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Abstract. New experimental prompt fission neutron and fragment data for 2**U(n, f) measured at JRC-
Geel offer the possibility of a detailed validation of the PbP and sequential emission modelings. The very
good agreement of the prompt neutron multiplicity matrices v(A, TKE) with these data constitutes a
primary and valuable validation of the models themselves. Other data from this experiment are also well
described by both model results obtained by averaging the corresponding multi-parametric matrices over
an Y (A, TKE) distribution measured at JRC-Geel. This is considered as a secondary validation (i.e., of
the models together with the Y (A, TKE) distribution).

1 Introduction

The models and associated computer codes employed for
nuclear data evaluation are usually validated by compa-
rison of their results with the experimental data.

When the output quantities of the model describe well
the experimental data, then the respective validation is
considered as a direct (or first) validation.

In other cases the experimental data are available only
for quantities, which are not the output of the respective
model. To obtain these quantities which can be compared
with experimental data, the output model results are used
either into another model or together with other different
quantities which can be either experimental data or results
of other models. In this case the validation is considered
as an indirect (or secondary) one.

Several computer codes with a probabilistic Monte
Carlo or a deterministic treatment of prompt emis-
sion in fission, e.g. FIFRELIN, CGMF, FREYA, PbP,
can provide —as primary results— the so-called multi-
parametric matrices of different prompt emission quan-
tities, e.g. prompt neutron multiplicity v(A, Z, TKE), a-
verage prompt neutron energy in the center-of-mass frame
(e)(A, Z, TKE), prompt y-ray energy E.(A, Z, TKE) and
multiplicity n (A, Z, TKE), prompt neutron spectrum in
the center-of-mass frame ®(e, A, Z, TKE) and laboratory
frame N(E,A,Z,TKE) etc. Details about the prompt
emission codes mentioned above can be found in the com-
prehensive paper [1] and references therein, as well as
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in subsequent publications, e.g. refs. [2,3] (FIFRELIN),
ref. [4] (CGMF and FREYA), ref. [5] (PbP).

The comparison of such multi-parametric matrices
with the existing experimental data assures a direct (first)
validation of the prompt emission model itself. Unfor-
tunately multi-parametric experimental data are very
scarce. Only a few prompt emission quantities such as
v(A,TKE) and E,(A,TKE), which were measured for
only a few nuclei fissioning spontaneously or induced by
thermal neutrons are available.

Experimental data concerning the single distribu-
tions of different prompt emission quantities (e.g. v(A),
v(TKE), (£)(A), (¢)(TKE), E,(A), etc.) are a bit more
numerous than the multi-parametric ones but they still
remain insufficient. Experimental data of total average
quantities, such as prompt neutron multiplicity () and
prompt fission neutron spectrum in the laboratory frame
N(E), exist in a larger amount. The comparison with
such experimental data (i.e., single distributions and
total average quantities) needs to average the multi-
parametric matrices of different quantities generically la-
beled ¢(A, Z, TKE) (as primary results of a prompt emis-
sion model) over a fragment distribution Y (4, Z, TKE).
The good description of such types of experimental data
validates the prompt emission model together with the
fragment distribution. In other words this is considered as
an indirect (or secondary) validation of the prompt emis-
sion model.

The need of experimental data concerning prompt
emission quantities in correlation with fission fragments
and of fragment distribution data has encouraged the ex-
perimentalists to improve the methods and techniques for
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the measurement of these data, an example being the team
of JRC-Geel. Accurate v(A, TKE) data of the first investi-
gated case, i.e. 2°2Cf(SF), were reported in 2014 by Gook
et al. [6]. The good description of these v(A, TKE) data
by the results of prompt emission models, such as FIFRE-
LIN [2], PbP [5], CGMF [4] and the deterministic model-
ing of sequential emission [7] was a first validation of these
models.

Additional data of v(A, TKE) measured by Nishio et
al. [8] for 233U (nyy, f) were also well described by the PbP
and sequential emission results reported in ref. [9].

New experimental data concerning prompt neutrons
in correlation with fission fragments emitted in the bi-
nary fission of 235U induced by resonance neutrons were
recently reported by Goéok et al. [10]. The differences with
respect to earlier data are interpreted as improved fission
fragment energy resolution in the measurement performed
at the GELINA facility of JRC-Geel.

These new data allow a detailed verification of the cal-
culations for 23°U(nyy,, f) performed with two determinis-
tic models (PbP and the sequential emission treatment)
previously reported in refs. [5,7]. In these references the
model results were compared only with the experimental
data available at that time for 23°U(n, f).

The present paper includes a detailed comparison of
the v(A, TKE) matrices provided by the PbP model and
the deterministic treatment of sequential emission with
the new data of G6ok et al. [10], as well as not reported
results (e.g., prompt neutron spectra in the center-of-mass
frame for selected fragment mass ranges and for the entire
fragment mass range) which can be now compared with
new experimental data.

2 Basic features focusing on the similarities
and differences between the deterministic
modelings of prompt emission

Because both models, PbP and the deterministic treat-

ment of sequential emission, were already described in de-

tail (refs. [5,7] and references therein) only a few basic fea-

tures focusing on the similarities and differences between

these modelings are briefly mentioned as follows.
Similarities:

a) Both models work with the same fragmentation range,
which is deterministically constructed as follows. The
initial fragment mass range is going from symmetric
fission up to a very asymmetric split, with a step of
1 mass unit (e.g., in the case of 23°U(n,f) Ay from
118 to 160 and Ap, from 76 to 118). For each mass
number A, three or five charge numbers Z are consid-
ered as the nearest integer values above and below the
most probable charge Zp(A) which is taken as the un-
changed charge distribution Zycp(A) corrected with
the charge polarization AZ(A). The charge deviation
AZ(A) and the root-mean-square rms(A4) of the iso-
baric charge distribution p(Z, A) (taken as a Gaussian
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function centered on Zp(A)) provided by the Zp model
of Wahl [11] are used. For each initial fragmentation
the calculations are done at TKE values covering a
large range, e.g. in the present case of 23°U(n, f) TKE
is going from 130 to 200 MeV with a step size of 2 MeV.

b) Both models use the same partition of the total ex-
citation energy (TXE) which is based on modeling at
scission (details are given in refs. [1,12] and references
therein). This TXE partition consists of the calcula-
tion of the extra-deformation energy for initial frag-
ments at scission with respect to the full acceleration
and the partition of the available excitation energy
at scission between the complementary nascent frag-
ments under the assumption of statistical equilibrium
at scission and fragment level density in the Fermi gas
regime.

The main difference in principle between the two mod-
elings concerns the treatment of sequential emission.

a) In the PbP model the sequential emission is globally
taken into account by a distribution of the residual
temperature P(T'). In this case the prompt neutron
spectrum in the center-of-mass frame associated to an
initial fragment A, Z at a given TKE value is ob-
tained by integrating the evaporation spectrum at a
given residual temperature ¢(e,T) over the residual
temperature distribution P(T), i.e.

T max
B(e) = /O P(T) (e, T)dT. (1)

The PbP computer code allows the use of different
forms for P(T), either analytical expressions or nu-
merical data (provided as input files).

b) The deterministic treatment of sequential emission de-
scribed in ref. [7] is based on the recursive equations of
residual temperature following the successive emission
of each prompt neutron from each initial fragment A,
Z of the fragmentation range at each TKE value of the
TKE range, i.e.

Er(k_l) . Sn(k—l) _ <5>k = ay Tka7 (2)

in which the emission sequence is denoted by k, E,®
is the average energy of the k-th residual nucleus,
S, ") is the neutron separation energy from the k-
th residual nucleus, (g)j is the average energy in the
center-of-mass frame of the k-th emitted neutron, ay
and Ty are the level density parameter and the nu-
clear temperature of the k-th residual nucleus, respec-
tively. S, is the neutron separation energy from
the initial fragment (before prompt neutron emission)
and E,(Y) = E* is the excitation energy of the ini-
tial fragment resulting from the TXE partition. The
successive equations of residual temperature given by
eq. (2) can be solved under the approximations of
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non—energy-dependent level density parameters of ini-
tial and residual fragments and analytical expressions
of the compound nucleus cross-sections o.(g) of the
inverse process of neutron evaporation from initial
and residual fragments (entering the expression of the
center-of-mass energy spectrum of each emitted neu-
tron).

The primary results of the PbP model are multi-
parametric matrices of different quantities characterizing
the initial fragments and the prompt emission, generically
labeled ¢(A, Z, TKE), e.g. v(A, Z, TKE), E, (A, Z, TKE),
®(e, A, Z, TKE), (¢)(A,Z,TKE), N(E,A,Z,TKE) etc.
The majority of experimental multi-parametric data of
prompt emission are functions of A and TKE, e.g.
v(A, TKE), E,(A,TKE) etc. For comparison with these
data, the primary results ¢(A, Z, TKE) are averaged over
the isobaric charge distribution.

The primary results of the sequential emission mod-
eling are multi-parametric matrices of different quanti-
ties corresponding to each emission sequence k associated
to an initial fragment A, Z at a given TKE value, i.e.
qrx(A, Z, TKE). Multi-parametric matrices similar with
the ones provided by the PbP model are obtained by a-
veraging qi(A, Z, TKE) over the number of emission se-
quences n(A, Z, TKE) corresponding to an initial frag-
ment A, Z at a given TKE value, i.e.

n(A,Z, TKE)
qk<A, Z, TKE)

(3)

Note that the PbP model code allows the use of diffe-
rent prescriptions for the level density parameter of frag-
ments, which can be energy-dependent or not. Usually
the energy-dependent level density parameters provided
by the super-fluid model, with different parameterizations
for the asymptotic level density parameter and the damp-
ing of shell effects, are employed.

In the PbP model the compound nucleus cross-sections
of the inverse process of neutron evaporation from frag-
ments o, () is provided by optical model calculations with
phenomenological parameterizations adequate for nuclei
appearing as fission fragments (e.g. of Becchetti-Greenlees
and Koning-Delaroche taken from RIPL3 [13]).

In the case of sequential emission treatment, the resid-
ual temperature equations (2) can be solved only for non-
energy dependent level density parameter prescriptions.
As it was mentioned in ref. [7] the level density parameters
provided by the Egidy-Bucurescu systematic for the back-
shifted Fermi gas (BSFG) model are close to the ones of
the super-fluid model for the majority of initial and resid-
ual fragments (except the heavy ones with mass numbers
around 130) and at a great part of excitation energies (ex-
cept only the very low residual energies corresponding to
the last emission sequences of several initial fragments).

In the sequential emission calculation an analytical ex-
pression of oc(e) of initial and residual fragments which
depends on the s-waves neutron strength function (given
by systematics) is used, details are given in ref. [7].

~ B 1
a4, 2, TKE) = o TKE)

k=1
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3 Comparison of model results with prompt
neutron data recently reported

3.1 Primary model results compared with
multi-parametric experimental data

The most important validation of a prompt emission
model consists of the comparison of model results with
experimental multi-parametric data (e.g. v(A, TKE),
E,(A,TKE) etc.). This comparison validates the prompt
emission model itself because the fragment distribution
Y (A, TKE) is not involved.

In the case of multi-parametric matrices of different
prompt emission quantities, the best and detailed com-
parison is made through the 2D representations of:

— the quantity as a function of TKE for a given fragment
mass A;
— the quantity as a function of A for a given TKE value.

Experimental investigations of prompt neutrons and
fission fragment properties in resonance neutron induced
fission on 23°U have been performed at the GELINA fa-
cility of JRC-Geel. The results on prompt neutron corre-
lations with fission fragments extracted from the data by
summing over the incident neutron energy range 0.26 eV—
45 keV were recently reported in ref. [10]. These data offer
the possibility to validate the PbP and sequential emis-
sion models themselves (i.e., without the involvement of
fragment distributions Y (A4, TKE)).

The experimental matrix of prompt neutron multipli-
city v(A4, TKE) measured by Gédk et al. in the representa-
tion of prompt neutron multiplicity as a function of TKE
for a given fragment mass is plotted in figs. 1 and 2 with
open black squares for Ay, full gray circles for Ay and full
black diamonds for the fragment mass pair. These data are
compared with the PbP model result in fig. 1 (in which
the parts (a)—(c) include almost all mass fragmentations)
and with the sequential emission result in fig. 2 (exempli-
fied for 9 fragmentations covering the entire mass range).
In both figures the model results are plotted with contin-
uous lines colored in green (light fragments), blue (heavy
fragments) and red (fragment pairs).

The experimental matrix v(A, TKE) in the representa-
tion of prompt neutron multiplicity as a function of mass
and prompt neutron multiplicity of the fragment pair as
a function of Ay, both for a given value of TKE (men-
tioned in the legend of each frame) is plotted with full
black squares in figs. 3 and 4. These data are compared
with the PbP result (red circles) in fig. 3 and with the
result of the sequential emission treatment (blue stars) in
fig. 4.

The excellent description of the experimental data by
the PbP result is easily seen in figs. 1 and 3.

In figs. 14 it can be also observed that for fragmen-
tations near symmetry (Ag less than 133 and Ay great
than 103) the experimental data at lower TKE values are
scattered, with large error bars and they deviate from the
linear trend (see fig. 1), this behaviour being due to the
low yield and the contamination of background events [14].
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Fig. 1. (a)—(c): Comparison of v(A, TKE) results of PbP (lines) for **U(n,, f) with the data of Gé6k et al. (symbols) in the
representation of prompt neutron multiplicity as a function of TKE for the masses indicated in each frame.
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Fig. 1. Continued.

In the case of sequential emission results the agreement
with the experimental data of G66k et al. is also very good
but not as remarkable as in the case of PbP results plotted
in fig. 1. An explanation of the staggering exhibited by the
v(A, TKE) results of fig. 2 is due to the limited number of
initial fragments taken into account in the treatment of se-
quential emission, i.e. 3 charge numbers Z at each A. This
fact is visible especially for initial fragmentations with Ay
around 130 for which the heavy fragments (often magic or
doubly magic, i.e. Z = 50, N = 82) frequently cannot emit
prompt neutrons, leading to very low values of the prompt
neutron multiplicity corresponding to the heavy fragment
mass number. The same situation is also happening for
many fragmentations at high TKE values, i.e. the excita-
tion energy of fully accelerated complementary fragments
being often too low, the prompt neutron emission becom-
ing impossible. In the case of PbP, even if the fragmenta-
tion range is the same (i.e. also 3 charge numbers Z per
A), this situation is avoided by the global treatment of the
sequential emission using the residual temperature distri-
bution P(T") which covers the entire process of successive
neutron emission corresponding to each initial fragment.
Sequential emission calculations performed with an ini-
tial fragmentation range in which 5 charge numbers Z are
taken at each A lead to a less pronounced staggering in the
v(A, TKE) results, the agreement with the experimental
data is improved but it is not as the same remarkable level
as in the case of PbP results. This is due to the sequential

emission modeling itself, i.e. an event-by-event treatment
in which the successive transcendent equations of residual
temperatures were solved under some assumptions [7], e.g.
the approximation of non-energy dependent level density
parameters of initial and residual fragments, compared to
the global treatment of PbP based on a P(T") distribution
and the use of energy-dependent level density parameters
of the super-fluid model.

The v(A, TKE) results compared in figs. 1-4 with the
recent experimental data of Gook et al. are the ones of
the PbP and sequential emission calculations performed
in 2016 and 2017 for which only average prompt emission
results (i.e. as single distributions or total average quan-
tities) in comparison with the experimental data existing
at that time were reported in refs. [5] and [7].

In other words, up to now the PbP and sequential
emission calculations for 2*5U(nyy,, f) were only indirectly
validated, i.e. together with the experimental fragment
distribution used at that time and only partially by com-
parison with older experimental data available at that
time for a limited number of quantities.

Consequently the prompt neutron multiplicity matri-
ces, as primary results of the previous PbP and sequential
emission calculations, are confirmed by the subsequent ex-
perimental data of Gook et al. [10]. This fact constitutes
a valuable validation of these deterministic modelings of
prompt emission.
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Fig. 4. Comparison of the v(A, TKE) matrix of sequential emission (blue stars) for **U(ne,, f) with the data of Gédk et al.
(black squares) in the representation of the prompt neutron multiplicity as a function of A (upper part) and as the prompt
neutron multiplicity of fragment pair as a function of Ay (lower part) at the TKE values indicated in each frame. The lines
connecting the points plotted with stars are only to guide the eye.
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3.2 Secondary validation of models together with an
experimental Y(A,TKE) distribution

Single distributions of different prompt emission quan-
tities (e.g. v(A), ¥(TKE), E,(A), (¢)(A) etc.) and to-
tal average quantities (e.g. prompt neutron spectra in
the center-of-mass and laboratory frames, total average
prompt neutron multiplicity etc.) can be obtained by av-
eraging the multi-parametric matrices of these quantities
over a multiple fission fragment distribution.

PbP and sequential emission results of v(A4) and
(e)(A) for 25U(nyy, f) were already reported in refs. [5,
7). They were obtained by averaging the corresponding
multi-parametric matrices over TKE using the experimen-
tal Y(A, TKE) data of Al-Adili et al. [15]. A larger step
size of the TKE range, i.e. of 5MeV, was used at that
time. These results were compared in refs. [5,7] with the
preliminary data of Godk et al. reported in 2017 during
the workshop Theory-4 [16].

Because the single distributions as a function of A,
obtained in this work (using a TKE step size of 2MeV)
are only slightly improved compared to the ones of refs. [5,
7] and the differences between the data of Gook et al. for
v(A) and (€)(A) reported in ref. [10] and the preliminary
ones of ref. [16] are less visible in graphical representations,
both model results for average prompt emission quantities
as a function of A are given in the appendix.

Data of G66k et al. concerning the average prompt
neutron multiplicity as a function of TKE are now avail-
able not only for all fragments but also separately for the
light and heavy fragment groups. They are plotted in fig. 5
with full black squares for (1401) (TKE), open diamonds for
(v,)(TKE) and open circles for (vg)(TKE). As it can be
seen all these data are very well described by the results
of both modelings (red symbols for PbP and blue symbols
for sequential emission).
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Fig. 6. The predicted (v)(TKE) results (lines) of FIFRELIN
(orange), CGMF (violet), FREYA (dark yellow), PbP (red),
GEF (green) and of the sequential emission treatment (blue)
in comparison with the subsequent data of Godk et al. (black
squares) reported in fig. 14 of ref. [10].

The remarkable description of the experimental data
of (Vot) (TKE) as well as of the components (vg,)(TKE)
and (vg)(TKE) by the PbP result (red symbols) deserves
to be mentioned.

The sequential emission result (blue symbols) de-
scribes well the experimental (vio1) (TKE), (1) (TKE) and
(vi)(TKE) data, too. At low TKE values, below 150 MeV,
the sequential emission results are a little bit lower than
the PbP results. This is not surprising because at low TKE
values the prompt neutron multiplicities of fragment pairs
(see the red lines in figs. 1 and 2) provided by the sequen-
tial emission calculation are a little bit lower than the
PbP results for a great part of fragmentations. This fact
confirms again that the use of a residual temperature dis-
tribution in the PbP treatment can better cover the entire
process of sequential emission corresponding to each ini-
tial fragment at each TKE value compared to a determin-
istic treatment of the successive neutron emission from a
limited number of initial fragments taken at each A and
TKE. The use in the sequential emission treatment [7] of
non-energy dependent level density parameters of initial
and residual fragments has an influence, too.

Tt is interesting to mention that the (v)(TKE) data of
G060k et al. which are reported in fig. 14 of ref. [10] confirm
the predictions of six model codes, plotted with lines in
fig. 6. Le., the (v)(TKE) results of four computer codes:
FIFRELIN (orange), CGMF (violet), FREYA (dark yel-
low) and PbP (red) reported in 2016 ref. [1], the result of
GEF (version 2015) [17] (green) and also the preliminary
result of sequential emission (blue) reported during the
workshop Theory-4 (2017) [18].

It can be also observed that at TKE values above of
about 145 MeV the best description of the experimental
(v)(TKE) data is accomplished by the results of PbP (red)
and GEF (green). At low TKE values, below 145 MeV, the
data from ref. [10] are better described by the sequential
emission result (blue).
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Fig. 7. The experimental prompt neutron spectrum in the center-of-mass frame for selected fragment mass ranges around the
most probable fragmentation from ref. [10] (light fragments in the upper part and heavy fragments in the lower part) and the
PbP results representing the spectrum obtained by averaging the multi-parametric matrix ®(e, A, Z, TKE) separately over the
light and heavy fragment groups. The high energy part of the spectrum is focused in the left part of the figure and the low

energy part of the spectrum in the right part.

Note that the (v)(TKE) data reported in fig. 14 of
ref. [10], which are plotted in fig. 6, are given at the middle
of TKE bins (i.e. TKE values going from 137.5 MeV up to
196.5 MeV with a step size of 1 MeV), while the (v)(TKE)
data plotted with full black squares in fig. 5 are obtained
from the experimental v(A, TKE) data of figs. 1-4, which
are given at odd TKE values (starting from 141 MeV).
Le., the experimental data of (v)(TKE), (v.)(TKE) and
(vi)(TKE) plotted in fig. 5 are at odd TKE values going
from 141 to 197 MeV.

Experimental data of the prompt neutron spectrum in
the center-of-mass frame @(¢) are very scarce, almost in-
existent. Fortunately the recent experimental data for this
quantity reported in ref. [10] offer the possibility of a valu-
able comparison with the model results. Such comparison
is exemplified in the next figures as follows.

Figure 7 shows the experimental center-of-mass energy
spectrum of prompt neutrons reported by Gook et al. [10]
for selected fragment mass ranges around the most prob-
able fragmentation mentioned in the legend of each frame
(light fragments in the upper part and heavy fragments in
the lower part). These data are very well described over
the entire energy range by the model results obtained from
the matrix @(e, A, TKE) which was averaged separately
over the distributions [15] of the light and heavy fragment
groups. For a better visualization the high and low energy
parts of the spectra are focused in separate frames.

The center-of-mass energy spectrum data correspon-
ding to all fragments [10] plotted in fig. 8 are also well

o
(e}
L1

235 (n,..f)

B Gooketal., 2018
renormalized to the
PbP calculation

o
N
P IR

0.2

Center-of-mass prompt neutron spectrum (1/MeV)

T ||
1 2 3 4 5 6 7 8 9 10

center-of-mass energy ¢ (MeV)

Fig. 8. Experimental data of the prompt neutron spectrum
in the center-of-mass frame of Gook et al. (black squares) and
the @(¢) result (red line) from the PbP calculation. The exper-
imental data are re-normalized to the calculated spectrum.
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Fig. 9. Comparison of the PFNS data of G6ok et al. (green
circles) with the previous PbP result [5] (red line) and the
previous data of Kornilov and Hambsch measured at thermal
En (black diamonds) and the data of Vorobiev et al. (gray
squares) in the usual representation as a ratio to a Maxwellian
spectrum (with TM = 1.35MeV). All experimental data sets
were re-normalized to the PbP calculation.

described by the model result over the entire prompt neu-
tron energy range, only at energies above 7MeV a slight
underestimation of a great part of the scattered experi-
mental data with large error bars is observed.

Consequently the recent experimental data of &r, 11(¢)
and @(g) reported by Gook et al. [10] confirm the results
of the model calculation previously performed [5].

The experimental prompt fission neutron spectrum in
the laboratory frame (PFNS) measured by Gook et al. [10]
is plotted in fig. 9 with green circles, in the usual rep-
resentation as a ratio to a Maxwellian spectrum. It is
compared with the previous experimental data on ther-
mal and cold neutron fission of 23°U from ref. [19] (black
diamonds) and ref. [20] (gray squares). These data sets are
re-normalized to the PFNS result at thermal En of ref. [5]
(plotted with a red line). The spectral shape of Gédk et
al. data agrees within the uncertainty with the previous
experimental data on thermal and cold neutron induced
fission. A slight softening of the PFNS of G6ok compared
to the previous experimental data and the model result is
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observed at high energies, however within the estimated
experimental uncertainty.

The very good description of all experimental single
distributions of different prompt emission quantities as
well as of prompt neutron spectra in the center-of-mass
and laboratory frames by the model results (obtained by
averaging the corresponding multi-parametric matrices as
primary model results over an experimental fragment dis-
tribution) validates the PbP and sequential emission mod-
els together with the Y (A, TKE) distribution of Al-Adili
et al. [15].

4 Conclusions

The recent experimental investigation of prompt fission
neutrons of 23U (performed at the GELINA facility of
JRC-Geel) is very important and welcome offering the pos-
sibility to compare the new experimental data for many
quantities with the results of prompt emission models.

The very good description of the recent v(A, TKE)
data of Gook et al. [10] by the prompt neutron multi-
parametric matrices v(A, TKE), which are the primary
results of the PbP and sequential emission calculations
previously performed [5,7], constitutes a valuable valida-
tion of the PbP and sequential emission modelings them-
selves (because the fragment distributions Y (A, TKE) are
not involved).

The data of G6ok et al. concerning the single distri-
butions of different prompt emission quantities as well as
the total average prompt neutron spectrum in the center-
of-mass frame @(g) and laboratory frame N(FE) are also
well described by both model results which were obtained
by averaging the corresponding multi-parametric matrices
over an experimental Y (A, TKE) distribution measured at
JRC-Geel [15]. This fact can be considered as a secondary
validation of both deterministic models of prompt emis-
sion together with the fragment distribution Y (A4, TKE)
mentioned above.

Taking into account the scarcity of experimental data
for the prompt neutron spectrum in the center-of-mass
frame, the very good description of the data of G&ok et
al. [10] concerning the center-of-mass energy spectra for
selected fragment mass ranges around the most probable
fragmentation and for all fragments by the model results
deserves a special mentioning.

This work was done in the frame of the Romanian Project PN-
I11-P4-PCE-2016-0014 (Contract no.7/2017). Thanks to Franz-
Josef Hambsch and Alf G&éok for the interesting discussions
during this work and for providing experimental data.
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Fig. 10. PbP and sequential emission results of v(A) (upper
part), (¢)(A) (middle) and (E,)(A) (lower part) in comparison
with the experimental data. The lines connecting the points are
only to guide the eye.

Appendix A.

The PbP and sequential emission results of v(A), (e)(A)
and (F,)(A), obtained by averaging the corresponding
matrices over TKE (with a step size of 2MeV) using the
experimental Y (A, TKE) data of Al-Adili et al. [15], are
plotted in fig. 10 with red circles and blue stars, respec-
tively.

As can be seen in the upper part both v(A) results
describe well the recent data of ref. [10] (black squares)
and the previous data from the EXFOR library [21] (dif-
ferent open black and full gray symbols). They exhibit a
minimum at Ay around 130 (due to the magic and/or dou-
ble magic heavy fragments with N = 82 and/or Z = 50
which emit prompt neutrons with a great difficulty) while
the v(A) data of Go6k exhibit a smoother minimum which
is shifted to Ay of about 127-128 compared to other ex-
perimental data.

Both () (A) results (middle part of fig. 10) are in good
agreement with the experimental data of Gédk et al. [10].
The model results are close to each other except for A
between of about 120-130 where the sequential emission
result is significantly lower (due to the limited number of
fragments at each A which are able to emit prompt neu-
trons and the approximations used to solve the successive
transcendent equations of residual temperature).

Nevertheless some differences between the experimen-
tal (¢)(A) data and the model results are observed. They

Page 11 of 12

are significant at A around 125-130 and are visible at
A < 90.

A possible cause of these differences is related to how
the first order momentum of an energy spectrum is deter-
mined, as follows.

The model result of (¢)(A) is obtained from the multi-
parametric matrix ()(A, Z, TKE) which is the first or-
der momentum of the prompt neutron spectrum in the
center-of-mass frame &(e, A, Z, TKE) (corresponding to
each fragment at each TKE value).

The experimental data of prompt neutron spectra in
the center-of-mass frame (corresponding to all fragments
and to selected fragment mass ranges around the most
probable fragmentation, 95 < A < 99 and 137 < A < 141)
are very well described by the model results, see figs. 7
and 8.

To obtain (g) as the first order momentum of an exper-
imental center-of-mass energy spectrum, the integration
must be done over the entire energy range. For this rea-
son the experimental ®@(¢) data (which are not measured
over the entire ¢ range) must be fitted with a theoretical
spectrum. In the majority of cases the experimentalists
use Maxwellian spectra. The experimental @(g) data of
Gook et al. are fitted with Maxwellian spectra, too (see
e.g., fig. 9 and 10 of ref. [10]). The obvious differences in
shape between the Maxwellian spectrum (fitting satisfac-
tory the experimental data measured in a limited energy
range) and the spectrum provided by a model (which also
describes well the same experimental data) are reflected
in differences between their first order momenta.

Even if the aim of this work was the comparison with
recent experimental data, the (E.)(A) results (lower part
of fig. 10) are compared with old experimental data [22]
because —to our knowledge— they are the unique data
available for this quantity. Albeit visible differences ex-
ist between the (E.)(A) results, both succeed to describe
the data. The differences are significant near symmetry
where the data are missing. The higher (E.)(A) result of
sequential emission near symmetry is due to a lower en-
ergy carried away by each neutron successively emitted
compared to the average energy carried away per neutron
in the case of PbP which includes a global treatment of se-
quential emission by a residual temperature distribution.
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