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Abstract
The precise determination of cross sections for key nuclear reactions within the Gamow window is crucial for advancing the 
study of stellar evolution and nucleosynthesis. However, extremely low reaction yields combined with the cosmic-ray-induced 
background make these measurements highly challenging, particularly for capture reactions. This work demonstrates the 
second configuration of the large-scale modular BGO detection array (LAMBDA-II) designed to capture reaction measure-
ments and introduces a method for suppressing �-ray detection background in ground laboratories. By employing active and 
passive shielding, the background of LAMBDA-II was significantly reduced by approximately two orders of magnitude, 
reaching 8.1 × 10

−3 and  1.0 × 10
−3 keV−1

h
−1 in the 6–11 and 11–20 MeV energy ranges, respectively. When combined with 

a mA-scale intensity beam, this reduced background enables the investigation of several capture reactions of astrophysical 
interest in ground laboratories.
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1  Introduction

Hydrostatic nuclear burning, which is the longest stage in 
a star’s life, is driven by a series of light element fusion 
reactions. Among these, capture reactions are character-
ized by extremely small cross sections within the energy 
range of astrophysical interest (Gamow window), result-
ing in significant challenges for measurements [1, 2]. In 

Supported by the National Key R&D Program of China (Nos. 
2022YFA1602301, 2022YFA1603300, and 2023YFA1606701), 
National Natural Science Foundation of China (Nos. U1867211, 
12275026, and  12222514), the CAS Light of West China Program 
grant No. 2020-82.

 *	 Jun Su 
	 sujun@bnu.edu.cn

 *	 Li‑Yong Zhang 
	 liyongzhang@bnu.edu.cn

1	 Key Laboratory of Beam Technology of Ministry 
of Education, School of Physics and Astronomy, Beijing 
Normal University, Beijing 100875, China

2	 Key Laboratory of Nuclear Physics and Ion‑beam 
Application (MoE), Institute of Modern Physics, Fudan 
University, Shanghai 200433, China

3	 Institute of Modern Physics, Chinese Academy of Sciences, 
Lanzhou 730000, China

4	 Shanghai Advanced Research Institute, Chinese Academy 
of Sciences, Shanghai 201210, China

5	 China Institute of Atomic Energy, P. O. Box 275(10), 
Beijing 102413, China

6	 Shanghai Institute of Ceramics, Chinese Academy 
of Sciences, Shanghai 201800, China

7	 Institute of Nuclear Energy Safety Technology, Hefei 
Institutes of Physical Science, Chinese Academy of Sciences, 
Hefei 230031, China

8	 Department of Physics, Southern University and Technology, 
Shenzhen 518005, China

http://orcid.org/0000-0002-2718-9451
http://orcid.org/0000-0002-7018-6096
http://orcid.org/0009-0005-6358-1169
http://orcid.org/0000-0001-8333-0635
http://orcid.org/0009-0002-6276-2062
http://orcid.org/0000-0002-3427-3870
http://orcid.org/0000-0002-4911-0847
http://crossmark.crossref.org/dialog/?doi=10.1007/s41365-025-01768-3&domain=pdf


	 L.-Y. Song et al.213  Page 2 of 10

addition, the cosmic-ray-induced background in ground 
laboratories further exacerbates these measurement chal-
lenges. Efforts to overcome these challenges have focused 
on enhancing beam intensity, increasing detection effi-
ciency, and reducing background.

As the reaction yield scales with the beam intensity, 
increasing the beam intensity effectively improves the 
effect-to-background ratio in the measurements. Recently, 
mA-scale intensity proton beams have been achieved in 
several nuclear astrophysical facilities [3, 4], significantly 
enhancing the reaction yields but also posing challenges 
to the target stability [5, 6].

With a single high-purity germanium (HPGe) detec-
tor, the detection efficiency for � rays in the MeV energy 
range emitted by capture reactions is low, usually on the 
order of a few percentages. The summing technique, 
which employs a scintillator detector array to achieve 
near 4 � solid-angle coverage, significantly enhances the 
�-ray detection efficiency [7, 8], advancing the measure-
ment of capture reactions with low cross sections. Cur-
rently, several detector arrays are employed in nuclear 
astrophysical experiments, for instance, SuN [9] at the 
National Superconducting Cyclotron Laboratory (NSCL), 
HECTOR [10, 11] at the University of Notre Dame and  
the Compact Accelerator System for Performing Astro-
physical Research (CASPAR), the BGO array [12] con-
structed in the Laboratory for Underground Nuclear Astro-
physics (LUNA) at Laboratori Nazionali del Gran Sasso 
(LNGS), and the BGO array [13, 14] used in the Jinping 
Underground Nuclear Astrophysics experimental facility 
(JUNA) at China Jinping Underground Laboratory (CJPL).

Several methods can be used to reduce the background 
for �-ray detection. Coincidence measurements such as �
–� and charged particle–� coincidences effectively reduce 
laboratory background [15–17], although they have spe-
cific limitations. For instance, the �–� coincidence method 
cannot be used to detect transitions in which a nucleus 
decays directly to its ground state by emitting only a sin-
gle � ray. In addition, the laboratory background can be 
significantly suppressed by compressing the beam into a 
short pulse [18]. The advantages of this method have been 
maximized in the study of laser-driven nuclear reactions 
with sub-nanosecond timescales [19, 20].

With the shielding provided by a kilometer-scale rock 
layer, underground laboratories can dramatically suppress 
the cosmic-ray-induced background, providing an ideal 
venue for nuclear astrophysical reaction studies. Currently, 
three underground nuclear astrophysics experimental facil-
ities exist: LUNA [21] at INFN-LNGS, JUNA [22–24] at 
CJPL, and CASPAR [25] at SURF. Many experiments [11, 
13, 26–33] focusing on the fusion reactions in hydro-
gen and helium burning have been performed in these 

underground facilities using the summing technique, pro-
viding a wealth of data for stellar evolution studies [34, 
35].

Despite the significant advantages of underground experi-
ments, many experiments [36–41] continue to be conducted 
in ground laboratories owing to the long measurement peri-
ods and limited beam times available in underground labo-
ratories. Therefore, it is crucial to reduce the background 
of �-ray detectors in ground laboratories. Recently, several 
studies have investigated the background of HPGe detectors 
using both active and passive shielding techniques [42–44]. 
Passive shielding effectively reduces the background from 
environmental radioactive nuclides, whereas active shield-
ing significantly reduces the background induced by cosmic 
rays.

In this study, the second configuration of the large-scale 
modular BGO detection array (LAMBDA-II) was assem-
bled specifically for nuclear astrophysics experiments. The 
laboratory background of LAMBDA-II was systematically 
measured under various shielding conditions. A significant 
reduction in the background, particularly within the energy 
ranges relevant to the capture reactions, was achieved using 
comprehensive shielding methods. Furthermore, the feasi-
bility of using LAMBDA-II in conjunction with an mA-
scale intensity beam to investigate capture reactions with 
low cross sections in ground laboratories was demonstrated 
by measuring the 15N(p, �)16O reaction.

2 � LAMBDA‑II design

LAMBDA is a high-efficiency array primarily designed 
to measure the �-delayed � decay of fission products [45]. 
It consists of 102 identical modules, each containing a 
60 mm × 60 mm×120 mm bismuth germanate (BGO) crys-
tal. Compared with other common scintillators, the BGO 
crystal, with an effective atomic number of 74.2 and a den-
sity of 7.13 g/cm3 , exhibits a higher detection efficiency 
for �-rays. The excellent consistency in the efficiency and 
energy resolution of the LAMBDA modules [45] makes 
them highly suitable for summing techniques.

The rectangular design of the LAMBDA module allows 
flexible assembly into various configurations. To accom-
modate the nuclear astrophysical reaction measurements, 
48 modules were configured in LAMBDA-II, as shown in 
Fig. 1. LAMBDA-II comprises two layers: an inner layer 
with 16 BGO modules (inner BGO modules) and an outer 
layer with 32 BGO modules (outer BGO modules). The 
center of LAMBDA-II features a 64 mm × 64 mm square 
hole for positioning the reaction target and vacuum pipe. 
LAMBDA-II operates in two modes based on the labora-
tory background levels. In underground laboratories with a 
minimal background, both the inner and outer BGO modules 
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are used to construct the sum spectra, maximizing the �-ray 
detection efficiency. Conversely, in ground laboratories with 
high background levels, the inner BGO modules function as 
primary detectors, whereas the outer BGO modules serve as 
anti-coincidence detectors to generate veto signals for back-
ground reduction.

The average energy resolution of LAMBDA-II was 
measured as 10.0% using a 137 Cs source. A simulation with 
GEANT4 [46] showed that the summing efficiencies of all 
BGO modules exceed 75% in the 1–10 MeV energy range 
when the source is positioned at the center of LAMBDA-II 
and the center hole remains empty. Compared to HECTOR 
and SuN, which are commonly used for measuring capture 
reactions in ground laboratories, the energy resolution of 
LAMBDA-II is slightly inferior, but its detection efficiency 
is higher. Taking advantage of these high efficiencies, the 
use of LAMBDA-II is expected to significantly enhance the 
precision of capture reaction measurements at the JUNA 
facility.

At typical �-ray energies (6–20 MeV) relevant to capture 
reactions, the laboratory background mainly originates from 
secondary particles induced by cosmic rays, such as muons, 
pions, � rays, electrons, protons, and neutrons [43]. Accord-
ingly, a shielding system was designed for LAMBDA-II 
to reduce the laboratory background, as shown in Fig. 2. 
The LAMBDA-II modules were embedded within a grid 
frame made of 20% borated polyethylene (BCH), which 
effectively moderates and absorbs neutrons. The outer layer 
of the BCH frame is 2.5 cm thick, with internal partitions 
measuring 0.5 cm in thickness. Surrounding this frame, a 
10-cm-thick lead (Pb) layer provides 4� shielding to absorb 

�-rays. Finally, 5-cm-thick plastic scintillator detectors were 
positioned on the outermost layer, except at the bottom, to 
veto muon signals, as muons primarily originate from above 
the detector.

3 � Background measurement and analysis

The background measurements of LAMBDA-II were con-
ducted in a ground laboratory at Beijing Normal University 
(BNU). The signals were recorded using a data acquisition 
system based on Pixie-16 modules from XIA LLC [47], with 
a sampling frequency of 100 MHz and a resolution of 14 
bits. Energy and time stamp data were recorded for both the 
BGO modules and plastic scintillator detectors. During the 
experimental data analysis, the �-ray energy spectra of each 
BGO module were calibrated using the 1461 and 2614 keV 
peaks from 40 K and 208 Tl decays. After calibration, the sum-
ming spectrum ( Esum ) was obtained by summing the ener-
gies recorded by the inner BGO modules with a ±800 ns 
coincidence time window. Additionally, the sum of the ener-
gies recorded by the outer BGO modules was used as the 
BGO veto signal ( VBGO ), whereas the sum of the energies 
from the plastic scintillator detectors served as the plastic 
scintillator veto signal ( Vplastic).

To investigate the effects of various shielding measures, 
the laboratory background of LAMBDA-II was measured 
under a series of incremental shielding conditions: 

(1)	 Without any shielding.
(2)	 With 10 cm Pb shielding.
(3)	 With 10 cm Pb shielding and plastic scintillator detec-

tors.
(4)	 With 10 cm Pb shielding and 25 cm BCH shielding.

Fig. 1   Schematic of the LAMBDA-II structure. LAMBDA-II consists 
of 48 modules: the inner and outer BGO modules are shown in red 
and gray, respectively

Fig. 2   Schematic of the LAMBDA-II shielding system. From inside 
to outside, the materials include: inner BGO modules (red), outer 
BGO modules (gray), BCH frame (yellow), a 10-cm-thick Pb layer 
(deep gray), and a 5-cm-thick plastic scintillator detectors (cyan)
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(5)	 With 10 cm Pb shielding, plastic scintillator detectors, 
and 1 mm cadmium shielding.

(6)	 With a BCH frame, 10 cm Pb shielding, and plastic 
scintillator detectors.

Figure 3 shows a comparison of the background measured 
without any shielding and with 10 cm Pb shielding. It is 
clear that the reduction in background varied significantly 
across the different energy regions. At energies below 
3 MeV, the background is primarily produced by natural 
radioactivity. Above 3 MeV, the background is mainly 
caused by secondary particles induced by cosmic rays [43]. 
In the energy range 0.5 MeV < Esum < 3 MeV, the back-
ground was reduced by approximately one order of mag-
nitude. This reduction is particularly evident from the rep-
resentative 1461 and 2614 keV peaks from 40 K and 208 Tl 
decays, which were effectively absorbed by the 10 cm Pb 
layer. However, the intrinsic background, such as the 940 
and 1633 keV peaks originating from the � particles emit-
ted by 210 Po decay and the 1063–570 keV cascade �-rays 
from 207 Bi decay, remained unaffected. For the energy range 
3 MeV < Esum < 50 MeV, only a minor reduction factor 
of approximately 2 was observed. The background in this 
energy range is believed to have a complex origin, primar-
ily originating from various secondary particles induced by 
cosmic rays that are not effectively absorbed by the Pb layer. 
At energies above 50 MeV, no significant reduction in the 
background energy was observed, indicating that the main 
contributors were high-energy muons, which could easily 
pass through the Pb layer.

To further suppress the cosmic-ray-induced background, 
which cannot be effectively reduced by Pb shielding alone, 
an anti-coincidence technique was adopted by introducing 
plastic scintillator detectors. In addition, the outer BGO 
modules of LAMBDA-II were employed as veto detectors. 
An anti-coincidence time window of ±800 ns was applied. 
Based on the 10 cm Pb shielding, Fig. 4 compares the back-
ground obtained without any veto, with VBGO , with Vplastic , 
and with VBGO + Vplastic . It is evident that anti-coincidence 
significantly reduces the background across the full energy 
region, with more pronounced effects at higher Esum ener-
gies. In addition, VBGO provides stronger suppression of 
the background than Vplastic , indicating that the outer BGO 
modules have a higher detection efficiency for cosmic-ray-
induced particles. However, the outer BGO modules did not 
cover the inner BGO modules along the axial direction, lim-
iting their ability to veto cosmic-ray-induced particles enter-
ing at low horizontal angles. Therefore, the background was 
further reduced when both VBGO and Vplastic were combined 
in an anti-coincidence manner, as shown in Fig. 4.

The reduction in background after anti-coincidence varied 
across different energy ranges. In the 50–200 MeV energy 
range, the background was reduced by a factor of approxi-
mately 500, indicating that the contribution from muons was 
dramatically suppressed. In the 6–50 MeV energy range, a 
lower reduction factor of approximately 25 was observed, 
suggesting that part of the background could not be effec-
tively removed using the anti-coincidence method. Nota-
bly, three characteristic peaks at approximately 6.8, 7.4, 
and 10.2 MeV were observed after anti-coincidence. These 
peaks are supposed to be caused by the thermal neutron 

Fig. 3   Background measured with (red line) and without (blue line) 
10  cm Pb shielding. The peaks from radioactive nuclide decays are 
marked

Fig. 4   Background measured with 10  cm Pb shielding and various 
anti-coincidence methods, including no veto (blue line), plastic scin-
tillator veto (green line), outer BGO modules veto (cyan line), and the 
combined veto of plastic scintillator detectors and outer BGO mod-
ules (red line)
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capture on germanium (Ge) isotopes, as the peak energies 
correspond to the Q-values of the 70Ge(n, �)71Ge (7.4 MeV), 
72Ge(n, �)73Ge (6.8 MeV), and 73Ge(n, �)74Ge (10.2 MeV) 
reactions. Additionally, the ratio of the areas of these peaks 
is consistent with that of the reaction yields calculated using 
the thermal neutron capture cross sections and Ge isotope 
abundances.

To confirm that the characteristic �-ray peaks origi-
nated from neutron capture reactions on the Ge isotopes, 
LAMBDA-II was wrapped in a 1-mm-thick Cd layer with 
additional 1-mm-thick Cd pieces inserted into the gaps 
between the BGO modules. As shown in Fig. 5, the �-ray 
peaks attributed to neutron capture on the Ge isotopes were 
significantly reduced by adding the Cd material, whereas 
a new characteristic �-ray peak appeared at approximately 
9.0 MeV. The energy of this new peak was consistent with 
the Q value of the 113Cd(n, �)114Cd reaction, which con-
firms that some neutrons were captured by the Cd layer. In 
addition, the summing spectrum of the inner BGO modules 
resulting from the Ge(n, �) capture reactions was simulated 
using GEANT4 with its built-in physics list (named FTFP_
BERT_HP), which reproduces the three measured peaks 
well, as shown in Fig. 5.

To explore the origin of the thermal neutrons captured 
by the Ge isotopes, an additional 25-cm-thick 20% BCH 
layer was externally added and placed on all six sides of 
the Pb shielding. As the size of the BCH blocks was not 
sufficient to fully cover the plastic scintillator detectors, 
they were removed during this measurement. A previous 
study showed that a 22.4-cm-thick 5% BCH layer can absorb 
approximately 98% of the neutrons emitted by Am-Be and 

252 Cf sources [48]. Therefore, if neutrons come from out-
side the Pb layer, they would be predominantly absorbed by 
the BCH layer, resulting in the disappearance of the three 
characteristic peaks associated with thermal neutron capture. 
However, as shown in Fig. 6, these peaks were only par-
tially suppressed after the addition of BCH shielding. This 
observation indicates that a fraction of the neutrons did not 
originate from the external environment, but were produced 
within materials located inside the BCH shielding, including 
the Pb layer and LAMBDA-II itself.

Neutron emission within the Pb shielding and BGO 
crystals can arise either from intrinsic radioactivity or from 
interactions induced by external radiation. The former can 
be excluded because no significant neutron capture peaks 
were observed in the background when measured for the 
BGO detector with Pb shielding in an underground labo-
ratory [49]. For the latter, secondary cosmic rays, such as 
muons, can produce neutrons when interacting with Pb and 
BGO materials [50]. These high-energy radiations can easily 
penetrate the BCH shielding. If neutron capture reactions 
are prompt, they should be effectively vetoed by using plas-
tic scintillator detectors. However, as shown in Fig. 4, the 
reduction in the neutron capture peaks in the background 
when VBGO was applied remained minimal. This suggests 
that neutron capture reactions occur as delayed events 
relative to the precursor particles and therefore cannot be 
completely excluded by the ±800 ns anti-coincidence time 
window.

To validate this hypothesis, a microsecond-scale cor-
relation analysis between the signals from the inner BGO 
modules and the preceding adjacent signals from the plas-
tic scintillator detectors was performed on the measured 
data, as shown in Fig. 4. The observed time difference ( ΔT  ) 

Fig. 5   Comparison of the background obtained with (blue line) and 
without (red line) 1 mm Cd shielding; both configurations include the 
vetoes of the outer BGO modules and plastic scintillator detectors. 
The black dashed line represents the simulated summing spectrum 
resulting from Ge(n, �) reactions

Fig. 6   Background obtained with (red line) and without (blue line) 
25 cm BCH shielding, both are with the outer BGO modules veto
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spectra are shown in Fig. 7, which reveal three distinct time 
distribution structures. The front-most peak, scaled down 
by a factor of 0.01 for better visualization, corresponds to 
prompt coincidences. Events with ΔT > 10 𝜇 s exhibit an 
exponential decay pattern, which is consistent with the time 
difference distribution of two adjacent accidental coinci-
dence events. However, in the range 1 �s< ΔT < 10 𝜇 s, a 
significant excess beyond the exponential decay trend was 
observed. This finding supports the hypothesis that delayed 
events contribute to part of the background.

To further suppress the background produced by the delayed 
events, an additional delayed veto signal ( Vdelayed

plastic
 ) was intro-

duced, which was used to reject events occurring within 10 � s 
after each trigger from the plastic scintillator detectors. As 
shown in Fig. 8, this delayed anti-coincidence significantly 
reduced the background in the 6–50 MeV energy range. Nota-
bly, a reduction by a factor of approximately 8 was observed in 
the 11–50 MeV plateau, which exhibited a strong correlation 
with delayed events. It is hypothesized that this plateau is 
caused by energy deposition in the BGO crystals owing to neu-
tron moderation. For the neutron capture peaks, the reduction 
effect is present but is much smaller, which is consistent with 
the conclusion that some neutrons originate from outside the 
Pb shielding. In addition, this delayed veto has a negligible 
impact on the background above 50 MeV.

While further reducing the background, Vdelayed

plastic
 , com-

bined with the ∼ 5 k count rate of the plastic scintillator 
detectors, results in a ∼ 5 % reduction in effective nuclear 
reaction events owing to random coincidence. This reduc-
tion estimate was confirmed by comparing the counts of 
the 940 keV peak with and without the delayed veto, as 

shown in the inset of Fig. 8. This peak is attributed to the 
� decay of the intrinsic 210Po impurities within the BGO 
crystal. These � particles cannot penetrate the BGO crystal 
to reach the plastic scintillator detectors and can only be 
vetoed through random coincidence.

As shown in Fig.  8, the background level in the 
6–11 MeV range, which is of particular importance for 
capture reaction measurements, remained significantly 
higher than that above 11 MeV, even after applying the 
delayed veto. This persistent background is attributed to 
two factors: (1) the absence of a 25-cm-thick BCH shield-
ing outside the Pb shielding, as its dimensions are inad-
equate to fully cover the plastic scintillator detectors, and 
(2) the limitation of the width of the delayed veto time 
window owing to its impact on the dead time of nuclear 
reaction measurements. Therefore, a practical solution 
is required to effectively absorb neutrons and reduce the 
background caused by neutron capture reactions.

Adding a Cd layer can effectively absorb thermal neu-
trons but introduces a new � peak at 9.0 MeV, as shown 
in Fig. 5. BCH is a good alternative to Cd because the 10
B(n, � �)7 Li reaction produces only a 478 keV �-ray, which 
has no impact on the capture reaction measurements. A 
grid frame composed of BCH was constructed, and the 
LAMBDA-II modules were embedded within it, as shown 
in Fig. 2. As presented in Fig. 9, the �-ray peaks caused 
by neutron capture on Ge isotopes were significantly 
suppressed by the BCH frame, leading to a substantially 
lower background in the 6–11 MeV range. However, a 
slight increase in the background was observed in other 
energy regions. This increase was attributed to the larger 
gaps introduced between the BGO modules by the BCH 
frame, which reduced the veto efficiency of the outer BGO 

Fig. 7   Histogram of the time difference between the signal from the 
inner BGO modules and the previous adjacent signal from the plas-
tic scintillator detectors. The blue dashed line represents the fit to the 
data for ΔT > 10 𝜇 s based on an exponential decay trend

Fig. 8   Comparison of the background obtained with (red line) 
and without (blue line) Vdelayed

plastic
 . Both are with the Pb shielding and 

VBGO + Vplastic . The inset illustrates the background at low energies
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modules. In addition, the use of the BCH frame decreased 
the summing efficiency of LAMBDA-II, as shown in 
Fig. 10.

Figure 9 also compares the background obtained under 
different shielding measures implemented in this work, as 
well as that without shielding. For the 6–20 MeV energy 
range, the background was significantly reduced by the 
combined use of passive and active shielding measures. 
The Pb shielding mainly absorbed the �-rays from the 
laboratory environment. VBGO + Vplastic effectively sup-
pressed the prompt signals caused by the secondary cos-
mic rays interacting with the inner BGO modules. Vdelayed

plastic
 

further reduced the delayed responses induced by neutrons 
generated from secondary cosmic rays interacting with the 
Pb and BGO materials. Finally, the BCH frame absorbed 
neutrons from various sources, effectively suppressing the 
neutron capture �-ray peaks. However, as shown in Fig. 9, 
after various shielding measures, the background below 
11 MeV remained relatively high, significantly exceeding 
that above 11 MeV, which requires further investigation.

The specific background levels under various shield-
ing conditions are summarized in Table 1. The optimized 
background levels in the 6–11 MeV and 11–20  MeV 
energy ranges are 8.1×10−3  keV−1h−1 and 1.0×10−3 
keV−1h−1 , respectively. These background levels were 
approximately two orders of magnitude higher than those 
observed for BGO detector arrays in underground labora-
tories [13, 51].

The detection efficiency of LAMBDA-II decreased with 
the addition of the BCH frame. This is partly due to the 
increased distance between the BGO modules and partly 

because the BCH frame absorbs some of the gamma-ray 
energy. Figure 10 presents a comparison of the detection 
efficiency of LAMBDA-II with and without the BCH 
frame based on Geant4 simulations. To reduce the back-
ground, the detection efficiency of LAMBDA-II used in 
the ground laboratory (green line in Fig. 10) is approxi-
mately 30% lower than that used in an underground labora-
tory (red line in Fig. 10). This decrease in detection effi-
ciency would hinder the capture reaction measurements.

4 � In‑beam commissioning of LAMBDA‑II 
in a ground laboratory

To evaluate the ability of LAMBDA-II to measure astrophys-
ical capture reactions in ground laboratories, in-beam com-
missioning was performed by measuring the �-rays emitted 
from the 15N(p, �)16O reaction. This reaction represents the 

Fig. 9   Comparison of the background obtained under different shield-
ing measures implemented in this work, as well as that without 
shielding

Table 1   Comparison of the background levels ( keV−1
h
−1 ) under dif-

ferent shielding conditions, as well as that without shielding

Shielding conditions 6–11 MeV 11–20 MeV

No shielding 4.4×10-1 2.4×10-1

Pb shielding 3.4×10-1 1.8×10-1

Pb shielding + VBGO+Vplastic 3.0×10-2 4.8×10-3

Pb shielding+ VBGO+Vplastic + Vdelayed

plastic
1.7×10-2 8.2×10-4

Pb + BCH frame shielding + VBGO

+Vplastic + Vdelayed

plastic

8.1×10-3 1.0×10-3

Fig. 10   Summing efficiencies of LAMBDA-II obtained by Monte 
Carlo simulations. Red and blue dots represent the summing efficien-
cies of the total BGO modules and the inner BGO modules, respec-
tively. Cyan and green diamonds indicate the summing efficiencies 
of the total modules and inner BGO modules, respectively, when 
LAMBDA-II is positioned within the BCH grid frame
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first branching point in the carbon–nitrogen–oxygen (CNO) 
cycle and plays an important role in hydrogen burning in 
massive stars [2]. The reaction rate ratio of 15N(p, �)16O to 
15N(p, �)12 C governs the abundance of C, N, and O dur-
ing early stellar evolution, directly influencing nucleosyn-
thesis in later stages. Several studies [52–55] have directly 
measured the cross sections of the 15N(p, �)16O reaction. 
The lowest energy point, Ep = 74 keV, was achieved by 
Caciolli et al. [56] in the LUNA underground laboratory. 
However, systematic discrepancies in the results reported 
in previous studies remain unresolved, necessitating further 
investigation.

In this experiment, LAMBDA-II and its shielding sys-
tem were installed at the 350 kV accelerator located at the 
Institute of Nuclear Energy Safety Technology (INEST) of 
the Chinese Academy of Sciences [4]. The proton beam was 
collimated and directed onto a Ti15 N target positioned at the 
center of LAMBDA-II. The typical beam current applied 
to the target was approximately 2 mA. Figure 11 shows the 
Esum spectrum obtained at Ep = 125 keV, where the sum 
peak at approximately 12.2 MeV caused by the 15N(p, �)16O 
reaction is clearly visible. For comparison, the laboratory 
background measured for LAMBDA-II at INEST is shown 
in Fig. 11. This background level is slightly higher than that 
measured at BNU, primarily because of the 7-cm-diameter 
aperture in the Pb shielding to accommodate the vacuum 
pipe for beam transport, which prevents full spatial coverage.

Under the sum peak of the 15N(p, �)16O reactions, as 
shown in Fig. 11, the background counting rate is approxi-
mately three counts per hour, which is only approximately 

one-thousandth of the measured effective counting rate. 
Using the S-factors provided by NACRE II [57], the capa-
bility of LAMBDA-II to measure the cross sections of the 
15N(p, �)16O reaction at lower energies was evaluated by 
assuming a constant beam intensity of 2 mA on the tar-
get and ensuring a signal-to-background ratio above 1:1. 
The results indicate that this low background level allows 
for the measurement of the 15N(p, �)16O reaction down to 
Ep = 62 keV, which is 12 keV lower than the lowest energy 
point previously achieved [56].

5 � Summary

In this study, LAMBDA-II was developed to measure the 
capture reactions of astrophysical interest. Its two-layer 
structure makes it suitable for experiments conducted in 
both underground and ground laboratories. The high detec-
tion efficiency of LAMBDA-II is expected to significantly 
enhance the precision of future experiments conducted at the 
JUNA facility. The origin of the background of LAMBDA-II 
in the ground laboratories was systematically investigated 
through measurements under a series of incremental shield-
ing conditions. By combining Pb and BCH frame shielding, 
vetoes from the plastic scintillator detectors and outer BGO 
modules, and delayed vetoes, the background was signifi-
cantly reduced to 8.1 × −3 keV−1h−1 and 1.0 × −3 keV−1h−1 
in the 6–11 and 11–20 MeV ranges, respectively. The capa-
bility of LAMBDA-II to measure astrophysical capture reac-
tions in ground laboratories was demonstrated by measuring 
15N(p, �)16O reactions.
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