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Abstract: The cross sections of the "*Sm(n,0)'**Nd reaction were measured for the first time at neutron energies

ranging from 4.8 to 5.3 MeV. The experiment was carried out on the Van de Graaff accelerator EG-5 at the Frank

Laboratory of Neutron Physics, Joint Institute for Nuclear Research. Fast neutrons were produced via the *H(d,n)’He
reaction with a deuterium gas target. A twin gridded ionization chamber was used as the charged particle detector,
with back—to—back '¥Sm samples mounted on tantalum backings at the common cathode. The absolute neutron flux
was measured using the 2*®U;Oy sample. The obtained cross section data were compared with those from existing
nuclear data libraries and theoretical calculations using the TALYS-1.96 code. The present results for the

148Sm(n,a)'*Nd reaction are expected to resolve discrepancies among various nuclear evaluation data.

Keywords: Nuclear reaction, 1488 m, fast neutron induced reaction, fast neutrons, (n,a) reaction

DOI: CSTR:

I. INTRODUCTION

Cross section data for charged particle emission reac-
tions induced by fast neutrons are important in basic nuc-
lear physics [1-5], nuclear astrophysics [6—8] and nucle-
ar engineering [9] applications. Samarium isotopes are re-
latively high—yield fission products in nuclear reactors so
accurate knowledge of their neutron cross sections is im-
portant for nuclear technology applications. The (n,a) re-
actions, in particular, are gas—producing and exothermic
ones. The helium gas accumulated in the material will
cause [10] serious embrittlement problems.

Natural samarium is composed of five stable isotopes:
144Sm, "“Sm, '°Sm, **Sm and '>*Sm, together with two
extremely long-lived radioisotopes, '“’Sm (half-life
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1.06x10" years) and '*Sm (7x10" years with abund-
ance 11.24%).

Previously, we have measured the (n,a) reaction cross
sections in the MeV energy region for the isotopes of
4Sm, '"Sm and '¥Sm [11-16].

Currently, there are no cross section data for the
8Sm(n,0)'Nd reaction in the MeV neutron energy
range. Existing evaluations in nuclear data libraries, such
as ENDF/B-VIII.O [17], ENDF/B-VIL.1 [18],
ENDF/B-VIIL.1 [19], and JEFF-3.3 [20], provide
identical evaluation results, while JENDL-5.0 [21] and
ROSFOND-2010 [22] present different values. The
ROSFOND-2010 evaluation differs from the latest ver-
sion of the ENDF library, showing a discrepancy of ap-
proximately 1.5 times in our investigated neutron energy
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region.

In this paper, we present the first experimental meas-
urements of the cross section for the **Sm(n,a)'*Nd re-
action in the 4.8-5.3 MeV neutron energy range. Our
measurement work aims to resolve existing inconsisten-
cies between various evaluated cross section data librar-
ies. Additionally, we compare the experimental results
with theoretical calculations using the TALYS-1.96 [23]
code. By providing reliable cross section measurements
for the "**Sm(n,0)'*’Nd reaction, this work will contrib-
ute to more accurate nuclear evaluations, enhancing our
understanding of nuclear energy technology, nuclear
physics and stellar nucleosynthesis.

II. DETAILS OF EXPERIMENTS

The experiment was conducted at the EG-5 Van de
Graaff accelerator at the Frank Laboratory of Neutron
Physics, Joint Institute for Nuclear Research. The experi-
mental setup, shown in Fig. 1, consisted of three main
components: a mono—energetic neutron source, a twin
gridded ionization chamber (GIC) as the charged particle
detector, and a *He counter for monitoring the neutron
flux.

A. Neutron source

Fast neutrons were generated via the *H(d,n)’He reac-
tion using a deuterium gas target. The gas cylinder vessel
2 cm in length and 0.9 cm in diameter, was separated
from the accelerator’s vacuum tube by a 6.0 um thick
molybdenum foil. The pressure of the deuterium gas was
2.5 atm, and the incident deuteron beam current was ap-
proximately 2.5 pA. The energy range of the incident
deuterons was 2.4-2.8 MeV, to generate neutrons with
energy 4.8-5.3 MeV.

B. Charged particle detector, data acquisition system
and samples

The GIC with a common cathode was used as a

Neutron source GIC Neutron
monitor
1 side . 2 side
Deuterium | i |
gas target :
Deuteron —p>__| : C(;'Il;:er
beam :
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Fig. 1. (color online) Scheme of the experimental setup. 1,

2, 3, 4 — common cathode with samples, grids, anodes and
shields of the GIC, respectively.

charged particle detector. The structure of the GIC and its
characteristics were presented in Ref. [11]. For the meas-
urement of the '**Sm(n, o)'**Nd reaction, a mixture of ar-
gon plus 3.0% carbon dioxide was employed as the work-
ing gas at a pressure of 3.0 atm. This allowed for the al-
pha particles to be stopped before reaching the grids. The
grid electrodes were grounded, while the anode was sup-
plied with a high voltage of +1800 V, and the cathode
was at —2700 V. The cathode and anodes were covered
with tantalum foil to reduce neutron induced background.

The detector signals were recorded using a 14 bit Pix-
ie—16 module, with a sampling frequency of 250 MHz.
The Pixie system. consisted of a chassis (PXI6023-XIA
14, Wiener), an embedded controller (NI PXI-8820), and
a high—speed digitizer (Pixie—16).

A sample changer with five sample positions was in-
stalled at the common cathode of the GIC, allowing the
samples to be changed without opening the chamber [24].
Two *¥SmO, samples and one *U;04 sample were pre-
pared., All samples were deposited on tantalum backings,
48 mm in diameter and 0.10 mm in thickness. The con-
tent of Sm isotopes in the samples are as follows: '**Sm
(0.04%), "'Sm (2.05%), '**Sm (91.20%), "“Sm (5.27%),
Sm (0.55%), **Sm (0.60%), and **Sm (0.29%). The
characteristics of the two '*SmO, samples and the
281,04 sample (for neutron flux measurement) are given
in Table 1.

C. Neutron flux measurement and monitor

The absolute neutron flux was determined by detect-
ing fission fragments from a ***U;04 sample, which was
positioned in one of the five sample positions at the GIC's
common cathode. Additionally, a *He long counter at 0°
with respect to the deuteron beam line was employed as a
neutron flux monitor.

D. Simulation of measurements of the *Sm(n, o)'*Nd
reaction

Before performing measurements, simulations were
conducted to predict the experimental spectra of the
18Sm(n,a)'**Nd reaction and potential interference reac-
tions from other samarium isotopes, such as 'Y’Sm and
"9Sm, including (n,0) reactions involving the working
gas. These simulations were carried out using Matlab
software and TALYS-1.96 code. Cross sections, as well
as angular and energy distributions from TALYS-1.96,

Table 1. Characteristics of samples
Sample Abundance (%)  Thickness(mg/cm®)  Diameter(mm)
*SmO, 01 91.20 2.94£0.04° 44.0
#Sm0, 02 91.20 3.10+0.03" 44.0
20,04 99.999 0.475 44.0

a) Thickness of samarium only;



Cross sections of the '**Sm(n,a)'**Nd reaction in the 4.8-5.3 MeV neutron energy region

Chin. Phys. C 49, (2025)

were used as inputs for the calculations. Simulations were
performed using a solid sample of samarium with a thick-
ness of 2.94 mg/cm?, and a mixture of argon with 3.0%
carbon dioxide was used as the working gas at a pressure
of 3.0 atm. The calculations covered the neutron energy
range from 4.8 to 5.3 MeV and determined the expected
positions of events for the studied reaction, as well as
background reactions that can mask the effect. Fig. 2
shows the calculated two—dimensional cathode—anode
spectra of alpha particles from the '**Sm(n,0))'**Nd reac-
tion at 5.3 MeV neutron energy, emitted from a samari-
um sample in the forward and backward directions. The
results quantitative assessment showed that the interfer-
ence from 'Y’Sm(n,a) and '¥Sm(n,o) reactions is negli-
gible (less than 3%).

III. MEASUREMENTS OF THE “*Sm(n, a)'**Nd
REACTION WITH FAST NEUTRONS.

A. Experimental procedure

The measurements for the '*Sm(n,0)'*Nd reaction
were carried out at neutron energies of 4.8, 5.1, and 5.3
MeV. The experimental procedure was performed in sev-
eral steps at each energy point, as outlined below:

1. Calibration

The system was first calibrated using an alpha source
to ensure accurate detector readings before starting the
measurements.

2. Foreground measurements

Back—to—back '**Sm samples were placed at the com-
mon cathode of the GIC to accurately measure the (n,o)
reaction.

3. Neutron flux measurements
The absolute neutron flux was measured for each

10
181 \Q“f.:u rve 90°Iin§’,,,»
=15 4
> ok 3
o 9 /
c | ,
[0} [ / /= i}, 2
5 ° /o
Q e 1
g3 7
/ (a)
0 0
0 3 6 9 12 15 18

Cathode energy (MeV)

Fig. 2.
MeV neutron energy: (a) forward and (b) backward directions.

-4

neutron energy point in a separate measurement using the
28U(n,f) reaction. The ***U;0g4 sample with the same di-
mension placed at the same sample position as the '**Sm
samples was used. The total fission counts from the
281,04 sample were used to determine the absolute neut-
ron flux.

Fig. 3 shows an example of the anode spectrum of the
fission fragments from the **U(n,f) reaction, which was
used to measure the absolute neutron flux.

The measurement durations were about 2 hours for
each neutron energy point.

4. Background Measurements

Background data were recorded using pure tantalum
backings under the same experimental conditions as the
foreground measurements. These background measure-
ments were performed at neutron energy point.

5. Recalibration

After each measurement, the system was recalibrated
with the alpha source.

The *He long counter was used as a neutron flux
monitor, positioned consistently 3 meters away from the
neutron source during all measurements at each energy
point. The counts from the *He counter were used as a
normalization factor in the cross section calculation.

The measurement durations for the foreground meas-
urements were 36, 60, and 36 hours at 5.3, 5.1, and 4.8
MeV, respectively. For the background measurements,
the durations were 19, 39, and 19 hours at the corres-
ponding energy points. For the absolute neutron flux
measurements, the duration is about 2 hours for each en-
ergy point. The detection efficiencies for both fission and
alpha events were calculated using Monte Carlo simula-
tions. The detection efficiency is defined as the ratio of
counts within the threshold range to the total counts in the
simulated spectrum. The details of the simulations are de-
scribed in Ref. [25]. The detection efficiencies for fission
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(color online) Calculated two—dimensional cathode—anode spectra of alpha particles from the '**Sm(n,a)'**Nd reaction at 5.3
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Fig. 3. The cathode spectrum of fission fragments for meas-
uring the absolute neutron flux of the 2**U(n,f) reaction at 5.3

MeV neutron energies.
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fragments (g;) and alpha particles (g,) were determined to
be 86% and 87%, respectively. These values were used to
correct for efficiencies in the cross section calculation.

After data collection, the cathode—anode two—dimen-
sional spectra were analyzed for both foreground and
background measurements. Figs. 4 and 5 shows the
two—dimensional foreground (a) and background (b)
spectra of the '**Sm(n,a))'*’Nd reaction at 5.3 MeV neut-
ron energy in the forward and backward direction, re-
spectively. Fig. 6 presents the anode projection spectrum
after subtracting background events from foreground
events. A selection cut is then applied based on simula-
tion results, which predict the expected distribution of a
events from the '**Sm(n,a)'*Nd reaction. The selected
area is used to generate the anode projection spectrum for
further analysis. Additionally, background events are sub-
tracted - while accounting for differences in measurement
durations, and the *He counter counts are used for nor-
malization.
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21.2 ) 35
; 180°curve 90° line !2'6
g 15.9- 03
; 1.9
2
@© 10.6 I H15
c
o 1.1
3
& 5.3 -0.8
C
< !0.4

00 0.0

52 10.4 15.6 20.8

Cathode energy (MeV)

(color online) Two—dimensional foreground (a) and background (b) spectra of the "*Sm(n,0)'**Nd reaction in the backward



Cross sections of the '**Sm(n,a)'**Nd reaction in the 4.8-5.3 MeV neutron energy region

Chin. Phys. C 49, (2025)

30
— Pure event
Simulation
20 Lower Upper
i) threshold threshold
=
@]
@)
10| Al
O WL V'I_H-IT m“ﬂi‘ﬂ» .
6 8 10 12 14 16
Anode energy (MeV)
Fig. 6. (color online) The anode projection spectrum of the

18Sm(n,a)'**Nd reaction in the forward direction at 5.3 MeV
neutron energy.

The cross section (o,,) for the "**Sm(n,a)'**Nd reac-
tion was determined using the following formula:

N, €/ Nasgu
O—n,azK'O—n,fii 5
N € Nisgsm

(L

where:

K = He¢/He, , with He; and He, are representing the
counts of the *He counter during the measurements of the
28U(n,f) and "**Sm(n,a)'*Nd reactions, respectively.

o, is the cross section for the ***U(n,f) reaction from
ENDF/B-VIILO library.

N, and N; refer to the number of alpha and fission
events, respectively, values of which are determined after
distinguishing background events within the specified en-
ergy thresholds for the reactions.

gr and g, are the detection efficiencies of the fission
and alpha events.

Nysgu and Njsgqn are the atom numbers in the **U
and "*Sm samples, respectively.

B. Results and Discussions

The experimental cross sections for the
8Sm(n,0r)'**Nd reaction were obtained using formula (1).
The uncertainty was calculated using the error propaga-
tion formula. The primary source of uncertainty arises
from the number of alpha events, which includes contri-
butions from statistical errors and background subtrac-
tion, particularly influenced by the valid—event—area cut
and the energy threshold cut. The sources of the uncer-
tainty and their magnitudes are presented in Table 2. As a
result, the total uncertainty in the "*Sm(n,a)'**Nd reac-
tion cross sections ranges from 13% to 20%.

The measured cross section at each neutron energy
was obtained by summing the forward and backward
cross sections. Cross sections and forward/backward ra-

Table 2. Sources of the uncertainty
Source Magnitudes (%)
Nassy 2.0
Nisgsm 3.0

On,f 0.7
N, 12-18
N 3.0
<M 13-20
& 2.0
€y 2.0

Table 3. section data and
forward/backward ratios in the laboratory reference system for

the "¥Sm(n,a)'**Nd reaction.

Measured (n,a) cross

Energy, Cross sections, mbarn
MeV Forward Backward forward/backward ratio Total
4.8 © 0.033+£0.008 0.023+0.007 1.43 0.056+0.011
5.1  0.042+0.008 0.029+0.007 1.45 0.071+0.012
5.3 0.06+0.01  0.04+0.008 1.50 0.1+0.013
tios in the laboratory reference system for

"¥Sm(n,0)'Nd reaction are given in Table 3. The
8Sm(n,o)'**Nd reaction cross sections are shown in Fig.
7, which compared with the data from different evalu-
ation libraries and TALYS—1.96 calculations using de-
fault and adjusted parameters as listed in Table 4.

We performed calculations using three sets of para-
meters in TALYS-1.96: default input parameters with the
Avrigeanu [26] alpha—particle optical model potential
(AOMP), default input parameters with the Atomki—V2
[27-29] AOMP, and adjusted parameters as listed in Ta-
ble IV. The calculations using the default Avrigeanu
AOMP significantly underestimated the experimental
cross sections in the 4.8—-5.3 MeV energy range. A slight
improvement was observed when the Atomki—-V2 AOMP
was used with the default parameters. The calculated
cross sections with Atomki-V2 AOMP were about 20%
higher than those obtained with the Avrigeanu AOMP,
but they still remained much lower than the experimental
data. Given these results, we will provide a detailed the-
oretical analysis in a follow—up paper which will include
all of our Sm(n,0) measurement data [11-16].

In the present work, TALYS—1.96 calculations using
the adjusted OM parameters and the pairing shift for the
Fermi gas level density (as listed in Table IV) give much
better results, leading to significantly improved agree-
ment across the measured energy range of 4.8-5.3 MeV.

Our measured cross sections are significantly lower
than the evaluated values in ENDF/B-VIII.O,
ENDF/B-VIIL.1, ENDF-VIII.1 and JEFF-3.3 libraries
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Fig. 7. (color online) Experimental and evaluated cross sec-

tions for the "*Sm(n,a)'**Nd reaction, compared with the cal-
culated results from TALYS-1.96.

which are identical (by a factor of 1.2 to 1.4), in the neut-
ron energy range of 4.8 to 5.3 MeV. Our experimental
data are consistent with the ROSFOND-2010 evalu-
ations at the two lower energy points and with the
JENDL-5.0 library at 5.3 MeV neutron energy.

IV. CONCLUSIONS

The cross section for the **Sm(n,a)'**Nd reaction was
systematically measured with high accuracy at neutron
energies of 4.8, 5.1, and 5.3 MeV. These measurements
represent the first experimental results in the MeV en-
ergy region. The experiments were performed on the
EG-5 Van de Graaff accelerator, using the GIC charged
particle detector, enriched '*SmO, samples, and **U;Oq
samples. The present experimental data are significantly
lower than the evaluated values in the ENDF/B-VIII.O,

Table 4. Adjusted input parameters of the TALYS— 1.96

Keyword Parameters
ldmodel 2
Ldmodelen 1
Alphaomp 6
Rvadjust a0.995
Avadjust 20.995
Aadjust 60 145 1.28
rvadjust n1.018-0.20.2 0. 0.98
Pshiftadjust 62 148 0.60
Rvadjust p1.10
Avadjust p .10
Gnadjust 62 149 0.94
Gpadjust 62149 0.94

ENDF/B—VIL.1, ENDF-VIII.1 and JEFF-3.3 libraries by
a factor of 1.2 to 1.4. Our experimental data are consist-
ent with the ROSFOND-2010 evaluations at the two
lower energy points and with the JENDL-5.0 library at
5.3 MeV neutron energy and the TALYS-1.96 calcula-
tions using the adjusted parameters produced results that
were consistent with our experimental data across the
4.8-5.3 MeV neutron energy range.
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