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Excitation function measurements for 12C+12C inelastic scattering channels
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New experimental data for th&#C+'%C reaction have been measured in the center-of-mass energy range
E.m=40-59 MeV. Excitation functions for a number of single and mutd@l inelastic channels have been
measured which include theyQ, 2, , 0, , 3;, and 4 '%C states. All of the reactions display largely
unstructured excitation functions over this energy range. The absence of further resonances in this energy
region for the'C(*?C,*2C[3; ])*2C[3; ] reaction confirms theoretical predictions of the termination of the
band of resonances found at lower center-of-mass energies in this channel.
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I. INTRODUCTION saturation of the fusion cross section. This saturation is be-
lieved to occur at the critical angular momentumLf= 19
Heavy-ion resonance reactions have been studied exter=17%. Interestingly, a recent measurement of tH€(37)
sively over the past few decades. In particular the+22C ~ +'°C(3") reaction channel, in which alpha-particle un-
reaction has drawn significant interest. At low collision en-bound states are populatEtP], found strong resonances ex-
ergies, close to the Coulomb barrier, resonances are observi&hding up toE; =43 MeV, close to the point at which
in elastic and reaction channels, particulatg(1%C,a)?Ne  resonances terminate in tHéC('2C,**C[2"])**C[2"] reac-
(see Ref[1], and references thergifThese resonances have tion. However, angular correlation analysis demonstrated

widths of ~100 keV, characteristic of a lifetime approxi- that the spin of this highest energy resonance Wa22h,

mately 10 times the collision time. The energy-spin Systemj[hree units larger than the critical angular momentum for

atics observe thé(J+ 1) characteristic trend of a rotational fUSion:

system, and from the extracted rotational gradiéft27) it At present it is unknown if the resonance structures ob-

is possible to infer a static deformation, which is found to beS€"ved in the mutual 3 inelastic channel persist to higher

consistent with al?C+12C cluster state. or molecule. At energies, and furthermore, if other highly inelastic channels

higher center-of-mass energies the widths of the resonancd&/0lving the mutual population of states well above the
are characteristically larger~MeV) and have been largely a-decay threshold display resonance phenomena beyond the

observed in inelastic channels. A large number of resonanc erlgz)é at which the broad resonances are observed in the

have been found in, for example, inelastic reactions includ- c( "G, ""CL2"])"C[27] reaction. The present study there-

ing the population of the 2, 0 , 3; , and 4 °C states fore extends the measurements of the excitation functions of
’ 2 1

[2-14]. It has been speculated that these broad resonancgée inelastic scz_itterlng ta-unbound states in th&C+*C
may be traced to either rotational structur&s, 16, coupling Center-of-mass Interval 40-59 MeV.
of the elastic scattering channel to the inelastic channel via
the crossing of aligned molecular ban@dse band crossing
mode) [17-19, or interference effects resulting from re-  The present measurement was performed at the Australian
flected and refracted waves within the nuclear mediumNational University(ANU). An experiment was conducted
[7,20]. using the new Charissa strip detector array located in the
The inelastic resonances generally have common charabdEGHA chambei{21]. For the present measurement the ar-
teristics and are typified by the measurements of the singleay was composed of eight 50@m, 50x50 mn? Si strip
and mutual inelastic scattering to the first &tate[4,5,7]. At detectors. These covered an angular rang#,gf=5-60°,
E.m=10 MeV the excitation functions reveal a series ofand an azimuthal angular randep~100° each side of the
narrow peaks which become increasingly broad, until theypeam axis, as shown in Fig. 1. Each strip detector was di-
disappear aE;,,=45 MeV. It has been observdd] that vided into 16 position-sensitive strips, providing very high
this suppression of the resonance yield coincides with theegmentation, and the possibility of measuring emission
angles and thus momenta with the high precision required for
the reconstruction of the reaction kinemati¢éC beams of
*Present address: Department of Physics, Erciyes Universityp0 nA intensity ranging fronEpe,,= 80 to 118 MeV were
38039 Kayseri, Turkey. incident upon a 6Qug cm 2 12C foil target, producing a data
TCorresponding author. Email address: M.Freer@bham.ac.uk event rate of 5 kHz. The target thickness was found to in-
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emitted into a cone with an opening angle which is small
: compared with the detector geometry. Thus if three hits are
- observed on one side of the beam axis there is a large prob-
: ability that they arise from the decay ofC.
b It should be noted that there was no explicit particle iden-
(5) E tification in these measurements, however the reaction kine-
© i matics may in fact be used to identify unique reaction prod-
ucts and decay channels. For example, the reconstruction of
the excitation energy of the parefiC nuclei from the mo-
menta of the threer particles should identify which state
was excited in the reaction process. Such a spectrum is plot-
] . ted in Fig. 2 for a final state consisting of six particles,
0 0 0 o e 30 where the excitation energy for bofC nuclei produced in
© (degrees) the collision is reconstructed. The two dimensional spectrum
reveals the mutual excitations of tHéC nuclei, and the ex-
FIG. 1. The arrangement of the strip detectors used in theitation energies of the states are indicated on the projec-
present measurement. Note the beam axis is located at the midpoitibns. The dominant states in these spectra are tgﬁe 0
between dete(_:tors 2 and 3. '_Fhe plot.shows the expe_rimental accepr 6542 MeV, 3; (9.641 MeV, and 4 (14.083 MeV)
tance of the eight detectors in spherical polar coordinates. states. It is also possible to reconstruct the decay path for the
_ _ , 12C a decay, i.e., via théBe ground state ofBe 3.04 MeV
crease by 25% during the run which was corrected for in thg, +y state. 'Also shown in Fig. 2 is the decomposition of the
analysis of the reaction yields. The higher energi€&s ( eycitation spectrum between these possible decay branches.
>99 MeV) were obtained using the linear accelerator inpg expected, the decay of the 4state proceeds predomi-

conjunction with the pelletron tandem 14UD accelerator.nantly via the®Be excited state, while the decay of thg 0

Due to the high beam energies used and the limited detect%rnd 3 states feeds théBe around state. By placing two
thickness, events involvinge particles, with an energy in 9 oY P g

4 dimensional gates on the spectrum in Fig. 2 it is possible to
excess Of. 32 MeV, .experle_ryced punch-throughe., the isolate the various mutual excitations, and thus to extract the
particles did not stop in the silicon detectoasid thus only a

fraction of thea-particle energy was deposited in the detec-c o & dependence of the various reaction yields. Experi-
a-parti ergy pos ~~ mental yields were determined by performing a Gaussian fit,
tor. A Monte Carlo simulation of the reaction and detection

processes indicated that only 4.8% of events at the highe%réglgl?smgf ?h:lsngi;@zicskgrrgu;ﬁ O\tfsrr\ni]r’] tFoi gtgesrirgjectlons. The

beam energy experience punch-through for the mutual
12C(31’) channel. This fraction is much higher for the other
?Zocmmfmt channels, and pamcularly_for those involving the IV. DISCUSSION

(4,) state. Such processes contribute to the overall back-
ground levels observed at the higher energies. However, the Figure 3 shows the previously measured muttfal(3;)
reconstruction methods employed in the analysis were ablexcitation functior{12]. In the original work these data were
to clearly distinguish the punch-through events, suppressingot normalized for the detector efficiency or the target thick-
this contribution. The loss of acceptance was accounted fafess, but are just normalized to the integrated beam expo-

300 3
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¢ (degrees)

100

using the Monte Carlo simulations. sure. In order to compare the present measurements with
those shown in Fig. 3, we have analyzed the mutéda(3;)
ll. ANALYSIS AND RESULTS yields by placing software cuts around an angular region

which coincide with that of the previous measuremém.

The experimental trigger requirement was a total stripThe resulting excitation function has then been scaled by the
multiplicity of greater than three; this implies that the mea-ratio of the nominal target thickness in the two measure-
surement is only sensitive to inelastic channels in which onenents(100:60. Given that the calculated detection efficien-
of the *2C nuclei was excited into an-unbound state. Since cies are very similar over the region of overlap, no correction
the « decay of °C feeds states irfBe, all of which are  has been made for this factor. It is clear that the two mea-
unbound toa decay, a threer final state results. Such a surements agree reasonably well. There is a slight discrep-
decay process occurs for all but tAC ground state and 4.4 ancy in the overall magnitude of the cross sections- &%

MeV (2;) states. Thus, for inelastic channels involving abut this is within the uncertainties of the two target thick-
12C nucleus in one of these bound states and the dfi®in  nesses. The data do not extend to low enough energies to
an unbound state the final multiplicity will be four. If, how- observe the decrease in yield towakis,, =40 MeV, how-
ever, both'2C nuclei are excited ta-decaying states then ever the decrease in yield towarés , =45 MeV is well

the final state multiplicity is then six. The detection of only reproduced. There is one notable discrepancy, and that is the
five of the six final state particles is sufficient to fully recon- failure of the present measurement to find the sharp increase
struct the reaction kinematics. Further details of the reconin yield atE. ,,=43 MeV. Since the two measurements used
struction technigues can be found in Rdfkl,12,22,23 different target thicknesses, they sample slightly different

The a-decay process is such that the theeparticles are  center-of-mass energy intervals. In the present case the 60
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FIG. 2. (Colon) The reconstructed’C excitation energies for sixfoll?C* +12C* events at the highest beam energy. The one dimensional
projections indicate excitation energies of the states observed in the reaction. The strength of the decay of each state vidBiher the
ground state or first excited state is indicated by the ancillary lines on the one dimensional spectra. Also indicated on the two dimensional
spectrum are the gates used to filter the dhtmizontal and vertical dotted lings

wgcm 2 target produced an energy averaging in the centeréxtended energy range, but only a smooth attenuation of the
of-mass frame of 50 keV, whereas the thicker 109cm 2 reaction yield. The Monte Carlo calculations, which use iso-
target produced a spread of 80 keV. Alternatively, it is postropic angular distributions, show that the detection effi-
sible that the beam energies produced by the 14UD did natiency is approximately constant as a function of center-of-
coincide exactly for the two measurements. Measurements ¢hass energy, and thus the decrease in the reaction yield
the reproducibility of the energy of the 14UD suggest thatcannot be explained by decreasing acceptances. Thus, we
the uncertainty could be as large as 0.p24], which in this  believe that this result shows the termination of the structures
instance would correspond 1890 keV in the center of mass. associated with the 3resonances &, =43 MeV.
If either of these possibilities were the case, it would suggest Figures 4—6 show the excitation functions for the various
that the sharp peak &, =43 MeV might comprise narrow reaction channels which have been observed in the present
structures [, <100 keV). This intriguing possibility measurement for the full experimental acceptance. These fig-
would require further investigation via thin target measure-ures show the experimental cross sections deduced from the
ments and with much finer center-of-mass energy steps. normalization to the integrated beam current, and from cal-
It is clear that no further resonances are observed in theulations of the detection efficiency evaluated as a function
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(b) IZC(IZC,IZC*)HC*
+ .+ 0"O-q
44 oo
O 0,
a 0.0
O o

0.01T
of the center-of-mass energy. These efficiencies are show
for reference in Fig. 7, and were again calculated using iso-
tropic angular distributions. We note that the cross sections  0.00 y t t t t
calculated here are in good agreement with earlier measure “ ® % » *
ments[6,9], where overlap of energy regions between data Ec,m. [MeV]
FIG. 5. Experimental excitation functions for théa)
1.8--(b) iZC(iZC,iZC[OE:])iZC[OQ:] and. (b) c(tcteratpiacaty,
16l c(*?c,*2C[37])*%C[3 7] reactions.
141
. sets allows comparison, and that in all instances the statisti-
' cal errors are smaller than the data symbols. Figures 4 and 5
~ 101 show the'“C single and mutual excitations, respectively, in-
'g 08t volving the G; , 3; , and 4 channels. It is clear that none of
= 064 the channels involving the,0, 37, and 4 states possess
© 0.4l the type of resonant structure that is present at lower energies
in the 2C(3])+%C(3]) or other inelastic channels. The
021 12C, s+ 12C* reactions generally show a steady decrease in
091'2-- y P =12 N 12’ strength with increasing energy. The increase in yield as the
(a) CCC, CopTcC energy decreases towarHsg , =44 MeV is consistent with
0167 & earlier measurements of these reactif@s] where a reso-
0141 nance was observed in th&Cy +'C(3;) and °Cy
o2t +12C(0;) reactions atE.,=41 MeV. There is perhaps
< 010l some evidence for a small enhancement in the cross section
é in the *2Cy s+ 2C(4;) reaction also close B , =44 MeV.
© 0087 Enhancements are also observed in #h@(3;)+2C(3;)
0.06 1 and '2C(4;)+'C(4]) mutual excitations, shown in Fig.
0.041 5(b), at the same energy. This is close to the large peak
0021 previously observed in thé’C(37)+1%C(3]) reaction[25]
0.00 ' : ' t : atEcm=43 MeV. o .
40 45 50 55 60 Figure 6 presents the remaining mutual channels which
E [MeV] have significant yield in this energy range. Again, although
c.m. broad structures are present, there is no evidence that strong
FIG. 4. Experimental excitation functions for théa)  resonances have been observed. There is some indication of
2c(*c,’cl05 )%, reaction, and (b) for the €nhancements &..,=44 MeV in the 2C(21)+1C(3)),
12C(12C,12C[3’,4+])g2Cg_s_ reactions. e +1c(37), *c(07)+2C(3]), and %C(03)
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D12 s saturation of the fusion cross section is curious. This has
22T(a) o C(C,CHYy (2] been interpreted in terms of the trapping of the t#€
2071 L. nuclei in a pocket in the inter-ion potential, which no longer
187 - " o _.04‘r exists when the angular momentum reaches 8. It is
161 possible that this description coincides with the above inter-
141 pretation in terms of a rotational band associated with the
= 121 triaxial F1 configuration. The termination of the rotational
= 107 band would correspond to the disappearance of a minimum
B 087 in the ACM, HF, and NS calculations. However, the results
06T of Chappellet al. [12] indicate that this does not occur until
047 J=22h.
021 The band crossing modéBCM) describes the appear-
0.0 y t t t ance of resonances in such reactions in terms of the coupling
) of flux from the elastic to inelastic channel via the crossing
21 of aligned molecular band47-19. The BCM in general is
104 able to account for the energies and spins of resonances ob-
served, for example, in th&C(*2C,*?C[2"])12C[27] reac-
o st tion [19]. In this description empirical potentials were used
g to describe the interactions. More recently, potentials derived
© 97 from double-folding calculations have been used success-
N fully in the coupled channels formalism to calculate the cross
sections for inelastic channels leading to the population of
-4 a-unbound states if°C [28—30. These calculations provide
a very reasonable description of the experimental data, but
S p p pa " over quite a limited energy range. The_re is a direct link b_e-
tween such coupled channels calculations and the coupling
Ec,m. [MeV] of reaction channels in the BCM; this connection is dis-

cussed in detail, for example, in RE29]. The coupled chan-

FIG. 6. Experimental excitation fungtions for tiie) lzC(Zli ) nels calculations performed to date successfully reproduce
+12Cx Jeactions, and (b) the PC(0;) +1%C(3), **C(07)  the evolution from narrow resonances at low center-of-mass
+1%C(41), and 1C(3y) +1%C(4; ) reactions. energies to the much broader structures seen a higher energy

[28,30, thus the observation of a broad structure in several

+12C(4]) reactions, and the*"C(3;)+'°C(4;) channel of the reaction channels &, =44 MeV is consistent with
shows weak evidence for a further structureEat,=46  such a description.
MeV. But, in general all of the reaction channels demonstrate It is clear that over the center-of-mass energy range
a rather smooth energy dependence over the measured df;,,=40-59 MeV that the inelastic reactions involving the
ergy range. population of a-particle unbound states are dominated by

Thus, the present measurements find little evidence fothose which include the excitation of the 14.083 MeV' j4
strong broadl">500 ke\) resonant structures in the energy state. Thus, coupled channel calculations which attempt to
interval E. ,, =45—59 MeV. Moreover, in the description of reproduce the energy dependence of the inelastic scattering
the resonances in terms of a common rotational band, thever this energy region must include the coupling to this
structure in the 3+3; channel atE.,=43 MeV, which  state. Previous calculations have focused on coupling either
Chappellet al.[12] identified as)=22% would appear to be to only the 2" state, e.g., Refd.29,31], or have not been
the terminating state. We note that the cranked alpha-clust@xtended to the present energies. The combination of experi-
model(ACM) [15], Hartree-FockHF) calculationd 16], and  mental excitation functions for a very large number of reac-
Nilsson-Strutinsky(NS) calculations26,27] predict a num-  tion channels over a wide energy interval, together with the
ber of rotational bands whose energy-spin characteristicexperimentally determined angular momenta associated with
may be tested against experimental data. These calculatiotfse various resonances should now provide a stringent test of
suggest the planar-cluster structure with a large overlap witthe coupled channels approach.
two oblate *°C nuclei with their deformation axes aligned
(the so-called F1 configuratidi6,15]) has a rotational band
which terminates a=20-24#%, depending on the details
of the model, which is consistent with thle=22%4 assign- The present study provides excitation function measure-
ment of Chappelket al. It is possible, given that the energy- ments for the dominant single and mutdaC inelastic reac-
spin systematics of the calculations also reproduce those aibn channels leading to particle unbound states in the energy
the experimental data, that the resonances observed in thgngeE, ,,=40-59 MeV. On the whole these reactions ap-
3; +3; channel correspond to the F1 configuration. pear to possess a smooth energy dependence, and lack of

However, the termination of structure in all of the ob- distinct structures in the excitation functions abokg,,
served reaction channels at an energy coincident with the-45 MeV indicates that resonant processes do not domi-

V. SUMMARY AND CONCLUSIONS
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nate. The lack of resonances in the higher energy interval ilw the prediction of resonance energies and spins produced
consistent with the observations made for the inelastic charfrom the scattering potential in the coupled channels ap-
nels 2C(2") +1%C(2") and *?Cy s+ 1%C(2"), where the ter-  proach to be further tested.
mination has been linked with the disappearance of a pocket
in the inter-ion potential. Given the observed termination of
the resonances in th&C(3;)+2C(3]) reaction we sug-
gest that this pocket vanishes for angular momental of The authors wish to thank the staff of the Department of
=22h. Nuclear Physics at the Australian National University for
In addition, these measurements indicate that over thiassistance in running the experiments. We acknowledge the
energy range reactions involving the population of thefinancial support of the U.K. Engineering and Physical Sci-
14.083 MeV (4") state are stronger than other inelastic scatences Research Counc¢EPSRQ. The experimental work
tering reactions involving the population of states above thevas performed under a formal agreement between the
12C a-decay threshold. These measurements should thus &PSRC and ANU.
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