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The possible main causes of the cracking of composite scintillators during irradiation,
i.e. the effect on the sample in the irradiation zone of temperature and the atmosphere
(altered by radiochemical reactions) we identified and investigated. At a slow pace of
irradiation ( 100-200 Mrad and 0.2 Mrad/h), exposure to aggressive components of the
medium in the irradiation zone, namely, nitric acid and possible products of its radiolysis,
becomes the main one. At a high irradiation rate (250—-550 Mrad 1500 Mrad/h) a substan-
tial heating of the sample occurs due to its absorption of a large amount of energy, which
creates the main effect on the cracking of composite scintillators in this case.

Keywords: Composite scintillators, radiation-resistant, high energy, cracking, radia-
tion chemistry.

OnpezmesieHbl ¥ HCCAEIOBAHLI BOSMOYKHBIE OCHOBHBIEC IIPUUYMHBI PACTPECKUBAHUS KOMIIO3U-
[MUOHHBIX CIUHTUIJIATOPOB IPU OOJIYyYEeHHU, TO €CTh BO3JAelicTBHe HA obOpasell B 30He obuyue-
HUA TeMIeparypbl u, aTMocdepsl (M3MeHEHHOU Ouarogaps PafHOXMMHUYECKUM PeaKI[UaM).
IIpu memnennom rtemme obayuenus (100-200 Mrad u 0.2 Mrad/h) OCHOBHBIM CTAHOBHUTCS
BO3JelicTBIE arpeCCUBHBIX KOMIIOHEHT CPeAbl B 30HE O0JyJYeHNs, a MMEHHO, a30THOU KMCJO-
THI M BO3BMOMKHBIX IPOLYKTOB e€e paamoausa. Ilpu OwbicTpom Temite obayuenumsi (250—
550 Mrad u 1500 Mrad/h) ocHOBHOe BiMsAHHE HA PACTPECKUBAHNE KOMIIOSUI[MOHHBIX CIIMH-
THJLISATOPOB OKAa3bIBAaeT BOSAENCTBHE HA HHX BBICOKHX TeMIIePATyp B Pe3yJbTaTe IIOTJIOIe-
HUA KOMIIOSUIIMOHHBIM CIIMHTHUJIIATOPOM OOJBIIOrO KOJUIECTBA SHEPIHUH.

Po3TpickyBaHHS KOMHIOSHIiMHMX CIHMHTHJIATOPIB Iicjd 3HAYHMX X003 OIPOMiHEHHS.
B.J1.Yepeineyv, M.3.I'anynos, B5.B.I'punvos, H.JI.Kapasaesa, A.B.Kpeu, JI.IJlesuyr, B.Il.IIonos.

Busumaueno i mocuimskenHi MOMKIMBI OCHOBHI IPUUYMHM PO3TPICKYBAHHS KOMIIOSHUIIIMHUX
CIIUHTUIATOPIB IIpU OIpPOMiHEHHi, TOOTO BIJIMB HA 3PAa30K y 30HI OIIPOMiHEHHSA TeMIlepaTypu
i armoctepu (smimenoi saBmaxu pamioximiunmm peaxmisam). [Ipu mosinmpHOMY Temmi ompomi-
uernHa (100-200 Mrad i 0.2 Mrad/h) ocHOBHUM cTae BILJIMB arpeCUBHUX KOMIIOHEHT Cepeio-
BUIla V 30HI ompoMiHeHHs, a caMe, a30THOI KMCJIOTH i MOMJIMBUX IPOAYKTIB Ii pagioaisy.
IIpu mBugromy Ttemmi oupomimenusa (250-550 Mrad i 1500 Mrad/h) ocHoBHUMII BOINB Ha
PO3TPiCKYBAaHHS KOMIOSUIIMHMX CUHMHTHUJIATOPIB Mae [id Ha HMUX BHCOKUX TeMIIEPATYD ¥
pesyabTaTi IOrIMHAHHA KOMIIOUIIIMHUM CIIMHTHJISATOPOM BEINKOI KilbKocTi eHeprii.
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1. Introduction

We developed the technological approach
to make the composite scintillators, which al-
lows us to create effective detectors of vari-
ous ionizing radiation [1-4]. Composite scin-
tillators are single crystal scintillation grains
inside a transparent base that is usually a gel
composition. Composite scintillators have a
number of advantages compared to classical
scintillators: they have a lower cost compared
to single-crystal scintillators, less fire hazard
compared to liquid scintillators, etc.

The relevance of this work is due to its
focus on the use of new features that pro-
vide developed technologies for the manu-
facture of radiation-resistant composite
scintillators with theoretically unlimited di-
mensions and a complex shape of the input
window. The practical result of such re-
search is the development and improvement
of the technological aspects of obtaining
new scintillation materials with improved
characteristics that satisfy the requirements
of a wide range of modern problems of ra-
diation materials science and instrument en-
gineering. In particular, this is the produc-
tion of radiation-resistant materials for de-
tectors of super-large flows of ionizing
radiation operating in the conditions of the
latest experiments in high-energy physics.

Earlier, we fabricated and studied compos-
ite scintillators based on the Sylgard-184
transparent dielectric gel composition con-
taining inorganic grains GSO: Ce, GPS: Ce,
Al,O3: Ti, YSO: Ce, and YAG: Ce [1-4]. The
obtained composite scintillators, in a number
of cases, withstood the maximum dose of ra-
diation up to 550 Mrad (in water equivalent).
The values of the limiting doses in the works
[1-4] are because, at high irradiation doses,
despite the preservation of the operability of
scintillation grains, the samples cracked.

This work is devoted to the study of the
causes of cracking of composite scintillators
after irradiation with significant doses of
radiation on a linear electron accelerator
LU-10 at the National Science Center
"Kharkiv Institute of Physics and Technology”,
Kharkiv, Ukraine.

2. Experimental

Single-crystal grains of Al,O3 were intro-
duced into the Sylgard-184 dielectric gel
composition and kept until complete polym-
erization for 24 h at a temperature of T =
50+5°C. The size of the introduced granules
ranged from 1.5 to 2.0 mm. Samples were
made thin, i.e. crystalline grains were lo-
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Fig. 1. Radiation map of dose loads in the
experimental hall of the accelerator. For the
positions of samples 1, 2, and 3, the dose
rate is 0.12, 0.20, and 0.15 Mrad/h, respec-
tively, and for the samples are directly on the
conveyor in front of the injector, the dose
rate equals 1500 Mrad/h.
cated in one layer on an area of 10x10 mm?2.
In addition, for the studies, samples were
prepared from the Sylgard-184 gel composi-
tion not containing scintillation grains with
dimensions 20x10x4 mm3.

Irradiation we carried out for two differ-
ent modes, namely, when the dose rate was
0.2 and 1500 Mrad/h. At a high irradiation
rate, the samples were on the conveyor (Fig. 1),
and as a result, the scintillators were within
a short time in the area of the direct elec-
tron beam with an initial energy of about
10 MeV. During one pass in the front of the
electron beam, which lasts 12 sec, the sam-
ples accumulate a dose of about 5 Mrad.
After that, they moved with the conveyor
outside the irradiation zone, being there for
40-50 min, until the next passage in front
of the electron beam. At a low irradiation
rate, the samples were placed in certain
place in the experimental hall of the accel-
erator (see Fig. 1, position 2), where both
electrons and bremsstrahlung were irradiat-
ing them. In this case, the scintillators were
constantly in the irradiation zone until they
had accumulated the required dose.

After irradiation, composite scintillators
may crack due to the following main rea-
sons [5]:

— the effect of temperature on the sam-
ple in the irradiation zone;

— the influence of aggressive atmos-
pheric components (radiochemical proc-
esses).

The simultaneous action of these factors
(synergistic effect) is also possible. Note
that cracking of the samples appeared for a
cumulative dose of 100 Mrad, when the ir-
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radiation rate was 0.2 Mrad/h, and for a
cumulative dose of 250 to 500 Mrad, when
the irradiation rate was 1500 Mrad/h [1-4].

As noted above, the exposure time de-
pends on the dose rate and determines the
degree of influence of one factor or another
on the process under consideration. Irradia-
tion of composite scintillators for approxi-
mately 500 h, at the irradiation rate of
0.2 Mrad/h, will lead to the accumulation
of a dose of 100 Mrad. At the irradiation
rate of 1500 Mrad/h, the irradiation time to
a dose of 500 Mrad is 20 min. Therefore, in
order to accumulate a certain dose of D in the
former case, it is necessary to irradiate the
sample longer than in the latter. During irra-
diation, thermal expansion of composite scin-
tillators can occur due to the absorption of a
large amount of energy. The coefficients of
thermal expansion of scintillation grains and
gel compositions are different. As a result,
the scintillator can crack along the defective
regions formed during the polymerization of
the base at the interface between the gel com-
position and grain [6].

During irradiation, thermal expansion of
composite scintillators can occur due to the
absorption of a large amount of energy. The
coefficients of thermal expansion of scintilla-
tion grains and gel compositions are differ-
ent. As a result, the scintillator can crack
along the defective regions formed during the
polymerization of the base at the interface
between the gel composition and grain [6].

As applied to this work, the effect of
temperature is much more likely for a high
irradiation rate. At the beginning, the scin-
tillator was sharply heated for 12 s under a
direct electron beam, and then it gradually
cooled down for 40-50 min. E.g., to set a
dose of 250 Mrad, composite scintillators
were running 50 cycles of such a sharp
heating and gradual cooling. For a dose of
500 Mrad, 100 such cycles are necessary,
which in turn can increase the likelihood of
thermal expansion and, as a result, cracking
of the sample.

With the low irradiation rate, the scintil-
lators are practically at room temperature,
i.e. the irradiation power does not sufficient
to heat them up. Therefore, this effect is
less likely than with the high irradiation
rate.

The process of irradiation of composite
scintillators takes place in the surrounding at-
mosphere, which initially contains 78 vol.%
nitrogen, 21 vol.% oxygen and 1 vol.% of
other gases (water vapor, CO,, etc.). There-
fore, ionizing radiation affects not only the
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composite scintillator, but also on com-
pounds that are in the air. In other words,
not only compounds in the source air, but
also products of radiochemical reactions in-
volving these substances can cause cracking
of composite scintillators during irradiation.
E.g., under the action of ionizing radiation
on water vapor, its radiolysis leads to the
appearance of the following main products:

H,O — 1)
— HO,H,,00,0,,053,0H%,H,0,,HO3,0H~,H,0".

The most active of them are Oz, HyO,,
HO,, OH~ and H30" [5]. Under the action of
radiation, ionization of substances occurs,
and because of which radicals and ions ab-
sent before irradiation can form.

3. Results and discussion

After prolonged exposure at the low rate
of irradiation, a certain liquid gradually
forms on the surfaces and around the com-
posite scintillators. The pH control using a
universal indicator shows that this liquid
has a pH about one, i.e. it is a strong acid
solution. At the high rate of irradiation, no
liguid appears around the samples. It is
most likely due to both a weak manifesta-
tion of the effect itself and the high tem-
perature of the scintillators during their
passage through a beam of charged parti-
cles. The latter could well contribute to the
evaporation of the resulting liquid.

To test the effect of acids on the crack-
ing of samples of composite scintillators
based on the Sylgard-184 gel composition,
the following experiment we conducted. The
following four acids we selected: H,SO,,
HCI, H3PO,, and HNOj3. Samples of compos-
ite scintillators and gel compositions Syl-
gard-184 we placed in concentrated aqueous
solutions of these acids.

Sulfuric acid dissolved the polymer base
of composite scintillators without cracking.
The first signs that acid dissolves the sam-
ple appeared after an hour. After 72 h, the
degree of dissolution reached 90 %.

In solutions of HCI and H3;PQO, acids, we
did not observe any visible effects of acid
action on the composite scintillator. The gel
composition and composite scintillators re-
mained elastic, even after a few months.

Composite scintillators cracked only
when placed in nitric acid. Table shows the
stages of this process.

Table presents the estimated values of
the dose of D_,;., which the composite scin-
tillator can receive at a low irradiation rate
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for the time during which it was in acid.
For comparison, Table also shows the values
of the experimental dose of D, , (irradia-
tion at the same low radiation intensity) at
which the concrete effect is manifesting.
The nature of the destruction of samples in
acid solutions indicates that during irradia-
tion both nitric acid vapours and its radi-
olysis products affect scintillation samples.
Note that D, < D,,,. This, as one would
expect, indicates that the effect of the acid
on the sample, when completely immersed
in the acid, becomes stronger than when the
sample is in acid fumes or its radiolysis
products.

To exclude the presence of a solution of
sulfuric acid after irradiation, we per-
formed a qualitative analysis for the SO,
washout of this liquid using the following
reaction.

BaCl, + H,SO, — 2HCI + BaSO,J.

In our case, the formation of BaSO, pre-
cipitate did not occur, i.e. acid H,SO, in the
test solution is absent. To confirm the pres-
ence of nitric acid appeared in the solution
after irradiation, we carried out a qualita-
tive analysis for the NO3;~ ion.

2HNO3 + H2804 + Cu —
— CuSQ, + 2H,0 + 2NO,T.

During this reaction, we observed the
evolution of brown gas (NO,). Thus, the
presence of a solution of nitric acid, which
appears during irradiation, can be consid-
ered proven.

As shown above, nitric acid forms during
irradiation of composite scintillators. Due
to the fact that the nitrogen content in the
atmosphere is 78 vol.%, and oxygen —
21 vol.%, The following reactions are possi-
ble in the presence of water vapour:

NO + 03 = N02 + 02;
4NO, + O, + 2H,0<—>4HNQ;,
HoNOZ + [H(NO3),] «»3H NO3|;

2HNO, + 2H;0" — 2HNO; + 3H,;
NO3 + 2H3;0" = HNO3 + H,0;
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These reactions are only an example of
the possible pathways for the formation of
nitric acid and intermediates. Under the in-
fluence of ionizing radiation, reactions can
also occur, with the formation of other in-
termediate compounds. In this regard, it is
important that the chemical activity of in-
termediate compounds, such as NO,, N,Og,
is quite high (see, e.g., [7]). From the ex-
periment with acids (see above) it follows
that it is the intermediate compounds and
nitric acid vapours that interact with com-
posite scintillators during irradiation.

According to [8], in a polymer base,
chemical destruction can occur under the
action of acids. Actively acting chemical
agents are oxidizing acids (chromic, concen-
trated nitric and sulfuric acids), which
cause the destruction of polymers (some-
times within a few minutes). E.g., under
the action of concentrated nitric acid on
polymers, oxidation (formation of carbonyl
groups) and nitration (formation of nitro
groups) occur simultaneously. Mineral acids
(hydrofluoric, hydrochlorie, dilute nitric
and sulfurie, phosphoric, etec.) are less reac-
tive with respect to polymers in comparison
with oxidizing media. They practically do
not affect polymers [8].

This confirms our experimental results,
namely, hydrochloric and phosphoric acids
did not react with the polymer base of the
composite scintillator, sulfuric acid began
to dissolve it within an hour, and treatment
with nitric acid led to cracking.

At the same time, the results of the ef-
fect of nitric acid obtained without irradia-
tion (under laboratory conditions) and upon
irradiation (on a linear electron accelerator)
are somewhat different (see Table). Most
likely, this is due to several factors. Firstly,
under radiation conditions, nitric acid, and
its accompanying compounds, cannot affect
the basis of the composite scintillator con-
stantly, since ionizing radiation not only
contributes to the creation of such com-
pounds, but may also destroy them. Another
factor relates to the effect of ionizing radia-
tion itself on the polymer base [9]. In poly-
mers under the influence of ionizing radia-
tion, deep chemical changes occur. Such ra-
diation can cause bond breaks in the
polymer chain. However, this is not always
due to redistribution and dispersal of en-
ergy. E.g., during the irradiation of poly-
ethylene, only about 5 % of the absorbed
energy causes chemical reactions, and 95 %
turns into heat [9-11]. Under the action of
high-energy radiation, not only destruction
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Table. Comparison of the estimated values of the dose D,.,., which can lead to the observed
effects, for composite scintillators immersed in nitric acid, with experimental values of Dexp

Stage Effect description Time in acid, h D, ., Mrad D, , Mrad

1 Elasticity reduction 120 24 50

2 Cracks appear when bent, 240 48 100
but a sample does not break

3 Manifestation of fragility 480 96 150
(breaks under a small impact)

4 A sample become brittle 720 144 200-250

(crumble when touched)

but also crosslinking of polymer chains oc-
curs [9]. The crosslinking process of the
polymer base can lead to the restoration of
the integrity of the polymer chain and
thereby increases the time before cracking.

4. Conclusions

Upon reaching the values of the limiting
doses presented in [1-4], namely, 100-
200 Mrad at the low dose rate and 250-
550 Mrad at the high dose rate, cracking of
composite scintillators occurs. However, the
relative light output remains practically un-
changed.

Possible main causes of cracking of com-
posite scintillators because of irradiation in
the atmosphere are (i) the effect of tempera-
ture on the sample in the irradiation zone
and (ii) the effect of the atmosphere in the
irradiation zone (radiochemical reactions).
Both factors will depend on the time and
the dose rate.

The cracking of the composite scintilla-
tor at a high irradiation rate is primarily
due to the effect of high temperatures that
occur when a large amount of energy is
absorbed by the composite scintillator. In
this case, the scintillator can crack along
the defective regions formed during the po-
lymerization of the base at the interface
between the gel composition and grain.

At the low rate of irradiation, the sur-
rounding atmosphere in the irradiation zone
has a significant effect on the cracking of
composite scintillators due to radiochemical
reactions occurring in it. Shown, that the
main aggressive components, the action of
which leads to cracking of the composite
scintillator, are nitric acid and possible
products of its radiolysis.
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The results obtained indicate that there is
a possibility of increasing the radiation resis-
tance of composite scintillators. For this, it is
necessary to develop a technology for protect-
ing the polymer base from the action of an
external aggressive environment, e.g., by
searching for protective coatings.
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