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In most studies of thermoluminescence in alkali halides following treatment with ionizing radiation, it is
assumed that sweeping the temperature through a given interval completely empties all of the traps associated
with that interval, so that there will be no further luminescence in that temperature range until the sample is
again irradiated. We have discovered that warming a Csl crystal which has been x-rayed at liquid-nitrogen
temperature does not completely erase the luminescence. Further luminescence during a subsequent cooling
and again on rewarming through the same interval is readily observable, although much weaker than the
original thermoluminescence. Bleaching with visible light at 300°K or warming to 380°K, which releases
more thermoluminescence, is sufficient to wipe out the luminescence during subsequent temperature cycles. It
appears that the cooling luminescence is a form of deformation luminescence, in which some still-filled traps
are emptied by dislocations moving as a result of thermal contraction of the crystal.

I. INTRODUCTION

In the course of studying thermoluminescence
(TL) of x-rayed CsI crystals we have discovered
that the crystals also luminesce upon cooling,
This same cooling luminescence (CL) is also pres-
ent in CsBr and CsCl and to a much smaller ex-
tent in the other alkali halides we have investi-
gated. It appears that the luminescence is a form
of deformation luminescence associated with me-
chanical strains that occur during cooling, This
paper will be concerned mainly with a descrip-
tion of the phenomena associated with the CL in
Csl since we have not yet investigated other crys-
tals thoroughly,

II. DESCRIPTION OF THE EFFECT

If a CslI crystal is warmed following x-raying
at liquid-nitrogen temperature it exhibits thermo-
luminescence as shown in Fig, 1(a), (Our mea-
surements differ in some details from previously
reported work using o and B radiation to excite
the CsL. ') The behavior is similar to that of the
other alkali halides, viz., luminescence during
the warming portion of the cycle that disappears
at sufficiently high temperature and no lumi-
nescence during the cooling portion,

But if the warming is interrupted at an inter-
mediate temperature and the crystal cooled, it
luminesces as in region B of Fig. 1(b), We call
this cooling luminescence. It has not been pre-
viously reported in the literature,

When the crystal is subsequently warmed fol-
lowing the CL it luminesces again [region C of
Fig. 1(b)]. We believe that this is regular thermo-
luminescence due to the same processes as in
region A which have been restimulated during the
cooling, e.g., by photostimulation due to self-
absorption of some of the CL, or by electrons
released into the conduction band as part of the
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CL process. The strongest peaks in region A
are still perceptible in region C although their
magnitudes are significantly reduced. Continu-
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FIG. 1. Photomultiplier current due to luminescence
of x-rayed CslI crystal during thermal cycling. The ar-
rows show the time evolution of the curves. (a) Normal
cycle. (b) Interrupted cycle. Regions A, D, and E are
identical to corresponding portions of (a). Region B
shows the cooling luminescence. Region C shows the
restimulated thermoluminescence.
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ing the warming (region D) produces further TL

due to the original x raying, This finally disap-

pears at about 380°K. A final cooling (region E)
shows no detectable luminescence,

III. EXPERIMENTAL DETAILS

The phenomenon has been observed in a num-
ber of nominally pure CsI crystals from different
suppliers.? Samples were approximately 1x10
X 10 mm and were clamped to a copper plate
which was part of a temperature control head of
a cryostat, Various greases and adhesives were
used to provide thermal contact between crystal
and copper.® Generally, the effect was enhanced
by preheating the sample in air to 500°C for 10

min followed by rapid cooling to room temperature,

The samples were placed in an evacuable cryo-
stat, equipped with an aluminum foil entrance
window for the x rays, and a quartz exit window
for the luminescence. X-ray exposures were
provided by a molybdenum target operated at 50
kV, 20 mA for 1 min, Luminescence was mea-
sured with an EMI 9558 QA photomultiplier oper-
ated at 1500 V. The rate of heating and cooling
was 1-2°K/sec.

IV. DISCUSSION

The cooling luminescence may be adirect result
of mechanical effects associated with thermal
contraction of the crystal. There are a number
of indications that it is strongly dependent upon
mechanical influences, The CL is only readily
observable at temperatures where the bonding
agent is solidified, é, g., below 230°K for Dow-
Corning silicone grease, below 270°K for Api-
ezon-N, at all temperatures for the epoxies (as
in Fig, 1). In the low-temperature portion of the
cooling process [see region B of Figure 1(b)]
pulses of light are occasionally emitted that may
be due to sudden mechanical relaxations in the
crystal, Further pulses can be induced by tap-
ping lightly on the cryostat as the crystal cools
or after it has reached liquid-nitrogen tempera-
ture. There is often a significant drop in the in-
tensity of the continuous glow following both the
regular pulses and the induced ones,

It appears that the cooling luminescence depends
on the presence of a defect that becomes thermally
unstable above room temperature, possibly the
same one that produces the thermoluminescence
in the region from 300 to 380°K. The CL de-
creases monotonically with increasing turn-
around temperature and disappears completely
if the crystal is heated to 380 °K before cooling,
Further x raying at liquid-nitrogen temperature
restores both the TL and the CL. Both effects
show some growth with repeated x raying. The
CL can also be reduced by bleaching with visible

light at the turn-around temperature prior to
cooling, The effectiveness of the bleaching light
seems to peak at the known position of the F band
in CsI, about 7200 A.*% (We were not able to de-
tect any absorption in our crystals by direct mea-
surement, which is consistent with previously
reported work, #'°) It is possible to make several
cycles similar to B and C of Fig. 1(b) following
a single x raying by gradually raising the turn-
around temperature to allow some strong TL
before each cooling, The CL increases with in-
creasing TL, but saturates rather quickly, In
turn, the restimulated TL in region C seems to
scale with the immediately preceding CL. Our
measurements indicate that the total light output
(integral of photomultiplier current with respect
to time) associated with cooling through any tem-
perature interval is independent of the rate of
cooling, If the cooling is halted and the temper-
ature held constant, the luminescence disappears
abruptly and reappears when the cooling is rein-
itiated, Furthermore, if the cooling is inter-
rupted and the crystal heated slightly, but not
enough to produce TL, and then cooled there is
no CL until the temperature passes below the
previous minimum, at which point it turns back
on abruptly,

The phenomena described in the two preceding
paragraphs closely parallel the luminescence
produced by KCl and KCI: Cu crystals subjected
to elastic deformation as reported by Senchukov
and Shmurak,® They colored crystals with x or
y radiation and deformed them by direct mechanical
means, Theyobserveda luminescence with a spec-
trum characteristic of the known combination centers
(Cu*) and accompanied by a decrease in F-center
concentration as determined by optical absorption
measurements, They conclude that the “defor-
mation luminescence” is a result of mobile dis-
locations interacting with F' centers to release
electrons which subsequently recombine with
holes at luminescence centers, Their mechanism
also explains the “memory effect, ”” whereby a
once-deformed crystal does not luminesce again
until the deformation exceeds the previous
amount, since the dislocations move back and
forth along the same paths and therefore do not
encounter any new F centers until the deforma-
tion exceeds the previous maximum, We feel
that the behavior of our crystals when the cooling
is interrupted as described in the preceding para-
graph is explained by this same mechanism,

V. FURTHER EVIDENCE

A convincing demonstration that the effect is in
the crystal and not just an instrumental aberra-
tion is provided by a direct visual observation of
the phenomenon, We have accomplished this in
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a darkened room by holding a crystal in a pair of
forceps, dipping it in liquid nitrogen, then ex-
posing it to about 10 sec of x rays or light from
an iron spark (rich in uv) before it can warm ap-
preciably. As the crystal warms to room tem-
perature a succession of thermoluminescent peaks
are readily visible to the dark-adapted eye. This
luminescence disappears if the warming is inter-
rupted by holding the crystal in the vapor above
the liquid nitrogen, When an edge of the crystal
is slowly dipped again into the liquid nitrogen,

a pronounced cooling glow is observed to move
across the crystal slab, Numerous successive
cycles produce visible warming and cooling glow
without further irradiation. The initial thermo-
luminescent peaks are blue-violet in color. The
color of the higher temperature warming glow and
the cooling glow appears to shift toward the green,
but the eye is not capable of reliable color dif-
ferentiation at these low light levels, Measure-
ments with interference filters and the photo-
multiplier tube indicate the cooling luminescence
is largest between 5000 and 6000 A, but extends
over a wide range,

The cooling luminescence may be significant
influence in two investigations, Paracchini,® in
studying electroluminescence of Csl, observes
an “initial flash” upon the first application of the
electric field each time the crystal is cooled from
room temperature to liquid-nitrogen temperature.
As described previously, we can induce such a
flash in a cooled crystal by a mild mechanical
shock. Panova and Shiran® study the “prolonged

afterglow” present in x-rayed Csl: Na crystals
which are quickly cooled from the region of
strong thermoluminescence. They attribute the
glow to color centers relaxing via tunneling tran-
sitions, but it seems likely that part of the glow
is due to cooling luminescence,

The mechanism we propose to explain the cool-
ing luminescence, viz., deformation luminescence
driven by the contraction of the crystal during
cooling, is not specific to Csl, In an attempt to
correlate the TL and CL with accompanying
changes in optical absorption, we have also made
a number of measurements with CsBr which, in
contrast to Csl, is readily colorable with x rays,
Essentially, identical effects as those described
above are observed in CsBr, CL is observed as
long as there are F centers present in the crystal.
However, the mere presence of F centers is not
enough, For example, even if a crystal of CsBr
is irradiated sufficiently at room temperature
to produce a pronounced F-band absorption, no
CL is observed on cooling to liquid nitrogen tem-
peratures., Evidently there are no trapped holes
at luminescence centers with which the released
electrons can recombine,
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