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X-RAY RADIATION DURING PULSED LASER
TREATMENT OF OPAL MATRICES

The paper presents the structure and preparation conditions of opal matrices (ordered 3D-lattice packing
of X-ray amorphous SiO, spheres with a diameter of =250 nm), as well as experimental data on nonlinear
optical effects in opal matrices with pulsed laser excitation at wavelengths: 1040 nm, 510 nm in conjunc-
tion with 578 nm, and 366 nm. The authors investigate the energy spectra of X-ray radiation induced in

the samples by laser irradiation.
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Materials with photonic band gaps (photonic
crystals), i. e. materials with a periodic (of the
order of the light wavelength) change in the
dielectric constant, are currently the subject of
extensive theoretical and experimental research.
Photonic crystals based on opal matrices (OM) are
of interest for practical application. OMs are made
up of well ordered closely packed silica nanospheres
(amorphous SiO,) of the same diameter [1, 2]. The
packing of spheres contains a 3D system of inter-
connecting octahedral and tetrahedral inter-sphere
voids, occupying approximately 26% of the matrix
volume. Depending on the formation conditions,
the diameter of the spheres varies within the preas-
signed limits from 200 to 700 nm [2—5].

Having the formation parameters fixed, the
variation in diameter does not exceed 1.5%. OMs
and OM-based nanocomposites (OMs with inter-
sphere voids filled with various substances) are
used to create devices operating in the optical,
microwave and THz ranges [3, 6]. OMs may serve
as functional environments both for the genera-
tion of X-rays or acoustic waves, and for signal
conversion in controlling devices [7, 8]. One may
hope that the emergence of new designs using such
materials will allow creating electronic devices
with improved performance characteristics.

The greatest interest is aroused by the applica-
tion of OMs in an unexplored area of the X-ray
generation by exposing the substance to laser ra-
diation [7, 9]. Solving the problem of increasing
the technical and technological characteristics of
X-ray sources by creating fundamentally new de-
signs can lead to the development of subminiature
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X-ray sources. Coupling laser radiation into opti-
cal fibers is widely used to solve a large number
of practical problems, for example, it is used in
medicine for endoscopic studies of internal organs,
pyrometry, spectroscopy, etc. Placing the OM at
the output of the optical fiber with laser radia-
tion makes it possible to deliver X-ray radiation
directly to the irradiated object.

When a parallel fiber is added to transmit
data to a Raman spectrometer, it becomes pos-
sible to monitor the effectiveness of local X-ray
influence. When solving a large number of
practical problems, such as transporting radia-
tion to an object of impact in medicine, etc., a
high-power laser can be coupled into the optical
fiber. In [7], X-ray radiation was induced when
a single pulse of a ruby laser was applied to
an OM (wavelength 694.3 nm, pulse duration
20 ns, maximum pulse energy 0.3 J, power
density at the focus 0.25—10 GW /cm?). X-ray
radiation was registered using an X-ray film
designed for a photon energy of 10 keV. This
method, though, allows determining the energy
characteristics of the radiation with some level of
approximation.

In this study, an X-ray spectrometer is used
to study the energy spectra of X-ray radiation in-
duced by exposure of opal matrices to pulsed laser
radiation with different wavelengths: 1040 nm
(IR spectral range), 510 and 578 nm (combined
modes), and 366 nm (UV range).

Experimental samples

Opal matrices were obtained at a temperature
of 310—350 K from an emulsion prepared by
mixing 1 part of a 25% aqueous solution of am-
monium hydroxide (NH,OH), 50 parts of ethanol
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(C,H;OH) and 1.6 parts of tetraether orthosilicic
acid (Si(OC,H,),) [10]. The regularity of the
packing of SiO, spherical particles was achieved
due to self-organization, and the diameter of the
spheres depended on the conditions of their for-
mation. The chemicals used in the preparation of
OMs were removed from the samples by heat treat-
ment in vacuum (775—975 K, =1 Pa). Then the
OMs were hydrothermally hardened at increased
temperature and pressure. The hardening made it
possible to mechanically process the OMs, and
thus obtain samples of the required dimensions
with specified physical properties.

The test samples were made to be 1.5—5.0 mm
thick plates obtained by dry mechanical treatment
from bulk OMs, either not hardened or hardened
by annealing at up to 1475 K in air. The arith-
metic mean deviation of the plate surface profile,
measured with an Alpha-Step 200 profilograph-
profilometer, was R, = 1.2 pm. The experiments
were performed on both unfilled OMs and OMs
with the inter-spherical voids filled with deionized
water (OM:H,0) to reduce the thermal effect of
laser radiation. With the same purpose, a number
of experiments were carried out with samples im-
mersed in liquid nitrogen (OM:Lyy,).

X-ray research technique

The X-radiation occurring from laser irradia-
tion of the OM was recorded using a photographic
film placed in an opaque cassette and a Canberra
UniSpec 503 gamma spectrometer operating at
room temperature without cooling. The data ob-
tained from the spectrometer were calibrated by
the spectra of four test X-ray sources (*>Fe, 133Ba,
152Eu and ?*'Am isotopes).

When the radiation was registered by a film as
it is shown in Fig. 1, the laser radiation passed
through the OM and its direction coincided with
the direction of the induced X-radiation (¢ = 0°).
The parameters of the laser radiation were chosen
so that the material of the cassette (thick black pa-
per covered with Scotch transparent adhesive film)

Fig. 2. Schematic illustration of registering X-ray
radiation by gamma-spectrometer and photo film at
¢ = 90°:

1 — laser radiation; 2 — LiNbO, plates (10x10x1 mm);
3 — OM (10x10x(3—5) mm); 4 — photo film cassette;
5 — spectrometer sensor window; 6 — X-radiation

destroyed. The photosensitivity of the photo film
(type 42) was 1000— 1400 units (state standard
T'OCT 10691.5), sensitization limit 700 —730 nm.

In some cases, during registration of micro
X-ray radiation, laser radiation was applied to the
OM placed between two plates of single crystal
lithium niobate (LiNbO,), a piezoelectric material
[11], and X-rays were recorded at an angle of 90°
to the direction of laser radiation (Fig. 2). This
was done in order to avoid damaging the spec-
trometer sensor window made of beryllium foil.

The parameters of the used laser radiation
sources are given in Table 1, where A is the wave-
length, fis the frequency, t is the pulse duration,
P is the average pulse power, D is the diameter
of the laser beam at the focus. For systems with a
galvanometric scanner of the laser beam (IR,
UV,..), the following areas were processed dur-
ing one OM laser irradiation session: a 5x5 mm
square with a 20 lines/mm linear shading on the
OM focal plane when registering at an angle of
0°, and a 5 mm long line on the verge of the OM
parallel to the OM focal plane when registering
at an angle of 90°.

. . . Table 1
that is not transparent to visible light would not be The parameters of the used laser radiation sources
Laser radiation source, A, fi |t |P,|D,
5 manufacturer (designation) | nm |kHz | ns | W | pm
A
A Fig. 1. Schematic illustration | | (i oo ORUS 1040 | 50 10 10| 50
2 3 of registering X-radiation by 1040
33338 _>7 photo film at ¢ = 0°:
—2>§33%8 DPSS UV Pro,
1 §§§§ - 1 — laser radiation; 2 — fo- “Sharplase” (UV.-.) 355 | 40 | 20| 3 | 37
> 33333 cal plane of laser radiation; 355
3333 3 — OM (10x10x1.5 mm)
. with H,0; 4 — Xeradiation; | | (o) A% 110 |15] 3 | 20
- 5 — photo film cassette VL
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Study of the structure and composition of opal
matrices

Tests were performed on opal matrices with
a volume of up to 1 c¢m®, a diameter of SiO,
spheres d = 250 nm (Ad = 2%) and a volume of
monodomain regions (areas of well ordered sphere
packing) of at least 0.1 mm3. The following pieces
of equipment were used: a Carl Zeiss Leo 1430
VP scanning electron microscope (SEM); a JEM
200C transmission electron microscope (TEM);
an ARL X'tra (Thermo Fisher Scientific) X-ray
diffractometer, and a LabRAM HR800(HORIBA
Jobin-Yvon) laser Raman spectrometer (632.8 nm
line of He—Ne laser).

It was established that in the OM samples,
the monodomain regions are disordered relative to
each other (Fig. 3, @). Under the conditions as-
sumed in this study, a three-layer (cubic) packing
of SiO, spheres was formed [10]. The hardening
of the OM was caused by the transfer of SiO, to
the region of contact between the spheres with
the formation of —Si—O—Si— bonds. Transmission
electron microscopy shows the presence of contact
pads with a diameter of & = (0.1—0.3)d while
the SiO, particles maintain the regular spherical
shape and are not deformed at their contact points
(Fig. 3, ¢). The high bond strength of the contact-
ing SiO, spheres can be seen on chipped edges of
the OM, where the areas of their separation are
visible (Fig. 3, b).

a)

Fig. 3. SEM images of the growth surface (@) and
chipped edge (b) of the OM, and a TEM image of the
contact area of SiO, spheres (¢)

(in b, pluses represent convex areas, and minuses stand for
concave areas in the points where the spheres are separated
between the contact pads)

(111) - [110]
\{011] d
[110]
/4[101]
(111) (11{)

Fig. 4. Bulk fragment of the OM (cut along {111}
planes)

Fig. 4 shows the bulk model of the OM (lat-
tice packing of SiO, nanospheres) with the spatial
ordered arrangement of inter-sphere voids. The
triangles with concave sides on the cutout planes of
the bulk fragment of the OM are the cross-sections
of the channels, connecting the tetrahedral and
octahedral inter-sphere voids. It should be noted
that in hardened OMs, the real dimensions of the
voids are smaller than the theoretical ones.

X-ray diffractometry revealed that the OMs,
annealed in air at 1475 K, contain a phase of SiO,
cristobalite (space group P4,2,2) with approxi-
mately 20-nm crystallites (areas of coherent X-rays
scattering). In samples annealed at temperatures
below 1475 K, it is impossible to register this
phase using X-ray diffraction — the small crys-

.‘E
=5
E
-
100 300 500 700 900 1100
Av, cm™!

Fig. 5. Raman spectra of the OM, annealed at different
temperatures and time periods:
1 — 175K, 4h; 2 — 1325 K, 24 h; 3 — 1375 K, 4 h;
4 — 1475 K, 8 h
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tallite size (<1 nm) does not allow identifying
them due to the size broadening of the diffraction
maxima, according to the Debye — Sherrer equa-
tion. In this case, the crystalline phase of SiO,
was identified by Raman spectroscopy of Raman
scattering. Raman spectra of amorphous SiO, are
characterized by bands with a frequency shift Av
of Raman scattering near 420, 490, 600, 800 and
1060 cm ™! (Fig. 3, curve 7). At temperatures above
1175 K, amorphous silica begins recrystallizing into
SiO,-cristobalite (space group P4,2,2); at 1375 K, the
crystalline phase of SiO,-quartz (space group P3,2,)
is formed (band at Av =860 cm™"), which at 1475 K
is transformed into SiO,-cristobalite (Fig. 5)

Investigation of induced pulsed
X-radiation

In some cases, during measurements using the
spectrometer, the speed of data acquisition in the
X-ray energy range up to 2 keV depended on both
environmental conditions and the power of the
computing equipment used. Therefore, in order to
obtain reliable results from the absolute numerical
data of the X-ray spectrum (abs.), the background
values of the spectrum registered when the laser
source was blocked, were subtracted, thus obtain-
ing a corrected spectrum (rel.).

The experimental conditions and the parameters
of the obtained X-ray radiation are summarized in
Table 2, where V is the scanning speed (for the
systems without a C,,; galvanometric scanner, the
laser beam is stationary); ¢ is the angle of X-ray
registration; /%, is the distance from the OM to
the photo film cassette; £, is the distance from
the OM to the spectrometer window; OM, is
the OM strengthened by annealing; S is the type
of spectrum; ¢ is the duration of one laser radia-
tion session; Eyp is the energy of X-ray quanta
corresponding to the maximum intensity peak in
the spectrum; Ayy is the X-ray wavelength cor-

responding to Eyy.

As can be seen from Fig. 6 and 7, when OMs
are exposed to laser radiation with a wavelength of
A = 1040 nm, the induced X-ray radiation is scat-
tered more strongly than at A = 355 nm. Moreover,
when exposed to laser radiation from the UV region,
compared to the IR region, intense luminescence in
the visible light range is observed in the hardened
OM. 1t is possible that the high sensitivity of the
used photo film causes halos to appear in the pho-
tographs (see Fig. 7), which is due to the thermal
effect of laser radiation on the sample through the
protective material of the cassette. The photographs

Fig. 6. Images obtained when X-ray radiation induced

by the UV, source was applied to the film at ¢ = 0°,

V =1 m /s (the numbers on the images are the number
of repetitions of the laser radiation session)

Fig. 7. Images obtained when X-ray radiation induced
by an IR,,,, source was applied to a film at ¢ = 0°,
V=08m/s
(the numbers on the images are the number of repetitions of
a laser radiation session; the area of X-ray radiation exposure
is framed, the point of impact is marked with a dot)

Table 2
Experimental conditions and parameters of the obtained X-ray radiation
Sample
Source v, 0,° b, s, thickness S ts Eyp» keV [ Ayg, nm
m/s mm mm composition ’ B xR xR
mm
IR 40 0,8 0,08 15,2
90 2,5 2,5 OM:H,0 1,5 abs. 60
UV 1,0 1,04 1,2
90 OM:Ly, 5,0 220 1,04 1,2
CyL 0 70 80 rel.
0 OM,,:H,0 1,5 698 2,47 0,5
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obtained using the UV,., and C,, laser sources,
unlike the IR,,,,, show a domain structure of the
OM (see Fig. 6 and 7) [7, 8].

The obtained data given in Table 2 and Fig. 8,
indicate that the radiation under study is a low-
intensity, soft X-ray radiation and its wavelength
range intersects with the vacuum UV radiation,
which is well absorbed by air. By its character-
istics, it is similar to the radiation produced by
triboluminescence of adhesive Scotch films at the
moments when they are detached from smooth
surfaces [12]. The X-ray spectrum induced by la-
ser radiation with A = 355 nm has an additional,
shorter-wavelength peak Ayz = 1.2 nm, compared
to Axg = 15.2 nm on the spectrum obtained at
L = 1040 nm (see table 2). An even shorter wave-
length peak (Ayg =0.5 nm) is observed when using
an C,; source with combined modes A = 510 nm
and L = 578 nm (see Table 2 and Fig. 8).

Fig. 9 shows a photograph of a film after expo-
sure to X-ray radiation induced by the C,,; source.

The test results for the study of dried and
non-thermally hardened OMs at the wavelength
of laser radiation A = 355 nm with the parameters
specified in tables 1 and 2 for the UV, source,
also showed the presence of X-rays. However, in
contrast to OM, :H,O (strengthened OMs with
voids filled with H,O), in these samples some
defects characteristic of laser ablation occurred
during the course of the experiment.

10°
widl T 2 10° 2=0,82 nm A=0,5 nm
- |1 T £ 105 5 /
= & ! h
g 103 ] 2104
E ~ 08 : |
: 10° + t t !
- 107 0,5 1,5 25 35
= E, keV
10 1
1 - 1 L L1
-10 90 190 290 390
E, keV

Fig. 8. Relative X-ray spectrum induced by the C,,

source in the OM under the following conditions:

OM,:H,O thickness 1.5 mm, ¢ = 0°, 2, = 80 mm,
Exg=25keV, t=698s, Ayg = 0.5 nm

(insert shows the maximum intensity spectrum peak)

Fig. 9. Image obtained by

exposing the photo film to X-ray

radiation with the spectrum

shown in Fig. 8 (2, = 70 mm,
t=2s)

Conclusion

Thus, the studies of opal matrices indicate that
the parameters of induced X-ray radiation depend
on the production conditions and the structure of
the OMs (high-temperature annealing, filling of
voids, sample thickness), as well as the experi-
mental conditions (obtaining of X-rays at an angle
of 0° or 90°, immersion of the sample in liquid
nitrogen). One of the necessary conditions for
obtaining high-quality measurement results, and
for the subsequent creation of devices using lat-
tice packing of SiO, nanospheres, is the perfection
of the three-dimensional packing of nanospheres.

The obtained spectral data allow us to conclude
that the radiation induced by laser irradiation at a
wavelength of 1040 nm (IR), 510 nm together with
578 nm, 366 nm (UV), is low-intensity, soft X-ray
radiation with a photon energy of 0.08 —2.47 keV
and with a wavelength of 15.2—0.5 nm. There is
a reason to believe that the proper choice of the
structural parameters of opal matrices (sizes of
SiO,, spherical particles, inter-sphere contact pads
and monodomain regions) and characteristics of
laser radiation (wavelength, pulse duration and
frequency) will allow increasing the intensity and
energy of X-ray quanta, which would make it
possible to use the investigated effect in industry
and medicine.
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PEHTTEHIBCbKE BUITPOMIHIOBAHH{A, IO BURKINKAHE
IMITYJIBCHOIO JIASBEPHOIO AICIO HA OITAJIOBI MATPUIII

B danuii wac mamepiaiu 3 qbomOHHuMu 3a60p0HeHumu sonamu (pomonni xkpucmanu), mo6mo mamepiaru 3 ne-
pioduunoio (6au3vro 006KuUHU XEUNL CEIMAA) 3MIN0I0 OleAeKmpPuunoi NPOHUKHOCMI, € 06'€KMOM AKMUBHUX
meopemuuHux md excnepuMenmaivHux 0ocaidxenv. [l npaxmuunozo 3acmocyeanus CMAano8AAms iHmepec
pomonni kpucmaru na ocnosi onarosux mampuus (OM), axi npedcmasisioms co60i0 wirvhy 3D-ynaxosky oo-
HAK0BUX 3a diamempom HaHoKy1b amopdrozo SiO,. Haiubirvwuil inmepec suxauxae 3acmocyeanus OM ¢ mano-
docidxkenit ob6aacmi — zeHepauii PeHmeeHicoK020 GUNPOMIHIOBANHS NI0 UAC NA3EPHOZ0 BNIUBY HA PEUOGUHY.

Y Oawniii po6omi npedcmasieno pesyivmdamu GUMIpIOGAHHS 3d 0ONOMOZOIO PEHINZEHIBCLKOZO CREKMPOMEMPA
eHepzeMUUHUX CNeKMPIE PEHM2EHIBCHKO020 GUNPOMINIOBANHS, THOYK08AH020 6NAusoM Ha OM imnyvcnoeo aasep-
1020 GUNPOMINIOGANHS 3 Pi3H0I0 006Kun010 x6uni A: 1040 nm (I9-061acmo cnexmpa), 510 ma 578 um (cymiwen-
ni moou), 366 um (Y D-o6aacmo).

OM cunmesyeanu 3 posuuny ziopokcudy amoniio (NH ,OH ), emanory (C,H;OH) ma mempaeipa opmoxpen-
nieeoi kucaomu (Si (OC,H;),). Ynaxoexa xyav SiO, micmunra 3D-cucmeny cnoryuenux okmaeopuunux i me-
MPAeOPUUHUX MIKKYIbOBUX NYCMOM, SKi 3aumaiomv npubiusno 269% 3dazarwnozo o6’emy. B excnepumenmax
suxopucmosyeanu 3pasku OM 6 ¢opmi naacmun moswunoro 1—5 mm, AKi 6u20MOBAANU 34 OONOMOZOIO CYXOL
mexaniunoi 06pobxu 3 06’emnux OM, ne 3miynenux ma amiynenux eionarom 3a memnepamypu 1475 K na no-
eimpi.

Penmeeniecorxe eunpominiosanms, wo sunuxae nio dieio nazepa na OM, peccmpyeanu homonniexoio i eamma-
cnexmpomempom. Peecmpauyis nposodunrace deoma cnocobamu. B nepuomy eunaoxy id3epre UnpoMinIO6anus
npoxoduno uepes OM (stiomxa na npoceim) i 1020 nanpsam cnienadae 3 HANPAMOM THOYKOBAH0Z0 PEHMZEHIECHKO-
20 sunpominioganns (¢ = 0°). Y Opyzomy penmeeniccoie GURPOMINIOBAHH NPOXOOULO NEPREHOUKYIAPHO Ad3ep-
nomy (¢ = 90°), a OM posmiuyearu mix niacmunamu 3 monokpucmariunozo LiNbO,. YV padi excnepumenmis
0151 3MEeHWeHHs Meni068020 enausy Ha OM na3epHozo BUNPOMIHIOBAHNS MIKKYIbOGT NYCMOMU 3ANOBHIOBAIU 60-
doto abo 3anypiosanu 3pa3xku y piokui d3om.

3a pesyrvmamamu cnexmparvrux 00CAi0KeHb 0Y0 6CMAHOBIEHO, WO THOYKOBAHE PeHMZEeHIBCLKE SUNPOMINIO-
BAMMSL € MAJOTHMEHCUBHUM M AKUM PEHMZEHIGCOKUM BUNPOMINIOBAHHIM 3 eHepeicto keaumis 0,08 —2,47 keB i
dogiunoto x6utb Ap; = 15,2—0,5 um. Cnexmp peumzeuiecmcozo eunpomimoeaHHﬂ 3a A = 355 nm noxasae nase-
Hicmb 000amx06020, Giavul KOPOMKOX6U1606020 nika Ap; = 1,2 um 6 noplemmm 3 Apy = 15,2 um, ompumanum 3a
A= 1040 um. Ille 6invuw KOpomKoOXSUNLOSUU NIK Lp; = 0,5 HM CROCMEPIZABCS 3 BUKOPUCTIANNS A3EPHOZ0 0He-
peaa, wo npayioc 3 CYMIuEHUMU UNPOMIHIOGannimu 3 A = 510 um i A = 578 um. Bnaue na OM rasepnozo eu-
npominioganns 3 L = 1040 num npuzeodums 00 CuIbHIUOZ0 PO3CIIOBANHS THOYKOBAHOZ0 PEHM2ZEHIBCHKOZ0 GUNDO-
Mintoeanus nopieusno 3 A = 355 um. Bnaue na OM nasepnozo sunpominiosanms Y D-obracmi uxiuxas inmen-
cusny mominecyenyiio OM 6 dianazomni 6udumozo ceimid.

Ioxasano, wo na napamempu penmzeniecvok020 SUNPOMIHIOBAHNS 6NAUBAIOMY YMOSU OMPUMAHHS | CINYNIHY 3A-
NOGHEHHSL NYCTNOM ONAJOBUX MAMPUYD, d MAKOK YMOBU NPOGeOeHHs eKchepumenmie (Kym OmpuMants penmze-
HIBCHLKO20 BUNPOMIHIOBANHS NO GIOHOWENHIO D0 AA3EPHOZ0, 3AHYPIOGANHS 3PA3KA Y PIOKUT A30m).

Knouosi caroea: onanosi mampuyi, iazepue 6UnpoMiHIOBANHS, PEHMZEHIBCOKE GUNPOMIHIOBANHS, eHepzemudnil
cnexmp.
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PEHTTEHOBCKOE U3J/IYUYEHHNE, BISBBAHHOE UMITIYJ/JIbCHBIM
JA3EPHBIM BO3JIEVICTBUEM HA OITAJTOBBIE MATPUIIbI

B nacmosuuee epems mamepuanve ¢ pomonnvinu sanpewennvimu sonamu (pomonnvie Kpucmainot), m. e. mame-
puanvt ¢ nepuoduvecrkum (NOPAOKa OAUHbL BOIHBL CEEMA) USMEHEHUEM OUINCKMPUUECKOT NPOHUUACMOCTIU, SGLS-
10MCst 00BEKMOM AKMUBHBLX TMEOPETNULECKUX U IKCNEPUMEHMANLHBLL UCCAe006aHUl. [INs NpAKMUYecKozo npu-
MEHeHUs: UHMEPecHvl hoMmonHble KPUCTALLbL HA 0cHoGe onaaogvix mampuy, (OM ), xomopsie npedcmasasiom co-
6oti naomuetiwyio 3D-ynaxosxy odunaxoevix no duamempy namowapos amopgnozo SiO,. Hauborvwui unme-
pec evizvieaem npumenenue OM 6 Marouccaedo6annoi 06aAcmu — 2eHePauuu PeHmMzeHOBCK020 UAYUCHUS NPU
AA3epHOM 6030€icmeull Ha 8eu,ecmeo.

B nacmosiueti pabome npedcmasienvt pe3yibmamnl ucc1e008aHUsL ¢ NOMOUDIO PEHMZEHOBCKO20 CREKMPOMEmPd
IHEP2eMUUECKUX CREKMPOB PEHM2EHOBCK020 UNYUeHUS, UHOYUUPOBANHO20 8030elicmEueM HA ONAI08ble MAPU-
Ul UMNYIBCHOZO LAIEPHOZO USLYUEHUs C PA3AUUHOU Oaunol eoanvl L: 1040 um (MK-o6aacme cnexmpa), 510 u
578 um (cosmewennvie moodv) u 366 wm (Y D-o6aacmo).

OM cunmesuposaru us pacmeopa zudpooxcuda ammonus (NH,OH), smanora (C,H;OH) u mempasgupa
opmoxpemnuesoi xucaomo. (Si(OC,H;),). Ynaxosxa wapos SiO, codepxanra 3D-cucmemy coobuarouguxca
OKMAIOPUYECKUX U MEMPAIOPUUECKUX MEKULAPOBHLX NYCMOM, 3AHUMAUWUX npumepHo 26 % obwezo obsema.
O6pasyvt 015t uccaedoganuil npedcmagasiu cobot niacmunvt mojuwunot 1,5 —5,0 mm, Komopvie NOAYUAIU C NO-
MOWBIO CYXOU Mexanuueckot obpadomru us obsemuvix OM, He YnpouHeHHvlx U YNPOUHEHHIX NPU OMKUZE OO
1475 K na so3dyxe.

Penmeenoscroe usnyuenue, osnuxaowee npu adzeprom eoszoeicmsuu na OM, pezucmpuposaru pomonienxou
u zamma-cnexmpomempon. Pezucmpayus npogodunace deyms cnocobamu. B nepsom cayuae nazeproe usiyuenue
npoxoduno uepes OM (cvemka na npoceem) u €20 HANPAGLEHUE COBNAOAN0 C HANPABLEHUEM UHOYUUPOBAHHOZO
penmeenosckozo usayuenus (¢ = 0°). Bo 6mopom pezucmpupyemoe peHmeeHo8ckoe usiyienue 6uiio nepnenou-
kyaapro nasepromy (¢ = 90°), a OM pasmewaru mex0y niacmunamu us mMoHokpucmaiiuveckozo LiNbO,. B
pside IKCNepuUMenmos 01 YMeHbueHUs Mmeniogozo 8o3detcmeus Ha OM om 1a3epHOZ0 UBYUEHUS MEXKULAPOBbIE
NYCMomuL 3anOAHAIU 000U UAU Ke NOZPYKAIU 00DA3YbL 6 KUOKUT A30M.

ITo pesynvmaman cnekmparouovix uccaedo8anuti ObLIO YCMAHOBAEHO, UMO UHOYUUPOBAHHOE PEHIMZEHOBCKOE U3ILY-
ueHue SA6A5emcs MATOUHMEHCUBHBIM MAZKUM PEHM2EHO8CKUM U3Lyuenuem ¢ snepeuei keanmos 0,08—2,47 kB u
¢ 0aunotl 6oH Apy = 15,2—0,5 nm.

Cnexmp penmzeHo6cK020 U3LyueHus npu . = 355 HM NOKA3AL HAAUdUe OONOJIHUMENbHO20 00Jlee KOPOMKOGOIHO-
6020 NUKA Apy = 1,2 um no cpasnenuio ¢ Apy = 15,2 um, noryuennom npu = 1040 um. Ewe 6osee KOPomKo6o.i-
1060t Uk Apy = 0,5 HM HAO00ANCA NPU UCIONIBI0BANUU JA3EPHOZO UCTNOUNHUKA, PAOOMATIOWEZ0 C COBMEULCHHbL-
My uznydenuamu ¢ A =510 um u i = 578 un.

Ipu sozdeiicmeuu na OM naseprozo usayuenus ¢ 4 = 1040 um unOYUUPOBAHHOE PEHMZEHOBCKOE U3NYUEHUE PAC-
ceusanocy cuaviee, wem npu L = 355 um. Bosdeiicmeue na OM nasepnozo usiyuenus ¥ D-obiacmu 636164710
unmencusHyo aomunecyenyuro OM ¢ duanazone suduMozo ceemad.

HOKd3CZHO, Umo Hd napamempuvl peHmezen06CK0Z0 USNYUEHUS AUATOM YCIO06US NOSLYUECHUS U CTNENEeHb 3AN0JTHEeHUSA
nycmom oOnaloBulx mampuy, d maksKe ycioeus npoeeaeﬂuﬂ IKCREPUMEHTNOB (]/ZO/Z NOAYUECHUS PEHIMZEHOBCKOZ0
uanyuenus no OMHOWEHUIO K LA3EPHOMY, NOzZpYKeHue 06pa3ua 6 KUOKUL asom).

Kniouesvie cnosa: onanoevie mampuyvl, 1d3epHoe U3AYUeHUe, PEeHMZEHOSCKOe UAYUeHUE, IHepemuyuecKull
cnexmp.
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