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Investigation of the 2C+'°C E_,,=32.5 MeV resonance
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A fine-step excitation function has been measured across the resonance reported at 32.5 MeV in the
120[12c,12C(05)1*2C(05) reaction. Correlated structure is also observed in other exit channels involving the
0, and 3 states of'’C and in the'®0+®Be channel[S0556-281®7)03404-3

PACS numbses): 25.70.Ef, 21.60.Gx, 27.38t, 27.20+n

I. INTRODUCTION nels which do not involve chainlike decay fragmepts—
20]. In particular, resonances have been seen in the
The discovery of a resonance B, =32.5 MeV in the %0y +®Bey s and **C (0;) +1%C(3;) channels, which also
12c112c,%C(05)1%2C(05) reaction by Wuosmaat al. [1] ~ display the characteristic 90° enhancement in the angular
aroused considerable interest when it was suggested thatdistributions. Since'®Og s is spherical and**C(3;) is ob-
might be evidence for the excitation of as6ehain state. A late, the observation of the resonance in these channels does
number of theoretical models predict the existence of a chaifiot appear to be consistent with the reaction proceeding via a
state in2*Mg [2—4] and calculation§5] suggest it should be highly prolate intermediate state.
found at an excitation energy some 15—20 MeV above the 6- However, the W|c_iths of these two later resonances are
a breakup threshold, in the excitation region in which theNarower than the width measured by Wuosregal. In par-
resonance appeared. The justification for linking the resoticular Ifgeemaget al. [17] measured a width of-1 MeV
nance observed in this decay channel to a chain state was tﬁg the Oy s +"Bey s channel which is considerably nar-

L . . than the 4.7 MeV measured by Wuosneal. The
association of thé*®C(0,) state with a highly deformed 3- rower Tom s 2n Ao
a configuration, although there is evidence that it may not béjata of Chappelet al. [20] for the **C(0;) + **C(37) chan-

. . hel are in fairl r r the resonan n
a fully aligned chain statg6—12]. Further support was pro- e are airly coarse steps across the resonance and

the width is not well defined. However, it appears to be in-

vided by a comparison of the ratio of the cross sections Obfermediate between the'?C(03)+12C(0f) and the

: . +
tained in this decay channel to tHéC(Qz_)ﬁleCgs channel 160, s+ ®Bey . channels. Thus the interpretation of the reso-
with the ratio of the Coulomb penetrabilities for decay to thepance is complicated further by the need to establish whether
two channels. The differences between these suggest the dgpse later data can be linked with the original data of Wu-
cay is occurring from a highly deformed structure. osmaaet al.

The Ec;n=32.5 MeV resonance observed by Wuosmaa Tq address this issue, 4C +12C inelastic scattering ex-
etal. is rllotable' for two unusual features. It is particularly periment using a thin target was performed to investigate the
broad, with a width of 4.7 MeV, and the on-resonance angUenergy region of thé&, ,=32.5 MeV resonance in a series
lar distribution is quite distinctive, displaying large enhance-q fine energy steps. This has enabled the resonant structure
ments in the yield ab., =90°. This latter feature is very ;. ihe 12C(0; )+ 2C(05) channel to be examined in closer
difficult to reproduce using a single partial wave. HOWeVer,yatail At the same time, the resonance has also been exam-

both of these _featur_es can be explained by a shape eigenst%%d in the other 6x breakup channeld2C(0})+12C(3;)
model[13,14] involving the overlap of several nearly degen- d120(37) + 120(3- Il as the*o.. . + 5B han-
erate partial waves. This shape eigenstate model is compa%pI fj 1.) | ( 1 ),has W‘T as i g.s. hézgg-s-c and
ible with the chain state interpretation. Te and ine astic channels involving  t gs. an
However, an alternative explanation using the band cross- C(21) states.
ing model has been proposed by Hirabayashal. [15].
They have demonstrated, using coupled channels calcula-
tions with microscopic transition densitigkb], that the cross
section and angular distributions can be reproduced without The experiment was performed at the Australian National
the need for an intermediate chain state. University, using a“C beam provided by the 14UD tandem
More recent experimental work has provoked further conVan de Graaff facility. A laboratory energy range of 60—-67.4
troversy regarding the origin of the resonance. Resonant béeV was covered in steps of 0.2 MeV. A }4/cm? natural
havior has been reported ndgg,,,=32.5 MeV in exit chan-  carbon target foil was used, limiting the beam energy aver-
aging to*+ 15 keV.
Four position-sensitive silicon strip detectors, one pair ei-
*Present address: School of Sciences, Staffordshire Universitgher side of the beam, were used to detect the emerging
College Road, Stoke-on-Trent ST4 2DE, United Kingdom. particles. The detectors were positioned with their centers in

II. EXPERIMENTAL METHOD
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FIG. 1. () Spectrum showing the relative energies between
each possible pair of particles when threex particles are de- FIG. 2. Q-value spectra obtained by requiring one of the result-
tected.(b) Excitation spectrum fof?C, generated from the energy ing *%C nuclei to be(a) in the 02+ state andb) in the 3] state.
and position of three hits in the detectors.
3 PZ
plane, 12.5 cm from the target and at angles+a?4.7°, EX=E E,— =+ Qu, 1)
+51.5°,—31.1°, and—57.3° relative to the beam direction. = 2M
Each detector had an active area of 5 gnb cm and com-
prised 16 independent, position-sensitive strips, each 3 mmhere the momentum of th&C nucleusP is reconstructed
X 5 cm. This allowed the energy and position of each hit toffom the a-particle moment#®,, using
be determined, enabling reconstruction of the event via en-
ergy and momentum conservation. 3
Although no explicit particle identification was made dur- p2= ( E Py
ing analysis, by requiring three hits in the same pair of de- =1
tectors the multiplicity was sufficiently high to keep the
background level low. Moreover, because breakup from thg are the energies of the particles,Qy, is the threshold

two states of interest if’C, the G and the 3, proceeds enlergy for 12C breakup to threer (7.27 MeV), M is the
largely via the ®Be+a channel[21] the remaining back- mass of the'?C. Figure 1b) is an example of the resulting
ground could be removed by requiring that two of the threegpectrum in which the P and 3 peaks can be clearly seen.
hits originated from breakup of &Be particle. Figure ) Software gates were then placed on each of these peaks and
shows the reconstructed relative energies between the threge excitation of the undetectédC calculated. Examples of
possible pairs ofx particles from a triple hit in one of the the two excitation energy spectra obtained are shown in Fig.
detector pairs. A check was then made that one of the pairg,
fell in the sharp peak at 92 keV above tABe— 2a thresh- In addition, detection of double hits allowed reconstruc-
old. tion of 8Be+ %0 events in an analogous manner. The result-
The excitation energy of the decayindgC nucleus for ing ®0 excitation spectrum enabled investigation of the
such events was calculated using 180, s +®Bey s channel.
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show the raw data of Chappeit al. [20] (6., =60°-110° in the
05 +05 channel, §,,,=65°-115° in the §+3; channel and
0..m=65°-115° in the 3 +3; channel. The earlier data of Wu-
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FIG. 3. Excitation functions following'?C+ *°C scattering for
the 6« channels over the unrestricted angular ranges indicated and 2001 20
the excitation function for thé®Oy . +°Bey s channel over anan-  {  ______ .
gular range of. ,,=73°—109°. The dotted curve shows the data of 0 2=8 350 s 3=4 3=6 e
Freemanet al. [17] (6. ,=73°-109°) and the dot-dashed curves E (doV)

FIG. 4. Excitation functions following'?C+%C scattering for

osmaaet al. [1] (6, ,=70°-105°) is shown by a Breit Wigner the four exit channels involving the,0or 3; state with the second
curve which was fitted to the data points using the parameters de’C in a bound state. The angular regions covered are indicated.
fined in[1] and the diamond symbols show the later measurementhe dashed curves show the efficiency variation in each channel.
(0..m=20°-105°)[22]. Both the data sets of Wuosmatal. have

been scaled by a factor of 0.7. The dashed curves show the effefgy. A multiparticle detection efficiency was determined by
ciency variation in each channel. comparing the efficiency for detection of threeparticles

after breakup with the efficiency for detection of the excited
12C nucleus assuming that it remained bound. Similarly, for
the detection of twox particles from a®Be nucleus. The
Figures 3 and 4 show the excitation functions obtained fodetection simulation includes position-dependent energy
the eight exit channels investigated. The center of mass arhresholds and the inability to record events in which two
gular region covered in each channel is indicated on the figparticles strike the same strip. In all cases the calculated
ures. efficiencies vary little across the energy rarigee Figs. 3, 4,
A Monte Carlo simulation of the scattering and detection8, and 9.
process was used to make efficiency corrections at each en- The reconstruction of the data involved the detection of

lll. RESULTS
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FIG. 5. Angular distributions for the0+ g.s. exit channel for the left- and right-hand side detectors below, on and above resonance. The
filled circles show how the efficiency varies with angle in this channel.

a particles from the breakup of only one of the two exit with the data of Chappekt al. [20] (dot-dashed curve on
channel nuclei. For the symmetric channels40, and figure).

3] +3] there is double the probability for detecting the par- By contrast, the § +3; channel appears not to show the
ticular final state, which is not accounted for in the efficiencystructure observed in the measurement of Chagpeil. [ 20]
corrections and hence a factor of two has been divided out ifdot-dashed curve on figureHowever, it should be noted
these cross sections. The resulting excitation functions olthat this measurement covers a wider angular range.
tained for the three @ channels are shown in Fig. 3, along  The most interesting result is the very striking resonance
with that for the °Oy ;+°Bey s channel. in the 3; +3; channel. Previous evidence for resonant struc-

Due to the low yield in the §+0, and G +3; channel, ture was observed in the data of Chapp28], prior to mak-
the data for each set of three adjacent energies have beemy efficiency correctiongdot-dashed curve on figureHow-
summed. In this case, the efficiency has been calculated f@ver, this new measurement reveals the resonance to be
the middle energy, but typically changes byl % between considerably narrower, with a width of around 1.5 MeV, and
the three energies. there is no evidence for fine structure.

The resonance in the;0+ 05 channel appears very simi-  The data for the’®Oy,+2Be, s channel have been re-
lar to previous measurements, although the cross sectiossricted to the angular rang. ,,=73°-109° as covered in
measured here are about 70% of the values measured liye measurements of Freemetral. (dotted curve on the fig-
Wuosmaeet al. Therefore, the data of Wuosmaaal. have ure). There is very good agreement between the two mea-
been scaled in order to make comparison of the two data sessirements and again there is no evidence for fine structure. It
easier. The solid curve represents the earlier measuremestiould, however, be noted that the electronics setup was pri-
covering an angular range of 70—10H, and the diamond marily designed to detect multiplicity 3 events which re-
symbols a later measurement covering a somewhat largsulted in some difficulty in calculating the cross sections in
angular range . ,=20°—105°)[22]. There is a reasonable this channel. To overcome this problem, the data were nor-
agreement in the present data with these measurements amhlized to the data in Ref19] at 6. ,,=90° on resonance.
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FIG. 6. Angular distributions for theJo+ 05 exit channel for the left- and right-hand side detectors show, on and above resonance. The
filled circles show how the efficiency varies with angle in this channel.

As a result, there may be some degree of systematic error jpreviously noted on-resonance enhancements at 90° and
this channel, and detailed comparisons of cross-sections be-54° [22] are clearly visible. The data are not sufficiently
tween this and other channels may not be possible. sensitive to confirm any such enhancement in ther@.s.
Figure 4 shows the excitation functions for the four chan-channel. Angular distributions in the channels with nonzero
nels involving the § or 3; state in association with the Sspin are not shown here as the structure is less well defined.
second'®C in a bound stateither the ground stat@.s) or ~ The observation that the resonance appeared particularly
the 27]. Two of these are relatively featureless, but thell the yield around 90° suggested that measurements around
0, +g.s. channel again shows a noticeable resonance at jug}'s angular region might be more sensitive to the resonance.
aboveE, . = 32 MeV with a width of around 1.5 MeV and, n order to investigate this, we have reanalyzed the existing

) ! , . L data over a restricted angular range between 70-105°. This
interestingly, there is a prominent dip in thg 32, channel 5155 ajlowed a more direct comparison of the present mea-
at the same energy.

cherdy. . . surements with the earlier measurement of Wuosetaa.
Angular distributions for those channels with spin zerognd provided a comparison of the different exit channels

particles are shown in Figs. 5-7 for three energies below, OBver the same angular range. Figure 8 shows the resulting
and above the resonance energy. Because of the low yield &xcitation functions for the three &-channels.

the 0; +0, channel, three adjacent energy runs have been Although there is little significant difference in the profile
summed for the on and above resonance spectra and fiv# the resonance in either thg 80, and 3 +3; channels,
energies for the below resonance spectrum. Similarly, for théne 0; +0, appears to follow the trend in the earlier mea-
0, +g.s. channel and®O,+°Be, two adjacent energy surement of Wuosmaet al. more closely. As before, there is
runs have been summed for each spectrum. The filled circles difference in the cross sections of the two sets of data and
show the detection efficiency as a function of angle. Oscilthat of Wuosmaeet al. has been scaledWuosmaaet al.
latory structure is clearly defined in all three channels and ireported an on-resonance cross section giasr 1.) In the

the case of the P+0, and 16Og_s_+ 8Beg,s_ channels, the 0; +3; channel, there is now an indication of a similar
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FIG. 7. Angular distributions for themog.s#sBeg_sl exit channel for the left- and right-hand side detectors below, on and above
resonance. The filled circles show how the efficiency varies with angle in this channel.

structure which was not apparent in the excitation functionMeV) in several of these channels, and even narro{@€es

taken from the wider angle data set. MeV in the 0 +g.s. channelin the restricted angular range
The effect of this restriction in angular coverage in chan-measurements.
nels involving the ground state or, 2state is shown in Fig. Whether or not all the observed structures arise from a

9. A comparison of the excitation functions obtained fromcommon resonance is still open to debate. This measurement
the restricted angular rang€ig. 9 with the wider angle shows the structures to all appear at the same energy. Fur-
range shows the resonance in thg+0g.s. channel to be thermore, the similarity of the angular distributions in the
even narrower(500 ke\), with a similar narrow(0.5-1 0, +0, and *°0,+®Bey channels and the enhancement
MeV) structure appearing in thejor2; channel. There is in structure around the 90° region in these and other chan-

also weaker evidence for this structure in the+3g.s. chan-  N€lS appears to provide a common link. Conversely, the dis-
nel. crepancy in widths may cast doubt on this link. However, if
the enhancement in the yield does arise from a true reso-
nance, it is possible for the apparent width and position of
IV. DISCUSSION the resonance to vary in different exit channels and in differ-
ent angular regions, depending on the degree of background

. )}féld with which the resonant yield can interfere. In which
that the resonance &, =32.5 MeV previously observed case, the variation in the width of the structures observed as

in the (_);JFO;_Cha””e' appears very strongly in a number ofihe angular coverage is changed must reflect interference
other inelastic channels, in particular the 83; and  jth a different background yield. This observation greatly
0, +g.s. channels. In addition, there is evidence for structurgomplicates our task of interpreting the data, in particular
in further channels +3;, 0, +2;, and 3 +g.s. if the  because the present thin target data do not cover a sufficient
angular region investigated is restricted to around 90°. Furenergy range for the background level to be identified in all
thermore, the width of the resonance is very narf@@—1.5 the channels. Moreover, in such circumstances total cross-

The most dramatic aspect of the present measurements
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section data is needed, requiring a full angular coverage.

Even with such an extensive data set, a comprehensive inter- FIG. 9. Excitation functions over an angular range of

pretation of the structures seen in all the channels in terms dlem=70°—105° for the four exit channels involving the Gor

direct and resonant processes would be difficult as the reacs State with the second’C in a bound state. The dashed curves

tion processes leading to the background will probably b&oW the efficiency variation in each channel.

very different in the low lying(well matched channels and

the higher channels. consistent with the trend shown in the penetration factors.
If we do assume that the structures observed arise from However, the magnitude of difference between these factors

common resonance, the strength in the different channel®r the different channels varies with angular momentum,

must in some part be reflected by the different decay penPrecluding a conclusive interpretation.

etrabilities in each channel. Table | shows the relative Cou-

lomb penetration factors for each channel calculated assum-

ing a channel radius of 1.A°+ AY®) and angular momenta

of 12, 14, and 16. For decay involving nonzero channel spin, Previous measurements have reported a dramatic reso-

full alignment is assumed. To some extent the different chanrance in the °C[*°C,'?C(0;)]**C(0;) reaction at

nel strengths in the restricted angular region do appear to b, ,,=32.5 MeV. The present work shows that structure is

V. SUMMARY
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TABLE I. Comparison of the Coulomb penetrabilities of the exit channels under investigation.

a
1 P(0; +9.8.)P(g.s.) P(05 +27)/P(g.s.) P(05 +05)/P(g.s.) P(05 +37)/P(g.s.)
12 0.71 0.71 0.19 0.46
14 0.53 0.54 0.039 0.21
16 0.27 0.27 0.0043 0.048
b
1 P(3; +g.s)P(g.s)  P(3;+27)/P(gs.) P(37+37)/P(g.s.) P(*0y+°Be)/P(g.s.)
12 0.96 0.95 0.69 0.95
14 0.92 0.91 0.50 0.88
16 0.82 0.79 0.24 0.75

also observed at the same energy in a number of other innclusion of the 16og_s_+ BBeg.s. channel affects the calcula-
elastic scattering channels. The width of the resonance igon. An alternative explanation has been suggef2dd5),

very narrow(1.5 MeV) in some of tt\em and the appearancefg|lowing the observation of structure in thg 3-3; chan-

of structure is enhanced in the 90° region. nel. The proposed mechanism is based upon a resonance

The measurements point to the difficulties in mterpretlngprocess involving the 3+3; channel, similar to that in-

coincidence data taken over a limited range of angular cov-

. . . +
erage. Without a sufficiently extensive measurement it jyolved in the dramatic resonances observed in the-2;

possible that the yield will not reflect the total cross sectionch@nnel26]. The striking resonance in this channel appears

in the various channels, making the extraction of partialC Provide some support for this model. However, the variety
widths difficult. Moreover, the measured position and width©f channels in which prominent structure is observed suggest
of a structure may not correctly reflect the true position andhat further mves_tlgatlon of these resonances is required be-
width of the resonance. The continuing development of largdOre any conclusions can be made.
detector arrays will help in this respect.

The nature of the exit channels in which the resonance is
observed make the formation of an intermediate chain state ACKNOWLEDGMENTS
appear unlikely since a number of them have no structural
overlap with highly deformed prolate shapes. On the other This work was carried out under a formal agreement be-
hand, the narrow width of the resonances also poses prolween the U.K. Engineering and Physical Sciences Research
lems for the band crossing model interpretafid@f]. A weak  Council (EPSRG and Australian National University
coupling model such as this must include couplings to manyANU). The authors thank the staff at ANU for their help.
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