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ABSTRACT

The neutron capture cross-section of *'Am was measured in the keV neutron range using the
recently implemented neutron filtering system of the Accurate Neutron-Nucleus Reaction
Measurement Instrument (ANNRI) beamline in the materials and life science (MLF) facility of
the Japan Proton Accelerator Research Complex (J-PARC). Filter arrays consisting of 20 cm of
"9'Fe and "'Si were employed in separate measurements to provide filtered neutron beams
with averaged neutron energies of 23.5 (Fe), 51.5 and 127.7 (Si) keV. The present **' Am results
were obtained relative to the '’Au neutron capture yield by applying the total energy
detection principle together with the pulse-height weighting technique. The
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capture cross-section was determined as 2.72(29) b at 23.5 keV, 2.14(26) b at 51.5 keV and
1.32(10) b at 127.7 keV with total uncertainties in the range of 8 to 12%, much lower in
comparison to the latest time-of-flight experimental data available.
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1. Introduction

The advent of partitioning and transmutation (P&T)
of high-level radioactive waste (HLW) has allowed for
the possibility of the long-lived components of spent
nuclear fuel to be re-utilized as energy resources in
advanced nuclear reactors systems, while mitigating
the long-term environmental impact of such elements
[1]. Currently, the Japan Atomic Energy Agency
(JAEA) is targeting the transmutation of minor acti-
nides (MAs) through the use of Accelerator-Driven
Systems (ADS), a reactor facility that involves the use
of a 1.5 GeV-20 yA proton accelerator together with
a subcritical reactor. The principle of the nuclear
transmutation of MAs using ADS has been recently
proven at the Kyoto University Critical Assembly
(KUCA) in the work of Pyeon et al. [2]. The ADS
design at JAEA is meant to consist of a lead-bismuth
eutectic (LBE) cooled 800 MW thermal power reactor
with the capacity to transmute about 250 kg per 300

effective full power days (EFPDs), equal to the total
amount of MAs produced by 10 Pressurized Water
Reactors (PWR) per year [3,4]. The latest revised ver-
sion of the ADS will include **'Am with an MA iso-
topic concentration of 35%, second only to **’Np
(50%), with an upper limitation for the reactivity
coefficient k. set to 0.98 [5]. The uncertainty of the
keg is tied to uncertainty of the nuclear data used in
calculation designs. The uncertainty contribution to
the k. by the JENDL-4.0 [6] nuclear data was quanti-
fied in the recent works of Iwamoto et al [7,8] with the
uncertainty related to the **'Am neutron capture
cross-section being the main contributor among all
MAs at the neutron energy range from 0.454 keV to
1.35 MeV. In this energy range, evaluated nuclear data
in JENDL-5 [9] for the neutron capture cross-section
of **'Am includes similar uncertainties to those in
JENDL-4.0, ranging from 3% to as high as 40%, that
stem from the experimental data available. In order to
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Figure 1. Schematic view of the and ANNRI beamline.

resolve the uncertainties introduced by the evaluated
nuclear data, ADS test facilities are planned to be
constructed. Nonetheless, with no set date for such
facilities to be operational, the need for further accu-
rate experimental results becomes much higher.

In terms of the experimental data in the keV region,
the latest relevant experimental data in the keV region
include the time-of-flight (TOF) works of Fraval et al.
[10] and Jandel et al. [11], which show discrepancies
among them from 5% to 30% with total uncertainty
values higher than 15% above 10 keV. One of the
reasons for this is that **' Am is highly radioactive due
to its relatively short half-life (**'Am ty, = 4322 yr)
compared to other MAs (237Np ty, = 6.6 M yr). This
fact, together with the low neutron capture cross-
section in the keV region, makes the measurement of
the neutron capture cross-section of *'Am extremely
susceptible to the influence of both sample-dependent,
which includes decay and neutron elastic-scattered
backgrounds and sample-independent backgrounds.

In the present work, the neutron capture cross-
section of **'Am was measured at the Accurate
Neutron-Neutron Reaction Measurement Instrument
(ANNRI) using the neutron filtering technique. "*Si
and "*Fe were employed as filter materials to tailor
quasi-monoenergetic neutron beams with average
incident neutron energies of 51.5 and 127.7 keV (Si)
and 23.5 keV (Fe). The present study intends to pro-
vide experimental evidence of the **' Am neutron cap-
ture cross-section, with lower uncertainties than those
present in the current experimental data available, for
the design ADS facilities. An explanation of the
experimental setup and the neutron filtering technique
is given in section 2, followed by a description of the
data reduction process in section 3. The cross-section
results are presented and discussed in section 4 with
the conclusions provided in section 5.

2. Experimental setup
2.1. Neutron filtering system

The experimental work was conducted at the ANNRI
beamline of the materials and life science (MLF)

experimental facility in the Japan Proton Accelerator
Research Complex (J-PARC) using the highly intense
pulsed neutron beam provided by the Japanese
Spallation Neutron Source (JSNS) of J-PARC.
However, the J-PARC accelerator is currently oper-
ated in double-bunch mode, where two proton
bunches with a time difference of 0.6 ys are shot to
the JSNS in order to generate pulsed neutrons at
a repetition rate of 25 Hz, making fast-neutron timing
experiments unattainable without a high degree of
ambiguities. Hence, in order to bypass these ambigu-
ities and perform accurate neutron capture cross-
section measurements, the newly implemented neu-
tron filtering system in the ANNRI beamline was
employed in the present experiments in conjunction
with the Nal(TI) spectrometer. The experiments were
performed with filter configurations of 20 cm of "*Si
and "*Fe in separate measurements in order to mold
the double-bunch incident neutron flux into quasi
mono-energetic neutron beams with averaged ener-
gies of 51.5 and 127.7 keV (Si) and 23.5 keV (Fe). The
filter materials were introduced into the rotary colli-
mator of the ANNRI beamline, upstream of the
experimental areas as shown in Figure 1. Moreover,
a thick cadmium filter was also employed in all mea-
surements to prevent thermal neutrons from activat-
ing the filter materials. Capture y-rays were detected
using the Nal(Tl) spectrometer in ANNRI beamline
situated at a flight path of 27.9 m with respect to the
JSNS moderator surface. A CAEN V1720 time digiti-
zer [12] was employed to determine the neutron TOF
as the time difference between a trigger signal from the
proton beam monitor, for each spallation reaction,
and sequential stopping events, i.e. detected prompt y-
rays. Simultaneously, the energy of the detected y-ray
was recorded as the total area readout of the anode
signal. The characteristics and performance of the
neutron filtering system using the Nal(Tl) spectro-
meter have already been described in more detail in
Ref [13,14]. At the same time, the first neutron capture
cross-section results of MAs using the neutron filter-
ing system have already been published in the mea-
surement of ***Am using the Fe filter of Kodama
et al. [15].
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Figure 2. Diagram of the **'Am sample. **'Am oxide is
encapsulated in an Al case using Y,03 as binder.

Table 1. Summary of the measurement times.

Si Filter Fe Filter No Filter
1aAm 40h 24 h 16 h
97py 24 h 8h 2h
Dummy 36 h 24 h 16 h
Carbon 24 h 24 h 7h
Boron 8h 8h 5h
Blank 22 h 18 h 17 h

2.2, Samples and measurements

A pellet of 7.47(10) mg of **' Am oxide enclosed in an
Al casing with 46.0 mg of Y,0; used as binder was
measured in the present experiments. The mass of
*'Am in the sample was deduced from the accurate
activity measurement of 957 MBq from the past works
of Terada et al [16] and Harada et al [17] and account-
ing from the change in activity due to the decay of
21Am. The pellet measured 10.0(1) mm in diameter
with an active thickness of 0.50(5) mm. Impurities in
the form of >*’Np and ***Pu were found in a thorough
analysis of the resolved resonance region that
amounted to 1.52(3)% and 0.49(8)%, respectively.
The sample was encapsulated in an Al case with
0.1-mm-thick walls and an outer diameter of
22.0(1) mm. The layout of the M Am sample can be
seen in Figure 2.

The sample-dependent background relative to the
Al canning was estimating by measuring a duplicate of
the Al dummy casing without any **'Am oxide
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included in the sample. Nonetheless, the dummy sam-
ple comprised a slightly higher amount of Y,0; in
order to guarantee the homogeneity within the
dummy case. This mass difference was estimated by
means of the 2.59 keV resonance of the 89Y(n,y) in
measurements without any neutron filter. In the pre-
sent analysis, the >*' Am neutron capture cross-section
was derived relative to the *”Au cross-section. Thus, a
97 Au sample having a diameter of 10.0(1) mm
a thickness of 0.100(1) mm and a mass of 153.9 mg
was employed to derive the Au neutron capture yield.
Moreover, the time distribution of the incident-
filtered neutron flux was derived in a measurement
of a boron sample with a 90.4% '°B enrichment and
a mass of 86.1 mg. This is a commonly used technique
since the '°B(n,ay)’Li reaction has been extensively
measured in the past and, hence, evaluated data for
this reaction are deemed highly reliable. Moreover,
since the '°B(n,ay)’Li reaction emits a sole y-ray
with the energy of 478 keV, events from this reaction
can be easily isolated to increase the signal-to-noise
ratio. Alongside these samples, a carbon sample with
a diameter of 10.0(1) mm, a thickness of 0.50(5) mm
and a mass of 73.1 mg was utilized to derive the
sample-dependent background related to neutrons
scattered at the sample materials, since the elastic
scattering cross-section is the dominant reaction
channel and it presents a flat energy dependence.
Finally, the sample-independent background was esti-
mated in a “blank” measurement with no sample.
These samples were measured using both neutron
filters, and also in the no neutron filter condition in
order to accurately determine the influence of the
sample-dependent backgrounds and impurities. The
measurement times in the present experiment for each
sample are shown in Table 1.

3. Data analysis

The **'Am neutron capture cross-section was deter-
mined at the averaged neutron energies 23.5 keV (Fe)
and 51.5 and 127.7 keV (Si) relative to the '*’Au
neutron capture yield in offline analysis. The experi-
mental results were stored successively in two-
dimensional list data files with the detected y-ray
energy and the neutron TOF.

3.1. Filtered neutron beams

In the present study, the time distribution of the
incident neutron flux was determined using the
90.4%-enriched boron sample measurement by gating
the lone 478-keV y-rays emitted from the '°B(n,ay)’Li
reaction. The '’B-ay yield, obtained after subtracting
the sample-dependent background using the carbon
sample measurement and sample-independent



492 (& G.ROVIRAETAL.

— 120 T - T
@ Experimental
= PHITS
2 100
=
o
@
c 80 H{
£ \
o
Qo
£ 60 J
=
g 40 | N
2 R
s 20| | HLT m
T e
0 . . . .
4 6 8 10 12 14 16

Time [us]

Figure 3. Present filtered neutron flux with 20 cm of "*Sj
measured with the boron sample (black) in the present experi-
ment compared to simulations with PHITS.
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Figure 4. Present filtered neutron flux with 20 cm of "*Fe
measured with the boron sample (black) in the present experi-
ment compared to simulations with PHITS.

background, was divided by the reaction rate calcu-
lated in simulations with the PHITS code [18] to
remove the energy-dependent influence of the '°B
(n,ay)’Li reaction. The present time distribution of
the incident neutron time distribution filtered with
filter configurations of 20 cm of "Si and "*Fe are
shown in Figures 3 and 4, respectively. The present
results are in concordance with the simulation results
using the PHITS code from the previous validation
work for the neutron filtering system in ANNRI [13]
with similar integration TOF gates from 5 to 6 ps and
8.2 to 9.4 us for the 127.7 and the 51.5 keV filtered
peaks with the Si filter array; and from 12.2 to
14.6 ps for the 23.5 keV peak with the Fe filter config-
uration. Although the final >*' Am cross-section results
are determined relative to the neutron capture yield, it
is still necessary to accurately determine the time dis-
tribution of the incident filtered neutron flux to ensure
the correct filtering performance of the neutron filter-
ing system. Moreover, in the present study, the '*’Au
neutron capture cross-section was also derived relative
to the boron sample measurement as means to validate
the accuracy of the "”/Au neutron capture yield and
assess the reliability of the final results.

3.2. Pulse-height weighting technique

The total energy detection principle was applied in the
present experiment in order to accurately determine the
neutron capture yield for both **!Am and "*”Au. For
this methodology to be applied, the following premises
have to be fulfilled by the detector setup: (1) the detec-
tion efficiency is proportional to the y-ray energy and
(2) the detection efficiency is low enough so that only
one y-ray is detected from each deexcitation cascade
following a capture event. So as to accomplish that the
pulse-height weighting technique (PHWT) [19,20] was
applied by means of two distinct weighting functions
based on the different characteristics of both the **' Am
and "”7Au samples. These weighting functions, which
were calculated from Monte-Carlo simulations with the
y-ray simulation code SG [21], obey the following:

> W()R(I,E) = E. (1)

with R(I, E) as the response function for the present
detector system, including the influence of the sample
characteristics, for a y-ray with energy E detected in
the I-th channel and E as the detected y-ray true
energy value. Additionally, in the present setup, the
weighting functions were applied with a minimum
energy threshold of 600 keV as a means to diminishing
the background influence of the 478-keV and 511-keV
y-rays emitted by ancillary materials and the decay y-
rays from **' Am. A comparison of the weighting func-
tions for the **'Am and '"”’Au samples is shown in
Figure 5 which take the form:

W(I),,, = 22389 x 10'VI — 5.3171 x [ 4 7.8757
x 107132
(2)
—4.0274 x 107217 + 7.4636 x 10*1°/?
10° —— ‘
éeoo keV
§1o2 s g

241Am
197Au

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
y-ray Energy [ch]

10’

Figure 5. Comparison of the weighting function W(/) for the
21Am (blue) and "’Au (red) samples. These weighting func-
tions were applied to detected events with energy higher than
600 keV.



W(I),, = 2.5982 x 10'VI — 6.3155 x I + 8.9017
x 1071 °/?

(3)

— 4.4444 x 107%1* + 8.0972 x 107*1°/?

with I as the detected energy in the detector in chan-
nels with a bin width of 25 keV.
Finally, the neutron capture yield for each isotope,
Y, can then be determined by means of each respective
weighting function as:
y_ ZIWOS() »
B}] + h}l
being S(I) as the detected pulse height spectrum
for each channel I. With B, and E, as the com-
pound nucleus binding energy and the incident
neutron energy, respectively, for both **'Am and
197 A .

3.3. Background subtraction

The detected prompt y-rays emitted in neutron
induced capture events in both the **'Am and
"7 Au samples have to be isolated from the events
caused by other sources, both sample-dependent
and sample-independent, as they are recorded
together and cannot be separated in online analy-
sis. Thus, several other measurement were per-
formed to isolate and precisely quantify these
background layers. The background levels relate
to the sample-independent background, estimated
in a "blank” measurement with no sample, and the
sample-dependent backgrounds, namely, the back-
ground events caused by neutrons scattered at the
sample and by the casing material, with the latter
being only for the **' Am sample. A comparison of
the raw detected events for each sample and in the
different filter configuration is displayed in
Figures 6 and 7.

In addition, since the present experiments were
performed using a thick cadmium filter to avoid
the activation of the filter materials by thermal
neutrons, no neutrons are able to reach the sample
position with energies lower than 0.5 eV. Hence,
the constant background level for each sample
measurement was estimated using the detected
events with detected time-of-flight (t) as
5 < t < 35 ms as can be seen in Figure 8. This is
important in the measurement of the **'Am sam-
ple to accurately estimate the background events
induced by the decay of **'Am.

After subtracting the constant background in all
sample measurements, the sample-independent
background layer was removed using the “blank”
sample measurement with no sample. The net
capture yield for both **'Am and '"Au was then

JOURNAL OF NUCLEAR SCIENCE AND TECHNOLOGY 493

obtained by subtracting the sample-dependent
background.

As regards to the **'Am sample, the sample-
dependent background component was constituted
by events caused from (1) the neutrons interacting
with both the Al casing material and the Yttrium
binder; and by (2) the neutrons scattered at the
*'Am sample. The measurement of the dummy
case was employed to estimate and subtract the
first component of the sample-dependent back-
ground, after correcting for the difference in
Yttrium mass using the 2.59 keV resonance peak
from the **Y neutron capture reaction. This reso-
nance was clearly visible in a measurement with-
out any filter configuration present. Subsequently,
the carbon sample measurement was employed to
subtract the background caused to neutrons
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Figure 6. Raw detected events in the Am (black), dummy
(green), carbon (red), and blank (blue) measurements for the
Si (top) and Fe (bottom) filter configurations. The data from
dummy and carbon have not been corrected yet for the differ-
ence in yttrium mass; and neutron elastic scattering cross-
section and number of atoms, respectively.
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Figure 8. Raw detected events in the Am sample measure-
ments using the Si filter array. The constant background
that includes the influence of decay y-rays was estimated
using the flat TOF region from 5 to 35 ms.
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Figure 9. **'Am sample foreground (black) and background
(red) events in the Si (top) and Fe (bottom) filters
experiments.

scattered at the **'Am atoms. Moreover, since
background induced by the case was normalized
to the difference in Yttrium mass, the results of
the measurement were also utilized to correct for
the underestimation of the Al casing background.
This process can be summarized by the following:

YAm (En> — Y/Am (En) - Nnmss : YI)<En) (5)

o (Bn) B o ()3
O_(YZH(E )ﬂ + (1 - Nrrms.\‘) : (7"1”<E )ﬂ
C n) Me C n) Mc

- YC(EM)

with Y4, as the **'Am neutron capture yield.
Y am(E,), Yp(E,) and Yc(E,) stand for the
weighted TOF spectrum from the **'Am sample
(after the dummy background subtraction), the
dummy and the carbon sample, respectively.
0?"(E,), M and m are the neutron elastic scatter-
ing cross-section, the atomic mass and the sample
mass for **'Am, Al, and carbon. N, means the

normalization factor relative to the Yttrium mass
correction. For the case of the °”Au sample, the
sample-dependent background is only composed
by the neutron elastic scattering background and
was estimated using the carbon sample measure-
ment analogously to the **' Am sample.

The weighted TOF foreground and background
events normalized in each filter configuration for
both the **'Am and '"”Au samples are shown in
Figures 9 and 10.

Additionally, the accurate estimation of the
background levels for both samples can be seen
in the pulse-height for the gated foreground and
background events at the 127.7 keV filtered peak
from 5 to 6 us for the **'Am and ""Au samples
(see Figure 11). The background estimation was
able to precisely reproduce the peak at around
6.7 MeV caused by the '*’I included in the detec-
tor setup.
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Figure 10. '®’Au sample foreground (black) and background
(red) events for the Si (top) and Fe (bottom) filters
measurements.

Background
Foreground

I mﬂl‘ilwl\
]|

éackground B
Foreground

Norm. Counts [1/proton shot/100 ns] Norm. Counts [1/proton shot/100 ns]

L L L L L L !
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
y-ray Energy [keV]

Figure 11. Foreground (black) and background (red) events
for the Am (top) and Au (bottom) samples for events
gated from 5 to 6 us (127.7 keV) using the Si filter array.



3.4. Correction for self-shielding, multiple
scattering, and fission

Monte-Carlo simulations with the PHITS code [18] were
employed to estimate and correct for the effects related to
the neutron flux attenuation within the sample, i.e. neu-
tron self-shielding, and for the secondary captures of
neutrons after suffering a first elastic interaction with
the sample material, namely, multiple scattering effect.
These effects were determined as the ratio between the
JENDL-5 neutron capture cross-section value and the
simulated cross-section results, at the centroid energy
point for the three measured filtered beams of 23.5 keV
(Fe); and 51.5 and 127.7 keV (Si). Moreover, for the case
of >*' Am, the influence of fission events has to be taken
into account as well. In the present analysis, a correction
similar to that of Terada et al. [16] was applied using the
evaluated data from JENDL-5 for the neutron capture
and fission cross-sections of **' Am as follows:

Oca p

C/}'s — \I‘ - (6)

uzp + U/zs :

where 0., and op stand for the 2 Am capture
and fission cross-section taken from JENDL-5,
respectively; while M, ,, and M, 5, mean the y-
ray multiplicity emission for the capture and fis-
sion reactions. The fission multiplicity value was
assumed to be the same as in the work of Verbeke
et al. [22], with an average value of 7. In the case
for the capture reaction, a value of 3.5 following
the work of Terada et al. was employed. The final
correction factors for the **’Am and '*’Au are
summarized in Tables 2 and 3.

3.5. Cross-section calculation

The neutron capture cross-section of **1 Am was deter-
mined relative to the '*”Au capture yield at the ener-
gies of 23.5 (Fe), 51.5 and 127.7 (Si) keV as follows:

YAIIZ(EI'I.X>CAIII(EI’I.X)CﬁS(E)Z,X> Si ) ﬁ
Yau(Enx)Cau(Eny) Sam Pam
) O—A11<E11.x>
Cythres

UA;U<E11.,\'> —

(7)

Table 2. Summary of the self-shielding and multiple scattering
correction factors.

Centroid Energy

23.5 keV 51.5 keV 127.7 keV
21Am 0.992(6) 1.010(9) 1.008(9)
ay 0.990(6) 1.005(7) 1.006(8)
Table 3. Summary of the fission correction factors.
Centroid Energy
23.5 keV 51.5 keV 127.7 keV
21Am 0.988(8) 0.985(7) 0.972(7)
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being Yau(Enx) the 241 Am neutron capture yield at for
each of the three filtered neutron beams (x); C(E, ») and
Cpis(Ey ) stand for the corrections for self-shielding and
multiple scattering; and for the fission events, respec-
tively. S, and P, mean the sample area density in "at/b”
and the number of proton shots in the measurements,
respectively, for the >’ Am and '”’Au samples. With
0au(Enyx) as the JENDL-5 cross-section for Au at the
three filtered neutron energies (x) and Cypys as the
correction for yield loss under the 600 keV detection
threshold. This last parameter was calculated using the-
oretical calculations with the CCONE code [23] as the
total yield loss under the 600 keV threshold of **'Am
relative to that of '”Au as their neutron binding energies
are different. This correction factor takes the form:

DTN

BA" 1 E, BAm
Cythres = : 8
Ythres 1 Zmn E., Z “[_\H ( )
T BMtE, / B“+E,

where S0 Ejnp and ;% Eami mean the
energy sum of the capture y-rays emitted with
energies from 0 to 600 keV and of the total
emitted, respectively. BA* and BA™ are the binding
energies for '*Au and ***Am; with E, as the fil-
tered neutron energy. In the present analysis, the
same correction factor was obtained for each of the
three filtered neutron beams, since the difference in
averaged neutron energies between the filtered
peaks is insignificant in comparison with the bind-
ing energies, that amounted to 0.986(4). Further
information about this technique is provided in
Ref [24].

3.6. Uncertainty analysis

Alongside the statistical uncertainty related to the
number of detected events, the systematic uncertain-
ties considered in the present analysis include uncer-
tainties relative to the detector deadtime, the
correction factor for self-shielding, multiple scattering
and fission; the correction for yield loss under thresh-
old, weighting function calculation; and the **' Am and
"7Au samples area density have been considered
together with the statistical uncertainty. The uncer-
tainties related to the deadtime correction were esti-
mated as the square root of the corrected counts at
each energy point. Area density uncertainties of 1.7%
and 1% for the **' Am and '*” Au samples, respectively,
were assumed from the uncertainties of 0.1 mg for the
sample mass and 0.1 mm for the sample diameter. The
uncertainty introduced correction factor was esti-
mated assuming total nuclear data uncertainties of
10% and the samples area density uncertainties.
Nonetheless, since the correction factors were very
close to the unity, the uncertainty introduced by
these concept became rather small. 20% uncertainties



496 (&) G.ROVIRAET AL.

were assumed for both calculations with the CCONE
code [23,], for ***Am and "’ Au that is, with the total
uncertainty introduced by the yield loss correction
being the quadratic sum of these uncertainties (28%)
was multiplied by the yield loss correction of 1.4% to
a total of 0.4%. Uncertainty values of 1% were assumed
for the determination of both weighting functions.
Finally, uncertainties of 2% were assumed for the
JENDL-5 "7Au neutron capture cross-section used
to determine the present cross-section results. These
uncertainties were taken from the IAEA Standard
library [25] since JENDL-5 does not include uncer-
tainties for the '”Au neutron capture cross-section.
An outline of the systematic uncertainties considered
in the present analysis is included in Table 4, followed
by the summary of the total uncertainties, including
the statistical uncertainties, in Table 5. As displayed in
Table 5, the main uncertainty component is the statis-
tical uncertainty in the **'Am sample measurement
owing to the mass of **' Am. This made the foreground
to background ratio quite tiny as shown in Figure 9

Table 4. Outline of the systematic uncertainties.

Uncertainties [%]
Deadtime <0.1
Correction factor 0.3
Correction under threshold 0.4
Weighting function

2TAm 1.0

Y7y 1.0
Area density

2TAm 17

97py 1.0
Au nuclear data uncertainty 2.0
Total systematic uncertainty 3.2

102 , —

Table 5. Summary of the total uncertainties.

Centroid Energy

23.5 keV 51.5 keV 127.7 keV
Systematic 3.2% 3.2% 3.2%
Statistical
2 Am 9.7% 11.2% 6.8%
97py 3.3% 3.3% 2.0%
Total uncertainty 10.8% 12.1% 7.8%

4. Results and discussion

The **'Am neutron capture cross-section was deter-
mined at the averaged neutron energies of 23.5, 51.5,
and 127.7 keV using the neutron filtering system imple-
mented in the ANNRI beamline by integrating the
! Am neutron capture yield from 12.2 to 14.6 ys when
using the Fe filter array; and from 8.2 to 9.4 ys and from 5
to 6 us with the Si filter assembly, respectively. The
present cross-section results were obtained relative to
the '”7Au neutron capture yield obtained using the
same integration gates by means of the pulse-height
weighting technique. The **' Am neutron capture cross-
section was measured to be 2.72(29) b at 23.5 keV,
2.14(26) b at 51.5 keV and 1.32(10) b at 127.7 keV. The
present results are compared to the TOF experimental
results of Jandel ef al. [11] and Fraval ef al. [10] together
with the evaluated data from the JENDL-5 [9], ENDF/
B-VIILO [26] and JEFF-3.3 [27] nuclear data libraries in
Figures 12 and Figure 13 and are summarized in Table 6.
Since the neutron energy distribution is not uniform
within the filtered peaks, the one-sigma (thick) and two-
sigma neutron (thin) neutron energy distributions are
displayed as the x-axis bars. Nonetheless, in the present
analysis, all the neutrons within the filtered peaks have

Jandel (2008) —=—
Fraval (2014) —e—
JENDL-5 ——
ENDF/B-VIIL.O --------
JEFF-3.3 -
Present - Si Filter ——<—

1 Present - Fe Filter —>—
= 10 i
c
il
©
(O]
»n
[}
0
o
O 100 i —
0]
-1 . ] | A ] .
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107 10° 10" 102 10°

Neutron energy [keV]

Figure 12. Neutron capture cross-section results for 241Am compared to the latest experimental data and evaluated nuclear data
from JENDL-5, ENDF/B-VIII.0 and JEFF-3.3 libraries., the one-sigma (68.2%) and the two-sigma (95.4%) distributions of the neutrons

are represented by the thick and thin x-axis bars, respectively.
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Figure 13. Neutron capture cross-section results for 2*'Am compared to the latest experimental data and evaluated nuclear data
from JENDL-5, ENDF/B-VIII.0, and JEFF-3.3 libraries in more detail. For the present results, the one-sigma (68.2%) and the two-
sigma (95.4%) distributions of the neutrons are represented by the thick and thin x-axis bars, respectively.

Table 6. Summary of the *'Am Cross-Section Results.

Cross-
Filter Centroid odist 2odist Section  Uncertainty
element  Energ.[keV] [keV] [keV] [b] [b]
Fe 23.5 21.4- 19.4- 2.72 0.29
244 25.1
Si 515 42.9- 47.4- 2.14 0.26
61.2 53.7
127.7 112.0-  99.8- 1.32 0.10
136.5 153.5

been considered in the cross-section calculation. The
present results show agreement within uncertainties
with the recommended values from JENDL-5, ENDF/
B-VIILO and JEFF-3.3 and present much lower total
uncertainties than the experimental data from Jandel
et al. and Fraval et al that present uncertainties in the
keV region over 20 keV over 20%.

Moreover, since the present **' Am neutron capture
cross-section results were obtained relative to the mea-
sured *’Au neutron capture yield, the 197 Au neutron
capture cross-section was determined using the energy
dependence of the neutron flux derived from the
boron measurement. Typical time-of-flight experi-
ments usually rely on the energy dependence of the
neutron flux, commonly determined using a boron
sample, that has to be normalized. However, in the
present experimental setup, due to the use of the
neutron filtering system, a complementary measure-
ment without the use of the filter material is required
in order to normalize the incident neutron flux to the
saturated first resonance of °”Au, which might ham-
per the accuracy of the measurement. Hence, it was

decided the rely on the '*Au neutron capture yield as
no normalization is required due to the pulse-height
weighting technique. Notwithstanding, the energy
dependence of the neutron flux measured with the
boron sample was determined using this methodology
in order to evaluate the accuracy of the '*’Au neutron
capture yield by means of determining the '*’Au neu-
tron capture cross-section. The '*Au neutron capture
cross-section are shown in Figure 14 measured at the
same energies of 23.5, 51.5 and 127.7 keV with good
agreement within uncertainties with both evaluated
and experimental data that validates the accuracy of
the ' Au neutron capture yield.

T T

IAEA Standard - 197Au(n, ) ==~~~

—e— JENDL-5 - ™Au(n, ; —

Lederer (201 ©

Massimi (2014)

1F & Present - Si Filter +——t
N Present - Fe Filter —#—

08 | NN

0.6

Cross section [b]
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Neutron Energy [keV]
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Figure 14. Neutron capture cross-section results for '°’Au
compared to the latest experimental data and evaluated
nuclear data from JENDL-5 and the standard IAEA libraries.
For the present results, the one-sigma (68.2%) and the two-
sigma (95.4%) distributions of the neutrons are represented by
the thick and thin x-axis bars, respectively.
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5. Conclusions

The neutron capture cross-section of **'Am was mea-
sured in the ANNRI beamline of the MLF facility at
J-PARC at the neutron incident energies of 23.5, 51.5,
and 127.7 keV. In order to bypass the effect of the
double-bunch mode of J-PARC, the newly developed
neutron filtering system of the ANNRI beamline was
employed using filter configurations of 20 cm of "*Fe
and "“'Si in separate measurements. In the present work,
the **' Am neutron capture cross-section was measured
to be 2.72(29) b at 23.5 keV, 2.14(26) b at 51.5 keV and
1.32(10) b at 127.7 keV. The present results provide
much higher accuracy, in terms of lower total uncertain-
ties, than any of the latest available time-of-flight experi-
mental data sets over 20 keV. The present results are
important in order to reduce the influence of the nuclear
data uncertainty in the design of ADS facilities, as the
current results display uncertainties from 8 to 12% com-
pared to the uncertainties of around 20% present in the
latest results of Jandel et al. and Fraval et al. Moreover,
the JENDL-5, ENDF/B-VIIL.O and JEFF-3.3 evaluated
nuclear data libraries are able to reproduce the present
results within uncertainties, except for the result at
127.7 keV, where the JEFF-3.3 library overestimates the
present results.
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