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A previous model calculation of the kinetics of hole diffusion in thallium-activated allmli iodides led to
predictions concerning the role of binary electron-hole diffusion in the energy transport associated with the
scintillation process. In this paper we report the results of time-resolved emission and absorption
measurements on KI(T1) and NaI(T1) at various temperatures and compare these results with the model
calculation. By absorption spectroscopy we recorded the growth and decay of the Tl++ absorption band
following excitation by pulse of electrons. The characteristic difFusion time of the self-trapped hole was
obtained from the growth curve, and recombination kinetics (due to electrons thermally excited from Tl )
were obtained from the decay curve. The luminescence intensity was also recorded as a function of time and
this function was correlated with the diffusion and recombination processes. Experimental results are in
accord with the principal conclusions of the difFusion calculation, and permit definitive statements regarding
the mechanism of energy transport. In particular, it is concluded that nearly all of the energy transport in
KI(Tl) occurs by electron-hole difFusion.

I. INTRODUCTION

Excitation of a thallium-activated halide phosphor
by ionizing radiation produces a luminescence char-
acteristic of the Tl' impurity ion. Since the Tl'
concentration in a scintillation crystal such as
NaI(T1) is about 0. I mole%, it is clear the the en-
ergy deposited by the incident radiation is lost pre-
dominately to the host lattice. Thus an energy
transfer process must occur in which gart of the
incident energy is transferred to create excited
states of Tl' ions. Experiments have shown that
one mechanism of energy transfer that results in
Tl' luminescence is the sequential capture of both
an electron and a hole, in either order. These
experiments, however, do not exclude other modes
of energy transfer, e. g. , exciton diffusion. A
brief review of the evidence is given elsewhere. '

In alkali halide crystals the hole does not move
in valence-band states with a well-defined momen-
tum. @stead the hole occurs in a "self-trapped"
configuration as a localized molecular ion, I&, in
the alkali iodides and jumps from one site to another
in a diffusive motion. As a consequence of this
type of motion the hole is characterized by a very
small mobility and moves relatively slowly through
the lattice. This raises the question of whether
the hole can participate in energy transfer pro-
cesses prior to a microsecond scintillation pulse.
This question of the kinetics of hole diffusion was
studied in a model calculation by Dietrich and
Murray. ' They estimated the time required for

sequential capture of the hole and electron at
thallium sites in four crystals, NaI(T1), KI(T1),
RbI(T1), and KCI(TI). Three processes were con-
sidered, each involving a different characteristic
time

(a) The first process is the prompt (- 10 s sec)
creation of an excited state, (Tl')», by any of sev-
several mechanisms, including exciton capture or
electron inelastic scattering.

(b) The second process is the prompt capture of
electrons to form Tl, followed by diffusion of
holes and hole capture at Tle to form (Tl')». The
luminescence-pulse decay time will be a composite
of the hole diffusion time and the (Tl')» lifetime.

(c) The third process is the prompt capture of
electrons to form Tlo, followed by hole diffusion
and capture to form Tl". Then at a later time,
electrons are thermally excited from the Tl traps
and subsequently retrapped or captured at Tl" to
form (Tl')». The luminescence-pulse decay time
will be largely determined by the characteristic
time for thermal release of electrons from the Tl .

The principal results of the previous model cal-
culation were order-of-magnitude estimates of
the hole diffusion time and the Tl lifetime in the
four crystals studied. In the iodides it was found
that the hole diffusion time was short compared to
the luminescence-pulse decay time, confirming
that the hole can participate in energy transfer pre-
ceding a scintillation pulse. It was also predicted
that the Tl lifetime is much longer than the hole
diffusion time, so that process (c) occurs with a
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The basic experiment consisted of making time-
resolved measurements of the emission and ab-
sorption spectra of KI(T1) and NaI(Tl) single crys-
tals subsequent to a 3-nsec-wide electron pulse
from a 600-kV Febetron. Figure 1 is a schematic
diagram of the experimental configuration. A de-
tailed description of the apparatus can be found
elsewhere. For those measurements which re-
quired a time resolution of 1 p, sec or longer, an
analyzing light beam was obtained by passing the
light from a dc xenon light source through mono-
chromator N, . When a resolution of less than
1 p, sec was required the dc xenon source was re-
placed by an EG @ G xenon flash lamp with a 100-J
input, and monochromator M& was removed. A
wide-band filter was placed between the flash lamp
and the crystal to eliminate long-wavelength visi-
ble and ir radiation which might produce photostim-
ulation of the trapped electrons. Photomultipler
1 measured the light intensities from which the ab-
sorption and emission data were obtained. Photo-
multiplier 2 measured the luminescence following
each electron burst. The intensity of this lumines-
cence was used to correct for fluctuations in the
strength of the electron pulses.

Crystals were mounted in a standard cold-finger
Dewar. The temperature was monitored by a
copper-constantan thermocouple attached to the
sample block. The NaI(T1) was cleaved and mounted
in a dry-box atmosphere in order to avoid fogging
of the surfaces.

The mean electron energy used in these experi-
ments was 420+ 20 keV, and the average electron

ELECTRON PULSE
420 keV, 3nsec

Ir&f
SAMPLE ~

Xc ARC SOURCE PHOTOMULTIPLIER 2

FIG. 1. Experimental arrangement.

much longer time constant than (a) or (b).
In this paper we report experiments on NaI(T1)

and KI(T1) performed to measure some of the time
constants predicted in the model calculation. ' In
particular, we have measured at various tempera-
tures the hole diffusion time, the time-constant
characteristic of electron release from Tl, and the
scintillation-pulse intensity as a function of time.

The terms "self-trapped hole" and "V~ center"
are used interchangeably.

II. EXPERIMENT
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FIG. 2. Absorption spectrum of KI(T1) at 10 @sec,
100 @sec, and 1 msec after electron pulse. Sample was
at 195'K.

dose at the surface of the crystal was (7 + 3) x10'e
eV/cm per pulse. From the known range of these
electrons, and assuming 20 eV is necessary to
create an electron-hole pair, the initial concentra-
tion of electrons and holes was approximately 1
& 10" cm in both KI and NaI.

Crystals were obtained from Harshaw Chemical
Co. The specimens used in the experiments were
analyzed by emission spectroscopy. The results
gave a tha. lliurn concentration of 0. 12 mole% in the
KI(T1) crystal and 0. 07 mole/p in the Naj(T1).

III. RESULTS AND ANALYSIS

The most straightforward method of observing
the hole-capture kinetics would be to measure the
optical absorption due to V„centers as a function
of time following the electron burst. This is not
feasible because the regions of V„absorption are
overlapped by the absorption bands of various other
point defects. However, a sharp and well-resolved
absorption band due to Tl" centers has been iden-
tified in KI(T1) at 306 nm4' and in NaI(T1) ' at 312
nm. The absorption spectrum of KI(T1) in the re-
gion of the Tl" absorption is shown in Fig. 2 at
several times with the crystal at 195 K. Analysis
shows that a study of the Tl'+ absorption as a func-
tion of time provides the desired information on
hole-capture kinetics; therefore, all of the absorp-
tion measurements were concerned with the Tl"
absorption band.

The Tl" absorption band was observed over the
time range extending from nanoseconds to milli-
seconds by making successive measurements which
overlapped in time, and normalizing the different
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FIG. 3. Relative Ti concentration as a function of
time in KI(T1) at 298'K. The inset shows data at early
time (0-10 @sec).

measurements in the regions of overlapping times.
An example of these data is given in Fig. 3, show-

ing the relative Tl" concentration over most of the

measured time range, with the crystal at 298 K.
It is seen in this figure that the Tl" concentration
initially rises and reaches a maximum value at
tk5 p, sec. This behavior is due principally to the

formation of isolated V~ centers at the time of the

electron burst, followed by their diffusion and cap-
ture at Tl' sites. The Tl"concentration decays in

the millisecond region when electrons are thermally

excited from trapping centers and subsequently

captured at Tl" sites.
In order to facilitate the discussion of Tl" con-

centrations we will break up the time scale into

three regions according to the physical processes
of interest: (a) early time (nanoseconds or less)
when some Tl" are formed by the creation of a
hole in the vicinity of a Tl' ion; (b) intermediate

time, characterized by diffusion of holes to Tl'
sites and capture to form Tl; (c) later time, when

Tl" are destroyed by therma1ly excited release
of electrons from Tl .

slower increase in Tl" concentration. In order
to examine the time dependence of this prompt Tl"
signal, we recorded the 306-nm absorption as a
function of time in the range 0-200 nsec, with the
KI(TI) crystal at 195'K. Results are shown in

Fig. 4. The absorption signal continues to rise
at longer times and reaches a maximum at about
400 p, sec. Two pieces of information can be de-
rived from Fig. 4. First, the initial sharp rise
of the signal is limited by the rise time of the os-
cilloscope preamplifier, S nsec. Thus the initial
rise of Tl" concentration in Kl(TI) occurs in a time
~ 10 9 sec. This is consistent with the concept of
a "prompt" localization of the hole to form a Tl"
species if it is initially created within a character-
istic distance of a Tl' ion.

Also implicit in Fig. 4 is the fraction of holes
that undergo prompt localization to form Tl". The
ordinate of Fig. 4 is normalized to l. 0 at the satu-
ration value of the Tl" absorption signal. The
smooth curve in Fig. 4 is a least-squares fit (using
a second-order polynomial) to the data points be-
tween 0. 02 and 0. 20 p, sec, a time region where the
Tl+' concentration increases by V~ diffusion. This
smooth curve intercepts the ordinate at a value of
0. 131 at f = 0, so that = 13% of the final number of
Tl" centers were created directly by prompt trap-
ping. Some of the initially formed holes will anni-
hilate at Tl centers rather than diffuse to Tl' sites
to form Tl". This effect can be taken into account
by knowing approximate values of the hole-capture
cross section at Tl and Tl' as outlined in Ref. 1.
Correcting for this effect, we conclude that If%
of the initial holes are promptly trapped as Tl".
This result is in excellent agreement with the re-
sults of Kaufman et al. ' giving a sensitive volume
for prompt trapping of 25 unit c'elis, corresponding
to a fraction of 13% for 0. 13-mole% thallium.

We did not obtain a quantitative estimate of the
fraction of holes trapped promptly as Tl" in NaI(Tl).

A. Early Time

In studies of luminescence processes in KI(Tl)
and NaI(Tl), Kaufman ef a/. found that some Tl"
centers were formed during x-irradiation at a

temperature below that where Vi, centers are mo-

bile. Their analysis showed that any hole created
within a volume of 25 unit cells around the Tl' ion

will form Tl", and this is a nonthermal (i.e. , non-

diffusive) process This leads .to the prediction
that, in a crystal of 0. 1-mole% Tl' concentration
1(P/p of the holes initially created during irradiation
will be promptly trapped at Tl' sites to form a
Tl" ion. "Prompt" here means a time short com-

pared to any thermally activated process.
In all measurements of Tl absorption in KI(Tl)

an initial sharp rise was observed, followed by a
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FIG. 4. Relative Tl concentration as a function of

time in KI(Tl) at 195 'K. Solid curve is least-squares
fit to data between 0. 02 and 0.20 @sec.
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FIG. 5. Relative Tl concentration and V~ concentra-
tion in KI(Tl) at 239'K. Circles are measured data
points for Tl concentration. Curves represent calcu-
lated relative concentrations.

In this time region the Tl" absorption increases
in time with a characteristic time constant that is
temperature dependent. This behavior is attributed
to the thermally excited diffusion of self-trapped
holes, followed by capture at Tl' sites. The ob-
served behavior can be compared directly with the
predictions of the model calculation. ' In KI(T1)
the best agreement between experiment and calcu-
lation occurs near 240 K. Figure 5 shows the cal-
culated and measured Tl" concentration as a func-
tion of time at 239'K. The dashed curve repre-
sents the calculated concentration of V~ centers,
and the solid curve is the calculated Tl" concen-
tration. Both curves represent relative values,
and the saturation value for the Tl" concentration
does not have the same absolute value as the ini-
tial V~ concentration. In fact calculation predicts
that, at this temperature, 91% of the V„centers
will be trapped by T1' to form Tl, and 9%%u() will
be trapped by Tl to form (Tl')~.

The circles in Fig. 5 represent measured data
points of relative Tl" concentration, normalized
to their saturation value at t= 30 p, sec, and cor-
rected for the contribution of Tl formed by prompt
capture of holes at t &10 sec. The data of Fig.
5 thus represent only the Tl concentration due

to hole diffusion and capture. The agreement be-
tween experiment and calculation is excellent for
this temperature.

In the previous model calculation' the charac-
teristic time for V~ diffusion and capture was taken
as the time required for the initial V„concentra-
tion to fall by a factor of 3. Calculations show that
for all cases reported in this paper this charac-
teristic time differs from the time required for
the Tl" concentration to reach 3 of its maximum

However, the appearance of the NaI(T1) traces was
qualitatively similar to those from KI(T1).

B. Intermediate Time
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FIG. 6. Measured and calculated t2~3 for KI(T1) as a
function of T . The calculated curve is significant only
as to order of magnitude; see text.

value by Ãp or less. We will therefore discuss
the V~ diffusion time as the time necessary to
reach 3 of the maximum Tl" concentration, de-
noted t», .

Figure 6 shows measured values of t&&3 at vari-
ous temperatures for KI(T1). Error bars corre-
spond to an estimated uncertainty of + 2', arising
from random errors due to signal noise, width of
scope trace, and determination of Tl saturation
signal. The uncertainty in the temperature scale
is estimated as + 2 K. Also shown in Fig. 6 is
the calculated V~ diffusion time from the previous
calculation. ' It is seen that agreement is good
around 240 K, with significant disagreement at
both lower and higher temperatures. In assessing
the agreement between calculation and experiment,
it is important to recognize that the calculated
curve is significant only as to order of magnitude,
as noted previously. ' The rather large uncertainty
in the calculated function arises from the fact that
it is based on experimental data obtained at low

temperature and extrapolated over many orders of
magnitude to the temperature region in which the
present experiments were performed. The cal-
culated curve is based on the validity of the Song
function for the V~ reorientation rate over the en-
tire temperature range, and further assumes the
correctness of the Waite diffusion-controlled re-
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FIG. 7. Measured and calculated t2~3 for NaI(T1) as a
function of T . The calculated curve is significant only
as to order of magnitude; see text.

Reference to Fig. 3 shows that at a later time
(after the V» diffusion process) the Tl" concentra-
tion drops. This behavior is attributed to the
thermal excitation of electrons from electron-trap-
ping defects, followed by their migration to Tl"
centers to produce (Tl')»' states. There exists a
large amount of low-temperature data (see Ref. 1)

action theory and various input parameters. With-
in this order-of-magnitude criterion we feel that
the comparison between experiment and calculation,
Fig. 6, is reasonable. One point of interest is
the fact that the temperature dependence of the
calculated curve is different from that of the data
points. This may be associated with the fact that
the calculation assumes a I/T dependence for ro
(capture radius of a Tl for a diffusing hole) and
assumes a temperature-independent value of ~,
(capture radius of a Tl' for a diffusing hole). These
assumptions are surely over- simplifications.

Similar experiments in NaI(T1), at a somewhat
lower temperature, lead to the measured values
of t2&3 presented in Fig. '7. Agreement with the
calculated curve from Ref. 1 is good at the lowest
temperature, and the data points exhibit a slope
different from that of the calculated curve similar
to the case of KI(T1). Comments on the compari-
son between experiment and calculation in the pre-
ceding paragraph on KI(T1) apply to the case of
NaI(T1) as well.

C. Later Time

l.O

O
~ 0.8

la

+ 06-K
x
LU

~~ 0.4-
O

+
+

Na I:Tg
298O K

~ 0.2

LLj
K

O. l 0.2 0.4
t (~sec)

0.6

FIG. 8. Relative optical density of Tl" absorption
band in NaI(T1) as a function of time, during the Tl
decay. Crystal at room temperature. The straight line
corresponds to an exponential decay with 0. 35-@sec time
constant.

which establishes the Tl as the primary electron
trap in 0. I-mole% thallium-activated alkali iodide
crystals. On the basis of this work we identify
the Tl as the predominant source of thermally
excited electrons. Previous thermoluminescence
observations have been interpreted as due to this
process. " Estimates of the Tl lifetime at room
temperature indicate that it is substantially longer
than the V»diffusion time in both KI(Tl) and Na(TI). t

We note in Fig. 3 that the Tl" concentration in

KI(T1) at room temperature decays with a time
constant of several milliseconds, although the data
do not strictly follow an exponential function. This
characteristic time is in reasonable agreement with

the previously estimated' Tl lifetime of - 10 sec.
The process of Tl" annihilation therefore occurs
much slower than the hole diffusion, for which the
time constant at room temperature is measured
to be about 1 p, sec. For purposes of describing
the Tl'+ decay we can therefore consider the hole
diffusion as a process occurring instantaneously",
i. e. , at t=0.

A similar situation exists for NaI(Tl). Figure
8 shows the Tl" concentration as a function of time
for NaI(Tl) at room temperature. In this case the
data are well described by an exponential function
with time constant 0. 35 p, sec. This is faster than
the Tl lifetime previously estimated from thermo-
luminescence. ' The V~ diffusion time was not mea-
sured at room temperature, but extrapolation of
the measured data to room temperature indicates
a diffusion time below 0. 35 p, sec.



KINETICS QF SELF -TRAPPED HOLES IN ALKALI. . . 5899

)OO

~ I
I

I ~ I f
)

f I I I ( I I

LLj
K

I t I I l I I II I baal a ~ ~ a

~p-t ~oo ~ol ~02

t (psec}

FIG. 9. Relative luminescence intensity of KI(Tl) at
236 K. The initial sharp rise was not recorded. Broken
curve: (Tl') concentration calculated from Ref. 1 nor-
malized to data at 4psec. Dotted curve: calculated (Tl')*
based on exponential decay from prompt excitation. Solid
curve: Sum of two calculated curves normalized to data
at 0. 2 psec. Circles are experimental points.

D. Low-Temperature Luminescence

As indicated in Sec. I, the characteristic thalli-
um luminescence arises from the radiative decay
of a Tl' excited state, denoted (Tl')~. Previous
experiments have shown that the excited state can
be produced both by electron capture at Tl" or by
hole capture at Tl . (Other mechanisms are direct
excitation of Tl+ by inelastic electron scattering
or by exciton migration. ) The lifetime of the (Tl')~
state is temperature-dependent and has been mea-
sured by Pliavin. Having measured the hole-
diffusion kinetics and the decay of Tl, as dis-
cussed above, it should now be possible to relate
these results to the luminescence kinetics.

We measured the luminescence intensity (at 430
nm) as a function of time for KI(Tl) at various
temperatures; results at 236'K are shown in Fig.
9 as data points. At this temperature thallium
luminescence arises from two processes: (i) hole
diffusion to Tl sites to produce (Tl')*, and (ii)
direct excitation at t= 0. (The lifetime of Tl is
too long to see a contribution from Tl - Tl'+e,
followed by electron capture at Tl". ) The lumines-
cence intensity from process (i) was calculated as
a function of time using the methods of Ref. 1.
The calculated function was normalized to the data
at 4. 0 psec. Process (ii) gives rise simply to an
exponentially decaying luminescence intensity with
lifetime v,

(Tl')»= (Tl')~e '~' (1)

The amplitude (Tl')g was obtained by setting (Tl'),
equal to the difference between the calculated func-

tion for process (i) and the data at 0. 2 psec. The
lifetime v was taken from the experimental re-
sults of Pliavin as 0. 32 p, sec. The calculated
curves from (i) and (ii) are shown as broken and
dotted curves in Fig. 9, and their sum is presented
as a solid curve. It is seen that the solid curve
provides a good fit to the data over the entire range
of time from 0. 04 to 30 p, sec; we note that 30 p, sec
is approximately six times the measured value of
t2~~. It should be noted that the lifetime v is taken
from experiment, and the V„diffusion kinetics are
taken from the previous model calculation. ' The
only curve fitting in Fig. 9 involves normalization
of the calculated curves to the data.

A similar fit was generated for the data obtained
at 195'K, using the measured value of tz&~. These
data spanned a time from 0. 04 to 30 p, sec, and 30
p, sec is approximately two and one-half times the
measured tz~~ (195 'K). Here again, the calculated
curve fitted the data within experimental error
over the entire range.

One can find the light output associated with
processes (i) and (ii) by integration of the calculated
curves which have been fitted to the data. Such inte-
grations show that at both 195 and 236 'K only
about 2(F/0 of the light emitted in the time period
from 0. 04 p.sec to 2. 5t», is the result of "prompt"
excitation of the thallium. However, the energy
transport associated with "prompt" processes is
far less than this 2(80 because on the time scale
considered above a significant fraction of the energy
transported by electron-hole diffusion is stored at
the Tl and Tl" sites.

We did not obtain data on the low-temperature
luminescence of Nal(Tl).

E. Room-Temperature Luminescence

At room temperature, the KI(T1) luminescence
exhibits a qualitatively new feature, viz. , a long
tail extending to milliseconds, see Fig. 10. We
identify this luminescence as arising from thermal-
ly excited release of trapped electrons at Tl sites,
followed by electron capture at Tl" to produce
(Tl')~. This identification can be confirmed by
comparing the luminescence intensity at long times
with —dTI"/dt taken from experiment (Fig. 3).
The basis for this comparison is given in the Ap-
pendix. Comparison of the luminescence intensity
and —dTI"/dt is shown in Fig. 11: the smooth
curve is the luminescence intensity (from Fig. 10)
and the points represent —dTI"/dt obtained from
the data of Fig. 3. The curve was normalized to
the points at 0. 9 @sec. It is seen that the agree-
ment is good, confirming the correlation between
the long-time luminescence and the Tl+' annihilation.

In the case of NaI(T1) at room temperature, no
luminescence is observed in the millisecond range,
see Fig. 10. This arises from the fact that the
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Tl" centers are annihilated with a time constant
of 0. 35 p, sec as shown in Fig. 8. The (Tl')~ life-
time is 0.25 p.sec.

Thus in KI(T1) the "fast" component arises from
hole diffusion in about 1 p, sec and the "slow" com-
ponent occurs in the msec range, producing the
distinct hump at long times in Fig. 10. On the other
hand, in Naf(T1) the "fast" component of the lumi-
nescence at room temperature arises from hole
diffusion and capture (in -10 '-10 8 sec) to produce
an excited state of lifetime 0.25 p, sec. The slow
component, arising from electron release at Tl,
occurs with a time constant of 0.35 p, sec. It is
not possible to resolve these components in the
measured luminescence kinetics.

Another way to look at the data of Fig. 10 is to
plot the light sum as a function of time. Integrating
under the two curves of Fig. 10 produces the light
sums shown in Fig. 12. For Kl(T1) we have plotted
the relative light sum normalized to its value at 2
msec. The Naf(Tl) light sum reaches a saturation
value at -10 p.sec. One can see a substantial dif-
ference in the behavior of the two crystals. At 1
y. sec the Nal(T1) has already emitted about 90% of
the total light, but Kl(T1) has released only about
25%. The KI(T1) value of 25% represents an upper
limit because we have neglected the light emitted
from this crystal beyond 2 msec. This marked
difference in the behavior of the two crystals is the
result of the long-lived Tlo trap in KI(T1). This
point is discussed further below.

Referring to Fig. 12, we see that at room tem-

FIG. 11. Measured luminescence intensity (solid
curve) and values of -d Tl"/dt obtained from experiment
{circles) for KI(Tl) at room temperautre.
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FIG. 12. Measured light sum as a function of time
for KI(T1) and NaI(T1) at room temperature. Both curves
normalized to 1.0. The KI(T1) curve continues to rise
beyond 2 msec.

perature 75% or more of the total light output of
KI(T1) is correlated with the thermal release of
electrons from the Tlo (or other long-lived traps).
This fraction of the light is emitted on a time scale
which is long compared to 1 p, sec and hence does
not contribute to the scintillation pulse when 1 p, sec
clipping is used in the pulse amplifier. These re-
sults are in sharp contrast to the case of Nal(T1)
where anneal of the Tl" was found to occur on the
time scale of 0. 1-1 p, sec. It was further observed
that in Nal(T1), -90% of the light was emitted prior
to 1 p, sec. On the basis of these observations we
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conclude that the long-lived Tlo trap in IG(T1) is
the primary reason that the pulse height from KI(T1)
is approximately 25% of that from NaI(T1) at a typi-
cal clipping time of 1 p.sec.

IV. SUMMARY

The principal results of this work are the follow-
ing:

(a) In KI(T1) a fraction of the initially produced
holes are trapped promptly ((10 sec) at Tl' sites
to produce Tl" centers. The characteristic capture
volume is 25 unit cells. Qualitatively similar ef-
fects occur in NaI(Tl).

(b) Holes diffuse to Tl' sites with a temperature-
dependent time constant that is predicted in order
of magnitude by a previous model calculation.

(c) Tl" centers are annihilated at "long" times
by electrons thermally excited from Tl centers.

(d) The luminescence kinetics of IG(T1) at low

temperatures is quantitatively described in terms
of two processes: A prompt excitation to the radi-
ative state at t = 0, and hole diffusion followed by
capture at Tl sites. About 80% of the light emitted
at low temperatures results from hole diffusion to
Tl sites. Thus at least 80/z of the energy trans-
port from host lattice to thallium sites occurs by
binary electron-hole diffusion. In fact, since elec-
trons trapped at Tl are immobile at these low tem-
peratures, some energy is stored at Tl and Tl"
sites, and we conclude that nearly all (= 95%} of the
energy transport takes place by electron-hole dif-
fusion.

(e) The luminescence intensity of KI(Tl) at room
temperature extends into the millisecond region,
where radiative states are excited by the thermal
release of electrons from Tl followed by their
capture at Tl". The analogous process in NaI(T1)
occurs in the range 10"~-10 s sec.

Finally, it should be noted that the conclusions
of this work regarding the dominant role of elec-
tron-hole diffusion in energy transport are based
on experiments in which the excitation occurs by
energetic ionizing radiation which creates electron-
hole pairs. These conclusions should not be ex-
trapolated to experiments in which excitation occurs
by optical absorption in the fundamental band to
create excitons, for example, the recent work of
Hattori et al.
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—(Tl')» = ——Tld, Ej (Tl')
dt dt (2)

The solution to Eq. (2) is given by

(Tl'}'-(TI')' -"' -"' ' " TI-(f') df'
0 (3)

In view of the time scale of milliseconds, t =0 in
Eq. (3) refers to a time when the V~ diffusion is
complete, and not the time of the electron burst.
For the same reason (TI')t~ refers only to the con-
centration of excited states from electron capture
at Tl", and thus (Tl')0 = 0. To obtain an analytical
solutionto (3) requires an analytical form for dT1"/
Ch. For present purposes it is adequate to take
Tl (t) as an exponential function with decay time
v... which is of order 10 s sec. Then (3) becomes

++

(Ti+)* 0
(&

tfv„-tlv)-
T+ 7 1

(4)

At room temperature r for IQ(T1) has been mea-
sured9 as 0. 26 p,sec and v =10 ~ sec so that (r„/
r)»1. For t greater than a few microseconds the
second exponential term of (4) is negligible and we
obtain

or
(Tl'), = Tlo (r/7„)e ' '~,

(Tl }, Tl (6)

The left-hand side of (6} is proportional to the
luminescence intensity I(t), so I(t) ~ —d Tl"(t)/dt.
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APPENDIX

We consider the creation of (TI')~bythe thermal
excitation of trapped electrons and their subsequent
capture at Tl". For KI(T1}at room temperature
the time scale is in the millisecond range, a time
very long compared to either the V~ diffusion time
or (Tl')* lifetime (microseconds). The equation de-
scribing the process is
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