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A high-efficiency y-ray spectrometer at HUN-REN Institute for Nuclear Research (HUN-REN ATOMKI), the
LAnthanum Bromide Detector Array (LABDA) has been designed and constructed to study low-probability
phenomena in particle physics, nuclear spectroscopy, and nuclear astrophysics experiments. The array is
comprised of 12 cylindrically shaped LaBr;(Ce) crystals, each measuring 3" x 3”, produced by Saint-Gobain.
Key performance parameters of the array have been systematically characterized over a broad y-ray energy

range (344-10762 keV), including energy resolution, energy non-linearity, detection efficiency, time resolution
and intrinsic background. Intrinsic background suppression, using pulse-shape discrimination methods has been
also investigated. The prospects for applying the array to different nuclear physics measurements are discussed.

1. Introduction

Over the past two decades, LaBr;(Ce) detectors have emerged as
a highly promising alternative to traditional inorganic scintillators
such as NaI(Tl) and BaF, in y-ray spectroscopy. Their superior prop-
erties — fast scintillation decay time (~ 16 ns), high crystal density
(~ 5.08 g/cm?), substantial light output (63 photons/keV), excellent
temperature stability, good linearity for y rays below 10 MeV, and
significantly improved energy resolution (~ 3% at 662 keV [1]) — make
them suitable for a broad range of particle, nuclear, and astrophysical
applications [2-5]. The materials high effective atomic number (Z;, =
57, Zg, = 35) results in larger photon absorption compared with
germanium-based detectors at similar density, and its peak emission
wavelength (~ 380 nm) is well matched to the commonly used photo-
cathodes of photomultipliers (PMT). Combined with its excellent timing
performance and resistance to radiation damage, these properties sup-
port its use in high-rate experiments and radioactive ion beam studies,
including measurements in neutron-rich environments [6,7].

Despite these advantages, LaBr;(Ce) detectors exhibit a significant
intrinsic background due to the decay of '3¥La and 2?”Ac impuri-
ties [4,8,9]. This background constrains their applicability in medium
y-ray measurements (below 2800 keV), particularly in studies of low
cross-section nuclear reactions. However, pulse-shape discrimination
(PSD) methods and waveform-analysis algorithms can be employed to
improve the timing resolution and background suppression [10-12].
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Overall, these properties make LaBr;(Ce) detectors attractive for
modern nuclear spectroscopy, like the measurement of the high-energy
decay of the 7Li(p, y)8Be reaction important for light boson research;
nuclear astrophysics including investigation of radiative nuclear reac-
tions, such as '213C(p, y)'>N, 1“N(p, 7)150 and 70(p, y)!8F; as well
as nuclear applications, e.g. study of the 31V(p,n)®!Cr reaction.

Utilizing these capabilities the LAnthanum Bromide Detector Array
(LABDA) at HUN-REN ATOMKI was originally constructed to measure
y — y coincidences associated with the ~10 MeV double y-decay of
the hypothetical X(17) particle [13]. These experiments require a
detection system with high efficiency at high-energy y-ray energies
and low background for the identification of very rare events. For this
purpose, an array consisting of relatively large 3"/ x3"” LaBrs(Ce) crystals
proved to be particularly suitable. In addition to the continuation of
experiments dedicated to this subject [14], the array was also used for
studies of reactions relevant to nuclear astrophysics (1*N(p, 7)1°0) and
nuclear applications research (*1V(p,n)31Cr).

This work provides a systematic study of the LABDA-array per-
formance, with particular emphasis on the characterization of the
large-volume LaBr;(Ce) detectors at high y-ray energies, intrinsic back-
ground suppression using PSD techniques, and benchmarking against
existing LaBr3(Ce)-based arrays. The experimental arrangement of the
LABDA array used for nuclear physics experiments, together with the
conditions under which the performance tests of individual detectors
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Fig. 1. Experimental spectra of a single LaBr;(Ce) detector. Background condition in a shielded (dashed line) and a non-shielded (solid line) configuration is
shown together with a ®°Co source (dotted line). Vertical lines indicate the different integrated energy regions (A: dashed lines E; = 1370-1540 keV, B: dotted
lines E, = 1660-2760 keV)), used to evaluate the background suppression in different configurations.

were carried out, is presented in Section 2. The intrinsic background
characteristics of the scintillators in different configurations are dis-
cussed in Section 3, along with key performance metrics of the de-
tector array, including energy resolution, linearity, long-term stability,
time resolution and photopeak efficiency. Geant4 simulations of the
response of the array and comparisons with experimental data are
reported in Section 4. Various PSD approaches used to suppress the
intrinsic scintillator background are introduced in Section 5. Finally,
Section 6 presents the commissioning measurements demonstrating the
application of LaBr;(Ce) scintillators at HUN-REN ATOMKI.

2. Experimental methods

The LABDA scintillator array consists of 12 LaBr3(Ce) detectors
based on 3" x 3" Saint-Gobain crystals each coupled to a Hamamatsu
R10233 PMT. The PMT’s are equipped with Hamamatsu E1198-26 re-
sistive voltage dividers supplemented by active semiconductor compo-
nents to stabilize the voltages of the final dynodes under high-counting
rate conditions.

Depending on the choice of PMT, voltage divider and applied volt-
age, significant deviations from the ideal linear energy-to-charge re-
sponse, as well as pulse shape distortions can occur, especially for high-
energy y-rays. To mitigate these effects, Giaz et al. [15] developed a
dedicated voltage divider incorporating active components, specifically
optimized for large-volume LaBr;(Ce) scintillation detectors, which
significantly reduce such nonlinearities. The implementation of similar
divider designs is planned for future upgrades of the array.

The detectors are mounted on a hemispherical support structure
that provides large solid-angle coverage and allows adjustment of the
target—detector distance within the 100-200 mm range.

In the standard configuration, 12 LaBr3(Ce) detectors are arranged
on two concentric rings at polar angles of 41.97° (4 detectors) and
78.69° (8 detectors) with respect to the beam direction. The default
target-detector distance is 200 mm. A series of test measurements were
conducted to characterize the LaBr;(Ce) detectors, focusing on the
intrinsic background, energy resolution, energy linearity, photopeak
detection efficiency, and the applicability of PSD methods for intrinsic
background suppression.

As a first step, the intrinsic background of the individual detectors
was investigated at a low background station consisting of a multilayer
shielding of 50 mm of lead and 100 mm of paraffin. In addition,
standard radioactive sources such as ®°Co, 137Cs, 152Eu were also used
to provide reference data for the Geant4 simulation of the scintillator
response (see Section 4 for details).

The source measurements were complemented with an investigation
of the 27Al(p, y)*®Si radiative capture reaction at E, = 992 keV with
a Q value of 11584.9 keV in order to extend the y-ray energy range
up to 10762 keV (for more details see Table 1. in Ref. [16]). The
measurements were performed at the 2.0 MV Medium-Current Plus
Tandetron Accelerator of HUN-REN ATOMKI [17].

For the study of the 27Al(p, y)?8Si reaction, %”Al was evaporated
onto a 0.25 mm thick tantalum backing. The resulting aluminium layer
corresponded to a proton energy loss of approx. 15keV at E, = 992 keV.
The targets were irradiated at the nuclear astrophysics vacuum cham-
ber (for more details see [18]), which is equipped with a 250 mm long
extension tube that enables the placement of multiple detectors around
the target position.

The beam size on the target was 5 mm in diameter, defined by a
tantalum aperture at the entrance of the chamber. The entire chamber
functioned as a Faraday cup for beam charge integration. The charge
was measured by an ORTEC 439 Digital Current Integrator. Beam
currents ranged from 0.5 pA and 4 pA, depending on the reaction cross
section. The targets acted as the beam stop and closure of the vacuum
chamber and were actively cooled by airflow to maintain thermal
stability.

A CAEN Sy5527LS high voltage power supply was used to bias the
PMT’s of the detectors with voltages between —600 V and —750 V.
Detector signals were digitized using a CAEN DT5725 8 channel 14-
bit 250 MS/s desktop digitizer with pulse height analysis firmware
implementing a trapezoidal shaping algorithm (CAEN DPP-PHA) [19].
The digitizer served as the default data acquisition system (DAQ), using
trapezoidal shaping parameters of 288 ns rise time and a flat top of
144 ns. All anode signals, without preamplification, were processed
directly by the digitizer. Data were acquired in list mode, storing
the calculated energy and timestamp of each event. The dead time
remained below 2% throughout the measurements. To suppress the
alpha induced intrinsic background in the 1700-2800 keV energy
range, different PSD techniques were investigated. During these PSD
studies and to determine the time resolution of the individual detectors,
signals were recorded using a CAEN V1730D 14-bit 500 MS/s digitizer.

3. Results and discussion
3.1. Detector background

LaBr3(Ce) scintillators exhibit significant intrinsic background pri-
marily from the radioactive decays of 138La, which dominates the y-ray

spectrum below E, = 1500 keV. Additionally, alpha particles from the
decay of trace actinide impurities present in the material produce a
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characteristic structure between 1700-2800 keV [9,20] (referred to as
the alpha region). Background spectra of a single LaBr;(Ce) detector
under different experimental conditions are shown in Fig. 1. The dashed
and solid lines represent the background spectra of the detector with
and without 50 mm lead shielding, respectively. Intrinsic background
lines of 138La and alphas from the decay of daughter nuclei of 227 Ac
are highlighted. Significant reduction of the ambient background due
to the shielding is clearly visible, especially at energies E, <500 keV.
The vertical lines represent the boundaries of integrated regions (A and
B) for background studies.

The background yields of the 12 detectors in the hemispherical
configuration are presented for both shielded and unshielded setups in
Fig. 2. The top panel shows the yields, expressed in counts per hour, in
the region around the 1470 keV peak (A), which includes contributions
from the decay of 4°K (1460 keV) and 138La (1435 keV plus 31-38 keV
as the characteristic X-rays of 138Ba).

The bottom panel displays the integrated yields of the alpha region
(B). The boundaries of the two regions are indicated by the dashed and
dotted energy lines, respectively, in Fig. 1.

A significant difference is observed between the shielded and non-
shielded configurations near E, ~1470 keV, which is attributed to the
presence of environmental “°K. This contributes approximately 15% to
the detector background. Among detectors, counting rates are generally
consistent within 0.5%, except for one scintillator that shows a ~2%
lower rate in the 1470 keV region. An otherwise interesting effect is
the level of contaminants of the daughter nuclei of 227 Ac decay chain
in the alpha region. The discrepancy between the two configurations
is ascribed to the shielding of environmental background, which sig-
nificantly decreases the contribution of the gamma rays in 226Th and
226Ra decay chain, resulting in a reduction at the level of 10%. In
addition, the individual detectors show varying counting rates even in
the shielded configuration, reflecting differing levels of intrinsic 227 Ac
contamination present in the detectors, which depend mainly on the
production of the scintillators.

3.2. Energy calibration, energy resolution, and detection efficiency measure-
ments

The performance parameters of the LABDA array were determined
over a y-ray energy range of E, = 344-10762 keV using standard
radioactive sources, laboratory background peaks, and the direct radia-
tive capture reaction on 2’ Al. Previous studies have reported deviations
from linear relationship between the deposited energy and ADC chan-
nel at E, <0.1 MeV [20] and 9 MeV<E,, depending on the voltage
applied to the PMT [4,15].

The correlation between the ADC channel number and the deposited
energy in a single LaBr3(Ce) scintillator is shown in Fig. 3. Owing to
the relatively high voltage (~—700 V), the energy-channel relationship
becomes non-linear above 4000 keV, reaching a deviation of about 9%,
at 10762 keV. This behavior is consistent with previous results [5]. We
concluded that a second-order polynomial was suitable for the energy
calibration, producing a deviation of about 0.02%.

The full width at half maximum (FWHM) of the array as a function
of y-ray energy is shown in Fig. 4. The blue symbols and their associ-
ated uncertainties represent the mean FWHM value and the standard
deviation derived from the 12 detectors at a given energy. The blue
curve corresponds to a power-law fit of the form FWHM (%) = 54.86
x E 04308 'where E is expressed in keV. Literature values reported in
Ref. [4] for 2" x2" scintillator crystals are indicated by an orange short-
dashed line. In addition, Ref. [9] for 3" x3"’ scintillator crystal obtained
an energy resolution of 2.1% (FWHM) at 1.33 MeV, which is consistent
with our data.

The FWHM of a single detector as a function of the power supply
(PS) was also studied over the range PS = —690 and —860 V. The
measured values at E, = 662, 1173, and 1332 keV as a function of
PS values, shown as circles, triangles, and squares, respectively, are
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presented in Fig. 5. While the energy resolution improves with increas-
ing PS value, by approximately 10% in relative terms, the linearity
generally degrades. Indeed, using the A17276 detector, the calculated
energy at E, = 10.7 MeV deviated by —6.8% and —9.2% at PS values
of —600 V and —650 V, respectively.

The total photopeak efficiency (1,,,) of the LABDA array was
determined using standard radioactive sources and the 27 Al(p, y)%8Si
radiative capture reaction at the E, = 992 keV resonance. The reaction
yields of the 27Al(p, y)?8Si reaction were corrected for the angular
distribution of the emitted y rays [21] and for the branching ratios of
different transitions. Furthermore, a solid-angle correction accounting
for the extended detector geometry was applied based on Ref. [22].!

The absolute efficiency was determined across the experimental
energy range of 500-11000 keV using a simultaneous global least-
squares regression. This approach integrates the absolute efficiency
measurements from the calibrated radioactive sources (e,,s) and the
corrected relative y-ray yields (Y;¢) from the reaction.

To model the detector response, we utilized a second-order polyno-
mial expansion in log-log space:

In(rege) = a+ bIn(E,) + c(In(E, ) @

where E, is the photon energy in keV, and {a,b,c} are the free pa-
rameters representing the normalization and curvature of the efficiency
response.

A critical challenge in high-energy calibration is the lack of absolute
activity standards. To resolve this, we introduced a normalization
parameter, N, for the reaction data. The global fit minimizes a joint
z? function:

2 Z [’Teff(Ei) - eabs,i]z + Z [’Teff(Ej) - Yrel,j/N 2 @

Oabs,i GY,j/N

The notations in the function are defined as follows:

i J

* €aps; and o, ; represent the measured absolute efficiency and its
associated uncertainty for the ith calibration source transition at
energy E;;

* Y, and oy; denote the experimental relative yield and its
uncertainty for the jth transition from the nuclear reaction at
energy E;;

» N is the free scaling parameter that maps the relative yield data
onto the absolute efficiency scale.

By treating N as a free parameter alongside the shape coefficients,
the relative data points are not anchored to a single extrapolated
low-energy point. Instead, the entire high-energy dataset is statisti-
cally scaled to satisfy the global constraints provided by the absolute
standards. This approach utilizes the full shape information of the re-
action yields to constrain the efficiency curvature and ensure statistical
consistency.

Uncertainties in the efficiency calibration were determined through
rigorous error propagation using the full covariance matrix V obtained
from the fit. This matrix accounts for the algebraic correlations between
the low-energy normalization and the high-energy slope. The variance
of the efficiency 63 at any given energy E, is calculated as:

oy =1"V] ©))

where J is the Jacobian vector containing the partial derivatives of
the efficiency function with respect to the parameters {Z—Z, S—Z S—'c’ 1.
This method ensures that systematic uncertainties associated with the
scaling of the reaction data and the model extrapolation are naturally

incorporated into the final 1o confidence interval.

1 The total mass attenuation coefficient was calculated as the weighted sum
of the mass attenuation coefficients of the constituents of the compound.
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Fig. 2. (Color online) Yields of individual scintillators near the 1470 keV peak (A) and in the alpha region (B).

To present the performance of the LABDA array, the absolute pho- polynomial. These data and the resulting fit parameters are presented
topeak efficiencies of the individual detectors were summed for the in Fig. 6. We note here that a significant source of uncertainty is
inner and outer rings and the data were fitted with a second-order still assigned to the normalization of nuclear reaction data (~10%)
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12 detectors. The blue solid line shows a power-law fit to the data. Literature values from Ref. [4] are indicated by an orange short-dashed line.
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attributed mainly to the background subtraction of experimental data.
This can be improved by the use of radioactive sources with higher
energy gammas such as Y (with E, = 898 and 1836 keV) and/or
the 1*N(p, y)150 at E, = 278 keV (with E, = 763, 1380, 2373 and
7554 keV). This will be elaborated and applied in the near future.

3.3. Stability test

Gain instability is a general problem of scintillator detectors [3].
The gain shift arises from different environmental factors that relate
both to the detector crystal and to the photomultiplier tube. A well-
known source of instability is the fluctuation of the rate of secondary
electron emission from the PMT dynodes [23], as well as variations
in the scintillation light output of the crystal with changing ambient
temperature [24]. Additionally, high counting rates induce voltage fluc-
tuations on the PMT dynodes, further contributing to gain instability.

To study these effects for the LABDA array, a background measure-
ment was performed at the low-background astrophysical laboratory
(Site A), where temperature stability can be maintained within < 2
C°. Another test was conducted at the Tandetron Laboratory (Site B),
where the temperature fluctuations of the accelerator hall and the
experimental setup can significantly affect the properties of the detector
array. Variation of the peak positions was observed to be below 0.5%
and 1% over 14 h of data taking on Sites A and B, respectively.
This behavior was consistent across all detectors, indicating a common
effect, and it is in agreement with the findings reported in Ref. [3].
Furthermore, the detector parameters were studied as a function of
counting rates between 0.3-21 kHz generated with varying source-
detector distance using a %°Co radioactive source. We concluded that
the parameters remained stable for counting rates of up to 11 kHz
with a single detector. This rate is much higher than the general count
rates generated in the relevant nuclear reactions in the fields of nuclear
astrophysics and particle physics.

3.4. Timing properties

The fast timing performance of the detectors is essential for re-
ducing background in yy-coincidence measurements. To characterize
the timing performance of the individual detectors in our system, a
dedicated measurement was performed using the intense 17.62 MeV
y-radiation produced in the 7Li(p, y)®Be reaction with a Q value of
17254.4 keV. A thin target (30 pg/cm?) evaporated onto a 0.5 mm thick
Ta backing was irradiated at a proton beam energy of E, = 450 keV
with a beam intensity varying between 4 and 5 pA. The counting rate
of the detectors was kept below 1 kHz. The input charge of the detector
signals were digitized using a 32-channel CAEN VME V792 QDC (with
a >4 MeV energy threshold), and the timing was determined using a
V812B CFD and digitized using a V775 TDC unit.

The intrinsic timing resolution of the individual detectors was
determined through the pairwise coincidence spectra measuring the
17.62 keV gamma photons from the “Li(p, y)®Be reaction, with an
energy cut set between 8 and 10 MeV to account for partial photon
absorption in the detectors. By measuring the FWHM resolution of the
coincidence time difference between detector pairs (1-2), (1-3), and
(2-3) - denoted by 6;,, 8,3, and 6,3, respectively — the intrinsic FWHM
resolutions of the individual detectors (§;, 6,, and ;) were extracted.

Assuming the timing uncertainties of the individual detectors are
independent and follow a Gaussian distribution, the measured co-
incidence resolution §;; relates to the intrinsic resolutions via the
quadrature sum §;; = ,/6,.2 + 62. Consequently, the intrinsic resolution
for each detector can be calculated according to:

2
Sp+ 5%3 B 5%3 5%2 + 5%3 ~ 5?3 5123 + 5%3 B 5%2
o = - 6, = - 6y = -

This triplet-based measurement procedure was applied across the
array to decouple the timing response of each individual detector. This
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Fig. 6. Total photopeak efficiencies of the LABDA array for the inner (top) and the outer rings (bottom) consisting of 4 and 8 detectors, respectively. Experimental
data and the fitted values are represented by blue dots and solid lines, respectively.

approach provides a precise estimate of the intrinsic timing perfor- The individual detector parameters, such as detector serial number,
mance for each detector unit without requiring a reference detector of energy resolution (defined as FWHM) and timing resolution with the
known resolution. applied PS are presented in Table 1.
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Table 1

Detector parameters of the LABDA array.
Detector serial E,., as FWHM (%) PS (V) T,., as FWHM (ps) PS (V)
Number E, = 662 keV E, = 1332 keV
A17268 3.3 2.4 -716 183 + 14 -589
A17269 3.5 2.3 —700 317 £ 11 -570
A17270 3.2 2.2 -751 352 + 10 -609
A17271 3.3 2.5 -650 135 + 21 -540
A17272 3.5 2.3 -640 128 + 21 -619
A17273 3.2 2.6 —660 199 + 16 -619
Al17274 3.5 2.3 -650 219 + 14 -584
A17275 3.2 2.0 —660 262 + 11 -580
A17276 3.3 2.1 —650 238 + 12 -659
A17277 3.3 2.3 =770 318 + 11 —-580
A17278 3.5 2.3 -700 249 + 13 -564
A17280 3.1 2.2 —652 298 + 12-575
Average 3.3 2.3 242
St. Dev. 0.1 0.2 72
Ref. [1] 2.9 2.1 490
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Fig. 7. Simulated and the experimental spectra acquired in a shielded configuration using '3’ Cs radioactive source.

4. Simulation

The LABDA array was simulated using the Geant4 toolkit [25].
Each detector was modeled as a 3" x 3” LaBrs(Ce) crystal covered
by a MgO reflector [26], with a front thickness of 2.5 mm and a
side thickness of 2.9 mm, based on the mechanical drawing provided
by Saint-Gobain. This was enclosed in an aluminium case with a
front thickness of 0.8 mm. The PMT was replaced in the model by a
10 mm thick aluminium plate at the rear of the crystal. The standard
Geant4 electromagnetic physics list was used, together with G4Decay-
Physics(“decays™”) and G4RadioactiveDecayPhysics constructors [27].
Detector resolution was incorporated by applying a Gaussian smearing
to the deposited energy, with a standard deviation given by ¢ =
0.34><\/E, where E is expressed in keV.

Simulated and experimental spectra acquired in a shielded config-
uration, using a '37Cs radioactive source at a source-detector distance
of 102 mm, are shown in Fig. 7.

The simulated spectrum agrees well with the experimental data.
The internal activity of 138La of the crystal was set according to the
literature value reported in Ref. [9], while other contaminants from
the decay of 227 Ac were neglected, since their intensities are one order
of magnitude smaller than that of the 138La. Attempts to include them
in the simulation yielded no significant difference in the spectrum.

As a next step, the decay of the excited state of 28Si from the 27 Al(p,
7)*8Si was simulated to obtain #,;, in 1500 keV<E, region. We note
here that, despite the availability of high-energy simulations of the
LaBr3(Ce) scintillator [4,28,29], the comparison of the higher-energy
photopeak efficiency data obtained experimentally is limited.

The comparison of the experimental (dotted line) and simulated
(dashed and solid lines) spectra in the E,= 9000-11 500 keV region®

2 The boundaries of this region were selected due to the absence of y-ray
peaks from nuclear reactions on contaminants. Furthermore, we noted here
that the contribution of cosmic-ray background in this region is less than 0.5%.
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Fig. 8. Comparison of experimental (dotted line) and simulated (straight lines) spectra of 2 Al(p, y)?®Si reaction. The simulated spectrum with different energy

resolutions are shown with dashed and straight lines, respectively.

is shown in Fig. 8 using different sigma values to represent different
energy resolutions. The peak shapes and Compton continuum were
used to tune the simulation parameters during the validation. The
simulated spectra with different energy resolutions are shown with
dashed (¢ = 20) and straight (¢ = 65) lines, respectively. The results
demonstrate that a conventional linear background subtraction in the
photopeak region can substantially underestimate the true reaction
yield.

The 5 from the simulation was determined using two approaches:
first, incorporating the realistic energy resolution and applying the
same background subtraction procedure as used for the experimental
spectrum (Sim-biased); and second, assuming ideal energy resolution
without any smearing (Sim-nonbiased), corresponding to the true total
photopeak efficiency.

Fig. 9 shows the experimental (Exp) and simulated photopeak effi-
ciencies (Sim-biased and Sim-nonbiased) for eight detectors in the outer
ring (0 = 78.69°) at a target—detector distance of 200 mm, obtained
using linear background subtraction. The impact of the background
subtraction on the simulated efficiency is clearly visible. While the
values of Exp and Sim-biased agree within 1 sigma uncertainty, the
discrepancy between the Exp and Sim-nonbiased efficiencies becomes
significant for E , > 3000 keV, reaching approximately 35% at E, =
10762 keV. This deviation beside the Compton-effect, may also be
partly due to incomplete modeling of the experimental spectrum, such
the Doppler-broadening of experimental peaks or the y rays from
nuclear reactions on impurities (e.g., 1°F(p, ay)1°0). Consequently, the
photopeak efficiency curve derived from the experimental data was
used to extract nuclear reaction parameters in Section 6.

5. Pulse shape discrimination

To suppress the intrinsic detector background arising from « de-
cays, we investigated the applicability of different PSD methods. For
this purpose, data were collected using single-crystal setups in a low-
background environment (Site A), with lead and paraffin shielding, and
utilizing a CAEN V1730D digitizer.

The differing detection mechanisms of a particles and y rays result
in subtle variations in the shapes of the electrical pulses produced in
the detector medium. To quantify these differences, two PSD methods

were evaluated to assess their effectiveness in reducing the a-induced
background.

The Charge Comparison Method (CCM) was employed because of its
straightforward implementation and relatively low dependence on the
digitizer sampling rate. In this method, the pulse shape is characterized
by integrating the signal over two time intervals. The CCM value is
defined as the ratio of the charge integrated over the region of maximal
shape difference to the total pulse charge, using a short integration gate
of 64 ns and a long integration gate of 144 ns.

The CCM parameters were plotted for energy regions dominated
by a single interaction type, namely 1430-1480 keV for y events
and 2200-2500 keV for « events. Each case produced approximately
Gaussian distributions, which were then used to define a discrimina-
tion threshold, as illustrated in Fig. 10. The threshold was chosen to
minimize a-induced counts while preserving the maximum number of
y events.

In addition to the CCM, the data were also analyzed by fitting a
simple exponential to the falling edge of each pulse (Falling Edge Fit-
ting Method, FEFM). From the extracted decay constants, we obtained
a distribution that clearly separates into two groups, analogous to the
CCM results. The discrimination threshold was determined following
the same procedure as before.

Both the CCM and the FEFM exhibit reasonable effectiveness in sup-
pressing the intrinsic e-background, which was the primary objective of
the analysis. Using the CCM, the « contribution was reduced by 85.2%,
while only 10.7% of y events were inadvertently rejected. The FEFM
results in a marginally lower efficiency, achieving a 66.3% reduction
in a background and a 16.9% loss of y events.

It is also worth noting that, although previous works suggest that the
PSD efficiency decreases with crystal size (see Refs. [11,30]), the PSD
methods applied in the present work still provided good discrimination
between the « and y events, despite the relatively large 3" x 3" crystal
size of the LABDA array.

6. Commissioning

The parameters of the LABDA array compared to some existing
LaBr3(Ce) based arrays using for nuclear physics experiments are sum-
marized in Table 2. Our array shows similar performance in terms of
FWHM, validated maximum y energy and #,,,. The measured timing
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Fig. 9. Experimental (Exp) and the simulated photopeak efficiencies (Sim-biased and Sim-nonbiased) for 8 detectors in the outer ring (¢ = 78.69°) at target-detector
distance of 200 mm.
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Fig. 10. Distributions of CCM ratios. The y, the « and the combined distributions are shown in green, red and blue, respectively; the threshold of the discrimination
is illustrated with a vertical straight line.
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Table 2
Summary of some LaBr;(Ce) arrays used in nuclear physics experiments.
Parameters Number (pc) and Geometry and Energy Verified Max. E, Nerr Timing
size of detectors solid angle resolution resolution
coverage (FWHM)
15 pc 3" x3” 2 2.3(2)% at 12 MeV 2.4% at 242(72) ps
LABDA at ATOMKI E, = 1332 keV E, = 1332 keV
FATIMA for DESPEC at 36 pc 1.5 x2” 4 2.1(1)% at 4 MeV 2.5(1)% at 320(5) ps
FAIR [34], [35] E, = 1408 keV E, = 1408 keV
Hybrid array at 9 detectors from planar 4.48(1)% at 11 MeV - 538 ps
TRIUMF [36] FATIMA E, = 1332 keV
(LaBr5(Ce) only)
Array at NSCL [37] 16 pc 1.5” x 1.5" planar 1.9% at 3 MeV 2.8% at 310 ps
E, = 1332 keV E, = 1836.1 keV
ROSPHERE at IFIN-HH 19 pc 1.5" x 1.5", 4 - 2 MeV 1.75(5)% at 347(10) ps
[38] 2" x2" E, = 1332 keV
(11 detectors)
NANA at UK NPL [39], 8 from FATIMA planar 3% at 2.5 MeV - -
[40] E, = 1332 keV
v-ball [41] 20 pc 1.5 x 2", planar 3 and 2.7% at 11 MeV 1.4% at 210 ps, 160 ps
1”x1.5"x2" E, = 662 keV E =1 MeV!
OSCAR at Oslo [42] 30 pc 3.5” x 8" 57% of 4r - - 2.54% at -
E, = 1332 keV
7> at HIyS [43] 8 pc 1.5 x 1.5", 4 - 3.2 MeV 6% at -
37 x 3" E, = 1332 keV
Array at RIKEN [44] 18 pc 1.5 x 2" planar 10% at 1.3 MeV 4% at 825(25) ps
EY = EY =
150-170 keV 150-170 keV
Array at iTHEMBA [45] 8 pc 2" x2"” planar 3.19% at 1.3 MeV 2.8% at 372(3) ps?
E, = 1332 keV E, = 1332 keV
ELIGANT-GN [29] 15 pc 2" x 2" 2 3.54% at 20 MeV 1.22% at 387 ps
E, = 662 keV? E, = 662 keV
Array coupled to 10 pc 3" x 3" planar 3% at 16 MeV 2.3% at 700-850 ps
GALILEO at LNL E, = 662 keV? E, = 1332 keV

[46,47]

1 From GEANT4 simulation
2 Calculated from [45]
3 Calculated from [29].

resolution is also competitive with that of similar arrays employing
smaller crystals. Characteristics of some planned arrays with similar
size LaBr;(Ce) detectors can be found in Refs. [31-33]. A comprehen-
sive and detailed review of LaBr;(Ce) detector systems is beyond the
scope of this paper.

To facilitate the use of the LABDA detector system, we conducted
two in-beam measurements: one for nuclear astrophysics and one for
nuclear technology applications.

6.1. The ™N(p, y)1°0 reaction

Accurate knowledge of the reactions in the carbon-nitrogen-oxygen
(CNO) cycle is essential for comparing the predictions of the Standard
Solar Model [48], which provides a complex description of the Sun with
solar neutrino observations [49]. Furthermore, understanding the CNO
cycle is important for the theoretical calibration of globular cluster ages
as a tool to estimate the age of the Universe [50]. The *N(p, )50
reaction with a Q value of 7296.8 keV plays a fundamental role in the
CNO cycle, acting as its bottleneck [18,51]. The reaction rate at stellar
temperatures is affected by transitions through numerous excited states
and the ground state of 130. The nuclear properties of the reaction,
such as the branching ratios and resonance strengths, are crucial for
low-energy extrapolation.

Solid state TiN targets were prepared by reactive sputtering of TiN
onto 0.5 mm thick Ta backings at the Helmholtz-Zentrum Dresden-
Rossendorf, Germany. The nominal thickness of the TiN layers was
about 300 nm, corresponding to roughly 1.5 x 10!® N atoms/cm?.
Target properties such as Ti:N ratio (0.976 + 0.048), target thickness
(4E = 24.4 + 1 keV) and test of the presence of impurities are described
in Ref. [18].

The LABDA array was used to measure the resonance strength (wy)
of the E, =1058 keV resonance as well as the branching ratios (B) for
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Table 3
Resonance strength and branching ratios of E,,, = 1058 keV resonance of*N(p,
7)'°0 reaction.

Transitions E, (keV) wy (eV) Branching Ratio (%)
DC-0 8284 0.39 + 0.06 52 + 2
5241-0 5241 0.41 + 0.06 44 + 2
DC-5241 3042 0.39 + 0.06 44 + 2

DC—0, DC—5241 and 5241 —0 transitions using the following formula:

_ 2eq(E)A,(E)

4 APBNn, e f

where A, is the area of the detected y-ray peak at proton energy
E of a given transitions measured in the middle of the resonance
curve plateau, e, (E) is the effective stopping power (15.59 eV/10'>
atoms/cm?) and 4 is the de Broglie wavelength at the resonance energy
in the center-of-mass system. N, is the number of bombarding particles
and f = 0.902 + 0.02 is a correction factor to obtain the yield related
to an ideal thick target using Eq. 4.102. in Ref. [21]. As the parameters
of the weak transitions could not be derived from our data due to
the low 5, , in the experimental geometry, B’ of the weak transitions
(6859— 0,6172 =0 and 5181—0) were taken from Ref. [52].

The results obtained as the average of the data measured with 12
detectors at § = 41.97° and 78.69° are shown in Table 3. The uncer-
tainties were calculated as a quadratic sum of statistical uncertainties
(<4%) and the contributions from the target properties (~4.5%), N,
(~3%), normalization of the Nory (~10%) and background subtractions
(~8%) (See Sections 4 and 3.2).

The resonance strengths derived from the study of different transi-
tions are consistent with literature data of 0.364 + 0.021 eV obtained in

4

@,
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The level parameters (level energies, spin-parity), final state of transitions, neutron energies of different neutron groups and the calculated

branching ratios at E, = 3000 keV.

E, (level) [keV]; J* E, [keV]; I (%)

Final state [keV]

n group; E, [keV] Branching ratio (%)

Present Talys

0; 7/2- ny; 1408 68.8 + 1.5 65
749.1; 3/2- 749; 100 0 n;; 660 8.1 +0.5 11
776.95%; 1/2- 27.84; 100 749.1 ny; 660

776.95; <0.6 0
1164.59; 9/2- 1164.5; 100 0 ng; 244 17.1 = 0.9 18
1352.65; 5/2- 575.6; 16 776.95 n,; 56 6.0 + 0.4 6

603.5; 100 749.1

1353.7; 61.5 0

@ The 776.95 keV transition mainly leads to the state at E, = 749.1 keV which decays to the ground state by the 749 keV transition, and thus the two y rays

cannot be separated from each other.

an in-beam measurement [52], and with the value of 0.442 + 0.024 eV
reported using the activation methods [18].

6.2. The 51V (p,n)°!Cr reaction

The >1V(p,n)°!Cr reaction is widely used in many fields of physics,
e.g. in medical diagnostics [53], in the study of material loss using the
Thin Layer Activation Technique [54], and as a monoenergetic neutron
source for detector calibration [55]. The energy and flux of the emitted
neutrons can be easily controlled using a proton beam above the reac-
tion threshold (Ep ~1565 keV). The total number of emitted neutrons
(N,,;) can be determined by measuring the number of 3! Cr radioactive
nuclei produced by the reaction via the activation technique. However,
its application is limited to E, <2300 keV (equivalent to E, ~700 keV)
due to the opening of additional neutron channels corresponding to
the first and higher excited states of 51Cr. As a result, neutrons with
different energies (n, for the ground state transition, n; for the first
excited state at Ey = 749 keV, etc.) may be present in the emitted
neutron spectrum of the reaction.

To extend the application of this reaction to higher neutron en-
ergies, a target of "'V evaporated onto a 0.25 mm thick tantalum
backing was prepared and irradiated at E, = 3000 keV at the Tandetron
accelerator. The nominal thickness of the vanadium layer was around
345 nm, corresponding roughly to 2.5 x 108 "*V atoms/cm?.

The E, = 576, 604, 749, 1165 and 1354 keV lines were analyzed
to calculate the branching ratios of ny_, neutron groups at E, =
3000 keV. The level parameters and the calculated branching ratios
are summarized in Table 4. To support the experimental analysis, y
branching ratios were modeled, using the open access TALYS 1.97
nuclear reaction code [56] based on different nuclear structure models.

The measured and the calculated ratios of E, = 0 and 749 keV
transitions differ at the few percent level, likely due to the y rays
from the >1V(n,n’)>!V reaction contributing to the studied y transitions,
a consequence of the limited energy resolution of the scintillators.
Nevertheless, the new results allow us to extend the application of
the 51V(p,n)>1 Cr reaction for detector calibration up to E, ~1500 keV
completed by simulations of the experimental setup. We noted here that
a comprehensive study of this reaction in the 1300-1900 keV range,
using the LABDA array with a wider detection angle, is ongoing.

6.3. Summary and outlook

Recently, a LaBr;(Ce) y-spectrometer, the LABDA array, was de-
signed and installed at HUN-REN ATOMKI, Debrecen, Hungary. The
energy resolution, energy non-linearity, and the detection efficiency of
the setup were characterized over the 344-10762 keV y-ray energy
range. The performance of the array was modeled using GEANT4
simulations, and the impact of Compton background on peak area
determination was evaluated. To reduce the intrinsic a-background
of the detectors, different pulse shape discrimination methods were
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tested. To facilitate the use of the detector system for nuclear physics
and nuclear technology application experiments, two commissioning
measurements were performed. We obtained the resonance strength
of 1*N(p, y)'°0 reaction at E, = 1058 keV agreeing with in-beam
and activation experiments, and determined the branching ratios of
51V(p,n)°!Cr reaction extend its application as a neutron source to
E, = 1500 keV. A more comprehensive study of the ®V(p,n)°!Cr
reaction over the E, = 130-1900 keV range, using the LABDA array
with an extended detection angle coverage, is currently in progress.
Moreover, in the near future, a new detector configuration combined
with a high intensity beamline (I> 20 pA of *H) at the Tandetron
accelerator is expected to increase the detection efficiency by a factor of
100, while also improving the angular resolution of the setup. This will
enable high-precision measurements of nuclear parameters of high Q-
value reactions (e.g. '>13C(p, y)!>'*N, *N(p, y)!°0 and 70(p, 7)'F),
including the weak transitions, over a wide energy range, thereby
enhancing the reliability of low energy extrapolations and revealing
astrophysical phenomena connected to, e.g. the CNO cycle in various
astrophysical sites.
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