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Experimental determination of the neutron resonance peak of '’Er at 67.8 eV
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162Er is one of the p nuclei in nuclear astrophysics, and its (12, ) cross sections are important input parameters
in nuclear astrophysics network calculations. Resonance data for '*Er(n, y) '*Er at 67.8 eV is currently not
present in the EXFOR database; however, it is included in the ENDF/B VIII.O database. The (n, ) cross
section of " Er has been measured in the energy range of 1-100 eV at the Back-n facility in the China Spallation
Neutron Source. However, due to the influence of the in-beam y background of the Back-n Facility, it is has
not been possible to observe the neutron resonance peak of '®’Er at 67.8 eV. A general simulation method is
proposed for quantifying the in-beam y-ray background. By subtracting the in-beam y-ray background, the
neutron-capture yields of '’Er are obtained within the energy range of 20-100 eV. The neutron resonance
parameters of '“Er at 67.8 eV are then extracted successfully. It is found that T', = 101.15 & 10.08 meV and
I', = 2.79 £ 0.28 meV, which are consistent with the ENDF/B VIII.0 database. However, the 51.4-eV resonance

peak of 'Er(n, ) is currently unobserved.
DOI: 10.1103/PhysRevC.106.065804

I. INTRODUCTION

The origin of elements heavier than iron is an important
topic in nuclear astrophysics [1]. More than 98% of the heavy
elements can be produced by the slow neutron-capture pro-
cess (s process) [2] and the rapid neutron-capture process (r
process) [3]. However, there is still a class of 35 proton-rich
nuclides, between 7*Se and '"°Hg, called p nuclei [4]. They
are bypassed by the s and r processes and are typically 10—
1000 times less abundant than the corresponding s isotopes
and/or r isotopes in the solar system. The common picture
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is that the p nuclei are synthesized by photodisintegration of
pre-existing s- and r-process nuclei via the (y, n), (v, p), and
(y, a) reaction channels. '%°Er is one of those 35 p nuclei and
has a natural abundance of 0.139%. An accurate knowledge
of its neutron-capture cross section can help to estimate the
$Z3 , n) reaction rates on the radioactive and short-lived nuclide

Er.

Although the neutron resonance parameter of '®’Er at
67.8 eV is provided by the ENDF/B VIIL.O database [5],
it is still unavailable in the newest version of the EXFOR
database [6]. Recently, we have performed neutron-capture
experiments of erbium [7] at the back-streaming white neu-
tron (Back-n) facility [8,9] of the China spallation neutron
source (CSNS) [10-12]. The neutron-capture cross section of
erbium was obtained within the 1- to 100-eV energy re-
gion. However, it has not been possible to extract the

©2022 American Physical Society
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FIG. 1. (a) The photograph of the C¢Dg detector system. (b) De-
tector system’s construction in simulation. (c) Backward detector
layout to minimize background from neutron scattering by the target.

neutron-capture resonance parameters of the '®*Er isotope
at 67.8 eV due to unavailable data for the in-beam y-ray
background at the Back-n Facility of CSNS.

A general simulation method is proposed for quantifying
the in-beam y-ray background of the Back-n Facility and
then the neutron resonance parameters of '°Er at 67.8 eV
are extracted successfully for the first time. The time struc-
ture measurement and flux simulation for the in-beam y-ray
background are presented. The capture resonance parameters
of the 192Er isotope are obtained at 67.8 eV, which is in line
with the ENDF/B VIII.O database.

II. METHOD AND MATERIAL

A. Experiment

The experimental campaigns on neutron-capture Cross-
section measurement for " Er and in-beam y -ray background
detections were carried out at the Back-n Facility of the

CSNS, which is mainly used for neutron nuclear data mea-
surements. The energy of neutrons produced at the Back-n
Facility ranges from 0.5 eV to 200 MeV and the neutron
flux can reach 107 cm™2 s~'. When the proton accelerator
operates in single-bunch mode, the neutron time resolution at
80 m from the spallation target is approximately 0.80% in the
energy region of 0.2 eV to 2.8 MeV.

The "™Er target used for irradiation is 50 mm in diameter
and 1 mm in thickness. The uncertainty of target parameters is
less than 0.1% (more detailed information is given in Ref. [7]).
In order to obtain the (n, y) cross section for "Er, a C¢Dg
(where D denotes >H) detection system (see Ref. [7]) was used
to measure prompt y rays, which is mainly produced by the
neutron-capture reactions on Er isotopes. The C¢Dg detection
system consists of four C¢Dg scintillation detectors located
at the end station 2 (ES2), approximately 76 m away from
the spallation target. Each C¢Dg liquid scintillator is 127 mm
in diameter and 76.2 mm in length. The C¢Dg scintillator is
contained in a 1.5-mm-thick aluminum capsule and coupled
with a photomultiplier tube (ETEL 9390 KEB PMT) [13]. The
layout of the C¢D¢ detector system is shown in Fig. 1. The
neutron flux was measured by a Li-Si detector, which is based
on the °Li(n, ) *H reaction [14]. Energy spectra are provided
by the Back-n Collaboration, and uncertainty is less than 8.0%
below E, = 0.15 MeV. The beam power range is from 50 to
52 kW during the experiment. The uncertainty of the beam
power is less than 2.0% [7]. The total beam time is over 100 h,
and the statistical error is less than 0.2% [7].

In order to determine the in-beam y -ray shape (time struc-
ture), three different Pb targets were used to measure its time
structure. Different experimental conditions (target size, filter,
and beam power) were used to explore whether the time struc-
ture of the in-beam y background is stable and controllable. In
order to exclude the interference of y rays in the environment,
lead targets and empty targets were measured separately in
three experiments, and the beam power was 80—-100 kW. The
details of the three experiments are shown in Table 1.

B. Simulation

In-beam y flux was not measured in the "™Er neutron-
capture experiment. Here we propose a general simulation
technique to forecast such in-beam y-ray flux at a partic-
ular energy point of interest. First, we simulate the y-ray
counts recorded by C¢Dg detectors for a sliver target plus a
40-mm-thick Al filter. Then, in order to confirm that the sim-
ulation was valid, we compare the simulated yields with the
experimental results [15]. Finally, we update the simulation to

TABLE I. Experimental conditions used for in-beam y-ray background measurements.

No. Date Target Size Weight Duration Filter Beam power

1 2020.08 natpy #30mm x 0.53 mm 424 ¢ 75h With *Co 80 kW
Empty - - 18 h

2 2020.10 "'Ph $40 mm x 0.98 mm 1392 ¢ 7h - 100 kW
Empty - - 9.3h

3 2021.04 M Ph ¢30mm x 0.10 mm 0.79¢g 10h - 100 kW
Empty - - 10h
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FIG. 2. The time structure of the in-beam y-ray background.
Different line styles represent the experimental and fitted values of
different backgrounds, and yellow, blue and red indicate the results
of experiments 1-3, respectively. The solid black line indicates the
fitted values of By, .

include a "Er target in order to calculate the flux of in-beam
y rays for the " Er experiment.

The detector system was constructed in GEANT4 as shown
in Fig. 1. The monoenergy neutron beam with two energies of
34.8 and 86 keV was used to simulate measurement without
an ?’Al filter. Meanwhile, because the spectrum of in-beam
y rays at different times can be considered unchanged, and
the ratio of the flux of the neutrons to the y ray at the same
position is 5.8:1.0 [16], a y-ray source can be added to the
GEANT4 code (the spectrum of neutron and y rays provided
by the Back-n Collaboration, see Refs. [16—18]) to simulate
measurement with an 2’ Al filter.

II1. DATA ANALYSIS
A. In-beam y-ray shape

The background measured by the lead target include the
results of neutron and in-beam y rays scattering from the
target:

Biead (En) = Bsy (Ep) + By (E,) + Bemply(En), (1

where Bjeyq is the result of the lead target; By, is in-beam y -ray
background; By, is the neutron-induced background, which
exhibits a smooth decrease close to a 1/v law [19]; and Bempty
is the background in the environment under beam conditions,
which is determined by measurement of the empty target with
the beam. Figure 2 shows the results of Bieag — Bempty under
different experimental conditions. The values of Biead — Bempty
can be separated into By, and By,. The scatter plots show the
experimental results of Bieag — Bempty, in which different types
of dashed lines indicate the fitted values of By, and the exper-
imental values of By, (Biead — Bempty — Bsn), respectively. The
solid black line indicates the fitted values of By, . Yellow, blue,
and red indicate the results of experiments 1-3, respectively.

0 1 1 1
10° 10* 10°
Incident Energy (eV)

FIG. 3. Shape uncertainties of the in-beam y-ray background
change with time (neutron energy). The maximum occurs at 20 eV
with a value of 34.9%.

The experiment 1 is different from others in the total
background, which is due to the placement of the °Co filter
at the beamline. The atomic number of °Co is 27 and the
thickness is only 0.4 mm, its influence on the beam is limited
to the neutron part, and the impact on y rays is small. Under
different experimental conditions, the experimental values of
separated By, (E,) are similar and can be fitted with the same
curve. The form of the curve can be expressed by

0 (E, <2 x 1075 MeV),
f(E) (E, > 2 x 107 MeV),

where E, is the neutron energy in MeV. In the energy region
E, <20 eV, there is no substantial influence of in-beam y
rays, whereas in the energy region of E, > 20 eV, the time
structure of the in-beam y rays is determined by the following
[15,19,20]:

BY(E,) = { )

al
E,) = +aeas/m+aeasm+a’ 3
f(E) NG 2 4 6 3)
where a; are the fitting parameters, and a; = —5.343¢ — 6,

ay = 0146, azy = —0.016, as = 0122, as = —17.7, and ag =
—0.115. These parameters can narrow the gap between B?)‘,
and the averaged BS,’. The neutron-capture cross section of
"a'Ph has obvious resonance peaks at E, = 1.6 keV and E,, =
3.3 keV. The resulting values of By,” are significantly higher
than the fitted ones. In our case, B, is more reliable than B,”
because it excludes the contribution of the y rays generated
by the neutron-capture reaction of the natural lead target. It
suggests that the 2%Pb isotope target is better than the natural
one for in-beam y-ray measurement because it has fewer
neutron-capture resonance peaks between 1 eV and 100 keV.

The deviation of B?}t, from the averaged B,’, Sshape, 1S
obtained. The result is presented in Fig. 3. When the neutron
energy is greater than 100 eV, the deviation values are less
than 8%. The deviation curve exhibits a clear oscillation as

a result of the "™Pb’s neutron-capture reactions. As seen in
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FIG. 4. Experimental spectra for Ag target with and without the
Al filter, together with B?_;, C,B,,, and C,B,, + CJ,Bf,‘;. Here C, and
C, are the coefficients of the neutron and y-ray scattering back-
grounds, respectively. The value of C, can be obtained from Ref. [7]
and the determination of C, is discussed later. The inset shows the
enlarged spectrum for the Ag target plus the Al filter, which is in
the energy range between 30 and 100 keV. Red dots with error bars
represent the simulated counting spectrum at the two 2’ Al absorption
peaks mentioned above.

Fig. 3, the aforementioned volatility can be smoothed down
by fitting a fourth-order Fourier series.

B. In-beam y-ray flux

Figure 4 shows the solid lines indicate the counting spec-
trum for the Ag target (normalized by the neutron flux rate)
with and without the Al filter, and the dashed lines show the
fitting curves of By, and Bg,. A and B; are the counting
spectrum at E,, = 34.8 keV and E,, = 86 keV for the Ag target
experiment without an Al filter, while A, and B, are the count-
ing spectrum for the Ag target experiment with an Al filter.
Accordingly, A}, A}, B}, and B) are the simulated values. The
simulated yields at the Al absorption peaks of E,, = 34.8 keV
and E,, = 86 keV are in good agreement with the experimental
ones, indicating the simulation is able to predict the counting
spectrum. More simulation details are presented in Sec. II B.

Generally, the ratio(s) between the values of A; (A}) and
A, (A}) are constant, i.e.,

A/Ay = C,

Al/A, = C,. 4

For the Ag target at E,, = 34.8 keV, we define the coefficient
C as C,/Cy, which represents the variation between the ex-
perimental and simulated values. The value of B, can then be
calculated based on the values of B;, B/, and B,. It shows good
agreement between the simulated and experimental values
within the bounds of statistical uncertainty. In our case, the
coefficient C is equal to 1, demonstrating its independence
from both the incident energy and the target. As a result, the

value of A, for the " Er target with the Al filter at E,, = 34.8
keV can be obtained with
Arpr = CA’LEr%. 5)
1,Er

Here, A g, is the counting spectrum obtained in the "™ Er tar-
get experiment without the Al filter, and A’ p and A are the
simulated values without and with the Al filter, respectively.

It is still possible for neutrons with energy at the peak of
27 Al absorption to escape the Al filter and reach the target;
according to simulations, the uncertainty is expected to be
less than 6%. The widths of the two 2’ Al absorption peaks
can also result in an uncertainty of 5% for determination of
the neutron flux at these energies. In addition, the value of C
may not be exactly the same for different absorption peaks.
The resulting uncertainty is ceil{max(C;)%} and its value is
approximated to be 5%. Here ceil is the round up function
and C; is the ith absorption peaks. As a result, in our case the
scaled uncertainty is dscae & 9.3%.

C. Neutron capture yield

The in-beam y background for the " Er experiment can be
expressed as

Bil;—beam(Eﬂ) = CJ/Bsy (En), (6)

where C, is the scale parameter of the in-beam y-ray flux
and By, (E,) is the in-beam y-ray shape. As shown in Fig. 4,
A and Bj are the values of C,By, + C, BY, at E, = 34.8 and
86 keV, respectively. Let A3 = Ay01/0, and Bz = B0y /07,
where o) and o, are the y-ray scattering cross sections of
lead and "Er targets at E, = 34.8 and 86 keV, respectively.
GEANT4 simulations can be used to determine the values of o
and o, because the energy spectra of in-beam y rays do not
change with E, [16]. The value of C,, can then be obtained.
The pulse height weighting technique has been widely used
in neutron-capture cross-section measurements with CgDg
detector [21,22]. Combining an accurate weighting function
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FIG. 5. The uncertainty of dy, as a function of E,,.
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FIG. 6. The experimental capture yields and the fitted ones obtained with the SAMMY code.

(WF), such a technique enables the detection efficiency to be
independent of the cascaded y-ray energy. The WF of "™Er
can be found in Ref. [7]. Its uncertainty is less than 3.0%.

In this study, the WF of ™Er is applied to obtain the
weighted spectrum N, (E,) by weighting the net spectrum
N(E,). N(E,) is obtained by subtracting the in-beam y-ray
background from N, (E,) and can be written as

N(E,) = Npasl(En) - Bi};-beam (En)- @)

Here Npast(En) = NEr,past - Bsn,past - Bemply,pasl- Note that
NEr,past> Bisnpast> and Bempty,past have been obtained in the
previous "Er experiment [7] and NEr,past 18 the normalized
counting spectrum. The capture yield is dependent on N,,(E,,)
and its expression can be written as

Nu(E,)

Yw En = T e ~a
(En) NJ(E)Sn

®)
where N; is the areal number density of the target nuclides,
I(E,) is the neutron flux provided by the Back-n Collabora-
tion [18], and S, is the neutron binding energy. For the "Er
targets, their isotopes contribute to a set of resonance peaks at

different energies. The values of S, for "™ Er isotopes can be
obtained according to the NuDat-2.0 database [23].

According to Eq. (8), the uncertainty of the neutron-
capture yield mainly originates from the " Er neutron-capture
measurement and the in-beam y-ray background. The mea-
surement uncertainty is caused by experimental conditions,
data analysis, and statistical uncertainty. The value is less than
8.8% [7]. The uncertainty of the in-beam y-ray background
(B = C, By, ) can be obtained with

in-beam
s 9B\, B\,
Sin-beam = E 85hape + E S5cale- )]

The uncertainty of the capture yield (dy, ), as determined by
the uncertainty propagation formula, is displayed in Fig. 5. dy,
can be divided into three energy areas: (a) E, < 218 eV, (b)
E, € [218 eV, 13.8 keV], and (c) E, > 13.8 keV. In region
(a), the values of dy, can be greater than 15% because of the
significant shape uncertainty, particularly when E, < 40 eV.
In region (b), thanks to the success of in-beam y -ray shape fit-
ting, the value of dy, is under 15%. In region (c), the increased

neutron-capture cross section of the natural lead target causes
a noticeable fluctuation in the dy, .

TABLE II. Resonance parameters were extracted from the R-matrix analysis and compared to those in the ENDF/B-VIIL.O evaluation

database.
ENDF/B-VIIL.O Previous work [7] This work

Mass J g Er (eV) T, (meV) T, (meV) Eg(eV) Iy (meV) ', (meV) Er (eV) I, (meV) I, (meV)

162 05 1.0 20.3 100.0 8.3 20.2 100.4 £ 9.8 8.3+0.6 20.2 100.6 £ 10.1 8.24+0.9
34.8 100.0 5.1 34.8 105.19 + 10.1 3.1£03 347 108.3+£10.6 4.7+0.5
432 100.0 2.2 44.5 101.47 £ 8.3 2.1+£0.1 433 99.9 +10.0 2.1£0.2
46.0 100.0 19.5 45.9 117.66 £ 10.1 16.9+1.5 45.9 1152+£133 189+14
51.4 100.0 52.0 - - - - - -
57.0 100.0 32.0 56.6 101.50 £ 9.9 13.0+1.3 56.8 1025+11.0 320+1.5
67.8 100.0 3.1 - - - 67.7 101.2 £10.1 2.8+03
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IV. RESULTS AND DISCUSSION

According to Eq. (8), we subtract the Bg;_beam(E,l) from
the Nyt (E,) and then obtain the Y, for the "Er(n, y) reac-
tions (see Fig. 6). The data of Y,, was fitted by the R-matrix
code SAMMY [24], considering various experimental effects
such as Doppler broadening [25], self-shielding, and multi-
ple scattering. The resonance parameters of "Er(n, y) are
then extracted accordingly. The fitting result is also shown
in Fig. 6. A resonance peak of '®*Er(n,y) at 67.8 eV is
found successfully, and the resonance parameters are I'), =
101.15 £ 10.08 meV and I'), = 2.79 4 0.28 meV. However, it
does not occur in our previous data analysis due to the inter-
ference of in-beam y -ray background [7]. Benefiting from the
general simulation method for quantifying Bl , .. (E,), such
aresonance peak is observed experimentally for the first time.

The resonance peak of the "™ Er(n, y) at 51.4 eV is pre-
dicted by ENDF/B VIIIL.O database and the production cross
section is as large as ~5600 b. However, this resonance peak
does not occur in the subtracted Y,,, as shown in Fig. 6.
Meanwhile, other resonance peaks with lower production
cross sections have been found within the energy range of
20-100 eV, such as the resonance peaks at 34.8 eV (1300 b),
43.20 eV (=500 b), and 67.8 eV (=200 b). We call for addi-
tional experiments to confirm the existence of this resonance.

At resonance energies of 34.8, 46, and 57 eV, as depicted in
Fig. 6, the yields of " Er’s neutron capture are quite modest.
Table II displays a comparison between the ENDF/B-VIIIL.O
database and the currently available experimental data. As
shown in Fig. 7, the values of I',, in the present work are
closer to those offered by the ENDF/B-VIIIL.O database than
previous data. It suggests that the '>Er(n, y) resonance pa-
rameters provided by this work are more reliable than those
offered by previous study because the significant in-beam
y-ray background can be removed using the proposed general
method.

V. SUMMARY AND CONCLUSIONS

The in-beam y-ray background is crucial for neutron-
capture cross-section experiments at the Back-n Facility. In
this work, we have presented a general method to subtract the
in-beam y-ray background of the "™ Er(n, y) experiment. The
time structure and the flux of the in-beam y-ray background
are obtained through experiment and GEANT4 simulation, re-
spectively. This general method is then applied successfully
to calculate the neutron-capture yield. The neutron-capture
resonance parameters of '’Er at 67.8 eV are extracted for
the first time. It is found that the resonance parameters are
I, =101.15£10.08 meV and I', = 2.79 & 0.28 meV. Our
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FIG. 7. Comparison between the I',, values obtained from the
ENDF/B-VIILO0 database, previous data [7], and this work. The inset
shows a range of 10 to 40 meV for the y axis.

results are consistent with the ENDF/B VIII.O database within
the uncertainty range.

Our general method is still valid for in-beam y-ray back-
ground analysis when the incident energy is higher than
100 eV. Currently, due to the lack of sufficient in-beam y -ray
background data at the Back-n Facility, it is hard to accurately
obtain neutron-capture resonance parameters in such energy
region for a set of targets including the '’ Au target [26], the
"y target [20], 232Th target [28] and the "™'Se target [27].
In order to get more beneficial experimental nuclear data for
nuclear astrophysics, we then expect quantifying the in-beam
y-ray background in a relative high-energy region will be
needed.
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