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Luminescent Decay of KI:Tl, KBr:Tl, and KC1:Tlf
RQBERT ILLINGwoRTH*

The hzstitztte of OPtics, University of Rochester, Rochester, tZtezo York

(Received 15 May 1964)

The luminescent decay of single crystals of KI:Tl excited in the A, J3, C, and D absorption bands has been
investigated over the temperature range 10~300'K. A quantitative description of the decay of luminescence
excited in the A band is given. Four of the emission bands have decay times consistent with the Seitz model,
but the decay of the 4300-A band does not agree with this model. Measurements of the luminescent decay of
KBr:Tl and KCl:Tl excited in the A absorption band are presented, and the results are compared with those
obtained for KI:Tl. The results support the hypothesis that the 3000-A emission band in KCl:Tl at 10'K is
double.

I. INTRODUCTION

HE emission spectra of KI:Tl excited in the A, 8,
C, and D absorption bands have been investigated

by Edgerton and Teegarden. ' ' They found five emission
bands at 12'K, at least two of these five bands being
excited in each absorption band. As had been known

previously, '4 only two of the emission bands were

present at 80'K and only one was present at 300'K.
Edgerton and Teegarden'' discussed their experi-

mental data in terms of the model for the luminescence
center in the thallium-activated alkali halides first
proposed by Seitz, ' and identified each emission band
with an electronic transition from one of the excited
states to the ground state of the Tl+ ion. Since transi-
tions from two of the excited states to the ground state
were "allowed" on the Seitz model, Edgerton and
Teegarden suggested that the lifetimes of two of the
excited states should be short, of the order of 10 sec,
but the lifetimes of the other excited states might be
expected to be appreciably longer.

The original purpose of the present work was to
measure the lifetimes of the excited states of the
luminescence center in KI:Tl at low temperatures to
check the above prediction. Early in the work, however,
experimental data were obtained which could not be
fitted to the simple model. For this reason, a detailed
investigation of the emission spectra and luminescent

decay of KI:Tl over the whole temperature range
10—& 300'K was undertaken. The results are presented
in this paper and the extent to which they are consistent
with the Seitz model is discussed. Although the work

was primarily concerned with the properties of KI:Tl,
some preliminary measurements carried out on ICBr:Tl
and KCl: Tl will be presented at the end of the paper.
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II. EXPERIMENTAL

a. Samples

Single crystals of KI:Tl were taken from the ingot
previously used by Edgerton and Teegarden. "The
absorption spectrum indicated a Tl+ concentration
ot 0.002 mole %%uq.

b. Temperature Control and Measurement

Basically, the cryostat consisted of a liquid-helium
reservoir thermally isolated from the crystal holder.
Cold helium gas from the boiling liquid circulated
through the crystal holder, and a small heater behind
the crystal was used to control the temperature.

The temperature of the crystal was measured with a
thermocouple (Au: 2.1/o Co—Ag: 0.37 j~ Au) soldered
with indium to a thin strip of copper pressed against
the front surface of the crystal but thermally isolated
from the crystal holder. Between 80'K and room
temperature, the measurements were accurate to
within ~1 K. At lower temperatures, however, the
measurements were less precise. Since the back surface
of the crystal was cooled by thermal conduction to the
crystal holder and the front surface was heated by
radiation, a temperature gradient was formed because
of the poor thermal conductivity of the crystal at low
temperatures. For example, when the measured tem-
perature of the crystal holder was 5'K., the temperature
of the front face of the crystal was found to be 10'K.
Since this temperature difference was less at higher
temperatures, a systematic error of uncertain magnitude
was introduced.

c. Emission Spectra

Emission spectra were obtained when the sample was
excited separately in the 3, 8, C, and D absorption
bands with light from a hydrogen lamp and a prism
monochromator. The light emitted by the sample at
right angles to the incident beam was collected by a
spherical, front-surfaced mirror and focused on the
entrance slit of a motor-driven Bausch and Lomb grat-
ing monochromator. The luminescence was detected

e P. Yuster and C. Delbecq, J. Chem. Phys. 21, 892 (1953).
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with an EMI 94263 photomultiplier and the photo-
current ampli6ed and then recorded on a Brown 4-sec
pen recorder. The bandpass of the detecting mono-
chromator was usually 20 A and that of the exciting
monochromator usually 50 A. After making a correction
for the response of the photomultiplier, the product of
the maximum photocurrent and the half-width (in eU)
was measured as a function of temperature for each
emission band. Throughout the paper, this product
(which is proportional to the number of photons emitted
in each band) is called the intensity. We shall refer to
each emission band by giving the wavelength of its
maximum at 10'K, although it is known'' that, for
some of the emission bands, the positions of the maxima
change slightly as the temperature is varied.

d. Decay Times

To measure the decay time of each emission band, a
pulse of light from a spark source was passed through
the prism monochromator and focused on the crystal.
The spark was formed between pointed steel electrodes
connected across a small condenser to which a voltage
of 5 kV was applied. With the spark gap contained in
a nitrogen atmosphere at a pressure of 30 cm Hg, light
pulses as short as 3X10 ' sec could be obtained. Pulses
of duration greater than 10 ' sec were formed with a
simple air gap. The light emitted by the crystal at right
angles to the exciting light passed through a second
monochromator and was detected with the photo-
multiplier. The photocurrent was amplified and dis-

played on an oscilloscope, and the oscilloscope traces of
single pulses were photographed using Polaroid film.
The rise time of the detecting system was 3)&10 ' sec.
When the photocurrent was plotted against time on
semilog paper for times greater than the duration of the
spark, a single straight line could usually be drawn
through the points on the graph, indicating that the
photocurrent at time t was proportional to exp( —t/r).
7- is the "decay time" obtained by measuring the
gradient of the straight line.

It is important now to distinguish between the terms
"radiative lifetime, " "lifetime, " and "decay time. "
Throughout this paper, the lifetime 7, of an excited
state (i) of a luminescence center is de6ned as the
reciprocal of the probability/unit time that an electron
may leave state (i), either by a radiative transition to
the ground state (g) or by a nonradiative transition to
other excited states (j). The radiative lifetime
which is the quantity we wish to evaluate, is de6ned as
the reciprocal of the probability/unit time that an
electron initially in state (i) undergoes a spontaneous
radiative transition (i) ~ (g). Then, if r;; is the
probability/unit time for the nonradiative transition

(i) —+ (j), r; and r;; are related by the equation

There are two simple decay schemes which may give
rise to an exponential decay:

(a) When electrons are raised. to level (p), either by
a radiative transition from the ground state or by non-
radiative transitions from other excited states within a
time much less than v;, the rate at which electrons
return to the ground state depends only on 7-;. Hence,
the measured decay time for the emission band corre-
sponding to the transition (p) —+ (g) is equal to r;

(b) If electrons arrive in level (i) from some other
excited state (k) during a time much greater than r, , the
rate at which electrons return to the ground state is
determined by the probability Of a nonradiative
transition from (k) to (i). In this case, the measured
decay time for the emission band corresponding to the
transition (i) —+ (g) is equal to rp, and is independent
of 7t', .

From these two examples, it is apparent that the
magnitude of the measured decay time of an emission
band can be different when excited in each absorption
band, and may not be related to the lifetime of the
level from which the radiative transition takes place.

No attempt was made to correct for the shape of the
exciting pul. se from the spark. Hence, decay times
greater than 3X10 ' sec could be measured with some
degree of accuracy. Decay times between Sy10-8 and
3)&10 7 sec were estimated roughly, and decay times
less than 5)&10 ' sec could not be Ineasured.

III. RESULTS FOR KI:T1

a. Excitation in the A Band

The emission spectrum of KI:TI excited in the A
band at 10'K is shown in Fig. 1(a), and the intensities
of the two emission bands are plotted against 1/T in
Fig. 2, where T is the absolute temperature. At low
temperatures, the 3356 A band predominates, but as
the temperature is raised, the relative intensity of the
4300-A band is increased. The total intensity of the two
bands is constant over the whole temperature range.

The decay time of the 3356-A band was less than the
limits of measurement ((SX10 sec). The decay of
the 4300-A band, however, was found to be complex.
Part of the 4300-A band was emitted within a short
time ((5X10 p sec) after excitation with the spark,
and the rest was emitted over a longer period with an
exponential decay. Figure 3 shows the "fast" and
"slow" components of the 4300-A band following
excitation at 80'K by a spark of half-width 10 sec.
The decay time ~43QQ' of the slow component and the
intensities I43QQ~ and I4~QQ' of the fast and slow com-
ponents were found to depend on temperature. In
Fig. 4 rpppp is plotted against 1/T. At low tempera-
tures, T4ppp is equal to (3.0&0.2) X10 ' sec but falls off
at higher temperatures. I4QQQ and I43QQ are plotted
against 1/T in Fig. 5. At low temperatures, both I4ppp~
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b. Excitation in the B Band

tA'hen excited in the 8 band, emission bands were
observed at 2890, 3044, 3356, and 4300 A. Three of the
bands, shown in Fig. 1(b), were present at 10'K. The
intensities of the four emission bands are plotted
against 1/T in Fig. 6. As Fig. 6 shows, the total intensity
in all four emission bands is considerably less at liquid-
helium temperature than at liquid nitrogen tempera-
ture. The 2890-A band overlaps the A absorption band.
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Fro. 1. Emission spectra (Refs. 1 and 2) of KI:Tl at 10'K. (a)
Excited in the A and D bands. (b) Excited in the 8 and C bands.
The minimum at 2830A in (b) coincides with the maximum of
the ~ absorption band.

and I43QQ are weak, but as the temperature is raised,
they increase in magnitude. At higher temperatures,
I4sssr falls off again and is not detectable for 2') 170'K.
The curves drawn through the experimental points in

Figs. 2, 4, and 5 are given by Eqs. (7), (8), (9), (10),
and (12), as described later.

The accuracy of the values of I43ppf and I43pp foI
7&30'K in Fig. 5 is rather poor, because of the
difhculty of measuring the intensity of the fast com-

ponent, when the total emission is very weak. Exciting
radiation scattered by the crystal through the analyzing
monochromator and thence into the photomultiplier
was, of course, detected immediately following excita-
tion with the spark. Scattered light thus enhanced the
fast component but not the slow exponentially decaying
component. At temperatures less than 30'K, scattered
light was comParable in intensity to I43ppf.

Careful examination of the emission spectra showed
that the wavelengths of maximum emission and the
half-widths of the 4300-A band were constant within
5 A over the temperature range 10—30'K.
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FIG. 2. Temperature dependence of the intensities of the
3356—4300-A bands excited in the A absorption band. The curves
through the experimental points are described by Eqs. (7)
anci (12).
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Fxo. 3. Decay of the 4300-3. emission band in KI:Tl at 80'K
following excitation in the A hand with a pulse of light of half-
width 10 ' sec.
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FIG. 4. Temperature dependence of the decay time v 4300' of the
slow component of the 4300-A. emission band in KI:Tl excited in
the A band. The circles are experimental values. The curve is
described by Eq. (10).
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increases in intensity as the temperature is raised from
10—40'K, but at 40'K it suddenly becomes weaker. The
discontinuity in the curve in I'ig. 6 at 40'K was found
to be quite reproducible. Above 40'K, the 4300-A band
continues to increase in intensity, and at about 100'K
the intensity suddenly increases at a greater rate as
the 3044-A band becomes weaker.

Both the 2890- and 3356-A bands were found to have
the identica, l decay time (within the limits of accuracy
of the measurements) of 1.6&0.4 @sec. The decay of
the 4300-A band was exponential, with decay time the
same as for the slow component of the 4300-A band
when excited in the 2 band (Fig. 4). The fast component
observed with A-band excitation was not found with
8-band excitation. The decay time of the 3044-A
emission band had a constant value of 1.2&0.2 psec for
temperatures less than 100'K, but fell off as the
temperature was increased above 100'K. Measurements
of the decay times of the 4300- and 3044-A bands were
not possible below 40'K because of low intensities.
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FIG. 5. Temperature dependence of the intensities of the fast
and slow components of the 4300-A. emission band in KI:Tl
excited in the A band. The curves through the experimental points
are given by Eqs. (8) and (9).

c. Excitation in the C Band

The emission spectrum of KI:Tl when excited in the
C band at 10'K is given in Fig. 1(b). Since the A
absorption band lies on top of the high-energy end of
the spectrum, it is not immediately clear from Fig. 1(b)
how many emission bands there are. It will be shown
below that there are actually five bands: the 2890-,
3044-, 3356-, and 4300-A bands also found with 8-band
excitation, and an additional band at 2720 A. The
temperature dependegces of the five emission bands are
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a period of less than 5X10 sec after excitation with
the spark. The decay of the slow component was
exponential with decay time having the temperature
dependence given previously in Fig. 4.

The decay time and the temperature dependence of
the 3700-A band, which was not observed for T&30'K,
were not measured because of the low intensity.

IV. DISCUSSION

a. Excitation in the A Band
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FIG. 7. Temperature dependence of the intensities of the five
emission bands in KI:Tl excited in the C band. The points on the
6gure are experimental values.

given in Fig. 7. As the temperature is increased from
liquid-helium temperature, the 2720-A band decreases
as the 3044-A band increases, and the 3356-A band
decreases as the 4300-A band increases. The excitation
spectrum for the 4300-A band showed that the 4300-A
band at 10'K was due to absorption in the D band,
which overlaps the C band at all temperatures. How-
ever, the increase in intensity of the 4300-A band above
35'K, shown in Fig. 7 may be attributed to absorption
of light in the C band.

The decay time of the 2720-A band was found to be
less than the limits of measurement ((5X10 ' sec).
However, the decay time of the 2890-A band was
1.6&10 sec as for 8 excitation, indicating that the
2720- and 2890-A bands are indeed separate emission
bands and not parts of a single strong emission band
centered on the A absorption band.
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As described previously, when KI:Tl is excited in
the A band, two emission bands may be observed. One
of the emission bands (4300 A) exhibits two types of
decay. Therefore, at least three excited states of the
luminescence center, in addition to the ground state,
are involved in the processes which follow excitation in
the A band. Two of the excited states must have short
lifetimes and the third must have a, long lifetime (to
account for the slow component of the 4300-A band).
A decay scheme constructed from these three excited
states which is consistent with the experimental data,
given in Figs. 2, 3, 4, and 5 is described in the following
pa, ragraphs.

Figure 9 illustrates the proposed decay scheme. The
potential energies of the three excited states, arbitrarily
labeled (1), (2), and (3), and the ground state (g), are
drawn as functions of some single, fictitious, configura-
tional coordinate. The curves are completely qualitative
in origin. Absorption in the A band corresponds to the
transition (g) —+ (1).After absorption, the luminescence

d. Excitation in the D Band

Figure 1(a) shows the emission spectrum of KI:Tl
excited in the D band at 10'K. There are two main
bands. One at 4300 and 3356 A and, in addition, a very
weak band at 3700 A. The temperature dependences of
the two main bands are given in Fig. 8.

The decay time of the 3356-A band was less than
4X10 8 sec. Measurements of the decay of the 4300-A
band showed that the fast and sloe' components,
mentioned previously for A-band excitation, were
present. When excited in the D band, however, at 10'K,
more than 50% of the 4300-A band was emitted within
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FIG. 8. Temperature dependence of the intensities of the two
main emission bands in KI:Tl excited in the D band. The points
on the 6gure are experimental values.
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occur when electrons initially occupy the upper vibra-
tional levels of (1); for which the configuration co-
ordinate curves (1) and (2) are close together (point P
in Fig. 9). According to the simple theory for thermal
quenching, s if we assume that transitions (1)~ (2)
can only take place at point P in Fig. 9, 1/T» is propor-
tional to exp( —532/kT), where k=Boltzmann's con-
stant, I'= absolute temperature, and t.12

——energy differ-
ence between the minimum of (1) and point P. This
description of thermal quenching predicts that as
T —+ 0, the probability of a nonradiative transition also
tends to zero. Hence, only one emission band should be
observed at low temperatures when luminescence is
excited by absorption of light in a single absorption
band. As the experimental data show, however, this is
not the case. Therefore, we conclude that, in addition
to transitions from the upper vibrational levels of (1),
nonradiative transitions also occur, with low proba-
bility, from the lower vibrational levels. If we assume
that these latter transitions occur with probability/unit
time 1/Tols', which is independent of temperature, we
can write 1/Tls in the form

Fxo. 9. Con6guration coordinate diagram illustrating the
luminescent decay of KI:Tl excited in the A band.

1/Tls —1/T012 +1/Tols exp( —012/k2) & (6)

Issss = (1/Tl 8)E1/Tl 0+ 1/Tls+ 1/Tl37

I4800'= (1/Tls)L1/Tlg+1/Tls+1/Tl37 'p

I480o'= (1/ )LT1l/s+Tl1g/ +T1»/ 7T33

&4300 &2 7 23 p

(2)

(3)

(4)

(5)

where, as previously, 1/T;;=probability/unit time for
the transition (i) —+ (j).

On the decay scheme illustrated in Fig. 9, the non-
adiative transition (1)-+ (2) will be most likely to

center reaches thermal equilibrium by the loss of
potential energy to the surrounding lattice. At some
later time, electrons in (1) return to the ground state
(g) with the emission of radiation in the 3356-A band,
or go into levels (2) or (3) by nonradiative transitions.
The 4300-A emission band corresponds to the transition
(3) ~ (g). Both levels, (1) and (3), have lifetimes less
than SX10 ' sec corresponding to the measured upper
limit to the decay times of the 3356-A band and fast
component of the 4300-A band when excited in the A
band. Level (2) in Fig. 9 is long-lived with the radiative
transition (2) ~ (g) completely forbidden. However,
we assume that electrons may go into level (2) from
level (1) by a nonradiative transition, and may at some
later time go from (2) ~ (3). On this model, therefore,
the intensity of the slow component of the 4300-A band
depends on the probability/unit time that an electron
may go from (1)~ (2), and the decay time T4300 is
equal to the lifetime of level (2). Then we have the
following expressions:

where

1—+ +
—&1g ~012 &013

~012

Ji'

exp/ — /+
kT) Tols

exp~ —
~

. (11)
kT/

Addition of Eqs. (8) and (9) then gives the total
intensity of the 4300 A band as a, function of
temperature.

I4800 L1 Tl/Tlg7 ~ (12)

Equations (7), (8), (9), (10), and (12) are fitted to the

7D. Dexter, in Solid Sta/e Physics, edited by F. Seitz and
D. Turnbull (Academic Press Inc. , New York, j.958), Vol. 6.

where Tols ——constant. In Eq. (6), a triple subscript
commencing with a zero indicates a constant, inde-
pendent of temperature, and the primed decay time
refers to the constant low-temperature value of the
decay time not explained by the simple model for
thermal quenching. If Eq. (6) and similar expressions
fOr 1/Tls and 1/Tss are SubStituted intO EqS. (2), (3),
(4), and (5), we obtain

I3355 Tl/Tlg ) (7)

I4300~= TlL1/Toss'+ (1/Tols) exp( —gls/kT)7, (8)

I4800 TlL1/T012 +(1/T012) exp( —012/kT)7) (9)

T4.oo'= L1lToss'+(1lTo23) exp( —023/k&)7 ', (10)
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experimental points in Figs. 2, 4, and 5, using the values

eg3 ——0.032&0.003 eV,

eg2 ——0.054~0.003 eV,

&23 =0.030+0.003 eV,

rppp = (3.0&0.2) X 10 sec,

rppp ——(5&2) X10 ' sec,

r„/rpi, ' ——(2a2) X10-,
ri, /r pip' (5——&2) X 10 ',
rip/r pip= (7&2)X 10',

rpip/r pip =30&5 .

The errors given here have been estimated assuming an
uncertainty of %3'K in the temperature measurement
in the range 20 —+ 40'K. The curves fit the experimental
points over the whole temperature range, indicating
that the proposed decay scheme is consistent with the
experimental results.

On the Seitz model for luminescence in the thallium-
activated alkali halides, the A absorption band is
identified with the electronic transition of the Tl+ ion,
r, ~sr4', where we use the spectroscopic notation

given by Seitz and by Edgerton and Teegarden. Thus,
level (1) of the decay scheme may be identified with the
r4o state of the Tl+ ion. The corresponding emission

band (3356 A) has a decay time less than 5X10 ' sec,
confirming that the transition 'I"4' —+'I'~' is allowed.
It is proposed that level (2) may be identified with the
'I'~' excited state. Since no emission or absorption bands
corresponding to this level have been observed, the
transition 'I'q'~~'I'~' is completely forbidden, in agree-
ment with the Seitz model. However, as described
above, the decay time of the fast component of the
4300-A band was found to be short ((5X10 sec),
indicating that the transition (3) —+ (g) is an allowed
transition. There is, apparently, no short-lived excited
state of the Tl+ ion which corresponds to level (3). It
will be shown later that this important conclusion is
applicable to KCl: Tl and KBr:Tl.

b. Excitation in the 8 Band

According to Yuster and Delbecq, ' the area under
the 8 absorption band in KI:Tl is reduced by 40% as
the temperature is lowered from liquid-nitrogen tem-
perature to liquid-helium temperature. This change in
the absorption band is sufhcient to account for the
change in the total intensity of the four emission bands
(Fig. 6), assuming that the total quantum yield is
independent of temperature.

The electronic transitions thought to occur at the
luminescence center after excitation in the 8 and C
absorption bands are illustrated in Fig. 10.The diagram
includes the three energy levels discussed previously for
excitation in the 3 band, but no attempt is made in
Fig. j.0 to represent the lattice relaxation. Each energy
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level, with the exception of level (3), is identified with
one of the excited states of the Tl+ ion. Radiative
transitions are represented by solid vertical lines, and
nonradia, tive transitions are drawn as dashed lines. In
Fig. 10, absorption in the 8 band corresponds to the
transition 'F i' —+ 'F pP, and the 2890-A band is associated
with the reverse transition 'I'3' —+'I'~'. The 3044-A
emission band is attributed to the transition 'I'5" —+ 'r, '.

The measured decay time (1.6&0.4 psec) of the
2890-A band at 10'K represents the lifetime of the 'I"~'

state. The decay time (1.2+0.2 psec) of the 3040-A
band, measured between 40 and 80'K, is assumed to
be equal to the radiative lifetime of the 'I'5' state. Thus,
the radiative lifetimes of the 'FpP and 'FiP states (corre-
sponding to the 'Pp level of the free Tl+ ion) are of the
same order of magnitude and are characteristic of
"forbidden" transitions, in agreement with the Seitz
model. The decrease in the decay time of the 3044-A
emission band above 100'K is associated with thermal
quenching of this emission band.

At 10'K, we assume that most of the electrons raised
to the 'I'3' state return to the ground state with the
emission of light in the 2890-A band. This emission
band overlaps the A. absorption band (Fig. 1) and is
partly absorbed in the 3 band, resulting in the emission
of the 3356- and 4300-A emission bands (Fig. 2). As the
temperature is increased from 10'K, the proportion of
light re-emitted in the 4300-A band increases (Figs. 2,
6). However, as the temperature is increased further,
the 2890-A band is thermally quenched (Fig. 6) and the
intensities of the 3356- and 4300-A bands are therefore

FIG. 10.Energy level diagram illustrating the luminescent decay
of KI:Tl excited in the A, 8, and C bands. The solid vertical
lines represent radiative transitions. The dashed vertical lines
represent nonradiative transitions.
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reduced. This accounts for the sudden drop in the
intensity of the 4300-A band at 40'K, shown in Fig. 6.

The nonradiative transitions from 'F3' occurring after
absorption of light in the 8 band are indicated in
Fig. 10. At 10'K, there is a small probability that the
nonradiative transition to 'I'5' may occur with sub-
sequent emission of the 3044-A band. As the tempera-
ture is raised, this probability increases, the 2890-A
band is thermally quenched, and the 3044-A ba, nd
becomes strong (Fig. 6). At higher temperatures
(T)40'K) nonradiative transitions '1'ss —+ 'Fi' become
more probable, and the slow component of the 4300-A
band increases in intensity. The fast component of this
emission band is not observed for excitation in the 8
band, indicating that the transition 'Fss ~ (3) does not
occur. Above 100'K, transitions 'I'5' —& 'I'~' become
probable, leading to thermal quenching of the 3044-A
band and a sudden increase in the intensity of the slow

component of the 4300-A band. From the appearance
of Fig. 6, it seems likely that each of the nonradiative
transition probabilities may be represented in the form
of Eq. (6), given previously for excitation in the 2
ba,nd. However, because of the change in the magnitude
of the 8 band and the effect of reabsorption of the
2890-A band, it is not possible to describe the tempera-
ture dependence of the emission bands in a quantitative
111.armer.

c. Excitation in the C Band

The decay time of the 2720-A band, which is only
excited in the C band, was found to be less than 5 /10 '
sec. Thus (Fig. 10), we associate this emission band' '
with the allowed transition 'I'4' —+'I'~'. Apparently,
nonradiative transitions may take place from 'F4 to
other excited states of the Tl+ ion, resulting in the
einission of all the other bands (Fig. 1). Some of the
nonradiative transitions are indicated in Fig. 10. Since
both the 2720- and 2890-A bands overlap the A absorp-
tion band, and the D absorption band overlaps the C
absorption band, a detailed interpretation of the
temperature dependence of the intensities of the emis-

sion bands (Fig. 7) has not been attempted.

d. Excitation in the D Band

According to Yuster and Delbecq, the D absorption
band in KI:Tl may be attributed to an electronic
transition in the I ions adjacent to the Tl+ impurity.
As described above, the 3356-A band has a decay time
of less than 5)&10 ' sec when excited in the D band.
Since the 3356-A band has already been identified with
the transition 'I'4' —+ F~' of the Tl+ ion, it is apparent
that energy must be transferred to the Tl+ ion within
this time.

It is, perhaps, signi6cant that at 10'K, it is only in
the D band that the fast component of the 4300-A band
is strongly excited. This part of the emission band,
wi. th a decay time of less than 5)&10 ' sec, has already

ThsLz I. Summary of the radiative lifetimes of the excited states
of the luminescence center in KI:Tl.

Emission
band
(~)

2720
2890
3044
3357
4300
None

Excited
state of

Tl+ impurity

lp 0

3I' 0

3p 0

3p 0

?
3p 0

Radiative lifetime
of excited state

(sec)

&SX10-s
(1 6&0 4) X 10 '
(1.2~0.2) X10 '

&SX10 '
&SX10-8

Excited
state of

free Tl+ ion

1P
3p,
3p.

P0

been associated with a transition from an excited state
Devel (3) of the previous discussion), which was not one
of the excited states of the Tl+ ion. We may speculate,
therefore, that level (3) may be identified with an
excited state of the I ions surrounding the Tl+
impurity.

The origin of the weak emission band at 3700 A,
which was observed at low temperatures when lumines-
cence was excited in the D band, is not clear. It would
be interesting to know whether this weak emission band
in KI:Tl is of the same origin as the strong emission
band found at the same wavelength when pure KI is
excited in the exciton absorption band. ' '

V. LUMINESCENCE OF KBr.'T1 EXCITED IN
THE A ABSORPTION BAND

a. Results

It has been shown above that a decay scheme involv-

ing three excited states can account for the observed
luminescence properties of KI:Tl when excited in the

band. The experimental work on KBr:Tl and
KC1:Tl, now to be described, was undertaken specifi-
cally to determine whether a similar decay scheme might
also be applicable to other thallium-activated potassium
halides.

Previous workers' ' ' have found that when KBr:Tl
is excited in the A band at 300'K, two unresolved
emission bands, with maximum intensities at 3630 A,
and at about 3200 A, are observed. At 80'K the two
emission bands are resolved with maximum intensities
at 3630 a,nd 3103 A.

Figure 11 shows the temperature dependence of the
intensities of the emission bands. At 10'K, the 3103-A
band is strong, but as the temperature is raised, the

s W. von Meyeren, Z. Physiir 61, 321 (1930).

e. Summary

Table I sumni. arizes the radiative lifetimes of the
excited states of the luminescence center in KI:Tl. The
erst column of the table lists each emission band result-
ing from a radiative transition from the excited state
given in column 2. Column 3 gives the radiative life-
times of the excited states. The corresponding levels of
the free thallous ion are given in column 4.
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not clear whether the high-energy emission bands at
10 and 300'K are the same emission band with a wave-
length of maximum intensity which changes slightly
with temperature, or are different emission bands which
happen to lie in the same part of the spectrum.

The decay time of the 3630-A band is shown as a
function of temperature in Fig. 12. Measurements were
not made at temperatures less than 30'K, because of
the low intensity of the band. At 10'K, the decay time
of the 3103-A',band was less than 5&&10 ' sec.

b. Discussion

3103-A band is quenched, and the intensity of the
3630-A band is increased. At higher teinperatures, an
emission band appears at the high-energy side of the
3630 A band and increases in intensity as the tempera-
ture is raised. The two emission bands are not resolved
at temperatures greater than 120'K and it is dificult
to measure the half-width and wavelength of maximum
intensity of the high-energy band. For this reason, it is
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FIG. 11. Temperature dependence of the intensities of the
emission bands in KBr.Tl excited in the A band. The points on
the figure are experimental values.

The experimental results for KBr:Tl show some
remarkable similarities with the data obtained pre-
viously for KI:Tl when excited in the A band. The
3103-A band in KBr:Tl, which has a decay time of less
than SX10 ' sec at 10'K and is quenched at higher
temperatures, corresponds to the 3356-A band in KI:Tl.
The 3103-A band may therefore be attributed to the
allowed transition '14' —+'I'~'. As Fig. 12 shows, the
temperature dependence of the decay time of the
3630-A band in KBr:Tl closely resembles the tempera-
ture dependence of the decay time T43po of the slow
component of the 4300-A band in KI:Tl. Therefore,
we associate the 3630-A band in KBr:Tl with a radia-
tive transition from an. excited state Lequivalent to
level (3) of the previous discussion for KI:Tlf, which
is not one of the Tl+ excited states. Similarly, it is
proposed that the decay time of the 3630-A band is
determined by the probability of a thermal transition
from the 'I'~' excited state into the equivalent of level
(3). No "fast" component of the 3630-A band has been
observed, indicating that the nonradiative transition
'I'4'~ (3) does not occur in KBr:Tl. However, the
high-temperature, high-energy emission band in KBr:Tl
has no counterpart in KI:Tl, and its origin is not
understood.
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FIG. 12. Temperature dependence of the decay times of the
4300-A. band in Kl:Tl, 3630-A band in KBr.'Tl, and 3000-A.
band in KCl:Tl when excited in the A absorption band.

VI. LUMINESCENCE OF KC1:T1 EXCITED
IN THE A BAND

a. Results

Work on Kcl:Tl was limited to a study of the decay
time of the prominent emission band at 3000 A when
luminescence was excited in the A. band. It was found
that at low temperatures, less than 20% of the light
was emitted within a period of less than 5&(10 sec
after excitation with the spark. More than 80% of the
light, however, was emitted over a longer period with
an exponential decay. Figure 12 shows the temperature
dependence of the decay time of this part of the
luminescence emission. The relative proportions of the
two parts of the decay were apparently constant as the
temperature was raised from 10'K up to about 80'K.
At temperatures above 90'K, however, only the long-
lived exponential part of the decay couM. be detected.
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b. Discussion

Previous workers' ' ' have shown that at 10'K the
3000-A band in KC1:Tl is asymmetric, and that as the
temperature is raised from 10 to about 80'K, the peak
position of the band moves slightly to longer wave-
lengths. Between 80 and 300'K, the position of the
maximum is constant. Edgerton and Teegarden' '
suggested that this behavior could be explained by
assuming that the emission band consisted of two over-

lapping bands with relative intensities dependent on
the temperature. The present data support this
hypothesis. At low temperatures, more than 80% of
the luminescence emission has a, decay time (Fig. 12)
characteristic of the long-wavelength emission bands
in KBr:Tl and KI:Tl. This suggests that the main
part of the 3000-A band in KC1:Tl may be associated
with a radiative transition from an excited state, which
corresponds to level (3) of the decay scheme for KI:Tl,
and which is not an excited state of the TJ+ ion. The
decay time (Fig. 12) is then determined by the proba-
bility of the nonradiative transition 'I'rs —+ (3). At low

temperatures, less than 20% of the 3000-A emission
band in KCl: Tl has a decay time less than 5&&10 s sec.
As the temperature is raised above 80'K, this part of
the emission is thermally quenched in a manner similar
to the 3103- and 3356-A bands in ICBr:Tl and KI:Tl,
respectively. Therefore, in analogy with KI:Tl, we

associate the short-lived part of the 3000-A emission

band in KCl:Tl with the allowed transition 'F4' ~ 'F~'.
There are two previous experimental investigations

which are relevant to the present work. First, Klick and
Compton" found that, at liquid-helium temperature,
when KCl: Tl was excited in the 2 absorption band
with polarized light, the 3000-A emission band was

polarized with degree of polarization equal to 0.2. From
the present work, it is likely that the polarized part of
the emission band is emitted within a period of less

than 5)&10 ' sec following excitation, and that the
unpolarized part corresponds to the slow exponential
decay. Second, Patterson" has shown that at high
temperatures, the A absorption band is split into three
components indicating electronic transitions from the
ground state of the luminescence center to three
excited states. It would be interesting to know whether

the three excited states found by Patterson could be
identified with the three excited states proposed above
for KCl: Tl.

VII. CONCLUSION

The decay times of four of the emission bands in
KI:Tl have values consistent with those expected on

' D. Patterson and C. Klick, Phys. Rev. 105, 401 (1957).
'0 C. Klick and D. Compton, Phys. Chem. Solids 7, 170 (1958).
"D. Patterson, Phys. Rev. 119, 962 (1960).

the Seitz model as predicted by Edgerton and
Teegarden. The 2720- and 3356-A bands have decay
times less than 5&10 ' sec and are associated with the
transitions 'F4', 'F4' —+ 'F~'. The 2890- and 3044-A bands
at low temperatures have decay times 1.6+0.4 and
1.2~0.2 psec, respectively, and are associated with the
"forbidden" transitions 'F3, 5 ~ 'F, '.

The luminescent decay of KI:Tl excited in the A
band has been examined in detail. It has been found
that the well-known simple model for thermal quench-
ing is not applicable at low temperatures, but is appar-
ently valid as the temperature is raised. From the
temperature dependence of the decay of the 4300-A
emission band excited in the 3 absorption band, it has
been shown that this emission band must be attributed
to an "allowed" transition from an excited state which
is not characteristic of the Tl+ ion. Transitions between
the lowest excited state ('I'i') of the Tl+ ion and the
ground state do not occur. At 10'K, the 4300-A emission
band is excited strongly only in the D absorption band,
and it has been speculated that the emission band may
therefore be attributed to an electronic transition in
the I ions adjacent to the Tl+ impurity.

When KBr:Tl is excited in the A band, at least three
excited states are involved in the decay scheme. The
3630-A emission band in KBr:TI is similar to the
4300-A band in KI:Tl, and is attributed to the same
unidentified electronic transition. The 3103-A band in
KBr:Tl resembles the 3356-A band in KI:Tl, and is
therefore attributed to the allowed transition 'F4 —+ 'F,'.
The origin of the high-energy emission band observed
at temperatures greater than 120'K is not understood.

More than 80% of the strong 3000 A band in KCI:Tl
excited in the A absorption band has the decay time
characteristic of the long-wavelength emission bands
in KBr:Tl and KI:Tl, and is attributed to the same
unidentified electronic transition. Less than 20% of the
emission band has a short decay time corresponding to
the high-energy emission bands excited in the
absorption bands in KI:Tl and KBr:Tl. This short-
lived part of the emission band, which is quenched at
temperatures greater than 80'K, is attributed to the
allowed transition 'F4' —& 'F,'. The results support the
hypothesis that the 3000-A emission band in KC1:Tl
at 10'K is actually double.
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