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Abstract
We present new data on the 63Cu(� , n) cross-section studied using a quasi-monochromatic and energy-tunable � beam produced 
at the Shanghai Laser Electron Gamma Source to resolve the long-standing discrepancy between existing measurements and 
evaluations of this cross-section. Using an unfolding iteration method, 63Cu(� , n) data were obtained with an uncertainty of 
less than 4%, and the inconsistencies between the available experimental data were discussed. The �-ray strength function of 
63Cu(� , n) was successfully extracted as an experimental constraint. We further calculated the cross-section of the radiative 
neutron capture reaction 62Cu(n, � ) using the TALYS code. Our calculation method enables the extraction of (n, � ) cross-
sections for unstable nuclides.

Keywords 63Cu(� · n) reaction; Cross-section data; Quasi-monochromatic � beam; Radiative neutron capture reaction

1 Introduction

62Cu, which can be produced by the 63Cu(� , n) reaction, is 
a relatively short-lived �+ emitter ( T1∕2 = 9.67 min) suit-
able for positron emission tomography (PET) imaging. For 
example, [ 62Cu]Cu para-toluene sulfonic acid methyl ester 
(PTSM) provides high-quality brain and heart images with 
PET, accurately delineating cerebral and myocardial perfu-
sion in both animals and humans [1]. Accurate cross-sec-
tional data for the 63Cu(� , n) reaction are required to guide 
the production of the 62 Cu isotope for medical purposes [2, 
3]. Moreover, the 63Cu(� , n) reaction cross-section data can 
be applied to monitor the bremsstrahlung radiation [4] and 
LCS �-ray [5] fluxes. In addition, the �+ decay process of 
62 Cu is an alternative pathway for the synthesis of the "iron 
group element" 62Ni, and knowledge of the radiative neu-
tron capture reaction 62Cu(n, � ) can help us understand the 
nucleosynthesis of intermediate-mass elements, as shown 
in Fig. 1.

Over the past few decades, 63 Cu photoneutron reactions 
have been experimentally studied worldwide using electron 
accelerator-based bremsstrahlung radiation or positron anni-
hilation in flight � beam facilities [4, 6–11]. Cross-sectional 
data of 63Cu(� , n) and 63Cu(� , 2n) reactions were obtained 
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and subsequently evaluated by Varlamov et al. [12, 13]. 
However, discrepancies in the shapes, peak heights, and 
positions of these experimental and evaluated cross-sectional 
data curves were observed. Additionally, the peak widths of 
these curves were different [14]. These discrepancies must 
be resolved. For example, the experimental data of Fultz 
[7] were systematically 15% lower than those of Varlamov 
[12]. A recent article [15] reported significantly different 
peak values of 79.79 mb and 59±6 mb for the evaluated  
63Cu(� , n) and experimental data, respectively [7]. Varlamov 
et al. [13] analyzed experimental 63Cu(� , 2n) data [7] using 
an experimental–theoretical procedure [16, 17], indicating 
the need for reasonable verification and correction of these 
data. Luo et al. [18] proposed a method for extracting the 
( � , n) cross-sectional distribution of ∼ 40 isotopes, includ-
ing 63Cu, using laser-induced � activation and the isotope 
yield ratio.

Furthermore, owing to the extreme difficulty in obtaining 
the 62 Cu target, experimental data on the 62Cu(n, � ) reac-
tion are unavailable in any neutron energy range [14]. How-
ever, such data can be extracted indirectly from the cross-
section of its inverse 63Cu(� , n) reaction, which requires 
accurate 63Cu(� , n) data with sufficiently small measure-
ment uncertainty. Consequently, obtaining new data on the  
63Cu(� , n) reaction and calculating the cross-section of the 
62Cu(n, � ) reaction are essential.

The Shanghai Laser Electron Gamma Source (SLEGS) 
is an energy-tunable laser Compton scattering (LCS) �-ray 
source that provides meV � beams for nuclear science and 
technology [19–21]. It was developed based on the inverse 
Compton scattering of 10.64 μ m CO2 laser photons from 3.5 
GeV relativistic electrons in the storage ring of the Shanghai 
Synchrotron Radiation Facility (SSRF) [22, 23]. SLEGS 
delivers � beams with energies of 0.66−21.1 MeV in the 
slant-scattering mode at scattering angles of 20–160◦ and 
at a maximum energy of 21.7 MeV in the back-scattering 
mode at 180◦ . The full-spectrum flux ranges from ∼105 
photons/s at 20◦ to ∼107 photons/s at 180◦ [24, 25]. SLEGS 

provides a suitable experimental platform for conducting 
various types of photonuclear reaction experiments and is 
particularly suitable for experimental measurements of the 
( � , n) and ( � , 2n) cross-sections in the giant dipole resonance 
(GDR) energy region.

In this study, we experimentally investigated the  
63Cu(� , n) cross-section based on quasi-monochromatic 
and energy-tunable SLEGS � beams. Using an unfolding 
iteration method, 63Cu(� , n) data were obtained within the 
energy range of 11.1 −19.7 MeV. Then, the �-ray strength 
function ( �SF) of the 63Cu(� , n) reaction was extracted, and 
the cross-section of its inverse reaction, 62Cu(n, � ), was suc-
cessfully calculated. The remainder of this paper is organ-
ized as follows. In Sect. 2, the experimental procedure 
used to measure the 63Cu(� , n) cross-section is described. 
In Sect. 3, the results of the monochromatic and unfolded  
63Cu(� , n) cross-sections are presented. In Sect. 4, the incon-
sistency between the available experimental data from dif-
ferent laboratories is discussed, and the experimentally 
constrained � SF for the 63Cu(� , n) reaction and cross-sec-
tional data of the inverse reaction, 62Cu(n, � ), are presented. 
Finally, a brief conclusion is presented in Sect. 5.

2  Experimental procedure

The experimental measurement of the 63Cu(� , n) cross-
section was conducted at SLEGS of the SSRF, which 
produces � beams within the GDR energy range from the 
single-neutron separation energy ( Sn=10.86 MeV) to the 
double-neutron separation energy ( S2n=19.74 MeV). The 
experimental setup is schematically illustrated in Fig. 2. 
An energy-tunable SLEGS � beam was generated through a 
slanting LCS process, which was achieved by the interaction 
of the SSRF electron beam and a CO2 laser with incident 
angles ranging from 20 to 160◦ . After collimation, the quasi-
monochromatic �-ray was guided to irradiate the 63 Cu tar-
get, which was positioned precisely at the geometric center 
of a 3 He flat efficiency detector (FED) array. During the 
experiments, the neutrons produced from the photoneutron 
processes were first moderated by polyethylene in the FED 
array and then detected by 3 He proportional counters. The � 
beam penetrating the target was attenuated by an additional 
copper attenuator (naturally abundant), and its spectrum was 
subsequently measured using a Bismuth Germanate (BGO) 
detector.

Fig. 1  (Color online) Nuclear reaction path around the Cu isotope
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2.1  SLEGS  beam spectrum

In parallel with the 63 Cu irradiation, the �-ray spectrum 
after copper attenuation was measured online using a BGO 
detector. Figure 3 shows an exemplary �-ray spectrum 
detected at the slant-scattering angles ( �L ) of 91◦ , 113◦ , 
and 140◦ . To obtain the SLEGS �-ray spectrum in front 
of the irradiation target, a direct unfolding method was 
employed in combination with a known response function 
of the BGO detector, which was obtained by a GEANT4 
simulation [26]. The resulting (unfolded) �-ray spectrum 
is shown in Fig. 3. The folded-back spectrum is consistent 
with the �-ray spectrum measured by the detector, suggest-
ing reliable reproduction of the �-ray spectrum before the 
irradiation target. The �-ray spectrum was integrated and 
corrected for the Cu attenuation factor to obtain the � beam 
flux at each slant-scattering angle.

2.2  63 Cu target

The diameter, thickness, and purity of the 63 Cu target 
were a 10  mm, 1.5 mm, and 99.8%, respectively. For 
the 63 Cu isotope sample, the purity of the 63 Cu target 
was determined by inductively coupled plasma–mass 
spectrometry. The uncertainty of the thickness was 
estimated to be 0.01 mm.

2.3  Neutron detection

The number of ( � , n) reactions was determined by detecting 
the reaction neutrons using the calibrated FED, which 
comprised 26 sets of 3 He proportional counters embedded 
in a polyethylene moderator. The proportional counters 
were arranged in three concentric rings positioned 65 mm, 
110 mm, and 175 mm from the beam axis. All the sensitive 
volumes of the 3 He proportional counters were cylindrical 
in shape with the same length of 500 mm and inflated with 
3 He gas at 2 atm. While the counters in Ring-1 (inner ring) 
were 1 inch in diameter, those in Ring-2 (middle ring) and 
Ring-3 (outer ring) were 2 inches in diameter. The bodies of 
3 He proportional counters were made of stainless steel for a 
lower � emission rate. The inner polyethylene moderator was 
450 mm × 450 mm × 550 mm (along the beam direction) 
and was surrounded by additional polyethylene plates with 
cadmium to suppress the background neutrons [27]. These 
background neutrons were subtracted from the duty cycle 
of the laser pulse. In our experiments, the duty cycle is 
set to 50 μ s per laser period of 1000 μ s. The polyethylene 
moderation effect significantly broadened the time 
distribution of the neutrons detected by the 3 He proportional 
counters. However, a flat interval of the time distribution 
that was only contributed by background neutrons was 
identifiable. Then, the number of neutrons ( Nn ) was directly 
extracted by subtracting the time-normalized background. 
Further details are available in [28].

Fig. 2  (Color online) Schematic of the experimental setup for measuring the photoneutron cross-section
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The average energy of the reaction neutrons was obtained 
using the “ring-ratio technique” originally developed by Ber-
man and Fultz [29] and used to determine the detection effi-
ciency. Figure 4a shows the simulated efficiency curve by 
GEANT4 with realistic detector configuration. For the neu-
tron evaporation spectra, the total detector efficiency increases 
from 35.64% at 50 keV to 42.32% at 1.65 MeV and then falls 
slowly to 39.05% at 4 MeV. The efficiency calibrated using a 
252 Cf source was 42.10 ± 1.25%, corresponding to an average 
neutron energy of 2.13 MeV. In our experiments, we used the 
ring-ratio technique to obtain the average energy of neutrons 
produced by ( � , n) reactions and then estimated the detector 
efficiency using its calibrated curve of the detector efficiency. 
The curve for the efficiency ratio of Ring-3 to Ring-1 is illus-
trated in Fig. 4b [28].

3  Data analysis and results

3.1  Monochromatic cross‑section

The experimental formula for the photoneutron cross-section 
is given by [30, 31]

where n
�
(E

�
) is the spectral distribution of the normalized 

LCS � beam; �(E
�
) is the photoneutron cross-section; Nn is 

the number of neutrons detected; Nt is the number of target 

(1)∫
Emax

Sn

n
�
(E

�
)�(E

�
)dE

�
=

Nn

N
�
Nt��ng

,

nuclei per unit area; N
�
 is the number of �-rays incident 

on the target; �n is the neutron detection efficiency; and 
� = (1 − e�d)∕�d is a correction factor for a thick-target 
measurement. Here � is the linear attenuation coefficient of 
� photons in a target of thickness d. The factor g represents 
the fraction of � flux above the neutron threshold Sn:

The incident � energy distribution was used to determine the 
cross-section �(E

�
) , which is a function of the � energy E

�
 . 

Specifically, the incoming � beam spectra were used to 
determine n

�
(E

�
 ). The �-energy distribution was normalized 

to unity: ∫ Emax

Sn
n
�
(E

�
)dE

�
 = 1. The measured �Emax

exp  for an 
incoming � beam with maximum energy Emax is given by the 
convoluted cross-section:

Therefore, we refer to the quantity on the right side of 
Eq.  (3) as the monochromatic cross-section. However, 
owing to the energy spread of the LCS � beam (Fig. 3), the 
monochromatic approximation cannot be used to describe 
the real photoneutron cross-section.

3.2  Unfolded cross‑section

The deconvoluted E
�
-dependent photoneutron cross-section, 

�(E
�
) , must be extracted from the integral of Eq. (3). Each 

measurement characterized by Emax corresponds to the 
folding of �(E

�
) with the measured beam profile n

�
(E

�
) . 

Following Ref. [32], we unfold �(E
�
) according to Eq. (3):

where �f represents the folded cross-section with beam 
profile D . The indices i and j of matrix element Dij 
correspond to Emax and E

�
 , respectively. The set of equations 

is given by:

Each row of D corresponds to the � beam profile correspond-
ing to Emax . The � vector [�i]f (i=1, 2, 3..., N) on the left-
hand side of Eq. (5) is the folded cross-section, referred to 
as the experimental monochromatic cross-section, whereas 
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the vector [�j] (j=1,2,3..., M) on the right-hand side is the 
unfolded cross-section to be determined. In the present 
experiment, the number of monochromatic cross-sections 
was N=44. The energy profile of the � beam was simulated 
in M=200 energy bins. The number of unfolded cross-sec-
tions was equal to M. Figure 3 presents a visual representa-
tion of the response matrix D for the case of 63Cu. There are 
N=44 �-beam spectra, and only three are shown as blue lines 
in Fig. 3 as examples. As the system of linear equations in 
Eq. (5) is under-determined, the �j vector cannot be obtained 
by matrix inversion. We determined �j using an iterative 
folding method, which can be summarized as follows:

(1) As our starting point, we choose a constant trial 
function �0 for the zeroth iteration. This initial vector is 
multiplied by D to obtain the zeroth folded vector �0

f
 = D�0.

(2) The next trial input function, �1 , is established by 
adding the difference between the experimentally measured 
spectrum �exp and folded spectrum �0

f
 to �0 . To add the folded 

and input vectors, we first perform a spline interpolation on 
the folded vector and then interpolate to ensure that the two 
vectors have equal dimensions. The new input vector is

(3) The above steps are iterated i times, yielding

and

until convergence is achieved. Thus, �i+1
f

≈ �exp is within the 
statistical uncertainties. To check the convergence quanti-
tatively, we calculated the reduced �2 of �i+1

f
 and �exp after 

each iteration. The experiment was terminated when the 
reduced �2 value approached unity.

Figure 5 shows the monochromatic �Emax

exp  and unfolded 
�(E

�
) for 63Cu(� , n) reaction. Table 1 lists the �(E

�
) values 

(6)�
1 = �

0 + (�exp − �
0
f
).

(7)�
i
f
= D�

i,

(8)�
i+1 = �

i + (�exp − �
i
f
),

at Emax and their uncertainties respectively. According to 
Eq. (3), the statistical uncertainty is primarily induced 
by Nn . Because the incident �-ray count was sufficiently 
high, its statistical uncertainty was negligible. The 
methodological uncertainty was approximately 1.8%, 
which was induced by the extraction algorithm Nn 
(1.5%) and unfolding methodology incorporating the 
simulated BGO response matrix ( ∼1%). The systematic 
uncertainty was estimated to be 3.15%. This was due to 
the neutron detector efficiency (3.02%), � flux attenuation 
and incident � spectrum unfolding (0.90%), and target 
areal density (0.10%). In our study, the total uncertainty 
included statistical, systematic, and methodological 
uncertainties. The unfolded �(E

�
) had a total uncertainty 

of approximately 4%, except for the �-energy region with 
�(E

�
) less than 7.5 mb (i.e., Sn < E

𝛾
< 11.5 MeV).

4  Discussion

4.1  63Cu( , n) reaction cross‑section

Here, we compare our measurements with available 
experimental [4, 6–9] and evaluated [33] data. The results 
are presented in Fig. 6. The uncertainty of our unfolded 
cross-sections is comparable to those of Fultz et al. [7] 
and Sund et al. [9] with monochromatic photons obtained 
from positron annihilation in flight. Moreover, it was 
significantly better than those of Owen et al. [8], Berman 
et al. [6] and Plaisir et al. [4] obtained with bremsstrahlung 
radiation. Our measurements are consistent with the data 
of Berman et al. [6], although the latter have only a few 
data points. Moreover, our data agree well with those of 
other groups when Sn < E

𝛾
< 15 MeV. However, our data 

were visibly higher than those of other studies at E
�
 > 15 

MeV.
The integral ratio of two cross-section curves reflects 

their systematic differences [34]. The total cross-section 
integrated over the energy region of interest is defined as 
follows:

We conducted experimental measurements on  
197Au(� , n) and 159Tb(� , n) reactions at SLEGS [28]. The 197
Au(� , n) reaction data were compared with those reported 
by Itoh et  al. [30]. The resulting �int difference was ∼
0.4%, suggesting the reliability of SLEGS in the meas-
urement procedure and data analysis [28]. We calculated 
�
int of 63Cu(� , n) reactions for different laboratories within 

(9)�
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Emax
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�
)dE
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Table 1  Unfolded cross-sections 
and corresponding uncertainties 
for 63Cu(� , n)62Cu

E
�
 (MeV) � (mb) Statistical 

uncertainty (mb)
Methodological 
uncertainty (mb)

Systematic 
uncertainty (mb)

Total 
uncertainty 
(mb)

11.09 2.18 0.40 0.03 0.06 0.41
11.28 4.70 0.23 0.05 0.08 0.25
11.47 7.28 0.13 0.06 0.10 0.17
11.66 9.37 0.12 0.08 0.14 0.20
11.85 10.74 0.10 0.11 0.20 0.25
12.03 11.51 0.11 0.12 0.22 0.28
12.22 12.02 0.08 0.16 0.26 0.32
12.41 12.63 0.09 0.15 0.28 0.33
12.60 13.57 0.09 0.18 0.33 0.39
12.78 14.90 0.10 0.19 0.36 0.42
12.97 16.55 0.10 0.21 0.39 0.45
13.16 18.42 0.09 0.21 0.40 0.46
13.34 20.43 0.09 0.24 0.46 0.53
13.53 22.56 0.11 0.26 0.51 0.58
13.71 24.80 0.12 0.28 0.55 0.62
13.89 27.20 0.12 0.31 0.60 0.69
14.07 29.78 0.14 0.33 0.66 0.75
14.25 32.62 0.15 0.36 0.71 0.81
14.43 35.74 0.17 0.40 0.81 0.92
14.61 39.30 0.19 0.44 0.85 0.97
14.79 43.35 0.19 0.49 0.95 1.08
14.96 48.06 0.22 0.54 1.06 1.21
15.14 53.50 0.21 0.59 1.15 1.31
15.31 59.48 0.25 0.65 1.27 1.45
15.48 65.73 0.25 0.70 1.36 1.55
15.66 71.74 0.30 0.73 1.42 1.63
15.82 77.12 0.32 0.79 1.58 1.79
15.99 81.53 0.30 0.92 1.78 2.03
16.16 85.05 0.31 0.99 1.93 2.20
16.32 87.75 0.32 1.09 2.06 2.35
16.65 91.18 0.34 1.24 2.28 2.62
16.81 92.06 0.47 1.23 2.33 2.68
16.96 92.23 0.42 1.28 2.47 2.82
17.27 90.85 0.40 1.28 2.50 2.84
17.58 87.90 0.38 1.40 2.67 3.04
17.87 84.20 0.31 1.43 2.64 3.02
18.15 80.26 0.42 1.47 2.61 3.02
18.29 78.33 0.43 1.54 2.65 3.09
18.43 76.55 0.42 1.42 2.61 3.00
18.70 73.70 0.36 1.32 2.51 2.86
18.95 71.67 0.45 1.28 2.47 2.81
19.20 69.68 0.42 1.27 2.38 2.73
19.44 67.06 0.34 1.26 2.34 2.68
19.67 63.70 0.32 1.31 2.30 2.66
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S1n < E
𝛾
< 15 MeV and 15 MeV < E

𝛾
< S2n . The results 

are shown in Table 2. For S1n < E
𝛾
< 15 MeV, the relative 

difference between the �int value and those of the others is 
4–13%, except for the data of Owen, for which the differ-
ence is 28%. In contrast, for 15 MeV < E

𝛾
< S2n , our data 

are larger than the others by a factor of 0.13 −0.35. Table 2 
shows that the data of Owen are evidently lower than the 
others within the two aforementioned energy regions. Con-
sequently, it is not a priority. Overall, our measurements 
are expected to clarify the inconsistency between the avail-
able experimental data for the 63Cu(� , n) reaction.

4.2  Radiative 62Cu(n,  ) cross‑section

� SF [35, 36] is a statistical quantity employed in the 
Hauser–Feshbach model of the compound nuclear reaction. 
The � SF in the de-excitation mode aids in determining the 
radiative (n, � ) cross-sections that are directly relevant to the 
s-process nucleosynthesis of elements heavier than iron. The 
downward � SF for dipole radiation at a given energy E

�
 is 

defined as [37]

(10)�⃖���fX1(E𝛾
) = E−3

𝛾

⟨ΓX1(E𝛾
)⟩

D�

.

Here X is either electric (E) or magnetic (M); ⟨ΓX1(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, � SF in the excitation mode for dipole 
radiation [37] is defined by the average cross-section for 
E1/M1 photoabsorption �X1(E�

) to the final states with all 
possible spins and parities [36]:

Here, the spin factor gJ = (2J + 1)∕(2J0 + 1) , where J = 1 
and J0 = 0 (ground state).

Above the neutron separation energy, except at energies 
near the neutron threshold, the total upward � SF can be 
determined by substituting �X1(E�

) with the experimental  
( � , n) cross-sections that dominate the photoabsorption cross-
sections. According to the principle of detailed balance [38] 
and the generalized Brink hypothesis, the equality of the 
upward and downward �SF, fX1(E𝛾

) = �⃖���fX1(E𝛾
) = ����⃗fX1(E𝛾

) , con-
nect the (upward) ( � , n) cross-section �

�n to the (downward) 
� SF by [37]

where  1∕gJ�
2
ℏ
2c2 = 8.674 × 10−8 mb−1MeV−2  .  Th is 

relation yields the experimentally constrained � SF from the 
measured 63Cu(� , n) reaction data, as indicated by the red 
dots in Fig. 7.

In TALYS (version 1.96) [39, 40], various phenomenologi-
cal and microscopic models have been established to describe 
the �SF. The Brink–Axel Lorentzian model and simple modi-
fied Lorentzian (SMLO) model [41] for the E1 strength closely 

(11)����⃗fX1(E𝛾
) =

E−1
𝛾

gJ(𝜋�c)
2
⟨𝜎X1(E𝛾

)⟩.

(12)fX1(E�
) =

1

gJ�
2ℏ2c2

�
�n(E�

)

E
�

,
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Fig. 6  (Color online) Unfolded cross-section curve for 63Cu(� , n) 
together the available experimental and evaluated data [4, 6–9, 33]

Table 2  Integrated 63Cu(� , n) cross-section data

Author �
int (mb)

[S1n , 15 MeV] [15 MeV, 
S2n]

This work 83.25 369.27
Plaisir et al. [4] 86.49 277.66
Varlamov et al. [33] 93.08 320.18
Owen et al. [8] 60.21 239.32
Sund et al. [9] 76.90 318.37
Fultz et al. [7] 93.76 284.52
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Fig. 7  (Color online) Comparison of the � SF of 63 Cu calculated using 
the Brink–Axel Lorentzian model (blue dashed line) and SMLO 
model (black dashed line) for the E1 strength in TALYS with the 
� SF extracted from our data (red dots). � SF values (red solid line) 
optimized using Gnorm . The spin-flip and scissor model for the M1 
strength is indicated by the pink dashed line
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approximate the experimental values. The blue and black lines 
in Fig. 7 represent the �SFs calculated using the aforemen-
tioned two models. The pink lines in Fig. 7 show the spin-flip 
and scissor model of the M1 strength [42]. Although these two 
models have contributed to advancements in calculating the �
SF, discrepancies between model predictions and experimental 
observations remain. To improve the predictive accuracy of 
these models, we refined the Brink–Axel Lorentzian model 
by incorporating the normalization factor Gnorm for � SF avail-
able in TALYS. Gnorm was optimized by minimizing �2 and 
aligning the theoretical calculations of the � SF more closely 
with the experimental data. The expression for �2 is given by

where N represents the total number of experimental data 
points, and �th,i , �exp,i , and �err,i denote the theoretical value, 
experimental data, and experimental error of the � SF for 
the i-th data point, respectively. By adjusting Gnorm , we find 
that the �2 value reaches a minimum of 1.46 when Gnorm 
= 1.2. The red solid line in Fig. 7 represents the optimized 
� SF values, demonstrating closer agreement with the experi-
mental data.

The radiative (n, � ) cross-section strongly depends on 
the � SF and is sensitive to the nuclear level density (NLD) 
model employed. We extracted the experimentally con-
strained � SF from our newly measured 63Cu(� , n) reaction 
data and then optimized the Brink–Axel Lorentzian model 
for E1 strength in TALYS using Gnorm . Finally, the radiative 
(n, � ) cross-section for 62 Cu was calculated based on the 

(13)�
2 =

1

N

N∑
i=1

(
�th,i − �exp,i

�err,i

)2

,

Brink–Axel Lorentzian model with Gnorm optimization. The 
results are presented in Fig. 8 as the red band. The spin-
flip and scissor model of the M1 strength was considered in 
the TALYS calculations. The theoretical uncertainty corre-
sponds to the use of six NLD models [40]. A similar study 
was performed by Utsunomiya et al. [43], in which radiative 
(n, � ) cross-sections of 136,137 Ba isotopes were obtained. In 
our study, owing to the lack of experimental data on 63Cu 
in terms of low-lying excited levels and neutron resonance 
spacings, we could not effectively constrain the NLD model. 
Consequently, a relatively large theoretical uncertainty was 
obtained. To reduce the theoretical uncertainty of the (n, 
� ) cross-sections, both the � SF and NLD models should be 
effectively constrained. A good example can be found in 
Renstrom et al. [44], in which charged particle-induced reac-
tion data were used to constrain the NLD model.

To further investigate the 62Cu(n, � ) cross-section, 
additional TALYS calculations based on the Brink–Axel 
Lorentzian and SMLO models were performed without 
Gnorm optimization. The calculated results and available 
TENDL-2023 evaluations [45] are also presented in Fig. 8 
for comparison, which shows a good agreement between 
each other. To the best of our knowledge, this is the first 
time that the experimentally constrained 62Cu(n, � ) cross-
section has been obtained. This supports the principle of 
detailed balance and generalized Brink hypothesis for 63 Cu 
isotope.

5  Conclusion

We performed new measurements on the 63Cu(� , n) cross-
section at energies below S2n with quasi-monochromatic 
and energy-tunable SLEGS � beams. Using the unfold-
ing iteration method, the 63Cu(� , n) reaction data were 
obtained within the energy range of 11.1−19.7 MeV, and 
the resulting uncertainty was controlled within 4%. The 
comparison between our measurement and previously 
available experimental and evaluated cross-sections was 
discussed, helping in resolving a long-standing discrep-
ancy between the existing 63Cu(� , n) reaction data. Based 
on these new data, the experimentally constrained � SF 
for 63 Cu was extracted, which was reasonably consistent 
with the TALYS calculations when considering different 
� SF models. Furthermore, the cross-sectional curve of the 
inverse reaction, 62Cu(n, � ), was obtained for the first time. 
Our calculations provide an alternative for extracting the 
(n, � ) cross-sections for some unstable nuclides.
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