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Abstract "

Prompt fission neutron spectra from neutron-induced fission of 235U at E, ~T7 MeV
and E, ~ 14.7 MeV are analyzed. Exclusive spectra of the pre-fission (pre-saddle)
(n,znf) reaction neutrons are calculated with Hauser-Feshbach statistical model, fission
and (n,zn) reaction cross section data being described consistently. Observed prompt
fission neutron spectra of 235U are shown to be strongly correlated with the emissive
fission contributions to the observed fission cross sections.

1 Introduction

The shape of the prompt fission neutron spectra (PFNS) of actinide neutron-induced fission
much depends on the incident neutron energy E, and the target nuclide fissility. In the
domain of emissive fission reaction, the spectrum shape variation is defined mostly by the
increase of the pre-fission neutron emission with increase of the E,.. Analysis of measured
U (n,F) and **Th(n,F) PFNS data showed that a number of data peculiarities could be
correlated with the influence of (n,znf) prefission neutron spectra on the observed PFNS
(1, 2, 3]. Recent experimental investigations of PFNS of 2*U(n,F) by Ethvignot et al. [4] for
E, from 0.4 MeV up to 200 MeV, along with detailed PFNS data by Boykov et al. [5, 6] at
E, ~14.7 MeV provides a possibility to evidence the emissive fission influence on the PFNS
for a wider range of excitation energies and fission probabilities.

2 MODEL

In a neutron-induced fission of 25U at least two prompt fission neutron sources could
be distinguished, namely: pre-fission and post-fission neutrons. Contribution of the pre-
equilibrium neutron emission, which could be emitted before a composite nuclide 236U at-
tains thermal equilibrium, could be reliably fixed by the consistent description of 57 (n,F),
#5U(n,2n) and %%U(n,3n) reaction cross sections. Emission probability of the pre-fission
neutrons, which might be evaporated before a composite system attains saddle-point de-
formation, is also fixed rather unambigously, because fission probabilities of 25U and 23U,
2merging after successive emission of pre-fission (or pre-saddle) neutrons are defined by the
description of 24U (n,f) and 2**U(n,f) first-chance fission cross sections. Calculated exclusive
(n,znf) reaction neutron spectra for the 23U4n interaction are strictly correlated with the
sonsistent description of ***U(n,F), 2%U(n,2n), »*5U(n,3n), 2U(n,n’) and U total cross
sections.
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Figure 1: 235U(n,F) cross section.

After scission neutrons are emitted by the primary fission fragments. The average energy
of the prompt fission neutron spectrum (E) in the laboratory system (LS) is estimated as
(E) = () + E,, where (€) is the average neutron energy in the center-of-mass system (CMS)
and E, is the CMS energy per nucleon. Most of the neutrons are emitted from the fragments
after full acceleration in their mutual Coulomb field, though it might be assumed that some
neutrons could be emitted just after scission (7], i.e., before full acceleration of the fission
fragments. This peculiarity was taken into account implicitly in modelling the PFNS of
22T (n,F) and 2**U(n,F) by decreasing the value of E,.

2.1 Pre-fission (n,xnf) spectra

In case of 2U(n,F) reaction at E,, ~14.7 MeV, i.e. above (n,2nf) reaction threshold E,on,
the contribution of (n,nf) and (n,2nf) reaction neutrons might be evidenced in PFNS 5, 6].
Contributions of (n,znf) fission reactions to the observed (n,F) reaction cross section, coming
from fission of relevant equilibrated U nuclei, are calculated in a Hauser-Feshbach approach,
implemented in a STAPRE statistical model code [8] as

X
O'nF'(En) = Unf(En) 3K Zan,znf(En)v (1)

z=1
using fission probabilities P/ (U) of relevant nuclei

U:.l},afn

onamt(B) =3 [ WPy U)IU )
Jr
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Figure 2: 1st neutron spectrum of 2U(n,F) at 14.7 MeV

Here, W;/T,(U) is the population of (z + 1)~th residual nucleus at excitation energy
U after emission of z neutrons, excitation energy U7NF is defined by the incident neutron
energy E, and the energy, removed from the composite system by (n,znf) reaction neutrons.
The other details are described elsewhere [2, 3].

Fission cross section data of 25U (n,F) are compared with the calculated curve on Fig. 1.
The contributions of z-th multiple-chance fission reactions to the observed fission cross sec-
tion (z(Er) = 0nanf(En)/0nr(Ey) and exclusive pre-fission neutron spectra da;@né /de, i =
1...z, were calculated simultaneously. Observed fission cross section data, 9, 10] for U (n,F)
reaction and contributions of the 2*U(n,f) (first-chance) fission reaction, 257 (n,nf) (second-
chance) fission reaction and 2**U(n,2nf) (third-chance) fission reactions to the observed
#5U(n,F) fission cross section are shown on Fig. 1. For E, > Epuny, first-chance (non-
emissive) fission cross section of 5U(n,f) is rather weak function of E,, it is similar to the
trends, predicted for ***U(n,F) and 2**Th(n,F) reactions [2, 3, 11]. Present multiple fission
chances partitioning of the observed 57 (n,F) fission cross section is strongly discrepant
with the predicted fission chances distribution of ENDF/B-VI [12]. We argue that estimates
of multiple-chance fission contributions, different from that shown on Figs. 1, would either
deteriorate consistent description of *5U(n,F), 2%U(n,2n) and #5U(n,3n) or non-emissive
24U(n,f) and 23U (n,f) reaction cross sections,

Present statistical model of fission reaction assumes fission/neutron evaporation compe-
tition during decay of the excited compound nucleus, which is formed after the first-chance
emission of pre-equilibrium neutron [8], treated with a simple version of exciton model
[14, 15]. The equilibration is treated with a set of master-equations, describing the evolution
of the excited nucleus states, classified by the number of particles plus holes [8]. Equations,
used to calculate the exclusive pre-fission neutron spectra are described elsewhere [2, 3].

- do} .
For example, exclusive neutron spectrum of the first neutrons %L of (n,2nf)! reaction,
ie. #U(n,2nf)!, is obtained integrating the first neutrons spectrum of 235U(n,2nx) reaction,
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Figure 3: 2nd neutron spectrum of *U(n,F) at 14.7 MeV

i.e., 25U (n,2nx)!, multiplied by the fission probability of nuclide 23477

En—B2%
doloy / dolgis T2 B — B =~ emfn) s 3)
des 1 de T24(E, — B® —e—¢) J

0

The hard-energy tail of the first neutron spectrum da—i‘zﬂl of the 23U(n,2nf) reaction would
resemble the fission probability shape of 22U nuclide. ’

Figure 5 shows (n,nf)'and (n,2nf)! components of the first neutron spectrum 2357 (n,nx) at
E, ~14.7 MeV. Relative contributions of first neutron spectra of (n,xnf) reaction to the first
neutron spectrum of 2%5U(n,nx)! reaction are correlated with ~-emission /neutron /fission
competition for the residual U nuclei, i.e., by the level density and fission barrier parameters
of relevant fissioning and residual nuclei. (n,nf)!and (n,2nf)! components

Shape of the (n,nf)! spectrum d—%ﬁ for 25U (n,F) reaction is defined by the fission prob-
ability of »5U nuclide. Figure 1 demonstrates that contribution of the (n,nf) second-chance
fission reaction to the observed fission cross sections is rather flat above the relevant threshold
Epnj. However, sharp decrease of 2350 (n,nf) " reaction spectrum for emitted first neutron
energies € 2 F, — By would be evidenced in measured prompt fission neutron spectrum

(see below). The (n,2nf)! spectrum T—S%i contribution'is systematically lower than that
of (n,nf)! (see Fig. 5), however with the increase of the E, up to ~20 MeV it might turn
higher.

Exclusive second and third neutron spectra of the 235U(n,2nf) and 2**U(n,3nf) reactions,
are calculated as a double or triple integrals, starting from the 235(J(n,2nx)? and #°U(n,3nx)?,
i.e. emission spectra of the second and third neutrons, respectively. First (n,2nf)! and second
(n,2nf)? neutron spectra of the #*U(n,2nf) reaction are defined to a large extent by the fission
probability of the U nuclide. First (n,3nf)’, second (n,3nf)? and third (n,3nf)* neutron
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Figure 4: PFNS of 5U(n,F) at 14.7 MeV

spectra of the 2*U(n,3nf) reaction are defined to a large extent by the fission probability of
the U nuclide. The details of the calculations are described in [2].

Figure 6 shows the (n,2nf)? component of the second neutron spectrum 5U(n,nx)? at
14.7 MeV. Relative contribution of the second neutron spectrum of (n,2nf) reaction to the
second neutron spectrum of 2*U(n,2nx)? reaction are correlated with 7-emission/neutron/fission
competition for the residual U nuclei.

2.2  PFNS for multiple-chance fission

At incident neutron energies above emissive fission threshold and up to E, = 20 MeV
prompt fission neutron spectra S(e, E,) are calculated as a superposition of (n,znf) pre-
fission neutron spectra dcr,’imf/de (z =1, 2, 3 or 4, k =1, 2..z) and post-fission spectra
Sat2-z(€, Bn) of neutrons, evaporated from fission fragments:

S(e, Bn) = Sati(e, En) + Sa(e, Bn) + Sp-1(e, Bn) + Saale, En) =
1

v B (BR) - B(Bn) - San(e, Bn) + Ba(Ba)lva(Bn = (Bung)) - S, ) + 220

A 1 2 do, iZn f da1212n f
oy ﬂS(En)[V-'i(ETL T Bn rey <En2nf> i <En2nf>) i SA-—](E: En) -t (T + _dé'-—)]+
Ba(En)va(En — B = BA™" = (BElgs) — (B20s) = (Ens)) - Saale, En)
da111.3n f darzLSn f da?zSn f
(ot Loing y Py, (@

§A+2_I(5, E,) denote contributions to the observed prompt fission neutron spectra, which
could be traced to multiple-chance fission reactions, (E‘,’imf> is the k—th neutron average
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Figure 5: PFNS of 25U(n,F) at 7 MeV

energy (k < z) of the (n,znf)-reaction neutron spectrum dok,,;/de. The calculation of
Spsa_s is described elsewhere [16]. The systematic [17] was used to estimate partial prompt
neutron multiplicities v, below emissive fission threshold.

3 Measured PFNS data analysis

Figure 4 shows PFNS measured data for %5U(n,F) reaction at E, ~14.7 MeV and calculated
PFNS. Data points as well as the calculated curves are shown relative to the Maxwell distri-
butions with average energy (E) =2.136 MeV, PFNS of evaluated data files of ENDF/B-VI
[12] (at E, ~15 MeV) and JENDL-3.3 [18] (at E, ~14 MeV) data libraries are also shown.
Figure 5 shows the comparison of calculated PFNS, when available, at E, =7 MeV. The
variation of the (n,nf)! neutron contribution to the observed PFNS with the increase of
Ey, ~ E, — Bj energy is evident in present calculation. It looks like a wave, moving from
the left (Fig. 5) to the right (Fig. 4) side of the plots.

Measured and calculated prompt fission neutron spectra at 14.7 MeV, i.e., above 235 (n,2nf)
emissive fission threshold, were reconciled with the same approach as it was done for the
238J(n,F) and 2Th(n,F) [2]. Considering only the influence of excitation energies on the
emission process, s ~ 0.9 was estimated due to the pre-acceleration emission. We employ
Cops for 25U (n,F) also for E, <12 MeV, having in mind that it is at least a semi-empirical pa-
rameterization of measured PFNS data. We reproduced measured PFNS data for *¥U(n,F)
and ?Th(n,F) at E, >12 MeV assuming that CMS energy per one nucleon E,, is further
reduced as:

E,ij = a1 By (5)

336



107 T

10!

102

10

BS(E.). 1MeV

3

B A . Vv

0 S 10 15 20
NEUTRON ENERGY, MaV

Figure 6: Multiple-chance components of 25U(n,F) at 14.7 MeV

For 22Th(n,F) and 2¥U(n,F) we supposed that a; = 1 for E, <10 MeV and oy =0.8 for
E, >12 MeV and is linearly interpolated in between.

General trend of PFNS data for the 235U(n,f) reaction at E, =14.7 MeV (Fig. 4) is
reproduced with a; =0.8, however a better fit is obtained with a; =0.7. For E,, =14.7 MeV
(see Fig. 4) increase of Ej, for (n,nf)! reaction spectra, as compared with E,, =7 MeV (Fig.
5) is reproduced. We might assume that change of the data shape around € ~3 MeV is due
to the sharp decrease of the first neutron spectrum contribution of (n,2nf)! reaction to the
observed PFNS at E, =14.7 MeV (see Fig. 4). Small excess of the soft neutrons with £ <0.5
MeV is observed, but it is much lower than in previous evaluations of ENDF/B-VI [12] and
JENDL-3.3 [18]. The peculiarities of the same nature were evidenced in case of %%U(n,F)
and ?*?>Th(n,F) PFNS data analysis [2].

Decomposition of the observed prompt fission neutron spectra into contributions of
multiple-chance fission (see Eq. 9) allows to deconvolute the observed prompt fission neutron
spectrum into contributions coming from non-emissive fission of 26U nuclide Sas1(En,€),
second-chance fission - (n,nf)-reaction neutrons and neutrons, evaporated from the fission
fragments of U nuclide §A(En,5), third-chance fission - (n,2nf)-reaction neutrons and
neutrons, evaporated from the fission fragments of U nuclide Ss_; (B, ). Figure 6 shows
contributions from the multiple-chance fission for 23U(n,F) reaction at E, =14.7 MeV.

In case of *°U(n,F) reaction contribution from the first-chance fission at E, =14.7 MeV
is higher than those of second and third-chance fission reactions, only for 7< ¢ <8 MeV the
contribution of second-chance fission becomes higher than that of the first-chance fission.
Contribution of the 23*U(n,nf)-reaction neutrons produces a wide peak in the observed PFNS
(see Fig. 6). This second-chance fission contribution fades out at € =9 MeV, at higher &
values mostly neutrons from fission fragments of fission of 23U nuclide contribute to the
S(En,€). Contribution coming from the 25U(n, 2nf) fission reaction Sp_1(En,€) is lower
than those of 25U(n,f) and 2**U(n,nf) reactions, i.e., S411(En, €) and Sy (E,, ), respectively.
A flat step around € ~3 MeV is due to the contrlbutlon of (n,2nf)!, the first neutron of
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Figure 7: Multiple-chance components of **U(n,F) at 7 MeV

(n, 2nf) reaction, it fades out at higher ¢ values as well. At higher E, the same peculiarity
in Sj_s(En, €) might be observed, it might be due to the contribution of the first neutron
of (n,3nf) reaction. The peculiarities, observed for the PFNS of E, =14.7 MeV are much
different from those, shown on Fig. 40 in paper by Madland an Nix [19], where the second-
chance fission contributes mostly to the PFNS at E, =14.7 MeV. That might be due to
rather fast decrease of the first-chance fission contribution to the observed fission cross
section, assumed by Madland an Nix [19] and adopted in the evaluation of ENDF/B-VI [12]
(see Fig. 1).

At E, =7 MeV contribution of the second-chance fission equals to that of the first-chance
fission for ¢ <1 MeV (see Fig 7), that is obviously due to the appreciable contribution of
the pre-fission neutron. For higher emitted neutron energies e the second-chance fission
contribution is systematically lower than that of the first-chance fission. Actually, the excess
of soft neutrons for PENS of 235U (n,F) at E, =7 MeV was observed gas early as in 1975 [20]
(see Fig.5). General trend of the measured data by Frehaut et al. [20] is quite compatible
with present calculation.

Figure 8 compares average energies of PFNS (E), measured by Ethvignot et al. [4],
previous experimental data [6, 21, 20, 22, 23] with evaluated data [18, 12, 24] and present
calculations. Average energies (E) by Ethvignot et al. [4] were obtained by detecting emitted
prompt fission neutrons with energies from e =0.8 MeV to e =7.5 MeV. The authors [4] claim
to diminish the influence of the emitted energy cuts on the average energy estimates and
provide the average over all emitted neutron energies. Indeed, the (E) by Ethvignot et al.
[4] is rather close to the previous experimental estimates in the first plateau region and at
E, ~14.7 MeV [6]. However, the average energy defined by Frehaut et al. [20] at E,

7 MeV for emitted prompt fission neutrons with energies from ¢ =1 MeV to € =10 MeV
coincides with the data by Ethvignot et al. [4]. Figure 5 shows that pre-fission neutrons at
E, = 7 MeV influence the observed PFNS shape for ¢ <1 MeV, i.e., the sensitivity to the
lower detection threshold would be rather high. Figure 8 shows that the largest differences
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Figure 8: 235U(n,F) PFNS average energy

of present calculations with the data by Ethvignot et al. [4] and ENDF/B-VI [12] calculation
are in the vicinity of the 2**U(n,nf) and ?**U(n,2nf) reaction threshold.

4 Conclusion

Analysis of measured 2*U(n,F) cross section and PFNS data showed that a number of data
peculiarities could be correlated with the influence of (n,znf) pre-fission neutron spectra on
the observed prompt fission neutron spectra. Predicted partial contribution of the second-
chance fission **U(n,nf) to the observed fission cross section of 235U (n,F) remains lower than
that of the first-chance fission 23*U(n,f). Pre-fission *®U(n,znf) neutron emission lowers
excitation energy of residual *5U and 2**U nuclides. The spectra of pre-fission (n,znf) are
rather soft, as compared with the spectra of neutrons, emitted by primary fragments after
scission of %6~ nuclides. Combined effect of these peculiarities leads to the lowering of the
average energy of the PFNS of 2*U(n,F) in the vicinity of 2*U(n,nf) and 235U (n,2nf) reaction
thresholds, while average energy of the PFNS of 25U (n,F) increases with the incident neutron
energy increase up to the 2*U(n,nf) reaction threshold. Structures in (E) of PFNS of
#5U(n,F), observed by Ethvignot et al. [4] in the vicinity of the first-chance and third-
chance fission reactions are explained by the pre-fission neutron influence on PFNS.

Summarizing, we anticipate that partial (n,znf) pre-fission neutron spectra for differ-
ent target nuclei would be pronounced to a different extent in the observed PFNS for the
target nuclides with different fissilities. Present estimates of the partial pre-fission neutron
spectra, calculated simultaneously with consistent reproduction of 2**U(n,F) and 235U (n,zn)
reaction cross sections, might seem more reliable than various previous estimates, based on
Weisscopf-Ewing approach [25], or more ambiguous phenomenological estimates of fission
chance distributions, which are used in previous 2*U(n,F) PFNS analyses [19].
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