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ABSTRACT

Neutron total and capture cross—section measurements of '>>Gd and '>’Gd were performed
with Li-glass detectors and a Nal(Tl) spectrometer in the ANNRI at the MLF of the J-PARC. The
neutron total cross sections were determined in the energy region from 5 to 100 meV, and
those at the thermal neutron energy were obtained to be 59.4 + 1.7 and 251.9 + 4.6 kilobarn
for '>>Gd and '*’Gd, respectively. The neutron capture cross sections were determined in the
energy region from 3.5 to 100 meV with an innovative method, and those at the thermal capture cross section;
energy were obtained as 59.0 4 2.5 and 247.4 + 3.9 kilobarn for '>>Gd and '>’Gd, respec-  J-PARC; MLF; ANNRI; neutron
tively. The present total and capture cross sections agree well within the standard deviations. TOF

The results for '>>Gd were found to be consistent with the values in JENDL-4.0 and the

experimental data given by Meller et al., Mastromarco et al. and Leinweber et al. Those for

157Gd agreed with the evaluated data in JENDL-4.0 and the experimental data by Mgller et al.

and Mastromarco et al. However, they disagree (11% larger) with the experimental result by
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1. Introduction

Throughout a reactor operation, the reactivity
decreases since fissile materials, such as **°U, are
consumed and fission product nuclides, some of
which are efficient neutron absorbers, are gener-
ated. As a result, a positive (excess) reactivity is
necessary at the beginning of its operation. In
order to keep a critical state in a pressurized
water reactor, the positive reactivity is suppressed
by a negative reactivity insertion using control rods
or chemical shim[1]. Burnable poisons incorpo-
rated in nuclear fuel, which have been widely
used in commercial light water reactors (LWR) to
extend cycle lengths and to increase fuel burnups,
are gradually consumed under a neutron irradia-
tion [2]. In most cases, gadolinium (Gd) is used as
burnable poison since two isotopes of Gd, '*>Gd
and '"’Gd, have large neutron capture cross sec-
tions at the thermal energy (25.3 meV). Hence, it is
essential for safe and reliable operations of nuclear
power plants to accurately determine the neutron
capture cross sections of these nuclides.

For '*>Gd and "’ Gd, the capture cross sections are
much larger than the elastic scattering ones (smaller
than 1%) and nearly equal to the total ones in the
energy range below 0.1 eV. Many experimental data

[3-10] for the total and capture cross sections of '>>Gd
and "”’Gd at the thermal energy are available and
summarized in Table 1 in comparison with the latest
evaluated values in JENDL-4.0 [11] and ENDEF/
B-VIII.O [12] and the compilation data by
Mughabghab [13]. As listed in Table 1, the reported
values for '°>Gd are consistent and in good agreement
with the evaluated values in JENDL-4.0 and ENDF/
B-VIIL.0. However, many of the reported values for
"7Gd are inconsistent with the evaluated values.

For '®’Gd, the evaluation in JENDL-3 [14] was
made based on the data measured by Moller et al.
[4]. In 2003, the neutron capture and total cross
sections and the resonance parameters in the range
from 1 to 300 eV were reported by Leinweber et al.
[7]. Some benchmark tests using the data by
Leinweber et al. have been performed. The integral
experiments at the PROTEUS [15] were reported that
the use of the data by Leinweber et al. had the
potential to resolve some differences in trends
observed for poisoned and poison-free UO, rods.
Another benchmark test employed several criticality
data of low-enriched uranium lattice systems with
dissolved gadolinium in the ICSBEP handbook [16].
It reported that the test result had significantly over-
estimations of the criticalities. In the JENDL-4.0
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Table 1. Derived total and capture cross-section data of '>>Gd and '*’Gd at thermal energy compared to
the data in the literature and the evaluations.

Reference Year 135Gd (kb) 57Gd (kb) Method
Tattersall et al.[3] 1960 498 4+ 06° 213 + 2° Pile oscillator
Mgller et al.[4] 1960 60.6 + 057 254 + 27 TOF
Ohno et. al.[5] 1968 619 + 067 248 + 47 TOF
Sun et. al.[6] 2003 59.1 + 4.6° 232 + 14° Prompt gamma-ray
Leinweber et al.[7] 2006 60.7° 226° TOF
Noguere et al.[8] 2011 619 + 1.5° Pile oscillator
Choi et. al.[9] 2014 56.7 + 2.1° 239 + 67 Prompt gamma-ray
Mastromarco et al.[10] 2019 622 + 2.2° 2398 + 84° TOF
JENDL-4.0[11] 2010 60.797 25417
60.74° 25320
ENDF/B-VIII.0[12] 2018 60.80° 253.9¢
60.74° 252.9°
Mughabghabl[13] 2018 60.39 4+ 0.50 7 255.0 4+ 0.8°
60.33 + 0.50° 2540 + 0.8°
This Work 594 + 1.7° 2519 + 4.6° TOF
590 + 25° 2502 + 5.0°
2474 + 3.9°

“Total cross section.
bCapture cross section.

evaluation, to reproduce the ICSBEP benchmarks,
background cross section was added to the data by
Leinweber et al. in the thermal energy range. The
background cross section was equal to the difference
between the capture cross section of JENDL-3.3 and
those of the calculations using the resonance para-
meters by Leinweber et al. In the ENDF/B-VIIIL.0
evaluation, the resonance parameters are based on
the results reported by Leinweber et al. and the reso-
nance parameters of the 0.0314-eV resonance were
adjusted to reproduce the ICSBEP benchmarks. The
adjusted parameters are consistent with those
reported by Moller et al. As a result, the thermal
total cross sections in the latest evaluated files,
JENDL-4.0 and ENDF/B-VIILO0, are 254.1 and 253.9
kb, respectively. These values are 11% larger than the
result of Leinweber et al.

In 2017, Rocchi et al. [17] performed a sensitivity
and uncertainty analysis to investigate the effect of the
cross—section data for odd Gd isotopes on the multi-
plication factor of some LWR fuel assemblies. They
reported the importance of the odd Gd isotopes in the
criticality evaluation together with the need of a re-
evaluation of the neutron capture cross sections. In
2019, Mastromarco et al. [10] reported neutron cap-
ture cross section in the energy range from thermal
energy to 1 keV and resonance parameters of °’Gd in
the energy range from 1 to 307 eV. The reported
resonance parameters almost agree with the evaluated
libraries but the thermal capture cross section is smal-
ler than the evaluated values by 6%. Thus, another
independent measurement is desirable to resolve the
discrepancies in the thermal energy range.

In this work, the neutron total and capture cross
sections of °>Gd and "*’Gd were derived from the data
measured in Accurate Neutron-Nucleus Reaction

measurement Instrument (ANNRI) at the Materials
and Life Science Experimental Facility (MLF) [18] of
Japan Proton Accelerator Research Complex
(J-PARC). The neutron total cross sections were deter-
mined using a well-established neutron-transmission
method with Li-glass detectors, and the capture cross
sections were determined using a new method by tak-
ing the ratio of the detected capture event rate between
thin and thick samples with a NaI(Tl) spectrometer.

In this paper, the outlines of the neutron time-of-
flight (TOF) experiment facility, ANNRI, and infor-
mation of the samples are described in Section 2. The
total cross-section measurement is presented in
Section 3, and the capture cross-section measurement
is described in Section 4. Finally, the discussion and
summary are given in Sections 5 and 6.

2. Facility and Sample preparation
2.1. ANNRI at J-PARC

The 1-MW pulsed spallation neutron source in the MLF
is one of the main experimental facilities within the
J-PARC project. A 1-MW proton beam with an intensity
of 333 yA accelerated using a 3-GeV rapid cycling syn-
chrotron is injected into a mercury target at a repetition
rate of 25 Hz. Intense pulsed neutrons are produced by
the spallation reaction in the mercury target. In the MLF,
there are three distinctive moderators that employ super-
critical hydrogen at 20 K and 1.5 MPa. In the three
moderators, a Coupled Moderator (CM) provides the
most intense neutron beam. ANNRI is located on
No. 04 beam port and uses neutrons from the CM.

In ANNRI, there are two gamma-ray spectrometers
and one neutron detector system as shown in Figure 1
[19,20]. In this work, the Li-glass detector system at
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Figure 1. Side view of the ANNRI beamline.

a flight length of 28.4 m and the NaI(Tl) spectrometer
installed at a flight length of 27.9 m were used for the
total and capture cross-section measurements, respec-
tively. The neutron-beam line of ANNRI consists of
neutron notch filters, a disk chopper, collimators, and
beam ducts to provide neutrons with optimal quality.
The disk chopper made of 95 wt% isotopically
enriched '°B,C is used to reduce background due to
frame-overlap neutrons originating from one or two
previous pulsed neutrons. More details about the
ANNRI are given in Ref. [21]. J]-PARC was operated
at a proton beam power of 206 kW. Throughout the
experiment, the number of protons injected into the
mercury target was monitored using a current trans-
former installed at the proton beam-line and was
stable within 1.4% in FWHM. During the experiment,
for every 2.48 s, the first 58 of 62 proton shots were
provided to the MLF and the last four shots were
supplied to the other facilities. Start trigger signals
for the TOF measurements were produced using
a proton beam pulse monitor located in a beam trans-
port tube toward the mercury target.

2.2. Sample preparation

In order to avoid saturation of the yield attributable to
self-shielding, very thin samples are required to mea-
sure the capture cross sections near the thermal energy
region. Enriched gadolinium nitrate, Gd(NO3);, was
crystalized on a 10-um’ pure aluminum foil to make
thin sample layers with the same size as the Al foil and
a thickness of approximately 0.2 ym (or 2 ym), where
the gadolinium nitrate layered Al foil was denoted by
‘Gd 0.2-um’ sheet’ (or ‘Gd 2-um’ sheet’). Details of the

0 5 I(I)(m)

1

Scale

sheet sets are listed in Table 2. For each enriched
gadolinium isotope, eight and twelve sheets with nom-
inal thicknesses of 0.2 and 2 ym were prepared, respec-
tively. The area density of each sample sheet was
deduced from the area of the Al foil measured with
a digital microscope and the weight of the sheet sub-
tracted by that of the Al foil measured with an electro-
nic balance before crystallization. The uncertainty of
the area density of each sheet was deduced from the
accuracies of the electronic balance and the digital
microscope. The averaged area density of each sheet
set is written in the third column of Table 2.

The thickness of Gd in each of the produced
sample sheets was not uniform. Thus, the influence
due to the thickness non-uniformity should be dis-
cussed. To estimate this influence, the relative
thickness of Gd was measured by using the X-ray
fluorescence spectrometry (with a spot size of 50
pm) at the center position and four positions
around the corners (i.e. 5 points) on every sheet
and the standard deviation of the thickness for each
sample sheet set was obtained. The values are
shown in the fourth column of Table 2. In the
results of the X-ray fluorescence spectrometry, no
correlation was found between the measured thick-
ness at the center position and that at the corner
positions. In this paper, the thickness of Gd on
a sample sheet was assumed to have a truncated
normal distribution with no correlation between
thickness and position (cf., center and corner on
the sample sheet).

To reduce the influence due to thickness non-
uniformity, samples stacked with several sheets were
used as Gd samples for the experiments. Since it was

Table 2. Characteristics of the >>'>7Gd sheet sets.

Name of sheet set Number Averaged area density Standard deviation
of produced of *°Gd or "*’Gd of thickness
sheets (atoms/b) (%)
1%5Gd 0.2-um’ sheet 8 6.08 x 107 17.4
155Gd 2-um’ sheet 12 6.27 x 107° 204
%7Gd 0.2-um’ sheet 8 536 x 107 19.5
157Gd 2-um’ sheet 12 508 x 107° 21.2




assumed that the thickness of Gd on the sample sheet
had a truncated normal distribution, the thickness of
Gd on the stacked sample also had a truncated normal
distribution. The area density of the Gd sample was
obtained by summing the area densities of the stacked
sheets. The dispersion of thickness for the Gd sample
was estimated using the deviation of the thickness of
the sample sheet set shown in the fourth column of
Table 2. The obtained area densities of the Gd sample
were used as the mean value in the truncated normal
distribution and the dispersion of thickness was used
as the variance in the truncated normal distribution.
In this paper, the uncertainties of the area density and
thickness dispersion were handled separately in the
uncertainty analysis.

The sample size was 30 mm X 30 mm and it was
large enough to cover the whole neutron beam size.
Isotopic compositions of gadolinium in the '>>Gd and
*7Gd samples were determined by thermal ionization
mass spectrometry (TIMS) [22]. The results are shown
in Table 3.

3. Neutron total cross section measurements
with Li-glass detectors

3.1. Experimental procedure

The experimental procedure was almost in the
same manner as that described in Ref. [19,23].
Two types of Li-glass scintillation detectors were
utilized for the transmission measurements. The
setup of the Li-glass detectors is shown in
Figure 2. A °Li-glass detector manufactured by
OKEN was used to obtain the neutron TOF trans-
mission spectra. The scintillator of the detector was
GS-20 (°Li enrichment higher than 95%) produced
by Saint-Gobain with a dimension of 50 mm X
50 mm and a thickness of 1 mm. Neutrons were

Pulsed
Neutrons
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Table 3. Isotopic compositions of gadolinium in the Gd
samples.

Isotope 135Gd sample (atom%) 7Gd sample (atom9%)
15264 0.011 + 0.001 0.003 + 0.001
1%4Gd 0.627 =+ 0.001 0.038 + 0.001
135Gd 91.651 + 0.007 0.293 + 0.001
1%6Gd 5188 + 0.006 1.684 + 0.002
%7Gd 1.146 =+ 0.001 88.325 =+ 0.009
18Gd 0.963 =+ 0.001 9.089 + 0.008
160Gd 0.414 + 0.001 0.568 + 0.001

detected via the °Li(n, «)’H reaction. The GS-20
scintillator was coupled to a HAMAMATSU H7195
photomultiplier tube (PMT). The distance from the
moderator to the °Li-glass detector was 28.4 m.
Additionally, a "Li-glass detector was used to deter-
mine the background shape due to gamma rays.
The scintillator of the “Li-glass detector was GS-
30 (“Li enrichment higher than 99.99%) produced
by Saint-Gobain with the same size and chemical
component as the GS-20 scintillator. The ’Li-glass
detector had the same type of PMT as the °Li-glass
detector. Thus, the neutron sensitivity of the "Li-
glass detector is significantly smaller than that of
the °Li-glass detector due to the small neutron
absorption cross section but both sensitivities to
gamma rays are almost identical. The ’Li-glass
detector was installed on the upstream side of the
®Li-glass detector.

Signals from these detectors were fed into
a CAEN V1720 (12bit 250 MHz) module with the
CAEN Charge Integration DPP firmware (DPP-CI)
[24]. The CAEN V1720 directly digitizes the out-
puts from the detectors. The DPP-CI calculates the
pulse height (PH) data from the total input charge
in an integrating window, and records the PH and
timing data in ‘event-by-event mode.” Further
details can be found in the user manual of the
DPP-CI [25]. The integrating window width was

7Li enriched Li-glass
GS-30 (50x50x1mmt)

5Li enriched Li-glass
GS-20 (50x50x1mmt)

HAMAMATSU H7195

PMT

HAMAMATSU H7195

PMT

Figure 2. Top view of the setup of Li-glass detectors.
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Table 4. Characteristics and measurement time of samples for total cross-section measurements.

Sample name Materials °

Area density of "*>Gd or *’Gd
(10 %atoms/b)

Measurement Time

(h)

Dispersion of thickness
(%)

15Gd 0.2-um’ sheet x 4
%7Gd sample 17Gd 0.2-um" sheet x 4
Al foil sample Al foil (10 um") x 4
Black resonance’ -

2.46
2.24

1%5Gd sample

+
+

0.04
0.04

8.7
9.7

IS

S DO

@ With the neutron notch filters of "**Mn, "**Co, "*'In, and "*'Ag.
® A sample was set on the holder.

set as 1200 ns (300 ch.). The width is long enough
compared to the decay time of the GS-20 scintilla-
tor (60-110 ns). The dead time per event was set as
1264 + 4 ns (316 £+ 1 ch.) using the trigger
holdoft function of the DPP-CI.

A lead block with a thickness of 87.5 mm was
placed on the neutron beam line, in order to reduce
the dead time of the Li-glass detectors caused by
intense gamma rays from the moderator.

In the total cross-section measurements, the ‘Gd
0.2-um' sheets’ were quadruply stacked and the
stacked sheets were used as a Gd sample with an
effective thickness of 0.8 ym. The area density and
the measurement time of each sample is summarized
in Table 4. These samples were placed in the inter-
mediate collimator at a flight length of 24 m.
A measurement with four Al foils with a thickness of
10 um was also carried out to estimate the ‘sample out’
conditions. The black resonance technique was
applied using the neutron notch filters of "*Mn,
"*Co, "*In, and "*Ag to normalize the background
shape due to gamma rays. TOF parameters, flight
length and offset time from the electric trigger signal
to the gamma flash (i.e. #)) were determined using
unsaturated resonances of the neutron notch filters.
Moreover, to estimate relative neutron intensities, an
Al foil with a thickness of 20 ym was set at the sample
position of the array of large Ge detectors which is
installed at the upstream side of the Li-glass detectors
[26], and prompt gamma-rays from the 27 Al(n, y)
reaction were measured with the Ge detectors at the
same time as the measurements listed in Table 4 .

3.2. Data analysis

3.2.1. Pulse height spectra

The PH spectra of the '*’Gd sample with the °Li-
glass and "Li-glass detectors are shown in Figure 3.
The events due to the °Li(n, a)*H reaction (around
2600 ch.), double-hit (around 5200 ch.) and triple-
hit (around 7800 ch.) are clearly observed in the PH
spectrum of the °Li-glass detector. Since GS-30 con-
tains a slight amount of °Li (less than 0.01%), the
"Li-glass detector has weak sensitivity to neutron,
and the spectrum measured by the “Li-glass detector
also exhibits peaks due to the ®Li(n, «)’H reaction.
A lower discrimination gate at 1700 ch. was applied
to derive TOF spectra, as shown in Figure 3.

107 : : :
— SLj -glass detector

106 — 7Li-glass detector |

10°

104

Counts/Ch

103

N

4,000 6,000
Pulse Height (Ch)

102

Gate

10

0 2,000 8,000 10,000

Figure 3. Pulse height spectra of the '*’Gd sample measured
with the SLi-glass and ”Li-glass detectors.

3.2.2. Raw TOF spectra

Figure 4 displays the gated TOF spectra of the '*°Gd,
7Gd, and Al samples measured with the °Li-glass and
"Li-glass detectors. Each TOF spectrum was normal-
ized with the number of proton beam shots. The broad
peak around 15-35 ms is ascribed to the thermalized
neutron bump made by the liquid hydrogen modera-
tor. The gamma-ray backgrounds deduced from the
TOF spectra with the “Li-glass detector were smaller
than the neutron TOF spectra with the °Li-glass detec-
tor by two orders of magnitude.

— SLi -glass >’Gd
-~ 7Li-glass **’Gd

— SLi -glass >°Gd
_-Li -glass °5Gd

— 8Lj -glass Al Foils
__. ’Li -glass Al Foils

100
°

< 10
<
"
&

=] 1
S~
2
5

H 0.1
o

0.01

0.001

0 10 20 30 40

Time of Flight (ms)

Figure 4. Gated TOF spectra of the '°°Gd, '°’Gd, and Al
samples measured with the SLi-glass and ’Li-glass detectors.
Each TOF spectrum was normalized with the number of proton
beam shots.



3.2.3. Dead time correction

Dead time corrections were made with the tradi-
tional non-paralyzable dead-time model [27]. The
dead time per event was set as 1264 + 4 ns (316
+ 1 ch.). The calculated dead time correction
factors for the '>>Gd, '>’Gd, and Al samples mea-
sured with the °Li-glass detector are shown in
Figure 5. The dead time for the "Li-glass detector
was negligibly small in this experiment. The uncer-
tainties of the correction were calculated from the
uncertainty of the dead time per event (0.32%) and
the statistic uncertainty of the total measured
events in the period of the dead time. The influ-
ences of the double-hit and triple-hit events were
also corrected in this dead time correction.

3.2.4. Frame overlap background and constant
background

During the experiment, the first 58 of every 62 shots
were provided to MLF and the other shots were
delivered to the other facilities. Thus, every 2.48 s,
a distinct TOF spectrum with a broad time range (to
200 ms, different from that with normal 40 ms) was
obtained. The wide range TOF spectrum of the '>’Gd
sample measured with the °Li-glass detector, is
shown up to 80 ms in Figure 6. As shown in
Figure 6, the disk chopper was closed in the TOF
range from 36 to 73 ms. The tail of the previous
neutron pulse was observed in the wide range TOF
spectrum after 40 ms. The effect of the disk chopper
(described in Appendix) can be seen in the tail of the
previous neutron pulse. After 73 ms (instead of 33 ms
in the normal TOF) the disk chopper was opened
again. The counts suddenly increase by an order of
magnitude. Nonetheless, in this analysis, the TOF
data before 30 ms was used for the spectrum analysis,
and the influence due to the re-open of the disk
chopper was not estimated.

— 157Gd Sample — 155Gd Sample — Al Foils

125 |

12 | A

115 | WA\/\;\
I e
AR

~ S

Dead Time Correction Factor

. B
Qiiz

0 10 20 30 40
Time of Flight (ms)

Figure 5. Dead time correction factors for the '*°Gd, '*’Gd and
Al samples in the measurements with the °Li-glass detector.
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Figure 6. Wide range TOF spectrum after 40 ms and normal
TOF spectrum in comparison with the fitted result and the
deduced frame overlap and constant backgrounds. The TOF
spectra are results of the '>’Gd sample with the SLi-glass
detector.

The frame overlap background and constant back-
ground in the normal TOF range earlier than 30 ms
were deduced by fitting the following equation to this
wide range TOF spectrum in the TOF region from
40 ms to 70 ms [28]:

F(t) :axexp(fti)+[)’. (1)
where ¢ is the TOF in ms and o,  and ¢, are fitting
parameters. The fitted curve corresponding to the
background spectrum is also displayed in Figure 6.
The obtained time constant ¢, was about 11 ms. The
first two of 58 proton beam shots do not have any
influence of the preceding ones on the frame overlap
background because four proton shots before the first
two ones were not delivered to MLF. Thus, the frame
overlap background and constant background,
Bric(t), was deduced by the following equation in
the TOF range between 0 and 30 ms,

= % X o X exp(— L Ams ;IOmS> +B. (2

c

Bric(t)

The determined background is also shown in Figure 6.
This background estimation was applied to each TOF
spectrum. In this step, uncertainties of this back-
ground subtraction were deduced from the uncertain-
ties of the fitted parameters.

3.2.5. Gamma-ray background

Background events due to detected gamma-rays
were derived from the TOF spectra measured
with the ’Li-glass detector. In order to correct
the difference in the gamma-ray detection effi-
ciency between the °Li-glass and Li-glass detec-
tors, the black resonance technique was applied to
normalize the TOF spectra measured with the "Li-
glass detector at the four dips by *>Mn, *Co, '"’In
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Figure 7. TOF spectra of the °Li-glass and ’Li-glass detectors
before and after normalization. The TOF spectra are results of
the Blank sample with the neutron notch filters of "**Mn, "*'Co,
", and "'Ag.

and '’Ag. Figure 7 shows the TOF spectra of the
®Li-glass detector and those of the "Li-glass detec-
tor before and after normalization. The deduced
normalization factor was 1.16 =+ 0.04.
Uncertainties due to this background subtraction
were deduced from the uncertainties of the nor-
malization factor and the statistical uncertainties.
The deduced uncertainties were very small, since
the spectrum with the “Li-glass detector was much
smaller than that with the °Li-glass detector in the
neutron energy range below 1 eV (TOF range after
2 ms), as presented in Figure 4 .

The deduced background of each sample is shown
in Figure 8 in comparison to the TOF spectrum of
each sample measured with the °Li-glass detector after
the frame overlap and constant backgrounds were
removed. As shown in Figure 8, the obtained back-
ground is less than 1% relative to the TOF spectrum

— 157Gd Li-glass
----15Gd Gamma B.G.
100 ¢

— 155Gd ©Li-glass
---- 155Gd Gamma B.G.

— Al Foils ®Li-glass
---- Al Foils Gamma B.G.

10 |
1
0.1

0.01

Counts/100ps/shot

0.001

0.0001

Time of Flight (ms)

Figure 8. Gamma-ray background spectra of the '>>Gd, '*’Gd,
and Al samples and TOF spectra with the 6Li—glass detector
after the frame overlap and constant backgrounds were
removed.
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Figure 9. Transmission ratios of the '>>Gd and "*’Gd samples
to the Al sample. The error bars represent the statistical
uncertainties.

with the °Li-glass detector in the neutron energy range
below 0.1 eV (over 6.5 ms in TOF). The net neutron
TOF spectra of the 155Gd, 1°’Gd, and Al samples were
obtained by subtracting the normalized TOF spectra
with the "Li-glass detector from the TOF spectra with
the °Li-glass detector.

3.2.6. Transmission ratio

In the experiment, to estimate the relative neutron
intensities, an Al foil with a thickness of 20
pm was set at the sample position of the array of
large Ge detectors and prompt gamma-rays from
the %7 Al(n, y) reaction were measured at the same
time as the measurements with the Li-glass detec-
tors. The number of events whose gamma-ray
energies were over 2000 keV and neutron energies
were smaller than 0.1 eV was used to eliminate the
strong decay gamma rays from *®Al (1778 keV).
Relative neutron intensity per proton beam shot
for each sample was derived by dividing the num-
ber of the gated gamma-rays by the number of
proton beam shots in the measurement. Due to
neutron intensity differences, correction factors
were deduced by taking the ratio between the
deduced relative neutron intensities. The correc-
tion factors were 1.0063 £ 0.0002 for the ratio of
the °>Gd sample to the Al sample and 1.0069 +
0.0002 for the '”’Gd sample. Uncertainties due to
the neutron intensity normalization were calcu-
lated from those of these factors. The obtained
transmission ratios are shown in Figure 9 with
the uncertainties.

3.2.7. Cross section calculation

The thickness of Gd on each Gd sample was given
by a truncated normal distribution. The mean value
of the distribution was the area density of the Gd
sample and the variance was the thickness



dispersion. The transmission ratios, R(E,), for the
>Gd and ""’Gd samples were calculated with the
following equation:
b
R(EH) — eXP(*Um/(En) X N(}'d X X>

a

x f(x;u,s,a,b)dx, (3)

where y=1,a =0, b =2, g,(E,) is the total cross
sections of the Gd samples, s is the thickness standard
deviation of the Gd samples described in the fourth
column of Table 4, Ng, is area density of the Gd
sample described in the third column of Table 4 and
f(x;p,s,a,b) is a probability density function of the
truncated normal distribution with mean y and var-
iance s* within the region from a to b. The total cross
sections for the '>Gd and '"’Gd samples were
deduced using Equation (3) and the transmission
ratios shown in Figure 9.

The uncertainty related to the sample mass was
propagated from the uncertainties of the area density
with Equation (3). The uncertainty due to thickness
non-uniformity (i.e. the influence of the thickness
dispersion) was assumed from the difference between
the results with and without the truncated normal
distribution in Equation (3). If the sample was tilted,
the area density of the Gd sample would be under-
estimated. The sample setting accuracy was estimated
as less than 5 degrees. The uncertainty due to sample
setting was deduced from the difference between the
results with and without the tilt of the sample.

3.3. Results

The deduced total cross sections for the '°Gd
and the '"’Gd samples include influences of the
sample impurities. However, the total cross sec-
tions of >>Gd and '"’Gd are much larger than
those of the other Gd isotopes in the thermal
region. Hence, in the present analysis, only the
influence of '°>Gd and '"’Gd were considered.
The influence of the '°>Gd contamination in the
’Gd sample was negligible since the ">>Gd con-
tamination was less than 0.3% and the total cross
section of '”’Gd is 4 times larger than that of
'5Gd. The derived total cross section of '*’Gd is
shown in Figure 10 together with the evaluated
values in JENDL-4.0 and ENDF/B-VIIIL.0. On the
other hand, the '*’Gd contamination in the °°Gd
sample is not negligible. The contribution of the
'*7Gd contamination was subtracted from the
total cross section of '>Gd sample using the
deduced total cross section of '>’Gd. The derived
total cross section of '>>Gd is shown in Figure 11.

In this analysis, the statistical uncertainty and
the uncertainties due to the dead time correction
(in Section 3.2.3.), the frame overlap subtraction (in
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Figure 10. Derived total cross section of >’Gd compared to
the evaluated values of JENDL-4.0 and ENDF/B-VIIL.O at the
temperature of 300 K (broadened with the resolution function
of ANNRI [29]). The error bars represent the statistical
uncertainties.
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Figure 11. Derived total cross section of >Gd compared to
the evaluated values of JENDL-4.0 and ENDF/B-VIIL.O at the
temperature of 300 K (broadened with the resolution function
of ANNRI [29]). The error bars represent the statistical
uncertainties.

Section 3.2.4.), the gamma-ray background subtrac-
tion (in Section 3.2.5.), the neutron intensity nor-
malization (in Section 3.2.6.), the sample mass, the
sample setting accuracy, the thickness
uniformity (in Section 3.2.7.), and the subtraction
of "’Gd contribution were considered. The uncer-
tainty due to the '*’Gd contribution was derived
from the uncertainties of the abundance and the
deduced '"’Gd total cross section. Some of the
estimated uncertainties are shown in Figures 12
and 13. The details of these uncertainties at the
thermal energy are summarized in Table 5. In the
total cross section at the thermal energy, the main
component of the uncertainty comes from the sta-
tistical uncertainty and the systematic uncertainties
related to the area density of Gd.

non-
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* Total Cross Section —Total Unc.
—Statistical Unc. - - Frame Overlap Subtraction
---Thickness non-uniformity - Sample Mass
---The Other Steps
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Figure 12. Derived total cross section of '>’Gd, and uncer-
tainties of the cross section (total and statistical uncertain-
ties, and uncertainties due to frame overlap subtraction,
thickness non-uniformity of the sample and sample mass).
The other uncertainties, not shown explicitly but consid-
ered, are those due to dead time correction, neutron
intensity normalization, gamma-ray background subtrac-
tion and sample setting.
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Figure 13. Derived total cross section of °>>Gd, and uncertain-
ties of the cross section (total and statistical uncertainties, and
uncertainties due to frame overlap subtraction, thickness non-
uniformity of the sample and sample mass). The other uncer-
tainties, not shown explicitly but considered, are those due to
dead time correction, neutron intensity, gamma-ray back-
ground subtraction, sample setting condition and subtraction
of "*’Gd contribution.

4. Neutron capture cross section
measurement with the Nal(Tl) spectrometer

4.1. Experimental procedure

The Nal(Tl) spectrometer in ANNRI [30,31] was used
in the capture cross-section measurement. The setup
of the Nal(Tl) spectrometer is shown in Figure 14. The
Nal(T1) spectrometer consists of two different-sized
Nal(T1) detectors each of which is surrounded by
plastic scintillators. The large-sized NaI(Tl) detector,
with a diameter of 330 mm and a length of 203 mm, is
placed at the angle of 90 degrees with respect to the
neutron-beam line and the small-sized Nal(Tl) detec-
tor, with a diameter of 203 mm and a length of
203 mm, is placed at the angle of 125 degrees. If
necessary, the detector at 125 degrees is used to reduce
the effects of angular distributions of capture gamma
rays from resonances with the orbital angular momen-
tum, [>0. The plastic scintillators are used to elimi-
nate events triggered mainly by cosmic rays. The
detectors are shielded by lead, cadmium, borated poly-
ethylene and borated rubber. In addition, in order to
shield the detector from neutrons scattered at the
sample, enriched °LiH powder enclosed in an Al

¢

Pulsed [
Neutrons

sample
= Nal(TI) scintillator
1 plastic scintillator
B Photo-multiplier tube
s |ead
borated polyethylene beam duct

lithium hydride
=1 lithium carbonate

Figure 14. Top view of the setup of the Nal(Tl) spectrometer in
ANNRI. The large- and small-sized Nal(Tl) detectors are placed
at the left and right sides of the beam duct.

Table 5. Details of uncertainties for the derived total cross section of
13°Gd and "*’Gd at the thermal energy.

1%5Gd (kb) ¥7Gd (kb)

Derived cross section 594 £ 1.7 2519 £ 46
Statistical uncertainty 14 2.2
Dead time correction 0.1 0.1
Frame overlap subtraction 0.1 0.2
Gamma-ray background subtraction < 0.1 < 0.1
Neutron intensity normalization 0.1 0.1
Sample mass 0.9 39
Sample setting accuracy 0.2 1.0
Thickness non-uniformity 0.1 0.7

157Gd contribution
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Table 6. Characteristics and measurement time of samples for the capture cross-section measurements.

Sample name Materials °

Area density of ">> Gd or "*’Gd

Dispersion of thickness Measurement Time

(10 %atoms/b) (%) (h)
15Gd 0.6-um’ sample ~ ">°Gd 0.2-um’ sheet x 3 171 + 0.03 10.1 4
155Gd 10-um’ sample 155Gd 2-um’ sheet x 5 294 + 0.04 9.0 4
%7Gd 0.6-um' sample  '*’Gd 0.2-um’ sheet x 3 172 + 0.03 1.3 5
7Gd 1.2-um‘ sample ~ "*’Gd 0.2-ym' sheet x 6 3.22 + 0.04 8.0 15
137Gd 20-um’ sample %7Gd 2-um’ sheet x 10 496 + 05 6.7 16
Al sample Al Foil (10 um’) x 5 - - 4
Blank sample - - - 4
Au sample Au foil 20 mm¢, 10 um") - - 1

9 Sample was sealed in the FEP bag and fixed on the holder.

container is placed in front of the detectors and the
carbon fiber beam duct around the sample position
was covered with enriched °Li,COs powder enclosed
in a polytetrafluoroethylene container of a hollow
cylindrical shape. The details of the NaI(TI) spectro-
meter are presented in Ref. [32]. In the present experi-
ment, there is no need to consider the angular
distribution effect of capture gamma rays, since the
effect is canceled out, by taking the ratio of the capture
yield of a thin sample to that of a thick sample.
Therefore, the Nal(Tl) spectrometer at 90 degrees
was only used.

Three HAMAMATSU R877 PMTs were attached to
the NalI(T1) scintillator at 90 degrees. The sum of the
dynode signals was fed into the multiple-event time
digitizer, a FAST ComTec MCS6. The pulse-width
data digitized by the module were converted into the
PH in an offline data analysis. A lower discrimination
at 800 keV was applied to eliminate the influence of
478-keV gamma-rays from the '’B(n, ay) reaction.
Further description in detail of this methodology
(Pulse Width Analysis technique) is described by
Katabuchi et al [33].

Five Gd samples, which consisted of different num-
bers of Gd sheets stacked, were used in the measure-
ments with the Nal(Tl) spectrometer, as shown in
Table 6. The sample name, area density and measuring
time for each stacked sample were summarized in the
table. Each sample was sealed in a bag of fluorinated
ethylene propylene (FEP) films and attached to
a sample holder. The sample holder made of polyte-
trafluoroethylene (PTFE) and Al was inserted with the
sample at the flight length of 27.9 m. For the back-
ground estimation, measurement with the Al foil sam-
ple and an FEP bag without a sample (‘Blank sample’)
was also carried out. To estimate the relative neutron
intensities, an Al foil with a thickness of 10 ym was set
at the sample position of the array of large Ge detec-
tors which is the upstream side of the Nal(TI) spectro-
meter, and measurements with the Ge detectors were
conducted simultaneously with the Nal(Tl) spectro-
meter. A measurement with a gold foil with
a thickness of 10 ym and a diameter of 20 mm was
also performed to determine TOF parameters.

4.2. Analysis methodology

An innovative method was developed and applied to
enhance the reliability of the capture cross sections of
'>Gd and '’Gd. In this analysis, the capture cross sec-
tion was obtained by taking the ratios of the detected
capture event rates between the thin and thick samples
described in Table 6. In the neutron energy range below
0.1 eV, the capture cross sections of >’Gd and '*’Gd are
much larger than the elastic scattering cross sections of
'°Gd and "’Gd, and the capture and elastic scattering
cross sections of the other nuclides in the samples, for
example, aluminum and the other Gd isotopes. The
influence of scattered neutrons and capture events due
to the other nuclides was negligible. In this case, when
the sizes of the samples are large enough in comparison
with the neutron beam size, the detected capture event
rate of one of '>>Gd or ”’Gd samples, Yg4(E,), is
described as follows:

Y(?d(En) - ¢(EH>
X (1 — €Xp<*(z Ump.\'<E11> X NY)))

X Cmp(Eu)-, (4)

Ocap x (Eu> X N.x

Cmp(El) - Z <Z (()'(-dp)v<E;1> X Al,")

X
y

X l G (E,, E)

X kdct (Eg> X ks‘am (EQ) qu) ) (5)

where @(E,) is the neutron spectrum, ocp(E,) is
the capture cross section of x, the suffixes x and y
represent 155Gd or '*’Gd, N, is the area density of
%, Gy(En, E,) is the emitted gamma-ray spectrum
per neutron capture event by x, E, and E, denote
the neutron and gamma-ray energies, kg.¢(E,) is the
gamma-ray detection efficiency, and K (Eg) is the
escape efficiency of gamma-rays from the sample
(sample-dependent value). The term of ¢(E,) X
(1 —exp(—=(Q_y Ocapx(En) X Ny))) in Equation (4)
indicates the capture reaction rate in the sample,
and Ccp(E,) represents the detected counting rate
event. The term of

per neutron capture
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s Bu)xNe ) Equation (5) indicates the ratio of
y

Zyampy(E,,)xN
capture events by x to the total capture events in
the sample.

In the experiments, since the lower discrimination
at 800 keV was applied and the thicknesses of the
samples were thin enough, as shown in Table 6, the
influence of gamma-ray attenuation in the samples
was negligibly small, i.e. k¢m(E,) = 1. Equation (5) is
rewritten as

x Zcapa ' ¢ X ny Eq de; ‘e 'J
>y Ocapx(En) X NA>< Gx(En, Eg) X ket (Eg)dE,

Culp<EH) — Z o
L(Zpl

E,) x N,
(6)
Since the thin and thick samples have the same iso-

topic compositions, area densities are given by

Nwhick - psmnp/c X N«c/hiw (7)

Here, the suffixes thin and thick mean the thin and
thick samples, and psample is the mass ratio of the thick
to thin samples. Using Equations (6) and (7), the
following relationship is derived:

Z,\' am/),\(Ezl) X ]\Tx thick X ‘G\(sz Eg) X kcit,'I(Eg)dE

4
Coap thick (En) =
p thick\Cn
E Gmp) n X ]\T,\‘Zhitk

Go(En, Eyg) X ket (Eg)dE,

Zx U("LIP,Y(EVI) X psamplc X Nx‘lth
Z Uuzp\( 11) X Piamp[c X

‘\yy thin

Z O-Lapx( n XNvthm JG (E Eq) X kdut(Eg)dEg
Z ULKIP)( ) X N ) thin

- Cmp/hin (E”). (8)

From Equations (4) and (8), the ratio of the detected
capture event rate of the thin sample to that of the
thick sample, R(E,), is obtained as follows:

Y(?d thin (En)

R(E,) = ———%
( ]) YGd rhiuk(EH)

_ ¢(En) X (1 CXP Z amp\ zx X I\\zhm))) X Cmpthm(En)
¢(E7l> X (1 - CXP( L Uulp\ rz X I\T\ 7/11(/»))) X Cmpr/zirk(En)
1— eXP(*(Z Ump*c( ) X NXl’/lill)) (9)

1 - eXP Z O-Lap) z X Nylhi(k)) .

As shown in Equation (9), the neutron spectrum and
the detection efficiency of the spectrometer are can-
celed out, and the absolute capture cross section can

be derived.

For the *’Gd samples, the influence of the 155Gd
contamination is negligible. Equation (9) is simply
rewritten by

1 — exp(—0cap157(En) X Nis thin)
Ris57(En) = - -

= . (10)
1— exp<7gcap 157(EH> X Nl‘57lhic1\‘>

On the other hand, in the analysis for the 155Gd
samples, the influence of the 157Gd contamination is
not negligible and Equation (9) is expressed as follows:

Ryss(E,) = 1— exp(*(ouwl%%(ﬁn) X Nis5 thin + Uu/[}l%,’(EH) X Ni57 thin))
155\ ) 7 \ T \
! 1 — exp(—(0cap155(En) X Nisshick + Ocap157(En) X Nis7 hick))
o 1— exp<70-5umplu(En> X I\TISSIMH) (1 1)
1- Cxp(fgmnl[?]c(Erz) X NISS I]mk) '

gsumplc<En) = Ocap155 (EW) + Ocap 157<En) X 1157/155,
(12)

N157 thin
N155 thin

N157 thick

(13)

157/155 NISS thick
Here, 1157155 is the isotopic ratio of '’Gd to *°Gd in
the 1*°Gd samples.

As discussed in Section 3.3., by assuming the trun-
cated normal distribution for thickness non-
uniformity, Equations (10) and (11) are transformed
into the following:

b

11— exp<70tot157(b‘n) X N157thin X X)
Ja
Xf(x; u, 57 thins ,b)d
R1;7(E”) — ; j(x Hs S157 thin, 4, ) X
1— ‘ exp<7(71mb?(En) X Nis7hick X X)
a
Xf (X5 hy S157 thick» @, b)dx
(14)
b
1 — exp(fammP/c(EH) X Nis5 thin X X)
' Xf(x; Uy S155hin, a4, b)dx
Rl§§(5n> _ f( Uy $155 thin s )

b
11— I eXp<7O-mmpl('<E ) X Nl 55 thick X X)

Xf(XI, U, S155 thick, @, b)dx
(15)

where yp = 1,a = 0, b = 2, S155 thin> 5155 thick> $157 thin aNd
S157ick are the thickness standard deviations of the
155Gd and '°’Gd samples, as shown in the fourth
column of Table 6. Finally, the neutron capture cross
sections of '’Gd and '>°Gd were determined using
Equations (14) and (15).

4.3. Data analysis

4.3.1. Raw TOF spectra

As described in Section 4.2., since the detection effi-
ciencies of gamma-rays from neutron capture reac-
tions were canceled out by taking ratios of the
detected capture event rates, the pulse height weight-
ing technique [34] was not applied in this analysis.
Figure 15 shows the TOF spectra for the '>°Gd and
7Gd samples along with those for the Al sample and
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Figure 15. TOF spectra for the '*°Gd and '*’Gd samples along
with those for the Al sample and the Blank sample. Each TOF
spectrum was normalized with the number of proton beam
shots. The data were processed using a 25-us time bin.

the Blank sample. Each TOF spectrum was normalized
with the number of proton beam shots. The data were
processed with a 25-us time bin and the lower discri-
mination level of 800 keV. As shown in Figure 15,
event rates for the Gd samples were much higher than
those for the Al and Blank samples in the TOF region
after 6 ms (in the neutron energy range below 0.1 eV).

4.3.2. Dead time correction

In the pulse width analysis technique, the total dead
time of the entire system is dominated by the pulse
width of the PMT anode signal. The dead time of the
system can be calculated in an offline data analysis.
The dead time ratio, Py (i), was calculated for each
TOF channel, i, as follows:

Pu(i) = Nf—j‘:@ ) (16)
where Ny;(i) is the total time of the system being in the
detecting state in the bin-channel i, N, is the number
of neutron shots, and At is the TOF bin width ( = 25
us). The detecting state of the system is defined as the
state that the input signal level is higher than the
threshold level for the pulse width analysis technique.
Details of this methodology are described by
Katabuchi et al [33].

The TOF dependence of the calculated dead time
ratio for the ”’Gd 20-um’ sample (the highest event
rate sample) is shown in Figure 16. The deduced dead
time ratio was smaller than 5.1%. The uncertainty of
the dead time ratio for each sample was calculated
from the statistical uncertainty of the time of the
system being in the detecting state per bin width,
NZ;EII). The deduced uncertainty for the '*’Gd 20-ym’
sample is also shown in Figure 16.

Dead time correction factors, Ry.(i), can be
obtained with the following equation:
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Figure 16. Calculated dead time ratio for the '*’Gd 20-um’
sample and its uncertainty.
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The deduced dead time correction factor was smaller
than 1.053 for the ”’Gd 20-um’ sample. The uncer-
tainties of the dead time correction factors were also
calculated using Equation (17) and the uncertainties of
the dead time ratio. The obtained uncertainties were
smaller than 0.2%.

4.3.3. Background subtraction
The following backgrounds were considered in the
analysis:

(1) the background caused by frame overlap
neutrons;
(2) the constant background;

(3) the sample-independent (Blank sample)
background;

(4) the background due to the Al foils in the Gd
samples;

(5) the background due to neutrons scattered by Gd
nuclei and captured by other nuclei except for Gd.

In the neutron energy range below 1 eV (TOF range
over 2 ms), the elastic scattering cross sections of
>>Gd and '»’Gd are much smaller than the capture
cross sections. Moreover, most of the scattered neu-
trons by the Gd samples were captured via the °Li(n,
«)’H reaction in the °LiCOj; shield and this reaction
does not emit gamma rays. Therefore, the last item (5),
the background due to the neutrons scattered by Gd
nuclei and captured by other nuclei except for Gd
(such as the Al foils, the carbon beam duct, the detec-
tors, and so on), was negligible.

The frame overlap background and the constant
background for the items (1) and (2) were deduced
using the broad range TOF spectrum every 58 shots.
In the analysis with the NaI(Tl) spectrometer, the
influence of the disk chopper on the frame overlap
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Figure 17. Determined frame overlap background and con-
stant background in comparison with the TOF spectrum
before and after subtracting the backgrounds. The TOF spectra
are results of the *’Gd 20-um' sample.

background appears between 27.5 and 34 ms in
TOF. In order to expand the TOF spectra up to
34 ms (3.5 meV in neutron energy) instead of
27.5 ms (5.6 meV), the detailed shape in the back-
ground was carefully estimated by the method
described in Appendix. The deduced frame overlap
background and constant background for the TOF
spectrum of the '>’Gd 20-um’ sample before and
after the background subtraction are shown in
Figure 17. In this step, the uncertainties of this
background subtraction were deduced from the
uncertainties of the fitted parameters.

Relative neutron intensities per proton beam
shot were derived from the results of the Al foil
measurements with the Ge detectors as described
in Section 3.2.6. After subtracting the frame over-
lap and constant backgrounds, each TOF spectrum
was renormalized to 7.2 x 10? counts with the Ge
detectors. The result of 7.2 x 10 counts is equiva-
lent to the proton beam power of 1 kWh at the
measurement of the '>’Gd 20-um’ sample.
Uncertainties due to the neutron intensity normal-
ization were deduced from the statistical uncer-
tainties with the Ge detectors.

The sample-independent background for the
item (3) was derived from the measured TOF
spectrum of the Blank sample with the dead time
correction and the subtraction of the frame over-
lap and constant backgrounds. The backgrounds
due to the Al foils in the >°Gd and '°’Gd samples
for the item (4) were deduced from the spectrum
of the Al foil sample. The number of neutrons
injected to the Al foils was attenuated due to self-
shielding effects of '>’Gd and '*’Gd since the
capture cross sections of '>>Gd and '"’Gd are
very large. Therefore, the influence of the effects
on the background due to the Al foils should be
considered. The self-shielding effects for the Al
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Figure 18. Net TOF spectrum for the *>Gd and '*’Gd samples.
The TOF spectra were normalized to the proton beam power
of 1 kWh at the measurement of the '>’Gd 20-um" sample.
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Figure 19. Multiple scattering correction factors for the '*>Gd
and *’Gd samples.

foils in the Gd samples were deduced by using
the Monte-Carlo simulation code, PHITS [35].
The cross-section data used in the simulation
were taken from JENDL-4.0. To derive the uncer-
tainties, correction factors for ideal samples with
area densities larger by the 1-0 uncertainty than
those in the actual samples were calculated. The
differences between the correction factors for the
actual samples and those for the ideal samples
were considered as uncertainties due to the cor-
rection. The deduced net TOF spectra for the
'>>Gd and '’Gd samples are shown in Figure 18.

4.3.4. Correction for multiple scattering effects

The multiple scattering correction in the ">Gd and
'*7Gd samples was also made using the PHITS. The
calculated multiple scattering correction factors for
the °>Gd and '*’Gd samples are shown in Figure 19
in which the multiple scattering correction factors are
smaller than 1.0034 in the neutron energy range below
1 eV (TOF region over 2 ms). To derive the
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Figure 20. Ratio of the detected capture event rate for the
135Gd 0.6-um' sample to that for the ">>Gd 10-um’ sample and
ratios of the detected capture event rates for the '*’Gd 0.6-um’
and "7Gd 1.2-um’ samples to that for the '*’Gd 20-um’
sample.

uncertainties, differences between the correction fac-
tors for the actual samples and those for the ideal
samples with area densities larger than the 1-0 uncer-
tainty comparison to those in the actual samples were
considered, as well as the case of the self-shielding
effects described in Section 4.3.3.

The ratios of the detected capture event rates for the
"7Gd 0.6-um‘ and "*’Gd 1.2-um’ samples to that for
the '*’Gd 20-um’ sample and the ratio of the detected
capture event rate for the '°>Gd 0.6-um’ sample to that
for the '*°Gd 10-um’ sample were calculated using the
net TOF spectrum and the multiple scattering correc-
tion factors. The obtained ratios with the multiple
scattering corrections are shown in Figure 20. By
using the ratios, the neutron spectrum was canceled
out and smoothed shapes were obtained.

4.4. Results

The capture cross sections for '>’Gd deduced from
Equation (14) and the ratios in Figure 20 are shown
in Figure 21 together with that of JENDL-4.0.

The capture cross section of the '>>Gd sample
was also deduced from Equation (15) and the ratio
of the capture event rates, after subtracting the
contribution of '’Gd. In the subtraction, the
result of the °’Gd 1.2-um' sample / '*’Gd 20-
pm’ sample’ analysis was used as the capture cross
section of '*’Gd. The derived capture cross section
of ”>Gd is shown in Figure 22.

In this analysis, the statistical uncertainty and uncer-
tainties due to the dead time correction, the frame over-
lap subtraction, neutron intensity normalization,
background from the Al foils, multiple scattering correc-
tion, averaged sample mass, isotopic composition, sam-
ple setting accuracy, thickness non-uniformity and
subtraction of "”’Gd contribution were considered. The
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Figure 21. Determined capture cross sections of '>’Gd and
some of uncertainties (total and statistical uncertainties,
uncertainties due to frame overlap subtraction, thickness non-
uniformity of the samples and sample mass) together with
JENDL-4.0 at the temperature of 300 K (broadened with the
resolution function of ANNRI). The other relevant uncertain-
ties, not shown explicitly, are those due to dead time correc-
tion, neutron intensity normalization, background from the Al
foils, isotopic ratio, multiple scattering correction, and sample
setting.

uncertainty due to the dead time correction, the frame
overlap subtraction, the neutron intensity normalization,
the background from the Al foils and the multiple scat-
tering correction are described in Section 4.3. The uncer-
tainty due to the sample mass was derived from the
uncertainties of the area density, as described in
Table 6. The uncertainty due to the isotopic composition
affects the area density. In the total cross-section mea-
surements described in Section 3, these uncertainties are
included in the uncertainties related to the sample mass.
In Equations (14) and (15), the uncertainties of the
sample area densities affect Nissoriszmin  and
Nissor157 thick independently, but the isotopic composi-
tion affected both at the same time. Therefore, the uncer-
tainty due to isotopic composition was separated from
the uncertainty related to sample mass. The sample
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Figure 22. Determined capture cross section of '>>Gd, and
some of uncertainties (total and statistical uncertainties,
uncertainties due to frame overlap subtraction, thickness
non-uniformity of the samples and sample mass) together
with JENDL-4.0 at the temperature of 300 K (broadened
with the resolution function of ANNRI). The other relevant
uncertainties, not shown explicitly, are those due to dead
time correction, neutron intensity normalization, back-
ground from the Al foils, isotopic ratio, multiple scatter-
ing correction, sample setting, and subtraction of '>’Gd
contribution.

setting accuracy was estimated smaller than 5 degrees
with respect to the vertical direction to the neutron beam.
The uncertainty due to thickness non-uniformity was
estimated from the difference between the results with
the truncated normal distribution calculated from
Equations (14) and (15) and without considering thick-
ness dispersion calculated from Equations (10) and (11).
The uncertainty due to the subtraction of '*’Gd contri-
bution was derived from the uncertainties of the isotopic
ratio and the uncertainty of the deduced capture cross
section of '*’Gd . Some of the derived uncertainties are
also shown in Figures 21 and 22.

The numerical values of these uncertainties at the
thermal energy were summarized in Table 7. The
primary uncertainty component comes from the sta-
tistical uncertainty and the uncertainty due to sample
mass. This situation is identical to the total cross-
section measurements, as listed in Table 5.

5. Discussion

Figures 23 and 24 depict the obtained total and cap-
ture cross sections for '>°Gd and '*’Gd in comparison
with the total cross sections in JENDL-4.0.

In the neutron energy range below 0.2 eV, the
total cross sections of '°>’Gd and '*’Gd are almost
equal to the capture cross sections, since the cap-
ture cross sections are much larger than their
elastic scattering cross sections. The obtained
cross sections with both methods are consistent,
as shown in Figures 23 and 24. This fact increases
the reliability of the present cross section for both
'*Gd and '"”Gd. In the neutron energy range
above 0.02 eV, the obtained results of *>Gd and
"7Gd agree with the values in JENDL-4.0.
However, in the neutron energy range below
0.02 eV, the difference between the present results
and the evaluated capture cross section of JENDL-
4.0 becomes large as the neutron energy decreases.

The obtained thermal cross sections of '*’Gd and
’Gd are listed in Table 1 in comparison with the experi-
mental results in the literature and the evaluated values.
The present results for '>°Gd (i.e. 59.4 £ 1.7 kb for total
cross section and 59.0 £ 2.5 kb for capture cross section)
are slightly smaller than the values of the evaluated
libraries and literature, but consistent within their uncer-
tainties. For the cross sections of '>’Gd, the present results
(i.e. 251.9 + 4.6 kb for the total cross section and 250.2

£ 5.0 and 247.4 £ 3.9 kb for the capture cross section)

are slightly smaller but consistent with ENDF/B-VIIL.O
(253.9 kb) and JENDL-4.0 (254.1 kb). The results agree
with the experimental data by Moller et al. (254 £ 2 kb)
and Mastromarco et al. (239.8 £ 8.4 kb), but disagree
with the data by Leinweber et al. (226 kb).

6. Summary

The neutron total and capture cross sections of '>>Gd
and "’Gd were measured in the J-PARC - MLF -
ANNRI.

The neutron total cross sections were determined
by the well-established neutron transmission method

Table 7. Details of uncertainties for the estimated capture cross sections of >>Gd and '*’Gd at the thermal energy.

1>3Gd (kb)
1335Gd 0.6-um! sample

Estimated cross section 59.0 £ 25
Statistical uncertainty 1.5
Dead time correction 0.1
Frame overlap subtraction 0.3
Neutron intensity normalization 0.2
Background from Al foils < 0.1
Multiple scattering correction < 0.1
Sample mass 2.0
Isotopic composition < 0.1
Sample setting accuracy 0.2
Thickness non-uniformity 0.1

17Gd contribution < 0.1

7Gd (kb)
137Gd 0.6-um" sample 17Gd 1.2-um’ sample
2502 £+ 5.0 2474 + 39
2.0 1.8
0.2 0.3
0.3 0.3
0.5 0.6
< 0.1 < 0.1
< 0.1 < 0.1
4.4 33
< 0.1 < 0.1
0.6 0.6
0.7 0.6
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Figure 23. Deduced total and capture cross sections (multi-
plied by E,'/2) of '*°Gd together with the total cross sections
in JENDL-4.0 at the temperature of 300 K (broadened with the
resolution function of ANNRI). The error bars represent the
total uncertainties.
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Figure 24. Obtained total and capture cross sections (multi-
plied by E,'/?) of '*’Gd together with the total cross sections
in JENDL-4.0 at the temperature of 300 K (broadened with the
resolution function of ANNRI). The error bars represent the
total uncertainties.

with the enriched °Li- and "Li-glass detectors in the
energy region from 5 to 100 meV. At the thermal
energy, the neutron total cross-section result in 59.4
+ 1.7 and 251.9 + 4.6 kb for "*°Gd and "*"Gd,
respectively.

The neutron capture cross sections were determined
with the innovative method by taking the ratio of the
detected capture event rate between the thin and thick
samples. By applying this method, the neutron spec-
trum and detection efficiency of the spectrometer were
canceled out and the absolute capture cross sections
were determined in the energy region from 3.5 to
100 meV. At the thermal energy, the capture cross
sections were measured to be 59.0 & 2.5 kb for *°Gd
and 250.2 + 5.0 and 247.4 + 3.9 kb for '’Gd.

The obtained thermal cross sections of '*°Gd
are slightly smaller but consistent with the values
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in JENDL-4.0. The results are also in agreement
with the experimental values given by
Mastromarco et al. and Leinweber et al. The
obtained thermal cross sections of '>’Gd are con-
sistent with the values in JENDL-4.0. The present
thermal capture cross sections agree with the data
by Mastromarco et al. within 1.4 standard devia-
tions but have a difference in comparison with the
experimental result by Leinweber et al.

The present total and capture cross sections based
on different measurements agree well with each other,
for both '**Gd and '*’Gd. This fact makes the relia-
bility of the present results enhanced.
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Appendix Influence of the disk chopper on the
frame overlap background

The influence of the disk chopper was estimated in the
analysis with the NaI(TI) spectrometer. As reported in sec-
tion 3.2.4, the frame overlap background and constant back-
ground were deduced with the wide range TOF spectrum
every 58 shots. Figure 25 shows the wide range TOF spec-
trum of the '*’Gd 20-um’ sample measurement in the TOF
range of 40 to 80 ms .

As shown in Figure 25, the disk chopper was closed at
68.3 ms for the previous (fy &~ —40 ms) pulsed neutrons and
opened at 71.3 ms for the present (fy ~ 0 ms) pulsed neu-
trons. The tail part of the previous pulsed neutrons
(fo =~ —40 ms) was observed in TOF range before 66 ms
and that of the present (fp =0 ms) pulsed neutrons was
observed after 72 ms.

A fitting function Fr;¢(t) is described as follows:

Fric(t) = (F(t 4+ 40 ms) — ) X Ray(t + 40 ms)

+ (F(t) — B) X Rave(t) + B, (A1)

F(t) = a x exp(—ti) + B, (A.2)

c

where R,,.(t) is the transmission ratio of the disk chopper, ¢
is the TOF in ms at the sample position and «, 8 and ¢, are
fitting parameters.

In the disk chopper, a semicircular shape plate made of
boron carbide rotates at 25 Hz. Figure 26 shows a simple
diagram of the relationship between the neutron beam and
the disk chopper. In Figure 26, the circle in light gray means
the neutron beam: C, is a center of the neutron beam: the
dark gray part means the boron-carbide plate of the disk
chopper: C; is the center of the plate: Ly, is the distance
between the centers of the disk chopper and the neutron
beam, and r, is the radius of the neutron beam.

The relationship between the angle 8 in Figure 26 and the
TOF at the sample position is described as follows with con-
sidering the flight time from the disk chopper to the sample.

t L
0=27x—x-2180,

A3
40 " Lg (A.3)

where L, is the flight length at the disk chopper (installed at
15.08 m), Lg is the flight length at the sample position
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Figure 25. Wide range TOF spectrum with the '*’Gd 20-um’
sample and fitted result in TOF range after 40 ms.
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Neutron beam

Cq

Figure 26. Diagram of the neutron beam (circle in light gray)
and the boron-carbide plate of the disk chopper (semicircle in
dark gray).

(27.9 m) and 6, is the angle at t = 0. A relationship between
the angle 0 and ¢ in Figure 26 is derived as follows:

distance C,D = Ly, X sin@ = r, X cos ¢,

L
¢ = arccos <sin 0 ﬂ) .

Tn

(A4)

Using 0 and ¢, the transmission ratio of the disk chopper,
R(0), in the setup of Figure 26 is described by the following
equations:

0 (Lgy X sinf< —r,),
((m—¢) x r,2+sing x sin@ x Ly, x 1,,)/(m X 1,%)

(=1 <Lgn x sin(0) <r,),
1 (rn <Lgn % sin(6)).

R(6) =

(A.5)

Since the disk chopper is mechanically controlled, 6, has
a fluctuation. By assuming a truncated normal distribution
for 6y, the averaged transmission ratio, R,,.(t), is expressed
as the following equation:

b
Rae(t) = Jf(x;y, g,a,b) X R(0 + x)dx, (A.6)
a
where =0, 0 =0p9, a=—71/16, b =7/16, 09 is the
standard deviation of fluctuation of 8.

In the experiments, the first 58 of 62 proton shots were
provided to the MLF and the last four shots were supplied to
the other facilities. At the first pulsed neutrons of the contin-
uous 58 pulsed neutrons, the overlapping neutrons were neg-
ligible and only the constant part (the third term, f3, in
Equation (A.1)) existed because the preceding proton shots
were not delivered to MLF. At the second pulsed neutrons of
the 58 pulsed neutrons, the first term in Equation (A.1) did not
exist, because the proton shots before the last two were not
delivered to MLF. Thus, the frame overlap background and
constant background were deduced by the following equation:
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56
Bpc(t) = =3 ¥ (F(t + 80 ms) — f8) X Ryye(t + 80 ms)

+% x (F(t +40 ms) — B) X Raye(t + 40 ms) + B
(A7)

It was very challenging to fix the all parameters simulta-
neously. Therefore, in the present analysis, the exponential

part, 40 ms <t< 66 ms, of the wide range TOF spectrum
was fitted by the equation F(t — 40 ms ), thus the para-
meters «,  and ¢, were obtained. Next, in the opening part
of the disk chopper, 70 ms <t < 74 ms, the spectrum was
fitted by the equation (F(t) — ) X Rae(t) + f and the para-
meters of 0y, 0ag, La,/r, were derived. Deduced Frc(t) is
shown in Figure 25. The fitted result was in good agreement
with the wide range TOF spectrum.
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