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Angular anisotropy of secondary neutrons evidenced in neutron emission spectra (NES), and 

prompt fission neutron spectra (PFNS). In case of NES it is due to pre-equilibrium/semi-direct 

mechanism of emission of first neutron in (n,nX)1 reaction, while in case of PFNS it is due to exclusive 

spectra of pre-fission neutrons of (n,xnf)1. In 239Pu(n,xnf) and 235U(n,xnf) reactions observed PFNS 

demonstrate differing response to the emission of first pre-fission neutron in forward and backward semi-

spheres with respect to the incident neutrons. Average energies of (n,nf)1 neutrons depend on angle of 

emission θ with respect to the incident neutron beam. The average prompt fission neutron number, fission 

cross section, TKE are quite dependent on θ as well. Exclusive spectra of (n,xnf)1,..x neutrons at θ~90o are 

consistent with 235U(n,F)(235U(n,xn)) observed cross sections and neutron emission data at En~0.01–20 

MeV. The correlations of the angular anisotropy of PFNS with the relative contribution of the (n,nf) 

fission chance to the observed fission cross section and angular anisotropy of neutron emission spectra 

are ascertained. The exclusive spectra of 235U(n,xnf)1,..x, 235U(n,nγ) and 235U(n,xn)1,..x reactions are 

calculated simultaneously with 235U(n,F) and 235U(n,хn) cross sections within Hauser-Feshbach 

formalism with angular anisotropy of (n,nX)1 neutrons.  The ratios of mean PFNS energies E  for 

forward and backward emission of 235U(n,xnf) 1,..x pre-fission neutrons are consistent with measured data.  

 

 

Fission energy of 235U(n,F) reaction is distributed between fission fragments kinetic 

energy, their excitation energy and kinetic energy of pre-fission neutrons. Pre-fission neutrons 

influence the PFNS shape in the energy range of En~Ennf – 20 MeV, Ennf  being the threshold 

energy of 235U(n,nf)  pre-fission neutrons. They influence also the shape of TKE of fission 

fragments and products, prompt neutron number, mass distributions and produce the step-like 

structures in observed fission cross section.  Pre-fission neutrons define PFNS shape of 235U(n,F) 

[1–5] at En~Ennf – 20 MeV. The variation of observed average energies E in the vicinity of 

235U(n,xnf) reaction thresholds, as shown in [6–11], are defined by the  exclusive spectra of 

(n,xnf)1,..x neutrons. Henceforth, the upper indices (1…x) notify the emitted pre-fission neutrons. 

The amplitude of variations of E  in case of 235U(n,F) [7, 9, 10, 12] were confirmed by PFNS 

measured data 235U(n,F) [4, 5] in En~1 – 20 MeV energy range.  

Pre-fission neutrons in [1–5] counted in coincidence with fission fragments, without 

separation with respect to the fragment masses. The evaporation neutrons emitted in a spherically 

symmetric way with respect to the neutron beam direction. The angular anisotropy of PFNS 

observed in [1] for 239Pu(n,F), is generally due to pre-equilibrium emission of (n,nX)1 neutrons. 

Henceforth, the direction of emission of (n,nX)1 neutrons, as well as that of (n,nγ)1, (n,2n)1, 

(n,3n)1 and (n,nf)1, (n,2nf)1 and (n,3nf)1 neutrons, is correlated with the momentum of the incident 

neutrons. The direction of the neutrons emitted from the fission fragments correlates with the 

fission axis direction mostly. Both kinds of neutrons counted in coincidence with fission 

fragments. In [1–5] PFNS detected with ~50 counters mounted around beam direction. 
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Fig. 1. Double differential neutron emission spectra for 235U(n,F) at Еn =14 MeV,  30о and its partial 

contributions; full line – (n,nX); dotted line – (n,F); dashed line – (n,nγ)1; dash double dotted line –(n,2n)1; 

dashed line–(n,2n)2; dash–dotted line – (n,3n)1; dashed line – (n,3n)2; full line – (n,3n)3;  dashed line – 

(n,n) + (n,nγ) for discrete levels; ○ – [13]; ● – [14]. 

 

Angular anisotropy of NES of 235U+n interaction observed long ago [13]. The anisotropic 

contribution of double differential spectra of first neutron, relevant for the excitations of first 

residual nuclide of 1~6 MeV, is evidenced in double differential NES and mostly in the 

component of 235U(n,n )1 reaction. The most investigated to define first neutron spectrum of 

(n,nX)1 reaction is target nuclide 238U [15]. Emissive neutron spectra of 238U+n interaction are 

strongly anisotropic.  The experimental quasi-differential emissive neutron spectra for 235U+n, 
238U+n and 239Pu+n interactions [16, 17] revealed the inadequacy of NES modelling [18, 19] and 

stimulated further efforts of NES modelling [20]. 

In the analysis of data on 235U+n interaction the experience obtained in case of 238U+n 

interaction was employed. Direct excitation of 238U ground state band levels J = 0+, 2+, 4+, 6+, 

8+ was accomplished within rigid rotator model, while that of  –bands of K =0+ and –bands 

of K =2+, octupole band of K =0– was accomplished within soft deformable rotator [15, 21, 

22] (excitation energies for 238U U=0~1.16 MeV). The net effect of these procedures is the 

adequate approximation of angular distributions of 238U (n,nX)1 first neutron inelastic scattering 

in continuum which corresponds to U=1.16~6 MeV excitations for En =1.16 MeV~20 MeV. The 

fictitious levels [19] are avoided, then the approach is applied for the 235U+n interactions to 

estimate first neutron inelastic scattering in the continuum. The anisotropic part of double 

differential spectra of first neutron relevant for the excitations of the order of fission barrier value 

of 235U, will be pronounced in exclusive spectra of (n,nf)1, (n,2nf)1  и (n,2n)1 at Еn >12 MeV [12] 

which correspond to the various neutron emission angles. Angular distribution of pre-fission 
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neutrons in [1] was extracted from the observed PFNS of 239Pu(n,F) by subtracting the post-

fission neutron spectrum, which was estimated in an approximate manner.  

Prompt fission neutron spectra ),,(  nES  at angle θ relative to the incident neutron 

beam, is a superposition of exclusive spectra of pre-fission neutrons, (n,nf)1, (n,2nf)1,2 , (n,3nf)1,2,3 

–




dd

Ed n

k

nxn ),,(2

 (x=1, 2, 3; k=1,…,x), and spectra of prompt fission neutrons, emitted by fission 

fragments, ),,(1  nxA ES 
: 
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In equation (1) ),,(
~

1  nxA ES   is the contribution of x-chance fission to the observed 

PFNS ),,(  nES ,  k

nxnfE – average energy of k–th neutron of (n,xnf) reaction with spectrum 
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nxn ),,(2

, k≤x. Spectra ),,(  nES , ),,(1  nxA ES 
 and 
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nxn ),,(2

are normalized 

to unity. Index x denotes the fission chance of 236-xU after emission of х pre-fission neutrons, 

),(),(),( ,,  nFnnxnfnnx EEE  – contribution of х–th fission chance to the observed fission 

cross section, ),(  np E is the observed average number of prompt fission neutrons, )( nxpx E – 

average number of prompt fission neutrons, emitted by 236-xU nuclides. Spectra of prompt fission 

neutrons, emitted from fragments, ),,(2  nxA ES 
, as proposed in [23], were approximated by 

the sum of two Watt [24] distributions with different temperatures, the temperature of light 

fragment being higher.  

Modelling the angular distribution for the exclusive spectra of pre-fission neutrons 
239Pu(n,xnf)1,…x we reproduced [25] measured data of [1], namely, the ratios of 

nn E
nEn ESES


 ),,(/),,( 1 at  ~35o–40o, oo 1401301  and wide energy range 

of ∆En ~15–17.5 MeV. The ratios of mean energies of PFNS

)135(/)5.37( 1 oo EE   , i.e. of energies E for neutrons counted at angular 

intervals  ~35o–40o and  1~130o–150o in En~1–20 MeV range. Angular and spin 

correlations during prompt fission neutron emission are rather tedious, meanwhile the main 

factor for the observed features of PFNS like ratios for intervals 

nn E
nEn ESES


 ),,(/),,( 1 and )135(/)5.37( 1 oo EE   , is the excitation energy 

of fissioning nuclides emerging after x pre-fission neutron emission.  



 
 

Fig. 2. Double differential neutron emission spectra at Еn =14 MeV,  30о for 235U(n,F) and its partial 

contributions: full line – (n,nX); dotted line – (n,F); dashed line – (n,nγ)1; dash-double-dotted line – 

(n,2n)1; dashed line – (n,2n)2; dash-dotted line–(n,3n)1; dashed line – (n,3n)2; full line – (n,3n)3;  dashed 

line – sum of (n,n) and (n,nγ) for discrete levels;○ – [13]; ● – [14]. 

 

Double differential NES could be defined as  
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NES in Eq. (2) is a superposition of prompt fission neutron spectra ),,(  nES , exclusive spectra 

of (n,n )1, (n,2n)1,2  и (n,3n)1,2,3, 
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, normalized to unity, and spectra of elastic 

, MeV

5 10 15 20

d
2

d
d


, 
b
/M

e
V

/s
r

10-6

10-5

10-4

10-3

10-2

10-1

100

Voignier et al., 1971

Kammerdiener, 1972

(n,nf)
1

(n,2nf)
1

(n,2nf)
2

(n,X)

(n,F)

(n,n')

(n,2n)
1

(n,2n)
2

(n,3n)
1

(n,3n)
2

(n,3n)
3

(n,n)+(n,n')_dir

2

2

1

1

3

3



and inelastic scattered neutrons, followed by  excitation of collective levels of 235U, 



 

dd

EEd nqnn ),,,(2

. ),,,(  nq EEG –resolution function, which depends on Еn and weakly 

depends on . The NES are normalized with average prompt fission neutron number and (n,хn) 

and (n,F) cross sections.   

The excitation energy of residual nuclides, after emission of (n,xnf) neutrons, is decreased 

by the binding energy of emitted neutron Bnx and its average kinetic energy: 

    

 



xkx

nx

k

nxnfnnx BEBEU
1,

)(  .                                    (4) 

 

The excitation energy of fission fragments is 
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Value of ТКЕ, kinetic energy of fission fragments prior prompt neutron emission, pre

FE , 

is approximate by a superposition of partial TKE of 240-xPu(236-xU) nuclides as 
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Kinetic energy of fission fragments, i.e. post-fission fragments after neutron emission, post

FE , are 

defined as  
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Similar relation was used for 
post

fE  in [26] at En<Ennf. Observed average number of prompt 

fission neutrons )( np E  maybe defined as 

 





X

x

nx

X

x

nxpxprepostn ExEE
11

p )()1()(ν)(ν  .                            (8) 

 

The post-fission, )( npost E , and pre-fission )( npre E partials of )( np E were obtained via 

consistent description of )( np E and observed fission cross sections at En <20 MeV.  

Contribution of х–th fission chance (n,xnf) to the observed fission cross section (n,F) is 

defined as 
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Fig. 3 Measured ratio ),5.1715,(/),5.1715,( 1exp   nn ESESR  of  235U(n,F) PFNS 

and calculated )5.1751ε,( R  for “forward”,  ~35o–40o, and “backward” emission,  1=130o–140o; 

●–239Pu(n,F) [1]; full line – 235U(n,F) PFNS normalized to unity; dashed line – 235U(n,F) PFNS equated 

at ε~3–5 MeV; dash-dotted line – 239Pu(n,F) PFNS equated at  ε~3–5 MeV; dotted line – partials of 
235U(n,F) )5.1751ε,( R  at Еn ~ 15 MeV, Еn ~ 16 MeV, Еn ~ 17 MeV and Еn ~ 17.5 MeV.  

 

That means the (n,xnf) contributions are defined by the fission probability  EP
xAf
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 of 236-xU 

nuclides: 
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here )(1 UW J

xA


  is the population of excited states of (А+1–x) nuclides with excitation energy U 

after emission of x post-fission neutrons. 

The QRPA methods are the most advanced, however they are still incapable to describe 

NES of 238U+n [18]. Emission spectrum of (n,nX)1 reaction, 
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, could be represented 

by the sum of compound and weakly dependent on emission angle pre-equilibrium components, 

and phenomenological function, modelling energy and angle dependence of NES [13] with first 

neutron inelastic scattering in continuum [1, 12, 27, 28]: 
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Angle-averaged function )(  [28],


 )(  for angles oo 3013512   [1], is approximated 

as )90()( o

 , then angle-integrated spectrum equals 
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To retain the flux conservation in cross section and spectra calculations the compound reaction 

cross sections in [28] renormalized to account for extra semidirect neutron emission:  
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Emission spectrum of (n,nX)1, q–ratio of  pre-equilibrium neutrons in  a standard pre-equilibrium 

model [29], 
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depends on fission probability of (A+1) nuclide. It defines the exclusive spectra of each partial 

reaction in STAPRE [29] framework, ),(  
n

J

A
EW  is the population of residual nuclide A 

states with spin/parity J and excitation energy U=En–, after first neutron emission at angle . 

Henceforth the indexes J in fission, f, neutron n and total  widths described in [30], as well 

as relevant summations, omitted. The angular dependence of partial width, calculated with spin 

and parity conservation, is due to dependence of excitation energy of residual nuclides on the 

emission angle of first neutron. The exclusive spectra of pre-fission (n,nf)1 neutron is 
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First neutron spectra of (n,2nf)1 for reaction (n,2nf), is defined as:  
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here first neutron spectra of (n,2nx) reaction, i.e.  (n,2nx)1, is defined by the neutron spectrum of 

(n,nX)1 and neutron emission probability of nuclide А as: 
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Spectra of first and next neutrons of 238U(n,3nf) reaction are covered in [6], in case of 235U(n,3nf) 

reactions they are defined in a similar fashion, but their contribution is quite low, actually less 

than ~10-20 mb.  

Phenomenological approach enables to reproduce NES in case of 235U+n interactions. 

Fig. 1 and Fig. 2 show comparisons of calculated double differential NES of 235U +n, at En~14 

MeV, θ~30o and θ~135o with measured data [13, 14].  Exclusive pre-fission neutron spectra of 

235U(n,xnf)1,2 are shown on Fig. 1 and Fig. 2 as 








d

EdE nnnfnxnfn ),,(

4

),( 2,1

,
 at angles θ~30o and 

θ~135o. They comprise small part of (n,nX)1 spectrum,  nonetheless they reproduce angular 

dependence of PFNS with respect to the incident neutron beam. 

Angular distributions of 239Pu(n,xnf) pre-fission neutrons at En ~14–18 MeV, measured 

in [1], may be quite well described as 0.25 )( , if θ>135o, then 0.25 )135( o . Estimate of 

pre-fission neutrons contribution in [1] at any En or θ, was obtained as difference of observed 

PFNS and some simple estimate of post-fission neutrons evaporated from fission fragments. 

Though the procedure adopted in [1] is susceptible to systematic uncertainties, since post-fission 

neutrons may emerge from (x+1) fissioning nuclides [6–12], it seems hidden normalizations 

were used in [1]. It seems the normalization in [1] was accomplished in the energy range ε>Ennf1, 

here Ennf1 is the upper energy of exclusive neutron spectra of (n,nf)1 neutrons. 

Angular anisotropy of PFNS relative to incident neutron beam was detected in 239Pu(n,F) 

[1]  at En~15–17.5 MeV range and at  ~35o–40o (forward direction) and  1=130o–140o 

(backward direction). The data normalization obtained by equating PFNS at ε~3–5 MeV energy 

range. Alternative representation of PFNS, against that shown on Fig.3 in [1], as a ratio 

),5.1715,(/),5.1715,( 1exp   nn ESESR for  ~35o–40o (forward direction) 

and  1=130o–140o (backward direction) is virtually independent upon the normalizations 

adopted in [1]. 

Fig. 3 shows 
expR of 239Pu(n,F)  ratio

expR of PFNS and calculated ratio of 235U(n,F) at 

Еn~15–17.5 MeV  ~35o–40o (forward direction) and  1=130o–140o (backward direction) 

are compared with calculated ratio 
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here )( nE is the incident neutron spectrum, which is unknown. Spectra ),,(  nES normalized 

to unity. As a first order approximation )5.1751ε,( R might be calculated as a ratio of 

),5.1715,(),(),(  nnnFnp ESEE / ),5.1715,(),(),( 1 nnnFnp ESEE   for Еn 

~ 15 MeV, Еn ~ 16 MeV, Еn ~ 17 MeV and Еn ~ 17.5 MeV. Values of  ),(  np E and ),(  nnF E  

were calculated at the same energies Еn, as those in ),5.1715,(  nES . In case of angular 

dependent observables for 235U(n,F) hidden structures in lumped )5.1751ε,( R constituents (for 

monochromatic beams) are smoothed, then 
expR and )5.1715,( R seem to have similar shapes,  



 
 

Fig. 4. Ratio )(/)( 1 EE  for 235U(n,F) PFNS: ▲–  )135(/)30( 1 oo EE   , ε~1–12 MeV 

[4]; ○– )135(/)30( 1 oo EE   0.99, [4]; full line– )135(/)30( 1 oo EE   , ε~1–20 

MeV; dashed line– )135(/)30( 1 oo EE   , ε~0.89–10 MeV; dash–dotted line –

)135(/)30( 1 oo EE   , ε~0.01–10 MeV; dash–dotted line – )90(/)60( oo EE , ε~0–20 MeV; 

lines 1, 2, 3 – )135(/)30( 1

,,

o

xnfn

o

xnfn EE   , x=1, 2, 3. 

 

but the latter is shifted downwards. Smooth line of )5.1715,( R at Fig. 3 obtained by assuming 

in equation (20) equality of numerator and denominator values at ε~3–5 MeV energy range, as 

adopted in [1]. In case of 235U(n,F) and 239Pu(n,F) at ε>Ennf1, both 
expR and )5.1715,( R are less 

then unity, that might be due to influence of angular dependence of (n,xnf) neutron emission on 

the fission chances distribution. The renormalized )5.1715,( R seems to be consistent with
expR data. 

The calculated anisotropy of pre-fission neutrons of 235U(n,xnf) reaction is a bit higher 

than in case of 239Pu(n,F). That might be due to correlation of anisotropy of pre-fission neutrons 

with contribution of emissive fission (n,nf) to the observed fission cross section, PFNS and 

angular anisotropy of NES. In case of 235U(n,F) and 239Pu(n,F) at ε>Ennf1, both 
expR and

)5.1715,( R are less then unity, that also might be due to influence of angular dependence of 

(n,xnf) neutron emission on the fission chances distribution.  

Angular dependence of the first pre-fission neutron in reactions (n,nf)1 and (n,2nf)1  [25] 

allows to interpret the experimental data trend in case of ratio of average energies for “forward”  
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and “backward” emission of pre-fission neutrons in 239Pu(n,xnf)1,2,3 [1] and 235U(n,xnf)1,2,3 [4] 

reactions. The ratio of )(/)( 1 EE [1] in case of 239Pu(n,F) for “forward”,  ~35o–40o, and 

“backward”,  1=130o–140o, emission of pre-fission neutrons steeply increases starting from 

En~10–12 MeV. Pre-fission (n,nf)1 neutrons are responsible for that. The angular anisotropy of 

(n,xnf)1 neutrons emission is due to pre-equilibrium/semidirect emission of first neutron in 

(n,nX)1. When average energies are calculated at energy range of ε~1–3 MeV, ratios

)(/)( 1 EE are virtually independent on En, while the dependence of ratio 

)90(/)60( oo EE upon En , when averaging is for ε~1–12 MeV, is rather weak [25].  

The ratio of average energies of exclusive neutron spectra of 235U(n,nf)1, 
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much higher than that of )(/)( 1 EE , however it follows the shape of experimental ratio

)135(/)30( 1 oo EE   [1, 4]. Angular dependence of the ratio of average energies of  

exclusive neutron spectra of 235U(n,2nf)1 
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is much weaker. In the ratio of average energies of exclusive neutron spectra of 235U(n,3nf)1, 
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, the angular dependence is quite weak. 

Ratios )135(/)30( 1 oo EE    are virtually independent upon the lower threshold of 

neutron detection, while the dependence upon angular range and value of higher neutron 

detection threshold (ε~12 or ε~20 MeV) is crucial. That is illustrated on Fig. 4 for ratios of 

)135(/)30( 1 oo EE   and )90(/)60( 1 oo EE   . 

Calculated ratio )135(/)30( 1 oo EE   for 235U(n,F) PFNS is also somewhat 

higher than in case of 239Pu(n,F) PFNS [25, 28], which seems to be compatible with higher 

contribution of 235U(n,nf) reaction to the observed  fission cross section 235U(n,F). For emitted 

neutrons energy range of ε~1–12 MeV or ε~0–20 MeV, as  evidenced on Fig. 4,  

)135(/)30( 1 oo EE   is quite consistent with measured data for 235U(n,F) up to En ~16 

MeV. Calculated ratios )135(/)30( 1 oo EE    for ε~0–20 MeV are much higher than 

measured data for ε~1–12 MeV. Data of [4] for 235U(n,F) were multiplied by 0.99 factor to attain 

visible consistency of measured and calculated data )135(/)30( 1 oo EE   . For exclusive 

neutron spectra of 235U(n,nf)1 the ratios of 
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average energies are also much higher than those of )(/)( 1 EE , but their shape is virtually 

consistent with that of )135(/)30( 1 oo EE    [4] (see Fig. 4).  

Average energy E is a rough integral estimate of PFNS, however the angular anisotropy 

of pre-fission neutron emission exerts quite an influence on it. Dependence of E (En)  in case 

of 235U(n,F) is compared with measured data for energy range ε~0.01 – 10 MeV [2, 3] on Fig. 5.  

 



 

Fig. 5 PFNS E  for 235U(n, F): ○–[4]; ● –[5]; full line, 1 – )90( oE ; dotted line, 2 – )30( oE ; dashed 

line, 3– )135( oE ; full line – )90(,

o

xnfnE  ; dash–dotted line– )30(,

o

xnfnE  ; dash–double 

dotted line– )135(,

o

xnfnE  . 

 

The estimates of E  for PFNS of 235U(n,F) are strongly correlated with PFNS influence of 

exclusive neutron spectra of (n,nf)1 and (n,2nf)1,2 which they exert on E  in case of 235U(n,F) 

are much stronger than in case of 239Pu(n,F). There still are some minor discrepancies between 

measured and calculated E , that might be due to arbitrary normalizations when two neutron 

detectors are used in [1, 3, 4] at ε<1.5 MeV and ε>0.8 MeV. Mutual normalization in these two 

overlapping energy ranges is susceptible uncertainty of detector efficiency and data scatter.  

Analysis of prompt fission neutron spectra of 235U(n,F) evidenced correlations of a 

number observed data structures with (n,xnf)1…x pre-fission neutrons. Pre-fission neutron spectra 

turned out to be quite soft as compared with neutrons emitted by excited fission fragments. The 

net outcome of that is the decrease of E in the vicinity of the (n,xnf) thresholds of 235U(n,F). 

The amplitude of the E variation is much higher in case of 235U(n,F) as compared with 

239Pu(n,F). The correlation of PFNS shape with different angles of emission of (n,xnf)1 neutrons 

and emissive fission contributions for 235U(n,F) is established. The angular anisotropy of 

exclusive pre-fission neutron spectra strongly influences the PFNS shapes and E . These 

peculiarities are due to differing emissive fission contributions in 239Pu(n,F) and 235U(n,F) [31, 

32]. Calculated ratio of E for “forward” and “backward” emission of pre-fission neutrons 

steeply increases with the increase of average energies of exclusive pre-fission neutron spectra. 
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