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ABSTRACT 

The properties of “scission” neutrons from thermal-neutron induced fission of 
239Pu(nth,f) and spontaneous fission of 252Cf(sf) 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. 
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Introduction 
 

Up to now many theoretical and experimental works were performed to investigate the low energy 
nuclear fission. A special attention was given to the details of the prompt fission neutron (PFN) 
emission: spectra and multiplicities, their dependence on fission fragment (FF) characteristics and 
all possible correlations between reaction products. These data are used widely for the construction 
of nuclear reactors and applied for the development of non-destructive methods of nuclear safety 
and for the control of non-proliferation of nuclear materials. Despite considerable progress 
achieved in description of the properties of prompt fission neutrons (PFNs) [1–4], some 
discrepancies still exist between the experimental data and results of theoretical calculations. The 
observed differences are related to both the limitations of theoretical models used to describe the 
properties of prompt fission neutrons and the absence of necessary experimental data.  
Since for theoretical descriptions it is usually assumed that PFNs are emitted from the fission 
fragments fully accelerated in the mutual Coulomb field, 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. 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 fully accelerated fission fragments. These 
investigations can only be conducted by comparing measured distributions of the PFNs and model 
calculations performed by assuming that all PFNs are emitted from fully accelerated fragments. In 
this case, it can be found the yield of neutrons whose emission mechanism differs from evaporation 
of neutrons from fully accelerated fragments (for example, 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. A final conclusion about validity of 
any mechanism of such neutron emission can be done only after detailed comparison of predictions 
made in the framework of different theoretical models with the dependences reliably observed in 
the experiment. 
Experimental studies dedicated to search for “scission” neutrons are limited to spontaneous fission 
of 252Cf and thermal neutron-induced fission of 235U. In particular, for the most studied case of 
spontaneous fission of 252Cf(s.f), estimates of the contribution of “scission” neutrons obtained from 
the analysis of independent experimental data range from 1 to 20% of the total number of neutrons 
per fission event (Table 1) [5–22]. For thermal neutron-induced fission of 239Pu these 
investigations are limited to works shown in Table 2 [8, 23-26]. The yield of “scission” neutrons 
obtained in these works varies from 4 to 30% of the total PFN number per fission event. It can be 
concluded from Tables 1-2 that the yield of “scission” neutrons is the less, the more sophisticated 
becomes an experimental technique and the more detailed becomes an analysis of all possible 
systematic effects. 
It should be also noted that the uncertainties of the input parameters used in the model calculation 
performed under the assumption that all PFNs are emitted from fully accelerated fission fragments 
leads to the uncertainties of the yield of “scission” neutrons derived from experimental data. 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 model and input parameters. But in most of 
the works mentioned above only the final conclusions are given without presenting all used input 
parameters and measured data in digital format. There are only two reported sets of data [5, 12] 
for 252Cf(s.f) and one [26] for 239Pu(nth,f) that can be used for joint analysis. 
In the present report are given the results of an analysis of the PFN angular and energy distributions 
from thermal- neutron induced fission 239Pu(nth,f) and spontaneous fission 252Cf(s.f) measured 
recently in NRC KI - PNPI. The comparison of the measured PFN distributions with model ones 
calculated under the assumption that all PFNs are emitted from fully accelerated fragments is 
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performed. To obtain model distributions, it is assumed to use the spectra of PFNs 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. In a course of these calculations, it was 
used a method free of any assumptions about the PFN properties [18, 27]. 



9 

 

Table 1. Main results of the investigations of neutron emission mechanism for 252Cf(sf). 

Authors, References, 
Experimental Set-up 

Yield of 
“scission” 
neutrons 

Average energy of 
“scission” 
neutrons 

Anisotropy of PFN 
emission in the center-of-

mass system of fission 
fragment, A2 

Investigation of (n,f)-angular correlation 

H R. Bowman et al [5, 6] (1962). Two plastic 
scint. for FFs spectroscopy (TOF 100cm);Two 
neutron detectors (plastic scint.) were used, 
TOF(100cm). One of them was placed at 11.25 

relative to FFs direction. The position of the 
second detector was varied from 22.5 to 90 in 
step 11.25.  

 
 
 

10% 

 
 
 
      2.6 MeV 

 
 
 
0.016  0.012 

V.M. Piksaikin et al [7] (1977). Two Si-surface 
barrier detectors for FFs spectroscopy; Single-
crystal (stilbene) proton-recoil spectrometer was 

placed interchangeably at 8.7 and 90 relative to 

FFs direction, n/ pulse shape discrimination. 

 
 

20% 
 
  

 
 

1.52 MeV 
 
  

 
 
Not investigated 
 
  

Yu.S. Zamyatnin et al [8] (1979). IC with 
collimator used for FFs spectroscopy; One 
neutron detector (plastic scint.) was placed 

interchangeably at 0 and 90 relative to FFs 
direction, TOF (40cm). 

 
 

15  8% 

 
 
        --- 

 
 
Not investigated 

P. Riehs [9] (1981). Two Si-surface barrier 
detectors for FFs spectroscopy; Two neutron 
detectors (NE213) were placed at 0 and 90 
relative to FFs direction, n/γ pulse shape 
discrimination, TOF(75cm). 

 
  5.9  1.3 % 
(13.2  3.1%) 

 
      2.0 MeV 

 
Not investigated 

D. Ward et al [10] (1983). Three Si-surface 
barrier detectors to set direction of FFs (0, 45 
and 90) relative to axis of neutron detector 
(NE213), n/γ pulse shape discrimination, 
TOF(34cm) 

 
 

10  5% 

 
 
        --- 

 
 
Not investigated 

E.A. Seregina et al [11, 12] (1985). Six Si-
surface barrier detectors to set direction of FFs 
(from 0 to 90 in interval 10) relative to axis of 
neutron detector (Single-crystal stilbene proton-
recoil spectrometer), n/γ pulse shape 
discrimination.  

 
 

10.6  2.1 % 

 
 

1.5  0.3 MeV 

 
 

0.07 

H. Marten et al [13] (1991). Two parallel-plate 
avalanche counters for selection of FFs group; 
Two neutron detectors NE912(6-Li glass) and 
NE213, TOF(35, 160cm 

 
< 5% 

 
        --- 

 
          0.06 

O.I. Batenkov et al [14] (1989). Micro channel 
plates used for FFs spectroscopy (TOF with base 
9 cm); Two neutron detectors (stilbene) arranged 
collinearly were used, n/ pulse shape 
discrimination, TOF (37.5, 75, 150cm). 

 
 

2 - 3 % 

 
 
        --- 

 
 
          0.04 
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Table 1. Main results of the investigations of neutron emission mechanism for 252Cf(sf) 
(continued). 

Authors, References, 
Experimental Set-up 

Yield of 
“scission” 
neutrons 

Average energy of 
“scission” 
neutrons 

Anisotropy of PFN 
emission in the 
center-of-mass 

system of fission 
fragment, A2 

Investigation of (n,f)-angular correlation 

H.-H. Knitter et al [15, 16] (1992). IC used for 
FFs spectroscopy and measuring FF angle; One 
neutron detector (NE213), n/ pulse shape 
discrimination, TOF(50 cm). 

 
1.1  0.3 % 

 
      0.4 MeV 

 
       0.01  0.02 

Yu.D. Kamarzhnov et al [17] (1998). Two Si-
surface barrier for FFs spectroscopy; Two 
neutron detectors (NE213) were placed at 0 
and 90 relative to FFs direction, n/ pulse 
shape discrimination, TOF(75cm). 

 
 

2.5  1.0 % 

 
 
        --- 

 
 
Not investigated 

A.S. Vorobyev et al [18] (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 

Investigation of (n,n)-angular correlation 

J.S. Pringle and F.D. Brooks [19] (1975). Two 
neutron detectors (NE213), n/γ pulse shape 
discrimination, TOF (30, 40 and 50cm). 

 
< 10 % 

 
        --- 

 
Not investigated 

A.M. Gagarski et al [20] (2008). Two stilbene 
neutron detectors, n/ pulse shape 
discrimination, TOF (40-70 cm).  
V.E. Sokolov et al [21] (2010) reanalysis of 
[20]. 

 
10 - 11 % 

 
8  3% 

 
1.6 MeV 

 
2.0  0.2 MeV 

 
 
Weakly sensitive  

Compilation of (n,f) data from refs [5], [12] and [15] 

 
N.V.Kornilov et al [22] (2001). 

 
~ 10% 

Two components 
with average 
energy 0.9 MeV 
and 3.0 MeV. 

 
Not investigated 
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Table 2. Main results of the investigations of neutron emission mechanism for 239Pu(nth,f). 

Authors, References, 
Experimental Set-up 

Yield of 
“scission” 
neutrons 

Average energy of 
“scission” 
neutrons 

Anisotropy of PFN 
emission in the 
center-of-mass 

system of fission 
fragment, A2 

Investigation of (n,f)-angular correlation 

J.S. Fraser et al [23] (1965). Two plastic scint. 
for FFs spectroscopy (TOF with the base of 
125cm and 99cm). Four neutron detectors 
(plastic scint.) were used, TOF (106cm). The 
neutron spectra measurements have been done 
simultaneously at 10, 25, 45 and 80 relative 
to FFs direction. 

 
 
 

30% 

 
 
 
     ~ 2 MeV 

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

Yu.S. Zamyatnin et al [8] (1979). IC with 
collimator used for FFs spectroscopy; One 
neutron detector (plastic scint.) was placed 
interchangeably at 0 and 90 relative to FFs 
direction, TOF (40cm). 

 
 

20  12 % 

 
 
        --- 

 
 
Not investigated 
  

A.S. Vorobyev et al [24] (2018). 8 MWPC for 
FFs separation (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. 

 
 
 
 

4.5  0.9% 

 
 
 
 

1.6  0.2 MeV 

 
 
 
 

0.04  0.2 

Investigation of (n,n)-angular correlation 

V.E. Sokolov et al [25] (2010). Two stilbene 
neutron detectors, n/ pulse shape 
discrimination. 
I.S. Guseva et al [26] (2018) reanalysis of [25]. 

 
14  3% 

 
4.0  1.5% 

 
1.8  0.2 MeV 

 
1.8  0.2 MeV 

 
 
Weakly sensitive 
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1. Description of the experimental set-up 
The experiments have been done at the radial neutron channel N1 of the research reactor WWR-M 
(PNPI, Gatchina). The detailed description of measurement technique and data processing has been 
given elsewhere [27-29]. At present, the commonly accepted international standard for measuring 
PFN spectra is established by the integral PFN spectrum of spontaneous 252Cf fission [30]. For this 
reason, measurements of the angular and energy distributions of PFNs from thermal neutron-induced 
fission of 239Pu were performed in comparison with the spectra of spontaneous 252Cf fission under 
identical experimental conditions using a setup that was previously used for analogous investigation 
[18]. The spectra of PFN 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°. 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 measurements were carried out in repeated cycles. Each cycle included 
sequential measurements of the angular and energy distributions of PFNs from 239Pu(n, f) and 
252Cf(sf) reactions. The 252Cf target was located in the reaction chamber at the same position as the 
239Pu target. 
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 at an 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. 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. 
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 at a distance of 7 mm 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.  
 

2. Model 
2.1. General 

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.  
As it was shown early (for example, in ref. [31-33]), 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 1-2). 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; FK = 0.94–0.97 is 
the coefficient reflecting the dependence of the yield of the PFNs on the characteristics of the 
fragment [34]; K  is the average number of neutrons per fission event for the light or heavy fragment; 

),( TKEm fK  is the 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; KfE ,  is the average energy per nucleon, which are 0.949  0.007 MeV and 0.995  

0.007 MeV for the light (K = L) fragments and 0.540  0.004 MeV and 0.511  0.004 MeV for heavy 
(K = H) fragments for 252Cf(sf) and 239Pu(n,f), respectively.  
Then, the number of neutrons emitted from light or heavy fragments within unit energy interval per 
unit solid angle with the energy E at the angle θ with respect to the direction of fragment motion in 
the laboratory system, nK(E, θ), is related to the analogous number of neutrons 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, ψK(, θc), by means of the following formulas:  

),()(),(),( сKсKK
EE

En 





                                     (4) 

)(cos1),( 22 cc PA                                                              (5) 

where function φ(ε, θc) is the angular distribution of neutrons in the center-of-mass system, P2(cosθc) 
is the second-order Legendre polynomial, A2 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) [35-37].  
The number of neutrons N(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(E, Ω) and heavy fragments nH(E, Ω): 
 

     ),(),(),(  EnEnEN HL  ,                                  (6) 

),(),( 1 EnEn LL               and             )180,(),( 2 EnEn HH , 

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 [38, 39], the terms 1 and 2 are usually taken equal to zero. In this 
work, this correction was calculated (see Fig. 1) using the equation given in [39]. The integral 
spectrum Φ(E) of PFNs in the laboratory system is defined as follows: 

 



0
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Fig. 1. Energy dependence of the correction due to neutron recoil for fixed angles θ given in the 
right part of the figure. 

 
 

According to the structure of Eq. (4), the spectra of PFNs in the center-of-mass system of the fission 
fragment, ψK(), can be obtained from the spectra of the PFNs measured at different angles with 
respect to the direction of fragment motion, nK(E, θ). In this case, an individual spectrum of PFNs in 
the center-of-mass system of the fragment, ψθ

K(ε), is obtained for each given direction θ: 

)(cos)(1

),(
)(

22 c

K
K PA

En

E 
 


                                               (8) 

Assuming that the hypothesis of neutron emission from fully accelerated fission fragments is valid, 
the spectra of neutrons in the center-of-mass system of fission fragment, ψθ

K(ε), determined by Eq. 
(8) will be identical for all selected directions θ within the achieved accuracy of experimental data. 
Therefore, deviation of the measured angular and energy distributions of neutrons from the respective 
distributions calculated by Eqs. (4)–(7) using the spectra of neutrons in the center-of-mass system of 
fission fragment, ψθ

K(ε), will characterize the accuracy of the adopted model. 
The spectra of PFNs in the center-of-mass system of light and heavy fission fragments, ψθ

K(ε), were 
obtained in the approximation of two fragments with the use of the spectra of PFNs, N(E, Ω), 
measured at small angles with respect to the direction of motion of the light (Ω < 40°) and heavy (Ω 
> 140°) fragments. In this case, we used only collected events for which 0 ≤ θ ≤ 90° (prompt fission 
neutrons are emitted into the forward hemisphere with respect to the direction of motion of the 
fragment): 

KfEE ,)cos(    .                                                                     (9) 

Thus, the spectrum of PFNs in the center-of-mass system of fragments that is almost unlimited in the 
region of low energies can be obtained and, therefore, the uncertainty of model calculations caused 
by uncertainties in the shape of the spectrum and in the number of prompt fission neutrons emitted 
from light and heavy fragments can be minimized.  
It should be noted that the spectrum of PFNs measured for each given direction θ includes a fraction 
of neutrons from the complementary fragment. Consequently, before using the measured spectra of 
PFNs to determine the spectra of PFNs 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. The procedure included the following steps.  
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At the first step, it is assumed that neutrons detected at small 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. (8). At the second step, the 
contribution of neutrons from the complementary fragment determined in the first step was subtracted 
from the spectra measured at small angles 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 (10) 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 Figs. 2, 3 the spectra obtained for 239Pu(n,f) and 
252Cf(sf) are presented, respectively) were used for calculating (with the help of expressions (4)–(7)) 
the angular and energy distributions of PFNs in the laboratory system, corresponding to the model of 
neutron emission from fully accelerated fission fragments. 

 

  
Fig. 2. The PFN spectra of 239Pu(n, f) in the 
center-of-mass system of (black symbols) light 
and (open symbols) heavy fragments, obtained 
from spectra in the laboratory system in the 
two-fragment approximation for selected angles 
Ω between the neutron emission and light 
fragment escape directions; curves show the 
approximation according to formula (10). 

Fig. 3. The PFN spectra of 252Cf(sf) in the 
center-of-mass system of (black symbols) light 
and (open symbols) heavy fragments, obtained 
from spectra in the laboratory system in the 
two-fragment approximation  for selected 
angles Ω between the neutron emission and 
light fragment escape directions; curves show 
the approximation according to formula (10). 

 

2.2. Determination of the model parameters 

As was mentioned above, the 252Cf is a most studied nucleus and the total spectrum of PFNs from 
252Cf(sf) is a high accuracy international standard. For this reason, to optimize the model, which is 
used to describe the measured angular and energy distributions of PFNs, and to determine its 
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confidence, we compare the PFNs distributions of 252Cf(sf) calculated under different model 
assumption with the standard spectrum from ref. [30].  
The main advantage of the discussed model is that, after the average energy per nucleon is determined, 
the model includes only one varying parameter A2 responsible for the anisotropy of the angular 
distribution of PFNs in the center-of-mass system of the fission fragment from which neutrons are 
emitted. In this case, the test of confidence of the model is reduced to the determination of the 
difference between experimental data and model calculations. The analysis of data showed that the 
best description of the total spectrum of PFNs is achieved simultaneously with the best description of 
the partial spectra of PFNs [40].  
Figure 4 shows the standard total spectrum of PFNs from 252Cf [30] and the model spectrum of PFNs 
calculated within the above scheme. In order to indicate more clearly the existing differences, the 
spectra of PFNs are presented as the ratio to the Maxwell distribution M(TM, E) (TM = 1.42 MeV): 
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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). The calculation under the assumption that A2 = 0 (spectra 
obtained from the spectra measured at angles of 8.8°and 172.1° were used as the reference spectra) 
is also shown in this figure for comparison. Errors corridor for one of the calculated model total 
spectra caused by uncertainty in the measured spectra of neutrons, which were used to determine the 
reference spectra, are also shown. To demonstrate the effect of anisotropy on the shape of the total 
PFNs spectrum, the total spectra of PFNs calculated under different assumptions on the anisotropy 
parameter are shown in Fig. 5.  
 

 

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 and red curve passes 
through them show the standard spectrum from 
[30], green dash curve shows the result of 
calculations at A2 = 0, and blue curve 
(uncertainties are limited by blue dash-dot 
curves) shows the result of calculation at A2 = 
0.04. 

Fig. 5. Curves corresponding to A2 = 0 and A2 
= 0.04 show the ratios of the total spectra of 
PFNs in the laboratory system obtained in two 
fragments approximation with the same 
reference spectra (calculated using PFNs 
spectra measured for angles Ω < 40° and Ω > 
160°) and under different assumptions on the 
anisotropy parameter A2.  

 
 
Yield of PFNs from 252Cf(sf) versus the angle between the direction of emission of a neutron and the 
direction of motion of the light fragment in the laboratory system calculated as mentioned above is 
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presented in Fig. 6 in comparison with the data measured at PNPI and from [5]. In order to perform 
correct comparison, the model calculations and the data obtained in these works were analyzed in the 
same energy range (0.55–10.3 MeV) for PFNs as the data from [5]. There is only a small difference 
most clearly seen in Fig. 7, where ratios of the angular distributions of the yield of PFNs that are 
obtained in [40] to the model distribution are shown. 
 

  

Fig. 6. Yield of PFNs from 252Cf(sf) versus the 
angle between the direction of emission of a 
neutron and the direction of motion of the light 
fragment in the laboratory system. 

Fig. 7. Ratio of the measured PFN yield to the 
neutron yield calculated for A2=0.04 and 
A2=0. 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. 

 
Since a largest observed relative yield of “scission” neutron is expected for the angles close to 90, 
several authors tried to find these neutrons by the investigation of the ratio of the PFNs spectra 
measured at 0 and 90 relative to the direction of motion of fission fragments. Such a dependence is 
shown in Fig. 8, 9. Good agreement can be seen between the dependence for model calculation and 
works [13, 15, and 40], where the spectra of PFNs were determined from the time of flight and the 
pulse shape separation scheme was used to separate events corresponding to neutrons and γ-ray 
photons. The pulse shape separation scheme was not applied in [5]. This is possibly an origin of the 
difference between these data for neutron energies higher than 3 MeV and other data shown in Fig. 
9. The ratio of the PFNs spectra obtained using the data from ref. [12] coincides in shape with the 
results obtained by the time-of-flight method, but a certain difference is observed at neutron energies 
lower than 2 MeV and the entire dependence is shifted in absolute value. Since corrections were 
introduced in the response function of the recoil proton spectrometer in the cited work according to 
the comparison of the measured total spectrum with the standard spectrum of 252Cf, one of the reasons 
for such difference can be the presence of a disregarded neutron background in the measured 
amplitude spectra of PFNs. Sources of this background can be, e.g., scattering of neutrons within the 
solid detection angle, the transmission of the shadow cone, the existence of background of random 
coincidences, and the possible superposition of events from neutrons and γ-ray photons. 
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Fig. 8. Energy dependences of the ratio of 
neutron yields for angles 0° and 90°. Curve is 
description within the model considering the 
anisotropy of emission of PFNs in the center-of-
mass system of fission fragments, A2 = 0.04. 

Fig. 9. Energy dependences of the ratio of 
neutron yields for angles 0° and 90°. Data of the 
time-of-flight measurements from (●) [40], (+) 
[15], (○) [13], and (△) [5]. Data from the recoil 
proton spectrometer shown by squares (green) 
are taken from [12].  

 
The following features should be emphasized: 
first, the description of experimental data is improved if spectra measured for angles Ω < 40° (light 
fragments) and Ω > 160° (heavy fragments) rather than only spectra for small and large angles of 8.8° 
and 172.1°, respectively, are used as the reference spectra. 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 and, second, the existing systematic error caused by uncertainty of the standard spectrum 
of PFNs from 252Cf and by difference in the conditions of measurements of the spectra of PFNs for 
different angles is partially compensated.  
Second, the inclusion of the anisotropy of emission of PFNs in the center-of-mass system of the 
fission fragment in model calculations also improves the description of experimental data. The best 
description of experimental data is achieved with A2 = 0.04 ± 0.02 (ψ(0°)/ψ(90°) ≈ 1.08). In previous 
works, the parameter of anisotropy A2 of the angular distribution of PFNs in the center-of-mass 
system of 252Cf(sf) fission fragment was also estimated and was 0.04 [14], 0.010.02 [15], and 
0.040.02 [40]. In a more recent investigation [42], it was found that A2 = 0.0200.003. Analysis of 
the integral PFN spectrum of 252Cf in the framework of modified Madland–Nix model [43] also 
showed the presence of anisotropy for PFN emission in the center-of-mass system of fission 
fragments.  
In this work, the preliminary processing and the determination and introduction of corrections were 
done in a similar way for 239Pu(nth, f) and 252Cf(s.f) as well as for 235U(nth, f), 233U(nth, f) performed 
earlier. 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 [4].  
 

3. Results 
Figures 10 and 11 show the energy spectra of PFNs from 239Pu(nth,f) and 252Cf(sf), respectively, 
measured in the laboratory system in comparison with the results of model calculations performed 
under the assumption of PFN emission from only the fully accelerated fission fragments. On the 
whole, the calculated model energy and angular distributions agree rather well with the 
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experimentally obtained distributions. However, there is a surplus of neutron yield for angles close 
to 90 over model calculation (see Figs. 12, 13).  

 
 

  

Fig. 10. Energy spectra of PFNs from 252Cf(sf) in the laboratory system for fixed angles of emission 
of a neutron with respect to the direction of motion of the light fragment indicated near the lines 
[40]. The indicated errors are statistical. Lines correspond to model calculation (A2 = 0.04) 

 
 

  

Fig. 11. Energy spectra of PFNs from 239Pu(nth,f) in the laboratory system for fixed angles of 
emission of a neutron with respect to the direction of motion of the light fragment indicated near 
the lines [41]. The indicated errors are statistical. Lines correspond to model calculation (A2 = 
0.04) 
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Fig. 12. Energy spectra of PFNs from 239Pu(nth, 
f) measured in the laboratory system at 90° 
angle relative to the direction of motion of light 
fragments [41]. Bars indicate statistical errors. 
Solid curves present the results of model 
calculations (A2 = 0.04). 

Fig. 13. Energy spectra of PFNs from 252Cf(sf) 
measured in the laboratory system at 90° angle 
relative to the direction of motion of light 
fragments [40]. Bars indicate statistical errors. 
Solid curves present the results of model 
calculations (A2 = 0.04). 

 
The total PFN spectra of 252Cf(sf) and 239Pu(nth,f) fission are presented in Figs. 4 and 14, respectively, 
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.  
It should be noted that the experimental partial and total spectra of PFNs includes all PFNs emitted 
during fission, while the calculated spectra only include neutrons emitted from fully accelerated 
fragments. 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 spectra. 

 

 

Fig. 14. Ratio of the total PFN spectrum of 239Pu(nth,f) (normalized to average PFN number per 
fission) to Maxwell distribution (TM = 1.38 MeV): circles present data of measurements [29]; 
(black solid curve) estimated data (GMA [4]) with uncertainty area indicated by gray shade; 
(dash-dot [blue] curve) parameterization according to (12); (bottom [red] curve) two fragment 
approximation with anisotropy parameter A2 =0.04. 

 
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 additionally corrected 
for neutron detector efficiency.  
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This correction factor was defined as the ratio of total PFN spectra of 239Pu(nth,f) from ref. [29] to the 
corresponding known total PFN spectra. The reference spectrum was obtained using the following 
equation: 

),42.1(

),382.1()()(

EM

EMEE

CfpPup








 







 


    (12) 

Since the Maxwell distribution parameter TM =1.42 MeV was established [30] to provide the best 
description of experimental total PFN spectrum of 252Cf and the final average energy derived from 
GMA approximation [4] are 2.0730.010 MeV (TM =1.382 MeV) for 239Pu, these parameters were 
used for obtaining additional corrections. The spline approximation (E) of the estimated 252Cf 
fission spectrum reported in [30] was adopted as reference total spectrum of PFNs from 252Cf 
spontaneous fission for Eq. (12). It is convenient because it enables to make a recalculation later when 
the numerical data on the evaluated spectra are absent. The reference total PFN spectra of 239Pu(nth,f) 
fission calculated using Eq. (12) are presented in Fig. 14 together with the results of estimation (GMA 
approximation [4]) obtained from published experimental data by generalized least squares method. 
As can be seen, the relation (12) and model independent estimation based on GMA approximation 
[4] can be used for determination of the additional corrections. 
It was found that for neutron detection angles  = 90, a neutron excess is observed relative to the 
model calculations: 8.5±3.2% and 7.6±2.8% for 239Pu and 252Cf, respectively. Then, the yield of 
“scission” neutrons and their spectrum were also determined. As an example, Fig. 15 shows the 
angular dependence of the yield of “scission” neutron from 239Pu(nth,f) fission obtained as a difference 
between yields of PFNs measured and calculated ones in the assumption that all PFNs was emitted 
from fully accelerated fragments. For comparison, the calculations performed by Carjan et al [44, 45] 
for 235U(nth,f) fission in the framework of dynamical scission model under different initial condition 
are presented together with the yield of “scission” neutrons from 235U(nth,f) fission obtained by us 
earlier. 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 excess is 
associated with the dynamical effects analogous to those proposed in [44, 45]. In Fig. 16, it is shown 
the spectrum of 239Pu “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. 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 of estimates performed in different ways. 
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Fig. 15. Angular dependence of the yield of 
“scission” neutrons from 235U(nth,f) fission: (●, 
○) the difference between the measured and 
model yields for the angles Ω, the indicated 
errors include statistical errors and the 
uncertainty of model parameters. Solid (red) 
curve – Rizea et.al calculation [44] performed 
on the surface of a sphere of radius R=30 fm 
and for time T further away from the moment of 
scission 2·10-21 sec. Dash line Wada et.al 
calculation [45] – 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. 16. Spectrum of “scission” neutrons from 
the 239Pu(nth,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. (12) 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 (red) is the approximation by function 
(13). 

 
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 (13) and (14): 
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All parameters p0, T0, p1, T1 were varied. The results of these approximations are given in Table 3 
with the results obtained by us earlier for 233U(nth,f) and 235U(nth,f). 

 

 

 

 

 

 

Table 3. Main characteristics of “scission” neutrons. 

 

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

Approximation using function (19) 
Yield, % 1.5 ± 0.6 1.8 ± 0.6 3.6 ± 0.5 2.0 ± 0.6 
Average energy, MeV 0.53 ± 0.08 0.47 ± 0.05 0.91 ± 0.19 0.58 ± 0.06 

Approximation using function (20) 
Yield, % 2.7 ± 0.8 2.6 ± 0.8 4.5 ± 0.9 3.0 ± 0.8 
Average energy, MeV 1.7 ± 0.2 1.4 ± 0.2 1.6 ± 0.2 1.5 ± 0.2 
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The obtained difference spectra (“scission” neutron spectrum) for spontaneous 252Cf fission in 
comparison with the calculation taking into account non-adiabatic effects in the interaction of the 
single-particle degrees of freedom with fragment acceleration [46] is shown in Fig. 17. It is seen that 
the spectrum of “scission” neutrons [46] can be qualitatively described, as well as angular dependence 
of their yield [44, 45], by assuming that the neutron excess observed in the experiment was due to the 
dynamic effects in nuclear fission. 
 
 

  

Fig. 17. Spectrum of “scission” neutrons from the 252Cf(sf) fission (left – linear scale, right - 
logarithmic scale). Denotations are the same as in Fig. 16. The blue curve is the result of 
approximation using function (14). The solid line (red) is the scission neutron yield calculated in 
[46]. The dotted line shows the errors of calculation [46] arising from uncertainty of the input 
parameters. 

 
 
 
 
 
 
 
 
 
 
 

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 (ψ(0°)/ψ(90°) ≈ 1.07–1.09). 
 
The total spectra of PFNs was calculated by assuming that the PFNs emitted from fully accelerated 
fragments coincides with the measured spectra within the errors of the experimental data in the 
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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. 
An excess of neutrons observed at angle Ω = 90° (with respect to the direction of fragments) over the 
model calculations performed assuming that all PFNs are emitted from fully accelerated fragments 
reaches 8.5±3.2% and 7.6±2.8% for 239Pu and 252Cf, 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 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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Appendix 1 

The main characteristic of the 239Pu(nth,f) fission fragments  
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Ref. Method <m*
L> <V*

L> <V*
H> <E*

L> <TKE> 

[1] 2v-2E, 2SSBD  100.9 1.41 1.02 103.5  1.0 178.9  1.2 

[2] 2v 100.23 1.39 1.005 101.5  1.0 174.4  1.7 

[3] 2v, 2SSBD 100.85 1.4063 1.0192 103.02  0.3 177.88  0.40 

[4] 2E, 2SSBD 100.34   103.2  1.0 177.7  1.8 

[5] 2E, 2SSBD 100.3   103.29  0.01 177.65  0.01 

[6] 2E, 2SSBD 100.6   104.0  1.5 179.3  2.0 

[7] E-v, SSBD, PPAC 100.3   102.0  1.0 176.2  1.4 

[8] 2E, 2SSBD 100.57   103.35  0.3 177.9  0.4 

Average 100.5  0.1   103.1  0.5 177.5  0.7 

Recommended-V.G. Vorobyev, V.D. Kuzminov, VANT Ser. Nucl. Const. 1985, N2, p. 27 178.6  0.9 

Recommended (In book “The Nuclear fission process” Boca Raton, Florida, 1991, p. 323) 177.9  0.5 
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Appendix 2 

The main characteristic of the 252Cf(sf) fission fragments  
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Ref. Method <m*
L> <V*

L> <V*
H> <E*

L> <TKE> 

[1] 2v 108.39 1.375 1.036 105.7  1.1 185.7  1.8 

[2] 2v 108.25 1.370 1.034 105.7  1.0 185.3  1.7 

[3] 2v 108.46 1.370 1.036 105.1  1.0 184.9  2.0 

[4] 2E, 2SSBD 108.55   106.2  0.7 186.5  1.2 

[5] 2E, 2SSBD 109.0   106.3  0.7 187.3  1.7 

[6] 2E, 2SSBD 108.2   105.1  1.5 184.3  2.0 

[7] 2E, 2SSBD 108.55   105.9  0.7 186.2  1.2 

[8] 2E, 2SSBD 108.6   105.5  0.6 185.8  1.0 

Average 108.5  0.1   105.5  0.6 185.3  0.9 

Recommended-V.G. Vorobyev, V.D. Kuzminov, VANT Ser. Nucl. Const. 1985, N2, p. 27 186.3  1.0 

Recommended (In book “The Nuclear fission process” Boca Raton, Florida, 1991, p. 323) 184.1  1.3 
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