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Scintillation Properties of LaGICe’T Crystals: Fast,
Efficient, and High-Energy Resolution Scintillators

E. V. D. van Loef, P. Dorenbos, C. W. E. van EiMember, IEEEK. Kramer, and H. U. Gudel

Abstract—The scintillation properties of LaClz doped with dif- Il. EXPERIMENTAL
ferent Ce®* concentrations studied by means of optical, X-ray, )
and ~-ray excitation are presented. Under optical andy-ray ex- Crystals of pure LaGl LaCl;: 2%, 4%, 10%, 30% C¢&

citation, Ce®* emission is observed peaking at 330 and 352 nm. and pure CeGlwere grown by the Bridgman technique using a
For LaCl; doped with 2%, 4%, 10%, and 30% Ce* and pure moving furnace and a static vertical ampoule. The preparation
CeCl;, we measured a light yield of 46 00GE 3000 photons per has already been described in [5]. La@hd CeC} crystallize
Il{\)AeV of absorbed~-ray energy. The scmnl!anon dean curve can o UCH type structure [6], space group£@ (no. 176). The

e described by three decay components: short-( = 25 ns), in- . .
termediate (- = 200 — 800 ns), and long ¢ = 0.8—14 us). The latticeis notlayered and does not cleave easily. ba@t CeCl
contribution of the short decay component to the total light yield melt at about 872C. The Cé&* concentrations in the crystals
increases with C&+ concentration: ranging from 10% for LaCl 5:  were determined by induction-coupled plasma spectroscopy.
2% Ce3+ to 69% for pure CeC|3 An energy resolution (fU”'Wldth LaCI3 and Cecj Crystals are hygroscop|c but |ESS Sens|t|ve

half-maximum over peak position) for the 662-keV full energy peak
of 3.5 0.4%, 3.5+ 0.4%, 3.1+ 0.3%, 3.3+ 0.3% and 3.4+ than RbGdBr; or Nal. Samples of both Lagland Nal were

0.3%, respectively, was observed for LaGl: 2%, 4%, 10%, 30% ©Xposed to air, and after a few hours, the quality of the LaCl
Ce*t and pure CeCk. sample worsened slightly due to hydration of the surface. By

Index Terms—Energy resolution, Gamma-detection, LaCl3:Ce, that_ time, the Nal_ crygtal had alregdy become dequuescent._ To
PACS: 29.40 Mc; 2930 Kv: 78.55 Hx, rare-earth trihalides, scintil- avoid such deterioration, the studied crystals were sealed into
lators. small quartz ampoules under nitrogen atmosphere.

X-ray excited optical luminescence spectra were recorded
with a Cu anode operating at 35 kMand 25 mA. The spectra
were obtained with an ARC VM504 monochromator (blazed at

HE Search for new inorganic scintillators with a higlBB00 nm, 1200 grooves/mm) and an EMI 9462 photomultiplier

light yield, a short decay time, and good energy resgPMT). The spectra in this study were corrected for the wave-
lution has resulted in the discovery of scintillating materialength dependence of the photodetector quantum efficiency as
like K,LaCl;:Ce*t [1], [2] and RbGdBr.:Ce*t [3], [4]. well as monochromator transmission. Temperature-dependent
K,LaCl;:Ce*t scintillates efficiently with a photon yield of X-ray excited optical luminescence measurements were per-
28000 photons per MeV (ph/MeV). It shows a good enerdggrmed between 100 and 400 K using a Cryospec model 20A
resolution of 5.1% for 662 keV/-quanta. RbGgBr-:Ce*T has Joule—Thomson Miniature Refrigerator operated with 99.999%
an even higher light output of 56 000 ph/MeV in addition to apurity nitrogen gas at 120 bar. The temperature resolution is typ-
excellent energy resolution of 4.1% at 662 keV. Recently, theally 0.1 K. The temperature measurements, in absolute terms,
scintillation properties of LaGICe*t 0.57% were published are limited by experimental factors such as the thermal coupling
by Guillot-Noél et al. [5]. Unfortunately, both the timing res- between the control stage and the sample.
olution and the energy resolution of this compound left much Pulse-height spectra were recorded with a Hamamatsu R1791
to be desired. Nevertheless, it was thought that the scintillati®T with a box-type dynode structure. It was connected to a
properties, and especially the scintillation decay, could B®memade preamplifier and an Ortec 672 spectroscopic ampli-
improved by increasing the cerium concentration. In this papéer. The quartz ampoules containing the crystal are optically
we investigated the optical and scintillation properties of I;aCtoupled onto the window of the PMT with Viscasil 60 000 cSt
crystals doped with different @& concentrations under X-ray from General Electric. To minimize the losses in light yield,
and~-ray excitation. the ampoules were covered with several layers of 0.1-mm

ultraviolet-reflecting Teflon tape. The light yield, expressed in
collected photoelectrons per MeV of absorbeday energy
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Fig. 1. X-ray excited optical luminescence spectrum of pure LaCAaCls: |
2%, 4%, 10%, 30% Ce and pure CeGlat room temperature. Theaxis has 10
been calibrated using the light yields derived from pulse-height measureme °1 *
T
.;_j 0.9 .
position was taken into account. The error made in the numt £
of photoelectrons, caused by errors in the determination oft 5 984 . *
relative gain of the PMT and the position of the photopeak, :3: 1 . LI
typically 2%. 5 °'7j . o ®
The absolute light yield, expressed in photons per MeV | & 05 .
absorbedy-ray energy (ph/MeV), was determined from the de ]
tection efficiencyny(A) of the PMT. The detection efficiency is o5 e
given by 100 150 200 250 300 350 400
Tem perature {(K)
b
na(A) = ng(M\nem (1) ®
where Fig. 2. (a) X-ray excited optical luminescence spectra of pure  8€tween

100 and 400 K, recorded in steps of 50 K. (b) Temperature dependence of the

77’1()‘) quantum emC'enCy of the PMT; total light yield, derived from X-ray excited optical luminescence spectra. The

e charge collection efficiency of the photoelectronsrrors are in the same order as the point size.
originating from the photocathode;
the photocathode. Section 111-B).

The manufacturer provided the detection efficiency of the por pyre Lagy, the X-ray excited optical luminescence spec-
R1791 Hamamatsu tube. The charge collection efficiency gfim at room temperature consists of a broad band located be-
PMTs with box-type dynodes is close to optimal, and in thigyeen 250 and 600 nm and is attributed to self-trapped-exciton
work, we assume). = 0.95 &+ 0.05. The light collection (STE) juminescence. For other chlorides [8] and puresL[aF

efficiency; is estimated to be 0.9% 0.05. similar bands have been observed and were readily assigned to
Scintillation decay time spectra at time scales up to 2Q9rg juminescence.

f;s] \\:vvi?;exgegg;%%j |:l>J|\S/|I'r|]'g tgs gcr)tr;\::egtéamzorr?sutgl:tltFr;ittri]:r? Temperature-dependent X-ray excited optical luminescence
Discriminators, and a Leé:roy 4208 time-to-digital convertesrpeCtra of pure Lag| mea_sure_d between 100 and 400 K in
having a chanr'1el width of 1 ns Steps of 50 K are shown in Fig. 2. For pure LaCthe total
: light yield decreases when the temperature increases from 100

to 400 K. The total light yield at 400 K with respect to that
lll. RESULTS at 100 K is about 50%. This is probably due to quenching of
STE luminescence. In the X-ray excited optical luminescence
spectrum at 100 K, a weak band can be observed near 317 nm

The X-ray excited optical luminescence spectra of purextto the main peak at 398 nm. At elevated temperatures, the
LaCls, LaCls: 2%, 4%, 30% C&" and pure CeGlare shown 317-nm band has completely disappeared. Thermoluminescent
in Fig. 1. Each spectrum has been corrected for the wavelengtow curves of pure LaGlirradiated with X-rays at 77 K re-
dependence of the photodetector quantum efficiency as watlal a main peak at 111 K that is attributed to the release of
as monochromator transmission. Each spectrum is normalizadf-trapped holes [10]. Possibly, the peak at 317 nm in the
such that the integral over all wavelengths is equal to the valderay excited optical luminescence spectrum of pure La€l
for the absolute light yield in photons per MeV, as found fromassociated with this detrapping of the self-trapped holes. Note

A. X-Ray Excited Optical Luminescence
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TABLE |
LIGHT YIELDS DERIVED FROM PULSE-HEIGHT SPECTRA AND THE ENERGY

104 . | RESOLUTION R OF PURE LaCls, LaCls: 2%, 4%, 10%, 30% Cé& AND PURE
’ » - .t TR R CeCk UNDER **7Cs 662 KeVy-RAY EXCITATION
1 = - ] A
T 08+ . & : Host [Ce™] Photon yield Energy
E 1 a (%) (10° ph/MeV) resolution
_’Eﬁ 061 A & A A A 1 R
- i * Total Luminescence 0.5 Hs 3 Hs 10 us
g 4 Ce (%)
s 044 v STE b
8 veV v LaCls - - - 341 47+£02
I v ] LaCl, 2 - M+l 49+1 35404
] v o9 LaCls 4 3721 471 49=1 35104
oo+ Y vey LaCl; 10 45+1 49+1 491 3103
000 B penture gy LaCl, 30 4241 431 43+1  33+03
CeCl3 - 44+1 461 461 34+03

Fig. 3. Temperature dependence of the light yields of'Ce&STE, and total
luminescence in LaGl 4% Cé* derived from X-ray excited luminescence . . )
spectra. The errors are in the same order as the point size. Ce*t and pure CeGl the total light yield at 400 K with respect

to that at 100 K is 85% and 72%, respectively.

that from 100 to 400 K, the maximum of the STE luminescen
shifts to shorter wavelengths (higher energy).

The X-ray excited optical luminescence spectra of the Light yields derived from pulse-height spectra unééiCs
cerium-doped LaGl crystals are dominated by a broad emist62-keV ~-ray excitation are compiled in Table I. All light
sion band located between 300 and 400 nm. It is attributed¥t§!ds of Table | are obtained with crystals in quartz ampoules.
Cé luminescence. In addition, a weak emission band canThe pulse-height spectrum of LaClL0% Cé* is shown in
be observed between 400 and 550 nm. It is not present unfi§- 4. In order to Qetermine the _position of the photopeak and
optical excitation and is probably due to some residual STEe energy resolution of the studied compounds, the photopeak
luminescence. The X-ray excited optical luminescence of pu@s fitted with several Gaussian curves. In many cases, the pho-
CeCk [11] is located at longer wavelengths (lower energQPpeak is accompanied by_ satellite peaks at lower energy, due
compared to the luminescence of the cerium-doped 4acp the escape of characteristit,, Kz X-rays of lanthanum or
samples. Note that when the Teconcentration is increased,cernum. _
the intensity of the C&" emission band increases, whereas the Of all studied compounds, pure LaCéeems to have the
intensity of the (residual) STE luminescence decreases.  lowest light output with 34 00& 1000 ph/MeV, obtained with

From 100 to 400 K, the total light yield under X-ray exci-2 Shaping time of 1@is (see Table I). As shown in Fig. 1, the
tation of LaCh: 2%, 4%, and 10% Cd remains almost con- light yield of pure LaC} is mainly due to STE luminescence.
stant. However, as the temperature rises, thig Qeminescence FOr LaCl doped with different C&" concentrations and pure
intensity is enhanced at the expense of STE luminescence 4f£Ch, we measured lightyields on the order of 43 000 to 49 000
tensity, revealing an anticorrelation between these two typesfo¥MeV of absorbed,-ray energy. The absolute light yield of
emissions. In order to quantitatively separate the contributioR@wder samples of pure CeChas been reported before by
of Ce** and STE luminescence to the total light yield, the wavd2erenzoet al. [12]. However, they reported a lower light yield
length scale of the X-ray excited optical luminescence specfh28 000 ph/MeV under X-ray excitation.
was transformed to an energy scale, and spectra were fitted witfFnergy resolutions? (full-width half-maximum over peak
three Gaussian-shaped bands. From these fits, the contribuigition) for the 662-keV full energy peak are between 3.1 and
of Cé*+ and STE luminescence to the total light yield can be d§_=5%- These energy resolutlon_s are the best for inorganic scin-
termined. As an example, Fig. 3 shows the temperature depbifator detectors ever reported in the literature [13].
dence of the light yields of G&, STE, and total luminescence
output under X-ray excitation in Lag4% Cé&+.

The anticorrelation between €eand STE luminescence has  Scintillation decay time spectra of LaCP%, 4% 10% C&"
been observed before by Guillot-Nog al. in LaCls: 0.57% and pure CeGlat room temperature undé&t’ Cs~-ray excita-
Ce*t. At 135 K and lower temperatures, the contributions of thiion are shown in Fig. 5. At first sight, the decay curves are not
STE and C&" luminescence to the total light yield of Lafl single exponential and have a long decay component extending
0.57% Cé+ were almost equal [5]. However, for LaCIl2%, into the microsecond region. The overall decay time decreases
4%, and 10% C&", the contribution of STE luminescence tovhen the cerium concentration is increased. The only compound
the total light yield at 135 K is significantly lower comparedhat seems to have a single exponential decay is pure;L&€l
to that of C&™. In these compounds, STE luminescence mightiminescence has a decay time of a& The irregularity in
already be quenched at 135 K. Both LaG30% Cé+ and pure curve (d) is due to after pulses in the PMT.

CeCk show a gradual decrease in the total light yield as the To characterize the decay curves more accurately, three decay
temperature is increased from 100 to 400 K. For 15aBD% components were assumed. This assumption has no physical

® Pulse-Height Experiments

C. Scintillation Decay
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TABLE I
CHARACTERISTIC COMPONENTS OF THESCINTILLATION DECAY CURVES OF PURE LaCls, LaCls: 2%, 4%, 10%, 30% Ce& AND PURE
CeCF. THE COMPONENTSCALLED “I NTERMEDIATE” A RE NONEXPONENTIAL

Host [Ce Decay components

(%) Short Intermediate Long

(ns) (ns) (ms)

LaCl; - - - 3.48 £0.02, 100%
LaCl; 2 26.8+£0.9,10% 229£2, 18% 1.76 £0.01, 72%
LaCls 4 25.0£0.1,18% 213£1,25% 1.14 £0.01, 57%
LaCl; 10 255+0.1,41% 213£2,29% 0.80£0.02, 30%
LaCl; 30 243+£0.1,65% 3795, 11% 2.7+£0.2,24%
CeCl; - 25.1£0.1,69% 861 £22, 8% 14+ 4,23%

IV. DISCUSSION

32keV Ba ' ' ' In order to propose a scintillation mechanism for
1 LaCl;:Ce*t, it is necessary to survey the mechanisms
R=3.1% that could play a role in the scintillation process. Already

La X-ray escape peak l

|

in the paper by Guillot-Noél [5], the three most important
mechanisms to consider were described and explained:

1) energy transfer by direct electron-hole capture on
cet;

2) energy transfer by binary electron-hole recombination;

3) energy transfer by STE diffusion.

In all samples, the relatively short decay component is probably
due todirect capture of electron-hole paisn Cé+. The ob-

Energy (keV) served decay time 0£25 ns is typical for C&" luminescence.

When the C&" concentration is increased, the contribution of

Fig. 4. Pulse-height spectrum of LaCl10% Cé* under 1*7Cs 4-ray thiS component to the total light yield is expected to increase as
excitation, recorded with a shaping time of 6. well. Indeed, from LaGl: 2% Cé&* to LaClk: 30% Cé™, the
contribution of this component to the total light yield increases
from 10% to 65% (see Table ).

The long decay component is probably due to STE lumines-
cence. The decay time of this component, which is on the order
of a few microseconds, is typical for self-trapped excitons [8].
As for LaCk: 0.57% Cé&+ [5], we observed an anticorrelation
between Cé&t luminescence and STE luminescence for LaCl
2%, 4%, 10% C&". Consequently, it is assumed tretergy
transfer by STE diffusiois an important mechanism in these
samples. The shortening of the decay time of STE luminescence
is consistent with this model: if the €& concentration is in-
creased, the diffusion path length of STE to cerium is shortened,
' . : Moty as well as the decay time of the STE. For La@0% Cé™* and
o 200 400 800 800 1000 CeCl, we did not observe an anticorrelation between STE and

Time (ns) Ce*t luminescence. Considering the high3¢econcentration
in these samples, the STE is actually next to a certain Ce ion.
Fig.5. Scintillation decay time spectra of (a) LaC2% Cét, (b) LaCk: 4% Consequently, no STE to &e diffusion is present. The long
Cé*, (c) LaCk: 10% Cé+, and (d) pure CQGI The inset s_hows the decay . . .
time spectrum of LaGl 2% Cée* on a longer time scale. The fit of the spectrumdecay component Is prObany due to impurity f@)atrapped
is indicated by a white dotted line. STE luminescence.
In addition to these simple exponential components, a
meaning but is used to analyze the data. In Table Il, the thregbstantial part of the decay curves of Lg%, 4%, 10%,
decay components are presented as well as their relative cor@fivo Cé+ is nonexponential. This nonexponential component
bution to the total light yield of the crystals. The componenis probably due tdbinary electron-hole recombinatiorPre-
marked “intermediate” are nonexponential and have been aus papers have shown that in several lanthanide trihalides
proximated by an exponential fit. For simplicity, the compof5], K.LaCl;: Ce**+ [2] and CsLiYCls:Ce*t [14] binary
nents will be addressed as “short,” “intermediate,” and “longglectron-hole recombination could explain the observed nonex-
in the following discussion. ponential component in the decay curve ungeay excitation.

Counts

Intensity {(a.u.)
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In addition, itis known from the literature that in alkali fluorides [6]
and chlorides, STEs are not easily formed and are more likely’]
to form a localized F-H pair [15]. To give a more definitive

judgement on this type of energy transfer in these compoundsig]
more experiments like electron-paramagnetic resonance and
temperature-dependent decay time measurements have to l?@

performed.
[10]
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