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The radiochromic e�ect was detected in the thermochromic [NH2(C2H5)2]2CuCl4 (DEA-CuCl4)
microcrystals incorporated into a polystyrene matrix. It has been found that this composite possesses
thermochromic properties very similar to those of a bulk crystal, although its thermochromic phase
transition was shifted toward higher temperatures due to tensions arising within the interface
between the polystyrene matrix and the microcrystal. The similar doses of ionizing radiation cause
much more pronounced changes in the thermochromic properties of the microcomposite in compari-
son with a bulk crystal. The main impact consists in the considerable shift of the phases transition
temperature derived from the D(T ) hysteresis loops toward lower values. The observed changes
should be considered a radiochromic e�ect, which is explained by breaking the chemical bonds
between the polystyrene matrix and the microcrystals with a following relaxation of the surface
strains. The transformation of the �rst order phase transition into the second order one under the
in�uence of irradiation is also discussed.
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I. INTRODUCTION

The compounds of A2MeCl4 (Me = Cu,Co) fami-
ly with a di�erent type of the alkylammonium cati-
ons have been the subject of considerable attenti-
on due to the variety of phase transitions including
those into the ferroelectric and magnetically ordered
phase [1�8]. Besides, some of these compounds have
noticeable thermochromic properties. Diethylammonium
tetrachlorocuprate [NH2(C2H5)2]2CuCl4 (DEA-CuCl4)
crystals grown from a water solution undergo a clear
discontinuous thermochromic phase transition (PT) at
311 K (at heating) accompanied with a sharp change
of the sample color from green to pale yellow connected
with the change in the copper ion coordination. Such
a change manifests itself in the shift of the absorption
bands corresponding to the internal transitions of Cu2+

ion by about 50 nm [4]. DEA-CuCl4 crystals grown from
alcohol were found to undergo the thermochromic phase
transition at higher temperatures � 323 K (at heating)
[1, 4]. It was suggested that the corresponding structural
changes in the both modi�cations of DEA-CuCl4 crystals
are very similar [1, 2, 4].
The crystal structure of DEA-CuCl4 consists of DEA+

cations and copper-halogen complexes (CHC) connected
by the hydrogen bonds. The high-temperature phase
is characterized by a distorted tetrahedral environment
of the copper ion, whereas in the case of the low-
temperature phase, the tetrahedral and planar square
coordinations coexist [1, 4, 7, 8].
The performed analysis shows that the key e�ect

responsible for the thermochromic �rst order phase
transition consists in the transformation of the square

planar CHC to the tetrahedral shape at heating [1, 2, 4].
Indeed, the low temperature �green� phase is characteri-
zed by coexistence of the tetrahedral and square planar
coordinations of the copper ion, whereas the structure of
the high temperature �yellow phase� contains only the di-
storted tetrahedral copper-halogen complexes [1, 4]. Due
to their speci�c thermochromic properties, DEA-CuCl4
crystals are considered prospective materials for a sensor
technique, in particular, for thermography, as well as for
the optical data storage. Unfortunately, their technical
application is restrained because of hygroscopicity and
instability of their spectral parameters after repeated
thermal cycling near the PT [2, 4].

As was shown in our previous work [9], incorporati-
on of the microcrystals (MCs) of the above menti-
oned substances into a polymer matrix could resolve
these problems. Indeed, the material of such a type was
found to possess a clear �rst order thermochromic phase
transition similar to those in a single crystal. In this
respect, these MCs di�er advantageously from polymer
nanocomposites with the sizes of nanocrystals limited by
10 nm. It was shown that the lateral tensions arising on
the surface of NC suppress the square planar coordinati-
on characteristic of the low temperature phase of the bulk
crystal. As a result, in DEA-CuCl4 nanocrystals there
was observed only a continuous thermochromic phase
transition [10].

On the other hand, a signi�cant e�ect of the
polymer matrix on the phase transition temperature
and nature was also detected in the microcomposi-
tes based on DEA-CuCl4. Indeed, they were found to
undergo a thermochromic phase transition at much hi-
gher temperatures in comparison with a bulk crystal [10],
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which was explained by the lateral tension arising within
the interface between the microcrystal and the polymer
matrix. The shift of the phase transition temperature in
this case should be considerd as a piezochromic e�ect.
The above mentioned technological �nding allows as

to create a new thermochromic material for the sensor
technique. The data reported in work [2] testify that
the temperature of thermochromic phase transitions in
DEA-CuCl4 single crystal is considerably shifted under
the in�uence of ionizing irradiation. Unfortunately, the
shift in this parameter did not exceed 2 K even for a
quite high dose of irradiation (20 R), which together wi-
th the already mentioned technological problems consi-
derably limited practical application of single crystals
in the sensors of radiation. A very similar situation was
observed in the case of related single crystals of other
compounds with an alkylammonium cation. Under such
circumstances, the in�uence of ionizing radiation on the
thermochromic properties of DEA-CuCl4 microcrystals
embedded into the polymer matrix demands a detailed
study and looks very promising for practical application
in the sensor technique.

II. EXPERIMENTAL

DEA-CuCl4 single crystals are grown from an aqueous
solution of CuCl2×2H2O and [(C2H5)2NH2]Cl salts,
taken in a stoichiometric ratio, using the method of slow
evaporation at room temperature [13]. When the sizes of
the microcrystals precipitated from the supersaturated
solution reached on average 200 µm, they were extracted
from the solution. The preparation of the microcomposi-
tes consisted in the dispersion of DEA-CuCl4 mi-
crocrystals in a liquid polymer. Afterwards, the liquid
was thoroughly homogenized. Polystyrene (PS) was used
as a polymer matriõ. The use of such a matriõ allows one
to avoid the in�uence of signi�cant mechanical stresses
on ÌCs, which are commonly observed when using more
�rigid� traditional polymers [11, 12].
The prepared composition was deposited on the BK7

glass substrate using a spin coating method. Afterwards,
the samples were left at room temperature for 4 days
to dry. As it follows from the optical microscopy data,
the average sizes of the MCs were close to 200 µm.
The samples produced in such a way were of a good
quality and stability for the surrounding environment
background. Contrary to the bulk crystals, the obtained
microcomposites were not hygroscopic.
The nonpolarized absorption spectra of the

microcomposites were investigated at di�erent
temperatures in the spectral region from 400 nm up to
950 nm using a computerized ZMR-3 monochromator
with a spectral resolution of 1 nm and a computerized
AvaSpec-2048L spectrometer with the CCD linear
detector.
In order to compare the radiation e�ects in DEA-

CuCl4 single crystals [2, 5] and microcomposites, we used
the similar source of ionizing radiation. The samples were
irradiated by Co-60 (0.9 mR/h).

III. RESULTS AND DISCUSSION

The absorption spectra of DEA-CuCl4 MCs
incorporated into PS polymer were measured wi-
thin the region of the transparency window in the low
temperature �green� and high temperature �yellow�
phase. They are shown in Fig. 1. In order to obtain the
correct data in the region of quite high absorption within
the spectral range of 700�950, we used thinner samples
(thickness 1 mm), whereas thicker samples (thickness
3 mm) were investigated in the next experiments.

The transparency window in both phases is limited
from the side of higher wavelengths by the edge of a
broad complex absorption band. It has to be related to
the internal transition of Cu2+ ion in the distorted CHC.
The corresponding electron transitions were similar to
those in the bulk crystals and were identi�ed in [9, 10].
It has been con�rmed that the tetrahedral metal-halogen
complexes are observed in the high temperature phase,
whereas the low temperature �green� phase is characteri-
zed by coexistence of the tetrahedral and square planar
coordinations of copper ion. In the last case, the crystalli-
ne �eld is much stronger, which leads to the clear shift
of the corresponding band. Due to this, the transparency
window in the low temperature �green� phase manifests
a considerable blue shift in comparison with those in the
high temperature �yellow' phase. The sharp growth of
absorption in the region of shorter wavelengths (below
500�550 nm) in the spectra of the MCs should be related
to the edge of the ligand-metal type (Cl 3p → Cu 3d
x2−y2) charge transfer band [9, 10].

Fig. 1. The absorption spectra of DEA-CuCl4+polystyrene
microcomposite in the region of the transparency window
corresponding to the �green� (305 K) and �yellow� (339 K)

phases

The temperature dependences of the optical density of
the microcomposites with a polystyrene matrix obtained
at the constant wavelength are compared with those for
the samples irradiated with di�erent doses of radiation
using Co-60 isotope (Fig.2, λ = 633 nm). The pristine
sample is characterized by the hysteresis loop of a nearly
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rectangular shape similar to those observed in a bulk
crystal [9]. The sharp jumps of the absorption coe�ci-
ent reveal the temperatures of the thermochromic PT
at cooling (Tt = 312 K) and heating (Tt = 327.6 K)
re�ecting its �rst order.

Fig. 2. The temperature dependences of the optical density
of DEA-CuCl4 MCs at λ = 633 nm

Fig. 3. Dependence of the phase transition temperature on
the exposure dose of radiation

On the other hand, the microcomposites are
characterized by a broader and more di�used hysteresis
loops, than in the case of a bulk crystal. Nevertheless, one
can conclude that the composites based on DEA-CuCl4
MCs undergo a clear �rst order PT accompanied with a
considerable change of the sample colour from light green
to pale yellow (Fig. 1). The observed considerable shift
of the PT temperature in the MCs compared to the case
of a bulk crystal as well as a little distorted shape of the
hysteresis loop should be explained by the in�uence of
the polymer matrix and surface phenomena that still are
important in the microcomposite [10].

It is also necessary to note a signi�cant e�ect of
a polymer matrix type on the physical and chemical
properties of the thermochromic MCs. Comparison wi-
th the data presented in [10] shows that the shift of the
phase transition temperature is much more pronounced
in the composite based on polystyrene than in the
latex-based microcomposites. Because polystyrene is a
more �rigid� polymer, it signi�cantly a�ects the anion
geometry of the crystals due to the piezochromic e�ect,
thereby shifting the phase transition temperature to hi-
gher values. Latex belongs to more �exible polymers,
therefore, its in�uence on anion complexes is less
pronounced. The conclusion concerning the polymer
matrices' sti�ness was based on the comparison of their
Young's modulus [13, 14].

On the other hand, a clear hysteresis loop observed
in this case looks the most attractive for the practical
application of the obtained microcomposite. As is clear
from Fig. 3, the thermochromic properties of the MCs
based on DEA-CuCl4 were found to be very sensitive
to ionizing irradiation. Its impact consists in the consi-
derable shift of the phase transition temperature deri-
ved from the D(T ) hysteresis loops toward lower values.
Moreover, comparatively low doses of irradiation cause
the distortion of the loops, re�ecting a di�use nature of
the phase transition at heating. In spite of this, as it is
clearly seen from the shape of the loops, at cooling the
phase transition keeps a clear discontinuous nature.

It is also necessary to note that the observed radi-
ation e�ects are partially reversible. Indeed, the phase
transition temperature (measured at cooling) starts to
increase when the sample is kept at room temperature
during a comparatively long time (Fig. 4, 5). Moreover,
it is interesting to note a partial restoring of the disconti-
nuous nature of the thermochromic phase transition
when the sample was kept at least 350 hours after irradi-
ation. Nevertheless, both these e�ects reach saturation
near 700 hours. Afterwards, the shape of the hysteresis
loop as well as the temperature of the phase transition at
cooling do not reveal any changes. It has been also found
that annealing of a sample in the high temperature phase
at 340 K practically could not a�ect this remnant e�ect
of irradiation.

The observed strong dependence of the phase transi-
tion order and temperature on the dose of irradiation
demands a more detailed consideration. The parameters
and shape of the observed hysteresis loops would
supply important information about the corresponding
transformation of the MCs structure. First of all, it is
necessary to explain the strong impact of a polymer
matrix on its thermochromic properties. According to
the data presented in Ref. [9], polymer microcomposi-
tes are characterized by a much higher temperature of
the phase transition than a single crystal. It has been
shown that a more �rigid� polystyrene matrix more si-
gni�cantly a�ects the geometry of the anionic [CuCl4]2−

complex than a �softer� latex matrix [9] and, as a result,
the shift of the transition temperature in the �rst case
was found to be much more pronounced. For the pristi-
ne samples investigated in this work, this temperature
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measured at heating (Fig. 2) was found to be higher by
17 K than in the single crystal grown from the aqueous
solution (Tt = 311 K). It is clear that the observed
e�ect is connected, �rst of all, with the tensions ari-
sing within the interface between the matrix and the
microcrystal. One can conclude that polystyrene chai-
ns during the process of polymerization create chemical
bonds, mostly with structural groups of diethylammoni-
um cation � methyl, methylene groups and ammonium
heads. These bonds cause a considerable lateral tension
within the surface layers of the microcrystal [9, 10].

Fig. 4. The temperature dependence of the optical density of
DEA-CuCl4 MCs at λ = 633 nm for di�erent values of the

time elapsed since irradiation

Fig. 5. The dependence of the phase transition temperature
shifts on the values of the time elapsed since irradiation

The nature of the phase transition in the mechanically
free ÌÑ should be very similar to that in a bulk crystal.
According to the structural data [1], the driving force for
the phase transition is thus entropic in nature with the
increasing thermal motion of the DEA cations at heating

leading to a weakening of the hydrogen bonding, which
allows the eventual transformation to a more disordered
high-temperature phase. In the low-temperature phase,
the strong H-bonds cause distortion of the electron cloud
of chlorine ions, and this allows a part of the [CuCl4]2−

anions to acquire the distorted planar form. In the high-
temperature phase with weak H-bonds, the copper ion
is in the tetrahedral environment. These discontinuous
changes in the geometry of the [CuCl4]2− chromophore
cause the thermochromic nature of the phase transition
[1].

The in�uence of the tension arising on the mi-
crocrystal surface on the organic groups ordering would
be hardly considered in detail because of the complexi-
ty of the investigated composite system. Nevertheless,
one can conclude that this process leads to a consi-
derable asymmetry of the corresponding double well
potential for DEA cations [15]. By analogy with a
model proposed for other crystals undergoing an order-
disorder phase transition [16], one can suggest that in
this case the potential barriers between the �deep� and
the �shallow� wells preventing disorder of the above
mentioned group become higher. As a result, the phase
transition temperature increases. Taking into account
some random character of the chemical bonds created
by the polymer matrix with the microcrystals, the clearly
discontinuous phase transition becomes more di�used in
the microcomposite in comparison with that in a bulk
crystal [9]. This is re�ected in a more di�used shape of
the hysteresis loop corresponding to a pristine sample
compared to that in DEA-CuCl4 single crystal.

The radiation e�ects in the MCs and bulk crystals look
considerably di�erent. The in�uence of the small doses of
radiation on a single crystal was related to the breaking
and following rearrangements of the hydrogen bonds [2,
5]. Nevertheless, the corresponding changes in the phase
transition temperature were found to be very small.
The commensurate doses of ionizing radiation cause
much more pronounced changes in the thermochromic
properties of the MCs. One concludes, that the key
moment consists in the e�ects within the interface
between a matrix and a microcrystal. The indirectly
ionizing high energy gamma-quanta from Co-60 cause a
series of processes in the condensed matter: photoe�ect,
the Compton e�ect, the birth of electron-positron pairs.
The arising charged particles together with beta-particles
from the isotope waste their energy on the processes
of ionization and radiation. In the �nal stage of these
processes, due to the dissipated energy of the particles,
one can observe the breaking of the chemical bonds.
In a bulk crystal, due to further rearrangements and
relaxation of these bonds, one can observe comparatively
small structural changes and shifts of the phase transiti-
on temperature and the corresponding e�ects are mostly
reversible.

A much more pronounced shift of the phase transiti-
on temperature under the commensurate doses of irradi-
ation would be explained, �rst of all, by the breaki-
ng of the chemical bonds between the polymer matrix
and the microcrystals. These bonds are hardly restored
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even during a long time after irradiation. Their breaki-
ng leads to diminishing the strains and the temperature
of phase transition shifts toward lower values, closer to
those characteristic of a bulk crystal. It is necessary to
note that the in�uence of ionizing irradiation possesses a
random character with respect to di�erent microcrystals
of the composite. Due to this, the thermodynamic condi-
tions of the phase transition into a high temperature
phase may deviate between di�erent microcrystals.
Therefore, individual microcrystals should undergo the
phase transition at di�erent temperatures, since the
corresponding potential barrier within the asymmetric
double well potential preventing the disordering of the
organic groups will be di�erent. Such a model explains
why the thermochromic phase transition in MCs acquires
on average, a continuous nature at heating run. A partial
return to the discontinuous nature of the phase transition
after keeping the sample for a long time after irradiati-
on re�ects a partial restoration of the chemical bonds
between the matrix and DEA-CuCl4 microcrystals, whi-
ch, however, cannot be considered a full return to their
original state before irradiation. It is also worth noti-
ng that in the high temperature disordered phase the
above mentioned double well potential is expected to be
symmetric. Due to this, the phase transition tested at
cooling manifests a clear �rst order both for the pristine
and irradiated samples(Fig. 2 and Fig. 4).

IV. CONCLUSIONS

On the basis of the performed investigations it has
been shown that DEA-CuCl4 microcrystals embedded
into a polystyrene matrix are characterized by extremely
large sensitivity to a quite low dose of ionizing radiation.
Just prepared microcomposites reveal a discontinuous
thermochromic phase transition at the temperature
much higher than that in a bulk crystal. This shi-
ft is explained by tensions arising within the interface
between the polystyrene matrix and the microcrystal.
Ionizing radiation causes much more pronounced

changes in the thermochromic properties of the MCs in

comparison with a bulk crystal under the in�uence of
similar doses of irradiation. The impact consists in the
considerable shift of the phase transition temperature
derived from the D(T ) hysteresis loops toward lower
values. Moreover, comparatively low doses of irradiati-
on cause also a di�used nature of the phase transition
at heating. One can conclude that the key moment in
the radiation e�ects is connected with the changes wi-
thin the interface between a matrix and a microcrystal.
A pronounced shift of the phase transition temperature
under the comparatively low doses of irradiation is
explained by the breaking of the chemical bonds between
the polymer matrix and the microcrystals. These bonds
are hardly restored even during a long time after
irradiation. Their breaking leads to the diminishing of
the strains, and the temperature of phase transition
decreases toward the values closer to those for a bulk
crystal. On the other hand, in�uence of ionizing irradiati-
on possesses a random character with respect to di�erent
microcrystals of the composite. Due to this, the conditi-
ons of the phase transition into the high temperature
phase may vary between the di�erent microcrystals,
and the transition temperature would be di�erent. As
a result, the phase transition at heating for an anentire
composite was found to be continuous as it is clearly seen
in D(T ) hysteresis loop.
The discovered extremely high sensitivity of the

thermochromic microcomposites based on DEA-CuCl4
to the comparatively low doses of ionizing radiati-
on,which should be classi�ed as a radiochromic e�ect,
looks very attractive for practical application. This
material appeared to be not hygroscopic, it is mechani-
cally stable and very technological. Although the
observed radiation e�ects are only partially reversible,
the very simple technology of the preparation of the
composites indicates their possible application for the
creation of cheap individual radiation dose sensors.
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ÐÀÄIÎÕÐÎÌÍÈÉ ÅÔÅÊÒ Ó ÏÎËIÌÅÐÍÈÕ ÊÎÌÏÎÇÈÒÀÕ ÍÀ ÎÑÍÎÂI ÌIÊÐÎÊÐÈÑÒÀËIÂ
[NH2(C2H5)2]2CuCl4

Þ. ×îðíié, À. Ãðèöàê, Â. Êàïóñòÿíèê
Ôiçè÷íèé ôàêóëüòåò, Ëüâiâñüêèé íàöiîíàëüíèé óíiâåðñèòåò iìåíi Iâàíà Ôðàíêà,

âóë. Äðàãîìàíîâà, 50, 79005, Ëüâiâ, Óêðà¨íà

Ðàäiîõðîìíèé åôåêò âèÿâëåíî â ïîëiìåðíèõ êîìïîçèòàõ íà îñíîâi ìiêðîêðèñòàëiâ
[NH2(C2H5)2]2CuCl4 (DEA-CuCl4). Äîñëiäæåíî ñïåêòðè ïîãëèíàííÿ ìiêðîêðèñòàëiâ DEA-CuCl4,
óïðîâàäæåíèõ ó ïîëiñòèðîëüíó ìàòðèöþ. Âèâ÷åíî âïëèâ éîíiçàöiéíîãî âèïðîìiíþâàííÿ íà òåðìî-
õðîìíi âëàñòèâîñòi öüîãî ìiêðîêîìïîçèòà. Ïîêàçàíî, ùî ìiêðîêðèñòàëè DEA-CuCl4, óïðîâàäæåíi â
ïîëiñòèðîëüíó ìàòðèöþ, õàðàêòåðèçóþòüñÿ íàäçâè÷àéíî âèñîêîþ ÷óòëèâiñòþ äî ïîðiâíÿíî íèçüêèõ
äîç éîíiçàöiéíîãî âèïðîìiíþâàííÿ. Óñòàíîâëåíî, ùî öåé êîìïîçèò iç ñåðåäíiì ðîçìiðîì ìiêðîêðè-
ñòàëiâ 200 ìêì ìà¹ òåðìîõðîìíi âëàñòèâîñòi, ïîäiáíi äî âëàñòèâîñòåé îá'¹ìíîãî ìîíîêðèñòàëà, õî÷à
ïðèòàìàííèé éîìó ñòðèáêîïîäiáíèé òåðìîõðîìíèé ôàçîâèé ïåðåõiä çìiùåíèé äî âèùèõ òåìïåðàòóð
ïîðiâíÿíî ç îá'¹ìíèì êðèñòàëîì. Öå çìiùåííÿ ïîÿñíþ¹ìî íàïðóæåííÿìè, ÿêi âèíèêàþòü íà ìåæi
ìiæ ïîëiñòèðîëüíîþ ìàòðèöåþ òà ìiêðîêðèñòàëîì. Éîíiçàöiéíå âèïðîìiíþâàííÿ âèêëèêà¹ íàáàãàòî
iñòîòíiøi çìiíè òåðìîõðîìíèõ âëàñòèâîñòåé ÌÊ ïîðiâíÿíî ç îá'¹ìíèì êðèñòàëîì ïiä âïëèâîì
àíàëîãi÷íèõ äîç îïðîìiíåííÿ. Îñíîâíèé âïëèâ ïîëÿãà¹ â çíà÷íîìó çíèæåííi òåìïåðàòóðè ôàçîâîãî
ïåðåõîäó, îòðèìàíî¨ ç ïåòåëü ãiñòåðåçèñó D(T ). Ïîìiòíå çìiùåííÿ òåìïåðàòóðè òåðìîõðîìíîãî
ôàçîâîãî ïåðåõîäó çà âiäíîñíî íèçüêèõ äîç îïðîìiíåííÿ, ÿêå ìîæíà ðîçãëÿäàòè ÿê ðàäiîõðîìíèé
åôåêò, ïîÿñíþ¹ìî ðîçðèâîì õiìi÷íèõ çâ'ÿçêiâ ìiæ ïîëiìåðíîþ ìàòðèöåþ òà ìiêðîêðèñòàëàìè. Öå
ïðèâîäèòü äî çìåíøåííÿ ïîâåðõíåâèõ äåôîðìàöié i çìiùåííÿ òåìïåðàòóðè ôàçîâîãî ïåðåõîäó â áiê
íèæ÷èõ çíà÷åíü. Ç iíøîãî áîêó, âïëèâ éîíiçàöiéíîãî îïðîìiíåííÿ ìà¹ âèïàäêîâèé õàðàêòåð ùîäî
ðiçíèõ ìiêðîêðèñòàëiâ ó ñòðóêòóði êîìïîçèòà. ×åðåç öå óìîâè ôàçîâîãî ïåðåõîäó ó âèñîêîòåìïå-
ðàòóðíó ôàçó äëÿ ðiçíèõ ìiêðîêðèñòàëiâ âiäðiçíÿþòüñÿ i òåìïåðàòóðà ïåðåõîäó íàáóâà¹ ðiçíèõ
çíà÷åíü äëÿ ðiçíèõ ìiêðîêðèñòàëiâ. Óíàñëiäîê öüîãî ôàçîâèé ïåðåõiä äëÿ êîìïîçèòà çàãàëîì,
âèçíà÷åíèé ïiä ÷àñ íàãðiâàííÿ, ìà¹ íåïåðåðâíèé õàðàêòåð, ÿê öå ÷iòêî âèäíî ç ïåòëi ãiñòåðåçèñó
D(T ). Îòðèìàíèé ìàòåðiàë íåãiãðîñêîïi÷íèé, ìåõàíi÷íî ñòiéêèé i òåõíîëîãi÷íèé. Íåçâàæàþ÷è íà òå,
ùî âèÿâëåíi ðàäiàöiéíi åôåêòè ¹ ëèøå ÷àñòêîâî îáîðîòíèìè, äóæå ïðîñòà òåõíîëîãiÿ ïðèãîòóâàííÿ
êîìïîçèòiâ ïåðåäáà÷à¹ ¨õí¹ çàñòîñóâàííÿ äëÿ ñòâîðåííÿ äåøåâèõ iíäèâiäóàëüíèõ äàò÷èêiâ äîçè
éîíiçàöiéíîãî îïðîìiíåííÿ.

Êëþ÷îâi ñëîâà: ìiêðîêîìïîçèòè, éîíiçàöiéíå âèïðîìiíþâàííÿ, ôàçîâi ïåðåõîäè, ñïåêòðè ïî-
ãëèíàííÿ, òåðìîõðîìíèé åôåêò.
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