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It is shown that the constant-temperature behaviour of nuclei in the superfluid regime leads to an energy-sorting process if two nuclei are in thermal contact, as is the case in the fission process. This effect explains for the first time why an increase of the initial excitation energy leads an increase of the number of emitted neutrons from the heavy fission fragment, only. The observed essentially complete energy sorting may be seen as a new counter-intuitive manifestation of quantum-mechanical properties of microscopic systems.

In fission, the energy difference between the ground-state masses of the initial fissioning system and the final fission fragments, given by the Q value, and the initial excitation energy of the fissioning nucleus E* CN , ends up either in the total excitation energy (TXE) or in the total kinetic energy (TKE) of the fragments. The TXE is available for particle evaporation and gamma emission either before scission or from the separated fragments. In this work, we consider low-energy fission with initial excitation energies E* CN up to a few MeV where evaporation and gamma emission on the fission path is considered to be weak. The same is true for neck emission of neutrons. Since fission fragments are neutron-rich, evaporation proceeds almost exclusively by neutrons. We assume that already somewhat before the scission configuration the two nascent fragments have acquired their individual properties concerning shell effects [D 3D , D4D, D5D] and pairing correlations [D 6D ] and can be treated as two well defined nuclei set in thermal contact through the neck. Theoretical investigations of the gradual transition from the mononucleus regime to the di-nuclear system [X 3X , X 4X , distinguish three classes of energy, which add up to the final TXE of the fission fragments, according to their appearance at scission: (i) Collective excitations stored in normal modes. (ii) Intrinsic excitations by single-particle or quasi-particle excitations. (iii) Deformation energy. The deformation energy ends up as part of the E* available when the fission fragments recover their ground-state deformations. The deformation induced in the two nascent fragments can be considered as a superposition of a macroscopic trend, caused by the mutual Coulomb repulsion of the nascent fragments, which favours a large prolate deformation around β = 0.5 [D 11D ] and a structural influence due to shell effects. Different fission modes correspond to substantially different deformations at scission and thus to different amounts of deformation energy of the individual fragments. Theoretical arguments on the deformation of the fragments at scission can be deduced from shell-model calculations [X 11X ,D 12D ], while experimental information can be extracted from the saw-tooth-like behaviour of the neutron yields, which is thought to be mostly caused by the variation of the contribution of the deformation energy to the E* of the fragments. The division of collective excitations among the two fragments is intimately related to the nature of the specific collective mode considered. As an example, the division of E* stored in angular-momentumbearing modes is governed by the momenta of inertia of the fragments and the conservation of total angular momentum. If the fissioning nucleus has zero angular momentum, and orbital angular momentum is neglected, both fragments must carry the same amount of angular momentum (in opposite direction), and, thus, the E* is inversely proportional to their moment of inertia. For these specific modes, the lighter fragment tends to carry the larger portion of E*.

The division of intrinsic excitations can be derived when thermal equilibrium is assumed among the intrinsic degrees of freedom in each fragment. As said above, the nuclear level density at low E* is very well described by the constant-temperature formula:
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In a recent work, 

This leads to a very interesting situation for the two nascent fragments at the scission-point configuration: The level density of each fragment is represented by the constant-temperature formula (1) with a specific value of T for each fragment. As a consequence, there is no solution for the division of intrinsic E* with T 1 =T 2 . As long as some excitation energy remains in the fragment with the higher temperature, its E* is transferred to the fragment with the lower temperature. That means, a process of E* sorting takes place where all E* accumulates in the fragment with the lower value of the T parameter, while the other fragment looses its entire E*. According to formula (2) the heavy fragment generally has the lower T and thus attracts all the E*. Some deviations from the constant-temperature behaviour appear only in the range of the first quasi particle excitations [D 13D ], which might influence the energy-sorting mechanism in its final phase.

Due to the influence of shell corrections on T, see eq. ( 2), the direction of the energy transfer may be reversed if the heavy fragment is stabilized by a strong shell effect. This may be expected in the standard I (SI) fission channel, which is characterised by the formation of a heavy fragment close to the doubly magic 132 Sn. The flow of E* from the hot fragment to the cold fragment can be seen as a way for the entire system made of the two nascent fragments in contact to maximize the number of occupied states or its entropy. The number of available states of the light nucleus or closed-shell nucleus is small compared to that of the complementary fragment. Therefore, the situation in which the light nucleus or the closed-shell nucleus has part of the E* leads to a smaller entropy than the situation in which the entire E* is transferred to the heavy or the non-closed-shell nucleus which has considerable more available states.

The number of evaporated neutrons as a function of the fragment mass is directly proportional to the E* of the fragment -except an offset of a few MeV that is taken away by gamma emission-and therefore should clearly reflect the peculiar situation of the full transfer of the intrinsic E* to the cold fragment. Moreover, since the neutron yield of the fission fragments for a fixed mass fluctuates over several neutrons, the mean value is a very sensitive measure of the fragment excitation energy.

If the mean energy available changes by only a fraction of the neutron separation energy, the contribution on one or the other wing of the neutron-multiplicity distribution decreases respectively increases, and thus the mean value is shifted. The neutron-induced fission of 237 Np has been studied very carefully at two different neutron energies [D 14D ]. Fig. 1 shows the average number of evaporated neutrons as a function of the fragment mass. As mentioned above, the well known sawtooth-like behaviour of this curve is attributed to the deformation energy. The minimum close to A=130 is due to the shell closures N=82, Z=50 that lead to spherical fission fragments. An increase of incident neutron energy translates into an increase of E* CN . The increase of the emitted neutrons near symmetry for 110<A<130 with incident neutron energy is caused by the increase of the yield of the super long (SL) mode which is related to well deformed fission fragments. For more asymmetric mass splits outside this range, we observe a very peculiar feature: Interestingly, Fig. 1 shows that the increase of E* leads to an increase of the number of evaporated neutrons for the heavy fragment, only. Actually, a quantitative analysis of the data reveals that all of the increased E* appears in the heavy fragmentF a F.

This observation is rather general as it was also found for other fissioning systems such as 233 U and 238 U and other incident particles like protons [D 15D , D16D, D17D, D18D]. However, no clear explanation has yet been found for this effect. The reason is that all the work [D 19D , D20D, D21D] done to study the partition of intrinsic excitation energy between fission fragments is based on a wrong description of the level density of the fragments. In fact, up to now one has assumed that the level density at low E* is well described by the analytical formula of Bethe [D 22D ]:
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where a is the level-density parameter which is proportional to the mass number A of the nucleus. The latter formula is based on an equidistant single-particle level scheme. The temperature T is given by the inverse logarithmic slope of ρ(E*)

1 ln( ( *)) * d E T dE   (4) 
which leads to the well-known relation

E*= aT 2 (5) 
between E* and the temperature T of the system. If the temperatures of the two nascent fragments are required to be equal, we obtain an intrinsic E* division in proportion of the mass ratio of the fragments a Based on the experimental uncertainties, we estimated that the measurement shown in figure 1 is sensitive to a difference in the excitation energy in the order of 200 keV between the two measurements. The difference between the average number of neutrons (weighted over the corresponding mass yields) emitted by the light fragments at 5.5 and 0.8 MeV neutron energy is -0.02. Assuming a neutron separation energy of 6.5 MeV leads to an excitation energy difference of -0.02*6.5=-0.13±0.20 MeV. On the other hand, the average neutron yield for the heavy fragments increases by about 0.74 units at 5.5 MeV neutron energy. This implies an increase in excitation energy of 0.74*6.5=4.8±0.2 MeV for the heavy fragments which exploits fully the 4.7 MeV increase in neutron energy.
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The tendency to realize relation ( 6) has been confirmed empirically in many binary reactions involving relatively high E* [D 23D ], although also deviations from full equilibration were observed due to insufficient reaction time [D 24D ]. However, this expression is not applicable at low E* and fails to explain the observation presented in Fig. 1 that all the increase in E* is found in the heavy fragment. Actually, this effect is a direct consequence of the different constant temperatures of the two fragments at scission. According to eq. ( 2), the temperature of the heavy fragment, in the absence of strong shell effects, is always lower than the temperature of the light fragment. Therefore, the heavy fragment will absorb the entire available intrinsic E* and evaporate more neutrons. When the heavy fragment is close to the 132 Sn shell closures, its temperature is increased. According to eq. ( 2) the value amounts to T heavy =0.83 MeV (with A heavy =130 and S heavy = -5MeV [D 25D ]). If the shell effect of the complementary light fragment is zero, its temperature amounts to only T light =0.77 MeV (with A light =108 and S light = 0), and, thus, the direction of the energy-sorting mechanism will be reversed. In this case, the light fragment receives the entire intrinsic E*. The dip around A=130 and the peak related to the complementary fragment around A=108 may be an indication for this feature. Note that the magnitude with which the effect of the shell closure is reflected by the data depends also on the relative yield at A=130 of the S1 fission channel with respect to the SL and the Standard 2 (S2) channels. The deformed shell closure around N=88, assumed to be responsible for the S2 fission channel, is weaker [X 11X , X 12X ] than the 132 Sn shell closure and related to more asymmetric splits than the S1 channel. If we tentatively assume S heavy = -1 MeV (-4 MeV), this leads to T heavy = 0.68 MeV (0.75MeV) and T light = 0.82 MeV where we have taken A heavy = 140, A light = 98 and S light = 0. Therefore, in this case the shell closure is not strong enough to reverse the direction of the flow of E*. As for the symmetric fission channel SL, for S2 the total E* is found in the heavy fragment. We would like to stress that our argumentation is based on the same assumptions as other work that investigates the sharing of intrinsic E* at scission [X 19X , X 20X , X 21X ]. That is, we have assumed independent fission fragments and thermal equilibration between the fragments at scission. What is substantially different in our approach is that we use the constant-temperature level density which correctly describes the behaviour of nuclei at moderate E* and not the commonly used Fermi gas level density of eq. ( 3) derived by Bethe [X 22X ] which is only valid at high E*.

In conclusion, at low excitation energy E* nuclei are peculiar systems, characterised by a phase transition from superfluidity to normal-liquid behaviour. As is typical for first-order phase transitions, their temperature remains constant with increasing E*. In this sense, the nuclear superfluid to normal-liquid phase transition seems to behave like a first-order phase transition. The very special feature of this phenomenon in nuclei is that the constant-temperature regime reaches down to zero energy. The scission configuration of the fission process offers the unique possibility to investigate how two different nuclei in this special regime of constant temperature share the available intrinsic excitation when they are in thermal contact. We have shown for the first time that in this regime we reach a peculiar state of thermal equilibrium at scission in which the temperatures of the nascent fragments remain different in spite of the flow of E* from the hot to the cold fragment. Rather unexpectedly, this implies that the total amount of intrinsic E* available at scission is found in the fragment with the lower temperature. Our discovery of the energy-sorting mechanism may be considered as a new counter-intuitive manifestation of quantum-mechanical properties of microscopic systems. This entropy-driven E*-sorting process appears to have similarities with Maxwell's demon [D 26D ] on the nucleonic level. However, there is an essential difference: While sorting the energy between two containers of ideal gas reduces the entropy of the system, this is not the case for a system of two nuclei in the superfluid regime that are in thermal contact. Here the entropy is a linear function of the energy partition, which is maximum if all the available excitation energy is concentrated on the nucleus with the lower temperature. Therefore, the phenomenon of nuclear energy sorting is fully compatible with the second law of thermodynamics. This E*-sorting effect explains very easily an issue that remained unsolved up to present when comparing the number of emitted neutrons as a function of fragment mass for different initial excitation energies. It was observed in asymmetric mass splits that the increase of intrinsic E* of the fissioning nucleus appears as an increase of E* in the heavy fission fragments, only. Indeed, the temperature of the heavy fission fragments is generally lower than that of the light ones. Therefore, all the intrinsic E* is cumulated in the heavy fragment. Our work shows that the behaviour of highly excited systems according to the Fermi-gas level density, where the total E* is shared by the fragments in proportion of their masses, is strongly violated at moderate E*. Our finding has important consequences for the understanding of fission. Many conclusions that result from a wrong assumption on how the total intrinsic excitation energy is shared between the fission fragments should be revisited.
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 1 Figure 1 : (Colour online) Average number of prompt neutrons as a function of the primary fragment mass for the neutron-induced fission of 237 Np at two incident neutron energies, data taken from ref. [X 14X ].
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