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Abstract

We studied the energy resolution of the pulsed neutron beam of the
Accurate Neutron—Nucleus Reaction Measurement Instrument (ANNRI) at
the Japan Proton Accelerator Research Complex/Materials and Life Science
Experimental Facility (J-PARC/MLF). A simulation in the energy region
from 0.7 meV to 1 MeV was performed and measurements were made at
thermal (0.76-62 meV) and epithermal energies (4.8-410 eV). The neutron
energy resolution of ANNRI determined by the time-of-flight technique
depends on the time structure of the neutron pulse. We obtained the
neutron energy resolution as a function of the neutron energy by the
simulation in the two operation modes of the neutron source: double- and
single-bunch modes. In double-bunch mode, the resolution deteriorates
above about 10 eV because the time structure of the neutron pulse splits
into two peaks. The time structures at 13 energy points from measurements
in the thermal energy region agree with those of the simulation. In the
epithermal energy region, the time structures at 17 energy points were
obtained from measurements and agree with those of the simulation. The
FWHM values of the time structures by the simulation and measurements
were found to be almost consistent. In the single-bunch mode, the energy
resolution is better than about 1% between 1 meV and 10 keV at a neutron
source operation of 17.5 kW. These results confirm the energy resolution of
the pulsed neutron beam produced by the ANNRI beamline.
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1. Introduction

In recent years, intense pulsed neutron beams provided by spallation
neutron sources have been used to study the neutron—nucleus reaction [1,2].
Our team has developed a new instrument, the Accurate Neutron—Nucleus
Reaction Measurement Instrument (ANNRI) [3] at the Japan Spallation
Neutron Source (JSNS) [4] in the Japan Proton Accelerator Research
Complex/Materials and Life Science Experimental Facility (J-PARC/MLF).
One of the aims of ANNRI is to provide accurate neutron capture
cross-section data for minor actinides and long-lived fission products, which
can be experimentally difficult to obtain for some nuclei, for example, when
the amount of experimental sample is limited due to high radioactivity
and/or 1isotopic contamination. The intense and high-quality pulsed
neutron-beam of ANNRI [5] allowed successful measurement of some
problematic materials [6-9].

In the measurement of neutron capture cross sections using pulsed
neutron beams at ANNRI, the neutron energy is calculated from its
time-of-flight (TOF) between the neutron source and experimental sample.
The finite energy resolution due to the time structure of the pulsed neutron
beam has to be taken into account in analyzing the experimental data.
There are two factors that cause time structures for the pulsed neutron
beam. One is a slowing of neutrons in the moderator of JSNS. Neutrons are
generated in a mercury target through the spallation process caused by a 3
-GeV proton beam. They are then slowed down in a liquid hydrogen
moderator by collisions with hydrogen. In this slowing-down process, a time
structure arises in the neutron beam from the statistical nature of the
collisions. The second factor is the time structure of the incident proton
beam. At JSNS the incident proton beam is normally delivered in a
double-bunch scheme. The time interval between the two bunches is 599 ns.
For materials and life sciences, where cold or thermal neutrons are used,
this scheme 1s not a problem since the time structure due to the
slowing-down process dominates. However, for epithermal neutrons, which
are used for neutron capture cross-section measurements at ANNRI, the
double-bunch structure cannot be ignored.

In this paper, we present the results of studies of the time structure of
the pulsed neutron beam using both simulation and measurements. The

simulation covers the entire energy range for neutron capture cross-section
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measurements. However, the simulation is based on an assumption that
JSNS and ANNRI work perfectly as designed. On the other hand, the
measurements can provide practical performance data of ANNRI, although
the energy range is limited.
2. Simulation
2.1 Simulation procedure

We performed a simulation of the neutron source using the Monte-Carlo
simulation code PHITS [10] to obtain the time structure of the neutron
beam. The procedure used in the simulation is very similar to that
presented in the reference [5]. We applied the nuclear data from the library
JENDL3 [11] to all the materials in the simulation model apart from
hydrogen in the moderator, for which ENDF/B-VI Release3 [12] was used.
The simulation model for the neutron source simulates JSNS and includes
the mercury target for spallation reaction, moderators, reflectors, and iron
shields. The parameters used for the simulation are listed in Table 1 and
correspond to the operational conditions of 17.5 kW. An event in the
simulation 1is initiated by the injection of a proton into the mercury target.
At JSNS, a 3-GeV proton beam bombards the mercury target at a repetition
rate of 25 Hz. In this simulation, all protons impinge on the spallation
target at the same starting time whereas the actual proton beam has a time
structure. The time structure of the proton beam was taken into account by
convolution after the simulation. The convolution procedure is described in
Section 2.2. A 100x100-mm? tally, which records information of particles,
was placed at the moderator surface perpendicular to the ANNRI beamline,
and neutrons passing through the tally were counted. Neutrons within a
very small solid angle region with respect to the ANNRI beamline were
considered, in order to obtain the time structure of the neutrons emitted to
the sample position of ANNRI.

[Tablel about here]
2.2 Analysis of the time structures obtained by the simulation

In order to represent the time structure as a function of the neutron
energy, we fitted time structures in many narrow neutron-energy ranges by
a model function. We used the model function proposed by Ikeda and
Carpenter [13],

p(vt)= | dtg(v, t)[(1-R)S(t—t)+ RBO(t—t)exp(~B(t—t)] (t>0)
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(21

Here, ¢(v,t") describes the neutron flux for the slowing-down process in an

infinite hydrogenous medium and is expressed as follows:

(v, t) = 225" (St exp(-Zvt) (t>0),
Where X% is the neutron macroscopic cross section and Vv is the velocity of

neutrons. The time t was modified as t—t,. The fitting parameters are t,
a, B, R, and a scaling factor for eq. (1). Eq. (1) consists of two physical
terms. One is the slowing-down term and the other is the storage term.
These are 1-R and R in the ratio (0<R<1) of the total intensity,
respectively. Fig. 1 shows examples of the fits. The time structures are well
fitted by eq. (1) in this simulation, which uses neutrons from the coupled
moderator of JSNS, although eq. (1) fails to express the time structure in
the case of the decoupled moderator used for another beamline at JSNS [14].
The fitting parameters t,, «, £, and R are plotted as a function of the
neutron energy in Fig. 2. These data were fitted by polynomial functions in
order to express these parameters as smooth functions of the neutron
energy. A two-dimensional plot of the time structure and neutron energy is
shown in Fig. 3, showing the relation between the emission time and energy
of neutrons at the moderator surface. The origin of the time axis is the
incident time of the proton beam on the mercury target.

[Fig. 1 about here]

[Fig. 2 about here]

[Fig. 3 about here]

The neutron time structure obtained by the simulation was convoluted
with the time structure of the proton beam. At JSNS, the proton beam
normally consists of two bunches separated by 599 ns. In this paper, we call
this proton beam scheme the double bunch. However, depending on the
JSNS operation program, the proton beam could be a single bunch. Fig. 4
shows the time structures of the proton beam during the measurements of
the neutron time structures. The solid and dashed lines represent the single
and double bunches, respectively. The FWHM value of each bunch is 60 ns.
Three examples of the convoluted results are shown in Fig. 5. At low

neutron energy (Fig. 5a), the time structures of the single and double
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bunches are almost the same. However, the time structure is different for
the double bunch as the neutron energy increases (Fig. 5b and 5c¢). Fig. 6a
and 6b are two-dimensional plots, which show relations between the time
structure and neutron energy. In the double-bunch mode, the time structure
splits into two peaks above about 10 eV. This phenomenon reduces the
energy resolution. In addition, the time structure is wider compared to that
of Fig. 3 at neutron energies higher than about 10 keV because the time
width of the bunch cannot be ignored compared to that of the slowing-down
process in the moderator.

[Fig. 4 about here]

[Fig. 5 about here]

[Fig. 6 about here]
2.3 Simulated neutron energy resolution

We calculated the neutron energy resolution at the sample position of the
Ge spectrometer at ANNRI. We used the width of the time structure in
FWHM based on the results described in Section 2.2. In the case where the
time structure splits into two peaks, we defined the time width as the time
between the rising edge of the first peak and the falling edge of the second
peak. Fig. 7 shows the time width as a function of the neutron energy. Above
about 10 eV, the effect of the double bunch appears as seen in Fig. 6b. For
the single bunch, the width approaches about 60 ns as the neutron energy
increases. This reflects the width of the proton beam bunch. On the other
hand, for the double bunch, the width approaches about 600 ns, reflecting
the time distance between the two bunches. In the TOF technique, the
uncertainty in neutron energy AFX is calculated from the difference in
energies at t+At and £At. Here, t is the TOF between the moderator and

experimental sample. If Az is small compared to ¢, the energy resolution

% 1s related to the time resolution % by the following equation:

AE At
E t

For the Ge spectrometer at ANNRI, the TOF distance is 21.5 m. By using

the values of the width in Fig. 7 as At, we obtained the energy resolution

shown in Fig. 8. For the single bunch, the energy resolution is about 1% or

less between 1 meV and 10 keV. For the double bunch, the resolution
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decreases above 10 eV and is 10 times less than that of the single bunch
above about 10 keV.

[Fig. 7 about here]

[Fig. 8 about here]
3. Measurements
3.1 Thermal neutron

We measured the time structures of the neutron beam based on the
thermal neutron energy. The measurement set up is shown in Fig. 9. We
placed a mica sample with dimensions of 50x50 mm?2 and a thickness of 5
mm in the beamline, 28.5 m from the moderator. Mica is a silicate mineral
and has a layered crystal structure. We used a mica sample with a layer
interval of 10.4 A. Diffracted neutrons from the sample were detected by a
helium-3 proportional counter at an angle of 162 degrees with respect to the
beamline downstream and a distance of 6560 mm from the sample. TOF
spectra of the diffracted neutrons were obtained. The proton beam had a
repetition rate of 25 Hz and a double-bunch structure. The JSNS power was
120 kW.

From the Bragg’s law, the interval d, scattering angle &, and neutron
wavelength A are related as follows:
A =2dsin(6). (2)
If the product of the wavelength of the incident neutron and a positive
integer value n is equal to the wavelength A in eq. (2), diffraction occurs.
The diffraction peaks in the TOF spectra reflect the time structure of the
neutron beam. Figs. 10a and 10b show the TOF spectra under two
conditions: the disk chopper, which cuts the frame overlap, was not used for
Fig. 10a and used for 10b. The arrows in these figures indicate the expected
positions of the diffraction peaks. The numbers above some of the arrows
correspond to the value n. The n=2 and 3 diffraction peaks in Fig. 10a
appear in the second frame. The intensities of the diffraction peaks in Fig.
10b are lower than those in Fig. 10a because we had to increase the neutron
counter’s discriminator threshold due to noise from the disk chopper. The
spectra with no peaks in these figures, represent the background, measured
by setting the angle of the mica sample off the diffraction condition. The
background was subtracted from the foreground spectra. We obtained
sufficient statistics to analyze the diffraction peaks with n=2, 3, 4, 5, 6, 8, 9,
10, 11, 12, 13, 14, and 18. Fig. 11 shows comparisons of these diffraction
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peaks with the time structures obtained by the simulation. The minimum
and maximum neutron energies for the diffractions are 0.76 and 62 meV,
respectively. The value indicated in each figure corresponds to the neutron
energy of the diffraction. The double bunch does not affect the
measurements for thermal neutron energies, as shown in Fig. 6. In Fig. 11,
the intensities for the simulation data are scaled to those of the
measurement data. All the figures show good agreement between the
measurement and simulation in the intensity range from two to three
orders of magnitudes. In addition, both the components of eq. (1) show
agreement between the measurement and simulation. This result indicates
that JSNS and the ANNRI beamline work properly for the thermal neutron
energies.

[Fig. 9 about here]

[Fig. 10 about here]

[Fig. 11 about herel

The measured diffraction peaks were fitted using eq. (1) to get the
FWHM values of the time structures to allow a comparison with simulation.
All the parameters for the neutron time structure described in section 2.2
were free during the fitting process. In the thermal energy region, the time
structure of the proton beam is negligible. Fig. 12 shows examples of the fits.
The experimental data are well fitted by eq. (1). Fig. 13 compares the
experimentally obtained parameters «, £, and R with those in Fig. 2.
Both sets of parameters are in agreement.

[Fig. 12 about here]

[Fig. 13 about here]
3.2 Epithermal neutron

For epithermal neutrons, we used the resonances of the neutron capture

reaction for tantalum-181. The measurement setup is shown in Fig. 14. We
placed a tantalum foil with an area of 100X100 mm?2 and a thickness of 0.1
or 0.01 mm in the beamline, 29.54 m from the moderator. Prompt gamma
rays were emitted immediately following the neutron capture reaction. The
difference between the time of incidence of the proton beam on the mercury
target of the JSNS and the time that prompt gamma rays are detected
enables us to measure the neutron TOF. The time structure of the neutron
beam 1is convoluted with the TOF spectrum and can be extracted from the

measured TOF spectra for neutron capture resonances. We detected the
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prompt gamma rays by a scintillation detector. The detector consists of
three sets of plastic scintillator and photomultiplier tube. The scintillators
were 703 cm3in volume in total and were set at about 100 mm from the
beamline in a direction normal to the beamline. The detection efficiency for
gamma rays by a plastic scintillator is generally low. However, a plastic
scintillator is very insensitive to background neutrons because the cross
section of the capture reactions for light nuclei in the plastic scintillator is
small. We simulated the neutron background coming from the tantalum foil
and found that it was negligible for the analyzed resonances. The threshold
level for the signal processing of the detector was set to 1 MeV for gamma
rays, taking into account the need for sufficient statistics and background
rejection.
[Fig. 14 about here]

We took two data sets with two tantalum foils, one thick (0.1 mm) and one
thin (0.01 mm). The data for the thick foil is for the higher energy
resonances, whose cross section 1s small. This data was taken in the
single-bunch operation mode of JSNS. The data for the thin foil is for the
low energy resonances. For the low energy resonances, the TOF spectrum
with the thick tantalum foil saturates at the peak of the resonance due to its
large cross section. The operation of JSNS was the double bunch for the
data with the thin foil.

The measured TOF spectrum with the thick foil overlapped the TOF
spectrum of the evaluated cross section at a temperature of 300 K in the
nuclear data library JENDL-3.3 [11] in Fig. 15. As seen in this figure, we
observed resonance peaks of Ta-181 at neutron energies from 4.3 eV up to
about 400 eV.

[Fig. 15 about here]

We extracted the time structures of neutron pulses from the measured
TOF spectra using the following procedure. First, we obtained the neutron
pulses by a convolution of the time structure modeled by eq. (1) and the time
structure of the proton beam. Second, the neutron pulses were convoluted
with the TOF spectra of neutron capture resonances, which are expressed
by the single-level Breit—Wigner equation. The resonance parameters used
in the single-level Breit—Wigner equation were those in JENDL-3.3. Here,
we took into account the Doppler effect on resonances using the technique of
effective temperature [15]. Finally, we fitted the TOF spectra obtained as
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explained above to the measured spectra. All of the parameters for the
neutron time structure described in section 2.2 were free during the fitting
process. Among the many resonances, we chose isolated ones, namely the
resonance with the least overlap with neighboring resonances. Fig. 16
shows examples of fits for the resonances of energies 4.28, 20.29, and 208.48
eV. In Figs. 16a and 16b, the spectra have symmetrical shapes because the
time structure of the neutron pulses is narrow compared to the resonance
width, and the Doppler broadening affects the TOF spectra symmetrically
for Ta-181 resonances at room temperature. On the other hand, the
spectrum in Fig. 16c shows an asymmetrical shape, which reflects the time
structure of the neutron pulses. Fig. 16 also shows the resonances
calculated using the parameters in Fig. 2. The resonance shapes were well
reproduced by the simulation. Fig. 17 compares the experimentally
obtained parameters «, [, and R with those in Fig. 2. Both sets of
parameters are in agreement.

The FWHM values of the neutron pulses for single-bunch mode were
obtained. We used the TOF spectrum with the tantalum foil of thickness of
0.1 mm for all the resonances except the 4.28 and 10.36 eV resonances, for
which the double-bunch structure of the proton beam was taken into
account for fitting.

[Fig. 16 about here]
[Fig. 17 about here]
4. Comparison of the simulation and measurements

We compared the time structures of the neutron pulses between the
simulation and measurements. Fig. 18 shows the FWHM values
corresponding to those of the single bunch. The error bar for each point,
which originates from the statistical uncertainty of the measurement
spectrum, is within the size of the marker. The trend and absolute values of
the measurement results are almost reproduced by the simulation. This
result implies that JSNS and the ANNRI beamline work properly and the
simulation is reliable for deducing the FWHM values in the energy regions
where the measurements data were not obtained.

[Fig. 18 about here]
5. Conclusions
We have performed a simulation and performed measurements of the

time structure of the neutron pulses at the ANNRI beamline, to obtain

10
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accurate data of the neutron-capture cross-sections for minor actinides and
long-lived fission products.

The simulation, which models the neutron source precisely, predicted the
time structure for neutron energies between 0.7 meV and 1 MeV. From this
we obtained the energy resolution that is determined by the TOF technique.
For the double-bunch mode, the energy resolution was found to deteriorate
above about 10 eV, demonstrating that we need a special method to analyze
experimental data at high energy resolution. We made measurements in the
thermal and epithermal energy regions with different methods. In the
thermal energy region, time structures at 13 energy points were measured
using diffraction by a mica sample. The shapes of the time structures were
in agreement with those of the simulation predictions. In the epithermal
energy region, we obtained the TOF spectra for neutron capture resonances
by tantalum-181 nuclei. From these spectra, we extracted time structures at
17 energy points.

The FWHM values of the time structures of the neutron pulses for both
the simulation and measurement data were in good agreement with regard
to the trend and the absolute value. This result shows that the neutron
source and ANNRI beamline are working properly, and the reliability of the
simulation i1s also confirmed. In single-bunch mode, we found that the
energy resolution was better than about 1% in the energy region from 1
meV to 10 keV.

Currently, the power of JSNS is increasing and will reach 1 MW in the
near future. The properties of the proton beam, such as the time width of
the beam bunch and the spatial distribution on the mercury target, may
change with the increase in power. Therefore, it is important to periodically
check the time structure of the neutron pulses by simulation and
measurement.
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Figure captions

Figure 1

Examples of fits of eq. (1) to the time structures of neutron pulses obtained
by the simulation. The solid lines represent eq. (1). The dashed and dotted
lines correspond to the slowing-down and storage terms in eq. (1),

respectively. The values indicated in the figures are neutron energies.

Figure 2
Fit parameters t,, «, f, and R. The solid lines are polynomial functions,

which were fitted to the data points.

Figure 3

Two-dimensional plot of the time and energy of neutrons at the moderator
surface. The time structure of the proton beam is not convoluted. The
intensity is normalized at the pulse peak. This plot is drawn at 1/100th of
the intensity of the peak.

Figure 4

Time structures of the proton beam for the JSNS operation conditions when
the measurements were performed. The solid and dashed lines represent
the single-bunch and double-bunch modes, respectively. The FWHM value

of each bunch is 60 ns.

Figure 5

Examples of convolution of the time structure originating from the
slowing-down process in the moderator with the proton-beam time structure.
The neutron energies of figs a, b, and ¢ are 1.02 meV, 40.7 eV, and 1.02 keV,
respectively. The solid and dotted lines are the results for the double- and

single-bunch modes, respectively.

Figure 6

Two-dimensional plots of the time and energy of neutrons at the moderator
surface. The time structure of the proton beam is taken into account.
Figures a and b are the results for the single- and double-bunch modes,

respectively.
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Figure 7
The FWHM values for the time structure by the simulation as a function of
neutron energy. The solid and dashed lines represent the single- and

double-bunch modes, respectively.

Figure 8
Neutron energy resolution at 21.5 m from the moderator based on the
simulation. The solid and dashed lines represent the single- and

double-bunch modes, respectively.

Figure 9
Measurement setup for the time structure of neutron pulses at thermal

neutron energies.

Figure 10

TOF spectra obtained by the diffraction method. The disk chopper was not
operated for figure a and was operated for figure b. The spectra, with no
peaks are the background data, which were taken by setting the angle of the
mica sample off the diffraction condition. The arrows in these figures
indicate the expected positions of the diffraction peaks. The numbers above

some of the arrows correspond to the parameter n, as explained in the text.

Figure 11

Comparison of measured diffractions (data points) with the time structures
obtained by the simulation (solid lines). The value indicated in each figure
corresponds to the neutron energy of the diffraction. The dashed and dotted

lines are the slowing-down and storage terms in eq. (1), respectively.

Figure 12
Examples of fits of the measured data with eq. (1). The solid lines represent
the fitting results. The dashed and dotted lines are the slowing-down and

storage terms in eq. (1), respectively.
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Figure 13
Comparison of parameters «, f, and R in the thermal neutron region.
The lines and data points are the simulation and measurement data,

respectively.

Figure 14
Measurement setup for the time structure of neutron pulses in the

epithermal neutron energy region.

Figure 15

Measured TOF spectrum with the thick tantalum foil and the cross section
of the neutron capture reaction based on the nuclear data library
JENDL-3.3 at a temperature of 300 K.

Figure 16

Examples of fits of the measured TOF spectra in the epithermal neutron
energy region. Figures a, b, and ¢ show the resonances with energies of 4.28,
20.29, and 208.48 eV, respectively. Resonance curves are also evident, which

are calculated using the parameters obtained by the simulation.

Figure 17
Comparison of parameters «, f,and R in the epithermal neutron region.

The lines and data points are the simulation and measurement data,

respectively.
Figure 18

Comparison between the simulation and measurements of the FWHM

values of the time structures of neutron pulses for single-pulse mode.
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Table 1

Parameters used in the simulation of the neutron source.

Proton beam Energy

Spatial shape

3 GeV

Rectangle (uniform distribution)
-25.9 — +25.9 mm (horizontal)
-12.6 — +12.6 mm (vertical)

Liq.H2 moderator Temperature
Density

Ortho-Para ratio

19.7 K
4.2655 X 1022 atoms/cm3
Para 100%

Cooling water Reflector

Mercury target

Light water
Light water
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