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Abstract. The systematic behaviour of the experimental ratio of the heavy fragment
prompt neutron multiplicity to the multiplicity of the fragment pair allows parameterizations of the corresponding excitation energy ratio. The excitation energies of the
fission fragments calculated by modeling at scission were parameterized using simple
linear functions. The validation of these parameterizations was done by Point-by-Point
model calculations for 235U(n,f) and 239Pu(nth,f) benefiting of experimental data of prompt
neutron multiplicity as a function of fragment mass. Similar excitation energy parameterizations are performed for other fissioning systems for which experimental data are
very scarce or totally missing. Using these parameterizations in the frame of Point-byPoint model, prompt emission data can be predicted for any fissioning systems.
Key words: total excitation energy, fissioning systems, prompt emission data.

1. INTRODUCTION
The present paper presents Point-by-Point (PbP) model calculations of the
prompt neutron multiplicity using a new parameterization of the ratio of heavy
fragment excitation energy to the total excitation energy as a function of the heavy
fragment mass number (E*H/TXE(AH)) [1]. This ratio can be obtained from the
modeling at scission providing the fragment excitation energy at full acceleration
(E*(A)). The knowledge how the total excitation energy (TXE) is partitioned
between the fully accelerated fission fragments (FF) is crucial in prompt emission
model calculations. Nowadays, several methods of TXE partition are used in the
frame of two prompt emission approaches: a deterministic one, the PbP model [2]
(used in the present work) and a probabilistic Monte-Carlo (MC) treatment
included in the FIFRELIN code developed at CEA Cadarache.
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In the frame of PbP treatment, two methods of TXE partition were developed
by the fission group of the University of Bucharest as following:
– A method based on the systematic behavior of the experimental prompt
neutron multiplicity data as function of fragment mass number ν(A) [3].
– A method based on modeling at scission [4]. This method was included in
a newly FORTRAN 95 code used in the present work. The E*(A) results for
several fissioning systems, provided by this code, put as ratio of E*H/TXE(AH),
exhibit a regular behavior that can be parameterized. The obtained parameterizations are directly used in PbP model calculations.
These parameterizations are validated by the PbP results of ν(A) describing
very well the experimental data of 239Pu(nth,f) and 235U(n,f) at the incident energies
of 0.5 MeV and 5.5 MeV. Similar excitation energy parameterizations resulting
from the modeling at scission are performed for other fissioning systems for which
experimentally prompt emission data are very scarce or totally missing, e.g.
240
Pu(SF), 234U(n,f) and 232Th(n,f).
2. BRIEF DESCRIPTION OF MODELS USED
The present calculations of TXE partition between the fully accelerated FF
are made in the frame of Point-by-Point [2] treatment using the method based on
modeling at scission [4]. Briefly, this method consists in two important steps:
1) The calculation of extra-deformation energies of nascent fragments at
scission with respect to full acceleration using deformability – based on liquid drop
model with shell corrections taken into account and β2 deformation parameters
provided by Hartree-Fock-Bogoliubov [5] calculations.
2) The calculation of the available excitation energy at scission which is
obtained by subtracting the extra-deformation energies of nascent fragments at
scission from the total excitation energy at full acceleration. The available
excitation energy at scission is shared between the complementary nascent FF
assuming the thermodynamic equilibrium at scission and Fermi-Gas description of
the fragments level densities. The excitation energies and fragments level densities
at scission are obtained concomitantly using an iterative procedure in the frame of
the generalized superfluid model of Ignatyuk [6].
Finally, the fragment excitation energy at full acceleration is obtained as a
sum of the extra-deformation energy (step 1) and the excitation energy at scission
(step 2) for all fission fragments forming the fragmentation range of the PbP treatment.
In the Point-by-Point model calculations, the fragment excitation energy
provided by different TXE partition methods e.g. the modeling at scission [4],
different parameterizations as νH/νpair(AH) [3] or E*H/TXE(AH) [1] are used.
The basic features of the Point-by-Point model [2] can be synthetized as
following:
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a. The fragmentation range plays a very important role in Point-by-Point
model calculations. This is generated taking into account the entire FF mass range
(for the symmetric fission up to a far asymmetric split). For each fragment mass
one, two, three or four charge numbers are chosen as the nearest integer values
above and below the most probable charge obtained from “unchanged charge
distribution” (ZUCD) corrected with a possible charge polarization (ΔZ). For each
fragment pair of the fragmentation range, all quantities are calculated for total
kinetic energies values (TKE) covering a convenient range.
b. The primary result of the Point-by-Point model consists in the multiparametric matrices of all quantities characterizing both the FF and the prompt
emission data (generically labeled q (Z, A, TKE)). These matrices do not depend
on experimental data. To provide q (Z, A, TKE), the PbP model only needs data
taken from reference parameter libraries such as mass excesses and shell
corrections from RIPL3 [7] and optical model potential parameterizations needed
for the calculation of compound nucleus cross-sections of the inverse process of
neutron evaporation from all FF involved (also taken from RIPL3 [8]) .
c. The PbP model is able to provide almost all quantities characterizing the
prompt emission: average quantities as a function of fragment mass (e.g. < ν >((A)),
average quantities as a function of TKE (e.g. <ν>(TKE)) or total average ones (e.g.
< νp >, PFNS). These data are obtained by averaging the corresponding multiparametric matrices over different fragment distributions: the charge distribution
p(Z, A) (usually taken as a narrow Gaussian function [9]) and the fragment mass
and TKE distribution Y(A,TKE), which are usually experimental data.
To obtain the average quantities as a function of fragment mass, the corresponding
matrix is averaged over charge and total kinetic energy distributions [2, 10]:
< q > ( A) =

∑ q( Z , A, TKE) p( Z , A) Y ( A, TKE) ∑

Z ,TKE

p ( Z , A) Y ( A,TKE).

(1)

Z ,TKE

Average quantities as a function of TKE are obtained by averaging the
corresponding matrix over charge and mass distributions:
< q > (TKE) = ∑ q( Z , A, TKE) p ( Z , A) Y ( A,TKE)
Z,A

∑ p( Z , A) Y ( A,TKE)

(2)

Z,A

The total average quantities are obtained by averaging the corresponding
matrix over charge, mass and TKE distributions:
< q >=

∑

Z , A,TKE

q( Z , A, TKE) p ( Z , A) Y ( A, TKE)

∑

p ( Z , A) Y ( A, TKE).

(3)

Z , A,TKE

The mass and TKE distributions of the fission fragments needed in present
calculations were measured at Institute for Reference Materials and Measurements,
Geel, Belgium (IRMM) in the case of 234,235U(n,f) [11] or were taken from
EXFOR[12] for 239Pu(nth,f), 240Pu(SF) and 232Th(n,f).
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3. RESULTS AND DISCUSSIONS
For all fissioning systems for which experimental ν(A) data exists, it was
observed that the ratio νH/νpair(AH) exhibits a systematic behaviour that is similar
with the behaviour of the ratio E*H/TXE(AH) obtained from the modeling at
scission [13]. This representation, focused on the heavy fragment group allowing to
observe systematic behaviours, was preferred in the place of the traditional ν(A) or
E*(A), because the nuclei forming the heavy fragment group are not changing
significantly from one fissioning system to another.
The E*(A) results obtained by modeling at scission reveal the same
systematic behaviour of the ratio E*H/TXE(AH) as the experimental ratio νH/νpair(AH)
[13] consisting in: νH/νpair is less than 0.5 for fragments pairs with AH < 140, with a
minimum around AH = 130÷132 (driven by the magic numbers Z = 50 and N = 82);
νH/νpair is approximately 0.5 for fragmentations with AH around 140 and it exhibits
an almost linear increase for AH above 140.
An example of E*H/TXE (AH) is presented in Fig.1 [1], for 235U(n, f) in the
upper part and for 239Pu(nth,f) in the lower part. The results of modeling at scission
are plotted with full blue circles in comparison with the “indirect experimental
data” (plotted with different open symbols). The linear parameterizations are
plotted with red solid lines.
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Fig. 1 – E*H/TXE parameterization in comparison with the results of modeling at scission
and the experimental data for 235U (n0.5MeV,f) (upper part) and for 239Pu(nth,f) (lower part).

Examples for the validation of the E*H/TXE parameterization are given in
Figs. 2, 3 for 235U(n,f) and 239Pu(nth,f), respectively. In both figures, the E*(A)
resulted from modeling at scission (plotted with red circles at En = 0.5 MeV and
blue diamonds at En = 5.5 MeV in Fig. 2 and with blue circles in Fig. 3) and from
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the linear parameterization (small symbols connected with lines only to guide the
eye) are very close each to other and describe very well the “indirect E*
experimental data” [4].
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Fig. 2 – 235U(n,f): E*(A) resulted from the modeling at scission and from the parameterization in
comparison with the “indirect experimental data”.
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Fig. 3 – 239Pu(nth,f): E*(A) resulted from the modeling at scission and from the parameterization in
comparison with the “indirect experimental data”.

In Fig. 4, the PbP calculations of ν(A) for 235U(n,f) using the E*H/TXE parameterization given in the upper part of Fig.1 (plotted with red squares at En = 0.5 MeV
and blue diamonds at En = 5.5 MeV) describe very well the experimental data [14]
(different grey symbols) including the interesting behaviour of multiplicity
increasing with En for heavy fragments mainly.
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Fig. 4 – 235U(n,f): PbP results of ν(A) obtained by using the E*H/TXE parameterization.

In the case of 239Pu(nth,f), the ν(A) results (given in Fig. 5 with green circles)
obtained by using the present E*H/TXE parameterization (given in the lower part of
the Fig.1) are in good agreement with the experimental data [15].
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Fig. 5 – 239Pu(nth,f): PbP results of ν(A) obtained by using the E*H/TXE parameterization.
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Similar calculations were performed for both induced and spontaneous
fissioning systems with scarce or totally missing experimental data, as following:
–234 U(n,f) at 14 incident energies values ranging from 0.2 MeV to 5 MeV
(benefiting of recently fragment distributions measured at IRMM [11])
–232 Th(n,f) at 6 incident energies ranging from 1.6 MeV to 5.8 MeV for
which fragment distributions exist in EXFOR [12])
–240 Pu(SF) using the fragment distributions also taken from EXFOR [12].
For all cases mentioned above, linear parameterizations of E*H/TXE (AH)
were performed. A few examples of E*(A) results obtained by modeling at scission
and using the obtained parameterizations are plotted in Figs. 6, 7, 8.
In Fig. 6 and Fig. 7, the E*(A) and ν(A) results for 234U(n,f) and 232Th(nth,f)
respectively, are given at several incident energies. As can be seen in these figures,
the results of E*(A) obtained from the linear parameterizations are very close to
those from modeling at scission. Both for 234U(n,f) and 232Th(n,f), the PbP results
of ν(A) obtained using the present parameterization exhibit the interesting behavior
consisting in the ν-increase with En for heavy fragments mainly.
The case of 240Pu fissioning system from the ground state (240Pu(SF)) and
from the excitation energy (E* = Bn = 6.5335 MeV) (239Pu(nth,f)) is given in Fig.8.
The E*(A) behaviour (that is practically the same with the ν(A) behaviour) does not
confirm the increase with En for heavy fragments mainly. Both calculations,
modeling at scission (red and blue symbols) and present parameterizations
(magenta and cyan symbols connected with lines), are again close each to other.
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Fig. 6 – 234U(n,f):E*(A) resulted from the E*H/TXE parameterization (upper part),
PbP results of ν(A) (lower part) calculated by using E*(A) plotted in the upper part.
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Fig. 7 – 232Th(n,f):E*(A) resulted from the E*H/TXE parameterization (upper part),
PbP results of ν(A) (lower part) calculated by using E*(A) plotted in the upper part.
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Fig. 8 – Comparison between E*(A) resulted from modeling at scission and E*(A)
from the E*H/TXE parameterization for 240Pu(SF) and 239Pu(nth,f).
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An interesting finding that deserves to be mentioned is the insensibility of the
fragment pair multiplicity (νpair = νL+νH) to the TXE partition. This fact is proved
by very close νpair (AH) results obtained by very different TXE partitions used in the
same model and by different models using different TXE partitions as following:
– Point-by-Point model using E*(A) from modeling at scission, from
parameterizations or even the very rough TXE partition (E*H = E*L = TXE/2)
– Very different approaches: the present deterministic PbP model and the
probabilistic Monte Carlo treatment [13, 16] (FIFRELIN code of CEA Cadarache)
using different TXE partitions.
An example is given for the case of 239Pu(nth,f) for which νpair(AH) resulted
from different ν(A) model calculations using different TXE partitions are plotted in
Fig. 9 together with the experimental data taken from EXFOR [15]. As can be seen
all νpair results are close to each other and also in good agreement with experimental
data. Even the very rough approximation of TXE/2 gives νpair results very close to
all other ones.
This fact is exemplified in Fig. 9 for 239Pu(nth,f). νpair(AH) provided by PbP
calculations using the present parameterization (magenta circles) and using the
rough TXE/2 partition (open wine circles) are practically identical. The Monte
Carlo results obtained with two different TXE partition driven by different RT
functions (blue and cyan diamonds) are also almost identical. Moreover, the PbP
and the FIFRELIN results are close each to others, too, and in good agreement with
the experimental data (different grey open symbols).
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Fig. 9 – 239Pu(nth, f): νpair results from E*H/TXE parameterization in comparison
with different results obtained with different TXE partitions.
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4. CONCLUSIONS
1. The partition of the total excitation energy between fully accelerated
fission fragments obtained from the modeling at scission revealed a systematic
behaviour of the ratio E*H/TXE(AH) that is similar with the behaviour of
experimental νH/νpair (AH) ratio.
2. This systematic behaviour of E*H/TXE(AH) allows simple linear
parameterizations that can be used in the PbP model (instead of the fragment
excitation energy resulted from the modeling at scission) to provide/ predict
prompt emission data in a shorter computing time.
3. The inter-comparison of the obtained results for the studied fission systems
as well as their comparison with the existing experimental data revealed some
interesting facts which can be synthesized as following:
– An increasing of E*(A) with the incident energy, reflected in an increasing
of ν(A) for heavy fragments only is obtained for all studied neutron induced fissioning
systems, confirming the experimental observations and the results of other models.
– The insensibility of the fragment pair multiplicity to the TXE partition is
verified by the PbP model calculations using many and very different TXE partitions
and also by the comparison with νpair results of the Monte Carlo treatment.
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