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Abstract

A new multi-detector array named HALIMA (Hybrid Array for LIfetime MeAsurement) has been developed at Lanzhou for
nuclear structure studies in fission. The array comprises eight BGO-shielded High-Purity Germanium detectors and twenty
fast Ce-doped Lanthanum Bromide [LaBr;(Ce)] detectors shielded with CsI(T1). HALIMA is further complemented by two
ancillary detector systems: fission fragment (FF) detectors and f detectors. This configuration enables precise sub-nanosecond
lifetime measurements using the fourfold FF/f-Ge-LaBr;(Ce)-LaBr;(Ce) coincidence technique. The performance and speci-
fications of the detectors, associated electronics, and the data acquisition system are presented in detail. The advantage of
FF selectivity is emphasized, which significantly enhances sensitivity to specific fission channels. Using this approach, the
lifetimes of the nuclear excited states populated in the spontaneous fission of 232Cf were measured, showing good agreement
with the established literature values.

Keywords FFs/f-y rays coincidences - Selectivity - Spontaneous fission - LaBr;(Ce) - HPGe - Solar cells - Lifetime
measurement

1 Introduction

Measurement of the lifetimes of nuclear excited states is
a fundamental aspect of nuclear structure studies. These
lifetimes are directly related to the reduced transition prob-
abilities, which provide essential information about the
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underlying nuclear structure, including the degree of overlap
between the initial and final nuclear wave functions. Pre-
cise lifetime data are crucial for testing nuclear models and
understanding the collective and single-particle excitations
across various regions of the nuclear chart. Over the past
two decades, the development of the fast scintillator LaBr,
(Ce) has opened the possibility of performing fast-timing
measurements on the lifetimes of nuclear states ranging
from nanoseconds to picoseconds [1]. Several dedicated
fast-timing arrays have been developed since then, including
FATIMA [2], KHALA [3], and VESPA [4]. When coupled
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with a Ge array, these arrays are used in triple Ge-LaBr;
(Ce)-LaBr;(Ce) coincidence measurements, allowing a wide
range of excited-state lifetimes in neutron-rich nuclei to be
studied. This method leverages the superior energy resolu-
tion of Ge detectors to isolate specific transitions of interest,
whereas the coincident y-y events recorded by the LaBr;
(Ce) array were used to perform precise fast-timing analyses.
More recently, extensive lifetime measurement studies have
been performed using combined setups such as EXILL &
FATIMA [5], v-ball & FATIMA [6], and GAMMASPHERE
& FATIMA [7] using thermal and fast neutron-induced fis-
sion, as well as 22Cf spontaneous fission source. However,
achieving high selectivity and effective background suppres-
sion is a major challenge in such studies. In any fission pro-
cess, hundreds of different fission fragments are produced,
with each fragment typically emitting approximately seven
y-rays. The accurate association of these y-rays with their
corresponding fission products with an intense background
is experimentally demanding. To obtain clean data, it is
essential to enhance selectivity and minimize background
contributions.

To overcome the limitations associated with using a Ge
array alone, various fission-tagging devices have been devel-
oped to enhance the selectivity. One notable example is the
integration of a liquid scintillator-based active fission target
into the FIPPS spectrometer at the ILL [8]. This active tar-
get enables the identification of fission fragments and their
temporal correlation with the subsequent y decay, allowing
efficient suppression of the uncorrelated y-ray background
originating from f decay. To further improve the selectivity
and suppress the background originating from nonspecific
fission products, mass-identified fission fragment FIFI spec-
trometers with a resolution of approximately six mass units
have been employed in isomer decay spectroscopy studies
[9].

To enhance the selectivity and suppress the background,
a dedicated hybrid setup HALIMA (Hybrid Array for Life-
time MeAsurement, HALIMA) was developed at the Insti-
tute of Modern Physics, Chinese Academy of Sciences,
China. HALIMA is specifically designed to measure the
sub-nanosecond lifetimes of neutron-rich nuclei produced
via fission. The array consists of eight Compton-suppressed
HPGe and twenty LaBr;(Ce) detectors with CsI(T1)-based
anti-Compton shields for y-ray detection. In addition, two
auxiliary detector arrays, 36 solar cell detectors, and 36 fast
plastic scintillators were integrated into the HALIMA setup
to detect fission fragments and g particles. With fragment
tagging via solar cells and f-particle tagging via plastic
scintillators, HALIMA enables the simultaneous applica-
tion of both FF-Ge-LaBr;(Ce)-LaBr;(Ce) and f-Ge-LaBr;
(Ce)-LaBr;(Ce) fast-timing techniques. A key component
of the HALIMA setup is the solar cell array, which reg-
isters the implantation of fission fragments and correlates
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them spatially and temporally with their subsequent y decay,
thereby effectively serving as a fission tag. As demonstrated
later, the application of mass-identified fission tagging
reduces the background from other fragments by more than
a factor of four. In addition to fission tagging, the use of
CsI(T1)-shielded LaBr;(Ce) detectors in Compton suppres-
sion mode enhances the peak-to-total ratio by a factor of
1.5. To further optimize the detection, the LaBr;(Ce) array
in HALIMA was designed to have twice the efficiency of
the Ge array, thereby maximizing the overall Ge-LaBr;(Ce)-
LaBr;(Ce) coincidence efficiency.

In this paper, a comprehensive description of the HAL-
IMA detection system is presented, including its detector
components, readout electronics, and fully digital data
acquisition system. The results of the first experiment
using a 2>2Cf spontaneous fission source are discussed to
illustrate the performance of the setup. Section 2 details the
detector hardware and data acquisition system. Section 3
describes the data analysis techniques employed for fast-
timing measurements across different time ranges. A sum-
mary and outlook are provided in Sect. 4.

2 Instruments

An overview of the HALIMA detection system is shown in
Fig. 1, which illustrates the arrangement of the HPGe and
LaBr;(Ce) detectors, along with the data acquisition setup.
The following sections describe the configuration and inte-
gration of each component in detail.

2.1 HPGe detectors

The HALIMA setup includes eight n-type coaxial HPGe
detectors, each equipped with BGO shielding, mounted
on the central ring perpendicular to the fission axis. The
crystals of the HPGe detectors are 71 mm in diameter and
72 mm long. The distance between the entrance window of
the HPGe detectors and the center of the array is 17.5 cm.
Each detector offers a relative efficiency of 70% compared to
a standard 3 inches X 3 inches Nal(Tl) detector, with a typi-
cal energy resolution of 2.5 keV (FWHM) at 1332 keV. The
full-energy peak (FEP) efficiency at 1 MeV was measured
as 1.05% using standard '3?Eu, '3*Ba, and %°Co radioactive
sources. The resulting absolute efficiency curves are pre-
sented in Fig. 2, along with a fit using the empirical formula
described in Ref. [10].

Each HPGe detector in the HALIMA setup is surrounded
by a BGO anti-Compton shield composed of eight optically
isolated BGO crystals, each coupled to a photomultiplier
tube (PMT). For each BGO anti-Compton shield, the PMTs
are daisy-chained to obtain a single summed output signal.
These BGO Compton suppressors significantly reduce the
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Fig. 1 (Color online)a Photograph of the HALIMA setup at the Insti-
tute of Modern Physics (IMP). Eight HPGe detectors are mounted on
the central ring in a horizontal configuration. Two of the three rings
of the LaBr;(Ce) detectors are also visible. The digital data acquisi-
tion system and high-voltage supply are located behind the array. b
Technical schematic of the complete HALIMA setup

background, providing a suppression of approximately 77%
in the 400800 keV energy range when tested with a ®Co
source.

2.2 LaBr;(Ce) detectors

To facilitate the lifetime measurements, 20 individual LaBr;
(Ce) detectors were incorporated into the HALIMA setup,
all configured identically. Each detector consists of a cylin-
drical LaBr;(Ce) crystal with a diameter of 2 inches and
length of 3 inches, coupled to a Hamamatsu R13089 photo-
multiplier tube. As shown in Fig. 1, two rings consisting of
eight LaBr;(Ce) detectors each have been mounted on both
sides of the central ring of HPGe detectors, positioned at
angles of 56° and 124° relative to the fission axis. The dis-
tance from the detector face to the center of the array is 16.5
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- HPGe FEP Efficiency
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Fig.2 (Color online)The absolute full-energy peak efficiency as
a function of y energy as measured using '3?Eu, **Ba, and %°Co y
sources. The red circle represents the FEP of LaBr;(Ce) detectors fit-
ted in red line, while the FEP of HPGe detectors is shown in blue
circle fitted in blue line

cm. Additionally, a third ring composed of four LaBr;(Ce)
detectors is mounted on the topmost layer of the array, with
each detector located 22 cm from the center and oriented
at an angle of 29° with respect to the fission axis. This con-
figuration provides a solid-angle coverage of approximately
13% for an isotropic source located at the center of the array.

Owing to the compact size of LaBr;(Ce) crystals, Comp-
ton scattering is significant, resulting in a pronounced
Compton continuum that reduces the peak-to-total ratio,
particularly for low-energy y-rays [11]. To reduce Compton
continuums, Régis [12] and Gierlik [13] et al. developed a
BGO-based Compton suppressor for a LaBr;(Ce) detector
and achieved significant improvements in the peak-to-total
ratio [12] and peak-to-Compton ratios [13]. In the present
work, a more cost-effective, compact, and novel CsI(TI)-
based anti-Compton shield was developed and installed
in the HALIMA setup. Figure 3 shows a technical draw-
ing of a single LaBr;(Ce) detector housed within a CsI(TI1)
anti-Compton shield supported by an aluminum shell. Each
LaBr;(Ce) detector is enclosed by a CsI(T1) anti-Compton
shield composed of four separated CsI(TI) crystals. The
scintillation signals from these crystals are read out using
twenty-eight 6.4 mm X 6.4 mm silicon photomultipliers
(SiPMs), with seven SiPMs coupled to each crystal. These
signals were summed and read out as a single channel. A
comparative study using a calibrated '>?Eu source (Fig. 4)
demonstrates that the intense Compton background is sig-
nificantly reduced when the CsI(T1) anti-Compton shield is
applied. A more detailed characterization and performance
analysis will be presented in a forthcoming publication.

To optimize the time resolution of LaBr;(Ce) detectors in
y-y coincidence mode, the PMTs of the LaBr;(Ce) detectors
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Fig.3 (Color online)The technical drawing of three-quarter section
of a single module of LaBr;(Ce) detector with CsI(TI) anti-Compton
shields encapsulated within an aluminum shell. The individual LaBr;
(Ce) detector is composed of a LaBr;(Ce) crystal (green) coupled to
a PMT (purple) surrounded by four CsI(Tl) crystals (yellow). The
SiPMs are employed as the readout for CsI(T1) anti-Compton shields,
which are mounted on PCB (blue)

— without CsI(T1) anti-Compton shield
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Fig.4 (Color online)The energy projection spectra of the symmetric
y-y coincidence matrix of LaBrs(Ce) detectors obtained using '>?Eu
standardized source. Compared to the spectrum without CsI(TI) anti-
Compton shields (blue), the background continuums are effectively
reduced with the use of CsI(Tl) anti-Compton shields in the energy
spectrum (red)

were operated at a bias voltage of approximately —1070 V.
At this voltage, the 662 keV y-rays from a '*’Cs source pro-
duced a uniform output signal amplitude of 200 mV across
all detectors. Because the inherent nonlinearity in the energy
response of LaBr;(Ce) detectors is largely attributed to the
voltage sensitivity of PMTs, a second-order polynomial
function was employed for energy calibration. Standard y
-ray sources, 13383 and 152Eu, were used for this calibration,
covering an energy range of 81 keV to 1408 keV. The energy
resolution of the LaBr;(Ce) detectors was found to be 2.67%
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Fig.5 Time distribution of twenty LaBr;(Ce) detectors in HALIMA
from the 1173-1332 keV y-ray cascade of ®*Co source. Time resolu-
tion for twenty LaBr;(Ce) detectors was fitted by Gaussian function

at the 1332 keV line of a ®°Co source. The absolute full-
energy peak (FEP) efficiency at 1 MeV for the entire LaBr,
(Ce) array was measured to be 2.74%. The corresponding
absolute efficiency curves along with the fitting results are
presented in Fig. 2.

The two primary timing characteristics of the LaBr;
(Ce) detector array are the time resolution and time walk.
The time resolution was determined from the summed time
difference spectra of all pairwise combinations among the
20 LaBr;(Ce) detectors. To achieve this, the individual
time spectra were aligned by applying appropriate time
shifts to each detector relative to a chosen reference detec-
tor, after which the summed time difference spectrum was
obtained using %°Co source. The time information was
extracted using the TSINC digital algorithm [14] and Con-
stant Fraction Discrimination (CFD). Figure 5 displays the
resulting time difference distribution for 20 LaBr;(Ce) detec-
tors with 1173-1332 keV y-rays of ®*Co source. The time
resolution is 348.9(2) ps in FWHM, which is comparable
to the resolution of FATIMA [2] despite the larger crystal
volume of the LaBr;(Ce) detectors used in our setup.

To extract lifetimes shorter than the intrinsic time reso-
lution of LaBr;(Ce) detectors to a few picoseconds (ps), it
is essential to determine the Prompt Response Difference
(PRD) as a function of energy. PRD calibration is used to
describe the time walk characteristics using the coincident
y-ray cascade emitted by '3?Eu source over the energy range
of 200-1400 keV. The PRD was measured using Leading-
Edge Discrimination (LED) in conjunction with the TSINC
interpolation algorithm [14]. The resulting PRD curve is
presented in the top panel of Fig. 6 and was fitted using the
following equation:
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Fig.6 The energy-dependent prompt response difference (PRD)
curve for LaBr;(Ce) detectors obtained using 152y source for the ref-
erence energy of 344 keV shown in the top panel. The bottom panel
shows the residuals of the PRD calibration function fit as described
by Eq. (1) with twice the overall PRD calibration uncertainty of 11 ps

a
VE, +b

From the residuals shown in the lower panel of Fig. 6, the
uncertainty in the PRD is estimated to be + 5.5 ps. With
PRD, the generalized centroid difference (GCD) method
[15] can be applied for precise lifetime measurements down
to tens of picoseconds (ps). A detailed account of PRD cali-
bration and its application in this setup will be presented in
a forthcoming publication.

PRD(E,) = +CE, +d.

(M

2.3 FFs detectors: solar cells

The detection of fission fragments (FFs) in an intense
background dominated by light charged particles remains
a major challenge in fission experiments. Solar cells, origi-
nally developed for photovoltaic energy conversion, were
first introduced by Siegert in 1979 for the detection of FFs at
the Institut Laue-Langevin (ILL) facility [16]. Subsequently,
Ajitanand et al. demonstrated their radiation hardness dur-
ing a 2>2Cf experiment, thereby confirming their suitability
for use in high-background environments [17]. Owing to
its low cost, flexible geometry, and insensitivity to alpha
particle, solar cells have been effectively employed in fission
detection arrays, such as SAPHIR [18, 19] and DEATH-
STAR [20, 21].

In this study, the rise time and pulse-height charac-
teristics of three commercially available solar cells were

evaluated. Among them, TOPCON-type solar cells were
selected as FF detectors because of their high signal ampli-
tude (400—600 mV) and relatively fast rise time (200-800
ns). These solar cells have a thickness of ~ 130 pym and a
very small depletion depth (~ 1 pm), making them largely
insensitive to light charged particles, such as alpha parti-
cles, because of their charge collection mechanism, spe-
cifically the funneling mechanism [22]. As illustrated in
Fig. 7, the solar cells array, consisting of thirty-six 11 mm
X 11 mm solar cells, mounted on a printed circuit board
(PCB) positioned at the center of HALIMA setup. The
raw pulse-height spectrum of the FFs from a 232Cf source
detected by a solar cell is shown in Fig. 8. To assess the
mass resolution of the TOPCON solar cells, the 2E method

Fig. 7 (Color online)Solar cell array used as implantation detectors in
the present work. A total of 36 solar cells, each measuring 11 mm X
11 mm, were mounted on a PCB and connected to the signal outputs.
The assembled PCB is positioned at the center of the HALIMA setup
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Fig.8 The raw pulse-height spectrum of fission fragments of 2>>Cf
source detected by a solar cell. Py and P; represent the pulse height
of heavy and light fragments, respectively
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[23], which is based on the conservation laws of mass
and momentum, was applied using an open »2Cf source.
Schmitt calibration [24] was used in this analysis, with the
primary equation expressed as:

E=@+dMx+b+b'M, 2)

where a, d’, b, and b’ are constants using the values in
Ref. [25], and E, x, and M represent the energy, pulse height,
and mass of the FFs, respectively. Subsequently, an itera-
tive process based on the neutron emission distribution [26]
was performed to determine both the pre-neutron and post-
neutron mass distributions. The resulting FF mass distribu-
tion is presented in Fig. 9 and compared with the data from
Ref. [26], demonstrating good agreement. The typical time
resolution of solar cells in the present work was approxi-
mately 20 ns, using a standard charge-sensitive preamplifier.

When solar cells are used as FF detectors in fission
experiments, it is essential to evaluate their radiation dam-
age tolerance. For this purpose, a comparative radiation
damage test was performed using a 20 mm X 20 mm sili-
con detector and a solar cell of the same size. Both detec-
tors were placed 8 cm from a 2>2Cf source with an activity
of 100 pCi (3.7 MBq). The variation in the pulse height
as a function of the incident flux is shown in Fig. 10. For
an integrated flux of approximately 10° particles/cm?, the
FFs detected by the solar cell exhibited only a 10-15%
reduction in pulse height, indicating a minor degradation.
In contrast, the silicon detector exhibited a complete signal
loss, demonstrating its significantly lower radiation toler-
ance under similar conditions.

[
(=]
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—— This work

Counts x 10°
S B B o ®
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o
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Mass

Fig.9 The mass distribution of fission fragment detected by a solar
cell employing Schmitt calibration on the basis of Fig. 7 is depicted
in black solid line, while red dashed line represents the mass distribu-
tion from [26]. These two distributions are consistent with each other
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Fig. 10 (Color online)Comparison of pulse-height response as a
function of injection flux between a solar cell and a silicon detector
of identical size. The matrix in the top panel shows the amplitude
distribution with respect to the particle injection flux detected by the
silicon detector, whereas the bottom panel displays the correspond-
ing distribution of the solar cell. Each point along the horizontal axis
corresponds to a 1-hour integration period of the injection flux. The
data point at x = 2.4 corresponds to a measurement lasting only 50
min instead of the full hour, resulting in reduced recorded counts and
creating the visible gap in the trend

2.4 (B detectors: fast plastic scintillators

An auxiliary detector array comprising 36 fast plastic scintil-
lators (11 mm X 11 mm) was integrated into the HALIMA
setup for g-particle tagging. Each scintillator, fabricated
from EJ-200 plastic scintillator material and 3 mm in thick-
ness, is optically coupled to a Hamamatsu S14160 Multi-
Pixel Photon Counter (MPPC) with a sensitive area of 6.4
mm X 6.4 mm. These scintillators and MPPCs were mounted
on a PCB, positioned ~ 5 mm downstream from the center of
the HALIMA setup. The configuration of f# ancillary array is
illustrated in Fig. 11. The time resolution of each f detector
was measured as 942 ps.

2.5 Electronics and DAQ system
The electronics and data acquisition (DAQ) system of

HALIMA is based on the Pixie-16 system developed by
XIA LLC, USA. Energy signals from the HPGe detectors,
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Fig. 11 (Color online)a Scintillator module consisting of thirty-six
11 mm X 11 mm scintillators, each coupled to a 6.4 mm X 6.4 mm
MPPC, mounted on a PCB. b The assembled scintillator module
enclosed with aluminized Mylar film

BGO and CsI(Tl) anti-Compton shields, and solar cells are
digitized by 16 channel, 100 MHz, 14-bit modules, while
the energy signals from LaBr;(Ce) detectors and f detec-
tors are digitized by 16 channel, 500 MHz, 14-bit modules,
wherein the rise time can be accurately measured. The data
were recorded using a general-purpose digital data acquisi-
tion system (GDDAQ) [27, 28] and operated in a triggerless
mode, which means that all live events are recorded without
predefined conditions. This triggerless architecture provides
significant flexibility in offline data analysis and event recon-
struction [29].

To optimize the fast-timing performance of LaBr;(Ce)
detectors, particularly the time resolution and time walk, the
waveforms of LaBr;(Ce) detectors are recorded on an event-
by-event basis for offline analysis. The waveform recording
length was set to 0.2 ps, providing sufficient temporal detail
for precise timing studies. The high-voltage supply system
is segmented into two parts: Two CAEN N1470 modules are
used to power the HPGe detectors, while three ISEG EHS
modules are dedicated to supplying the LaBr;(Ce) detectors,
CsI(T1) anti-Compton shields, and BGO detectors.

3 Commissioning with a 252Cf source

A commissioning measurement was performed using a
semi-closed 2>2Cf source with an activity of 100 pCi. The
source was encapsulated with a 50 pg/cm? Au sputter and
mounted on a 0.127 mm thick platinum-clad nickel back-
ing. This configuration ensures that, in each spontaneous
fission (SF) event, one fission fragment (FF) recoils into the
vacuum chamber, while the complementary FF is absorbed
in the backing. Figure 12 illustrates the technical layout of
the HALIMA setup in the commissioning phase. The 2>2Cf
source was positioned at the bottom of the vacuum chamber
and surrounded by a 40-mm-thick tungsten shield with a
cone angle of 18°. This shielding configuration effectively

Fig. 12 (Color online)Semi-sectional technical drawing of the HAL-
IMA setup. The inset in the lower-left corner shows the >>2Cf source
enclosed in tungsten shielding. The arrangement includes HPGe and
LaBr;(Ce) detectors, along with the solar cell and plastic scintillator
arrays positioned inside the vacuum chamber

blocks the prompt y-rays emitted from the source during fis-
sion. Following fission, the recoiling FF traverses the 8 cm
vacuum gap and is detected by the centrally located solar
cell array. In this configuration, the solar cells function as
implantation detectors, enabling event-by-event correlation
between the FFs and their associated y-rays. Because the FFs
of different masses possess varying velocities, their time-
of-flight (TOF) over the 8 cm path introduces a measurable
spread, which can be utilized for isomer selection. By gat-
ing the signals from the solar cells, isomer-specific events
were effectively selected, and the overwhelming background
was significantly suppressed. Approximately 4400 h of data
acquisition was completed during this commissioning run,
yielding approximately ~ 1.3x10!! fission events.

In the present work, two complementary approaches were
employed to measure the lifetimes of the excited states of
interest produced by fission, as illustrated in Fig. 13. The first
method, as shown in Fig. 13(a), utilizes the FF-Ge-LaBr;
(Ce)-LaBr;(Ce) coincidence technique. In this configuration,
a fission event is initially detected by the solar cell array, fol-
lowed by observation of an isomeric decay involving three
or more y-rays. The excited state of interest, with the lifetime
denoted by 7, is fed and decayed via y, and y;, which are
detected in coincidence by two LaBr;(Ce) detectors. The
preceding transition ¥, is recorded using an HPGe detector.
The second approach, as illustrated in Fig. 13(b), involves
a f-Ge-LaBr;(Ce)-LaBr;(Ce) coincidence technique based
on the fast plastic scintillator array. In this case, y-rays are
emitted following f§ decay of fission fragments, with the tri-
ple y-ray detection configuration remaining similar to that
of the first method.

Prior to the coincidence analysis, the time alignment of
all detectors was performed relative to a reference LaBr;(Ce)
detector to ensure precise timing. Based on this preliminary
data analysis, the FFs selectivity was validated by comparing
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Fig. 13 The principle of two kinds of primary coincidence technique
in the present work. a Fission fragments-y-y,-y; coincidence method:
An isomer is implanted into solar cells, followed by isomeric decay
with triple or more y-rays. b f-y;-y,-y; coincidence method: A f decay
is measured by fast plastic scintillators, followed by a cascade y-ray
transition. The feeder (y,) and decay (y;) of excited state of interest
represented by 7z (orange) are detected by LaBr;(Ce), while the pre-
cursor transition (y,) is measured by HPGe

y-ray spectra gated with and without FF detection. This com-
parison clearly demonstrates the advantage of FF gating in
terms of significant background suppression and improved
peak-to-background ratio. The lifetimes of the three excited
states ranging from a few picoseconds to several hundred
nanoseconds were determined by implementing distinct
coincidence and lifetime extraction methods. The extracted
values showed good agreement with the literature data,
confirming the capability of the HALIMA setup to perform
precise lifetime measurements over a broad temporal range.

3.1 Time alignment

Owing to variations in electronics, cable lengths, and the
use of digitizer cards with different sampling frequencies
and bit resolutions, each detector type within the HALIMA
setup exhibited a unique timing offset. These offsets lead
to misalignments in the time distributions of the detectors
when referenced to the reference LaBr;(Ce) detector. To cor-
rect this, the timing information, including the initial times-
tamp and the timing information provided by the CFD filter
algorithm, is extracted, allowing for the implementation of
time alignment for each detector on a run-by-run basis. For
each detector, the relative time difference with respect to the
reference LaBr;(Ce) detector was determined by performing
a Gaussian fit of the time distribution. The centroid of each
distribution was then shifted to O ns to achieve synchroniza-
tion. Figure 14 shows the time difference as a function of the
detector ID matrices before and after time alignment. Each

@ Springer

—
=3

10°

(a) Before time alignmen

S N B o

Time Differencex10 (ns)
% & b

—_
=

b) After time alignmen

NSO NN A N ®

Time Differencex10 (ns)
IS

0 10 20 30 40 50 60 70 80 90 100
Detector ID

Fig. 14 (Color online)Time alignment matrices before (top panel)
and after (bottom panel) time correction. The horizontal axis denotes
the detector ID number, whereas the vertical axis shows the time dif-
ference between each detector and the reference LaBr;(Ce) detector.
Detector IDs 0-7 correspond to HPGe detectors; IDs 843 to solar
cells; IDs 44-55 and 60-67 to LaBr;(Ce) detectors, and IDs 56-59
and 68-100 to fast plastic scintillators. For detectors with ID =
68-82, the peaks before time alignment are located at 200-300 ns and
are not visible here due to the vertical axis being limited to + 100 ns
for clearer visualization of the alignment effect

unit on the horizontal axis represents individual detector
IDs with the HPGe detectors, solar cells, LaBr;(Ce) detec-
tors, and fast plastic scintillators represented by IDs 0-7,
8-43, 44-55, 60-67, 56-59, and 68-99, respectively. As
illustrated in Fig. 14(a), the centroids of the time distribu-
tions are scattered owing to inherent offsets. After apply-
ing the alignment procedure, all the time distributions were
successfully centered at approximately O ns, as shown in
Fig. 14(b), indicating a uniform timing response across all
detectors in the array.

3.2 Validation of FFs selectivity

The y-ray spectrum originating from the spontaneous fission
of 232Cf is notably complex owing to the presence of emis-
sion lines from hundreds of neutron-rich fission fragments.
To enhance the selectivity of y-ray events and suppress the
background, the HALIMA setup utilizes a solar cell array
to detect fission fragments (FFs), which are then used as
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triggers for implementing FF-y coincidence measurements.
To evaluate the improvement in selectivity, HPGe-HPGe
coincidence spectra were generated under different gating
conditions and compared, as shown in Fig. 15. Figure 15(a)
shows the HPGe coincidence spectrum of Ge-Ge double
events, which were generated using a Ge gate on the 314
keV transition. The y-rays originating from both the iso-
meric decay and § decay are shown in the spectrum. In con-
trast, Fig. 15(b) shows the coincidence spectrum obtained
by applying an additional gate on the solar cells, thereby
selecting events correlated with fission fragments. Under
these conditions, the isomeric state (19/27, 10 ns) in 3"Xe
was selectively tagged, and its subsequent y-ray transitions
were prominently visible. As a result, unwanted y-rays from
p decay processes are effectively suppressed, yielding a sig-
nificantly cleaner spectrum dominated by the 400 keV and
1220 keV transitions.

Beyond its role in enhancing isomer selectivity, gating
on FFs offers a significant advantage in suppressing the
Compton background, which is particularly critical in fast-
timing measurements using LaBr;(Ce)-LaBr;(Ce) coinci-
dences. In such measurements, the background beneath the
full-energy peaks can introduce considerable uncertainties,
thereby diminishing the precision of lifetime extraction.
Furthermore, scattered y-rays originating primarily from
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Fig. 15 Energy projection spectra of HPGe detectors using (top)
HPGe-HPGe and (bottom) HPGe-HPGe-solar coincidence tech-
niques. The application of an additional gate on solar cells in the bot-
tom panel effectively suppresses contaminant y-rays, resulting in a
cleaner spectrum
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Fig. 16 The energy projection spectra of LaBr;(Ce) demonstrated in
three different coincidence methods: (1) Ge-LaBr;(Ce)-LaBr;(Ce)
(blue); (2) Ge-LaBr;(Ce)-LaBr;(Ce)-solar (red); and (3) Ge-LaBr,
(Ce)-LaBr;(Ce)-Msolar (black), where Msolar denotes a gate on spe-
cific mass of FFs. The 1279 keV is shown in the inset. The peak-to-
background ratio of 1279 keV was measured under these conditions.
With gating on specific mass of *#Te, the peak-to-background ratio of
1279 keV is increased by more than a factor of 4

neutron-induced inelastic scattering and Compton scattering
of prompt y-rays within the surrounding components of the
HALIMA setup substantially contribute to the background
in the LaBr;(Ce) spectra. By utilizing the FF selectivity,
this intense background is reduced, thereby improving the
peak-to-background ratio. To quantify the performance of
this selectivity, a comparative analysis was conducted for the
nucleus '**Te, and LaBr;(Ce)-LaBr;(Ce) coincidence spectra
were obtained under different gating conditions. In Fig. 16,
the LaBr;(Ce) coincidence spectrum was obtained by using
a double gate on both 115 and 297 keV, respectively, for
Ge and LaBr;(Ce). The peak-to-background ratio obtained
for the energy width corresponding to the full width at half
maximum of 1279 keV was measured to be 1.6, as shown in
the inset of Fig. 16. Upon applying an additional gate on the
solar cell signals (gating on FFs), a noticeable reduction in
the background, particularly below 600 keV, was observed.
Under this condition, the P/B ratio for the 1279 keV peak
increased substantially to 4.3. The third case is the LaBr;
(Ce) coincidence spectrum employing an additional gate on
a specific mass of '3*Te. Compared to the Ge-LaBr,(Ce)-
LaBr;(Ce) coincidence events, the background in the LaBr;
(Ce) spectrum was further suppressed, resulting in a more
than fourfold improvement in the P/B ratio.

It should be emphasized that the 232Cf source employed
in the present work is a semi-closed source, disabling the
employment of the 2E method for determining the masses
of FFs detected by solar cells. Therefore, an alternative
approach known as the M-V method [30] was exploited,
where M and V are the mass and velocity of the FFs, respec-
tively. This method is based on the conservation laws of
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mass and momentum. Combing Eq. 2 and the following
formulas:
1

E= EMvz, 3)

V=VWM). )

The velocity distribution as a function of mass was deter-
mined using an open 232Cf source developed by the self-
transfer technique [31]. The post-neutron mass distribution
can then be obtained using an iterative process. Using this
method, a mass resolution of approximately 7 atomic mass
units (u) (FWHM) was achieved.

3.3 Preliminary results

This subsection presents the lifetime measurements of the
three nuclear excited states, ranging from a few picoseconds
to several hundred nanoseconds. Specifically, the lifetimes
of the two isomers in '**Te and '3®Ba were measured using
FFs-Ge-Ge/FFs-LaBr;(Ce)-LaBr;(Ce) and f-Ge-LaBr;(Ce)-
LaBr,(Ce) coincidence techniques. Additionally, the lifetime
of an excited state in '*?Te was extracted using the General-
ized Centroid Difference (GCD) method based on FFs-Ge-
LaBr;(Ce)-LaBr;(Ce) coincidences. The measured lifetimes
were in good agreement with previously reported values,
validating the reliability of the experimental techniques and
analysis methods employed in the present work.

In the case of 3*Te, the 6% state was identified as a rela-
tively long-lived isomer [32]. As illustrated in Fig. 17, the
FFs-Ge-Ge and FFs-LaBr;(Ce)-LaBr;(Ce) coincidence
techniques were employed to measure its lifetime. The
time difference spectra of both HPGe and LaBr;(Ce) were
obtained using a Ge/LaBr;(Ce) gate for both 115 and 297
keV transitions. The coincidence time windows between
two y-rays were set to + 200 ns for Ge-Ge and + 4 ns for
LaBr;(Ce)-LaBr;(Ce), respectively. Using the slope method,
the extracted lifetimes were determined to be 164.04(95)
ns from the FFs-Ge-Ge data and 164.7(7) ns from the FFs-
LaBr;(Ce)-LaBr;(Ce) data. Both values are in excellent
agreement with the previously reported value of 164.1(9)
ns [32].

The primary objective of the present work was to measure
the sub-nanosecond lifetimes of the nuclear excited states. In
the case of 13®Ba, the 4* state was identified as a short-lived
isomer [33], and its lifetime was determined using the f
-Ge-LaBr;(Ce)-LaBr;(Ce) coincidence technique. The coin-
cidence time window for detecting the feeder (547 keV) and
decay (463 keV) y-ray transitions with LaBr;(Ce) detectors
was set to + 4 ns, whereas the third y-ray detected by HPGe
was gated on the 1436 keV transition. The coincidence time
windows between - and triple y-rays were determined based

@ Springer

- (a)
; T,,=164.04(95) ns
wlO;
S F
> L
=
310
Q E '“Mw‘
M I
I it
1 H | ‘|"IH|\MH\IHII
=*“‘ i
]| I LTI
0 500 1000 1500 2000
AT (ns)
- (b)

r Prompt component

10°e /

T,,=164.7(7)ns

Counts/ 1 ns

2000

L
0 500 1000 1500
AT (ns)

Fig. 17 Delayed coincidence time difference spectra of 6% state in
134Te obtained using FFs-y-y coincidence method: a FFs-HPGe-HPGe
and b FFs-LaBr;(Ce)-LaBr;(Ce). The half-lives were extracted by
exponential fitting to the slope and determined to be 164.04(95) ns
and 164.7(7) ns, respectively

on the correlated prompt time difference distribution. The
y-y coincidence matrix from LaBr;(Ce) is shown in the top
panel of Fig. 18. This matrix clearly reveals 463 keV and
547 keV transition, confirming the correlated decay pathway
of the 4* state in '**Ba. The time difference spectrum was
obtained using an LaBr;(Ce) gate at 463 keV and another
LaBr;(Ce) gate at 547 keV, as illustrated in the bottom panel
of Fig. 18. A convolution function consisting of Gaussian
and exponential distributions was used to fit the time distri-
bution. The extracted half-life of the 4 state in '*®Ba was
found to be 2.02(9) ns, which is in good agreement with the
previously reported value of 2.08(6) ns [33].

The Generalized Centroid Difference (GCD) method
provides a more suitable approach for excited states with
lifetimes shorter than the intrinsic time resolution of LaBr;
(Ce) detectors. The lifetime of the ZT state of 132Te was
determined to be 5(3) ps by implementing y-y fast-timing
methods based on a mass separator [34]. In the present
study, this short-lived excited state was measured using
the M(FFs)-y-y-y coincidence technique, where M(FFs)



HALIMA: a hybrid array for lifetime measurement of neutron-rich nuclei at IMP

Page 110f 14 25

600

T T [ TR e L [ ]

10"
ei)

v Lom s e ne oy B ey e |
440 460 480 500 520 540 560 580 600
Energy (keV)

T

[

_ 547keV
T,,=2.02(9) ns 2:263“\/

1436keV

—
=]

() e

|3xBa

Counts / 160 ps

—_

Fig. 18 (Color online)Top panel: y-y coincidence matrix of LaBr;
(Ce) detectors obtained using the p-HPGe-LaBr;(Ce)-LaBr;(Ce)
coincidence technique. Bottom panel: time difference spectrum for
the 4+ state of 13¥Ba. The half-life was determined to be 2.02(9) ns
using convolution method

refers to gating on the known mass of '3?Te. The top panel
of Fig. 19 presents the y-y coincidence matrix of LaBr,
(Ce) after background subtraction using HPGe gates on the
103 keV and 151 keV transitions and background gates on
either side of the peaks. A strong correlation was observed
between the 974 keV and 697 keV transitions. In the GCD
method, the centroid difference between the delayed and
anti-delayed time distributions is measured. The delayed
and anti-delayed time difference spectra for 21+ state of
132Te are presented in the bottom panel of Fig. 19. The
time distribution in blue line is “Delayed,” corresponds
to the start detector is gated on 697 keV (feeder) and the
stop detector is gated on 974 keV (decay). Conversely, the
red line represents the “Anti-delayed” distribution with the
stop detector gated at 697 keV (feeder) and the start detec-
tor gated at 974 keV (decay). The background-corrected
centroid difference between “Delayed” and “Anti-delayed”
was measured to be —769(12) ps. The lifetime was calcu-
lated using the following formula:
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Fig. 19 (Color online)The y-y coincidence matrix of LaBr;(Ce)
obtained using M(FFs)-y-y-y coincidence technique shown in the
top panel. The bottom panel shows the time difference distributions
for the delayed and anti-delayed of 27 states of the 132Te. The mean
lifetime was determined to be 9(7) ps using the Generalized Centroid
Difference (GCD) method, consistent with the literature value of 5(3)
ps [34]

27 = AC — PRD. ()

The lifetime was determined to be 9(7) ps, which is in agree-
ment with the values of 5(3) ps in Ref. [34] and 2.153(5) ps
in Ref. [35]. Although the uncertainty in the present meas-
urement is somewhat larger, this is likely attributable to the
absence of precise positional calibration among the 36 solar
cells used for fission fragment detection. Minor spatial mis-
alignments between the solar cells and the 23>Cf source may
have introduced additional timing uncertainties, thus affect-
ing the precision of centroid determination. Nonetheless, the
close agreement with earlier results validates the reliability
of the HALIMA setup and demonstrates its capability to
perform accurate sub-nanosecond lifetime measurements in
complex fission environments.
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4 Summary

A novel hybrid detection system, named HALIMA, was
developed and installed at the Institute of Modern Physics to
facilitate the measurement of the sub-nanosecond lifetimes
of neutron-rich nuclei produced via fission. This system is
composed of eight BGO-shielded HPGe detectors and 20
fast LaBr;(Ce) detectors, each shielded with CsI(T1), offer-
ing high-resolution y-ray energy and timing capabilities. To
enhance event selectivity, two specialized ancillary detec-
tor arrays were incorporated: a solar cell detector array for
detecting fission fragments (FFs) and a fast plastic scintil-
lator array for f-particle detection. These additions enable
advanced coincidence techniques, such as FFs/f-Ge-LaBr;
(Ce)-LaBr,(Ce), significantly improving the spectral qual-
ity and peak-to-background, thereby allowing precise life-
time measurements. In particular, the implementation of FF
gating proved critical in isolating y-ray cascades of interest
by effectively suppressing background contributions from
unrelated fission products and f decays. This additional
selectivity not only reduced the intense background but also
improved the peak-to-background ratio by more than a fac-
tor of four, thereby increasing the accuracy of the lifetime
measurements. A comprehensive overview of HALIMAs
components has been provided, detailing the energy and
timing performance of the detectors, the data acquisition
(DAQ) system, and the associated electronics architecture.

A commissioning experiment using a »>Cf source was
conducted to validate the performance of the HALIMA
setup. By applying combined gating to FFs and fast plastic
scintillators, the lifetimes of three excited nuclear states
in 34Te, 13¥Ba, and '**Te were measured, covering a range
from a few picoseconds to several hundred nanoseconds.
The results were in good agreement with the literature
values, demonstrating the capability and precision of the
HALIMA setup. Furthermore, several excited states with
previously unmeasured lifetimes produced by 2>2Cf fission
were identified for the first time, thereby opening new ave-
nues for nuclear structure studies of neutron-rich nuclei.

Looking ahead, the HALIMA system will be used not
only to measure the lifetimes of excited states following
isomeric or # decay, but also for the lifetimes of prompt y
-rays directly emitted by the FFs of 2>Cf, and the source
will be placed at the center of the HALIMA array with-
out shielding. To enhance the mass resolution of fission
fragments, new ancillary detectors based on Silicon Car-
bide (SiC) are being developed as next-generation fis-
sion detectors. With its advanced detection capabilities,
HALIMA will significantly contribute to the systematic
study of neutron-rich nuclei produced via neutron-induced
fission, extending our understanding of nuclear structures
in regions far from stability.
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