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It is now well established that at moderate excitation energies the nucleus

temperature does not vary with increasing excitation energy. We show that,

as a consequence, two nuclei with different temperatures brought into contact

show a rather surprising energy-sorting mechanism where the hotter nucleus

transfers all its excitation energy to the colder one. The scission configuration of

the fission process offers a unique possibility to observe this phenomenon. The

energy sorting mechanism is clearly reflected by the mean number of prompt

neutrons as a function of the fragment mass and by the dependence of the local

even-odd effect with mass asymmetry.
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1. Introduction

Experimental data on nuclear level densities1 show that the behavior of

nuclei at moderate excitation energies E∗ is well described by a constant

temperature level density of the form:

ρ(E∗) ∝ exp(
E∗

T
). (1)

where T is the constant temperature parameter. This means that in this

regime the temperature of nuclei does not vary with E∗. The main reason

for this constant-temperature behavior is that pairing correlations lead to

an effective number of degrees of freedom that increases in proportion to E∗.

Cooper pairs of neutrons and protons melt in a way that the mean energy

per nucleonic excitation and thus the nuclear temperature stays constant.

In a recent experimental work on level densities2 it has been surprisingly

found that the constant temperature behavior remains up to 20 MeV E∗.

T. v. Egidy et al.1 have fitted expression (1) to experimental data on level

densities for nuclei ranging from 18F to 251Cf. The following dependence of
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the constant temperature T with the mass A of the nucleus and the shell

correction S was found:

T = A
−2

3 (17.45− 0.51S + 0.051S2). (2)

In this work we investigate how two nuclei in the particular regime of con-

stant temperature behave when they are set in thermal contact. This situ-

ation is realized near the scission configuration in fission.

2. Excitation energy sorting

In fission, the energy difference between the ground-state masses of the ini-

tial 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. In the present work, we consider low-energy fission

with initial excitation energies E∗

CN up to a few MeV. Therefore, the TXE

is released by neutron evaporation and gamma emission from the fission

fragments. We may distinguish three classes of energy at scission, which

add up to the final TXE of the fission fragments: (i) Intrinsic excitations

by single-particle or quasi-particle excitations. (ii) Deformation energy. (iii)

Collective excitations stored in normal modes. The intrinsic excitation en-

ergy is the sum of the E∗ above the barrier height and the fraction of the

difference in potential energy between saddle and scission that is dissipated

into intrinsic excitations. The deformation energy ends up as part of the

E∗ available when the fission fragments recover their ground-state defor-

mations. The damping of collective excitations as for example bending and

wriggling modes leads to additional E∗ in the fragments.

We assume that already somewhat before the scission configuration the

two nascent fragments have acquired their individual properties concerning

shell effects and pairing correlations and can be treated as two well defined

nuclei set in thermal contact through the neck. 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 (1) with a specific value of T for each fragment. This leads to a

very interesting situation for the two nascent fragments near the scission-

point configuration: There is no solution for the division of intrinsic E∗

with T1=T2. 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
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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 eq.

(2) the heavy fragment generally has the lower T and thus attracts all the

E∗. This behaviour is unique. To our knowledge all other systems in nature

reach thermal equilibrium with T1=T2 before the thermal energy of the

hotter object is completely exhausted. The flow of E∗ from the hot frag-

ment to the cold fragment can be seen as a way to maximize the number of

occupied states or its entropy. The number of available states of the light

nucleus is small compared to that of the complementary fragment. There-

fore, the situation in which the light nucleus has part of the E∗ leads to a

smaller entropy than the situation in which the entire E∗ is transferred to

the heavy nucleus which has considerable more available states. We have

thoroughly described the energy sorting process in Ref.3 It is also one of

the ingredients of the GEF code.4

3. Neutron yields as a function of the fragment mass

It is of great interest to find experimental signatures that reflect the excita-

tion energy sorting. These signatures must be able to distinguish between

the intrinsic E∗ accumulated in each fission fragment. The number of evapo-

rated 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. The neutron-

induced fission of 237Np has been studied very carefully at two different

neutron energies.5 Fig. 1 shows the average number of evaporated neutrons

as a function of the fragment mass. The well known saw-tooth-like behavior

of this curve is attributed to the deformation energy. For asymmetric mass

splits we observe a very peculiar feature: 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 fragment. This observation is

rather general as it was also found for other fissioning systems such as 233U

and 238U and other incident particles like protons.6–9 However, no clear

explanation has yet been found for this effect. Actually, this 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. We would like to stress
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Fig. 1. Average number of prompt neutrons as a function of the primary fragment mass

for the neutron-induced fission of 237Np, data taken from ref.5

that our argumentation is based on the same assumptions as other work

that investigates the sharing of intrinsic E∗ at scission (see e.g.10). That is,

we have assumed independent fission fragments and thermal equilibration

between the fragments at scission. What is substantially different 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 density11 which is only valid at high E∗.

4. Even-odd effect in fission fragment element yields

At the end of the energy sorting process the heavy fragment can gain addi-

tional E∗ if few nucleons are transferred through the neck so that the light

fragment becomes even-even. The gain in E∗ can be up to four times the

pairing gap. Therefore, according to the energy sorting mechanism, there

will be a tendency for the hot (normally the light) fragment to be fully

paired. Let us now consider the dynamics of the energy sorting process. The

time t to form a fully paired light fragment is the sum of the time needed

for the light fragment to transfer all its E∗ to the heavier one, which we

will cal tE∗ , and the time to exchange few nucleons through the neck texch.

Time texch is rather short so that the time t is dominated by tE∗ . The latter
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Fig. 2. Local even-odd effect as a function of asymmetry for various fissioning nuclei.

The experimental data are shown on the left and the GEF calculation4 on the right.

will increase with the initial excitation energy in the light fragment E∗

0,light

since it will take a longer time to transfer all the energy from the light to

the heavy nucleus. We consider that the initial excitation energy E∗

0,light

is proportional to the available excitation energy at scission E∗

sci which, as

was said above, is the sum of the excitation energy at saddle E∗

CN and the

dissipated energy between saddle and scission E∗

sad−sci. E
∗

CN increases with

beam energy and E∗

sad−sci with the Coulomb parameter Z2/A1/3 since the

saddle to scission path becomes longer.12 On the other hand, the time t

will decrease when the temperature difference T 1 − T 2 between the two

fragments increases. A higher temperature gradient leads to faster flow of

E∗ between the two fragments. According to eq. (2) an increase in temper-

ature difference corresponds to an increase in the asymmetry of the mass

split. To resume, the time t follows the expression:

t ∝
E∗

sci

T 1− T 2
. (3)

As a consequence, t will increase with the beam energy and the mass of

the fissioning nucleus and will decrease with increasing asymmetry of the

mass split. Let us now assume that there exists a time tp above which the

exchange protons through the neck is very much hindered a. If t > tp, no

net even-odd effect is induced because protons cannot be transferred to the

heavy nucleus. Thus, according to the energy sorting process the even-odd

effect as a function of asymmetry should have a threshold character. The

aThis hindrance is due to the Coulomb barrier in the neck region which increases with

the distance between the two fragments. The difference between the inner barrier for

neutrons and protons is shown in Fig. 16 of ref.13 Although the latter calculations have

been done for transfer reactions, we expect similar results for fission.
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threshold asymmetry where the even-odd effect created by the energy sort-

ing sets in (corresponding to the asymmetry for which t = tp) will increase

with the Coulomb parameter of the fissioning nucleus. The left part of Fig.

2 shows experimental data on the local even-odd effect as a function of

charge asymmetry for different fissioning nuclei. The data have been taken

from Ref.14 It presents data measured at ILL where fission was induced

with thermal neutrons. The experimental data illustrate clearly how the lo-

cal even-odd effect decreases with increasing mass of the fissioning nucleus.

For a fixed even-Z fissioning nucleus, the general trend presented by the

data is a small and rather constant even-odd effect close to symmetry and

a strong increase as we move to more asymmetric fission. The latter feature

occurs at an asymmetry value that increases with the mass of the fissioning

nucleus. For 230Th this change is not shown by the data. However, we pre-

sume that this is because the threshold asymmetry for this nucleus is close

to symmetry where no data have been measured. It is interesting to note

that the even-odd effect of odd-Z fissioning systems at large asymmetry fol-

lows the general behavior of the even-Z fissioning systems. Their values are

very close to those of the neighboring even-Z systems. For several systems,

the data point in Fig. 2 that is closest to symmetry is appreciably higher

than expected from the global trend. This effect may be associated to the

influence of the Z=50 shell in the complementary fragment, which is known

to enhance the yield of tin isotopes and, thus, leads to a local increase of

the deduced even-odd effect. In the GEF code4 the dependence of the lo-

cal even-odd effect with asymmetry is modeled with a Gauss-integral. The

threshold asymmetry value (the value at which the Gauss-integral is 1/2)

is the one that full fills the condition C ∗E∗

sci/|T 1−T 2| = tp, where C is a

constant. tp/C is adjusted to the data and has the same value for all nuclei.

The width of the Gauss function is set proportional to |T 1−T 2|. The scaling

factor for |T 1−T 2| is the same for all nuclei and fitted to the experimental

data. On the right part of Fig. 2 the results of our model GEF for the

same fissioning systems are presented. All the features mentioned above

are nicely reproduced by our calculation. The energy sorting mechanism

also predicts that, for a given fissioning nucleus, the threshold asymmetry

should increase with increasing beam energy. Unfortunately there are no

data to verify this statement.

5. Conclusions

Nuclei at low E∗ are peculiar systems where the temperature remains con-

stant with increasing E∗. The very special feature of this phenomenon in
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nuclei is that the constant-temperature regime reaches down to zero energy.

The scission configuration of the fission process offers the unique possibil-

ity to investigate how two different nuclei in this special regime of constant

temperature share the available intrinsic excitation when they are in ther-

mal contact. We have shown for the first time that the excitation energy

keeps flowing from the hot to the cold fragment until the excitation energy

of the hot fragment is completely exhausted. The E∗-sorting effect explains

very easily why an increase in E∗ leads to an increase of the number of

prompt neutrons of the heavy fragment, 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. The

energy sorting process is also reflected by the dependence of the even-odd

effect in fission fragment element yields with asymmetry. This dependence

has a threshold character with a threshold asymmetry that increases with

beam energy and the Coulomb parameter of the fissioning nucleus.
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