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Measurement of the 236U(n, f ) cross section for neutron energies from 0.4 MeV to 40 MeV from the
back-streaming white neutron beam at the China Spallation Neutron Source
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A new measurement of the neutron-induced fission cross section of 236U relative to the standard 235U(n, f )
cross section from 0.4–40 MeV was carried out by the time-of-flight method and a multicell fast fission ionization
chamber at the China Spallation Neutron Source-Back-n white neutron source. The measured resonance peaks
and the distribution of fission event-energy spectrum from the 235U(n, f ) reaction are in good agreement
with that of the ENDF/B-VIII.0 evaluation, which confirms the reliability of the experimental setup. The
measured 236U /235U fission cross section ratios in 0.4–40 MeV neutron energy region are compared to previous
measurements. The 236U fission cross section with the relative experimental uncertainty of 11.2%–2.9% in 0.4–1
MeV and 2.9%–2.8% in 1–40 MeV is determined and compared to calculation, previous measurements, and
main evaluations. The present theoretical result with calculation program UNF reproduces the experimental data
and the LANSCE data better than ENDF/B-VIII.0 evaluation does in the secondary fission region. The result
confirms current evaluations from 0.4–40 MeV in most energy points and provides the experimental data for
evaluating the discrepancies in the relevant energy region.
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I. INTRODUCTION

The fission cross-section data is the most important nuclear
reaction data for energy production, especially in the applica-
tions related to the future production of clean, sustainable, and
safe nuclear energy as well as for nuclear waste transmutation
[1]. Therefore, the accurate measurement of the neutron-
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induced fission cross section is of great significance for the de-
sign of advanced nuclear reactors and other nuclear systems.
The 236U nuclide in the Th/U fuel cycle plays a similar role
as the 242Pu nuclide in the U/Pu fuel cycle, and is of interest
because of its buildup in the equilibrium fuel composition.
The 236U fission cross section with 5% accuracy is required
in some nuclear systems based on the Th/U cycle [2].

With the development of the method of measuring fission
cross section, the mainstream method by time-of-flight (TOF)
and white neutron source is used to measure fission cross
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section in a wide energy region. Parker et al. [3] has measured
neutron-induced fission cross sections of 236U with a white
neutron source using a parallel-plate ionization chamber at
the LANCSE facility with a 56 m flight distance. In this
experiment, four new neutron-induced fission resonances of
236U were observed in 1–12 keV energy region. Behrens
and Carlson [4] has measured the neutron-induced fission
cross sections of 236U relative to 235U from 0.1–30 MeV at
Lawrence Livermore National Laboratory by using time of
flight with 15.7 m flight path and the total uncertainty is
from 6.5%–4.4% in 0.3–30 MeV. Lisowski et al. [5] measured
236U /235U fission cross-section ratios from 0.5–400 MeV at
the LANSCE Linac and WNR facility and the information of
uncertainty is not given explicitly.

Recently, a latter measurement was carried out at n-TOF
facility at CERN from 170 meV to 2 MeV with a multistack
fast ionization chamber. The flight path is 186.4 m and the
protons bunches width is 7 ns, which leads to a good accuracy
up to 2 MeV and a statistical error from 10.5%–0.75% in
0.5–2 MeV [6]. Hughes et al. [7] carried out the surrogate ratio
method measurements for (p, d ) (p,d) and (p,t) reactions on
uranium nuclei. 236U and 238U targets were bombarded with
28 MeV protons and the light ion recoils and fission fragments
were detected using the Silicon Telescope Array for Reaction
Studies detector array at the 88 Inch Cyclotron at Lawrence
Berkeley National Laboratory. The resulting 236U /235U fis-
sion cross-section ratios show relatively good agreement with
accepted values up to 5 MeV. Tovesson et al. [8] measured fast
neutron-induced fission cross sections of 236U in a wide region
from 200 keV to 200 MeV at LANCSE by using parallel-plate
ionization chambers within a uncertainty up to 13.2%.

Current evaluated nuclear data in libraries are mainly
based on these measurements. Few data have been measured
resulting in discrepancies in the latest evaluations. In some
points, these measurements do not agree well with each other
and the discrepancies are over than 7% [9]. Hence, a new
measurement is essential for providing experimental data to
improve the evaluations.

In this work, the new measurement of 236U fission cross
sections relative to 235U from 0.4–40 MeV has been carried
out at the China Spallation Neutron Source (CSNS)-Back-n
white neutron source (WNS) [10,11] with Fast Ionization
Chamber Spectrometer for Fission Cross Section Measure-
ment (FIXM) based on a multicell fast fission ionization
chamber (FIC) and high-purity uranium isotope samples [12].
The experiment method is introduced in Sec. II. After a brief
description of the white neutron source, FIC chamber, and
samples in Sec. III, data analysis is presented in Sec. IV.
Results and discussion are in Sec. V. The conclusion is given
in Sec. VI.

II. EXPERIMENTAL METHOD

The 236U(n, f ) cross section was measured by using the
TOF method and CSNS white neutron source with a multicell
fast fission ionization chamber, which is relative to the stan-
dard 235U(n, f ) cross section. The 235U(n, f ) cross section is a
standard at 0.0253 eV and from 0.15–200 MeV. Uncertainties
in the standard file are <1% in the neutron energy range
between 150 keV and 300 keV, 0.5%–1.0% between 300 keV

and 20 MeV, and increase from1.0%–4.5% between 20 MeV
and 200 MeV [8]. The 236U /235U neutron-induced fission
cross section ratio can be determined from the background-
subtracted fission events C(En) according to the Eq. (1).

σ6(En)

σ5(En)
= C6(En)

C5(En)
× N5

N6
× ε5

ε6
× P (1)

The subscripts 6 and 5 refer to the 236U and 235U, N
is the number of fission atoms in the sample used in the
measurements, ε is the detection efficiency for fission events.
P represents the correction for the measurement. The mea-
surements are performed relative to a 235U(n, f ) sample in the
chamber.

III. EXPERIMENTAL SETUP

A. CSNS Back-n white neutron source

CSNS is a large scientific facility completed in early 2018,
which is mainly for multidisciplinary research on material
characterization using neutron scattering techniques [10,13].
Back-streaming neutrons through the incoming proton chan-
nel at the spallation target station have been exploited as a
white neutron beam line for nuclear data measurements.

The 1.6 GeV protons with a 25 Hz repetition is produced by
CSNS to impinge onto a thick tungsten target to provide white
neutron beam (the back-streaming neutrons). Proton bunches
power will be increased from 10–100 kW in the first phase of
CSNS. With the thick tungsten target and the water serving as
coolant through it, the neutron beam at 80 m from the target is
in the order of 5.76 × 106 n/cm2/s at 100 kW, which has an
excellent energy spectrum spanning from 1 eV to 100 MeV
[11].

The measurements were performed in the dedicated single-
bunch mode and the beam power is about 10 kW. The size
of neutron beam spot is � 60 mm. In this mode, the proton
bunches are accumulated in the Rapid Cycling Synchrotron
(RCS) and each Gauss-type bunch has a length of about 41 ns
(FWHM) [14].

B. Detector and data acquisition

The multicell fast fission ionization chamber [12] has been
designed for the fission cross-section measurement, which
was mounted at the end station 2 at the CSNS-WNS. The φ

300 mm × 300 mm cylindrical shell of the ionization chamber
was made of stainless steel 5 mm thick and the φ 80 mm

FIG. 1. Photo (left) and schematic diagram (right) of the FIC
used in the measurement.
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TABLE I. Characteristics of the samples used in the measurement.

Sample Mass (mg) Uncertainty (%) Diameter (cm) Mass Thickness (mg/cm2) Uncertainty (%)

235U-1 5.1729 0.98 4.974 0.266 1.02
235U-2 5.7067 1.01 4.976 0.293 1.05
236U -1 2.2103 0.98 4.969 0.114 1.02

window sealed with a Kapton film 100 μm thick is located in
the center of one of the chamber caps. The chamber is filled
with a gas mixture of 90% Ar and 10% CH4 at a pressure
of 800 mbar. A stack of fission cells was mounted along the
direction of the neutron beam inside the chamber. The detail
structure of the FIC is shown in Fig. 1.

Each cell consists of two � 80 mm electrodes. The alu-
minum anode collects ionization signals by connection to a
preamplifier while the stainless-steel cathode plated with the
fission material is connected to the ground. The 5-mm-wide
gap and a high voltage (+200V) between electrodes was
designed in order to provides electrons enough drift velocity,
about 6 × 104 m/s.

The eight-channel preamplifier MSI-8 has been chosen for
the detector because of its large amplification, which could
record the α-particle signal from the radioactive decay or from
the competing (n, α) reactions in the lower limit of the data
acquirement (DAQ) system (50–100 mV). The DAQ system
used to digitize and store signals mainly includes a signal
conditioning module (SCM) for the timing output of MSI-8, a
field digitizing module (FDM) with 12-bit resolution and 1 G
samples/s digitization rate, a trigger and clock module (TCM)
and a data center for storing waveform data. The memory time
of FDM is up to 30 ms to store fission events down to the
thermal energy region [12].

C. Samples

Three uranium isotope samples are used in this
measurement:235U -1, 235U -2, and 236U -1. The uranium
fission materials were electroplated on the backings of
stainless steel in the form of U3O8. The diameter of the
deposit is about 50 mm, which was exactly measured by
the α-particle imaging method. The masses of the deposits
were determined by the α-particle spectra measured with a
PIPS semiconductor detector in a small solid angle device.
The number of uranium atoms in the deposit was calculated
by the decay rates and α-particle intensities. The results of

TABLE II. The compositions of high-purity uranium samples.

Sample Isotopes Abundance (%) Relative Uncertainty (%)

235U 234U 1.2560×10−3 1.3×10−1

235U 9.9985×10+1 6.8×10−6

236U 4.1160×10−3 1.2×10−1

238U 9.6260×10−3 3.9×10−2

236U 234U 2.7660×10−5 4.0×10+0

235U 6.3447×10−3 6.5×10−2

236U 9.9944×10+1 5.7×10−5

238U 4.9554×10−2 1.2×10−1

quantified mass, mass thickness, and uncertainty are listed in
Table I.

The 236U sample was enriched to 99.944% and the 235U
sample was enriched to 99.985%. The compositions of high-
purity uranium samples are shown in Table II. The impurities
of samples measured by using a mass spectrometry have good
agreements with the α-particle spectra, which confirmed the
accuracy of the impurity measurement. The mass uncertainty
of each sample is given by the quantitative experiment, which
is obtained by calculating each influence factor with error
transfer formula. The uncertainty of mass thickness was cal-
culated by coupling the mass uncertainty with the diameter
uncertainty.

The image of the 236U deposit was obtained by an α-
sensitive imaging plate and the fluorescence intensity dis-
tribution reflects the density distribution of uranium atoms.
The 236U sample photo and its mass distribution image in
which the pixel size is 0.2 mm × 0.2 mm are shown in
Fig. 2. α counting over the surface of the samples was used
to determine the uniformity of the deposits. Referred to the
resolution of the section of white neutron beam on the front
surface of the samples (Sec. III C), the nonuniformity of the
deposit is about 21% at a resolution of 2 mm × 2 mm.

IV. DATA ANALYSIS

The FIC was aligned to the center of the neutron beam
by laser collimation at the end station 2. Because of a Cd
foil 1 mm thick located at the neutron beam window, the
thermal neutrons were absorbed and will not be recorded.
The DAQ acquisition time window was set to 10 ms, which
is corresponding to an energy about 0.3 eV of neutrons in
about 76 m flight path. The raw event data are analyzed by
means of C++ program based on the ROOT software package
developed by CERN [15]. The pulse height of each signal

FIG. 2. The 236U sample photo (left) and its mass distribution
image (right). Nuclides are more in the middle and less around.
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FIG. 3. The amplitude spectra of the 236U cell measured with
neutron beam (red line), the residual α particles measured without
neutron beam and normalized by the number of corresponding proton
bunches (green line) and the background measured by using empty
cell with neutron beam (black line).

was returned by routines to obtain amplitude spectrum and
the time information was used to calibrate the flight time of
each neutron in order to determine the neutron energy. Further
analysis is performed to correct for background events, beam
nonuniformity, and sample mass.

A. Amplitude spectrum and detection efficiency

The amplitude spectrum of 236U cell is used to distinguish
fission events from α particle, γ flash, and electronic noise.
The γ flash of 1–2 MeV was produced by the target nucleus
deexcitation. The detector response for (n, α) events from
the sample backing was measured by a blank backing and
the decay radiation was measured without neutron beam. The
amplitude spectra of the 236U cell and empty cell measured
with neutron beam and without neutron beam are shown in
Fig. 3.

The main sources of background detected by FIC are the
contribution of α particles from the 236U decay and the signal
collected by empty cell for recording effects of neutron react-
ing with backing and aluminum collector. The blue line is the
threshold of 236U cell. The α signals, γ flash, and electronic
noise distribute in low amplitude region while the amplitude
of fission fragments is continuous and widely distributed.
The background signal found below threshold and few counts
above threshold was to be neglected.

After the 236U(n, f ) amplitude spectrum is subtracted the
residual α particles and the background, the detector response
could separate fission events from background clearly, as
shown in Fig. 4. The black line indicates the data subtracted
the residual α particles and the background. An obvious valley
was observed below 500 channels and the threshold was set at
channel 375 to analyze detection efficiency. There is a peak
around 2000 ch in the spectrum, which is caused by a signal
saturation effect of the SCM.

There is a count valley from about 250 channels to 500
channels and the peak-to-valley ratio is about 38:1. The pulse-
height threshold (375 channels) was selected in middle of the
smoother area in the count valley. The fission events were

FIG. 4. The amplitude spectrum of 236U cell.

selected by applying a pulse-height threshold and subtracting
the measured background.

The loss of fission events mainly comes from the pulse-
height threshold setting in amplitude spectrum and self-
absorption. The efficiency ε for recording fission fragments
can be calculated via Eq. (2) [14]. The NU is the total count
of fission events above the threshold and the NL stands for
the lost count of fission events below the threshold. NL calcu-
lated by the assumption that there are a constant number of
fission events per pulse-height bin below threshold (flat tail
assumption). R is the average range of fission fragments in
uranium deposit, and its value is 7.5 ± 0.5 mg/cm2 . t is the
mass thickness of deposit. The efficiencies of the two 235U
cells and 236U cell are 93.7%, 93.7%, and 97.8%, respectively.
A large thickness of 235U sample shown in Table I result in
more self-absorption and lower the efficiency. The uncertainty
of the efficiencies is about 0.47%, 0.45%, and 0.26%, which
is mainly derived from the statistical uncertainty of fission
events counting above and below the threshold

ε =
(

1 − t

2R

)
×

(
1 − NL

NU

)
(2)

B. Neutron-energy calibration

The TOF of neutron (T OFn) was calculated by Eq. (3)
[12], where Tf is the production time of the fission relative
to the zero time point T0, which is the time of tungsten target
bombarded by proton bunches; Tn the production time of the
neutron that caused the fission event relative to T0; Tγ is the
time of its corresponding γ flash recorded by the detector;
T OFγ is the flight time of the γ flash from the target to the
detector. The TPULSE is the difference in the production time
between this neutron and γ flash. In fact, TPULSE can not be
accurately known because of the 41 ns proton pulse width.
We take TPULSE as 0, and its uncertainty is 41 ns. The T OFγ

could be calculated via flight distance with high accuracy and
the Tf could also be well determined because of the good SNR
(signal-to-noise ratio).

T OFn = Tf − Tn = Tf − (Tγ − T OFγ + Tpulse )

= Tf − Tγ + T OFγ . (3)
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FIG. 5. The waveform of the γ flash and fission measured by
236U cell.

As some big random noises were added to the original
constant signals, the actual signals of γ flash acquired by the
DAQ system were cluttered and totally different. Therefore,
the random noises would cancel each other when signals of
γ flash were superimposed, while the original constant signal
would be retained. According to this principle, to reduce the
influence of the random noises, multiple γ -flash signals (over
10000) were averaged to create a standard γ -flash signal to
determine the start time of all the γ -flash signals. The result
of the T γ calibration for two 235U cells and one 236U cell are
–574.8 ns, –573.9 ns, and –574.5 ns, respectively. The typical
waveform of γ flash and fission produced by the 236U cell is
shown in Fig. 5. The rise and fall time of 236U fission signal
are about 60 ns and 250 ns (from 10% to 90%), respectively.

The flight distance was calibrated by the time difference
of the neutron and the corresponding γ flash recorded by the
DAQ system. The resonance peaks in the 235U(n, f ) cross
section curve in 1–20 eV were selected to calculate the flight

FIG. 6. Comparison of the energy spectrum measured by a 235U
cell (red line) with the 235U(n, f ) cross sections of ENDF/BVIII.0
(black line) normalized by the 8.774 eV 235U(n, f ) resonance peak.
The two curves have a good agreement in trend, which is used
for resonance peaks fitting and it confirms the reliability of the
experiment and the method of data analysis.

FIG. 7. The energy spectrum of the 235U cell.

path distance L due to the high cross sections. The measured
count rate as a function of neutron energy by the 235U -1 cell
and the evaluated cross sections of ENDF/B-VIII.0 [26] in
1–20 eV are shown in Fig. 6. To observe the resonance peaks
more clearly, the energy spectrum is presented with 500 bins
per decade (bpd). According to the energy points, the data
from ENDF/B-VIII.0 are selected. The ENDF line in Fig. 6
did not fold with the time resolution of the measurement.
Through the comparison and peak fitting, there is the good
agreement in this energy range. The 8.77 eV peak is used
to calibrate neutron flight path distance. The distance of this
235U -1 cell to target is 75959 mm and the distances of other
cells could be calculated by the physical distances between
the cells.

The fission events-neutron energy spectra of 235U and
236U cells are shown in the Fig. 7 and Fig. 8, in which
the preliminary results were used to see if the results are
correct by analyzing the shape of spectra. The energy spectra
have been divided by 100 bpd. The resonance peaks in the
235U(n, f ) cross section could be clearly observed in 1 eV to 1
keV neutron energy region. The distribution of the secondary
chance fission [the (n, n′ f ) reaction channel] could also be
distinguished obviously in 235U and 236U neutron energy
spectra in 6–8 MeV. In the 236U neutron energy spectrum,
the fission threshold energy above 0.69 MeV results in fewer
counts below the threshold. These features proved the relia-
bility of the measurement.

C. Sample and beam nonuniformity

The fission nuclides plated in backings and the section
of white neutron beam on the front surface of the samples

FIG. 8. The energy spectrum of the 236U cell.
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FIG. 9. The 2D image of the 236U sample (left) and the white neutron beam (right).

are both not uniform, which have to be corrected in this
experiment. The two-dimensional (2D) images of 236U sample
determined by the α-particle imaging method and the section
of white neutron beam by calculation with the pixel size of
2 mm x 2 mm are shown Fig. 9. The nonuniformity of 236U
sample and the neutron beam section are about 21% and 10%,
respectively.

The darker color at pixel represents more nuclides in the
236U sample image and the higher intensity of the beam in
the white neutron section. A variable Q is defined to correct
the nonuniformity of samples and white neutron beam by
multiplying the intensity of each pixel and the area of the
pixel, then adding them up and comparing the value to the
average. In order to eliminate the influence of anisotropy, Q
is calculated from several angles and the Q difference from
these angles is less than 0.15%. The average Q values of the
235U and 236U samples are 1.0043, 1.0030, and 1.0057 and the
uncertainties are 0.12%, 0.09%, and 0.15%, respectively.

D. Neutron flux attenuation

In fact, as neutrons pass through the layers of the FIC,
their fluxes gradually attenuate due to their interaction with
stainless steel backings and aluminum collectors. The neu-
tron flux attenuations in the FIC have been calculated and
corrected by simulation. The simulation results show that the
flux attenuation decreases with the increase of neutron energy.
The neutron flux attenuations of the 235U and 236U samples
are 0.02%–0.5% and 0.8%–1.6% at 0.4–40 MeV with the
uncertainty less than 0.1% [14], respectively.

E. Dead time

This measurement was carried out with a single bunch
mode and a 25 Hz repetition frequency in 10 kW beam power.
Each sample set in the FIC was connected to the data acquisi-
tion system via an independent channel. The dead time of the
system is mainly determined by the signal acquisition rate of
the DAQ system and signal count rate in this experiment. The
1 G samples/s sampling rate of FDM is fully satisfied while
the counting rate is about 103/s. Besides, the frame overlap
also leads dead time. In this experiment, the 235U counting

rate is about 14 cps while 236U is 2 cps. The probability
of the frame overlap is less than 10−5 in each independent
channel, which is estimated by counting rate and the FIXM
resolution to waveform (60 ns). As a result, the dead time in
this measurement is negligible.

F. Sample contamination

The correction for the impurity of the 236U sample was
also considered. The correction factor η can be calculated via
Eq. (4), where δ is the abundance of related isotope and σ

is the fission cross section. The 236U sample was enriched
to 99.944% with 235U abundance less than 0.1% (Sec. III C).
The 235U nuclei mainly lead to a big background in 1eV to
0.1MeV energy range due to its larger fission cross section
than that of 236U. However, in 0.4–40 MeV, the uncertainty
derived from the impurity of the 236U sample is <0.02% and
the 235U sample is <0.01%.

η(En) = δ6 · σ6

δ4 · σ4 + δ5 · σ5 + δ6 · σ6 + δ8 · σ 8
. (4)

V. RESULTS AND DISCUSSION

A. Measured 236U /235U fission cross-section ratio

According to the Eq. (1), the measured 236U /235U fission
cross-section ratios are obtained from 0.4 MeV–40 MeV, in
which the measured 235U fission counts are derived from the
addition of the two 235U cell counts normalized by nucleus
number. The experimental data is partitioned according to
the logarithm of the neutron energy. In the range of 0.4–0.6
MeV, 0.6–9.5 MeV, and 9.5–40 MeV, the experiment data
have been dived by 10 bpd, 50 bpd, and 25 bpd, respectively,
which makes the data points more consistent with the energy
resolution and reduces the statistical uncertainties in 0.4–0.6
MeV energy region. The results are shown in Fig. 10 and
Fig. 11 and compared to previous measurements. In Fig. 11,
the unlabeled uncertainties in the range of 0.4–0.7 MeV
varies between 11%–6%. The different data sets are in good
agreement. The current measurement agrees with the results
by Tovesson et al. [8] and Sarmento et al. [6] better than Shpak
et al. [16] over the 0.4–1 MeV energy range. In addition, as
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FIG. 10. Measured 236U /235U fission cross-section ratios com-
pared to previous work from 0.4–2 MeV [6,8,16].

shown in Fig. 11, the result measured in this experiment is in
good agreement with that of Tovesson et al. in the 1–40 MeV
energy range.

The uncertainty of measured 236U /235U fission cross sec-
tion ratios mainly comes from the statistical error of fission
events and the quantification of target nuclei. In the vicinity
of the threshold, a sharp decrease of the statistical count rate
of 236U leads to a large uncertainty. The main contributions
for experimental uncertainty were listed in Table III and the
total experimental uncertainty is 11.2%–2.7% in 0.4–1 MeV
and 2.7%–2.6% in 1–40 MeV, respectively. The statistical
uncertainty of 235U cell was derived from adding counts in
the same bin measured by the two 235U cells.

The total time resolution mainly comes from the pulse
width of the proton beam, which is currently 41 ns (FWHM)
and the time resolution of the detector system (5.7 ns). The
relative energy resolution of a TOF facility taking into account
the relativistic effect can be calculated by Eq. (5) and Eq. (6).


E

E
= γ (γ + 1)

√(

T

T

)2

+
(


L

L

)2

(5)

γ = 1√
1 − (

v
c

)2
. (6)

T and L are the TOF and the flight path, respectively. 
T/T
and 
L/L are their relative uncertainties. 
T is the total time
resolution, which is currently 41.4 ns. 
L is caused by the

FIG. 11. Measured 236U /235U fission cross section ratios com-
pared to previous work from 0.4–40 MeV [6,8,16].

moderation of the tungsten target and the surrounding coolant.
The distribution of the moderation distance versus neutron
energy simulated by FLUKA [17]. The representative energy
resolution of this measurement was shown in Table IV.

B. 236U(n, f ) cross section

The measured 236U(n, f ) cross section could be calculated
by introducing the standard 235U(n, f ) cross section in 0.4–40
MeV via Eq. (7) on the basis of Eq. (1), where σ eval

5 (En) is the
evaluated fission cross section of 235U from ENDF/B-VIII.0.
The experimental uncertainty is 11.2%–2.9% in 0.4–1 MeV
and 2.9%–2.8% in 1–40 MeV, respectively.

σ6(En) = C6(En)

C5(En)
× N5

N6
× ε5

ε6
× P × σ eval

5 (En). (7)

In the theoretical calculation, the fission reaction is re-
garded as a decay channel of equilibrium states. The unified
Hauser-Feshbach and exciton model [18] is used to calculate
the preequilibrium and equilibrium reaction processes. The
neutron global optical potential from Ref. [19] is applied
to calculate total and elastic scattering cross sections. The
distorted wave Born approximation theory is used to give
the direct inelastic scattering cross sections. The transmission
coefficients and inverse cross sections of compound-process
particle emission are calculated by the proton [19], deuteron
[20], triton [21], and α [22] global optical potentials and
γ strength function. The transmission coefficients at fission

TABLE III. The relative experimental uncertainty.

Content 235U cell (%) 236U cell (%)

C(En) 0.3–0.8 2.2–11.1 (0.4–1.0 MeV)
2.2–0.8 (1.0–40 MeV)

N 1.00 0.98
ε 0.47 0.26
Q 0.09 0.15
η 0.01 0.02
Total (236U /235U) 11.2–2.7 (0.4–1.0 MeV)

2.7–2.6 (1.0–40 MeV)
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TABLE IV. Representative energy resolution of this measurement.

En (MeV) 
T (ns) 
L(cm) 
E/E

0.57 41.4 9.5 1.0 × 10−2

1.02 41.4 15.3 1.5 × 10−2

5.13 41.4 4.3 3.4 × 10−2

9.34 41.4 4.9 4.6 × 10−2

20.0 41.4 4.8 6.8 × 10−2

38.1 41.4 6.4 9.6 × 10−2

barriers are obtained by the Hill-Wheeler theory [23]. The
continuum excited states are described by Gilbert-Comeron
level density formula [24].

The present experimental data and calculated results com-
pared with previous ones are given in Fig. 12 and Fig. 13. The
solid squares and circles denote the present measured data and
the data [8] measured at LANSCE in 2014, respectively. The
triangles denote the data [7] measured by Hughes et al. via
the surrogate-ratio method in 2012. The black, red, blue, and
brown lines denote the present calculated, ENDF/B-VIII.0,
JENDL-4.0, and CENDL-3.1 evaluations, respectively. The
present theoretical result and experimental data are in good
agreement, and consistent with the Tovesson data [8]. The
average discrepancy of the experimental data and present
theoretical result is about 3.0% in 1–20 MeV. The present
theoretical result reproduces the two new sets of experimental
data better than ENDF/B-VIII.0 evaluation does in the sec-
ondary fission region.

The comparison of the measured 236U /235U fission cross-
section ratios and the ENDF/B-VIII.0 evaluation in 0.4–30
MeV is shown in Fig. 14. There are large discrepancies in
0.4–1.0 MeV, which is mainly caused by the large statistical
uncertainty, especially below 236U fission threshold energy
(0.69 MeV). A better time resolution and more fission events
are needed to precisely measure the cross section in this

FIG. 12. Measured 236U fission cross section compared to the
calculation, previous data, the ENDF/B-VIII.0 and JENDL-4.0 eval-
uation from 0.4–2 MeV. The red, black, and cyan solid points denote
the data measured in this experiment and that of Tovesson and
Hughes. The black, red, blue, and brown lines denote the present cal-
culated, ENDF/B-VIII.0, JENDL-4.0, and CENDL-3.1 evaluations,
respectively [7,8,17,25–27].

FIG. 13. Measured 236U fission cross section compared to the
calculation, previous data, the ENDF/B-VIII.0, JENDL-4.0 and
CENDL-3.1 evaluations from 0.4–40 MeV [7,8,17,25–27].

region. The discrepancies are generally less than 5% in 1–30
MeV and the average discrepancies of the data is 2.8% in 1–30
MeV energy region.

VI. CONCLUSION

A new measurement of the 236U /235U fission cross section
ratio from 0.4–40 MeV was carried out by the time-of-flight
method and the multicell fast fission ionization chamber with
the high-purity uranium isotope samples at CSNS-WNS. The
measured resonance peaks and energy spectrum from the
235U(n, f ) reaction are in good agreement with that of the
ENDF/B-VIII.0 evaluation, which was used to calibrate the
flight distance and confirms the reliability of the experimental
setup. The flight time of neutron was calculated through γ

flash and the constant fraction timing method. The effect
of neutron reacting with the stainless-steel backing and the
aluminum collector was measured by using empty cell. The
influences of the nonuniformity of white neutron beam, the
attenuation of neutron flux in the detector, and the impurity
isotope in the samples were all considered and the relevant
corrections were made.

The 236U /235U fission cross-section ratios in 0.4–40 MeV
neutron energy region with the experimental uncertainty of

FIG. 14. The comparison of the measured 236U /235U fission
cross section ratios and the ENDF/B-VIII.0 evaluation [25].
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11.2%–2.7% in 0.4–1 MeV and 2.7%–2.6% in 1–40 MeV
are obtained. The measured results generally agree with that
from the ENDF/B-VIII.0 evaluation within the range of the
uncertainty. Based on the standard 235U fission cross section,
the measured 236U fission cross section with the experimental
uncertainty of 11.2%–2.9% in 0.4–1 MeV and 2.9%–2.8%
in 1–40 MeV is determined. The 236U(n, f ) cross section is
analyzed by using the nuclear reaction theoretical model and
calculation program UNF. The present theoretical result and
experimental data are in good agreement, and consistent with
the LANSCE data. The present theoretical result reproduces
the two new sets of experimental data better than ENDF/B-
VIII.0 evaluation does in some energy points. The result
confirms current evaluations from 0.4–40 MeV in most energy
points and provides experiment data for the discrepancies in

the second and third fission energy region. The result proves
that the multicell fast fission ionization chamber as well as
the supporting electronic system has good performance and
the method of data analysis is reliable. This experiment lays a
good foundation for the further measurement of fission cross
sections of other nuclides.
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