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Abstract

Objectives. Thallium halides, in particular KRS-5 (TIBr—TII), represent one of the most promising classes of optical crystals for
applications in the mid- and far-infrared ranges. Nevertheless, the high-quality standards applied to materials used for such applications
present considerable challenges in the manufacture of single thallium halide crystals. In particular, when failing to adhere to exacting
growth conditions, the samples exhibit polycrystalline characteristics, rendering them unsuitable for utilization. Given the high cost of
experiments carried out to ascertain the optimal conditions for growth, computer modeling may present a viable alternative. When taking
such an approach to satisfy the specific requirements, it becomes possible to analyze key effects as standalone entities, thus avoiding
unnecessary complications resulting from the introduction of a high number of simultaneous unknown variables. Thus, the aim of the
present work is to simulate the growth conditions of KRS-5 crystal to ascertain the causes of polycrystallinity in the samples and identify
the optimal parameters for obtaining single crystals.

Methods. In order to solve the problem, the finite element method was used. This method is employed for the calculation of temperature
distribution, mechanical stresses, convective effects, the rate of spreading of the crystallization front, deformations due to thermal
expansion, and other phenomena that arise during the process of crystal formation. The MATLAB package, which includes a module for
solving partial differential equations, was used to simulate the crystal growth ampoule. The problem of temperature gradient was solved
in axisymmetric approximation.

Results. A computer simulation was employed to calculate the temperature distribution within the material during the growth process.
This was used to determine the position and shape of the crystallization front. It is established that polycrystalline samples develop as
a consequence of the crystallization front assuming a flat configuration. The optimum temperature in the furnace was determined. The
work demonstrated the successful growth of a KRS-5 crystal under the calculated conditions.

Conclusions. The calculations used to identify the underlying cause of polycrystallinity in the samples enabled a determination of the
optimal parameters for single crystal growth. On the basis of the calculations, a growth experiment was conducted on the KRS-5 sample.
The obtained sample met the requisite criteria for commercial utilization.
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HAYYHAA CTATbA
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C.B. Epoxun™, K.C. 3apamenckux, M.C. Ky3nenos, C.M. ITnaiomko

Tocyoapcmeennulil. HAYUHO-UCCTIEO0BAMENLCKULL U NPOEKMHBIUL  UHCTMUMYN  PeOKOMEMANLTUYECKOU NPOMbIULLEHHOCTNU
«l'upeomemy umenu H.II. Caxncuna, Mockea, 111524 Poccus

™ demop ona nepenucku, e-mail: fizteh1993@gmail.com

AHHOTaUuS

Henn. Ianorenuapt taums, B yactHoctd, KPC-5 (TIBr—TII), sisrorcst onHuME 13 HanOoJiee MePCIeKTHBHBIX ONTHYECKHX KPHCTAILIOB
CpeHero ¥ anbHero HHppakpacHoro auanazoHa. OJHaKo BEICOKHE TPeOOBAHMUS K KaUeCTBY MaTepraa PUBOAST K CyIIECTBEHHBIM CIIOXK-
HOCTSIM IIPON3BOJICTBA JAHHBIX MOHOKPHCTAIIIOB, T.K. IIPH HECOOIONCHHUHN TOYHBIX YCIOBHH pocTa 00pasIibl OIYYar0TCs TOIUKPHCTAIIIN-
YECKHMH, HEIPUTOTHBIMY JUISI KOMMEPUYECKOTO HCIIOIB30BaHMs. JIJIst olpe/iesieHHs ONTHMAaJIbHBIX YCIOBHI pOCTa HEOOXOUMO IIPOBEICHUE
JIECATKOB JIOPOrOCTOSIIIUX SKCIEPUMEHTOB. B TakoM cilydae anbTepHaTUBHBIM PEIICHUEM SIBISIETCS KOMIBIOTEPHOE MOJearpoBaHue. B 3a-
BHCHMOCTH OT TPpeOOBaHMH MOYKHO aHAJIM3UPOBATH KIIFOUEBBIE TAPAMETPHI 10 OTJCITEHOCTH, HE YCIIOXKHSISI MOJIEIb MHOXKECTBOM HEH3BECT-
HBIX OZIHOBpeMeHHO. L{erbio qanHoit paboTHI sIBIIsIETCs onpeieNieHne ycioBuii pocta kpucramia KPC-5 BEUHCIUTETEHBIMU METOAAMU IS
YCTaHOBJICHHSI IIPUYMH HOJIMKPUCTAJUIMIHOCTH 00pa3loB U HAXOXKACHNS ONTUMAIIBHBIX I1aPAaMETPOB ITOTyYEHHS] MOHOKPHCTAILIOB.

MeTtoasl. /s peneHus mocTaBIeHHON 3a/1a9l HCIIOIBb30BAT METO/I KOHEYHBIX 3JIEMEHTOB, C TIOMOIIBI0 KOTOPOTO MOKHO BBITIOJTHHTH
pacyeTsl TeMIIepaTypHOTO pacIIpeIelICHNs, MEXaHNIECKUX HANPsDKCHUH, KOHBEKTUBHBIX 3()(hEKTOB, CKOPOCTH pacrpocTpaHeHus (HpoH-
Ta KPUCTAIUTH3AIUH, JeGopMannii 13-3a TEIIOBOTO PACHIMPEHUS M IPYTUX SBJICHU, BOSHUKAIOIIUX B IPOIecce KPUCTALIO00pa3oBa-
Hust. [l mocTpoeHust MoJieNy aMItyiibl ueroiib3oBancs naker MATLAB ¢ Mmonynem st perieHust ypaBHEHHH B YaCTHBIX IIPOU3BOAHBIX.
3amaya 0 TeMIIepaTypHOM I'PaIMEHTE PEIIaiach B 0CECUMMETPHYHOM MPUOITKESHUH.

Pe3yabrarsl. C TOMOIIBI0 KOMIBIOTEPHOTO MOAEIUPOBAHUS PACCUUTAHO PACTIPEAEICHNE TEMIIEpaTyp B MaTepHae B IPOLECcce POCTa,
Ha OCHOBE YeT0 ONPEAEIeHO MoNoKeHne U hopma ppoHTa KpHcTamuTi3auy. CaenaH BBIBOJ, YTO MONUKPUCTAININYHBIE 00PA3Ibl PACTyT
B pe3ynbTaTe MPOXOKACHHS (PPOHTA KPUCTAIUTH3ALNHN TIIOCKOH (hopmbl. OnpeseneHa onTHManbpHas TeMIeparypa B Iedn, HeoOXoaumas
T POPMHUPOBAHUS BEITYKJIOTO (pOHTa KpucTaumn3anuu. [IpogeMoHCTpupoBaH BeIpalieHHbIH MoHOKpucTamt KPC-5.

BbiBoabI. PacueTsl mo3BONMIM OBICTPO ONMpPEIEINTh IPUYUHY HOTMKPUCTAINIMYHOCTH 00pa31OB, MOJYYUTh ONTHMAJIbHbIE ITapaMeTpPbI
pocTa MOHOKPHCTAIJIOB U Ha OCHOBE MX MpoBecTH skcnepuMeHT pocta KPC-5. B momydenHom oOpasie He HaOmonanach OnoyHas
CTPYKTYpa, 1 KPHCTAJUI YCIIELIHO MO/IBEPrajICsi MEXaHM4eCKol 00paboTke.

Kniouesble cnoBsa MocTtynuna: 20.09.2024
METOJ KOHEUHBIX IEMEHTOB, PAcueT TPaJNCHTa TeMIIEpaTyp, ONTHIECKHIE KPHCTAILIH, HAopa6oTaHa: 30.10.2024
rajorenuz tamms, KPC-5 MpuHaTa B nevatb: 24.12.2024

Ang uMTMpoBaHns

Epoxun C.B., 3apamenckux K.C., Kysnemos M.C., ITmwmomxo C.M. Onrummzamus mnpouecca pocra MoHokpucramia KPC-5
C IOMOIIBIO pacueTa IpaJleHTa TeMIIepaTypbl METOJOM KOHEUHBIX IEMEHTOB. Toukue xumuyeckue mexnonoeuu. 2025;20(1):55-62.
https://doi.org/10.32362/2410-6593-2025-20-1-55-62

INTRODUCTION

Thallium halides exhibit uniform transparency across
a broad wavelength range that encompasses the visible
and mid-infrared regions from 0.35 to 50 pum. The
transmission is up to 70% with a reflection coefficient
of 30%. Absorption bands are not present within the
transmission range. Depending on the composition,
thallium halides are used in various fields. Among
the thallium halides, KRS-5 crystals (Kristalle
aus dem Schmelzfluss, German; 42.5% TIBr and

57.5% TII) are the most promising for applications
in space astrophysics, thermal imaging, and
spectrophotometry. The crystals have mechanical,
chemical, and vibrational strength and moisture
resistance, which makes them suitable for use in
atmospheric conditions without special protection. The
combination of the characteristics of KRS-5 crystals has
the potential to enhance the properties of equipment in
the range of up to 10 um, thereby providing a foundation
for the development of novel devices operating in the
range from 10 to 50 um [1, 2].
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Thallium bromide, a semiconductor with a band gap
of 2.68 eV, is also promising. Due to its large atomic
numbers (81 and 35) and high density (7.56 g/cm?), it
has excellent gamma radiation stopping ability [3, 4],
which makes it ideal for detecting radiation at room
temperature. Thallium bromide is also a promising
material for positron emission tomography, as it provides
very good energy resolution and the possibility of 3D
segmentation, as well as detection efficiency superior to
that of widely used scintillators [5, 6]. However, despite
the good resolution of TIBr-based detectors, there is
still instability in their operation. Attempts to solve this
problem including adding iodine I or chlorine Cl atoms
to the crystal [7], as well as doping with compensatory
impurities [8, 9].

The growth of thallium halide crystals can be
achieved using the Bridgman—Stockbarger method,
which is particularly suited to the generation of single
crystals of this composition [10]. Nevertheless, there
are a number of problems in the production of these
crystals, especially those having diameters over 50 mm.
While key properties of these materials are their purity
and structural perfection, methods for achieving material
with an impurity content of no more than 107> wt % are
not sufficiently worked out; consequently, the defect-free
crystals often turn out to be far from perfect [11-13]. The
technological process for obtaining single thallium halide
crystals is additionally complicated by the toxicity of the
material. The degree of polycrystallinity of the KRS-5
crystal significantly depends on the growth parameters
in a multizone furnace. However, due to equipment
wear, previously tested modes do not always provide
the necessary quality of single crystals; the consequent
search for new growth conditions through trial and error
can entail unacceptable costs both in terms of expensive
materials and time.

In this case, a computer simulation can serve as
a solution [14]. Numerical methods have long proven
themselves as an effective way to solve technological
problems. When taking such an approach, it becomes
possible to analyze key effects as standalone entities, thus
avoiding unnecessary complications resulting from the
introduction of a high number of simultaneous unknown
variables. For example, calculations of temperature
distribution, mechanical stresses, convection effects,
propagation velocity of the crystallization front,
deformations as a result of thermal expansion, as well
as other phenomena occurring during crystal growth, are
available within the framework of numerical methods.
This work presents a solution to a simplified problem of

searching for a temperature distribution to determine the
growth parameters of high-quality crystal samples.

MATERIALS AND METHODS

All calculations were performed in the MATLAB package!
using the Partial Differential Equation Toolbox (PDEs?)
module for solving partial differential equations. The issue
of temperature distribution was addressed by means of an
axisymmetric approximation. The height of the ampoule
model was 0.35 m, the radius was 0.04 m, and the angle
at the tip of the cone was 45°C. The ampoule model was
divided into a grid with triangular elements no larger than
0.005 m 1in size with a quadratic division of the grid nodes
and a mesh growth rate of 1.5.

The following properties of the KRS-5 crystal
were taken: heat capacity C = 151 W-s/(kg°C),
thermal conductivity £ = 0.544 W/(m-°C), and density
p = 7.37 g/ecm3 [15]. Crystal growth was carried out in
Giredmet (Russia) from a charge comprising a compound
of two salts of iodide and thallium bromide (Giredmet,
Russia) in an EDG11-D4 Sunfire furnace (MELLEN,
USA).

RESULTS AND DISCUSSION

The growth of single crystals of vertically directed
crystallization can be achieved in a multizone furnace
without the necessity for a membrane to separate the
cold and hot zones. In this case, instead of moving
the ampoule with the melt, it is possible to change the
temperature of the heating elements and thereby shift the
position of the crystallization isotherm (Fig. 1a).

A charge of the KRS-5 composition is placed in
an ampoule made of heat-resistant glass, after which
the ampoule is suspended inside the furnace (Fig. 1b).
Subsequently, the temperature within the entire
working area increases to a level above the melting
point causing the material to enter a molten state. The
temperature of the heating elements is then consistently
reduced to values below the crystallization temperature
of KRS-5, commencing with the elements situated
beneath the ampoule containing the material. This
subsequently results in the formation of a crystalline
phase within the ampoule. However, the acquisition
of high-quality samples relies on more comprehensive
information pertaining to the growth parameters
in question. For example, Fig. 1c shows a sample
of polycrystalline KRS-5 obtained by maintaining
a temperature gradient of up to 10°C/cm and a crystal

I MATLAB. version 9.14.0 (R2023a). Natick, Massachusetts: The MathWorks Inc.; 2023.
2 Partial Differential Equation Toolbox. version 9.14 (R2023a). Natick, Massachusetts: The MathWorks Inc.; 2023.
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Fig. 1. (a) Schematic representation of a multizone furnace:
(1) insulator; (2) working zone; (3) ampoule with KRS-5;

(4) heating elements. The temperature of each heating element
is regulated independently, allowing for the coexistence

of the crystal phase and the melt within the ampoule
(illustrated by dotted lines and waves). (b) Photo

of a multizone furnace and an ampoule with powder that is
suspended within the heating zone. (c) KRS-5 crystal grown
in the furnace (photo above). If the temperature regime is not
correct, the crystal falls apart during processing (photo below)

growth rate of no more than 1.5 mm/h. Since one of
the key applications of KRS-5 is optics, the obtained
samples are subsequently subjected to mechanical
processing. Polycrystalline samples cannot withstand
such processing and are therefore unsuitable. The
growth of polycrystals may be attributed to a number of
factors, including the shape of the crystallization front,
stresses at the ampoule/material contact boundary,
convection mechanisms, and the presence of multiple
crystallization centers. Since the process of searching
for a solution by selecting parameters is both costly
and time-consuming, a decision was taken to employ
numerical modeling.

In order to ascertain the shape of the crystallization
front, it was considered to be sufficient to concentrate on
the calculation of the isotherms within the ampoule, i.e.,
without considering convection or mechanical stresses
at the interface between the material and the ampoule.
Should the necessity arise, the latest effects may be
incorporated into the complex model.

To carry out finite element modeling, an axisymmetric
2D model of an ampoule with a material was created
in the MATLAB package, see Fig. 2a. As part of the
task, the standard equation of thermal conductivity was

solved:
or
P ™
where T is the temperature; ¢ is the time. The elements
were given the characteristics of heat capacity (Cp),
thermal conductivity (k) and density (p) corresponding
to the KRS-5 crystal. Given that a sufficiently slow rate
of crystal growth allows the system to reach thermal

equilibrium, the effect of the heat of crystallization was
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Fig. 2. (a) Model of the ampoule made of heat-resistant
glass. The blue color shows the mesh. Each element has

the properties of the KRS-5 material. The positions

of the heating elements are indicated by T1-T8.

(b) The temperature of the heating elements (solid line)

and the corresponding temperature at the center of the flask
(dashed line) at two points in time are illustrated. The arrow
indicates where the dependencies shift over time

not considered in the problem. The temperature of the
heating elements was fixed at the edges of the model.
The dimensions of the temperature-controlled sites
and the size of the model were in accordance with the
specifications of the experimental setup. The position
of the crystallization front was further assumed to
correspond to the position of the crystallization isotherm
(T, =414°C).

The temperature of the heating elements changed
over time according to the following algorithm: first, the
temperature of all heaters was equal to the maximum
temperature: 71 = 72 = ... = T8 = T_ . Then the
temperature of the first heater changed according to the
ratio
-1

T1=T,,. -
M| 1000

T

Tax ~ min)

where ¢, is the time of the start of cooling of the
element 71 (min); 7 is the calculation time (min). After
cooling the element T'1 to 7. , the temperature on the
element 72 was changed similarly. The temperatures
T ., and T varied in different calculations in the
ranges 330-360°C and 430-460°C. The profile of
temperatures and heaters depending on height is shown in
Fig. 2b. At these specified parameters, the crystallization
isotherm exhibits a shift of 2.5 cm over the course of
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1000 min, which corresponds to a crystal growth rate of
1.5 mm per hour.

Figure 3 shows the 3D surfaces of a part of the
model having a temperature below the crystallization
temperature of 414°C; a change in the shape of the
isotherms is seen when the temperature of the heaters is
switched both in the cone region and in the cylindrical
region of the ampoule. Figures 3a and 3b show
a comparison of two temperature regimes in which,
at the same difference in maximum and minimum
temperatures, a fundamentally different form of the
crystallization isotherm is observed. If the range is
shifted so that the maximum temperature is close to
the crystallization temperature 7, the shape of the
isotherm is convex (Fig. 3a). In the converse case, if
the minimum temperature is close to T, the shape of
the crystallization isotherm is concave.

In quasi-stationary mode, when the growth rate
is markedly slower than the rate of establishment
of temperature equilibrium, it is postulated that the
position of the crystallization front correlates with
the crystallization isotherm. The morphology of the
crystallization front exerts a considerable influence
on the quality of the developing crystal. For example,
according to studies conducted in the 20th century [16],
the convex boundary of the crystallization front prevents
the appearance of new nucleation centers on the path of
further growth of the main crystal; this is due to the part of
the crystal that has advanced into the melt being furthest
from the walls, where the formation of new nuclei is most
likely. It is also crucial to highlight that the ampoule cone

t=7600 min

(®)

is the area with the highest likelihood of defect growth.
The greater the angle at the tip of the cone, the greater
the probability of polycrystallinity. Therefore, the shape
of the ampoule is of great importance, as it affects the
probability of polycrystalline formation.

Furthermore, the degree of polycrystallinity exhibited
by the crystal may be contingent upon the morphology
of the crystallization front. Since polycrystallinity is
often formed as a result of accumulation of dislocations,
which move mainly perpendicular to the growth
boundary, dislocations can be “pushed out” of the crystal
with a convex front without creating a high density
of defects [17]. Thus, in order to obtain high-quality
samples, it is necessary to use the mode shown in Fig. 3a.
From calculations, it is also possible to determine the
magnitude of the gradient in the crystallization front
zone. According to the isotherms at Figs. 3a and 3b, the
gradient in the center of the ampoule is 11°C/cm for the
first mode and 14°C/cm for the second.

According to the calculated regime, a new KRS-5
crystal was grown in a multizone furnace. The sample
is presented in Fig. 3c. The quality control of the
crystals was conducted through visual examination
in well-illuminated conditions without the utilization
of a microscope or other optical instruments. The
observation was carried out at sharp angles to the surface
of the samples. Under such inspection conditions,
blocks due to imperfection of the crystal structure are
visible. However, no block structure was observed in
the obtained sample and the crystal was successfully
machined.

460 °C

440

420

400

380

360

©

340

Fig. 3. (a), (b) 3D models of the crystallized part of the material inside the ampoule in the case of two temperature regimes:
(a) 330—430°C; (b) 360—460°C. The color gradient shows the temperature distribution within the material. Three isotherms, for 410,
414, and 418°C, are marked with black lines. (c) Processed sample of KRS-5 crystal obtained using the temperature regime (a)
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CONCLUSIONS

Using the finite element method implemented in the
MATLAB package, the temperature distribution in
a multizone furnace was obtained. Given that the
crystallization front is located along the crystallization
isotherm in the case of sufficiently slow crystal growth,
it can be posited that the polycrystalline nature of
previously grown crystals stems from the flat shape
of the crystallization front, which, in turn, leads to the
emergence of multiple crystallization centers, thus
giving rise to a polycrystalline structure. Subsequently,
new growth parameters were established to set the
corresponding temperature values on the heating

REFERENCES

1. Kuznetsov M.S., Zaramenskikh K.S., Lisitskii LS.,
Polyakova G.V., Morozov M.V., Pimkin N.A., Soskov O.V.,
Butvina L.N. Gradient materials based on thallium halide
crystals for optical elements and optical fibers of the IR
range. Foton-Ekspress = Photon-Express. 2021;6(174):76-77
(in Russ.). https://doi.org/10.24412/2308-6920-2021-6-76-77

2. Khorkin V.S., Voloshinov V.B., Kuznetsov M.S. Anisotropic
acousto-optic interaction in a KRS-5 crystal. Appl. Opt.
2022;61(15):4397-4403. https://doi.org/10.1364/A0.453606

3. Kim H., Ogorodnik Y., Kargar A., Cirignano L., Thrall C.L.,
Koehler W., O’Neal S.P., He Z., Swanberg E., Payne S.A.,
Squillante M.R., Shah K. Thallium Bromide Gamma-Ray
Spectrometers and Pixel Arrays. Front Phys. 2020;8:55.
https://doi.org/10.3389/fphy.2020.00055

4. Hitomi K., Kim C., Nogami M., Shimazoe K., Takahashi H.
Characterization of coincidence time resolutions of
TIBr Cl,_ crystals as Cherenkov radiators. Jpn. J. Appl. Phys.
2023;62:081001. https://doi.org/10.35848/1347-4065/ace5fa

5. Arifio-Estrada G., Du J., Kim H., Cirignano L.J., Shah K.S.,
Cherry S.R., Mitchell G.S. Development of TIBr detectors for
PET imaging. Phys. Med. Biol. 2018;63(13):13NT04. https://
doi.org/10.1088/1361-6560/aac27¢

6. Ellin J., Rebolo L., Backfish M., Prebys E., Arifio-Estrada G.
Prompt gamma timing for proton range verification with
TIBr and TICI as pure Cherenkov emitters. Phys. Med. Biol.
2024;69(11):115002. https://doi.org/10.1088/1361-6560/ad4304

7. Kim H., Churilov A., Ciampi G., Cirignano L., Higgins W.,
Kim S., O’Dougherty P., Olschner F., Shah K. Continued
development of thallium bromide and related compounds
for gamma-ray spectrometers. Nucl. Instrum. Methods
Phys. Res. Sect. A: Accelerators, Spectrometers, Detectors
and Associated Equip. 2011;629(1):192—196. https://doi.
org/10.1016/j.nima.2010.10.097

8. Smirnov L.S., Govorkov A.V., Kozhukhova E.A., Lisitsky L.S.,
Kuznetsov M.S., Zaramenskikh K.S., Polyakov A.Ya.
The influence of growth conditions and donor doping on
conductivity mode and deep traps spectra in TIBr single
crystals. Izvestiya Vysshikh Uchebnykh Zavedenii. Materialy
Elektronnoi Tekhniki = Materials of Electronics Engineering.
2013;3:4-12 (in Russ.). https://doi.org/10.17073/1609-3577-
2013-3-4-12

elements, thereby enabling the growth of a KRS-5 crystal
with a low degree of polycrystallinity, which is suitable
for commercial use.

Authors’ contributions

S.V. Erohin—carrying out calculations, writing the text of the
article.

K.S. Zaramenskikh—developing growth regimes, writing the
text of the article.

M.S. Kuznetsov—growing crystals in a multizone furnace,
planning the experiment.

S.M. Pilyushko—preparing samples and mechanical processing.

The authors declare no conflict of interest. The work was done
without financial support.

CNMNCOK JINTEPATYPbI

1. Kysumenos M.C., 3apamenckux K.C., Jlucunxuii U.C.,
ITonsixosa I'.B., Mopo3os M.B., Ilumkun H.A., CockoB O.B.,
Byrsuna JL.H. I'panuenTHbIe MaTepuabl Ha OCHOBE KPUCTAl-
JIOB TaJIOT€HU/I0B TaJUIUS JJIsI ONTHYECKHUX JJIEMEHTOB H OI-
toBonokHa WK-muanaszona. @omon-Oxcenpecc. 2021;6(174):
76-77. https://doi.org/10.24412/2308-6920-2021-6-76-77

2. Khorkin V.S., Voloshinov V.B., Kuznetsov M.S. Anisotropic
acousto-optic interaction in a KRS-5 crystal. Appl. Opt.
2022;61(15):4397-4403. https://doi.org/10.1364/A0.453606

3. Kim H., Ogorodnik Y., Kargar A., Cirignano L., Thrall C.L.,
Koehler W., O’Neal S.P., He Z., Swanberg E., Payne S.A.,
Squillante M.R., Shah K. Thallium Bromide Gamma-Ray
Spectrometers and Pixel Arrays. Front Phys. 2020;8:55.
https://doi.org/10.3389/fphy.2020.00055

4. Hitomi K., Kim C., Nogami M., Shimazoe K., Takahashi H.
Characterization of coincidence time resolutions of
TIBr Cl,_ crystals as Cherenkov radiators. Jpn. J. Appl. Phys.
2023;62:081001. https://doi.org/10.35848/1347-4065/ace5fa

5. Arifio-Estrada G., Du J., Kim H., Cirignano L.J., Shah K.S.,
Cherry S.R., Mitchell G.S. Development of TIBr detectors for
PET imaging. Phys. Med. Biol. 2018;63(13):13NT04. https://
doi.org/10.1088/1361-6560/aac27¢

6. Ellin J., Rebolo L., Backfish M., Prebys E., Arifio-Estrada G.
Prompt gamma timing for proton range verification with
TIBr and TICI as pure Cherenkov emitters. Phys. Med. Biol.
2024;69(11):115002. https://doi.org/10.1088/1361-6560/ad4304

7. Kim H., Churilov A., Ciampi G., Cirignano L., Higgins W.,
Kim S., O’Dougherty P., Olschner F., Shah K. Continued
development of thallium bromide and related compounds
for gamma-ray spectrometers. Nucl. Instrum. Methods
Phys. Res. Sect. A: Accelerators, Spectrometers, Detectors
and Associated Equip. 2011;629(1):192—-196. https://doi.
org/10.1016/j.nima.2010.10.097

8. Cmupros  M.C., TosopxoB A.B., Koxyxosa E.A.,
Jlucuuxuit  U.C., KysznwenoB M.C., 3apamenckux K.C.,
ITonsaxoB A.Sl. BausHue ycnoBuil BbIpalllUBaHUs U JIETHPO-
BaHUS JIOHOPHBIMH IIPUMECSIMU Ha MEXaHU3M IMPOBOAUMOCTH
M CIIEKTPHI ITyOOKNX ypoBHeH B kpucraiuiax TIBr. Mzeecmus
sblClUUX  YueOHbIX 3agedenull. Mamepuanvl 31eKmMpOHHOU
mexnuku. 2013;3:4-12. https://doi.org/10.17073/1609-3577-
2013-3-4-12

60 Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2025;20(1):55-62


https://doi.org/10.24412/2308-6920-2021-6-76-77
https://doi.org/10.1364/AO.453606
https://doi.org/10.3389/fphy.2020.00055
https://doi.org/10.35848/1347-4065/ace5fa
https://doi.org/10.1088/1361-6560/aac27e
https://doi.org/10.1088/1361-6560/aac27e
https://doi.org/10.1088/1361-6560/ad4304
https://doi.org/10.1016/j.nima.2010.10.097
https://doi.org/10.1016/j.nima.2010.10.097
https://doi.org/10.17073/1609-3577-2013-3-4-12
https://doi.org/10.17073/1609-3577-2013-3-4-12
https://doi.org/10.24412/2308-6920-2021-6-76-77
https://doi.org/10.1364/AO.453606
https://doi.org/10.3389/fphy.2020.00055
https://doi.org/10.35848/1347-4065/ace5fa
https://doi.org/10.1088/1361-6560/aac27e
https://doi.org/10.1088/1361-6560/aac27e
https://doi.org/10.1088/1361-6560/ad4304
https://doi.org/10.1016/j.nima.2010.10.097
https://doi.org/10.1016/j.nima.2010.10.097
https://doi.org/10.17073/1609-3577-2013-3-4-12
https://doi.org/10.17073/1609-3577-2013-3-4-12

Optimization of KRS-5 single crystal growth process

by calculation of temperature gradient using finite element method

Sergey V. Erohin,
etal.

9. Bishop S.R., Higgins

W., Ciampi G., Churilov A.,
Shah K.S., Tuller H.L. The Defect and Transport Properties
of Donor Doped Single Crystal TIBr. J. Electrochem. Soc.
2011;158(2):J47. http://doi.org/10.1149/1.3525243

10. Salimgareev D., Lvov A., Yuzhakova A., Pestereva P.,

I1.

Shmygalev A., Korsakov A., Zhukova L. Optical materials
for IR fiber optics based on solid solutions of AgCl,, ,sBr, ;5 —
TICly 74Brg 5 AgCly55Bry 55 TIBro 46lgs4 systems.
Opt. Mat. 2023;143(3):114304. https://doi.org/10.1016/].
optmat.2023.114304

Lisitsky I.S., Golovanov V.F., Kuznetsov M.S., Polyakova G.V.
Macroscopic defects of thallium halide single crystals grown
from the melt by the Stockbarger method. Tsvetnye Metally.
2004;2:81-84 (in Russ.).

12. Kozlov V., Leskeld M., Sipild H. Annealing and characterisation

13.

of TIBr crystals for detector applications. Nucl. Instrum.
Methods Phys. Res. Sect. A: Accelerators, Spectrometers,
Detectors and Associated Equip. 2005;546(1):200-204.
https://doi.org/10.1016/j.nima.2005.03.025

Kozlov V., Leskeld M., Prohaska T., Schultheis G.,
Stingeder G., Sipild H. TIBr crystal growth, purification and
characterisation. Nucl. Instrum. Methods Phys. Res. Sect. A:
Accelerators, Spectrometers, Detectors and Associated Equip.
2004;531(1):165-173. https://doi.org/10.1016/j.nima.2004.06.002

14. Aronov P.S., Gusev A.O., Rodin A.S. Modeling of the

15.

stress-strain state of the crystal grown by Bridgman method.
Preprinty IPM im. M.V. Keldysha = Keldysh Inst Prepr.
2023;8:26 p. (in Russ.). https://doi.org/10.20948/prepr-2023-8
Avdienko K.I., Artyushenko V.G., Belousov A.S., et al.
Kristally  galogenidov  talliya. Poluchenie, svoistva i
primenenie (Crystals of Thallium Halides. Synthesis,
Properties and Applications). Novosibirsk: Nauka; 1989.
151 p. (in Russ.).

16. Laudise R.A., Parker R.L. Rost monokristallov (The Growth

of Single Crystals): transl. from Engl. Moscow: Mir; 1974.
540 p. (in Russ.).

[Laudise R.A. The Growth of Single Crystals. N.Y.: Prentice-
Hall Publ., 1970. 352 p.]

17. Aust K.T., Chalmers B. Control of lineage structure in

aluminum crystals grown from the melt. Can. J. Phys.
1958;36(7):977-980. https://doi.org/10.1139/p58-103

About the authors

10.

11

12.

13.

14.

15.

16.

17

. Bishop S.R., Higgins

. Jucnnkuin - U.C.,

W., Ciampi G., Churilov A.,
Shah K.S., Tuller H.L. The Defect and Transport Properties
of Donor Doped Single Crystal TIBr. J. Electrochem. Soc.
2011;158(2):J47. http://doi.org/10.1149/1.3525243
Salimgareev D., Lvov A., Yuzhakova A., Pestereva P.,
Shmygalev A., Korsakov A., Zhukova L. Optical materials
for IR fiber optics based on solid solutions of AgCl,, ,sBr, ;5 —
TICly 74Bro o AgCly,5Brg ;s TIBro 46lo.s4 systems.
Opt. Mat. 2023;143(3):114304. https://doi.org/10.1016/].
optmat.2023.114304

lTomoBanoB B.®., Kysneno M.C.,
Ionsxosa I'B. Makpockonndeckne 1e()eKTsl MOHOKPUCTAI-
JIOB TAJIOTEHHUJIOB TaJIHs, BBIPAIICHHBIX M3 PAcIaBa METO-
nom CrokOaprepa. [{semuvie memannei. 2004;2:81-84.
Kozlov V., Leskeld M., Sipild H. Annealing and characterisation
of TIBr crystals for detector applications. Nucl. Instrum.
Methods Phys. Res. Sect. A: Accelerators, Spectrometers,
Detectors and Associated Equip. 2005;546(1):200-204.
https://doi.org/10.1016/j.nima.2005.03.025

Kozlov V., Leskeld M., Prohaska T., Schultheis G.,
Stingeder G., Sipild H. TIBr crystal growth, purification and
characterisation. Nucl. Instrum. Methods Phys. Res. Sect. A:
Accelerators, Spectrometers, Detectors and Associated Equip.
2004;531(1):165-173. https://doi.org/10.1016/j.nima.2004.06.002
AponoB II.C., I'ycee A.O., Pomma A.C. MonemupoBaHue
HanpsHKeHHO-1e(POPMHUPOBAHHOTO  COCTOSIHUSI ~ KPHCTAJIA,
BBIpALIEHHOTO MeToaoM bpumxmena. [llpenpunmur UTIM
um. M.B. Kenoviua. 2023;8:26 c. https://doi.org/10.20948/
prepr-2023-8

Asmuenko K.M., Aptiomenko B.I., Bbemoyco A.C. u mp.
Kpucmanner eanocenuoos mannus. Ilonyuenue, ceolicmea u
npumererue. HoBocubupcek: Hayxka; 1989. 151 c.

Jlomus P.A., ITapkep P.JI. Pocm monoxkpucmannos: nep. ¢ aHri.
M.: Mup; 1974. 540 c.

. Aust K.T., Chalmers B. Control of lineage structure in

aluminum crystals grown from the melt. Can. J. Phys.
1958;36(7):977-980. https://doi.org/10.1139/p58-103

Sergey V. Erohin, Cand. Sci. (Phys.-Math.), Researcher, Laboratory of High-Purity Halogenide Materials for Optics,
Giredmet (2-1, Electrodnaya ul., Moscow, 111524, Russia). E-mail: fizteh1993@gmail.com. Scopus Author ID 57003750600,
ResearcherID AFR-7212-2022, RSCI SPIN-code 6549-5344, https://orcid.org/0000-0002-7464-8454

Ksenia S. Zaramenskikh, Cand. Sci. (Chem.), Leading Researcher, Laboratory of High-Purity Halogenide Materials for Optics,
Giredmet (2-1, Electrodnaya ul., Moscow, 111524, Russia). E-mail: kszaramenskikh@rosatom.ru. Scopus Author ID 56743216200,

RSCI SPIN-code 3904-6167, https://orcid.org/0000-0001-8573-3470

Mikhail S. Kuznetsov, Head of the Laboratory of High-Purity Halogenide Materials for Optics, Giredmet (2-1, Electrodnaya ul.,
Moscow, 111524, Russia). E-mail: gradan@mail.ru. Scopus Author ID 55421893200, https://orcid.org/0000-0002-8441-4424

Stanislav M. Pilyushko, Process Engineer, Laboratory of High-Purity Halogenide Materials for Optics, Giredmet (2-1, Electrodnaya ul.,
Moscow, 111524, Russia). E-mail: vorpat2402@bk.ru. Scopus Author ID 57854000900, RSCI SPIN-code 4397-6926, https://orcid.

0rg/0009-0005-3650-4694

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2025;20(1):55-62 61


mailto:fizteh1993@gmail.com
mailto:kszaramenskikh@rosatom.ru
https://orcid.org/0000-0001-8573-3470
mailto:gradan@mail.ru
https://orcid.org/0000-0002-8441-4424
mailto:vorpat2402@bk.ru
https://orcid.org/0009-0005-3650-4694
https://orcid.org/0009-0005-3650-4694
http://doi.org/10.1149/1.3525243
https://doi.org/10.1016/j.optmat.2023.114304
https://doi.org/10.1016/j.optmat.2023.114304
https://doi.org/10.1016/j.nima.2005.03.025
https://doi.org/10.1016/j.nima.2004.06.002
https://doi.org/10.20948/prepr-2023-8
https://doi.org/10.1139/p58-103
http://doi.org/10.1149/1.3525243
https://doi.org/10.1016/j.optmat.2023.114304
https://doi.org/10.1016/j.optmat.2023.114304
https://doi.org/10.1016/j.nima.2005.03.025
https://doi.org/10.1016/j.nima.2004.06.002
https://doi.org/10.20948/prepr-2023-8
https://doi.org/10.20948/prepr-2023-8
https://doi.org/10.1139/p58-103

Optimization of KRS-5 single crystal growth process Sergey V. Erohin,
by calculation of temperature gradient using finite element method etal.

06 aBTOpax

Epoxun Cepreii BaagumupoBu4, K.(.-M.H., Hay9HBIH COTPYOHHK, J1a0OpaTOpHsi BBICOKOYMCTBIX TaJOTCHHIHBIX MAaTECPHUATIOB
s ontuku, AO «locynapcTBEeHHBI HAay4HO-HCCICAOBATEILCKUM M MPOEKTHBI MHCTUTYT PEIKOMETALUIMYECKOM MPOMBIIIIICHHO-
ctu «T'upenmer» umenn H.IT. Caxuna (111524, Poccusi, Mocksa, Dnekrponuast yi., a. 2, crp. 1). E-mail: fizteh1993@gmail.com.
Scopus Author ID 57003750600, Researcher]D AFR-7212-2022, SPIN-kox PUHIL 6549-5344, https://orcid.org/0000-0002-7464-8454

3apamencknx Kcennsi CepreeBHa, K.X.H., JaDOpaTOpysi BEICOKOYHCTBIX TaJOTCHHUIHBIX MarepHaioB st onTukd, AO «ocynapcTBeHHBIHM
Hay4YHO-UCCIICIOBATEIbCKUI U NMPOEKTHBIH MHCTUTYT PEAKOMETaUIN4ecKoi mpoMblnuieHHOCTH «lupenmer» umenu H.II. Caxuna
(111524, Poccusi, MockBa, Dnekrpoanas yi., A. 2, crp. 1). E-mail: kszaramenskikh@rosatom.ru. Scopus Author ID 56743216200,
SPIN-kox PMHI 3904-6167, https://orcid.org/0000-0001-8573-3470

Ky3nenmoB Muxana CepreeBu4, Ha4YalbHUK J1a0OpPAaTOPUM  BBICOKOYHCTBIX TallOTCHUIHBIX MATEpUANIOB JUI  ONTHKH,
AO «JocynapcTBeHHbIN HAy4YHO-UCCIIECOBATEILCKUN U NMPOCKTHBIM MHCTUTYT PEIKOMETAJNIMYECKOM MPOMBIIIIEHHOCTH «[upenmer»
umenn H.IT. Caxxuna (111524, Poccust, MockBa, DnekTpoaHas yi., . 2, ctp. 1). E-mail: gradan@mail.ru. Scopus Author ID 55421893200,
https://orcid.org/0000-0002-8441-4424

Mnmomko CranmciaaB MuXaia0BHY, HHKEHEP-TEXHOJIOT, JTa0OpaTOpHs BBICOKOYMCTBIX TaJlOTEHHHBIX MaTepUalioB IUIS OI-
ik, AO «l0oCymapcTBeHHBIH HayYHO-MCCIIENIOBATENGCKAH W MPOEKTHBIH HWHCTHTYT PEAKOMETANINYECKOH IPOMBIIIIEHHO-
ctu «I'mpenmer» mmenn H.II. Caxwuna (111524, Poccusi, MockBa, Dnextpoxnast yi., a. 2, ctp. 1). E-mail: vorpat2402@bk.ru.
Scopus Author ID 57854000900, SPIN-kox PUHILI 4397-6926, https://orcid.org/0009-0005-3650-4694

Translated from Russian into English by N. Isaeva
Edited for English language and spelling by Thomas A. Beavitt

62

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2025;20(1):55-62


mailto:fizteh1993@gmail.com
https://orcid.org/0000-0002-7464-8454
mailto:kszaramenskikh@rosatom.ru
https://orcid.org/0000-0001-8573-3470
mailto:gradan@mail.ru
https://orcid.org/0000-0002-8441-4424
mailto:vorpat2402@bk.ru
https://orcid.org/0009-0005-3650-4694

