Can breakup reactions be used to probe high-lying inelastic channels in^{12}C +^{12}C scattering?

S J Hoad^1, N M Clarke^1, N Curtis^1 †, M Freer^1, B R Fulton^1, S J Hall^1, M J Leddy^1 ‡, A St J Murphy^1 §, J S Pople^1 ‖, G Tungate^1, R P Ward^1 ¶, S P G Chappell^{2 +}, S P Fox^2, C D Jones^2, D L Watson^2, W D M Rae^3, P M Simmons^3 ∗, W N Catford^4, G J Gyapong^4 ♯ and S M. Singer^4 ††

1 School of Physics and Astronomy, University of Birmingham, Edgbaston, Birmingham B15 2TT, UK 2 Department of Physics, University of York, Heslington, York YO1 5DD, UK 3 Department of Physics, University of Oxford, Nuclear Physics Laboratory, Keble Road, Oxford OX1 3RH, UK 4 Department of Physics, University of Surrey, Guildford, Surrey GU2 5XH, UK

Abstract. The^{12}C(^{24}Mg,^{12}C^{12}C�)^{12}C reaction has been studied to investigate a possible overlap with the^{12}C−^{12}C scattering resonances observed in the gs − 0^+_2 and gs − 3� channels. Evidence for the breakup of^{24}Mg was observed, but the yield was too low to be able to associate it with specific resonances.

† Present address: Department of Physics, University of Surrey, Guildford, Surrey GU2 5XH, U K ‡ Present address: Department of Physics an Astronomy, University of Manchester, Manchester, M13 9PL, UK § Present address: Van de Graaff Laboratory, Ohio State University, 1320 Kinnear Road, Columbus, OH 43212, USA ‖ Present address: Defence Research Agency, St. Andrews Road, Great Malvern, Worcestershire, WR14 3PS, UK ¶ Present address: School of Sciences, Staffordshire University, College Road, Stoke-on-Trent ST4 2DE, UK + Present address: Department of Physics, University of Oxford, Nuclear Physics Laboratory, Keble Road, Oxford OX1 3RH, UK ∗ Present address: National Australian Bank, 91 Gresham St, London ] Present address: Modisette Associates, Inc. 8441 Gulf Freeway, Suite 207, Houston, 77017, Texas †† Present address: School of Physics and Astronomy, University of Birmingham, Edgbaston, Birmingham B15 2TT, UK

PACS numbers: PACS number(s): 25.70.Ef, 21.60.Gx, 27.30.+t, 27.20.+n

Short title: Breakup to excited state of^{12}C +^{12}C. September 3, 1997

1. Introduction

In recent years a number of studies have been reported on the breakup of^{24}Mg to 12C+^{12}C [1, 2, 3, 4]. The breakup is observed to occur from a sequence of states in the region E_x = 21–30MeV [5] and the spin systematics of the states are consistent with a highly deformed rotational structure [6]. In a high resolution breakup measurement [7], evidence was reported which suggests that the states seen in the breakup measurements are the same as the resonances observed in^{12}C+^{12}C scattering at energies around the Coulomb barrier, the so called barrier resonances or molecular resonances. The observation of the same states in the breakup measurements is important in that it confirms that the states are linked to the^{24}Mg nucleus (rather than being a feature of the ion - ion scattering potential produced in the scattering process) and also enables new information on the structure of the states to be determined. For example, the observation that the breakup states are strongly excited when an alpha pickup reaction is used to excite the^{24}Mg nucleus, suggests that they have a 4p-4h configuration [8]. This has led to the suggestion that the states are based on a hyperdeformed (3:1 axis ratio) minimum which appears in the^{24}Mg potential energy surface in Nilsson-Strutinsky (NS) calculations [9]. The same structure is also observed in Hartree-Fock (HF) calculations [10] and in Bloch-Brink Alpha Cluster Model (ACM) calculations [11].

Recently there has been a renewal of interest in the excitation of higher lying states in^{12}C+^{12}C scattering. This has arisen from the observation by Wuosmaa et al [12] of a striking resonance in the^{12}C(^{12}C,^{12}C^∗_{7.6})^{12}C^∗_{7.6} reaction. Since the 7.65 MeV 0^+_2 state has been suggested to have an elongated structure, close to a linear chain of 3 alpha particles [13], there has been considerable discussion as to whether this resonance is evidence for the existence of a 6-α chain state in^{24}Mg. As part of these investigations, studies have been made of the other channels involving excitation of the 7.65 MeV 0^+_2 state and other nearby alpha unbound states such as the 3^−_1 (9.64 MeV), the 0^+_3 (10.3 MeV) and the 1^− (10.84 MeV) [14, 15]. Hirabayashi et al [16] have recently reported comprehensive coupled channels calculations for the^{12}C+^{12}C scattering system which include the gs -gs, gs-2^+_1 , gs-3^−_1 , gs- 0^+_2 , gs-2^+_2 , and 0^+_2 -0^+_2 channels. This calculation predicts a structure at E_{cm}=32.5 MeV in the 0^+_2 −0^+_2 channel, raising the possibility that this is not related to an intrinsic state in^{24}Mg.

In their paper Hirabayashi et al comment that their calculations also predict structure in the gs-0^+_2 channel at E_{cm}=29 MeV. In fact structured yield was first observed in this channel some years ago in the measurements of Fulton et al [17] and later by Pate et al [18]. Fulton et al. also report structure in the gs − 3^− channel. In view of the success of associating the states observed in the breakup of^{24}Mg with the barrier resonances observed in^{12}C+^{12}C scattering [7], it is of interest to see if breakup to these higher lying, and structurally more exotic channels can be observed also. If this can be achieved, then the breakup technique may provide additional structural information about the states which can give further insights into the nature of the scattering resonances. In particular, the breakup measurements do not suffer from the background contributions from other reaction processes which can make it difficult to extract resonance spins and widths from the scattering measurements.

The yeild observed in a breakup experiment will depend on the cross section for exciting the cluster state, the decay width ( assumed large) and the detection efficiency. The recent advent of large area strip detectors means that high detection efficiencies can be achieved, even for channels involving multiple alpha particles. However, since the reaction mechanism for exciting the breakup state is not known, it is not possible to extimate the production rate by a model calculation. Hence an experimental measurement is required to assess whether the technique is feasible. We have analysed existing data from a measurement performed several years ago at the Daresbury Laboratory to search for the breakup of^{24}Mg to the^{12}C+^{12}C(0^+_2 ) channel following scattering from a^{12}C target. The experimental setup used in that measurement covers the excitation region where the scattering resonances are observed in the 7.65 MeV channel (around 50 MeV).

2. Experimental detail

A 170 MeV beam of^{24}Mg from the Daresbury tandem Van de Graaff accelerator was used to bombard a 450 μgcm^{−2} natural carbon foil. The^{12}C breakup fragment was recorded in a telescope comprising a gas ionisation chamber and a position-sensitive silicon stopping detector [20]. This was placed 240 mm from the target at an angle of 14.6^∘ and subtending 43 msr. The three alpha particles from the breakup of the^{12}C(0^+_2 ) fragment were detected in a silicon strip detector placed 120 mm from the target at an angle of −19.7^∘ and subtending a geometric solid angle of 174 msr. The strip detector comprised 16 independent, horizontal, position-sensitive strips, each 3 mm high and 50 mm long. A 125 μm thick mylar sheet was placed in front of the strip detector to remove the high flux of heavy ions. During the analysis,^{12}C ions were identified from their energy loss signal in the gas ionisation detector. Triple alpha hits in the strip detector were kinematically reconstructed to identify those which corresponded to the 7.65 MeV state in^{12}C, decaying sequentially through the^8Be ground state. From the measured momentum of the two breakup fragments, the missing momentum of the recoil nucleus could be determined, allowing a full determination of the reaction kinematics. A full account of the detector setup and analysis techniques has been given by Curtis et al [20].

3. Results

Figure 1(a) shows the Q-value spectrum for the^{12}C+^{12}C(0^+_2 ) coincidence events. This is derived from the summed energy of the two observed fragments, plus the energy of the unobserved recoil particle, determined from conservation of momentum, and so represents the total energy release in the reaction. A small peak is observed in this spectrum at an energy which corresponds to the beam energy minus the breakup Qvalue for the reaction, but this is very weak. Figure 1(b) shows the Q-value spectrum for 16O+^8Be coincidence events, with clear evidence for the Q_{ggg} peak (all particles emerging in their ground state) at the correct energy, and peaks at lower energies corresponding to the^{12}C and^{16}O nuclei emerging in their first excited states. The fact that this spectrum shows these peaks clearly confirms that the peak in the^{12}C+^{12}C(0^+_2 ) channel is genuinely weak and not the result of poor resolution in the measurement. The cross sections calculated for the^{12}C +^{12}C(0^+_2 ) and^{16}O +^8Be channels are 0.33 ± 0.12 μb sr^{−2} and 18 ± 4 μb sr^{−2} respectively.

The curves on Figure 2 show the predicted detection efficiency for the two channels recorded in the present measurement as determined from a Monte Carlo simulation of the scattering and detection process. In this simulation an exponential distribution was assumed for the initial scattering process and an isotropic distribution for the subsequent breakup stage. The emerging particles were then tracked to see if they hit the detectors, taking into account energy thresholds and, in the case of the multiple alpha detection, the inability to record events where more than one of the alpha particles enters the same strip. The simulation shows the region of excitation energy over which breakup could be measured. For comparison, Figure 2(c) indicates the energy of the breakup states observed in the^{12}C(^{24}Mg,^{12}C^{12}C)^{12}C reaction [5] and the scattering resonances observed in^{12}C(^{12}C,^{12}C)^{12}C(0^+_2 )[17, 18, 19] and^{12}C(^{12}C,^{12}C)^{12}C(3^−) [17].

4. Discussion

The Q_{gg} peak could in principle contain a contribution from an alternative breakup mode in which the target nucleus is excited to the 7.65 MeV state in the collision and the^{24}Mg nucleus subsequently breaks up into two ground state^{12}C nuclei. Such events would be indistinguishable from the reaction of interest on the basis of Q-value measurements alone. However, any such yield would be expected to be negligible compared to the primary reaction for two reasons. Firstly, no previously published spectra for the^{12}C(^{24}Mg,^{12}C^{12}C)^{12}C reaction have shown any indication for a peak in the Q-value spectrum which would indicate inelastic excitation for the recoiling^{12}C nucleus. Secondly, because of the detection geometry, any such yield in the present measurement would correspond to the^{24}Mg nucleus scattering to very large angles (θ_{c.m.}

≈ 115^∘ − 155^∘) where any yield would be expected to be greatly reduced compared to the forward angle coverage (θ_{c.m.} ∼ 0^∘ −∼ 20^∘) for the^{12}C +^{12}C(0^+_2 ) breakup channel (see, for example, the rapid fall-off of the angular distributions in Reference [23]).

While the clear peak in the Q-value spectrum provides intriguing evidence for^{12}C + 12C(0^+_2 ) breakup, the low yield precludes any further analysis to look for an association with the scattering resonances observed in the^{12}C(^{12}C,^{12}C)^{12}C(0^+_2 ) inelastic channel (corresponding to excitation energies from 41 − 50 MeV). Of course it is possible that the breakup yield is too low simply because the reaction mechanism in the^{12}C+^{24}Mg collision does not excite the^{24}Mg nucleus at high excitation energy with sufficient cross section. On the other hand, the lack of any yield in the breakup would be consistent with the model of Hirabayashi et al . in which the structures in the scattering yield arise as a result of the energy dependent coupling between the inelastic channels excited in the scattering. In this description there is no need to invoke a particular structure in the^{24}Mg nucleus, and hence no expectation that there should be states observed in the breakup process.

As the Monte Carlo efficiency calculations show, the experiment also covered the lower excitation range above 27 MeV where breakup to the^{12}C+^{12}C channel has been observed [5]. If the present understanding of the structure of the^{24}Mg states observed in the^{12}C+^{12}C is correct, then there is no structural reason why they should not be observed in the^{12}C+^{12}C(0^+_2 ) channel. Previous measurements have shown the breakup yield in the^{12}C +^{12}C channel to be in the order of 20 μb sr^{−2} MeV^{−1} over the^{24}Mg excitation energy range from 21–29 MeV [5] to be contrasted to the 0.3 μb sr^{−2} observed in this measurement of the^{12}C +^{12}C(0^+_2 ) channel (this includes a factor of two between the efficiency for detecting^{12}C +^{12}C, as compared to^{12}C + 3α, determined from the Monte Carlo simulations). However the^{12}C +^{12}C(0^+_2 ) channel decay is greatly inhibited by a decreased decay energy relative to the Coulomb barrier. The spin of the states observed in the^{12}C +^{12}C breakup channel are of the order of J = 12 at this excitation energy, giving a predicted decay ratio around 4000:1 on penetrability grounds for the 12C +^{12}C to^{12}C +^{12}C(0^+_2 ) channels (for an assumed radius of r_o = 1.4(A^{13} + A^{13} ) fm). The observed inhibition factor of > 100 is consistent with the suppression of the 7.65 MeV channel simply by penetrability effects, and it is not possible to draw conclusions on structural effects.

In summary, a measurement of the breakup of^{24}Mg to^{12}C+^{12}C(0^+_2 ) in the 12C(^{24}Mg,^{12}C^{12}C(0^+_2 ) )^{12}C reaction has revealed evidence for the breakup, but at too low a yield to look for an association with the resonances observed at higher energies in the scattering of^{12}C+^{12}C to the 0^+_2 state. However, given that breakup yield is observed, it would be of considerable interest to repeat the present measurement with a more efficient detection system. An increase of at least an order of magnitude would be required, but it is possible that the continuing development of arrays of strip detectors will make such a measurement feasible. Until an alternative mechanism for probing these structures can be found, scattering studies will remain the only way to probe these puzzling structures.

Acknowledgments

The authors would like to acknowledge the Engineering and Physical Sciences Research Council for research grants to the institutions involved in this work, as well as the EPSRC for financial support for S J H, N C, M F, M J L, A St J M, J S P, S P G C, S P F, C D J, P M S and S M S.

5. References

[1] Fulton B R and Rae W D M (1990) J. Phys G 16 333 [2] Lawitzki S, Pade D, Gonsior B, Uhlhorn C D, Branenberg S, Harakeh M N and Wilschut H E (1986) Phys Lett 174B 246 [3] Wilczynski J, Swiwelwilczynska K, Chan Y, Chavez E, Gazes S B and Stokstad R G (1986) Phys.

Lett. B 181 229 [4] Fulton B R, Bennett S J, Ogilvie C A, Lilley J S, Banes D W, Rae W D M, Allcock S C, Betts R R and Smith A E Phys Lett B 181 233 (1986) [5] Leddy M J et al (1995) Nucl Phys A 589 363 [6] Fulton B R, et al (1991) Phys Lett B 267 325 [7] Curtis N et al (1995) Phys Rev C 51 1554 [8] Fulton B R, et al (1994) J Phys G 20 151 [9] Leander G and Larsson S E (1975) Nucl. Phys. A 239 93 [10] Flocard H, Heenen P H, Kreiger S J and Weiss M S, (1984) Prog. Theor. Phys. 72 1000 [11] Marsh S and Rae W D M (1986) Phys. Rev. Lett. B 180 185 [12] Wuosmaa A H, Betts R R, BackB B, Freer M, Glagola B G, Happ Th, Henderson D J and Wilt P (1992) Phys. Rev. Lett. 68 1295 [13] Takigawa N and Arima A (1971) Nucl. Phys. A 168 593 [14] Chappell S P G et al (1995) Phys. Rev. C 51 695 [15] Le Marechal R A, Clarke N M, Freer M, Fulton B R, Hall S J, Hoad S J, Kelly G R, Ward R P, Jones C D, Lee P and Watson D L (1997) Phys. Rev. C 55 1881 [16] Hirabayashi Y, Sakuragi Y and Abe Y (1995) Phys. Rev. Lett. 74 4141 [17] Fulton B R, Cormier T M and Herman B J (1980) Phys. Rev. C 21 198 [18] Pate S F, Zurmuhle R W, Kutt P H and Wuosmaa A H (1988) Phys. Rev. C 37 1953 [19] Wuosmaa A (1995) Joint Japan-US Seminar on Clustering Phenomena in Nuclear and Mesoscopic Systems, Hawaii, [20] Curtis N et al (1994) Nucl. Instr. Meth. A 351 359 [21] Shapira D, Stokstad R G and Bromley D A (1974) Phys. Rev. C 10 1063 [22] Glaesner A, Dunnweber W, Bantel M, Hering W, Konnerth D, Ritzka R, Trautmann W, Trombik W and Zipper W (1990) Nucl. Phys. A 509 331 [23] M. Freer, Nucl. Instr. Meth. A 383 (1996) 463

Figure captions

Figure 1. Q-value spectra for (a)^{12}C(^{24}Mg,^{12}C^{12}C(0^+_2 ))^{12}C and (b)^{12}C(^{24}Mg,^{16}O 8Be))^{12}C .

Figure 2. a) Calculated Monte Carlo efficiency for^{24}Mg breakup to^{12}C +^{12}C(0^+_2 ). b) Calculated Monte Carlo efficiency for^{24}Mg breakup to^{16}O +^8Be. c) Diagram to show where states have already been observed showing the overlap with the present measurement. [5], [17-19]