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Abstract
To overcome the difficulty and expensive cost for some specific isotopic targets,
a substitution method was proposed to measure the cross section of (𝛾, n) re-
actions. Considering that the natural copper element (natCu) only has 63Cu
and 65Cu isotopes, the 65Cu(𝛾,n)64Cu reaction was taken as an example to
test the substitution method. Using quasi-monoenergetic 𝛾 beams provided
by the Shanghai Laser Electron Gamma Source (SLEGS) of the Shanghai Syn-
chrotron Radiation Facility (SSRF), the natCu(𝛾, n) was measured from E𝛾 =
11.09 to 17.87 MeV. Furthermore, based on the previously measured 63Cu(𝛾,
n) reaction using the same experimental setup at SLEGS, the 65Cu(𝛾, n)64Cu
was extracted using the substitution method, which was compared to the exist-
ing experimental data measured by bremsstrahlung and positron annihilation
in-flight light sources, and the Talys2.0 toolkit predictions. The 𝛾 strength func-
tion (𝛾SF) of 65Cu is obtained from the 65Cu(𝛾, n) data, and the reaction cross
section of 64Cu(n, 𝛾) was further calculated.

Full Text
Preamble
A Substitution Measurement for the Cross Section of the 65Cu(𝛾,
n)64Cu Reaction Using natCu and 63Cu Targets with Quasi-
Monoenergetic 𝛾 Beams at SLEGS
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To overcome the difficulties and high costs associated with obtaining specific
isotopic targets, a substitution method was proposed for measuring the cross
sections of (𝛾, n) reactions. Considering that natural copper (natCu) contains
only 63Cu and 65Cu isotopes, the 65Cu(𝛾, n)64Cu reaction was selected as
a test case for this substitution method. Using quasi-monoenergetic 𝛾 beams
provided by the Shanghai Laser Electron Gamma Source (SLEGS) at the Shang-
hai Synchrotron Radiation Facility (SSRF), the natCu(𝛾, n) reaction was mea-
sured from E𝛾 = 11.09 to 17.87 MeV. Furthermore, based on previously mea-
sured 63Cu(𝛾, n) reaction data obtained with the same experimental setup at
SLEGS, the 65Cu(𝛾, n)64Cu cross section was extracted using the substitution
method. The results were compared with existing experimental data measured
using bremsstrahlung and positron annihilation in-flight light sources, as well
as with predictions from the Talys2.0 toolkit. The 𝛾 strength function (𝛾SF) of
65Cu was obtained from the 65Cu(𝛾, n) data, and the reaction cross section for
64Cu(n, 𝛾) was subsequently calculated.

Keywords: photoneutron cross section, flat efficiency detector, laser Compton
scattering, 𝛾 rays, SLEGS, cross-section subtraction method
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Introduction
The 65Cu(𝛾, n)64Cu reaction has important applications in both medical and
scientific research. In medicine, 64Cu is a short-lived 𝛽+ emitter (T1/2 =
12.7 h; 𝛽+ with 278 keV mean energy, 61.5%; 𝛽− with 191 keV mean energy,
38.5%), making this reaction an important method for producing the radioiso-
tope 64Cu [?, ?], which is widely used in nuclear medical imaging techniques such
as positron emission tomography (PET) [?, ?] and single photon emission com-
puted tomography (SPECT) [?]. It plays a significant role in cancer diagnosis
and treatment. For example, 64Cu-labeled peptides such as 64Cu-DOTATATE
[?, ?] are used for diagnosing neuroendocrine tumors [?], 64Cu-labeled oxygen
depletion probes such as 64Cu-ATSM [?] are employed to detect hypoxic re-
gions in tumors, and 64Cu-labeled prostate specific membrane antigen (PSMA)
[?] ligands are utilized in PET imaging of prostate cancer for precise tumor cell
localization. Additionally, 64Cu can be used in radionuclide therapy to destroy
tumor cells through its 𝛽+ and 𝛽− decay properties [?]. In scientific research,
the 65Cu(𝛾, n)64Cu reaction is also of great importance, as it enables studies of
nuclear structure, properties of atomic nuclei, and nuclear reaction mechanisms.

During the last century, laboratories worldwide conducted experimental studies
on the photoneutron reaction of 65Cu using bremsstrahlung (BR) light sources
[?, ?] and positron annihilation in-flight (PAIF) light sources [?] through the
activation method. Due to the low natural abundance of 65Cu, it is difficult to
obtain high-purity experimental target materials. Consequently, very little ex-
perimental data exist for 65Cu, and the available data show large discrepancies.
In response to this situation, Varlamov et al. [?] evaluated the existing data. By
comparing the evaluated and experimental reaction cross sections, they found
that the results from BR and PAIF sources agree within the low incident 𝛾
energy range but differ significantly at high 𝛾 energies, reflecting systematic
errors in experiments caused by misclassification of neutron channels [?]. The
quasi-monochromatic 𝛾-ray source generated by laser Compton scattering pro-
vides an opportunity for measuring the (𝛾, n) reaction with improved precision,
which helps to resolve discrepancies in existing data.

In this study, the cross sections for the natCu(𝛾, n) reaction were measured
within the Giant Dipole Resonance (GDR) energy region using the SLEGS
beamline [?] at the Shanghai Synchrotron Radiation Facility (SSRF) [?]. The
65Cu(𝛾, n) cross sections were determined via the subtraction method, and
the neutron capture cross sections for 64Cu were extracted. The structure
of this article is organized as follows. Section III describes the experimental
procedure for measuring the natCu(𝛾, n) cross sections. Section IV presents
the results for the monochromatic natCu(𝛾, n) cross sections and the 65Cu(𝛾,
n) cross sections obtained via the subtraction method. Section V discusses
the discrepancies among existing experimental data and presents cross-sectional
data for the 64Cu(n, 𝛾) reaction. Finally, a brief conclusion is given in Section
VI.
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II. Cross-Section Substitution Measurement Method for (𝛾,
N) Reactions
The use of pure isotopic targets in experiments typically faces difficulties related
to low purity and high cost. Appropriate substitution measurement technology
provides an indirect measurement approach for isotopes that have extremely
low natural abundances, require exorbitantly high purification costs, or are ex-
tremely difficult to fabricate into target materials under natural conditions. For
a metallic elemental target containing n types of isotopes, the total photonu-
clear reaction cross section 𝜎_{total} obeys the principle of linear superposition,
which can be expressed by the following formula:

𝜎total = ∑ 𝑤𝑗 ⋅ 𝜎𝑗,

where w_j represents the effective mass weight coefficient of the j-th isotope,
defined as

𝑤𝑗 = 𝑚𝑗 ⋅ 𝑓𝑗
∑𝑛

𝑘=1 𝑚𝑘 ⋅ 𝑓𝑘
,

where m_j is the atomic mass of the j-th isotope and f_j is its natural abundance
(or artificially enriched fraction). This weight model rigorously accounts for the
effects of mass differences and abundance distributions among isotopes on the
macroscopic cross section.

To solve for the cross section of the target isotope i, the above formula can be
transformed to yield:

𝜎𝑖 =
𝜎total − ∑𝑗≠𝑖 𝑤𝑗 ⋅ 𝜎𝑗

𝑤𝑖
.

To ensure the validity of this equation, two crucial conditions must be met. First,
the cross sections 𝜎_{j≠i} of all isotopes other than the target isotope i must
have been determined by independent and reliable experiments. Second, the
isotopic composition parameters w_j need to be determined with high accuracy
to guarantee the reliability of the calculation results.

Compared to the traditional single-isotope target measurement method, the
cross-section substitution measurement (CSSM) method demonstrates remark-
able advantages. Firstly, it excels in cost-effectiveness. By using the substitution
method for cross-section measurements, researchers can avoid purchasing expen-
sive isotopic target materials, thereby significantly reducing experimental costs.
This allows researchers to conduct more studies under constrained funding con-
ditions. Secondly, this method exhibits extremely high universality and can be
widely applied to substitution measurements of various isotopes with natural
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abundances less than 100%, providing more flexible and diverse experimental
means for research in related fields.

However, when applying the CSSM method, some potential issues require special
attention. When the target isotope abundance is extremely low, the CSSM data
may suffer from significant systematic errors, compromising the accuracy and
reliability of the experimental results.

III. Experiment
This experiment was carried out at the Shanghai Laser Electron Gamma Source
(SLEGS) beamline station [?, ?] located at the Shanghai Synchrotron Radia-
tion Facility (SSRF). The SLEGS beamline employs inverse Compton scatter-
ing technology, where 3.5 GeV electrons in the SSRF storage ring collide with
photons from a CO2 laser (wavelength 10.64 µm, power 100 W) to generate
quasimonochromatic gamma rays with tunable energies from 0.66 to 21.7 MeV.

The energy of the 𝛾 beam is adjusted in slant-scattering mode with a minimum
step of 10 keV. For details on measurements of (𝛾, n) reactions at SLEGS,
see Refs. \cite{21–25}. The cross sections for the natCu(𝛾, n) reaction were
measured at 37 energy points ranging from 10.9 to 17.8 MeV.

The laser Compton scattering (LCS) 𝛾 beam, after passing through the colli-
mation system, irradiated the experimental target positioned at the center of
the 3He flat efficiency detector (FED) [?]. A large-volume BGO detector down-
stream of the FED monitored the in-beam gamma flux. The incident gamma
spectrum was reconstructed using the direct unfolding method combined with
a Geant4-simulated detector response matrix (Fig. 2 [Figure 2: see original
paper]), as described in Refs. \cite{27–29}.

A. Targets

The natCu target, weighing 3.15 g, was placed in polyethylene target holders and
irradiated using LCS 𝛾 beams. The alignment of the target and the FED with
the LCS 𝛾-ray beam was adjusted using a MiniPIX X-ray camera for collimation.
Detailed specifications can be found in Table 1 .

Table 1. Information for natCu targets used in experiments.

Target Weight Diameter Total thickness Density
natCu 3.15 g 10.00 mm 4.48 mm 9.69 g/cm3

Total chemical impurity: natCu > 99.99%

The target holder has a 10 mm diameter window. Considering that the size of
the LCS 𝛾-ray beam was approximately 4 mm in diameter at the target position,
the 10 mm diameter window was sufficient to ensure that the target could be
measured without influence from neutrons originating in the polyethylene.
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B. Measurements

The SLEGS facility features a new FED with 26 proportional counters arranged
in three concentric rings within a polyethylene moderator shielded by 2 mm of
Cd. The counters, 500 mm long and filled with 2 atm of 3He, were read out
through CAEN SY4527LC/Mesytec MDPP-16 systems.

Geant4 simulations indicate that the efficiency decreases from 35.6% at 50 keV
to 42.3% at 1.65 MeV [?], then drops to 40.7% at 3 MeV. The 252Cf calibration
resulted in an efficiency of 42.1 ± 1.3% at 2.13 MeV (Fig. 3 [Figure 3: see
original paper]). The uncertainty of the efficiency was assessed by varying the
density of the moderator, the pressure of the gas, and the counter geometry.
Weighted average efficiency corrections were applied based on neutron energy
profiles [?, ?].

IV. Data Analysis
The total detector efficiency and the efficiencies of individual rings are shown
in Fig. 3 [Figure 3: see original paper]. The detector efficiency curves were
simulated using neutron-evaporation spectra and monochromatic neutrons. The
red dots correspond to the neutron spectrum described by a Maxwell-Boltzmann
distribution at the average neutron energy (T = 1.42 MeV) of 252Cf [?].

The photoneutron cross section in the monochromatic approximation is calcu-
lated by the integral equation [?]:

∫ 𝐸max𝑛𝛾(𝐸)𝜎(𝐸)𝑑𝐸 = 𝑁𝛾𝑁𝑡𝜉𝜖𝑛,

where n_𝛾(E) is the energy distribution of LCS 𝛾-ray beams, normalized in
the integration region; 𝜎(E) represents the photoneutron cross section; N_n is
the number of detected neutrons; N_t is the number of target nuclei per unit
area; N_𝛾 is the number of incident 𝛾 particles with energies above the neutron
threshold; and � is the self-attenuation coefficient given by 1 - e^(-�t), where � is
the linear attenuation coefficient of the sample and t is the sample thickness.

In the monochromatic approximation, the photoneutron cross section can be
expressed as:

𝜎𝐸max
(𝛾, 𝑛) = 𝑁𝑛

𝑁𝛾𝑁𝑡𝜉𝜖𝑛
.

In the experiment, the laser pulse cycle was 1000 µs (50 µs on + 950 µs off). Due
to the energy dispersion of LCS 𝛾-ray beams, the monochromatic approximation
is insufficient for determining photoneutron cross sections. When neutrons were
counted with the FED array, flat-efficiency regions for each detector ring were
determined, considering neutron energy and detector parameters. The median
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method was used to establish optimal efficiency points and improve neutron
count statistics.

To solve the unfolding problem, the integral in Eq. (4) is approximated as a
summation for each 𝛾 beam profile, resulting in a system of linear equations
𝜎_f = D𝜎 [?, ?]. The folding iteration method was used to solve this underde-
termined system. Starting with a constant trial function 𝜎_0, the folded vector
𝜎_0^f = D𝜎_0 was calculated \cite{40–43}. The next trial input function 𝜎1
was obtained by adding the difference between the experimental spectrum 𝜎{exp}
and the folded spectrum 𝜎_0^f to D𝜎_0, after spline interpolation to match
vector dimensions. The iteration proceeds with [?, ?]:

𝜎𝑖+1 = 𝜎𝑖 + (𝜎exp − 𝜎𝑓
𝑖 ).

The iteration continues until convergence when 𝜎{i+1} approximates 𝜎{exp}
within statistical errors. Convergence was assessed by calculating the reduced
�2 between 𝜎{i+1} and 𝜎{exp}, with typical convergence achieved in about three
iterations, making the reduced �2 value approximately 1.

The monochromatic cross sections of the natCu(𝛾, n) reaction were derived
using the unfolding iteration method. Fig. 4 [Figure 4: see original paper] com-
pares the quasimonochromatic and monochromatic cross sections for natCu(𝛾,
n). Statistical uncertainties are attributed solely to neutron counts, as the high
number of 𝛾-ray counts contributes negligible uncertainties. Experiments for
the reactions 197Au(𝛾, n) [?] and 27Al(𝛾, n) [?] have been performed at SLEGS.
A comparison of the 197Au(𝛾, n) reaction data with the findings of Itoh et al. [?]
reveals an integrated cross-section difference of approximately 0.4%, which un-
derscores the reliability of SLEGS in both measurement procedures and data
analysis. The cross sections from the SLEGS experiment are of comparable or
even higher quality than some datasets in the EXFOR database. A summary
of uncertainties is presented in Table 2 .

Table 2. Summary of uncertainties for measurements at SLEGS.

Error Source Process Type Uncertainty
FED efficiency Data processing Systematic 3.02%
External copper Data processing Systematic 0.50%
Target thickness Data processing Systematic <0.10%
N_n extraction algorithm Data processing Systematic 2.00%
Unfolding method Data processing Systematic 1.00%

In this experiment, the measured natCu target material had isotopic abundances
of 69.15% for 63Cu and 30.85% for 65Cu. The one-neutron (S_n) and two-
neutron (S_{2n}) separation energies for 63Cu are 10.86 MeV and 19.74 MeV,
respectively, while for 65Cu they are 9.91 MeV and 17.83 MeV, respectively [?, ?].
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In light of this, during the data processing phase of this experiment, a subtrac-
tion calculation was carried out in the energy interval where the one-neutron
separation thresholds of 65Cu and 63Cu overlap. To obtain high-precision pho-
tonuclear reaction cross-section data for 65Cu, it is necessary to account for and
subtract the contribution from the reaction cross section of 63Cu [?]. Substitut-
ing these parameters into Eq. (1), the total cross section of the photonuclear
reaction for natCu can be expressed as:

𝜎natCu = 𝑤63Cu ⋅ 𝜎63Cu + 𝑤65Cu ⋅ 𝜎65Cu.

The effective mass-weight coefficients for the two isotopes, w_{63Cu} and
w_{65Cu}, are calculated using Eq. (2) and then substituted into Eq. (3):

𝜎65Cu = 𝜎natCu − 𝑤63Cu ⋅ 𝜎63Cu
𝑤65Cu

.

In this equation, the cross-section data for natCu were precisely determined
through the aforementioned independent experiments, and the benchmark cross-
section data for 63Cu were derived from the precise measurement results re-
ported in Ref. [?]. The results for the 65Cu photonuclear neutron cross sections
obtained via the subtraction method are shown in Fig. 5 [Figure 5: see original
paper].

V. Results and Discussion
65Cu Photoneutron Reaction Cross Section

To ensure the quality of the cross-section data for 65Cu obtained via the subtrac-
tion method, the measured (𝛾, n) results for natCu and 63Cu [?] from SLEGS
were selected, which have the same measured energy points in the experiments.
The selected energy points fall within the (𝛾, n) energy intervals for both 63Cu
and 65Cu, and a total of 35 such data points met these criteria. These data
were then substituted into Eq. (9), and the results are shown in Fig. 5 [Figure
5: see original paper].

The photoneutron cross-section data for 65Cu(𝛾, n)64Cu measured at SLEGS are
compared with existing data from the EXFOR database in Fig. 5. Although the
overall trends align, significant discrepancies are observed in the absolute values.
The experiment by Fultz et al. [?] at Lawrence Livermore National Laboratory
(LLNL) is closest to our results. They used BF3 neutron detectors and measured
in the energy range of 9.34 to 27.78 MeV. Data from Katz et al. [?], obtained
using bremsstrahlung radiation at the BETAT accelerator in Canada with a
22 MeV endpoint energy, are notably higher than the LLNL data. Antonov’
s measurements [?] at JINR using bremsstrahlung radiation are significantly
higher than other datasets in both neutron threshold and cross-section values.
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We further investigated the effects of varying isotopic abundances on cross sec-
tions, as such variations can induce discrepancies in the results. As illustrated
in Fig. 5, an increase in the abundance of the target isotope leads to a corre-
sponding decrease in the cross section; conversely, a decrease in the abundance
of the target isotope results in a corresponding increase in the cross section.
Consequently, it is imperative to precisely determine the isotopic abundances
in the target material before commencing the experiment.

As discussed in Ref. [?], the ratios of integral cross sections provide a clear indi-
cation of systematic differences among various data compilations. The integral
cross sections in the S_n and S_{max} regions are calculated as:

𝜎int = ∫
𝑆max

𝑆𝑛

𝜎(𝐸)𝑑𝐸.

Based on these experimental data, the integral ratios of the photoneutron re-
action cross section were calculated for energy ranges from S_n to 15 MeV, 15
MeV to S_{2n}, and S_n to S_{2n}, with results presented in Table 4 . In the
S_n to 15 MeV energy range, the experimental results of this work show a dif-
ference of only 0.4% from the Fultz data and a discrepancy of less than 1% from
TALYS theoretical calculations, while discrepancies with other datasets exceed
40%. In the 15 MeV to S_{2n} range, the minimum difference between this
work and the Katz [?] data is 14%, and differences with other datasets exceed
20%. Overall, the neutron threshold and cross-section peak position demon-
strate good consistency with the Fultz [?] data and TALYS-2021 calculations;
the neutron threshold shows favorable agreement with the Katz data; however,
there are notable differences in both the neutron threshold and peak position
compared to the Antonov [?] data. Collectively, these structural differences in
the data are of significant importance for refining nuclear data evaluations and
optimizing theoretical model parameters.

Table 3. The monochromatic cross sections of 65Cu(𝛾, n)64Cu.

E𝛾
[MeV]

natCu(𝛾,
n) Cross
sections
[mb]

natCu(𝛾,
n) Total
uncer-
tainty
[mb]

63Cu(𝛾,
n) Cross
sections
[mb]

63Cu(𝛾, n)
Total un-
certainty
[mb]

65Cu(𝛾,
n) Cross
sections
[mb]

65Cu(𝛾, n)
Total un-
certainty
[mb]

Table 4. Integral cross-section ratio.
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Ratio
relation

𝜎_{int}^{ratio}
S_n�15 MeV

𝜎{int}^{ratio} 15
MeV�S{2n}

𝜎{int}^{ratio}
S_n�S{2n}

SLEGS/TALYS0.996 1.140 1.050
SLEGS/Fultz 1.004 1.210 1.090
SLEGS/Katz 0.580 1.140 0.790
SLEGS/Antonov0.410 0.790 0.540

64Cu Radiative Neutron Capture Cross Section

The gamma strength function (𝛾SF) [?] is used to describe the average prob-
abilities of gamma decay and absorption in nuclear reactions and represents
an important parameter for characterizing nuclear reaction processes. When
research involves reactions with gamma rays, such as (n, 𝛾) and (𝛾, n), the pre-
cision of the 𝛾SF is particularly crucial. According to the principle of detailed
balance [?] and the generalized Brink assumption [?, ?], it is believed that the up-
ward 𝛾SF f_X�(E_𝛾) is approximately equal to the downward 𝛾SF f_X�(E_𝛾).
Therefore, it can be considered that f_X�(E_𝛾) � f_X�(E_𝛾). Connecting the
(upward) photoneutron cross section to the (downward) 𝛾SF [?]:

𝑓𝑋1(𝐸𝛾) = 3𝜋2ℏ2𝑐2

𝜎𝛾𝑛(𝐸𝛾) .

The constant is 1/(3𝜋2�2c2) = 8.674 × 10−8 mb−1MeV−2, and using this relation-
ship, the experimentally constrained 𝛾SF can be obtained from the measured
photoneutron reaction cross-section data. The 𝛾SF model in TALYS is then
compared with the experimentally constrained 𝛾SF, and the model closest to
the experimentally obtained 𝛾SF is selected. Furthermore, the 𝛾SF model is
constrained using the normalization parameter G_{norm} in the TALYS 2.0
toolkit, and the optimization of G_{norm} is achieved by minimizing the �2
value, thus making the theoretical calculation results of the constrained 𝛾SF
model more consistent with the experimentally obtained 𝛾SF values.

The 𝛾SF of 65Cu(𝛾, n) constrained by the measured (𝛾, n) data is shown in Fig.
6 [Figure 6: see original paper], with the expression for �2 being:

𝜒2 =
𝑁

∑
𝑖=1

(𝜎th,𝑖 − 𝜎exp,𝑖
𝜎err,𝑖

)
2

,

where N represents the total number of experimental data points, and 𝜎{th},i,
𝜎{exp},i, and 𝜎_{err},i denote the theoretical value, experimentally measured
value, and experimental error of the 𝛾SF at the i-th data point, respectively.

The neutron capture cross section of 64Cu, after adjustment with the optimal
G_{norm} value, is shown in Fig. 7 [Figure 7: see original paper]. Specifi-
cally, in the Kopecky-Uhl generalized Lorentzian model [?], G_{norm} is set
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to 1.2; in the Goriely hybrid model, its value is 1.4. Notably, when constrained
by G_{norm}, the �2 value of the hybrid mode [?] is the smallest among all
investigated models, showing the best agreement with this set of experimental
data.

Similarly, Utsunomiya et al. [?] and Z.C. Li et al. [?] previously conducted
related research and measured the (n, 𝛾) radiative reaction cross sections for
the 136,137Ba and 62Cu isotopes. In this study, due to the lack of experimental
data on the low-lying excited states and neutron resonance spacings of 65Cu,
constraints on the nuclear level density (NLD) model are limited, resulting in
substantial theoretical uncertainties.

VI. Summary
The reaction cross sections of natCu(𝛾, n) were measured in the incident energy
range of 10.89 to 17.87 MeV using the 3He FED system developed at SLEGS.
Based on the measured photoneutron cross-section data, the reaction cross sec-
tions of 65Cu(𝛾, n) were obtained using the cross-section substitution method.
Compared with existing experimental data, the reliability of this method was
demonstrated, providing a new approach for photoneutron cross-section mea-
surements. Based on the 65Cu(𝛾, n) data obtained in this work, the experimen-
tally constrained 𝛾SF of 65Cu was extracted and compared with TALYS 2.0
calculation results considering different models. In addition, the cross-section
curve of its inverse reaction, 64Cu(n, 𝛾), was calculated. This provides a new
approach for extracting (n, 𝛾) cross sections for some unstable nuclides.
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