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ABSTRACT 

The properties of “scission” neutrons from thermal neutron induced fission of 
233U and 235U were obtained by comparing experimental angular and energy 
distributions of the prompt fission neutrons measured recently at PNPI with 
model distributions calculated under the assumption that all prompt fission 
neutrons are emitted from fully accelerated fragments. To obtain model 
distributions, it is assumed to use the spectra of prompt fission neutrons measured 
at small angles relative to the preferential direction of movement of light and 
heavy fragments because it is expected that just for these angles the contribution 
of non-primary mechanism is minimal while a contribution of neutrons emitted 
by complementary fragment can be taken into account correctly. It is also very 
important that in this approach it is possible to obtain the model distributions 
practically unlimited in low-energy range. 
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Introduction 
 
In spite of considerable progress has been achieved in studying nuclear fission at low excitation 
energies, there are still a number of questions that must be answered to gain better insight into this 
phenomenon. Among the things that still remain poorly studied are the nature and properties of 
transition states near the fission barrier, the mechanism for redistribution of the excitation energy of the 
fissioning nucleus between the fission fragments, and the interrelation between collective and single-
particle oscillations during the evolution of the nucleus to the scission point. 
A special attention deserves the question of the existence of scission neutrons emitted from fissioning 
nucleus during its evolution from equilibrium deformation to the scission point and thus carrying 
information about fission dynamics. The search for scission neutrons and investigations of their 
properties are complicated by impossibility of discriminating in an experiment between these neutrons 
and neutrons emitted from the fission fragments fully accelerated in the mutual Coulomb field. These 
investigations can only be conducted by comparing measured distributions of the prompt fission 
neutrons (PFNs) and model calculations performed by assuming that all PFNs are emitted from fully 
accelerated fragments. The estimates of the scission neutron yield based on the available experimental 
data show that the main PFN emission mechanism is the emission from fully accelerated fragments [1-
8]. But for the detailed description of angular and energy distributions of PFNs, it is necessary to assume 
the existence of neutrons whose emission mechanism differs from evaporation of neutrons from fully 
accelerated fragments (emission of neutrons before or at the time of scission of a fissioning nucleus or 
in the process of acceleration of produced fission fragments), such neutrons are called as “scission” 
neutrons. Note that there is still no reliable information on the existence and properties of “scission” 
neutrons. In the best studied case of spontaneous fission of 252Cf(sf), the yield of “scission” neutrons 
varies from 1 to 20% of the total neutron yield per fission event (Fig.1, upper part) [8-22]. The available 
literature data on thermal neutron induced fission of 235U are given in Table 1. 
 

 

 
Fig. 1. Results of the investigations of PFN emission mechanism for spontaneous fission of 252Cf 
(literature data): upper part – “scission” neutron yield (downward arrows – upper boundary, upward 
arrows – lower boundary), lower part – anisotropy of angular distribution of PFNs in the center-of-
mass system of fission fragments. 
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Table 1. Main results of the investigations of neutron emission mechanism for 235U(n,f). 

Authors, References 
Experimental Set-up 

Yield of 
“scission” 
neutrons 

Average energy of 
“scission” 
neutrons 

Anisotropy of PFN 
emission in the 
centre-of-mass 

system of fission 
fragment, A2 

Investigation of (n,f)-angular correlation 

K. Skarsvag et.al. [4] (1963). A gas 
scintillation counter with collimator was used 
as FFs detector; One neutron detector (plastic 
scintillator), TOF (90cm). The angle between 
the direction of FFs and neutrons was varied 
with 15 step by pivoting the FFs counter about 
an axis. 

 
 
 

15% 

 
 
 
~ 1.8 MeV 

 

“There is a little or 
no indication of any 
anisotropy …”  

S.S. Kapoor et.al. [6] (1963). Ion chamber 
scintillation detector used for measuring FF 
angle and kinetic energy of fission fragment; 
One neutron detector (plastic scintillator), 
TOF(103cm). 

 
 

10% 

 
 
      3.2 MeV 

 
 
 0.090.06 [5] 

J.S. Fraser et.al. [7] (1966). Two plastic scint. 
for FFs spectroscopy (TOF with base 125cm 
and 99cm); Four neutron detectors (plastic 
scintillator) were used, TOF (106cm). The 
neutron spectra measurements were done 
simultaneously at 10, 25, 45 and 80 relative 
to FFs direction. 

 
 

20% 

 
 
     1.9 MeV 

 
 
“… all results are 
consistent with  
         A = 0.” 

M.S. Samant et.al. [23] (1995). IC used for FFs 
spectroscopy and measuring FF angle; One 
neutron detector (NE213), n/γ pulse shape 
discrimination, TOF (70 cm). 

 
10  2% 

 
        --- 

 
Not investigated 

N.V.Kornilov et.al. [24] (2001). Compilation 
of Skarsvag’s data [4]. 

15% Two components 
with average 
energy 0.9 MeV 
and 3.0 MeV. 

 

A.S. Vorobyev et.al. [25] (2010). 16 MWPC 
for FFs spectroscopy (TOF with base 14cm); 
Two stilbene neutron detectors were used, n/γ 
pulse shape discrimination, TOF (~50cm). The 
neutron spectra measurements were done 
simultaneously for angles ranging from 0 to 
180 in interval 18 relative to the light FFs 
direction. 

 
 
 

 5% 

 
 
 
        ---  

 
 
 
      0.040.02 

Investigation of (n,n)-angular correlation 

C.B. Franklyn et.al. [26] (1978). Two stilbene 
neutron detectors. The measurements were 
done for angles ranging from 9 to 180 in 9 
interval between pairs of fission neutrons. 

 
 

20% 

 
 
        --- 

 
 
Not investigated 

I.S. Guseva et.al. [27] (2018). Two stilbene 
neutron detectors, n/ pulse shape 
discrimination.  

 
2.0  1.5% 

 
1.8  0.2 MeV 

 
Weakly sensitive  
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Evaluations of the “scission” neutron yields [28-40] made in the framework of different theoretical 
models are in a quantitative agreement with the experimental evaluations given above. At the same 
time, there exists a sufficiently strong dependence of the obtained “scission” neutron yield on the 
parameters used for model calculations. Therefore, a final conclusion about validity of any mechanism 
of such neutron emission can be done only after detailed comparison of theoretical predictions with the 
dependences reliably observed in the experiment.  
As is known, prompt fission γ-rays are emitted with a higher probability (~ 10–15%) along the direction 
of motion of fragments [41-44], which can indicates that fragments have a significant angular 
momentum (~7ħ) perpendicular to the direction of motion of fragments [41, 45]. In this case, such an 
effect can occur at the emission of PFNs from fragments [37, 46-49] and, therefore, a possible 
anisotropy of the angular distribution of PFNs in the center-of-mass system of fission fragments should 
be considered when analyzing data. However, as is seen in Fig. 1 (lower part), information on the 
anisotropy of the emission of PFNs in the center-of-mass system of fission fragments obtained from the 
analysis of measured angular and energy distributions of PFNs is even more scarce than information on 
the yield of “scission” neutrons. 
A significant difference observed between the data of various experimental groups (Fig. 1 and Table 1) 
is related both with the uncertainties of the experimental data and the model calculations. The 
uncertainties of the parameters used in model calculations, such as the PFN spectrum, its dependence 
on the fission fragment characteristics, mass and kinetic energy distributions, are sufficiently large to 
explain, probably, a difference obtained in evaluations. In order to exclude these uncertainties, it is 
necessary to make a comparison of the PFN distributions obtained in the different experiments using 
the same models and parameters. However, such a comparison cannot be done because in the works 
mentioned above only the final conclusions are given without presentation of the actual experimental 
data. Presently, in the published experimental data base, there are limited data sets ((252Cf(s.f) - [8, 22, 
50, 21], 235U(nth,f) – [4, 25, 27], 233U(nth,f) – [25, 27] и 239Pu(nth,f) – [27, 51]), which can be used for 
independent evaluation in the framework of the considered the PFN emission model. 
Among different experimental methods presently used for investigation of the PFN emission 
mechanism, the following ones can be highlighted: study of the angular and energy distributions of 
PFNs [1-8, 11-18, 20, 22-25]; study of the angular dependence of neutron – neutron coincidences in 
fission [9, 21, 26, 27, 52]; study of the E2-trasitions for gamma-rays from fission fragments [53]; 
experiments on measuring a time of the coupled-neutron emission [54]; search for T-odd asymmetry in 
the PFN emission [55,56]. The most informative are the works on study of the angular and energy 
distributions of PFNs in laboratory system. Analysis of these distributions enables to obtain not only 
the yield of “scission” neutrons and their energy distribution, but also the anisotropy of neutron emission 
in the center-of-mass system of fission fragment, as well as to study the dependence of “scission” 
neutron yield on the fragment characteristics [11, 17, 23]. 
In 2008-2015, at the PNPI, a series of investigations was carried out using the same experimental set-
up, intended to study the PFN angular and energy distributions in thermal-neutron induced fission 
233U(nth,f), 235U(nth,f), 239Pu(nth,f) and spontaneous fission 252Cf(s.f). A special attention was paid not 
only to minimize possible systematic errors of measurements, but also to have a possibility to evaluate 
systematic errors. It was provided by means of symmetric geometry of the experiment which included 
8 separate identical fragment detectors and 2 separate neutron detectors with similar parameters. The 
results of these investigations are given in publications [22, 25, 51, 56-58], while the numerical data 
obtained are presented in the EXFOR data base [59]. The preliminary data processing, procedures of 
the corrections calculation and implementation were analogous for all investigated nuclei. 
In the present report are given the results of analysis of the PFN angular and energy distributions from 
thermal- neutron induced fission 233U(nth,f) and 235U(nth,f). In order to exclude uncertainties of the model 
calculations carried out using an assumption that all neutrons are emitted from the fully accelerated 
fragments, in the present work,  in a course of the experimental data analysis it was used a method free 
of any assumptions about the PFN properties [25, 60]. 
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1. Description of the experimental set-up 
The experiments have been done at the radial neutron channel N7 of the research reactor WWR-M 
(PNPI, Gatchina) equipped with a neutron guide 3m in length. The detailed description of measurement 
technique and data processing has been given elsewhere [22, 60-62]. The spectra of PFNs were 
measured simultaneously for 11 angles between the direction of emission of a neutron and the direction 
of motion of a light fragment in the range of 0°–180° with a step of 18° (Fig. 2). Taking into account 
the real geometry and angular resolution of experimental set-up, these angles were 8.8°, 19.9°, 36.8°, 
54.5°, 72.2°, 90°, 107.8°, 125.5°, 143.2°, 160.1°, and 171.2°. The energies of PFNs and velocities of 
fission fragments were determined using the time-of-flight (TOF) technique. 
The multi-wire proportional detectors (MWPD) were used to detect fission events and to determine 
directions of motion of fission fragments. The start MWPD located within a 7 mm range from the fissile 
target and parallel to the target plane was mounted together with the target holder-ring on a special 
frame located in the center of the reaction chamber filled with isobutene (~ 4 Torr) in such a way that 
all hardware parts were well out of the path of the neutron beam. The stop MWPDs were placed in the 
form of two arcs of eight detectors in the reaction chamber on a circle at a distance of 140 mm from the 
center of the chamber. The neutron beam was directed along the chamber axis.  

 
The PFNs were detected by two neutron scintillation 
detectors (stilbene crystals 50 mm  h50 mm and 40 mm 
 h60 mm mounted on the Hamamatsu-R6091 phototubes) 
positioned with a 90° angle between their respective axes at 
a distance of about 50cm from the fissile target. Both neutron 
detectors were shielded by a cylindrical shield made of a 
30mm thick layer of lead and a 40mm thick layer of 
polyethylene (not shown in Fig. 2). The neutron registration 
threshold was ~200 keV. A double-discrimination method 
(pulse shape and time-of-flight) was used to separate the 
events produced by neutrons and γ-quanta. The total time 
uncertainty of timing of signals of neutron detectors, which 
is determined as the FWHM of peak of γ-ray photon–
fragment coincidences, was 1.0–1.2 ns. 
 

 
Fig. 2.  Experimental set-up 

 

2. Model 
2.1. General 

In this work, the yield of “scission” neutrons is estimated by comparing the measured distributions of 
PFNs with model calculations under the assumption that all PFNs are emitted from fully accelerated 
fragments. Within this model, the spectrum of PFNs in the center-of-mass system of a fission fragment 
with known mass and kinetic energy completely determines the spectrum of PFNs in the laboratory 
system.  
The number of neutrons nl(E, θ) emitted with the energy E into unit solid angle at the angle θ with 
respect to the direction of fragment motion in the laboratory system is related to the number of neutrons 
nc(ε, θc) emitted with the energy ε at the angle θc with respect to the direction of fragment motion in the 
center-of-mass system of the fragment as 

          ),:())(cos)(1(),:,( 22 TKEmnPA
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
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Here, N(E, θ) is the integral number of neutron (without separation on certain mass split) with energy 
E observed in experiment and detected at angle θ relative to the fragment’s direction, nc(ε) is the 
spectrum of PFNs in the center-of-mass system of the fission fragment (the case of isotropic 
distribution), P2(cosθc) is the second-order Legendre polynomial, A2(ε) is the anisotropy parameter of 
the angular distribution of PFNs in the center-of-mass system of the fission fragment due to a large 
angular momenta of the fragments (~ 7ħ on average), as mentioned above, Ef is the energy per nucleon 
for a fragment with the mass mf, A is the mass number of the fissioning nucleus, and TKE is the total 
kinetic energy of fission fragments. 
According to the structure of Eqs. (1)–(4), the spectra of PFNs in the center-of-mass system of the 
fission fragment can be obtained from the spectra of the PFNs measured at different angles with respect 
to the direction of fragment motion (Eq. (5)). In this case, an individual spectrum of PFNs in the center-
of-mass system of the fragment, nc,θ(ε), is obtained for each given direction θ, and the test of the 
confidence of the model of emission of PFNs from fully accelerated fragments is reduced to the test of 
identity of the spectra nc,θ(ε) within the reached accuracy of experimental data for different directions. 
In other words, the accuracy of the model is characterized by the deviation of the observed angular and 
energy distributions of PFNs in the laboratory system from the respective distributions calculated using 
Eq. (6) with nc,θ(ε) as the spectrum of PFNs in the center-of-mass system of the fragment. The main 
advantage of this approach is that model distributions of PFNs that are necessary for comparison with 
experimental data can be determined without any assumptions on the character of distribution of 
neutrons between light and heavy fragments, on the form of the spectrum of PFNs in the center-of-mass 
system of the fragment, and on their dependence on the characteristics of fission fragments. 
Strictly speaking, such a method of testing the model of emission of PFNs from fully accelerated 
fragments implies that the angular and energy distributions of PFNs are measured for various masses 
and kinetic energies of fragments. The accuracy of resulting estimates of the number of “scission” 
neutrons in this case is limited only by the experimentally reached resolution for the velocities of 
neutrons and fission fragments. Nevertheless, as was shown in [3-6, 24, 63], to construct model 
distributions of PFNs such as the angular and energy distributions N(E, θ) and total spectrum (E), it 
is possible to use the approximation of two fragments according to which PFNs are emitted in the 
process of fission from two (light and heavy) fully accelerated fragments with fixed average masses 
and energies taken from literature (for instance, see Appendix 1-3).  
 
In this approach the following equations are used: 
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Here, K = L or H is the index indicating the light or heavy fragment, respectively; KfE ,  is the average 
energy per nucleon for the light (K = L) or heavy (K = H) fragment; FK = 0.94–0.97 is the coefficient 
reflecting the dependence of the yield of the PFNs on the characteristics of the fragment [64]; K  is 
the average number of neutrons per fission event for the light or heavy fragment; ),( TKEm fK  is the 
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average number of emitted neutrons as a function of the fragment characteristics; TKE  is the average 
total kinetic energy of fission fragments; Km  is the average mass of the light or heavy fragment.  
Then, the number of neutrons emitted from light or heavy fragments within unit energy interval per unit 
solid angle in the laboratory system, ),(, En Kl , is related to the analogous number of neutrons in the 

center-of-mass system of fission fragment, ),(, сKcn  , by means of the following formulas:  

),()(),(),( ,,, сKcсKcKl n
E

n
E

En 





        (10) 

)(cos1),( 22 cc PA                                   (11) 

where function φ(ε, θc) is the angular distribution of neutrons in the center-of-mass system, A2 is the 
anisotropy parameter of the angular distribution of PFNs in the center-of-mass system of the fission 
fragment. 
The number of neutrons nl(E, Ω) with energy E registered at angle Ω relative to the light fragment’s 
direction in the laboratory system can be represented as the sum of contributions from the light 
nl, L(E, Ω) and heavy fragments nl, H(E, Ω): 

),(),(),( ,,  EnEnEn HlLll  ,                             (12) 

),(),( 1,,  EnEn LlLl               and             )180,(),( 2,,  EnEn HlHl , 

where 1 and 2 are the terms due to the neutron recoil effect. In a case of thermal neutron induced 
fission, the deviations of fragment’s directions of motion from co-linearity due to neutron recoil effect 
does not exceed 2° on average [65, 66], the terms 1 and 2 are usually taken equal to zero. In this work 
this correction were calculated (see Fig. 3) using the equation given in [66]. The integral spectrum Φ(E) 
of PFNs in the laboratory system is defined as follows: 

 



0

)sin(),(2)( dEnE                       (13) 

In this approximation it is also possible to obtain the spectra of PFNs in the center-of-mass system of 
the fission fragment by equation analogous to Eq. (5):  
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Fig. 3. Energy dependence of the correction due to neutron recoil for fixed angles θ given in the right 
part of the figure. 

 
 
Further, by using these PFN spectra, the model angular and energy distributions of PFNs in the 
laboratory system can be calculated. The comparison between experimental data and model 
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distributions calculated under the assumption that all PFNs are emitted from fully accelerated fragments 
gives the possibility to estimate the yield and properties of “scission” neutrons. 
For estimating the influence of two-fragment approximation on the obtained model distributions, we 
have compared the total PFN spectra of 252Cf(s.f) calculated for all possible combinations of fragment 
masses and kinetic energies [17, 19] and the approximation of two (light and heavy) fragments with 
average parameters [22]. These spectra are presented in Fig. 4 in comparison with the standard PFN 
spectrum [67]. In order to demonstrate the difference more clearly, the PFN spectra were normalized to 
the Maxwell distribution (TM = 1.42 MeV) as 

       
)/exp(2
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where M(TM, E) is the Maxwell distribution, TM is the temperature parameter (average energy of the 
Maxwell distribution  < E > = 3TM/2). 
 

  

Fig. 4. Ratio of the total PFN spectrum of 252Cf(sf) 
(normalized to average PFN number per fission) to 
the Maxwell distribution (TM = 1.42 MeV): circles 
show estimated values from [67]; curves show the 
results of calculations for various combinations of 
fragment masses and kinetic energies [17, 19], and 
the approximation of two (light and heavy) 
fragments with average parameters [22]. 

Fig. 5. (Color online) Ratio of the total PFN 
spectrum of 235U(nth, f) (normalized to average PFN 
number per fission) to the Maxwell distribution (TM 
= 1.32 MeV): black curve corresponds to evaluated 
data (GMA-approximation [58], uncertainty is 
shaded by grey color); FREYA, CGMF, FIFRELIN, 
and PbP are models (program codes) from [58] 
used for calculation of PFN properties; red curve 
corresponds to the model calculations using two-
fragment approximation. 

 
As can be seen, the total spectra calculated for all possible combinations of fragment masses and kinetic 
energies using equations analogous to Eqs. (1)-(6) and (13) [17, 19] almost coincide with the 
approximation of two fragments with average parameters [22]. It was pointed out in [17, 22], as well as 
in [18] (the results of which were used in [19]), the best description of obtained data is achieved under 
assumption of the nonzero anisotropy of PFN emission in the center-of-mass system of fission fragment. 
The parameter of anisotropy A2 estimated from the analysis of data amounted to 0.04 [17], 0.010.02 
[18], and 0.040.02 [22]. In a more recent investigation [68] of the angular distribution of PFNs in the 
center-of-mass system of 252Cf(sf) fission fragment, it was found that A2 = 0.0200.003. Analysis of the 
integral PFN spectrum of 252Cf in the framework of modified Madland–Nix model [69] also showed the 
presence of anisotropy for PFN emission in the center-of-mass system of fission fragments. 
It should be emphasized that the approach implemented in [17, 19, 22, 24] provides the best description 
of both partial and integral PFN distributions observed in the experiment. This result is not achieved 
with models (program codes) proposed for the numerical description of PFN characteristics [58]. Figure 
5 presents the results of calculations performed using some of these codes for the total PFN spectrum 
of 235U(nth, f) with the same set of input parameters. As can be seen, the results are significantly different 
and only qualitatively consistent with the experiment. Nevertheless, the analysis of dependences 
obtained in the framework of various models (program codes) allows for some features of the fission 
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process to be elucidated, and gaps in the existing databases to be filled for fissioning nuclei and 
excitation energies for which experimental data are unavailable. 
 
 
2.2. Analysis of PNPI’s data 

In present work, the estimation of yield of “scission” neutrons was performed using the data obtained 
at the PNPI. The spectra of PFNs in the center-of-mass system of fission fragment were obtained in the 
approximation of two fragments by Eqs. (7)–(14) using the spectra of neutrons nl (E, Ω) measured for 
three selected detection angles relative to the fragment escape direction θ = 8.8°, 19.9°, 36.8° (Ω <40°), 
which correspond to Ω = 8.8°, 19.9°, 36.8° for light fragments and to Ω = 171.2°, 160.1°, and 143.2°(Ω 
> 140°) for heavy fragments.  
In this case, it is possible to obtain almost unlimited (in the low-energy range) PFN spectrum in the 
center-of-mass system of fission fragment and, hence, to minimize the uncertainty of model calculations 
related to uncertainty of the shape of spectra and the number of PFNs emitted from light and heavy 
fragments. In this approach, only two unknown parameters remain: average energies per nucleon for 
light and heavy fragments which are determined by Eq. (9). The obtained parameters are presented in 
Table 2. It should be noted that at the selected angles the contribution of neutrons from the 
complementary fragment to the measured neutron spectra is small and can be calculated with quite good 
accuracy [60, 64]. The procedure of determining and introducing this correction consists of the 
following steps. 
 

Table 2. The input parameters of the model 

 

 233U(n,f) 235U(n,f) 239Pu(n,f) 252Cf(sf) 

TKE , MeV 170.5 ± 0.5 171.0 ± 0.6 177.5 ± 0.7 185.3 ± 0.9 

Hm  139.3 ± 0.2 139.7 ± 0.1 139.5 ± 0.1 143.5 ± 0.1 

FL  0.964 ± 0.005  0.962 ± 0.006 0.969 ± 0.005 0.975 ± 0.005 
FH  0.951 ± 0.007 0.950 ± 0.007 0.959 ± 0.005 0.971 ± 0.005 

LfE , , MeV 1.033 ± 0.007 1.012 ± 0.007 0.995 ± 0.007 0.949 ± 0.007 

HfE , , MeV 0.471 ± 0.004 0.474 ± 0.004 0.511 ± 0.004 0.540 ± 0.004 

 
 
At the first step, it is assumed that neutrons detected for three selected angles relative to the light 
fragment’s direction of motion in the laboratory system (Ω < 40° for light fragments and Ω > 140° for 
heavy fragments) are emitted from only the light and heavy fragments, respectively. Then, the neutron 
spectra measured for selected angles can be used for calculating neutron spectra in the center-of-mass 
system for the corresponding light and heavy fragments using Eq. (14). Only the events accumulated 
with 0 ≤ θc ≤ 90° are taken into account (in the center-of-mass system of fission fragment, the PFNs are 
emitted into the forward hemisphere with respect to the direction of motion of the fragment). These 
events were selected with the aid of relation 

KfEE ,)cos(    .                                                       (16) 

Then, the obtained neutron spectra in the center-of-mass system of fission fragment were used to 
determine the contribution of neutrons emitted from the complementary fragment. For example, Fig. 6 
shows the angular distribution of the PFNs of 252Cf(s.f) in the laboratory system and partial distributions 
for neutrons moving in direction of motion of the fragment and in the opposite direction taken from ref. 
[22]. It can be seen that the measured spectrum of PFNs always includes a fraction of neutrons from the 
complementary fragment, and the fraction of neutrons moving in the direction opposite to the direction 
of motion of fragments begins to dominate for angles larger than 50°. Consequently, before using the 
measured spectra of PFNs to determine the spectra of PFNs. 
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Fig. 6. Angular distributions of the PFNs from 
252Cf(sf) (in the laboratory system with respect to the 
direction of motion of the light fragment) that are 
emitted into the forward and backward hemispheres 
with respect to the plane perpendicular to the fission 
axis (lines 1, 2 and 3, 4 for the light and heavy 
fragments, respectively) obtained in model 
calculations for zero neutron detection threshold. 
Line 5 is the integral distribution. 

Fig. 7. The PFN spectra of 235U(n, f) in the center-
of-mass system of (black symbols) light and (open 
symbols) heavy fragments, obtained from spectra in 
the laboratory frame in the two-fragment 
approximation (in linear and logarithmic scales) for 
selected angles Ω between the neutron emission and 
light fragment escape directions; curves show the 
approximation according to formula (17). 

 
in the center-of-mass system of the fission fragment, the contribution from the emission of PFN from 
the complementary fragment should be subtracted from them. 
At the second step, the contribution of neutrons from the complementary fragment determined in the 
first step was subtracted from the spectra measured at angles Ω < 40° (for light fragments) and Ω > 140° 
(for heavy fragments) in the laboratory system. After that, the spectra of the PFNs in the center-of-mass 
system of the light and heavy fission fragments were recalculated and approximated by the following 
function with parameters ( K ,ωK, T1K, T2K) determined by the least squares method: 
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Here, K  is the average number of neutrons per fission event for a light or heavy fragment (

HLp   ); ωK is the weighing function; and T1K, T2K are the corresponding distribution parameters. 
For the convenient use and simplification of model calculations, function (17) was further used as the 
spectra of PFNs in the center-of-mass system of light and heavy fragments instead of discrete 
distributions obtained from experimental data. These basic spectra of neutrons in the center-of-mass 
system of fragments (for example, in fig. 7 the spectrum obtained for 235U is presented) were used for 
calculating (with the help of expressions (7)–(13)) the angular and energy distributions of PFNs in the 
laboratory system, corresponding to the model of neutron emission from fully accelerated fission 
fragments. 
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3. Results 
3.1. Comparison of the PNPI’s experimental results and model calculation 

Measurements were first made for thermal neutron induced fission 235U [56, 60]. The difference 
between the measured PFN yield for angle Ω = 90° and the neutron yield calculated using the model of 
neutron emission from fully accelerated fragments was found to be ~10% [60]. It was found that the 
description of the distributions can be improved by assuming that there is anisotropy of the angular 
distribution of PFNs in the center-of-mass system of fission fragment (nc(0°)/nc(90°) ≈ 1.08). Under the 
assumption that the “scission” neutrons are emitted isotopically in the laboratory system, the fraction 
of these neutrons was estimated as ~7% of the total number of neutrons per fission event.  
Further investigations with 252Cf spontaneous fission and thermal neutron induced fission of 233U 
showed that additional corrections should be introduced in the measured distributions, and the data 
processing procedure had to be changed [25, 62]. So, for determination of the PFN spectrum from the 
measured time-of-flight spectrum, a relativistic equation is used. Additionally, the following effects 
have been taken into account: neutron recoil, fragment transmission of the start and stop MWPDs, 
normalization correction connected to the fact that in the measurements we have the experimental 
histogram distributions instead of continuous distributions. Also, the angular and energy resolution 
corrections were applied by the approach more consistent than in Ref. [60]. The comparison of the 
results for thermal neutron induced fission of 235U obtained before and after additional 
 

  

Fig. 8. Angular dependence of the ratio of measured neutron yield of  235U and calculated one after 
corresponding corrections have been  taken into account. Left part: the result presented in [60], the 
following corrections have been taken into account: 1- the correction for difference in solid angle and 
detector efficiency of fission fragments; 2 – the correction for complementary fragment contribution; 3 – 
the correction for angular resolution; 4 – neutron recoil correction were introduced into the model 
calculation. Right part: the same result obtained using additional corrections [62]: 5 - fragment 
transmission of the start and stop MWPDs; 6 – sum of several correction: normalization correction 
(connected to the fact that in the measurements the experimental histogram distributions were obtained 
instead of continuous distributions), correction for angular and energy resolutions of neutron detectors, 
for determination of prompt neutron energy spectrum from the measured time-of-flight spectrum, a 
relativistic equation is used; 7 – the real average angles instead of those with step 18° were introduced into 
the model calculation. 

 
corrections were taken into account is presented in Fig. 8 along with the contribution of each of additional 
correction to the estimation of “scission” neutron derived. Additionally, the following feature was 
emphasized in Ref. [25]. The description of experimental data is improved if spectra measured for angles Ω 
< 40° (light fragments) and Ω > 160° (heavy fragments) are used as the basis spectra, rather than the spectra 
for small and large angles of 8.8° and 172.1°(as in Ref. [60]), respectively. This occurs because, first, the 
statistical accuracy of the initial spectra used to obtain the spectra in the center-of-mass system of the 
fragment, is improved. Second, the existing systematic error caused by uncertainty of the standard spectrum 
of PFNs from 252Cf used in the correction for registration efficiency of neutron detectors and by the difference 
in the conditions of measurements of the spectra of PFNs for different angles, is partially compensated. 
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After the additional corrections have been introduced and model parameters have been optimized [25, 
62], the PFNs yield from 233U(n, f), 235U(n, f), and 252Cf(sf) at angles of ~0° and ~90° with respect to the 
direction of fragments could be described within the experimental errors by the model of isotropic 
neutron emission from fully accelerated fragments (Fig. 9, white symbols). The experimentally 
observed neutron deficits at angles close to ~40° and 140°, as compared to the model calculations, were 
adequately described by assuming that neutrons were emitted in the fission fragment center-of-mass 
system along the direction of motion of fission fragment with higher probability than perpendicular to 
this direction (nc(0)/nc(90)  1.071.09). It was also managed to describe not only the angular and 
energy distributions of the yield of PFNs but also their total spectrum in the laboratory system above 1 
MeV and their average number per fission event (see Table 3).  
The yield of “scission” neutrons in the 235U fission, when they are isotopically distributed in the 
laboratory system, was estimated to be no greater than ~3%. For 233U the estimate was about 4%. Joint 
analysis of the measured angular and energy distributions of PFNs in the 235U and 233U fission for fixed 
fission fragments showed that the measured dependence of the neutron yield on the mass and total 
kinetic energy of the fragments agreed with the literature data (Fig. 10). No appreciable dependence of 
the yield of “scission” neutrons on the characteristics of the fragments was found [25]. The dependence 
of the model calculation on the input parameters was investigated. 
 

Table 3. Average total number of PFNs per fission event. 

 
 
Target 

prompt (neutron / fission) 
Model calculation  

Experiment 
Evaluated data 
[58] A2 = 0 A2 = 0.04 

252Cf(sf) 3.86 3.73 3.77 ± 0.03 3.7610 ± 0.0051 
235U(nth, f) 2.56 2.45 2.44 ± 0.05 2.4184 ± 0.0021 
233U(nth, f) 2.60 2.48 2.54 ± 0.06  2.4904 ± 0.0040 

 

Fig. 9. Comparison of measurements and model calculations. Upper part: measured dependence of 
the PFN yield on the angle between the neutron and light fragment directions in the laboratory 
system; the curve is the calculation under the assumption that the angular distribution of neutrons in 
the fragment’s center-of-mass system is anisotropic (nc(0)/nc(90)  1.071.09). Lower part: (○) 
ratio of the measured PFN yield to the neutron yield calculated for isotropic neutron emission in the 
fragment’s center-of-mass system and (●) assuming anisotropic neutron emission (nc(0)/nc(90)  
1.071.09). The interval of the errors due to uncertainty of the PFN spectra in the fragment center-
of-mass system is limited by dotted and dashed curves. 
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Fig. 10. The neutron yield as a function of pre-neutron fragment mass (left part) and TKE (right part) 
together with pre-neutron fission fragment mass and TKE distribution (for 235U(nth, f) [25].  

 
It was demonstrated that the yields of PFNs at angles of ~0° and ~90° in the 235U fission obtained by 
model calculations using all possible mass and kinetic energy combinations of fragments, and by the 
calculations in the approximation of two fragments with average parameters almost coincide. In the 
mentioned work [25] it was also estimated the sensitivity of the model (two-fragment approximation) 
to average parameters of fission fragments used in calculation. It was found that variation of these 
parameters within the accuracy assigned to the literature data (for example, in 235U case, the value of 
energies per nucleon is 0.47-0.49 MeV for the heavy fragments and 1.01-1.04 MeV for light fragments) 
results in up to 4% variation in the calculated PFN yield for angles close to 90°, which corresponds to 
the “scission” neutron yield of ~2% per fission event. 
The measurements of the total PFN spectra of 233U and 235U were carried out later [62, 73] in PNPI at 
the same experimental set-up. Figs. 11, 12 show the total PFN spectra Φ(E) of 235U(nth, f) and 233U(nth, 
f) obtained and normalized to Maxwell distribution with the temperature parameter TM = 1.32 MeV Eq. 
(15). A comparison of these total PFN spectra to the estimated spectra (GMA least squares 
approximation [58] performed using published experimental data) shows a coincidence within 
experimental accuracy. This agreement is an evidence of the absence of any significant systematic errors 
in the angular and energy distributions of PFNs obtained in the PNPI. 
 

  

Fig. 11. Ratio of the total PFN spectrum of 235U(nth, 
f) (normalized to average PFN number per fission) 
to Maxwell distribution (TM = 1.32 MeV): circles 
present data of measurements [62]; (black solid 
curve) estimated data (GMA [58]) with uncertainty 
area indicated by gray shade; (dash-dot curve) 
parameterization according to (18); (dash curve) 
estimated data (GMA (Mix 3) [74]); (bottom [red] 
curve) two fragment approximation with anisotropy 
parameter A2 =0.04. 

Fig. 12. Ratio of the total PFN spectrum of 233U(nth, 
f) (normalized to average PFN number per fission) 
to Maxwell distribution (TM = 1.32 MeV): circles 
present data of measurements [73]; (black solid 
curve) estimated data (GMA [58]) with uncertainty 
area indicated by gray shade; (dash-dot curve) 
parameterization according to (18); (bottom [red] 
curve) two fragment approximation with anisotropy 
parameter A2 =0.04. 
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Note that the conclusion about the discrepancies between measured and model yields of PFNs, in a 
systematic sense, is weakly dependent (~3-5% in equatorial emission) on the choice of the standard 
neutron spectrum used for efficiency correction of neutron detectors. In order to exclude the influence 
of the shape of total PFN energy spectrum on the estimated yield of “scission” neutrons, the measured 
angular and energy distributions have been newly corrected for neutron detector efficiency. This 
correction factor was defined as the ratio of total PFN spectra of 235U(nth, f) and 233U(nth, f) [62, 73] to 
the corresponding known total PFN spectra, respectively. In the present work, these reference spectra 
were obtained using the experimental fact [75] that the ratio of total spectra for X fissile nucleus and 
252Cf(s.f) can be described with sufficient accuracy as the ratio of two Maxwell distributions M(TM, E) 
with the corresponding parameters TM: 
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Since the Maxwell distribution parameter TM =1.42 MeV was established [67] to provide for the best 
description of experimental total PFN spectrum of 252Cf and the final average energies derived from 
GMA approximation [58] are 2.0000.010 MeV (TM =1.33 MeV) for 235U and 2.0300.013 MeV (TM 

=1.35 MeV) for 233U, these parameters were used for obtaining additional corrections. The spline 
approximation (E) of the estimated 252Cf fission spectrum reported in [67] was adopted as reference 
total spectrum of PFNs from 252Cf spontaneous fission for Eq. (18). It is convenient because it enables 
to make a recalculation later while the numerical data on the evaluated spectra are absent. The reference 
total PFN spectra of 235U(nth, f) and 233U(nth, f) fission calculated using Eq. (18) are presented in Figs. 
11 and 12 together with the results of estimation (GMA approximation [58]) obtained from published 
experimental data by generalized least squares method. As can be seen, the relation (18) and model 
independent estimation based on GMA approximation [58] can be used for determining additional 
corrections. 
In this work the preliminary processing and the determination and introduction of corrections were done 
in a similar way for 235U(nth, f), 233U(nth, f) and 252Cf(s.f). The efficiency of the neutron detectors was 
determined as the ratio between the total PFN spectrum obtained by summing the measured neutron 
distributions over the angle of the measured distributions of neutrons and the reference spectrum 
obtained by means of Eq. (18). The parameters of the model used to calculate the angular and energy 
distributions of PFNs by assuming that they were emitted from the fully accelerated fragments were 
optimized to produce the best description of all data obtained in PNPI [58].  
The total PFN spectra of 233U(nth, f) and 233U(nth, f) fission, as well as the total PFN spectrum of 252Cf(sf), 
are presented in Figs. 11, 12 and 4 reveal some differences between the shape of experimental 
(estimated) PFN spectra and that of the spectrum calculated using the scheme described above (for two-
fragment approximation) in the range of PFN energies below 0.6 MeV. These differences can be related 
to the following circumstances: (i) existence of “scission” neutrons; (ii) calculation errors; (iii) 
limitations of computational scheme; and (iv) implicit systematic errors in experimental (estimated) 
PFN spectrum, which can be due to both the errors of available experimental data and the method of 
their description. Significant computational errors can be excluded, since the results of calculations 
(Fig. 4) based on the data of various (methodologically different) methods [17, 19, 22] almost coincide. 
Herewith the total PFN spectra calculated using the scheme of two fragment approximation described 
above almost perfectly coincide with the spectra obtained in the framework of Madland–Nix model 
(ENDF/B-VII) adapted for best description of the available experimental data [58]. Restricted character 
of the aforementioned scheme of calculations is only determined by the accuracy of the measured 
angular distributions of PFNs. Therefore, the observed deviation can be treated as evidence of the 
existence of “scission” neutrons and, hence, their yield can be determined from the difference between 
experimental and calculated total spectra. 
The main advantage of this approach to estimation of the yield of “scission” neutrons is that it depends 
only on two parameters: the shape of total PFN spectrum in the laboratory system and the total number 
of PFNs per fission event. Estimations of these factors, obtained by experts for nuclei widely 
encountered in practice, can be used for the comparative analysis. It is necessary to take into account 
that any systematic errors of the total PFN spectrum related to the quality of experimental data used for 
this estimation and the method of obtaining this estimate can lead to different conclusions concerning 
not only the yield of “scission” neutrons, but their existence as such. 
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From this standpoint, in making the aforementioned comparison, one should prefer estimating the total 
PFN spectrum in a model-independent form. To increase the reliability of determination of the yield of 
“scission” neutrons, it is necessary to confirm in the range of neutron energies below 0.6 MeV the 
presence of deviation of the experimentally measured/estimated PFN spectrum from that calculated 
assuming the PFM emission by fully accelerated fragments. For this purpose, it is necessary to carry 
out additional experimental investigations with participation of independent research groups using 
different neutron and fission fragment detectors for a number of various fissile nuclei, so as to exclude 
systematic errors inherent in any experimental investigation method. This is a task for the nearest future, 
requiring properly coordinated work of many experimenters. 
A qualitative step toward solving questions concerning the existence of “scission” neutrons and their 
formation mechanisms can be based on studying the angular and energy distributions of PFNs. It was 
found that for neutron detection angles  = 90, a neutron excess is observed relative to the model 
calculations: 4.6±2.7%, 5.9±2.8%, and 7.6±2.8% for 233U, 235U, and 252Cf, respectively. As mentioned 
above, the excess of the neutron yield relative to calculated values is also observed in the total PFN 
spectra in the region of neutron energies below 0.6–1 MeV (see Figs. 11, 12 and 4). Then, the yield of 
“scission” neutrons and their spectrum can be determined. As an example, Fig. 13 shows the angular 
dependence of the yield of “scission” neutron from 235U(n, f) fission calculated by Carjan et.al. [34, 35] 
in a framework of a dynamical scission model under different initial condition and that obtained in this 
work as the difference between yields of PFNs measured and one calculated in the assumption that all 
PFNs was emitted from fully accelerated fragments. The qualitative agreement can be seen which leads 
to the conclusion that the PFN angular and energy distributions can be described using an assumption 
that the observed neutron 
 

  
Fig.13. Angular dependence of the yield of 
“scission” neutrons from 235U(n, f) fission: (●) the 
difference between the measured and model neutron 
yields for the angles Ω, the indicated errors include 
statistical errors and the uncertainty of model 
parameters. Straight curve – Rizea et.al calculation 
[34] performed on the surface of a sphere of radius 
R=30 fm and for time T further away from the 
moment of scission is 2·10-21 sec. Dash line Wada 
et.al calculation [35] – R=50 fm, T = 4·10-21 sec and 
the effects of the scattering and re-absorption by the 
fission fragments on the angular distribution of 
scission particles were included into calculation. 

Fig. 14. Spectrum of “scission” neutrons from the 
235U(n, f) fission: (●) the difference between the 
measured and model neutron spectra for the angles 
Ω close to 90° (Ω = 72.2°, 90°, 108.8°) multiplied by 
4π (first approach), the indicated errors are 
statistical; (–○–) the difference between the 
reference total PFN spectrum obtained by means of 
Eq. (18) and the model calculated total PFN 
spectrum (second approach). The interval of errors 
arising from uncertainty of the reference PFN 
spectrum is limited by the dotted-and-dashed lines. 
The curve is the approximation by function (19). 

 
excess is associated with the dynamical effects analogous to those proposed in [34, 35].  
In Fig.14 it is presented the spectrum of 235U “scission” neutrons obtained in two different ways. In the 
first, the desired spectrum was defined as the difference between the measured and model neutron 
spectra for angles  close to 90 ( = 72.2, 90 и 108.8). In the second, the total spectrum of 
“scission” neutrons was defined as the difference between the reference total PFNs spectrum and model 
calculation.  
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To compare the two estimates, the “scission” neutron spectrum obtained in the first way was multiplied 
by 4 (it was assumed that the distribution of “scission” neutrons in the laboratory system was 
isotropic). A comparison of the spectra obtained in this manner shows the agreement (within the errors 
of the experimental data) between the results from estimates performed in different ways.  
Since the relative contribution from “scission” neutrons should be largest at angles Ω close to 90°, the 
yield of these neutrons from the fission of the investigated nuclei was estimated using the spectrum 
obtained in the first way: with least squares approximated by functions (19) and (20): 
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All parameters p0, T0, p1, T1 were varied. The results of these approximations are given in Table 4. 

Table 4. Main characteristics of “scission” neutrons. 

 

 
Up to now the “scission” neutron spectrum were only calculated for 252Cf [31]. In this calculation it is 
taking into account nonadiabatic effects in the interaction of the single-particle degrees of freedom with 
fragment acceleration. The obtained difference spectrum (“scission” neutron spectrum) for spontaneous 
252Cf fission can be qualitatively compared to this calculation. It is seen that the spectrum of “scission” 
neutrons [31] can be adequately described as well as angular dependence of their yield [34, 35] by 
assuming that the neutron excess observed in the experiment was due to the dynamic effects in nuclear 
fission. 
 

  

Fig. 15. Spectrum of “scission” neutrons from the 252Cf(sf) fission. Denotations are the same as in Fig. 8. 
The curve is the result of approximation using function (20). The dashed line is the scission neutron yield 
calculated in [31]. The dotted line shows the errors of calculation [31] arising from uncertainty of the input 
parameters; (a) and (b) are the linear and logarithmic scales respectively. 

 233U(n,f) 235U(n,f) 252Cf(sf) 
Approximation using function (19) 

Yield, % 1.5 ± 0.6 1.8 ± 0.6 2.0 ± 0.6 
Average energy, MeV 0.53 ± 0.08 0.47 ± 0.05 0.58 ± 0.06 

Approximation using function (20) 
Yield, % 2.7 ± 0.8 2.6 ± 0.8 3.0 ± 0.8 
Average energy, MeV 1.7 ± 0.2 1.4 ± 0.2 1.5 ± 0.2 
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Conclusion 
A comparison of the measured data and our model calculations shows that the experimentally observed 
average total number of neutrons per fission event, the total PFN spectrum, the dependence of the PFN 
yield on the characteristics of the fragments, and the angular and energy distributions of PFNs are 
described within the model of isotropic neutron emission from fully accelerated fragments with an error 
less than 10%.  
Detailed analysis of the data shows that the model calculations must be performed using the anisotropy 
of prompt neutron emission in the center-of-mass system of fission fragment. It was found that in the 
center-of-mass system of fission fragment, the PFNs are emitted along the fission axis with a higher 
probability than perpendicular to it (nc(0°)/nc(90°) ≈ 1.07–1.09). 
The total spectrum of PFNs was calculated for investigated nuclei by assuming that the neutron emission 
from fully accelerated fragments coincides with the measured spectra within the errors of the 
experimental data in the neutron energy region of 0.6 to 10 MeV, and the average total number of 
neutrons per fission event is close to the recommended values. In the region of neutron energies below 
~0.6–1 MeV, a neutron excess was observed in the experiment, relative to the model calculations. 
The angular and energy distributions of PFNs in the laboratory coordinate system agree with the model 
calculations for all angles except those close to 90° with respect to the direction of fragments. An excess 
of neutrons observed at angle Ω = 90° over the model calculations performed assuming that all PFNs 
are emitted from fully accelerated fragments reaches 4.6±2.7% and 5.9±2.8% for 233U and 235U, 
respectively. 
The observed neutron excess cannot be explained within the model of neutron emission from fully 
accelerated fragments. This difference can be eliminated by assuming that there were ~2–4% of 
“scission” neutrons. The nature of the observed neutron excess can be determined after a thorough 
comparison of the experimental data and the calculations using theoretical models that allow for 
possible PFN emission mechanisms in fission. 
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Ref. Method <m*
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L> <V*
H> <E*

L> <TKE> 

[1] 2v-2E, 2SSBD 95.93 1.423 0.977 100.6  0.7 169.8  0.8 
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The main characteristic of the 252Cf(sf) fission fragments 
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[1] 2v 108.39 1.375 1.036 105.7  1.1 185.7  1.8 
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[3] 2v 108.46 1.370 1.036 105.1  1.0 184.9  2.0 
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