IOP Conference Series: Materials
Science and Engineering

OPEN ACCESS You may also like
. . . . - ical properties o Sl: crystals grown
Scintillation, Afterglow and Thermoluminescence e e Loneak aton

P Sintham, P Saengkaew and S Sanorpim

- Concentration Dependence of Afterglow
Suppression in Csl:TI,.Sm

of Csl:TI,.Sm
L A Kappers, R H Bartram, D S Hamilton

To cite this article: L A Kappers et al 2010 /OP Conf. Ser.: Mater. Sci. Eng. 15 012091 etal.

- Experimental comparison of high-density
scintillators for EMCCD-based gamma ray
imaging
Jan W T Heemskerk, Rob Kreuger,
Marlies C Goorden et al.

View the article online for updates and enhancements.

c S| DISCOVER
i - how sustainability
The Vi : intersects with
Electrochemical & |
Society

Advancing solid state &
electrochemical science & technology

This content was downloaded from IP address 3.17.68.14 on 05/05/2024 at 05:44


https://doi.org/10.1088/1757-899X/15/1/012091
https://iopscience.iop.org/article/10.1088/1742-6596/1144/1/012105
https://iopscience.iop.org/article/10.1088/1742-6596/1144/1/012105
https://iopscience.iop.org/article/10.1088/1742-6596/249/1/012014
https://iopscience.iop.org/article/10.1088/1742-6596/249/1/012014
https://iopscience.iop.org/article/10.1088/0031-9155/57/14/4545
https://iopscience.iop.org/article/10.1088/0031-9155/57/14/4545
https://iopscience.iop.org/article/10.1088/0031-9155/57/14/4545
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjsui4PVAn_PrB1y3Y1Ye8QC5mRP82dvEwnvZcGmm5HrfILFENvW0XXHJOsSNpFSLPykhbSJ2sBkmOugNtgLW-sN4lDC_gYBwll1vBfyLC-iF3zKGs4swkNU5A981iQt7m72Ib-WHpqIsz7fdLNhCq50IKNiX_GniXK0GkKvleHeObBcaVfaBkWEZb2UPpah-oxI5nevbpWAjPufyymBQwQHAjdh8H9lPI3v03akppdsAcgP_lLmhWvCbi4JJMapTdluujUuzY4JUZbxrztAxQ6RjR9HEOjsUydOUIzYCR01kcOf_d80y8P2Zxs459TMdFAdPEdmDAuTcwE-4clf4kQaYVXoKBA&sig=Cg0ArKJSzGDZMwGqM7sD&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://iopscience.iop.org/partner/ecs%3Futm_source%3DIOP%26utm_medium%3Ddigital%26utm_campaign%3DIOP_tia%26utm_id%3DIOP%2BTIA

11th Europhysical Conference on Defects in Insulating Materials (EURODIM 2010) IOP Publishing
IOP Conf. Series: Materials Science and Engineering 15 (2010) 012091 doi:10.1088/1757-899X/15/1/012091

Scintillation, Afterglow and Thermoluminescence of
Csl:TI,Sm

L A Kappers!, R H Bartram!, D S Hamilton', A Lempicki’, C Brecher?
V Gaysinskiy?, E E Ovechkina® and V V Nagarkar®

' Department of Physics, University of Connecticut, Storrs, CT 06269-3046, USA

2 ALEM Associates, 44 Hunt St., Watertown, MA 02472, USA

% Radiation Monitoring Devices (RMD) Inc., 44 Hunt St., Watertown, MA 02472,
USA

E-mail: lawrence.kappers@uconn.edu

Abstract. Experiments on co-doped Csl:T1,Sm suggest that samarium electron traps scavenge
electrons from thallium traps and that electrons subsequently released by samarium recombine
non-radiatively with trapped holes, thus suppressing afterglow. These experiments support the
inference that electrons tunnel freely between samarium ions and are trapped preferentially as
substitutional Sm* near Va(TI") centers where non-radiative recombination is the rate-limiting
step. Combined radioluminescence, afterglow and thermoluminescence on single-crystal
samples of Csl:Tl and Csl:TI,Sm, recorded sequentially at adjusted gain settings following
low-temperature irradiation, reveal reversible radiation damage as well.

1. Introduction

The feasibility of substantially diminishing afterglow in Csl: T scintillator material by co-doping with
Sm** has been demonstrated. [1] Rate equations informed by experiment predict that deeper
samarium electron traps, involving diffuse 6s orbitals of Sm*, scavenge electrons from shallower
thallium traps, and combined radioluminescence, afterglow and thermoluminescence experiments on
single-crystal samples of Csl:TI1,Sm suggest that most electrons released by Sm* recombine non-
radiatively with holes trapped as Via(TI") centers (Vk centers trapped at TI" ions), thus providing a
mechanism for suppression of trapped-charge accumulation in repetitive applications. [2] A linear-
coupling model in the harmonic approximation, based on quantum-chemistry calculations with
selective lattice relaxation, suggests further that non-radiative charge transfer is enabled by low-energy
excited states of Sm”* within the ground configuration and is mediated by spin-orbit interaction.
Although recombination is predominantly non-radiative, tracking of the process with enhanced gain
settings is enabled both by radiative recombination following thermal ionization and by a small
radiative component of the charge-transfer recombination associated with magnetic-dipole transitions
from low-energy excited states of Sm*. In a previous investigation [3], combined scintillation and
afterglow experiments were performed on single-crystal samples of Csl:TI,Sm in order to determine
the concentration dependence of the rate of non-radiative charge transfer and thus to construct a more
nuanced model of the non-radiative process. The present investigation is concerned with the extension
of these experiments to include thermoluminescence recorded at still another enhanced gain setting
following both low-temperature irradiation and afterglow. Both Csl:TI and Csl:TI,Sm were
investigated with and without optical filters.
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2. Experiment

An electron Van de Graaff accelerator operated at a beam voltage of 1.0 MeV was employed as the
primary radiation source with the 1.0 A electron beam stopped by a thin copper target that served as
a point source of 0.5 MeV gamma rays. Samples were mounted on a heated pedestal and cooled by
flowing nitrogen gas, the sample temperature was monitored by a thermocouple and luminescence was
conducted to a photomultiplier (PMT) by a shielded optical fiber. Following four-minute irradiations
at -112 °C, the gain was increased by a factor of 10° to monitor the decay of the afterglow at constant
temperature for ten minutes and then reduced by an additional factor of 10 to record
thermoluminescence with a linear temperature ramp of 25 °C/min. Light-output data were recorded at
four-second intervals both with and without a Schott orange OG530 optical filter in front of the PMT
to suppress short wavelength radiation in an effort to discriminate between the activators for
scintillation and for thermoluminescence, as explained in Section 5. Two single-crystal samples were
investigated, one Csl:Tl and the other Csl:T1,Sm. Nominal dopant concentrations were 0.11% TI" in
both samples and 0.05% Sm?" in the second. Recorded light output is plotted in Figures 1 and 2.
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Figure 1. Scintillation, afterglow and thermoluminescence of Csl:Tl recorded at adjusted gain
settings (left-hand scale) and sample temperature (right-hand scale) with (dashed curves) and without
(solid curves) an OG530 optical filter inserted in front of the photomultiplier.
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Figure 2. Scintillation, afterglow and thermoluminescence of Csl:TI,Sm recorded at adjusted gain
settings (left-hand scale) and sample temperature (right-hand scale) with (dashed curves) and without
(solid curves) an OG530 optical filter inserted in front of the photomultiplier.
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3. Rate Equations
Complete rate equations for the first two phases of the process were presented in Reference 2. Rate

equations for the afterglow phase in terms of the normalized trapped-hole concentration n, and the
normalized light output I are

df,

5 =P, —ay, (1)

= —% —@-nan? =rani? + p™A, 2

a=z=s,exp(E,/ksT), 3
5 = 56 expEC™ [k, T), 4

with explicit solution as a function of afterglow time t for fixed temperature T:
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The parameters « and r respectively determine the rate of charge-transfer recombination and its
radiative fraction, and the parameter pg8m> determines the rate of thermal ionization. Both « and

pésm) are of Arrhenius form. The parameter E, can be identified with the thermal barrier for the non-

radiative charge-transfer transition, while s®™ and E®™ are, respectively, the frequency factor and trap
depth for thermal ionization. These equations were fitted to afterglow data in Reference 3 with the
optimized parameters listed in Table 1. Optimized values of r are typically ~1%.

Table 1. Optimized parameters for thermally activated processes

%Sm”*  Ea(eV) sa (Min™) EC™ (eV) s® (min™)
0.2% 0.199 3.66x10° 0.946 8.46x10%
0.05% 0.180 5.26 x10* 0.925 8.48x10"

4. Promoting-Interaction Model for Afterglow

The frequency factor s, in Eq. (3) is proportional to the promoting interaction for the non-radiative
charge-transfer transition (intersystem crossing) and thus to the square of the matrix element of the
spin-orbit interaction between initial and final states. A diffuse 6s orbital centered at r, can be

represented in a continuum approximation with effective mass ratio m*/m=1.0 by

exp(—Ar/xa,)

ﬂ_l/Z(Ka )3/2 ' AI’E|F_F0|' (6)
0

¢65 (AI’) =

With the assumption of a fixed separation Ar of initial and final sites in each crystal sample, the ratio
of promoting interactions is given by
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where p is the total dopant concentration and x=6.31. It follows that Ar,/a=2.88 and
Ar,/a=3.59, where a=4.56A is the lattice parameter. These values are consistent with the

inference that electrons tunnel freely between samarium ions and are trapped preferentially near
Via(TI) centers (Vk centers trapped by TI* ions) where non-radiative recombination is the rate-
limiting step. An earlier tunnelling model of Delbecq et al. [4] provides an egregiously poor fit to the
data; thus the data are not consistent with a random distribution of trapped electrons. [5]

5. Radiation-Damage Model for Thermoluminescence

Thermoluminescence with and without an optical filter reveals glow peaks at an appreciably shorter
wavelength than that of the TI" emission during scintillation and afterglow, as is evident from Table 2.
The smaller reduction in Scint ratio with addition of Sm** is attributed to a slight shift of scintillation
light output to shorter wavelengths [1]. A single glow peak is observed in Csl:Tl in Figure 1 and
multiple glow peaks in Csl:T1,Sm in Figure 2. Excitons efficiently transport energy to TI" activators
during room-temperature irradiation, but they become self-trapped and decompose into F-H pairs
during low-temperature irradiation. The more mobile H centers are subsequently trapped at TI" as
Ha(TI") centers or at Sm** as Ha(Sm®") centers perturbed by charge-compensating cation vacancies V¢
in various relative locations, until they are thermally released and recombine with F centers. Ab initio
calculations suggest that the deepest traps correlate with the most remote cation vacancies. The
observed glow peaks are tentatively attributed to radiative recombination events. [6], [7]

Table 2. Ratios of integrated light output with and without the OG530 filter.

Sample  Scintratio TL ratio
Csl:TI 0.77 0.44
Csl:TI,Sm 0.67 0.44

Thermoluminescence glow peaks were least-squares fit to appropriate theoretical expressions [8]
as shown in Figures 3a and 3b, with optimized parameter values listed in Table 3.
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Figure 3. Recorded and simulated thermoluminescence for (a) Csl: Tl and (b) CsI:TI,Sm.
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The simulated thermoluminescence in Figure 3 is derived from the interpolation formula [8]:

g dn ~b

| =——=n"p, 1<h<2, 9
it p 9)

p=sexp(E/kgT), (10)

where T is the light output and n is the concentration of trapped charges, both normalized to the trap
concentration N, s is the frequency factor, E is the trap depth and b is the order of kinetics.

Table 3. Optimized parameters for Figures 3a and 3b. The size parameter B is the
fractional contribution of each component glow curve to the total thermoluminescence.

Sample Trap Kinetic order b E(eV) 5(10* min™) Size B
Csl:TI TI" 1.15 0.532 3.68 1.0
Csl:TI,Sm TI" 1.2 0.543 2.36 0.268
Csl:TI,Sm sz*(l) 1.3 0.602 11.5 0.175
Csl:Tl,Sm Sm2+(2) 14 0.677 33.0 0.169
Csl:TI,Sm sz*(B) 1.8 0.734 10.8 0.194
Csl:TI,Sm sz*(4) 1.9 0.805 415 0.184

The properties of the first trap in Csl:T1,Sm are essentially identical with those of the single trap
in Csl:Tl; accordingly, it is assigned to the TI* center. The four remaining traps are then assigned to
perturbed Sm** centers by default. Note that the kinetic order b increases monotonically with trap
depth, corresponding to an enhanced probability of re-trapping in deeper traps.

6. Discussion

The calculated values for the separation of initial and final sites are plausible for the nearest dopant
sites but not for a random distribution of trapped charges substantially less than the dopant
concentration, thus explaining the single non-radiative transition rate during the afterglow phase for
fixed temperature and dopant concentration. Glow peaks observed during the thermoluminescence
phase following low-temperature irradiation provide evidence of reversible radiation damage.

As noted previously, scintillator samples were cooled by flowing nitrogen gas. It was not feasible
with the existing apparatus to cool them rapidly or to cool them to liquid nitrogen temperature.
However, the present experiment was motivated in part by the observation of anomalously persistent
afterglow in Csl:TI,Sm at certain temperatures which was tentatively attributed to radiation damage.
The observation of thermoluminescence beginning at the same temperature as the persistent afterglow
served to confirm that conjecture, and thus proved advantageous.
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