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Abstract. It is now well established that at moderate excitation eesrthe nucleus
temperature does not vary with increasing excitation gnéié show that, as a conse-
quence, two nuclei with dlierent temperatures brought into contact show a ratherisurpr
ing energy-sorting mechanism where the hotter nucleusfeanall its excitation energy
to the colder one. The scission configuration of the fissiatgss fers a unique pos-
sibility to observe this phenomenon. The energy-sortingtragism is clearly reflected
by the mean number of prompt neutrons as a function of therfeagy mass and by the
dependence of the local even-odiket with mass asymmetry.

1 Introduction

Experimental data on nuclear level densities [1] show thebehavior of nuclei at moderate excitation
energieE* is well described by a constant-temperature level densitlyeoform:

p(E*) « exp(?). (1)

where T is the constant temperature parameter. This meahdntlthis regime the temperature of
nuclei does not vary witlE*. The main reason for this constant-temperature behavibaispairing
correlations lead to anffective number of degrees of freedom that increases in ptiopao E*.
Cooper pairs of neutrons and protons melt in a way that thenreeargy per nucleonic excitation
and thus the nuclear temperature stays constant. In n#éttisdgehavior appears in first-order phase
transitions (e.g., solid-liquid or liquid-gas). In a mixéuof two phases, such as ice and water, the
temperature of the mixture remains constant when energyrisduced or extracted, as long as both
phases are present. Only the fractions of the two phaseslaaayrecent experimental work on level
densities [2] it has been surprisingly found that the canstamperature behavior remains up to an
excitation energy of 20 MeV. In Ref. [1] the authors fitted eegsion (1) to experimental data on level
densities for nuclei ranging frod¥F to 2>1Cf. The following dependence of the constant temperature
T with the masd of the nucleus and the shell correctiSmwas found:

T = A% (17.45- 0.51S + 0.051S?). )

In this work we investigate how two nuclei in the particulagime of constant temperature behave
when they are set in thermal contact. This situation iszedlnear the scission configuration in fission.

2 Excitation-energy sorting

In fission, the energy f@ierence between the ground-state masses of the initialfingieystem and
the final fission fragments, given by the Q value, and theahékcitation energy of the fissioning
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nucleuskEg,, ends up either in the total excitation energy (TXE) or intibkal kinetic energy (TKE)

of the fragments. In the present work, we consider low-gnésgion with initial excitation energies
E¢y up to a few MeV. In thisE* regime we can assume that there is no neutron emission before
scission. Therefore, the TXE is released by neutron evéiparand gamma emission from the fission
fragments. We may distinguish three classes of energy sdisoi, which add up to the final TXE of
the fission fragments:

(i) Intrinsic excitations by single-particle or quasi-pele excitations.
(i) Deformation energy.
(iii) Collective excitations stored in normal modes.

The intrinsic excitation energy is the sum of theabove the barrier height and the fraction of the
difference in potential energy between saddle and scissiorsttesipated into intrinsic excitations.
The deformation energy ends up as part of Bieavailable when the fission fragments recover their
ground-state deformations. The damping of collectivetatioins as for example bending and wrig-
gling modes leads to additiongf in the fragments.

We assume that already somewhat before the scission caatfigjuthe two nascent fragments have
acquired their individual properties concerning shékets [3,4] and pairing correlations [5] and can
be treated as two well defined nuclei set in thermal contaouth the neck. The division of intrinsic
excitations can be derived when thermal equilibrium is assliamong the intrinsic degrees of free-
dom in each fragment. As said above, the nuclear level deasibw E* is very well described by
the constant-temperature formula (1) with a specific vafue for each fragment. This leads to a very
interesting situation for the two nascent fragments neastiission-point configuration: There is no
solution for the division of intrinsi&* with T1 = T2. As long as some excitation energy remains in
the fragment with the higher temperature Hisis transferred to the fragment with the lower temper-
ature. That means, a processtfsorting takes place where &t accumulates in the fragment with
the lower value of th& parameter, while the other fragment looses its erfireAccording to eq. (2)
the heavy fragment generally has the loWeaind thus attracts all the*. This behaviour is unique. To
our knowledge all other systems in nature reach thermalibguim with T1 = T2 before the thermal
energy of the hotter object is completely exhausted. The dib&* from the hot fragment to the cold
fragment can be seen as a way to maximize the number of octsfaites or its entropy. The num-
ber of available states of the light nucleus is small comppéoehat of the complementary fragment.
Therefore, the situation in which the light nucleus has péthe E* leads to a smaller entropy than
the situation in which the entirg* is transferred to the heavy nucleus which has considerabhg m
available states. Finally, we would like to stress that thergy-sorting mechanism concerns only the
sharing of intrinsicE* at scission. After scission (when the two fragments aremobntact anymore)
the completely cold (generally light) fragment gal&sas it snaps back to its ground state deforma-
tion and through the damping of collective modes. We haveotighly described the energy sorting
process in Ref. [6]. It is also one of the ingredients of thé=@Bde [7, 8].

3 Neutron yields as a function of the fragment mass

It is of great interest to find experimental signatures tleélect the excitation-energy sorting. These
signatures must be able to distinguish between the intrlfsaccumulated in each fission fragment.
The number of evaporated neutrons as a function of the fragmass is directly proportional to the

of the fragment - except arfiset of a few MeV that is taken away by gamma emission - andfibrere
should clearly reflect the peculiar situation of the fulhséer of the intrinsice* to the cold fragment.
The neutron-induced fission &'Np has been studied very carefully at twéfeient neutron energies
[9]. Fig. 1 shows the average number of evaporated neutrsres fanction of the fragment mass
v(A). The well known saw-tooth-like behavior of this curve itriaited to the deformation energy.
For asymmetric mass splits we observe a very peculiar fealig. 1 shows that the increase6f
leads to an increase of the number of evaporated neutronikddreavy fragment, only. Actually, a
guantitative analysis of the data reveals that all of thegasedE" appears in the heavy fragment. This
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Fig. 1. Average number of prompt neutrons as a function of the psirfragment mass for the neutron-induced
fission of?>’Np, data taken from Ref. [9].

observation is rather general as it was also found for otksiofiing systems such &8U and?38U
and other incident particles like protons [10-13]. Howewer clear explanation has yet been found
for this dfect. Actually, this is a direct consequence of th@egdent constant temperatures of the two
fragments at scission. According to eq. (2), the tempeeatfithe heavy fragment, in the absence of
strong shell #ects, is always lower than the temperature of the light fragtmiTherefore, the heavy
fragment will absorb the entire available intrindi¢ and evaporate more neutrons. We would like
to stress that our argumentation is based on the same assosn@s other work that investigates the
sharing of intrinsidE* at scission [14—16]. Thatis, we have assumed independsiotfifsagments and
thermal equilibration between the fragments at scissiohnatis substantially dierent is that we use
the constant-temperature level density which correctbcdbes the behaviour of nuclei at moderate
E* and not the commonly used Fermi-gas level density [17] whiamnly valid at highE*.

4 Even-odd effect in fission-fragment element yields

At the end of the energy-sorting process the heavy fragmemgain additionak* if few nucleons
are transferred through the neck so that the light fragmeobimes even-even. The gainkti can
be up to four times the pairing gap. Therefore, accordinfpéoeinergy-sorting mechanism, there will
be a tendency for the hot (normally the light) fragment to biéyfpaired. Let us now consider the
dynamics of the energy-sorting process. The tini@ form a fully paired light fragment is the sum
of the time needed for the light fragment to transfer allitsto the heavier one, which we will call
te-, and the time to exchange few nucleons through the tggk Timetech is rather short so that the
timet is dominated byte-. The latter time will increase with the initial excitationergy in the light
fr::igmentE;;’“qht since it will take a longer time to transfer all the energynirthe light to the heavy
nucleus. We consider that the initial excitation eneEg}{gm is proportional to the available excitation
energy at scissiofy; which, as was said above, is the sum of the excitation endrggdaleEg,
and the dissipated energy between saddle and sciBgign, ;. E¢,, increases with beam energy and
EL4 o With the Coulomb parameté?/A'/? since the saddle to scission path becomes longer [18].
For the systems investigated in Fig. 2 the Coulomb paransestrongly correlated with the mass of

the nucleus, thus it follows th&,, ., increases with the nucleus mass. On the other hand, the time
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Fig. 2. Local even-odd fect as a function of asymmetry for various fissioning nudlbe experimental data are
shown on the left and the GEF calculation [7, 8] on the right.

will decrease when the temperaturéeliencel 1 -T2 between the two fragments increases. A higher
temperature gradient leads to a faster flovEdtetween the two fragments. According to eg. (2) an
increase in temperatureftBrence corresponds to an increase in the asymmetry of the sphis To
resume, the timefollows the expression:

Ey
“Ti-T2 )

As a consequencewill increase with the beam energy and the mass of the fisgjpnucleus and
will decrease with increasing asymmetry of the mass spét. us now assume that there exists a
time t, above which the exchange of protons through the neck is verghrhindered. If t > tp,

no net even-oddfeect is induced because protons cannot be transferred teethwy Imucleus. Thus,
according to the energy-sorting process the even-f@dteas a function of asymmetry should have a
threshold character. The threshold asymmetry where the edd dfect created by the energy sorting
sets in (corresponding to the asymmetry for whieht,) will increase with the mass of the fissioning
nucleus. This is in good agreement with the experimentabsyastics on the even-odétect presented

in Refs. [20,21]. The left part of Fig. 2 shows experimentaiadon the local even-oddfect as a
function of charge asymmetry forfeirent fissioning nuclei. The data have been taken from R2}. [2
It presents data measured at ILL where fission was inducddtivérmal neutrons. The experimental
data illustrate clearly how the local even-odieet decreases with increasing mass of the fissioning
nucleus. For a fixed even-Z fissioning nucleus, the genezalltpresented by the data is a small
and rather constant even-odffezt close to symmetry and a strong increase as we move to more
asymmetric fission. The threshold asymmetry increasestivitmass of the fissioning nucleus. For
230Th the threshold character is not shown by the data. Howewempresume that this is because
the threshold asymmetry for this nucleus is close to symmelrere no data have been measured.
It is interesting to note that the even-odffieet of the odd-Z fissioning system&Am and23°Np
follows the general behavior of the even-Z fissioning systefheir values are very close to those
of the neighboring even-Z systems. For several systemsjdtee point in Fig. 2 that is closest to
symmetry is appreciably higher than expected from the dlmbad. This &ect may be associated to
the influence of the 250 shell in the complementary fragment, which is known toagrde the yield

of tin isotopes and, thus, leads to a local increase of theamteven-oddféect. In the GEF code
[7,8] the dependence of the local even-odiéet with asymmetry is modeled with a Gauss-integral.
The threshold asymmetry value (the value at which the Gausgral is ¥2) is the one that full fills

t

! This hindrance is due to the Coulomb barrier in the neck regibich increases with the distance between the
two fragments. The dierence between the inner barrier for neutrons and protai®isn in Fig. 16 of Ref. [19].
The latter calculations have been done for two nuclei in acndluring transfer reactions. However, we expect
similar results for fission in spite of the slightlyfBirent shape of the scission configuration.
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the conditionC = (EL,/|T1 - T2|) = t,, whereC is a constantC/t, is adjusted to the data and has
a value of 0.035 for all nuclei. The width of the Gauss funtti® set proportional t§T1 — T2|. The

scaling factor fofT1 — T2| is fitted to the experimental data. A value of QKIéV is obtained for all

the nuclei considered. On the right part of Fig. 2 the resaflteur model GEF for the same fissioning
systems are presented. All the features mentioned abowécaty reproduced by our calculation. The
energy-sorting mechanism also predicts that, for a givaiofiéng nucleus, the threshold asymmetry
should increase with increasing beam energy. Unfortupétere are no data to verify this statement.

5 Conclusions

Moderately excited nuclei are peculiar systems where tin@égature remains constant with increas-
ing E*. The very special feature of this phenomenon in nuclei istti®constant-temperature regime
reaches down to zero energy. The scission configuratioredighion processfters the unique possi-
bility to investigate how two dferent nuclei in this special regime of constant temperahege the
available intrinsic excitation when they are in thermalteah We have shown for the first time that
the excitation energy keeps flowing from the hot to the coddyfnent until the excitation energy of
the hot fragment is completely exhausted. Hiesorting dfect explains very easily why an increase
in E* leads to an increase of the number of prompt neutrons of theyHfeagment, only. Indeed, the
temperature of the heavy fission fragments is generally ddiaen that of the light ones. Therefore,
all the intrinsicE* is cumulated in the heavy fragment. The energy-sortinggs®cs also reflected by
the dependence of the even-odtket in fission-fragment element yields with mass asymmeétris
dependence has a threshold character with a threshold asyyrtimat increases with beam energy and
the mass of the fissioning nucleus. Unfortunately, theréillsas important lack of data concerning
v(A) and the local even-oddfect as a function of asymmetry. It would be extremely inténgsto
measure precisely the evolution of these two quantitiels &it In that way we could investigate for
example up to whicle* the energy-sorting mechanism survives.
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