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Abstract. Prompt fission neutrons and gamma rays are computed using&e@arlo treatment of the statisti-
cal evaporation of the excited primary fission fragment a$sumption of two fragments in thermal equilibrium
at the time of neutron emission is addressed by studyingeh&on multiplicity as a function of fragment mass.
Results for the neutron-induced fissior?81U are discussed, for incident neutron energies from 0.530/&V.
Recent experimental data on the fission fragment yields aadibn of mass and total kinetic energy are used
as input data.

1 Introduction to scission points. Scission neutrons would be those emit-
ted right at the point of breakup of the parent nucleus into

Prompt fission neutrons andrays are indirect probes of  two fission fragments. Finally, post-scission neutrons are

nuclear configurations near the scission point. Studyingemitted once the fission fragments are well formed. Be-

them in detail can reveal some interesting characteristics cause of the extreme fllculty in separating those three

the fission process itself. In particular, it shines somitlig neutron sources experimentally, we will not distinguisérth

on how the total excitation energy available in the system is for the present study. In fact, we will assume that all neu-

shared between the light and heavy fragments. The initialtrons are emitted frorfully accelerated fragments.

spin distribution of the primary fission fragments, about ~ Prompt fissiony-rays are also emitted by the excited

which very little is known, can also be studied through an primary fission fragmentsin competition with neutron emis-

analysis of the competition between prompt neutron andsion. However, they are usually emitted by fragments whose

y-ray emission. residual excitation energy lies below the neutron separa-
Until recently, only average quantities, average spec-tion energy, hence when the only open decay channel is

trum and average multiplicity, were considered in the eval- throughy-ray emission. In the present calculations, it is

uation of prompt fission neutrons for application needs. assumed that-rays are emitted posterior to the neutrons.

At this level of sophistication, important physics questio

cannot be addressed. Going beyond averages, one can leaipen Questions

much more about the fission process, in particular near the

scission point, and provide applications with new detailed

information, such as energy and angular correlations be- - .
tween emitted neutrons prompt fission neutrons andrays. For obvious reasons, a

The present paper discusses Monte Carlo simulationsfve'ss'on'ng systems have been studied thoroughly, while

of the statistical evaporation of primary fission fragments mavnybothﬁrnactllm?eds, SOE a\:;‘ maotr:]ant for agpllrc]:atlc;nt?],
using Hauser-Feshbach type equations. Resultsforthmmeulﬁa € been neglected. but ever € case of one of the
induced fission of3°U are shown. In particular, the ques- most well known system, uranium-235, the exact values

tion of the sharing of the total excitation energy between of the prompt f|3$|o_n heutron spectrum for thermal inci-
the light and heavy fragments is addressed. dent neutrons remain controversial [1]. A recent measure-

ment by Hambsch [2] confirmed some previousatential

measurements, and as such confirmed the discrepancy ob-

L served with integral data.

2 Prompt Fission Neutrons and Gamma Important questions have been raised recently on the

Rays validity of the Los Alamos model (see below) for low-
outgoing neutron energies, belevB00 keV. Some experi-

In the present work, prompt fission neutrons are definedmental measurements suggest that the true spectrum lies

as neutrons emitted within 10713 seconds of the time of ~ above the Los Alamos predictions, and the discrepancy
scission. Among them, one can distinguish between pre-cannot shrunk even with more advanced versions of the
scission, scission and post-scission neutrons. Preigtiss Model. Some authors have suggested that scission neutrons
neutrons are those emitted during the descent from saddl€ould be responsible for the deviation. However, the ques-
tion remains open, as measurements of low-energy neu-
3 e-mail:talou@lanl.gov trons are notoriously dicult to perform.

There remain quite a lot of open questions related to
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While a fair number of PFNS measurements have been3.2 Monte Carlo Approach
performed at thermal incident neutron energy, very few
data exist as a function of incident neutron energy. SuchAlthough very successful, the LA model cannot go be-
data would be particularly useful to study the fission pro- yond what it is was originally intended for: calculating
cess, and not only cross sections, as a function of the exci-average quantities. To dig deeper into our understanding
tation energy of the compound system. of the nuclear fission process, more detailed data need to
Experimental data on promptrays are evenrarer. New be predicted and compared to experimental data. In addi-
experimenta| measurements of prompt fission gamma_raytion, practical applications of exclusive observable are b
spectrum, multiplicity, and more exclusive observablastio ginning to emerge (e.g., non-proliferation). That is ekact
be encouraged, as a comprehensive understanding of théhe purpose of the Monte Carlo approach discussed here,
decay of the fission fragments cannot be achieved with-and already implemented in earlier calculations [7].
out them. Studying the competition of collectiyerays Assuming an initial distribution of primary fission frag-
with prompt neutrons is of particular importance to study ments as a function of mass, charge and excitation en-
the initial spin distribution in the fragments. Such qugnti ~ €rgyY(A, Z,U), one can perform Monte Carlo simulations
could then be used to strongly constrain theoretical modelof the evaporation stage of those fragments by emission

calculations that aim at predicting the configurations efth  Of neutrons ang-rays leading to a distribution of fission
nascent fragments. products. The now familiar Hauser-Feshbach equations can

be used to compute the probabilities of neutrons)analys

to be emitted at each stage of the evaporation cascade. The
3 Theoretical Modeling result is a record file containing a large number of Monte

Carlohistories, the analysis of which resembles the anal-
The theoretical modeling of prompt fission neutrons started ysis of experimental data sets. In this type of calculations
early on with the work of J.Terrell [3]. As of today, the an exclusive observable can be inferred rather simply. As
most reliable nuclear data files present in existing evalu- gn example, the exclusive spectrum of prompt neutrons for
ated libraries contain prompt fission neutron spectrum datawhich 2 and only 2 neutrons are emitted can be obtained
evaluated using the so-called Los Alamos (LA) or Madland-simply by collecting the kinetic energies of the neutrons
Nix model [4] at its core. In many instances, a simpler rep- emitted only in the case the total neutron multiplicity for
resentation based on a Watt spectrum is even used. Variouan event is equal to 2. A similar result could be obtained
developments starting from the initial equations of the LA with well-known deterministic approaches, but with rather
model have been derived over the years (see for instanc&umbersome book-keeping techniques [8].
Refs. [5,6]), but they all rely on the same basic equations  Other exclusive quantities of interest are: neutron mul-
and assumptions. tiplicity distribution P(v); average neutron multiplicity as
a function of fragment masgA); neutron-neutron angular
and energy correlationg;— y correlations; etc.
3.1 Los Alamos Model It is irggortant to noﬁe t?lat this approach does not ad-

Here we only discuss the main assumptions of the Losdress the question of scission neutrons any more than the
Alamos model [4]. In this model, only a small subset of the LA model does, as all neutrons are assumed to be emitted

fission fragments produced in the reaction are considered{Tom the fully accelerated fragments. However, the Monte

at and around the top of the fragment yields. The fragmentsCarl0 approach provides exclusive data that can be com-
are formed with a range of excitation energies, represented®@red to experimental results, leading to a better under-
by a triangular distribution of nuclear temperatures. Atem Standing of the physics near the scission point. In thisesens
perature is obtained from an excitation energy through the®nly does it provide an indirect answer to the question of
use of the Fermi-gas relatioB* = aT?2, wherea is the  SCISSIOn neutrons. . .

level density parameter of the fragment. Prompt neutrons, N the following, the question of thermal equilibrium
are assumed to be emitted from a Weisskopf evaporationP€tween the light and heavy fragments is addressed. For
spectrum at temperatufie Taking into account the boost & 9iven pair of fission fragments and for a given value of
due to kinematic energy from the fragments, the averagetn® average total kinetic energy KE), the average total
prompt neutron spectrum in the laboratory is finally ob- €xcitation energyT XE) available is easily inferred using
tained. _

Three important assumptions are made in the LA model: (TXE) = Qr ~(TKE), @)

i) neutrons are emitted from fully accelerated fission frag- whereQ; is theQ-value of the fission reaction, and is sim-
ments only; ii) the temperatures of the light and heavy frag- ply given by a diference of nuclear masses. What is not
ments are both equal to the temperature in the parent fisknown however is howT XE) is shared among the light
sioning system; iii) the same number of neutrons is emitted and heavy fragments. In the original LA model, both frag-
from the light as from the heavy fragment. ments are assumed to be in thermal equilibrium at scission.
The LA model has been used very successfully over the Although a reasonable assumption, it does not preclude the
years to compute the average prompt neutron spectrum fopossibility of a collective deformation energy beingfeli-
many fissioning systems and for incident neutron energiesent for the light and heavy nascent fragments. At the time
up to ~20 MeV, with a very limited set of adjustable pa- of neutron emission, once the fragments are fully accel-
rameters. erated, these collective energies for both fragments would
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have dissipated into intrinsic energies. At thattime,e¢her  evaluated results using the LA model, such as ENDF
little reason for both nuclear temperatures to remain iden-VI1.0 and JENDL-Actinoid results, and to the experimental

tical. data points by Johansson [10], the Monte Carlo calculated
To study this &ect, let us introduce the parameter spectra are too soft, dropping below the data points for out-
going neutron energies above about 2-3 MeV. This result

_ M) @) holds true for all values of thBr parameter, although the

RGNS result forRr=1.4 is in relatively good agreement with the

evaluated files.
where(T,) and(Ty) are the temperatures in the light and

heavy fragments, respectively. The numerical results show

below will be analyzed as a function of this paramé&er 2 ' T Cale Rp710
To simplify the calculations, no neutron-gamma competi- i —
tion is considered in this work, andrays are assumed to < a0 ——
be emitted only when the residual energy is too low for = [ JENDL Actinoid, 2008 = 1
further neutron emission. Additional work is in progressto
lift this assumption [8]. ’g

E

s
4 Numerical Results 2

T

o
We have performed Monte Carlo simulations for the neu-
tron induced fission of*°U for incident neutron energies . ‘ ‘ ‘
ranging from 0.5to0 5.5 MeV. Experimental data from Hamb- 0.01 0.1 1 10
sch [9] are used for the primary fission fragment yields Outgoing Neutron Energy (MeV)
Y(A, TKE). Figure 1 shows the experimental yields at 0.5 Fig. 2. Calculated prompt fission neutron spectrum for th&#fJ
MeV incident neutron energy. reaction, atE;.=0.5 MeV. Calculations were done for three dif-

ferent values of th&r parameter: 1.0, 1.2, and 1.4.

e I I I ]
0 0001 0.002 0003 0004 0.005 Monte Carlo calculations allow the exploration of phys-
220 ical observables beyond average quantities. Figure 3 shows
the average neutron multiplicity as a function of fragment
200 massv(A). The well-known saw-tooth behavior is well re-
g produced by the calculations, and is primarily due to nu-
180 > clear structure féects, embodied in the level density pa-
160 § rameter. In the present calculations, the Gilbert-Cameron
o Ignatyuk formalism was used to describe level densities in
.- 140 3 the continuum for each fission fragment. Even more inter-
g esting is the evolution of the results as a functioRpfFor
- 120 = Rr=1.0 (red circles), too few neutrons are emitted from the
. . . . . 100 < light fragments, while too many are emitted from the heavy
60 80 100 120 140 160 = fragments, calling for &y value higher than 1.0. In fact,
Fragment Mass (amu) the results obtained witRy=1.2 are in very good agree-
ment with experimental data.
Fig. 1. Experimental fission fragment yields for the n (0.5  Another quantity of interest in the neutron multiplicity
MeV)+23U reaction (Source: F.J.-Hambsch [9]). distributionP(v), shown in Fig. 4. The agreement with the

experimental data from Boldeman [11] is only fair.
The same study can be performed for higher incident

We sampled these experimental fission fragment yields,neutron energies, but below the onset of second-chance fis-
and usindRr as a free parameter, computed the initial con- sion, for which experimental yields have been measured [9].
ditions for the evaporation of fragment, ¢, U). Follow- At 5.5 MeV, the mass symmetric region starts to fill up, and
ing all neutron emissions until the residual energy is lower (TKE) is lowered. Hence, the average total excitation en-
than the neutron binding energy, we accumulated a largeergy (T XE) available in the system increases. Therefore,
number of Monte Carlo histories that were then analyzed. we can expect more neutrons to be emitted at this incident

The average prompt fission neutron spectrum (PFNS)energy not only because of the additional kinetic energy of
calculated in this way is shown in Fig. 2 for thredfdrent 5.0 MeV but also because of the reductiof 5K E).
values ofR7: 1.0, 1.2, and 1.4. We have considered dijy The average neutron multiplicity as a function of frag-
values greater than 1.0 as experimental evidence suggesnent mas(A) is shown in Fig. 5 along with experimental
that more neutrons are emitted from the light than from the data from Miuller [12]. In this case, the results ®Rf=1.0
heavy fragments (see discussion below). Compared to theagree best with the experimental data. It can be understood
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as follows: as the incident neutron energy increases, the

role of shell €fects diminishes, and the ratio of collective

energies stored in the light and heavy fragments tends to-

ward one. Also, the additional kinetic energy present in
the system is directly present as an intrinsic excitation en

ergy in the fissioning system. In this case, the assumption
of phase-space sharing of the energy among the two frag-

ments is most convincing. Bothfects would tend toward
RT ~1.0.

Other fissioning systems have been studied, but will
not be reported here for lack of space. A longer publication
is in preparation.

5 Conclusion

the nuclear fission process near the scission point. Along
with prompty-rays (not addressed here) they can be used
to study the configurations of the fission fragments very
close to their birth place, and better understand how the
total excitation energy available in the system gets trans-
ferred to intrinsic excitation in the fragments. Average ob
servables such as the average PRNE) or neutron multi-
plicity v are not sfficient to provide clear answers to those

fundamental questions, but more exclusive quantities such

asP(v) andv(A) may. The Monte Carlo studies presented
here are a very promising tool to study the physics near
scission and provide new results useful for applications as
well.
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