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Cross section measurement for the 2**U(n, f) reaction using the MTPC
at the CSNS Back-n white neutron source”
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Abstract: Accurate fission cross section data are essential for nuclear science and engineering. Traditional fission
cross section measurements using the fission ionization chamber struggle to satisfy the accuracy requirements. The
Time Projection Chamber (TPC) is a potential detector for high accuracy fission cross section measurement based on
its track reconstruction and particle identification capacities. Using the Multi-purpose Time Projection Chamber
(MTPC) at the China Spallation Neutron Source (CSNS), we have previously measured the cross sections of the
B2Th(n, f) reaction based on the mono-energetic neutron source at Peking University (PKU), showing the potential
of high accuracy fission cross section measurement. In this study, cross sections of the ***U(n, f) reaction were meas-
ured at 43 energies (10 energy bins per magnitude in equal logarithm intervals) and 215 energies (50 energy bins per
magnitude in equal logarithm intervals) in the neutron energy range from 0.5 eV to 10 keV using the MTPC based
on the CSNS Back-n white neutron source. The results are consistent with the data in the evaluation libraries, show-
ing the reliability of the fission cross section measurement method using the MTPC. The measurement of the fission
cross sections using the MTPC is extended from mono-energetic to white neutron sources. This study presents the
first cross section results measured by the MTPC based on the CSNS Back-n white neutron source. With a longer
beam time in future measurements, the uncertainties of the fission cross sections are expected to be greatly reduced.
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I. INTRODUCTION

Accurate fission cross section data are in high de-
mand in nuclear science and engineering [1]. For the cal-
culation of nucleosynthesis and the design of new react-
ors, the uncertainties of fission cross sections are expec-
ted to be less than 1% [2]. As the main detector for fis-
sion cross section measurement, although the fission ion-
ization chamber has several advantages including a high
energy resolution, its lack of particle identification capa-
city for low energy events limits further improvement of
measurement accuracy [3, 4]. A detector with particle
identification capacity may contribute to high accuracy
fission cross section measurement.

The Time Projection Chamber (TPC), proposed by
David R. Nygren, is a detector with particle identifica-
tion capacity [5, 6]. The TPC has the capacity for three-
dimensional track (3D-Track) reconstruction of charged
particles. According to the 3D-Tracks, the types of
charged particles can be distinguished. In the fission cross
section measurement, a major source of uncertainty is the
identification between fission fragments and light-
charged particles [4, 7]. The fission fragments are gener-
ated from the fission reaction, which are the events to be
measured. The light-charged particles are generated from
two processes. The first process is the o decay of the
sample nuclei, while the second process involves the (n,
lep) reactions (neutron induced light-charged-particle
emission reaction) and the recoil nuclei from neutron
scattering in the sensitive region of the detector. When
using the fission ionization chamber, it is difficult to sep-
arate low energy fission fragments from the light-charged
particles only according to the signals of the anode and
cathode. However, when using the TPC, the track para-
meters can be used in the particle identification process
for low energy events. Therefore, the TPC is a suitable
detector for high accuracy fission cross section measure-
ment.

Many studies have investigated fission cross section
measurement using the TPC. The Neutron Induced Fis-
sion Fragment Tracking Experiment (NIFFTE) project at
LANSCE is a representative study [4, 8]. The NIFFTE
TPC is the first TPC specialized for fission cross section
measurement. In measuring the a/SF branching ratio of
2Cf, the capacity for distinguishing between the fission
fragments and light-charged particles of the NIFFTE TPC
has been examined [9]. Furthermore, the fission cross
section ratios of Z*U/*U in the 2~30 MeV region and
29pu/*’U in the 100 keV~100 MeV region have been
measured, and results with uncertainties less than 1.5%
have been obtained [10—12], inspiring the prospect of
high accuracy fission cross section measurement using
the TPC. In addition to the NIFFTE project, other studies
have been devoted to the fission TPC, including the Fis-
sion Detector at the Interface with AStrophysics (FIDI-
AS) project of CEA-Irfu (France) and NCRS-Demokri-

tos (Greece) [13, 14] and the f-TPC project of China
Academy of Engineering Physics (CAEP) (China) [15].
Fission cross section measurement has become a frontier
of TPC related research.

The authors have been working on fission cross sec-
tion measurement using the TPC. The Multi-purpose
Time Projection Chamber (MTPC) has been built at the
China Spallation Neutron Source (CSNS) Back-n white
neutron source for cross section measurement of differ-
ent types of nuclear reactions [16]. The electronics, amp-
lification structure, and track reconstruction capacity of
the MTPC have been examined using several test experi-
ments [17—-19]. Using the early version of the MTPC set
at Peking University (PKU), the method of measuring the
fission cross section based on the mono-energetic neut-
ron source has been established and optimized [20], and
the fission cross sections of **Th at five neutron energies
in the 4.50~5.40 MeV region have been measured [21].
The results are consistent with the evaluation data in the
CENDL-3.2, ENDF/B-VIIL.0, JENDL-4.0, BROND-3.1,
and ROSFOND-2010 libraries with uncertainties less
than 5%, showing the potential of high accuracy fission
cross section measurement using the MTPC [22]. In this
study, measurement of fission cross sections using the
MTPC was extended from mono-energetic to Back-n
white neutron sources at CSNS.

The CSNS Back-n white neutron source can provide
neutrons from the thermal energy to several hundreds of
MeV [23]. The fission cross sections of ***Th are smaller
than 107 b in the region of E, < 1 MeV [24], which are
too low for initiating measurement. Therefore, for the
first fission cross section measurement using the MTPC
at the CSNS Back-n white neutron source, the **U(n, f)
reaction was measured. The measurement method of the
cross sections of the **U(n, f) reaction was established,
and the cross sections were measured both at 43 and 215
energies from 0.5 eV to 10 keV. The Time-Of-Flight
(TOF) method was used to determine the neutron energy,
and the Li-Si detector array was used to measure the
neutron energy spectrum [25, 26].

This study involves the first fission cross section
measurement at the CSNS Back-n using the MTPC as the
fission detector. The remainder of this paper is organized
as follows. The experimental details are described in Sec.
II. The data processing is outlined in Sec. III. The results
and discussion are presented in Sec. IV. Finally, the con-
clusions are drawn in Sec. V.

II. EXPERIMENTAL DETAILS

The experiment was performed at Endstation #2 of
the CSNS Back-n white neutron source. Figure 1 shows a
schematic of the experimental setup, which consisted of
four parts from right to left: neutron source, Li-Si detect-
or array as the neutron detector, MTPC as the particle de-
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tector, and U sample. The neutron flight path was 77.0
+ 0.1 m. All the instruments were placed in the 0° direc-
tion with respect to the neutron beam line.

A. Neutron source

The CSNS neutron source is a spallation neutron
source designed for nuclear science and basic scientific
research [27]. Numerous experiments based on CSNS
have been conducted since 2018. The neutrons were gen-
erated from the proton-induced spallation reaction. The
pulsed protons with 25 Hz repetition frequency were ac-
celerated to 1.6 GeV through the linear accelerator and
the rapid cycling synchrotron. The protons bombarded
the tungsten target, and the neutrons with the energy
range from thermal to several hundreds of MeV were pro-
duced [22, 28]. Utilizing the back-streaming neutrons, the
CSNS Back-n white neutron source was established for
measurements of nuclear data, and a schematic of the
white neutron source is presented in Ref. [23]. During
this study, the beam power was 170 kW, and the beam-
line configurations were ®12 mm (shutter) + ®15 mm
(collimatorl) + @40 mm (collimator2) with a beam pro-
file of ®30 mm at Endstation #2.

The neutron energy range used in this study was from
0.5 eV to 10 keV. In this study, the neutron energy bins
were distributed in equal logarithm intervals both at 43
energies (10 energy bins per magnitude in equal logar-
ithm intervals) and at 215 energies (50 energy bins per
magnitude in equal logarithm intervals). When the neut-
ron energy bins were distributed at 43 energies, the fis-
sion counts in most neutron bins were more than 500,
with statistical uncertainty less than 4.5%.

The TOF method was adopted for the measurement of
the energy of the incident neutron inducing the fission
event [29]. The time when the proton bunch hit the tung-
sten target was recorded as 7. The cathode and anode
pad signals of the MTPC also carried time information,
from which the time of the fission reaction, 7}, could be
determined. The time information of the cathode signals
was normally used in the TOF method. If the cathode sig-
nals were unavailable, the time information of the pad
signals was used. The TOF of the neutron, AT, could be
calculated by

Flight Path 77.0 = 0.1 m

!

i \Si Neutron Beam
SLi ——
235 Vs
I Li-Si Detector Array

MTPC

[ ]

W Target

Fig. 1. (color online) Schematic of the experimental setup.

AT =T, =T, (1

where AT is the neutron energy. Thus, the neutron en-
ergy could be determined.

B. Neutron detector

The Li-Si detector array was adopted as the neutron
detector for measuring the neutron energy spectrum and
monitoring the neutron flux at the CSNS Back-n white
neutron source [25]. Two Li-Si detector arrays were set at
Endstations #1 and #2, respectively. The thin °LiF sample
with a diameter of 80 mm was installed inside the neut-
ron pipeline. The thickness of the °LiF sample was ~350
pg/cm?. In the direction of 135° with respect to the neut-
ron beam direction, eight identical Si detectors were in-
stalled isotropically around the °LiF sample. The sensit-
ive area of each Si detector was 20 mm X 20 mm, and the
distance between the centers of the Si detector and the
SLiF sample was 50 mm. The Si detector was used for the
detection of the a particles and tritons from the °Li(n,
f)*He reaction. The differential cross sections of the °Li(n,
#)*He reaction have already been measured systematic-
ally by us based on the CSNS Back-n white neutron
source [29]. Therefore, the neutron energy spectrum can
be calculated from the spectrum of the « particles and tri-
tons measured by the Si detectors. In this study, the Li-Si
detector array at Endstation #2 was used for the measure-
ment of the neutron energy spectrum, and the data from
seven Si detectors were used in the data analysis.

C. Particle detector

The MTPC was adopted as the particle detector in the
measurement. The basic structure of the MTPC was al-
most the same as that in Refs. [20, 21]. The electronics of
the MTPC were detailed in Ref. [17]. The **°U sample
was mounted at the center of the cathode, and the for-
ward fission fragment of the **U(n, f) reaction could be
detected.

The MTPC adopted in this study has one major differ-
ence from the previous version described in Refs. [20,
21]. The chamber and the anode plane were redesigned,
so that the pressure of the working gas could be adjusted.
Therefore, an appropriate gas pressure could be selected
for better measurement results. Two principles were ad-
opted in the selection of the gas pressure. Firstly, the
track length of the fission fragment was as large as pos-
sible, which benefited the track reconstruction process.
Secondly, the fission fragment deposited all the energy in
the sensitive volume of the MTPC. The 75% Ar +
25% CH,4 mixture was chosen as the working gas. The
rather higher CH, content was adopted to reduce the elec-
trode spark caused by the recoil nuclei from experience.
Based on the two principles and from previous tests, the
appropriate gas pressure of the 75% Ar + 25% CH, mix-
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ture was 6.0x10* Pa.

The determination of the electrode voltages of the
MTPC was mainly based on the test experiment in which
the #>Cf spontaneous fission source was used. The ***Cf
source was mounted at the center of the cathode of the
MTPC, and the counting rate of the spontaneous fission
fragments was measured when the voltages of the mesh
and the cathode changed. According to the test experi-
ment result, when the absolute value of the mesh voltage
was above 200 V, the measured counting rate of the fis-
sion fragments was almost unchanged, consistent with the
fission rate of the **’Cf source. However, the measured
counting rate of the decay a particles from the **Cf
source increased rapidly when the absolute value of the
mesh voltage increased. For the fission cross section
measurement, the decay a particles constituted the major
interference events; therefore, the measured o counting
rate was sufficiently low. Thus, the mesh voltage was
chosen as —240 V, and the corresponding cathode voltage
was chosen as —1080 V [20].

D. U Sample

Figure 2 shows the picture of the *°U sample. The
material of the **°U sample was “U(OH),. The diameter
of the circular 2**U sample was 40 mm, and the substrate
was tantalum foil with a diameter of 50 mm. Using the
small solid angel method [30, 31], the number of nuclei
was measured based on the energy spectrum of the decay
o particles. The number of U nuclei was (1.76+
1.1%)x10"%.

E. Experimental procedure

The *U(n, f) reaction was measured between 0.5 eV
and 10 keV based on the Back-n white neutron source at
CSNS. The total measurement duration was ~100 h. The
signals of the MTPC including the pad, cathode, and
mesh signals were recorded for data analysis. The seven
Si detectors of the Li-Si detector array kept running for
the measurement of the neutron spectrum.

Fig. 2. (color online) Picture of the 2>U sample.

III. DATA PROCESSING

The cross section of the *°U(n, f) reaction at each
neutron energy point, oy, was calculated by the follow-
ing formula:

o= Cu,an
U=
NU.¢U’

2)

where Cyy is the total fission count of the **°U(n, f) reac-
tion, @y is the neutron flux through the **°U sample in the
MTPC, and Ny is the number of the **°U nuclei in the
sample. In the following sections, four steps to calculate
the cross sections of the ?**U(n, f) reaction are presented.

A. Determination of the fission counts

The total fission count of the **U(n, f) reaction, Cy .,
was calculated using

C
Cuar=— 3

U

where Cy is the net fission count of the *>U(n, f) reac-
tion detected by the MTPC, and gy is the detection effi-
ciency of the fission fragments. The calculation method
of the detection efficiency of the MTPC has been de-
tailed in Refs. [20, 21]. According to the simulation, the
value of gy was 0.985 at E,=1.0eV. In the 0.5 eV-10 keV
neutron energy region, the energy of the incident neutron
was significantly lower than the fission energy. As a res-
ult, the detection efficiency of the fission fragments was
supposed to be the same in the 0.5 eV-10 keV neutron
energy region.

The details of the data analysis have been presented in
Ref. [20]. Similar to previous fission cross section meas-
urements using the MTPC in Refs. [20, 21], the two-di-
mensional spectrum of the track length vs total amplitude
of all events was used for particle identification. In the
data analysis process, the total data files were divided in-
to two parts. Figure 3 shows the two-dimensional spec-
trum of the track length vs total amplitude of the events in
the first half of data files. The fission fragments existed in
three areas: A (total-amplitude 0~200 channel, track-
length 0~40 mm), B (total-amplitude 200~1000 channel,
track-length 0~80 mm), and C (total-amplitude > 1000
channel). The determination of the areas obeyed two prin-
ciples: covering all fission events and improving the se-
lection efficiency. The net fission count, Cy, was calcu-
lated by

Cy=C+CE+Cj. 4)
For the first half of the data files, the differentiation

between the low-energy fission fragments and the «
particles (in areas A and B) was realized according to the

044004-4



Cross section measurement for the 2>U(n, f) reaction using MTPC at CSNS Back-n white...

Chin. Phys. C 50, 044004 (2026)

3500+

Total Amplitude (Channel)

50

100 120 1400

40 60 80
Track Length (mm)

Fig. 3.
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(color online) Two-dimensional event spectrum of

figures of the 3D-Tracks [20, 21]. The parameter for
particle identification was found in this process. For the
second half of the data files, the differentiation between
the low-energy fission fragments and the o particles was
realized according to the founded parameter (presented in
the following text) instead of the figures of the 3D-
Tracks, which led to higher data analysis efficiency. The
total fission counts were then determined. The portions of
the total fission counts in areas A, B, and C were 0.14%,
6.28%, and 93.58%, respectively.

The one-by-one method of selecting the fission events
by examining each 3D-Track figures has a major limita-
tion in that it is time-consuming. In the present study, as
part of an exploratory measurement of the fission cross
section using the MTPC at the CSNS Back-n white neut-
ron source, the total fission count was not too high due to
the short measurement duration. The total fission count
was less than 7.0 x 10% therefore, the one-by-one selec-
tion method was barely feasible. However, the aim of the
high accuracy fission cross section measurement using
the MTPC is that the uncertainty should be smaller than
1%. As a result, significantly more counts should be in-
volved in future measurements, and a new selection
method based on track parameters should be developed.

The key point of the new method is to find the proper
track parameter for the selection of the tracks between the
fission fragments and the o particles. In the one-by-one
event method, the 3D-Track figures of the fission frag-
ments and the a particles were compared. The difference

X-Y Plane

X-Z Plane

in the 3D-Track figures between the two types of events
can be summarized as one parameter, and a new method
based on track parameters was established, which was ad-
opted in this study. Figures 4 and 5 show the 3D-Track
figures of the low energy fission fragment and the o
particle, respectively. For the low energy fission frag-
ment, the hit points (blue points) were gathered in the Z
direction. In contrast, for the o particles, the hit points
were scattered in the Z direction because only the o
particles emitted along the Z direction were detected due
to the low detector gain and gas pressure. Therefore, only
one track parameter was found. Firstly, for each event,
the Z coordinate of the center of the ionization density,
Zc, was determined by

Ze=——=— (5)

where A; is the signal amplitude of the hit point, and Z; is
the Z coordinate of the hit point. The signal amplitude of
the hit point is proportional to the ionization density.
Secondly, for each event, the standard deviation of the Z-
direction distance between each hit point and the center
of the ionization density, sz, was determined by

(6)

The track parameter, sz, is the proper track parameter for
the selection of the fission events.

For the fission event selection in area B, as shown in
Fig. 3, the two-dimensional spectrum of s; vs. total amp-
litude was introduced, as shown in Fig. 6. Most events in
area B were fission events; however, some o events still
existed. Using the 3D-Track figures method, all o events
in area B were selected. The sz of all & events was great-
er than 10.0 mm, and the total amplitude was less than
260 channels. Thus, the a event zone is marked out in
Fig. 6, and the two types of events are well separated.

Y-Z Plane

60[- (a)

40
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| ypos (mm)

40

—60

T AR I AR 0

[ . 0

b)) (©)

P I I R
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Fig. 4.

P RN R B
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P I R
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20 40 60

(color online) 3D-Track figures of the low-energy fission fragments in the (a) X-Y plane; (b) X-Z plane; and (c) Y-Z plane.
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Fig. 5. (color online) 3D-Track figures of the a particle in the (a) X-Y plane; (b) X-Z plane; and (c) Y-Z plane.

For the fission event selection in area A, the situation
is rather complicated, as the number of hit points, N,
should also be used as well as the two-dimensional spec-
trum of sz vs. total amplitude. In contrast to area B, only
a few events in area A were fission events. The minim-
um value of the number of hits was 5, as the event can be
considered as the fission event [21]. Therefore, three con-
ditions of N,;; were considered according to experience:
Npit = 5, Npi = 6, and Np; > 6. The fission event selection
criteria of the three conditions were different. Figure 7
shows the two-dimensional spectrum of sz vs. total amp-
litude of the events in the three conditions. The type of
each event in area A was already determined using the
existing method based on the 3D-Track figures, and the
total number of events was 39. When N,;, = 5, all events
with s; < 4.0 mm were fission events, and the number of
fission events was 10. When Ny, = 6, all events with s, <
6.0 mm were fission events, and the number of fission
events was 9. When N; > 6, all events with s; < 9.0 mm
were fission events, and the number of fission events was
8. Thus, based on the track parameter sz, 27 fission
events were selected, constituting 70% of the total fis-
sion events in area A. Even though the selection accur-
acy based on the track parameter s; was not very high in
area A, it barely affected the net fission count, Cy, as the
proportion of the fission count in area A was only 0.14%.
Thus, using the first half of the measured data files, the

S
S
S

900,
800
700EE
600,
500,
400

.. Fission Events

Total Amplitude (Channel)

O = N W ks L O 00 O

300 -
200 oA NI Lo GHYeNtS L
0 10 20 30 40 50 60 70 80 90 100

57 (mm)
Fig. 6. (color online) Two-dimensional spectrum of sz vs.
total amplitude of events in area B.

new fission event selection method based on the track
parameter s; was established. According to this method,
the fission count in the second half of the data files can be
determined instead of checking the figures of the 3D-
Tracks. Moreover, this new method can be adopted in fu-
ture measurements, which should significantly improve
the efficiency of data processing.

B. Determination of the neutron energy

After the selection of all fission events, the energy of
the induced neutron for each fission event was determ-
ined. The TOF method was adopted, and the crucial in-
formation was the time of the fission event. The determ-
ination of the time of the fission event was based on the
pad signals, as the cathode signals were not available for
E, > 1.0 keV because of the 40 ps dead time. When us-
ing the pad signals, the key was to find the pad represent-
ing the vertex of the track of the fission fragment. The
25U sample was mounted on the cathode of the TPC,
meaning that the Z coordinate of the vertex of the track of
the fission fragment was fixed and the length of the neut-
ron flight path was constant. The pad representing the
vertex had the latest signal in principle, for the electron
drift distance was the longest with the largest Z coordin-
ate of the hit point. According to this principle, the ver-
tex was found, and the time of the fission reaction, 7,
was determined. Figure 8 shows the results of finding the
vertex of the track of one fission fragment.

Using the time when the proton bunch hit the tung-
sten target, 7, and the time when the fission event oc-
curred, 7, the TOF of the neutron, AT, was determined.
Thus, the energy of the incident neutron was calculated.
Figures 9 (a) and (b) show the energy spectra of the incid-
ent neutrons that induced the **°U(n, f) reactions divided
into 10 and 50 bins with equal logarithm intervals for
each neutron energy magnitude, respectively.

C. Determination of the neutron flux

The Si detectors of the Li-Si detector array measured
the « particles and tritons from the °Li(n, «)‘He reaction.
The o and triton counts in each neutron energy bin indic-
ated the neutron flux in each bin. Figure 10 shows the
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(color online) Two-dimensional spectrum of sz vs. total amplitude of events in area A in different conditions. (a) Ny; = 5; (b)
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Fig. 8. (color online) Results of finding the vertex of the track of one fission fragment. The red point represents the vertex that was
found.

two-dimensional spectrum of E, vs. amplitude of the
events measured by one Si detector. Compared with the a
particles, the tritons from the °Li(n, «)'He reaction had
higher kinetic energies. The triton event zone was clearer
than the a event zone. As a result, the subthreshold cor-
rection of the triton count was smaller than that of the a
count, resulting in a more accurate count of the °Li(n,
a)*He reaction. Therefore, the triton count was used in the
determination of the neutron flux.

In each neutron energy bin, the total count ¢ meas-
ured by all Si detectors, Cy;, was determined by

0
Cri = Dpi Ny & -AQ.

30 (7

where Ny; is the number of °Li nuclei in the LiF sample;

o
@y; is the neutron flux; -~ is the angular differential

cross section of the °Li(n, «)*He reaction near 6 = 135°,
which was determined according to the differential cross
sections measured by us [29]; and AQ is the solid angle
covered by the Si detectors. Thus, the neutron flux in
each neutron energy bin was determined by the count of
the °Li(n, «)*He reaction.

D. Calculation of the cross section

The neutron fluxes through the **U sample in the
MTPC and the °LiF sample in the Li-Si detector array
were not identical because of the different measurement
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tervals; (b) 50 bins are divided with equal logarithm intervals.
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Fig. 10.
vs amplitude of the events measured by one Si detector.

durations and positions. Thus, the neutron fluxes through
the °U sample, @y, and the the °LiF sample, @;, were
related by

¢Li
G >

Dy = ®)

where G is the ratio of the neutron flux through the °LiF
sample to that through the **°U sample. According to Egs.
(2), (3), (7), and (8), the cross section of the **U(n, f)
reaction in each neutron energy bin, oy, was calculated
by

90 Cy NuGAQ do Cy 1
_89 CLi NUSU _69 CLi p’

)

Ou

oo
where 70 is the angular differential cross section of the
®Li(n, a)'He reaction near § = 135°, Cy is the fission
count of **°U measured by the MTPC, and Cy; is the

10000
(b)
1000
2
S 100}
o
O
10F
1 1 1 1 1
0.1 1 10 100 1000 10000
E, (eV)

color online) Energy spectra ot the incident neutrons ot the n, f) reaction. (a ins are divided with equal logarithm in-
1 line) Energy sp f the incid f the U i 10 bi divided with equal logarithm i

count of the °Li(n, a)*He reaction measured by the Li-Si
detector array. All quantities that did not change with
neutron energy were combined as a single parameter, p.
The parameter p was determined by the normalization of
the evaluation cross section data of the 2**U(n, f) reaction
from ENDF/B-VIIL.1 in the 0.5~1.0 eV neutron energy
region .

IV. RESULTS AND DISCUSSION

A. Results

The cross sections ofthe *U(n, f) reaction from 0.5 eV to
10 keV were calculated according to Eq. (9). The results
of the cross sections where 10 bins are distributed in
equal logarithm intervals for each neutron energy mag-
nitude are presented in Fig. 11 and Table Al (total of 43
energies). The results of the cross sections where 50 bins
are distributed in equal logarithm intervals for each neut-
ron energy magnitude are presented in Fig. 12 and
Table B1 (total of 215 energies). The results of this study
are compared with the data from five evaluation data lib-
raries in Figs. 11 and 12. The ratio between the measure-
ment results in this study and the evaluation data in the
ENDEF/B-VIILO library from 0.5 eV to 100 eV is presen-
ted in Fig. 13. In the neutron energy range from 0.5 eV to
10 keV, the relative differences between the data in dif-
ferent evaluation libraries are smaller than 4%. Accord-
ing to Fig. 12 (a), the results of this study are consistent
with the data from the evaluations, particularly for the
resonance peak areas, which confirms the capacity of the
MTPC for fission cross section measurement based on
the white neutron source. The results of this study are the
first cross sections measured by the MTPC based on the
CSNS Back-n white neutron source.

Tables 1 and 2 list the sources and magnitudes of the
uncertainties of the measured *°U(n, f) cross sections
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Fig. 11. (color online) Measured >*>U(n, f) cross sections at
43 energies from 0.5 eV to 10 keV compared with the data

from five evaluation libraries.

from 0.5 eV to 10 keV at 43 and 215 energies, respect-
ively. The parameters in Tables 1 and 2 are consistent
with the quantities in Eq. (9). According to Tables 1 and
2, the main sources of uncertainty are the fission count of
35U, Cy, and that of the °Li(n, a)*He reaction, Cy;, in
each neutron energy bin. Both the uncertainties are stat-
istical, resulting from the limited measurement duration.
With a longer measurement duration, the uncertainty of
the fission cross sections would be significantly reduced.
For example, if the measurement duration was expended by
10 times, the uncertainties of Cy and Cy; in Table 1
would be reduced to 0.5%~2.7% and 0.4%~1.0%, re-
spectively, and the uncertainty of o; would be reduced to
2.0%~3.4%. In addition, the uncertainties of the angular
differential cross section of the °Li(n, a)*He reaction and
the normalization parameter contribute to the total uncer-
tainty. The uncertainty of the normalization process is
owing to the uncertainty of the linear fitting, which is re-
lated to the uncertainties in the evaluated cross section
and fission count in the 0.5~1.0 eV region. It is clear that
the normalization process is also an important source of
uncertainty. The uncertainty of the angular differential
cross sections of the °Li(n, a)*He reaction and the uncer-
tainty of the normalization process contribute to the sys-
tematic uncertainty. The angular differential cross sec-
tions have not been adopted as standard values at present.
With more measurements in the future, the uncertainty of
the angular differential cross sections should be reduced.
In the future, by adopting the absolute measurement
method rather than the relative measurement method, the
systematic uncertainty from the normalization process
should also be reduced.

B. Discussion

In this study, the measurement method of the fission
cross sections using the MTPC is expended from the
mono-energetic neutron source [20, 21] to the white neut-

1000
(a)
ok ’
3 g f
~_ “’qx‘i' 4
° it
N ‘
b_‘:) .Lv'i "z i 4
ENDF/B-VILO (it T 4 137%
10 cpnprasaz RN
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JENDL-5 VA |
ROSFOND !
1 ©__ Present L L
0.1 1 10 100
E, (V)
1000
—— ENDF/B-VIIL0
CENDL-3.2 (b)
JEFF-3.3
JENDL-5
100 ¢ I ROSFOND
S it | | Present
f—— !
o]
b g
S
D
1

100 1000
E, (V)
Fig. 12. (color online) Measured **>U(n, f) cross sections at

215 energies compared with the data from five evaluation lib-
raries. (a) From 0.5 to 100 eV. (b) From 100 eV to 10 keV.

10000

o

'g 1+ . . . .

- . . .

0.5 .
0 1 1
0 1 10 100
E, (V)
Fig. 13. Ratio between the present measurement results and

the evaluation data in the ENDF/B-VIILO0 library from 0.5 to
100 eV.

ron source. The uncertainties of the present **U(n, f)
cross sections are larger than those of the previously
measured Z*Th(n, f) cross sections. The statistical uncer-
tainty mainly contributes to the total uncertainty of the
5U(n, f) cross sections. To reduce the uncertainty, the
beam duration should be extended. Although the meas-
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Table 1. Sources and magnitudes of uncertainties of the
measured cross sections at 43 energies.
Source Magnitude /(%)

0£ 1.1

0Q

Cuy 1.5~8.5

CLi 1.2~32

P 1.5

ou 3.1~9.0

Table 2. Sources and magnitudes of uncertainties of the
measured cross sections at 215 energies.
Source Magnitude /(%)

9o 11

0Q

Cu 2.5~33.3

CLi 2.7~8.0

P 1.5

ou 5.0~33.7

urement based on the white neutron source has a relat-
ively low accuracy compared with the measurement
based on the mono-energetic neutron source, it has the
advantage of measuring at multiple energies simultan-
eously. The fission cross sections in a large neutron en-
ergy range at multiple energies can be measured in one
experiment based on the white neutron source, which is a
key benefit compared with the measurement based on the
mono-energetic neutron source.

Globally, many studies have investigated fission cross
section measurement using the TPC, and a representative
study is that of the NIFFTE project [4, 8]. As the first
specialized TPC for fission cross section measurement,
the NIFFTE TPC measured a series of actinides includ-
ing >"U, U, and *’Pu based on the white neutron
source at LANSCE, and the uncertainties of the cross sec-
tion ratios of Z*U/~U and **’Pu/”*U were less than 2%
[10—12]. Compared with the results of this study, the stat-
istical uncertainty of the NIFFTE project was much smal-
ler. Although the accuracy of this study cannot yet reach
the same level, the measurement and analysis methods
are meaningful, forming the basis of higher accuracy fis-
sion cross section measurements using the MTPC based
on the white neutron source at CSNS in the future.

The advantages of the fission cross section measure-
ment using the MTPC include the particle identification
of the low-energy fission events and the capacities for
measuring the uniformity of the sample and the neutron
beam. Based on the track reconstruction capacities of the
MTPC, the positions of the vertexes of the charged-
particles can be reconstructed, from which the uniformit-

ies of both the sample and the neutron beam can be de-
termined. With the measurements of the distributions of
the vertexes of the decay o particles and the recoil nuc-
lides from the working gas using the upgraded MTPC in
the future, the uniformity of both the sample and the neut-
ron beam can be measured. After adopting the absolute
measurement, the present uncertainty caused by the nor-
malization process can also be reduced to even less than
1%.

The present cross section measurement of the *°U(n,
/) reaction has the following prospects for improvement.
First, more actinides can be measured by using the MT-
PC, including those with shorter half-lives. The detector
gain of the MTPC can be easily adjusted by changing the
voltages. The interference decay o particles can be al-
most eliminated with low detector gain. With a suffi-
ciently low gas gain of the MTPC, the counting rate ow-
ing to decay o particles can be reduced significantly,
making accurate measurement of fission cross sections
possible. Second, a thin sample that is suitable for fission
cross section measurement should be used. This leads to a
relatively weak self-absorption, which reduces the num-
ber of low-energy fission events that must be separated
from decay a events, resulting in more accurate fission
counts. Finally, the method of selecting low-energy fis-
sion events based on the parameter s; should be de-
veloped. For future high-accuracy measurement, there
will be significantly higher total fission counts. Then, the
original selection method based on checking the 3D-
Track figures one by one becomes impossible. However,
using the new selection method based on the parameter
sz, the efficiency of the selection process can be greatly
improved, which benefits high accuracy measurement in
the future.

V. CONCLUSIONS

The cross sections of the *°U(n, f) reaction were
measured at 43 and 215 energies in the neutron energy
range from 0.5 eV to 10 keV using the MTPC based on
the CSNS Back-n white neutron source. The results were
highly consistent with the evaluation data, particularly for
the resonance peak area, suggesting that the MTPC has
the capacity for accurate fission cross section measure-
ment based on the white neutron source. With a longer
beam time, the uncertainties of the measurement results
are expected to be significantly reduced. The measure-
ment method of the fission cross sections using the MT-
PC was extended from mono-energetic to white neutron
sources. This study presents the first cross section results
measured by the MTPC based on the CSNS Back-n white
neutron source. This study confirmed the potential for
high-accuracy fission cross section measurement using
the MTPC, and more accurate fission cross sections
should be measured based on the white neutron source in
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APPENDIX A
neutron source facility (https://cstr.cn/31113.02.CSNS.

Table Al. Measured ***U(n, f) cross sections at 43 energies from 0.5 eV to 10 keV.

E,/eV Cross Section /b
0.5623 76.9£2.9
0.7079 58.242.1
0.8913 55.6+1.9
1.122 68.6+2.2
1.413 18.38+0.89
1.778 15.99+0.82
2.239 12.99+0.74
2.818 17.85+0.90
3.548 22.8+1.2
4.467 7.32+0.66
5.623 24.3+1.1
7.079 18.22+0.87
8.913 110.8+£3.4
11.22 49.3£1.8
14.13 27.5+1.1
17.78 41.2+14
22.39 37.3x1.6
28.18 27.2+1.1
35.48 35.1+1.3
44.67 30.5+1.1
56.23 51.1+1.6
70.79 20.35+0.71
89.13 21.50+0.80
112.2 20.30+0.78
141.3 18.58+0.72
177.8 19.53+0.77
2239 20.16+0.82
281.8 15.85+0.62
354.8 9.49+0.43
446.7 13.50+0.55
562.3 12.34+0.47
707.9 8.92+0.37
891.3 6.54+0.28
1122 8.06+0.35

Continued on next page
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Table Al-continued from previous page

E, eV Cross Section /b
1413 6.26+0.26
1778 6.44+0.27
2239 4.48+0.20
2818 4.5240.20
3548 4.04+0.17
4467 3.87+0.17
5623 3.66+0.16
7079 2.93+0.13
8912 2.68+0.13

APPENDIX B
Table Bl. Measured **U(n, f) cross sections at 215 energies from 0.5 eV to 10 keV

E,/eV oy /b E,/eV oy /b E,/eV oy /b
0.5129 86.9+6.7 14.13 53.7+3.7 389.0 6.53+0.63
0.5370 82.5+6.2 14.79 15.6+1.7 407.4 12.4+1.2
0.5623 79.8£5.9 15.49 24.742.0 426.6 13.2+1.1
0.5888 73.54£5.5 16.22 28.7+2.1 446.7 14.4+1.3
0.6166 64.9+4.8 16.98 14.0+1.4 467.7 15.8+1.2
0.6457 63.6+4.6 17.78 35.842.6 489.8 11.32+0.86
0.6761 60.3+4.4 18.62 44.942.9 512.9 14.2+1.1
0.7079 59.0+4.2 19.50 85.2+£5.2 537.0 10.35+0.79
0.7413 56.2+4.0 20.42 36.7£3.4 562.3 13.1£1.0
0.7762 53.1£3.7 21.38 21.742.3 588.8 12.9+1.1
0.8128 55.5+4.0 22.39 30.3+3.1 616.6 11.50+0.93
0.8511 49.4+3.5 23.44 43.3+3.2 645.7 8.41+0.71
0.8913 53.1+£3.7 24.55 48.3+3.7 676.1 6.87+0.51
0.9333 59.4+3.9 25.70 46.3+3.6 707.9 11.8+1.1
0.9772 63.9+4.1 2691 22.6+2.0 741.3 5.73+0.51
1.023 63.4+3.9 28.18 34.6+3.0 776.2 17.3£1.6
1.072 83.9+4.7 29.51 11.4+1.4 812.8 4.50+0.43
1.122 93.945.1 30.90 23.8+1.8 851.1 10.06+£0.97
1.175 64.5+4.1 32.36 37.7+2.4 891.3 9.73+0.81
1.230 35.842.8 33.88 63.2+3.7 933.3 7.60+0.62
1.288 22.242.1 35.48 30.9+2.3 977.2 3.30+0.31
1.349 19.6+1.9 37.15 15.8+1.7 1023 9.09+0.88
1.413 17.3+1.8 38.90 19.4+1.7 1072 9.93+0.82
1.479 17.6+1.8 40.74 33.442.5 1122 3.30+0.29
1.549 15.2+1.7 42.66 36.0+£2.8 1175 14.3+1.4
1.621 14.7+£1.6 44.67 18.8+1.4 1230 9.19+0.83
1.698 17.4+1.8 46.77 24.8+1.9 1288 6.23+0.52

Continued on next page
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Table B1-continued from previous page

E, eV oy /b E, eV oy /b E, eV oy /b
1.778 12.9+1.5 48.98 48.2+3.7 1349 11.02+0.93
1.862 15.1x1.7 51.29 133.148.5 1413 3.89+0.34
1.950 19.7+2.0 53.70 40.6+2.4 1479 7.84+0.75
2.042 22.6+2.1 56.23 77.0£3.9 1549 4.58+0.39
2.138 8.9+1.3 58.88 35.7+2.1 1622 7.10+0.65
2.239 10.8+1.4 61.66 10.42+0.82 1698 7.28+0.59
2.344 9.7+1.3 64.57 8.15+0.72 1778 4.25+0.37
2.455 13.0£1.6 67.61 13.3£1.2 1862 4.95+0.44
2.570 7.7x1.2 70.79 49.6+2.9 1950 9.11+0.75
2.692 8.8+1.3 74.13 19.7+1.3 2042 3.08+0.28
2.818 15.3x1.7 77.62 11.62+0.94 2138 4.07+0.38
2.951 21.842.2 81.28 19.2+1.5 2239 5.65+0.55
3.090 38.8+3.2 85.11 24.2+1.6 2344 5.00+0.47
3.236 20.7+2.3 89.13 27.1£2.0 2455 5.53+0.51
3.388 17.5+2.1 93.33 23.5+1.8 2570 5.73+0.51
3.548 51.3+4.1 97.72 14.2+1.2 2692 3.91+0.36
3.715 16.4+2.3 102.3 16.7+1.3 2818 6.11+0.55
3.890 5.3+1.2 107.2 28.442.6 2951 3.88+0.33
4.074 5.2+1.2 112.2 8.60+0.84 3090 3.39+0.31
4.266 2.50+0.84 117.5 15.3%1.1 3236 4.24+0.38
4.467 5.5+1.3 123.0 43.1+£3.2 3388 4.83+0.46
4.677 9.9+1.7 128.8 16.3+1.3 3548 4.52+0.39
4.898 12.2+1.8 134.9 24.6+1.8 3715 4.98+0.44
5.129 5.8+1.1 141.3 21.8+1.9 3890 2.39+0.22
5.370 14.1x1.7 147.9 20.5+1.6 4074 5.11+0.50
5.623 15.6x1.7 154.9 11.50+0.96 4266 3.65+0.33
5.888 22.8+2.0 162.2 21.3£1.7 4467 4.50+0.43
6.166 52.0£3.3 169.8 17.5+1.4 4677 3.91+0.37
6.457 37.6+2.7 177.8 25.9+1.8 4898 2.80+0.24
6.761 10.0+1.2 186.2 6.68+0.71 5129 4.25+0.41
7.079 31.3+2.5 195.0 30.2+2.8 5370 3.59+0.32
7.413 2.63+0.65 204.2 23.6+2.2 5623 3.83+0.34
7.762 3.41+0.87 213.8 16.6+1.3 5888 3.21+0.30
8.128 12.7+1.8 223.9 16.3+1.2 6166 3.60+0.35
8.511 272+15 2344 34.7+3.1 6457 3.03+0.28
8.913 21111 245.5 16.8+1.4 6761 3.01+0.28
9.333 50.4+3.2 257.0 17.6+1.3 7079 3.01+0.28
9.772 16.2+1.6 269.2 38.0+3.1 7413 3.17+0.29
10.23 10.0+1.3 281.8 10.65+0.92 7762 2.41+0.24
10.72 20.6+2.3 295.1 12.1+1.0 8128 2.70+0.28
11.22 20.0+2.0 309.0 9.01+0.78 8511 2.55+0.25
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Table B1-continued from previous page

E,/eV oy /b E, eV oy /b E,/eV oy /b
11.75 30.6+2.3 323.6 7.73+0.66 8913 3.01+0.29
12.30 139.4+7.6 338.8 7.13+0.71 9333 2.58+0.24
12.88 21.0+1.8 354.8 16.2+1.7 9772 2.52+0.24
13.49 24.242.0 3715 16.1£1.6
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