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Validation of process of medical product sterilization includes absorbed dose mapping in a phantom made of mate-
rial representative of the object to be processed. Commonly, such measurements are carried out using the disposable
chemical dosimeters placed in the phantom at the nodes of the 3D grid. Such a procedure is very laborious and costly in
terms of the consumption of dosimeters. In the work, we investigated the possibility of using pyrometric method for
prompt mapping of the absorbed dose. The studies were carried out using a rectangular phantom in the form of a set of
expanded polystyrene plates, which is exposed to a scanned electron beam. The temperature and absorbed dose distri-
butions in the phantom were measured. A linear dependence between them has been established. The calculation of the
absorbed dose profile was also performed by MC simulations. Satisfactory agreement of the calculated dose distribu-
tion with the measured one is shown. The limitations of applicability of the proposed method are determined.
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INTRODUCTION

Radiation sterilization of medical devices relates to
technologies with high degree of responsibility. Its vali-
dation under the conditions of a specific radiation facili-
ty is carried out in accordance with the ISO 11137-
1:2006/Amd 2:2018 standard [1]. One of the stages of
validation is the qualification of the operating equip-
ment. It includes irradiation in a specified mode of a
homogeneous object (phantom) representative to the
sterilized product, and measuring of the spatial distribu-
tion of the absorbed dose (dose mapping) in it in ac-
cordance with the standard ISO/ASTM 52303:2015 [2].
This procedure, in addition to confirming the characteris-
tics of the radiation, also allows one to check the accura-
cy of the software product used to simulate and optimize
the irradiation mode [3]. Since the main volume of steri-
lized products is made up of materials with average den-
sity of ~102 kg/m® (dressings, clothing, coatings, etc.),
expanded polystyrene (EPS) with a close density was
chosen as the phantom material. Its advantage is also
high radiation resistance, that enables multiple reuse of
the phantom without changing its characteristics [3].

The mapping procedure involves the placement of a
large number of disposable dosimeters at the nodes of a
3-dimensional grid in the phantom. Therefore, it is very
laborious and costly in terms of consumption of dosime-
ters and execution time. This is particularly true when
the radiation source is an electron accelerator, which
parameters determining the dose distribution may vary
within wide limits.

The purpose of this paper is to study the conditions
of application of pyrometry technique using the thermal
imager for operational mapping of the absorbed dose in
the phantom.

1. CALORIMETRIC DOSIMETRY
OF ELECTRON RADIATION
In technological dosimetry of electron radiation, the

calorimetric method with the use of polystyrene (PS) as
a material for the sensitive volume of the dosimeter is
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used [4]. The advantage of PS, in addition to high radia-
tion resistance, is also its low thermal conductivity.

The method is based on establishing the average
value of the absorbed dose D in the sensitive volume
from the temperature difference after irradiation T1 and
before it To using the expression:

D:(Tl_To)'C(Tl!To)’ 1)
where C is the heat capacity of the PS, depending on
temperature [5]. Commonly, this dependence is present-
ed in a linearized form:

C(Tl,TO):C(TO)+K~[L2T°J, @

where K — is the coefficient determined during calibra-
tion of the dosimeter.

The heat capacity of PS is ~ 10° J/kg-deg. Thus, the
sensitivity of the PS calorimeter dosimeter makes
~1 deg/kGy.

In the calorimetric dosimetry, the temperature meas-
urement is usually carried out in off-line mode with a
time delay At of several minutes, which corresponds to
the dosimeter transfer from the irradiation zone to a
measuring device. Therefore, the uncertainty of the ab-
sorbed dose measurement depends on the accuracy of
restore the temperature T;. The problem can be solved
by fitting the cooling process when the condition

At << 1, (3)

where 1¢ is the cooling constant.

If the condition (3) is satisfied when mapping the dose
in the phantom, then its distribution can in principle be
reconstructed from the temperature profile in different
planes inside the phantom. Such measurements are pro-
vided by modern infrared (IR) cameras (thermal imagers)
at a temperature error of ~ 0.1°C. In terms of the absorbed
dose, this corresponds to ~ 10? Gy. The dose value usual-
ly realized in the technological processes (for example,
during sterilization) is about 10 kGy. Therefore, it can be
expected that the error in dose determination by the py-
rometric method does not exceed a few percent. This is
quite enough for adequate reproduction of the dose dis-
tribution in the phantom volume.
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1.1. THERMAL MODEL
OF PS-CALORIMETRIC DOSIMETER

From the point of view of reconstructing the temper-
ature distribution inside the irradiated calorimeter, the
problem is reduced to solving a nonstationary heat con-
duction equation with a given initial distribution deter-
mined by the absorbed dose profile and nonlinear
boundary conditions. The task is complicated by the lack
of accurate data on the thermophysical parameters of both
PS and its foam modifications, as well as their depend-
ence on temperature and manufacturing technology [6].

For a semiquantitative analysis of the factors deter-
mining the cooling constant, consider a simplified ther-
mal model of a standard PS absorbed dose calorimeter
(Fig. 1). It consists of a working medium (capsule) 1 in
the form of a PS disk with a density of 854 kg/m? and a
mass of 230 g. The capsule is surrounded by a rectangu-
lar heat-insulating shield 2 made of expanded polysty-
rene with dimension 29x29x10 cm. The density of EPS
is 24 kg/m?®, weight is 190 g. The shield consists of two
parts. The working medium is tightly set in one part,
and the second part (cover) can be removed, providing
access to it. Inside the working medium there is a ther-
mistor with contacts brought out to the protection sur-
face and calibrated with accuracy of 0.01°C. This design
of the calorimeter allows it to be used to compare the
temperature of the working media measured with the
thermistor and an IR camera.
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Fig. 1. Structure of the PS-calorimetric dosimeter [4]

Consider a simplified thermal model of a PS calo-
rimeter. Taking into account that the surface density of
its thermal insulation at the surface of the capsule is no
more than 10% of the surface density of the capsule
itself, in the first approximation we will assume that
heat transfer in the calorimeter is determined by the
temperature of the capsule T1 and takes place mainly
between the planes of the capsule and the thermal
shield. We will also consider the case of moderate val-
ues of the absorbed dose (~10 kGy), when the increase
in the calorimeter temperature does not exceed ~10°C
and the change in the thermophysical parameters of the
material can be neglected. Due to of the symmetric de-
sign of the calorimeter with a closed lid, the heat flux to
both sides of the capsule is assumed to be the same. In
this case, the heat conduction equation can be represent-
ed as:

dT, _ 24,1, -T;)

C1m1d—t1: e (4)
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where c; is the heat capacity of the PS-capsule, m; is its
mass, A, is the thermal conductivity coefficient of the
EPS thermal shield, Ts is the temperature of its surface,
d is the thickness of the shield (d = 4.1 cm).

For the quasi-stationary case, the condition of equal-
ity of heat fluxes from the capsule and from the protec-
tion surface can be written in the form:

am % =-205(T, - T,), 5)
where « is the heat transfer coefficient on the shield
surface, S is the area of the lateral surface of the cap-
sule, Tp is the ambient temperature. By joint solution of
the equations (4) and (5), we obtain:
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T,()=T,(0) exp{mt]ﬂo , (6)

where T1(0) is the steady-state temperature of the cap-
sule immediately after irradiation. Thus, the cooling
constant of the capsule with the closed lid is:

7™ =0.50,0(d- 4" +at), (7)

where p; is the surface density of the capsule.

In turn, for the calorimeter with the removed cover,
the main heat flux in the capsule is directed towards its
open surface, and the cooling constant takes the form:

@ =cp (bl o), ®)
where b is the thickness of the capsule, 11 is the coeffi-
cient of thermal conductivity of PS.

Table 1 lists some available data on the thermophys-
ical parameters of polystyrene and its modifications.

Table 1
Thermophysical parameters of polystyrene [6]
Parameter PS EPS
C, ki/kg-°C (1.11...1.33) 1.65-10°
A, W/m-°C 0.165 (2.8...4.4) -102
p, kg/m3 (854...1060) 10...200

The heat transfer coefficient « is determined by two
processes — convection and radiation. At a temperature
of ~30°C, the convection makes the main contribution.
The « value is ~10 W/m?-°C and increases with the in-
crease of the air velocity at the calorimeter surface and
the calorimeter temperature. As follows from the formu-
las (7) and (8), the value of « does not significantly
change the estimate of the cooling constant, which is
~1.4x10%s for the PS calorimeter with the closed ther-
mal shield and ~3.7x10% s with the one opened.

2.STUDY OF THE PYROMETRIC
DOSIMETER PROTOTYPE

To test the proposed method, a prototype of the py-
rometric dosimeter based on the RISO polystyrene calo-
rimeter [7] and a thermal imager was developed and
fabricated.

2.1. MEASUREMENTS WITH THE RISO
CALORIMETER

The thermal imager includes a module with an IR
sensor type MLX90640, a Raspberry Pi mini-computer,
a power supply, a web camera with LED backlight, a
temperature and humidity sensor (Fig. 2). The resolu-
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tion of the IR sensor is 32x24 pixels, the viewing angle
is 55°x45°. The mini-computer runs an 1/O controller of
an EPICS system [8], and the data from the IR sensor
are transmitted to the operator's computer via a local
network. The maximal frame rate from the thermal im-
ager is about 8 frames/s. It is also possible to average
over frames and write data to a file at a rate of
~1 frame/s. Software is developed using Python scripts
and runs in the EPICS system. A Control System Studio
package is used as GUI to display information from the
thermal imager.

Humidity and WEB camera
temperature . with LED
sensor AM2320 <
.* USB Power
.. ¥, 3h
Raspberry PI Y
IR sensor H
MLX90640

Fig. 2. Block diagram of the thermal imager
of the pyrometric dosimeter

2.2. MEASUREMENT PROCEDURE

The studies were carried out on an industrial elec-
tron accelerator LU-10 NSC KIPT [9], equipped with a
conveyor for the transfer of the processed products to
the irradiation zone. The thermal imager was located in
the labyrinth of radiation shield of the accelerator be-
hind the turn of the conveyor line at a distance of 55 cm
from the front plane of the transport container with the
object being processed. Such an object was the RISO
calorimeter. The frame size in the front plane of the
object was 56x42 cm. The thermistor of the RISO calo-
rimeter was connected via a 4-wire circuit to a multime-
ter located in the control room. The measurement pro-
cedure was as follows:

e The initial temperature of the disk surface of the
calorimeter was measured with the lid open before irra-
diation (~ 10 min).

e The calorimeter with the lid closed was passed
through the irradiation zone at a certain conveyor speed
and the irradiation time was recorded.

e Then transport container with the calorimeter was
moved to the thermal imager to measure the temperature
of the latter with the lid closed (~10 min).

o After that, the cover was removed. The tempera-
ture on the surface and inside of the calorimeter was
measured (~ 30...60 min).

Irradiation of the RISO calorimeter was carried out
at a conveyor speed of 3.72, 2.48, 1.24 cm/s. The time
between irradiation was ~1 h. During the measurements,
the temperature and humidity of the ambient air near the
thermal imager were recorded. The absorbed dose was
determined by the method [10].
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2.3. RESULTS OF THE MEASUREMENTS

Fig. 3,a shows the temperature inside the calorimeter
(black square) measured with the thermistor, and the
maximum temperature on the surface of the calorimeter
disk (red circles) measured with the thermal imager.
The moment of irradiation and the moment of opening
the calorimeter cover are seen as the temperature jump.

Fig. 3,b demonstrates the averaged temperature of
the calorimeter disk surface during cooling and their
approximation by function (9). At the initial moment
after removing the cover (5...6 min), a transient process
of establishing the temperature of the calorimeter is ob-
served.

The temperature inside and on the surface of the
cooling calorimeter disk was approximated by an expo-
nential function (see Fig. 3,b):

1

y=A exp _t—x}yo, )

where A; is the temperature difference, yo is the ambient
temperature, t; is the time constant (s).
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Fig. 3. T RISO —temperature inside the calorimeter

(square); Tmax IR camera —the maximum surface tem-
perature of the calorimeter (circles) during irradiation at

a conveyor speed of 1.24 cm/s (a). Temperature of the
RISO calorimeter measured with open lid and fitted by an

exponential function (b). t36 —average temperature of
the calorimeter surface in the center of the disk (circles)

As a result, the dependence of the absorbed dose on
the difference in the surface temperature of the RISO
calorimeter, measured by the IR camera, was obtained.
Table 2 shows the parameters of temperature approxi-
mation during cooling of the calorimeter.

Table 2

Parameters of approximation of RISO temperature

(RISO) and calorimeter surface temperature (IR)

V conv. Yo Aq t1
124IR |16.07+0.20 | 15.15+0.16 | 2695+ 72
1.24RISO|14.15+0.06 | 23.88+0.04 | 2567 +13
248IR [1751+0.37| 7.22+0.28 | 1877+192
2.48RISO|15.30+0.08| 13.56+0.07 | 289526
3.72IR |16.46+2.48| 517+2.26 |2093+1518
3.72RISO|12.80+0.12| 9.51+0.12 | 348455

3. THE MEASUREMENTS
WITH THE PHANTOM
3.1. MEASUREMENT PROCEDURE

To test the possibility of using the thermal imager
for mapping the dose in an object, the phantom was
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irradiated with an electron beam, and the temperature
distribution inside the phantom was measured. The
phantom consists of 5 stacked plates of expanded poly-
styrene each by 6.5 cm in thickness t with density of
125 kg/m®. On the front plane of the phantom, in the
center of each plate, there was a 20 cm long a dosimetry
film B3 (Fig. 4 on the left) and one more film on the
back surface of the last plate. A measuring stand was
preliminarily assembled to ensure the fixation of the
phantom plates in the field of view of the thermal im-
ager (see Fig. 4 on the right).

The motionless phantom was irradiated with a elec-
tron beam scanned in the vertical plane with an energy
of 9.3 MeV and an average current 0.73 mA. The scan-
ning amplitude at the exit window was +8.4 cm, which
corresponds to the width of the scanning area on the
front surface of the phantom of 47 cm. After irradiation
for 15 s, the phantom was removed and moved to the
stand (see Fig. 4 on the right)

The surface temperature of each plate was measured
for 10 seconds. The interval between measurements was
~1min. The IR sensor pixel corresponded to a

2.6x2.9 cm cell on the plate surface.

Phantom F2N

Stand for measurements

IR camera
Support

91

30

\ |
Fig. 4. Phantom (left) and measuring stand (right)

As an example, Fig. 5 shows the temperature distri-
bution on the surface of the 2nd plate.

NNNNNNN
mmmmmmm

24~

Fig. 5. Surface temperature profiles of the 2nd phantom
plate (L2)

3.2. RESULTS OF THE MEASUREMENTS

Data processing from the thermal imager consisted
in determining the boundaries of the phantom, building
temperature profiles (horizontal and vertical) for each
phantom plate.

The obtained horizontal temperature profiles were
approximated by a Gaussian in the form:

1/ x—xc 2
oo 252 |
2 w
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(10)

where A is the peak amplitude, yo is the displacement
along the vertical axis (Y), w is the standard deviation,
Xc is the position of the peak on the X-axis.

Fig. 6 shows the horizontal temperature profiles and
their Gaussian approximation. After approximation, the
width of the beam profile along the X-axis, the position
and height of the distribution peak were obtained (Ta-
ble 3). The value of full width at half maximum
(FWHM) was calculated using expression:

FWHM =2-w-,/In(4) =2.3548-w . (1)
40 e L1
|2
384 v L3
A L4
364 L5
o L6
37 Gaussian Fit
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Fig. 6. Horizontal profiles of the surface temperature
of phantom plates (L1-L6),
solid lines — Gaussian approximation (10)
Table 3
Parameters of approximation by function (10) of the
horizontal temperature profile of the phantom plates

R EE R AT
place <ce).r£9 <ce).r£1 <823 err$.35 err<1.2
1 2518 3754 | 725 | 1294 | 17.07
2 | 2485 3861 | 730 | 1456 | 17.19
3 |2474| 3800 | 841 | 1303 | 19.81
4 |2434] 3801 | 991 | 11.74 | 2334
5 | 2409 3799 | 1220 | 926 | 2873
6 |2427| 3800 | 1370 | 619 | 3226

The absorbed dose was measured with the B3 do-
simetry films using a photo scanner (Table 4, Fig. 7).
Table 4
Parameters of approximation of the horizontal dose
profile (B3 film) by function (10). The parameter y0O
(offset) was assumed being zero during the approximation

No Center, SD, _Peak FWHM,
" cm cm Height, kGy cm

plate err<0.02 | err<0.03 | err<0.03 err<0.7

1 38.02 4.95 30.39 11.65

2 37.83 5.39 29.27 12.68

3 37.74 6.09 25.53 14.35

4 38.17 7.36 22.18 17.34

5 38.00 8.86 16.70 20.87

6 38.08 8.39 10.85 19.75
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Fig. 7. Dose profiles measured with B3 film
and their Gaussian approximations (10)

3.3. COMPUTER SIMULATION

To study of the correctness of restoring the 3D dose
distribution in the phantom via the temperature profile
after irradiation with a scanned electron beam, the com-
puter simulation of the interaction process of the
scanned electron beam and the phantom was carried out
using a Geant4 transport code [11]. In the simulations,
the radiation parameters corresponded to the actual
beam parameters during phantom irradiation.

Fig. 8 shows the distributions of the absorbed dose
on the surface of the phantom plates obtained by simu-
lations.

t=155, &= 1.0 cm, Emax = 9.3 MeV
spectrum LUIOESPS8ZERO
scan cos 8.4
Ti foil = 75 um
DO, L1, FWHM =11.6 £ 0.3 cm
v D6,L2, FWHM = 12.8 £ 0.4 cm
A DI2,L3, FWHM = 14.8 £ 0.4 cm|
0 DIS, L4, FWHM = 18.0 £ 0.5 cm|
D24, L5, FWHM =22.0 + 0.4 cm
D29, L6, FWHM = 24.4 + 0.2 cm

X-axis, cm

Fig. 8. The distribution of the absorbed dose along
the X-axis of phantom (simulations),
solid lines — Gaussian approximation

As it can be seen from Table 5, the calculated pa-
rameters of the horizontal profile of the absorbed dose
and those measured by the B3 film are in good agree-
ment.

Table 5
Parameters of approximation by function (10)
of the experimental and calculated dose profiles

Calculated | Calculated | B3 Peak B3
Ne |Peak Height, | FWHM, Height, | FWHM,
plate kGy cm kGy cm
err<0.8 err<0.5 err<0.03 | err<0.7
1 30.2 11.6 30.39 11.65
2 27.5 12.8 29.27 12.68
3 24.1 14.8 25.53 14.35
4 20.3 18.0 22.18 17.34
5 16.6 22.0 16.70 20.87
6 12.4 24.4 10.85 19.75
98

Fig. 9 shows the dependence of the dose (film B3)
on the temperature increment AT after irradiation. The
measurement result of the first plate was not used in the
approximation process as its cooling through the outer
surface.

= Dose B3
324 Linear Fit of Data3_B
30 4

L2
28

26

24 4

22 L4

20 1 Linear Regression for Data3_B:
Y=A+B*X
Parameter

Dose, kGy

18
Value Error
16

A -3,00073 0,03124
B 2,1728 0,00286

14 4
12 4

R SD N P
0,99798 27,966 5 1,0898E-4

104
8 4

T T T T T T T T 1
3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Temperature rise AT, °C
Fig. 9. Dependence of the dose (film B3)
on the temperature increment at the surface
of the phantom plates (L2-L6) after irradiation
(data from Tables 3 and 4)
and approximation by a linear function

CONCLUSIONS

1. The panoramic pyrometry method can be used to
map the absorbed dose in the phantom made of a mate-
rial with low thermal conductivity, such as expanded
polystyrene, provided that the interval between irradia-
tion of the phantom and temperature measurement is
significantly less than the cooling constant of the phan-
tom. The temperature difference inside the phantom
before and after irradiation depends linearly on the ab-
sorbed dose with a proportionality coefficient of
~0.5 deg/kGy.

2. The values of the cooling constant (~4 h) obtained
in the work on the basis of a simple analytical model are
very approximate, taking into account the accepted limi-
tations, as well as the lack of accurate data on the ther-
mophysical characteristics of the material. At the same
time, they qualitatively agree with the results of the ex-
periments.

3. Under the conditions of the LU-10 accelerator of
NSC KIPT, when a phantom moves from the irradiation
zone to the IR camera for ~15 min, the decrease in its
temperature does not exceed 6...7%. This allows the
prompt absorbed-dose mapping in the phantom by the
pyrometric technique providing its calibration with the
standard film dosimeters.
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PO MOXJIMBICTH 3ACTOCYBAHHS IIIPOMETPUYHOI'O METO/IY B IPOMUCJIOBI
JO3UMETPII EJIEKTPOHHOI'O BUITPOMIHIOBAHHS

PI. IIomayanwk, C.K. Pomanoscokuii, B.O. Ille¢uenxo, A.E. Teniwes, /1.B. Timos, B.JI. Yeapoe,
0.0. 3axapuenko, B.®. XKizno

Baninauis npouecy crepuiizanii BUpoOiB MEMYHOTO MPU3HAYEHHS BKIIOYA€ KapTyBaHHS IPOCTOPOBOTO PO3IO-
JIUTy TOTIMHYTOI 703U y (haHTOMi 3 Marepiaily, iKWl € pernpe3eHTaTHBHUI 10 00poOmoBaHoro o0'ekty. 3a3Buyail
TaKi BUMIPIOBaHHSI TPOBOMISATHCS 3 BUKOPUCTAHHAM OJHOPA30BHX XIMIUHHX JO3MMETPIB, IO pO3MillieH] y haHTOMi y
By3nax 3D-citku. Llg mponenypa € TOCHTh TPYJOMICTKOIO Ta 3aTPaTHOIO IIOJ0 BUTPAaTH JO03MMETPUYHHUX CHCTEM.
BuByYeHa MOXIMBICTH 3aCTOCYBaHHS MIPOMETPHYHOTO METOMY JUIsl ONEPATHBHOTO KapTyBaHHS IMONIUHYTOI JO3H.
JocmimkeHHs: TPOBOIMIINCS 3 BUKOPUCTAHHSAM MPSIMOKYTHOTO (haHTOMa Y BHIVISIAI HAOOpPY IUIACTHH 3 MIHOIOJNICTH-
poiy, Ha KUK i€ CKAHOBAaHUI IMy4OK eleKTpoHiB. [IpoBeneHo cridbHEe BUMIpIOBAaHHS PO3MOAUTY TEMIIEPaTypH i
MOTIMHYTO1 1031 y (aHToMi. BeTaHOBNEHO NiHIHY 3a]eXHICTh MK HUMH. Po3paxyHOK podiito MOTIHHYTOI 1031
BUKOHAHO Takok MmetogoM MC-moxemtoBanHs. Iloka3aHa 3aq0BiibHA BiAMOBIAHICTH PO3PAaXyHKOBOTO PO3IMOMLTY
JI03H 3 BUMIpSHAM. BH3HaYeHO rpaHNYHI yMOBH 3aCTOCYBaHHS 3aIIPOIIOHOBAHOIO METOLY.

0 BO3MOXXHOCTHU MIPUMEHEHUS MAPOMETPUYECKOI'O METOJA B TIPOMBIILJIEHHON
JO3UMETPUHA JIEKTPOHHOI'O U3JIYUEHUS

PU. llomauaniox, C.K. Pomanoeckuii, B.A. Illesuenxo, A.3. Tenuwies, /I.B. Tumos, B.JI. Yeapos,
A.A. 3axapuenxo, B.®. JKuzno

Banupanust mporecca crepwinzaliyd NPOAYKIMHM METUIMHCKOIO Ha3HA4YeHWs BKIIOYAeT KaprorpadupoBaHue
MPOCTPAHCTBEHHOTO pacIpe/ieieHHs TTOIIOMIEHHOH 1036l B (JaHTOME M3 MaTepHaia, pernpe3eHTaTuBHOTO K 00paba-
TBIBaEMOMY Ipy3y. OOBIYHO Takne U3MEPEHHs MPOBOATCS C MCIIOIB30BaHUEM OJJHOPA30BBIX XUMUYECKUX JI03UMET-
pOB, pa3MemmaeMbIx B (hanToMe B y3nax 3D-ceTkn. DTa mporieaypa sIBISIETCSl BEChbMa TPYIOEMKOHM M 3aTpaTHON 110
pacxomy AO3UMETPUYECKHX CHUCTeM. M3ydeHa BO3MOMKHOCTb NMPHMEHEHHsS MHUPOMETPUYECKOTO METOAA ISl OIepa-
TUBHOTO KaprorpadupoBaHus MOmIOIIEHHONW 03kl McciaeaoBanus: MpOBOAMINCH C MCIIOJIb30BAaHHEM MPSMOYTONb-
Horo (haHTOMa B Bujie HAOOpa IIACTUH W3 TICHOMOJIMCTHPOIIA, HA KOTOPBIA BO3JEHCTBYET CKAHUPYEMBIH MyYOK J1eK-
TpoHOB. [IpoBeneHbI COBMECTHBIE M3MEPEHUSI PaclpeelieHus] TeMIeparypbl M IMOIVIOIIEHHOW J03bI B (haHTOME.
YcraHoBIIeHa TMHEHHAST 3aBUCHMOCTh MEXIY HUMH. Pacuer mpo¢uiisi MoriomeHHON 10361 BBIIOJIHEH TaKKe METO-
JnoM MC-monenupoBanus. [loka3zaHo yIOBIETBOPUTENBHOE COOTBETCTBHE PACUETHOTO PACIPEAEIECHUS J03bI C U3Me-
peHHbIM. OnpeneneHsl TPaHUYHbIE YCIOBUS IPUMEHUMOCTHU IPEATI0KEHHOIO METOAA.

ISSN 1562-6016. BAHT. 2022. Ne3(139) 99


http://www.aps.anl.gov/epics/

