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Abstract. The investigation of prompt emission in fission is very important in understanding the fission
process and to improve the quality of evaluated nuclear data required for new applications. In the last
decade remarkable efforts were done for both the development of prompt emission models and the exper-
imental investigation of the properties of fission fragments and the prompt neutrons and 7-ray emission.
The accurate experimental data concerning the prompt neutron multiplicity as a function of fragment
mass and total kinetic energy for °2Cf(SF) and ?**U(n, f) recently measured at JRC-Geel (as well as
other various prompt emission data) allow a consistent and very detailed validation of the Point-by-Point
(PbP) deterministic model of prompt emission. The PbP model results describe very well a large variety of
experimental data starting from the multi-parametric matrices of prompt neutron multiplicity v(A, TKE)
and ~v-ray energy E- (A, TKFE) which validate the model itself, passing through different average prompt
emission quantities as a function of A (e.g., v(A), E,(A), (¢)(A) etc.), as a function of TKE (e.g., v(TKE),
E,(TKE)) up to the prompt neutron distribution P(v) and the total average prompt neutron spectrum.
The PbP model does not use free or adjustable parameters. To calculate the multi-parametric matrices
it needs only data included in the reference input parameter library RIPL of IAEA. To provide average
prompt emission quantities as a function of A, of TKE and total average quantities the multi-parametric
matrices are averaged over reliable experimental fragment distributions. The PbP results are also in agree-
ment with the results of the Monte Carlo prompt emission codes FIFRELIN, CGMF and FREYA. The
good description of a large variety of experimental data proves the capability of the PbP model to be
used in nuclear data evaluations and its reliability to predict prompt emission data for fissioning nuclei
and incident energies for which the experimental information is completely missing. The PbP treatment
can also provide input parameters of the improved Los Alamos model with non-equal residual tempera-
ture distributions recently reported by Madland and Kahler, especially for fissioning nuclei without any
experimental information concerning the prompt emission.

1 Introduction

The investigation of prompt emission in fission is very im-
portant in understanding the fission process. For nuclear
modeling and improved evaluations of nuclear fission data,
the experimental investigation of the properties of fission
fragments and prompt fission neutrons (e.g., their mul-
tiplicities and energy distribution) can give answers to
questions related to important aspects of the modeling of
prompt emission (e.g., formation of the fission fragments,
sharing of the excitation energy among them).

In the last decade remarkable efforts were done in the
development of prompt emission models. The actual prob-
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abilistic and deterministic models (see, e.g., the compre-
hensive paper [1]) are able to provide various prompt emis-
sion quantities as a function of mass, charge and kinetic
energy of the fragments. The reliability and the predictive
power of these models can be supported only by a detailed
and rigorous validation. The first and most important vali-
dation consists in the comparison of the model results with
many and various prompt emission data correlated with
the fragment properties.

In this sense the spontaneous fission of 252Cf(SF)
serves as an excellent benchmark of prompt emission in
fission since experimental data can be obtained without
the need of an incident neutron beam. Recently an exper-
iment on 252Cf(SF) has been performed at JRC-Geel [2]
with the purpose of providing high-quality experimental
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data of the prompt neutron multiplicity in correlation with
fission fragment mass (A) and total kinetic energy (TKF).

These data offer the possibility of a more detailed val-
idation of prompt emission models, in this case, of the
deterministic model Point-by-Point (PbP). The compari-
son of the prompt neutron multiplicity matrix v(A, TKE)
of the PbP model with the experimental data of Godk et
al. [2] is particularly relevant because the multi-parametric
matrices of different prompt emission quantities, as pri-
mary results of the PbP model, do not depend on the
fragment distribution. In other words the good agreement
of the multi-parametric matrices of prompt emission quan-
tities with available experimental data constitutes a vali-
dation of the model itself.

The comparison with experimental data of different
average prompt emission quantities, i.e. as a function of
fragment mass, as a function of TKE and total average
quantities, implies the use of fragment distributions over
which the multi-parametric matrices are averaged. Conse-
quently, the good description of these data depends, not
only on the modeling itself, but also on the reliability of
the fragment distributions.

In recent years comparisons of a part of the PbP model
results with the experimental data available at that time
for different fissioning nuclei were reported. In the mean
time, new experimental data have become available. They
refer on one side to the prompt emission (e.g., the data
reported by Gook et al. [2,3]) and, on the other hand,
to fission fragment distributions recently measured (e.g.,
the data of ref. [4] for 23°U(ny,, f) and the Y (A, TKE)
data of Gook for 2°2Cf(SF)). These new data allow a more
detailed validation of the PbP model (which also was im-
proved in the mean time, e.g. concerning the deterministic
construction of the fragmentation range).

Moreover, in the case of 252Cf(SF) the validation based
on different average data reported in ref. [2] is entirely
consistent. Because the average prompt emission quanti-
ties (e.g., as a function of A or as a function of T K E) were
obtained by averaging the corresponding multi-parametric
matrices provided by the PbP model over the fragment
distribution Y (A, TKE) of the same experiment of Géok
et al.

Starting from the aspects mentioned above, the present
paper includes a comprehensive comparison of the PbP
model results as multi-parametric matrices and as differ-
ent average quantities (based on new experimental frag-
ment distributions) especially with the recent experimen-
tal data, e.g., refs. [2,3], and in some cases with the re-
sults of other models, too. As standard fissioning systems
22Cf(SF) and 23°U(nyp, f), benefiting of the most accu-
rate and numerous experimental data, were chosen for this
study. The comparison is organized in subsections for each
type of quantities, e.g. multi-parametric matrices, average
quantities as a function of A, average quantities as a func-
tion of TK E, the prompt neutron distribution P(v) etc.

Even if the main features of the PbP model were pre-
sented separately in previous papers and were concisely
mentioned in ref. [1], in order to make the present paper
more easily readable, a short description of the entire PbP
model is given in a separate section.
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As it was mentioned in ref. [1], a milestone in the the-
oretical investigation of the shape of the total average
prompt neutron spectra in the laboratory frame was the
Los Alamos (LA) model published in 1982 by Madland
and Nix [5]. This model with subsequent improvements
has become the workhorse underlying modern prompt
neutron spectrum evaluations.

Very recently Madland and Kahler [6] proposed a re-
fined LA model. The improvement consists in the consid-
eration of non-equal maximum temperatures T, (of the
residual temperature distribution P(7') with a triangular
form) for the light and heavy fragments of the most prob-
able fragmentation. The capability of this improved LA
model in the description of experimental prompt neutron
spectra of 2*2Cf(SF) and 2*U(ny,, f) is demonstrated in
ref. [6] by the use of input model parameters that are based
on the experimental data of prompt neutron multiplicity
and prompt v-ray energy as a function of fragment mass,
v(A) and E,(A).

As in the case of the classical LA model of Madland
and Nix [5] (considering equal T, of both fragments) for
which the PbP treatment was the basis of the developed
systematic of its input parameters [7] again the PbP treat-
ment can assure reliable input parameters for the new LA
model with non-equal T;,, without the need of experimen-
tal v(A) and E,(A) data. Results of the new LA model
with non-equal T}, using input parameters provided by
the PbP treatment are given in the last subsection.

2 Description of the PbP model
2.1 The fragmentation range

The fragmentations (i.e., pairs of fragments) that are
taken into account, forming the so-called fragmentation
range, play a crucial role in the PbP treatment.

The fragmentation range is constructed in a determin-
istic way as follows. The range of fragment mass num-
bers A is taken from the symmetric fission up to a very
asymmetric split (with a step of 1 mass unit). Three
or five charge numbers Z are considered at each A, as
the nearest integers above and below the most probable
charge Z,. This is taken as the unchanged charge dis-
tribution (UCD) corrected with the charge polarization
Zp(A) = Zycp(A) + AZ(A). Charge deviations either as
a function of A (oscillating with a periodicity of about
5 mass units in the asymmetric fission region, as exper-
imental data or provided by the Z, model [8]), or the
same value AZ = |0.5] (with the + sign for light frag-
ments and the minus sign for the heavy fragments) can be
considered. The charge distributions at each A, p(Z, A),
are taken as Gaussian functions centered on Z, either with
root-mean-squares as a function of A, rms(A), also oscil-
lating with a periodicity of about 5 mass units or with the
same rms = 0.6 (when AZ is taken |0.5]).

As it was mentioned in ref. [9] the mean values of
AZ and rms, obtained by averaging AZ(A) and rms(A)
over the fragment mass distributions Y (A), are of about
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0.5 and 0.6 respectively, for all fissioning systems stud-
ied (233’235U(nth7 f), 234U(n, f), 239Pu(nth, f)7 2520f(SF),
2367244pyy(SF)). Details about the charge polarization and
the isobaric charge distribution, in connection with the
even-odd effects in fragment distributions and prompt
emission, can be found, e.g., in refs. [10-12] and refer-
ences therein. In the absence of AZ(A) information, the
use of the average values AZ = [0.5| and rms = 0.6 for
all A is a satisfactory approximation [9].

For each fragmentation determined as mentioned
above, prompt emission calculations are done at TKFE
values covering a large range (e.g., from 100MeV to
200 MeV) usually with a step of 5 MeV.

2.2 Fragment excitation energies and level density
parameters at scission and at full acceleration

Once the fragmentation range is constructed, the energy
release (Q-value) of each pair of fragments is easily cal-
culated using the mass excesses from nuclear data li-
braries (e.g., of Audi and Wapstra taken from RIPL3 [13]).
The total excitation energy (TXFE) of each fragmen-
tation at each TKE value (covering the fragmenta-
tion range described in sect. 2.1) is also calculated as
TXE(A,Z,TKE)=Q(A,Z)+ E,+ B, —TKE, in which
B,, and E,, are the neutron binding energy and the inci-
dent neutron energy in the case of neutron-induced fission
(n, f). In the case of spontaneous fission (SF) both B,
and FE,, are zero.

The excitation energy at full acceleration of the com-
plementary fragments of each fragmentation is obtained
from a T X E partition method based on modeling at scis-
sion. This method was described in detail in refs. [14,15].
Briefly this modeling at scission consists in the calculation
of the extra-deformation energy AFEq.r of all fragments as
the difference between their absolute deformation energy
at scission and at full acceleration. Then, for each frag-
mentation the available excitation energy at scission can
be obtained by subtracting the extra-deformation energies
of complementary fragments from T XFE. This available
excitation energy at scission is shared between the com-
plementary nascent fragments under the assumptions of a
statistical equilibrium at scission (equal nuclear tempera-
tures 7, = 77) and level densities of nascent fragments in
the Fermi-gas regime [14,15]. Consequently the available
excitation energy at scission of each fragmentation EZ,
is partitioned according to the ratio of the level density
parameters of complementary nascent fragments, i.e.:

L H L H
Esc/Esc = CLsc/asc

and Ei, =TXE - (AEj;+ AEL,) =EL+EL (1)

Note, for simplicity in eq. (1) as well as in other formulae
referring to a fragment pair of the fragmentation range,
the fragment specification (A, Z) is omitted. Finally the
fragment excitation energy at full acceleration is obtained
as a sum of the fragment excitation energy at scission
resulting from eq. (1) and the extra-deformation energy:

Ej g =ELY + ABLYT with Ej + Ej = TXE. (2)
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Usually in the PbP treatment the energy-dependent
level density parameters provided by the super-fluid model
are used (see ref. [1] and references therein):

a(A, Z, E*) =

ata) (1+ D0 - exp( (a0,
U*=FE"—=FEcondg, E*>E.,

oer =a(4) (14 2D 1 explr () )

E.,
E* < E.r,

(3)

in which E* is the excitation energy of the fragment and
dW (A, Z) is the shell correction. E., is the critical energy
at which the phase transition between super-fluid and nor-
mal states occurs. The values of ., and a., are calculated
iteratively using eq. (3) and E., = a.,t2,. The critical tem-
perature is t.. = 0.567A and the condensation energy is
taken as Eeong = 3aeA%/272 — nA where A = 12/\/Z
is the pairing correlation function and n = 0,1,2 for
even-even, odd-A and odd-odd nuclei, respectively. Dif-
ferent parameterizations of the damping of shell effects
Y(A) = 4 A~Y/3 and the asymptotic value of the level
density parameter a(A) = oA 4+ BA/3, i.e. different val-
ues of the parameters 7g, o and (3, can be used.

In the case of an energy-dependent level density pa-
rameter, i.e. eq. (3), the excitation energies at scission and
the corresponding level density parameters of complemen-
tary nascent fragments are obtained simultaneously by an
iterative procedure according to eq. (1). The level density
parameters of fully accelerated fragments are obtained by
applying eq. (3) in which E* are the fragment excitation
energies at full acceleration given by eq. (2).

Note, different other prescriptions for the level density
parameter (e.g., non-energy—dependent level density pa-
rameters, different systematics etc.) can be employed in
the PbP model. The PbP results given in sect. 3 and the
ones reported in a great part of previous papers (e.g. [1,
10-12]) were obtained with level density parameters of the
super-fluid model, eq. (3).

As it was already mentioned in previous works (e.g.,
refs. [1,9,14,15]) the excitation energy ratio at full accel-
eration E};/TXE as a function of Ay exhibits a system-
atic behaviour with the following features: for fragment
pairs with Ag less than ~ 140-144 this ratio is less than
0.5 with a minimum placed at Ay around 130 (due to
the magic or double magic heavy fragment with N = 82,
Z = 50). The ratio E}; /T X E is of about 0.5 at Ay placed
around 140 (which corresponds to the most probable frag-
mentation) and it exhibits an almost linear increase for
Ap above this value. With increasing excitation energy
the minimum value of this ratio at ~ 130 is increasing.

The existing experimental data of prompt neutron
multiplicity distribution v(A) show the same systematic
behaviour of the multiplicity ratio vy /(vp + vg) as a
function of Ay. This behaviour was firstly mentioned by
Wahl [8] and it was also discussed in detail in our previous
papers (e.g., refs. [9,15,16]).
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2.3 Prompt emission corresponding to an individual
fragment and fragmentation

The prompt neutrons are assumed to be emitted from fully
accelerated fragments following a Weisskopf-Ewing statis-
tical evaporation spectrum in the center-of-mass frame at
a given residual fragment temperature 7":

p(e) < oc(e)e exp(—¢/T), (4)

in which o.(¢) is the compound nucleus cross-section of
the inverse process of neutron evaporation from a frag-
ment. The o.(¢) of all fragments forming the fragmen-
tation range are provided by optical model calculations
using the code SCAT2 [17] with phenomenological poten-
tial parameterizations appropriate for nuclei appearing as
fission fragments (usually of Becchetti-Greenless) taken
from RIPL3 [18].

The sequential neutron emission is taken into account
in a global way by a residual temperature distribution
P(T) leading to the following prompt neutron spectrum
for an individual fragment in the center-of-mass frame:

Trmax
B(e) = o4 (e)e /0 k(T)P(T) exp(—e/T)dT,

}(T) = ( /O h Uc(s)eexp(—e/T)d6> . (5)

Different functions can be used for the residual temper-
ature distribution P(T), e.g. the triangular form pro-
posed by Madland and Nix [5], the form proposed in
ref. [19] or numerical residual temperature distributions
obtained from the rigorous treatment of the sequential
emission [20].

In the present work, as well as in other PbP calcu-
lations (e.g., those reported in refs. [9,10,15]) the P(T)
form proposed by Madland and Nix [5], i.e.

2T
A I T S Tma

P(T) =1 T (6)
0, T>1T,,

was used. This triangular form can approximate the sum
of residual temperature distributions following the emis-
sion of each neutron resulting from the treatment of se-
quential emission [20]. P(T') of eq. (6) is parameterized as
a function of the temperature of initial fragments (before
the first neutron is emitted) considered in the Fermi-gas
regime of level density. Consequently the maximum tem-
perature entering eq. (5) is Tp,, of eq. (6) given by

Torm =\ B} y/aL.n (7)

with the excitation energies E} ; and the level density pa-
rameters ay, g of fully accelerated fragments already cal-
culated for all fragmentations as described in sect. 2.2.
The shape of the prompt neutron spectrum @(e) of
eq. () and of the average prompt neutron energy in the
center-of-mass frame (g) (i.e., the first-order momentum
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of &(¢)) are influenced by the shape of the compound nu-
cleus cross-section o.(g), driven by different optical model
parameterizations.

The prompt neutron spectrum in the laboratory frame
corresponding to a fragment of the fragmentation range is
calculated as

VE+VE?
e = [ ©) g, ®)
(VE-\/Ey)? 4/eEy

in which @(e) is given by eq. (5), F is the neutron energy in
the laboratory frame and E is the average kinetic energy
per nucleon obtained from momentum conservation for
each pair of fragments forming the fragmentation range,
i.e. EfL,H = (AH,L/AL,H)(TKE/(AL + AH))

Obviously the shape of the prompt neutron spectrum
in the laboratory frame is also influenced by the shape of
o.(g) driven by different optical model parameterizations
and it is influenced by the form of P(T'), too.

Note, the PbP results of this paper as well as the
majority of PbP results previously reported were ob-
tained by using o. (&) from optical model calculations with
the Becchetti-Greenlees potential and the P(T') form of
eq. (6).

It is known that the most important emission of
prompt neutrons takes place at the full acceleration
of fragments. But neutron evaporation during fragment
acceleration can be possible, too, leading to a non-
isotropic neutron spectrum in the center-of-mass frame.
Terrel [21] assumed that the anisotropy of neutron emis-
sion, if present, is symmetrical about 90°, i.e. P(g, 0, ) =
D(e)(1+bcos? 0., ) /(14b/3), where @(¢) is given by eq. (5)
and b is the anisotropy parameter. By replacing cos 8.,
from F = ¢ + Ef + 2\/eEy cos .y, in the expression of
&(g,0.m), the prompt neutron spectrum in the laboratory
frame becomes

VE+VED®  g(e) L+b(E—e—Ey)* /4By |

N(E)=
(@,\/E)z 4 €Ef 1+b/3

(9)

Note, in the majority of PDbP calculations the
anisotropy is not taken into account, i.e. b = 0, the spec-
trum being expressed by eq. (8), because of the difficulty
to assign values of the anisotropy parameter for each frag-
ment. Furthermore, in the majority of cases, the prompt
neutron spectrum results have described well the experi-
mental data without including anisotropy.

In the case of the most probable fragmentation ap-
proach, i.e. the LA model of Madland and Nix [5] and
Madland and Kahler [6], when the model parameters are
average values, the value assigned to the anisotropy pa-
rameter is also an average one. The same situation, i.e.
an average value of b, is in the case of the multi-modal fis-
sion treatment when a most probable fragmentation (with
average model parameters) is considered for each fission
mode, e.g. ref. [19].

In the case of prompt emission quantities referring to a
fragment pair, the excitation energy ratio Ef; /T X E(Ag)
(with the systematic behaviour mentioned in sect. 2.2)
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can be used to express the weight of the complementary
fragments, i.e.

ry = Ef /TXE, r,=1—ryg=E;/TXE. (10)
For instance the average prompt neutron energy in the
center-of-mass frame corresponding to a fragment pair is
(€)pair = Trler) + rufen) (in which (e1) and (ey) are
the first-order momenta of the prompt neutron spectrum
of eq. (5)), the prompt neutron spectra of a fragmentation
in the center-of-mass and laboratory frames are @, () =
TLQL(E)—FT’H{I)H(&) and Npair(E) = T’LNL(E)+THNH(E),
respectively (with @1 g (e) given by eq. (5) and Nz i (F)
given by egs. (8) or (9)).

Different prompt emission quantities corresponding to
each fission fragment can be calculated, too. As examples,
the energy carried away per neutron, which is expressed
as

1n=(e) +(Sn) (11)
and the average prompt v-ray energy:
(Ey) =E" —vn. (12)

The average neutron separation energy of each fragment
(Sn), entering eq. (11), is calculated by an iterative pro-
cedure accounting for sequential emission [1,9,20]. If the
excitation energy of a fully accelerated initial fragment
E*(A, Z) exceeds its neutron separation energy S, (A, Z)
a neutron can be emitted (in competition with v emis-
sion). If the excitation energy of the first residual fragment
exceeds its neutron separation energy S, (A—1,7), a sec-
ond neutron can be evaporated etc. A total number of &
neutrons can be emitted when the excitation energy of the
Ek-th residual nucleus is less than S,,(A—k, Z). The average
neutron separation energy corresponding to an individ-
ual initial fragment is then (S,)(A,Z) = %Zf;ol Sp(A—
i,7) = Skn(A, Z)/k. The values of S,,(A —i,Z) are ob-
tained using the mass excesses from nuclear data libraries
(e.g., Audi and Wapstra from RIPL3 [13]). E* entering
eq. (12) is the fragment excitation energy at full accelera-
tion resulting from the TX E partition given by eq. (2),
is the energy carried away per neutron of eq. (11) and v
is the prompt neutron multiplicity of the respective frag-
ment. The prompt neutron multiplicity corresponding to
each fragmentation (pair of fragments at a given TKFE) is
Vpair = "LV, + Ve, in which 77, and ry are the weights
of complementary fragments given by eq. (10).
The prompt fission energy deposition in the medium
is defined for a fragment pair according to ref. [22]:
Edpai'r = Q +B,+E, — Vpair<Sn>pa7L7‘ (]-3)
with the @-value based on mass excesses as mentioned at
the beginning of sect. 2.2 and the average neutron sep-
aration energy of a fragment pair (S),)pqeir based on the
weights of complementary fragments. In the case of spon-
taneous fission both B,, and E,, are zero in eq. (13). Using
the energy conservation for a fragment pair, the prompt
fission energy deposition in the medium corresponding to
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an individual fragment at a given TKFE can be also ob-
tained as

E,=FE, + V<E> + EA/ (14)

in which Fj is the fragment kinetic energy deduced from
momentum conservation for each TKE value of the frag-
mentation range: E,fH =TKEAp /(AL + Apn).

Note, if for some fragmentations at some T'K E values,
one of the complementary fragments has an excitation en-
ergy value (resulting from the T X F partition) that is less
than the neutron separation energy of the respective frag-
ment, then the prompt neutron multiplicity, the spectrum
and other prompt emission quantities of the respective
pair are those of the fragment able to emit neutrons. If the
excitation energies of both fragments are less than their
neutron separation energies the respective fragmentation
is eliminated from calculations.

2.4 Multi-parametric matrices

All prompt emission quantities described in sect. 2.3
and the fragment properties described in sect. 2.2 are
multi-parametric matrices, i.e. they are functions of
fragment (denoted as (A, Z)) or of fragment pair (de-
noted (Ar,Zrn,An,Zm) or (A, Z,Ay — A, Zy — Z)) and
of TKE. E.q., the fragment level density parameter
a(A,Z,TKE), the fragment excitation energy at full ac-
celeration E*(A, Z, TKFE), the fragment average neutron
separation energy (S,)(4, Z,TKE), the prompt neutron
multiplicity v(A, Z, TKE) and so on. As in other works,
these multi-parametric matrices are generically labeled as
q(A, Z, TKE).

These multi-parametric matrices are considered as pri-
mary results of the PbP model because they do not depend
on the fragment distribution Y (4, Z,TKE). The calcula-
tion of these matrices needs only data from nuclear data
libraries, e.g. mass excesses, shell corrections, (o defor-
mation parameters, optical model parameterizations ade-
quate for nuclei appearing as fission fragments, different
parameterizations corresponding to the level density pre-
scription used, etc., all these data being included in the
databases of RIPL1-3 of the IAEA.

The most important validation of any prompt emis-
sion model, hence of the PbP model too, is to compare
the multi-parametric matrices of different quantities with
existing experimental data. This can be considered as a
validation of the model itself because the multi-parametric
matrices do not depend on fragment distributions.

The recent measurement of the prompt neutron mul-
tiplicity matrix v(A,TKFE) of the fissioning nucleus
252Cf(SF) performed by Géck and co-workers [2] offers
this possibility.

Older data of Nifenecker et al. [23] referring to the
E., matrix of »2Cf(SF) as well as the experimental mul-
tiplicity matrices of 2*?Cf(SF) (data of Zackharova and
of Bowman) and of 23323°U(n,, f) measured by Nishio
were already used to validate the primary results of the
PbP model, see refs. [1,24] and references therein.
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Note, the existing experimental matrices refer to
prompt emission quantities as a function only of frag-
ment mass A and of TK E. Consequently, the PbP multi-
parametric matrices ¢(A, Z, TKFE) are averaged over Z,
i.e. over the isobaric charge distribution (mentioned in
sect. 2.1).

2.5 Average prompt emission quantities

A second step of the validation of prompt emission mod-
els consists in the comparison of model results with exist-
ing experimental data referring to average quantities as a
function of fragment mass or as a function of TKE and
with the data of total average quantities (i.e. not depend-
ing on fragment and TKE).

Consequently, the agreement with these data depends
not only on the PbP model itself but also on the reliability
of the fragment distribution Y (A4, Z, TK E) on which the
PbP multi-parametric matrices are averaged.

Different average quantities G(A), (¢)(TKE), {q)tot
which can be compared with existing experimental data
are obtained as

79(A) = > q(A,Z,TKE)Y(A,Z TKE) /

ZTKE
> Y(A Z,TKE),
ZTKE

(15a)

()(TKE) =Y q(A, Z, TKE)Y (A, Z, TKE) /
A Z
Y(A, Z,TKE),
A

(15b)
A

)

(@Dt =Y a(AZ,TKE)Y (A, Z TKE) /

A,ZTKE
> Y(A ZTKE),
A,ZTKE

(15¢)

where the multi-parametric distribution Y (4, Z, TKFE) =
P(Z, A)Yexp(A, TKE) (in which p(Z, A) is the Gaussian
isobaric charge distribution mentioned in sect. 2.1) in-
cludes the experimental distribution Yex, (A4, TKE). In the
present work the experimental two-dimensional distribu-
tion Y (A, TK E) of »2Cf(SF) measured by Goéok et al. [2]
and the one of 23°U(np, f) measured by Al-Adili et al. [4]
were used.

The prompt neutron multiplicity distribution P(v)
deserves a mention, too, because P(v) is extremely
sensitive to both, the prompt neutron multiplicity
matrix v(A,Z,TKE) and the fragment distribution
Y(A,Z,TKE). P(v) is a histogram obtained by count-
ing in the matrix v(A, Z, TKFE) the probability to have
the prompt neutron multiplicity value between 0 and 1,
1 and 2, 2 and 3, etc. This probability is the sum of the
probabilities of the fragment A, Z with the total kinetic
energy TKFE (i.e., the Y(A, Z, TKFE) value) which emits
the respective number of neutrons. Improved P(v) results
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compared to the previous results reported in 2010 [25] are
given in sect. 3.

2.6 Los Alamos model parameters provided by the
PbP treatment

During the time the PbP treatment has provided input pa-
rameters of the classical LA model of Madland and Nix [5]
(with equal T},), i.e. (E,) (energy release), (TKE), (Sy)
and (C) = Ap/(a) (Ao the mass number of the fission-
ing nucleus). These parameters are total average values
calculated according to eq. (15¢) in which the following
multi-parametric matrices are used: the Q-values for the
energy release, (Sp)(A,Z, TKE), a(A,Z,TKE) (eq. (3)
applied at full acceleration, i.e. at E* resulting from the
T X E partition by modeling at scission). For ('K E) exist-
ing experimental data were used. This PbP treatment was
the basis of the systematic of the LA model parameters
elaborated in 2009 [7].

In the LA model of Madland and Nix [5] the same P(T)
distribution with the triangular form given by eq. (6), i.e.
the same T,, value, was considered for both fragments
of the so-called most probable fragmentation. This is an
equivalent value of T}, calculated as T, = /(T XE)/(a).
In ref. [5] the total average level density parameter (a) is
expressed by the parameter (C') = Ap/{a). As we have al-
ready reported (e.g., refs. [1,9,16] and references therein)
for many fissioning nuclei the use of the super-fluid model
with the parameterization of Ignayiuk [26] leads to aver-
age level density parameter values giving an average C-
parameter of about 11 MeV, as mentioned by Madland
and Nix [5]. Other details about the equivalent T, and
the C-parameter can be found in ref. [16].

Note, in the total prompt neutron spectrum expres-
sion of the LA model of Madland and Nix [5] the con-
sideration of equal weights of complementary fragments
(r, = rg = 1/2) can be also justified by taking into ac-
count that at Ay around 140, which corresponds to the
most probable fragmentation, the existing experimental
v(A) data show an almost equal number of neutrons emit-
ted by the complementary fragments (see the systematic
behaviour of vy /(v +vy) and of Ef; /TXE as a function
of Ay mentioned in sect. 2.2).

A refined Los Alamos model was recently reported by
Madland and Kahler in ref. [6]. The improvement con-
sists in the use of non-equal T,,, (entering P(T") of eq. (6))
for the light and heavy fragments of the most probable
fragmentation, as it is considered in the PbP treatment
for each pair of fragments of the fragmentation range, see
eq. (7).

The values of the input parameters of this improved
LA model of Madland and Kahler, i.e. (E}), (E), (ar),
(ag), (SE), (SH), (EL), (EX) can also be obtained from
the PbP treatment by averaging the corresponding multi-
parametric matrices (described in sects. 2.2, 2.3 and 2.4)
as in eq. (15¢) but this time separately for the light and
heavy fragment groups. The values of the non-equal T,

are then obtained as TEH = (BT m)/{ar,m)-
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Comparisons of prompt fission neutron spectra pro-
vided by the improved LA model of Madland and
Kahler [6] with the input parameters resulting from the
PbP treatment and the parameters from ref. [6] are given
in sect. 3.

3 PbP model results in comparison with the
experimental data of 2°2Cf(SF) and
25 (ngn, F)

Indubitably 2°2Cf(SF) is the fissioning nucleus benefiting
of the most numerous experimental data for fragments
and prompt emission, being considered as the standard
nucleus for prompt emission in fission. On the second place
regarding the prompt fission data is the standard neutron-
induced reaction 23°U(ny, f).

In the present work a detailed comparison of the PbP
model results with all available data is performed just for
these two fissioning systems. Results of the PbP model for
both 2°2Cf(SF) and 23U (ny, f) were already reported in
our previous papers (e.g., refs. [1,9-12,14,15,25] and ref-
erences therein) where they were compared with experi-
mental data existing at that time or were referring only to
a part of prompt emission quantities in connection with
the subjects of the respective papers.

The new experimental data for 222Cf(SF) of G&éok et
al. [2] concerning both the prompt neutron multiplicity
matrix v(A,TKE) and the fission fragment distribution
Y (A,TKFE) are more accurate and complete than the pre-
vious literature data. They offer the possibility not only of
a more detailed validation of the PbP model as previously
but also of a more consistent validation because the same
experimental Y (A4, TKE) distribution of Géok is used in
the averaging of the PbP multi-parametric matrices.

In the case of 23°U(nyy,, f) we present PbP results com-
pared especially with the very recent experimental data of
Go6o6k and co-workers reported in ref. [3]. These data have
become available after the PbP calculation performed in
this work. The good agreement of these data with the PbP
results confirms the PbP model prediction for the prompt
emission quantities (v)(TKE) and (g)(A) of 2°U(n,, f).

The PbP results are organized in subsections reflect-
ing the type of prompt emission quantity, i.e. multi-
parametric matrices q(A, TKFE), average quantities as a
function of A, g(A), average quantities as a function of
TKE, (q)(TKE) and the P(v) distribution. Total aver-
age values of different prompt emission quantities, (q)ot,
are also mentioned. Results of the total prompt neutron
spectrum including comparisons with the new version of
the LA model are exemplified, too.

In the present PbP calculations the fragmentation
range was constructed by taking 3 charge numbers Z at
each A and using the charge polarizations AZ(A) and the
rms(A) of the isobaric charge distributions of Wahl [8].
The TKE range was taken from 140 to 215MeV for
292Cf(SF) and from 100 to 195MeV for 235U (ny,, f), in
both cases with a step of 5 MeV.
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The PbP results given in this section were obtained
by using fragment level density parameters (at scission
and at full acceleration) provided by the super-fluid ex-
pression of eq. (3) with the shell corrections of Moller
and Nix from RIPL3 [27] and the v and a parameteri-
zations of Ignatiuk [26]. The optical model calculations of
oc(e) were done with the parameterization of Becchetti-
Greenlees [18].

3.1 Matrices of prompt emission quantities

The most relevant validation of the PbP model is the
comparison of the prompt neutron multiplicity matrix
v(A,TKFE) with the experimental v(A,TKFE) data of
252(Cf(SF) measured by Goéok et al. [2)].

Note, the experimental v(A, TK E) data of ref. [2] were
normalized to the standard value (v)¢,; = 3.759 from the
Evaluated Nuclear Data Library ENDF [28].

Figures 1-3 show the dependence on TKE of the av-
erage prompt neutron multiplicity per fragment mass as
well as of the mass pair, for mass numbers covering the
entire range of the experiment of G6ok et al. [2] (with A
and Apy, indicated in each frame). The experimental data
of Godk et al. are plotted with full gray squares for the
heavy fragment (vg), open black circles for the light frag-
ment (vr) and full black diamonds for the pair (Vpgir).
The PbP results are given with small circles connected
with solid lines colored in blue (vg), green (vr) and red
(Vpai'r)~

As can be seen the PbP results describe very well the
experimental data.

Note, at low T K FE values, below 160 MeV, the exper-
imental data deviate from the linear trend (especially for
heavy fragment masses Ay ~ 130 for which the prompt
neutron multiplicity is very low). These deviations are
not considered important due to the low statistical sig-
nificance.

Figure 4 shows the dependence on mass of the aver-
age prompt neutron multiplicity per fragment (right part)
and fragment pair (left part) at TK E values ranging from
160 MeV to 195 MeV. The data of G6ok et al. are plotted
with full squares and the PbP results with open circles
connected with solid lines. The experimental data are well
described by the PbP results. In the right part of fig. 4 it
can be also seen that v(A) at a given TK E value exhibit
a sawtooth shape.

Experimental data of prompt v-ray energy of fragment
mass pairs as a function of TKE for 2°2Cf(SF) were re-
ported by Nifenecker et al. [23]. These data plotted with
open squares in fig. 5 are very well described by the PbP
results (full blue circles connected with solid lines). The
almost linear decrease of E, with increasing TKFE is vis-
ible for all fragment mass pairs.

In the case of 23°U(ny, f) the comparison of the
v(A,TKE) matrix with the data of Nishio was already
reported in refs. [24,29].
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3.2 Average quantities as a function of fragment
mass A

Different average quantities as a function of fragment mass
A, obtained according to eq. (15a), are compared with the
existing experimental data and/or other model calcula-
tions as follows.

The most relevant quantity is the prompt neutron mul-
tiplicity as a function of A, v(A), which is very sensitive to
the TX FE partition. On the contrary, the prompt neutron
multiplicity of a fragment pair has a very low sensitivity
to the energy partition, see ref. [9] for details.

Figure 6 shows prompt neutron multiplicity results as
a function of A for 2°2Cf(SF) in comparison with the exist-
ing experimental data, including the recent data of G6ok
et al. [2] (plotted with full black diamonds). As can be seen
in the upper part the PbP result of v(A) (full red circles) is
in good agreement with all data sets (different black and
gray symbols). The data of Budtz-Jorgensen and Knit-
ter [30] (full gray squares) are very well described over
the entire A range except for A < 100. The data of G66k
et al. [2] (full black diamonds) are well described, too. Be-
cause the v(A) distribution is the most sensitive quantity
to the TXE partition, the good agreement of the v(A)

result with the experimental data validates the T X E par-
tition method of PbP based on modeling at scission (men-
tioned in sect. 2.2 and discussed in detail in ref. [15] and
references therein).

The present result of the ratio vg /vper as a function
of Ay (red circles in the lower part of fig. 6) is in good
agreement with the data of Gook et al. (full black squares)
and with the other data sets, too (different black and gray
symbols). The excitation energy ratio Ej; /T X E resulting
from modeling at scission [14,15] (green stars) and the
linear parameterization discussed in ref. [16] (blue line)
are also given for comparison. The good description of
the systematic behaviour of the ratio v /vVpeir (An) is an
important validation, too.

Prompt neutron multiplicity results of 23°U(ng,, f),
i.e. V(A), Vpair (A) and especially the systematic behaviour
of the multiplicity ratio vy /Vpqir as a function of Ay were
already reported, e.g. in ref. [9] (related to the sensitivity
of prompt neutron multiplicity to different model prescrip-
tions and Y (A, TKE) distributions) and ref. [15] (related
to T X E partition methods based on modeling at scission).
In these papers the prompt neutron multiplicity results
were compared with the experimental data available at
that time in the EXFOR library and literature.
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plotted with open squares and the PbP results with blue circles
connected with solid lines.

Prompt neutron multiplicity of 2**U(n, f) in the in-
cident energy region of resolved resonances was recently
measured at the GELINA facility of JRC-Geel. These
data, reported by Gook et al. [3] as an average over the in-
cident neutron energy range 0.3eV-4.5keV, are included
in the present comparison. They are plotted with full black
squares in fig. 7.

The data of G66k et al. [3] show an overall good agree-
ment with the data of earlier experiments performed at
thermal incident neutron energy (different gray and open
black symbols). However, as can be seen in the upper part
of fig. 7, the minima around A ~ 80 for the light frag-
ments and ~ 130 for the heavy fragments appear more
pronounced in the recent data of ref. [3].

The present PbP results of v(A) and vy (A4), plot-
ted with red circles, are close to the previous PbP results
of ref. [14] (given with blue stars) which were obtained
by taking only 2 charge numbers Z per A in the frag-
mentation range and by averaging over the distribution of
ref. [31].

The PbP results of v(A) (upper part of fig. 7) de-
scribe well the ensemble of experimental data over the
entire mass range (except the region near symmetric fis-
sion where the experimental data scatter a lot due to the
very low yield).

Eur. Phys. J. A (2017) 53: 159

5 T T T T T T T T
A Zakharova 252
v Walsh Cf(SF)
4 4 O Signarbieux
%‘ % Dushin
=3 = Budtz-Jorgensen
£ 3] e Gook
IS
c
[
3 2]
c
a
§
& 1
0 N T T T T T T T T
90 100 110 120 130 140 150 160
A
10 T T T T T T T
252
09 Cf(SF) g
—*— E* /TXE (Morariu et al., JPG 2012)
0.8 parameterization ’ ?Lﬁ'%‘ E
0.7 (Manailescu et al., NPA 2011) o
7 [
=T 0.6 E
+
- 0.5
::: 0.4 B
0.3 A E
0.2 v Signarbieux © PNPI E
’ % Dushin ® Budtz-Jorgensen
0.1 & Zakharova = Gook E
0.0

T T T T T T T
140 145 150 155 160 165 170 175

AH

T T
130 135

Fig. 6. Upper part: present result of v(A) (red circles) in com-
parison with the experimental data (different black and gray
symbols). Lower part: the ratio vg /Vpair(Am); the experimen-
tal data (different black and gray symbols), the present PbP
result (red circles), the linear parameterization of ref. [16] (blue
line) and the Ej; /TXE result based on the modeling at scis-
sion described in ref. [14] (green stars).

As can be seen in the lower part of fig. 7, the present
Vpair(A) result (full red circles) describes very well the
recent data of Godk et al. [3] in the asymmetric fission
region, i.e. at Ay above 125.

Note, the present PbP calculation, including v(A), was
performed before the experimental v(A) data of Godk et
al. [3] became available.

The average prompt neutron energy in the center-
of-mass frame of 252Cf(SF) (¢) as a function of A were
measured by Budtz-Jorgensen and Knitter [30] and re-
cently by Gook et al. [2]. These two data sets (being in
good agreement) are plotted in fig. 8 with open diamonds
and open squares, respectively, together with the result of
the FIFRELIN code reported by Litaize et al. [32] (green
stars). The PbP result is plotted with full red circles. The
FIFRELIN and PbP results are in reasonable agreement
and both describe the experimental data in the asymmet-
ric fission region. Differences between the experimental
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black squares).

235

—e— PbP

Average prompt neutron energy
in the center-of-mass frame (MeV)

data and the results of FIFRELIN and PbP are visible
near symmetric fission.

The PbP model result of ()(A) of 23°U(ny,, f) is given
with full red circles in fig. 9 together with the results of
three Monte Carlo prompt emission codes (inter-compared
in ref. [1]): FIFRELIN (open wine circles), CGMF (open
blue diamonds) and FREYA (open green triangles).

The experimental data of G6ok et al., plotted in fig. 9
with full black squares, were reported very recently [3],
i.e. after the model calculations were performed.

As can be seen, the best agreement with these new
experimental data is realized by the PbP model result.
This fact proves the capability of prediction of the PbP
model.

In fig. 10 the PbP result of the energy carried away
per neutron as a function of A for 22Cf(SF), calculated
according to eq. (11), is plotted with full red circles in
comparison with the experimental data of Nifenecker et
al. [23] (open circles).

As can be seen the PbP result describes well the exper-
imental data over the entire A range except for 90 < A <
100 and A ~ 130. This agreement can be also considered
as an indirect validation of the average neutron separation
energy from fragments resulting from sequential emission
(which enters the expression of 1, eq. (11)), taking into
account that (¢) is already validated (see fig. 8).

The experimental average prompt ~-ray energy of a
fragmentation as a function of Ay of 2°2Cf(SF) reported
by Nifenecker et al. [23] (black squares) are well described
by the PbP result (red circles) as can be seen in fig. 11.

The PbP result of (E,)(A) of 23°U(nyy,, f) (red circles)
is in good agreement with the data of Pleasonton et al. [33]
(black squares), see fig. 12. A previous PbP result [14]
(blue stars) when only 2 charge numbers Z per A were
considered in the construction of the fragmentation range
is given for comparison.
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Fig. 10. The energy carried away per neutron (according to
eq. (11)) as a function of A for *>>Cf(SF): the data of Nifenecker
et al. [23] are plotted with open black circles and the PbP result
with full red circles.
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Fig. 11. The PbP result of (E,)pqir as a function of Ay (red
circles) of *2Cf(SF) in comparison with the data of Nifenecker
et al. [23] (black squares).

In fig. 13 the ratio (E) g /(Ey)pair is plotted as a func-
tion of Ag: the PbP result with red circles and the data of
Pleasonton et al. [33] with black squares. As can be seen
the behaviour of the y-ray energy ratio is similar to the
behaviour of the v /vpqir ratio. Le. the (E) g /(Ey)pair
ratio is less than 0.5 for Ag less than ~ 140 with the low-
est values at Ag between 125 and 133, it is of about 0.5 at
Ap around 140 and increases at A above this value. The
experimental data are missing for Ay less than 127. Even
if there is a large scatter, a similar trend can be observed.

The prompt fission energy deposition in the medium
as a function of Ap, calculated according to the defi-
nition of Madland [22], eq. (13), is exemplified in the
upper part of fig. 14 for 235U(ng, f). The total aver-
age value resulting by averaging this plotted quantity
over the fragment distribution (according to eq. (15¢)) is
(Ed)tot = 180.65MeV. This value is in very good agree-
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Fig. 13. The ratio (E)u/{FEy)pair as a function of Ay for
25U (nen, f): the present PbP result (red circles) and the data
of Pleasonton et al. [33].

ment with the result reported by Madland [22] where the
dependence of this quantity on incident neutron energy
is given as (Eg)tor = 180.56 4+ 0.112E,, (MeV) for the
neutron-induced fission of 23°U. The prompt fission en-
ergy deposition as a function of fragment mass, according
to eq. (14), is plotted in the lower part of fig. 14. The aver-
age values of the energy deposition of the light and heavy
fragment groups are given in the figure, too.

Note, obviously the total average energy deposition
(Ea)tot can be also obtained as a sum of the total aver-
age values of its components, i.e. (Eg)ior = (Q)tor + Bn +
E, — (V)tot{(Sn)tot- An obtained (Fg):or value close to the
value reported in ref. [22] is not surprising because the
present total average values: (Q) = 186.79MeV, (S,,,) =
5.3325 MeV, (S,,,) = 4.7466 MeV, (1) = 1.3505, (vg) =
1.1291 are also close to the values reported by Mad-
land and Kahler in ref. [6]: (Q) = 187MeV, (S,,) =
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Fig. 14. Prompt fission energy deposition in the medium for
235U(nth,f). Upper part: the prompt energy deposition of a
fragmentation according to eq. (13) plotted as a function of
Ap. Lower part: the prompt energy deposition of a fragment
according to eq. (14). The average values of the prompt en-
ergy deposition corresponding to the light and heavy fragment
groups and the total average value are given in the figure, too.

5.338MeV, (S,,) = 4.658MeV, (v.) =
(vg) =1.13 £ 0.11.

Other quantities as a function of A, e.g. the fragment
excitation energy at full acceleration E*(A), the fragment
level density parameter a(A) of different level density pre-
scriptions, the maximum temperature T, (A) of the resid-
ual temperature distribution were already reported (e.g.
refs. [9,15,16] and references therein).

1.30 £ 0.13,

3.3 Average quantities as a function of TKE

The available data in the literature on the TKE depen-
dence of the prompt neutron multiplicity show strong de-
viations and different decreasing slopes.

For #2Cf(SF) different data sets exhibit very differ-
ent inverse slopes (dv/dTK E)~!, see the open symbols in
fig. 15. The work of G6ok et al. [2] focused on the inves-
tigation of experimental factors in low-efficiency neutron-
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Fig. 15. The PbP result of (v)(TKE) for **2Cf(SF) (full red
circles) in comparison with earlier experimental data sets (dif-
ferent open symbols) and the data of Godk et al. [2]. The PbP
results of (vp)(TKE) (open red circles) and of (vy)(TKE)
(open red squares) are given in comparison with the data of
Gook et al. (black circles and squares with a cross inside, re-
spectively).

T
150

counting experiments that may lead to a faulty determi-
nation of this dependence. Taking these factors into ac-
count, the (V)(TKE) result of ref. [2], plotted in fig. 15
with full black diamonds, agrees well with the data from
high-efficiency neutron counting experiments.

The PbP result of (v)(TKE) of 252Cf(SF) obtained
by averaging the matrix v(A, TKE) over the Y (A, TKE)
distribution of Gook et al. (according to eq. (15b)) is plot-
ted in fig. 15 with full red circles connected with a solid
line. It describes well the data of Gook (full black di-
amonds), Budtz-Jorgensen and Knitter [30] (open black
squares) and Vorobyev et al. taken from EXFOR [34] over
the entire TK E range except the low T K E values below
150 MeV where the PbP result does not reproduce the
decrease exhibited by the data of G6ok and Vorobyev.

As expected the PbP results of (vp)(TKE) and
(vu)(TKE) (open red circles and squares) describes well
the data of Godk et al. (black circles and squares with
a cross inside) at TKE above 160 MeV. The data of
Budtz-Jorgensen do not show the pronounced decrease
at low TKFE values exhibited by the data of Gock and
Vorobyev. Consequently, the PbP result agrees with the
data of Budtz-Jorgensen over the entire 7K E range.

Note, the (v)(T K E) result of the FIFRELIN code [35],
as well as the results of other MC codes, also does not show
a decrease at low TKFE values neither for 252Cf(SF) nor
for other fissioning nuclei.

The PDbP result of the average prompt neutron en-
ergy in the center-of-mass frame as a function of TKE of
252(Cf(SF), plotted with red circles in fig. 16, is in good
agreement with the experimental data of Nifenecker et
al. [36] (full black squares). The data of Bowman et al. [37]
(open circles) are lower than the data of Nifenecker and
the PbP result at TKE values from about 165MeV to
195 MeV.
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1973 [23] (black squares).

The PbP result of the average prompt ~-ray energy
as a function of TKE of #2Cf(SF) (full red circles) is
in excellent agreement with the data of Nifenecker et
al. [23] (black squares) as can be seen in fig. 17. The
PbP result of (E,)(TKE) averaged over the Y(T'KE)
distribution of Gook et al. gives the total average value
(Ey)ior = 6.98 MeV in very good agreement with the ma-
jority of experimental data giving values of about 7 MeV.

The linear correlation between the prompt neutron
multiplicity and prompt v-ray energy is illustrated in
fig. 18: the experimental data of Nifenecker et al. [23] (full
black squares) are very well described by the correlation
(plotted with red circles) obtained from the PbP results
of (V)(TKE) and (E,)(TKE) (given in figs. 15 and 17,
respectively).

The PbP result of (v)(TKE) for 25U(ny,, f) is plot-
ted in fig. 19 with full red circles connected with solid lines
together with the results of the Monte Carlo prompt emis-
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Fig. 19. (V)(TKE) of **U(n, f): the PbP result (red circles
connected with solid lines) and the results of the MC computer
codes FIFRELIN (blue line), CGMF (green line) and FREYA
(dark yellow line) reported in ref. [1] in comparison with the
very recent data of G6ok et al. [3] (full black squares).

sion codes FIFRELIN (blue line), CGMF (green line) and
FREYA (dark yellow line) reported in ref. [1]. The very
recent data of Gook et al. [3] are plotted with full black
squares.

As can be seen all model calculations exhibit similar
decreasing slopes. However it is easy to see that the PbP
result gives the best description of the recent experimental
data of G6ok et al. [3].

Note, again all (v)(T K E) calculations given in this fig-
ure were predictions, being performed before the data of
GOok et al. became available. Consequently, the excellent
agreement of the PbP result with the recent experimental
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data of G6ok et al. proves again the capability of predic-
tion of the PbP model.

3.4 Prompt neutron distribution P(v)

The comparison of the prompt neutron distribution P(v)
with the experimental data is important because this
quantity is very sensitive to both the matrix of prompt
neutron multiplicity v(A, Z, TKE), as primary result re-
flecting the model performances, and the multiple frag-
ment distributions Y (A4, Z, TKE).

The present P(v) results of 2*2Cf(SF) and #*°U(ny,, f)
are plotted with full red circles in the upper and lower part
of fig. 20, respectively, in comparison with all experimental
P(v) data found in EXFOR [38] and literature (given with
different black and gray symbols). Previous P(v) results
reported in ref. [25] are also given for comparison. They
were obtained by averaging the v(A, Z, TK E) matrix over
the fragment distributions available at that time (i.e. of
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Hambsch and Oberstedt [39] for 2°2Cf(SF) and of Straede
et al. [31] for 23°U(ny, f)). Also the fragmentation ranges
used in the previous PbP calculations of ref. [25] was con-
structed by taking only 2 charge numbers Z at each A
and considering the same AZ = |0.5] and rms = 0.6 for
all fragmentations.

It is easy to see that the present P(v) results, based on
the more recent fragment distributions of refs. [2,4] and on
fragmentations ranges built by taking 3 charge numbers Z
per A with AZ and rms as a function of A, describe better
the experimental data than the previous results reported
in ref. [25]. The values of the total average prompt neutron
multiplicity resulting from P(v) as

ot =S 0P | 3 P0)

are given in table 1 (for both, the experimental data sets
and the PbP results). As can be seen, for both fissioning
nuclei the (v):: values of PbP are in agreement with the
experimental values and they are also close to the standard
values of ENDF (i.e., 3.759 for 252Cf(SF) and 2.42 for

25U (nn, f))-

(16)

3.5 Total average prompt fission neutron spectra

Because model results and evaluations of the prompt fis-
sion neutron spectrum (PFNS) were the objective of the
recent comprehensive paper [1], in this section we give
only results in connection with the very recent Los Alamos
model with non-equal T;,, of Madland and Kahler [6].

In the PbP treatment the total average prompt fis-
sion neutron spectra in the laboratory frame, Ny, (F),
are obtained by averaging the prompt neutron spectra of
fragment pairs, Npqr(E) over the fragment distributions
Y (A, Z,TKE) according to eq. (15c¢).

An example of PbP calculation of PFNS is plotted for
235U (nyp,, f) in the upper part of fig. 21 in comparison with
the experimental data of Vorobyev and Shcherbakov [40]
used by Madland and Kahler in ref. [6]. A good description
of experimental data was obtained (y? = 0.654).

Note, in this figure and in the next one, the exper-
imental spectrum data were each time re-normalized to
the respective spectrum calculation. All PFNS are given
in the traditional representation as a ratio to a Maxwellian
spectrum with the temperature parameter T'M indicated
in the legend of the vertical axis.

The improved version of the LA model, recently re-
ported by Madland and Kahler [6], consists in the consid-
eration of non-equal maximum temperatures T, (of the
residual P(T) distribution given by eq. (6)) for the light
and heavy fragments of the most probable fragmentation,
similar to the PbP model in which, for each fragmentation,
the T, values are given by eq. (7).

The paper of Madland and Kahler [6] demonstrates the
good performance of this improved LA model when it uses
input model parameters provided by an interesting proce-
dure based on the analytical expression of the average neu-
tron energy (F) (first-order momentum of Ny (F)) ob-
tained in the approximation of a constant o.(¢). This (E)
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Table 1. (v)+0: resulting from P(v).

Eur. Phys. J. A (2017) 53:

252Cf(SF)

2

SSU(TLth, f)

P(v) data

<V>tot

P(v) data

<V>tot

Boldeman (exp.)

3.7570 £ 0.0111

Gwin (exp.)

2.4368 +0.0183

Boldeman (exp.)

3.7566 + 0.0111

Holden (exp.)

2.4132 +£0.0212

Boldeman (exp.)

3.7571 £ 0.0140

Boldeman (exp.)

2.4055 + 0.0136

Gwin (exp.)

3.7733 £ 0.0083

Franklin (exp.)

2.4146 + 0.0157

Dushin (exp.)

3.756"

PbP

2.4382

Baron (exp.)

3.7830 £ 0.0246

Balagna (exp.)

3.7696 + 0.1225

Vorobyev (exp.)

3.7847 £ 0.1195

PbP

3.7661
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% the EXFOR entry of this data set does not contain information about uncertainties.
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Fig. 21. PFNS of 2**U(n, f) as ratio to a Maxwellian spec-
trum with TM = 1.35MeV in comparison with the data of
Vorobyev and Shcherbakov. Upper part: the PbP result. Lower
part: the results of the LA model with non-equal T, with the
average model parameters resulting from the PbP treatment
and an anisotropy parameter b = 0.10.

value, differing less than 7% from the value obtained when
o.(g) from optical model calculations is used, allows to ob-
tain the average level density parameters ay, and ap of the
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Fig. 22. PFNS result of the LA model with non-equal T,
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TM = 1.429 MeV in comparison with the data of Poenitz and
Tamura. The calculation is done with the average parameters
from the PbP treatment (upper part) and the parameters of
Madland and Kahler (lower part). In both cases b = 0.15.

light and heavy fragment of the most probable fragmen-
tation. The average multiplicity and prompt ~-ray energy
corresponding to the light and heavy fragment entering
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Table 2. Average parameters for the LA model with non-equal
T’ obtained from the PbP treatment.

Parameter B5U(nen, f) | 2°2CH(SF)
(TKE) (MeV) 169.40 184.12

(E7) (MeV) 11.492 19.991

(Ef) (MeV) 11.057 15.038

(ar) (MeV™h) 11.001 17.474

(ar) (MeV™) 10.809 12.424

(Sn.) (MeV) 5.225 5.932

(Sny) (MeV) 4.734 4.976

Most prob. fragm. 968y, 149%e 1080\ o, 14*Ba

this procedure are obtained from the experimental v(A)
and E,(A) data averaged over a fragment distribution.

In other words this procedure to obtain the input pa-
rameters of the recent LA model [6] is limited to the fis-
sioning nuclei for which experimental v(A) and E.(A)
data exist.

The PbP treatment can also provide the input param-
eters of the improved LA model of Madland and Kahler [6]
by averaging the multi-parametric matrices of the respec-
tive quantities (e.g. E*(A, Z, TKE), a(A, Z, TKE) at full
acceleration and S,,(A4,Z, TKE)) over the fragment dis-
tribution Y (A, Z, T K E) separately for the light and heavy
fragment groups.

The fragment weights taken by Madland and Kahler
as experimental multiplicity ratios (vp m)/(V)iot are re-
placed in this case by the average excitation energy ratios
of eq. (10).

The average model parameters obtained in this way, as
well as the fragment weights based on the fragment exci-
tation energies resulting from modeling at scission, extend
the application of the LA model of Madland and Kahler [6]
to fissioning nuclei without any experimental information
concerning the prompt neutron and v-ray energy distri-
bution as a function of A.

The application of the LA model with non-equal T;,
using the average parameter values resulting from the PbP
treatment is illustrated for 235U(ny,, f) in the lower part
of fig. 21 and for 2°2Cf(SF) in the upper part of fig. 22.

The average parameter values used in these calcula-
tions are listed in table 2.

As can be seen in the lower part of fig. 21, in the case
of 235U(nyy, f) the description of experimental data is im-
proved compared to the PbP result given in the upper part
(i.e., x? = 0.503 versus x? = 0.654) by the consideration
of anisotropy, with b = 0.1.

In the case of 2*2Cf(SF) the PFNS result of the LA
model with non-equal T}, (upper part of fig. 22), obtained
with average parameters resulting from the PbP treat-
ment, describes very well (x? = 0.373) the experimental
data of Poenitz and Tamura [41] and Blain [42] (also used
by Madland and Kahler in ref. [6]).
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For comparison the PFNS obtained with the param-
eters of Madland and Kahler from ref. [6] (which were
obtained by the procedure based on experimental v(A)
and E,(A) data) is given in the lower part of fig. 22. A
very good description of experimental data is obtained,
i.e. X2 = 0.338 versus x? = 0.373 for the case of parame-
ters from the PbP treatment.

The good description of experimental data by the spec-
trum results of the LA model with non-equal T,,, based
on average parameters of the light and heavy fragment
groups obtained from the PbP treatment demonstrates
the possibility to predict the parameters of this new LA
model for fissioning nuclei without any experimental infor-
mation about the prompt neutron multiplicity and prompt
~-ray energy. Solely the PbP treatment is used, with ex-
citation energy partition based on modeling at scission.
The unique data needed to obtain the average model pa-
rameters of the light and heavy fragment groups are the
fragment distributions Y (A, TKFE).

4 Conclusions

The experiment of Géok et al. [2] regarding the prompt
neutron multiplicity in correlation with the fragment mass
and TKE of ?°2Cf(SF) and its fragment distribution
Y (A, TKE), together with the very recent experimental
investigation of the prompt neutron emission of 23°U(n, f)
in the resolved resonance region performed by Go6ok et
al. [3], as well as other experimental data of prompt emis-
sion for 252Cf(SF) and 23°U(nyy, f) allowed a consistent
and detailed validation of the PbP model.

The PbP results succeeded to describe very well a
large variety of experimental data, starting from the
multi-parametric matrices of prompt neutron multiplic-
ity v(A,TKE) and ~-ray energy (E,)(A,TKE), which
validate the model itself.

Different average prompt emission data as a function
of A (e.g., v(A), E,(A), (e)(A), n(A)) and as a function
of TKE (e.g.,v(TKE), (¢)(TKE), E,(TKE)), as well as
the prompt neutron distribution P(v) and total average
prompt neutron spectra, are well reproduced, too.

The PbP model does not use free or adjustable input
parameters. To calculate the multi-parametric matrices
q(A, Z, TKFE) it needs only data included in the reference
input parameter library RIPL1-3 of TAEA (e.g., mass ex-
cesses, shell corrections, optical model parameterizations
adequate for the nuclei appearing as fragments).

The success of the PbP model in the description of
different average prompt emission data is due, not only
to the model itself, but also to the reliable experimental
distributions Y (A, TKE) used to average the PbP multi-
parametric matrices.

The results of the PbP deterministic model are also
in agreement with the results of the probabilistic prompt
emission codes as it was shown in ref. [1] where an
inter-comparison of three Monte Carlo codes (FIFRELIN,
CGMF, FREYA) and PbP is reported for the fissioning
system 23°U(ny,, f) taken as example.



Page 20 of 21

The good description of a large variety of experimen-
tal data proves that the PbP model is powerful and re-
liable. It can serve in nuclear data evaluations, as it was
already done, see ref. [1]. It can predict data for fissioning
nuclei and energies for which the experimental informa-
tion is completely missing. This was already proven by
the prediction of v(A) for the reactions n + 235:238U at
incident neutron energies where multiple fission chances
are involved, see refs. [43,44]. And it is proven also in the
present work by the good prediction of (v)(TKE) and
(e)(TKE) of 235U(ny, f) which was confirmed by the very
recent data reported by Go6ok et al. [3].

The PbP treatment can also provide input model
parameters of the improved Los Alamos model with
non-equal T,,, very recently reported by Madland and
Kahler [6], especially for fissioning nuclei without any ex-
perimental information concerning the prompt emission.

One of authors (AT) thanks Alf Gook for providing experi-
mental data and for interesting discussions during this work.
A part of this work is done in the frame of the Romanian
Project PCE-2016-0014.
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