pq
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Resonance behavior in inelastic heavy-ion scattering
remained a topic of considerable interest for some three
cades. From the first measurements in the early 1960s
system which attracted the most attention was the12C 1
12C system@1,2#. Excitation functions for elastic and variou
inelastic scattering channels in this system displayed a w
variety of nonstatistical behavior, from very narrow res
nances observed close to the Coulomb barrier, to strong
termediate width structures at significantly higher bomba
ing energies. In particular, the region of center-of-ma
energy between 10 and 40 MeV shows promin
intermediate-width resonances in nearly every inelas
scattering channel studied. Cormieret al. observed severa
prominent structures in the inelastic 211g.s. and 21121

excitations@3#. The suggested spins of these resonances w
conjectured to follow a rotational sequence, based upon
tematic comparisons with the behavior of the elastic chan
and ranged from 10\ to 18\. Similar properties were also
observed in a number of other inelastic channels, includ
the 321g.s. and 02

11g.s. final states@4,5#. Angular distribu-
tion measurements to extract the dominant partial waves
a peak in the cross section nearEc.m.529.5 MeV in the
02

11g.s. channel, although somewhat inconclusive, s
gested a spin near~16–18!\ for this structure@6#.

Because of the richness of phenomena observed in
system, much speculation has arisen concerning the pos
relationship between resonances observed in different ine
tic scattering and reaction channels. While excitatio
function peaks may appear at similar bombarding energie
different reaction channels, the mere appearance of s
structures does not immediately imply that the underly
physics is the same. Additional spectroscopic informati
such as unambiguous spin assignments, is needed to com
the experimental data for different reaction channels w
each other, as well as with theoretical predictions.

As an example, in the12C1 12C system, reaction-mode
calculations using frameworks such as the band cros
model ~BCM! were able to produce excitation curves whi
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agreed qualitatively with the reported data for intermedia
width structures in the angular-momentum-matche
211g.s., 21121, and 321g.s. channels@7#. These calcu-
lations also predicted spins for these resonances. One tes
the models of resonance behavior in this system would be
comparison between experimental and theoretical spin
signments. This information was, however, generally n
available due to complications arising from non-spin-zer
exit channels. In this case, simple angular distribution me
surements lose their sensitivity to the angular momentum
the compound system due to the summation over magne
substates of the spin of the excited scattered nucleus. In or
to recover some sensitivity to the contributing angular mo
menta, radiation from the decay of the excited state in12C ,
for instance, either a gamma ray from the 21 state or an
alpha particle from the 32 level, can be detected, and the
angular distribution of that radiation can provide informatio
about the substate population of the excited nucleus.

These techniques have been successfully employed
studies of inelastic scattering to particle bound levels, b
either the direct detection of the gamma rays from12C
@8–10#, 16O @11#, or 24Mg @12,13#, or from indirect measure-
ments of the magnetic substate population via the line-sha
broadening induced by the recoil of the gamma ray@14,15#.
For alpha-particle unbound levels in12C, the situation is
more difficult. In particular, the 32 state in12C at 9.64 MeV
decays almost entirely to the ground state of8Be , which in
turn decays into two alpha particles. In order to deduce t
population of magnetic substates in the excited12C nucleus
and, in turn, the couplings of the various angular momen
involved in the reaction, the alpha particle which is emitte
first must be identified and distinguished from the ones fro
the decay of the8Be. In essence, all three alpha particle
must be detected and their angles and energies must be m
sured with sufficient precision such that the final state an
the alpha particle emission angle can be identified. This tec
nique has previously been applied to the determination
spin alignments in12C1 12C scattering@16–18#.

We have used an array of highly segmented double-sid
silicon strip detectors~DSSD’s! to carry out a measure-
ment of this type for a strong resonance observed in t
12C(12C,12C@32;9.64 MeV#! 12C reaction at a center-of-mass

ersity
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2464 54A. H. WUOSMAA et al.
energy of 33.5 MeV (Elab 5 67 MeV! @4,5#. The detectors
used are described in@19,20#, and are 5 cm35 cm silicon
wafers with the faces divided into crossed sets of 16 stri
yielding an effective pixel segmentation of 256 per detect
Two pairs of detectors were placed on either side of t
beam, centered at angles of 15o and 35o relative to the beam
axis, at distances of 17 and 14 cm from the target, resp
tively. Targets made from 50mg/cm2 12C foils were bom-
barded with12C beams from the ATLAS accelerator at Ar
gonne National Laboratory at five energies between 59 a
75 MeV, spanning the region of the strong resonance
Elab 5 67 MeV reported in Ref.@4,5#. Energy and time-of-
flight information for particles striking the array was re
corded for all events in which at least three elements of t
array triggered.

The data were analyzed using methods similar to tho
described in@21,22#. For each event in which three alph
particles were detected in the DSSD array, it was assum
that they were products of the decay of an excited12C
nucleus. The alpha-particle angles and energies were use
calculate the excitation energy of the decaying12C. Further-
more, the relative momentum of each pair of alpha partic
was checked to determine whether it was consistent with
decay of a8Be in its ground state@see Fig. 1~a!#. Figure 1~b!
shows a spectrum of12C excitation energy from three-alpha
particle coincidence events, where two of the alpha partic
were identified as coming from the decay of a8Be. The
01~7.65 MeV! and 32~9.64 MeV! states are clearly identi-

FIG. 1. ~a! 8Be excitation-energy spectrum, for events withi
the 12C 32 peak at 9.64 MeV, in~b!. ~b! 12C excitation-energy
spectrum obtained from three-alpha-particle coincidences in
DSSD array. The energies and momenta of two of the three al
particles are consistent with a decaying8Be in its ground state.~c!
12C-12C Q-value spectrum for events, where the reconstruct
12C was in its 32 state at 9.64 MeV@see~b!#.
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fied. The background beneath these peaks corresponds to
events in which the three alpha particles were not produc
by a sequential 12C→ 8Be~g.s.!1a0 decay. Figure 1~a!
shows a representative two-alpha-particle relative ene
spectrum, for events in which the12C was excited in its
32~9.64 MeV! level. The peak atEX5 0 MeV is the 8Be
ground state, and the distribution of counts betweenEX 5 1
and 2 MeV represents events where one of the two alp
particles under consideration was actually the first alpha p
ticle in the 12C sequential decay. Only events in which th
full decay sequence could be be unambiguously identifi
were retained in the subsequent analysis.

Figure 1~c! shows a histogram of the inelastic scatterin
Q value for events in which the reconstructed12C was iden-
tified as being excited to the 32 state. Several final states ar
identified, with the 321g.s. excitation dominant at
Q529.64 MeV. For events falling within thisQ-value win-
dow, angular correlation data were extracted. The relev
angles for the angular correlation measurement have b
described by Marsh and Rae@23#. These angles are the sca
tering angle of the12C nucleus in the center-of-mass system
uc.m., and the angles of emission of the first alpha particle
the 12C(a0) decay in the rest frame of the excited12C
nucleus (c,f). The anglec is measured with respect to the
beam direction, and the azimuthal anglef is defined as 0 in
the reaction plane.

A discussion of angular correlations of radiation from a
excited state following inelastic scattering can be found
Ref. @24#. Here, the quantization axis is chosen to lie alon
the beam. For a particular12C scattering angle, the angula
dependence of the alpha-particle yield is given by

W~uc.m.,c,f!5U(
m

am~uc.m.!Y3m~c,f!U2, ~1!

where theam are the reaction scattering amplitudes for ma
netic substates with different values ofm. These amplitudes
are given by the expression

am~uc.m.!;(
l i ,l f

h l i ,l f
^ l f32mmu l i0&Yl fm

~uc.m.,0!, ~2!

wherel i and l f are the partial waves in the entrance and ex
channels, respectively,h l i ,l f

represents the complex scatter
ing matrix element which couples them, an
^ l f32mmu l i0& the usual Clebsch-Gordan vector couplin
coefficient.

Simplifications in the form of the angular correlation ca
be achieved by making certain assumptions about the re
tion mechanism and the nature of the quantitiesh l i ,l f

. For

the case of a single isolated resonance of spinJ, only one
value of l i5J contributes to the amplitudeam(uc.m.). By
symmetry, only odd values of the decayl value l f can con-
tribute to the cross section, in this casel f5J61 orJ63. For
the case where only a single value ofl f takes part in the
resonance decay, the angular correlation assumes a
simple form
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W~uc.m.,c,f!5U(
m

^ l32mmuJ0&Ylm~uc.m.!Y3m~c,f!U2.
~3!

Generally, for inelastic scattering, kinematics favor the low
est possiblel value, due to the reduced kinetic energy ava
able in the exit channel. This situation is known as th
aligned or stretched configuration, as semiclassically the s
of the excited nucleus is then aligned parallel to the orbi
angular momentum vector.

With these properties of the angular correlation in min
we examine in detail data obtained at an energy correspo
ing to the peak of a strong resonance observed in
12C~32!1g.s. excitation,Ec.m.533.5 MeV. Figure 2~a! con-
tains a matrix of the experimental angular correlation, whe
the X and Y axes correspond to the anglesc and uc.m.,
respectively. Here the data are integrated over the azimu
acceptance of the experimental setup. The azimuthal acc
tance depends upon the reconstructed laboratory scatte
angles for the decaying12C , but can be approximated by a
Gaussian function centered atf50, with a width ofDf'
25o. For comparison, a Monte Carlo simulation of the rea
tion and detector response, with an angular correlation c
culated using Eq.~3! with a resonance spin ofJ518 and a
decayl value of 15, appears in Fig. 2~b!. By examining the
structure of the correlation function in Eq.~3!, one finds that
the slopes of the ridges of the experimental and theoreti
correlations provide a unique signature for each combinat

FIG. 2. ~a! Experimental12C~32; 9.64 MeV!-a angular corre-
lation matrix forEc.m.533.5 MeV. ~b! Theoretical angular correla-
tion matrix, obtained withJ518, l515, folded with the experimen-
tal acceptance determined from a Monte Carlo simulation of t
detector array.
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of l and J @23#. For the aligned configuration in particular
where l5J23, the slopeDu/Dc5S/ l , whereS53 for the
32 state in12C @23#. The dashed lines in Figs. 2~a! and 2~b!
are calculated with a slope ofDu/Dc53/15, corresponding
to an aligned configuration withl515 andJp5181. This
value is in excellent agreement with the measured slopes
the ridges in the experimental angular correlation, and su
ports an assignment ofJp5181 for the resonance at
Ec.m.533.5 MeV.

A more detailed analysis of the angular correlation ca
under the simplifying assumptions described above, una
biguously determine the decayl value for the scattering re-
action. By examination of Eq.~3!, one observes that if the
angular correlation in Fig. 2~a! is projected onto theuc.m. axis
for particular values ofc5cm , where the associated Leg-
endre polynomialsP3m(cm)50, only certain magnetic sub-
states can contribute. For example, at an alpha-particle de
angle ofcm590o, all P3m with even values ofm are zero. In
addition, the Clebsch-Gordan coefficients^ l32mmuJ0& in
Eq. ~3! favor one choice ofm depending upon the values of
l and J. The uc.m. angle dependence of the correlatio
W(uc.m.,c590o) then follows either ;uPl1(uc.m.)u2, or
;uPl3(uc.m.)u2, for l5J63, or l5J61, respectively. Con-
versely, ifcm5c1' 64o or 116o, then theP3m(c1)50 for
m51. If the m53 substate contribution is small, as in th
case of a stretched configuration, then the correlation w
follow W(uc.m.,c1)'uPlm(uc.m.)u2, with m5 0 and 2, and
will display a minimum atuc.m.590o.

Figures 3~a!–3~e! and 3~f!–3~j! contain projections of the

he

FIG. 3. Projections of angular-correlation matrices of the typ
shown in Fig. 2, onto theuc.m. axis forc564o 1 116° ~a!–~e! and
c590° ~f!–~j!. The center-of-mass energies are indicated in ea
panel. The curves represent squared associated Legendre polyn
als uPlm(uc.m.)u2 of with m50 ~a!–~e! or 1 ~f!–~j!, and l511
~a!,~b!,~f!,~g!, 15 ~c!,~d!,~h!,~i!, and 13~e!,~j!.
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2466 54A. H. WUOSMAA et al.
angular correlation matrices onto theuc.m. axis for projection
angles ofc564°, 116° and forc590°, respectively, at five
center-of-mass energies. For the even magnetic substate
jections @Figs. 3~a!–3~e!#, the angular distributions are a
regular and oscillatory, with minima which reach zero cro
section atuc.m.590o. This result implies that the aligned con
figuration is in fact dominant in all cases, as expected fr
the kinematics of the reaction. For thec590o projections in
Figs. 3~f!–3~j! the results are not as clear cut. At the pe
energy, however, the projections forc590o also display a
regular oscillatory pattern. The solid curves in Figs. 3~a!–
3~e! and 3~f!–3~j! represent associated Legendre polynom
als uPlm(uc.m.)u2 with m50 and 1, respectively, for thel
values listed in the caption. For additional comparison, F
4~a! and 4~b! show the data obtained at the peak of the re
nance (Ec.m.533.5 MeV!, plotted with associated Legendr
polynomial curves calculated assumingl513 ~dashed curve!,
15 ~thick solid curve!, and 17 ~dotted curve!. The l515
curves clearly provide the best description of the data at
energy. Under the conditions of an aligned configurati
this l value corresponds to a resonance spin ofJp5181. At
center-of-mass energies immediately below the resona
l511 appears to be dominant, and abovel513 yields the
best fit to the data, although in neither case are the resul
conclusive as the on-resonance data atEc.m.533.5 and 34.5
MeV, and these results likely reflect the contributions
other partial waves.

A final, somewhat more model-dependent analysis can
applied to the correlations in Fig. 2. As discussed above,

FIG. 4. Projections of angular-correlation matrices of the ty
shown in Fig. 2, onto theuc.m. axis for ~a! c564o 1 116o and ~b!
c590o at Ec.m.533.5 MeV. The curves represent squared ass
ated Legendre polynomialsuPlm(uc.m.)u2 with l513 ~dashed curve!,
15 ~thick solid curve!, and 17~dotted curve!, andm50 ~a! and 1
~b!.
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slopes of the ridges in the angular correlation contain info
mation about the participating angular momenta. Under t
simplifying assumptions outlined above, the correlation da
can be rotated by a predetermined amount, depending on
values of l and J, and then projected onto theuc.m. axis,
where the projected angular correlation follows the behav
of that expected atc50o, where only them50 substate can
contribute. Thus, the projected angular correlation shou
follow a simple squared Legendre polynomial form
W(uproj);uPl(cosuproj)u2.

Figure 5 contains examples of such projections for th
five energies studied. The projected data have been correc
for the acceptance of the apparatus using the Monte Ca
simulation described above. In each case, the angle for
projection was chosen by making a particular choice for t
decayl value; the angle of the projectiona is then given by
tana53/l , which is appropriate for a stretched configuratio
with l5J23. The curves in Figs. 5~a!–5~e! are pure Leg-
endre polynomials of orderl511–15 as indicated in the cap-
tion. As before, atEc.m.533.5 MeV, the data are consisten
with a dominant l value of l515 and a resonance spin
Jp5181. Below and above the peak energy, these proje
tions are also consistent with the results obtained at parti
lar alpha-particle anglesc, with l511 for Ec.m.,33.5 MeV
and l513 for Ec.m.537.5 MeV. Here, as well as with the
previously described analysis, the shapes of the o
resonance angular correlations are dramatically differe
from the one obtained at the peak, suggesting that thel and

pe

ci-
FIG. 5. Projections of angular-correlation matrices of the typ

shown in Fig. 2, along lines in theuc.m.-c plane with slopes of
Duc.m./Dc53/l , where l511 ~a!,~b!, 15 ~c!,~d!, and 13~e!. The
center-of-mass energies are indicated in each panel. The s
curves are squared Legendre polynomials calculated with the ab
l values.
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54 2467RESONANCE SPIN ASSIGNMENTS IN12C112C~32! . . .
Jp values extracted there represent a departure from
background, and can truly be associated with the resona
observed at that energy.

All of the analyses of the current correlation data are co
sistent with a resonance spin assignment ofJp5181, decay-
ing throughl515. It is interesting to compare this result with
the predictions of various theoretical calculations for res
nance behavior in this system. One well-known model f
resonance behavior in the12C1 12C system is the band cross
ing model ~BCM! @7#. The BCM calculations qualitatively
reproduced the resonance features of the excitation functi
reported for the single and mutual 21 and single 32 excita-
tions. In addition, for the 321g.s. excitation, the expected
angular momenta wereJ514 from Ec.m.525 to 30 MeV,
J516 from 30 to 35 MeV, andJ518 from 35 to 40 MeV.
The resonance nearEc.m.533 MeV was attributed toJ516,
in disagreement with our current measurements, which s
gest Jp5181 for this structure. In these calculations, th
model parameters have been adjusted to match a repo
121 resonance in the elastic scattering channel. It is intere
ing to point out that the angular momenta deduced from t
correlation data away from the resonance peak appear c
sistent with the partial waves suggested by the BCM resu
This result could imply that while the nonresonant scatteri
cross section might be well described by simple potent
scattering models or dominated by kinematical conside
ations, the strong nonstatistical resonances likely have a
ferent origin that may lie in the nuclear structure of the com
pound system. The results of the current measurements m
also be compared to the magnetic substate angular distr
tion data of Sugiyamaet al. @25# for 12C1 12(21) inelastic
-
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scattering in the region at several strong resonances betwe
Ec.m.510 and 40 MeV. In the 211g.s. channel, the data
were also consistent with resonances spins two units of a
gular momentum higher than previously thought.

In conclusion, particle-particle angular correlation tech
niques have been used to study resonance behavior in t
12C1 12C~32, 9.64 MeV! reaction at center-of-mass energies
near a strong peak in the excitation function for this channe
The results are consistent with a spin assignment ofJp

5181 for the resonance observed atEc.m.533.5 MeV, de-
caying through an aligned configuration with anl value of
15. A recent study of spin alignments in12C1 12C inelastic
scattering to the mutal 32 excitation atQ5219.28 MeV
suggested the same value for the entrance channel angu
momentum at a nearby energy ofEc.m.532.5 MeV@18#. This
spin assignment is inconsistent with the predictions of th
BCM, although the off-resonance angular correlations sug
gest angular momenta that more closely follow the trend
predicted by this simple model. In addition, the resonanc
spin is different from the partial waves which dominate the
cross section in the 02

1102
1 channel (l514–16!, where a

broad cross section enhancement has been observed cent
at nearly the same energy@21,22#. This difference suggests
that the features which appear in these very different reactio
channels are most likely unrelated to each other. The sen
tivity introduced by these experimental techniques sugges
that they will prove useful for the study of other similar
reactions populating unbound final states.

This work supported by the U.S. Department of Energy
Nuclear Physics Division under Contract No. W-31-109
Eng-38.
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