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THERMOELECTRIC COOLERS
FOR X-RAY DETECTORS

Introduction. X-ray methods are widely used for the nondestructive microanalytic studies of the structure and
composition of materials with a high spatial resolution. Further increase in their resolution depends substantially
on improving the analytical characteristics of semiconductor detectors, as well as on the application of novel types
of wide-aperture position-sensitive radiation detectors.

Problem Statement. The resolution of X-ray detectors is essentially dependent on their operating temperature
mode, provided by the use of thermoelectric coolers. Single-stage thermoelectric coolers (TEC) are used for super-
ficial cooling (down to 250 K); to cool sensors to an operating temperature of 230 K two-stage TECs are used and
three-stage TECs are used for temperatures down to 210 K, whereas four- and five-stage ones are meant for cool-
ing below 190 K.

Purpose. Design and structural optimization of a thermoelectric multi-stage cooler of X-ray radiation detector.

Materials and Methods. Computer-based object-oriented design methods and optimal control theory meth-
ods adapted for thermoelectric energy conversion applications.

To develop thermoelectric cooling modules, bismuth telluride-based materials (Bi,Te,) of n- and p-types of con-
ductivity have been used.

Results. Calculations of the design of the thermoelectric cooler as a part of the X-ray detector showed opti-
mum electric power of the thermoelectric converter W = 2.85 W, which, with a refrigeration coefficient € = 0.02,
provides the detector base temperature T, = —70 °C and AT = 90 K. These temperature conditions are optimal
for the operation of X-ray detectors and can significantly increase their resolution with minimal electricity
consumption.

Conclusions. A comprehensive study and optimization has been performed, and the design of a thermoelectric
multistage cooler has been calculated, which ensures optimal operating conditions for the X-ray detector. The
obtained results can be used to create X-ray detectors with high resolution.

Keywords: computer simulation, thermoelectric cooling, and X-ray detector.

The X-ray methods are widely used for non-destructive microanalytical studies of the
structure and composition of materials with a high spatial resolution [1]. The current
nuclear microanalysis methods that use focused ion beams having a MeV-order energy
and a high energy homogeneity (AE/E = 10-°) ) allow a spatial resolution of up to 100 nm,
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on the surface, and up to 10 nm, in the depth of
the samples. A further increase in the resolution
significantly depends on the improvement of
the analytical characteristics of semiconductor
detectors, as well as on the use of wide-apertu-
re position-sensitive radiation detectors of new
types [2].

To increase the resolution of X-ray detectors, it
is important to solve the problem of keeping the
optimal temperature of their operation [3—9]. It
can be solved by using semiconductor thermo-
electric coolers (TECs) [5—9], which allows the
required depth of cooling in the minimum opera-
ting volume of the detector. Thus, single-stage
thermoelectric modules are used for shallow coo-
ling (up to 250 K), two-stage TECs for cooling sen-
sors to an operating temperature of 230 K, three-
stage TECs for cooling down to 210 K and four-
and five-stage ones for cooling below 190 K [10].

Below, there is an analysis of the capacity of
thermoelectricity in terms of cooling X-ray de-

tectors and the development of a multi-stage ther-
moelectric cooler for X-ray detectors.

PHYSICAL MODEL OF THERMOELECTRIC
COOLER OF X-RAY DETECTOR

For calculations, a physical model of a thermo-
electric cooler as part of an X-ray detector is used
(Fig. 1). It consists of detector’s case (2) with a be-
ryllium window (7), through which the radiation
enters the X-ray detector (3). The required tempe-
rature and thermal conditions are kept by means
of a thermoelectric cooler (8) having an electric
power W and consisting of branches of thermo-
electric material of n- and p-type conductivity (9),
electro-conductive switching plates (70) and ther-
mo-conductive electrical insulating plates (77).
To reduce heat loss, the detector case is filled with
inert gas (9), and radiation shields (4) are addi-
tionally installed. The heat flow from the thermo-
electric cooler is transferred through the frame of
the detector case (6) and the detector holder (7).
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Fig. 1. Schematic model of thermoelectric cooler as part of the X-ray detector: 7 — beryllium window; 2 — detector’s case;
3 — X-ray detector; 4 — radiation screens; 5 — inert gas; 6 — frame of the detector case; 7 — detector holder; 8 — thermoelect-
ric cooler; 9 — branches of thermoelectric material of #- and p-type conductivity; 70 — switching plates; 17 — electrical

insulating plates
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Table 1. Requirements for Thermoelectric
Cooler of X-Ray Detectors

Parameters Value
Dimensions of detector’s cooling plate, mm 10 x 10
Total thickness of the module, mm 7+5
Heat accumulation, mW 3
Operating temperature range, “°C from —70 to +20
Supply voltage, V 5
Supply current, A 0.7

Table 1 shows the conditions that shall be met
by the thermoelectric cooler to be designed.

MATHEMATICAL AND COMPUTER
DESCRIPTION OF PHYSICAL MODEL

The system of equations for description of cooling
coefficient of thermoelectric cooler depending on
the parameters of physical model elements is de-
termined based on the heat equilibrium equations:

Q =x, (IV"—=T), (1)
Q,=x, (1, = T, ),

Q/, = Xg (Th(1) o Th)7 (2)
Q=Q Wy 3)

where T is detector surface temperature, T is
temperature of the cool side of the thermoelectric
module, y, is heat interface resistance 4, T, is the
hot side of the thermoelectric module, 7, is
temperature of detector’s case framework, T, is
temperature of surface to which heat is trans-
ferred, y, is heat interface resistance 5, y,is heat
resistance of the heat exchanger on the hot side of
the thermoelectric cooler, Q is cold generation
capacity of the thermoelectric module, Q, is heat
generation capacity, W,, is wattage of the ther-
moelectric cooler.

Given expressions (1)—(3), the general formu-
la for determining the cooling efficiency ratio of
the thermoelectric cooler is as follows:

c

- Wit Wy B (4)

Ll (T+QN) —05FR—MT, —T.— (Q,+ Q.N))
WTE+ W1

€
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where a is Seebeck differential coefficient of the
material, I is electric current, R is resistance of the
thermoelectric module, A is mean specific heat
conductivity coefficient of thermoelectric module
branches, W, is power consumption for heat ex-
change, N, is value that simplifies the expression
for the cooling efficiency ratio and is calculated

by the formula:
(o, %)
N= (5)
The configuration of thermoelectric module is
designed using the COMSOL Multiphysics [11] app-
lication package. For computation purposes, the
equations of the physical models shall be presen-
ted in the clearly defined form, as shown below.
The heat and electric fluxes are described using
the energy conservation law

divE=0 (6)
and the electric charge conservation law
divj=0, 7)
where B
E=q+Uj, (8)
qg=«xVT+aTj, (9)
j=—6VU — 6aVT. (10)

In the above equations E'is energy flux density,
¢ is heat flux density, j is electric current density,
Uis electric potential, T'is temperature, o, , k are
thermo-EMF (thermo- electromotive force), elect-
ric conductivity, and heat conductivity coefficients.

Given (9)—(10), the heat energy flux E can be
calculated by the formula:

E=—(x + 02T+ alUs)VT —
—(acT + Us)VU. (@8]
In this case, the energy conservation laws (5),
(6) are written as follows:
-V|[(x +a’cT+ aUc)VT] —
— V[(asT + Us)VU] = 0, (12)
-V(caVT) —V(cVU) = 0. (13)

Second-order nonlinear differential equations

in partial derivatives (12) and (13) determine the
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Fig. 2. Structural diagram of the designed thermoelectric cooler for the X-ray detector

temperature T and potential U distributions in
the thermoelectric cooler.

The solution of these equations using the me-
thod of object-oriented computer modeling [11]
and the optimal control theory [12] enables finding
the optimal configuration of the thermoelectric con-
verter and the dependence of its characteristics.

THE RESULTS
OF COMPUTER MODELLING

The design of thermoelectric multi-stage module
has been calculated by the method of computer
modeling (Fig. 2), which provides the possibility
of its use to ensure the temperature conditions of
the X-ray detector (Table 2).

Based on the results of calculations, the ther-
moelectric cooler has 5 stages consisting of 5, 15,
25,50 and 100 pairs of branches of thermoelectric

Table 2. Parameters of the Designed
Thermoelectric Cooler of X-Ray Detectors

Parameter Value
Cold generation capacity, Q,, mW 57
Temperature of detector’s frame, T, °C -70
Temperature difference, AT, K 90
Cooling efficiency ratio, & 0.02
Wattage, W, W 2.85
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material, its dimensions are 21 x 21 x 9 mm to
provide a cooled area of 10 x 10 mm. The dimen-
sions of the branches of thermoelectric material
based on bismuth telluride (Bi,Te,) of n- and p-
conductivity typesare 1.1 x 1.1 x1.3 mm. The elect-
rical insulating plates shall be made of alumina
oxide (Al O,) and have a thickness of 0.5 mm; the
copper (Cu) electrical switch shall have a 0.1 mm
thick anti-diffusion layer of nickel (Ni).

The estimated cold generation capacity of the
thermoelectric converter is Q, = 57 mW (3 mW
heat load from the detector and 54 mW accumu-
lation from radiation). At a temperature on the
detector T = —70 °C and a heat removal tem-
perature of T, = +20 °C the cool efficiency ratio
of the thermoelectric cooler is € = 0.02. Respec-
tively, power consumption of this converter is
W=285W.

The obtained results have confirmed the us-
ability of thermoelectric coolers to ensure the
temperature and thermal conditions of X-ray de-
tectors and have advantageous technical charac-
teristics as compared with counterparts [10].

Thus, the computer design of the thermoelect-
ric cooler for X-ray detectors has made it possib-
le to calculate the configuration and characteris-
tics of the thermoelectric cooler as part of X-ray
detector. The designed element contains 5 cas-
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cades of thermoelectric material based on Bi,Te,, | it ensures a temperature of the detector frame
has dimensions 21 x 21 x9 mm, and providesacoo- | T™ = —70 °C and AT = 90 K, at a cooling effi-
led area of 10 x 10 mm. Its wattage is W=2.85 W; | ciency ratio € = 0.02.
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TEPMOEJIEKTPUYHI OXOJIOIKYBAYI
JJIA PEHTTEHIBCBKUX JETEKTOPIB

Beryn. PentreniBebki MeToM MIMPOKO BUKOPUCTOBYIOTH /ST HEPYHHIBHIX MiKPOAHATITUHYHUX OCIPKEHb CTPYKTYPH Ta
CKJIaJly MaTepiasiiB 3 BUCOKOI IPOCTOPOBOIO PO3/LIBHOIO 31aTHICTIO. [Togasbiie 36i/1bIeH S [IbOTO OKAa3HUKA CYTTEBO 3a-
JIESKUTDH BiJI TOKPAIlEeHHS aHATITUYHUX XapaKTePUCTUK HAIIBIIPOBITHUKOBUX JIETEKTOPIB, a TAKOK Bi/l 3aCTOCYBAaHHS IIUPO-
KOAIEePTYPHUX MO3UIIHO YyTIUBUX I€TEKTOPIB BUITPOMIHIOBAHHS HOBUX TUIIIB.

IIpo6GaemaTuka. Pos/ijibHa 31aTHICTh PEHTIEHIBCHKUX JETEKTOPIB CYTTEBO 3aJI€KUTh Bl TEMIIEPATYPHOIO PEKUMY IX-
HBOI POOOTH, 1110 3a6€3MMeUyEThCS BUKOPUCTAHHSAM TEPMOECJIEKTPUYHUX OXO0JI0KYBauiB. OHOKACKa/HI TePMOETEKTPIHYHI
oxosomkysadi (TEO) sactocoBytors At Hernmbokoro oxonomskertst (10 250 K), Toai sk 1715 0XOMO0[KEHHST CEHCOPIB 110
pobouoi remneparypu 230 K Bukopucrosywors asokackanai TEO, 1o 210 K — Tpukackajisi, a 1Jist OXOJIOPKEHHST HUKYE
190 K — wotupu- ta m'srukackazaui TEO.
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Mera. [IpoekTyBaHHsT Ta ONTUMI3allisi KOHCTPYKILi TePMOENEKTPHYHOTO HAraTOKACKaIHOTO OXOJIO/KYBada JAeTeKTOpa
PEHTTeHIBCbKOTO BUIIPOMiHIOBAHHSI.

Marepiaim it Merou. MeTojiu KOMITIOTEPHOTr0 00’ €KTHO-0PIEHTOBAHOTO IIPOEKTYBAHHS Ta METO/IU TEOPIi ONITUMAIBHOTO
KepyBaHH$, a/IalITOBaHi /10 BAKOPUCTAHHS /1711 TEPMOEJIEKTPUYHOTO TIepeTBOPEHHS eHeprii. /L1 cTBOpeHHs TepMOoeIeKTpuy-
HMX MOZYJIiB OXOJIOJKEHHSI BUKOPHCTAHO MaTepialy Ha 0cHOBI Teaypuny sicmyty (Bi, Te,) n- Ta p- Tumis nposigHocri.

PesyabraTu. Po3paxynku KOHCTPYKILT TEPMOEIEKTPUYHOTO OXOJIO/KYBava Y CKJI/li IeTeKTOpa PEHTTeHiBCbKOTO BUITPO-
MIiHIOBAHHSI TTOKA3aJIM OMTUMAJIbHY €JEKTPUYHY TOTYKHICTh TEPMOEIEKTPIIHOTO TiepeTBopioBada W = 2,85 Br, mo mpu
xonouibHoMy Koedinienti g = 0,02 3abesieuye Temieparypy ocnosu gerekropa I = —70 ° C ta AT =90 K, 1m0 € onrumais-
HUMU YMOBaMu Jiisi POOOTH JIETEKTOPIB PEHTIEHIBCHKOTO BUIIPOMIHIOBAHHSI T [03BOJISIIOTH 3HAUHO IBUIIUTH IXHIO PO3-
JIJIBHY 3/IaTHICTD ITPU MiHIMAJbHUX 3aTpaTax eJeKTPUYHOI eHepril.

BucnoBku. HagesieHo po3paxyHku 3a6€31e4y0Th ONTUMAIbHI PEKUMU POOOTH JIETEKTOPA PEHTIEHIBCHKOTO BUIIPOMiHIO-
BaHHs, a KOMIIEKCHE JIOC/I/DKEHHS Ta ONTUMi3allis 3a3Ha4eHOTO IIPUCTPOIO MiITBEPANIN peayibrat. OTpuMani jaHi MoXKHa
3aCTOCOBYBATH /IJI1 CTBOPEHHS TIPUIIAJIIB 3 MiZIBUIIEHOIO PO3/IIJIbHOIO 3/IaTHICTIO.

Knarouoei crosa: koMiriotepHe MPOEKTYBAHHS, TEPMOECJIEKTPUYHE OXOJIOKEHHS, PEHTTeHIBCbKUIA IETEKTOP.
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