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Abstract
The accurate photoneutron cross section of the 27 Al nucleus has a significant impact on resolving differences in existing 
experimental data and enhancing the precision of nuclear reaction rate calculations for 26 Al in nuclear astrophysics. The 
photoneutron cross sections for the 27Al(� , n)26 Al reaction, within the neutron separation energy range of 13.2−21.7 MeV, 
were meticulously measured using a new flat efficiency detector array at the Shanghai Laser-Electron Gamma Source. The 
uncertainty of the data was controlled to below 4% throughout the process, and inconsistencies between the present data 
and existing data from different gamma sources, as well as the TENDL-2021 data, are discussed in detail. These discussions 
provide a valuable reference for addressing discrepancies in the 27Al(� , n)26 Al cross-section data and improving related 
theoretical calculations.
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1  Introduction

The investigation of the giant dipole resonance (GDR) [1] in 
nuclear physics, particularly from the 1960 s to the 1980 s, 
involved extensive measurements of photoneutron cross 
sections. Comprehensive documentation of GDR data is 
now available on various web platforms [2]. Specifically, 
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research on GDR photoreactions was facilitated by the use 
of quasi-monochromatic � rays generated through positron 
annihilation in flight (PAIF) at two prominent research insti-
tutions: Saclay (France) and Lawrence Livermore National 
Laboratory (USA) [3]. Since 2000, research on low-energy 
photonuclear reactions has been revitalized, driven not only 
by advancements in studies of low-energy electric dipole 
strength (e.g., pygmy dipole resonance, PDR) [4], but also 
by investigations into the origins of elemental nucleosynthe-
sis in nuclear astrophysics [5, 6]. The development of a new 
�-ray source based on laser Compton scattering (LCS) has 
introduced an innovative approach for the systematic study 
of � induced nuclear reactions with monoenergetic incident 
energy [7]. This resurgence has been further supported by 
the application of LCS technology at leading institutions 
and facilities, including the National Institute of Advanced 
Industrial Science and Technology (AIST) [8–10], NewS-
UBARU BL01 [11–13], and HI� S [14, 15].

The 27Al(� , n)26 Al reaction plays a crucial role in astro-
physical processes, particularly in high-temperature and 
high-density environments such as star cores, supernova 
explosions, and other high-energy events [16]. This reac-
tion, initiated by the absorption of high-energy �-rays by the 
27 Al nucleus, serves as a bridge between nuclear physics and 
astrophysics. By employing these �-rays, the reaction facili-
tates the production and transformation of nuclei, offering 
valuable insights into the evolution of the universe, the com-
plexities of nuclear reaction networks, and the mechanisms 
of energy transfer in astrophysical environments. However, 
significant discrepancies in the measured 27Al(� , n)26 Al reac-
tion data have been observed, largely due to variations in 
measurement techniques or data analysis methods. These 
inconsistencies complicate efforts to accurately understand 
the underlying physical mechanisms.

Traditional methods for measuring the cross sections 
of 27Al(� , n)26Al, such as bremsstrahlung [17, 18] unfold-
ing techniques or in-flight annihilation of monochromatic 
positrons, often yield conflicting results, with discrepancies 
ranging from 20 to 50% [19]. The bremsstrahlung method 
is prone to systematic errors due to mathematical unfolding 

processes, while the in-flight annihilation method suffers 
from intensity calibration issues of the photon beam, result-
ing in systematic errors of approximately 7%, even at the 
peak values of the GDR. In contrast, the use of LCS � rays 
for 27Al(� , n)26 Al measurements offers significant advan-
tages, primarily because they are free from low-energy tail 
effects. In this study, the energy dependence of the 27Al(� , 
n)26 Al cross sections was systematically measured using the 
LCS �-ray method. While the derivation of monoenergetic 
cross sections using an LCS source is more complex and 
requires longer experimental time compared to bremsstrahl-
ung sources, the methods and data reduction techniques 
employed in this study were improved. The results were 
then compared with previous measurements, highlighting 
significant discrepancies and uncertainties associated with 
each method.

2 � Experiment

A schematic illustration of the SLEGS [20] and the corre-
sponding experimental setup are presented in Fig. 1. After 
traversal through the collimation system, the LCS �-ray 
beams strike metallic 27 Al targets located at the central focus 
of the Flat Efficiency Detector (FED).

2.1 � Brief introduction to SLEGS beamline

The SLEGS beamline [20–26] at the Shanghai Synchrotron 
Radiation Facility (SSRF) delivers quasi-monochromatic � 
rays with maximum scattering energies ( E

�
 ) ranging from 

0.66 to 21.7 MeV. This beamline employs inverse Compton 
scattering technology, wherein photons from a 10,640 nm, 
100 W CO2 laser collide with 3.5 GeV electrons circulat-
ing in the SSRF storage ring. The energy of the �-ray beam 
is tuned in the slant-scattering mode with a minimum step 
size of 10 keV, enabling precise mapping of cross sections. 
This precision surpasses that of �-ray beams generated under 
backward scattering at the AIST [7] and NewSUBARU 
BL01 beamlines [27].

Fig. 1   (Color online) The setup of SLEGS. A set of two collimators of 5 mm (C5) and 2 mm (T2) aperture was used for the 27Al(� , n)26 Al in 
experiment
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The experiment was conducted using the SSRF storage 
ring, which operated in top-up mode with a beam current 
of 160–210 mA and an energy of 3.5 GeV. A CO2 laser, 
delivering an average power of 5–20 W at a frequency of 
1 kHz and a pulse width of 50 μ d, was used to generate 
�-rays. These �-rays were collimated with a C5T2 double 
collimator. By varying the interaction angle from 102◦ to 
180◦ , �-rays with theoretical energies ranging from 13.16 
to 21.73 MeV were produced. Within this energy range, 38 
energy points of the 27Al(� , n)26 Al reaction cross sections 
were measured. The incident �-ray spectrum on the detector 
was derived using the direct unfolding method described in 
[28–30]. Figure 2 presents the detector response spectrum 
(blue dashed-dotted line) and the unfolded spectra at slant-
scattering angles of 103◦ , 124◦ , and 155◦ (red dashed lines). 
The reconstructed spectrum, obtained by convolving the 
incident �-ray spectrum with the simulated detector response 
matrix [31], is shown as a black line and aligns well with the 
measured spectrum. The theoretical Compton-edge energies 
for interactions at 103◦ , 124◦ , and 155◦ were calculated to 
be 13.37, 16.96, and 20.73 MeV, respectively. These values 
closely match the energies at the half-peak height on the 
high-energy side of the incident �-ray spectrum, confirming 
the accuracy of the measurements.

2.2 � Al Target

The aluminum (Al) target consisted of five 10 mm in diam-
eter and 25 mm in thickness of 27 Al isotopes with 100% 
abundance and 99.99% purity. The detailed specifications 
can be found in Table 1.

The targets were positioned in a polythene sample holder 
with a 10-mm diameter window. Given that the LCS �-ray 
beams had a diameter of approximately 4 mm at the tar-
get position, the 10 mm diameter window was sufficient to 
allow accurate measurement of the target without interfer-
ence from neutrons originating in the polythene.

2.3 � Measurements

The details of the measurements and analyses are provided 
in Ref. [32], and are only briefly summarized here. To deter-
mine the cross sections, the measured quantities included 
the energy distribution and flux of LCS �-rays irradiating 
the sample, as well as the number of neutrons generated 
from ( � , n) reactions. The energy distribution of the LCS �
-rays was measured using a BGO detector and deduced by 
unfolding the charge integration spectrum with the BGO 
response functions.

In the FED system, proportional counters are embedded 
in moderators such as paraffin or polyethylene to thermalize 
the emitted neutrons from the reaction. The large neutron 
capture cross section of 3 He for thermal neutrons makes 
it an ideal medium for neutron detection. A flat efficiency 
response is achieved by optimizing the placement of the 
3 He counters within the moderator. Typically, 3 He coun-
ters are arranged in concentric rings, with the efficiency 
of the inner ring being the highest but decreasing rapidly 
as neutron energy increases. The outer rings compensate 
for this efficiency loss at higher neutron energies, resulting 
in a nearly uniform total detector efficiency across a broad 
energy range. At NewSUBARU [33], the 3 He FED, com-
posed of 3 He proportional counters, was demonstrated to be 
an effective tool for studying photoneutron cross sections.

A new 3 He Flat Efficiency Detector (FED) was developed 
at the SLEGS station [32]. Figure 3 illustrates the FED system 
structure, featuring 26 3 He proportional counters integrated 
into a polyethylene moderator. These counters were arranged 
in three concentric rings at distances of 65 mm, 110 mm, and 
175 mm from the central beam axis. The moderator included 
a central tunnel to allow the gamma beam to pass through, 
with the target positioned at the center of the three rings. The 
3 He proportional counters had cylindrical sensitive volumes, 
each 500 mm in length, pressurized with 2 atm of 3 He gas. 
The counters in Ring-1 (inner ring) had a diameter of 1 inch, 
while those in Ring-2 (middle ring) and Ring-3 (outer ring) 

Fig. 2   (Color online) A typical � spectrum obtained by BGO detec-
tor (red dash line) and the corresponding unfolded � spectrum (blue 
dash-dot line). The reconstructed spectrum is shown as black line. 
The spectrum is measured with C5T2

Table 1   Elemental components (in ppm) of the 27 Al target used in 
experiments

Mn Mg Si Ti V Cr

0.13 1.35 2.87 0.26 0.24 0.20
Fe Ni Cu Zn Ga
3.06 0.08 3.19 0.26 0.34
Total chemical impurities 27 Al > 99.99 %
Physical form
Weight (g) Diameter 

(mm)
Total 

thick-
ness 
(mm)

Density (g/
cm3)

5.21 10.00 24.74 2.68
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had a diameter of 2 inches. The counters were constructed 
with thin stainless steel walls, ensuring low background noise, 
high � resistance, and good pressure tolerance. The inner poly-
ethylene moderator measured 450 mm × 450 mm × 550 mm 
along the beam direction. To minimize interference from envi-
ronmental neutrons, 2 mm-thick cadmium (Cd) sheets were 
used to cover all six surfaces of the moderator. The entire 
assembly, including the inner moderator and Cd sheets, was 
sealed with polyethylene plates for added stability and neutron 
shielding. The 3 He proportional counters were powered by a 
CAEN SY4527LC crate, maintaining a high-voltage deviation 
of no more than 1 V. Initial signals from the 3 He counters were 
routed to preamplifiers and subsequently processed using a 
Mesytec MDPP-16 digital pulse processor. Renowned for its 
high time and amplitude resolution, this processor produced 
precise reconstructed waveforms. Data acquisition was han-
dled by the MVME DAQ system. Figure 4 shows the simu-
lated efficiency curve based on the Geant4 model of the detec-
tor. The total detector efficiency increased from 35.6% at 50 
keV to 42.3% at 1.65 MeV, followed by a gradual decrease to 
40.7% at 3 MeV for the average neutron energy. Efficiency 

calibration with a 252 Cf source yielded a value of 42.1 ± 1.3% 
at 2.13 MeV, the average energy of neutrons emitted by 252Cf, 
as indicated on the curve. The uncertainty of the efficiency 
curve was evaluated by varying parameters such as the mod-
erator density, gas pressure, and counter-sensitive volumes. 
While the efficiency curve provides an estimate for a range of 
neutron spectra, precise characterization of neutron detector 
efficiency for specific energy profiles requires calculation of 
the weighted average efficiency.

The ring-ratio technique, which exploits the energy depend-
ence of the Ring Ratio, was originally developed by Berman 
et al. [5, 33, 35]. Figure 5 presents the Geant4 simulations 
illustrating the Ring Ratios as functions of the neutron energy.

3 � Analysis and Discussion

3.1 � Monochromatic Approximation

The cross section in the monochromatic approximation is 
given by

By contrast, for n
�
(E) , the energy distribution of the LCS �

-ray beams was normalized to unity in the energy region of 
integration. �(E) represents the photoneutron cross section 
and Nn is the number of detected neutrons. Nt denotes the 
number of target nuclei per unit area and N

�
 represents the 

number of � particles incident on the target with energies 
above the neutron threshold. The correction factor for a thick 
target measurement is expressed as � = (1 − e

�t
)∕�t , where 

� denotes the linear attenuation coefficient of photons in the 
target material and t represents the thickness of the target. 
The symbol �n represents the neutron detection efficiency.

(1)∫
Emax

S
n

n
�
(E)�(E)dE =

Nn

N
�
Nt��n

.

Fig. 3   (Color online) Structure of the FED. The left and right panels 
denote the front view and the lateral profile of FED

Fig. 4   (Color online) The total detector efficiency and the efficiencies 
of individual rings. The detector efficiency curves were simulated by 
neutron-evaporation spectra and monochromatic neutrons. The red 
dots are given by the neutron spectrum described by the Maxwell–
Boltzmann distribution, at the average neutron energy ( T = 1.42 
MeV) of 252 Cf [34] Fig. 5   (Color online) The ring-ratio curve of the FED array
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Assuming Emax represents the energy of the LCS �-ray 
beams, the photoneutron cross sections are obtained at the 
energy in the monochromatic approximation using Eq. (2). 
The � beam was collimated to a diameter of 2 mm using a 
three-hole collimator. However, because of the energy dis-
persion of the LCS �-ray beams (see Fig. 2); the monochro-
matic approximation is inadequate for determining photo-
neutron cross sections.

In the experiment, the laser pulse period was 1000 μ s, 
consisting of a 50 μ s laser on time and a 950 μ s off time. This 
pulse period facilitates inverse Compton scattering between 
the laser and electron beam, resulting in the production of �
-rays with inherent time broadening. Consequently, the neu-
trons generated by interaction with the experimental target 
exhibited time broadening. To accurately count the number 
of neutrons, an FED array is employed, which involves iden-
tifying the flat efficiency zone and measuring the neutron 
counts within this region. However, the flat efficiency zone 
varies with the neutron energy as well as other factors such 
as the size of each ring and ambient conditions such as the 
counter gas pressure. Therefore, it is necessary to determine 
the flat efficiency region for each ring at different energy 
levels, and use the median method to establish the optimal 
efficiency point. This strategy ensures a more reasonable 
statistical analysis of the neutron counts.

3.2 � Unfolding Photoneutron Cross Sections

Approximating the integral in Eq. (1) with a summation of 
each �-beam profile, the unfolding problem can be expressed 
as a set of linear equations. The unknown cross section � 
can be determined by solving the equations for the system 
�f = D� , where �f represents the folded cross section with 
beam profile D. This approach solves the unfolding problem 
by formulating it as a linear algebraic problem.

Matrix D is composed of the normalized incident gamma 
energy distributions from Sn to Emax at the discrete beam 
energies ( E

�
 ). The system of linear equations presented in 

Eq. (3) is underdetermined, making it impossible to directly 
extract the true vector � by matrix inversion. To determine 
� , the following folding iteration method was employed [36, 
37]:

(2)�
Emax

(� ,n)
=

Nn

N
�
Nt��n

.

(3)

⎛
⎜
⎜
⎜
⎝
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N
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The process starts at the zeroth iteration of a constant trial 
function �0 . This initial vector is multiplied with D, and the 
zeroth folded vector is obtained �0

f
= D�

0 . The next trial 
input function is denoted as �1 . This is realized by adding 
the difference between the experimentally measured �exp and 
folded spectrums �0

f
 to D�0 . To enable the addition of folded 

and input vectors, spline interpolation is initially performed 
on the folded vector to ensure that both vectors have match-
ing dimensions. The new input vector is

The above steps are iterated i times, yielding

and

The updated input vector is determined iteratively until con-
vergence is achieved. The convergence criterion is satisfied 
when �i+1

f
 approximates �exp within statistical error limits. 

Convergence was quantitatively assessed by computing the 
reduced �2 between �i+1

f
 and �exp at the end of each itera-

tion. Typically, approximately three iterations are adequate 
to achieve convergence, which is characterized by a reduced 
�
2 value approaching one.
The monochromatic cross sections of the 27Al(� , n)26 Al 

reaction were derived using the unfolding iteration method. 
Figure 6 compares the quasi-monochromatic and mono-
chromatic cross sections for 27Al. Statistical uncertainties 
are attributed solely to neutron counts, as a high number 
of �-ray counts results in negligible uncertainties. The total 
uncertainty encompasses statistical, systematic, and meth-
odological components. The total uncertainty estimate for 

(4)�
1
= �

0
+ (�exp − �

0
f
).

(5)�
i

f
= D�

i,

(6)�
i+1

= �
i
+ (�exp − �

i

f
).

Fig. 6   (Color online) Cross sections of 27Al(� , n)26 Al measured 
at SLEGS. The dots are the folded cross section and the line with 
shaded area is the unfolded (monochromatic) cross section
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27Al(� , n)26 Al is less than 4%, except for the data points 
corresponding to lower cross-sectional values and energies 
of 21.7 MeV. The cross sections for the SLEGS experiment 
were comparable to or even higher than some of the datasets 
in the EXFOR database. The conclusions regarding system-
atic uncertainties are as follows:

•	 The total uncertainty in the efficiency of the neutron 
detector is 3.0%.

•	 The uncertainty in the reconstructed incident energy 
spectrum due to the external copper attenuator and the 
target is 0.50%.

•	 The uncertainty in the target thickness is estimated to be 
less than 0.10%.

The uncertainties associated with data processing for the 
cross-sectional calculations are summarized below.

•	 The neutron count extraction algorithm introduces an 
uncertainty of approximately 2%.

•	 The BGO detectors exhibit 100% efficiency; when com-
bined with the modeled BGO reaction matrix, the overall 
uncertainty is approximately 1%.

First, the measured cross sections for the 27Al(� , n)26 Al 
reaction were compared with TENDL-2021 [38] and avail-
able experiments from various � ray sources. In Fig. 7, data 
from Baglin [39] and Mutsuro [40], originate from gamma 
sources induced by bremsstrahlung � beams, while the data 
from Fultz [41] and Veyssiere [42] are derived from gamma 
sources associated with PAIF. It can be visually discerned that 

there are distinct segmented characteristics in the differences 
between the datasets.

The uncertainty of the specific data is shown, as the meas-
ured data in the energy region below 16.3 MeV are in good 
agreement with the data obtained by Fultz using a PAIF 
gamma source. In the energy region above 16.3 MeV, the 
measured data are significantly higher than the data obtained 
by Fultz and Veyssiere using PAIF � sources but agree with 
the data obtained by Baglin et al. using bremsstrahlung � 
sources. With respect to the global structure of the data, this 
dataset shows high consistency with the TENDL-2021 [38] 
data and exhibits more uniform smoothness, whereas the Fultz 
and Veyssiere datasets display multiple oscillations during the 
increased cross section. These oscillations show worse agree-
ment with the calculations from relevant nuclear reaction 
models, such as the quasiparticle random phase approxima-
tion (QRPA) [43], and are particularly pronounced during the 
ascent of the QRPA 27Al(� , n)26 Al cross section. The implica-
tions of this work are significant for both the evaluation of 
nuclear data and the optimization of the parameters of the 
theoretical model.

As discussed in Ref. [44], the ratios of the integral cross 
sections provide a clear indication of the systematic differences 
among the various data compilations. The integral cross sec-
tions in the Sn and Smax regions are as follows:

Experiments on the reactions 197Au(� , n) and 159Tb(� , n) 
were performed using SLEGS [32]. Comparison of 197Au(� , 
n) reaction data with the findings of Itoh et al [33] revealed 
an integrated cross-sectional difference of approximately 
0.4%, which underscores the reliability of SLEGS in both 
measurement procedures and data analysis. Based on these 
reliable experimental data, the integral ratios of the pho-
toneutron cross sections were calculated for energy ranges 
from Sn to 16.3 MeV, 16.3 MeV to Emax and Sn to Emax , as 
shown in Table 2. In the energy range from Sn to 16.3 MeV, 
the experimental results in this study differ from the Fultz 
data by only 4%, whereas the discrepancy with other datasets 
exceeds 30%. In the energy range of 16.3 MeV to Emax , the 

(7)�
int

= ∫
Smax

S
n

�(E)dE.

Fig. 7   (Color online) The measured cross section for 27Al(� , n)26 Al 
(solid circles) at SLEGS and comparison with existing data. The solid 
line denotes the TENDL-2021 evaluation. Results measured with 
bremsstrahlung � rays (Baglin 1961 and Mutsuro 1962) are shown 
by filled inverted triangles and filled triangles, respectively. Results 
measured with PAIF � rays (Fultz 1966 and Veyssiere 1974) are indi-
cated by squares and diamonds, respectively

Table 2   Integral cross-section ratio

Ratio relation �
int ratio

S
n
–16.3 MeV 16.3 MeV–E

max
S
n
–E

max

�
int
TENDL

∕�
int
SLEGS

1.46 0.96 0.99

�
int
Baglin

∕�
int
SLEGS

1.36 1.03 1.11

�
int
Mutsuro

∕�
int
SLEGS

1.63 0.92 0.97

�
int
Fultz

∕�
int
SLEGS

1.04 0.72 0.74

�
int
Veyssiere

∕�
int
SLEGS

0.69 0.77 0.75
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results from this work show a difference of 3% compared to 
Baglin’s results and 4% compared to TENDL, with discrep-
ancies from other datasets ranging between 8% and 28%. In 
general, the TENDL evaluated data agree with the measured 
data in this work across the energy range of 13–20 MeV. 
However, the rapid decrease in cross-section values after 20 
MeV observed in the TENDL data is not physically reason-
able. The differences between the data from this measure-
ment and those from other laboratories range from 3% to 
25%. Notably, after the energy exceeded 20 MeV, the rela-
tively large energy intervals between the TENDL data points 
and the unusually rapid decline in the high-energy segment 
make the discrepancies between TENDL and the data from 
other laboratories more pronounced. The cross-section rise 
observed in this work was smooth, with no resonance struc-
ture peaks detected. This suggests that the resonance struc-
tures measured in other laboratories may be artifacts arising 
from the process of solving single-energy cross sections. 
Considering the variations in the data structure between the 
measured results, the data presented here have significant 
implications for refining nuclear data evaluations, optimiz-
ing theoretical model parameters, resolving discrepancies in 
the 27Al(� , n)26 Al reaction cross section, and improving the 
understanding of its underlying nuclear structure.

4 � Summary

Measurements of cross sections for the 27Al(� , n)26 Al reac-
tions were conducted across an incident energy range of 
13.2 to 21.7 MeV using the 3 He FED system developed at 
SLEGS. The precision of these measurements was under-
scored by an overall uncertainty margin maintained below 
4%. Through detailed deviation and ratio analyses, a com-
prehensive comparison was made between the current pho-
toneutron cross-sectional data and previous datasets, helping 
to resolve longstanding discrepancies within the 27 Al photo-
nuclear cross-sectional data. These efforts also contributed 
to the refinement of theoretical nuclear reaction models. 
Given the critical importance of the 27 Al photoneutron cross 
section in aerospace and astrophysics applications, plans are 
underway to extend the energy range of future investiga-
tions. This expansion will aim to provide a more thorough 
examination of both the 27Al(� , n)26 Al and 27Al(� , 2n)25 Al 
cross sections.
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