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Measurements of neutron total and capture cross sections of 2! Am with ANNRI at

J-PARC
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Nobuyuki Iwamoto', Osamu Iwamoto', Hideo Harada', Tatsuya Katabuchi?,
Masayuki Igashira?, Tadafumi Sano®, Yoshiyuki Takahashi®, Cheol Ho Pyeon?,

Satoshi Fukutani®, Toshiyuki Fujii® #*, Takahiro Yagi®, Koichi Takamiya® and Jun-ichi Hori?
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Neutron total and capture cross sections of >*' Am have been measured with a new data ac-
quisition system and a new neutron transmission measurement system installed in Accurate
Neutron Nucleus Reaction measurement Instrument (ANNRI) at Materials and Life Science
Experimental Facility (MLF) of Japan Proton Accelerator Research Complex (J-PARC). The
neutron total cross sections of 2*! Am were determined by using a neutron time-of-flight method
in the neutron energy region from 4 meV to 2 eV. The thermal total cross section of **! Am
was derived with an uncertainty of 2.9%. A pulse-height weighting technique was applied to
determine neutron capture yields of 2*! Am. The neutron capture cross sections were determined
by the time-of-flight method in the neutron energy region from the thermal to 100 eV, and the
thermal capture cross section was obtained with an uncertainty of 4.0%. The evaluation data of

JENDL-4.0 and JEFF-3.2 were compared with the present results.
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1. Introduction

Accurate nuclear data are indispensable for the study of nuclear transmutation system. Sen-
sitivity and uncertainty analyses of reactor physics parameters were performed recently for the
accelerator-driven system (ADS) proposed by the Japan Atomic Energy Agency (JAEA) using
the covariance of JENDL-4.0[1,2]. Impact of improving accuracy of relevant nuclear data was
quantitatively shown, for example, the uncertainty of k. was estimated to be about 1% that is
about 3 times larger than the required accuracy for designing the reactor system. According to
the investigation, capture cross sections of minor actinides (MAs) are one of the most important
data[3]. Especially, the uncertainty of capture cross section on 4! Am has large contributions in
the uncertainties of neutronics characteristics in the ADS core. However, the current accuracy
is so large as 7% for the capture cross section[2, 3] . In consideration of this situation, the im-
provement of the accuracy of this cross section will have a great impact for the study of ADS
systems.

To meet the requirement, a research project entitled “Research and development for Accu-
racy Improvement of neutron nuclear data on Minor ACtinides (AIMAC)” was started[4, 5].
The challenging goal of the project was to reduce the uncertainties of the capture cross sec-
tions of »’Np and ?*!*** Am to half of the present values by integrating specialists’ leading-
edge knowledge and techniques. As one of the approaches for confirming the accuracy of the
measurements, to reduce systematic uncertainties, a consistency check of two independent mea-
surements was considered to be effective. In the case of the neutron cross sections of 4! Am,
its capture neutron cross section accounts for 98-99% of its total neutron cross section at low
energy region. Therefore, the comparison between total and capture cross sections can be used
for this consistency check in the case of 2*! Am. To enable this comparison, a new data acquisi-

tion (DAQ) system and a new neutron transmission measurement system have been developed

“Present address: Tokyo Institute of Technology, 4259-B67 Nagatsuda, Midori-ku, Yokohama 226-8501, Japan.
fCorresponding author. Email: kimura.atsushi04 @jaea.go.jp

*Present address: Osaka University, 2-1 Yamadaoka, Suita, Osaka 565-0871, Japan.

2



J. Nucl. Sci. & Technol. Article
in ANNRI at MLF in J-PARC[6]. The new DAQ system achieved 90% live time for 100 kcps
event rate. Moreover, we have developed the techniques accurately determining the sample mass
by two different methods: calorimetric method, and gamma-ray spectroscopic method[7]. The
reason is that uncertainty due to the sample mass is one of the most important factors contribut-
ing to the discrepancies of measured cross section data[9—12]. These approaches enable us to
reduce the uncertainty on both neutron total and capture cross section measurements.

In the past, several measurements of neutron total cross sections of *! Am have been per-
formed[13-19]. Figure 1 shows the present status on total cross sections of **! Am. A large
discrepancy exists among the previous measurements at the first and second resonances. It was
also pointed that there is an inconsistency between measured neutron total and capture cross
sections of ! Am. Precise measurements of neutron total cross sections for **! Am are indis-
pensable. In addition, various measurements of neutron capture cross sections on >*! Am have
been carried out by activation and time-of-flight (TOF) methods[10, 17,20-35]. Currently, there
are discrepancies among the previous measurements of the thermal neutron capture cross sec-
tion of **' Am[36]. These discrepancies cause the large uncertainty of the current evaluated
nuclear data.

[Figure 1 about here.]

From the viewpoint described above, we measured the neutron total and capture cross sec-
tions of 2! Am by utilizing the state-of-art techniques. The measurements of neutron total cross
sections of 2! Am are described in Section 2. The measurements of neutron capture cross sec-

tions of 2*! Am are mentioned in Section 3. Finally, the conclusion is given in Section 4.

2. Neutron total cross section measurements
2.1. Experimental procedure

Neutron total cross sections of 2*' Am were measured with ANNRI at the MLF of the J-

PARC. An 2! Am sample having an activity of 957 MBq and a dummy sample were prepared for
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measurements of neutron total and capture cross sections. Neutron transmission TOF spectra for
the samples have been measured with two types of Li-glass scintillation detectors. The details
of experimental procedure and data analysis were described in Ref.[6], so it is briefly described

in below.

J-PARC accelerator

Neutrons were produced via the spallation reactions induced by a 3-GeV proton beam im-
pinging on a mercury target of the MLF[37]. The 3 GeV rapid cycling synchrotron was operated
in single bunch mode with a repetition rate of 25 Hz. The proton beam power on the spallation
target was 195 kW in the total cross section measurements. The neutrons emitted from the spal-
lation target were moderated by liquid hydrogen moderators cooled at 19 K and were guided
into the ANNRI. A signal from a proton beam pulse monitor located in a beam transport tube
to the spallation target was used as the start trigger for the TOF measurements. The number of

proton beam pulses was recorded and used for normalization of each measurement.

Samples

The characteristics of the ?*! Am and the dummy samples are summarized in Table 1. The
Am sample was prepared by compression molding of mixtures of AmO, powder and Y,O3 pow-
der into the form of a pellet with a diameter of 10.0 + 0.1 mm and a thickness of 0.5 + 0.1 mm,
then the pellet was sealed in Al containers with a thickness of 0.1 mm. Similarly, the dummy
sample, which contains a Y,O; pellet, was prepared. For the derivation of the number of >*! Am
atoms, the activity of the Am sample was determined with a calorimetric method. Decay heat
of the Am sample was measured accurately with a precision of 200 nW by using the TAM-
IV calorimeter manufactured by TA Instruments, and thus the activity of the Am sample was
obtained with an uncertainty of 0.45%][7]. The isotopic composition of the Am sample was ana-

lyzed by thermal ionization mass spectrometry and alpha-ray spectroscopy[8]. The determined
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isotopic purity of >*! Am was 99.9% , and the isotopic contamination of ***Pu was 0.09%.

[Table 1 about here.]

Transmission measurements

These samples were placed at the most upper stream part of the intermediate collimator
having a diameter of 9 mm installed in the ANNRI[38, 39]. The distance between the moder-
ator and the samples was 24 m. Two types of Li-glass scintillation detectors were utilized for
transmission measurements. A GS20 ®Li-glass detector (PMT:H7195) manufactured by OKEN
with dimensions of 50 mm x 50 mm and a thickness of 1 mm using enriched °Li (°Li > 95%)
was used to obtain transmission neutron TOF spectra. Neutrons passing through the samples
are detected by the 6Li—glass detector via the ®Li(n,a)*H reactions. Additionally, to determine
background except for neutrons, a GS30 "Li-glass detector ("Li > 99.99%) with same size of
the ®Li-glass detector was used. The "Li-glass detector was located on the upstream side of the
®Li-glass detector. Distance from the moderator to the °Li-glass detector was 27.8 m. Signals
from these detectors were fed into the DAQ with a CAEN V1720 (12bit 250MHz) module to
calculate timing and pulse height (PH) data. The timing and pulse height data were recorded in
an event-by-event mode. Measurements were carried out with a lead block having a thickness of
5.0 cm 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. The black resonance technique was applied
using neutron notch filters of "™Mn, "Co, "™'In and " Ag to estimate the background due to
frame-overlap neutrons. The measuring times of the *! Am and the dummy samples were 8 h

and 7 h, respectively.

2.2. Data analysis

Figure 2 shows PH spectra of the 2*! Am sample measured with the SLi-glass detector and

the "Li-glass detector. Peaks around 3500 ch. are due to the SLi(n,a)*H reactions. Double-hit
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and triple-hit peaks were also observed in the spectrum measured by the SLi-glass detector. The
double-hit and triple-hit peaks were enough small comparison to the single-hit peak, and the
influence of the double-hit and triple-hit events were negligible in this measurement. The back-
ground caused by gamma-rays existing on the beam line was obtained by the "Li-glass detector.
Incidentally, the "Li-glass detector contains slight amount of °Li (0.01%), the ®Li(n,a)’H peak
was also observed by the "Li-glass detector. One gate was set in these spectra from 2450 ch. to
4650 ch., as shown in Figure 2, and gated TOF spectra were derived.
[Figure 2 about here.]

Figure 3 indicates the gated TOF spectra of the ?*! Am and the dummy samples measured
with the °Li-glass detector and the "Li-glass detector. Two small dips from 7 x 10° ch. to 1 x
10° ch. observed in the ®Li-glass spectrum of the ?*! Am sample are attributed to resonance
absorption by the **! Am sample. Large dips at 2.4 X 10° ch. and 4.3 x 10° ch. were caused by
the neutron filters ("*Ag and "*In). The broad peak around 7 x 10° ch is the thermalized neutron
bump made by the liquid hydrogen moderator. The gamma-ray backgrounds were smaller than
the neutron TOF spectra by two orders of magnitude.

[Figure 3 about here.]

Dead time corrections were made for the gated neutron TOF using a fixed dead time of
1264 ns due to the settings of the CAEN V1720. The dead time corrections were 1.2% and
8.0% at the 2*! Am first resonance (0.31 eV) and the thermal neutron energy, respectively. The
dead time for the "Li-glass detector was negligibly small in this experiment.

The net neutron TOF spectra of the ! Am and the dummy samples were determined by
subtracting the backgrounds caused by gamma-rays and frame-overlap neutrons. The gamma-
ray backgrounds were deduced from the gated neutron TOF spectra with the "Li-glass detector.
For the estimation of the frame-overlap neutron background, the gated neutron TOF spectra
from 37 ms to 40 ms were fitted by an exponential decay function, and the fitted function was

shifted to the left side by 40 ms. Figure 4 indicates the determined frame overlap background of
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the 2*' Am sample. The deduced back ground shows good agreement with the black resonance
of "¥In (1.46 eV).

[Figure 4 about here.]

Finally, neutron total cross sections of 2*! Am, oo, were determined as follows:

_nY _ pFo
CAm BAm BAm

CDummy - By - BFO

Dummy Dummy

ey

exp(_no-total) =T =

where 7 is the areal density of the *! Am sample (atoms/b), T is the neutron transmission ratio
of the > Am sample, C is the gated neutron TOF spectrum normalized with incident neutron
intensity for each sample, B is the background due to gamma-rays and B"? is the background
caused by the frame overlap neutrons. Neutron beam intensity determined by the number of
the incident protons was used in order to normalize the neutron transmission ratio of >*! Am.
Figure 5 shows the obtained neutron transmission ratio of > Am. The thickness of the **!' Am
sample was determined to be 2.40 + 0.05 x 107> atoms/b. This uncertainty was mainly caused
by the uncertainty of **! Am sample diameter (10.0 + 0.1 mm). Correction for incident neutron
intensity was 0.47% by considering the number of the incident protons. The main component
of the uncertainty for the neutron total cross section comes from the uncertainty of the sample
diameter.

[Figure 5 about here.]

2.3. Results and discussion

The derived total cross section of *! Am is shown in Fig. 6. The previous measurement of
Adamchuk er al.[13], evaluated cross sections of JENDL-4.0[40] and JEFF-3.2[41] are also
illustrated. The obtained total cross section at thermal energy was derived as 730 + 21 b. Adam-
chuk et al.[13] measured the total cross sections of >! Am in the neutron energy region from
6.3 meV to 82 eV using a reactor at Dubna. They prepared two 2*! Am samples with thicknesses

of 0.521 and 0.0665 g/cm. Two types of BF; detectors were used for neutron transmission mea-
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surements. Their results are systematically smaller than the present results by 15%. It might be
caused by the incorrect sample thicknesses or a normalization of incident neutrons. In compar-
ison with the present results, the evaluated thermal total cross section of JENDL-4.0 is 4.2%
smaller, and that of JEFF-3.2 is 4.7% larger. ENDF/B-VIL.1[42] has adopted the same value as
JENDL-4.0.

[Figure 6 about here.]

3. Neutron capture cross section measurements
3.1. Experimental procedure

Measurements of neutron capture cross sections of >*' Am have been performed at the AN-
NRI of the MLF. The ?*! Am sample was placed at the sample position of the array of Ge
detectors having a flight length of 21.5 m from the moderator and gamma-rays emitted from the
sample were measured. The array of Ge detectors is composed of two cluster-Ge detectors, eight
coaxial-Ge detectors and anti-coincidence shields around each Ge detector[43]. In the measure-
ments, two cluster Ge detectors were used, but the coaxial Ge detectors were not used because
they suffered from severe electrical noise. Additionally, a lead plate with a thickness of 5 mm
was placed in front of each cluster Ge detector for attenuation of the intense decay gamma-rays
from 2*! Am. The signals from the cluster-Ge detectors were digitized and analyzed with CAEN
V1724 (14 bit, 100 MHz) ADC boards[6]. The TOF and PH data were recorded in list-mode.
The peak efficiency was 2.28 + 0.11% at 1332 keV gamma-rays[44].

The accelerator was operated in a single bunch mode at a repetition rate of 25 Hz. The
proton beam power was 205 kW. The neutron beam was collimated to a diameter of 22 mm at
the sample position. Neutrons traveled through a neutron beam duct, which housed the sample.
Helium gas ran through the beam duct to reduce scattering neutron background by air.

The same 2*! Am and the dummy samples were used as described in Chap. 2.1. A 7 Au sam-

ple with a diameter of 10.0 + 0.1 mm and a weight of 174 + 1 mg was used as a standard for PH
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weighting technique (PHWT)[45]. An enriched '°B sample with a diameter of 10.0 + 0.2 mm
was utilized to determine the shape of the incident neutron energy spectrum. To estimate back-
ground due to scattered neutrons by the 2*! Am sample, an enriched 2°Pb sample with a diameter
of 5.0 £ 0.1 mm and a weight of 170 + 1 mg was also used. All samples were packaged in bags
made of fluorinated ethylene- propylene copolymer (FEP) films. Measurement of the FEP bag
without any sample (Blank) was carried out for background estimation in case of the “no sample
condition”. The measuring times were summarized in Table 2.

[Table 2 about here.]

3.2. Data analysis
Incident neutron energy spectrum

The incident neutron energy spectrum was determined by measuring 478 keV gamma-rays
from '°B(n, ay)’Li reactions. TOF spectra gated in the 478 keV peak region were made for the
108, 208pph and blank measurements. Sample-independent and sample-scattered neutron back-
grounds were estimated using the TOF spectra of blank and >**Pb measurements and subtracted
from the '°B TOF spectrum. The cross section data of the '°B(n, ay)’Li reaction in JENDL-
4.0[46] were used to convert the detected counts to the number of the incident neutrons. The
dead time correction was made for the each TOF spectrum. The correction of the neutron
self-shielding and multiple scattering in the '°B sample was made by using the Monte-Carlo
simulation code PHITS[47]. The cross section data used for the calculation were taken from
JENDL-4.0. Figure 7 shows the derived correction factor. In this calculation, the uncertainty of
the corrections were deduced from the uncertainties of the '°B sample diameter and mass. The
value was 2.3% for thermal energy neutrons. The obtained incident neutron energy spectrum is
shown in Fig. 8. The broad peak around 10 meV corresponds to the neutron bump thermalized
in the liquid hydrogen moderator. The spectrum shows the typical 1/E energy dependence from

0.1 to 100 eV.
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[Figure 7 about here.]

[Figure 8 about here.]

PH weighting technique

A PHWT[45] was applied to derive neutron capture yields of the ?*! Am and '’ Au samples.
PHWT is based on the physical fact that the total energy sum of the emitted gamma-rays fol-
lowing each capture reaction is equal to B, + E,, where B, is the neutron binding energy of
the target nucleus and E, is the center-of-mass energy of the incident neutron. In PHWT, the

neutron capture yield Y is calculated as follows:

> WS
V= RTE @)
where W(I) is the weighting function of each cluster Ge detector, [ is the channel number, S (/)
is a PH spectrum. The weighting function W(/) was built from detector response functions.
In this paper, weighting function W(/) was normalized using the neutron capture cross section

of "7 Au in JENDL-4.0[49] at thermal energy. The neutron capture cross sections of 2*! Am,

o am(E,), depending on incident neutron energy were obtained from the following equation:

PAu . ¢(Eth) . 1

Tam(Ey) = Y- ,
" PAm ¢(En) NAm

3)

where P is the number of incident protons for each sample, ¢(E,) is the number of incident neu-
trons, E, is neutron energy, E,;, is thermal neutron energy, and 7, is the number of the **! Am
atoms. The number of the **’ Am atoms was derived by using the calorimeter, as described
before.

For the present experimental setup, the response functions of the cluster-Ge detectors were
calculated by Monte Carlo simulation using the Geant4 code[48]. A comparison between cal-
culated and measured response functions for a ®*Co source is shown in Fig. 9. The peak areas

on the 1173 and 1332 keV obtained by the Geant4 simulations were larger than the measured

10
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values by 0.6% and 1.9%, respectively. The cause of difference is that the measured 1173 and
1332 keV peaks have a contribution of low energy tails. Below 200 keV, the measured spec-
tra is smaller than the simulated result due to the threshold on the signal processing. Below a
gamma-ray energy of 1000 keV, we calculated the response functions every 100 keV. In the
gamma-ray energy region from 1000 keV to 10000 keV, the response functions were calculated
every 1000 keV.
[Figure 9 about here.]

The weighting function was calculated from the corresponding response functions by as-
suming a trial function. Finally, the weighting function was normalized using the measurements
of the Au sample and evaluated capture cross section of '’ Au in JENDL-4.0 in the neutron
range from 24.3 to 26.3 meV. Figure 10 indicates the calculated weighting function for the

241 Am sample as an example. The deduced weighting function W(I) is described as follows:

4

Wi = > al" )
n=1
a; = 3.4929x10"
a = -64250%107
a; = 1.6766x 107
a; = -13572x107",
(&)
[Figure 10 about here.]
The uncertainty of the weighting function was evaluated using the following equation:
. (3, WOR(I.E,) - k- E,) ©

(L-N)-EZ
where R (I , Ey) is the calculated response functions, £, is gamma-ray energy, k is the normal-
ization factor of the weighting function. L is the number of response functions and N is the

number of degrees of freedom for the weighting function. The uncertainties of weighting func-

11
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tions caused by the response functions were estimated as 1%.

Figure 11 shows PH spectra for the *! Am, dummy, blank and *°*Pb measurements. These
PH spectra except for the blank measurement were obtained by subtracting sample-independent
background estimated from the PH spectra for the blank measurement. The PH spectrum for the
241 Am decay measurement is also shown in the figure. The number of proton beam pulses was
used for normalization in background subtraction. A difference appeared clearly between the
2'Am and dummy PH spectra below the Q-value of **' Am(n, y) reaction (5538 keV). Ad-
ditionally, backgrounds due to neutron capture reactions by the materials other than AmO,
(aluminum case and Y,03) were also observed. For example, a 7724 keV prompt gamma-ray
peak due to the >’ Al(n, y)?® Al reaction and a 6080 keV prompt gamma-ray peak caused by the
$Y(n, y)°°Y reaction were clearly observed. The background due to scattered neutrons from
each sample was mainly attributed to the 2223 keV capture gamma-rays from the 'H(n,y)*H
reaction in the neutron shields of ’LiH and/or borated polyethylene blocks. The main part of
decay gamma-ray background from the ?*! Am sample was observed below 1 MeV.

[Figure 11 about here.]

Correction of undetected events below the threshold level of signal processing (< 200 keV)
was done by extrapolating the PH spectrum to lower energies. The PH spectrum was fitted by an
exponential function from 200 keV to 600 keV, and the extrapolation of the PH spectrum below
the threshold level (< 200 keV) was made. In comparison to flat extrapolation of the PH spec-
trum, the uncertainties due to the extrapolation were estimated. Consequently, the uncertainties
were 2.7% and 1.6% for the PH spectra on *! Am and '’ Au, respectively.

Two-dimensional data of TOF and PH spectra were reduced into one-dimensional TOF data
of the weighted sum (3; W(I)S (I)) that is proportional to the capture yield. Figure 12 represents
the weighted sum TOF spectra of the >*! Am, dummy, blank and 2*®Pb. These weighted sum
TOF spectra were normalized with the number of incident proton beam pulses. A peak located

at 3 x 10° ch is due to the **' Am first resonance (0.31 eV). Neutron resonances of the **! Am

12
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were clearly observed in the figure down to 10* ch , which is equivalent to a neutron energy
of 260 eV. The broad peak around 2 x 10° ch is due to the neutron bump thermalized in the
liquid hydrogen in the moderator. Furthermore, a neutron resonance peak of the Y (2.6 keV)
appeared at 3.5 x 10* ch. To evaluate the amount of Y,O3 in the **! Am and the dummy samples,
peak areas of this resonance were used.

[Figure 12 about here.]

Dead time correction

Dead time corrections were made for these weighted TOF spectra with extended dead-time
model using a dead time of 5.67 +0.04 us per event. Figure 13 illustrates the dead time correc-
tions of the weighted TOF spectra of the 2*! Am and the dummy samples. The dead time correc-
tions at neutron resonance peaks of the >! Am were 4.5% at the first resonance ( 2.9 x 103 ch,
0.31 eV) and 11% at the third resonance ( 2.1 x 10° ch, 1.27 eV). At the thermal energy, the
dead time correction factor was 1.01. The uncertainties of the correction were deduced using
the uncertainty of the dead time per event. The deduced uncertainties were less than 0.1% at the
thermal energy.

[Figure 13 about here.]

Background subtraction

The following backgrounds were subtracted from the weighted TOF spectrum of the 2! Am
sample: (1) the background due to aluminum container and Y,0j; included in the ?*' Am sam-
ple; (2) the background due to scattered neutrons from the >*' Am sample; (3) the background
caused by frame overlap neutrons, (4) the constant background due to decay gamma-rays. The
background component of aluminum container and Y,0O; was estimated from the weighted
TOF spectrum of the dummy sample considering difference of the amount of Y,03 between

the 2! Am and the dummy samples. The peak areas of the 2.6 keV resonance of %Y in the

13
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weighted TOF spectra were taken into consideration for the amount estimation. In order to esti-
mate the background due to scattered neutrons from the >*! Am sample, 2*Pb measurement was
used. Sample-independent background, which is represented by the weighted TOF spectrum of
blank, was subtracted from the weighted TOF spectrum of 2*®Pb, and the background due to the
scattered neutrons by the 2**Pb sample was determined. Then, the background due to scattered
neutrons by the 2*! Am sample was estimated on the assumption that the background is changed
in proportion to the product of the neutron scattering cross section and the amount of target nu-
clei. The backgrounds caused by frame overlap neutrons and decay gamma-rays were estimated
by fitting the weighted TOF spectra in the TOF region from 37 to 40 ms by using the following
function:

t—37 ms), o

f@® =yo +anP(— .
where yy, a, t; are fitting parameters. The fitted function was moved back in time by 40 ms.
Figure 14 indicates the fitting region and the determined background due to frame overlap
neutrons and decay gamma-rays. The background component of decay gamma-rays is time-
independent. Therefore, the determined y, includes the background due to decay gamma-rays.
In the frame overlap background subtraction, the contribution from the isotopic impurity of
29Pu in the "' Am sample was estimated to be less than 0.1% by considering the isotopic ratio
and the capture and fission cross sections of ?*°Pu. In the similar way, background subtraction

from the weighted TOF spectrum of the ' Au was made.

[Figure 14 about here.]

Correction for the neutron self-shielding and multiple-scattering effects

The corrections for the neutron self-shielding and multiple-scattering effects in the *! Am
and ' Au samples were made by using the PHITS code[47]. The dimension and weight of the
samples were taken into account in the calculation. The correction for neutron self-shielding and

multiple-scattering was made in the same way as boron data analysis described above. Figures

14
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15 and 16 show the determined correction factors of the 2*! Am and '°” Au samples, respectively.
As shown in Figures 15 and 16, the correction factors are not so large The values were 0.3% and
2.4% for the > Am and '°” Au samples, respectively. In this paper, enough large uncertainties
of the corrections (10%) were assumed as a rough estimation. The deduced uncertainties were
0.03% for the *! Am sample and 0.24% for the '’ Au sample. These values are enough small
comparison to other uncertainties.
[Figure 15 about here.]

[Figure 16 about here.]

Correction for the fission reaction of **' Am

The correction for the fission reaction of **! Am was made assuming that the multiplicity
[Gamma rays/Fission] of fission reaction gamma-rays is 7.0 according to the study of Verbeke
et al.[50]. Then, the correction factor fyp for the fission reaction was derived as follows:

O-Capture
fMP - M Prission ? (8)

O capture + T fission X MP

capture

where 0 capure and oigsion are capture and fission cross sections of XAm, M Paprure and M Prgion
are the gamma-ray multiplicities of the capture and fission reactions. The cross section data
used for the correction were taken from JENDL-4.0[2]. Jandel et al. adopted the gamma-ray
multiplicity of 4 for the *! Am(n,y) reaction[30]. Typically, neutron capture gamma-ray multi-
plicities vary between 1 to 6 with an average value about 3.5. In this study, the capture gamma-
ray multiplicity was assumed to be 3.5. The derived correction factors were shown in Fig. 17.
Contribution of the corrections to the capture cross section was less than 1% at thermal neutron
energy. In this paper, enough large uncertainties of the corrections (10%) were assumed as a
rough estimation. The estimated uncertainty was less than 0.1% and enough small comparison
to other uncertainties.

[Figure 17 about here.]

15
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3.3. Results and discussion

The neutron capture cross sections of *! Am were obtained by dividing the background-
subtracted >*! Am TOF spectrum by the incident neutron spectrum. The thermal neutron capture
cross section of *' Am was derived as 707 + 29 b. The following uncertainties were taken into
account for the capture cross section: (1) the statistical uncertainties of measured TOF spectra;
(2) the uncertainty due to the standard capture cross section of '’ Au at the thermal energy
(0.14%)[51]; (3) the uncertainty of the sample mass for the >! Am sample; (4) the uncertainty
caused by the weighting functions; (5) the uncertainties caused by the corrections for the dead
time; (6) the uncertainties from the corrections for the neutron self-shielding and multiple-
scattering effects for each sample; (7) the uncertainties due to the extrapolations of the capture
gamma-ray PH spectrum for PHWT; (8) the uncertainty due to the correction for the fission
reaction. The details of these uncertainties at the thermal energy were summarized in Table 3.

[Table 3 about here.]

Figure 18 shows the present results. The evaluated cross sections of JENDL-4.0[40] and
JEFF-3.2[41] are also shown. The uncertainties of the determined cross sections were illustrated
in Fig. 19. In the thermal energy region, JENDL-4.0(684 + 39 b) is smaller than the present
results by 3.3% but agrees within the uncertainties, and JEFF-3.2 (748b) is larger by 5.5%.
Table 4 compares the present results with the previous measurements on the thermal neutron
capture cross sections (0 g+m) Of 24 Am, where the thermal neutron capture cross sections to
the ground state of ***Am (07 ,) measured by the activation methods were evaluated using the
branching ratio of 0.914 + 0.007 determined by Fioni et al.[26]. By comparing the measured
data in the last decade, the previous data except for the result of Belgya e al.[31] were in good
agreement with the present result within their uncertainties.

[Figure 18 about here.]
[Figure 19 about here.]

[Table 4 about here.]
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Fraval et al.[34] measured the capture cross sections of ?*! Am in the neutron energy region
from the thermal energy to 320 eV using the neutron time-of-flight facility at the European
Organization for Nuclear Research. They used a pair of C4Dg liquid scintillation detectors for
capture gamma-ray detection. The amount of ?*! Am sample used for the experiments was quan-
tified with an uncertainty of 2.2% by the calorimetric method. The thermal neutron capture cross
section (09 g+m) Of 2*' Am was reported to be 678 + 32 b. The uncertainty at the thermal energy
mainly came from signal-to-background ratio. The result of Fraval et al. is 4.1% smaller than
the present results.

Lampoudis et al.[19] performed neutron transmission and capture cross section measure-
ments of >! Am in the neutron energy region from the thermal neutron to 110 eV using the Geel
Electron Linear Accelerator (GELINA). They measured the amount of an 2*' Am sample with
the uncertainty of 0.37% by calorimetric measurements. X-ray radiography was applied to de-
termine the diameter of the >*! Am sample (22.345 + 0.030 mm), resulting in good accuracy. The
transmission measurements were performed at a flight path of 25 m with a Li-glass scintillation
detector (NE905) having a thickness of 12.7 mm. The capture measurements were carried at a
12.5 m measurement station with a pair of C¢Dg liquid scintillation detectors, and the PHWT
was applied. Measured capture cross sections of > Am were normalized based on the combined
analysis of transmission and capture data for the 0.31, 0.57 and 1.27 eV resonances of 2! Am.
The thermal neutron capture cross section (07 g+m) Of 241 Am was determined to be 750 + 35 b.
Their result is 5.9% larger than the present results but agrees within the uncertainties.

Genreith et al.[32] measured the thermal neutron capture cross sections to the ground state
of 22 Am by the activation method at the FRM II reactor. Two *!' Am samples with activities of
3.83+0.03 and 4.66 + 0.04 MBq were irradiated by cold neutrons. Decay gamma-rays from the
irradiated >*' Am samples were measured with a n-type HPGe detector having a 60% relative
efficiency. The thermal neutron capture cross section of each sample (o) to the ground state

of each sample was derived to be 663 + 29 and 650 + 28 b, respectively. Then they reported
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the thermal neutron capture cross sections (07 g+m) Of ' Am to be 725 + 34 and 711 + 28 b
using the branching ratio measured by Fioni et al.[26]. The results of Genreith ef al. are in good
agreement with the present results.

Jandel et al.[30] measured the neutron capture cross sections of 2! Am in the neutron energy
region from 0.0253 eV to 320 keV with the detector for advanced neutron capture experiments
(DANCE) at the Los Alamos Neutron Science Center. An ?*! Am sample with a weight of 219 +
1 ug determined by counting alpha-particles was used for the measurements. Capture gamma-
rays emitted from the 2*! Am sample were measured with 47 BaF, arrays located on the 20.2 m
neutron flight path. They reported the thermal neutron capture cross section (0o g+m) of **' Am to
be 665 +33 b, which is 5.9% smaller than the present results but agrees within the uncertainties.

Belgya er al.[31] measured the capture cross section (o7o,) of **' Am by measuring X-rays
from the decay product of 2**Pu at the Budapest Research Reactor. It is noted that uncertain-
ties ascribed to X-ray emission probabilities of 103.4 keV and 99.5 keV from >*?Pu were the
most dominant uncertainty component. The discrepancy of the thermal capture cross sections
of 2! Am might be caused by these X-ray emission probabilities. Additionally, Mizuyama et
al.[52] reported that the discrepancy can be improved by their new developed correction method

considering an influence by the resonances near and below a Cd cut-off energy (0.5 eV).

4. Conclusions

The neutron total cross sections and neutron capture cross sections of 4! Am were measured
by the TOF method with the Li-Glass detectors and the cluster-Ge detectors of ANNRI in J-
PARC. The neutron total cross section was deduced in the neutron energy region from 4 meV
to 2 eV and the obtained thermal total cross section was 730 = 21 b. Compared with the value
obtained in this work, the JENDL-4.0 is 4.2% smaller, and the JEFF-3.2 is 4.7% larger. The
neutron capture cross sections of >*! Am were deduced in neutron energies range from 10 meV to

100 eV. The thermal neutron capture cross sections was derived as 707+29 b by using the PHWT
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using the thermal neutron capture cross section of '°”Au in JENDL-4.0. The obtained neutron
total and capture cross sections were consistent. These results can contribute to improving the

accuracy of nuclear data on *!' Am.
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Table 1 Characteristics of the samples

Sample 24 Am Dummy
Inclusion AmO, +Y,0; Y,0;5
Activity [MBq] 9574 £ 0.5 -
Weight of Y,0; [mg] 46.0 66.2
Composition [%]
24 Am 99.9 -
29%Py 0.09 -
Diameter [mm)] 10.0 = 0.1 10.0 = 0.1
Thickness [mm)] 05+0.1 0.5+0.1
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Table 2 Measuring times

Samples Measuring time [h]

21 Am 41
Dummy 26
197 Au 5
IOB 5
208pp 12
Blank 9
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Table 3 Details of uncertainties for the derived thermal capture cross section of >4 Am.

Uncertainties [%]
Statistics 0.5
Capture cross section standard 0.1
Sample mass 0.2
Weighting function 1.0
Dead time <0.1
Self-shielding and multiple-scattering

21 Am < 0.1

197 Au 0.2

1B 2.3
Extrapolation of PH spectra

21 Am 2.7

97 Au 1.1
Fission < 0.1
Total 4.0
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Table 4 The thermal neutron capture cross sections (07¢,g+m) of 241 Am.

Year Thermal cross section [b] Author
2017 707 £ 29 Present
2014 678 £ 32 Fraval et al.
2013 750 + 35 Lampoudis et al.
2013 725 + 34 Genreith et al.
2013 711 + 28 Genreith et al.
2012 591 £ 35 Belgya et al.
2008 665 + 33 Jandel et al.
2007 702 + 25 Nakamura et al.
2007 705 +23 Bringer et al.
2001 672 £ 10 Maidana et al.
2001 696 + 48 Fioni et al.
1997 853 £52 Shinohara et al.
1976 625 + 30 Kalebin et al.
1976 853 +52 Gavrilov et al.
1973 612 +25 Harbour et al.
1969 654 + 104 Dovbenko et al.
1967 740 = 60 Bak et al.
1955 629 + 35 Pomerance et al.
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Figure Captions

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Figure 8

Present status on total cross sections of 2*' Am.

PH spectra of the °Li detector and the "Li detector.

Gated TOF spectra of the >*' Am (red) and the dummy samples (blue) mea-
sured with the ®Li-glass detector and the "Li-glass detector. Solid lines show
the neutron TOF spectra measured by the °Li-glass detector. Dashed lines
show the gamma-ray backgrounds measured by the “Li-glass detector. The
channel width was 4 ns/ch. Each TOF spectrum was normalized with the

number proton beam pulses.

The gated neutron TOF spectra and the frame overlap background of the
241 Am sample. A Solid line shows the gated neutron TOF spectra measured
by the SLi-glass detector. A dashed line shows the deduced frame overlap

background. The channel width was 4 ns/ch.

The neutron transmission ratio of **! Am. The channel width was 4 ns/ch.

The derived neutron total cross sections of *! Am (red points) with compar-
ison to the results by Adamchk[13] (Black points), the evaluated values in

JENDL-4.0[40] (blue line) and JEFF-3.2[41] (black line).

The correction factor of the neutron self-shielding and multiple scattering

in the '°B sample.

Incident neutron energy spectrum determined by measuring the 478 keV
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gamma-ray from the '°B(n, ay)’Li reactions.

Figure 9 A comparison between calculated and measured response functions for a
%Co source. The calculated response function was normalized with the
number of emitted gamma-rays. Differences of the peak areas on the 1173

and 1332 keV between the experiment and the calculation were less than 2%.

Figure 10 The calculated weighting function for the >*! Am sample without the normalization.

Figure 11 The PH spectra of the **! Am (red), dummy (black), 2*®Pb (blue) and **! Am
decay (green) measurements. These PH spectra were normalized using the
number of proton beam pulses. Sample-independent background estimated

from the PH spectra for the blank measurement was subtracted.

Figure 12 The weighted sum TOF spectra of the 2*! Am, dummy, °*Pb and blank (1 ch
= 10 ns). These weighted sum TOF spectra were normalized with the num-
ber of proton beam pulses. Red line is the **! Am, black line is the dummy,

green line is the 2°Pb and blue line is blank.

Figure 13 The dead time corrections for the weighted TOF spectra of the the >*! Am

and dummy measurements.

Figure 14 The background of frame overlap neutrons compared with the weighted

TOF spectrum of the *! Am sample.

Figure 15 The correction for neutron self-shielding and multiple-scattering on the

24 Am sample.
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Figure 16

Figure 17

Figure 18

Figure 19

The correction for neutron self-shielding and multiple-scattering on the

197 Au sample.

The correction for the fission reaction of 2*! Am.

The determined neutron capture cross sections of 2! Am.

The uncertainties of the derived neutron capture cross sections of ! Am. A
step appeared at neutron energy of 2.4 eV following a change of the TOF

bin width
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Figure 1 Present status on total cross sections of 2*' Am.
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Figure 2 PH spectra of the ®Li detector and the "Li detector.
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Figure 3 Gated TOF spectra of the 21 Am (red) and the dummy samples (blue) measured with the 6Li—glass
detector and the "Li-glass detector. Solid lines show the neutron TOF spectra measured by the °Li-glass
detector. Dashed lines show the gamma-ray backgrounds measured by the 7Li-glass detector. The channel

width was 4 ns/ch. Each TOF spectrum was normalized with the number proton beam pulses.
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Figure 4 The gated neutron TOF spectra and the frame overlap background of the >*' Am sample. A Solid line
shows the gated neutron TOF spectra measured by the ®Li-glass detector. A dashed line shows the deduced

frame overlap background. The channel width was 4 ns/ch.
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Figure 5 The neutron transmission ratio of ! Am. The channel width was 4 ns/ch.
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Figure 6 The derived neutron total cross sections of >*! Am (red points) with comparison to the results by Adam-

chk[13] (Black points), the evaluated values in JENDL-4.0[40] (blue line) and JEFF-3.2[41] (black line).

39



J. Nucl. Sci. & Technol. Article

p X P —
1.8
16-
14.

1.2

Correction Factor

1.0

0.8 " Ll " Ll " Ll " MR
107 10" 10° 10’ 102

Neutron Energy [eV]

Figure 7 The correction factor of the neutron self-shielding and multiple scattering in the '°B sample.
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Figure 8 Incident neutron energy spectrum determined by measuring the 478 keV gamma-ray from the '°B(n,

ay)’Li reactions.
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Figure 9 A comparison between calculated and measured response functions for a ®°Co source. The calculated
response function was normalized with the number of emitted gamma-rays. Differences of the peak areas on

the 1173 and 1332 keV between the experiment and the calculation were less than 2%.
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Figure 10 The calculated weighting function for the 2*! Am sample without the normalization.
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Figure 11 The PH spectra of the >*!' Am (red), dummy (black), 2*®Pb (blue) and ?*! Am decay (green) measure-
ments. These PH spectra were normalized using the number of proton beam pulses. Sample-independent

background estimated from the PH spectra for the blank measurement was subtracted.
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Figure 12 The weighted sum TOF spectra of the >*' Am, dummy, 2°*Pb and blank (1 ch = 10 ns). These weighted
sum TOF spectra were normalized with the number of proton beam pulses. Red line is the 2*! Am, black line

is the dummy, green line is the 2°Pb and blue line is blank.
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Figure 13 The dead time corrections for the weighted TOF spectra of the the >*! Am and dummy measurements.
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Figure 14 The background of frame overlap neutrons compared with the weighted TOF spectrum of the 2*! Am

sample.
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Figure 15 The correction for neutron self-shielding and multiple-scattering on the >*! Am sample.
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Figure 16 The correction for neutron self-shielding and multiple-scattering on the '’ Au sample.
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Figure 17 The correction for the fission reaction of *! Am.
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Figure 18 The determined neutron capture cross sections of 24! Am.
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Figure 19 The uncertainties of the derived neutron capture cross sections of >*' Am. A step appeared at neutron

energy of 2.4 eV following a change of the TOF bin width
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