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Csl:Tl crystals have been grown by Stockbarger technique in sealed quartz ampoules. Grown ingots do not ad-
here to the material of the container. Ready crystals have no residual stresses and do not break during subsequent
mechanic treatment. Vibration absorption of grown crystals contains no bands of OH™ or CO? ions in the IR re-
gion. After irradiation the electronic absorption has no bands of F- or Fa-color centers in the visible region. Spec-
trometric characteristics of the grown crystals are not inferior to standard. Developed technique is recommended for
growth of Csl:TI scintillation material with internal source of radiation. The peculiarity of the method is the dehy-
dration of raw material at T < 40°C under conditions which exclude photolysis of salt.

PACS: 29.40.Mc; 81.10.Fq; 61.72.S-

INTRODUCTION

Csl:TI crystal is well known inorganic scintillation
material which widely used in scientific and industrial
applications [1]. Such scintillators with radioactive iso-
topes, uniformly distributed over the crystal lattice are
used in nuclear physics experiments [2] for soft X-rays
registration that accompany the -decay of radioisotopes
especially in case of K-capture. It has been shown [3]
that events of extremely low energy 0.84 keV from #Na
internal source are reliably registered while such events
have not available for external sources recording.

The process of obtaining such crystals involves
some difficulties since no harmful substances are al-
lowed to enter production facilities. Open technique, for
instance Kyropoulos technique, is not used for crystal
growth in this case due to environmental safety. Ordi-
narily, crystal with internal isotopes is grown by
Stockbarger technique in sealed quartz ampoules. There
is a fundamental limitation for crystal growth in quartz
ampoule which connected with procedure of surface
melting of ready ingot. Violation of ampoule imperme-
ability during surface melting process results in pollu-
tion of industrial rooms by radiation. If you skip this
step, the lateral surface of ingot will adhere to the wall
of ampoule and grown crystal will crack during cooling.
The diameter and height of crystal is larger, the proba-
bility of cracking is higher.

It is well known that the interaction the ingot with
quartz is due to presence of hydroxide ions in the melt
and crystal [4, 5]. Developed growth techniques [6] to
prevent pollution of the melt by OH™ and CO:  ions,

including additional treatment of melt by different cati-
on [7, 8] to transfer oxygen-containing impurities into
insoluble compounds. The disadvantage of these meth-
ods is unavoidable pollution of melt administered cati-
ons [7] and the associated negative effect on the func-
tional characteristics of the crystals.

In this regard, the actual task is to provide a growth
technique that allows obtain Csl: Tl scintillation material
without oxygen-containing impurities, eliminates inter-
action of the ingot with the walls of quartz ampoule and
no effect on the scintillation characteristics of ready
detectors.
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EXPERIMENTAL PROCEDURE

For crystal growth we used cesium iodide producing
by Sigma-Aldrich Corporation. Before experiments
each part of salt was tested on the presence of so-called
"high-temperature water" [4]. Methods such verification
using thermal desorption of gases is described in [9].
Only those parts of salt were selected for crystal growth
which did not show the peaks of water desorption above
180°C during the heating process.

Crystals were grown of two types, which differs the
method of preparation of raw materials. First of all it
was the crystals of CTT (Traditional Technology) type
which corresponds to the ordinary drying of cesium
iodide. The ampoule was filled with salt in the industrial
room at a temperature of 20°C and 60% relative humidi-
ty under luminescent lighting. Filled ampoule was
pumped out to a residual pressure of 5-10° Torr and
then evacuated for 30 min. Then the furnace tempera-
ture is increased to T = 560°C with the rate of 50°C/h.
Ampoule with salt prepared in this manner considered
ready for crystal growth.

For the crystals of second type (CNT — New Tech-
nology) drying of salt was carried in the same way. The
difference is that all the operations for filling ampoules
by wet salt, its storage and preparation of raw materials
were carried out under red light to prevent photolysis.
Ampoules were 50 mm in diameter and 180 mm in
height, since at such size generally not possible to avoid
the adhesion of the ingot to the quartz using ordinary
process of salt dehydration.

After drying, the crystals were grown by the
Stockbarger technique in the same quartz ampoules. The
melt was not pumped. Directional crystallization was
carried out by lowering the ampoule at a rate of 2
mm/hour.

Crown ingots were cut on a slides and samples of
10x10x10 mm size were manufactured for spectromet-
ric characteristics measuring. Polishing of ready scintil-
lator was carried out with the advice of [10, 11] to min-
imize the damaged layer and prevent the formation of
dead layer. Measuring the light output was carried out
on the spectrometry stand [12] with a photodiode Ha-
mamatsu S3590-08 type with respect to the standard.
The accuracy of light output measuring was +3.2% [13].
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For afterglow measuring the samples of &20x4 mm
sizes were used. Measurements of afterglow level were
carried out using NPG3 device. Anode current of X-ray
tube was of 0.6 mA at a voltage of 140 kV. The after-
glow level was determined at 100 ms after excitation
pulse finishing. The duration of the X-ray pulse was
equaltols.

RESULTS

The most sensitive test for the presence of OH™ ions
in the melt and grown crystal [4, 5] is the nature of wet-
ting the walls of the ampoule and sticking of ingot to the
material of container. Unlike ingots of CTT the grown
CNT crystals did not stick to quartz and easily extracted
from the ampoule. They showed low level of residual
stresses and did not crack in the further machining.

The fact that adhesion of the ingot to the material of
the container is not observed means that the crystals are
free of hydroxide ions. The analysis of the vibration
absorption spectra of grown crystals fully confirms this
conclusion. In case of CNT there are any absorption
bands in infrared part of spectrum. It is well known that
oxygen-containing impurities like CO3; OH™ first of
all are characteristic for ingot grown in air atmosphere
and also 10;; SO;"; NO;; SiO~ sometimes [5].

Contrary to CNT, weak absorption bands at are ob-
served in CTT crystals. The spectrum is very similar to
spectrum presented in [7] for large-sized Csl crystals non-
activated and doped by Eu®*. Well known that noted ab-
sorption bands correspond to stretching and deformation
vibrations of CO;~ ions [14, 15]. Using the relationship

[16] between absorption coefficient and concentration
of these ions we estimated the quantity of carbonate ions
(Cx) and concluded that Cy < 5-10° mole % in CTT crys-
tal.

Spectrometric characteristics. In view of the small
size of the ingot, the study of spectrometric characteris-
tics was carried out for samples measuring
10x10x10 mm cut from the beginning of the cylindrical
part of the ingot, where thallium is almost uniformly
distributed throughout the volume. We can assume a
priori that noted quantities of impurities cannot adversely
affect the light output and energy resolution of Csl:TI crys-
tal, since the concentration of major impurity (thallium) is a
lot more and it equal to Cy; = 1.05-10™ mole %. This value
has been determinate for the layer of ingot correspond-
ing to a sample of 10x10x10 mm size.

In Fig. 1 the pulse height spectrum of photodiode
detector made from CTT crystal is presented. For con-
venience of comparison the data on scintillation charac-
teristics are summarized in the table for Csl:TI crystals
of two types. The light yield and energy resolution for
Csl:Tl standard also presented in this table.

Indeed as it follows from the data of the table that
the light yield of all grown crystals corresponds to the
standard. The energy resolution of the produced photo-
diode detectors within the error of measurements does
not differ from the standard and is equal to R=4.82%

for CTT and R=4.87% for CNT. It should be noted
that the measurements were carried out for a fixed shap-
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ing time of tgc = 10 us. Comparison of these results with
the data of [17], where was published one of the best
value R = 4.84% for crystals of 1 cm?® size with a pho-
todiode, indicates a high spectrometric quality of crys-
tals of both types.
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Fig. 1. Pulse height spectrum of photodiode detector
made from Csl:Tl of CTT-type. Excitation by **'Cs
source, crystal size is 10x10x10 mm, photodiode Ha-
mamatsu S3590-08

An important problem of photodiode scintillator is
the possibility of detecting low-energy quanta. So an-
other illustration of spectrometric quality of grown crys-
tals is data for X-ray with energy of 59.6 keV from
Am. The corresponding pulse height spectrum is
shown in Fig. 2 for the CNT material.
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Fig. 2. Pulse height spectra of photodiode detectors
made from Csl:Tl of CNT-type. Used photodiodes are
FD-05-25 (1) and S3590-08 (2).

Excitation by %**Am source

A distinctive feature of the spectrum in Fig. 2 is that
in this case the Ukrainian photodiode FD-05-25 [18]
with sensitive aria of 4x4 mm was used. In Fig. 2 the
abscissa axis is not shown in the channels, but replaced
by an equivalent energy scale, this was done for the
convenience of observing the shift in the registration
threshold. It can be seen from data of curve 1 that the
peak of the total absorption is well distinguished, the
energy resolution for line of 59.6 keV is 19.8%, and the
detection threshold is reduced to 17 keV in comparison
with the threshold of ~ 40 keV for curve 2, where the
pulse height spectrum presented for similar crystal
(1 cm®) coupled to photodiode with a sensitive area
10x10 mm.
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The data given on the energy resolution and detec-
tion threshold of grown crystals in the X-ray range do
not differ from the best known values for scintillator
based on Csl:Tl crystals, described, for example, in
Ref. [17].

From analysis of data presented in the table we can
conclude that, as we assumed a priori, spectrometric
quality of CNT material do not differ from CTT crystal.
It means that grown crystals are not inferior in perfor-
mance to well known scintillation materials
Csl:Tl, CO, and perspective Csl:Tl, NO, [17].

Radiation hardness. In contrast to the light output,
even negligible quantity of OH™ and CO%  impurities
have a sharply negative effect on the radiation hardness
of CsI:Tl crystals. It is known that these crystals colored
easily under daylight, when they contain noted impuri-
ties. Coloration is due to specific radiation-chemical
reactions in the crystal lattice. The essence of the mech-
anism [19] consists in that under action of radiation or

irradiation of ultraviolet light OH™ is decomposed by
the reaction:

OH; +hv =0, +H?, (1)
where the subscripts s and i denote the position of a
particle at the lattice site or interstitial, respectively. Due
to the high mobility of the H? atom, it easily diffuse by
the interstices and reacts with carbonate ions according
to the reaction:

H? +COZ +V; =HCO; +F, 2
where V, is an anion vacancy. According to reaction
(2) divalent carbonate ion transforms to monovalent
hydrocarbonate, and an anion vacancy converted into F-
center. In Csl:TI crystal formed F-centers are located
near the cation of TI" and create so-called Fa-centers
consisting of anion vacancies, activator cation and elec-
tron [15, 20]:

F+TI" =F,, orTI°V, . 3)

Designation F, assumes electron localization mainly

on the anion vacancy, and (TI°V, ) — on cation of thal-
lium [20].
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Fig. 3. The absorption spectra of irradiated crystals
of CTT-type (1) and CNT-type (2). 3 — Absorption
spectrum of Csl:Tl, COs crystal from [21]
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The absorption spectra of grown crystals in visible
range of spectrum are shown in Fig. 3. Curve 2 corre-
sponds to the absorption of CNT irradiated by dose of
10 Gy. It is seen that in contrast to the CTT (curve 1) Fa
color centers are not formed according to the above-
described mechanism in the CNT. Small values of the
absorption coefficient before irradiation (ko ~ 0.01 cm™)
indicate a high quality of both materials as well as the
quality of surface treatment.

It should be noted that curve 1 corresponds to the
best of the three grown crystals of CTT type. Despite
the relatively small changes in k, the induced absorption
bands are clearly seen in the spectrum.

For the convenience of identifying the peaks, curve
3 is also shown in Fig. 3, according to the data of [21].
This curve corresponds to the absorption of Csl:Tl, CO;
crystal. It should be noted that the curve 3 characterizes
induced absorption (k — ko) in the irradiated crystal and
in Figure is shifted up. As it seen from a comparison of
curves 1 and 3, the absorption maxima of the irradiated
CTT material fully coincide on position with bands of
Csl:Tl, CO; crystal.

Another structurally sensitive parameter of crystals
is the storage of energy in impurity traps. It is known
that the peak of thermally stimulated luminescence
(TSL) at 300 K and the minute afterglow of Csl: Tl crys-
tals at room temperature are associated with the pres-

ence of OH™ and CO? ions [16]. TSL curves for crys-

tals of two types are presented in Fig. 4. Curve 1 corre-
sponds to energy storage in CTT material and curve 2 to
CNT. It is clear seen that intensity of TSL at 300 K for
the CNT sample is ten times weaker than the CTT. Ac-
cording to the data of [16, 21] a minute afterglow at
room temperature is associated with intensity of TSL
peak at 300 K while the two components of millisecond
afterglow are closely connected with peaks at 180 and
215 K [21]. The nature of the last two peaks is associat-
ed with contamination of the raw material with Me?*
cation. From a comparison of curves 1 and 2, it can be
seen that the proposed drying process significantly re-
duces the intensity of TSL in the 300 K region and does
not affect the intensity of the peaks at 180 and 235 K.
The data on the afterglow level after 100 ms and 10 min
are given in the table and are in full accordance with the
results just described.
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Fig. 4. The TSL curves of irradiated at 77 K crystals
of CTT-type (1) and CNT-type (2)

DISCUSSION

So, it is established that the proposed technique of
crystal growth, including preliminary selection of salt
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and its dehydration, allows obtain Csl:TI crystal of
high-quality without co-activator like COs. It is shown
that grown CNT crystals did not stick to quartz and easi-
ly extracted from the ampoule. We believe that the
problem of crystal growth without surface melting has
been solved.

However, the high values of scintillation characteris-
tics in themselves are not direct proof of the advantages
of proposed drying technique. The fact is well known
[4] that quartz can provide a deoxidizing effect on the
melt. Prolonged exposure of the melt leads to the fol-
lowing chemical reaction in the liquid phase:

2CsOH+SiO, =Cs,SiO,; +H,0. 4

In our conditions, water may evaporate from the
melt; condense on the cold parts of the ampoule and not
to participate in further reactions. Silicates are concen-
trated on the walls of ampoules, forming patterns on the
interface, similar to the frost. In this case grown ingot
do not contains hydroxyl ions but nevertheless interacts
with ampoule. Such situation is typical for the case of
"pure” crystal growth from "dirty” melt.

Such melt cleaning by the material of ampoule itself
becomes ineffective when growing large crystals. We
have already noted that recently more effective scaven-
gers and getters are found [8].

It should be recalled that grown ingots of CNT type
do not sticking to the wall of the quartz ampoule. This
fact just completes the results on scintillation character-

istics and gives the proof on the absence of OH™ ions in
the melt and ingot. The source of material contamina-
tion by noted impurities is a drying process itself in case
of growth CTT material. It should be noted that we do
not observe the release of "high temperature water”
from selected raw material. An ampoule with salt pre-
pared to crystal growth sometimes was cooled to room
temperature and subjected to additional hydration. Such

sample testing shows that gas desorption above 180°C
take place only for CTT samples not for CNT one.

The lack of interaction between the ingot and quartz
allows excluding the operation of surface melting. Last
circumstance improves the environmental safety of the
process. This method of crystal growth is recommended
to obtain Csl:TI ingot with internal radionuclide for ap-
plication in nuclear physics [2], geology and radioecol-
ogy monitoring [22].

CONCLUSIONS

Csl:Tl crystals have been grown by Stockbarger
technique in sealed quartz ampoules. Obtained ingots do
not adhere to the container material, have no residual
stresses and not break down during subsequent machin-
ing.

Spectra of IR absorption don’t show the presence of

bands which are connected with OH™ and CO;~ ions.

Electronic absorption in visible range doesn’t show the
bands of F- and Fa-centers. Spectrometric characteris-
tics of the grown crystals are not inferior to standard.

The lack of interaction between the ingot and quartz
ampoule allows excluding the operation of surface melt-
ing. Last circumstance improves the environmental
safety of the process. Such technique of crystal growth
is recommended to obtain Csl:Tl ingot with radioiso-
tope for application in nuclear physics.

A reliable criterion of salt suitability to obtain the
ingot without impurities like OH™ and COj" is the lack
of high-temperature desorption peak of water. It is
shown that a necessary condition for the preparation of
the salt is thoroughly dehydrated at a temperature no
higher than 40°C with the exclusion of photolysis.

Characteristics of crystals in comparison with standard

. Csl:Tl crystals
Characteristics Standard CTT CNT
1 Interaction of ingot with quartz — yes no
2 Bands of IR absorption, cm * no 880; 1390 no
3 Light yield, photon/MeV 48 000 48 700 48 200
Energy resolution, %
4 on *¥'Cs (10x10x10 mm) 4.90 4.82 4.87
on *!Am (4x4x4 mm) 19.8 19.2
5 Registration threshold, keV 17 17 17
after 100 ms 0.8 0.55 0.56
6 | Level of afterglow, % after 10 min 0.07 < 0.005
7 Color centers after D = 10 Gy no Fa no
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MNOJYYEHHUE KPUCTAJIJIOB Csl:TI C BHYTPEHHUMMU PAJUOHYKIIMAAMU
I AAEPHOU ®U3UKU
AJI Hnununckas, A.M. Kyoun, A.B. Konecnuxos, A.B. Juoenxo, K.A. Kyoun

Meronom Crokbaprepa B repMETHUYHBIX KBAapIlEBbIX amirysiax BbipaieHbl kpuctauisl Csl:Tl, koTopslie He mpu-
JIUIMAIOT K MaTepHaly KOHTeHHepa, He MMEIOT OCTATOYHBIX HANpSDKEHHH M HE pa3pyLIAloTCs MPH IOCIEAyIOmeH
MexaHn4eckol 00padoTke. CIIeKTpBI KosieOaTeIbHOTO MOTJIONIEH!s BhIpaleHHbIX KpuctamwioB Csl:T1 He conepxar
nosnoc nornoutenus B UK-o61actu cekrpa, 06yciosnennsx monamu OH™ u CO3, a 21eKTPOHHOE MOTIIONIEHHE B
BUIMMOH 00JIacTH Tociie 00JTydeHUs] He MMEET M0JI0C TOTIIOMEHNS IEHTPOB OKpack F- u Fa-tumos. Criekrpomer-
pHUUYECKHE XapaKTepUCTHKH BBIPAIICHHBIX KPUCTAJUIOB HE YCTYHAIOT 3TaJOHY. MeTo ] peKOMEH/IOBaH IS BBIpAIH-
BaHUS CHMHTH/UIATOPOB C M30TOIIAMH, BBEJCHHBIMH B KPHCTAJUIMYECKYIO PEIIETKY, W OTIMYAETCs JACTHIpaTaruei
coipbs ipu T < 40°C B yciioBHSIX, UCKITIOUAIOIIUX (OTOJIU3 COJIH.

OTPUMAHHSA KPUCTAJIIB Csl: Tl 3 BHYTPIIIHIMHY PAJIIOHYKJIIJIAMH IS ATEPHOI ®I3UKH
O.JI. lInununcovka, O.M. Kyoin, O.B. Konecnixos, I.B. /ludenxo, K.O. Kyoin

Meronom Crokbaprepa B repMeTHYHUX KBapLOBHX amimysax BuporiieHo kpuctanu Csl:Tl, ski He mpuiimnaoTs
JI0 MaTepialy KOHTeHHepa, He MaloTh 3aJMIIKOBUX HAINpPY)KEHb 1 He PYHHYIOTHCS B IIPOLEC MTOJalIbIIOi MEXaHI9HO]
00poOku. CHeKkTpy KOJIMBaIbHOTO TOTIMHaHHS oTpuMaHux kpucraniB Csl:T]1 me matorp cMyr mornmuanus B 14-
obnacTi criekTpa, mo o6ymoseni ionamn OH™ i CO?Z’, a eneKTpoHHE MOTMHAHHSA y BHMMIl o6macTi micis onpo-
MiHEHHS HE MAlOTh CMYT TOTJIMHAHHS IEHTPIB 3a0apBieHHs F- u Fa-TumiB. CriekKTpoMeTpryHi XapakTepUCTHKH BH-
POIICHUX KPUCTAJTIB HE MOCTYMAIOTHCS €TAIOHY. MeTo]] peKOMEHAOBAHO JJISi BUPOLTYBAHHS CUUHTHIATOPIB 3 i30-

TOINIAMH, L0 BBEJICHI 10 KPUCTATIYHOI I'PAaTKH, 1 BiJpi3HAETHCS AeriapaTauiero cupouay npu T < 40°C B ymoBax,
10 BUKJIIOYAIOTh (DOTOJI3 COJIi.
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