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Signature of a possible α-cluster state in N = Z doubly-magic 56 Ni

An inelastic α-scattering experiment on the unstable N = Z, doubly-magic 56 Ni nucleus was performed in inverse kinematics at an incident energy of 50 A.MeV at GANIL. High multiplicity for αparticle emission was observed within the limited phase-space of the experimental setup. This observation cannot be explained by means of the statistical-decay model. The ideal classical gas model at kT = 0.4 MeV reproduces fairly well the experimental momentum distribution and the observed multiplicity of α particles corresponds to an excitation energy around 96 MeV. The method of distributed mα-decay ensembles is in agreement with the experimental results if we assume that the α-gas state in 56 Ni exists at around 113 +15 -17 MeV. These results suggest that there may exist an exotic state consisting of many α particles at the excitation energy of 113 +15 -17 MeV.

Introduction

The study of α clusters in nuclei is a very interesting field of research in nuclear physics. The main highlight of the α-cluster studies is the Hoyle state (0 + 2 ) in 12 C at 7.65 MeV. This resonance state, above the 3α threshold, is the doorway for the abundance of 12 C in the universe through the nucleosynthesis process [1], which resulted with life on earth. In the 1960s, Ikeda et al. [2] predicted that α-cluster states should exist closely above the particle-emission thresholds in light nuclei. In finite nuclei, the αcluster state may exist in excited states with a dilute density composed of a weakly interacting gas of α particles [3,4], where the degrees of freedom of the individual nucleons are no longer crucial [5]. Cluster structures in nuclei have been discussed in a wide range of theoretical models, such as, resonating group methods (RGM) [6], generator coordinate methods (GCM) [7], self-consistent mean-field theory framework [8,9], ab-initio calculations [10], Tohsaki-Horiuchi-Schuck-Röpke wave function [11] etc. In a cluster state, the α-clusters condense into the lowest S-wave orbit [11] and thus, it is analogous to the Bose-Einstein condensed states of bosonic atoms. The condensation could occur in a low-density region. However, almost no exper-imental information on such states has been obtained except for light nuclei. It is now established that the lightest α-conjugate system 8 Be (it has been known for a long time that the ground state of this nucleus decays into two α particles) has a dumbbell configuration comprising two α particles [12] separated by a distance of 4.4 fm [13,14]. The search for the α-cluster state was then extended towards the α-conjugate nucleus 12 C [15] to enrich our understanding of the characteristics of the Hoyle-state [1,16,17,18,19,20]. In the case of 16 O, the α-cluster structure has been also studied [START_REF] Wakasa | RCNP annual report[END_REF][START_REF] Wakasa | [END_REF] to explore experimentally the state in 16 O equivalent to the Hoyle-state in 12 C, which renewed the interest in this field [23]. Recently, the α-cluster state in 40 Ca has been investigated [24]. More details about the theoretical and experimental efforts to search and understand the cluster structures in nuclei have been elaborated in Refs. [START_REF] Beck | Clusters in Nuclei[END_REF][START_REF] Beck | Clusters in Nuclei[END_REF][START_REF] Beck | Clusters in Nuclei[END_REF].

The search for cluster structures in unstable nuclei became relevant in the past few decades with the availability of the radioactive ion-beam facilities and the state-of-theart particle detectors. Inelastic α-particle scattering has been found suitable to search for the condensate state because it has a selectivity to excite the natural parity states with T = 0 in self-conjugate nuclei. Moreover, inelastic αparticle scattering is a surface reaction, and the angular distributions are characteristic of the transferred angular momentum ∆L. It has been successfully established in finding the condensate state in light nuclei [15,[START_REF] Wakasa | [END_REF]28,29]. The effort to study the α-cluster state in unstable nuclei with inelastic α-particle scattering has been reported in Refs. [30,31].

We present here the experimental results of inelastic α-particle scattering off 56 Ni, which suggest the signature of a possible α condensate in the unstable N = Z doublymagic 56 Ni nucleus, potentially composed of 14α clusters. A preliminary report has appeared in Ref. [31].

Experimental setup

We performed the experiment of inelastic α-particle scattering off 56 Ni (T 1/2 = 6.075 days [32]) in inverse kinematics at GANIL. The 56 Ni beam at 50 A.MeV incident energy was obtained via the process of nuclear fragmentation of a 75 A.MeV 58 Ni beam bombarding a 526 µm thick Be target. The 56 Ni beam was selected and purified using the "Ligne d'Ions Super Epluchés" LISE spectrometer which consists of two dipole magnets with a 500 µm thick achromatic degrader (made of beryllium) [33]. The secondary 56 Ni beam intensity was 2 × 10 4 pps on average with a purity of 94.7%. The dominant contaminants were 55 Co (purity 5.0%) and 53 Fe (purity 0.3%). They were identified along with the ion of interest using the energy loss (∆E) and the time-of-flight information for lowintensity beam. The ∆E signal was derived from a Si detector placed before the MAYA active target, whereas the time-of-flight information was obtained using the trigger signals from the cyclotron radio frequency and a plastic scintillator placed before the MAYA setup. The Si detector, before the MAYA setup, was retracted from the beam For readability, the mask below the beam path is not drawn here.

Frisch grids

line during the data-taking time with the high-intensity beam. In the offline analysis, the 56 Ni beam was selected by putting a proper selection window in the time-of-flight spectrum; for details, see Ref. [34].

Since the measurement was performed in inverse kinematics, an active target, MAYA [35], was employed. MAYA, developed at GANIL, is a time-charge projection chamber with an active volume of 28(l) × 25(w) × 20(h) cm 3 filled with helium gas (acting as α-particle target) at 500 mbar pressure (with 5% of CF 4 as a quenching gas). The pressure was adjusted to cover as much as possible all the ranges of the recoiling particles necessary for the study of inelastic α scattering in the excitation-energy range of 0 to 35 MeV, i.e. including the regions of the isoscalar giant monopole, quadrupole and octupole resonances at angles from 3 • up to 8 • in the center-of-mass (c.m.) frame.

As shown in Fig. 1, both the incoming 56 Ni beam and the scattered α particle ionize the gas along their trajectories inside MAYA. The cathode plate at the top of MAYA was set to -3 kV, whereas the Frisch grid was maintained at ground potential. Due to the applied electric field between the Frisch grid and the cathode plate, electrons, generated in the ionization process, drift towards the Frisch grid. Furthermore, a high voltage of +1.3 kV was applied to 32 amplification wires that were below the Frisch grid and were parallel to the beam direction. The avalanches on the wires induced signals on a matrix of 32 × 32 hexagonal pads of 5 mm side length, which were individually recorded [35]. Thus, a two-dimensional picture of the reaction was reconstructed on the pad plane. The drift velocity of electrons was 1.7 cm/µs. The drift time of electrons to each wire was recorded in order to determine the reaction plane in the three-dimensional space.

In order to measure both the recoil particle and the beam efficiently, an electrostatic mask [36] was placed 1 cm below the beam axis in MAYA (not shown in Fig. 1) to reduce the number of electrons produced through the high ionization by the 56 Ni beam and thereby reduce spacecharge effects. The mask was extended through the central region of the cathode pad plane along the beam direction and did not interfere with the electric field where the recoil α particles were detected. It consisted of 9 wires of 50 µm diameter with a 1 mm pitch. The three central wires were biased at -900 V, the next two wires on each side were biased at -1000 V, and the outermost wires were biased at -1100 V (See Fig. 3.13 of Ref. [34]) to capture electrons originating from the beam ionization. The outer-most wires were kept at the same potential as that generated by the applied drift electric field at the height of the wire mask. Therefore, the amount of charge collected on the central wire due to the ionization by the beam is greatly reduced and the detection of charge produced by the less ionizing recoil α particles becomes more sensitive. As shown schematically in Fig. 1, 20 ∆E-E telescopes, each consisting of one 700 µm thick Si detector having dimensions of 5 × 5 cm 2 (∆E) followed by four 2-cm thick CsI scintillators (E) with surface area of 2.5 × 2.5 cm 2 (resulting in 80 separate ∆E-E segments), were placed 5 cm downstream of the active region. The 20 ∆E-E telescopes were arranged in a 5 (horizontal) × 4 (vertical) matrix, and allowed the identification of all light charged particles with kinetic energies high enough to pass through the Si layer. The pre-amplifiers of the Si detectors were connected to CAEN N568B spectroscopy amplifiers with dual outputs comprising a normal signal and a signal amplified by a factor of ten, which allowed us to achieve a better resolution at low energy (typically for p, d, and t identification). Because we had only one Si detector followed by four CsI detectors, we deduced the corresponding ∆E energy loss in the Si detector by dividing the measured total energy with the number of CsI-detector hits at the back. This approach was validated with simulations. Energy calibration for the Si detectors was performed up to 7.7 MeV using a 226 Ra 4α-line source. The responses of the CsI detectors were calibrated from the extrapolation of the energy deposited in the Si detectors. The light-output correction for the CsI detectors was performed following the procedure described in Ref. [37]. The resulting twodimensional scatter plot of deposited E versus ∆E energies is presented in Fig. 2. The total energy deposited by an α particle is then obtained as the sum of the ∆E and E signals.

One must note that the aim of this experiment was originally to search for the compression modes in 56 Ni using inelastic α-particle scattering in inverse kinematics [34,38]. The detailed discussions about the setup, the calibration and analysis procedures are given in Refs. [34,39].

Analysis

Due to the limitation of the phase-space covered by the experimental setup, excitation energies of 56 Ni only up to ∼ 35 MeV could be reconstructed using the missing-mass method. Hence, the extraction of the resonance energy of a possible α-condensate state in 56 Ni, which is well above 35 MeV excitation energy, is not feasible experimentally in the present setup. The analysis of the particle-emission data was performed here with the wall of solid-state detectors as shown in Fig. 1. In this analysis, we found that many particles are emitted at forward angles with high multiplicities. In Fig. 3, the distributions of the observed multiplicities (n) of α particle, proton, deuteron, and 3 He are shown. The pile-up events due to multiple particles hitting the same CsI crystal were simply discarded. Note that experimentally the number of pile-up events was negligible because of the limited intensity of the incoming 56 Ni beam. This can also be deduced from Fig. 2, which shows no evidence of events between the loci of the different ejectile nuclei and thus confirming the absence of pile-up events in case of the present analysis. As can be seen in Fig. 3, the maximum multiplicity observed for α particles is seven. This means that in the limited phasespace acceptance of the present experiment, half of the mass of 56 Ni is observed to be carried away by means of emitted α particles. The multiplicity distributions are well reproduced by an exponential function exp (-λn), where n is the measured multiplicity. The multiplicity slope λ is determined to be 2.17 ± 0.07 for α particles.

The λ value for α-particle emission is the smallest compared to the multiplicity slopes for proton, deuteron, and 3 He, which are 2.37 ± 0.11, 2.88 ± 0.21, and 3.98 ± 0.32, respectively. The parameter λ reflects the dependence of the measured α multiplicity, n, on the cross section for a total decay of mα particles in the 56 Ni(α, α mα) reaction and on the experimental acceptance. This experimental result is surprising, because it is natural to expect that the charged-particle decay from states at high excitation energies is suppressed by the Coulomb barrier relative to neutron decay. Furthermore, one would expect α emission to be more suppressed than proton and deuteron emission. In fact, the maximum multiplicities of protons and deuterons are smaller than that of α particles. The observation of multiple α-particle decay in the present experiment would be a signature of a possible existence of an α-condensed state in 56 Ni at high excitation energy.

Statistical-decay model

In order to examine the possibility of statistical decay from compound states, which may have a small overlap with an α-cluster state, we performed statistical-decay model calculations based on the Hauser-Feshbach formalism using the code CASCADE [40], which was modified to take spin, isospin and parity exactly into account in the calculations [41]. In that respect, global level-density parameters were used to describe the unknown levels at high excitation energies in daughter nuclei applying proper spin, isospin, and parity quantum numbers to these input parameters. Furthermore, individual level parameters for the low-excitation-energy region were taken from the experimental data. All the decay channels, i.e. γ, neutron, proton, and α decays, are taken into account applying the proper spin and isospin Clebsch-Gordan coefficients coupling decaying states to final states. The spin, parity and isospin for the initial decaying states in 56 Ni that have been excited by inelastic α scattering were set to be J π = 0 + and T = 0, assuming that a monopole resonance is strongly excited at high excitation energies around 100 MeV (see the next section for detailed explanation). However, it should be noted that the performed statisticalmodel calculations show that results do not change significantly if we assume a low-spin initial state instead of a monopole state. The maximum angular momentum for decay products was set to be 40h. Figure 4(a) shows the average multiplicities of protons, neutrons, and α particles estimated in the statistical-decay model using the CASCADE code. Even for an excitation energy, E x , of about 150 MeV, the estimated average multiplicity for decay α particles is found to be significantly less than five. In the statistical-model calculations, competition between different decay channels is automatically taken into account. We have performed statistical-model calculations for decay of 56 Ni excited to 110 MeV (Fig. 4(b)) using CASCADE taking spin, isospin and parity properly into the calculations. These calculations have been used to estimate the number of α particles emitted by statistical decay from the excited state of 56 Ni. The CASCADE code is not a Monte-Carlo statistical code, and therefore the decay chains cannot be followed separately. We have deduced the α multiplicity from the population of 52 Fe, 48 Cr, 44 Ti, 40 Ca, 36 Ar, 32 S, and 28 Si. In the statistical-model calculations with the CASCADE code, one cannot distinguish between an α emission or 2p-2n emission through which a nucleus is populated, although the energetics are quite different, since 2p-2n corresponds to full breakup of an α particle requiring 28.3 MeV extra energy. Due to these processes, the statistical model calculation overestimates the α multiplicities. This implies even a larger discrepancy with the experimental data.

The lightest nuclei produced by the decay were found to be 32 S, 31 S and 31 P. Lighter nuclei than these are produced with a probability of less than 0.1×10 -7 , which is the minimum of the calculation accuracy of CASCADE. The probability of emitting six α particles sequentially was estimated to be 0.7×10 -6 . In Fig. 4(b), the total number of counts in the statistical model is normalized to the experimental observation at multiplicity 1. Therefore, with the above-mentioned probability in the statistical model, the total number of counts for multiplicity six is estimated to be around 0.7. On the other hand, the experimentally observed number of counts for multiplicity six is around 20, which is about a factor 30 higher than the statisticalmodel prediction. The difference is even higher in the case of multiplicity seven. In Fig. 4(b), there is a sharp kink in the statistical-model curve showing the total number of counts is decreasing rapidly to zero for multiplicities larger than five. Hence, the absolute discrepancy between the statistical model and the experimental observation is large as is also evident from the average multiplicity in Fig 4(a). Furthermore, in the sequential decay chain of α particles, a proton or a neutron can be emitted preceding or following one of the α emissions. The probability of emitting six α particles and one proton is estimated to be 0.4×10 -6 , and the probability of emitting six α particles and one neutron is estimated to be less than 0.1×10 -7 . In fact, these background processes add up to the pure sequential α decay and make the probability of six-α emission a bit larger in the statistical model. This, together with the overestimation of the α multiplicities due to the 2p-2n emission discussed above, implies that the α multiplicities calculated in the statistical model with CASCADE should be (much) lower than shown in Fig. 4(b) and therefore highly underestimate the observed α multiplicities.

The decay constant of the probability of emitting n α particles via the statistical decay processes were estimated to be 2.49. Therefore the statistical decay model cannot explain the value 2.17 ± 0.07 obtained in the experiment. Moreover, the statistical-model calculations are not able to explain the highest observed α multiplicities.

Ideal-gas model

One of the possibilities to explain the observation of such a high multiplicity of α particles is to introduce the concept that many-α-particle emission may come from an exotic high-lying state such as a dilute α-gas state. In order to understand qualitatively whether this hypothesis is correct, we performed a simulation based on the simple statistical model. In this model, we have assumed that the excited state in 56 Ni consists of fourteen independent α clusters, and that the distribution of the kinetic energy for each α particle follows the Boltzmann distribution for the classical ideal gas at a relatively low temperature T . The highly excited 56 Ni nuclei are assumed to move along the z direction with a kinetic energy of 50 A.MeV and emit fourteen α particles. The kinetic energy and the direction in the c.m. system of the produced 56 Ni nuclei were randomly given by assuming the Boltzmann distribution. We have used the Boltzmann distribution to describe the decay of the excited α condensate. In principle, the Bose-Einstein distribution should have been used. However, this is beyond the scope of this article for two reasons. The experimental reason has to do with our experimental detection system, which does not have the necessary granularity for high spatial resolution needed for forward-boosted α particles due to the high velocity of the c.m. system. This makes differentiation between models difficult. The second Multiplicity (n) reason for adopting the classical ideal gas model is that classical statistics have only one free parameter (kT ). Using the Bose-Einstein distribution instead requires fitting more parameters, which is not justified by the quality of our experimental data. This is an experimental task for the future.

In the simulation, the detection probability was estimated event by event for emitted α particles. We reconstructed the deposited energy in the Si+CsI array by taking into account its segmentation. We also simulated the thickness of the 4 He gas target (28 cm in length) by randomly choosing the vertex point of the reaction. The polar and azimuthal angles of the recoil α particles are then reconstructed accordingly.

Figure 5 shows the results of the simulation for the detection efficiency of α particles from 56 Ni at kT = 0.4, 1.5, and 4.0 MeV, where k is the Boltzmann constant. The variable n is defined as the number of α particles detected within the limited phase-space acceptance of the present experimental setup. In the simulation, pile-up events were discarded as has been done in the experiment. When the simulation is carried out with the temperature of kT = 0.4 MeV, the corresponding parameter λ = 1.99 ± 0.8 is in close agreement with the experimentally determined value for α particle emission within the errors. The temperature of 0.4 MeV corresponds for m = 14 to an excitation energy of 3 2 mkT = 8.4 MeV above the fourteen-α separation threshold energy in 56 Ni. Since the 14α separation threshold energy is E 14 th = 87.9 MeV, this means that the condensate is close to it at a corresponding excitation energy of E x ≈ 96 MeV.

In Fig. 5, we see that the efficiency for detecting α particles becomes lower with the increasing number of detected α particles. Furthermore, the efficiency is especially low at lower temperatures, because at the lower temperatures the α particles move with small kinetic energies in the c.m. system of the highly excited 56 Ni nucleus, and are therefore boosted to very small angles in the laboratory system. Since no particle detectors were placed on the incident-beam axis, it was impossible for us to measure α particles scattered in the very forward direction close to the beam axis. Also, when more than one α particle (pileup event) enter the same detector telescope, it is excluded from the number of α particles detected in the simulation since it cannot be identified.

Since the spread of the α particles in the x -y direction in the laboratory system becomes small when the temperature is low (kT < 1 MeV), the detection efficiency sharply decreases with increasing the number of detected α particles as shown in Fig. 5. At kT = 0.4 MeV, the detection efficiency for an event with seven α particles detected out of fourteen in total is < 10 -4 %. Taking this into account, the cross section for excitation of the αcondensate state via inelastic α scattering is estimated to be unexpectedly large for kT = 0.4 MeV, although the experimental multiplicity slope λ is well reproduced.

At kT = 1.5 and 4 MeV, the detection efficiency for an event with seven α particles detected out of fourteen in total are 0.06% and 0.8%, respectively. At high kT , the detection efficiency cannot be reproduced by a simple exponential function and the probability of detecting α particles of 4 or less does not depend strongly on the number of detected α particles. This is because the angles in the laboratory system of the emitted α particles become on the average larger for lower multiplicities, so that more α particles are detected in the counter telescopes.

Distributed mα-decay ensemble model

In the de-excitation process of the α-cluster state in 56 Ni, it is natural to assume that there is a process for decay not only by emitting 14α particles but also by emitting multiple (< 14)α particles decaying to residual nuclei. We investigated whether the process of decaying into a number of α particles can be understood by using a model that considers such a decay process, i.e. a decay process in which mα particles are emitted from an excited state in 56 Ni leading to a residual nucleus with a mass number A = 4(14 -m). Therefore, according to this scenario, we assume that the multiplicity distribution of α particles observed in the experiment is due to an ensemble of various mα decay processes. The excitation energy of 56 Ni was obtained from the theoretical value calculated by Yamada and Schuck [3] based on the dilute mα-condensate model. They estimated the excitation energy of the mαcluster state up to m = 12. The excitation energy of the α-cluster state for m = 14 system is simply estimated extrapolating their result to be E 14 T = 25 MeV above the 14α separation threshold energy of E 14 th = 87.9 MeV. In the following discussion, the excitation energy E x is fixed to be E x = E 14 th + E 14 T = 113 MeV and it is assumed that mα-particles share the energy E m T = E x -E m th according to the Boltzmann distribution. Here, E m T is the temperature of mα particles and E m th is the threshold energy for separation of (m)α particles resulting in a nucleus with mass number A = 4(14-m) as residue. The recoil energy in the c.m. system was not taken into account. This is a reasonable simplification at low multiplicities for which the recoil energy is small and will have little effect on the emitted α particles since the α particles are boosted with high energies in the forward direction. At high multiplici-ties, the α-particle emission has no preferred direction and therefore the recoil energy of the residue is on the average small. When the number of emitted α particles is one or two, the decay process is not necessarily that of a state having an α-cluster structure, but also includes the case of a statistical decay process. We did not take into account αparticle emission processes for estimation of the α-cluster structure. We define here n as the number of α particles detected within the limited phase-space acceptance of the present experimental setup and m as the number of α particles emitted from the excited states of 56 Ni. Figure 6(a) shows the results of simulations of detection efficiencies for m = 14, 11, 9, 7, 5, 3 α-particle decay events. Using these results, we determined the branching ratio for decay of mα particles using the formula,

Y n = 14 m=3 X m m (kT, n), (1) 
to fit the experimental data. Here, X m is the estimated number of source events for mα-particle decay, m (kT, n) is the detection efficiency for nα particles out of mα particles at temperature T in mα-particle decay, and Y n is the yield of α particles for observed multiplicity n. The multiplicity distributions of α particles are well described with the sum of decay branches (see Fig. 6(b)).

Figure 7 shows the X m plot. Since events up to n = 7 were measured in the experiment, the branching ratios up to m = 7 are well determined for the given E th . Furthermore, since no events with n > 7 were detected, the estimated number of source events for mα-particle decay is not well determined. Although the simulation of the detection efficiency of multi-α particles varies depending on E x as described above, the experimental data are well fitted even when the excitation energy E x is varied between 8 and 40 MeV. Therefore, an uncertainty remains in determining the excitation energy in this experiment in the range of E 14 T = 8 to 40 MeV. Since the extrapolation gives E 14 T to be 25 MeV, the associated errors can be assigned to the excitation energy, that is 113 +15 -17 MeV. We performed additional simulations in order to confirm the validity of the present approach. Figures 8(a) and (b) show the two-dimensional scatter plots of the momentum distributions of α particles obtained by simulations at E T = 25 MeV. Figure 8(a) shows the superposition of all the events with a multiplicity ≥ 6. Figure 8(b) shows an example of the momentum distributions for a single event with multiplicity six. Figures 8(c momentum distributions obtained from the experiment rather well.

Summary and conclusion

We performed the α( 56 Ni, α ) inelastic scattering experiment in inverse kinematics at an incident energy of 50 A.MeV. Multi α-decay events were observed with a maximum multiplicity of seven particles within the limited phase-space acceptance of the present experimental setup. This result cannot be described by performing a simple calculation in the framework of the statistical-decay model and suggest a signature of the possible existence of an αcluster state at high excitation energies in 56 Ni. We used the ideal α-gas model and the distributed mα-decay ensembles to interpret the experimental findings. The results from both methods, albeit with large error bars, are compatible and can well reproduce the experimental data. The first method places the excitation energy of the α condensate around 96 MeV, whereas the second method yields an excitation energy of 113 +15 -17 MeV. As suggested by the results of this experiment, the α-cluster resonance state occurs at high-excitation energy in nuclei. Efforts should be made in the future to understand precisely the nature of the condensate state in α-conjugate nuclei at high-excitation energies [13].
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 1 Fig. 1. (Color online) Schematic view of the experimental setup with the MAYA detector. A 56 Ni beam (red) enters the active volume of MAYA and interacts with the helium gas resulting in the excitation of 56 Ni and a recoil (scattered) α particle (blue). The α particles from the decay of 56 Ni (dashed green) are forward focused and stop in the Si-CsI telescope.For readability, the mask below the beam path is not drawn here.

Fig. 2 .

 2 Fig. 2. (Color online) Two-dimensional scatter plot of energies deposited by charged particles in the CsI detectors versus energies deposited in the Si detectors after CsI light-output correction. The experimental loci are compared with theoretical calculations for light particles.

Fig. 3 .

 3 Fig. 3. (Color online) Multiplicity distributions of α particle (a), proton (b), deuteron (c) and 3 He (d). The histograms and solid lines correspond to the experimental data and the results of fitting, respectively.

Fig. 4 .

 4 Fig. 4. (Color online) (a) Excitation-energy dependence of average multiplicities estimated using the CASCADE code for the emission of α particles (solid line), protons (dashed line), and neutrons (dotted line). (b) Multiplicity distribution of α particles at Ex = 110 MeV: (solid line) estimated using the CASCADE code, (histogram) experimental data and (dashed line) result of fitting experimental data with an exponential function.

Fig. 5 .

 5 Fig. 5. (Color online) Estimated detection efficiency for a fourteen-α event at kT = 0.4 MeV (dotted histogram ), 1.5 MeV (solid histogram), and 4.0 MeV (dashed histogram). The solid lines are the results of fitting with an exponential function exp (-λn).

Fig. 6 .Fig. 7 .

 67 Fig. 6. (a) Detection efficiencies for m = 14 (solid), 11 (dashed), 9 (dotted), 7 (dot-dashed), 5 (dot-long-dashed), and 3 (dot-dot-dot-dashed) α particles are shown. See text for definition. (b) Experimentally observed multiplicities for α particles are shown in black filled squares. Fit to the experimental data with efficiencies for m = 14 to 3 α particles is shown with the thick solid line. Decomposition of partial contributions of m = 14 (solid), 11 (dashed), 9 (dotted), 7 (dot-dashed), 5 (dotlong-dashed), and 3 (dot-dot-dot-dashed) α particles is shown. For comparison, exponential fitting (e -λn ) with λ = 2.17±0.07 to the data is also shown (thick dashed).

Fig. 8 .

 8 Fig. 8. (Color online) Two-dimensional scatter plots of the momentum distributions of α particles. Results of simulations based on the classical ideal-gas model from events with multiplicity ≥ 6 (a), and from a single event with multiplicity six (b). Experimental momentum distributions of α particles from events with multiplicity ≥ 6 (c), and from a single event with multiplicity six (d).

Acknowledgements

This work was supported by the European Commission within the Seventh Framework Program through IA EN-SAR (Contract no. RII3-CT-2010-262010), GSI, Darmstadt, Germany, the United States National Science Foundation (Grants No. PHY-1068192 and PHY-1713857), the Hungarian NKFI Foundation (No. K124810), and the Hirao Taro Foundation of the Konan University Association for Academic Research.