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Abstract. Model calculations were performed to interpret prompt fission neutron spectra (PFNS) of the
2387 (n, f) reaction for incident neutron energies FE, = 6-18 MeV. Pre-fission (pre-saddle) 2**U(n, znf)
reaction neutron spectra were calculated with Hauser-Feshbach statistical model, **U fission and (n, zn)
reaction cross-section data being described consistently. The increase of the cut-off energy of (n, nf) reaction
neutron spectra with excitation energy of fissioning nucleus is described. For E, = 6-9MeV the low-
energy PFNS component, which is due to the contribution of pre-fission (n,nf) neutrons, is compatible
with measured data. Average energy of prefission (n, nf) neutrons is shown to be rather dependent on E,,.
For E, = 13-18 MeV, a decrease of measured PFNS average neutron energies is interpreted. Spectra of
neutrons, evaporated from fission fragments, were approximated as a sum of two Watt distributions. The
reduced fission fragment velocity is assumed for the neutron emission during fragment acceleration. Several
interpretations of observed soft neutron excess are investigated, i.e., possible uncertainties of emissive fission
contributions and additional neutron source. We claim the soft neutron excess cannot be attributed to the

238U (n, znf) pre-saddle neutrons contribution.

PACS. 25.85.Ec Neutron-induced fission

1 Introduction

Extensive investigations of prompt fission neutron spec-
tra (PFNS) by Boykov et al. [1,2], Smirenkin et al. [3]
and Lovchikova et al. [4] below and above emissive fission
thresholds for the 23¥U(n, f) reaction were accomplished
recently. It was observed that for incident neutron en-
ergies E, ~ 13-18 MeV average energy values of PFNS
(E) were lower than estimates based on previous experi-
mental data [5-8] and theoretical-approach [9] predictions.
This discrepancy invoked the speculations that modelling
of prompt fission neutron emission from fission fragments
in multiple-chance fission reaction, pre-fission (or, equiva-
lently, pre-saddle) (n, znf) neutron emission included, can-
not reproduce the low-energy part of PFNS. The experi-
mental investigations triggered assumptions that some fis-
sion neutrons could be emitted from non-accelerated fis-
sion fragments (see Svirin et al. [10]). However, several al-
ternative explanations of the lowering of average prompt
fission neutron energies (F) look feasible.

# e-mail: maslov@sosny.bas-net.by

In neutron-induced fission of 233U target nuclide, on
the path of the composite nucleus ?**U to the scission
point several neutron-emitting sources could be distin-
guished. Pre-equilibrium neutron could be emitted before
a composite nucleus ?*°U attains thermal equilibrium, it
is obviously a pre-saddle neutron. When incident neutron
energy is higher than the threshold of (n,nf) emissive fis-
sion reaction (Eyns ~ 6 MeV), more pre-saddle neutrons
might be evaporated before a composite system attains
saddle-point deformation. Upon reaching saddle deforma-
tion the nucleus rapidly transits from the saddle point to
the “scission” point. Though this saddle-to-scission time is
rather short (~ 1072%s) [11] “pre-scission” neutrons still
could be emitted [12]. Notwithstanding the type of the
neutrons, emitted before the fissioning U nucleus reaches
the scission point, either they are pre-saddle, or pre-
scission, fission reaction looks like multiple-chance fission.
After scission, primary fission fragments may emit neu-
trons as well. Most of the neutrons are emitted from the
fragments after their full acceleration in mutual Coulomb
field. Tt was shown by Knitter et al. [13] that this happens
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within ~ 10718-10717s. It might be assumed that some
neutrons could be emitted just after scission [14], i.e. be-
fore full acceleration of the fragments. We will analyze
measured PFNS data for the 238U(n, f) reaction above and
below the emissive fission threshold and interpret major
data trends in terms of pre-saddle and post-fission neu-
tron spectra. Previously (n,znf) neutrons spectra were
predicted semi-quantitatively [10,15,16]. We will estimate
the contribution of (n,znf) pre-fission neutrons to the
measured PFNS in a more reliable way, i.e., using Hauser-
Feshbach statistical model calculations, based on the de-
scription of 238U(n, f), 23¥U(n, 2n) and 228U(n,3n) reac-
tion cross-sections [17,18]. We will define the upper level
of possible deficiency of soft neutrons and attribute it to
the influence of various factors, that may change post-
fission neutron spectra.

2 PFNS data analysis

Average energies (E) of PFNS for the 233U(n, f) reaction
versus incident neutron energy F, are shown in fig. 1. Up
to Ey, ~ 10MeV (FE) data, extracted from the measured
PFNS are roughly consistent, while above 238U(n, 2nf)
emissive fission threshold (E, ~ 13MeV) they scatter
by ~ 500keV. Though calculated and evaluated (E(FE,))
curves remain inside this data spread, the uncertainty
makes ambiguous the PFNS shape estimates for 238U and
other actinide target nuclei. Analysis of PENS measured
data might be of help to select reliable PFNS data sets. We
will briefly analyze relevant experimental methods, their
reliability and possible systematic errors.

Prompt fission neutron spectra for 2**U(n, f) reaction
were measured with two different methods. In a simpler
one, rather massive 28U target samples (~ 200g) are
used. Actually, in this case the emissive neutron spectra,
inclusive of both prompt fission and scattered neutrons,
are measured. Only the high-energy part of the emissive
spectrum with £ > F, corresponds exclusively to fission
neutrons, evaporated from fission fragments. Measured
PFNS data are fitted with simple analytical formulas
(Maxwell or Watt), while average neutron energies are
estimated using relevant fitting parameters of the as-
sumed distribution. In other words, the deviation of real
PENS shape from the simple (Maxwell or Watt) formulas
may lead to shifting of the average energy (E) of PFNS.
Hence, it is rather difficult to define unambiguously the
average energy (F) of the PFNS and its shape based
on PFNS data, obtained with this method. The same
happens in case of PFENS for spontaneous fission of 2°2Cf,
where a ~ 150keV shift in (E) can appear, depending on
the fitting energy intervals of fission neutrons. Average
energy (F) data points for E, < 6MeV [19-22], shown
in fig. 1 with solid symbols, were obtained in the way
described above. Some scattering of the (E) data points
could be explained by the dependence on the fitting
energy intervals of PFNS.

Another method is based on the application of multi-
section fission chamber with layers of several grams of
2381, This allows to distinguish fission neutrons against

2.5

n
o

KORNILOV ET AL., 1980
SMIRENKIN ET AL., 1996’

LOVCHIKOVA ET AL., 2000

BOYKOV, 1991

ALMEN ET AL., 1977

KNITTER, 1971

BARNARD ET AL., 1965

BARYBA ET AL., 1977

BERTIN ET AL., 1971

VASILEV ET AL., 1960 1
BARYBA ET AL., 1979

ZAMIATNIN ET AL., 1958

— - y=1

— =T

— - DURING ET AL., 1991

<E>, MeV

1.5

cempbe«dro] P>O

| L L L 0,=08 | L L |

0 5 10 15 20
NEUTRON ENERGY, MeV

Fig. 1. Average energy (E) of PFNS. The solid line corre-
sponds to a; = 0.8, resembling CMS energy reduction; the
dashed line corresponds to a3 = 1; the estimate based on
eq. (8) is shown by a dash-dotted line; the dash-dot-dotted
line is the calculation by During et al. [9].

the background of elastic and inelastic scattered neutrons.
Data points, plotted with open symbols in fig. 1, refer
to the PFNS data, obtained with this method. However,
some fission fragments may be lost due to nonzero registra-
tion threshold, the number of lost fission neutrons being
dependent on the orientation of the chamber electrodes
plane with respect to the neutron detector axis. This pe-
culiarity may provoke systematic error in the measured
neutron spectrum.

Measured PFNS at E,, ~ 14 MeV, reported in [5,6,23,
24] were assumed to be overloaded with pre-fission (n, znf)
neutrons. The data points [5,6,23,24] shown with solid
symbols at F,, ~ 14 MeV were measured with fission ion-
ization chamber, except the data by Zamyatnin et al. [5].
It was assumed then that these neutrons have evaporation
spectrum, average energy being rather low, with a cut-off
energy around E ~ 3MeV. The higher-energy part of the
fission spectrum was fitted with Maxwell (Watt) distribu-
tion, PFNS average energy was calculated as (E) = 1.5T
(Maxwell) or (E) = 1.5T + E, (Watt), where T is the
temperature parameter, while F, is the fission fragment
kinetic energy per nucleon. It is known now that a large
fraction of pre-fission (n,nf) reaction neutrons is emit-
ted via a pre-equilibrium process [1,2]. Consequently, the
“temperature” parameter T, fitted over the high-energy
tail of the neutron spectrum, to which these pre-fission
(n, nf) neutrons contribute, would overestimate the value
of the average PFNS energy (F) and distort the real
post-fission neutron spectrum. For example, the average
energy of the PFNS (E) = 2.087MeV is obtained for
E, = 14.7MeV. The temperature parameter 7', when fit-
ted over the neutron energy range F ~ 3-9MeV gives
(E) = 1.5T = 2.32MeV. The T value for PFNS data of
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Table 1. veyp estimated by PFNS integration and v, measured and calculated data.

FEn, MeV References

vp by Frehaut [25]

Present v, Vexp

6.0
7.0
8.0
9.0
14.3
14.7
16.0
17.7

Kornilov et al. [7]
Kornilov et al. [7]
Kornilov et al. [7]
Kornilov et al. [7]
Baryba et al. [6]
Lovchikova et al. [4]
Lovchikova et al. [4]

Lovchikova et al. [4]

3.214
3.365
3.517
3.669
4.475
4.536
4.728
4.920

3.212
3.366
3.515
3.674
4.495
4.550
4.713
4.937

3.34£0.13
3.72+0.14
3.79£0.15
3.41£0.15
5.09£0.15
4.25£0.10
4.48 £0.13
4.52+0.14

Baryba et al. [6], shown in fig. 1 with solid circle, should
be considered to be too high.

PFEFNS above emissive fission threshold are represented
with data of two sets of experiments. The first one, by
Baryba et al. [6] and Kornilov et al. [7] and the second one,
by Boykov et al. [1,2], Smirenkin et al. [3] and Lovchikova
et al. [4]. In experiments of both sets neutrons were reg-
istered in coincidence with fission events, a multi-section
fission chamber was used to separate fission events, while
a time-of-flight technique was employed for the neutron
spectra measurements. In both measurements PFNS for
the 238U (n, f) reaction were measured relative to those of
252Cf. Time resolutions (2-3ns) and flight paths (~ 2m)
in both sets of experiments were similar. However, esti-
mates of the average energy of PFNS, measured in these
experiments are rather different (see fig. 1). This may be
explained as follows.

In the experiment of the first set by Baryba et al. [6],
the fission chamber efficiency was ~ 70-75% at F, ~
14.3MeV and ~ 80-85% for E, ~ 6-9MeV. In the ex-
periment of the second set by Lovchikova et al. [4], the
efficiency was still higher. In the measurement by Baryba
et al. [6], the electrodes with layers of 23U were oriented
in such a way that the neutron detector axis was per-
pendicular to the chamber electrodes plane. Henceforth,
fission fragments, moving along the electrodes plane might
be lost. The prompt fission neutron spectra for fixed fis-
sion fragment directions are plotted in fig. 2. Due to the
kinematics effect, the total amount of neutrons and their
average energy are much less for the 90°-direction, than
for the 0°-direction. As a result, in the set-up of the experi-
ment by Baryba et al. [6] the total amount of lost neutrons,
would be less as compared with the total number of fission
fragments below the registration threshold. Lost neutrons
have smaller energy as compared with the average value
(E). Because of this fact, a higher average fission neutron
energy (F) is expected in the experiment by Baryba et
al. [6]. As a consequence, due to fission fragment discrim-
inations the direct correlation should be observed, i.e., a
high average energy of measured spectrum (F) should be
accompanied by a higher neutron multiplicity value veyp.
Values of vexp, estimated from measured PFNS data, as
well as calculated v, data are summarized in table 1. Note
the rather strong difference of vey, and v, (~ 10%), it is
much higher than assigned errors for F,, ~ 14.3 MeV data
point [6].

N(E, w), 1/MeV/sr

0 2 4 6 8

10
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Fig. 2. Fission neutron spectra versus energy and cosine p to
the fragment direction in the laboratory system; 1: spectrum at
90°, 2: 0° for the heavy fragment and 3: for the light fragment.

In the experiment of the second set by Lovchikova et
al. [4] a different orientation of the fission chamber elec-
trodes relative to the neutron detector axis was employed.
In addition, some amount of 252Cf was incorporated into
one section of the fission chamber as an admixture to the
uranium layer. It allowed to reduce the influence of the
fragment discrimination threshold on measured PFNS and
neutron multiplicity veyxp. However, it seems that the in-
fluence of the fission chamber efficiency was reduced, but
still not eliminated; in other words, the differences of vey,
are still noticeable. Values of vqy, are lower than measured
and evaluated (5th column) by Frehaut [25] (see table 1).
In all cases, shown in table 1, the values of ve, by Baryba
et al. [6] (except E, ~ 9MeV data point) are higher than
the present calculated values of v}, while values of vy,
by Lovchikova et al. [4] are lower. This peculiarity shows
that experimental data of these measurements also may
contain a systematic error.

In the experiments of the first set, i.e., by Baryba
et al. [6] and Kornilov et al. [7], neutrons were detected
in coincidence with fission events, but there was no tim-
ing of events. The spectra were measured in a “pulsed
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Fig. 3. Measured and calculated PFNS at E, = 7MeV rel-
ative to Maxwell PFNS with the same average energy (E) =
2.024 MeV.

mode” of the accelerator. Consequently, the spectrum
of “background” neutrons was time dependent and the
“effect /background” ratio was poor at higher neutron
energies. This explains neutron excess in PFNS above
E ~ 6MeV (see fig. 3 for E, = 7MeV). Henceforth,
we suppose that data of the experiments of the second
set, i.e., by Boykov et al. [1,2], Smirenkin et al. [3] and
Lovchikova et al. [4], define more realistic level of PFNS
average energies (F).

Available PFNS data by Boykov et al. [1,2], Smirenkin
et al. [3], Lovchikova et al. [4], Svirin et al. [10], Baryba
et al. [6], Kornilov et al. [7] and Kornilov [8], are, with
minor exceptions, relative data without absolute normal-
ization. When absolute normalization is provided, it has
a high systematic error. To compare measured and calcu-
lated data, we normalized the PFNS experimental data
by least-squares fit as

F(C):Z(Ni—CSi)2~wi, W

i

1
:W; (1)

here S; is the calculated value at energy F;, w; is the
weight of the i-th measured data point, 6V; is the ab-
solute error of the experimental value N;. The value of
the coefficient C' was estimated by solving the equation
dF/dC = 0, which gives

ZS’i-Ni-wi

RS SR

(2)

The data presented by open symbols in fig. 1 were
estimated by numerical integration of the experimental
spectra. The lowest and highest parts of the spectra were
fitted by a simple Maxwellian and its parameters were
applied for the relevant extrapolations.

3 Model for PFNS calculation

In the energy range of non-emissive or first-chance fis-
sion, PFNS were calculated as described elsewhere (see
Kornilov et al. [26]). It was shown that PFNS can be de-
scribed as a sum of two Watt distributions:

2
Si(E,Ey) =05 Wi(E, By, Ti;(En), q), (3)
j=1

WZ(EaEn77—‘1j (En)7a) = M(EaTZ])

xexp | — Em'] Sh(\/bijE) (4)
Ti’ bijE
2VE E
T ij 3
4Eui'
bij:T_.Z.]7 ﬂj:kij\/E;k:kij\/ E}—:T]‘YE;-I—[]z (6)
ij

T;; is the temperature parameter for light (1) and heavy
(2) fragments (j = 1,2) of the i-th nucleus, « is the ra-
tio of the total kinetic energy (TKE;) at the moment
of neutron emission to the appropriate T K FE; value for
the i-th fissioning nucleus in the full acceleration limit. In
Watt’s equation (eq. (4)) the CMS energy per nucleon is

reduced as F,;; = o - By, t.e., By = ﬁ -a-TKE;,

Fyoi = Ai%hi -a-TKFE;. Experimental PFNS data were fit-
ted assuming that « is a free parameter. The ratio of “tem-
peratures” for light and heavy fragments T;1/T;o = 1.248
is the second semi-empirical fitting parameter, which was
assumed to be independent of the nucleon composition of
the actinide fissioning nucleus. This approach allows to
reach better agreement with experimental data on PFNS
for non-emissive neutron-induced fission. Figure 4 shows
the 238U(n, f) reaction PFNS for E, = 5MeV, the cal-
culated curve is compatible with experimental data in
the energy range of £ ~ 0.5-12MeV. We assume that
egs. (3), (4), (5) and (6) approximate post-fission neutron
spectra for incident neutron energies below the emissive
fission threshold.

Above the emissive fission threshold, i.e. in the in-
cident neutron energy range E, 2 6MeV, PFNS are
described as a superposition of pre-fission (n,znf) reac-
tion neutrons and prompt fission neutrons, emitted from
238+1-1J nuclides after emission of i pre-fission neutrons:

S(B, Ba) = v (Bu) (v, (Ba) - Bo(En) - So(F, Eu)
+11 (En) b1 (En) =S (E, En) +51 (En) Py (E, En)
v (En) - B2(En) - S2(E, Ey)
+02(En) - [Par (B, ) + P (B, By)] ++-+),  (7)

/ Py (B, Ey)dE = 1,

v(Bn) =3 [(i(Ba) +14) - Bi(Ew)]: (8)

i=0
the subscript ¢ = 0,1,2... denotes multiple-chance fis-
sion of 239U, 238U and 227U after emission of i pre-fission
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Fig. 4. Measured and calculated PFNS at E, = 5MeV rel-
ative to Maxwell PFNS with the same average energy (E) =
2.023 MeV.

(n, znf) neutrons, B;(E,) is the contribution of the i-
th chance fission reaction to the observed fission cross-
section, v;(F,) is the number of prompt fission neutrons
for 239U, 238U and 237U fissioning nuclides, which have
spectra S;(E, Ey) (see eq. (3)), P;;(E, En) is the spectrum
of the j-th pre-fission neutron for the i-th chance fission.
To calculate the observed PFNS, the v;(E,), B;(E,) and
T;; values should be estimated.

The excitation energy U; of the nucleus A; = A+1—14
after the emission of ¢ neutrons was calculated as

Ui=Ea+Bu— > _ ((BEy)+ By));

j<i

(9)

here Bj; is the neutron binding energy for the relevant
residual nuclide. We estimated the excitation energy of
fission fragments as E = E, + U; —TKFE and calculated
the T;;(En) versus excitation energy for each fissioning
nucleus.

The systematics by Malinovskij [27] was used to esti-
mate the prompt fission neutron number v;(E},) below the
emissive fission threshold. In this systematics v;(E),) was
estimated for spontaneous and neutron-induced fission for
a number of actinide nuclei. We assumed that the excita-
tion energy U; is brought to the A; nucleus with the reac-
tion: n+A;_; — fission. The incident neutron energy F}, in
this reaction equals U; — B;_1. The v;(E\,) for the relevant
U fissioning nuclides 23°U, 238U and 237U were calculated.
The total numbers of prompt fission neutrons v(E,) were
calculated with eq. (8) and are shown in table 1.

Figures 3 and 4 show that the present model cor-
rectly describes the PFNS data either for E, = 7MeV
and E, = 5MeV. Similar conclusion can be made for
measured PFNS data for E, up to ~ 9MeV, i.e. the

238,

U E =7 MeV
COMPONENTS OF FIRST NEUTRON
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1 1 =
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Fig. 5. Partial neutron spectra at £, = 7MeV.

PFNS average-energy (F) data trend also would be re-
produced. The calculated curve reproduces the minimum
of the average neutron energy of PFENS at E, ~ 7MeV
(see fig. 1). The pre-fission (n,nf)-reaction spectra contri-
bution allows to reproduce measured prompt fission neu-
tron spectrum in fig. 3. Partial components of the first
neutron spectrum for F,, = 7MeV are shown in fig. 5.
The pre-fission neutron spectrum of the (n, nf) reaction is
defined by competition with the first neutron spectrum of
the (n,2n) and (n, nvy) reactions. The prompt fission spec-
trum at By, < Eyy ~ By — B ~ 2MeV demonstrates the
contribution of (n,nf) pre-saddle neutrons.

3.1 Extrapolation above the (n, 2nf) threshold energy

The model described in the previous paragraph could
not reproduce the PFNS data shape at incident neutron
energies E, 2 13MeV, i.e., above the (n,2nf) reaction
threshold, see dashed curve in fig. 6 showing calculated
PFNS for E, ~ 16 MeV. Discrepancies of the calculated
and measured PFNS data of the same kind are observed
for E, ~ 13.2, 14.7 and 17.7MeV [17]. However, the
increase of cut-off energy Ey, ~ E, — Bt of the (n,nf)
reaction neutron spectra with the increase of the excita-
tion energy of the fissioning nucleus is reproduced, i.e.,
Ey, ~ 9MeV for E, ~ 16MeV, while Fy, ~ 11 MeV
for E, ~ 17.7MeV. A step-like irregularity around
E ~ 3MeV for E, ~ 16 MeV (see fig. 6) and E ~ 5MeV
for B, ~ 17.7MeV (see fig. 7) could be correlated with
the first neutron spectrum of the 238U(n, 2nf) reaction.
First neutron spectra of the (n,nf) and (n, 2nf) reactions
for £, ~ 16 MeV and E,, ~ 17.7MeV are shown in fig. 8.
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Fig. 6. Measured and calculated PFNS at E,, = 16 MeV rela-
tive to Maxwell PFNS with the same average energy (F) =
2.191 MeV. The solid line corresponds to a; = 0.8, resem-
bling the CMS energy reduction; the dashed line corresponds
to a1 = 1; the dash-dotted line corresponds to the deacreased
fission probability of ?**U (negative outer saddle shell correc-
tion); the dash-dot-dotted line corresponds to the increased
pre-equilibrium emission of first neutron.

Other partial neutron spectra of 2**U(n, znf) reactions
have roughly evaporative shape.

In principle, the discrepancy of calculated PFNS (see
dashed line in fig. 6) and measured data could be at-
tributed to the erroneous estimate of the main tempera-
ture parameters 7T;; for the post-fission neutron spectrum
calculation with eq. (6). To validate the T;; temperature
parameter values, we calculated the average PFNS energy,
using the same v;(Ey), §;(Ey) and (E;;) functions, as ear-
lier, while average energies for post-fission neutrons were
calculated as recommended in [7,8]:

(Ei) = 1.5T; = 1.5 x (a + bv/v; + 1),

a=041, b=04T7. (10)
The relevant dependence of the average neutron energy
(E) versus incident neutron energy E,, is shown in fig. 1 by
the dashed line. The estimate of (E) by During et al. [9],
obtained taking into account multiple-chance fission, is
also shown in fig. 1 by the dash-dot-dotted line. Theo-
retical models, the present and that by During et al. [9],
predict roughly the same increasing trend at higher FE,
values. Particular features of the models are: a) “temper-
ature” parameter T ~ /Ey, b) coefficients k;; and a,b in
egs. (6) and (10) were adjusted to fit the measured PFNS
data for E, < 6MeV.

The comparison of calculated PFNS with measured
data shows that the present model describes the measured
PEFNS at E,, < 9MeV [17], but fails at higher E), energies,
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Fig. 7. Measured and calculated 233U PFNS at E, =
17.7 MeV relative to Maxwell PFNS with average energy (E) =
2.0878 MeV. The solid line corresponds to a1 = 0.8, resem-
bling the CMS energy reduction; the dotted line corresponds
to ap = 1.
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Fig. 8. First neutron spectra of **U(n, nf) and 2**U(n, 2nf)
reactions at I/, = 16 MeV and E, = 17.7MeV.

actually above the 238U (n, 2nf) reaction threshold. In the
following sections we will discuss possible ways to mitigate
this discrepancy, i.e. assumption of neutron emission dur-
ing fission fragment acceleration, multiple-chance fission
contribution variation and addition of an extra neutron
source.
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Fig. 9. #*3U(n, F) fission cross-section; the solid line represents
the present results; the dash-dotted line corresponds to the
deacreased fission probability of **°U (negative outer saddle
shell correction); the dash-dot-dotted line corresponds to the
increased pre-equilibrium emission of first neutron.

3.2 Neutron emission during fragment acceleration

It was proposed by Eismont [28] that for excitations higher
than ~ 20MeV prompt fission neutrons could be emit-
ted from the fragments before their full acceleration. That
means that for £, ~ 14 MeV or higher, the neutron emis-
sion time might be comparable with the 233U(n, ) fission
fragments acceleration time of ~ 1072s; in other words,
some neutrons could be emitted during fragments acceler-
ation. Consequently, the center-of-mass system energy and
average neutron energy in the Laboratory System would
be reduced [29]. We assume that the CMS energy per one
nucleon E,;; could be further reduced (see egs. (4)-(6)) as

(11)

here oy = 1 for E, < 10MeV and o; = 0.8 for E, >
12 MeV, it is linearly interpolated for 10 < E,, < 12MeV.
This correction was made for the 233U(n,f), 233U(n, nf)
and 23%U(n, 2nf) multiple-chance fission reactions. The rel-
evant calculated (E) and PFNS are shown in figs. 1 and 6
by solid lines. This additional lowering of average energy
of PFNS due to the reduced fission fragment velocity at
the moment of neutron emission removes the major dis-
crepancy between calculated spectra and measured data.
This hypothesis roughly describes also the reduction of
the average energy of PFNS (E).

Eyij = a1 -a- Eyy,

3.3 Multiple-chance fission

The contributions of the i-th multiple-chance fission re-
actions to the observed fission cross-section G;(E,) and
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Fig. 10. 238U(n7 2n) reaction cross-section; the solid line rep-

resents the present results; the dash-dotted line corresponds to

the deacreased fission probability of 239U (negative outer sad-

dle shell correction); the dash-dot-dotted line corresponds to
the increased pre-equilibrium emission of first neutron.

pre-fission neutron spectra Pj;(E, Ey), i.e., spectra of
the j-th pre-fission neutrons for the i-th chance fission,
were calculated in a Hauser-Feshbach statistical-model
simultaneously with the 23¥U(n,F) [30-35] (see fig. 9)
Z38U(n,2n) [36-44] (see fig. 10) and 238U(n, 3n) [40,42]
(see fig. 11) reaction cross-sections [17,18]. The pre-
equilibrium first-neutron emission was taken into account,
then average neutron energies (E;;) were estimated. Con-
tributions of the 238U(n,f), 238U(n,nf) and 2**U(n, 2nf)
fission reactions to the observed 2**U(n, F) fission cross-
section are shown in fig. 9. There are different estimates of
multiple-chance fission contributions to the observed fis-
sion cross-section of 23%U [10,15,16], in our approach first-
chance non-emissive fission cross-section of the 238U(n, f)
reaction is a weak function of the incident neutron en-
ergy [17,18]. Contributions of second-chance 23%U(n, nf)
and third-chance 238U (n, 2nf) fission reaction are defined
by 237U(n,f) and 23¢U(n,f) non-emissive fission cross-
sections description in the first “plateau” region, respec-
tively. We argue that other estimates of multiple-chance
fission contributions [16] would deteriorate the consis-
tent description of 238U (n, F), 223U (n, 2n) and 238U(n, 3n)
or non-emissive 2*"U(n,f) and 225U(n, f) reaction cross-
sections, though they could improve the description of the
measured PFNS data.

Indeed, pre-fission (n, znf) neutron emission lowers the
excitation energy of residual nuclei. Reducing the contri-
bution of non-emissive first-chance fission, i.e. 238U(n, f)
reaction, and increasing the contribution of multiple-
chance fission, i.e., 238U (n, nf) and 23¥U(n, 2nf) reactions,
we could reduce the average energy of PFNS down to
the level predicted by PFNS data by Boykov et al. [1],
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Fig. 11. 238U(n, 3n) reaction cross-section; solid line represents
the present results; the dash-dot-dotted line corresponds to the
deacreased fission probability of 23°U (negative outer saddle
shell correction); the dash-dotted line corresponds to increased
pre-equilibrium emission of first neutron.

Smirenkin et al. [3] and Lovchikova et al. [4]. Redistri-
bution of multiple-chance fission contributions to the ob-
served PFNS may mitigate the discrepancy of calculated
PFNS with measured data. There are two options to re-
duce non-emissive first-chance fission cross-section [18].
Since the behavior of the first-chance fission cross-section
of is obviously related to the energy dependence of the
first-chance fission probability of the 239U nuclide Py,

on = 0:(1—q(En))Pa, (12)
its contribution to the observed fission cross-section
could be lowered by increasing the contribution of first
neutron pre-equilibrium emission ¢(Fy), or decreasing
the first-chance fission probability Pr;. The first-chance
fission probability P;; depends only on the level density
parameters of the fissioning 2*°U and residual 238U
nuclides. Actually, it depends on the ratio of shell
correction values at the outer saddle deformations of the
double-humped fission barrier 6W; and dW,. Different
theoretical estimates of the shell corrections as well as of
the fission barriers vary by 1-2MeV. The same is true
for the experimental shell corrections, which are obtained
with a smooth component of potential energy calculated
according to the liquid-drop or droplet model. However,
the isotopic changes of 6W; and W), [45] are such that Pr
viewed as a function of the difference (6Wy — 6W,,) is vir-
tually independent of the choice of smooth component of
potential energy. Therefore, we shall consider the adopted
6W; = 0.6 MeV estimate to be effective, provided that
6W,, values are obtained with the liquid-drop model. The
trend of the first-chance fission cross-section o shown
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in fig. 9 (solid line) could be treated as a manifestation
of the shell effects in the first-chance fission probability.
This estimate of of corresponds to the consistent fit
of the (n,2n) and (n,3n) reaction cross-section data for
2381. The increasing contribution of the pre-equilibrium
neutron to the spectrum of the first neutron would
severely distort the 2**U(n, 2n) reaction cross-section, it
would be severely overestimated at F, 2 13MeV (see
fig. 10), while the 2**U(n, 3n) reaction cross-section would
be underestimated (see fig. 11). The influence of the
increasing contribution of the pre-equilibrium neutron is
shown by the dash-dotted curve in fig. 6, it seems to be
incompatible with the measured PFNS data trend.

The first-chance fission probability Py also could be
decreased assuming dW; = —1.6 MeV. Nonetheless, the
total fission cross-section could be kept unaffected, the
decreased contribution of the first-chance fission cross-
section og could be compensated by increasing the fis-
sion probabilities of the 233U and 237U nuclides well above
the level, predicted by the 237U(n, f) and 235U(n, f) cross-
sections (see fig. 9). Cross-sections of 23¥U(n,2n) and
238U(n, 3n) reactions in this case are not much different
from the present estimate. The influence of the increasing
contribution of multiple-chance fission reactions is shown
by the dash-dot-dotted curve in fig. 6. In that case the
contribution of soft neutrons somewhat increases, but at
higher fission neutron energies the calculated curve is still
incompatible with the measured PFNS data trend. Note
that the contribution of second-chance fission keeps in-
creasing at F, = 14MeV in all cases considered, while
Kawano et al. [16] predict its sharp lowering with subse-
quent strong increase of the third-chance fission contri-
bution. The decreasing trend of the non-emissive fission
cross-section of 238U(n, f), as well as the high contributions
of second-chance 238U (n, nf) and third-chance 2**U(n, 2nf)
to the observed fission cross-section of 238U, predicted by
Kawano et al. [16] seem to be unjustified, since it dete-
riorates the consistent description of the 23¥U(n, F) and
238U (n, zn) reaction cross-sections (see figs. 9, 10 and 11).

3.4 Additional neutron source

PEFNS data for E, 2 9MeV could be fitted introduc-
ing an additional source of soft neutrons, emitted from
non-accelerated fragments, as was proposed by Svirin et
al. [10]. They suggested that PFNS can be represented as

SU(E,EH) :17~<pu(E)+(1—77)~S(E,En); (13)
here S(E, E,) is the spectrum of PFNS from fission frag-
ments, defined by eq. (3), parameters are the same as
those used without additional neutron source. The spec-
trum ¢, (F) of this neutron source is represented as

(14)
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Fig. 12. Measured and calculated PFNS relative to Maxwell
PFNS with the same average energy (E) = 2.191MeV. The
solid line corresponds to calculations with an additional neu-
tron source ¢, (F); the dash-dotted line shows the contribution
of the additional neutron source n¢,(E); the dashed line cor-
responds to the calculations with egs. (3)-(8) with a1 = 1.

The calculated spectrum with adjusted parameters n =
0.18, T, = 0.64MeV (v, = nv = 0.86 neutrons/fission,
(E) = 1.28 MeV) is shown in fig. 12 by a solid line. The
spectrum of these neutrons 7-¢, (E), multiplied by a factor
of 3.5 for convenience, is shown with a dash-dotted line.

Inclusion of this additional neutron source also
decreases the discrepancy of calculated PFNS with
measured data, but the properties of this neutron source
look rather strange. Svirin et al. [10] found that the yield
of these neutrons is ~ 0.5 neutrons/fission and their
average energies (E) ~ 0.5-0.7MeV. They assumed that
these soft neutrons are emitted from separated fragments
staying at rest. Then the neutron emission time should
be rather short, because emission should occur before full
acceleration. The energies of emitted neutrons should be
low, which corresponds to low excitation of the fragments.
Svirin et al. [10] argue that the excitation energy for each
of the fragments is ~ 5-6 MeV. A compound nucleus at
an excitation energy of ~ 5-6 MeV has a neutron emission
lifetime of 10~'8-10717s. A similar neutron emission time
was obtained by Moretto [46]. It was shown by Knitter
et al. [47] and Kornilov et al. [48] that the total kinetic
energy reaches ~ 90% of its maximum value within
~ 107205, That means neutrons could not be emitted
from fragments with low excitations before acceleration.
Hence, if an additional neutrons source exists, it should be
of rather exotic nature, i.e., its strength should increase
with incident neutron energy.
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4 Conclusion

We investigated several options to describe 238U(n,f)
PFNS data in a multiple-chance fission excitation energy
range. Namely, neutron emission from fission fragments
before full acceleration, increase of emissive fission chances
contributions and introduction of an additional neutron
source. The latter option, incorporation of an additional
neutron source, allows to reproduce measured PFNS data,
but its properties look rather contradictory. Variation of
emissive fission contributions to the observed fission cross-
section, i.e., the increase of the 233U(n, nf) and especially
238U (n, 2nf) contributions to the fission observables, some-
what helps to decrease the discrepancies of measured and
calculated PFNS. However, strong variation of the fission
chance structure, which might describe the PFNS data
trend, is at odds with a self-consistent description of the
238U (n, f) and 238U(n, zn) reaction cross-sections and fis-
sion probability estimates of the 238U and 237U nuclides.

At present, the absolute value of the total kinetic en-
ergy at the moment of neutron emission is lower than
values predicted from excitation energy of the fragments
and acceleration time [48]. However, modeling of neu-
tron emission from fission fragments before full accelera-
tion allows to describe PFNS data for incident neutron
energies up to ~ 18 MeV, for a fission neutron energy
range £ 2 1.5MeV. The increase of the cut-off energy
Ew, ~ E, — Bt of the (n,nf) reaction neutron spectra
with excitation energy of the fissioning nucleus is repro-
duced for F, = 6-18 MeV. Step-like irregularities around
E ~ 3MeV for E, ~ 16MeV and F ~ 5MeV for
E, ~ 17.7MeV could be correlated with the first neu-
tron spectrum of the 23¥U(n, 2nf) reaction. The detailed
analysis of neutron emission during fragment accelera-
tion will need accurate data on the angular distribution
of prompt fission neutrons. Some excess of soft neutrons
with £ < 0.5MeV could be attributed to neutrons, emit-
ted during transition from saddle to scission (for details,
see a review by Hilscher and Rossner [14]).

Summarizing, we argue that correct estimate of the
pre-fission (n, znf) reaction spectra, alongside with simple
modelling of spectra of neutrons, emitted from fission frag-
ments, provides a versatile theoretical tool for the analysis
of measured PFNS data for target nuclides with various
fissilities, 4.e., 232Th, 23°U and 23"Np.
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