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Resonance spin assignments itfC+%C(37) inelastic scattering
from angular correlation methods
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(Received 16 July 1996

Angular correlation techniques have been used to determine the spin of a strong resonance observed in the
2C +12C(37;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 4428/ )—5%Be(g.s) + a, were detected
using four double-sided silicon strip detectors. The data are consistent with a spin assigndfen18f for
this resonance. The current results are compared to calculations of resonance behavior in this system from the
band crossing mode[S0556-281®6)03511-X]

PACS numbd(s): 25.70.Ef, 25.70.Pq

Resonance behavior in inelastic heavy-ion scattering haagreed qualitatively with the reported data for intermediate
remained a topic of considerable interest for some three dewidth structures in the angular-momentum-matched
cades. From the first measurements in the early 1960s, ti2" +g.s., 2" +2*, and 3 +g.s. channel§7]. These calcu-
system which attracted the most attention was @ + lations also predicted spins for these resonances. One test of
2C systen{1,2). Excitation functions for elastic and various the models of resonance behavior in this system would be a
inelastic scattering channels in this system displayed a wideomparison between experimental and theoretical spin as-
variety of nonstatistical behavior, from very narrow reso-signments. This information was, however, generally not
nances observed close to the Coulomb barrier, to strong, iravailable due to complications arising from non-spin-zero
termediate width structures at significantly higher bombardexit channels. In this case, simple angular distribution mea-
ing energies. In particular, the region of center-of-massurements lose their sensitivity to the angular momentum in
energy between 10 and 40 MeV shows prominenthe compound system due to the summation over magnetic
intermediate-width resonances in nearly every inelasticsubstates of the spin of the excited scattered nucleus. In order
scattering channel studied. Cormiet al. observed several to recover some sensitivity to the contributing angular mo-
prominent structures in the inelastic'2g.s. and 2 +2%  menta, radiation from the decay of the excited statéid
excitationg 3]. The suggested spins of these resonances weffer instance, either a gamma ray from thé 2tate or an
conjectured to follow a rotational sequence, based upon syslpha particle from the 3 level, can be detected, and the
tematic comparisons with the behavior of the elastic channelngular distribution of that radiation can provide information
and ranged from 1D to 18:. Similar properties were also about the substate population of the excited nucleus.
observed in a number of other inelastic channels, including These techniques have been successfully employed in
the 3" +g.s. and § +g.s. final statep4,5]. Angular distribu-  studies of inelastic scattering to particle bound levels, by
tion measurements to extract the dominant partial waves fagither the direct detection of the gamma rays frdiC
a peak in the cross section neBf,,=29.5 MeV in the [8-10], %0 [11], or ?*Mg [12,13, or from indirect measure-

0, +g.s. channel, although somewhat inconclusive, sugments of the magnetic substate population via the line-shape
gested a spin neddl6—18# for this structurd6]. broadening induced by the recoil of the gamma [rb4,15.

Because of the richness of phenomena observed in thisor alpha-particle unbound levels itfC, the situation is
system, much speculation has arisen concerning the possitieore difficult. In particular, the 3 state in?C at 9.64 MeV
relationship between resonances observed in different inelaslecays almost entirely to the ground state’Be , which in
tic scattering and reaction channels. While excitation-turn decays into two alpha patrticles. In order to deduce the
function peaks may appear at similar bombarding energies ipopulation of magnetic substates in the excité@ nucleus
different reaction channels, the mere appearance of sudmd, in turn, the couplings of the various angular momenta
structures does not immediately imply that the underlyinginvolved in the reaction, the alpha particle which is emitted
physics is the same. Additional spectroscopic informationfirst must be identified and distinguished from the ones from
such as unambiguous spin assignments, is needed to compane decay of the®Be. In essence, all three alpha particles
the experimental data for different reaction channels withmust be detected and their angles and energies must be mea-
each other, as well as with theoretical predictions. sured with sufficient precision such that the final state and

As an example, in thé?C+ 12C system, reaction-model the alpha particle emission angle can be identified. This tech-
calculations using frameworks such as the band crossingique has previously been applied to the determination of
model (BCM) were able to produce excitation curves which spin alignments in?C+ *2C scatterind 16—18.

We have used an array of highly segmented double-sided
silicon strip detectordDSSD’9 to carry out a measure-

*Present address: School of Physics and Space Science, Universiiyent of this type for a strong resonance observed in the
of Birmingham, Birmingham B15 2TT, England. 2c(*2C,'%C[37;9.64 MeV)) 1%C reaction at a center-of-mass
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3000 — fied. The background beneath these peaks corresponds to real
= L %Be (g5) @ events in Whlch the three alpha particles were not produced
o 2000k i i by a sequential'’C— ®Be(g.s)+a, decay. Figure (b)

5 L 4 shows a representative two-alpha-particle relative energy
£ o000 4 spectrum, for events in which th&#C was excited in its
3 | 37(9.64 MeV) level. The peak aEyx= 0 MeV is the ®Be
0 ground state, and the distribution of counts betwegn= 1
and 2 MeV represents events where one of the two alpha
particles under consideration was actually the first alpha par-
> 3000 ticle in the *C sequential decay. Only events in which the
oy - full decay sequence could be be unambiguously identified
g 2000~ were retained in the subsequent analysis.
E i Figure Xc) shows a histogram of the inelastic scattering
§ 1000~ Q value for events in which the reconstruct&€ was iden-
0 I | tified as being excited to the 3state. Several final states are
7 8 s 20 1/0 L 12 identified, with the 3 +g.s. excitation dominant at

8000 : : : a ? (Me ). : : Q=—-9.64 MeV. For e_vents falling within thiQ-value win-

% - §+gs. () dow, angular correlation data were extracted. The relevant
g 60001~ . 7] angles for the angular correlation measurement have been
Z 4000l . 30, _ described by Marsh and R&23]. These angles are the scat-
‘E” F 8 +3—l 32" 8 tering angle of the*?C nucleus in the center-of-mass system,
3 20001~ ] 0..m.. and the angles of emission of the first alpha patrticle in
° p— e\ Y ! . the 2C(a,) decay in the rest frame of the exciteldC

-40 -30 a VAI‘_%% (MeV) -10 0 nucleus ¢, ¢). The angley is measured with respect to the

beam direction, and the azimuthal anglas defined as 0 in
the reaction plane.

A discussion of angular correlations of radiation from an
excited state following inelastic scattering can be found in

DSSD array. The energies and momenta of two of the three alph%ef'b[zél]' Here, the q.uar|1t|zat|on axis 1S Cholsenr;to lie allong
particles are consistent with a decayifi8e in its ground statec) '€ Peam. For a particu a’C scattering angle, the angular

12C.12C Q.value spectrum for events, where the reconstructedi€Pendence of the alpha-particle yield is given by
12C was in its 3 state at 9.64 Me\[see(b)].

FIG. 1. (a) ®Be excitation-energy spectrum, for events within
the Y2C 3~ peak at 9.64 MeV, inb). (b) °C excitation-energy
spectrum obtained from three-alpha-particle coincidences in th

2
energy of 33.5 MeV E,,, = 67 MeV) [4,5]. The detectors W( 8 — a(6. )Y 1
used are described {19,20, and are 5 crx 5 c¢m silicon (Oom 9 9) % m(fem)Yan( 4 4)) @)

wafers with the faces divided into crossed sets of 16 strips,

yielding an effective pixel segmentation of 256 per detector. ) _ )

Two pairs of detectors were placed on either side of thévhere thea, are the reaction scattering amplitudes for mag-
beam, centered at angles of°l&nd 3% relative to the beam netic _substates with dlffe(ent valuesmof These amplitudes
axis, at distances of 17 and 14 cm from the target, respe@'e given by the expression

tively. Targets made from 5p.g/cm? 12C foils were bom-

barded with?C beams from the ATLAS accelerator at Ar-

gonne National Laboratory at five energies between 59 and & Ocm)~ 2 1 1:3=mmli0)Y| m(6cm,0), (2)

75 MeV, spanning the region of the strong resonance at ity

Ei., = 67 MeV reported in Ref{4,5]. Energy and time-of-

flight information for particles striking the array was re- herel; andl; are the partial waves in the entrance and exit
corded for all events in which at least three elements of th&" ! f P

array triggered. _channels, respectively;h I represents the complex scatter-
The data were analyzed using methods similar to thos#!d ~ matrix — element —which ~ couples them, and
described in[21,27. For each event in which three alpha {/t3—mm{;0) the usual Clebsch-Gordan vector coupling
particles were detected in the DSSD array, it was assumegPefficient. _
that they were products of the decay of an excitég Slmpllflcatlons in t_he form pf the angu_lar correlation can
nucleus. The alpha-particle angles and energies were used§ achieved by making certain assumptions about the reac-
calculate the excitation energy of the decayfig. Further-  tion mechanism and the nature of the quantitigs, . For
more, the relative momentum of each pair of alpha particleshe case of a single isolated resonance of shionly one
was checked to determine whether it was consistent with thealue of I;=J contributes to the amplituda,(6.,). By
decay of a®Be in its ground statgsee Fig. 18)]. Figure 1b) symmetry, only odd values of the dechyaluel; can con-
shows a spectrum ofC excitation energy from three-alpha- tribute to the cross section, in this cdse J+1 orJ+ 3. For
particle coincidence events, where two of the alpha particlethe case where only a single value lgftakes part in the
were identified as coming from the decay of®Be. The resonance decay, the angular correlation assumes a very
07" (7.65 MeV) and 3 (9.64 MeV) states are clearly identi- simple form
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FIG. 3. Projections of angular-correlation matrices of the type
FIG. 2. (a) Experimental*’*C(3~; 9.64 MeV)-a angular corre- shown in Fig. 2, onto thé, ,, axis for y=64° + 116° (8)—(e) and
lation matrix forE.,=33.5 MeV. (b) Theoretical angular correla- #=90° (f)-(j). The center-of-mass energies are indicated in each
tion matrix, obtained witll=18,1=15, folded with the experimen- panel. The curves represent squared associated Legendre polynomi-
tal acceptance determined from a Monte Carlo simulation of theals [Pim(0cm)|? of with m=0 (@—(e) or 1 (f)—(j), and I=11

detector array. (@,(b),(f),(9), 15 (c),(d),(h),(i), and 13(e),(j)-
5 of I andJ [23]. For the aligned configuration in particular,
W(O. i, )= 13— mmJOVY, (6. )Y ' _ wherel =J— 3, the slopeA 6/A yy=S/I, whereS=3 for the
(Oom 4. 9) % < mMI0)Yin(Bem) Yam(#:¢) 3" state in*?C [23]. The dashed lines in Figs(& and 2b)

()  are calculated with a slope @f 6/A =3/15, corresponding
to an aligned configuration with=15 andJ™=18". This
Generally, for inelastic scattering, kinematics favor the low-value is in excellent agreement with the measured slopes of
est possiblé value, due to the reduced kinetic energy avail-the ridges in the experimental angular correlation, and sup-
able in the exit channel. This situation is known as theports an assignment o§”=18" for the resonance at
aligned or stretched configuration, as semiclassically the spificm=33.5 MeV.
of the excited nucleus is then aligned parallel to the orbital A more detailed analysis of the angular correlation can,
angular momentum vector. under the simplifying assumptions described above, unam-
With these properties of the angular correlation in mind,biguously determine the dec#yvalue for the scattering re-
we examine in detail data obtained at an energy corresponggction. By examination of Eq3), one observes that if the
ing to the peak of a strong resonance observed in thangular correlation in Fig.(@) is projected onto thé, ,, axis
12C(37)+g.s. excitationE, ,=33.5 MeV. Figure 2a) con-  for particular values ofy= i,,, where the associated Leg-
tains a matrix of the experimental angular correlation, whereendre polynomiald;.,(#,) =0, only certain magnetic sub-
the X and Y axes correspond to the anglgsand 6., , states can contribute. For example, at an alpha-particle decay
respectively. Here the data are integrated over the azimuthahgle ofi,,=90°, all P5,, with even values ofm are zero. In
acceptance of the experimental setup. The azimuthal accepddition, the Clebsch-Gordan coefficiet8 —mmJO) in
tance depends upon the reconstructed laboratory scatterirtfy. (3) favor one choice ofn depending upon the values of
angles for the decaying?C , but can be approximated by a | and J. The 6., angle dependence of the correlation
Gaussian function centered @t=0, with a width of A¢p~  W(6 1 ,=90F°) then follows either ~|P1(6.m)|? or
25°. For comparison, a Monte Carlo simulation of the reac-~|P,3(6.m)|? for I=J=3, orl=J+1, respectively. Con-
tion and detector response, with an angular correlation calersely, if i,,= 1~ 64° or 116°, then theP,(1;) =0 for
culated using Eq(3) with a resonance spin &f=18 and a m=1. If the m=3 substate contribution is small, as in the
decayl value of 15, appears in Fig(l2. By examining the case of a stretched configuration, then the correlation will
structure of the correlation function in E), one finds that  follow W(68¢ ., #1)~|Pim(6c.m)|? with m= 0 and 2, and
the slopes of the ridges of the experimental and theoreticakill display a minimum até, ,,=90°
correlations provide a unique signature for each combination Figures 3a)—3(e) and 3f)—3(j) contain projections of the
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FIG. 4. Projections of angular-correlation matrices of the type
shown in Fig. 2, onto thé, ,, axis for(a) ¢y=64° + 116° and(b)
y=9C at E.,,=33.5 MeV. The curves represent squared associ-
ated Legendre polynomial® (6. m)|? with | =13 (dashed curve
15 (thick solid curve, and 17(dotted curvg andm=0 (a) and 1

FIG. 5. Projections of angular-correlation matrices of the type
shown in Fig. 2, along lines in thé. - plane with slopes of
Ab. IAYy=3N, wherel=11 (a),(b), 15 (¢),(d), and 13(e). The

(b) center-of-mass energies are indicated in each panel. The solid
' curves are squared Legendre polynomials calculated with the above
| values.

angular correlation matrices onto thg,, axis for projection
angles ofyy=64°, 116° and fory=90°, respectively, at five slopes of the ridges in the angular correlation contain infor-
center-of-mass energies. For the even magnetic substate pmation about the participating angular momenta. Under the
jections [Figs. 3a)—3(e)], the angular distributions are all simplifying assumptions outlined above, the correlation data
regular and oscillatory, with minima which reach zero crosscan be rotated by a predetermined amount, depending on the
section atd, , = 90°. This result implies that the aligned con- values ofl and J, and then projected onto the. ,, axis,
figuration is in fact dominant in all cases, as expected fromwhere the projected angular correlation follows the behavior
the kinematics of the reaction. For tige=90° projections in  of that expected a$=0°, where only then=0 substate can
Figs. 3f)—3(j) the results are not as clear cut. At the peakcontribute. Thus, the projected angular correlation should
energy, however, the projections fgr=9(° also display a follow a simple squared Legendre polynomial form
regular oscillatory pattern. The solid curves in Figéa)3  W( epmj)~|P,(coa9p,oj)|2.
3(e) and 3f)—3(j) represent associated Legendre polynomi- Figure 5 contains examples of such projections for the
als |Pim(fem)|? with m=0 and 1, respectively, for the five energies studied. The projected data have been corrected
values listed in the caption. For additional comparison, Figsfor the acceptance of the apparatus using the Monte Carlo
4(a) and 4b) show the data obtained at the peak of the resosimulation described above. In each case, the angle for the
nance E.,,=33.5 MeV), plotted with associated Legendre projection was chosen by making a particular choice for the
polynomial curves calculated assumingl3 (dashed curvg  decayl value; the angle of the projectianm is then given by
15 (thick solid curve, and 17 (dotted curve The I=15 tane=3/, which is appropriate for a stretched configuration
curves clearly provide the best description of the data at thiwith |=J—3. The curves in Figs. (8-5(e) are pure Leg-
energy. Under the conditions of an aligned configurationendre polynomials of ordér=11-15 as indicated in the cap-
this | value corresponds to a resonance spid©f18*. At tion. As before, ak. ,,=33.5 MeV, the data are consistent
center-of-mass energies immediately below the resonancejth a dominantl value of =15 and a resonance spin
=11 appears to be dominant, and abdwel3 yields the J"=18". Below and above the peak energy, these projec-
best fit to the data, although in neither case are the results éiens are also consistent with the results obtained at particu-
conclusive as the on-resonance dat&at,=33.5 and 34.5 lar alpha-particle angleg, with =11 for E. ,,<33.5 MeV
MeV, and these results likely reflect the contributions ofand =13 for E. ,,=37.5 MeV. Here, as well as with the
other partial waves. previously described analysis, the shapes of the off-
A final, somewhat more model-dependent analysis can beesonance angular correlations are dramatically different
applied to the correlations in Fig. 2. As discussed above, thbom the one obtained at the peak, suggesting that tued
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J™ values extracted there represent a departure from thgcattering in the region at several strong resonances between

background, and can truly be associated with the resonandg ,=10 and 40 MeV. In the 2+g.s. channel, the data

observed at that energy. were also consistent with resonances spins two units of an-
Al of the analyses of the current correlation data are congular momentum higher than previously thought.

sistent with a resonance spin assignmenif 18", decay- In conclusion, particle-particle angular correlation tech-

ing throughl =15. It is interesting to compare this result with Digues have been used to study resonance behavior in the

the predictions of various theoretical calculations for reso- C+ ~C(3~, 9.64 MeV) reaction at center-of-mass energies

nance behavior in this system. One well-known model fof€a" & strong peak in t_he exmtr_;mon funpt|on fqr this channel.

resonance behavior in tHC+ 2C system is the band cross- |1 results are consistent with a spin assignmentof

ing model (BCM) [7]. The BCM calculations qualitatively —+8 ft?qr thehreson?ncedobse?‘/ed E’t@m-ze'.::’fh'\/'e}/' def-

reproduced the resonance features of the excitation functio yIRgrec:eonlf[gstu?jn ?)flgsn?n acl?nnlr%lé;atsloi‘gc\/\-ﬁ 120 r?lr?elljaesgc

reported for the single and mutual”2and single 3 excita- scétterin to the )rlnutalp3 exc?tation atQ=—19.28 MeV

tions. In addition, for the 3+g.s. excitation, the expected 9 :

angular momenta werd=14 from E, =25 to 30 MeV suggested the same value for the entrance channel angular

J=16 from 30 to 35 MeV, and=18 Cfrnzim 35to 40 Me\/ momentum at a nga(by engrgy@‘_m__=32.5 Mev[lg]. This

The resonance ned _3’3 MeV was attributed td=16 " spin assignment is inconsistent with the predictions of the

cm. ™ - 1

in disagreement with our current measurements, which su BCM, although the off-resonance angular correlations sug-
Wg + . " %est angular momenta that more closely follow the trends
gestJ7=18" for this structure. In these calculations, the redicted by this simple model. In addition, the resonance

D e et et 2 e s aifren o th partlwaves which Gominate
9 ) ross section in the 0+0, channel (=14-16, where a

ing to point out that the angular momenta deduced from th Croad cross section enhancement has been observed centered
correlation data away from the resonance peak appear con:

sistent with the partial waves suggested by the BCM resultstat nearly the same energg1,22. This difference suggests
This result could imply that while the nonresonant scatterin hat the features which appear in these very different reaction

cross section might be well described by simple potenti hannels are most likely unrelated to each other. The sensi-

S | _
scattering models or dominated by kinematical consider Ivity introduced by these experimental techniques suggests

ations, the strong nonstatistical resonances likely have a di11-hat t.hey wil prove useful for.the study of other similar

ferent origin that may lie in the nuclear structure of the Com_reacUons populating unbound final states.

pound system. The results of the current measurements may This work supported by the U.S. Department of Energy,
also be compared to the magnetic substate angular distribtduclear Physics Division under Contract No. W-31-109-

tion data of Sugiyamat al.[25] for 12C+ ?(27) inelastic

Eng-38.
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