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Charge carrier and exciton dynamics in LaBr;: Ce’* scintillators: Experiment and model

G. Bizarri* and P. Dorenbos
Faculty of Applied Sciences, Delft University of Technology, Mekelweg 15, 2629JB Delft, The Netherlands
(Received 30 October 2006; revised manuscript received 19 February 2007; published 14 May 2007)

The scintillation yield and decay time of LaBr; doped with 0.2%, 0.5%, and 5% cerium were studied
between 80 K and 600 K. LaBr;:5% Ce3* on a photomultiplier tube shows at 300 K a very high scintillation
yield of 22 800 photoelectrons per MeV (64 000 photons per MeV) with a decay time of 16 ns. At 600 K the
yield decreases by =15%. The scintillation yield of LaBr;:0.2%Ce** is 19 800 photoelectrons per MeV
(56 000 photons per MeV) at 300 K with a decrease by =50% at 600 K and a main scintillation decay time
around 30 ns. The appearance of slow components in the Ce emission indicates a relatively slow energy
transfer from the host crystal to Ce. The presence or absence of slow components depends on both concen-
tration and temperature. The results are analyzed and interpreted with a model that comprises prompt charge
carrier trapping by Ce and delayed excitation of Ce by means of thermally activated transport of self-trapped
exciton defects. The results of the study provide detailed information on the scintillation mechanism. Besides

presenting experimental data, the different energy transfer processes are quantified.
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I. INTRODUCTION

Cerium doped LaBrj crystals possess excellent scintilla-
tion properties that excite the y-ray detection community
leading to much increased activity in the development of
new detection instruments for medical, industrial, security,
and space exploration purposes. The invent of LaBry: Ce* is
recent and there is still much to learn about these new scin-
tillators. Scintillation properties were presented in various
papers'~© revealing a strong Ce concentration and tempera-
ture dependence. However, neither a detailed investigation
on the relation between concentration, temperature, and scin-
tillation properties nor a detailed investigation of the scintil-
lation mechanism was performed.

In our previous work, we proposed a model for the scin-
tillation mechanism of LaBr;:0.2% Ce**.” We found a com-
petition between different energy and charge carrier transfer
processes from the ionization track to Ce that depends on
temperature. The prompt trapping of free holes and free elec-
trons by Ce leads to a temperature independent scintillation
response governed by the intrinsic lifetime of the emitting 5d
state of Ce. A thermally activated energy transfer from self-
trapped excitons (STEs) to Ce leads to a slow scintillator
response that depends on STE lifetime, Ce concentration,
and temperature.

In this work, detailed studies on Ce doped LaBr; are pre-
sented. Emission, scintillation yield, and decay time profiles
were recorded between 80 K and 600 K with 662 keV y-ray
excitation on samples with 0.2%, 0.5%, and 5% Ce. A dedi-
cated new experimental facility was constructed for the very
hygroscopic single crystals with high sensitivity and good
reproducability. The decay time profiles are analyzed and
fitted with a model that contains energy and charge carrier
transfer processes. The data and the model provide us with
detailed insight in the scintillation processes in the 1 ns to
1 ws time scale.

II. EXPERIMENT

For this study we used LaBr; crystals with a Ce concen-
tration of 0.2%, 0.5%, and 5%. For the room temperature
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(RT) measurements about 10 mm? large samples were used
while for measurements as functions of temperature crystals
with sizes ranging from 0.1 to 0.5 cm® were used.

Pulse height spectra at RT were recorded in a dry box
with a Hamamatsu R1791 photomultiplier tube (Quartz ver-
sion of Hamamatsu R878 PMT) connected to a homemade
preamplifier, an Ortec 672 spectroscopic amplifier, and an
Ortec AD114 CAMAC analog to digital converter. The PMT
high voltage was kept at —600 V. The sample was placed
without optical coupling on top of the PMT. For efficient
collection of scintillation light, the samples were covered
with several layers of ultraviolet-reflecting Teflon tape
(PTEE tape). The yield of the scintillator, i.e., the number of
photons detected by the PMT and expressed in photoelec-
trons per MeV of absorbed y energy, was determined by
comparing the peak position of the photopeak in the pulse
height spectrum with that of the single photoelectron peak.
To obtain the absolute light yield in photons per MeV, Eq. (1)
was used,?

1-R

Yoh = Vppoo— i, 1
P R e QEey W
where QE s and R4 are, respectively, the effective quantum
efficiency and effective reflectivity of the R1791 PMT pho-
tocathode. The calculated values are 28.7% and 20% for
QE. and R, respectively. The estimated value of PTFE
package reflection (Rprgg) is 0.98. The energy resolution
[fullwidth at half-maximum (FWHM) over peak position]
was obtained from fitting the 662 keV photopeak.

An x-ray tube with Cu anode operating at 40 kV and
25 mA was used to generate x-ray excited luminescence. The
spectra were recorded with an ARC VM504 monochromator
(blazed at 300 nm, 1200 grooves/mm) and a Hamamatsu
R323 photomultiplier tube (HV —1000 V). The spectra were
corrected for the wavelength dependence of the photodetec-
tor quantum efficiency as well as for the monochromator
transmission. X-ray excited luminescence measurements
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were performed between 100 and 600 K using a Janis liquid
nitrogen bath cryostat.

For temperature dependent measurements, we constructed
a setup to record scintillator events under '*’Cs y-ray exci-
tation (7.4 MBq).® The samples are fixed at the bottom of a
paraboliclike stainless steel reflector. Both are mounted onto
the cold finger of a liquid nitrogen bath cryostat. The sample
with the reflector face a photomultiplier tube situated outside
the cryostat, which collects nearly all the scintillation light.
For the pulse height measurements, the output of that PMT
(XP2020Q at —2300 V bias) is integrated via a homemade
preamplifier, and a spectroscopic amplifier (Ortec 572). For
recording decay curves covering four orders of magnitude in
scintillation intensity, the same PMT acts as the start PMT. A
hole in the back of the reflector allows a few of the scintil-
lation photons to reach a second PMT (XP 2020Q at
—2400 V) acting as the stop PMT. An interference filter in
front of this PMT selects the 360 nm Ce emission. The elec-
tronic part of the setup is identical to the conventional
delayed-coincidence method. LeCroy 934 Constant fraction
discriminators (CFDs) and a LeCroy 4208 time to analog
converter (TAC) were used.

LaBr; is very sensitive to moistening even under vacuum
conditions. To prevent moistening, we made special precau-
tions. For the room temperature measurement, the experi-
ments were performed inside a dry box with a moisture con-
tent less than 1 part per million. For the temperature
dependent measurements, the vacuum chamber and the cry-
ostat without sample are baked at 400 K for 2 days. During
the baking process all the water is removed from the experi-
mental setup. The pressure is less than 1077 mbar. The
sample chamber with cryostat is then vented inside the dry
box and inside the dry box the sample is mounted onto the
cold finger of the cryostat.

III. SCINTILLATION PROPERTIES

In this section, we will first present x-ray excited emission
spectra that will reveal characteristic Ce®* emission together
with a broad band lower energy emission which we later will
identify as due to so-called self-trapped excitons. Spectra
recorded as a function of temperature will reveal an anticor-
relation between Ce®* emission intensity and STE emission
intensity. Next, y-ray excited scintillation light yield is deter-
mined as a function of temperature and concentration. The
absolute light yield turns out to be consistent with the inte-
grated x-ray emission intensity. Finally, the y-ray scintilla-
tion decay profiles are presented as a function of concentra-
tion and temperature.

A. X-ray excited emission spectra

X-ray excited emission spectra of LaBr;:0.2%, 0.5%,
and 5%Ce** at 125 K are shown in Fig. 1(a). Spectra are
normalized to each other at 350 nm. Also depicted for the
same temperature are the spectra of LaCly:0.5% Ce’* [Fig.
1(b)], and of pure LaBr; and LaCl; [Fig. 1(c)]. For all the
cerium doped samples, double peaked 5d — 4f cerium emis-
sion is observed. The maxima are located at 355 nm and
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FIG. 1. X-ray excited emission spectra recorded at 125 K (a) of
LaBr;:0.2%, 0.5%, and 5% Ce*, (b) of LaCl;:0.5%Ce**, (c) of
pure LaBr; and LaCls.

385 nm for the bromide, and at 335 nm and 365 nm for the
chloride crystals. In addition, a broad emission band is
present on the long wavelength side of the Ce** doublet,
peaking at 440 nm for the bromide and 400 nm for the chlo-
ride crystals [Figs. 1(a) and 1(b)]. These same emissions are
also observed for the pure compounds in Fig. 1(c).

Figure 1(a) shows that when the cerium concentration is
raised in LaBr3, the intensity of the broad band relative to the
cerium emission decreases. The wavelength scale was trans-
formed to an energy scale and spectra were fitted with three
Gaussian-shaped bands. From these fits, the contributions of
the Ce®* and of the broad band emissions to the total emis-
sion were determined. The contribution of the broad band
decreases from 70% to 37% to 8% for a concentration of
0.2%, 0.5%, and 5%, respectively.

Figure 2 shows the temperature dependence of x-ray ex-
cited emission for LaBry:0.2% Ce** from 125 to 200 K in
temperature steps of 25 K. The characteristic doublet struc-
ture of the cerium emission is present as well as the lower
energy broad band emission. As the temperature rises, the
Ce* luminescence intensity is enhanced at the expense of
the broad band luminescence intensity.

Figure 3 shows the temperature dependence between
125 K and 600 K of Ce3*, broad band, and total lumines-
cence intensity in LaBr;:0.2% Ce**, derived from x-ray in-
duced emission spectra. The total light yield decreases with
increasing temperature. At 125 K, the emission is dominated
by the broad band. With increasing temperature, the Ce**
emission increases at the expense of the broad band emis-
sion. Above 250 K, almost all emission is due to Ce3*. Simi-
lar results were obtained with LaBr;:0.5% and 5% Ce**
samples.
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FIG. 2. Temperature dependence of x-ray excited emission spec-
tra of LaBr3:O.2%Ce3+ recorded at 125, 150, 175, and 200 K.

B. Light output

Figure 4 shows pulse-height spectra of LaBr;:0.2, 0.5%,
and 5% Ce** recorded with a shaping time of 10 us at room
temperature under 7Cs 662 keV y-ray excitation. Derived
scintillation yields and energy resolutions from the 662 keV
total absorption peak recorded with different shaping times
are compiled in Table I.

The highest yield of 22800 photoelectrons per MeV
(64 000 photons per MeV) was measured with a shaping
time of 10 us for LaBry:5%Ce*. The yield decreases to
21500 and 19 800 photoelectron per MeV (60500 and
56 000 photons per MeV, respectively) for 0.5% and 0.2%
Ce. The yield at fixed Ce concentration does not change
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FIG. 3. Temperature dependence of the light yields of Ce3*,
broad band, and total luminescence in LaBr3:0.2%Ce3*, derived
from x-ray induced emission spectra. Solid lines are shown to guide
the eye.
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FIG. 4. '¥'Cs source scintillation pulse height spectra measured
with LaBry:Ce’*. The 662 keV total absorption peaks are present
between channel 300 and 350.

much with shaping time indicating that an electronic integra-
tion time of 0.5 us is long enough to record the entire scin-
tillation pulse at room temperature. The energy resolution is
around 3%.

Figure 5 shows the scintillation yields of
LaBr;:0.2%, 0.5%, and 5%Ce** as a function of tempera-
ture recorded under '¥’Cs 662 keV y-ray excitation with a
shaping time of 10 us. The maximum is reached at 200 K
for all three samples. Above 200 K, the yield decreases with
decreasing Ce concentration and increasing temperature. At
600 K, the loss reaches about 50%, 25%, and 15% for
LaBr;:0.2%, 0.5%, and 5 % Ce3*, respectively. The tem-
perature dependence for the 0.2% doped crystal is similar to
the one observed under x-ray excitation in Fig. 3. Below
200 K, the yield decreases with decreasing temperature. Ac-
tually this decrease is an artefact of the experiment, i.e., the
ballistic deficit. Part of the scintillation pulse at low tempera-
ture and small Ce concentration becomes slower than the
electronic shaping time used for themeasurement, and then
that part of the scintillation pulse does not contribute to the
pulse height. When the light yield is derived from x-ray
emission spectra (Fig. 3), the ballistic deficit does not occur.

C. Scintillation time profiles

Figures 6—8 show the temperature dependence of y-ray
excited scintillation response for LaBr;:0.2%, 0.5%, and
5% Ce** between 80 K and 600 K. On the left-hand side the
long time range response is presented in a log-log represen-
tation. The right-hand side shows the response at a short time
range in a log-lin representation. This latter representation
allows a better display of the initial rise of the scintillation
response.

Clear trends in LaBr; scintillation response can already be
observed. Well below 400 K, 300 K, and 200 K for
LaBr;:0.2%, 0.5%, and 5 % Ce3*, respectively, the decay
curves are composed of a few tens of nanoseconds fast ex-
ponentially decaying component with in addition a much
slower component sometimes extending into the microsec-
ond region. When the temperature increases the slow com-
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TABLE I. Scintillation yield Y in photoelectrons per MeV and energy resolution R derived from 3¢s
662 keV y-ray pulse height spectra of LaBrs:Ce®* with 0.2%, 0.5%, and 5% Ce at RT and recorded with

different shaping times (ST).

Scintillation yield Y (photoelectrons/MeV) R (%)
Sample ST=0.5 us ST=3 us ST=10 us
LaBr3:O.2%Ce3+ 18300 19450 19800 3.4
LaBr5:0.5 % Cet 20050 21350 21500 2.9
LaBr3:5% Cce’t 21050 22400 22800 3

ponent gradually fastens and eventually merges with the fast
one. The merging temperature decreases with increasing Ce
concentration. Above 400 K, 300 K, and 200 K for
LaBr;:0.2%, 0.5%, and 5%Ce** both components are in-
distinguishable. At the merging temperature the decay curve,
especially at low Ce concentration of 0.2% in Fig. 6(b), de-
velops a slow rise in the first 10 ns of the pulse.

To further analyze the data and to translate it into a gen-
eral scintillation mechanism for LaBr;: Ce, the measured de-
cay profiles were fitted with a set of equations that reflect
different energy and charge carrier transfer processes from
the ionization track to Ce.

IV. THE SCINTILLATION MODEL

In the past, several scintillation mechanisms for Ce doped
LaX; were proposed.>? Due to a lack of accurate experi-
mental data on yield and decay time as functions of tempera-
ture and concentration, the suggested models could only pro-
vide a qualitative description of the scintillation processes.
This work provides the required data as a function of four
important parameters; wavelength, temperature, Ce concen-
tration, and time.

We will first argue that STE are responsible for the broad
emission band at 450 nm in Fig. 1 and that they play an
important role in the scintillation process. Then a mathemati-
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FIG. 5. Temperature dependence of LaBr3:0.2%, 0.5%, and
5% Ce* scintillation yield. Solid lines are shown to guide the eye.
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FIG. 6. Temperature dependence of Ce scintillation time profiles
in LaBr;:0.2% Ce3* (a) for a measurement recorded on a long time
domain in a log-log scale representation and (b) for one recorded on
a short time domain in a log-lin scale representation. Curves la-
belled 1y, Iy f, Iy 5 are the fitted decay components.
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FIG. 7. Temperature dependence of Ce scintillation time profiles
in LaBr;:0.5% Ce?* (a) for a measurement recorded on a long time
domain in a log-log scale representation and (b) for one recorded on
a short time domain in a log-lin scale representation. Curves la-
belled Iy, Iy , Iy 5 are the fitted decay components.

cal model based on rate equations is formulated. Finally the
model is applied to the decay time spectra and the relevant
parameters are derived.

A. The model

We distinguish two main energy and charge carrier trans-
fer mechanisms that lead to Ce emission in LaBrs: the se-
quential capture of charge carriers by Ce** and the thermally
activated energy transfer from STEs to cerium ions.

Process I is the prompt capture, i.e., faster than 1 ns, of a
free hole (h*) and a free electron (e”) from the ionization
track by Ce leading to 4f-5d excitation and followed by fast
5d-4f emission.
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FIG. 8. Temperature dependence of Ce scintillation time profiles
in LaBr;:5%Ce** (a) for a measurement recorded on a long time
domain in a log-log scale representation and (b) for one recorded on

a short time domain in a log-lin scale representation. Curves la-
belled 1y, Iy , Iy 5 are the fitted decay components.

The prompt capture of charge carriers by Ce®* is revealed
by the fast time response component observed in Figs. 6-8.
The decay of the fast component agrees with the 16+2 ns
cerium intrinsic lifetime in LaBr; recorded under optical
excitation.®> This prompt transfer leads to part of the
5d—4f cerium emission in Fig. 1(a).

Process 1II is a thermally activated energy transfer from
self-trapped excitons to Ce. The doublet Ce emission, the
broad band lower energy emission, and the anticorrelation
between them with the increase of temperature in Figs. 1-3
are very similar to features observed for LaCly: Ce3*.!?

In LaCls, the presence of two types of STEs was estab-
lished by x-ray excited electron-paramagnetic-resonance
spectra.! Both types correspond to an out-of-plane self-
trapped exciton formed by two nearest CI~ neighbors.!” One
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TABLE II. Results from fitting the scintillation model to the Ce scintillation decay profile of LaBry:0.2% ,0.5%, and 5% Ce>*.

Components
Process 1 Process 11
Fast process Slow process
Sample Temperature (K) Tce (nS) 7 (ns) 7p (ns) s 7 (ns)
LaBr;:0.2% Ce** 100 18(1.3%) =1 0.5(98.7%)
LaBr;:0.2% Ce** 225 19(11.4%) 236(69.9%) 1.5 1120(18.7%)
LaBr;:0.2% Ce** 300 35(100%) 8.75
LaBr;:0.2% Ce** 400 16(100%) 6.59
LaBr;:0.2% Ce** 500 16(100%) =1
LaBr;:0.2% Ce** 600 16(100%) =1
LaBr;:0.5% Ce** 100 18(21.2%) 140(11.5%) =1 0.54(67.3%)
LaBr;:0.5% Ce** 200 18(26.1%) 96(26.6%) 1.2 550(47.3%)
LaBr;:0.5% Ce* 300 27(95.8%) 2.2 80(4.2%)
LaBr;:0.5% Ce* 400 16(100%) =
LaBr;:0.5% Ce* 500 16(100%) =
LaBr;:0.5% Ce* 600 18(100%) =
LaBr;:5%Ce** 80 15(42%) 140(11%) = 710(47%)
LaBr;:5%Ce** 125 16(38%) 75(28%) = 267(34%)
LaBry:5%Ce** 175 18(56.9%) 43(43.1%) =
LaBry:5%Ce’* 300 16(100%) =
LaBry:5%Ce’* 400 16(100%) =
LaBry:5% Ce’* 500 18(100%) =
LaBry:5% Ce’* 600 21(100%) =

of the STEs was directly related to the broad band emission
centered at 400 nm observed for doped and pure LaCl; [Figs.
1(b) and 1(c)]. By analogy, we attribute the broad band emis-
sion centered at 440 nm in LaBr; [Figs. 1(a) and 1(c)] also to
an excitonic emission.!! The transfer from STEs to Ce’* is
revealed by the temperature dependence of the Ce and STE
emissions intensity in Figs. 2 and 3. The anticorrelation be-
tween Ce** and STE luminescence shows that the energy
located on STEs ends at the cerium ions. This anticorrelation
has also been observed in LaCly:0.57 % Ce** by Guillot-Nogl
et al." and in K,LaCls:0.23%Ce** by van’t Spijker et al.'’

A STE to Ce** energy transfer is also consistent with the
concentration and temperature dependences observed in
Figs. 1, 2, and 5. The free charge carriers compete between
the creation of an excited cerium ion and the formation of a
STE which leads to a decrease of the STE emission when the
Ce concentration rises, see Fig. 1. The thermal quenching of
STE emission explains the light loss observed above 300 K
in Figs. 3 and 5. The higher contribution of STE emission at
low Ce concentration, see Fig. 1(a), enhances the energy loss
at temperature between 300 K and 600 K in Fig. 5.

Further evidence of a thermally activated energy transfer
is the risetime observed in the time response of Ce emission.
For LaBr3:0.2% at 300 and 400 K the decay time presents a
risetime of 8.75 and 6.6 ns, respectively, see Fig. 6 and Table
II. At 300 K, LaBr;:0.5%Ce time response shows also a
risetime with a value of 2.2 ns, see Fig. 7 and Table II.

B. Mathematical description

Using rate equations and solving them, the different pro-
cesses of the scintillation mechanism can be described math-
ematically.

Process I: The sequence of events is illustrated by Eqgs.
(2)—(4), and Fig. 9,

Ce3r+ ™ — Ce*,

()

Cet + ™ — Ce™,

3)

E
M
4+ ;
ce3+ ions Ce™™ ions ; Ce3+*
S
I
(o]
:(F N

FIG. 9. (Color online) Model of scintillation illustrating the se-
quential capture of primary charge carriers by Ce>*.
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FIG. 10. (Color online) Model of scintillation illustrating pro-
cess II; creation of STEs and energy transfer from STEs to cerium.

Ce**" — Ce*t + hv. (4)

It is also possible that prior to Eq. (2) the hole is first trapped
by two bromine anions to form a so-called V; center which
then migrates towards a Ce** to form eventually Ce**. The
scintillation profile I;(¢) of process I is given by

I(1) = Ae7'™ce, (5)

which is a single exponentially decaying function with 7,
the lifetime of the Ce** 5d state.

Process II: The sequence of events is illustrated by Eqs.
(6) and (9) and by Fig. 10,

2Br +ht — V,, (6)
Vi+e¢ — STE (7)
Ce** + STE — Ce**", (8)

——

/

( B @ !ge,‘
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Ce’*" — Ce** + hv. 9)

Prior to STE creation a hole is trapped by two bromine an-
ions to form a V, center that subsequently traps an electron to
form a STE.!®

This alone appears not sufficient to fit or reproduce all
decay curves in Figs. 6—8. We need to introduce two differ-
ent STE— Ce transfer processes. Tentatively we associate
one process with thermally activated migration of STEs
through the lattice towards Ce. This process appears in the
scintillation response curves at 100 K for 0.2% and 0.5%
doped samples and is referred to as slow process II. After the
STE has arrived close to a Ce3*, a thermally activated trans-
fer of excitation energy from STE to Ce occurs. This process
is referred to as fast process I1. Both processes are illustrated
in Fig. 11. Note that the slow process is always followed by
the fast one.

Fast process II is determined by the barrier for energy
transfer from an STE in the immediate vicinity of Ce to that
Ce ion as illustrated in Fig. 11. This transfer is easily mod-
elled with two coupled rate equations. Ngrg is the number of
STEs located in the surrounding of Ce. The decay rate _ of
the exciton is equal to I'g+T'g+ 1"y with I'g, I, I'7y the STE
radiative decay rate, the STE thermal quenching rate, and the
transfer rate from an STE to Ce, respectively. The rate of
change of Ngrg is given by

dN, dNstE _

dt (10)

—(Tg+T g+ Ty)Nsrg.

N¢, is the number of Ce 5d states excited via energy
transfer from STEs By taking into account the radiative de-
cay rate ['co=— the rate of change of NCe is given by

dNé .
76=FT1NSTE_FCeNCe' (11)
Solving rate Egs. (10) and (11) gives
Ngrg = NSTEOe_t/TE, (12)

\

La ) B \L-CD Br <La Br (La/\ Br <La) Br La\ Br | La\ Br (La) 2

/L;/ /<La) U \Li/ Br (La)\

\

‘/—\

e La)/’

Model of scintillation illustrating
two different STE to cerium transfer processes.

Energy transfer process from Self Trapped Excitons to cerium ions

Bromide ion  Lanthanumion Cerium ion STE

S MY

STE migration and transfer
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e e

with NstE, the number of STEs formed at #=0.

When 75< 7c., Eq. (13) becomes equivalent to Eq. (5).
The contribution of Process I and fast process II to the scin-
tillation response cannot be distinguished anymore. Already
when 75== 17, it appears impossible to reliably analyze the
scintillation response with a combination of Eq. (5) and Eq.
(13). We therefore, but also in order not to restrict the fitting
too much with the idealized theoretical expressions of Eq.
(5) and Eq. (13), have chosen to replace Eq. (13) with the
more general equation

Iyp(t) = B(e™"E — &), (14)

The cerium scintillation time profile on the long time scale is
given by an exponential decay governed by the decay time
75 of STEs.

Slow process II results from the thermally activated mi-
gration of STEs to Ce as illustrated in Fig. 11. When the
migration rate I'z» from an STE located far from Ce towards
a Ce ion is much slower than the Ce decay rate I', then Eq.
(14) reduces to

Iys() = Ce™'™ (15)

and an exponentially decaying slow component will be
present in the scintillation decay profile. However, our re-
sults reveal that for low Ce concentrations and low tempera-
ture the scintillation profile cannot be fitted with an exponen-
tially decaying function. Instead it appears to decay as a
power law with time

Ins(t) =Dr* with s=0.5. (16)

The physical processes behind a power-law relationship are
complex and may involve several stages.!>'¢ In general such
relationship is expected and observed when there is migra-
tion in a disordered medium. Tunneling, diffusion, or perco-
lation through a lattice with a distribution of site-to-site tun-
neling probabilities or energy barriers, and with a random
distribution of defects often result in power-law-like diffu-
sion rates. At low temperature (=100 K) and at low Ce con-
centration (<0.5%), this energy transfer appears dominant
in LaBr;. At higher temperature, the slow scintillation decay
component is described best by an exponential decay, ac-
cording to Eq. (15). Eventually, the migration rate I'j, be-
comes much higher than the transfer rate I'z; and slow pro-
cess Il merges into fast process II.

C. Fitting parameters

Based on Egs. (5) and (14)—(16), the Ce scintillation de-
cay profiles at 360 nm were fitted over all the temperature
ranges. In Figs. 6-8, we plotted for each temperature the
experimental data (open circle) and the result of the fitting
process (gray curve). In Figs. 6(a), 7(a), and 8(a), the fit is
decomposed into contributions from process I (Iy), fast pro-
cess II (Iyy), and slow process II (Iyg). The values for the
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fitting parameters, 7c., 7Tg, Tp, S, and 7, are compiled in
Table II. The numbers within parentheses correspond with
the relative contribution to the Ce emission at 360 nm com-
ing from process I (Iy), fast process II (I ), and slow pro-
cess II (Iy ). Each contribution is calculated from integra-
tion of the fitted decay components.

V. DISCUSSION

Almost all decay curves in Figs. 6-8 reveal a fast com-
ponent with a decay time of 17+2 ns, see Table II. This
value is close to the 16+2 ns intrinsic lifetime of the emit-
ting Ce 5d state measured for LaBr;:Ce under optical
excitation.’ It does not change with temperature or Ce con-
centration. The same was observed under optical excitation
of LaBr;:Ce. The temerature stability of Ce emission was
explained by a large energy difference between the cerium
5d state and the conduction band.>!!

The probability of prompt capture and therewith the con-
tribution of the fast component to the total yield increases
with Ce concentration. At 100 K, the fast component contri-
bution increases from 1% to =40% from LaBr;:0.2% Ce**
to LaBr;:5%Ce?*, see Table II.

The prompt capture probability of charge carriers by Ce
may also depend on temperature because the creation rate of
STEs, see Egs. (5) and (6), and the hole capture rate by Ce*,
see Eq. (2), are possibly related with thermally activated mi-
gration of V, centers. Between 100 and 300 K the contribu-
tion of the fast component to the Ce emission does not
change significantly for 0.5% and 5% doped LaBr;. How-
ever, at concentration of 0.2% Table II shows a 10 times
increased prompt capture probability when temperature in-
creases from 100 to 225 K.

Above 400, 300, and 200 K, the contribution of the fast
component to the total yield reaches 100% for
LaBr;:0.2%Ce**, LaBr;:0.5%Ce**, and LaBry:5%Ce’",
respectively. This is fully attributed to the increase of 'y
(fast process II) and Iy, (slow process II). For
LaBr;:0.5%Ce** 7, decreases from 140 ns to 27 ns and 7p,
from a value higher than 550 ns to 80 ns between 100 and
300 K, respectively. Above 300 K, 75 and 7~ become faster
than 7c.. The STE— Ce transfer is then faster than the life-
time of Ce, and scintillation components due to process II
merge together with that from process I. The resulting time
response is fully governed by the intrinsic Ce emission decay
time.

Because I'j, increases faster than I';; with increasing
temperature, we observe a gradual shift in the energy transfer
from the slow process Il mechanism to the fast process II
mechanism. For LaBr;:0.2% Ce>* we observe first a power-
law decay time component at 100 K that turns into a combi-
nation of a fast and slow exponential component at 225 K.
At room temperature the scintillation profile is well de-
scribed by Eq. (14) of the fast process II; a clear risetime is
observed in Fig. 6. At 300 K for both LaBr;:0.2% and
0.5% Ce**, slow process II is not observed anymore. The fast
process Il becomes the rate determining energy transfer
mechanism hiding the contribution coming from process 1.

In this work we used Eqgs. (5), (15), and (16) to fit the
scintillation decay curves measured at 360 nm as functions
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of temperature and Ce concentration. Excellent fits providing
parameter values that describe the various scintillation pro-
cesses are obtained. Process I describes a 17+2 ns Ce™*
emission component. Fast process II describes a combination
of Ce** and STE emission. The ratio of Ce** to STE emis-
sion from fast process II depends on the unknown parameters
Ig, I'p, and T'zy that determine TLE in Egs. (12) and (13).
Although these parameters are not yet known as functions of
temperature and concentration, all the main features in the
emission and scintillation intensity in Figs. 1-3, and Fig. 5
are already explained qualitatively by our scintillation model
and the parameter values in Table II.

The disappearing of the STE emission at 125 K when the
concentration increases from 0.2% to 5% in Fig. 1(a) is now
attributed to an increase of the transfer rate from STE to Ce
to values higher than the radiative lifetime I'y of the STE.
The same applies to the anticorrelation between STE emis-
sion and Ce emission observed in Fig. 2 and Fig. 3 for
LaBr;:0.2% Ce when the temperature increases from 125 K
to room temperature. Again the transfer rate from STE to Ce
becomes larger than the radiative decay rate I'y of the STE
leading to decrease of STE emission and increase of Ce
emission. The decrease of the Ce emission with temperature
above 300 K in Fig. 3 for LaBr3:0.2% Ce is attributed to the
thermal quenching rate I'y of the STE that apparently be-
comes faster than the transfer rate to Ce and the radiative
lifetime I';. One now even understands why in Fig. 5 the
amount of scintillation quenching at 600 K deceases when
the Ce concentration increases from 0.2% to 5%. There are
two reasons. First, the smaller part of the total emission is
due to energy transfer from STE to Ce, and that is the only
part that can be quenched thermally. Second, the thermal
quenching of that part is reduced because the transfer rate
increases with Ce concentration whereas the thermal quench-
ing rate of the STE is most likely independent on concentra-
tion.

In a forthcoming work we intend to use our scintillation
model to fit, besides the decay time spectra in Figs. 68,
simultaneously data on the absolute light yield as in Fig. 5
and data from emission spectra as in Fig. 3. It will provide us
with the STE quenching rates and STE to Ce transfer rates as
functions of temperature and concentration from which we
expect to extract the activation energies for energy transfer
and for STE quenching.
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VI. CONCLUSION

vy-ray pulse height spectra and scintillation decay time
profiles were measured between 80 K and 600 K on samples
with 0.2%, 0.5%, and 5% Ce. These data were analyzed with
a scintillation model that contains the following energy and
charge carrier transfer processes from the ionization track
created by a vy particle to Ce:

(i) The prompt sequential capture of the primary charge
carriers by Ce.

(ii) Thermally activated energy transfer from self-trapped
excitons situated in the close surrounding of a cerium ion to
that cerium ion.

(iii) Thermally activated migration of STEs towards Ce
followed by energy transfer from STE to Ce. The migration
phase may lead to a power-law-like or a slow exponential
contribution to the scintillation pulse.

The competition between all those mechanisms deter-
mines the scintillation properties as functions of the tempera-
ture and Ce concentration. At low Ce concentration and low
temperature, STEs are created with high efficiency. Ther-
mally activated STE diffusion to Ce is then the dominant
scintillation mechanism. It results in a relatively slow decay
component. If the Ce concentration or the temperature in-
creases, the speed of STE energy transfer to Ce increases. At
high Ce concentration or high temperature, the transfer rate
from STEs to Ce is faster than the Ce lifetime. The scintil-
lation decay profile is then entirely governed by the intrinsic
lifetime of Ce. For intermediate cerium concentrations and
temperatures, all these mechanisms are present simulta-
neously and slow and fast components are mixed. The time
response of LaBrs is the result of the competition between
those different energy transfer processes.

The combination of accurate scintillation profile measure-
ments and model fitting provides the parameter values of
different transfer processes as functions of concentration and
temperature.
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