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Abstract 
Angular distributions of fission fragments from the neutron-induced fission of 232Th, 

233U, 235U, 238U, 239Pu, 237Np, natPb and 209Bi have been measured in the energy range 1‒200 
MeV at the neutron TOF spectrometer GNEIS based on the spallation neutron source at 
1 GeV proton synchrocyclotron SC-1000 of the NRC KI - PNPI (Gatchina, Russia). The data 
in the neutron energy range above 20 MeV for 233U, 239Pu, 237Np, natPb and 209Bi have been 
obtained for the first time. Recently, the list of nuclei to be studied within the framework of 
present investigation was filled with isotope 237Np. Neptunium is a major component of spent 
nuclear fuel, therefore an accurate knowledge of the fission cross-section and fragment 
properties is needed for waste transmutation and advanced nuclear facilities (reactors, ADS, 
etc.) studies. A description of the experimental equipment and measurement procedure is 
given. The underlying ideas of the theoretical approach developed for analysis of the obtained 
experimental data are discussed. 

 
1. Introduction 

The experimental study of angular distributions of fission fragments near the threshold 
and low chance fission is a way to determine the properties of transition states of fissioning 
nucleus at the saddle point. The information about angular distribution of fission fragment is 
also very important to verify parameters of theoretical models used for adequate fission 
process description in neutron energy range above 20 MeV. The data on nuclear fission in 
intermediate energy range 1‒200 MeV are of prime importance for the advanced nuclear 
technologies such as Accelerator-Driven Systems (for nuclear power generation and nuclear 
transmutation). The systematic study of angular distributions of fission fragments is limited to 
that these experimental data are very scarce in neutron energy range above 20 MeV and are 
practically absent for neutron energy range above 100 MeV. 

In this report, we summarize the results of the measurements carried out at the neutron 
time-of-flight (TOF) spectrometer GNEIS of the NRC KI - PNPI during the last few years. 
The main features of the experimental set-up are also described. To demonstrate the quality of 
obtained data, the comparison with the results obtained by other experimental groups is 
performed. The data obtained in recent measurement for the reaction 237Np(n,f) are also 
shown. Besides, we present a method for calculation of fission fragment angular distribution 
and compare the results of calculations with the experimental data for 237Np nucleus. 

 
 



2. General description of the experiment 
The measurements were carried out at the 36 m flight path of the neutron TOF-

spectrometer GNEIS based on the spallation neutron source at 1 GeV proton 
synchrocyclotron SC-1000 of the NRC KI - PNPI (Gatchina, Russia) [1, 2]. The short pulse 
width 10 ns of the neutron source enables to carry out TOF-measurements with the energy 
resolution from 0.8% (at 1 MeV) to 13% (at 200 MeV). A schematic view of the experimental 
set-up is shown in Fig. 1. The main features of the measurements are described below. A 
detailed description of the set-up can be found in our previous publications [3‒10]. 

 

 
Fig. 1. Schematic view of the experimental set-up. 

 
The measurements of angular distributions of fission fragments (FF) were carried out 

using the FF detector which consists of two low pressure gaseous coordinate-sensitive 
multiwire proportional counters D1 and D2 (MWPC, see in upper right corner of Fig. 1). The 
counters D1 and D2 were placed close to the target in the beam, one after the other. The 
neutron beam axis came through the geometrical centers of the target and the MWPC’s 
electrodes being perpendicular to them. Data acquisition system was based on two waveform 
digitizers Acqiris DC-270 with sampling rate of 500 MSamples/s. This system as well as the 
methods of digital processing of signals from FF detector used enabled to perform 
measurements in a wide interval of neutron energy with a zero dead time. Herewith, almost 
perfect separation between fission events and products of other reactions was achieved at a 
practically zero FF registration threshold. To demonstrate the quality of this separation, for 
237Np measurements the two-dimensional plots of the amplitudes of correlated cathode signals 
from two MWPCs are shown in Fig. 2 for all events and for “useful” fission events (left part 
and right part, respectively) selected by means of the procedure described in [4]. 



  
Fig. 2. A two-dimensional plot of the amplitudes of the cathode signals from two MWPCs in 

237Np experiment. Right part of this figure shows only “useful” fission events. 
 
The measured angular distributions for selected fission fragment events were corrected 

for the efficiency of fission fragment registration. This efficiency was calculated by means of 
the Monte-Carlo method taking into account the real geometry, design and features of the 
fission fragment detector. 

Note that the effect of momentum transfer from the incident neutron to the fissioning 
system on the angular distributions in the laboratory system should be taken into account. To 
determine this effect, angular distributions of fission fragments in the laboratory system were 
measured for two set-up orientations relative to the beam direction (downstream and 
upstream). In the first, downstream, position, the beam direction coincides with the 
longitudinal momentum component of the detected fission fragment. In the second, upstream, 
position, the beam direction is opposite to the longitudinal momentum component of the 
detected fission fragment. 

The angular distributions of fission fragments in the center-of-mass system were deduced 
from the corrected cos(θ) angular distributions in the laboratory system for two set-up 
orientations relative to the neutron beam direction (cos(θ) bins were equal to 0.01). Then, 
these distributions were fitted in the range 0.24 < cos(θ) < 1.0 by the sum of even Legendre 
polynomials up to the 4-th order and their anisotropy W(0°)/W(90°) was calculated using the 
coefficients A2 and A4 (A0=1) for the corresponding Legendre polynomials: 
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3. Results and discussion 

The experimental data on angular distributions of fission fragments in the neutron-
induced fission have been accumulated over decades, mostly for neutron energy less than 
20 MeV. A new age in experimental investigations of the fission fragment angular 
distributions started when new experiments dedicated to this problem have been initiated 
nearly simultaneously by the GNEIS team at NRC KI - PNPI [3‒11], the n_TOF 
Collaboration at CERN [12‒16], and the NIFFTE Collaboration in Los Alamos [17, 18]. The 



pulsed high-intensity “spallation” neutron sources of these facilities enable to carry out TOF-
measurements of the neutron-induced fission cross sections and fission fragment angular 
distributions in intermediate neutron energy range 1‒300 MeV. The other two principally 
important features of the experimental techniques employed by these research groups are 
usage of the multichannel position-sensitive detectors of fission fragments of different degree 
of complexity (MWPCs, PPACs, TPC), and application of the waveform digitizers for 
detector pulse processing. The results of these investigations are presented in Table 1. 

 
Table 1. Status of experiments on angular distributions of fission fragment study. 

Nucleus GNEIS,  
KI-PNPI 

n-TOF,  
CERN 

LANSCE, 
LANL  

TSL, 
Uppsala University 

 Reference, EXFOR [19] Accession #  
232Th  [3, 6, 10]- #41608 [12, 13], 

[14]- #23209  [20]- #22898 
233U  [4, 8, 10]- #41616     
235U  [3, 6, 10]- #41608  [15, 16] [17, 18]  
238U  [3, 6, 10]- #41608  [15]   [20]- #22898 

237Np   [11]    
239Pu  [5, 9]- #41658     
natPb  [5, 9]- #41658     
209Bi  [4, 8, 10]- #41616     

 
It is seen that a large amount of new data has been obtained recently at the TOF 

spectrometer GNEIS. Comparison of angular distributions of fission fragments obtained in 
this work and literature data in neutron energy range less 20 MeV demonstrates that there is a 
good agreement between all experimental data. For example, Fig. 3 shows the angular 
distributions of fission fragments in the center-of-mass system for 233U and 239Pu for two 
neutron energy intervals, 1.49±0.16 MeV (left part of Fig. 3) and 15.7±1.4 MeV (right part of 
Fig. 3) in comparison with experimental data of other authors [21‒25]. The results of the data 
fitting by the sum of even Legendre polynomials up to the 4th order are also shown in Fig. 3. 
It should be noted that experimental techniques used by referred authors differ both in 
fragment detectors and in neutron sources. It may be interpreted as a convincing proof of 
accuracy and reliability of our measurement technique and data handling procedure, at least in 
the neutron energy range below 20 MeV. 

The reliability of the experimental set-up and data processing applied in this work is 
confirmed by the fact that the obtained energy dependence of anisotropy is the same as in the 
other works (see [3‒11]). It can be stated that the results obtained at the GNEIS below ~ 20 
MeV adequately represent the structures in energy behavior of the anisotropy observed in 
early measurements. A comparison of our results obtained in the neutron energy range 
20‒200 MeV with the latest data measured by NEFFTE and n_TOF collaborations 
demonstrates a good agreement between these data within experimental uncertainties.  

 
 



  

  

Fig. 3. Example of angular distributions for 233U(n,f) – upper part and 239Pu(n,f) – lower part. 
The error bars represent statistical uncertainties. Solid line is a result of the fitting by the sum 

of even Legendre polynomials up to the 4th order. 
 

The anisotropy of the angular distribution of fragments is a consequence of the spin 
orientation of the fissioning nucleus, which arises due to the orbital momentum of incident 
neutrons is perpendicular to the direction of their motion (z axis). The angular distribution of 
fragments from fission of the nucleus with spin J  and parity π  is described by the formulas 
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The diagonal elements of spin density matrix ( )J Mπη  and the quantities ( )J Kπρ  determine 
the probability distributions over projections M  and K  of spin J  on the axis z and the 
nuclear deformation axis, respectively. The distribution over K  is defined by the fission 
mechanism as well as by the shape of the nucleus at the saddle point; 
here ( ) ( )J JK K= −π πρ ρ , if we neglect the very small effects of parity violation. The spin 
orientation can also be given by irreducible components of the density matrix or, in other 
words, by the orientation spin-tensors 
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where Aa
BbDdC  are Clebsch-Gordan coefficients.  



Expressions (2) can be conveniently converted to the following form 
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where the anisotropy parameters are defined by the formula  
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and (cos )QP θ  are the Legendre polynomials. Summation is carried out only over even values 

of Q  due to ( ) ( )J JK K= −π πρ ρ . If the distribution ( )J Kπρ  ( ( )J Mπη ) is smooth, then the 
parameters ( )Q Jβ π  (the spin-tensors 0 ( )Q Jτ π ) decrease rapidly with an increase of Q . 

In neutron-induced reaction, an arising compound nucleus decays either into a particle 
and residual nucleus (generally, excited) or into two fragments. Another possibility is that 
after the collision, some particle and some residual nucleus are formed as a result of a direct 
or pre-equilibrium process (we neglect the output channels with three or more particles). We 
assume for simplicity that all excited residual nuclei are in equilibrium compound states and, 
consequently, their further decay (into a particle and a new residual nucleus or into two 
fragments) is described by the statistical model (as the decay of the primary compound 
nucleus). Let the index i  numerates the levels of a nucleus (with Z  protons and N  neutrons) 
with the same spin J  and parity π , ( )ZN J iσ π  is the population cross section of the 
corresponding level, and ( )ZN

fP J iπ  is the fission probability for the nucleus on this level. 
Thus, the observed fission cross section is determined by 

 
 ( ) ( ) ,ZN

f ZN f
ZNJ i
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π
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where summation over i  is an integration if the levels lie in the continuum. Clearly, each 
cross section ( )ZN J iσ π  is a sum of population cross sections ( )ZN J iMσ π  of states ( , ,J iπ ) 
with definite spin projection M  on the axis z  (then ( ) ( ) / ( )J i

ZN ZN ZNM J iM J i=πη σ π σ π ), 
while the probability ( )ZN

fP J iπ  is a sum of probabilities of fission ( )ZN
fP J iKπ  via transition 

states with projection K  of spin on the deformation axis (then 
( ) ( ) / ( )J ZN ZN

ZN f fK P J iK P J i=πρ π π ). Therefore, the observed differential fission cross section 
takes the form 
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and 0f f=σ σ .  
 



Thus, the observed fission fragment angular distribution 
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is a series over Legendre polynomials. Since, in practice, at least one of the distributions over 
M  or over K  is smooth, the coefficients QA  rapidly decrease with increasing of Q , so that 
with rare exceptions, the shape of the angular distribution is determined by a single 
parameter 2A . This parameter can be derived from angular anisotropy W(0°)/W(90°). But 
even if 4A  is significantly different from zero (but always significantly less than 2A ), the 
results of measurements of angular distributions of fragments are usually recalculated into 
anisotropy by the formula (1). 

Earlier, only in the work [20] an appropriate attempt was made to describe the angular 
distribution of fragments in nuclear fission by neutrons in a wide range of energies, up to 100 
MeV. The results of the calculations were compared with the experimental data on 232Th and 
238U target nuclei presented in the same work. However, there were no further publications by 
these authors, which would have provided the necessary details about the method used or 
performed calculations for other target nuclei. 

We made simplifications in the calculation scheme using the following qualitative 
considerations. The spin J s I l= + +

   of the compound nucleus consists of the spins of the 
incident particle s , the target nucleus I , and the relative orbital momentum l . If s  and I  are 
not oriented, then the spin J  is directed primarily across the axis z . At high energies l  (and 
J ) is large, so that the spin orientation of the compound core is very noticeable. At the same 
time, the particles emitted during the statistical decay of the compound nucleus have 
relatively low energies, of the order of nuclear temperature, and, consequently, carry away 
small angular momenta. Therefore, the orientation of the residual core remains noticeable. If 
there is a direct or pre-equilibrium process, the particles are usually emitted with high 
energies and, consequently, with large angular momenta. Therefore, there is no reason to 
expect that the residual nuclei will have a noticeable spin orientation. Therefore, we have 
identified two components in the total fission cross section, DPE

fσ and C
fσ . The first one is due 

to the fission of residual nuclei, the formation of which was preceded by a direct (D) or 
preequilibrium (PE) process, while the second contribution (C) is due to the fission of the 
compound nucleus and the residual nuclei formed at some stage of statistical decay of the 
primary compound nucleus. Assuming the DPE component of the differential fission cross 
section is completely isotropic, instead of (7), (8) we get 
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where the quantities 
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are determined by the population cross sections ( )C
ZN J iσ π  and the orientation spin-tensors 

0 ( )CZN
Q J iτ π  of the levels, which belong either to the primary compound nucleus or to the 

residual nuclei formed in the statistical decay of this compound nucleus. 



The details of the calculation of the anisotropy parameters (5) are given in the article 
[11]. Here we only point out that above the barrier we use a statistical distribution, 

2 2
0/2( ) ~ K KJ i

ZN K e−πρ , where the parameter 2 2
0 eff /K J T=   is determined by the nuclear 

temperature T  on the barrier and the effective moment of inertia effJ , while below the barrier 

we take 
2

1(| | )( ) ~ K KJ i
ZN K e− −απρ , where α  is a fixed parameter, and 1K  is the spin projection for 

the dominant transition state. In the region of intermediate collision energies, fissioning nuclei 
tend to have sufficiently high excitation energies, so that the shape of distribution over K  for 
energies below the barrier is insignificant for most isotopes. Only in the region of very low 
collision energies, when the fission of the compound nucleus 238 Np  is sub-barrier, the value 
of 1K  for the isotope 238 Np  determines the type of angular distribution of the fragments; the 
choice of 1K  for the isotope 237 Np  in the region of the threshold energy for the reaction 
(n,n’f ) is also significant. We have considered the parameter 1K  as adjustable only for 238 Np , 
but 1K  was assumed to be 0.5 for 237 Np  and 1.5 for all other isotopes. 

 

 
Fig. 4. Anisotropy of fission fragments of 237Np. Points with error bars – experimental data. 
Lines with symbols – calculation performed using the proposed method with 1K  equals to 0 

and 4 for 238 Np . 
 
There are a lot of computer codes that simulate collisions of particles with nuclei at 

energies from low to intermediate; the multi-purpose complex TALYS [26] is one of them. 
However, the angular distributions of fission fragments cannot be calculated either in TALYS 
or in other similar programs, even at low energies, as well as at the entire intermediate region 
up to 200 MeV. We made the additions to the TALYS program to calculate the orientation 
spin-tensors of nuclear states and the anisotropy parameters. Thus, we obtained a tool for 
calculating the angular distributions of fragments. The results obtained for the reaction 
237Np(n,f) are shown in Fig. 4 together with our experimental data and values of the 
anisotropy from Ref. [27]. There is a good agreement between the experiment and model 
calculation. 



4. Conclusion 
The purpose of our research is to obtain new experimental data on the angular 

distributions of fission fragments for different target nuclei in the neutron energy range from 1 
to 200 MeV, as well as to develop theoretical models and computer codes describing 
experimental distributions. In this paper we presented the results of recent measurements for 
the reaction 237Np(n,f) as well of the calculations for the same reaction. For the entire 
specified energy range, such results are obtained and demonstrated for the first time. We used 
a modified software package TALYS. At this initial stage of the work with this code, 
simplifications were introduced to the model to minimize the number of additional 
parameters, in addition to those used in TALYS. So, for example, for all fissioning nuclei at 
all excitation energies, one value of the effective moment of inertia was used, obviously, this 
is some average value. With a reasonable value of this parameter, the calculated curve 
describes the gross structure of the energy dependence of the angular anisotropy of the 
fragments in the whole energy range of 0.5‒200 MeV. An agreement of the calculated values 
of the angular anisotropy of fission fragments with the measured ones is also due to taking 
into account the connection between the formation of angular anisotropy and compound 
nuclei decays. This allowed us to relate the decrease in the angular anisotropy in the region of 
neutron energies above 20‒30 MeV with increase of the contributions of pre-equilibrium 
reactions. These results indicate both the appropriateness of our approach and the prospects 
for its further improvement in order to obtain new, more detailed information about 
characteristics of nuclei on barriers, as well as the role of preequilibrium processes in the 
interaction of nuclei with neutrons. Our next goal is the measurement and analysis of the 
fission fragment angular distributions for 240Pu. The only two data sets for this nucleus were 
obtained earlier [28, 29]. An upper neutron energy range of these data does not exceed 
10 MeV. 
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