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V. M. Maslov}! Yu. V. Porodzinskij: M. Baba? A. Hasegawd,N. V. Kornilov,* A. B. Kagalenkd® and N. A. Tetereva
L30int Institute of Nuclear and Energy Research—“Sosny,” 220109 Minsk, Belarus
2Cyclotron and Radioisotope Center, Tohoku University, Aramaki, Aza-Aoba, Aoba-ku, Sendai, Japan
3Japan Atomic Energy Research Institute, Tokai, Japan
4SSC RF Institute of Physics and Power Engineering, Obninsk, Russia
(Received 13 March 2003; published 17 March 2004

Statistical model calculations were performed to interpret the prompt fission neutron gp¥atg from
238(n, f) and232Th(n, f) reactions for the incident neutron energigs-6—18 MeV. Spectra of the prefission
(presaddlg (n,xnf) reaction neutrons were calculated with Hauser-Feshbach statistical model, fission and
(n,xn) reaction cross section data being described consistently. Spectra of neutrons, evaporated from the fission
fragments, were approximated as a sum of two Watt distributions. The reduced neutron velocity in the center-
of-mass system due to the neutron emission during fragment acceleration was assumed. PFNS component due
to presaddle neutrons is evidenced in the shape of the measured PFNS data. We show it to be strongly
correlated with the emissive fission contributions to the observed fission cross sections. The dependence of
these contributions on the target nuclide fissility and incident neutron energy is shown to be pronounced in the
PFNS shapes fof32Th(n,f) and 238U(n, f) reactions. High-energy tails of the first neutrons(ofnf) and
(n,2nf) reactions are shown to be evidenced in the PFNS measured data trends.
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[. INTRODUCTION neutron$ might be possible if the neutron lifetime in excited
fission fragments is comparable with the acceleration time of
In neutron-induced fission of actinide nuclei one can disthe fragments. Preacceleration neutron emission can be
tinguish between several neutron-emitting sources, along thigeated in the same way as an emission of the neutrons from
path of the composite nucleus to the scission point. Firstthe fission fragments after full acceleration. The angular dis-
preequilibrium neutrons could be emitted before a compositéibution of the preacceleration neutrons will be focused
system attains thermal equilibrium. Then presaddle neutronglong the fragments’ direction of flight. However, the ratio of
might be evaporated before a composite system attairiye yields of neutrons, emitted at 90° and at 0° relative to the
saddle-point deformation. This happens when incident neufragments’ direction of flight, will increase due to the re-
tron energyE, is higher than the thresholfl, of (n,nf) ~ duced center-of-mass systgmm.s) velocity. The average
emissive fission reaction(E,,;~5-6 MeV). Reaching €nergy of the prompt fission neutron spectrdi) in the
saddle deformation, the nucleus rapidly transits from thdaboratory systeniLS) could be estimated a&)=(e)+E,,
saddle point to the “scission” point. Though this saddle-to-where(e) is the average neutron energy in the c.m.s. Bpd
scission transition time is rather short1072's) [1] “prescis-  is the c.m.s. energy per nucleon. Obviously, the latter value
sion” neutrons still could be emittg@]. Notwithstanding the would be reduced because of the smaller kinetic energy of
type of the neutrons emitted before fissioning nucleughe fission fragments at the moment of preacceleration neu-
reaches the scission point, either they are presaddle d&fon emission.
prescission, the fission reaction looks like multiple-chance Recent experimental investigations of the actinide
fission. This feature complicates a lot the analysis of thd?%2Th(n,f), 2%U(n,f), 2&8(n,f), and ZNp(n, )] prompt
measured prompt fission neutron spectra, since the mass afiglsion neutron spectrgPFNS by Boykov et al. [5,6],
excitation energy of the final fissioning nucleus are notSmirenkinet al. [7], and Lovchikovaet al. [8] at E,,~ 13,
known unambiguously. For neutron-induced fission of ac—~15, and ~18 MeV enhanced sufficiently the measured
tinides atE, up to ~20 MeV, (n,nf), (n,2nf), and(n,3nf)  data base. It was observed in recent modeling of these PFNS
fission reactions contribute to the fission observables. data[8] that for incident neutron energi€s,~13-18 MeV
After scission, primary fission fragments may emit neu-there was some excess of soft neutrons. It could be evi-
trons as well. Most of the neutrons are emitted from thedenced also as a lowering of the average energy values of
fragments after full acceleration in their mutual CoulombPFNS(e) (see also Refl9]) as compared with the estimates
field. It was shown by Budtz-Jorgensen and Knifigfthat based on previous experimental df1®-13. These pecu-
this happens within-10718-10"%’s. It might be assumed that liarities invoked speculations that modeling of the prompt
some neutrons could be emitted just after scisdini.e.,  fission neutron spectra in multiple-chance fission reactions,
before full acceleration of the fission fragments. The angulapresaddlen,xnf) neutron emission included, cannot repro-
distribution of these neutrons could be different from that ofduce the soft energy part of PFNS. These recent experimen-
neutrons emitted from fully accelerated fragments, sinceal investigations triggered also the assumptions that some
their kinematical focusing is more similar to that of pre- prompt fission neutrons, other than presaddle neutrons or
saddle neutrong4] emitted from the fissioning nucleus. neutrons emitted from fission fragments, could be emitted
Emission of neutrons during acceleratigpreacceleration from an additional neutron sour¢see Ref[14]), However,
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Svirin et al. [14] estimated prefissioR®®U(n,xnf) reaction  (n,xn) cross sections’ descriptigii8]. Actually, the energy
neutron spectra in a Weisscopf-Ewing approach, using @ependence of PFNS &f+1 composite nuclide for prompt
number of approximations regarding multiple-chance fissiorfission neutron energiess< E;,~ E,—B; resembles the shape
contributions and relevant parameters. In a recent analysis @ff the fission probabilityP; of A residual nuclideB; being
emissive neutron spectra 6t +n interaction by Kawano the effective fission barrier value. The energy dependences

et al. [15], the authors successfully concentrated on thef PENS for most extensively studied target nuclides,
analysis of forward-peaked angular distribution of first neu-j e 238 and 232rh for ¢ <E,, resemble the shape & of

trons forEn§ 14 MeV, fission neutron energy spectra being23g o 2321 nuclides, respectively. Fission probabilities of
calculated with the model of Madland and Ni5]. Kawano  regjqual nuclide€32Th and 238U are rather poorly investi-
et al..[la included preequilibrium emission of the first neu- ated experimentally; they were defined by fitting relevant
tron in a proven quantum-mechanical approach. Howevemeasured fission crc;ss sectioR€Th(n, f) and 228U(n, )

they used a rather approximate procedure to estimatgbo e(n.nf) emissive fission reaction thresholds, This was
multiple-chance fission contributions to the prompt fission veln, ISSIVE TISSI : IS w

neutron spectrum. Partitioning of the obser¢adF) fission ~done simultaneously witlin,xn) reaction cross section de-
cross section intdn, f), (n,nf), (n,2nf), and(n,3nf) non- scription within Hau_serTFeshbah approatz:?. Any further in-
emissive and emissive multiple-chance chance fission contrf/€ase of the contributions 6F%U(n,nf) [2*2Th(n,nf)] or
butions, which was proposed in R¢L5], could not give a  ~-U(n,2nf) [**?Th(n,2nf)], which would add more soft
consistent description 0f23%U(n,f), 238J(n,2n), and neutrons to the calculated PFNS spectra, would either dete-
238)(n, 3n) reaction data(see Ref.[9] for more details  riorate the(n,xn) reaction cross section description or over-
Then, deriving prompt fission neutron spectrum from theshoot the experimental fission probability estimates of these
analysis of inclusive neutron emission spectra, they assumef andA-1 residual nuclides.

negligible contribution from the neutron spectra (of 2n) Our assumption of neutron emission from fission frag-
and (n,3n) reactions atE,~ 14 MeV. That seems to be a Ments before full acceleration allows to describe measured

rather strong assumption, which might be even less valid i FNS data in the emitted neutron energy range eof
case of a lower fissility target nuclide lik&2Th or higher = 0-5 MeV. However, the absolute value of the total kinetic
incident neutron energies. Contributions of first, second, an§"€rgdy at the moment of prompt fission neutron emission
third neutrons ofn, 2n) and (n, 3n) reactions to the neutron from the fragments seems to be larger than the values pre-

emission spectrum depend on the fission probabilities of thdicted based on the excitation energy of the fragments and

relevant nuclei, fissioning in multiple-chance fission reac-2ccéleration ime. Hence, the present approach might be con-

tions. We will illustrate this influence using2Th(n,f) and sidered as a phenomenological model viable to describe the
238)(n, f) reactions as examples observed energy dependence of PFNS for actinide nuclei.

We will estimate the contribution of presaddie,xnf)

neutrons to the measured PFNS based on the description Il. PREFISSION (n.xnf) SPECTRA
of 28J(n,f), 2%J(n,2n), 22%8U(n,3n), 232Th(n,f), and _ ( )
232Th(n,2n) reaction cross sectiongl7,1§ with Hauser- We will analyze the measured PFNS data f&U(n,f)

Feshbach statistical model. We will analyze measured PFN8Nd **°Th(n, f) reactions[5-8,12,13 above emissive fission
data for the®38U(n,f) and 232Th(n,f) reactions above and threshold. Measured PFNS data for #f&J(n,f) reaction at
below emissive fission threshold and interpret major datd&,~6, 7, 8, 9, 13.2, 14.3, 14.7, 16, and 17.7 MeV and for
trends. We suppose that following this approach the uppethe 2°Th(n, ) reaction atE,~ 14.7 and 17.7 MeV provide
level of possible excess of soft neutrons could be more relithe possibility of observing that the variation @f,nf) pre-
ably estimated and then attributed to the influence of varioufission neutron contribution depends on the excitation energy
factors, that may influence the postfission neutron spectra. of the composite nucleus, as well as the target nuclide fissil-
In our previous papef9] we investigated several options ity. At E, values below(n, 2nf) reaction threshold,,,; the
to describe the PFNS data fa?®U(n,f) reaction in a contribution of(n,nf) reaction neutrons might be evidenced,
multiple-chance fission excitation energy range, nam@ly:  while at highest incident neutron enerfy~ 17.7 MeV the
introduction of a prescission neutron sour(®, increase of first neutron of(n, 2nf) reaction also might be pronounced.
(n,nf) and (n,2nf) emissive fission chances contributions
and relevant decrease of that of nonemissive first-chance fis- ) o
sion, and(3) neutron emission from fission fragments before A. Multiple-chance fission
full acceleration. Contributions of(n,xnf) fission reactions to the observed
The incorporation of the prescission neutron source coul@n, F) reaction cross section, coming from the fission of rel-
be of help, but its properties look rather contradictory, sinc&vyant equilibrated nuclei, are calculated in a Hauser-
its average neutron energfe) ~0.5-0.6 Me\ is inconsis-  Feshbach approach, implementedsimpRE statistical model
tent with the time when total kinetic energy of fission frag- code[19] as
ments reaches-90% of its maximum valug3].
Prefission(or presaddlg neutrons emitted irin,xnf) re-
actions strongly influence the shape of PENS. We use calcu- Tnr(En) = one(En) + 21 Tnnf(En), 1)
lated (n,xnf) reaction neutron spectra for the target nuclide <
A, which are strictly correlated with consistefi,f) and  using fission probabilitie:P?(T(U) of relevant nuclei

X
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FIG. 1. 238U(n,F) fission cross section. FIG. 2. 238Th(n,F) fission cross section.
maax =0 En)/one(Ey)  and  prefission  neutron  spectra

Onxn(En) = 2 e WeTy(U) Py, 1y (U)dU. (2)  dop,n/de,i=1,... x were calculated as well. Observed fis-
In sion cross section daf@3-29 for 2%U(n,F) reaction(see

SR . . Fig. 1) were described simultaneously witf8U(n,2n) and
Here,\/\/)](+l(U) is the population ofx+1)th residual nucleus zggng(n) 3n) reaction cross sectiord8 2};4. In ca(se Ofggz.l_h

at an excitation energy after the emission ok neutrons; +n interaction, 22Th(n,F) [30-37 (see Fig. 2 and

excitation energyUy3 is defined by the incident neutron 2327 . . :
n,2n) reaction cross sections were descritjad,39.
energyE, and the energy removed from the composite SysThe preequilibrium fII’St neutron emissi¢A0,41] is impor-

e eonsstn BOVSIB O i eproduc consseny e Ghmerind) endnan
reaction cross sections. Contributions of #&J(n, f) (first-
: Jw(U) chancg fission reaction?3®U(n,nf) (second-changdission
ix (En) = )+ T20) + T250) () reaction, and3U(n, 2nf) (third-chancg fission reactions to
the observed3®U(n,F) fission cross section are shown in
where fission probab|||tyP 7(E,) depends on theTfX, Fig. 1. Figure 2 shows respective partial multiple-chance fis-
T7(U), andTJ5(U) transmission coefficients of fission, neu- Sion contributions to the observé#Th(n,F) cross section.
tron emission, and radiative decay channels, respectivelyOr incident neutron energies above emissive fission thresh-
Below we will omit nuclide indexx in the equa“ons' old first-chance nonemissive fission cross sections of
In a double humped fission barrier modeD], neutron-  2*3U(n,f) and?*?Th(n, f) reactions are rather weak functions
induced fission process can be viewed as a two-step proces¥, incident neutron energy. Second- charfé&J(n,nf) and
i.e., a successive crossing over the inner hulnand over third-chance®3U(n, 2nf) fission reaction contributions are
the outer humB. Hence, the transmission coefficient of the consistent with?®"U(n,f) and 2%®J(n,f) fission cross sec-

fission channeTI'?” (U) can be approximatef21,22 as tions in the first “plateau” regions, respectively.
Prefission(n,xnf) neutron emission lowers the excitation
T7(U) = Tea(U)Ti5(V) (4)  energy of residuah, ... A-x nuclei. Reducing the contribu-
( )+ Tia(U)’ tion of nonemissive first-chance fission and increasing the

o L - - _ contribution of multiple-chance fission, we could reduce the
Fission transmission coefﬁmenfﬁf]j (U) are defined by average energy of®U(n,F) PFNS down to the level pre-

the level densitypyj(e,J,m) of the fissioning nucleus at the jcteq by Boykovet al. [5], Smirenkin et al. [7], and
inner and outer saddld$=A,B), Lovchikovaet al. [8]. Redistribution of multiple-chance fis-
sion contributions to the observed PFNS may mitigate the
(v :f _ (5) discrepancy of calculated PFNS with measured ¢atade-

. o {1+exg2m(Es + e—-U)/ha]} tails see Ref[9]). There is only one option to reduce simul-
o ) _ . taneously nonemissive first-chance fission cross seftign
Inner (outep fission barrier heigh€ag and widthiwag)  and increasén,nf) and (n,2nf) emissive fission contribu-
are correlated with the saddle point asymmetries, which intions, leaving(n,2n) and(n,3n) reaction cross sections de-
fluence level densityrag)(e,J, ) at saddle deformations, scription unaffected. Since the behavior of the first-chance
while the latter should influence the energy dependence dission cross sectiowr, is obviously related to the energy

prj(€,J, m)de

fission cross section. dependence of the first-chance fission probabity.
Fission cross section data &fU(n,F) and 22Th(n,F) = o.(1-g(E))P ©)
reactions are compared with the calculated curves in Figs. 1 o= o 4t 1,

and 2. The contributions ofth multiple-chance fission reac- its contribution to the observed fission cross section could be
tions to the observed fission cross sectigB(E,) lowered by decreasing the first-chance fission probability
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P:1. The increase of the contribution of the first neutron pre-states, classified by the number of particles plus holes
equilibrium emissionqg(E,) will deteriorate (n,2n) and [19].

(n,3n) cross sections’ description drastically. First-chance To simplify the equations, we will omit spin and parity
fission probabilityP;; depends on the level density param- indices for fissionl’s, neutronl’,, y emissionI’,, and total
eters of fissioningA+1 residualA nuclides. First-chance fis- I'=I',+I' +I'; widths, as well as summations owéand ,

sion probability P;; could be decreased assuming negativenade according to the spin and parity conservation laws in
shell correction value at the outer saddle, i.é\W; neutron emission cascades. Neutron spectdatf)/de of
~-1.6 MeV, as corpared withW;~0.6 MeV[21]. Total  the (n,nf)! reaction could be calculated using the first neu-
fission cross section could be kept unaffected, since detrons spectrum ofn,nx) reaction, i.e.(n,nx)!, multiplied by
creased contribution of the first-chance fission cross secthe fission probability of nuclidé,

tion o4, could be compensated by increasing fission prob- . 1 A

abilites of A and (A-1) nuclides. In that case cross donnr _ donnx [ (En = ) ®)
sections of(n,2n) and (n, 3n) reactions also would be re- de de TAE,-¢)

produced. We have shown recentl®] that for E, .
=16 MeV increased contribution of the multipI(::-chanceThe hard-energy tail of the neutron spectrdaﬁnf/ds of the

7 : ot .
fission reactions leads to the increase of the contributior{n’nf) reaction would resemble the fission probability

of soft neutrons. However, at higher prompt fission neu—Shape of nuclide\. . 1
tron energiess=4 MeV calculated PFNS shape still re- _ SPectum of the first neutrontiir,,,/ de of (n, 2nx) reac-

mains incompatible with measured data trend. Note thaﬂon’ which we denotén, 2nx)*, could ,be opta|ned Ufmg the
contribution of second-chance fission react®fU(n,nf)  first neutrons spectrum d@h,nx) reaction, i.e.(n,nx)" [see
keeps increasing &,= 14 MeV, while Kawanoet al. [15] Eq. (7)], multiplied by the neutron emission probability of
predict its sharp lowering with subsequent strong increase djuclideA,

238(n, 2nf) third-chance fission contribution. Decreasing dot dot TAE —¢)

trend of nonemissive fission cross section?#U(n,f), as Inznx _ Z%nnx o 24 9)
well as high contributions of second-charié@J(n,nf) and ds de T(Eq-e)
third-chance?*U(n, 2nf) to the observed fission cross sec- pectrum of the first neutrondol, /de of (n,2nf)* reac-
tion of 2, predicted by Kawanet al.[19], deteriorate the — tion, j.e., (n,2nf)?, is obtained integrating the first neutrons
consistent description oU(n, f) and 2*U(n,xn) reaction  gpectrum of(n,2nx) reaction, i.e.,(n,2nx)}, multiplied by
cross sections. In o?her word_s, we argue that estimates ‘?fe fission probability of nuclidéA-1),

multiple-chance fission contributions, different from that

shown in Fig. 1, would either deteriorate the consistent de- dolons ErBh Aoy, If HE,—Bh— £ — &)
scription of 228J(n,F), 2%8U(n,2n), and238J(n,3n) or non- “de :f de T"YE,-Br-s-g,)
emissive 27U(n,f) and 2%®J(n,f) reaction cross sections. 0 n"BnTET e
The same conclusion applies in the casé®Th target nu- (10)
clide.

€1.

The hard-energy tail of the first neutron spectrdaf,, ¢/ ds
of the (n, 2nf) reaction would resemble the fission probabil-
B. First neutron spectrum ity shape of(A-1) nuclide.

. . . . : 1
First neutron spectrum dh,nx) reaction is calculated in ~ Spectrum of the first neutrontir, 5 ,/de of (n,3nx) reac-

a statistical Hauser-Feshbach theory of nuclear reactions aion, which we denotén, 3nx)*, is obtained integrating the
first neutrons spectrum afn, 2nx) reaction, i.e.,(n,2nx)*

do—ﬁnx [see Eq.(9)], using the neutron emission probability @&
20X = S WAE. — £ 7). 7 a9, g p y
de % (En=ed? @ -1) nuclide as

Here, WA(E,—¢,J7) is the population of the excited states in dorany  [EnBh dopon Ta (En—Bh—e— 1)

residual nuclided, formed after emission of the first neutron ds o de TAYE,-B*-g-gy) ds;.

with energye, spinJ, and parity7 at excitation energy, o

—¢. For the compound nucleus+1 the excitation energy 11

— A+l A+l H H
equalsU=E,+B,™, whereB,"* is the neutron binding en- 0, haying the spectrum of the first neutron of the3nx)

ergy in a composite nuclidé+1. First neutron spectrum reaction,do,./de spectrum of first neutrons d@h,3nf) re-
contains the contribution of the preequilibrium neutron emis-

) ) . . action, i.e.,(n,3nf)%, could be calculated as
sion, for details of preequilibrium model calculations see

Ref. [18]. Present statistical model of fission reaction as- dot E B! gl

. . . . n3nf _ N =n “n n3nx

sumes fission/neutroavaporation competition during de- d——J
cay of the excited compound nucleus, which is formed €
after the first-chance emission of preequilibrium neutron FfA'Z(En —BA-BAl-g-g, -6y
[19], treated with a simple version of exciton model A yN——

[40,41). The equilibration is treated with a set of master (En=By—By —e-e1-¢)
equations, describing the evolution of the excited nucleus (12

0 d8

d82.
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The latter equation is actually a double integral, which is 10°
obtained after substitution of E@Ll) into Eq. (12), the in- 10 A
tegrations are maintained over the energies of partial neu-
trons of (n, 3nf) reaction.

C. Second neutron spectra

! [
i b o—— ) 1
[ oy
L——(man) i
H \ — - (nenf)' i 3
\ \ — (n3n)'

-
<
o

r

Second neutron spectrum of thé,2nx) reaction,
(n,2nx)?, i.e., emission spectrum of the second neutrons or

Neutron Spectrum (b/MeV)
= =
5 &

neutrons, emitted from residual nuclide is calculated inte- 107 | oA y
grating over first neutron spectrum,nx)® of the (n,nx) 10% i L
reaction[see Eq(7)] using the neutron emission probability 5 10 15 20
of nuclideA as Neutron Energy (MeV)

FIG. 3. Components of the first neutron spectrunt®(n,F)
de;. (13) reaction for incident neutron energy 20 MeV.
o de TAE,-Bj-ey)

de

do—ﬁZnX - fE”_Bﬁ do’ﬁnxrﬁ\(En - Blr/;\ B 81)

D. Third neutron spectra
Second neutron spectrum of the, an) reaction, Wh|Ch Third neutrons Spectrum of thdn,3nx) reaction,
we denotgn, 2nf)?, would be expressed as a double integral.(n, 3nx)3, is obtained from(n, 2nx)2 [see Eq(13)] reaction

It would be obtained using Eq13), which defines second gspectrum using neutron emission probability froft-1) nu-
neutron spectrum dfn, 2nx) reaction, i.e.(n,2nx)? and fis-

i bability of(A-1) lid clide as
sion probability of(A—1) nuclide as ]
dorpany _ fEn‘Bﬁ‘Bﬁ L doZng
dizznf — IE”_Bﬁ do’ﬁan 1_";-\_l(En - B’;\ &1~ 82) d de 0 de
do o de T*Y(E,~Bj-s1-s) . I YE,-Br-Bi 1 -&,-¢)) de a7
- - 5.
(14) AN E,-Br-BA -, s))

Obviously, boundary energies of first and second neutrons The latter spectrum is a double integral over excitation
of (n, 2nf) reactions coincide. energies ofA and (A-1) residual nuclides, or, equivalently,
Second neutron spectrum of tkie, 3nx) reaction, which ~ Over partial neutron energies @, 3nx) reaction.
we denote(n, 3nx)?, also would be a double integral, it is Third neutrons spectrunn, 3nf)® is obtained using the
defined using second neutron spectrur{mf2nx) reaction,  third neutrons spectrum dh,3nx) reaction,(n,3nx)%, and
i.e.,(n,2nx)? [see Eq(13)] and neutron emission probability fission probability of(A-2) nuclide as

of (A-1) nuclide as oy J‘En_Bﬁ_Bﬁ—l dod,
de 0 de
dUr213nx _ EyBY do’ﬁan I‘ﬁ_l(En - Bﬁ —&1- &) A-2 A SA-1
de do TAHE, —Br-e,-0p) % P BBy —ea-epmeq),
0 noTno T2 TA2(E, - By - By '~ &1~ &~ £3) ’
(15 (18)
Second neutron spectrum of tke, 3nf) reaction, which 100
we denote(n, 3nf)?, is calculated integrating second neutron
spectrum of(n,3nx) reaction,(n,3nx)?, which is a double s 10 3
integral, and a fission probability ¢A—2) nuclide 2 02tk ]
a
€ 108 y
— 3
dO'ﬁ:;nf — fEn_Bﬁ_Bﬁ ! doﬁ:;nx § 104 3
de Jo de & 105 _
c
re Z(En‘Bﬁ‘Bﬁ1‘81—82—83)d83_ % 10 | ]
FA_Z(En—Bﬁ—Bﬁ‘_l—sl—sz—Sg) Z 107 0 \\ 1
(16) 108 i [ L
o o . 5 10 15 20
The latter expression is a triple integral over excitation Neutron Energy (MeV)
energies of thdA-2), (A-1), and A residual nuclides, or,
equivalently, over partial neutron energies(af 3nf) reac- FIG. 4. Components of the first neutron spectrum®Th(n,F)

tion. reaction for incident neutron energy 20 MeV.
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100 . r 10° e

101 — J— 2 1 -1 ]
S 102f N oy 10
Q 03[ \ SN —_”(n,an)z2 3 > 102 ]
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S04 |\ A g 10° !
£ 105 \ \ 1 E 104 1
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2 107k \ 1 2
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2 10} \ \ ] 2 13»9

107% ! \ ;
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FIG. 5. Components of the second neutron spectrum of FIG.7. Components of the third neutron spectruntBi(n,F)
238(n,F) reaction for incident neutron energy 20 MeV. reaction for incident neutron energy 20 MeV.

. o o Shapes of thén,nf)! spectrado™ /de for 230U(n,f) and
The latter expression is a triple integral over e)(Cltatlon232'I'h(n f) reactions are defined by the fission probabilities
energies of th€A-2), (A-1), and A residual nuclides, or, '

. . . of 228U and 2%2Th nuclides, respectively. Figures 1 and 2
:gzlvalently, over partial neutron energies(af 3nf) reac- demonstrate that contributions @fi,nf) second-chance fis-

sion reaction to the observed fission cross sections are rather
E. Partial neutron spectra of U and Th nuclei dif‘fe_rent in case of*U and 232.Th 'Farget nuclides. Cross
' section shape of*®U(n,nf) reaction is rather flat above the
Partial (n,xnf) reaction neutron spectra f&,=20 MeV  relevant thresholdE,,;, while that of 232Th(n,nf) reaction
are presented on Figs. 3-8. Figures 3 and 4 show the firgfemonstrates rather strong dependence on the incident neu-
neutron spectra fof*® +n and?**Th+n interactions. Obvi-  tron energy. Broad peak f#2Th(n,nf) reaction cross section
0US|y, neutron/fission Competition is defined by the Ievelis pronounced in the neutron spectrum (Of,nf) reaction
density and fission barrier parameters of relevant fissioningsee Fig. 4. Sharp decrease 8f2Th(n,nf)! reaction spec-

and residual nuclei. trum for emitted first neutron energies= E,—B; would be

23 23 i P i . . .
In case of**U+n and**’Th+n interactions, first neutron  gyidenced in measured prompt fission neutron spectse®
spectra ofn,ny), (n,2ny), and(n, 3ny) reactions have simi- below).

lar shapes; they demonstrate characteristic lowering of the |5 case of 238U+n interaction, (n,2nf)> spectrum

soft neutron energy parts, which is due to the competitiony;1. /de contribution is lower than that ah,nf)* reaction
either of first or higher chance fission reactions with emis-

. ; ; ) up toe ~5 MeV; fore=5 MeV it turns out to be highgisee
sion of second or third neutrons in relevant reactions. ReIaFig_ 3). Contribution of (n,2nf)! reaction spectrum to the
tive contributions of first neutron spectra @f,ny) reaction first neutron spectrum of*2Th+n interaction is systemati-
to the first neutron spectrum @f, nx) reaction are correlated cally higher than that ofn,nf)! spectrum fore<8 MeV
with y-emission/neutron/fission competition for the residual ’

d : . (see Fig. 4.
quclel, WhICh are not much different for th&8+n and In case of?3, target nuclide contribution ofn,3nf)!
2Th+n interactions.

reaction spectralo’,./de to the first neutron spectrum is

100 1 10° P
5‘10-1 : 1 ~ 107 1
§ 102 5 1 g 102 1
émj 1 2 103
g 10 ] € 104 ]
£ 10° = £ o
&1 ; f%w-e 1
c 107 3 c 3
£ 10°® i g 107 1
=] 3 .

%) 10 ] %J 108 4
107 : 1 10° 3
101 i 10 :

5 10 2 4 6 8

Neutron Energy (MeV) Neutron Energy (MeV)

FIG. 6. Components of the second neutron spectrum of FIG. 8. Components of the third neutron spectrum of
232Th(n,F) reaction for incident neutron energy 20 MeV. 282Th(n,F) reaction for incident neutron energy 20 MeV.
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comparable with those of lower chance fission reactions for A L
=3 MeV, while in case of32Th target nuclide it is much + B5(Ey)| va(En— Bh = (Epong)
lower (see Figs. 3 and)4

Second neutron spectrum @f, 2nf)? reaction contribu- 5 dotons o2
tion to the spectrum of second neutrongiwf2nx)? reaction = (Ernt!)Sa-a(e. En) + ds * de
is relatively higher in case of*®U+n interaction, than in

case of lower fissility target®Th (see Figs. 5 and)6In case _RA_RAl_/El o\ _ 2
of 23J+n interaction ?he set(:ond ngeutron s?pectrum of v A(E”){V“(E” B~ By~ (Bt = (Enany)
(n,2nf)? reaction contribution to the spectrum of second (B3 VS E
neutron of(n, 2nx)? reaction is higher than that ¢h,2ny)? (Erignt)) Sale. En)

(see Fig. 5, but lower than that ofn,3ny)? reaction fore dotan  doZgns  doisn

=9 MeV. In case of lower fissility target nuclide * de * de * de :
232Th,(n, 2nf)? third-chance fission reaction contribution to _

the spectrum of second neutron(af 2nx)? reaction is lower  Saso(¢,E,) denote contributions to the observed prompt
than both(n,2n7y)? and (n,3ny)? contributions(see Fig. §.  fission neutron spectra, which could be traced to multiple-
Second neutron spectrum @fi, 3nf)? reaction contribution ~chance fission reactionsE,,,) is the kth neutron average
to the (n, 2nx)? reaction spectrum also seems to keep direcenergy (k<x) of the (n,xnf)-reaction neutron spectrum
dependence on the target nuclide fissility. For the lower fisdoX,/de.

sility target 2%?Th nuclide it is much lower than in case of ~ Number of prompt fission neutrongE,) is estimated as
234 target nuclide(see Figs. 5 and)6

Main contribution to the third neutron spectruim, 3nx)>
comes from(n,3ny) reaction(see Figs. 7 and)8for both
target nuclei. The contribution dh, 3nf)* is higher in case _ _ o
of 233 target(see Fig. Jthan in case of32Th (see Fig. 8 subscriptx=1, ... X denot_es muIane—c_hance fission &f
Because of the lowering of excitation energy after emissiori 1, At A=1, andA-2 nuclides after emission ¢k—1) pre-
of first and second neutrons, influence of the level density ofission neutrons;3,(E,) is the contribution ofxth chance
relevant nuclei and fission barrier parameters for the thirdission to the observed fission cross sectiog(E,,) is the
neutron spectra is much higher than in case of first or secongrompt fission neutron number for theh chance fission
neutron emission. reaction.

Summarizing, we anticipate that partial,xnf) prefission SpectraSy.o-4(¢, Ep) of neutrons, evaporated from fission
neutron spectra for different target nuclei would be pro-fragments of A+2-Xx) fissioning nucleus were approximated
nounced in observed PFNS for the target nuclides with difas a superposition of two Watt distributions, taken with equal
ferent fissilities to a different extent. Present estimates of th&veights[43]:

(19

X
W(E,) = 2 {[n(En + (x—= D1B(EN}, (20
x=1

partial prefission neutron spectra, calculated simultaneously 2
with consistent reproduction dfn,f) and (n,xn) reaction
) . ’ S X . JEn) =0.52, Wi(e,E, Tii (Ep), @),

cross sections, are more reliable than various previous esti- Sde.En) gl (&, En T (En). @) (2Y)

mates, based on Weisscopf-Ewing approgeh42, or more

ambiguous phenomenological estimates of prefission neutron ~ —

spectra, which are used in previous PFNS analy$6gl5. W (s,E,, T (E), @) = LN exp(— e+ vaJ)Sh(\bxjs)
XAE=ns T ' [—q3r2? T hoo !

N ij \‘bij&‘

IIl. MODEL FOR PFNS CALCULATION (22)

A. PENS for multiple-chance fission 5 —
— 1% — =* — i

At incident neutron energies above emissive fission b = T2 T = kg VB = K VB = TKE + Uy (29)
threshold and up tdE,,=20 MeV, prompt fission neutron
spectraS(e ,E,) are calculated as a superposition(ofxnf) ~ Txj is the temperature parameter for light and heavy frag-
prefission  neutron spectradaﬁxnf/ds(x=1,2,3,or 4k me_nts(J:I ,h) of xth nucleus,« is the ratio of the t_ota_l ki-
=1,2,...x) and postfission SpectrS.,_(e,E,) of neu- netic energy(TKE) at the moment of neutron emission to
trons, evaporated from fission fragments: the appropriate TKE value at the full acceleration lingif,

is the energy release in fission. In Watt's equatidiy.
(22)] c.m.s. energy per nucleon is reducedBg=aE,j,
Eui = (And/ AxAy) a X TKE,, Epxn= (A AnyiA) a X TKE,.
The ratio of the “temperatures” for light and heavy frag-
ments r=1.248 is the semiepirical fitting parameter,

S(SyEn) :§A+1(8yEn) +§A(8yEn) +§A—1(8yEn) +§A—2(8yEn)

= V_l(En) v1(Ep) B1(Er) Sasa(e, En) + Bo(En)

do’ which was assumed to be independent of the target
o . ) ;

> E, — (E, ))Sa(e,E,) + —0nf nucleus,k,; is the parameter obviously related with the
{VZ( 0~ (Eand)Sale,En) de main level density paramet¢43].
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FIG. 11. Measured and calculatéU(n,F) reaction PFNS at
E,=6 MeV relative to Maxwell PFNS with the average energy
(E)=2.0367 MeV.

We take into account prefission neutrons’ influence on the

fission frag_ments’ excitation energy, reducing it by the aver—energyUX [Eq. (24)] is brought into nucleug, in the reac-
age energies of prefission neutrons and relevant neutr

%bn n+A,_; —fission. Incident neutron ener for the
binding energies,, i.e.,U, for the nucleus\,=A+2—x after 17 Ol

S X1 : lculated multiple-chance fission reactions is calculated Eag=U,
emission of(x-1) neutrons was calculated as -B,. In this way we obtained the,(E,,) functions forxth

chance fission.
Ux=En+Bn— 2 ((Ex) +By. (24) To calculater(E,)) at incident neutron energids, = E, ¢

= we used relevant low-energy data for the nuclei involved in
The excitation energy of fission fragments of fissioning "€ multiple-chance fission reactions. The systematic ap-
nucleus with mass numbeh+2-x equals E;:E,—TKE proach of Ref.[44] was employed to estimate the energy
+U,, fission fragment temperature paramet&gE,) ver- depgndence g;the numger of prompt ;‘;ssmn neutng(s,)
sus excitation energy are defined for each fissioning©" V(n,f), U(n,f), G_U(“'T)' and *U(n, ) reactions
nucleus. Below emissive fission threshold, this approxi-UP to the rgleya_mt_emsswe_ flssm_n thresholds. Calculated
mation allows to get better agreement with measured datdéutron multiplicity is compatible with the measured data on
on actinide PFNg43]. The systematic approach of Ref. ¥(En) by Frehauf45]in the energy rangg, ~8-20 MeV. It

[44] was used to estimate partial prompt neutron multi-iS compared with the measured dg4&-5(Q in Fig. 9. Small
plicities v, below emissive fission threshold. discrepancies of calculated and measured data are noticed at

low energies, since adopted approximation ignores changes

of the slope of¥(E,) in the first plateau regiosee Fig. 9,

and aboveE,~ 16 MeV, but they are well within the data
Neutron multiplicitiesr,(E,,) define relative contributions scatter. Figure 9 shows also partial contributions of the emis-

of the (n,xnf) prefission neutron spectdw®, ./de (x=1, 2,  Sive fission reaction$U(n,xnf) to the prompt fission neu-

3,0r4;k=1,2, ... x) and postfission spect@,,(¢,E,) in  tron number of*®J(n,F) reaction.

§A+2_X(8,En) [see Eq(19)]. We assumed that the excitation

FIG. 9. Prompt fission neutron number &fU(n,F) reaction.

B. Neutron multiplicity

2.0 T T T 1 T
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Batohelor et al, [54]
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.
N
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o Kuzminov et al. [60)
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Neutron Energy (MeV) FIG. 12. Measured and calculaté®U(n,F) reaction PFNS at

E,=7 MeV relative to Maxwell PFNS with the average energy
FIG. 10. Prompt fission neutron number®fTh(n,F) reaction.  (E)=2.0242 MeV.
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FIG. 13. Measured and calculatétfU(n,F) reaction PFNS at FIG. 15. Measured and calculaté®{U(n,F) reaction PFNS at
E,=8 MeV relative to Maxwell PFNS with the average energy g =132 MeV relative to Maxwell PFNS with the average energy
(E)=2.0461 MeV. (E)=2.0415 MeV. Solid line corresponds ®,=0.8, resembling

) c.m.s. energy reduction; dashed line corresponds; tol.
To calculate thew(E,) for the 2%2Th(n,F) reaction up

to E,~20 MeV we should k.nOva(E?) for 23'1Th(n,f), IV. MEASURED PENS DATA ANALYSIS
230Th(n, f), and?2°Th(n, f) reactions, which contribute to the _
observedy(E,) via emissive?®2Th(n,xnf) fission reactions. Figures 11-20 show PFNS measured data®f8d(n, )

We described the energy dependencergE,) for the first- ~ and*’Th(n, f) reactions aE,~6-17.7 MeV and calculated
chance fission of32Th(n, f) reaction[51-65 using two en- PFNS. Data points as well as the calculated curves are shown
ergy intervals — from the thermal energy point up Eq relatiye to'tht_a Maxvyell 'distributior)s with various average
=3.8 MeV and fromE,=3.8 up toE,=6 MeV. The slope of €nergies, indicated in figure captions, PFNS of eval_uated
linear fit in the first energy interval was chosen to describedata files of ENDF/B-VI[66] and JENDL-3.2[67] data li-

the experimental data in MeV-energy region together withPraries are also shown. Fé#U(n,f) reaction Figs. 11-14
the thermal pointr value (2.175 for 232Th(n,f). Then we show the variation of thén,nf)* neutron contribution to the
fixed v value (2.327 at 3.8 MeV and defined the slope for observed PFENS with the increase Bf,~ E,—B; energy. It

the second energy intervéE,=3.8—6 Me\}. This calcula- looks like a wave, moving from the left to the right side of
tion is shown as a solid line in Fig. 10. We applied the samdhe plots. With further increase &, (see Figs. 15-18, actu-
approach in case 3£°23023Th jsotopes also, but the energy ally above (n,2nf) emissive fission threshold, calculated
dependencies were shifted according to the thermal values 6firves resemble thén,nf)* spectra contributions to the
prompt fission neutron numbey;,. Thermal point values of PFNS, but generally, calculated PENS seem to be systemati-
v, were taken from the systematics by MalinovgKift]. Fig-  cally higher than PFNS data far=2 MeV and lower for

ure 10 shows also partial contributions to the observed =2 MeV (see dotted curves in Figs. 15-18, labeleq “
prompt fission number up t&,=20 MeV. Bump inv(E,) =1%).

around(n, nf) reaction threshold is due to the prefission neu- We would try to reconcile measured and calculated
trons emitted in?32Th(n,nf) reaction, in case of*®J(n,nf) ~ Prompt fission neutron spectra abofre 2nf) emissive fis-
reaction it is almost unpronounced.

T T u v Boykov etal [5]
] l 1.6 — — JENDL-32 b
®  Kornilov [13] —-- ENDF/B-VI ~
1.6 | —-—uenoLs2 J lJ N N o1
— - ENDF/B-VI )
— o=l
] ] W12 1
o
m wf
w . o
w LV !
T 2R '
I 0.8
4 o~
. L L 0 3 6 9 12
0 2 4 6 8 10 Neutron Energy (MeV)

Neutron Energy (MeV)
FIG. 16. Measured and calculaté®U(n,F) reaction PFNS at
FIG. 14. Measured and calculaté#U(n,F) reaction PFNS at E,=14.7 MeV relative to Maxwell PFNS with the average energy
E,=9 MeV relative to Maxwell PFNS with the average energy (E)=2.0456 MeV. Solid line corresponds @,=0.8, resembling
(E)=2.0757 MeV. c.m.s. energy reduction; dashed line corresponds; tol.
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FIG. 17. Measured and caIcuIaté%?U(n:F) reaction PFNS at FIG. 19. Measured and calculaté¥#Th(n,F) reaction PFNS at
E,=16 MeV relative to Maxwell PFNS with the average energy g —14 7 MeV relative to Maxwell PENS with the average energy
(E)=2.0584 MeV. Solid line corresponds @ =0.8, resembling  £-1 9456 MeV. Solid line corresponds @,=0.8, resembling
c.m.s. energy reduction; dashed line corresponds, tol. c.m.s. energy reduction; dashed line corresponds; tol.

sion threshold using the following arguments. It was shown,e\trons emitted after the first one. we assumel. Thus
by Eismont [68] that at incident neutron energ¥, e could estimate “observedt value as
~ 14 MeV total excitation energy of separated fission frag-

Qops™= V_l[<a’(7')> +(v-1)],

ments might be rather high. Consequently, neutron emission
time might be comparable to the fragment acceleration time

~10%s, That means some neutrons could be emitted during’herev~ 2 is the total number of neutrons emitted from the
fragment acceleration. Consequently, the c.m.s. energy arfteRgment. It was shown in Ref70] that if emission time
average neutron energy in the LS systf88,70 would be  equalst~(1-2 X 107%%s, thena,ps~0.9. It is rather dif-
further reduced. For preacceleration neutron emission onicult to estimate the neutron lifetime reliably, it depends
could assume the dependence of the TKE on the emissiopn the model assumptiorievel density parameters, exci-
time [69,70. Let us introduce the ratio of the total kinetic tation energy, etg. For the Mo-Ba and Tc-Cs fission frag-
energies at time and at infinity, «(t)=TKE(t)/ TKE,. One  ments in spontaneous fission &FCf (total excitation en-
may assume that neutron emission from an excited fragme®rgy E,~33 MeV), ~60% of these fragments may be
is described by the exponential law with life-time The  attributed 7~2x102°s and ~40% of fission fragments
average valuéa(7)) [70] may be estimated as may be attributedr~1x1071°s. Hence, one may expect
that the actual correction due to the preacceleration emis-
sion will be a,ps=0.9, if E,=35 MeV. For®&J(n,F) fis-

sion reaction atE,,~14 MeV excitation energies arE;

o . ~ =35.1,27.8, 21.8, and 6.6 MeV for?3&J(n,f), 238J(n,nf),
After emission of the first neutron, the fragment excitation23sy(n onf), and 238U(n,3nf) fission reactions, respec-

energy is reduced and the emission time increases, i.e., for g|l,e|yconsidering only the influence of excitation ener-

(26)

1
(a(7)) = ;f a(t)exp(— t/7)dt. (25)

32 F 4 Lovchikova et al. [8] ] 28 - 4 Lovchikova et al. [8]
—— JENDL-3.2 3 —— JENDL-3
L —- ENDF/B-VI 1 ] —- ENDF/B-VI
28} i e
0,=0.8 1 .
—~ 2.0
L
°
w
1.2
0.8}
L L L L L

6 2 4 6 8 10 12 14
Neutron Energy (MeV)

Neutron Energy (MeV)

FIG. 18. Measured and calculatéU(n,F) reaction PFNS at FIG. 20. Measured and calculaté¥#Th(n,F) reaction PFNS at
E,=17.7 MeV relative to Maxwell PFNS with the average energy E,=17.7 MeV relative to Maxwell PFNS with the average energy
(E)=2.0878 MeV. Solid line corresponds ®,=0.8, resembling (E)=1.9749 MeV. Solid line corresponds i®,=0.8, resembling
c.m.s. energy reduction; dashed line corresponds; tol. c.m.s. energy reduction; dashed line corresponds; tol.
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gies on the emission procesg,,s~ 0.9 could be estimated ' ' '
due to the preacceleration emission. We employ the 107 [ ==&
present approach, having in mind that it is at least a semi- £ \\\‘ g N
empirical parametrization of measured PFNS data. We 2102 E\“ \\\\ e
could reproduce measured PFNS data assuming that c.m.s. 3 oo
energy per nucleork,,, is further reduced as S 109 L '\__ 1
5 LN
— = Q.
E.ij = a1E,jj. (27) @ joe ]
e
We suppose thaty;=1 for E,<10 MeV and a;=0.8 for 3 :
T - . . = 105 | \ o 4
E,>12 MeV and is linearly interpolated in between. This s RN
additional correction of the average energy of postfission 0 5 10 15 20
neutrons removes much of the discrepancies of calculated Neutron Energy (MeV)

spectra with measured PFNS dataEgt=13.2,14.7, 16, ) o o

and 17.7 MeV(see solid lines in Figs. 15-18PFNS data FIG. 21. Multiple-chance fission contrlbutlons to the prompt
for the 238U(n, f) reaction atE,=13.2 MeV (Fig. 15 are fission neutron spectrum féf8U(n,F) reaction.

glr:llge rOeEptrhof(zl)L:c(re]('jr.] f)iiggct%(?ﬁ?sgs;rgfsere??édt%ég, we fission—(n, nf)-reaction neutrons and ngytrons, evaporated
might assume that change of the data shape araund from the fission fragments oA nucleus Sy(Ey, ), third-

~2 MeV is due to the sharp decrease of the first neutrorehance fission-n, 2nf)-reaction neutrons and neutrons,
spectrum contribution ofn, 2nf)! reaction to the observed evaporated from the fission fragments 6f1 nucleus
PFENS. For still higher incident neutron energié&s, Sa_1(En,e), and fourth-chance fissionés, 3nf)-reaction

=16 MeV (Fig. 17 andE,=17.7 MeV (Fig. 18 irregulari-  neutrons and neutrons, evaporated from the fission fragments

ties in measured. PIFNS| data.arr]oubad~3 Mgv %nd & h of A-2 nucleusgA_z(En,s). Figures 21 and 22 show contri-
~5 Me}/, respectively, also mig t be a.tt.n uted to the butions from the multiple-chance fission &{=20 MeV for
(n,2nf)* spectrum contribution. Irregularities due to the 238 (n, f) and 2%2Th(n, f) reactions, respectively

1 H H — — _ H H il .
(n,nf) ITeutrondcon;rlbutlons around~Ey=E, Bff alhso . In case of?*8J(n, f) reaction contributions from the first-
zgit\r'\éis ﬁi%‘gfgz M:\;)ges\/tﬁlr'ozgrenrsezxzistsit?s rtnfcﬁ’oénd second-chance fission reactions are comparable for
lower than in ~re.vious evaluations of éNDF/B-\[B6] prompt fission neut.ron energ'ie§'8 MeV. For higher emit-

P ted neutron energies, contribution @f,nf)-reaction neu-

and JENDL-3.2/67]. trons produces a plateau and a peak in observed RE&S

The peculiarities of the same nature are evidenced in case : - .
23 , o ig. 21). This contribution fades at=14.5 MeV, at higher
of 2*Th(n, ) PENS data analysis. For the incident neutrons values only neutrons from fission fragments of fission of

energy E,=14.7 MeV (see Fig. 19 peak in PFNS ate 23 . _ ~ I .
~E;~8 MeV is well reproduced. Slight excess of the soft - nuclide contribute toSy(E,, ). Contribution coming

neutrons is still observed only for=0.5 MeV. ForE,  from 238J(n,2nf) fission reactionSy 4(E,,e) is lower than
=17.7 MeV there are no data points belew 0.5 MeV t0  those of38J(n, f) and238U(n, nf) reactions, i..Sx.1(Ey, &)
notify excess of soft neutrons, unliké®U(n,f) reaction. Ir-

regularity arounde 5 MeV, which could be attributed to is due to the contribution of the first neutron @f,2nf)

the (n, 2nf)" neutrons, i.e., first neutrons (i, 2nf) reaction, reaction, it fades out at highervalues. The same peculiarit
is also reproduced quite well. As regards a peak in PFNS dug ~ ' 9 ' P y

to the (n,nf) neutrons, we argue that it should be at lowerin Sa-2(Ea, &), which is less pronounced, is due to the con-
energy e ~Ey~ 11 MeV, instead ofe ~12.5 MeV. More- , , ,
over, the peak should be higher than that observed in mea-
sured PFNS data. We argue that for the observed PFNS of 107
232Th(n,f) at E,~17.7 andE,~ 14.7 MeV the contribution

of (n,nf)! spectra should produce much stronger peaks
arounde ~ E,—B; energy than in case 6f8(n, f) reaction.
This is explained by the fact that peak in the shape of the
fission probability of?32Th nuclide is stronger than that of
238, This conclusion is supported by good fits of PFNS data
at E,~14.7 MeV, both for?3?Th(n,f) (see Fig. 19 and
2%8J(n,f) (see Fig. 1§ reactions.

Decomposition of the observed prompt fission neutron
spectra into contributions from multiple-chance fiss[eee
Eq. (19)] allows to deconvolute the observed prompt fission
neutron spectrum into contributions coming from nonemis- £ 22, Multiple-chance fission contributions to the prompt
sive fission of A+1 nucleus Sy.1(E,, &), second-chance fission neutron spectrum f8f2Th(n,F) reaction.

and’éA(En,s), respectively. A broad step arourd-7 MeV
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tribution of the first neutron ofn, 3nf) reaction. emission during fragment acceleration was assumed. The

In case of232Th(n,f) reactionSy.(E,, ), the contribu- lowering of the Watt distribution energy parameter, c.m.s.

tion from first-chance fission is generally higher than that of€N€rdy per nucleon, allowed to describe PFNS data shapes
for prompt fission neutron energies=0.5 MeV. For

238Y(n,f) reaction the excess of soft neutrons B
=14.7 MeV is lower than in case &f%U(n,f) reaction, at
2=17.7 MeV it almost disappears.

second-chance fission reacti&@(En,s), except the prompt
fission neutron energy range ef~9-14.5 MeV (see Fig.
22). In this energy range a large contribution to the observe
PFNS comes from the prefissidn,nf) reaction neutrons. The increase of the cutoff enerdgy,~E,—B; of the

Eelow SN? MeV, co.ntrlbutlon of the third-chance fission (n,nf) reaction neutron spectra with excitation energy of fis-
Sa-2(En,€) is even higher than that of the second-chancesioning nucleus is reproduced f&,~6—18 MeV. A step-
fissionS,_4(E,,, €), for higher energies of prompt fission neu- like irregularity around emitted neutron energy
trons, i.e..e=6 MeV, it is much lower. Contribution of the ~3-5 MeV for E,, above(n, 2nf) reaction threshold could
fourth-chance fissiorS, »(E,,) is rather low, it is much e correlated with the first neutron spectrum?8U(n, 2nf)

lower than in case o¥8U(n, f) reaction. For emitted neutron "€action gnoe3z“l'h(n,2nf). Multi_ple—chance _fis_sion structure
energies higher thans~10 MeV, contribution of the \Zl\éas Obtalnegi3 by the Self—coglgslstent deszgnpnoﬁ%ﬂ(n,f),
(n,nf)-reaction neutrons produces a plateau and a peak ifi J(n,2n), #3(n,3n) and >*2Th(n, f), 2*2Th(n,2n) reac-
observed PFNS, which is larger than in case?8tJ(n,f)  tion cross sections. _
reaction. Structure in prompt fission neutron spectrum, com- Summarizing, we argue that correct estimates of the pre-
ing from the third-chance fission, i.e., first neutror(of2nf)  fission (n,xnf) reaction spectra, alongside simple modeling
reaction, is less pronounced than in casé88(n,f) reac- of spectra of neutrons emitted from the fission fragments,
tion. For incident neutron energi& = E,,,; one faces some allow to.re_produce a number of peculiarities in measured
excess of the soft neutrons in PFNS data?8u(n, f) reac- prompt fission neutron spectra. Though the absolute value of
tion, as compared with the model calculations. In case o€ correction of the total kinetic energy at the moment of
lower fissility target nuclide?®?Th there is no soft neutron Neutron emission is somewhat larger than the values that
excess atE.~17.7 MeV. atE.~14.7 MeV the excess is could be estimated using the excitation energy and accelera-
n : ) n :

somewhat lower than in case 81U target nuclide. tipn time of thg fission f(agments, the present approach pro-

vides a versatile theoretical tool for the measured PFNS data
V. CONCLUSION ana.lly3|s.an_d. .PFNS prediction for the target nuclides with
various fissilities.

Analysis of measured®U(n,f) and 2*°Th(n,f) PFNS
data showed that a number of data peculiarities could be
correlated with the influence din,xnf) prefission neutron
spectra on the observed prompt fission neutron spectra, neu- The Research was supported by the International Science
tron spectra from the fission fragments being described witland Technology Center under the Project Agreement B-404
Watt distributions. To describe PENS data shapes for incidenthe Funding Party for the Project is Jajpand International
neutron energies higher th&m, 2nf) emissive fission thresh- Atomic Energy Agency(Vienna, Austria under Research
old, the reduction of the c.m.s. velocity due to the neutronContract No. 12353.
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