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ARTICLE INFO ABSTRACT

Keywords: We have characterized a detector equipped with an undoped LaCl; truncated cone crystal with dimensions
Inorganic scintillators of 22.5 mm in the largest diameter, 16 mm in the smallest diameter, and 16 mm in height, coupled to
LaCly a fast Photonis XP2020/URQ photomultiplier tube (PMT). Its time response at 511 keV (*?Na) and °°Co
LaBr;(Ce)

Photonis XP2020/URQ photomultiplier tube
Digital signal processing

Time resolution

Time walk

Fast timing

photon energies has been measured against a reference detector using a fast digitizer module by digital signal
processing methods based on a genetic algorithm. The time resolution was optimized by the choice of the
photomultiplier bias voltage and the fine-tuning of the digital parameters of the time pickup algorithm. The
de-convoluted full width at half maximum (FWHM) time resolution is found to be 250 + 10 ps at ®°Co energies,
and 444 + 8 ps using positron annihilation y-rays from 2>Na, providing good prospects for the use of the crystal

in applications requiring a fast time response.

1. Introduction

High-density fast scintillators have a strong potential for appli-
cations requiring high detection efficiency and fast response to y
radiation. Lanthanum halide scintillators (Iltis et al., 2006) fulfill
these requirements, since they offer excellent light yield and lin-
ear response, leading to very good energy resolution, and also fast
scintillation decay components, which make them very well suited
for high-counting-rate applications and fast-timing measurements. For
these reasons, they have strong potential in applications such as high-
energy physics research, medical diagnostics, geological exploration,
and diffraction (Knoll, 2010). One of the reasons behind the fast
response of lanthanum halide scintillators is the Ce’* doping, which
above a certain concentration, contributes to faster pulses with decay
times of the order of tens of nanoseconds (Dorenbos, 2000).

One of the fastest inorganic scintillator crystals commercially avail-
able nowadays is LaCl3(Ce) (van Loef et al., 2000; Shah et al., 2003). It
shows high light yield and proportionality, with a quite fast response,
leading to good energy resolution, excellent linearity and fast timing
capabilities not far from those of LaBr;(Ce) crystals (Fraile et al., 2020;
Vedia et al., 2015b). Pure LaCl; crystals, without the addition of Ce3*
activator, have also been produced (Shah et al., 2003; Pei et al., 2005)
with the aim of exploring potential applications in medical imaging and
nuclear and particle physics. Crystals of relatively large sizes can be
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grown by using a modified Bridgman method, achieving good optical
transmittance from 300 to 650 nm, and luminescence with a maximum
at 405 nm (Pei et al., 2005). The interest of pure LaCl; crystals mainly
resides in the Pulse Shape Discrimination (PSD) capabilities, which
makes it possible to distinguish between different types of incident
radiation (Harn et al., 2021). This ability is of relevance in different
research fields such as national security, safety systems and space
exploration (Kouzes et al., 2015; Runkle et al., 2010; Sonu et al., 2023;
Feldman et al., 1998).

The number of crystals with PSD capabilities has increased in recent
years. Some of them, as the CLYC, the CLLBC, or the TLYC, employ
reactions with 3°Cl and °Li to detect y radiation and neutrons at the
same time (D’Olympia et al., 2013). All of them exhibit good light yield,
acceptable energy resolution, and a decay with multiple components,
with the longest decay time exceeding 1 ps (D’Olympia et al., 2013;
Glodo et al., 2013; Arnqvist et al., 2025; Guss et al., 2014; Hawrami
et al., 2016; Kim et al., 2016; Hawrami et al., 2017; Vuong et al.,
2021, 2022). Moreover, the temporal resolution has been measured
for some of them. For CLYC, a value of 495 ps at 511 keV has been
reported for?2Na (D’Olympia et al., 2013), while a value of 1170 ps
has been measured for CLLBC at®*Co energies (Arnqvist et al., 2025).
Other results for different features are reported in Table 1 along with
the values previously measured for the LaCl; crystal (D’Olympia et al.,
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Table 1
Summary of properties of crystals with PSD properties.

Crystal Light yield Energy Decay time
(ph/MeV) resolution (ps)
(%) at
662 keV
CLYC 20 000 <4.0 0.3, 0.7, 5.2
CLLBC 40 000 4.1 0.09, 0.3, 1.4
TLYC >26 000 >4.0 0.06, 0.4, 1.1
LaCly 34 000 4.9 3.3
@16 mm
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Fig. 1. Dimensions of the LaCl; crystal.

2013; Glodo et al.,, 2013; Arnqvist et al., 2025; Guss et al., 2014;
Hawrami et al., 2016; Kim et al., 2016; Hawrami et al., 2017; Vuong
et al., 2021, 2022).

While PSD is an asset, the lack of Ce activation centers depletes the
light yield and extends the decay time compared to LaCl;(Ce) crystals.
For Ce concentrations below 1%, the main light emission peak is shifted
above 400 nm and the dominant decay time constant is larger than
200 ns (van Loef et al., 2000; Shah et al., 2003). Although undoped
LaCl; may not match the energy resolution and time response observed
in LaCl;(Ce), it may still remain a competitive choice for applications
requiring fast time response or high count rate capabilities, which may
add to the PSD potential.

In this paper, we evaluate the performance of a LaCl; crystal with
the shape of a truncated cone, assessing its linearity, energy resolu-
tion and efficiency, and with a special focus on its time response.
To this end we have performed coincidence experiments to measure
the de-convoluted FWHM time resolution against a well-characterized
reference LaBr;(Ce) detector.

2. Materials and methods
2.1. The LaCly detector assemblies

The LaCl; crystal used was produced in the Kyungpook National
University, Daegu, Korea, with the shape of a truncated cone. Its largest
diameter size is 22.5 mm, its smallest diameter is 16 mm and its height
is 16 mm, as illustrated in Fig. 1. This geometry has shown to provide
good time performance for BaF, and LaBr;(Ce) crystals (Moszynski
et al., 2003; Vedia et al., 2015a).

As discussed above, the photoemission of LaCl; peaks around
405 nm, and it is transparent in the 300 to 600 nm wavelength range
with the transmission of the order 80% (Pei et al., 2005). Due to the
hygroscopic nature and water solubility of lanthanum chloride, the
LaCl; crystal is enclosed in an airtight aluminum container with a
reduced entrance thickness and a quartz window on the coupling side.

Two different photomultiplier tubes (PMTs) have been used. For
the assessment of the PSD capabilities, a LaCl;-PMT assembly with a
Hamamatsu R1924A-100 PMT was employed. The R1924A-100 is a
one-inch head-on 10-stage PMT with an effective diameter of 22 mm
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Table 2
Summary of main properties of the PMTs used in this work in combination with the
LaCl; crystal.

Parameter R1924A- XP2020-
100 URQ

T,i5e (1S) 1.5 1.6

Electron transit time (ns) 17 30

Transit time spread ¢ (ps) 900 250

Cathode sensitivity (pA/ImF) 920 70

Blue sensitivity (pA/ImF) 10.5 10

Blue sensitivity (pA/ImF) 10.5 10

Dark current (nA) 3 20

Gain 2 x 10° 3 x 107

and a super bi-alkali photocathode. It operates in the 300 to 650 nm
spectral range. Its main features are summarized in Table 2.

For the rest of the assessment of the detector, and for the fast-timing
measurements in particular, we used an XP2020-URQ PMT by Photonis,
a 2-inch 12-stage head-on device. It is known for its good timing
performance, which is specifically due to its anode pulse rise time of
1.6 ns, and has a FWHM Transit Time Spread of 250 ps (Photonis,
2025), see Table 2. It is fitted with a quartz window, and its minimum
effective diameter is 44 mm. It operates also in the ultraviolet with an
extended 160 to 650 nm spectral range. In addition to its fast response,
it features high gain, of the order of 3 x 107.

2.2. Experimental set-up

Fast-timing measurements were performed with a time-delayed co-
incidence set-up similar to the one described in Vedia et al. (2015b,a),
Sanchez-Tembleque et al. (2019). It consisted of a reference LaBr;(Ce)
detector composed of a truncated cone crystal of 1.5“ in height, 1.5”
in its largest diameter, and 1” in its smallest diameter (Sanchez-
Tembleque et al., 2019), which was coupled to a Hamamatsu R9779
PMT operated at —1275 V and had been previously optimized for the
best timing performance, and the LaCl; under test coupled to the Photo-
nis XP2020-URQ PMT presented above. Both detectors were positioned
facing each other at a separation distance of 21 mm between their
entrance faces, with the radiation source placed midway in between.
Measurements were performed using ®°Co and 22Na y-ray sources,
employing the 1173-1332 keV pair, whose excited state lifetime is
0.9 + 0.3 ps (Browne and Tuli, 2013), and the annihilation 511-keV
radiation, respectively. For the®?Na source, the excited state lifetime
is 3.60 + 0.05 ps (Basunia, 2015), while the positronium lifetime
in the encapsulating material is expected to range between 2.0 and
2.1 ns (Ernst and Randolph, 1997). The time resolution of the reference
LaBr;(Ce) detector was measured using three detectors grouped in
pairs, following the procedures described in Vedia et al. (2015b). The
de-convoluted FWHM time resolution values were found to be 116 + 4
ps for the %9Co full-energy peaks and 157 + 3 ps for the 511-keV
photons from the 22Na source. These will be used throughout the paper.
The reference detector has a significantly better time resolution than
the values reported below for LaCl; so it should not affect the results.

2.3. Timing measurements

For the timing measurements, we chose a data acquisition based
on the PSI DRS digitizer (Institute, 2025; Ritt et al., 2010) due to its
5.12 GSa/s sampling rate and 750 MHz bandwidth, which has already
been proven to be well suited for fast-timing (Fraile et al., 2020;
Sanchez-Tembleque et al.,, 2019). An internal logical AND trigger
implemented in the DRS chip was used to record coincidence events.
Pulse traces were recorded and digital signal processing methods were
used offline to determine the pick-up time in order to define the signal
timestamps.
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The signal processing method described in Sanchez-Tembleque
et al. (2019) includes a filtering stage and the implementation of a pick-
up algorithm, which are both optimized using the procedure ased on
a genetic algorithm. The filter makes use of a digital recursive filter
shown in Eq. (1), where V is the voltage for a given sample before
applying the digital filter, and V is the resulting voltage after applying
the filter. The optimized digital filter has been shown to improve the
time pickup, and thus the time resolution results (Sanchez-Tembleque
et al., 2019).

Vinl=A-Vin—-11+B-V[nl+C-V[n—1] (@))

Several algorithms may be used to determine pulse time pick
up (Sénchez-Tembleque et al., 2019). Owing to the irregularity of the
LaCl, signals, which show different shapes for similar amplitudes where
the absolute maximum is not always the local maximum of the initial
signal rise (see Section 3.2), a constant fraction discriminator algorithm
seems appropriate. Such a constant fraction discriminator algorithm,
implemented fully in digital (DCFD) (Jager and Butz, 2012) provides
pickup times independent from the pulse amplitude. The DCFD mimics
the procedure of an analog CFD by combining an inverted fraction of
the input signal with its delayed copy and finding the zero crossing
of the resulting bipolar pulse. Therefore it depends on the fraction and
the time delay, which are used as parameters for the optimization. Both
the DCFD and the filter parameters were optimized using the genetic
algorithm.

Alternative methods, such as a fully digital constant fraction im-
plemented as a Relative Digital Leading Edge Discriminator (RDLED)
(Sanchez-Tembleque et al., 2019), may suffer from difficulties in find-
ing the absolute maximum of the pulse, while an absolute Digital
Leading Edge Discriminator (DLED) (Sanchez-Tembleque et al., 2019)
will be subject to variations depending on the signal amplitude.

Once the pick-up time was obtained for both the reference and the
LaCl;(Ce) detectors, time difference spectra were constructed. Coinci-
dence gates were applied based on the energy spectra. For the ®°Co
source, gates were set at 1332- and 1173-keV energies by selecting the
Full Width at Tenth Maximum (FWTM). The time difference spectra
were limited to events within the energy coincidence windows. In this
case, two separate time spectra were generated, one with the 1173-
keV condition in the LaCl; and the 1332-keV one in LaBr;(Ce), and the
other with exchanged energies between detectors. Afterward, both were
combined, once corrected for energy-time walk, and the coincidence
time resolution (CTR) was calculated as the FWHM of the resulting
time spectrum. Similarly, gates for 22Na were placed around the 511-
keV full-energy peak in each detector by selecting the FWTM. The
time resolution is given as the FWHM of the obtained time spectrum.
De-convoluted FWHM values are also provided for the LaCl; detector.

2.4. Energy and efficiency measurements

Additionally, a desktop CAEN DT5720b 12-bit 250 MS/s ADC digi-
tizer (CAEN, 2025) was employed to measure the energy resolution and
linearity of the LaCl; detector, profiting from the possibility of using
longer integration windows. Energy spectra were acquired for 22Na,
60Co, 137 Cs and '>2Eu standard sources. Selected full-energy y peaks
were identified, establishing the energy-channel relationship at differ-
ent voltage settings for the LaCl; detector in order to determine the
linearity. Furthermore, energy resolution and efficiency were measured
from these spectra. The distance between the source and detector was
fixed at 10 mm for energy resolution measurements, while for efficiency
assessments, the source was positioned at distances of 50 mm, 30 mm,
20 mm, 15 mm, and 10 mm from the detector entrance window.
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Fig. 2. Illustration of PSD capabilities of the LaCl; crystal.
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Fig. 3. Normalized positive cathode pulses measured for the LaCl; crystal coupled to
the Photonis XP2020-URQ PMT. The collected pulse data is represented by a red line,
while the mean signal is depicted in black.

3. Results and discussion
3.1. Pulse-shape discrimination

An illustration of the PSD capability of the LaCl; crystal coupled to
the R1924A-100 Hamamatsu PMT is presented in Fig. 2. The measure-
ment was carried out at CMAM (Redondo-Cubero et al., 2021) using an
27 Al(a,n) reaction, which leads to the production of y rays along with
the neutrons. Three sets of different particles can be distinguished in
the figure, y-rays, protons and alpha particles, both charged particles
produced by neutrons reaching the detector. Successful discrimination
is achieved when a very long integration window of the order of 10 ps
is employed.

3.2. Detector output signals

We discuss below results using the LaCl;-XP2020 detector, with the
XP2020-URQ Photonis PMT operated at the voltage of —2600 V, for
y radiation. The positive (cathode) output pulses from the detector
were examined with the help of a fast RTO6 oscilloscope by Rohde&
Schwarz (Schwarz, 2025). Normalized pulses are presented in Fig.
3, where the very fast rise time of the order of 1 ns is apparent,
together with a long decay of few ps. In principle, the fast rise time
holds the potential for a fast response of the crystal, although it will
be a challenge to simultaneously achieve PSD. A small undershoot is
observed in the signal. It is also noticeable that signals are not always
regular and they exhibit varying rise times for similar amplitudes, as
discussed above.
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Fig. 4. Comparison between LaCl; pulses and LaBr;(Ce) pulses. Experimental data in
blue represents LaBr;(Ce) pulses while red color corresponds to LaCl; pulses, both for
the 1332-keV full-energy peak. Averaged signals are shown by black lines. A zoom on
the pulse rise is provided below.

To explore this further, a close-up is presented in Fig. 4, where the
sharp rise time is compared to the reference LaBr;(Ce) detector. The
decay of the LaCl; pulses is also complex, with a weak but very fast
decay with 7g ~5.5 ns, and at least two slow components: one with
Tmedium = 717 + 4 ns, and a second much longer component with 7,
= 3.211 + 0.014 ps, obtained from a multiple exponential fit of the
average output pulses.

3.3. Linearity, energy resolution and efficiency

Plots from Fig. 5 show the energy spectra obtained for >2Eu and
137Cs sources at a distance of 10 mm to the detector entrance window
and with the XP2020-URQ PMT operated at —2300 V. The CAEN
digitizer was used for this purpose, as discussed in Section 2.4.

The linearity has been assessed as a function of the applied high
voltage from —2200 V to —2600 V. Results are shown in Fig. 6. For
these measurements sources of 22Na, 69Co, 137Cs and 152Eu were used.
A linear energy calibration was performed using the 1>2Eu full-energy
peaks at 121.8, 244.7 and 344.3 keV, and then applied to calculate the
extrapolated channel for the 1332-keV FEP in %°Co. The non-linearity
is estimated as the relative deviation of the extrapolated channel with
respect to the actual one measured at 1332 keV.

The non-linearity remains below 2.5% for every tested voltage in
the range 122 to 1332 keV and does not increase with the applied
voltage. Thus the LaCl;(Ce)-XP2020URQ detector shows a relatively
linear behavior at the operation voltages.

The relative energy resolution R, given as the FHWM to centroid
ratio in keV in %, is shown as a function of energy in Fig. 7 for se-
lected FEP from standard sources. The 137Cs FWHM energy resolution,
once corrected for non-linearity, is 7.4%. As expected, the relative E
resolution improves with energy. A fit following Eq. (2)

b
R= —, 2
a+E 2
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Fig. 5. Above: energy spectrum for a !3’Cs source observed in the LaCl;-XP2020URQ
detector operated at HV = —2300V. Below: energy spectrum for !52Eu, shown in
logarithmic scale.
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Fig. 6. Energy linearity plots for the LaCl;Photonis detector. For each HV value the
dashed line illustrates linear interpolation using energies solely within the range from
122 to 344 keV, while continuous lines depict a quadratic fit for all points.

where E denotes the energy in keV, R represents the resolution, and
a and b are free parameters, was performed, resulting in a=5.13(6)%
and b= 1569(15)% keV.

The FEP efficiency has been also measured as a function of the
distance between the source and the LaCl;-Photonis detector operated
at —2300 V. Spectra were measured for an absolutely calibrated 52Eu
source at distances of 10 mm, 15 mm, 20 mm, 30 mm, and 50 mm using
the CAEN digitizer. Results are presented in Fig. 8. Data were collected
for 1800 s at distances of 10 mm and 15 mm, and for the remaining
distances for 50400 s. The contributions of the room background were
subtracted. The absolute efficiency at 20 mm from the entrance window
is 2.5(3)% at 122 keV and 0.074(9)% at 1408 keV.

3.4. Time response
The time response of the LaCl;-XP2020URQ detector was investi-

gated using the DRS digitizer (see Section 2.3), operated at a sampling
rate of 5.12 GSa/s.
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Fig. 7. Relative energy resolution for 2>Na, %°Co, '¥Cs and 'S2Eu sources at 10 mm
observed in the LaCl; Photonis detector operated at HV = —2300V at 10 mm. Error
bars are smaller that the data points. A fit to expression (2) is also shown.
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Fig. 8. Efficiency plots for the LaCl;-Photonis detector, operated at — 2300 V. The
experimental values are depicted by points, while the lines represent a fit to the data.
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Fig. 9. Time spectrum for LaCl; Photonis detector at —2600 V against the reference
detector at —1275 V measured with 22Na source (top panel). The spectra are represented
in red with black error bars.

Firstly, energy windows defined at the full width at one-tenth of
maximum were selected for relevant full-energy peaks, the 1173- and
1332-keV ones for®Co, and the 511-keV FEP for the?2Na source. Then,
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Fig. 10. The successive stages of signal processing applied to a single pulse are
illustrated. The black line corresponds to the unprocessed pulse. The yellow pulse
shows the effect of applying a filter. The red trace depicts the product of sequentially
applying both the filter and the DCFD to the initial signal. For completeness, the result
of applying the DCFD algorithm to the raw signal is represented in blue. The inset
provides a zoom into the zero-crossing region.

an optimization of the applied voltage was carried out. Our analysis
revealed that the time resolution improved with increasing voltage,
with the most favorable results observed at —2600 V. The results below
are thus provided at this HV value.

The procedures described in Section 2.3 were applied to find the
optimum parameters both for the generalized filter and the DCFD.
Fig. 10 illustrates a LaCl;(Ce) pulse at different processing stages. As
shown, the DCFD has also been applied to the raw pulse in order to
investigate the effect of the digital filter. It is observed that the effect of
the generalized filter in the time resolution is marginal, with no sizeable
contribution at®°Co energies and an improvement of approximately 5%
at 511 keV. The best results using the Digital CFD are achieved with
a fraction of 62%, and a time delay of 349 ps. This indicates that the
DCFD makes it possible to define time stamps from the first scintillation
photon. As shown in Fig. 10, the large fraction and very short delay
obtained, imply that the zero-crossing of the DCFD processed signal
reverts to the pulse undershoot. As a cross-check, the RDLED and DLED
methods (thresholds relative to maximum and absolute) were also tried
using the genetic algorithm optimization, leading to similar or slightly
worse results than the DCFD.

FWHM time difference spectra using the DCFD method for ®*Co and
22Na are presented in Fig. 9. The time distributions have a Gaussian
shape, although the one for the 511-keV full-energy peak is slightly
asymmetric. The FWHM resolution of 471 ps from the 22Na spectrum
includes the individual contributions from the reference detector of
157 + 3 ps and the LaCl; unit of 444 + 8 ps, while the %°Co CTR of 275
ps is given by the individual contributions from the reference detector
of 116 + 4 ps and the LaCl; unit of 250 + 10 ps. These are the final,
optimized values, achieved for the LaCl;(Ce) detector. Uncertainties
were evaluated by a bootstrapping procedure: each acquisition was
randomly split into two subsets, and the CRT was recalculated for
both. This procedure was repeated 100 times, resulting in 200 FWHM
measurements. The standard deviation for the distribution of the 200
FWHM values is the reported uncertainty.

It is worth mentioning that we have investigated the time reso-
lution with an increased sampling rate using a R&S®RTO6 oscillo-
scope (Schwarz, 2025) at 10 GSa/s, with no sizeable time resolution
improvement.

Additionally, we have studied the Compton time walk for ¢°Co.
Centroid values of time spectra were acquired by setting different
energy windows on the LaCl; detector while maintaining a constant
energy window on the LaBr;(Ce) detector defined at FWTM of the
1332-keV FEP. Results are presented in Fig. 11 for the Compton and
FEP from the 1173-keV peak. It is worth noting that the response is
very flat, the time walk in the range 50 to 1250 keV being only 150 ps,
including the backscattered component.
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4. Summary and conclusions

We have characterized the performance of a detector system con-
sisting of an undoped LaCl; crystal with the shape of a truncated cone
coupled to the XP2020Q/UR Photonis photomultiplier, with particular
emphasis on measuring its time response.

The energy response of the LaCl;-XP2020-URQ detector is found
to be very linear. We also report a relatively good energy resolution
of 7.4% for the 662-keV full-energy peak from !'37Cs and 6.1% at
1332-keV energies from a®Co source.

Once the applied high voltage is optimized, a good time resolution
is obtained using a DCFD, a Constant Fraction Discriminator algorithm
implemented digitally. A FWHM of 250 + 10 ps was obtained at ®°Co
energies, while the value obtained for 2>Na 511-keV photons is 444 + 8
ps.

Together with its PSD capabilities, our results show that undoped
LaCl; is a promising inorganic crystal for applications requiring spec-
troscopic capabilities and good time resolution. However, output pulses
are very long, and integration over very long times is required for both
peak-height analysis and the implementation of pulse-discrimination,
which may hamper in particular high-rate experiments.
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