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a b s t r a c t

We report a simple technique for direct neutron spectroscopy using pure LaCl3 crystals. Pure LaCl3
crystals exhibit considerably better pulse shape discrimination (PSD) capabilities with relatively good
energy resolution as compared with Ce-doped LaCl3 crystals. Single crystals of pure and Ce-doped LaCl3
were grown using an inhouse-developed Bridgman furnace. PSD capabilities of these crystals were
investigated using 241Am and 137Cs sources. Fast neutron detection was tested using a252Cf source and
three separate bands corresponding to electron, proton, and alpha were observed. The proton band
induced by the 35Cl(n,p)35S reaction can be used for direct neutron spectroscopy because proton energy
is proportional to incident neutron energy. Owing to good scintillation performance and excellent PSD
capabilities, pure LaCl3 is a promising candidate for space detectors and other applications that neces-
sitate gamma/fast neutron discrimination capability.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Recently, the development of fast neutron detection using
Cs2LiYCl6:Ce (CLYC) crystals has revealed a new method of using Cl
containing crystals with excellent pulse shape discrimination (PSD)
capability for neutron spectroscopy [1,2]. CLYC crystals have been
examined for many applications requiring dual mode gamma/
neutron capability with better energy resolution than the con-
ventional NaI:Tl detectors. Fast neutron detection using CLYC
crystals is possible because of 35Cl(n,p)35S and 35Cl(n,a)32P re-
actions with significant cross sections. Incident neutron energies
below 4 MeV can be directly measured because they are propor-
tional to the energy of charged-particle products [3]. This new
method is simpler than traditional time-of-flight and unfolding
techniques using Boner sphere spectrometer or liquid scintillators.
In addition, the detector is more compact than that used in other
techniques. Therefore, CLYC has been considered for many appli-
cations such as neutron scattering in nuclear physics experiments
[4], near-space neutron detection [5], homeland security [6],
deuterium plasma diagnostics [7], and well-logging [8].

In spite of these many advantages, CLYC cannot separate alpha
by Elsevier Korea LLC. This is an
and proton particles using the PSD methods [9]. Therefore,
extrapolating the neutron energy information from the overlapped
spectra is challenging. The degradation of scintillation performance
due to radiation damage is another disadvantage of CLYC [10] in
applications such as space-based detectors. Hence, suitable alter-
natives have been pursued by scanning many Cl containing scin-
tillators grown by our group, such as SrCl2 [11], BaxSr(1�x)Cl2 [12],
Tl2ZrCl6 [13,14], LaCl3, TlLa2Cl5 [15], and Cs2LiCeCl6 [16]. Among
them, pure LaCl3 exhibited excellent PSD capability with good ra-
diation hardness, which has already been reported elsewhere [17].
Moreover, LaCl3 crystal (3.84 g/cm3) has higher density than CLYC
crystal (3.31 g/cm3) so that its chloride density is 1.36 times higher
than that of CLYC crystal.

The state-of-the-art lanthanide-doped scintillators were inten-
sively explored in the early twenty-first century [18]. Ce-doped
LaCl3 crystals exhibit excellent scintillation performance with an
energy resolution of 3.3% FWHM at 662 keV. Pure LaCl3 crystals also
show good light yield of 34,000 photons/MeV and energy resolu-
tion of 4.7% [19]. However, LaCl3 crystals gain less practical atten-
tion owing to their slower decay than Ce-doped crystals. The self-
trapped exciton (STE) is the scintillation origin of pure LaCl3 as it
is for many other halide crystals [20]. The contribution of STE to
total light yield of LaCl3:Ce is reduced with an increase in the Ce
dopant concentration owing to energy transfer from STE to the
Ce3þ center [21]. LaCl3:Ce shows modest PSD capability with a
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discrepancy in the literature because of the dependence of the
discrimination power on the Ce3þ concentration [22e24].

In this study, PSD capability of pure LaCl3 crystals was investi-
gated. To understand the role of Ce dopant concentration in PSD,
several LaCl3 crystals doped with small amounts of Ce were pre-
pared. Moreover, fast neutron detection capability of the pure LaCl3
crystal was demonstrated using a weak 252Cf source.
2. Experimental

For sample preparation, ultradry 4 N purity LaCl3 beads and 4 N
purity CeCl3 powder (APL Engineered Materials, Inc., USA) were
used. Ce-doped and pure LaCl3 were weighted and loaded into pre-
cleaned and backed quartz ampoules with inner diameter of 8 mm
and 15 mm, respectively. This process was done inside a dry glove
box filled with argon to avoid degradation of the starting materials.
The materials were further dried to remove any residual moisture
at 230 �C under dynamic evacuation for 24 h. The ampoules were
sealed using oxygen propane torch. The single crystals of pure and
0.01, 0.05, and 0.1 at. % Ce-doped LaCl3 were grown at a pulling rate
of 0.5 mm/h and thermal gradient of approximately 20 �C/cm using
an inhouse developed Bridgman furnace. The inset of Fig. 1 shows
the crack-free Ø15-mm pure LaCl3 crystal. Four samples of pure and
Ce-doped LaCl3 were cut and polished for characterization inside a
glove box to avoid degradation during measurements. The samples
werewrappedwith several layer of 0.2mmTeflon sheet, except one
facet for coupling with a R6233-100 photomultiplier tube (PMT),
(Hamamatsu, Japan) using optical grease.

The PSD capabilities of pure and Ce-doped LaCl crystals for alpha
and gamma signals were studied using 137Cs and 241Am sources.
The analog output signals from the PMT were digitized using an
FADC400 (Notice Company, Korea) with a resolution of 10 bits and
maximum sampling rate of 400 MS/s. The recorded pulses were
analyzed for scintillation decay time and PSD using a customized
Cþþ code [25] compiled and run in a ROOT package. The pulse
height spectrum of the pure LaCl3 crystal acquired using the 137Cs
source is presented in Fig. 1. In this study, an integration time of 10
ms was selected for the rest of the pulse height calculation. A good
energy resolution of 4.0% at 662 keV was obtained for the
Ø15 � 15 mm3 pure LaCl3 crystal.
Fig. 1. Pulse height spectrum measured using a137Cs source of a pure LaCl3 crystal. The
energy resolution was estimated to be 4.0% at 662 keV. The inset shows the Ø15-mm
pure LaCl3 crystal grown using Bridgman furnace.
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3. Decay time and pulse shape discrimination

In the case of pure LaCl3 crystal, the scintillation decay times
under alpha excitation were significantly faster than those under
gamma excitation, as shown in Fig. 2a.We attempted to shorten the
decay time to maintain good alpha/gamma separation by doping
LaCl3 with small amounts of Ce. However, the differences between
alpha and gamma decay signals was dramatically less even using a
very small Ce dopant concentration of 0.01 at. %, as shown in Fig. 2b.
These values further reduced at 0.05% and 0.1% Ce dopant con-
centration such that they were nearly indistinguishable, as shown
in Fig. 2c and d, respectively.

The charge comparison method was used for the PSD study of
the pure and Ce-doped LaCl3 crystals. In this method, two time
gates corresponding to fast and slow scintillation decays were
selected. The PSD ratios, i.e., the ratios of the collected charge
within the prompt (Cp) and delay gates (Cd), were calculated for
comparison.

PSD ratio¼ Cp
Cp þ Cd

: (1)

The PSD ratio distribution for alpha and gamma signals from the
137Cs and 241Am sources is presented in Fig. 3. The peaks were fitted
with Gaussian function to estimate the figure-of-merit (FOM), a
parameter shows the separation power between alpha and gamma
signals. The FOM is a function of the peak position and FWHMwith
the form:

FOM¼ jPa � Pgj
FWHMa þ FWHMg

: (2)

The prompt and delay gate were optimized to obtain the best
FOM values for both pure and Ce-doped LaCl3 crystals. The FOM
values were calculated using a customized Cþþ program for each
pair prompt and delay gates in a matrix with the interval of 20 ns
and 100 ns, respectively, as shown in Fig. 4. The best FOM values
were estimated to be 2.5, 1.8, 0.9, and 0.8 for pure, 0.01%, 0.05%, and
0.1% Ce-doped LaCl3 crystals, respectively. Only one maximum
FOM peak ascribed to STE was observed for the pure and 0.01% Ce-
doped LaCl3 crystals, as shown in Fig. 4a and b, while a second peak
appeared at the bottom-left corner for the 0.05% Ce-doped LaCl3
crystal and became dominant for 0.1% Ce-doped LaCl3 crystal, as
shown in Fig. 4c and d. The second peak corresponds to the fast
decay of the Ce3þ luminescence center. The STE-related peak faded
and shifted from the bottom-right corner to the upper left with
increasing Ce concentrations. The observed phenomena were
attributed to the energy transfer from STE to Ce3þ, which shortened
the decay time of the STE component and reduced its contribution
to the total light yield [21].

The PSD matrices were reconstructed for gamma and alpha
events obtained from the 137Cs and 241Am sources using the opti-
mized time gates, as shown in Fig. 5. The alpha peaks were broad
because of a degraded layer on the crystal surface. The a/b ratios
were roughly estimated to be 0.2, 0.24, 0.25 and 0.28 for pure,
0.01%, 0.05%, and 0.1% Ce-doped LaCl3 crystals, respectively. The
increasing trend of the a/b ratio was attributed to the increase in
Ce3þ, which can provide slightly more efficient luminescence decay
paths for the very high excitation density of the alpha particles. The
alpha/gamma separation of the Ce-doped LaCl3 crystals was
modest, which is insufficient for fast neutron detection [24].
Therefore, only pure LaCl3 was selected for fast neutron
measurements.



Fig. 2. Normalized scintillation decay under gamma (blue line) and alpha (red dash) excitation. The biggest gamma/alpha separation was observed for the pure LaCl3 crystal (a) and
reduced with Ce concentrations of 0.01% (b), 0.05% (c), and 0.1% (d). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)

Fig. 3. The PSD ratio distribution of gamma and alpha events from 137Cs and 241Am
sources, respectively. The peaks were fitted with Gausian function for computing the
FOM.
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4. Fast neutron measurement

For fast neutron measurements, the pure LaCl3 sample was
encapsulated to measure a weak 252Cf source. The measurement
was performed for two days to achieve a reasonable statistic owing
to the low neutron activity of the source. The pulse height spectrum
was obtained as shown in Fig. 6a. Several dominant gamma peaks
were observed, including peaks at 388, 662, and 1436 keV from
249Cf, 137Cs (fission products), and 138La (internal background) iso-
topes [26], respectively. This finding agrees well with the charac-
teristics of an aged 252Cf source [27].

The scatter plot of the events obtained from the 252Cf source is
shown in Fig. 6b. Two clear separate bands appearing above the
3786
gamma band were observed. The band with the highest PSD ratio
was corresponded to the alpha events generated because of the
35Cl(n,a)32P reaction and internal alpha background from the 227Ac
decay chain [26]. To confirm that the background measurement
was performed, an isolated alpha band was observed, as shown in
Fig. 6c. The band located between the gamma and alpha bands
presented proton events generated because of the 35Cl(n,p)35S
reactions.

There is a dependence of the PSD ratio on the alpha and proton
energies, while it was considerably stable for the gamma rays. The
PSD ratios of both alpha and proton bands decreased when their
energy levels increased. It is caused by the luminescence quenching
which influences the charged particle separation capability of the
pure LaCl3 crystal. The luminescence quenching can be quantita-
tively estimated by quenching factor that equal to the electron
equivalent energy per the actual energy of charge particles [28]. For
example, the quenching factor significantly increased from 0.2 at
5.4 MeV (241Am) to 0.29 at 7.4 MeV (alpha events from the pure
alpha decay of 215Po isotope [23]). Thus, when the ionization den-
sity increased, more nonradiative recombination occurred,
reducing the contribution of the long decay component to the total
light yield. Because the ionization density of the charged particles
increases when energies decreases, the PSD ratio was higher in the
lower energy region.

The electron equivalent energy spectrum of the proton events is
shown in Fig. 5d; this spectrum has a shape similar to that of the
spontaneous fission neutron spectrum obtained from the 252Cf
source. The neutron energy information can be extrapolated if the
quenching factor of proton signals is known, which can be
measured using monoenergetic neutron beams. This indicates that
neutron spectroscopy can be realized using pure LaCl3 crystals. The
inset of Fig. 6d presents the projection on the y axis of the selected
events in the red box shown in Fig. 6b. For the separation of alpha
with the other particles, the energy range of 1920 keVee to 2230
keVee was selected because it cover the pure alpha peak from 215Po
isotope. The PSD ratio distribution of electron, proton and alpha



Fig. 4. Contour plots of the FOM as a function of prompt and delay gates for pure (a), 0.01% (b), 0.05% (c), and 0.1% (d) Ce-doped LaCl3 crystals.

Fig. 5. The scatter plot of the PSD ratio versus gamma equivalent energy under optimized conditions for pure (a), 0.01% (b), 0.05% (c), and 0.1% (d) Ce-doped LaCl3 crystals.
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events was fitted with Gaussian functions. The fitted parameters
were used to estimate the FOM values, which were found to be
2.02, 1.95 and 3.95 for alpha/proton, proton/electron, and alpha/
electron separation, respectively. These values are considerably
higher than the minimum required FOM value (1.5) for practical
applications [29].
5. Conclusion

The LaCl3 crystals were easy to grow using the Bridgman
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technique which is favorable for mass production. An energy res-
olution of 4.0% was obtained at 662 keV for the Ø15 � 15 mm pure
LaCl3 crystal. It showed excellent PSD capability for the practical use
of fast neutron spectroscopy compared with the Ce-doped LaCl3
crystals. The obtained FOM values were found to be 2.02, 1.95 and
3.95 for alpha/proton, proton/electron, and alpha/electron separa-
tion, respectively. Fast neutron measurements using an aged 252Cf
source were also performed. The proton band attributed to the
35Cl(n,a)32P reaction is a promising candidate for direct spectros-
copy of low energy neutrons. Moreover, fast neutron detection



Fig. 6. (a) Pulse height spectra acquired using an aged 252Cf source showing several intense gamma peaks from its fission products. The scatter plot of the PSD ratio versus gamma
equivalent energy of incident particles for the (b) 252Cf source and (c) background measurement. (d) The projection of proton events on x-axis and the inset shows the projection of
selected events in the red box of the plot (c) on the y axis. The alpha, proton, and gamma peaks were fitted with Gaussian functions for estimating FOM. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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efficiency of the LaCl3 was significantly higher than that of the CLYC
crystal because its chloride density is 1.36 times higher than that of
the CLYC crystal. Owing to its excellent scintillation performance,
the pure LaCl3 crystal can be considered as a replacement for the
7Li-enriched CLYC crystal in many applications such as neutron
monitoring and water exploration in space, nuclear physics ex-
periments, well-logging, homeland security.
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