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Properties of fission in 233U were measured at the Los Alamos Neutron Science Center at 
incident neutron energies from thermal to 40 MeV. Fragments were observed in coincidence 
using a twin ionization chamber with Frisch grids. The average total kinetic energy released and 
fragment mass yields were determined using the double energy analysis method based on 
conservation of mass and momentum. The experimental method was validated using 232Th and 
absolute energy was calibrated using thermal neutron induced fission of 235U. This work 
incorporates novel applications of multi-chance fission channel cross-sections and fission models 
to account for the complexities introduced by prompt neutron emission at high energy and 
extends results up to higher incident neutron energies than previously measured. Accurate 
experimental measurements of these parameters are necessary to better understand the fission 
process in isotopes central to the thorium fuel cycle. 

 

I. INTRODUCTION 

The majority of energy released in neutron-induced fission of actinides is in the form of 
kinetic energy in the fission fragments. The average total kinetic energy (TKE) released has been 
shown to have a dependency on the incident neutron energy (En) and has been well characterized 
for several isotopes at thermal En. However, this dependency is inadequately understood and 
there have been few measurements at fast energies [1]. Since future reactor designs are expected 
to generate harder neutron spectra, these data in the fast regime are needed. The white neutron 
source at the Los Alamos Neutron Science Center (LANSCE) can provide these measurements 
and this work is part of an ongoing experimental campaign conducted at LANSCE to obtain 
average TKE on relevant actinides. The detector used was an ionization chamber with twin back 
to back volumes and Frisch grids. Correlated measurements of fragment energy were used to 
calculate the fragment mass distributions based on conservation of mass and momentum using 
the double energy (2E) analysis method [2]. This work presents measurements of the average 
TKE and fragment mass yields of 233U and characterizes how these parameters change with En 
from thermal to 40 MeV. The measurement and analysis method used in this experiment for both 
total kinetic energy and fragment mass distribution was validated using 232Th which is a much 
better characterized isotope. Accurate experimental measurements of these parameters serve as 
valuable inputs for modeling nuclear systems necessary for the development of future nuclear 
reactor designs. 



 

II. EXPERIMENT 

A. Facility 

This experiment was conducted at LANSCE, a linear accelerator at the Los Alamos 
National Laboratory capable of producing up to 800 MeV protons. Two facilities were used to 
take measurements, the Weapons Neutron Research (WNR) facility and the Lujan Neutron 
Scattering Center. At WNR the high energy proton beam is directed onto an unmoderated 
tungsten spallation source which generates neutrons from 200 keV to >600 MeV [3]. Both the 
233U and 232Th targets were measured in the 90L WNR flight path with an 11.9 m flight path 
length. The pulsed timing structure of the beam consisted of a series of 125 ps micropulses 
spaced 1.8 μs apart and grouped into 675 μs macropulses delivered at 40 Hz. Fission from low 
energy neutrons was measured at flight path 12 of the Lujan Center with a 22 m flight path 
length. Protons are delivered to the Lujan Center via the 1L target area using water and liquid 
hydrogen moderators to generate thermal and sub-thermal neutrons at a 20 Hz repetition rate. 

B. Experimental set up 

A synopsis of the experimental set up used in this work is provided here and a more 
detailed description is given in Refs. [4, 5]. This experiment was conducted using a steel bodied 
cylindrical ionization chamber with two back to back detection volumes positioned on axis along 
the neutron beamline. Each volume had a circular anode with a Frisch grid and a shared cathode 
between the two. The cathode also supported the sample target material which was positioned at 
the center of the cathode normal to the beamline. Both samples were supported on a thin 100 ± 
10 μg cm-2 carbon foil backing which was itself secured to the cathode by a thin aluminum ring. 
The Th sample consisted of a full circle deposit of 603.6 μg of isotopically pure 232Th with an 
area density of 192.1 μg cm-2. The 233U sample, enriched to >99%, was also a full circle deposit 
that contained 226.1 μg of U with an area density of 72 μg cm-2. Constant current density 
molecular plating was used to deposit this sample. The plating solvent used in this process, an 
isopropanol-isobutanol mixture, has been shown to result in a residual layer of cracked solvent 
molecules on the surface of the target referred to as crud [6]. Energy loss of fission fragments 
traveling through the solvent layer was corrected for using the same method as that used to 
correct for fragment energy loss in the backing and target material itself which is discussed 
further in section III.B. The ionization chamber used P-10 fill gas (90% Ar, 10% CH4); the 
anodes were biased to 1000 V and the cathode to -1500 V. 

The accelerator delivered a pulse signal when the proton beam reached the tungsten 
spallation target which served as the start signal for the neutron time of flight measurement. The 
signal from the cathode was used as the stop time for the neutron time of flight. The two anode 
signals were used to determine the energy of the ionizing particle in the gas and the two signals 
from the Frisch grids were used to determine the angle of emission of each particle. 

 

III. ANALYSIS 



A. Neutron energy 

The neutron energy is calculated using the time of flight method. For data collected from 
the 232Th sample, a few apparent features can be identified in the uncalibrated time of flight 
spectrum. A small sharp peak at very early arrival time, referred to as the photofission peak, was 
caused by gamma induced fission from photons released from the spallation target. It is useful 
for calibrating the neutron time of flight spectrum since the photons that caused these events 
have a known speed. The timing resolution of the detector was determined by fitting the 
photofission peak to a Gaussian curve, the full-width at half-maximum of which gave a 
resolution of 1.3 ns. 

Certain features in the time of flight spectrum, consisting of sharp changes in counts, 
were correlated with resonance features in the 232Th(n,f) cross section with known energies at 
1.58, 1.70, and 6.10 MeV, which are used to identify the neutron energy at which those events 
occurred. These, along with the photofission peak, were used to determine the flight path length 
to high precision and calibrate the time of flight spectrum to energy as shown in Fig. 1. 

A second method was used to calibrate the 233U measurements using a carbon block 
placed in the beamline upstream from the detector. A distinct feature in the 12C neutron 
scattering cross section at 2.078 MeV results in a sharp drop in measured fission events at that 
energy. This feature, again along with the photofission peak, were used to calibrate to neutron 
energy. The two methods used for calibration were in strong agreement with each other, well 
within the timing resolution of the detector. 



 

FIG. 1. (a) The En spectrum, shown in the shaded region, is compared to the neutron-induced 
fission cross section for 232Th [7]. (b) A close-up view at lower energy shows a good correlation 
between features in both the En spectrum and the cross section. There is an overall trend in 
decreased counts at higher energy due to the increased neutron flux at lower energy. 

B. Fragment energy 

Determining the energy of the fission fragments was done by analyzing the anode pulse 
heights as well as calculating fragment angle of emission from the grid signals. The anode pulse 
heights from the two volumes showed a bimodal distribution with a narrow feature at high 
energy and a broader feature at low energy. The narrow feature was generated by light fragments 
since they carry away a greater share of kinetic energy [8]. The angle of emission was needed in 
order to apply corrections to the anode pulse height spectra to account for differences between 
the two volumes. These differences included energy loss of the fragments travelling through the 
target backing and the cracked solvent layer, momentum transfer of the incident neutron, and 
gain differences between the preamps. This method is described in greater detail in Refs. [2, 5]. 

 Once these corrections were calculated and applied, the anode pulse height spectra of the 
two volumes overlapped one another indicating that all differences between the two volumes had 
been properly accounted for. The two features of the bimodal anode spectra were fit to Gaussian 
distributions, the means of which were taken as the light and heavy fragments from which a 



linear fit was made to calibrate to energy based on the dominant fragment masses and energies 
[9-11]. 

C. Prompt neutron emission 

The mass and energy of the fission fragments were found using a calculation based on 
conservation of mass and momentum that iteratively adjusts the masses and corrects for mass 
dependent variations such as the pulse height defect until the mass of the fission fragments 
converge to within a threshold. It is dependent on having the correct mass of the system, both 
before and after scission. The mass of the combined nucleus is based on the mass of the target 
nucleus plus the mass of the incident neutron. However, this value can vary with En due to the 
onset of second and higher chance fission reactions in which neutron emission occurs prior to 
scission [8]. The probability of these reactions increases with increasing En which is reflected in 
the cross section for multi-chance fission as shown for 233U in Fig. 2. The mean mass of the 
combined nucleus prior to scission depends directly on the relative probability of various multi-
chance fission reactions and so varies continuously across incident neutron energies. 

 

FIG. 2. (a) Cross sections for first, second, third, and fourth chance fission in 233U [7]. The 
proportional probability of various fission chances varies continuously which is used in this work 
to determine the mean mass of the combined nucleus prior to scission, shown in (b). 

Neutron emission also occurs immediately after scission from the fission fragments 
thereby reducing their masses. There is a dearth of experimental data for this parameter for many 
isotopes including 233U and 232Th, so this value was found using the General Description of 

(a) 

(b) 



Fission Observables (GEF) model version 2018/1.1 [12]. Each iteration of the 2E analysis results 
in a new estimate for the mass of the fission fragment and therefore the neutron emission, which 
is mass dependent, and must be determined for each iteration, so it was run beforehand over the 
full range of incident neutron energies and a surface plot was interpolated across all masses and 
energies shown in Fig. 3. Then, when the iterative analysis was performed, it referenced this 
neutron emission surface thereby allowing the GEF code to be run with large enhancement 
factors for improved counting statistics. 

 

FIG. 3. (Color online) Neutron emission from 233U(n,f) after scission was dependent on both the 
fission fragment mass and the incident neutron energy. 

 

IV. RESULTS 

The average TKE was evaluated as the mean of a normal distribution of TKE values from 
individual fission events within a neutron energy bin. Neutron energy bins were set to increase in 
width logarithmically with increasing En to maintain counting statistics as neutron flux drops off 
at higher energy. The average TKE results for 232Th are shown in Fig. 4 along with other past 
experimental results with which the results of this work are in good agreement. The horizontal 
error bars represent the neutron energy bins. 



 

 
 
FIG. 4. (Color online) (a) Average TKE in 232Th(n,f) results from this work show good 
agreement with several past results at low energy [9, 11, 13-16]. (b) Comparison at high energy 
also shows good agreement shown here up to 40 MeV for post-neutron emission along with the 
neutron-induced fission cross section [7, 17]. Vertical error bars show statistical uncertainty, 
horizontal error bars correspond to neutron energy bins. 

For many actinides, it is typical for average TKE to decrease with increasing En across 
the range shown in Fig. 4(a), however, 232Th is atypical in that the average TKE initially 
increases for En up to 5 MeV as observed by all but one of the past experimental results [9, 11, 
13-16]. This trend of initially rising average TKE has been observed in only one other actinide, 
238U, and then only up to 1.5 MeV [18]. Importantly, the results from this work confirm this 
distinct trend for 232Th as well as provide validation of the method used. A comparison at higher 
neutron energy, as shown in Fig. 4(b), shows that the rising trend in average TKE at lower 
energy is arrested at approximately 6 MeV. This corresponds with the onset of second chance 
fission, and TKE undergoes a downward correction before stabilizing into a steady downward 
trend similar to that observed in other actinides [10, 18-21]. 

The results for average TKE and the standard deviation in TKE for 233U pre-neutron 
emission are shown with the predicted TKE from GEF and the neutron induced fission cross 

(a) 

(b) 



section in Fig. 5. The results show a trend of steadily decreasing average TKE with increasing 
En. This general trend and rate of change is similar to that observed in other actinides such as 
238U and 239Pu and are in generally good agreement with the model even at high En [18, 19]. 
However, the model predicts certain features, such as a prominent bump at 7 MeV and another at 
14 MeV, that are not present in these results. Furthermore, the model predicts a higher average 
TKE at thermal En than shown in these results or than are reported by other past experimental 
results for this reaction [10]. Average TKE and standard deviation both before and after neutron 
emission for all incident neutron energies measured are tabulated in Table 1. 

 

FIG. 5. (a) Average TKE in 233U(n,f) prior to neutron emission with the predicted value from the 
GEF model. (b) Standard deviation in TKE and the neutron-induced fission cross section for 
233U(n,f). Prompt neutron emission prior to scission is determined using the multi-chance fission 
cross sections as discussed in section III.C. Vertical error bars show statistical uncertainty, 
horizontal error bars correspond to neutron energy bins. 

Table 1. The average TKE and standard deviation for neutron-induced fission of 233U both before 
and after neutron emission. 

En (MeV) 
Pre Neutron Emission Post Neutron Emission 

Avg TKE (MeV) σTKE (MeV) Avg TKE (MeV) σTKE (MeV) 
0.12 ± 0.12 170.13 ± 0.004 13.33 ± 0.003 168.24 ± 0.004 13.13 ± 0.003 
0.25 ± 0.02 170.16 ± 0.05 13.42 ± 0.04 168.25 ± 0.05 13.22 ± 0.03 
0.29 ± 0.02 170.07 ± 0.05 13.51 ± 0.03 168.16 ± 0.05 13.31 ± 0.03 
0.34 ± 0.03 170.18 ± 0.04 13.46 ± 0.03 168.26 ± 0.04 13.26 ± 0.03 
0.40 ± 0.03 170.22 ± 0.04 13.49 ± 0.03 168.30 ± 0.04 13.29 ± 0.03 
0.47 ± 0.04 170.15 ± 0.04 13.47 ± 0.03 168.23 ± 0.04 13.27 ± 0.03 

(a) 

(b) 



0.55 ± 0.04 170.15 ± 0.04 13.45 ± 0.02 168.23 ± 0.03 13.24 ± 0.02 
0.64 ± 0.05 170.19 ± 0.03 13.36 ± 0.02 168.27 ± 0.03 13.15 ± 0.02 
0.75 ± 0.06 170.16 ± 0.03 13.42 ± 0.02 168.24 ± 0.03 13.21 ± 0.02 
0.87 ± 0.07 170.14 ± 0.03 13.39 ± 0.02 168.22 ± 0.03 13.18 ± 0.02 
1.02 ± 0.08 170.11 ± 0.03 13.35 ± 0.02 168.20 ± 0.03 13.15 ± 0.02 
1.19 ± 0.09 170.14 ± 0.03 13.42 ± 0.02 168.22 ± 0.03 13.21 ± 0.02 
1.40 ± 0.11 170.09 ± 0.03 13.36 ± 0.02 168.17 ± 0.03 13.15 ± 0.02 
1.63 ± 0.13 170.06 ± 0.03 13.43 ± 0.02 168.12 ± 0.03 13.22 ± 0.02 
1.91 ± 0.15 170.13 ± 0.03 13.42 ± 0.02 168.13 ± 0.03 13.21 ± 0.02 
2.23 ± 0.17 170.11 ± 0.03 13.45 ± 0.02 168.09 ± 0.03 13.23 ± 0.02 
2.61 ± 0.20 170.00 ± 0.03 13.49 ± 0.02 167.95 ± 0.03 13.27 ± 0.02 
3.05 ± 0.24 170.02 ± 0.03 13.51 ± 0.02 167.93 ± 0.03 13.28 ± 0.02 
3.56 ± 0.28 169.91 ± 0.03 13.53 ± 0.02 167.78 ± 0.03 13.30 ± 0.02 
4.16 ± 0.32 169.90 ± 0.03 13.62 ± 0.02 167.74 ± 0.03 13.40 ± 0.02 
4.87 ± 0.38 169.67 ± 0.03 13.55 ± 0.02 167.46 ± 0.03 13.32 ± 0.02 
5.69 ± 0.44 169.47 ± 0.04 13.74 ± 0.03 167.23 ± 0.04 13.51 ± 0.03 
6.66 ± 0.52 169.25 ± 0.03 13.57 ± 0.02 167.01 ± 0.03 13.34 ± 0.02 
7.78 ± 0.61 169.10 ± 0.04 13.66 ± 0.02 166.77 ± 0.03 13.43 ± 0.02 
9.10 ± 0.71 168.84 ± 0.04 13.79 ± 0.03 166.36 ± 0.04 13.56 ± 0.03 

10.63 ± 0.83 168.72 ± 0.04 13.87 ± 0.03 166.10 ± 0.04 13.63 ± 0.03 
12.43 ± 0.97 168.07 ± 0.05 13.95 ± 0.03 165.37 ± 0.05 13.71 ± 0.03 
14.53 ± 1.13 167.70 ± 0.05 14.00 ± 0.03 164.94 ± 0.05 13.77 ± 0.03 
16.99 ± 1.32 167.61 ± 0.05 13.93 ± 0.04 164.81 ± 0.05 13.70 ± 0.04 
19.86 ± 1.55 166.85 ± 0.06 14.23 ± 0.04 163.91 ± 0.05 13.99 ± 0.04 
23.22 ± 1.81 166.96 ± 0.06 14.34 ± 0.04 163.89 ± 0.06 14.08 ± 0.04 
27.15 ± 2.12 166.66 ± 0.06 14.40 ± 0.04 163.46 ± 0.06 14.13 ± 0.04 
31.74 ± 2.47 166.43 ± 0.06 14.28 ± 0.04 163.13 ± 0.06 13.99 ± 0.04 
37.11 ± 2.89 166.40 ± 0.06 14.38 ± 0.04 162.97 ± 0.06 14.09 ± 0.04 

  
The mass resolution of a twin ionization chamber is 4–5 amu which is not precise enough 

to distinguish fine features in the mass yield curves. Rather, these results are most useful for 
observing the shape of the mass yields and the trend with increasing En. The fission fragment 
mass yields for both 232Th and 233U exhibit a bimodal distribution at low energy with an 
increasing prevalence of symmetric fission with increasing En. The mass yield results for 232Th 
show strong agreement with past results at various incident neutron energy ranges as shown in 
Fig. 6. These results confirm a distinct symmetric fission feature in the center of the curve at 
high En as observed in other studies, which provides validation of the method used in this work. 



 

Fig. 6. Fission fragment mass yields for 232Th(n,f) shown at 5 amu resolution compared with Ref. 
[22, 23] for neutron energies (a) 9-11 MeV, (b) 16-18 MeV, (c) 24-26 MeV, and compared with 
Ref. [20] for neutron energies (d) 13-15 MeV. 

The mass yield curves for 233U, shown in Fig. 7, exhibit the same characteristic bimodal 
distribution at low energy as observed in 232Th as well as many other actinides. As En increases, 
the two peaks become decreasingly distinct. Furthermore, the mass yield for 233U at thermal 
energy appear to be in good agreement with past results as shown in Fig. 8 [24, 25]. 



 

 

 
Fig. 7. Fragment mass yield curves for various En bins for 233U. Yield is normalized to 200% and 
shown at 5 amu resolution. 



 

Fig. 8. 233U fission fragment mass distribution results comparison shown with 5 amu resolution 
at thermal neutron energy for pre-neutron emission [24, 25]. Neutron emission is determined as 
discussed in section III.C using the GEF model. 

 Fragment masses were compared to the TKE to characterize how this relationship 
changes with En to understand how the distribution of kinetic energy into different fragments 
drives the net change in average TKE, shown in Fig. 9. These plots show the distinctive bimodal 
mass distribution at low energy while symmetric fission is observed to fill in the center of the 
plot as En increases. These plots reveal how fragments from symmetric fission are on average 
correlated with lower TKE. As En increases, the prevalence of symmetric fission increases, 
which drives the overall decrease in average TKE.  

 

FIG. 9. (Color online) 233U(n,f) fragment mass TKE distributions. 



This experiment was a shape measurement of the average TKE, with the energy scale for 
the fragment set by previous measurements calibrated against thermal neutron induced fission of 
235U. The final uncertainties of the energy come from the uncertainties in the energy calibration 
fit parameters which incorporate uncertainties from the pulse height defect. Furthermore, the 
correction for prompt neutron emission contributes to systematic uncertainty since it is estimated 
based on the results of the GEF model. 

 

V. CONCLUSION 

The detector used in this experiment had high efficiency which made it possible to 
measure average TKE and mass yields over a wide range of energies and observe changes in 
trends of these values relative to En. This work extended measurements of these fission 
parameters to higher neutron energies than previously recorded and incorporated a novel 
approach to accounting for prompt neutron emission. By comparing TKE to fragment masses at 
different En, it was shown that symmetric fission events were associated with lower average 
TKE. The increasing prevalence of symmetric fission at higher En was the driver of the overall 
decrease in average TKE. Since these data are slightly different from the model predictions, they 
will serve to improve future reactor design calculations by improving the input nuclear data and 
they provide a better understanding of fission in isotopes central to the thorium fuel cycle. 

Further experiments should be performed to obtain measurements of neutron multiplicity 
for both isotopes to form a more accurate picture of the fission process in these isotopes. Future 
work is planned to measure TKE in additional isotopes including 237Np as well as experiments to 
obtain higher resolution in the mass yield curves to better identify dominant fission products.  
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