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Abstract

The mechanism for afterglow suppression in codoped CsI:Tl,Eu reported in the preceding paper was investigated by combined

radioluminescence and thermoluminescence experiments. Model rate equations informed by these experiments were employed to

simulate afterglow. It was found that codoping with europium introduces deep electron traps, with room-temperature glow peaks, that

effectively scavenge the electrons from shallow traps associated with thallium, thus suppressing afterglow in the time domain of tens of

milliseconds.

r 2005 Elsevier B.V. All rights reserved.
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1. Introduction

CsI:Tl is a widely utilized scintillator material with many
desirable properties including high density, fast response,
high atomic number, high transparency, high radiation
resistance, wide availability and low cost. It also has the
highest light output of scintillator materials, 64,000
photons/MeV, and is the only material that approaches
theoretical efficiency of scintillator response [1]. Unfortu-
nately, its applicability is limited by persistent afterglow at
an unacceptably high intensity level. Preliminary experi-
ments have demonstrated the feasibility of ameliorating the
deleterious effects of afterglow in CsI:Tl within select time
domains by codoping, as reported in the preceding paper
[2]. The spectacular success of Eu2+ in reducing afterglow
by a factor of fifty in the millisecond range seems to require
a special explanation. The present paper concerns an
investigation of codoped CsI:Tl,Eu by radioluminescence
and thermoluminescence measurements with low tempera-
e front matter r 2005 Elsevier B.V. All rights reserved.
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ture irradiation. A theoretical model for afterglow suppres-
sion is presented, based on the results of this investigation.
2. Radioluminescence and thermoluminescence

Radioluminescence and thermoluminescence measure-
ments were performed at the University of Connecticut on
a single crystal of codoped CsI:Tl,Eu prepared at RMD
with nominally equal concentrations of the two activators,
0.25mol%. The branching ratio of electron–hole pairs that
contribute either to scintillation or thermoluminescence
was determined by employing a common apparatus for
both measurements [3,4]. An electron Van de Graaff
accelerator operated at a beam voltage of 1.0MeV and a
beam current of 1.0 mA was employed as the primary
radiation source with the electron beam stopped by a thin
copper target that served as a point source of �0.5MeV
gamma rays. The sample was mounted on a heated
pedestal monitored by a thermocouple and cooled by
flowing nitrogen gas through a heat exchanger. Lumines-
cence was conducted to a photomultiplier by a shielded
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optical fiber. Light outputs for radiation at a nominal
temperature of �170 1C, followed by a linear temperature
ramp with a nominal ramp rate of 25 1C/min, were
recorded for radiation times ranging from 30 s to 16mins.
Light outputs for radiation at �170 1C for times of 8mins
and 16mins were recorded with a Corning 3-69 filter
inserted to block europium recombination luminescence.
Light outputs for irradiation at a nominal temperature of
�60 1C were also recorded for radiation times ranging from
30 s to 16mins. Light outputs are plotted as functions of
time in Figs. 1, 2 and 3, respectively, for the 16min
irradiation in each case.
3. Analysis of glow curves

The thermoluminescence glow curve for CsI:Tl with no
Eu shown in Fig. 11 of the preceding paper is reproduced
in Fig. 4 for comparison with simulated glow curves.

Three major thermoluminescence glow peaks have been
reported previously following irradiation of CsI:Tl at LHT
CsI:Tl,Eu
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Fig. 1. Recorded light output (continuous curve) and sample temperature

(dashed curve) for low temperature (�170 1C) irradiation of CsI:Tl,Eu

with radiation time of 16mins.
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Fig. 2. Recorded light output (continuous curve) and sample temperature

(dashed curve) for low temperature (�170 1C) irradiation of CsI:Tl, Eu

with radiation time of 16min, recorded with a Corning 3-69 filter inserted

to block europium recombination luminescence.
[5]. The glow peaks at 60, 90 and 120K have been
attributed, respectively, to thermally activated tunneling
recombination, the onset of VK center mobility, and
thermal ionization of electrons from Tl0 [6,7]. The
additional glow peaks at 140K and 190K are not intrinsic
to CsI:Tl, but may be associated with lattice defects
introduced during crystal growth and annealing. In the
combined radioluminescence and thermoluminescence ex-
periments, it was expedient to irradiate the CsI:Tl,Eu
crystal at a temperature between that of the second and
third glow peaks, above the mobility threshold of VK

centers but low enough to stabilize all of the electron traps.
It is evident from the figures that codoping with europium
introduces deeper traps with room-temperature glow
peaks. Comparison of Figs. 1 and 2 reveals that the
activator for these new glow peaks can only be thallium,
the same as for the 120K glow peak, rather than europium;
otherwise, the room-temperature glow peaks would be
eliminated by the filter. Substitution of a divalent cation
CsI:Tl,Eu
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Fig. 3. Recorded light output (continuous curve) and sample temperature

(dashed curve) for intermediate-temperature (�60 1C) irradiation of

CsI:Tl, Eu with radiation time of 16mins.
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Fig. 4. Glow curve from CsI:Tl single crystal with no Eu2+ codopant,

reproduced from Fig. 11 of Ref. [2], compared with simulation (dashed

lines) with the optimized parameter values listed in Table 1.
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such as Eu2+ for the monovalent cation, Cs+, is expected
to introduce an electron trap; presumably the extra
electron in Eu+ is accommodated in a diffuse 6 s orbital.
Electrons released from both shallow and deep electron
traps recombine with holes trapped at thallium ions
[VKA(Tl

+) centers] before the trapped holes can become
mobile. The three successive room-temperature glow peaks
are attributed, respectively, to release of electrons from
substitutional Eu+ ions with charge compensators in
nearest-, second-nearest- and third-nearest-neighbor cation
sites. A feature of the data revealed by Figs. 1 and 3 is
substantial diminution of the quantum efficiency of
radioluminescence at temperatures below that of the glow
peak at 120K.

The linear temperature ramp enables interpretation of
thermoluminescence glow curves by fitting to explicit
solutions [8] of the differential equation

~I ¼ �
d ~n

dt
¼ ~nbp; 1:0pbp2:0 (1)

where

pðTÞ ¼ s exp½�E=kBT �, (2)

TðtÞ � T0 þ Rt. (3)

First-order kinetics, b ¼ 1:0, applies in the absence of re-
trapping [9,10]. Second-order kinetics, b ¼ 2:0, prevails
when re-trapping predominates [11]. Finally, general-order
kinetics, 1:0obo2:0, is a convenient and tractable device
for interpolating between first- and second-order kinetics
for comparable re-trapping and recombination [12]. The
normalized concentration ~n in these equations is dimen-
sionless, thus ensuring that the pre-exponential factor s

retains the dimension of reciprocal time even in higher-
order kinetics. However, the optimum value of s for fitting
a glow curve is not invariant, but rather depends on the
arbitrary choice of normalization constant or, equivalently,
on ~nðt0Þ. An overall scale factor was subsequently applied
to fit the measured light output, in order to ensure that
absolute values of s are independent of dose for higher-
order kinetics [13]. Simulated glow curves for CsI:Tl with
no Eu are compared with recorded thermoluminescence in
Fig. 4, and the corresponding optimized parameters are
listed in Table 1. The glow curve that peaks at 60K,
attributed to a thermally activated tunneling charge-
transfer transition to the emitting state, Tl0+VK-
Tl++STE, followed by radiative recombination, cannot
Table 1

Optimized trap parameters for CsI:Tl inferred from glow curves in Fig. 4

Trap Tpeak (K) b E (eV) s (1014min�1) ~nðt0Þ t (min)

Tl0+VK 60 1.9 0.20423 9187.75 1.0 0.45780

VK 90 1.0 0.19926 0.00273 1.0 –

Tl(1) 120 1.9 0.31005 0.52860 0.58816 –

Tl(2) 140 1.9 0.34757 0.23413 0.25184 –

Tl(3) 190 2.0 0.46082 0.12946 0.16000 –
be fitted by a standard glow curve. This glow curve is
simulated instead by convolution of a standard glow curve
with a tunneling function proportional to inverse time, [14]

~IðtÞ ¼

Z t

0

~ITLðt
0Þf ðt� t0Þdt0, (4)

f ðtÞ � ½lnð1þ Dt=tÞ � ðtþ tÞ��1yðDt� tÞ (5)

where y(t) is a unit step function. The standard glow curve
~ITLðtÞ is an explicit solution of Eq. (1) and the convolution
of Eq. (4) is evaluated by numerical integration. The
parameter t is a measure of the average initial separation of
trapped electrons and holes, and Dt is the time required to
exhaust them by tunneling recombination, not fully
determined by the fitting procedure.
With the observed first-order kinetics of the 90K glow

peak, the lifetime for self-trapping of VK centers at room
temperature is comparable with the radiative lifetimes of
the activators, �1 ms. Accordingly, self-trapping of VK

centers makes no significant contribution to room-
temperature afterglow on a millisecond time scale.
The glow curves of Fig. 1 following 16min irradiation of

CsI:Tl,Eu are re-plotted in Figs. 5 and 6, together with
fitted theoretical glow curves for shallow and deep traps,
respectively, with the corresponding optimized parameters
listed in Table 2.
4. Rate equations

Additional features of the data can be inferred from
postulated model rate equations. It has been established
from observation of the asymptotic independence of
scintillation rise time on radiation dose rate [15] in the
low rate limit that part of the incident energy is transferred
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Fig. 5. Low temperature thermoluminescence glow curves of CsI:Tl,Eu

(solid line) from Fig. 1 compared with simulation (dashed line) with the

optimized parameter values listed in Table 2.
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Fig. 6. Room-temperature thermoluminescence glow curves of CsI:Tl,Eu

(solid line) from Fig. 1 compared with simulation (dashed line) with the

optimized parameter values listed in Table 2.

Table 2

Optimized trap parameters for CsI:Tl,Eu inferred from glow curves in

Figs. 5 and 6

Trap Tpeak (K) b E (eV) s (1014min�1) ~nðt0Þ

Tl(1) 120 1.4 0.31199 1.20469 0.24990

Tl(2) 140 1.4 0.34114 0.46115 0.02975

Eu(1) 300 1.1 0.86934 1.33143 0.48278

Eu(2) 340 1.1 0.95794 0.58290 0.20958

Eu(3) 370 1.1 1.04067 0.63581 0.02799
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directly to excitons rather than to independent electrons
and holes. Accordingly, the concentration f of electron–-
hole pairs generated per unit time can be represented as

f ¼ f x þ f r (6)

where fx is the exciton component and fr is the component
of free electrons and holes. The reduction in quantum
efficiency at low temperature is attributed to nonradiative
recombination of self-trapped excitons. Rate equations
that incorporate these observations are as follows:

dnc

dt
¼ f r � ncnhArch � nc

X
i

N ðiÞe AðiÞe þ
X

i

nðiÞe pðiÞe , (7a)

dnv

dt
¼ f r � nv

X
i

nðiÞe AðiÞrve � nvNhAh, (7b)

dnðiÞe
dt
¼ nc

X
i

N ðiÞe AðiÞe � nv

X
i

nðiÞe AðiÞrve � nðiÞe pðiÞe , (7c)

dnh

dt
¼ nvNhAh � ncnhArch; (7d)
dnx

dt
¼ f x � nx

X
i

N ðiÞx AðiÞx � nxAnrxðTÞ, (7e)

X
i

dnðiÞa
dt
¼ ncnhArch þ nv

X
i

nðiÞe AðiÞrve

�
X

i

nðiÞa ½t
ðiÞ
r �
�1 þ nx

X
i

N ðiÞx AðiÞx , ð7fÞ

I ¼
X

i

nðiÞa ½t
ðiÞ
r �
�1 (7g)

where nc is the concentration of conduction electrons, nv

that of itinerant holes (VK centers); ne
( i) those of trapped

electrons; nh that of holes trapped near Tl+ ions [VKA(Tl
+)

centers]; nx that of mobile excitons; na
( i) those of excited

activators of the ith type; Ne
( i) those of electron traps of the

ith type; and Nh those of hole traps. Trap concentrations
are implicitly assumed to be much larger than the
concentrations of trapped charges; their apparent satura-
tion is a reflection of dynamic equilibrium. Thermal
ionization rates are defined by

pðiÞe ¼ sðiÞe exp½�EðiÞe =kBT �. (8)

Charge conservation is implicit in Eqs. (7),

dnc

dt
þ
X

i

dnðiÞe
dt
¼

dnv

dt
þ

dnh

dt
(9)

and with the further assumption of no pre-existing trapped
charges, Eq. (9) implies

nc þ
X

i

nðiÞe ¼ nv þ nh. (10)

Since Eqs. (7) involve too many independent parameters
to be tractable, model rate equations are adopted for
illustrative purposes that incorporate the following simpli-
fying assumptions and approximations:

nðiÞe ; nhbnc; nv; nx; n
ðiÞ
a , (11a)

dnc

dt
;
dnv

dt
;
dnx

dt
;
dnðiÞa
dt
ffi 0, (11b)

Arch ffi AðiÞrve � Ar, (11c)X
i

N ðiÞe AðiÞe ¼ NhAh. (11d)

It follows from Eqs. (10) and (11a) thatX
i

nðiÞe ffi nh. (12)

One can then eliminate the smaller concentrations and the
rate equations reduce to

d ~nðiÞe
dt
ffi

~f r þ
P

i ~n
ðiÞ
e pðiÞe

1þ ~nhð Þ
dðiÞ � ~nðiÞe pðiÞe þ

~f r

1þ ~nh

" #
, (13a)

d ~nh

dt
ffi

~f r 1� ~nhð Þ � ~nh

P
i ~n
ðiÞ
e pðiÞe

1þ ~nhð Þ
, (13b)
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~I ¼ Q ~f x þ
~f r �

d ~nh

dt
ffi Q ~f x þ

2 ~f r ~nh þ ~nh

P
i ~n
ðiÞ
e pðiÞe

1þ ~nhð Þ
(13c)

where

~nðiÞe � nðiÞe =nf ; (14a)

~f � f =nf , (14b)

~I � I=nf , (14c)

nf � NhAh=Ar, (14d)

dðiÞ �
N ðiÞe AðiÞe
NhAh

;
X

i

dðiÞ ¼ 1, (14e)

QðTÞ �
X

i

N ðiÞx AðiÞx =AnrxðTÞ. (14f)

Eqs. (13) neglect transients on a time scale of micro-
seconds.

5. Low-temperature irradiation

Several parameters remain unspecified in Eqs. (13). To
determine their values, the integrated scintillation light
output S and integrated thermoluminescence light output
G of CsI:Tl,Eu were calculated as functions of radiation
time from low temperature radioluminescence and thermo-
luminescence data. The quantity (G+S)/t, plotted in Fig. 7
as a function of radiation time at �170 1C, is seen to be
essentially constant as expected, since Eq. (13c) predicts the
proportionality

ðG þ SÞ=t / QðTÞf x þ f r. (15)
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Fig. 7. Total integrated light output of CsI:Tl,Eu divided by radiation

time, (G+S)/t (solid squares), as a function of radiation time at �170 1C.
This observation confirms that the reduction of quantum
efficiency is associated only with the exciton component
as assumed, since only scintillation should be affected
by it. Presumably, the threshold for exciton mobility
is comparable to that for VK center mobility, but
just above the threshold temperature most excitons
move too slowly to reach Tl+ ions before decaying
nonradiatively.
Since the thermal ionization rates pe

( i) are negligible at
–170 1C for the traps of interest, Eqs. (13a) and (13b) are
reduced, respectively, to

d ~nðiÞe
dt
ffi

~f r dðiÞ � ~nðiÞe
� �
1þ ~nhð Þ

, (16a)

d ~nh

dt
ffi

~f r 1� ~nhð Þ

1þ ~nhð Þ
(16b)

with solutions

~f rt ¼ � ~nh � 2 ln 1� ~nhð Þ, (17a)

~nðiÞe ¼ dðiÞ ~nh. (17b)

The quantity G/Gmax is plotted in Fig. 8 as a function of
radiation time at �170 1C, where it is compared with ~nhðtÞ

from Eq. (17a) with the fitted parameter value ~f r ¼ 0:625,
listed in Table 3.
The quantity G/S is plotted in Fig. 9 as a function of

radiation time at �170 1C, where it is compared with the
CsI:Tl,Eu
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Fig. 8. Integrated thermoluminescence light output of CsI:Tl,Eu, G/Gmax

(solid squares), as a function of radiation time at �170 1C, compared with

the theoretical trapped-hole concentration ~nh from Eq. (17a) with ~f r ¼

0:625 (continuous curve).
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Table 3

Comparison of parameter values inferred from low and intermediate

temperature data

Parameter\Rad. Temp. �170 1C �60 1C

~f r
0.625 0.45

Q(T)/R 0.47 (2.7)a

R � ~f r= ~f x
(0.37)a 0.37

Q(T) 0.17 1.0

aAssumed values.

CsI:Tl,Eu
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-170°C
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Fig. 9. Ratio of integrated thermoluminescence light output to integrated

scintillation light output of CsI:Tl,Eu, G/S (solid squares), as a function of

radiation time at �170 1C, compared with the theoretical prediction from

Eq. (18) with QðTÞ=R ¼ 0:47 (continuous curve).
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theoretical expression

G

S
¼

~nh

½QðTÞ ~f x þ
~f r�t� ~nh

¼
~nh

QðTÞ ~f xt� 2½ ~nh þ lnð1� ~nhÞ�
ð18Þ

with the fitted parameter value, QðTÞ ~f x= ~f r � QðTÞ=R ¼

0:47, listed in Table 3.

radiation
temperature
-60°C

0.0
0 5 10 15 20

Radiation time (minutes)

Fig. 10. Integrated thermoluminescence light output of CsI:Tl,Eu, G/Gmax

(solid squares), as a function of radiation time at �60 1C, compared with

the theoretical prediction from Eqs. (22) and (23) with ~f r ¼ 0:45
(continuous curve).
6. Intermediate temperature irradiation

In order to evaluate the parameters Q(T) and R � ~f r= ~f x

independently, the integrated scintillation light output S

and integrated thermoluminescence light output G of
CsI:Tl,Eu were calculated as functions of radiation time
from intermediate temperature (�60 1C) radioluminescence
and thermoluminescence data as well. By virtue of the large
number of distinguishable glow peaks and their depen-
dence on the dopant concentration, it is expedient to
simplify the rate equations further for higher temperature
applications by retaining only two types of electron trap in
codoped CsI:Tl,Eu and only one type in singly doped
CsI:Tl. Since the Tl0 and Eu+ centers in CsI:Tl,Eu
contribute almost equally to G, it is assumed for the co-
doped material that

dðTlÞ ¼ dðEuÞ ¼ 1=2. (19)

Eqs. (13a) and (13b) can be specialized to CsI:Tl,Eu and
to the radiation phase at �60 1C by retaining pe

(Tl) and
neglecting pe

(Eu),

d ~nðTlÞe

dt
ffi

~f r þ ~nðTlÞe pðTlÞe

2 1þ ~nhð Þ
� ~nðTlÞe pðTlÞe ffi 0, (20a)

d ~nh

dt
ffi

~f r 1� ~nhð Þ � ~nh ~n
ðTlÞ
e pðTlÞe

1þ ~nhð Þ
(20b)

and combined to yield

d ~nh

dt
ffi ~f r

1� 2 ~n2
h

� �
ð1þ 3 ~nh þ 2 ~n2

hÞ

" #
(21)

with solution

~f rt ¼ � ~nh þ
ffiffiffi
2
p

tanh�1ð ~nh

ffiffiffi
2
p
Þ � 3

4
lnð1� 2 ~n2

hÞ. (22)

The quantity (G+S)/t as a function of radiation time at
�60 1C was found to be essentially constant as well. The
integrated thermoluminescence light output, G/Gmax,
plotted as a function of radiation time at �60 1C in
Fig. 10, is compared with the corresponding theoretical
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CsI:Tl,Eu
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Fig. 11. Ratio of integrated thermoluminescence light output to

integrated scintillation light output of CsI:Tl,Eu, G/S (solid squares), as

a function of radiation time at �60 1C, compared with theoretical

prediction from Eq. (24) with Rffi ~f r= ~f x ffi 0:37 (continuous curve).
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function,

ðG=GmaxÞtheory ¼
ffiffiffi
2
p

~nhðtÞ (23)

with the optimized parameter value ~f r ¼ 0:45, also listed in
Table 3.

The ratio G/S, plotted as a function of radiation time at
�60 1C in Fig. 11, is compared with the theoretical
expression

G

S

� �
theory

¼
~nh

ð ~f x þ
~f rÞt� ~nh

(24)

with the optimized parameter value, R � ~f r=
~f x ffi 0:37,

listed in Table 3.
The parameter values inferred from the present light

output data, recorded for irradiation at �60 1C, are
compared in Table 3 with those inferred from data
recorded for irradiation at �170 1C. The scintillation light
output varies with temperature in proportion to [Q(T)+R]
and thus increases by a factor of 2.5 between �170 1C
and �60 1C.

7. Rate equations for thermoluminescence

It is instructive to specialize the postulated rate equations
for CsI:Tl,Eu to the thermoluminescence phase. The rate
equations can be further specialized to low temperature,
pe
(Eu)
ffi0, and to room temperature, ~nðTlÞe , d ~nðT1Þe =dtffi 0. The

relevant low-temperature rate equation is

~I ¼ �
d ~nh

dt
ffi

~nh ~n
ðTlÞ
e pðTlÞe

ð1þ ~nhÞ
(25)
and the relevant room temperature rate equation is

~I ¼ �
d ~nh

dt
ffi

2 ~n2
hpðEuÞe

ð1þ 2 ~nhÞ
. (26)

The nearly first-order kinetics of the room temperature glow
curve shown in Fig. 6 is clearly inconsistent with Eq. (26).
The inconsistency can be resolved by postulating that the
cross-section for electron trapping by Eu2+ is negligible in
the absence of ionizing radiation, Ae

(Eu)
ffi0. Eqs. (25) and

(26) are then replaced, respectively, by

~I ¼ �
d ~nh

dt
ffi

2 ~nh ~n
ðTlÞ
e pðTlÞe

ð1þ 2 ~nhÞ
(27)

and

~I ¼ �
d ~nh

dt
ffi ~nhpðEuÞe . (28)

Eq. (27) is consistent with general-order kinetics, and Eq.
(28) with first-order kinetics.

8. Room temperature irradiation

The following inequalities apply for codoped CsI:Tl,Eu
in the room-temperature radiation phase:

~nðTlÞe pðTlÞe b ~nðEuÞe pðEuÞe , (29a)

~nðTlÞe 5 ~nðEuÞe . (29b)

Of particular interest in the present application is the limit
of short radiation time, ~f rtrad51. In this limit, one obtains
the approximate rate equations

d ~nðTlÞe

dt
ffi

~f r � ~nðTlÞe pðTlÞe þ ~nðEuÞe pðEuÞe

2
ffi 0, (30a)

d ~nðEuÞe

dt
ffi

~f r þ ~nðTlÞe pðTlÞe � ~nðEuÞe pðEuÞe

2
, (30b)

d ~nh

dt
ffi ~f r (30c)

with solutions

~nh ffi ~nðEuÞe ffi ~f rtrad, (31)

~nðTlÞe ffi
~f r=pðTlÞe , (32)

~I tradð Þ ¼ ~f x þ
~f r �

d ~nh

dt
ffi ~f x. (33)

9. Afterglow

The approximate rate equations for codoped CsI:Tl,Eu
in the afterglow phase in the limit of short radiation time
are

d ~nðTlÞe

dt
ffi �2 ~nh ~n

ðTlÞ
e pðTlÞe þ ~nðEuÞe pðEuÞe , (34a)
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Fig. 12. Log–log plot of simulated afterglow of codoped CsI:Tl,Eu for

several radiation times from Eq. (36), compared with simulated afterglow

of singly doped CsI:Tl from Eq. (42), with ~f r ¼ 1:0, R ¼ 0:37, and the

parameter values listed in Table 1 for Tl(1) and in Table 2 for Tl(1) and

Eu(1). Decay of scintillation light output of the form exp(–qt),

q ¼ 20ms�1, simulates the fall time of the radiation source.

R.H. Bartram et al. / Nuclear Instruments and Methods in Physics Research A 558 (2006) 458–467 465
d ~nðEuÞe

dt
ffi � ~nðEuÞe pðEuÞe , (34b)

d ~nh

dt
ffi �2 ~nh ~n

ðTlÞ
e pðTlÞe . (34c)

These equations involve two very different time scales. An
approximate solution is

~nðTlÞe ffi
~f r

p
ðTlÞ
e

�
pðEuÞe

2p
ðTlÞ
e

" #
exp �2 ~f rtradpðTlÞe t
� �

þ
pðEuÞe

2p
ðTlÞ
e

, (35a)

~nðEuÞe ffi ~f rtrad expð�pðEuÞe tÞ, (35b)

~IðtÞ
~Ið0Þ
ffi �

1

~f x

d ~nh

dt
¼ �

1

~f x

d ~nðTlÞe

dt
þ

d ~nðEuÞe

dt

� �

ffi Rtrad½ð2 ~f r � pðEuÞe Þ expð�2
~f rtradpðTlÞe tÞ

þ pðEuÞe expð�pðEuÞe tÞ�. ð36Þ

In the absence of the europium codopant, Eq. (14e)
implies d(Tl) ¼ 1 and Eq. (13a) for the radiation phase is
reduced to

d ~nh

dt
ffi

~f rð1� ~nhÞ � ~n2
hpðTlÞe

ð1þ ~nhÞ
. (37)

Since pðT1Þe is so large at room temperature, the trapped hole
concentration ~nh quickly reaches its saturation value,

~nh ffi

ffiffiffiffiffiffiffiffiffi
~f r

p
ðTlÞ
e

s
51:0 (38)

with saturation light output

~I ¼ ~f x þ
~f r. (39)

The corresponding equation for the afterglow phase is then
reduced to

d ~nh

dt
ffi � ~n2

hpðTlÞe (40)

with solution

~nh ffi

ffiffiffiffiffiffiffiffiffi
~f r

p
ðTlÞ
e

s
t0e

t0e þ t

� �
, (41a)

t0e �
1ffiffiffiffiffiffiffiffiffiffiffiffiffi

p
ðTlÞ
e

~f r

q , (41b)

~IðtÞ
~Ið0Þ
ffi �

1

~f x þ
~f r

 !
d ~nh

dt

� �
ffi

R

1þ R

� �
t0e

t0e þ t

� �2

. (42)

Afterglow simulations based on Eq. (36) for codoped
CsI:Tl,Eu and on Eq. (42) for singly doped CsI:Tl, with
parameter values from Tables 1–3, are plotted in Fig. 12
for comparison with Figs. 6 and 7 of the preceding paper.
10. Time-resolved spectra

The time-resolved spectra displayed in Figs. 9 and 10 of
the preceding paper require special consideration because
the time scale involved is too short to be compatible with
approximations adopted to simplify the rate equations.
CsI:Tl, with cesium chloride structure, differs from
thallium-activated alkali halides with rock-salt structure
in that Tl2+ is not stable [16]. Accordingly, the recombina-
tion mechanism is somewhat different in this material. The
two lower-energy emission bands at 2.55 and 2.25 eV have
been ascribed to self-trapped excitons perturbed by Tl+ in
first and second neighbor positions, respectively [17].
However, an experiment on CsI:Tl conducted with low
temperature X-ray excitation [18] and discriminating
multiple resonance techniques [19] suggests a donor–ac-
ceptor transition in which the emitting state is better
described as Tl0 perturbed by a VK center (Tl0+VK) rather
than a self-trapped exciton perturbed by a Tl+ ion
(Tl++STE). These competing interpretations can be
reconciled by invoking an intervening tunneling charge
transfer transition in the recombination process. In the
majority of cases at room temperature, excitons migrate to
activators where they are trapped to establish the emitting
state (Tl++STE). In the remaining cases, conduction
electrons are trapped at activators, while the corresponding
holes are self-trapped on the anion sub-lattice as VK

centers. A VK center then diffuses to the vicinity of a
neutral activator (Tl0) where recombination occurs by a
two-step process involving a tunneling charge-transfer
transition to the emitting state, (Tl0 þ V K ! Tlþ þ STE),
followed by radiative recombination.
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Ionized activators (Tl+) foster afterglow by impeding
diffusion of VK centers, forming VKA(Tl

+) centers that are
stable for minutes at room temperature. Following
irradiation, electrons thermally ionized from Tl0 are
trapped at the Tl+ ion component of the VKA(Tl

+) center,
forming a (Tl0+VK) center that subsequently recombines
by the two-step tunneling and radiative recombination
process described above, leaving behind isolated Tl+.
(Although isolated Tl0 is thermally ionized in less than a
microsecond at room temperature, Tl0 stabilized by a
neighboring VK center can persist long enough for
tunneling to occur.) However, it should be recognized that
the designation VKA(Tl

+) does not describe a single entity,
but rather a class of point defects in which the VK center
component can assume a variety of positions with respect
to the Tl+ ion component [20]. It has been shown that the
tunneling probability is acutely sensitive to the separation
of the two components, and that tunneling contributes time
dependence proportional to t–1 to the afterglow [21]. The
progressive red shift as a function of time delay following
the X-ray pulse that is evident in the time-resolved spectra
of CsI:Tl shown in Fig. 9 of the preceding paper is then
attributed to sequential tunneling in (Tl0+VK) centers with
Tl0 in first and second neighbor positions with respect to
the VK center. Subsequent sequential radiative recombina-
tion of the resulting STEs perturbed by Tl+ in first and
second neighbor positions produces the emission bands at
2.55 and 2.25 eV, respectively, with a superposition of the
two bands at intermediate times. Note that this room-
temperature tunneling between first and second neighbors
occurs on a much shorter time scale than the long range
tunneling involved in the 60K glow peak. Time resolved
spectra of codoped CsI:Tl,Eu following short-pulse irra-
diation shown in Fig. 10 of the preceding paper [2] reveal
that radiative recombination of excitons with Eu2+ ions or
of VK centers with Eu+ ions to produce europium emission
is a transient phenomenon that persists only for tens of
microseconds until the populations of itinerant excitons
and VK centers are depleted.

11. Summary and conclusions

It had been established in prior investigations of CsI:Tl
that Tl+ activators serve both as shallow electron traps and
as deep hole traps, and that afterglow in this material
may be attributed to thermal ionization of trapped
electrons (Tl0) followed by radiative recombination
with trapped holes [VKA(Tl

+)]. Reduction of the total
integrated thermoluminescence light output G with
increasing Eu concentration in Fig. 11 of the preceding
paper suggests that the concentration of hole traps is
diminished by codoping, perhaps by partial charge
compensation of Eu2+ with Tl0, but that effect is not
sufficient to explain the observed afterglow suppression.
It is evident from the radioluminescence and thermolumi-
nescence light-output data presented here that codoping
of CsI:Tl with Eu2+ introduces additional deep electron
traps. Although both Tl+ and Eu2+ activators are
involved in scintillation, it was established that only Tl+

activators participate in thermoluminescence; accordingly,
room-temperature glow peaks may be attributed to
thermal ionization of trapped electrons from Eu+,
followed by radiative recombination with trapped
holes [VKA(Tl

+)]. Application of postulated rate equations
to light-output data reveals that a substantial fraction
of the absorbed energy is transferred to the activators
by excitons, thus bypassing both electron and hole
traps, and that the exciton component is strongly quenched
at low temperature. It is also inferred from thermolumi-
nescence glow curves that the cross-section for electron
trapping by Eu2+ is negligible in the absence of ionizing
radiation.
A mathematical model for afterglow suppression in

co-doped CsI:Tl,Eu predicts that the deep electron
traps introduced by codoping with europium effectively
scavenge the electrons from shallow traps associated
with thallium, thus suppressing afterglow in the time
domain of tens of milliseconds. However, the ultimate
release of electrons trapped by europium contributes to
enhanced afterglow in the longer time domain of seconds
and minutes, unlike the analogous mechanism in codoped
(Y,Gd)2O3:Eu,Pr [22], where deferred recombination is
nonradiative. Trapping of holes to form stable VKA(Tl

+)
centers is common to both CsI:Tl and CsI:Tl,Eu and is
ultimately responsible for their afterglow. Since most of the
energy is transported to activators during radiolumines-
cence by excitons that bypass both electron and hole
traps, the scintillation light output is nearly independent
of radiation time as indicated in Eq. (31), even though
the traps are far from saturated. For the same reason,
Eq. (36) predicts that the long-time component of after-
glow is proportional to radiation time but independent of
radiation intensity, consistent with Figs. 6 and 7 in the
preceding paper. It is evident from Fig. 12 that afterglow
simulations based on the present model bear at least a
qualitative resemblance to recorded afterglow as displayed
in these figures.
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