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(n, y) cross sections relevant to weak s-process nucleosynthesis®
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Abstract: A new measurement of the “Cu(y, n)*Cu photoneutron cross section is performed using a quasi-
monoenergetic, tunable y-ray beams produced at the Shanghai Laser Electron Gamma Source (SLEGS). The energy
spectrum of the SLEGS y-ray beams incident on the isotopically enriched “*Cu target was monitored using a BGO
detector, while the photoneutron yields are determined with a moderated *He detection array with high and flat effi-
ciency. Within the energy range of 10.1 < Ey < 17.6 MeV, the measured o(Ey) data have an uncertainty of < 4%,
and a pronounced giant-dipole peak is observed at Ey ~ 16.65 MeV with a maximal cross section of omax = 137 mb.
These photoneutron data are compared with previous experimental results, and are employed to extract the y-ray
strength function of *Cu above the neutron threshold. Furthermore, we calculate the radiative neutron capture cross
sections and the astrophysical reaction rates for *Cu, which is a short-lived intermediate nucleus whose reaction rate
controls the local abundance distribution in the weak s-process. It is found that the calculated **Cu(n, y)*Cu data
have an overall agreement with ENDF/B-VIIIL.0, JEFF-3.3, and TENDL-2023 evaluations and the corresponding as-
trophysical reaction rates are consistent with those reported in the JINA REACLIB database.
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I. INTRODUCTION

Photonuclear data, which describe the response of
atomic nuclei to incident photons, are essential for funda-
mental nuclear physics and have broad applications
across various fields [1]. The (y, n) cross sections are a
branch of photonuclear data and can be used to calculate
the y-ray strength function (ySF) [2, 3], with which y-ray
cascades in nuclear reactions can be described [4, 5]. At
photon energies between 10 and 20 MeV, nuclear reac-
tions are generally dominated by the Giant Dipole Reson-
ance (GDR), which is interpreted as a collective oscilla-
tion of protons against neutrons [6]. The (y, n) cross sec-
tions measured in the GDR region provide access to key
nuclear properties [7, 8] and are crucial for improving
models of nuclear structure and reaction mechanisms,

such as Hauser-Feshbach (HF) statistical calculations [9,
10].

It is known that weak slow process (s-process) associ-
ated with helium burning in massive stars (with masses
exceeding about eight solar masses), dominates the syn-
thesis of nuclei in the mass range 60 < A < 90. The over-
all abundance distribution in this region is particularly
sensitive to the cross sections of the Ni-Cu—Zn isotopes,
which lie at the onset of the s-process path. The pho-
toneutron cross section of the stable isotope ®Cu and the
neutron-capture cross section of the unstable isotope **Cu
(with a half-life of 12.7 h) may affect the abundances of
®Ni and %Zn, which are neighboring stable nuclides
around ®Cu in the mass region involved in the weak s-
process [11]. Fig. 1 illustrates the primary reaction path-
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ways involving ®Cu and %Cu. Therefore, precise experi-
mental constraints on these key reactions become essen-
tial for improving the reliability of nucleosynthesis mod-
els in weak s-process mass region. In addition, the $Cu(y,
n)*Cu reaction represents a candidate route for produc-
tion of medically interesting isotope **Cu.

Experimental and theoretical investigations of photo-
nuclear reactions on ®Cu have been extensively reported
[12—-16], which provide a few sets of photonuclear reac-
tion data. However, visible discrepancies still exist
among available measurements due to the usage of both
different p-ray sources (such as bremsstrahlung radi-
ations and quasi-monoenergetic y-ray beams) and experi-
mental techniques (such as direct measurements [17] and
subtraction methods [15]). These inconsistencies are re-
flected in both the profile of energy differential cross sec-
tion (distribution width and peak position) and the value
of its peaked cross section. Therefore, a new direct meas-
urement employing quasi-monoenergetic y-ray beams to-
gether with an isotopically enriched target is urgently
needed to improve the reliability of the ®Cu(y, n)**Cu
data, which may in turn enable a reliable calculation of
the inverse ®Cu(n, y)®Cu cross sections.

In this study, we report a detailed experimental in-
vestigation on photoneutron reaction of isotopic ®Cu us-
ing a quasi-monoenergetic and energy-tunable yp-ray
beams. The measured ®Cu(y, n)*Cu data are presented
and the comparison between experimental and evaluated
data are discussed. In Sec. 11, the experimental procedure
is described. The analysis and discussion of the extracted
photoneutron cross sections are presented in Sec. III. The
radiative neutron capture cross sections and the corres-
ponding astrophysical reaction rates for the unstable iso-
tope %Cu are calculated and compared with evaluated
data in Sec. IV. Finally, conclusions are drawn in Sec. V.

II. EXPERIMENTAL PROCEDURE

Shanghai Laser Electron Gamma Source (SLEGS, ht-
tps://cstr.cn/31124.02.SSRF.BLO3SSID) is a beamline
designed to produce energy-tunable MeV y-ray beams
through backward or slanting laser-Compton scattering
(LCS) between CO, laser photons (with wavelength 1 =
10.64 pm) and 3.5 GeV electrons from Shanghai Syn-
chrotron Radiation Facility (SSRF) [18, 19]. The SLEGS
y-ray energy can be adjusted from 21.7 to 0.66 MeV by
varying the laser incident angle at 180° and within the
range of 160°-20°. After the successful commissioning in
2021 [20], the final configuration of the SLEGS beam-
line was opened to user in 2023 with the installation of
the Three-hole (T) collimator [21, 22], which controls the
energy resolution and flux of y-ray beams. The energy
profile and flux were systematically investigated to char-
acterize y-ray beams produced at SLEGS [23—-28]. Now
the SLEGS y-ray beams have a medium energy resolu-

tion, primarily due to the large angular dispersion of laser
beams focused with the short focal length inside the inter-
action chamber [26, 29]. The energy resolution is
achieved by using the T collimator with a 2 mm aperture.
Fig. 2(a) shows the SLEGS beamline configuration and
the following detector setup at end of the beamline. Fig.
2(b) shows the schematic interaction geometry of the SS-
RF electron beam and the CO, laser pulse in the laborat-
ory frame. Fig. 2(c) shows the SLEGS y-ray profile dia-
gnosed after they pass through the T collimator. In the ex-
periment, the copper attenuator was positioned suffi-
ciently away from the detector system, with its front end
located 290 cm from the FED detector and its rear end
130 cm from the BGO detector, so that no obvious back-
ground contribution from the attenuator to the FED was
observed.

In this study, the SLEGS y-ray beams were produced
under the operation of slanting LCS mode. These y-ray
beams exactly cover the energy range from the single-
neutron separation energy (S,=9.91 MeV) up to the
double-neutron separation threshold (S,,=17.82 MeV).
After collimation, the SLEGS y-ray beams were irradi-
ated on the ®Cu target, which was precisely positioned at
the geometric center of the Flat-Efficiency Detector
(FED). The photon-induced neutrons were then moder-
ated by polyethylene before being captured by the *He
proportional counters. The penetrated y-ray beams were
attenuated by a copper attenuator and subsequently meas-
ured with a BGO detector. Digital signal processing was
performed using the Mesytec MDPP-16 [30] in conjunc-
tion with an MVME-based data acquisition (DAQ) sys-
tem [31].

A. y-ray Spectrum

During the %Cu irradiation, the y-ray spectrum after
attenuation was continuously monitored using a BGO de-
tector positioned downstream of the target. A representat-
ive spectrum measured at the laser incident angle of
0, =90° is shown in Fig. 3(a). After obtaining the BGO
measured spectrum (black solid line), the SLEGS y-ray
spectrum (red dashed line) incident on the target was then
calculated by taking into account the thickness and atten-
uation coefficients of both the copper attenuator and the
target material. The spectral distribution was unfolded us-
ing a direct unfolding method based on the detector re-
sponse matrix simulated with GEANT4 [32]. The blue
dashed line in Fig. 3(a) represent the reconstructed spec-
trum, which is obtained by folding the incident gamma
spectrum with the detector response matrix, showing
good agreement with the measured BGO response spec-
trum. The total number of y-ray contributing to the reac-
tion, N,, was obtained by integrating the incident gamma
spectrum above the S, as shown in red shadow region of
Fig. 3(a). The unfolded energy profiles for the p-ray
beams used in the %Cu measurements are shown in Fig.
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3(b). The intensity difference between the measured and
unfolded spectra is mainly caused by a significant attenu-
ation from both the copper attenuator (160 mm thickness)
and %Cu target during experiment (5 hours).

B. %Cu Target

The physical form of the ®Cu target is listed in Table
1. The target purity was determined by inductively
coupled plasma-mass spectrometer. The thickness uncer-
tainty was estimated to be 0.01 %.

C. Neutron Detection

Neutron counts (N,) were determined with the FED.
It consists of 26 *He proportional counters embedded in a
polyethylene moderator with the dimensions of 450 x 450
% 550 mm. This polyethylene moderator is covered with a
2 mm thick Cd sheet to absorb environmental neutrons,
and then further wrapped with a 50 mm thick layer of
polyethylene. The proportional counters were arranged in
three concentric rings to determine the average neutron
energy via the Ring-ratio (RR) method [33]. The inner
ring, positioned at 65 mm from the center, contains 6 1-
inch counters. The middle ring (110 mm from center) has
8 2-inch counters, and the outer ring (175 mm from cen-
ter) holds 12 2-inch counters. All the proportional coun-
ters were filled with 2 atm of *He gas. The total FED effi-
ciency in the plateau region is approximately 40%. The
FED has been calibrated using »2Cf neutron source, and
its efficiency uncertainty is determined to be 3.02% [34].

The DAQ system of the FED enables recording of the
pulse height and timestamp of signals from detectors. For
the N, determination, accurate thresholds of the Analog-
to-Digital Converter spectra for each *He proportional
counter have been assigned to distinguish the y back-
ground from the neutrons. Then the constant
bremsstrahlung-induced background is distinguished
from the LCS y beam-induced neutrons by its time distri-
bution [34]. In this work, the CO, laser operates at an av-
erage power of 5 W, with a pulse period of 1000 ps and a
pulse width of 50 us. The N, can be extracted by directly
subtracting the time normalized background. This meth-
od, as presented in our previous work [35], provides a
practical approach to estimating the average neutron en-
ergy, which can then be used to determine the FED effi-
ciency for detecting the neutrons emitted from %Cu(y,
n)%Cu reactions.

III. DATA ANALYSIS AND RESULTS

A. Uncertainty of measured (y, n) cross section

The total experimental uncertainties included statistic-
al, methodological and systematic uncertainties. The stat-
istical uncertainty was primarily induced by N, and N,,

which encompasses the corresponding statistical fluctu-
ations. Since the incident N, has a sufficiently high count
rate in our study, it contributes negligibly to the statistic-
al uncertainty. The methodological uncertainty consists of
two main components: the N, extraction algorithm and
the unfolding procedure using the simulated BGO re-
sponse matrix. The systematic uncertainties was primar-
ily due to the external y-ray induced by the copper attenu-
ator, the target thickness, and the FED detection effi-
ciency. The methodological uncertainty and systematic
uncertainties are as summarized in Table 2.

B. Folded Cross Section

The experimental photoneutron cross section o,
measured with a quasi-monochromatic y-ray beams is
given by the following expression [36, 37],

Emax N
Oexp = / ny(E,)o(E,)dE, =

=" 1
N,Niéeg M)

Sn

where n,(E,) represents the normalized energy profile of
the incident p-ray beams. The term o(E,) denotes the
monochromatic cross section, which is the quantity to be
determined. N, corresponds to the number of detected
neutrons, while N, is the number of y-ray incident on the
%Cu target above the S,. The average FED efficiency, e,,
is derived using the RR technique [35]. N, represents the
number of target nuclei per unit area. The correction
factor in term of target self-attenuation is given by
&= (1—e*)/(ut), where p is the attenuation coefficient
for incident y-ray, and ¢ is the target thickness. Finally, g
is the fraction of the y-ray flux above S, (see Fig. 3(a)).
Its expression is given by

Elﬂﬁx
_ fsn ny(Ey)dE,

f ()Emax ny(E,)dE, '

2)

Note that the measured quantities described above are
commonly referred to as monochromatic approximations.
In reality, they correspond to the convolution of the true
energy-dependent cross sections with the spectral distri-
bution of the incident photon beam. Specifically, the
measured cross section represents the folding of the excit-
ation function with the y-ray energy spectrum, which is
the monochromatic approximation cross section in the ex-
periment.

C. Monochromatic Cross Section

To obtain the energy-dependent photoneutron cross
section o(E,), it is essential to extract it from the integral
form given in Eq. 1. Each measured cross section, repres-
ents a convolution of the true cross section o(E,) with the
normalized incident beam profile n,(E,). In this study, we
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adopt the unfolding algorithm proposed in Ref. [38] to
extract o(E,) from Eq. 1,

or=Dao, 3)
where the quantity o represents a monochromatic ap-
proximated cross section array, where each element cor-
responds to the monochromatic approximated cross sec-
tion measured at discrete beam energies (E,). The array o
contains the monochromatic cross sections. The matrix D
is constructed from normalized spectral distribution of the
incident y-ray beams with energy spanning from S, to
Enax at each independent measurement. Eq. 4 is the ex-
panded form of the Eq. 3. The number of rows (V) in D
corresponds to the number of discrete beam energies,
while the number of columns (M) represents the number
of bins within the incident y-ray spectrum. For the %Cu
case, we choose N =25 and M = 1000.

_0_1_
g1 Dy, Dy Dy oy
oS Dy Dy -+ -+ Dy .
=1 . . . . )
ON Dy, Dy, Dyy
£
LO M |

An unfolding iteration method is employed to extract
the monochromatic cross section o:

(1) As our starting point, we choose for the zeroth it-
eration, a constant trial function ¢°. This initial vector is
multiplied with D, and we get the zeroth folded vector o
=Do".

(2) The next trial input function, ¢!, is established by
adding the difference of the experimentally measured
spectrum, o, and the folded spectrum, o, to o,

o' ="+ (Texp— ad). %)
It is worth noting that the dimension of ¢ (M) is
much larger than that of o, and o? (N). To perform Eq.
5, it is necessary to expand the dimensions of o, and o
to M by interpolate.
(3) The above steps are iterated i times, giving

(6)

i T
oy =Do’,

and

(7

ol =g+ (Cexp— ab).

The x? between o, and o*! is recorded in each iter-
ation. The iterative process is stopped until convergence
is achieved. This means that o' ~ o, within the statist-
ical uncertainties.

Fig. 4 presents the monochromatic cross sections oy,
and the unfolded energy-dependent cross sections o(E,)
for the ®Cu(y, n)*Cu reaction. The o(E,) values at each
E,, together with their uncertainties, are summarized in
Table 3. These uncertainties account for statistical, sys-
tematic and methodological contributions. In our case, the
total uncertainty of the unfolded o (E,) is approximately
4%, except in the low-energy region of S, < E, < 10.90
MeV where o(E,) drops below 12.10 mb.

D.

We compare the currently measured data for the
%Cu(y, n)**Cu reaction with available experimental data
from the EXFOR database [12—15] and the TENDL-2023
evaluations. The results are shown in Fig. 5(a). Since
earlier measurements employed different types of y-ray
sources together with different experimental techniques,
their results are analyzed and discussed separately. To
quantitatively analyze these differences, we further calcu-
late the ratios of the data obtained in the current study to
the experimental data shown in Fig. 5(b).

Katz et al. [12] reported ®Cu photoneutron cross sec-
tions in 1951 at the SANS laboratory in Canada, using
bremsstrahlung photons with endpoint energies between
11.00 and 22.00 MeV. Antonov et al. [13] carried out a
similar measurement at JINR in Russia with
bremsstrahlung radiations whose endpoint energies ran-
ging from 14.68 to 24.55 MeV. Compared with the
present work, both datasets show substantial deviations
both at lower energies and within the GDR peak region.
For example, a significant difference exists in their GDR
peak positions, magnitude, and widths.

Fultz et al. [14] measured the %Cu(y, n)**Cu data at
the Livermore Laboratory in 1964 using quasi-monoener-
getic annihilation photons and a BF;-filled FED neutron
detector, covering the energy range 9.34 — 27.78 MeV.
Such measurement exhibits a good agreement with our
data below 15 MeV, although the data of Fultz et al. re-
main systematically lower than our data by a factor of
about 0.4 in the GDR region.

Recently, Jiao et al. [15] performed the photoneutron
cross section measurement with natural Cu target by us-
ing the quasi-monoenergetic y-ray beams at the SLEGS.
Combining with the measured natural Cu data and the
previously measured %Cu data [39], the %Cu(y, n)**Cu
cross sections within the energy range of 11.28 — 17.58
MeV were successfully extracted using the subtraction
method [15]. Their result shows good agreement with the
present measurement using an isotopic ®Cu target, as
shown in Fig. 5.

We should note that early measurements with

%Cu(y, n)**Cu Reaction Cross Section
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bremsstrahlung y-ray sources [12, 13] suffered from lim-
ited accuracy due to the broad photon spectra and addi-
tional uncertainties introduced in the unfolding proced-
ures. Although the Livermore data were obtained using
quasi-monoenergetic annihilation photons, systematic
discrepancies still appear when compared with the Saclay
measurements that employed the same type of y-ray
beams. The SLEGS experiment [15] did not measure the
cross sections near S, of the Cu, which led to a slight
difference between the monochromatic cross sections ob-
tained through the subtraction method and those from the
present experiment.

IV. DISCUSSIONS

A. y-ray strength function of ®Cu

The ySF [40] is a nuclear statistical quantity to de-
scribe the nuclear electromagnetic response. In the de-ex-
citation mode, the ySF quantifies the average probability
of a nucleus emitting a y-ray of a given energy E, during
de-excitation, which we refer to as downward ySF and
can be defined by [41],

(Txi(E,)/E3)

Fatk) = =5

®)

Here, the symbol X is either electric (£) or magnetic
(M), (I'xi(E,)) is the average radiation width, and D, is
the average level spacing for s-wave (¢ = 0) or p-wave (¢
= 1) neutron resonances.

In contrast, the ySF in the excitation mode, which we
refer to as upward ySF, is defined by the average cross
section for E;/M, photoabsorption (o x(E,)) to the final
states with all possible spins and parities [42],

I Aox(E)))
hic2  E,

FalE,) = ; ©)

Here, 7 is the planck constant and c is the light speed
in vacuum. Above the S, except at energies very close to
the reaction threshold, the total upward ySF can be ap-
proximated by replacing ox(E,) with experimental (y, n)
cross sections, which dominate the photoabsorption cross
section in this energy region. This approach relies on the
principle of the detailed balance [43] and on the general-
ized Brink hypothesis, which assumes that the average
electromagnetic decay process (i.e. photo-deexcitation)
can be directly related to the inverse photo-excitation and
depends only on the energy of the emitted y-ray, irre-
spective of the absolute excitation energy or nuclear
structure properties such as spin and parity. T_h)is assump-
tion is expressed as fxi(E)) = fxi(Ey) = fxi(E,)), and
provides the theoretical foundation for linking (y, n) cross

section to the downward ySF,

1 oy(Ey)
3n2h*c?  E,

Je1(Ey) = , (10)

where the constant 1/(372h%c?) = 8.674x 10 mb~! MeV 2.
Using this relation, we can obtain the experimentally con-
strained ySF from the measured %Cu(y, n)**Cu data, as
shown in Fig. 6. Note that Eq. 10 holds only when the
neutron channel in the photoneutron data dominates. In
the vicinity of S, the competing y emission needs to be
taken into account through the HF formalism.

We further perform a theoretical analysis for ®Cu
ySF using the TALYS software (version 2.0) [44]. Here,
the E; strength was described by the macroscopic
Brink—Axel Lorentzian (BAL) model [45, 46], and the
M, strength was described using the default M1 model
spin-flip and scissors mode in TALYS, which includes
contributions from the spin-flip mode and the scissors
mode [47]. These results are also shown in Fig. 6. It is
found that the theoretical ySF by default and the experi-
mental data have noticeable discrepancies. This suggests
that additional constraints are required to further improve
the theoretical description.

To improve the agreement between the theoretical
calculation and the experimental data, the Lorentzian
parameters sgr, ggr and egr in TALYS calculations were
adjusted simultaneously by a Bayesian optimization pro-
cedure [48, 49]. The parameter spaces were chosen in a
proper way such that the calculated cross sections encom-
pass the experimental upper and lower limits. Within this
parameter space, we try to identify an optimal parameter
set that best reproduces the experimentally extracted ySF,
which corresponds to a minimized value for chi-square
(x?) between the TALYS calculations and the experi-
mental data. In our case, the x? reads,

2 _ 1 (YSFth _VSFexp)z
=52 YSE2

err

: (11)

where N is the number of experimental data points, and
¥SFw, ¥SF., and ySF., represent theoretical data, experi-
mental data and its uncertainty, respectively. In our case,
a Gaussian process was employed as a surrogate model to
describe the dependence of y*> on model parameters in
TALYS, assuming that these y? values follow a Gaussi-
an distribution. At each iteration, the next candidate point
was selected by maximizing the expected improvement
acquisition function. Then an optimal parameter set was
determined as the one yields a globally minimum y?
among all data points. As the BAL model is employed,
the y? value for ®Cu reaches a minimum of 9.96 when
the Lorentzian parameters sgr = 139.31, egr = 16.63 and
ggr =4.37. One can see that the optimized calculation re-
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produces well with the experimental data of the *Cu ySF
(see Fig. 6).

B. Radiative (n, y) cross section for *Cu

The constrained ®Cu ySF is further applied to calcu-
late neutron capture cross sections for the inverse reac-
tion *Cu(n, y)®Cu. Note that in addition to the con-
strained ySF, the above calculation is highly sensitive to
the nuclear level density (NLD) in TALYS. As a result,
we first check the level density data considering different
NLD models. Fig. 7 shows six kinds of level densities for
%Cu, which are predicted by available NLD models in-
cluding CTM [50], BFM [51], GSM [52, 53], HF-BCS
[54], Skyrme-HFB [55] and Gogny-HFB [56]. One can
see that these level density curves show an overall agree-
ment, whereas a slight variation appears when the excita-
tion energy is higher than 7 MeV.

By using the adjusted BAL model (E;) and the de-
fault spin-flip and scissors mode (M;), we further calcu-
late radiative neutron capture cross sections for #Cu. The
resulting *“Cu(n, y)®Cu data are shown in Fig. 8. The
shaded band in the figure reflects the data uncertainty
arising from different NLD models [38, 57]. Evaluated
data from the EAF-2010, ENDF/B-VIII.0, JEFF-3.3,
TENDL-2023, and JENDL-5 libraries are also presented
in Fig. 8 for comparison. One can see that the data ob-
tained within the BAL model show good agreement with
the EAF-2010, TENDL-2023, and JENDL-5 evaluations,
whereas they are higher than the evaluated data from both
ENDEF/B-VIILO and JEFF-3.3.

C. Astrophysical Reaction Rate

According to the **Cu(n, y)%Cu data presented above,
the corresponding astrophysical reaction rates were calcu-
lated. Fig. 9(a) shows the **Cu(n, y)®*Cu reaction rate as a
function of astrophysical temperature, together with the
data from the JINA REACLIB database (using the re-
commended label #4s8) [58]. In order to facilitate com-
parison, the ratio between the calculated reaction rates
and those from from the JINA REACLIB database [58]

are figured, as shown in Fig. 9(b). In our case, the data
uncertainty is also induced by the NLD models, which is
not constrained in a proper way due to the lack of experi-
mental *Cu(n, y)®Cu data. The comparison shows that
our results agree very well with the JINA REACLIB
database at astrophysical temperatures over 0.4x10°,
while they are slightly lower at lower temperatures.

V. CONCLUSION

In summary, we have demonstrated a precise meas-
urement of Cu(y, n)**Cu reaction cross sections by us-
ing a quasi-monoenergetic, energy-tunable y-ray beam
and a high-purity %Cu target. The ®Cu(y, n)*Cu data
within the energy range of 10.1 <E, <17.6 MeV were
obtained with a total uncertainty of less than 4%, which
are beneficial for resolving the long-standing discrep-
ancy among existing measurements of this cross section.
Furthermore, the %Cu ySF above the S, was extracted in
a reasonable way, and the radiative neutron capture cross
sections and astrophysical reaction rates for short-lived
%Cu are calculated and compared with several major
evaluated nuclear data libraries. It is found that these cal-
culated **Cu(n, y)®Cu data exhibit a good agreement
with the evaluations.

When employing the adjusted BAL model, the calcu-
lated ®Cu ySF show an overall consistency with the ex-
perimental measurement. However, a significant differ-
ence still exists between the default calculations and the
experimental ones, particularly around the S,.It high-
lights the need for additional experimental constraints on
both the ySF and NLD models in order to reasonably pre-
dict (n, y) cross sections for short-lived isotopes of in-
terest, especially for those nuclei far from stability.
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