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A combined method has been used to study the disintegration
processes of the 355, 465, and 720 color centers of NaCl-Ag phosphor
in the temperature range 100~550° K. The emission spectra of thermo-
stimulated and photostimulated recombination luminescence of NaCl-
Ag excited by X-rays at various temperatures were also studied. The
possibility of ion-electron and ion-hole disintegration mechanisms of

the color centers in the phosphor crystal at low temperatures is examined,

INTRODUCTION

The study of recombination processes in activated alkali-halide
crystals over a sufficiently wide temperature range can give impor-
tant information about the mechanism of recombination luminescence
in these crystals. In particular, the combined study of the processes
of integral thermo- or photoluminescence and decoloration of phos-
phots in various excited-absorption bands is a valuable source of in-
formation on the mechanism of the creation and disintegration of
color centers and the accompanying transformations of the energy
absorbed by the crystal,

In recent years, a number of authors have used this approach to
study the detailed mechanism of recombination luminescence and to
investigate emission spectra during thermoluminescence [1-3, 9], and
they have established that these spectra change substantially during
relaxation.

Earlier (8], we elucidated the origin of the integral thermolumin-
escence peaks in synthetic NaCl-Ag phosphor and determined that
such capture and emission centers were responsible for Juminescence
at various stages of thermoluminescence.

The present paper continues the study of the emission spectra of
nonstationary luminescence, and also the processes of thermolumin-
escence and thermodecoloration over a wider range of temperatures
(ffom 100 to 550° K),

EXPERIMENTAL

The NaCl-Ag phosphor studied in the present work
was grownfrom a meltofnatural rock salt (Toktogul'-
skoe deposit) and an Ag activator, which was introduced
into the melt as AgNO; (0.2 mole~-% in mixture).

We studied thermoluminescence, thermodecolora-
tion, and also the emission spectra in thermo- and
photostimulated recombination luminescence after
excitation of the NaCl-Ag phosphor crystal with X-rays
at 130 and 290° K. The phosphor was excited by X-rays

from a URS-55a apparatus (BSV-Cu tube, I = 15 ma,
V =50 kV). The excitation time varied, depending
upon the nature of the experiment, from 30 to 240 min

(radiation doses of 75—~600 R).
For the low-temperature studies, the phosphor was

placed in a cryostat made of molybdenum glass, which
was filled with liquid oxygen. The design of the cryo-
stat [4] made it possible to place a heater directly in
the liquid oxygen and to effect a continuous transition
from low (100° K) to high (600° K) temperatures at

a given rate of heating. In most of the tests this rate
was 0.3°/sec.

The absorption spectra of the phosphor at both low
and room temperatures, and also the curves of integ-
ral thermoluminescence (TL) and thermodecoloration
(TD) of crystals at various temperatures, were re-
corded by means of a photometer, which consisted of
a FEU-~29 photomultiplier, a dc amplifier, and a EPP-
09 electronic recording potentiometer. The emission
spectra of the photo- and thermostimulated lumin~
escence were recorded with a photometer, which con~
sisted of a FEU-29 photomultiplier, a dc amplifier,
and a N-102 loop oscillograph [3]. In all cases, the
emission spectra were corrected for the spectral
sensitivity of the FEU-29, and also for the nonlinearity
of the frequency v sweep of the spectrum. The sweep
time of the emission spectrum of the thermolum
inescence and of the photostimulated luminescence
from 6 to 2 eV was 15 sec.

RESULTS AND DISCUSSION

Study of the absorption spectra of this phosphor
showed that the form of the spectrum varied substan-
tially with the X-ray dosage (X-irradiation time), and
also after preliminary heat treatment of the crystal
before excitation.

Table 1 shows the positions of the peaks of the
excited-absorption bands of the NaCl-Ag phosphor
under study at 180° and 290° K in the spectrum region

Table 1

Tex = 180K

| Tex = 290K

No. of excited-
absarption 1 {2
bands

Am of excired-
absorption *
bands
(in my)

* *®

355 [455 i62¢ [720 |210 240 |275 |355 [465 (620 | 720

*Study of bands 1-3 at low temperatures was difficult owing to
considerable absorption by the cryostat material in the spectrum

region concerned.
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from 1.6 to 6 eV after X~irradiation of the crystal for
1 hr (X-irradiation does 150 R).

Comparison of the absorption coefficients in the
various excited-absorption bands given in Table 1
showed that absorption is greatest in the bands with
Amax = 955 and 465 mu. Most attention was therefore
given to the study of these absorption bands. It should
be noted that the data in Table 1, referring to Tex =
= 290° K, differ somewhat from the results cited in
our earlier paper {3] for synthetic NaCl-Ag; this dis-
crepancy may be caused by differences in the origin
of the phosphors.

Figure 1 shows integral curves of TL for NaCl-Ag
excited at 130 and 290° K, and also TD curves of the
absorption bands of this phosphor with Aynax = 355,
465, and 720 myu.

The TL curve of the phosphor excited at 130° K
(see curve 1, Fig. 1a) has two strong low-temperature
peaks I (T, = 190°K) and I (T, = 250° K) and two
comparatively weak high-temperature peaks, III(Ty, =
= 310° K) and IV {Ty, = 380° K). Peak IV, at Ty, =
= 380°K, was preserved whenthe phosphor was excited
at room temperature (curve 2, Fig. 1a). Thermode-
coloration of the 355 mpu absorption band occurs in
several stages (curve 1, Fig. 1b). The maximum dis-
integration rates of the corresponding absorption
centers occur at temperatures of 190, 225, 265, and
400° K (curve 1', Fig. 1b).

Low-temperature decoloration of the 465 myu band
occurs somewhat differently: as can be seen from Fig.
lc (curve 1), the TD curve rises af first, and then
falls in several stages; the highest rates of disintegra-
tion of the 465 color centers occur at 225 and 265° K.
Similarly, the absorption band with Ay = 720 mu
(curve 1, Fig. 1d) is decolored upon low-temperature
excitation (Tgx = 160° K).

The data indicate that for low-temperature excita-
tion (Tyy = 150° K), the maximum rates of formation
of the 465 and 720 absorption bands lie in the same
temperature range, ~190° K, the TD curves of the
355 and 465 absorption bands have a simpler form
(curves 2, Fig. 1b and c), and the maximum rates of
disintegration of absorption centers of these two types
are at Typ, = 370 and 410° K and Ty, = 370, 390, and
450° K, respectively.

The above results make it possible, to a certain
extent, to elucidate the disintegration mechanism of
color centers, and to determine the color centers
whose disintegration is responsible for the various
thermoluminescence peaks of the phosphor.

In the temperature range where peak I appears
(190° K, Fig. la-d, curves 1), there is partial dis-
integration of the 355 centers and growth of the 465
and 720 color centers. The processes that occur in
this temperature range can be interpreted in two ways.

1. If it is assumed that the 355 band is of the hole
type, then the reduction in the number of 355 centers
in the range 180-200° K (see Fig. 1b) and the simul-
taneous increase in the number of the electron centers
465 and 720 in this range (see Fig. 1c and d) could be
due to disintegration of electron centers of a hitherto
unknown type, localization of the liberated electrons
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at the F and M trapping centers, and recombination
of a part of these electrons with the holes of the 355
centers.
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Fig. 1. Relaxation curves of
NaCl-Ag phosphor: a) thermo-
luminescence Ip(T): 1—Tgx =
=130° K; 2—Tex = 290° K; 3~
Tex = 290° K followed by cool~
ling to 150° K before measure-
ment; b) A%355(T): l‘TeX = 180°
K, 1'—(8/0T)(Angss); 2=Tex =
= 290° K; 2'— ~(8/9T)(Angss); ©)
Ay (T): 1-Tex = 180° K, 1'—
~(8/9T) (A% 45), 2~Tex = 290°
K, 2'— ~(8/8T)(Avyg), 3~Tex =
= 150° K for heat- and radiation-
treated phosphor; 3'—(8/0T)-
* (Anyq;) for conditions of 3; d)
A¥gap(T): 1—Tey = 150° K, 17—
~(8/8T)(Awnr20)

2. But if the 355 band is of the eleciron type, then
the processes that ocour in the region of TL peak I

‘could be regarded as the result of the release of

electrons from the 355 centers and their capture by
the F and M centers.

In order to obtain a better insight into the nature
of the 355 absorption band and the character of the
relaxation process inthe temperature range concerned,
we studied the behavior of the 355 band during photo-
thermal disintegration of the F color centers and
release of electrons. Parallel disintegration of the
355 color centers was also observed.

In our opinion, this test confirms the hole nature
of the 355 absorption band, since if it were of electron
type, with luminescence of the F band, the 355 band
would have increased or, at least, remained unchanged,
as was observed in the same experiment on the elec-
tron 275 band.

In view of this, we are inclined to think that, in
the temperature range 180-200° K, the first of the
above-mentioned possible mechanisms of the relaxa~
tion process is operative and that the first TL peak
is of electron type.
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In the temperature range 220—~270° K, where TL
peak 1I appears, disintegration of the 355 centers as
well as of the 465 and 720 color centers occurs, If it
is assumed that the 355 band corresponds to hole
color centers, then the processes occurring in the
temperature range indicated can be described in at
least one of the following ways:

1. During thermal disintegration of the F and M
electron centers, the electrons liberated recombine
with the holes that are localized at the 355 centers,
and this leads also to a reduction in the absorption in
the 355 band.

2. During thermal disintegration of the 355 hole
centers, the free holes that are formed recombine
with the electrons localized at the F and M centers,
and this leads to a reduction of the F and M bands in
the same temperature range (see also [10]).

A final decision as to which of the two mechanisms
is operative in the crystal in the temperature range
in question requires additional, more direct experi-
ments to be made to determine the sign of the free
charges that participate in the recombination process
(for example, by the method of exoelectron emission).

The above facts can be interpreted from the point
of view of the concepts of an ion mechanism of dis-
integration of color centers that have recently been
developed by the authors [5, 6, 11, 12, 16].

The concept of an ion type of disintegration of the
F, M, and 355 color centers in the temperature
range where the thermoluminescence peaks I and II
appear agrees also with certain other experimental
data of ours.

If the NaCl-Ag crystal is irradiated with X-rays
at 290° K, absorption bands with A, =355, 465, 620,
and 720 my appear in the spectral region 300—~800 m.
If, then, after irradiation has ended, the excited
crystal is cooled to 150° K, the absorption spectrum
is essentially unchanged. This points to the fact that
when the crystal is cooled, the properties of the
color centers remain as before. The TL curve of
such a crystal, however, as compared with the TL
curve of a crystal excited at Ty = 130° K, is markedly
changed (Fig. la, curve 3): peaks I and II at T, =190
and 250° K are greatly reduced in size relative to
high-temperature peaks III and IV, while with ordin-
ary plofting of the TL curve (Fig. la, curve 1), the
strengths of the peaks are inversely proportional. The
absolute values of the strengths of TL peaks I and II
are also sharply reduced (see curves 1 and 3).

The TD curve for the F centers of a crystal that
has been subjected to repeated preliminary heat and
radiation treatment and excited at 150° K differs
greatly (see curve 3, Fig. 1c) from the corresponding
TD curve for a freshly cut crystal (curve 1, Fig. lc).
The rise in the 190° K range and also the fall in the
250° K range are much less marked in curve 3 than
in curve 1. The principal decay Ay,q(T) in this case
occurs at 410° K,

The excited~absorption spectra in the region of
the F, M, and 355 bands with excitation of the NaCl-
Ag phosphor at 150° K and 290° K were identical. This
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indicates that the color centers of each type are the
same for high-temperature and low-temperature
excitation. Moreover, the disintegration of these
centers, as can be seen from Fig. 1b and ¢ (curves

1 and 2), occurs in quite different temperature ranges,
depending upon the excitation temperature of the
phosphor.

Thermal disintegration of the F and 355 color
centers created at 290° K, just as of those created at
130° K, is accompanied by luminescence (Fig. 1la,
TL peak IV, curve 2).

The experimental material presented above indi-
cates that, over a wide temperature range (150—-500°K),
such factors as the stability of the color centers and
the temperature ranges in which the color centers
participate most actively in the relaxation processes
(in particular, in the generation of luminescence) are
determined chiefly not by the nature of the centers
themselves, but by the nature of the crystal lattice
as a whole and especially by that of the ion environ-
ment near these centers [17, 18]. Depending upon the
excitation conditions, color centers of the same na-
ture can participate in relaxation processes at dif-
ferent temperatures.

Comparison of the results examined above with
the thermoluminescence emission spectra in Fig. 2
makes it possible to obtain additional information
about the mechanism of formation of recombination
luminescence. As is apparent from Fig. 2, the emis-
sion spectrum in thermoluminescence varies in the
NaCli-Ag phosphor after both low-temperature and
high-temperature excitation. This variation consists
of the spectrum becoming more complex as the tem-
perature rises and also of a certain redistribution of
the intensities among the emission bands during the
relaxation process. The intensity redistribution in
the thermoluminescence emission spectra can be
studied in more detail by investigating the "flare up"
of certain emission bands from the data in Fig. 2.
Figure 3 shows the spectral curves of thermolumin-~
escence obtained in this way for various spectral
emission ranges: 515, 440, 410, 375, and 325 my.

From the data presented, it can be seen that the
ratio of the strengths of the emission bands at each
TL peak differs after both low-temperature and high-
temperature excitation of the phosphor crystal.

Data characteristic of the various relative strengths
of the emission bands at different stages of thermo-~
luminescence after excitation of the crystal at 90° K
are shown in Table 2,

From the table, it is apparent that within the limits
of each of the four TL peaks, the "contribution” to
emission introduced by each band is different; this
"contribution" varies on passing from one peak to
another. The results indicate that several types of
emission centers take part in recombination lumin~
escence in this particular phosphor. In each tempera-
ture range, these centers are characterized by a
different relative number of emitted quanta (see Table
2), and also by a different radiation efficiency at var-
ious stages of thermoluminescence (see Fig. 3).
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Fig. 2, Emission spectra
for thermoluminescence of

" NaCl-Ag phosphor excited
at: 1) Tex = 0° K, 2) Tex =
= 290° K. Measurement of
the spectra was begun from
the excitation temperature
of the phosphor. Designa-
tions I-1V correspond to the
numbering of the thermolumi-
nescence peaks in Fig, 1,
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Fig. 4. Oscillogram of emission spectrum

of NaCl-Ag phosphor photostimulated in

the M band (A, = 720 mp ) at various exci-

tation temperatures: 1) Tex = 180° K, 2)

Tex = 290° K. Measurements of spectra of

were made at the corresponding excitation
temperature.

I
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Fig. 3. Thermoluminescence of

NaCl-Ag phosphor for various

spectral intervals of emission at

various excitation temperatures:

a) Tex = 90° K, b) Tex = 290° K;

1) 515 mpu, 2) 440 mu, 3) 410 mu,
4) 325 mu, 5) 375 mu.

50 450 & N

Fig. 5. Emission spectra of NaCl-Ag
phosphor on photostimulation of emis-~
sion in the M band (720 mu): Tex =
=180° K, Tqy = 290° K. The shaded
area corresponds to the stimulated light
from the spectral region of the M band
that has disintegrated into the spectrum.
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It is interesting fo compare the emission spectra
of photostimulated luminescence with the above ther-
moluminescence emission spectra. Emission spectra
of photostimulated luminescence taken at Tox = 180
and 290° K and measured with a recording spectro-
photometer are shown in Fig. 4. Figure 5 shows the
same spectra after corrections had been made for
the dispersion of the monochromator and the spectral
sensitivity of the photomultiplier.

Table 2
T°K _Iﬁ.% _[l‘..% ﬁ'."_% .Lﬁr_’% ﬁi%
I3z 513 Iy Ly Ly
190 80 32.5 61.0 100 48.5
245 1.5 46.5 83.5 100 67.5
320 32.5 82.5 95 100 65
370 22 6.5 100 100 136

From Fig. 5 (1), it can be seen that, with low-
temperature excitation of the crystal, at the maximum
of the M band, luminescence is generated in the spect-
ral range 500—300 myu with the principal maximum at
Am =400 myu. The emission is of the recombination
kind and of an electron nature, since it is due to the
photothermal release of electrons from the M centers.
Comparison of the emission spectrum of photostimu-
lated luminescence with the thermoluminescence
emission spectrum at the same temperature of 180° K
(see Fig. 2) shows good agreement. Such agreement
of the emission spectra confirms the conclusion
reached above about the electron nature of the relax-
ation processes during thermoluminescence in the
region of TL peak I (180~200° K). Similar agreement
between the form of the emission spectrum of photo-
stimulated luminescence in the electron M band and
the thermoluminescence emission spectrum at ~300°K
(Fig. 5, curve 2, and Fig. 2) points to the electron
nature of thermoluminescence at room temperatures
as well. Since the disintegration of various color
centers in the low-temperature range evidently takes
place by an ion mechanism, as was indicated above,
recombination luminescence caused by this disintegra-
tion, over a wide temperature range, is due to ion-
electron and also probably to ion~hole processes that
occur in the lattice of the phosphor crystal.

The material of the present paper again confirms
(see also [13—15]) the necessity and importance of
taking into account ion processes in studying the
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mechanism of recombination luminescence of alkali-
halide phosphor crystals over a rather wide tempera-
ture range, including comparatively low temperatures.

The authors thank Doctor of Physical and Mathe-~
matical Sciences Ch. B. Lushchik for discussion of
the subjects touched upon in the present paper, and
also Yu. N. Evstifeev for assistance in performing
the experiment.
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