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Fission cross sections and angular distributions of fission fragments from the neutron-

induced fission of 243Am have been measured in the energy range 1‒500 MeV at the neutron 
time-of-flight spectrometer based on the neutron complex GNEIS at the 1GeV proton 
synchrocyclotron of the NRC “Kurchatov Institute” - PNPI (Gatchina). The description of the 
experimental set-up consisted of two MWPC counters with targets of 243Am and 235U is given, 
as well as the some principal details of experimental data processing. 

The fission cross section of 243Am was obtained by ratio method using 235U as a standard. 
The anisotropy of fission fragments W(0o)/W(90o) was deduced from the experimental data on 
angular distributions of 243Am. The anisotropy data are of particular interest because in the 
investigated energy range 1‒500 MeV other experimental data are practically absent, despite 
the ever-growing interest in this field, stimulated by the creation of new nuclear technologies. 
This work is a part of the program dedicated to investigations of neutron-induced fission at 
intermediate energies. 

 
 

Introduction 
 

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 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 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. Data on the angular distributions of fission 
fragments are important for accurate measurements of fission cross-sections, since they 
should be taken into account as an efficiency correction for detectors other than 4π. There is 
no such data for 243Am, unless two data points of Fursov et al. [1] at the energy 2.5 MeV. 

One of the main problems in the reprocessing of spent nuclear fuel produced in modern 
nuclear reactors are Am and Cm isotopes due to their high activity and long half-life. Am is 
the most dangerous due to its high yield and high activity. 243Am contributes also to the 
formation of 239Pu. The share of 243Am among other minor Am actinides is ~15% in spent fuel 
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from thermal reactors. Today, the transmutation of nuclear waste in fast neutron reactors 
seems to be one of the promising ways to reduce the radiotoxicity of spent nuclear fuel. 

The practical implementation of plans for both the creation of a closed fuel cycle based 
on fast nuclear reactors and the disposal of radioactive waste is impossible without reliable 
and accurate nuclear data. For example, the required accuracy of the fission cross section of 
243Am(n,f) is 7% when designing the sodium-cooled fast reactor (SFR) and 2% for designing 
the accelerator-driven minor actinide burner reactor (ADMAB) [2] 

The data available on the fission cross section of 243Am are mainly limited to the neutron 
energies below 20 MeV [1, 3‒11]. These data were obtained using both monoenergetic 
neutron beams and time-of-flight technique with “white” neutron spectrum at the pulsed 
accelerators (neutron sources) including nuclear explosion. The available experimental data 
reveals a significant scatter, which reaches 30% in the neutron energy range of 2‒10 MeV 
(Fig.1).  

 

 
 

Fig. 1. The fission cross sections of 243Am. 
 
The maximum deviation from the array of experimental data and estimated data from the 

ENDF/B-VIII.0 and JEFF-3.3 libraries are the experimental data of Behrens et al. [5] and 
Goverdovskii et al. [9]. These data on the 243Am fission cross sections were measured by the 
standard method relative to the 235U fission cross section, but absolute normalization was 
carried out using the threshold cross section method (Behrens et al.) and similar method of 
elemental impurities (Goverdovskii et al.) instead of accurately measuring the number of 
target nuclei 243Am and 235U. This circumstance, apparently, was the reason for the significant 
deviation of the data (Behrens et al. and Goverdovskii et al.) in absolute magnitude, while 
maintaining the shape of the cross-section curve in the above-threshold region of neutron 
energies. There are practically no experimental data for neutron energies above 20 MeV. 
Therefore, new measurements with absolute normalization of the fission cross section of 
243Am should be made in a wide neutron energy range on neutron beams with a continuous 
spectrum using the time-of-flight method.  
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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) [12, 13]. 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 detailed description of the 
set-up can be found in our previous publications [14‒22]. The main features of the present 
measurements are described below. 

The fission cross section of the nucleus under study was measured relative to the cross 
section of a reaction that is known with high accuracy (standard cross section), in present 
measurements, that is the neutron induced fission of 235U. To do this, it was necessary to 
prepare the target of 243Am and reference target of 235U with exactly known ratio of number of 
nuclei (NАm3/NU5), to place these targets in the same neutron flux and to register fission 
fragments with detectors having the same (or well known) efficiencies. 

 The highly enriched targets of 243Am and 235U were manufactured at the JSC “V.G. 
Khlopin Radium Institute” (St. Petersburg, Russia). The isotopic compositions of the target 
materials are given in Table 1. The 0.1 mm thick aluminum foil was used as a substrate for 

targets prepared by the “painting” 
technique. Table 2 provides 
information on geometry sizes of the 
targets, their total masses, areal 
densities and homogeneity, as well 
as target masses and activities. To 
ensure identical measurement 
conditions, circular areas of the same 
size were selected on the 243Am and 
235U targets. To do this, identical 0.1 
mm thick aluminum foil "masks" 
with a circle hole with a diameter of 

48.0 mm were used, which were placed on the targets on the side of the active layer. To 
determine the masses of the substance in selected areas, the α-activities measurements of the 
masked targets were carried out using semiconductor detector. The measured ratio of number 
of nuclei (NАm3/NU5) was found with relative statistical uncertainty 1.7 %. 

 
Table 2. Parameters of the targets 

 

Main isotope 235U 243Am 
Thickness of active layer 

(µg/cm2) 203(11) 142(7) 

Homogeneity of active layer 10% 10% 
Sizes of active layer (mm) 50×100 Ø 82 

Total target mass (mg) 10.15(51) 7.5(4) 
Main isotope mass inside 

mask Ø48 mm (mg) 3.480(48) 2.484(25) 

Target activity inside the mask 
Ø48 mm (Bq) 295 2.92×107 

Scaling factor (NАm3/NU5) 0.690(12) 

Table 1. Isotopic compositions of the targets 
 

  235U      243Am 
   Isotope      Mass percentage (%) 

235U 99.9920±0.0010   
234U 0.0020±0.0005   
236U 0.0040±0.0005   
238U 0.0020±0.0005   

243Am   99.13±0.10 
241Am   0.75±0.01 
244Cm   0.11±0.01 
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A general view of the experimental setup and data acquisition system is shown in Fig. 2. 
The setup for measuring fission cross sections and angular distributions of fission fragments 
(FF) consists of two low pressure gaseous coordinate-sensitive multiwire proportional 
counters (MWPC) D1 and D2. 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 nuclei under study the amplitude spectra of fission fragments are shown in 
Fig. 3 for all events and for “useful” fission events selected by means of the procedure 
described in [15]. 

 

 

 
 

 

Fig. 2. Schematic view of the experimental setup and data acquisition system: left -Start - start 
detector; FIC - the fission ionization chamber with 238U targets (neutron flux monitor); PA – 
preamplifier; HV1, HV2 – high-voltage power sources; C1, C2 are the cathodes of MWPC1 
and MWPC2, respectively; D1_X, D2_X – detectors 1,2 (X axis); anodes D1_Y, D2_Y – 
detectors 1,2 (Y axis); right – the internal structure of the MWPCs, the distances between 
electrodes and diameters are given in mm. 

A small admixture of 244Cm in the 243Am target (0.11%) creates a background of 
spontaneous fission fragments. The background induced by spontaneous fissions of 244Cm 
was evaluated as 305±9 min-1. It was calculated based on the efficiency of detection of fission 
fragments, the spontaneous fission half-life for 244Cm, and the mass of 244Cm in the “masked” 
target part, which was precisely determined in this work. Thus, at neutron energies about    
200 keV the share of spontaneous fission in the total fission fragment counts rate was about 
70%, and at energies above 1 MeV it does not exceed 0.2%. The spontaneous fission 
background was subtracted from the time-of-flight spectra and from the measured angular 
distributions of fission fragments.  
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Fig. 3. The amplitude spectra of the signals from the MWPC cathode closest to the target of 
243Am (left) and 235U (right), respectively. A continuous line indicates the spectrum obtained 
after the selection of “true” events, and a dashed line – before the selection. 

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 the size of the active spot on the target separated by the “mask” and 
the spatial resolution of the MWPCs. The fission fragment detection geometrical efficiency 
was about 43%. The maximum fragment detection angle relative to the normal to the MWPC 
electrode plane was 72º. The obtained result is shown in Fig. 4. 

 

 
Fig. 4.  The dependence of the efficiency of registration of fission fragments, ε, on the cosine 
of departure angle θ relative to the normal to the target plane. 
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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 setup 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 0.35 < 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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Results and discussion 
The angular distributions of fission fragments for 243Am in the center of mass system for 

neutron energies 2.496 MeV and 14.95 MeV are shown in Fig. 5 together with the results of 
their fit. Fig. 6 displays the first experimental data on anisotropy of fission fragments for 
243Am obtained in a wide neutron energy range for the first time. The systematic error in 
determining anisotropy in this experiment, which is related to the finite angular resolution of 
the arrays with MWPC and the uncertainty in the geometry of the experiment, is about 0.5%. 
The systematic error associated with the approximation used for fitting is 1‒1.5%. 
 

  
Fig. 5. Angular distributions of fission fragments for 243Am. 
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Fig. 6. Anisotropy of 243Am fission fragments in comparison with the data of Fursov et al. [1]. 
The error bars of present data represent total uncertainties. The solid curve is shown only for 
visualization of experimental data.  

A new stage in experimental studies of the angular distribution of fission fragments 
began when the GNEIS team at NRC KI - PNPI, the n_TOF collaboration at CERN and the 
NIFFTE collaboration at Los Alamos launched new experiments devoted to this problem 
almost simultaneously. The pulsed high-intensity sources of “spallation” neutrons of these 
facilities allow TOF-measurements of neutron-induced fission cross sections and angular 
distributions of fission fragments in the intermediate neutron energy range of 1‒500 MeV. 
Two other important features of the experimental methods used by these research groups are 
the use of multichannel position-sensitive fission fragment detectors of varying degrees of 
complexity (MWPCs, PPACs, TPC) and the use of waveform digitizers for processing 
detector pulses. The results of these studies are presented in Table 3. Unfortunately, the 
results of measurements of the anisotropy of the 235U and 238U fission fragments obtained by 
the n_TOF collaboration and published in the materials of the ND-2016 conference have not 
yet been presented in the EXFOR database.  

The measured ratio of the neutron-induced fission cross sections of 243Am and 235U is 
shown in Fig. 7 together with the results of measurements performed by other authors [5‒10, 
23]. Digital data were taken from the EXFOR database. The experimental uncertainties of our 
ratio data are listed in Table 4. The statistical accuracy achieved in this work in the energy 
range above 1 MeV is 2‒3% for a given energy bin. The total average systematic error is 
about 2% and is determined by the uncertainty in the thickness of the targets used (1.7%) and 
the anisotropy correction (1.0%).   
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Table 3. Status of experiments on angular distributions of fission fragment study 
 

Nucleus GNEIS, KI-PNPI n-TOF, CERN NIFFTE, WNR, LANL  
     232Th  JETP Lett.,102, 203(2015) 

EXFOR #41608002 
Nucl. Data Sheets,119, 35 

(2014) EXFOR #23209006  

233U  JETP Lett.,104, 365(2016) 
EXFOR #41616006   

235U  

JETP Lett.,102, 203(2015) 
EXFOR #41608003 

Phys. Rev. C 108, (2023) 
014621, EXFOR #41757004 

EPJ Web of Conf., 111 
10002 (2016) 

Phys. Rev. C 102, (2020) 
014605, EXFOR #14660002 

Phys. Rev. C 99, (2019) 
064619, EXFOR #14606002 

236U  Phys. Rev. C 108, (2023) 
014621, EXFOR #41757001   

238U 

JETP Lett.,102, 203(2015) 
EXFOR #41608004 

JETP Lett.,117, 557(2023) 
EXFOR #41756002 

EPJ Web of Conf., 111 
10002 (2016) 

Phys. Rev. C 102, (2020) 
014605, EXFOR#14660003 

237Np  JETP Lett.,110, 242(2019) 
EXFOR #416886002   

239Pu  JETP Lett.,107, 521(2018) 
EXFOR #41658003   

240Pu JETP Lett.,112, 323(2020) 
EXFOR #41737002   

242Pu Measurements completed   
243Am Measurements completed   
natPb JETP Lett.,107, 521(2018) 

EXFOR #41658004   

209Bi 
JETP Lett.,104, 365(2016) 

EXFOR #41616007   

 
Table 4. Relative uncertainties for fission cross section ratio 
 

Statistical uncertainties 

Counting statistic 60‒3 % (0.2‒1.0 MeV) 
2‒3 %   (above 1.0 MeV) 

Attenuation of the neutron flux < 0.3 % 
Anisotropy of fission fragments 1 % 

Purity of targets (isotope composition) 
1 % (below 0.8 MeV) 
0.4 % (0.8‒1.5 MeV) 

0.1 % (above 1.5 MeV) 
Efficiency of MWPC (geometrical 

uncertainty) 0.3 % 

Scaling factor (NAm243/NU235) 1.7 % 
Total  error 3.2 % 

Uncertainty of thr 235U “standard” fission cross section 

σf(235U) 
1.3‒1.5 % (below 20 MeV) 

1.5‒4.8 % (2‒200 MeV) 
5‒7 % (above 200 MeV) 
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Fig. 7. Ratio of the fission cross sections of 243Am and 235U. 

For neutron energies above 30 MeV, the ratio data obtained in this work can be compared 
only with the results of Laptev et al. [23]. It should be noted that the work of Laptev et al. was 
also performed at the GNEIS TOF-spectrometer using a multi-plate fission ionization 
chamber as a fission fragment detector. Unfortunately, in this work the measured ratio was 
not normalized to the number of nuclei in the targets. Instead, the authors normalized the ratio 
they obtained to the ratio of fission cross sections of 243Am and 235U taken from the ENDF/B-
VII library for some neutron energy ranges. Nevertheless, it can be seen that, in general, there 
is good agreement between these and our present data over the entire neutron energy range 
studied.   

It can be seen also that the 243Am fission cross section obtained in this work mostly 
agrees with the results of Kanda et al. [6], Manabe et al. [8], Belloni et al. [10] and Knitter et 
al. [7], obtained at the GELINA Linac using the TOF-method, while the data of Behrens et al. 
[5] and Goverdovskii et al. [9] are more than 15 % higher. Taking into account that the 
uncertainty of the scaling of the ratio stated in these works is only 2‒3 %, one can talk about 
the presence of unknown systematic errors.   

 
Conclusion 

In this work, new measurements of fission cross section and angular distributions of 
fission fragments for 243Am were carried out on the neutron TOF-spectrometer GNEIS at 
Petersburg Nuclear Physics Institute of National Research Centre “Kurchatov Institute” in the 
neutron energy range 0.3‒500 MeV. The neutron induced fission cross section of 243Am was 
obtained in a wide energy range with the experimental uncertainty 3‒4%. The data obtained 
on the fission cross section are mostly consistent with the results of earlier experimental 
works in the energy range up to 20 MeV, and above 20 MeV – the shape of the fission cross 
section agrees with the only existing old GNEIS data (Laptev et al. [23]). The differences 
between the existing experimental data seem to be mostly related to uncertainties in the 
detection efficiency of the fission fragment detectors used, the neutron flux and the target 
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masses (number of nuclei). The anisotropy of the angular distributions of 243Am fission 
fragments are measured in the energy range 0.7‒400 MeV for the first time.  
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