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LASER ABLATION AND STRUCTURING OF HARD COATING
WITH ULTRA-SHORT LASER PULSES

B. Gakovi¢!, B. Radak!, C. Radu?, M. Zamfirescu?, M. Trtica', S. Petrovi¢!,
J. Stasic!, P. Panjan® and 1. Mihailescu®

'Vinga Institute of Nuclear Sciences, University of Belgrade, POB 522, 11001 Belgrade, Serbia

National Institute for Lasers, Plasma and Radiation Physics, POB MG-36, Magurele,
Ilfov, Romania
3Jozef Stefan Institute, Jamova 39, 1000 Ljubljana, Slovenia

e-mail: biljagak@vinca.rs

Abstract. For material processing one of the main advantages of using ultra short laser
pulses, comparing to long pulses, is the highly localized modification. Ultra short pulse laser
modification of materials is valuable for their application in nanotechnology, tribology,
microelectronics, medical application, etc. In this paper, special attention is paid to
experimental investigations of femtosecond laser surface modification of hard protective
coating. The sample has been processed by a Ti:sapphire laser with pulse duration of 200 fs
and wavelength of 775 nm. Single and multi pulse irradiation were performed in air. Various
analytical techniques were used for characterization. The damage threshold for the examined
coating, irradiated by 200 fs pulses, was determined.

Introduction

Protective surface coatings, espacially titanium based are important in
many applications.  Titanium-aluminium-nitride  (TiAIN) obtained by
incorporation of Al in titanium nitride (TiN) is a material with excellent
hardness and thermal stability. In addition, multilayered coatings have
mechanical advantages over single layer composed of either TiN or TiAIN /1,2/.
Conventional mechanical micro-structuring of such hard materials is difficult
and application of lasers is often the solution. Irradiations of multilayered
TiAIN/TiN coating deposited on steel by nanosecond and picoseconds laser
pulses were studied recently /3/. It was found that laser induced periodical
surface structures (LIPSS) readily form on this coating under certain
combinations of parameters with those lasers. Formation of LIPSS was
accompanied by more or less pronounced thermal effects. It has been
demonstrated that fs laser pulses can be easily adjusted to induce little or no
collateral damage and thermal effects on materials, in case of proper choice of
number of pulses-energy combinations. The present paper deals with effects of
200 fs laser pulses upon a TiAIN/TiN multilayer deposited on steel — from
damage thresholds to structures formed.
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Experimental

The experimental sample was a multilayered TiAIN/TiN hard coating
deposited on the steel substrate. The TiAIN/TiN multilayer was prepared with a
commercial device (CemeCon 800). The layered structure of the coating was
achieved by sequential depositions of TiN and TiAIN. Details and conditions of
the procedure have been given elsewhere /3/. The total thickness of the coating
was 2.17 um and consisted of 45 alternating layers. The first layer next to the
steel substrate was TiN, about 40 nm thick, followed by a TiAIN layer of nearly
the same thickness, and so on. The top layer was TiAIN about 500 nm thick.

Irradiation was done with a Ti:sapphire laser equipped with a chirped
pulse amplification (CPA) system (Clark-MRX 2101). The laser wavelength
was 775 nm, pulse duration 200 fs and a repetition rate 2 kHz /4/. The pulse
energy ranged from 5 to 350 uJ and the spatial profile of the beam was nearly
Gaussian with with a (1/e*) beam radius w, =16.6 pm . The linearly polarized
beam was focused and directed perpendicular to the target surface. All
irradiations were performed in air. The procedure was computer controlled using
dedicated software.To determine the damage threshold a series of laser pulse
energies (E) and pulse counts (N=1,2,3,4,5,7,10,15,20,50,100,200 and 400) were
used (Fig. 1.)

Pulse number (N)
10 15 20 50 100 200

10

15

25

50

100

(Ay

150 ¢

Pulse energy E (uJ)

Figure 1. Part of the TiAIN/TiN coating surface after 200 fs laser pulse action.
Each group of spots was made by constant pulse number and energy.

For the sample characterization various analytical techniques were used:
optical microscopy, scanning electron microscopy (SEM), focused ion beam
(FIB) system and profilometer.
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Results and discussion

Some of results, concerning morphological changes of the target are
presented in Figure 2. SEM micrographs showed effects on TiAIN/TiN hard
coating deposited on the steel substrate after irradiation with different pulse
energy/fluence and number combinations.

1 pulse 50 pulses 200 pulses

11.6Jcm™2 3.48 Jcm2

92.9)cm?

Figure 1. The SEM micrographs of TiAIN/TiN multilayer coating surface after
irradiation with 1, 50 and 200 pulses and 15, 50 and 350 pJ pulse energy.

Fs laser pulses can generally produce conditions of no dissipation of laser beam
energy out of the irradiated area, facilitate direct solid to vapour transition. In
case of a large pulse number and high pulse energy combinations, modified area

can be broadened and some thermal effects appear (Fig.2).
The damage threshold of coating, the lowest fluence that induces

irreversible surface damage, is important parameter for application. For a
Gaussian spatial beam profile with beam radius ®,, and for pulse energy E,, the
maximum laser fluence at the surface is Fy= (2Ep)/(n(030)2). According to the

15



established procedure /4/, knowing diameter of the spots, the damage threshold
Fy, for the multilayered TiAIN/TiN hard coating was obtained, Tab.1.

Table 1. Damage threshold (Fy,) as a function of the number of laser pulses (N)
applied to the same spot.

Fin (J cm™)
1 0.66
20 0.39
50 0.26
400 0.19

At low laser fluences, very clear formation of LIPSS was recorded.
Evolution of their formation is illustrated in Figure 3. The spacing/periodicity
between the ripples created is 580 nm on average and the LIPSS were orientated

Figure 3. Images obtained by FIB cross sectional profiling after fs laser-coating
interaction. Effects of (a) 10 pulses, at 50 pJ and (b) 20 pulses, et 350 uJ.

Summing up, a multilayered TiAIN/TiN coating was irradiated by 200 fs
pulses at 775 nm. Laser fluences of 1.16 Jem™ to 116 Jem™ produced a range of
modifications, from well defined parallel surface structures on the coating, to
deep craters in the substrate, depending also on the number of accumulated
pulses.
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NUMERICAL SIMULATION AND OPTIMIZATION OF
COMPRESSION PLASMA FLOWS INTERACTION WITH SOLIDS

S.I. Ananin, V.M. Astashynski

B.I. Stepanov Institute of Physics of the NAS of Belarus, Nezalezhnastsi ave. 68,
220072 Minsk, Belarus, ananin@imaph.bas-net.by

Surfaces modification by compression plasma flows is one of the most
promising applications of quasi-stationary high current plasma accelerators
because it provides methods of creating conditions which are not realized in
other ways.

We have developed a series of models which describe compression plasma
flows generation and their interaction with solids. These models are based on
coarse-particle method, introducing a magnetic field and taking energy transfer
by radiation into account within the framework of the two-flow multi-group
approximation /1-4/. This approach makes it possible to describe the structure
and dynamics of partially ionized compression plasma flows in high-current
plasma accelerators and to carry out the optimization of plasma acceleration in
such installations. This paper presents the review of latest results for numerical
simulation and optimization of interaction of air and hydrogen compression
plasma flows, generated by magnetoplasma compressors of various types, with
solids.

The system of non-stationary equations of magnetic radiation gas
dynamics, describing the processes under discussion, looks as follows (the
temperatures of ions, electrons, and atoms as well as their velocities, are

assumed to be identical, T; = T,=T,=T, w,=w,=w,=w):

‘Z—’Z+div(pw) =0
%+div(pm)+a_1:+%§ H)=0
i) 2

R e e
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%+div((p + pE)w + §)+

If(v&fl aH] A 1(8 j (ajj
+—| —+u —|—rH| +H—| |=0
A \r or & ) drl P\or 194

E=w"/2+¢
Here p is the plasma density; p is the pressure; W is the velocity (v = w,,

v = w,); €1s the specific internal energy, E is the specific full energy, S is the

_ 2
energy flux due to radiation; A=c /4770}’ o. 1s the conductivity. This system

of equations is completed with equations of state:

p=p p) T=T(p)

The radiation flux is considered in the multi-group two-flow approximation
in the coordinates » and z. In the given case the spectral composition of the
radiation was taken into account in the approximation of three spectral groups.
Inside each group the absorption coefficients were assumed to be independent of
the frequency and equal to that averaged over Planck distribution within the
given group. The boundaries of the intervals for calculations for air flows were
as follows: 0.01-6.52; 6.52-9.96; 9.96-247 eV, and for hydrogen flows 0.01—
10.2; 10.2-13.6; 13.6-250 eV. More detailed description of the energy transfer
calculations is presented in /2/.

The method used here to set the boundary conditions does not differ from
described in /5/. Initially, the calculated region (its geometry is taken from the
corresponding experiments) 1s assumed to be filled with hydrogen plasma of
density py and temperature 7 and the magnetic field is zero.

The simulation was carried out for two different modes of the accelerator
work: for the residual gas mode, in which the discharge was taking place in
discharge chamber prefilled with the working gas, and for the mode, in which
the working gas is injected in MPC during the discharge. In such calculations,
the total current time dependencies recorded in experiments were used for
border conditions settings.

As a result of numerical simulation, the spatial distributions of plasma
parameters (pressure, electron concentration, temperature and velocity of the
plasma flow) and current distributions for various conditions of gas supply and
for the various dependencies of the total current versus time were received (see
for example Fig.1). As calculation have shown, the shock-compressed layer is
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formed near the solid surface under action, and this layer exists during all
discharge time. It was demonstrated that under certain conditions (for example,
in regimes with high total discharge current /,,, and low distance between the
cathode tip and the target surface) the current vortex is formed near the surface.
This can have a significant impact on the processes governing the surface
modification.
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Fig. 1 Main plasma parameters in calculation area



It was shown that in regimes with too high initial current raise the current
vortex is formed on the entrance of the plasma accelerator. This current vortex
prevents plasma axial acceleration. As a result, most of the energy stored in
capacitor banks may be spared in some cases not on the acceleration of the
plasma flow along the system axis, but on ohmic heating of plasma which is
leaving the system between anode bars.

The calculations have shown that the parameters of compression plasma
flows at the exit of magnetoplasma compressor depend primarily on the
magnitude of the maximum total discharge current /,,, and the mass flow of the
working gas. As the mass flow rate of the working gas decreases, the plasma
parameters at the outlet of the system grow (for fixed /,,). But for the
implementation of regimes with high total currents, on the contrary, it is
necessary to increase the mass flow of working gas, because the shortage of
working gas supply in the discharge gap increases the erosion of the electrode
system. Thus, to maximize the output parameters of compression plasma flows,
generated by magnetoplasma compressor, it is necessary to match the working
gas mass flow and total discharge current in the system.

Thus, our model can be used for optimization of plasma flows acceleration
in described conditions.

This work was carried out with financial support from the Belarusian
Republican Foundation for Basic Research (project F11K-115).
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A brief review of Laser Induced Optical Emission Spectroscopy (LIOES)
along with some experimental results obtained at VINCA Institute will be given.
LIOES is a relatively new spectroscopy method/technique which attracts
attention and shows good prospects. It is a contemporary physical and chemical
or physico-chemical method, applied for various purposes, primarily for
qualitative and quantitative analysis. In some cases, it can be used for
monitoring of the reactions. Basically, the LIOES is an emission spectroscopy
technique in which a plasma is initiated by a laser in front of a target. Plasma is
generated at typical laser intensities of about 10° W/cm®, simultaneously with
target ablation. The ablated material is vaporized and then partially atomized, or
excited and ionized within a plasma plume formed above the surface. Initially,
plasma emits a continuum radiation, but in a short time it expands and cools
/1,2/. During this stage characteristic atomic lines of the target elements can be
emitted, thus the plasma can give information about the target composition.

A contemporary apparatus for LIOES includes: (1) a pulsed laser; (ii) a set
of optics for directing the laser beam onto the target; (ii1) a set of optics for
collection the plasma emission and directing it into dispersive system; (iv)
spectrometer with a detection system and, (v) data processing system. Today,
various systems are used as pulsed lasers. With respect to the pulse duration the
femto-, pico or nano- second lasers are used. Laser active mediums are also
diverse in different types of lasers: solid state lasers (Nd:YAG, Ti:sapphire), gas
lasers (N,, TEA CO,, excimer), etc.

LIOE Spectroscopy method/technique possess some advantages with
respect to other spectroscopy methods such as: (i) this method can be applied to
solid, gaseous or liquid samples. Focusing only on the solid the method can be
employed on metal, nonmetal, semiconductor, bio-materials, etc.; (i1) LIOES is
a non-destructive technique. A typical quantity of the material which is removed
during ablation process per pulse is extra-low, of the order of ng or pg. This
practically means that the mass of the target/sample can be minimal (e.g. order
of milligrams); (ii1) LIOES is a non-contact technique; (iv) sample preparation
time (SPT) for LIOES is minimal, of the order of seconds. For comparison — the
SPT of Inductively Coupled Plasma (ICP) spectroscopy is typically several
hours; (v) detection rate of the LIOES method is short; and (vi) LIOES has a

21



relatively high sensitivity. Beside these superior characteristics, LIOES has
some disadvantages, such as relatively poorer sensitivity compared to e.g. ICP
and mass-spectrometry. The accuracy and precision of the measurements are
about 10 and 5%, respectively /3/.

Historically, if the first laser, i.e. ruby system, was realized 1961 then the
first observation of plasma produced by laser dates from 1962 /4/. The first
analytical usage, the first optically induced breakdown studies in gases and
initial observation of the induced shock wave plasma by laser dates from 1963,
1964 and 1967, respectively. The period from 1964 to 1967 is a period of
appearance of the first commercial systems. Two companies, C. Zeiss and J.
Ash, were the pioneers in this area. The period of intensive development and
studying of LIOES is between the 80-ties of the last century and present.
Commonly, LIOE Spectroscopy can be classified in relation to several
parameters like operational pressure, the site of detection, resolution, etc. In
today’s literature, different terms can be found which are complementary with
Laser Induced Optical Emission Spectroscopy, such as Laser Induced
Breakdown Spectroscopy (LIBS), Laser Induced Plasma (emission)
Spectroscopy (LIPS), Optical Emission Spectroscopy (OES), Laser Induced
Shock Wave Plasma Spectroscopy, Laser Micro-analysis, etc.

Nowadays, Laser Induced Optical Emission Spectroscopy, as a superior
spectroscopy method, can be applied in manifold applications, like: (i)
environmental monitoring; (ii) material analysis; (ii1) forensic and biomedical
studies; (iv) industry; (v) art restoration/conservation area; (v) safety and
military needs and (vi) specific purposes (e.g. geology; Space exploration;
nuclear complex; isotope analysis).

Within the VINCA Institute the initial activity in Laser Induced Optical
Emission Spectroscopy was focused only on copper. The development of
instrumentation capable of sensitive and quantitative measurements of elemental
composition of copper based materials is of considerable interest for industry.
For many purposes, it is important to control the concentration of trace
impurities in copper and its alloys, because today they are one of the major
groups of commercial metals.

Considering the laser-copper interaction, the physical processes on the
surface depend on the laser pulse duration used. Some results obtained using a
nanosecond TEA CO, laser will be presented. Generally, the emphasis will be
on the plasma spectral emission at low pressure. The experimental apparatus
used for this measurement is described elsewhere /5/. Commonly, the energy
absorbed from the TEA CO, laser beam is converted into thermal energy, which
causes melting, vaporization of the molten material, dissociation and/or
ionization of the vaporized material, shock waves in the vapor and solid, etc. If
the laser energy/intensity is sufficient, the plasma will be created in front of the
target surface. This plasma generation generally depends also on the laser output
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parameters (pulse energy density (fluence), intensity, wavelength, optical/laser
pulse duration, etc.), as well as on the target characteristics (e.g. its absorptivity)
and also on irradiation conditions (e.g. working atmosphere — vacuum, air, etc.).
The role of the plasma in energy coupling between the laser and the metal
surface can be essential. Depending on the surrounding gas pressure /6/ three
different laser plasma modes exist. Our experiments are conducted at an air
pressure of about 0.1 mbar, thus the shock wave plasma/mode is present. This
mode is known as “laser-induced shock wave plasma*.
Plasma characteristics

Irradiation of Cu-target at low laser fluence (~6 J/cm?®) resulted in the
appearance of plasma whose shape, size and colour depended on the working
conditions. The changes of plasma as a function of the air pressure are shown in
Figure 1. The plasma shape was changed from the semi-spherical (intensive
green colour) at an air pressure of ~0.1 mbar (Fig. 1a) to the cone shape
(intensive bright-whitish colour) at an air pressure of 1013 mbars (Fig. 1b). At
the pressures below 10 mbar the plasma consisted of two distinctly separated
regions, Fig. la. The first region, close to the target, was characterized by a
whitish colour, known as primary plasma. This region is confined to a relatively
low volume and it generates intense continuous emission spectrum in a short
time. The second region ( Fig. la) is larger in volume, coloured green, and
known as secondary plasma. This region typically emits atomic spectral lines
with low background.

(a) (b)
Figure 1. The view of the Cu-plasma at air pressure of ~0.1 mbar (a) and, 1013 mbar (b).

The spectral emission of Cu-plasma

Spectral emission of Cu-plasma initiated by CO, laser is presented in
Figure 2. This figure shows a limited spectral region (250 - 400 nm) although
the measurements were conducted in a wider range, from 225 to 700 nm.
Spectral emission was observed at two locations/distances above the target,
corresponding to primary and secondary plasma regions. Emission from primary
plasma (Fig. 2b) resulted in numerous lines (146 lines). These lines have ionic
or atomic origin. Emission from secondary plasma (Fig. 2¢) resulted in lower
number of spectral lines (44 lines) as well as in a lower number of ionic species.
Such behavior can probably be attributed to the lower temperature in this plasma
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region. In all plasma regions the ultimate Cu-lines at 324.75, 327.39, 510.55,
515.32 and 521.82 nm were recorded. The strongest lines were always the ones
at 324.75 and 327.39 nm. All spectral ultimate lines have a very good signal-to-
background ratio, especially from the secondary plasma region. The ratio in this
region is estimated to be higher than 300:1.
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Figure 2. UV/VIS spectral lines of Cu-plasma induced by laser. ((a), (d) Calibration
spectrum of Fe- and Cu- arc, respectively; (b), (¢) plasma emission from primary and
secondary plasma, respectively).

Preliminary observation of the time evolution/history of the individual
Cu-spectral lines was carried out, too. FWHM of the neutral spectral line
(324.75 nm) in the primary and secondary plasma regions was of the order of us,
whereas for the ionic line ((Cu II), 271.35 nm; primary plasma) the FWHM was
~0.5 us.

A brief review on the contemporary spectroscopic method/technique, i.e.
the Laser Induced Optical Emission Spectroscopy, is provided. In the same
manner, some research conducted at the VINCA Institute is presented. Based on
these studies it can be concluded that the method can be effectively applied for
analytical purposes.
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HUPPOBBIE KAMEPBI HA OCHOBE II3C-JATYUKOB IJISA
PETUCTPAIMU PEHTTEHOBCKOI'O U3JIYYEHUSA

A.A. bysyn, A.IL. beik, I1.B. berukos, B.K. I'onuapos, 1.1. KpaBuesuy,
I1.B. Kyunnckuii, A.E. CuxkoneHko

HUWU npuxnanaeix puszndeckunx npodiem um. A.H. CeBuenko benrocynusepcurera,
yi. Kypuatosa 7, 220108 Munck, benapycs, bykap@bsu.by

Meton  audpakuuu — PEeHTTEHOBCKUX  JIyded,  HCHOJb3yeMBbId  MpH
HEpa3pylIaloeM  KOHTPOJE,  MO3BOJIIET  ONPEACNIUTh  MEXaHUYECKHE
HaIpPsHKEHUS o nedhopmanusim KPUCTANINYECKOU pELIeTKU B
IIPUIMIOBEPXHOCTHOM CJI0€ Marepuaia. TOYHOCTh MeToAa CYUIECTBEHHO 3aBUCHUT
OT CTENEHM MOHOXPOMATUYHOCTHM HMCXOJHOIO PEHTIEHOBCKOTO MydKa M €ro
pacxogumocTH. Pa3zpaboTka crmocoO0OB MoinyyeHus: KBa3UMOHOXPOMATHYECKOTO
HaIIPaBJICHHOTO Iy4YKa PEHTT€HOBCKOI'O M3JIYyYEHHs C MCIOJIb30BAHHEM HOBBIX
3JIEMEHTOB  PEHTIC€HOBCKOM  ONTHUKM  HEBO3MOXKHAa 0€3  KaueCTBEHHOM
perucTpald pPEHTTEHOBCKOTO H3JIYYEHHs] Ha almnaparype COBPEMEHHOrO
ypoBusi. B HUWM mnpuxnaaaeix ¢uszmdeckux npodnem um. A.H. CeBueHko
benrocynusepcurera BEIIyTCSA paboThI 1o pa3zpaboTke HOBBIX
PEHTIEHOONTUYECKUX AJIEMEHTOB. bblmu  pa3paboTaHbl  KOHYCOOOpa3HbIE
MUKPOKAMWUISAPEL  JUisi  (DOPMUPOBAHUST PEHTIEHOBCKUX MHUKPONYYKOB H
MHOT03JIEMEHTHBIE TIPETIOMIISIONINE PEHTI€HOBCKHE TUH3bI /1/. Ilpu aTOM Takke
uMeeTcsl OOJIBIION OMBIT CO3JaHUsl PETMCTPATOPOB ONTHYECKOTO M3ITyUYECHHs Ha
OCHOBE MHOT'ODJIEMEHTHBIX JaTUYUKOB /2/.

[lepexoq Kk uMdPOBOM perucTpalv PEHTIEHOBCKOTO  H3JIyYEHHS
MOBBIIIAET TOYHOCTh PErHCTpPAllMU, MPU HTOM CHIIKAETCA MOTPEOHOCTh B
pPacXoJHBIX MaTepUaliax, BO3PACTAET CKOPOCTh U JIOCTOBEPHOCThH IOJYyYECHUS
DKCIEPUMEHTAIBHBIX JaHHbIX. /(15 BU3yanu3auuu peHTTE€HOBCKOIO W3JIyYEHHUS
B Pecnybnuke bemapych 10 HacTosero BpPEeMEHHM HCHOJB3YIOTCS TOJIBKO
UMIIOPTHBIE PETHCTPUPYIOIIME CHUCTEMBI. B cBsiz3u Cc 3TUM pa3paboTka
3JIEKTPOHHBIX KaMep, CIIOCOOHBIX PETUCTPUPOBATH PEHTI€HOBCKOE H3Iy4YEHHUE
ABJISICTCS AKTyaJIbHOU 3aJaYEH.

ABTOpaMH JaHHOW cTaThu pa3paboTaHbl LUGPOBBIE KaMepbl IS
OJTHOMEPHOU U IBYMEPHOU PErUCTPAL PEHTTEHOBCKUX JIyUYEH.

Kamepa nns ogHomepHoit peructpanuu coopana Ha ocHoBe [13C-nuneiiku
TCD1304DG ¢upmer TOSHIBA.

PentrenoBckoe uznydeHue npeodpasyercs npu nomoinu [13C-nuneiiku B
ANEKTPUYECKUE  CHUTHAJbl.  YCWIHTENb  BUJCOCHIHAjJa  OCYIIECTBIISIET
COTJIJACOBAHME YPOBHEM CHUTHAJOB HAa BBIXOJIE JaT4yWKa C TEMH, KOTOpPBIE
HEe0OX0aUMBbI JUTsl paboThl aHanoro-mudpoBoro npeodpazonatens. [lomydyennas
nudpoBas wuHbpopmaiua moctynaeT B Oydepnoe O3V, kommneHcupyroiiee
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pPa3HOCTb B CKOpPOCTSAX MOTOKOB [J@HHBIX JaTdyuKa W IIUHBI CBSI3U C

KOMIBIOTEPOM. CBfi3b  KaMepbl € KOMIBIOTEPOM  OCYIIECTBISIETCA IO

untepdeiicy USB1.1. Uupopmanus muH agpeca u nanubix USB-koHTpomepa

npeoOpa3yroTcs cxeMaMu yIpaBlieHUs B UMIYJbChl ynpasieHus O3Y, ALlIl u

[13C-nmuneitkoii. CXemMbl CHUHXPOHHM3AaLHUHM COTJACylOT YPOBHU HMITYJIbCOB

BHEIIHUX YCTPOUCTB C YPOBHIMU, HEOOXOIMMBIMU Ji OJ0Ka YIpaBICHUS.
Buenrnuii BU1 KaMephl IOKa3aH Ha pUCYHKE. 1.

Pucynok 1 — BHemHui BU1 Kamepsl 11 OAHOMEPHOU pETUCTPaLUN
DEHTTEHOBCKOTO U3JIVUECHUS

OcHOBHbIE MTApaMETPhI KAMEPDI:
- KOJIMYECTBO MHUKCEIOB 3648;
- pa3mep NnuKcena - 8x200MKM’;
- JUIMHA YyBCTBUTEIBbHOM 30HBI - 29,1 MMm;
- HEPAaBHOMEPHOCTh YyBCTBUTEIBHOCTH £5%;
- pazpsaHocTs ALIIT — 12 Gur;
- CPEAHEKBAIPATUYHBIN 1IyM yTeHus <2,5 orcueroB ALIIIL;
- CKOpOCTb uTeHud JaHHbIX - 500 Kri;
- BpeMs yTeHus Kaapa - 7,4 mc;
- MaKCHUMaJbHOE BpeMsl HaKoIieHus - 15c¢;
- TuamnasoH pabouux temmepatryp - 10-30 °C;
- uarepdeiic cBsa3u ¢ kommnbroTepoM - Full-Speed USB;
- cuaxponm3anus - IN/OUT;
- pa3Mepsbl KaMepbl - 66x86x32 MM.
Jlnst 1ByMEpHOM perucTpaluy pEeHTTEHOBCKOIO H3JIy4YeHHs pa3paboTaHa
kamepa Ha ocHoBe [13C-marpuupl ICX415AL ¢upmer SONY. Buemnuii Bua
KaMephbl MTOKa3aH Ha PUCYHKE 2.
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PucyHok 2 — BHemHui BU1 KaMephl I IBYMEPHOW pErucTpauuu
PEHTTEHOBCKOTO U3J1y4EeHUs

OcCHOBHBIE MTApaMETPhI KAMEPHI:
- KOJIMYECTBO aKTUBHBIX MUKCEIOB 782%*582;
- pa3Mep nuKcena — 8,3X8,3MKM2;
- pa3Mep 4yBCTBHTEIIBHON 30HbBI — 7,48%6,15 MM*;
- HEPAaBHOMEPHOCTh TEMHOBOTr'0 curHaia — mesee 0,5%;
- OTHOCUTEJIbHASI HEPABHOMEPHOCTh YyBCTBUTEIBLHOCTU — MeHee 1%;
- paspsaauocts AL — 12 Our;
- CpeIHEKBaIpaTUUHbIN mym uteHus <3,5 orcuero ALII,
- CKOPOCTb UT€HHUS JaHHbIX — 7,5 Mr;
- BpeMs YTEHHUs Kajzpa - 66 Mc;
- HalWd4yue DJIGKTPOHHOTO 3aTBOpa, OOECIEUMBAIOIIEE  PErUCTPAIUIO
OBICTPOIPOTEKAIOIINX MPOIECCOB O3 NCKAKECHUSI HHPOPMAIINH;
- uana3oH padbouux temmneparyp - 10-30 °C;
- uarepdeiic cBs3u ¢ kommnbroTepoM - Hi-Speed USB2.0;
- cuaxponuzanus - IN/OUT;

KoncrpyktuBno I13C-mpatuuk v OJ0K pErucTpaliiil COSAUHSIOTCS MEXY
coOoit kabeneM, JUIMHA KOTOPOTO MOXET COCTABJISITH HECKOJIBKO JECSATKOB
caHTUMETpOB. /{1151 pa3menieHus gaTuyrMka B BAKYYMHOUM KaMepe B pa3pbiB KaOess
MOJKET OBITh BCTPOEH BaKYyMHBIN pa3beM.

B 3aBucuMocTu ot peraemMoii 3aaun JATYMK MOYKET MCIIOJIb30BaThCs 0€3
CTEKJIa WU ¢ ONTOBOJIOKOHHOM 1MIaii00i ¢ HAHECEHHBIM Ha Hee JTIOMUHOMOPOM.
[Ipn wucnonp3oBaHUM KaMephl 0€3 CTeKJIa OHa CHYXHUT I TPsIMOTO
JETEKTUPOBAHUSI PEHTTEHOBCKOTO M3IIy4eHHUs ¢ sHeprueil potonoB no 20 Kss
/3/.  Hcnomp3oBanume kamepel ¢ mpukpemeHHod k  [13C-matuumky
ONTOBOJIOKOHHOW TIai00N TO3BOJISIET OCYIIECTBIATH PETHCTPAIdI0O B Ooiee
IIMPOKOM JMamna3oHe »SHepruil. Jluamerp BOJIOKOH IaiObl cocTaBisieT 6
MUKPOH, YTO MEHBIIE pa3Mepa mukcena ucnoib3dyeMbix [I13C-gaTumkoB wu
NpakTUUYECKW  HE  YXYJIIaeT  MPOCTpaHCTBEHHOE  paspemieHue. Ha
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JOTIOJIHUTEJIbHYIO OINTOBOJOKOHHYIO I1aii0y HAaHOCHUTCS JTIOMUHOGOP M OHa
COCTBIKOBBIBAETCS C MmIaiboi, 3akpersieHHon Ha [13C-natuuke. Mcnonb3oBanue
HECKOJIbKUX OINTOBOJIOKOHHBIX IIIali0 ¢ HAHECEHHBIMU Ha HUX Pa3JTUYHBIMU
JoMUHOGOpaMU PacIIUPSIET BO3MOKHOCTH pa3pabOTaHHBIX Kamep.

Kamepsr pabGorator coBmecTHO ¢ IBM-cOBMECTHMBIM KOMIBIOTEPOM
(cTanoHapHBIM WM HOYTOYKOM). OOMEH JaHHBIMHU, a TAK)KEe MUTAHUE KaMephbl
ocymectrisiercsa nmo USB unrepdeiicy.

Kamepsr  Moryr  paborarb  6€3  CHHXpPOHM3AIlMM, a  TaKKe
CUHXPOHU3UPOBATHCA HMITyJIbCAMU OT JPYTUX MpUOOPOB, BBIPAOATHIBATH
UMITYJIbCHI JUISI 3aITyCKa BHEITHUX MPUOOPOB.

[IporpammHoe oOecrieueHre Kamepbl padoTaeTr ¢  ONepallMOHHBIMU
cuctemamu Windows XP u Windows 7, HocuT oOmmii Xapaktep, He
OPUECHTHUPOBAHO Il PpEIICHWST YaCTHOM 3amaud. [l moJsib30BaTeliei,
pPEUIMBIINX HCMOJb30BaTh KaMepy CO CBOMM MPOrpaMMHBIM OOECIeUeHHEM
NOMUMO HEoOXOJMMBIX JpaiiBepoB U ynpasisitonieil DLL nmepenaercs taxke
SDK ¢ onrcanuemM u mpuMepamu.

IIpenBapurenbHoe TecThupoBaHue Kamep, npoBoauslieecs B HUM TIDII
nMm. A.H. CeBuenko BI'Y, r. Munck, a taxcke B ®PMMAH PAH, r. Mockaa,
MOKa3aJii BBICOKYIO 3((HEKTUBHOCTh KaMep MpPU PETUCTPALMM PEHTTE€HOBCKOTO
U3ITyYEHHUs, a TaKXKe yI00CTBO MOJIB30BATENHCKOr0 HHTEpdEerca TpOrpaMMHOTO
obecrieuenusi. CoBMECTHOE MCIOJIB30BaHUE KaMephl ¢ pazpaborannbivu B HUN
[I®II  peHTreHOONTUYECKMMH  YCTPOMCTBAMHU  MO3BOJIUT  OCYIIECTBIATH
TEXHUYECKYK) JHArHOCTUKY M IIOBBIIIAET BO3MOXHOCTH PETHCTPALUHM IIPU
pa3pabOTKe HOBBIX PEHTIEHOONTUYECKUX JIEMEHTOB.
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SPECTROSCOPIC INVESTIGATION OF ENERGETIC H ATOMS IN
GLOW DISCHARGES

N. Cvetanovié¢', B.M. Obradovié¢?, M.M. Kuraica®

'Faculty of Transport and Traffic Engineering, University of Belgrade, Vojvode Stepe 305,
11000 Belgrade, Serbia
*Faculty of Physics, University of Belgrade, 11000 Belgrade, Serbia

Energetic hydrogen atoms have been detected via excessive broadening of
Hydrogen Balmer lines. This anomalously Doppler broadened line profiles have
been detected in various types of discharges during the last two decades (see
Ref. /1/ and references therein). This phenomenon is also found in plasma fusion
experiments. Namely, broadened profiles have shown the presence of hydrogen
atoms with high kinetic energies, up to several hundreds of electronvolts.
According to the collision (CM) or field acceleration model (FAM) /2, 3/
hydrogen ions (H', H,", H;") are accelerated by electric field in the sheath
regions of the discharge where they undergo charge exchange reactions thereby
generating energetic H atoms. Also, ions are backscattered from the cathode as
fast hydrogen atoms after undergoing neutralization and fragmentation.
Recently, alternative explanations have emerged.

This lecture is an overview of our recent experiments and investigations. In
order to investigate the population of fast H atoms and verify the CM we have
performed a series of experiments with different types of glow discharges.
Balmer alpha emission spectroscopy was used to examine DC and pulse driven
discharges. The discharge image was projected by a lens to the entrance slit of
an Echelle-type spectrometer coupled with a two-dimensional intensified charge
coupled device (ICCD) (PIMAX2, Princeton Instruments) with 1024X1024
pixels. The instrumental profile half-width was measured to be
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Fig. 1: Influence of pressure (left) and voltage (right) on Blamer alpha
line profile form abnormal glow discharge /4/.
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FWHM=0.02 nm. The spectra from the Grimm discharge were recorded both
with direction of observation along the cathode surface normal (end-on) and
with direction of observation perpendicular to the cathode surface normal (side-
on).

The influence of pressure and voltage variation was investigated separately
in the abnormal glow discharge and hollow cathode discharge /4/. It was found
that increase of voltage changes the fast atoms energy distribution while
pressure reduce increases the number of exited fast atoms /4/. Example of
recorded Ha line profile from abnormal glow discharge is given in Fig.1.

Influence of cathode with low atom reflection was investigated /5/ by using
material with low atom reflection (C) and material with high atom reflection
(Cu). It was found that low atom reflectivity of graphite is registered in the line
profile through reduction of blue wing intensity only at low pressure and high
voltage i.e. high ion energy (Fig. 2.). This can be explained by the energy
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Fig. 2: From Ref. /5/ - Balmer alpha line recorded end-on with graphite
and copper cathode at two sets of conditions
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dependence of reflection coefficients.

Temporal evolution of exited fast atoms population was investigated in a
pulse glow discharge /6/. Balmer alpha emission was measured at different time
instances of discharge development so that the time resolved line profiles are
obtained. Three characteristic line profiles obtained at the raise of the current,
maximum current and after the current extinguishes are given in Fig. 3. It is
interesting to note that line profile is excessively broadened even in the
afterglow - after the current termination.

In all cases End-on profiles were used to obtain the energy distributions of
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Fig. 3: Balmer alpha profiles at different times of glow

discharge pulse at 2mbar.

exited energetic atoms. Mean energy of exited fast H atoms and energetic
fraction in the overall Balmer alpha radiation, were used to determine the
correlation between the energetic atoms’ population and the reduced electric
field in the discharge /5/. Using previously adopted method for side-on line
profile decomposition according to the excitation mechanism /3/, axial evolution
of profile components was analyzed. The electronic excitation was found
predominant in the negative glow while heavy particle excitation reaches
maximum close to the cathode.

Preliminary non-self-consistent Monte Carlo simulation was developed for
fast protons in the cathode fall and coupled with previously developed code for
fast hydrogen atoms /6/, and its results are compared with the experiment.

The experimentally obtained data may be taken as evidence of production
of fast atoms in the cathode fall and in reflection process at the cathode surface,
as suggested by FAM. These data may be used for comparison with modeling
results /1/.
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PRODUCTS DETECTION AT ETHANOL CONVERSION
IN ATMOSPHERIC PRESSURE GLOW DISCHARGE

V.1. Arkhipenko, A.G. Karoza, A.A. Kirillov, L.V. Simonchik,
S.M. Zgirouski

B.I. Stepanov Institute of Physics of the NAS of Belarus, Nezalezhnasci ave. 68,
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At the present one of the most important energy problems is to find
alternative energy sources that would allow some to abandon the traditional
hydrocarbon fuels such as gasoline, kerosene, methane, which is produced from
oil and natural gas. Therefore, much attention is paid to the development of new
methods of conversion of renewable hydrogen-containing compounds.
Diagnostics of conversion products is carried out using the method of
absorption infrared spectroscopy, gas chromatography and mass spectroscopy
/1,2/. IR spectroscopy is a preferred method at a joint qualitative and
quantitative analysis. However, it can not determine the concentration of non-
polar molecules such as H,, N, and O,. Therefore, for the diagnostics of
conversion products it is usually supplemented by chromatography or mass
spectroscopy /1/.

This paper considers the diagnostics of ethanol conversion products in the
plasma-chemical reactor the construction of which is based on three-electrode
system used for the production of large volume glow discharges in various
atomic and molecular gases /3,4/.For the conversion in the experiment, we used
the mixture of ethanol (85%) with water (15%). If we have at the input of
reactor the of alcohol-water mixture rate of 1.25 ml/min and air flow of 0.8
I/min, the reaction mixture composition can be estimated as follow: 57% of air,
30% of ethanol vapor and 13% of water vapor

The composition of conversion products of mixture after processing in a
plasma reactor was determined by infrared absorption spectroscopy method. We
used Fourier transform infrared spectrometer NEXUS (Thermo Nicolet). The
absorption spectra were recorded in the range 400-4000 cm™ with the resolution
of 2 cm™. It was chosen a triangular apodization function, which leads to the line
diffraction contours. For the spectroscopic analyze, exhaust gases from the
plasma-chemical reactor were pumped through the 5- centimeter gas cuvette,
which was previously heated up to 110 °C in order to prevent condensation of
water and alcohol vapors.

Intense vibrational-rotational bands of ethanol (900, 1050, 1250, 1400,
2950 and 3700 cm-1), water vapor (1600 cm -1, 3750 cm-1), and much weaker
bands of carbon dioxide molecules as component of the used ambient air in the
laboratory are observed only in the IR absorption spectrum (Fig. 1, a) of initial
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Fig. 1. Absorption IR-spectra of mixtures at the inlet (a) and outlet (b) of plasma
reactor.

reaction mixture. The spectra were recorded by heating of the infrared
spectrometer cuvette up to 110 °C.

After processing in a plasma the new bands belonging to the molecules of
CH,4 (3100 cm™), CO (2200 cm™), C,H, (750 and 3300 cm™) and CO, (740 and
2400 cm™) are observed (Fig. 1, b) in the spectrum of the mixture leaving the
reactor. The weak intense absorption bands of ethanol and water are presented in
spectrum as well.

Excluding the ethanol, mole fractions of all infrared active components in
exhaust mixture were determined by comparison of the registered spectrum
with calculated one. These spectra in the range of 2000 cm'—2400 cm™ are
shown in Fig. 2. Calculation of absoption spectrum was fulfilled using the data
base of Hitran /5/. The absorption in the range of 2000 cm™'-2250 cm™ is
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Fig. 2. Experimental (doted) and calculated (solid) absorption IR-spectra of
CO and CO..
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determined by the CO molecules and we observed resolved the rotational line
structure. In the range of 2250 cm™'—2250 cm™', absorption is defined by carbon
dioxide molecules and due to smaller (compared to CO) distance between the
rotation lines of CO, this band is unresolved. As you can see, there is good
agreement between experimental and calculated data. The mole fractions of
conversion products defined in this way are: {C,HsOH }=0.3%, {H,0}=8%,
{CO}=23%, {CO,}=1,0%, {CH4}=1,2% u {C,H,}=0,8%. The mole fraction of
ethanol was determined by experimental calibration curve of absorption, ploted
using gas mixtures with known concentrations of alcohol.

The definition of hydrogen, nitrogen and oxygen mole fractions with the
help of IR spectroscopy is not possible. Mole fractions of these components in
exhaust mixture were calculated taking into account the composition of reaction
mixture at the inlet of the reactor and the mole fractions of IR active components
in the exhaust products determined experimentally.

So, we know the molar concentration of carbon components, that allow us
to determine the number of carbonaceous molecules leaving a plasma reactor
during one minute and distribute between them the number of carbon atoms
containing in the input reaction mixture. Now, given the ratio of molar
concentrations of water and carbon-containing component, it is easy to get the
number of water molecules. Then, taking into account an equality of number of
the hydrogen , oxygen and nitrogen atoms in the inlet and outlet mixtures one
can easily calculate the number of relevant molecules leaving the plasma reactor
per unit time, and determine the appropriate molar fraction, which are as
follows: {H,} =36%, {O,} =0.1%, {N,} =21%.

The hydrogen concentration was also determined using the apparatus and
the developed method for determining the concentration of H, in gas mixtures
based on the inleakage of hydrogen through palladium membrane in previously
evacuated volume /6/. Schematic diagram of setup is shown in Fig. 3, a. It
consists of two volumes V1 and V2 divided by the palladium membrane PM.
These volumes were previously evacuated by forepump. Palladium membrane
was heated by the heater H. Then, the volume V1 was filled by gas mixture
collected at reactor outlet. Hydrogen penetrates through membrane into volume
V2. At the same time, the pressure growth rate dP/dt in this volume was
registered by recorder RG. Fig. 3 b presents calibration curves for determination
of hydrogen concentration in various mixtures of gases in the chamber V1 by
maximum growth rate of the hydrogen pressure (dP/dt),.x in the chamber V2.
Curve 1 corresponds to H, and He mixture, curve 2 - mixture of H, and N,,
curve 3 - mixture of H,, N, and CO with the ratio of the concentrations of {CO}:
{H,} = 1:1.5. The ratio of mole fractions of CO and H, close to this value is
characteristic for our experiments on ethanol conversion. The difference
between the calibration curves is due to the difference of hydrogen diffusion
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coefficient in the gas mixtures and different absorption degree of the gases at
palladium surface. Using a calibration curve 3, we get {H,} = 35%, which is
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Fig. 3. Schematic of system of setup (a) and calibration curves for the
determination of the molar fraction of hydrogen in the gas mixture (b).

close to the mole fraction of hydrogen, calculated using the data from the IR
spectroscopy.

Thus, the infrared absorption spectroscopy together with the conservation
equation for the number of atoms at the inlet and outlet of the reactor allows to
determine the mole fraction of ethanol conversion products, including infrared
inactive H,, N, and O,. The developed apparatus and method of determining the
concentration of hydrogen in the gas mixture can control the concentration of H,
in the process of ethanol conversion without making a detailed analysis of the
composition of mixture.

The work was supported by BRFFR-SFFRU (grant T11K-034).
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STARKWIDTH REGULARITIES WITHIN SPECTRAL SERIES OF
NEUTRAL ALKALINE AND ALKALINE EARTH METALS

J. Puri¢, I.P. Dojéinovié, I. Tapalaga
University of Belgrade, Faculty of Physics, POB 44, 11000 Belgrade, Serbia

Abstract

Stark width regularities within spectral series originating from neutral atoms of
alkaline and alkaline earth metals homologous group were found and discussed.
The emphasis is on: (i) the Stark width (w) simultaneous dependence on the
upper level ionization potential (y); and (i1) term structure influence on the
found Stark parameter dependences. Stark widths published data are used to
demonstrate the existence of these kinds of regularities for the electron impact
contributions to the Stark widths within these homologous spectral series. The
found relations for particular electron temperature and density were of the form
w=A," where A, B are constants, for particular homologous spectral series.
These functional dependences are different for singlet and triplet series. The
obtained functions were used to predict Stark widths data for lines not calculated
or measured so far within this group of elements. These data were compared
with already published data.

1. INTRODUCTION

It was found that the most convenient way to study Stark broadening
parameters regularities was expressing them as the function of the binding
energy of the electron undergoing transition /1-4/. The binding energy or upper

level ionization potential X conveys the plasma electric micro-field influence on
the electron undergoing transition. The effect of plasma electric micro-field on
the Stark broadening of particular line is higher if the bounding energy is lower.
This dependence was successfully used recently in a series of papers devoted to
the study of regularities within spectral series of the alkaline metals (Li I, Na I,
K I) and from alkaline earth metals (Mg I, Be I, and Ca I) where coefficients
obtained suggested that the upper level ionization potential is an appropriate
parameter for studying the Stark broadening behaviour within similar spectra.
The aim of this paper is to analyse functional dependence of the electron and
proton impact contribution to the Stark widths of spectral lines (FWHM) on the
upper level ionization potential, within several spectral series of the investigated
homologous groups of elements. Using the proposed simple model, based on the
found Stark parameter dependences one can provide Stark broadening data for
transitions that have not yet been calculated due to the lack of parameters
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needed in more complicated models.

Stark broadening data used for the analysis presented in this paper was
taken from /5/ and references therein. Necessary data for ionization potentials
were taken from NIST database /6/. Singlet, triplet and doublet series were
studied. The found similarities in the studied dependences were discussed.

2. THEORETICAL BACKGROUND

Similar behaviour of Stark broadening data and ¥ was found by Puri¢ et
al. /7/. This discovery was followed by investigation of analytic relation between

Stark widths and X in paper /8/. The quantum theoretical basics for this relation
are given in /9/. The final form of Stark width dependence is given by:

w=a-x ()
In this equation, w is Stark width in rad/s, is the upper level ionization

potential taken in eV; and a, b are the fitting coefficients independent of X . In
order to investigate this dependence one has to have an accurate database

normalised to the same electron density and temperature as it is described
elsewhere /1/.

3. RESULTS AND DISCUSSION
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Figure 1 Stark widths (rad/s) vs  (eV) for resonant (a) and off-resonant (b) spectral lines
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The existing data for the spectral lines of all emitters from this these
groups of elements were used to demonstrate the upper mentioned Stark widths
dependences on the upper level ionisation potential (). Figure 1(a) and 1(b)
shows the Stark widths vs x at the 10000K temperature for all resonant and off-
resonant singlets spectral respectively for alkaline earth metals. A remarkable
consistence is observed in broadening of resonances and off-resonances spectral
lines of Be I, Mg I, Ca I, Sr I and Ba I. Thus a linear fit has been drawn through
Be I, Mg I, Ca I, Sr I and Ba I resulting in coefficient of determination of
R*=0.9821.
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Figure 2 Stark widths (rad/s) vs x (eV) of dublet and triplet (a); and singlet and dublet (b) of alkaline
and alkaline earth metals studied spectral series.

Figure 2 a and b shows the Stark widths vs x at the 10000K temperature
together for doublet (Li I, K I, Cs I) and triplets (Be I, Mg I, Ca I, Sr I, Ba )
spectral lines (Figure 2a) and from singlets (Na I, Rb I) and doublets (Be I, Mg
I, Ca I, Sr I, Ba I) of the investigated elements from these two homologous
groups, respectively. Singlet, doublet and triplet spectral lines generally have
different Stark widths dependences vs x and must be treated separately.
However, the same dependences are observed in behaviour within doublet and
triplet spectral series (Figure 2a) as within singlet and doublet spectral series for
the chosen group of elements respectively. The found regularities can be used
for predicting for the mist spectral lines from these series.

4. CONCLUSION
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Searching for different types of regularities and systematic trends which
can simplify complicated theoretical calculations is of great interest. In this work
the existence of the common Stark widths functional dependences on the upper
level ionization potential was shown for the lines originating from the alkaline
and alkaline earth metals. These dependences were obtained and found to be of
the form given by equation 1 for the same electron temperature and density for
both electron and proton impact contribution to Stark width. They can be used
to evaluate the results of Stark broadening data that is already measured or
calculated or for prediction of the Stark widths values for the lines not measured
or theoretically calculated until now but belonging to the investigated series.

The best precision can be obtained using the same equation for any
particular series separately. However, in the case of thise two homologous
groups of elements the studying the regularities within particular groups of
spectral series can improve the accuracy of data prediction based on larger sets
of existing data.
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CIHHEKTPOCKOIIMYECKOE ONNIPEJAEJIEHUE COCTABA
MHOI'OKOMIIOHEHTHOM JA3EPHOM IIVIA3MBI B )KUJIKOCTH

A. byuens, B.bypaxos, B. Kupuc, H.Tapacenko.

Wuctutyt duszukun HAH benapycu, np. HezaBucumoctu 68, 220072 Munck, benapycs,
butsen@imaph.bas-net.by

B mnacrosmeit  pabotre  HcclieoBaHbI  OCOOCHHOCTH  DBOJIIOIMH
KOMIIOHEHTHOTO COCTaBa JIA3€PHOW IIIa3Mbl, CO3JaBa€MOM B JKHUIKOCTHU
CABOEHHBIMHU JIA3€PHBIMU HMITYJIbCAMU C HUCIIOJIb30BAaHUEM B KAaUECTBE MUIIEHU
o0pa3loB LMHKOBBIX cIUIaBoB. MccienoBaHue ObLIO CKOHIIEHTPUPOBAHO Ha
MOCTYIJIEHUU OTAEJIbHBIX KOMIIOHEHT MaTepuaja MHUILIEHH T[pU Bapualuu
BPEMEHU 3aJCpKKH MEXAy uMIydbcaMu. I[Ipy UM3BECTHBIX 3HAYEHHUSAX
TEMIIEpaTyphbl IUIa3Mbl, KOHUEHTPALMK 3JIEKTPOHOB HMEJIACh BO3MOXXHOCTH
CpPaBHEHMS COCTaBa IUIA3Mbl M MAaTEpHala MHUIIEHU Ha OCHOBe Merona LIBS B ero
O0ecceptuduxanuonnoM Bapuante /1, 2/. IlogoOHBIA TOAXOJA K aHAIU3Y
KOMIIOHEHTHOIO COCTaBa I1a3Mbl, OOpa3yeMoil Npu BO3JIEUCTBUM JIA3€PHOTO
U3Iy4YeHHUs] HA MHUIIEHb B JKUIKOCTH, NPAKTUYECKHU HE HMEET AaHAJIOroB B
JUTEPAType U BAKEH ISl PA3BUTHUS TEXHOJOTHH MOTYYEHHS] HAHOYACTULL JIA3€PHO-
IJ1a3MEHHBIM METOIOM.

AOGnsus ¥ BO30yKJIeHHE MaTepualia MUILIEHU OCYIIECTBISUIUCH U3TyYeHUEM
Jazepa Ha amoMmouTTpueBoMm rpaHate (momens LS 2131D LOTIS TII),
paboTaIero B JABYXHMITYJILCHOM peXuMe (Y4acToTa CIEeIOBAaHUS CIIBOCHHBIX
uMnysibcoB 10 ', Kaxkawlii UMIyabe AIUTeNbHOCThIO 10 HC U sHepruent g0 100
M/Ix). 3agepxka b Mexay mMmimyiabcamu mMoria BapbHpoBaTthes 10 100 mMkc ¢
marom 1mkc. M3nyuenue nasepa mocie Teneckona (poOKyCHpoOBaioCh KBapLEBBIM
KOHJICHCOPOM Ha MHUILIEHb, PACIOJIO)KEHHYIO B KIOBETE C KBAapLIEBBIMU OKHAMH,
3aMOJHEHHON TUCTUIIMPOBAHHON BOJ0i. M300paxkeHne oOpa3syemMoil y MHILEHU
T1a3Mbl IPOCTIMPOBATIOCHh Ha Imienb ciekrporpada GMS-850 (omrmueckas cxema
Yepuu-Tepuepa, pokycHoe paccrosaue 850 mm, permerka 600 mtp./mMm, mensb 30
MKM). [lmarHoctuka muiasMbl NPOBOJWIACH C HCHOJB30BAHHUEM COBOKYIHOCTH
CHEeKTpocKonuueckux MeTonoB. KoHueHTpanus 351eKTpoHOB N, onpezensiiach U3
ympenuss JuHuil Hg Bomopoma w marnua Mgl 517,2HM, MCHBITBIBAIOIIMX
yIIUPEHUE BCJIEACTBUE COOTBETCTBEHHO JMHEWHOTO M KBAAPAaTUYHOTO 3(dexrta
[lIrapka. TemnepaTypa IUIa3Mbl OLIEHMBAJNAaCh W3 TIOCTpPOeHHs bonbiMana,
WCIIOJIb30BAIMCH CIIEKTPAJIbHBIC TMHUKM MeAu B obsact 510,5 — 529,2 HM, a Takke
0 OTHOLICHUIO HMHTEHCUBHOCTEN [JBYX CIHEKTPAJIbHBIX JIMHUM C MaJOd
BEepOSITHOCThIO  peabcopbruu  (Znl  307,2/Znl  307,6um). Konuenrpaiuu
KOMIIOHEHT MaTepuaja MHIIEHU B IUIa3Me OIEHHMBAJIACh C IMOMOUIBIO METOJIa
LIBS.
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Ha puc. 1 nmnpuBeneH @parMeHT CHEKTpa H3Iy4YeHUs IUIa3Mbl B
yIbTpa(HOIETOBOM JIMANa30HE, IMOJYYEHHBIM MpU BO3AECUCTBHM JIa3€pPHOTO
W3JIyYEHUs HAa MUIIEHb, NUMEIOIIYIO CIEAYIOINI KOMIOHEHTHBINM COCTaB: UHK —
83,4%, amtomunuii — 7,78, menp — 8,19, marumii — 0,76, xene3o — 0,14%. Cnexrpsl
Ha puc.l mpencrasieHsl AT YETHIPEX 3HAUECHUN BPEMEHHOTO MHTEPBAJIA MEXIY
BO3/ICUCTBYIOILMMHU JIA3€PHBIMU UMITYJICAMMU.

500
1-10 usS between pulses
2-25 ps
3-50 us

Mg Il 279.5 nm
Mg 1l 280.2 nm

250

Alll 281.7 nm

Intensity, a.u.

279 282 285
Wavelength, nm

Puc. 1. ®parmMeHT crekTpa HU3JIy4YeHUs JIa3epHOW IUIa3Mbl MUIICHU U3
IIMHKOBOI'O CIIJIaBa, MOTPY>KEHHON B BOAY.

N3 puc. 1 BugHo, 4tO ¢ yBenuueHueM /[ MHTEHCHUBHOCTH CHEKTPaJIbHBIX
JUHUI PE3KO YMEHBINAETCS. DKCIEPUMEHThl MPOBOAWINCH IIOCIEN0BATEIBHO
npu ¢, paBubeix 10 mxc, 25, 40, 50, 60, 75, 100 u 120 mxc. [Ipu 1Byx nepBbIx
3HaueHUsIX /[ BechbMa MHTEHCHBEH CHEKTP HENPEPHIBHOTO HU3IYUYEHHS, UYTO
3aTPYJHSJIO NPOBEACHUE U3MEPEHUN HWHTEHCHBHOCTH CHEKTPAJIBHBIX JIMHUM.
[TosTomMy mnocienyroomuii aHanu3 MPOBOAWICS IIPU BPEMEHHBIX 3aJepriKKax
BTOpOro umiyiasca ot 40 no 120 mxkc.

Jlns  BbiOpaHHbIX 3HaueHWd [{d BeaMUMHBI MHTEHCUBHOCTH psla
CHEKTPAJIbHBIX JMHUNA HEWUTPAJbHBIX M OJHOKPATHO HOHM30BAHHBIX AaTOMOB
OblTK anmpokcumupoBaHbl (yHkiuenr doiirra. s HarsigHOCTH HaA puUC. 2
N300pakKeHbl 3aBUCHUMOCTHM HHTEHCUBHOCTU psAJa CHEKTPAIbHBIX JIMHUK OT
BPEMEHHOM 3aJE€pKKU MEXIy UMIlyJIbcaMHu. B paccmarpuBaeMOM BpPEMEHHOM
JUaIla3oHe 3aJCP)KEeK JIMHWM, IPUHAJICKAIIME AaTOMAPHBIM KOMIIOHEHTaM,
pellakCUpYIOT OBICTpPEE MO CPAaBHEHHUIO C JIMHUSAMU HOHOB. J[JIi HEKOTOPBIX
CHEKTPAJIbHBIX JINHUM MHTEHCUBHOCTU MaJibl, OJJHAKO OHU MHOTJA JOCTATOYHO
MH(OPMATUBHBI, TaK KaK HE MMOABEP>KEHBI CAMOIIOTJIOLIEHUIO.
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—=— Al 1308.2 nm
—e— Al 1309.2 nm
0,81 —4A— Mg 1285.2 nm
— —w— Mg Il 279.6 nm
- —<4—Cul515.3nm
< 0.6
N
>
% 0,41
c
()
s}
£ 0,2+
v
‘\A\A\ A A A
0,0+ A A A
40 60 80 100 120
Interpulse Delay (us)
Puc.2 — 3aBUCMMOCTM UHTETPAJIbHOM HWHTEHCUBHOCTU CIEKTPaIbHbBIX

JIMHUW OT BEJIMYMHBI BPEMCHHOT'O CABHUI'a MCKIY JTa3CPHBIMU UMITYJIbCAMU

Hcnonb3yss 3Ha4YeHUST HMHTEHCHUBHOCTEM CIEKTPAJIbHBIX JIMHUM aTOMOB,
3HAYEHUSI TEMIIEPATYPBI, OMNPEACIECHHOW II0 TpYyIIe JUHUN MEOU B 3€JICHOU
00JaCTH CHEKTpa, U OICHEHHOW MO YIIUPEHHUIO JIMHUM MAarHus KOHIIGHTPAIluu
3JIEKTPOHOB, TIPOBEPEHA BO3MOXHOCTh CTEXHOMETPUYECKOTO MOCTYIUICHHUS
MaTepualia MUIICHH B Ja3epHYyI0 ImiasMy B >kuakoctd. C 9Toil menpio ObLia
ornmpoOoBaHa BO3MOXKXHOCThH ITpuMeHeHus: Metoja LIBS B Ge3stasionHOM BapmaHTe
[1,2].

Meton LIBS 6asupyercs Ha W3BECTHOW 3aBUCUMOCTH MHTEHCHUBHOCTH
CIIEKTPAJIbHON JTUHUU

hc FC E,
=24 o T2 exp| - 2, 1
e o] - (1)

3necb h — nocrosiunHas [lnanka, ¢ - CKOPOCTh CBETA, Iy - JUIMHA BOJHBI 1EHTpa
JWHUU, A; - BEPOATHOCTh CIIOHTAHHOTO IEPEX0Ja C BEPXHEro ypoBHi i, , g U E; -
CTaTUCTUYECKUN BEC W DIHEpPrusi i- 2o ypoBHs, k - moctosHHas bonbumana, 7' -
Temrneparypa mia3dMmbl; C, - KOHIIEHTpauus aTOMOB Z KOMIOHEHThI (XHMHUYECKOIrO
areMeHTa) B miuasme, U - cymMma IO COCTOSIHUSIM Il aTOMOB Z KOMITOHEHTHI, F—
0e3pa3MepHbiii KOA(DPUIIUEHT, YUYWUTHIBAIONIUMN: OOBEM IUIa3Mbl, TEJIECHBIA YIoJl
cOopa u3ITydeHHs], BpeMsl PETUCTpAIMU TIa3Mbl, 3()(HEKTUBHOCTh CaMOW CHCTEMBI
peructpaiuu. PacyeT KOHUEHTpallMM HOHHOM COCTaBJSIONMICH (IUisl 3JIEMEHTOB,
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WOHHBIE JIMHUU KOTOPBIX B IUJIa3ME€ HE PErUCTPUPYIOTCS) MPOU3ZBOIUIICA TMPHU
oMoty ypaBHeHus: Caxa ¢ yuetom 3HaueHust FC,, T.e. KoHLeHTpanuu N, aTOMOB
Z-KOMIIOHEHTBI. YCTaHOBJICHHbIe 3HaueHuss FC, aToMOB W HOHOB BCeEX
COCTABJISIIOIIMX MPOOBI MPUBOAWINCH, K MACCOBBIM 3HAUYCHHSIM U HUX CyMMa
npupasHuBaiack K 1.0 (100%). Ecnu KoHLEHTpanusi OTAENbHBIX KOMIIOHEHT He
MOJIJIAETCS OINPEICIICHUIO, BCIEIACTBUE OTCYTCTBUSI MX CHEKTPAIbHBIX JUMHUN TNpU
BBIOpAHHBIX YCJIOBHSX TOJTYYEHHUsI CIEKTpa, TO CIEAYeT BBIYECTh HMX JOJII0 M3
MPUBEJICHHOW CyMMBI (€CIM 3Ta J0Ji1 OPUEHTUPOBOYHO U3BECTHA).

IIpu ompeneneHun coaepkaHusg MEOU U LIMHKA MCIOJIb30BAIUCH JIMHUU B
BUJIUMOM YYacTKE CHEKTpa. B peructpupyemMom ydacTKe OTCYTCTBOBAJIU JIMHUU
QTIOMHUHUS;, 9TOT AJIEMEHT ONpEAesuICsS MO CHEKTpYy B 00yacTH yibTpaduoliera.
AHAJIUTUYECKUE JIMHUM M TOJYYEHHBbIE 3HAUYECHHUS KOHIICHTpAI[MH MPUBEICHBI B
Tabnune 1.

Kak BuAHO W3 mOpeacTaBiICHHBIX B TaOJWIE JAHHBIX, MPU BO3pPACTAHUU
3QIEPKKU  MEXKIYy BTOPHIM M TIEPBBIM HMITYJIbCAMH TIPOSIBISETCS TEHACHIUS
YBEIIMYEHUSI KOHIEHTPAIUU JIETUPYIOIIEro 3jeMeHTa (Mellb, aJlOMUHUMN), XOTS B
CYIIHOCTH COOTHOIIEHUS KOMIIOHEHT B 0O0pa3le U IUla3Me€ HE HMEIT PEe3KO
BBIPAKEHHBIX Pa3inuuii. PacXoxaeHus: cOMOCTaBIsIEMbIX 3HAYCHU KOHILIEHTpalui
MOKHO OTHECTH K MOTpenIHocTH u3MepeHuil. [lpaBuibHee roBOpUTh O (PaKTHYECKOM
OTCYTCTBUU (PPAKIIMOHHOTO TMOCTYIUIGHHS B IUIa3My MaTepuala MHILICHU [pu
BO3JICVICTBUU HA HEE JIA3€PHOTO U3IIYUYEHUS.

Tabnuna 1 — Conepxanue (%) anementoB (Zn, Cu, Al) B n1a3zepHoii miazme
LIUHKOBOI'O CIUIaBa, omnpeaeneHHbix merogoM LIBS mpu pasznuusbiX ciaBurax
MEXKTy JIa3€pHBIMU UMITYJIbCAMU

Ananmutuueckas | ) =50 mke 60 MKc 75 MKC 100 mkc
JUHUS (HM)
Cul521.8 7.9 8,9 9.8 12.5
Zn1481.0 84.1 83,1 82.2 79.5
Al1308.2 59 6.9 7.6 7.2
AlT1309.2 5.9 6.8 7.5 6.9
Zn1328.2 86.1 85.1 84.4 84.9
Jluteparypa

1. Ciucci A., Corsi M., Palleschi V., Rastelli S., Salvetti A., and Tognoni E.,

Appl. Spectroscopy, 53, (1999) 960-964.

2. Palleschi V, Tognoni E., Ciucci A, Rastelli S., Patent No.: US 6,657,721 B1,

Dec.2, 2003.
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1. Introduction

Ozone, which is commonly used in Advance Oxidation Processes (AOP),
is mainly produced from air or oxygen by electrical discharges. Besides the
ozone, electrical discharges in humid air also produce a variety of chemically
active species, such as O', ‘OH, N°, HO,", N,", N, OH-, O,~, O~, O0,", N,",
N', O, etc. These species are short lived and decay before ozone enriched
air/oxygen reaches the treated water solution. However, if the reactor is
designed in such a way that the electrical discharges are formed in close
proximity to the water surface, i.e. just above the water, some of these species
may enter the water thereby destroying the pollutants /1/. Possibility of
obtaining very active species like ‘OH in water solution was a basic idea that
encouraged many researchers to design different discharges above the water
surface. Here we mention several electrical discharges which have been used
for degradation of wvarious organic compounds: phenols, benzenes,
pharmaceutical compound and less extent organic dyes /2-9/. It was shown
that the principle reactive species involved in degradation of organic
compounds are ‘OH radical and H,O, /10/. The ‘OH radical, especially, is
known to play an important role in degrading organic compounds since its
oxidation potential is higher than that of atomic oxygen and ozone.

2. Experiment and results

Our discharge is a coaxial dielectric-barrier-discharge (DBD), designed as
atmospheric non-thermal plasma reactor for treatment of various water
solutions /4-6,11/. Cylindrical reactor is made of glass with the inner
diameter of the tube 27 mm and length of 600 mm. The outer electrode is
made of aluminium foil glued on the outer side of the glass tube on a length of
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400 mm. The inner electrode is a stainless steel tube with a diameter of
20 mm. To avoid possible chemical reactions with the electrode surface,
recently we started to use the inner electrode made of glass cylinder which is
silverised on the inner side. Barrier discharge is generated between the inner
electrode and the outer glass tubes. Water solution flows up through a vertical
hollow electrode and flows down making a thin dielectric film over the
electrode, see Fig 1. The discharge is generated within 3.5 mm gap between
the glass and the water layer by applying the voltage of 17 kV at frequency of
50 - 200 Hz. Plug-in power for the discharge is 60 W. Water solutions were
pumped with a flow rate of 70 mL/min using a peristaltic pump. Energy
density of ~ 15 kJ/L per one pass through the reactor was introduced in the
solution. Each solution was circulated several times.

Water falling film DBD was used for treatments of phenols dissolved in
bidistilled water and water from the river Danube /5,6/. The percentage of
phenol removal from Danube water was considerably lower than the
corresponding value for bidistilled water. Lower removal of chlorophenols
from sample prepared with Danube water is explained by shielding effect of
fulvic and humic acids which also reacted with "OH radical.

Reference /11/ is devoted to the comparison of two procedures for arsenic
removal - one using a classical ozonator and the second using the falling film
DBD reactor for primary oxidation. It has been shown that the DBD reactor
has significantly larger arsenic oxidation efficiency and consequently, the
arsenic removal efficiency during flocculation and adsorption processes.

We also studied decolorization of four reactive textile dyes. It has been

a)

Water falling film 9_: —0o— intial pH=9.00
—e— intial pH=7.00

—4— intial pH=5.00 [ 1000~

pH

=

e}

(@]

] =)

High Voltage 4_: [ _g
power supply o
O

N

0 45 90 léS l%|30 255 2%0 3:i.5
= Energy density (kJ/L)

Fig. 1. a) Schematic picture of the falling film DBD. b) The change in the solution pH and conductivity
values during the treatment of a reactive textile dye.
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shown that the treated solutions containing investigated dyes, exhibit very
similar decolorization kinetics for all four dyes.

A common characteristic for all treatments using the DBD reactor is
acidification of the water solution caused by air plasma. Fig. 1b shows
variation of pH values of a textile dye solution during the treatment. Values of
pH in the treated deionized water were almost identical to that in the treated
dye solutions. The variation of pH value is caused by acidic substances such
as nitric acid and nitrous acid which are produced during the discharge
process in air.
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HccenenoBanus paspylieHUs: ITOBEPXHOCTU MAaTE€pUaIOB IIPU BO3JAECUCTBUU
na3epHoro uznydenus (JIN), BeissBHIIM 00pa3oBaHUE pa3sHOOOPA3HBIX CTPYKTYP,
B TOM YHCJE YNOPSAIOYEHHBIX, CPEAU KOTOPBIX MOXHO BBIJICIIUTH JIBA KJacca —
PE30HAHCHBIE TEPUOANYECKHE CTPYKTYpbI, MEPUOA KOTOPBIX ONPEAEISIETCS
JUTMHOM BOJHBI A, Tmojsgpu3amuedr wu yriaom mnaneHus JIM, a Takke
HEPE30HAHCHBIE IEPUOIUUECKUE CTPYKTYPBI, XapAKTEPUCTUKHA KOTOPBIX SIBHO HE
CBA3aHbl C JUIMHOW BOJIHBI M cTeneHblo mnoispusauun JIN. Ilpennoxenst
paznuyHble  MEXaHWU3Mbl M MOAENU A OOBACHEHHS  0Opa3OBaHUS
NOBEpPXHOCTHBIX nepuoandeckux ctpykryp (IIIIC) npu nazepHom Bo3nercTBUM
Ha IIMPOKUU Kpyr Marepuaiuos [1-2].

B nocnennue roApl OBLIM MOJYYEHbl CTPYKTYpbl Ha TOBEPXHOCTH
pasnuuHblx  MatepuanoB [3-7], oOnyuenneix JIM HaHOCEKyHAHOW U
MUKOCEKYHJITHON JJIUTEIBHOCTH, KOTOPhIE XapaKTEPU3YIOTCS HAaHOMACIITAOHOM
NEPUOANYHOCTBIO C PA3MEPOM HEPENKO Ha MOPSIOK MEHBIIUM JIJIMHBI BOJHBI
JIW, 9Tt0 TpyAHO OOBSICHUTH B PaMKax paHee MpeIOKeHHBIX Mozeneh. Takue
[II1C Ha caMbIX pa3IMYHBIX MaTepHUaiaXx HHTEPECHBI TEM, UTO HaHOMACIITaOHas
HEPUOAUYHOCTh HEPEIKO MPHUAAET MOBEPXHOCTH HEOOBIUHBIE (PU3UYECKUE WITU
(U3HKO-XMMHUYECKHE CBOMCTBA, HEMPEPHIBHO U3MEHSIOIINECS B 3aBUCUMOCTH OT
nepuoaa A « A. OnpeneneHHbIN BKJIaJl B HAHOCTPYKTYPHOE MOJIUPUIIIPOBAHUE
MOBEPXHOCTHOTO CJIOS JIa3€pHO-00Iy4aeMOro MaTepualia MOXET BHOCUTH DS
IPOLIECCOB, BKJIIOUAs TakkKe OOpaTHOE OCaXJEHHWE KOHJEHCaTa, KJIACTEpOB U
abJIMpOBaHHBIX YaCTHUIl U3 TUIa3MEHHOTO obuaka [6, 7]. [loatoMy ycTaHOBiIEeHHE
OCHOBHBIX MEXaHU3MOB U ONTUMAJbHBIX PEKUMOB HAHOCTPYKTYPHOM JIa3€pHOU
MOJIU(PUKAIIMA MATEPUAJTIOB M MOKPHITUI SBISETCS BaXKHOM 3a7avyeil, UMEIOIIei
IIPAKTUYECKOE 3HAUYCHUE.

B nacrosimelt pabote uccienoBaHbl 0COOEHHOCTH 00pa3oBaHUS MUKPO- U
HAHOCTPYKTYp Ha MOBEPXHOCTU PsiJia METAIOB M cruiaBoB (ctanb 9XC, X12,
AISI 304, marauessiii crutaB ¢ Al-C—Ti- nokpeitaem, aopamomuanid 16T u
Ip.) B BO3IyXe TMpU OJHO- M MHOTOUMITYJILCHOM BozueictBuu JIU
HAHOCEKYHJIHOM UIMTEIBbHOCTH Ha JyuHax BoJiH 1064, 532, 355 u 266 M B
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YCJIOBUSIX 00pa30BaHUs MPUIIOBEPXHOCTHOM T1a3Mbl. MeTo1aMu ONTHUYECKON U
AJIEKTPOHHONM MHUKPOCKOMHUHU H3y4YeHa 3aBUCUMOCTb MOP(OJIOTHU U CTPYKTYPhI
MOJAU(PUIUPOBAHHONW MOBEPXHOCTH OT MaTepuansa OOJyUYEHHBIX OO0pa3loB,
JUIMHBl BOJHBI JIA3€pPHOTO U3IyYEHHUs, MMApaMETPOB M YCIOBUH Ja3epHOTro
00JTydeHUSI.

BoisiBieHO, 4TO JazepHOE OOJy4eHHE MCCIIEJOBAaHHBIX METaUIOB H
CIUTAaBOB ~ MpPH  IUIOTHOCTSIX ~ MOIIHOCTH  M3JydeHHUs BOJM3U  Topora
NPUIIOBEPXHOCTHOTO I1a3M006pa3oBanus (¢ ~ (2+3)-107 Br/cM’) Ha yka3aHHBIX
BBIIIIE JUIMHAX BOJIH MPHUBOAUT K OOpa30BaHUIO CIA0OCTPYKTYpUPOBAHHOM
okucHou mieHku (puc. l,a). C nagpbHEWUIIUM POCTOM IIJIOTHOCTH MOIIHOCTH
BozneicTBytomero JIM hopmupyercs npunoBepxHOCTHAs Ja3epHas 1mjiasma, a B
00JacTH MATHA Ja3epHOro OOJy4YeHHUs Ha MOBEPXHOCTH MUIIEHH 00pa3yercs
3epHHUCTas CTpyKTypa (puc. 1,0), Torna kak OKMCHas MJIEHKA COXPaHSIETCS JTUIIb
HAa Kpaw TsTHA Ja3zepHOro ooOigydeHus. Pa3mepbl 3epeH o00pasyrolieics
CTPYKTYpPbl M3MEHAIOTCS B auamnazoHe oT 30 Hm g0 10 MKM W 3aBUCAT OT
IJIOTHOCTH MOIIHOCTM W JJMHBL BOJHBL JIM, OT 4ucina BO3AEHCTBYIOIIMX
Ja3epHBIX UMITYJIBCOB U 00JIy4aeMoro MaTepuarna.

5 '|-.1a , ; 3
Puc. 1. Mukpodortorpaduu nazepHo-MoauUIIEpoBaHHOTO 00pa3iia
mropamomunns J[16T ¢ OKuCHOI mierHKoit (a, A = 266 1M, ¢ ~3-10” Br/em?)
¥ 3ePHHUCTOI CTPYKTYPOit (6, A = 266 1M, ¢ ~3-10° Br/cm?)

C pocToM 4HClIa MMITYJIbCOB BO3JCHCTBYIOLIETO JIA3€PHOTO H3IYyYCHHS
YMEHBIIAIOTCA  pa3Mephl  OTACNBHBIX CTPYKTYpHBIX 3JEMEHTOB, a UX
pacrpeeseHue CTAHOBUTCS KBa3UPETYJISIPHBIM (pHcC. 2).

S R Al 100um RSN SE 100um
Puc. 2. Mukpodororpaduu ckaHupyromen 31eKTPOHHOW MUKPOCKOITUN
noBepxHocTH ctanu AISI 304, o6mydyenHoit onamnm (a) u cepueit u3 10000

uMiytseoB (6) JIU (A = 532 um, T= 20 He, g ~ 4-10” Br/em®)
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IIpu >TOM € yMeHbIIEHHWEM JUIMHBI BOJIHBI JIM perynspHocTh moiryyaemoun
3ePHUCTON CTPYKTYPHI Ja3epHO-MOIUGUIIMIPOBAHHOTO TMOBEPXHOCTHOTO CIIOS
3aMeTHO Bo3pactaeT. [lo pesynapTaTaMm SHEProANCIIEPCHOHHOTO PEHTTEHOBCKOTO
aHalM3a KOMIIOHEHTHOTO COCTaBa JIa3epHO-MOAM(PHUIIMPOBAHHBIX 00pa3IoB
CTaJIM YCTAHOBJIEH MATUKPATHBIA POCT KOJIMYECTBA OKCHJOB B 00JIaCTU MATHA
na3epHoro oonyuenus (27,96%) no cpaBHenuto ¢ nepudepueii (4,85%).

Jlnst cTumMyiipoBaHusi 00pa3oBaHUs PETYJISIPHON 36pHUCTON CTPYKTYPHI Ha
Ja3epHO-00IydYeHHOM TOBEPXHOCTH ObllIa MCTOJb30BaHa Ounpusma Dpenens,
obOecrieunBmas ¢GopMHUpPOBAHUE WHTEP(YEPEHIIMOHHBIX CTPYKTYp B IISITHE
Ja3epHOro OOIy4YeHHMs] U COOTBETCTBYIOIEE YMEHBIIECHHE pa3MepoB 3€peH
0o0pazyroniencs CTpyKTyphI.

Puc. 3. Ontrueckue MukpodoTorpaduu mMOBEpXHOCTH 00pasiia,
o0ny4eHHOTO J1azepoM depe3 ournpuzmy dpenens (a) u 6e3 Hee (6)

Jns  OIIEHKM TPOYHOCTHBIX  XAPAKTEPUCTUK  JIa3€PHO-OO0TyUCHHBIX
00pa3oB ObUTM BBITIOJTHEHBI U3MEPEHUsS TBEPAOCTH psiga MOAUDUIIMPOBAHHBIX
MaTepuagoB B 3aBUCUMOCTU OT JJIMHBI BOJIHBI M IJIOTHOCTH MoinHoctu JIN.
TBepaocTh ucciienyeMbIX 00pa3loB OIpeaessiachk Mo MeTojauke Bukkepca c
ucroib3oBanueM npudopa MVD-402 (USA). PesynbraThl BBITIOJTHEHHBIX
U3MEpPEHUN TMPUBEJAEHb B TaOJMUIE, CBUACTEIbCTBYIOIIEH O BBIPAXKEHHOM
3aBUCUMOCTH TBEPJIOCTH MATEPHUAIIOB OT YCIOBHI O0ITyUYEHUSI.

O6pa3zen OO6nacTh u3MepeHui Teepmocts HV, £0,2 I'Tla
(d — rmyOuHa BHEAPECHMS 30HA)
Bue nsatHa o0nydenus 2,77 (d =2,5 Mkm)
16 B nsarae o6nydyeHus
A =266 um, g = 100 MBt/cM® 1,84
A =532 um, ¢ = 100 MB1/cm’ 1,66 (d =3,2 MKM)
BHe nstHa o0syyeHus 6,75 (d =1,7 mxm)
B nsaruae o6nydyeHus
cranmb | A =266 1M, g = 20 MBr/cm’ 6,44
X12 | A =266 um, g = 100 MBt/cM’ 5,57 (d =1,9 MxMm)
A =532 um, ¢ = 20 MBt/cM’ 5,80
A =532 um, g = 100 MBt/cm® 4,99
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BoisiBnenHoe ymenbiieHue Ha 15-30% MUKpOTBEpIOCTH  JIa3€pHO-
MOAU(MUIIMPOBAHHBIX MaTepUaloB, CKOPEE BCEro, OOYCJIOBJICHO OOpaTHBIM
OCaXJCHUEM M3 TUIa3Mbl HAa 00JIyYaeMyr MOBEPXHOCTh HAHO- U MUKPOYACTHII
KOHJICHCATa, YBEJIMUUBAIOIINX MOPUCTOCTH TOBEPXHOCTHOTO CJIOSI.

Takum  00pa3oM,  yCTaHOBJIEHBI  YCIOBUS  JIa3€pPHO-TLIA3MEHHOTO
bopMHUpOBaHUS PETYJAPHON 3€pHUCTOM HAHO- M MHUKPOCTPYKTYpbl Ha
MOBEPXHOCTH pfAJia METANIOB W CIUIABOB (CTajb, MIOPATIOMHHHUN, U Jp.) C
yIpaBisieMbiM pa3mepoM 3epeH B auanazone ot 30 Hm go 10 MkM U ux
3aBUCUMOCTH OT PEKHMMOB JIA3€PHOTO OOTYyUEHHUS, NJIUHBI BOJIHBI M TUIOTHOCTH
MOIIHOCTH Bo3aeucTByromero JIM, miMTensHOCTM ©W  4YHCIIA  JIA3€PHBIX
UMITYJIbCOB, UYTO MOXET HAUTH MPAKTUYECKOE HCMHOJb30BAHUE IS
MOMU(PUKAIIMA  TTOBEPXHOCTHBIX CBOWCTB psJa MaTepUaioB, BKIIOYAS
MOBBIIIEHUE UX CTOMKOCTU K KOPPO3UU U U3HOCY.

[TokazaHo, yTO (OpPMHUpPOBAHUE PETYISAPHONM 3EPHUCTOM CTPYKTYphl Ha
MeTajylax U CIUIaBax o0Jier4aercs ¢ YBEJIMYEHHEM 4YHCIa BO3JEHCTBYIOLIUX
JIA3€PHBIX UMITYJILCOB M MCIIOJIb30BAHUEM JIA3€PHBIX MYYKOB C MEPUOIUUECKOM
HEOJHOPOTHOCTHIO MPOCTPAHCTBEHHON CTPYKTYphl. BBISIBIEHHOE yMEHBIIICHHE
MUKpPOTBEPAOCTH  J1a3€pPHO-OOJyUEHHBIX  METAJIOB  CBUIETEIBCTBYET O
CYILIECTBEHHOM BJIMSIHUU MPOIIECCOB 0OPATHOTO OCAXKICHUS YaCTHUIl KOHAEHcaTa
U3 Ja3epHOM T1asMbl Ha (GOPMHUpPOBAHHME HAHOPA3MEPHOW CTPYKTYPHI
MOIUPUITUPYEMON TTOBEPXHOCTH.
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STAPHYLOCOCCUS AUREUS INACTIVATION BY USING
ATMOSPHERIC PRESSURE GLOW DISCHARGE
WITH PLASMA CATHODE
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N. V. Dudchik?, O. E. Nezhvinskaya®

'B.I. Stepanov Institute of Physics of the NAS of Belarus, Nezalezhnastsi ave. 68, 220072
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Non-equilibrium plasma at atmospheric pressure can present an alternative
to traditional methods of sterilization and disinfection /1/. At present for non-
equilibrium plasma generation at atmospheric pressure various sources are
widely used: surface and volume dielectric barrier discharges, atmospheric
pressure plasma jets, etc. Despite the huge number of papers on plasma
sterilization, the full understanding of the mechanisms of microorganisms
inactivation in a wide range of characteristics of nonequilibrium plasma is still
absent, which hinders the development of technology of plasma decontamination
and especially plasma medicine. In this paper vegetative bacteria
Staphylococcus aureus inactivation using atmospheric pressure glow discharges
(APGD) with plasma cathode in the three-electrode system is considered /2/. The
discharges are stationary that makes easier the identification of linkages between
inactivation characteristics and plasma parameters, which is important for
elucidating the mechanisms of plasma inactivation.

Schematic diagram
of experimental setup is a R1 0.3.1KkS
shown in Fig. la. The
discharge chamber has two
sections (upper section A
and lower section B) |
separated by 1 mm thick p— T_
copper plate with 2 mm
central hole. Working gas B
at a flow of ~1 L/min at 3] —F— w2
atmospheric pressure is fed 04000V
through section A, central 4 _
hole and section B. The V ¢

. . 5 ]
working gas was helium . gasoutiet  R2 1.--10 k(2 '
grade B (the total Fig.l. Sketch of discharge system (a) and images

of self (b) and non-self discharge (¢)

b

— Ul
0..1000 V

concentration of impurities
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H,, N,, H,O and others does not exceed 0.01% with a maximum H,O content of
0.005%). In the upper section a self-sustained normal atmospheric pressure glow
discharge is initiated between weakly rounded tungsten cathode 1 and copper
plate anode 2. For better discharge stability the gap is usually on the order of 1
mm. The Fig. 15 shows an image of the discharge in section A at a current of
300 mA. The discharge serves as plasma cathode for the main discharge which
is created in section B by applying a positive potential to the copper planar
electrode 3. In this paper a helium large-volume diffuse non-self-sustained
APGD at a current 1 mA and 5 mA at 3cm interelectrode gap is used for surface
decontamination from bacteria. An image of non-self-discharge with plasma
cathode at a current of 5 mA is shown in Fig. lc. Two power supplies and
corresponding ballast resistors are used to maintain the discharges.

Bactericidal effectiveness of helium plasma of non-self-sustained
discharge was investigated on Gram-positive Staphylococcus aureus. They
cause many diseases, including superficial and deep abscesses, poisoning,
urinary tract infections. A strain of Staphylococcus aureus ATCC 6538 has a
typical biochemical characteristics of the genus, is highly resistant to drying and
exposure to other environmental factors. Microorganisms were deposited on
stainless steel 2x2 cm samples with average surface density of about 10° cm ™.

After preparation a procedure of sample exposure to plasma was
performed. The samples for plasma treatment were placed on the anode (bottom
electrode) for an exposure time. For quantitative determination of inactivation

effect a direct cell counting

Cher o OMA. P : method was used. Fig. 2

105 \T; w7 \\‘O MA ]i) 2 3 ~n.11n shows the inactivation curves

107 - NleT Wmwwo for vegetative bacterial cells
% 104 R A | mA= - Staphylococcus aureus
g 3 SmANg: ‘D~9 min ATCC 6538 at 0 mA (only
E”; 102 D3 min~@® plasma cathode), 1 mA and
= 107k ------ R L R TCRCEEE RS 5 mA. It can be seen that the
O | 01 detection limit: ________1\_________‘ plasma treatment in a low-
A 9. ..., current APGD the number of

0 5 10 15 20 viable microorganisms
Exposure time, min decreases exponentially with

Fig. 2. The inactivation curves for vegetative time. D-times of inactivation
bacterial cells Staphylococcus aureus ATCC ~decrease  with — discharge

6538 at 0 mA, 1 mA and 5 mA current increase. '
Today's conventional

belief is that in the process of inactivation using plasma mainly four components
are important, those are heat, ultraviolet radiation, charged particles and neutral
oxygen-and nitrogen-containing chemically reactive species (OH, NO, O; and
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etc.) /3/. On the basis of this, we define the parameters of the plasma and
determine the role of different mechanisms that lead to the inactivation of
bacteria.

Gas temperature 7, was determined by the relative intensities of the
rotational lines of the vibrational-rotational band of hydroxyl (0,0) OH (A-X).
At a current of 5 mA the gas temperature 7, ~ 50 °C at the vicinity of the sample
with microorganisms. Therefore, in our case the thermal action of the plasma
can not have a significant effect on the inactivation of microorganisms.

Ultraviolet radiation with wavelengths of 205-315nm has a high
bactericidal capacity causing dimerization of thymine in DNA molecules. The
quantitative value that characterizes the UV radiation impact on microorganisms
is bactericidal surface irradiance representing the convolution of the spectral
efficiency of bactericidal efficiency /4/ to the spectral density of the energy flow
surface density. UV flux incident on the sample with microorganisms consists of
a plasma radiation flow form non-self-sustained discharge and the flow from the
plasma cathode through the opening between the sections. Inactivation D-time
changes at transfer from bacteria exposure only to plasma cathode (Fig. 2,
0 mA) to the cumulative effects of the plasma cathode and non-self-sustained
discharge (Fig. 2, 1 mA and 5 mA) and the charge is much greater than the ratio
of bacterial surface irradiances of the sample caused by these discharges. This
suggests that ultraviolet radiation is not one of the main mechanisms that cause
the death of bacteria in our experiments.

Two mechanisms of charged particles inactivation effects on
microorganisms should be marked: direct chemical effect of electrons and ions
and breaking of bacterial cells membranes due to the accumulation of charged
particles /5,6/. As noted in /5/, the mechanism of electrostatic damage can occur
to Gram-negative organisms, and it is unlikely to Gram-positive bacteria which
includes Staphylococcus aureus. As in our case the microorganisms are at the
anode then the charged particles that can influence bacteria should be attributed
to electrons. In practice electron beams with energies of hundreds of keV and
higher /3/ are used to disinfect which is not the case.

In the anode region the reduced field strength increases sharply to 15 Td
which corresponds to the average electron energy of about 7 eV. This leads to an
appearance of thin luminous disk on the anode surface. Fig. 3 shows the
emission spectrum of the plasma at a discharge current of 5 mA at the vicinity of
the sample surface on which the micro-organisms are deposited. The presence of
OH and NO molecules in the plasma near bacteria follows from Figure 3. Since
the effectiveness of OH bactericidal impact on microorganisms is greater than
two orders of magnitudes than for NO /6/, then Fig. 3 indicates that in this case
the primary neutral chemically active species leading to bacterial death are OH
molecules. At a current of 5 mA the calculated concentration of OH molecules
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Fig. 3. Spectrum of plasma radiation near the surface of the sample

near the sample with microorganisms and the diffusion flux of OH onto its
surface are 4.5-10"'cm™ and 5.0-10°cm™c”. It was assumed that OH molecule
are formed due to dissociation of water molecules by electron impact with a
cross section of the reaction taken from /7/. The electron energy distribution
function was calculated with computer program BOLSIG+ /8/. The electron
density near the sample surface corresponding to the field strength 15 Td was
estimated as 10'° cm™ and the concentration of water in helium was assumed as
maximum for the used grade B gas. Using the data for the constants of
Escherichia coli inactivation presented in /6/ and the D-time values obtained in
our case gives the surface concentration of OH molecules about 3.5-10" cm™.
Taking into account that inactivation time of Escherichia coli is 1.5 times less
than one for Staphylococcus aureus we find that our calculated OH
concentration is 8 times higher than one obtained using the data from /6/.
Perhaps it is due to excessive water concentration used in our calculations.

This work is partly supported by BRFFI under the grant F11SRB-002.
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OPTICAL RESEARCH OF THE INFLUENCE OF GAS FLOW
FEATURES ON THE TRANSVERSE ARC AIR PLASMA
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There are a lot of plasmachemical applications for today which need
nonequilibrium plasma sources of atmospheric pressure. One of the way to make
such plasma generators is to provide an effective heat- and mass- transferring
between plasma and environmental. It can be realized by using transversal gas
flow, which is perpendicular to the current lines of the discharge. Such
transversal discharges as gliding arc /1/, gliding arc in tornado /2/, transverse arc
/3/ and glow discharge /4/ can generate nonthermal plasmas at atmospheric
pressure. Results presented in this work will show that even transverse gas flows
can result in nonthermal and thermal plasma generation both. The level of the
plasma non-equilibrity partially depends on the gas flow rate G and the
discharge current I .

The electroarc discharge in the transverse blowing air flow (transverse arc —
TA) was investigated. Two copper horizontal electrodes with diameter d=6 mm
placed opposite each other were used. A nominal gap between them was 6=1.5
mm. The axially symmetric steel nozzle, with inner diameter =1 mm, was
maintained vertically perpendicular to the electrode axis at the distance L =20
mm and was centred strictly between the electrodes. A standard dry air system
supplied with the flow meters was used. There was enough high gas-dynamic
pressure in the flow to blow out the electric arc downstream. TA discharge was
powered by the DC source at the ballast resistance R = 2 kQ in the circuit.
Electric current-voltage parameters were measured with the standard electronics.
Volt-ampere characteristics (VACH) of TA for air flow rates G=0+110 cm’/s
are represented on the figure 1. Its decreasing character is typical for the arc
discharge. Dependence of the discharge voltage U on the different air flow rates
G 1s shown on figure 2. Such non-linear character of Uy(G) dependence can’t be
explained only by the fact that energy carries out from the discharge region
with G increasing and to support the fixed discharge current it is necessary to
increase the voltage on the discharge.

Non-linear Uy(G) dependence on the figure 2 can be connected with the
specularities of the gas flow: i) a monotonic voltage increasing with the gas
flow rate G increasing (laminar gas flow); ii) voltage on the discharge increases
(for [;<700 mA) or remains almost constant (for 1;>700 mA) with further
increasing of G (this region corresponds to the transient gas flow regime: from
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laminar to the turbulent); iii) when the gas velosity becomes bigger than the drift
velosity of ions in the electric field, further voltage increasing starts, which is
escorted by the appearance of the filament plasma structures directed along the

flow.

1000 1 UgV *G=0cm"3/s
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Fig. 1 Volt-ampere characteristics of the TA for different air flow rates G.
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Fig. 2 Dependence of the discharge voltage U on air flow rates G for two
different discharge currents ;.

Plasma parameters of TA was investigated by optical emission spectroscopy
for different discharge currents I;=10°+10° mA and air flow rates G=0+200
cm’/s. Emission spectra of TA plasma was detected in the range of 200-1100 nm
with spectral resolution nearly 0.7 nm by spectrometer SL 40 based on CCD

elements.
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Excitation temperatures of the electronic states of atoms (electronic
temperature 7, ) in TA plasma were determined by the relative intensity of the
cooper (material of electodes), oxygen, hydrogen spectral lines by Boltzmann
plots. Vibration T,” and rotation 7, temperatures of N2(C IT,) molecule were
evaluated by relative intensities of the emission bands of 2" system of nitrogen
by using SPECAIR /5/ simulation. The following ratio of the excitation
temperatures T, ST >T. were obtained in TA plasma. It was shown that T, e*
slightly decreases along the gas flow in the afterglow zone, while 7, remains
constant. Founded difference of the temperatures 7, (Cu)>T, (O, H) can be
explained by the additional mechanism of the population of the excited
electronic states of cooper atoms due to the ion-ion recombination, which is
almost absent for the blowing gas atoms.

The main recombination mechanisms were considered and the recombination
time t, at No~10"+10" ¢m? T~T(N,)=2000 K, Te~1 eV, p=1 atm was
estimated for plasma of the TA in air. It was concluded that ion-ion
recombination (A" + B- + M — A* + B +M) is the main recombination process
in the plasma of the arc discharge with copper electrodes in the transverse
blowing air flow. It was shown that characteristic ion-ion recombination time t,
~6-(10° = 10°) s /6/ is comparable with the time of optical transitions in copper
atom. It leads to the essential contribution into the population of the electronic
states of Cu atom by the ion-ion recombination of the corresponding positive
ion. In /7/ was shown that main positive 1ons in electroarc discharges with
copper electrodes are copper atomic ions. 7, (Cu)>T, (O, H) since the
population of Cu atoms occurs on the levels with excitation energy closed to the
difference between atomic ionization energy and electron affinity energy of
negative ions of air plasma (e~ 2 eV) /6/.

Dependence of the excitation temperatures of molecule N, in the TA plasma
on the gas flow rate G was studied (fig. 3). Vibration and rotation temperatures
were determined from the calibration curves /8/ built as functions of the
corresponding excitation temperatures with taking into account instrument
function of used spectrometer.

Non-monotonic character of the 7, temperature dependence on the G can be
connected with transition from laminar to the turbulent gas flow with G
increasing at fixed discharge current. Changing of the form and structure of the
TA plasma column correlates with it good.

Dependences of the excitation temperatures in TA plasma on the discharge
current were studied for different air flow rates. It was shown that there is a
convergence of 7, and 7,  temperatures, which starts from the discharge current
I, ~ 500 mA, thus plasma of TA becomes isothermal at G=0 cm’/s. Similar
behaviour of the temperature dependence was observed at big flows (G>150
cm’/s). At large gas flows (where turbulent starts) plasma of TA becomes more
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isothermal. At the same time at low gas flows difference between excitation
temperatures almost doesn’t depend on the discharge current. Thus there are
optimal regimes of gas flow rates that can provide the certain non-thermality
level of the generated TA plasma for the investigated range of the discharge
currents.

T+ K ATv*(N2)- from calibration curve
6000 - : OTr*(N2)-from calibration curve
A Tv*(N2)-from Boltzmann plot
5000 - é
4000 { 1 % % i i1
3000
2000 - % % % % % %
1000 - G, cm?/s
0 T T T 1
0 50 100 150 200

Fig. 3 Dependence of the vibration and rotation temperatures of N, molecule
in TA plasma on the gas flow rate G.
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Last years low- temperature plasma and electromagnetic fields have been
successfully applied in agriculture for pre-sowing seed treatment. It has been
shown that plasma and radio-wave pre-treatment of seeds stimulate their
germination and sprouting process, lead to suppression of fungal and bacterial
pathogens that cause various plant diseases /1-4/. At the same time the nature of
plasma interactions with biological substances still remains unclear.

In this paper, we have studied the efficacy of low-pressure capacitively
coupled RF plasma and RF electromagnetic field treatments of seeds of some
important agricultural crops for seed sowing properties improvement.

Seeds of spring wheat, blue lupine and maize were chosen for
investigations. Tested species were treated with 5.28 MHz air plasma at a
pressure 40 Pa. The discharge was operated between two plane-parallel water-
cooled copper electrodes with the diameter of 120 mm placed in a stainless steel
vacuum chamber with the inner volume of 53.2 m’ /1/. A distance between
electrodes was varied between 20 and 40 mm according to the number and size
of the treated seeds. A supplied full specific RF power could be changed in a
range 0.1 — 0.7 W/em® in dependence on treatment conditions. A Petri dish with
seeds to be treated by the plasma was put on the grounded electrode before the
vacuum chamber pumping. The exposure duration was 2.5, 5 and 10 min. To
study an influence of vacuum on seeds germinating characteristics, a part of
tested seeds were kept in vacuum chamber at the operation pressure of 40 Pa for
at least 15 min. Under the experimental conditions the gas temperature did not
increase beyond 310°C.

The effectiveness of pre-sowing plasma seed treatments was examined by
means of evaluation of the laboratory germination ability as well as a level of
fungal infection on sprouting seeds for treated and untreated (control) samples.
Seeds were grown on a moist filter paper in sterile Petri dishes in a thermostat at
20° C (for wheat and lupine) and 25° C (for maize) under a light-dark regime.
The seed germination and the seed infection were estimated after 7 and 10 days
incubation for wheat and lupine/maize correspondingly.
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It has been found that plasma and radio-wave pretreatments of seeds
positively influenced their germination and biometric characteristics of sprouts.
The plasma treatment of seeds with low germination ability (spring wheat,
maize) stimulated their germination and the early stages of seedling
development, while it did not affect negatively the germination of seeds with
high germination ability (lupine) (Fig. 1). The seed pre-treatments for 2.5 and
Smin were the most effective for seeds germination enhancement for all
species. The seedling of spring wheat was 2.1 cm higher for treated seeds than
that in the control (Fig. 1b). The same result was observed for maize seeds as a
result of plasma treatment during 2.5 min. Large seedlings have higher survival
and growth rates than small seedlings that will provide the good conditions for
plant growth at the later stages of ontogenesis.

b
22
100+ r:lwnlml s econtrol

= zz2 2.5 min 7 :’1‘ 204 @z 2.511.1in |—| EI

N == 5 min = = == 5 min —

g 90 4 =8 10 min -:—)ﬂ == 10 min / E :

s E vacuum ‘—:“ EEE vacuum % =

E £ = / =

£s -

3 2 =

] J—l w ég

?ﬂ: =

0- 0- é =

ﬁ

"]prmg, Wheat M aize  Blue Lupine Spring W ht:dl‘ aize  Blue Lupine

Figure 1. Germination (a) and seedling height (b) of spring wheat, maize
and blue lupine as a result of plasma and vacuum seed pre-treatments

The control seeds of spring wheat were infected mainly with Fusarium spp.
and Alternaria spp., seeds of maize — with Fusarium spp. and Penicillium spp.,
blue lupine seeds — with pathogenic fungi Colletotrichum gloeosporiodes and
Kabatiella caulivora, saprophytic fungi (Alternaria spp., Cladosporium spp.,
Mucor spp., Penicillium spp.) and bacteria. The results of plasma and radio-
wave treatment of seeds against fungi and bacteria are presented in Fig. 2 — 4.
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Figure 2 Seeds infection level of spring wheat with pathogenic fungi and
bacteria as a result of plasma (a) and radio-wave (b) pretreatments
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Figure 3 Seeds infection level of maize with pathogenic fungi and
bacteria as a result of plasma (a) and radio-wave (b) pretreatments
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Figure 4 Seeds infection level of blue lupine with pathogenic fungi and
bacteria as a result of plasma (a) and radio-wave (b) pretreatments

The wheat seeds exposure to plasma for 10 min resulted in decrease of
Fusarium by 17 %. The maize seeds treatment suppressed by 12% and 20%
Fusarium and Penicillium correspondingly (Fig. 2a, 3a). A significant decrease
(by 77%) was observed in the total infection level of blue lupine seeds after the
treatments both for plasma treated seeds during 5 min and for seeds exposed to
electromagnetic field during 10 min (Fig. 4). At the same time no fungicidal
effect on the spring wheat seeds was observed against Alternaria (Fig. 2). We
have even observed a stimulative effect on Alternaria growth after the
treatments. This fact needs additional further investigations for verification.

Conclusions

This study shows that the low temperature air plasma pre-treatment of
seeds of some important agricultural crops is an effective tool against a number
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of pathogenic fungi and bacteria that cause severe plant diseases. The treatment
improves germination percentage, shoot and root growth for seeds with low
germination ability (spring wheat and maize). The most effective fungicidal and
bactericidal effects achieved for the seeds with high germination ability. It was
observed drastic reduction of the total infection level of blue lupine seeds that
decreased from 100% in the control up to 23% for the plasma treated seeds
during 5 min. Similar results were observed for radio-wave treatment. The
radio-wave pre-treatments of seeds for 5 — 10 min were the most effective for
both seed germination enhancement and fungal infection reduction on sprouting
seeds. Further studies are necessary for the other crops or groups of crops with
different germination ability to explain the observed inability of the plasma
treatment to suppress growth of Alternaria spp. on the tested spring wheat seeds.
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Introduction

Nonwoven fabrics may be manufactured inexpensively so that they can be
used in disposable products that are discarded after only one or a few uses.
Polypropylene (PP) nonwoven fabrics, selected for this study, are used in
disposable absorbent articles, such as diapers, feminine care products and wipes,
as well as hospital healthcare textiles, such as beddings, curtains, uniforms,
towels, etc. Nonwoven in such applications is exposed to microbial
contamination and all negative effects that cause (i.e. deterioration, odours,
health risk) /1/. Among numerous ways by which antimicrobial properties can
be accomplished in textiles, plasma-based treatments combined with deposition
of different antimicrobial agents deserve special attention due to some unique
properties and growing demands on the environmental friendliness of finishing
processes for surface modification and coating of textiles /2,3/.

In this paper we present a comparative study on functionalization of PP
nonwovens by different plasma treatments: volume dielectric barrier discharge -
DBD and diffuse coplanar surface barrier discharge - DCSBD followed by silver
ions and gold nanoparticles (AuNPs) deposition onto the plasma activated fabric
surface from aqueous solution. A series of the DBD and DCSBD fabric
treatments were done in order to determine the most suitable experimental
conditions for the plasma activation of the fabric surface.

Experimental

The tested fabric was commercial spun-bonded PP nonwoven fabric with a
fabric weight of 50 g/m” and a thickness of 271422 pm.

In this work, two different plasma sources, volume dielectric barrier discharge
and diffuse coplanar surface barrier discharge, both working in air at ambient
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temperature and pressure, were used for PP nonwoven activation, i.e. generation
of active groups on its surface, in order to achieve better deposition of Ag ions
and AuNPs. DBD treatment: The discharge is generated in a parallel plane
discharge configuration consisting of two aluminum electrodes (8.0 x 8.0 cm),
both covered by a 0.65 mm thick Al,O; ceramics layer (10.5 x 10.5 cm). The
bottom electrode is covered with spherical zeolite granules, in one layer, to
avoid problems with humidity and to maintain a homogeneous discharge (for
detailed description see literature /3/). The PP nonwoven sample strips (15 x 80
mm) were treated for 15, 30, 60, and 120 seconds using plug-in energy density
of 1.8, 3.6. 7.2 and 14.4 J/cm® respectively. DSCBD treatment: Plasma
treatment was implemented by the DCSBD technology on a laboratory scale.
Detailed description of DCSBD electrode design, consisting of 19 pairs of silver
strip electrodes, is given in literature /4/. A DCSBD discharge with a surface
power density of 2.0 W/cm® was ignited, and after stabilisation of the discharge
current, the PP nonwoven sample was brought into contact with the DCSBD
electrode system surface using a sample carrier. Treatment time, from 3 to 24
seconds (6 — 48 J/cm?), was measured as the contact time of the sample with the
plasma.

SEM, AFM, ATR-FTIR, water absorption, and Ag ions/AuNPs uptake were
used to assess the surface changes on the PP nonwovens due to the plasma
treatment, as well as durability of achieved treatment effects. Antimicrobial
activity of Ag ions and AuNPs loaded PP nonwovens against different
pathogens: Staphylococcus aureus, Escherichia coli, as well as durability of
obtained effects, were evaluated in vitro.

Results and discussions

Plasma treatment induced a significant change in the chemical composition
of the surface of PP nonwoven (the characteristic bands of oxygen containing
functionalities were identified in the ATR-FTIR spectra), data nor shown. The
formation of new carbonyl and carboxyl groups led to an increase in
hydrophilicity of PP nonwoven as was confirmed by increase in water
absorption. Figure 1 shows the effects of plasma treatment time on the water
absorption by DBD and DCSBD plasma activated PP nonwoven fabrics. For the
DBD and DCSBD treated fabrics, it is evident from these data that the water
absorption 1i.e. hydrophilicity, gradually increased with increasing treatment
time. In the case of DCSBD modified nonwoven a good hydrophilization effect
was obtained after exposure of 12 s (24 J/cm®), and with prolonged plasma
treatment the water absorption did not change significantly. In the case of the
volume DBD modified nonwoven a good hydrophilization effect was obtained
only after exposure of 15 s (1.8 J/cm?). With prolonged plasma treatment the
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water absorption changes significantly (water absorption up to 270 %).
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Fig. 1. The effect of treatment time on Fig. 2. SEM image of 120 seconds
the water absorption by DCSBD and plasma treated PP by DBD and with
DBD plasma activated PP nonwoven deposited AuNPs.

fabrics.

New functionalities introduced to the fabric surface, and subsequently
increased hydrophilicity induced by plasma treatment enhanced deposition of
AuNPs and Ag ions onto PP fibers, which was confirmed by SEM (Fig.2.) and
ICP-OES analysis (Figs.3 and 4). The content of Au on the DBD treated PP
fibers was almost 4 times higher compared to untreated PP fibers, whereas on
the DCSBD treated PP fibers the content was almost 3 times higher than on
untreated PP fibers (Fig.3). In the case of Ag deposition (Fig. 4), the content of
Ag ions on the DBD and the DCSBD treated PP was almost 4.5 times and 5
times higher than on untreated PP, respectively.
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Fig. 3. Quantity of Au on the AuNPs Fig. 4. Quantity of silver ions absorbed
loaded DBD and DCSBD treated PP onto PP nonwoven after plasma
nonwovens. pretreatment by DBD and DCSBD.

Results of antimicrobial tests show that incorporation of gold nanoparticles
and silver ions in PP nonwovens leads to the generation of antimicrobial
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materials having activity against a broad spectrum of microbes (Gram-negative
bacteria strains — E. coli, Gram-positive bacteria strains — S. aureus, and yeast —
C. albicans). There is no clear dose dependant antimicrobial activity but the
quantity of bonded silver ions, in all cases, is enough to develop desirable
antimicrobial activity in the silver-loaded PP nonwovens. Stability of achieved
antibacterial activity regard to rinsing was investigated and obtained results
indicate that the obtained antibacterial activity of silver and gold-loaded PP
nonwovens was stable in regard to rinsing.

Conclusions

The potential of modified volume dielectric barrier discharge and diffuse
coplanar surface barrier discharge in air, at atmospheric pressure, for treatments
PP nonwoven fabrics to improve their wettability and AuNPs and silver
deposition was demonstrated. The PP nonwovens prepared by DBD and
DCSBD mediated silver and gold nanoparticles deposition show antimicrobial
activity against tested pathogens: S. aureus, E. coli, and C. albicans under in
vitro conditions.
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MPOLECCHI JTABEPHOH PO3UU IIPU BO3JENCTBUU
MHTEHCHUBHBIX 20 HC UMITYJIbCOB HA METAJINIMYECKHUE
MUIIEHUA

B.K. I'onuapos, K.B. Kozaznaes, /I.B. lllerpukoBuu

HUU npuxnagusix ¢puzndeckux npodiem um. A.H. CeBuenko beirocynusepcurera,
yi. Kypuarosa 7, 220108 Munck, benapycs, kozadaeff@mail.ru

Abstract. Using the technique of direct registration, the time dependences
of integral glow of erosional laser jets of metals exposed to intense 20-ns laser
pulses have been determined.

Oo6mactu 3 GEeKTUBHOTO HCITOJIB30BAHUS JIA3EPHBIX TEXHOJIOTHUH BEChMa
pa3Ho0Opa3Hbl: 00pabOTKa MaTepUaIoB, CBsI3b, MEIUIIMHA, BOCHHAS] TEXHHUKA U
mMHoroe apyroe. Ilpu sTom nasepHas oOpaboTka MaTepHaloB B HACTOsIIEE
BpEMSI SBJISIETCSI BEICOKOPA3BUTOM OTPACHIBIO MTPOMBIITUICHHOCTH U MPOJI0IKAET
WHTEHCUBHO COBEPIICHCTBOBATHCA /1-2/. BO3MOXHOCTh TOJYYECHHSI BBICOKOM
KOHIICHTPAIIMU CBETOBOTO M3TYUYCHHUS B Y3KUX MPOCTPAHCTBEHHBIX, BPEMECHHBIX
U CHEKTPaJIbHBIX  JWAaNa30HaX OTKPbUIA  HOBBIE  MEPCHEKTHUBBI  JUIS
MOBEPXHOCTHOM ¥  OOBEMHOW  JIOKaNbHOM  0OpaOOTKM  MaTepuasos,
OECKOHTaKTHON MUArHOCTUKU OBICTPONMPOTEKAOIIMX MPOLECCOB U yIPABICHUS
UMHU, MPEIU3UOHHBIX U3MEPEHUH U T.JI.

Jliist pa3paboTKu HOBBIX MPEIM3MOHHBIX TEXHOJIOTUH JIa3epHO 00pabOTKH
METa/NIOB C TOMOIIBIO COBPEMEHHBIX YAaCTOTHBIX JIa3€pOB  OOJIBIION
MPAKTUYECKUN HUHTEpEC MpeICTaBIsAET OTIepaTUBHBIN KOHTPOJIb
DHEPTreTUYECKUX,  CHEKTPaIbHBIX, MPOCTPAHCTBCHHBIX W  BPEMEHHBIX
XapaKTEPUCTUK HECTAIMOHAPHBIX TUIA3MEHHBIX 00pa30BaHMM, (POPMUPYIOTITIXCS
B MPOIECCE JA3E€PHOT0 BO3ICHCTBUS

B kauecTBe METAIITMYECKUX MUIICHEH BBHIOPAHBI CBHHEI, ITUHK M HUKEb,
KOTOPBIE 3a CUET CYIICCTBEHHBIX PA3IUYHi B ONTHYCCKUX M TETUIO(DU3NICCKUX
xapakTtepucTtukax (cM. Tabiuiy 1) TO3BOJSIOT HAa KAaYeCTBEHHOM YpPOBHE
TOBOPUTH O 3aKOHOMEPHOCTSX IMPOTEKAHUS TMPOIECCOB JA3ePHON IPO3UH IS
METANIOB B 1IEJIOM. DTO OOYCJIOBJIEHO TE€M, YTO IIMHK MMEET CaMyl0 Malylo
Pa3HOCTh TEMIIEpaTyp IUIABJICHHUS M HWCIAPEHUs, NpPH JOCTATOYHO HU3KOH
TEIJIOT€ WCHAapeHUs; CBUHEN Haubojee JEerKoIJIaBKuH, HO C BBICOKOH
TEMIIEpaTypoOil KWUIICHHs; HUKEIb HMEET BBICOKME 3HAYCHHUS TEMIIepaTyphl
TUTABJICHUS, UCTIAPEHUS M YACIBbHOW TEIUIoThl ucnapeHus. [Ipyu 3ToM meTaisl
UMEIOT OM3Kue KOA(PGUIUEHTHI OTPaXKEHUS, T.€. MIEPBOHAYAIILHO TOTJIOMIAI0T
NPUOTU3UTEITFHO OJIMHAKOBYIO JIOJTIO YHEPTUU BO3/ICHCTBYIONIECTO UMITYJIhCA.
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Tabmuna 1. Termmodusnyeckue XxapakTepuCTUKU METaLIOB /3/

Temnepa- VY nenbHas Temnepa- VY nenbHas T
Typa TEII0TAa ILIaB- Typa TEIUI0Ta
Merann OTpakKeHUS Ha JJINHE
IUTaBJICHUSA, JIeHUS, UCIIapeHUs, UCIIapeHus, BoHEl A=10008M. %
°C kJ>K/MOJIb °C kJ>K/MOJIb ’
Ni 1455 17,8 2800 380,6 72
Pb 327 4,772 1751 179,5 80
Zn 420 7,28 907 114,7 69
[Ipouecc ¢opmupoBanusa IJID

METAJUIOB MNpU Bo3aeucTBUM 20-TH

HAHOCEKYH/IHBIX JIa3ePHBIX UMITYJIbCOB BBICOKOH MIOTHOCTH MoutHoctH (10° —
10" Br/cM®) KauecTBEHHO OTIMYAETCS KAK OT CIydas MMIUTHCEKYHIHBIX (U
JUIATENBbHEE) MMITYJIbCOB yMEpeHHOH miotHoct MomuocTH (10° —10° Br/em?)
/4/, Takx W OT BO3AECUCTBUS (EMTO- M NMHUKOCEKYHAHBIX HMIYJbCOB BBICOKOM

IJDIOTHOCTH MOIIHOCTH /2, 4/.

OnHako,

IMPOCJIIC)KUBACTCA 3HAYUTCIBHOC

CXOJZICTBO XapaKTepa MNPOTEKaHHs IMPOLECCOB JIA3€PHOM 3PO3UU U HBOIIOLIHMU
IUTA3MEHHOT0 00pa30BaHUs IO CPABHEHHIO C PEXKUMOM BO3/ICHCTBUS UMITYJIHCOB
BBICOKOH IJIOTHOCTH MOIIIHOCTH C AUTENbHOCTHIO ~100 HC.

Pe3ynprarel u3zyueHus BpeMeHHdﬁ (GbOopMBl UHTErPaJIbHON CBETUMOCTH
DJI® npu BO3IEUCTBUM HMHTEHCUBHBIX 20-TH HAHOCEKYHIHBIX JIa3€pPHBIX

UMITYJIbCOB PA3JIMYHOM IIOTHOCTH MOIIHOCTH Ha METAJUINYECKHE MUIICHU
IIPUBEJICHBI Ha puC. 1.
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Jna  BceX MCCIEIOBAHHBIX METAUIOB IPOCICKUBAKOTCS  CIIEAYIOLIUE
3aKOHOMEPHOCTH:

— MakcuMyMbl cBeyeHusa OJID s Bcex IUIOTHOCTEW MOIIHOCTH
BO3JICUCTBYIOILIETO H3YyYECHUS 3aJ€pXKaHbl 110 OTHOLIEHHUIO K MAaKCHUMyMy
MHTEHCUBHOCTH JIa3€pHOT0 umnyJibsca Ha 20-60 HC, 4TO rOBOPUT O TOM (akKTe,
4TO BECh MEpeAHUH (POHT JEHCTBYIOLIETO M3IY4YEHHUs OECHpENsTCTBEHHO
JNOXOJUT 10 MOBEPXHOCTH MUILIECHHU;

— IPU YBEIWYEHUHM IUIOTHOCTH MOLIHOCTH JIA3€PHOIO HMMITyJibca 10 1
I'Br/cM® HabmomaeTcss  3aMETHOE yBeIIMUEHHE  OOIeH  CBETHUMOCTH,
CONMPOBOXK/IAIOIIEECS CYIIECTBEHHBIM 3aTATMBAHUEM 33HET0 (PpOHTA JUHAMUKH
CBEUCHMS, YTO CBUJIECTEIBCTBYET O 3HAYUTEIBHOM YBEJIMYEHUM MAKCHMAJIbHOU
IUIOTHOCTH IUIa3MEHHOTO 0Opa3oBaHHs [0 CPABHEHUIO CO ClydasMu Oosee
HU3KOW MHTEHCUBHOCTHU JEUCTBYIOIIUX ONTUYECKUX UMITYJIbCOB.

Jlureparypa

1. Poixaaun H.H. Jlazepnas o6paboTka maTepuanoB. M.: MammmHoCTpoeHue,
1975.

2. TperbsakoB H0.Jl. MUKPOCTPYKTYpbI HOBBIX (PYHKIIMOHAIBHBIX
MarepuaiioB. Beimyck 1. HanoctpykrypupoBannubie Matepuaiisl. M.: MI'Y
um. M.B. Jlomonocosa, 2006.

3. Tabmuusr pusnueckux Benuund / mof pen. UK. Kukounn. — M.:
Atomusnar., 1976.

4. TonuyapoB, B.K. BosgelictBue Ha wMeTamibsl BBICOKOIHEPTETHUYHBIX
HUMITYJIbCOB W3JIyYEHUS HEOJUMOBOIO nasepa pa3InYHON
pPOCTpaHCTBEHHO-BpeMeHHOoU Gopmbl DK 5 (2001) 87-97.

70



STARK BROADENING REGULARITIES WITHIN SEVERAL
SPECTRAL SERIES OF NEUTRAL POTASSIUM

I. P. Dojc¢inovi¢, 1. Tapalaga and J. Puri¢
Faculty of Physics, University of Belgrade, POB 44, 11000 Belgrade, Serbia

Abstract
The electron and proton impact contribution to the Stark widths dependences on
the upper level ionization potential for different spectral series of neutral
potassium have been studied and discussed. Term structure and temperature
influences on the found dependence were also studied. The differences between
the found dependences within different spectral series were smaller at high
temperatures.

1. INTRODUCTION

It is very convenient for studying Stark broadening parameters regularities
to express them as the function of the binding energy of the electron undergoing

transition. The upper level ionization potential £ conveys the plasma electric
micro-field influence on the electron undergoing transition. The effect of plasma
electric micro-field on the Stark broadening of particular line is higher if the
bounding energy is lower. This dependence was successfully used recently in a
series of papers devoted to the study of regularities within spectral series of Mg I
/1/, Be 1 /2/, He 1/3/ and Ca I /4/ where coefficients obtained suggested that the
upper level ionization potential is an appropriate parameter for studying the
Stark broadening behaviour within similar spectra. The aim of this paper is to
analyse functional dependence of electron and proton impact contribution to the
Stark widths of spectral lines (FWHM) on the upper level ionization potential,
within several spectral series of K 1. Using the proposed simple model, one can
provide Stark broadening data for transitions that have not yet been calculated
due to the lack of parameters needed in more complicated models.

Stark broadening data used for the analysis presented in this paper was
taken from /5-7/. Most of this data are available online /8/. Data for ionization
potential of K I spectral lines were taken from NIST database /9/. A total of 33
spectral lines of K I have been collected and analysed. Within these data the
following series have been investigated: 3d-np (2), 3d-nf (2), 4d-np (2), 4p-nd
(2), 4p-ns (2), 4s-np (2) and 4d-nf (2). Next to the series notation there is a
number in parentheses (2) indicating doublet spectral lines.
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2. THEORETICAL BACKGROUND

Similar behaviour of Stark broadening data and X was found by Puri¢ et
al. /10/. This discovery was followed by investigation of analytic relation

between Stark widths and £ in paper /11/. The quantum theoretical basics for

this relation are given in /12/. The final form of Stark width dependence is given
by:

w=a-y" (1)

In this equation, w is Stark width in rad/s, is the upper level ionization

potential taken in eV; and a, b are the fitting coefficients independent of X . In

order to investigate this dependence one has to have an accurate database

normalised to the same electron density and temperature as it is described
elsewhere /1/.

3. RESULTS AND DISCUSSION

log(w log(w
13 A 13 A
12 A 12 1
11 A 11 A
n', x /,”,

/,,:,'— = 4d-np (2e) « 4p-nd (2¢)

10 4 m 3d-np (2¢) 10 4 ° ° s 4p-ns (2e) < 4s-np (2¢)

= 3d-nf (2¢) = 4d-nf (2¢) = 4d-nf (2p)

x 3d-nf (2p) o4d-np (2p) o 4p-nd (2p)

8 @ 3d-np (2p) ) » 4p-ns (2p) © 4s-np (2p)

-0.5 0 0.5 log(y!) -0.5 0 0.5 log(y™)

Figure 1 The electron and proton impact contributions to Stark widths (in rad/s)
versus inverse upper level ionization potential (in eV) presented in log-log scale
for different K I spectral series with principal quantum number of lower level
equal to n=3 and n=4 at temperature 10 000 K. The number 2 in brackets
indicates doublets, letters e and p indicate electron and proton contribution
respectively.
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Normalization of source data was done by custom made software
according to the above equations. For all the studied series it was found that the
relation given by equation 1 is appropriate for all temperatures in range from 5
000 K to 25 000 K in the case of electron and proton impact contributions. Such
dependences of the Stark width on the upper level ionization potential were
verified for 33 spectral lines belonging to 7 spectral series studied here. The
appropriate dependences expressed by equation 1 for all studied series are given
graphically by straight lines in Figure 1.

The electron and proton impact contributions to the Stark widths
dependences versus inverse value of the upper level ionization potential given
for all investigated spectral series for different K I spectral series with principal
quantum number of lower level equal to n=3 and n=4 is presented in Fig. 1, for
electron temperature of 10 000 K. The average relative contribution of proton
impact is 24% of electron contribution at 10 000 K. Similar regularities were
noticed in preceding papers /1-4/. When the studied spectral series were treated
separately, the majority of the corresponding coefficients of determinations R*
were better than 0.99, except for series 4p-nd. The reason for low R* value for
this series lies in low Stark width for transition 4p-3d because 3d state has no
close perturbing f or any other state. For series 3d-nf and 4d-nf coefficients of
determination R” were not available for only two lines per series existing. It was
found, as well, that for 3d- 3f and 4d-3f there are no close perturbing states for
3f transition and so lines obtained were narrower than expected. If 4p-3d
transition is excluded from trend analysis, obtained R” values for electron
contribution are much better, namely, 0.9997 instead of 0.9879 for temperature
of 10 000 K. Average relative deviation from the obtained trends for all spectral
transitions is approximately 3% at T=10 000 K. In addition to trend analysis, the
obtained Stark width dependences on the upper level ionization potential can be
used for prediction of Stark widths data for the lines of interest, in astrophysics
as well as in atomic physics, not investigated until now.

4. CONCLUSION

Searching for different types of regularities and systematic trends which
can simplify complicated theoretical calculations is of great interest. In this work
the existence of the functional dependences of Stark widths on the upper level
ionization potential was shown for the lines originating from the 7 studied
series. These dependences were obtained and found to be of the form given by
equation 1. Electron and proton impact contribution to Stark width broadening
have the same type of behaviour, but the proton contribution is significantly
smaller. They can be used to evaluate the results of Stark broadening data that is
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already measured or calculated or for prediction of the Stark widths values for
the lines not measured or theoretically calculated until now but belonging to the
investigated series.

The best precision can be obtained using the same equation for any

particular series separately. In order to achieve better linear fitting for 3p-nd
series, transition 3p-3d has to be neglected in the further analysis.

Acknowledgements
This work is financially supported by the Ministry of Education and

Science of the Republic of Serbia within the project 171034.

References

1.

2.

P _AWD

Tapalaga 1., Doj¢inovi¢ L. P., Puri¢ J., 2011, Mon. Not. R. Astron. Soc.,
415, 503

Dojcinovi¢ I. P., Tapalaga 1., Puri¢ J., 2011, Publ. Astron. Soc. Aust., 28,
281

. Doj¢inovi¢ 1. P., Tapalaga 1., Puri¢ J., 2012, Mon. Not. R. Astron. Soc.,

419, 904

Tapalaga I., Doj¢inovi¢ 1. P., Milosavljevi¢ M. K., Puri¢ J., 2012, Publ.
Astron. Soc. Aust., 29, 20

Dimitrijevi¢ M. S., Sahal-Bréchot S., 1984, A&A, 136, 289

Dimitrijevi¢ M. S., Sahal-Bréchot S., 1987, JQSRT, 38, 37

Dimitrijevi¢ M. S., Sahal-Bréchot S., 1990, BOBeo, 142, 29
Sahal-Bréchot, S., Dimitrijevi¢, M.S., Moreau N., 2012. Stark-B database,
[online]. Available: http://stark-b.obspm.fr [Feb 13, 2012]. Observatory of
Paris, LERMA and Astronomical Observatory of Belgrade

Ralchenko Yu., Kramida A. E., Reader J., and NIST ASD Team (2012).
NIST Atomic Spectra Database (ver. 4.1.0), [Online]. Available:
http://physics.nist.gov/asd [2012, January 17]. National Institute of
Standards and Technology, Gaithersburg, MD

10.Puri¢ J., Lakicevi¢ 1., Glavonji¢ V., 1979, JPhys, 40, 795
11.Puri¢ J., Lakicevi¢ 1., Glavonji¢ V., 1980, PhLA, 76, 128
12.Griem H. R., 1968, PhRv, 165, 258

74



OIIPEAEJIEHHME BJIUAHUSA IOPUCTOCTHU MATEPUAJIA
OBPA31OB HA ABJIALINIO, POPMUPOBAHMUE JIASEPHOI'O
PAKEJIA U CIIEKTPbBI U3JIYUEHUA

B.1. XKypasinesa

Wucturyt duszukun HAH benapycu, np. HezaBucumoctu 68, 220072 Munck, benapycs,
zhuravleva@imaph.bas-net.by

[Iponecchl MOrNOLIEHNS JAa3€pPHOTO U3JIYyYEHNs TOPUCTBIMU MAaTEpHATIAMHU
B 3HAYUTEJIBbHOW CTENEHU 3aBHUCAT OT KauyeCTBa IMOBEPXHOCTH, Pa3MEpOB IOp,
CTPYKTYpPHBIX HEOJHOpPOAHOCTeM /l/, uTO BIMSIET HAa HMHTEHCUBHOCTD
CHEKTPAJIIbHBIX JIMHUMA MW TPUBOJUT K YXYIUIEHUIO METPOJIOTHYECKHUX
XapakTepUCTUK aHaim3a. B /2/ moka3aHo, 4YTO TMTpU  BO3JCHCTBHUH
c)OKYCHPOBAHHOTO JIA3¢PHOTO M3JIYYEHHs C IUIOTHOCTBbIO MomHoctH 1,7-10"
Br/cM’®  yBeNMUYEHHE CTENEHM TIOPUCTOCTH MAaTepPUAIOB MPUBOJIUT K
MHOTOKPAaTHOMY CHUXEHHIO 3((EKTUBHOCTH HCIIOJIb30BAHMUS BemlecTBa. J[is
Ooonmee  JETANbHOTO  M3YYEHHS]  MPUPOALI  BIMSHUA  CTPYKTYPHBIX
HEOJHOPOJHOCTE Ha CHEKTPhl JIa3epHOM IUIa3Mbl B HACTOsIIEH paboTe
IPOBEICHBl HCCIEAOBAHUS BIMAHHUS TOPUCTOCTH Marepuana oOpasloB Ha
abnsiiuio, QgopMmupoBaHuEe JazepHOro (¢akensa UM CHEKTPbl  H3IYUYEHUS.
VYcTaHOBIEHO BIMSHHME CTENEHM IOPUCTOCTH Marepuaia Ha abisauuio |
MHTCHCUBHOCTh CHEKTPAJbHBIX JIMHUA B CIEKTPaX SPO3MOHHOM IUIAa3MBl,
MOJIyYEHHOW TIpU JIA3€PHOM BO3JCHCTBUM Ha IIOPHUCTBIE MaTepuaibl B
PA3INYHBIX YCITOBHSX (hOKYCHPOBKH (HHTEpBAI ILIOTHOCTH MOIIHOCTH 2,5-10° —
1,7-10"" Br/em?).

JIs1 mosyyeHusl SKCINEePUMEHTANbHBIX JTaHHBIX HCIOJIb30BaH YaCTOTHBIN
nByxuMmnyiascHbll Nd:YAG nazep, nudpakuronssiii cnekrporpad JPC 458
(oOpatnas nuneitHas gucnepcus 0,6 HM/MM), ¢ OJOKOM perucTpanuu Ha 0Oase
[13C-nuneek. [lapameTpsl 1a3epHOro M3Iy4YEHUs MPU PETUCTPALMU CHEKTPOB:
JIMHA BOJHBI 1,06 MKM, JUIUTENBHOCTD M HEPTHS OJUHOYHOrO umiyibca 10 HC
u 0,04-0,05 JI>k, COOTBETCTBEHHO, BPEMEHHOW MHTEPBAI MEXKIY UMITyJIbcamMu 8
MKc, yactoTa 10 I'm. ITOTHOCTH MOIITHOCTH M3MEHSIACh OT 1,7-1011 Br/cm? pu
pe3koil (hOKyCHpOBKE J1a3epHOr0 HM3Iy4YEHHUS Ha IOBEPXHOCTh 0Opasla [0
2,5-10° Br/cM® mipu hOKyCHPOBKE BHYTPB 06pasIa.

JluameTp cBETOBOroO MsATHA Ha 00pa3ie u3MeHsics oT 50 MKM MpHU pe3Kon
doxycupoBke 10 500 Mkm npu pacdokycupoBke. s mepeaaund U3TydeHUS
Ja3epHOro Qakena B cHeKTporpad HCIOIb30BAICA BOJIOKOHHO-ONTUYECKUI
KBapueBbli  cBeToBOj (¢ aguamerpoM 600 MKM), pacroiIOKEHHBIH
NEPIEHIUKYJIIPHO OcH Ja3epHoro ¢akena. Kaxnaplil cektp GpopmupoBaics npu
Bo3elicTBrH 2() CIIBOCHHBIX UMITYJILCOB B OJIHY TOUKY MTOBEPXHOCTH 00OpasIia.
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JIiss  muccnenoBaHWN HMCTOJB30BAIMCH METANTMYECKAE TIPECCOBAHHBIC
MOPOIIIKKA C HW3BECTHBIM COCTAaBOM M OOpa3lbl TEXHUYECKOW KepaMHKHU (Ha
ocHoBe S10; ¢ npumecsamu Al, T1 —0,02-0,03 %) ¢ nopucroctsio 0, 30, 40 u 50

%, muamerpom mop 0, 20, 50 u 100 Mkm, coorBercTBeHHO. CpEmHSIs
OTHOCHUTEJIbHAS MOTPEIIHOCTh U3MEPEHUSI UHTEHCUBHOCTH JIMHUN 0K0JI0 6 %,

JInst CHWXKEHUS BIUSHUS TOPUCTOCTH MaTepuajia Ha HUHTEHCUBHOCTH
CHEKTPalbHBIX JUHUN BapbUPOBAIMCH YCJIOBHS Ja3epHOrO0 BO3JAEHCTBUSA HA
oOpa3el| ¢ MIOTHOCTHIO MOIITHOCTH JIa3€PHOI0 U3Ty4YeHUsl B MHTEpBaje 1,5 10° —
1,7 10" Br/cm®. C u3MeHEHHEM YCIIOBHIA JIa3ePHOTO BO3ACIHCTBHS: MIPH PE3KOI
(GOKYyCUPOBKE JIa3epHOTO HM3JIYYEHHS Ha IMOBEPXHOCTb, (POKYCHPOBKE BHYTPb
oOpasla, ocina0JeHHH  BO3JCUCTBYIOIIETO  HM3JIYYEHUS C  MOMOIIBIO
ceeropuiabTpa (mpomyckanue 60 %), yBeIHMUYEHUM BPEMEHHOTO WHTEpBaiIa
MEXIy OJMHOYHBIMH UMIyJbcaMH 10 16 MKC, CKaHMpOBaHUU 0Opasiia,
XapakTep 3aBUCHMOCTH WHTEHCHUBHOCTU CIEKTPAJIbHBIX JIMHUHA OCHOBBI-
KPEMHUS OT MOPUCTOCTU KEPAMUYECKUX O00PA3LOB MPAKTUUYECKH HE M3MEHSIICS,
T.e. BIMSHUE CTPYKTYPHBIX XapaKTepUCTUK MaTepuana Ha  CIHEKTPHI
COXPaHsJIOCh.

JIst mpOBEpKU BIIMSIHUSL Pa3MEPOB MOp Marepuajia Ha UHTEHCUBHOCTD
CHEKTPaJIbHBIX JIMHUM 3JE€MEHTOB ObUIM IMOJYUYEHbI MOKAaJApPOBbIE PA3BEPTKHU
MHTEHCUBHOCTU JIMHUWA B mpouecce (pOpMHUPOBAHUS JIYHKH IPHU JIA3€PHOM
BO3JICHCTBUM HA TOBEPXHOCTh KEPAMUYECKHX OOpa3loB, pa3InYyarolIuXcs
nuamerpom mop: 0, 20, 50, 100 mMxm. Ha puc. 1 mnokazaHo H3MEHEHHE
WHTEHCUBHOCTH JUHUM OCHOBBI — kpemHus Si [ 250,7 um (4,95 »B), Si III
2542 um (15,14 »B) B cnoekrpax, IIOJIYYEHHBIX IIPH BO3JACHCTBUM
c(OKYCHUpPOBAaHHOT'O JIa3€pHOTO M3JIy4eHHs Ha o0pasubl B Ipolecce
dbopMHUpOBaHUS JTYHKH, CBUIETEIBCTBYIOIIEE O BIUSHHH Pa3MEPOB IMOp Ha
WHTEHCUBHOCTh JUHUHU. (JlaHHBIe mMONMy4YeHB O€3 BHECEHHUS H3MECHECHHH B
CUCTEMY pErMCTpallMM 3a CUYeT YCTAHOBKM COOHparolmeld JHH3bl Mepes
cBeroBoioM). 13 puc. 1 caeayer, 4to B mporecce GOpMHUPOBAHUSA JTYHKU C
pPOCTOM HaMeTpa Mmop B 00pasiax, 0COOCHHO, KOTAa TUaMeTp MOp CTAHOBUTCS
COM3MEPUMBIM C JUAMETPOM CBETOBOIO IIATHA, B CHEKTpax HaOIrofaeTcs
Oojee pe3koe CHUKEHUWE WHTEHCUBHOCTH JHMHHMM KpeMHus (B 2-3 pasza).
OCc00€HHO ATO 3aMETHO HAa U3MEHEHUU MHTEHCUBHOCTHU CHEKTPAJIbHOW JTUMHUU
Si 254,2 um ¢ BbICOKOH 3Heprueil Bo3OyxzaeHus. Mcxoas U3 MOTyYEHHBIX
JAHHBIX, JIJIS aHAJU3a MOTYT OBITh PEKOMEH/I0BAHbBI TOJIBKO aTOMHBIC JIMHUH C
HEBBICOKOM dHeprueil BO30YXKIEHUS, HaUMEHEE IOJIBEPKEHHBIC BIIUSHHUIO
CTPYKTYpBI MaTepuaa, YTo MOATBEPKIAaeT Pe3yabTaThl paboThl /3 /.
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Puc. 1 smenenue narencuBHocty JuHuit Si 250,7 uMm (1), Si 254,2 um (2) B
CHEKTpax B mporiecce GOpMHUPOBAHUS TyHKHU MIPH BO3JACHCTBUN C(HOKYCHPOBAHHOTO
Ja3epHOTO M3TyYEHUS Ha KepaMHUIECKHE 00pa3Ilbl, pa3Iudaronuecs JuaMeTpoM
nop: 0 (a), 20 (6), 50 (8),100 Mkwm (T).

Ha puc. 2 mokasana 3aBUCUMOCTh MHTEHCHUBHOCTU JIMHUM OCHOBBHI Si |
251,6 uam, Si 1 250,7 um, Si 1 252,4 HM OT CTENEHH MOPHUCTOCTH 0Opa3IOB B
CHEKTpaxX, IOJYYEHHBIX IpU JBYX crHocodax (POKYCHPOBKH JIa3€pHOTO
U3Ty4YeHHUs: PE3KOM (POKYyCHpPOBKE Ha TMOBEPXHOCTh 00pas3noB (a) u
dboxycupoBke BHYTph 0Opasma (0). PUCYHOK 2 CBUACTENBLCTBYET O TOM, YTO
IIPU JIA3€PHOM BO3/ICHCTBUU HA MOPUCTYIO KEPAMUKY B MHTEpBAJIE MIOTHOCTU
momuocTH 2,5-10°—1,7-10" Br/cm” Hammume MOPUCTOCTH CITIOCOOCTBYET POCTY
WHTEHCUBHOCTU JIMHUWA OCHOBBI-KpEMHUS. VIHTEHCHUBHOCTh  yKa3aHHBIX
CHEKTPAJIbHBIX JIMHUM KPEMHHS C pOCTOM cTeneHu nopuctoctu ot 0 mo 50 %
NOBBIIIAETCA B cpenHeM B 1,5- 2 pasza mpu AByXx cmnoco6ax (hOKyCHPOBKH.
JlaHHbIe TOMY4YEHBI MPU BHECEHWUM W3MEHEHUH B CHCTEMY pErucTpaluu 3a
CUET UCIOJIb30BaHUS JOMOJIHUTEIbHON coOMparouieit JIMH3bI, pacroI0KeHHON
nepes CBETOBOJOM (IIpU 3TOM H3IyYEHHUE OT Pa3HbIX 30H Ja3epHOro Qaxena
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UHTErpupyercs). B cnekTpax metamimueckux o0pasioB ¢ MOPUCTOCTHIO OT 20
n0 42 % 3aBUCUMOCTA HWHTEHCUBHOCTH JIMHUW OT CTENEHH MOPUCTOCTU
BBIPAJKEHBI clladee.
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Puc. 2 3aBucumocTts nHTEeHCHBHOCTH TUHUM Si1 251,6 M, S11250,7 am, Si 1
252,4 HM OCHOBBI-KPEMHHSI OT CTENIEHU OPUCTOCTH B 00pa3Lax KepaMuUKH,
NOJIyYeHHAs! PU PE3KON (POKYCHPOBKE J1a3€pHOT0 U3ITyUYEHHUS HA MOBEPXHOCTh
(a) 1 hokycupoBke BHyTph oOpa3siia (0).

VYCTaHOBIEHO, YTO MpPH BO3JAEHCTBUHM C(POKYCHPOBAHHOTO Ja3€pPHOIO
1
M3JTy4eHHs! CJBOCHHBIX MMITYJIbCOB C INIOTHOCTBIO MOIIHOCTH 2,5-10°- 1,7-10

Br/cm” Ha oOpaslbl KepaMuku ¢ nmopucToctbio ot 0 10 50 % MHTEHCUBHOCTH
CIIEKTPAJIbHBIX JTUHUN OCHOBBI-KPEMHHMS Bo3pactaer B 1,5-2 pa3a B cnekTpax
U3ITyYeHHUs] OPO3MOHHBIX  (PakenoB 3a CYET yBEIMYCHHS  yACIbHON
MOBEPXHOCTH Marepuaina. Pe3ynbrartbl mpenacTaBisioT coOOH OCHOBY ISt
CIIEKTPOCKOIIMYECKOT0  METOJa  ONPEACNICHUS  CTENEHU  [OPUCTOCTHU
MaTepuaoB.
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Abstract. In this work we reported the effects of femtosecond laser on the morphology and
structure of WTi thin film (thickness of ~190 nm) deposited on single crystal Si(100) wafer.
Irradiation was performed in air by linearly polarized and focused femtosecond laser beam.
The main characteristics of used laser system: pulse duration 40 fs, pulse repetition rate
1 kHz, wavelength 800 nm. The sample surface was irradiated using maximum energy of 7 pJ
per pulse. The results demonstrate the possibility of laser induced periodical surface structures
(LIPSS) formation on the thin film surface and on the Si substrate.

Introduction

The interaction of femtosecond, as ultra-fast/short, laser pulses with solid
materials is a wide area of research for more than a decade because of a lot of
potential in different applications /1/. Femtosecond laser pulses offer the
possibility of high localization and extremely high heating rates in the
illuminated area of the processed material /2/. By proper selection of the laser
parameters, it is possible to produce preferred modifications of the deposited
thin film surface and/or the substrate. Among others, lasers induced periodical
surface structures (LIPSS), produced by multi-pulse fs laser irradiation, are
useful for application in microelectronic and nanotechnology. Tungsten-titanium
(WTi1) thin film, has a wide usage in industry and technology, mainly in
applications where high melting temperature, good thermo chemical stability,
low electrical resistivity, high hardness and oxidation resistance are required. In
this work we demonstrate the possibility of fs LIPSS formation on the WTi and
on the Si substrate, as well as bump arrays (BA) on the Si substrate.

Experimental

Tungsten—titanium thin film was deposited on silicon a substrate by d.c.
sputtering of a W/T1 (90/10 wt%) target with argon ions. As the substrate a n-
type silicon (100) wafer (0.5 mm thick) was used. The deposition process was
carried out in a Balzers Sputtron II vacuum system. The more details about the
substrate preparation and the thin film deposition can be found in our previous
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publication /3/. The WTi thin films were deposited to a thickness of ~190 nm,
measured by a profilometer.

Irradiation of the sample was done with laser source (FEMTOPOWERTM
Inc. COMPACTTM PRO) employed a multipass amplified Ti:Sapphite laser at
A =800 nm wavelength. The pulse duration, and the pulse repetition rate were
40 fs and 1 KHz, respectively. The linearly polarized laser beam was focused
with a quartz lens on the sample mounted to a computer driven translator with
high precision in x,y and z directions. The surface of the sample was highly
reflective for the used wavelengths. Because of that, the incidence angle of the
laser beam was a few degrees different from the normal angle to the surface.
Irradiations were carried out in air, at atmospheric pressure, and standard
humidity. The laser beam waist at the lens focus was about 30 um. The minimal
and maximal pulse energy (E) per pulse used in the experiment were 0.8 nJ and
7 wJ, respectively. The corresponding laser fluence was calculated from applied
pulse energy and beam radius /4/.

First inspection of femtosecond lasers induced morphology was done by
optical microscopy. Composition and crystal phases of as deposited WTi thin
film were identified by X-ray diffractometry. Surface morphology was
monitored by optical and scanning electron microscopy. Scanning electron
microscopy was connected to an energy dispersive analyzer (EDX) for
determining surface composition of the targets.

Results and discussion

In case of applying to the sample surface number of laser pulses smaller
than 100, in case of all used pulse energies, we have not registered any
modification. Also, at the same location, action of 1000 pulses with energy less
than 2 wJ, was not given any optically registered changes. Irradiation with 1000
pulses and energy equal and higher than that value, at the modification sites
surface modifications were registered (Fig.1). In case of 2 uJ pulse energy, only
color/brightness change was observed. Higher pulse energy caused
morphological changes and thin film exfoliation in the central part of irradiated
zone. At pulse energy greater than 2.8 pJ, morphological changes were appeared
on the WTi thin film and on the Si substrate (Fig.1.a2-a4). SEM analysis
discovered two different species of morphological changes: laser induced
periodical surface structures (LIPSS) and bump arrays (BA). For strong
absorbing materials such as metals or semiconductors in most cases, LIPSS are
observed with a period A close to or somewhat smaller than the irradiation
wavelength A and an orientation perpendicular to the laser beam polarization. In
our experiment A ~700nm and orientation was perpendicular to the
polarization. It is generally accepted /1,4/ that these LIPSS are cause by
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interference of the incident laser beam with a surface electromagnetic wave
generated at the surface which might include the excitation of surface plasmon
polaritons. BA are formed in the central area on the Si substrate at 4 uJ and

higher pulse energy.
Figure 1. SEM micrographs of the WTi/Si after radiation with 1000 pul. Energy:

(al)

2.8 W, (a2) 4 wl, (a3) 5w and (a4) 7 pJ.

Except morphological examination, EDX analysis were done (Table 1).

Table 1. EDX compositional analysis of WTi/Si sample from three positions, non-irradiated
area, from LIPSS and from BA in the crater (pulse energy 5 puJ)

O Si Ti W Total
Non-irradiated area 1.02 30.47 7.57 60.94 100.00
LIPSS area 0.86 53.02 5.60 40.52 100.00
BA area 0.94 96.23 0.23 2.60 100.00

Processing option: All elements analysed (Normalised), all results in weight%.




Apart from irradiation of the sample surface at the same area with 1000
pulses, we performed surface irradiation using scanning mode, with laser beam
linear movement (Fig, 2). Pulse energy was kept constant the same as in the
previous irradiation and laser beam was moved with constant velocity of
0.5 mm/s. LIPSS were formed at the thin WTi film on the edge of scanning path.
The period A was similar to previously observed.

@) ()

Figure 2. SEM micrographs of WTi/Si after irradiation in scanning and in static mode: (al
and a2) [ —VI lines (0.5 mm/s) and spots (1000 pulses) are produced with energies of 7, 6, 5,
4, 3 and 2.8 pJ, respectively. (b) Magnified part of the sample surface after action of 7uJ.

Conclusion

In this work we reported effects of 1000 ultra short laser pulses (40 fs) on
the WT1/Si system. Thin WTi film, deposited on Si, was irradiated in air by
linearly polarized and focused laser beam. The sample surface was modified
with pulse energy from 2 to 7 puJ. The result demonstrate possibility of laser
induced periodical structures formation on the thin film surface and on the Si
substrate. Patterns in shape of bump arrays were formed on the Si substrate. In
the experiment registered LIPSS period was close to the irradiation wavelength
and orientation was perpendicular to the laser beam polarization. We also
performed surface irradiation with laser beam linear movement with constant
velocity of 0.5 mm/s. In this case LIPSS were also registered.
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Ho, AND Hg PROFILES IN TOTAL EMISSION SPECTRA OF LASER-
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Introduction. The H, and Hg hydrogen Balmer lines are commonly used
for plasma diagnostics in many applications including chemical elemental
analysis by optical emission spectroscopy with the sample excitation by laser
radiation. For example, the determination of electron number density N, from
the profile of hydrogen Balmer line Hg (486.133 nm) is a well-established and
widely used plasma diagnostic technique. In the range 10'°-10"" m™ the electron
density can be determined from Hjg line profile with 4-7% accuracy. Obviously,
local measurements are necessary, which are very complicated, because of the
laser plasma high inhomogeneity and instability. For such plasmas, total
emission spectra (integrated along a line of sight during exposition time) can be
used to compare them with the spectra pre-calculated for a due set of
distributions of the plasma parameters using a numerical model.

In this paper, the numerical modeling of H, and Hp profiles in the laser
plasma emission spectra has been performed for space/time behavior of the
plasma expressed in a parametrical form. The plasma properties correspond to
the hydrogen-containing laser erosion plasma in excitation conditions typical for
analytical applications. Modeled profiles of the lines in the plasma total
emission spectra have been fitted to the measured ones by means of changes of
the plasma parameters in the model entrance data. The fitting allows performing
the plasma local diagnostics, particularly obtaining additional information on the
plasma self-absorption in the lines considered and on the following changes in
the line profiles and intensity.

Experiment. The laser beam of Q-switched Nd YAG laser (pulse energy
and duration 50 mJ and 12 ns, respectively) is focused on a solid sample surface
covered with water. Power density is 5 GW/cm® approximately. The conditions
of an excitation are close to ones which are typical ones for the laser assisted
nanoparticle forming. The observation axis is parallel to sample surface
(copper). Two different spectral ranges are used - 400-550 nm (Hg and neutral
copper lines) and 550-700 nm (H,, line). The grating PC-controlled spectrometer
S150 has a spectral resolution of 0.12 nm. Laser repetition frequency is 10 Hz.
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The spectra are averaged on 20 laser pulses. The sketch of the experimental
setup is shown on Fig. 1

2 6 7
1l |

4

Fig. 1. Experimental setup. 1 — solid sample covered with water, 2 — laser-
induced plasma, 3 — laser beam, 4 — condenser, 5 — light fiber, 6 — spectrometer,
7-PC

Modeling. The laser plasma is assumed as having symmetrical monotonous
temperature profile with one maximum along the observation direction. This
temperature profile approximates ones of the laser plasma with good accuracy
and can be easily parameterized. Halfwidths of local and integrated H, and Hg
line profiles were obtained by computer simulation and numerical solution of
radiation transfer equation respectively. Plasma composition is calculated in
assumption that the mixture of hydrogen and oxygen corresponding to thermally
decomposed water is under atmospheric pressure and states in local
thermodynamic equilibrium. The ratio calculated allows introducing an
inhomogeneity correction to the procedure of electron concentration determining
by the lines halfwidth. The calculation was performed for wide range of
maximal plasma temperature and inhomogeneity parameter values. The
broadening data for the hydrogen lines were taken from /1, 2/. The radiation
transition model 1s described elsewhere /3, 4/.

Results and discussion. Inhomogeneity and emission self-absorption
distort the measurement data. Generally, an optically “thick” line is broader than
an optically “thin” line. Also, emission spectral lines of inhomogeneous plasma
are narrower than ones of homogeneous plasma. In a simple case of
homogeneous plasma and Lorentz profile one could get an analytical expression
which connects line halfwidth and plasma optical thickness /5/.

However, in a case of inhomogeneous laser — induced plasma and
complicated line profile of hydrogen line the analytical expression could not be
obtained and the dependence can be calculated using a numerical model only.
The numerical model we developed allows accounting for the distortions and to
measure the values more correctly. Fig. 2. shows an experimental profile of Hg
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line and its fitting by calculated one. While the recorded profile is slightly
asymmetrical one, the spectra coincidence is satisfactory.

L I 1/ P P

0,5 ;

480 483 486 489 A, nm

Fig. 2 — Profile of Hg line— experiment (dots) and fit (solid)

Using the numerical model the dependence of hydrogen lines reduced
halfwidths on plasma inhomogeneity and optical thickness can be obtained.
Actually, optical thickness t affects a relative broadening of a line. Hence it is
logical to consider a dependence of halfwidth AA reduced to its optically “thin”
value AL,. The dependence for Hg is shown on Fig. 3.

5 rAAAN

Fig. 3. — Dependence of reduced halfwidth of Hg on plasma optical
thickness for different inhomogeneity rates. Dots — theoretical approximation
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The dependence 1is corresponding to parabolic temperature profile
T(Y)=To[1+(Y/yo) “]", where T, — maximal temperature on a line of sight, 2y, —
effective plasma size, parameter o describes an inhomogeneity rate (a—oo
corresponding to homogeneous plasma).

The profile i1s common for the laser plasma stages when neutral lines have a
maximum of emissivity. From the Fig. 3 one can see that the inhomogeneity
distorts line halfwidth greatly, while a calculation corresponds to homogeneous
plasma tends to analytical approximation /5/. To perform a measurement one
must determine a plasma optical thickness and evaluate a plasma inhmogeneity.
The program we developed could fit a recorded profile by altering plasma
optical thickness and inhomogeneity rate, allowing measurement of both values.
Combining of data from both lines could greatly improve the fitting due to
significant difference of optical thickness of H, u Hp lines.

Conclusion. At present paper the dependence of halfwidth of H, u Hy lines
in emission spectra of laser-induced plasma in water on optical thickness of the
plasma. The correction factors accounting for plasma inhomogeneity are
calculated. The factors allow getting a halfwidth of the hydrogen lines as if it
would be in emission of optically “thin” plasma for diagnostics purposes.
Investigation results could be used for a spectroscopic control and diagnostics of
laser induced plasma in nanoparticle synthesis processes.
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Abstract. The description of the program complex for the analysis of metal al-
loys on their laser-induced spectra is submitted.

JlazepHo-uHIyLIUpOBaHHAsT 3MUCCHOHHAs crnekTpockonus (JIMOC, wunu
LIBS — Laser-Induced Breakdown Spectroscopy) noiydaeT Bce 6oJiee IIMPOKOe
IpUMEHEHUE TIPU aHAJIM3€ AJIEMEHTHOro cocTaBa BemiecTB /1-3/. Bo3Oyxnenue
SMHUCCHOHHOT'O CHEKTpa MCCIEAYEMOT0 BEIIECTBA B 3TOM CiIydae OCYIIECTBIIS-
€TCs 3a CUeT BO3JCHCTBUA Ha 00pa3el KOPOTKOro OCTPOCHOKYCUPOBAHHOIO Ja-
3€pHOT0 HMITyJIbCa, OJlarojapss KOTOpOMY O0pa3yercs 3pO3HOHHas Jia3epHas
I1a3Ma ¢ COCTaBOM, KakK IMpeIoiaraeTcs, aHaJJOTHYHBIM COCTaBy oOpasia (cre-
XUOMETpUYecKas adsuus).

AHanmu3 M3IIy4YeHHS TUTa3Mbl IMyTeM HIACHTU(GUKAIIMN CICKTPAIBHBIX JIH-
HUH C JIMHUSMH W3 TIPEIBAPUTEITHLHO CO3JaHHBIX 0a3 CIEKTPaTbHBIX JIMHAA XU-
MUYECKUX 3JIEMEHTOB MO3BOJISIET ONPEEIUTh JIEMEHTHBIN cOocTaB 00pasiia.

JlaHHbIE 1O CMEKTPAJIbHBIM JIMHUSM M TEM WIM UHBIM UX XapaKTePUCTHU-
KaM MOTYT OBITh HalJIeHbl, Hanlpumep, B /4,5/. OHaKko TaM OHH MPECTaBICHBI B
BU/JIE, HE OYEHB TTOJIXO/IAIIEM JUIsl HCTIOJIB30BAHMS B KOMITBIOTEPHBIX KOJIaX.

B 9T0i1 cBSI3M HaMKM CKOMMIMJIMPOBAHBI TPU 0a3bl CIIEKTPATBHBIX JTUHUN B
nuanazone 200 - 800 um: STRONG, PERSIST, KURUCZ. [1na ux co3aaHus
MIPUBJICKATNCH BCE JOCTYIHBIE TUTEPATYPHBbIE UCTOYHUKHU U pecypchl Intrnet.

0). baza STRONG — «cunvuvix» nunut (2561 nuHUS)— OCHOBaHA HA HC-
toynukax NIST CIIA. B Hel npeactaBiieHbl JJIMHBI BOJIH JIMHUM, PUHAIIEK-
HOCTHh TOMY WJIM UHOMY 3JIEMEHTY (MOHY) U UX HHTEHCUBHOCTD.

0). baza PERSIST — 6a3a «uyecmeumenvuvix» aunuti (520 nuuuii). [lpu
aHaJIM3€ CHEKTPOB 0OPA3IOB CI0KHOIO COCTaBa OOBIYHO HAOIIOJAETCs HEOOb-
10€ KOJWYECTBO WHTCHCUBHBIX JIMHUU AJIEMEHTOB JaKe€ IMPU OTHOCHUTEIHHO
HU3KUX KOHIICHTPALUAX UX B oOpaslie. DTU JUHUU NPUHITO HA3BIBATH «UYBCT-
BUTEIIbHBIMKY (persistent lines). X0Ts HaaW4ue TOTO WJIM MHOTO YHCIIA «9IYyBCT-
BUTEJIBHBIX» JTUHUN 3aBUCUT OT OCOOCHHOCTEW IKCIIEPUMEHTA, MOXKET OBITh OI-
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penesneHa HeOoJIbIas Tpymma TaKUuX JUHUM, HAOII0/1aeMbIX B ITUPOKOM JHUaria-
30HE€ SKCIIEPUMEHTAJIbHBIX YCJIOBUH.

B uucno naumbosiee CUIBHBIX YYyBCTBUTEIBHBIX JIMHHUM, KakK MpPaBUIIO,
BKJIIOYAIOT OJIHY WM HECKOJBKO PE30HAHCHBIX JIMHUN KaXKJIOro D3JIEMEHTA.
BonpmmHcTBO X MMeeT AuHy BoaHBI <200 HM. B Takux ciayyasx Hamu 100aB-
JieH B 0a3y psiJl CUIbHBIX JIMHUM ¢ OOJIBIIMMU JUTMHAMH BOJIH.

baza «uyBcTtBUTENbHBIX» JUHUU PERSIST coaepXuT HaHHBIE MO MpU-
HAJJIEKHOCTH CHEKTPAJIbHOW JIMHUM K 3JIEMEHTY (MOHY), IJIMHY BOJHBI, HHTEH-
CHBHOCTB, BeposiTHOCTh mepexozna (10°° ¢ , suepruu (cM™') 1 mosHBIE MOMEH-
Thl HUYKHETO ¥ BEPXHETO YPOBHEH Il HEUTpaAIOB U mepBbIX HOHOB Mg, Al, Sc,
Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Se, Zn, Zr, Nb, Mo, Ag, Cd, In, Sn, Cs, W, Os, Ir,
Pt, Au, Pb, Bi, Si.

8). baza KURUCZ, ckomnunupoBaHHasi HA OCHOBE JaHHBIX /5/, COAEPKUT
80783 nuaum B auamna3one JuMH BoaH 200 — 800 um snementoB H, Be, B, C, N,
O, F, Na, Mg, Al, S1,P, S, Cl, K, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Zr,
Nb, Mo, Ag, Cd, Sn, W, Au, Hg, Pb, Bi 1 ux nepBbIX HOHOB.

Kpome wunbopmarnmm o NpUHAUICKHOCTH K 3JIEMEHTY(MOHY), UITMHAX
BOJIH JINHUM, UHTEHCUBHOCTAX, B 3Ty 0a3y BKIIIOUEHBI JorapudMbl Ipou3BeIe-
HUS CWIbl OCHWJIJIATOpPAa Ha CTATBEC HIXKHETO YPOBHS, SHEPTUU HUKHEIO U
BEPXHEr0 YPOBHEU, X KOH(PUTYpALIUH, TEPMbI U 3HAYEHUS IMOJTHOI'O MOMEHTA.

[TonHOTa ¥ TOYHOCTH MPEACTABICHHBIX B 0a3axX BEJIWYUH SIBISETCS KpH-
TAUYHOW TMPU UCIOJH30BAHUU HMX B CHEKTpajibHOM aHanu3e. K coxxaneHuio, B
OOJILIIMHCTBE CIy4acB OHM HE OYEHb BBICOKHU, a MHOT/Ia Takas UHQpopmMaIus Bo-
Bce OTCyTCTBYeT. [loaTOMYy 0a3bl CiEeKTpadbHbIX JUHUNM HE SIBISIOTCS OKOHYa-
TEJTBLHBIMU U MOCTOSIHHO MEPECMaTPUBAIOTCS U JOTOJTHSIIOTCS.

CrpykTypa nporpaMmbl MOHMCKa CHEKTPAJIbHBIX JIMHUM 3JEMEHTOB M HMX
UACHTU(UKALIMKY TIPEJICTABIAET COO0O0M MOCIEAOBATEIbHOCTh CIEAYIOIIMX OIe-
panuii:

1. YUrenue (aiisia MCXOIHBIX TAHHBIX U3MEPECHHM.

2. HopMupoBKa CIIEKTpa, COCTOAIAs U3 ATAIOB:

a) onpeneneHrne aOCOMOTHOIO MUHUMYMa CIIEKTPa U CABUT BCETO CIEKTpa Ha
BEJIMYMHY a0COJIIOTHOIO MUHUMYMA;

0) onpeneneHne abCOTIOTHOTO MAaKCHMYyMa CIIEKTpa U HOPMHUPOBKA CTIIEKTpa Ha
MaKCUMyM UHTEHCUBHOCTH.

3. Ilouck J0KaabHBIX MAKCUMYMOB U UX CPABHEHHUE CO CIEKTPAIbHBIMU JTUHUSI-
MU U3 WM UHOM 0a3bl CHEKTPAJbHBIX JIMHUM, MOMAJAONINX B JUHAMUYECKUM
JMara3oH MoucKa

JlokanpHbIE MAKCUMYMBbI MOXHO OIPEAEINTh, CPABHUBASI HHTEHCUBHOCTH
B YETHIpEX TOUKax (ClIeBa B TOYKAX C HOMEpPOM oTcuera 1-2, 1 -1 u cmpaBa B
Toukax i+1, 1 +2) ¥ BBOAS KOJUYECTBEHHYIO XapaKTEPUCTUKY «KOHTPACTHOCTHY
MaKCHUMYyMa, ONpeeIsieMyl0 KaK BeJIMYMHA NaJeHUs] HHTEHCUBHOCTH (OTHECEH-
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Has K BEJIMYMHE MHTEHCUBHOCTH B aHAJIU3UPYEMOW TOYKE) Ha JBYX CIEKTPalb-
HBIX MHTEpBaJiaX CIIpaBa M cieBa. AHaIu3 MoKazaj, 4YTo Iiesecoo0pa3Ho 3aja-
BAaThb YPOBEHb KOHTPACTHOCTHU ~ 2 — 5% OT JIoOKanpHOro Makcumyma. Ecnu mu-
HUMAJIbHOE 3Ha4Y€HHUE (U3 BEJIWYUHBI MaJCHUS CIpaBa U CJieBa MO JIBYM CIEK-
TpaJIbHBIM MHTEpPBaJIaM) MPEBBIIIAET 3TO 3HAYEHHUE, C JIOCTATOUYHON BEPOSTHO-
CTHIO JIAHHBIA JIOKAJbHBI MaKCUMyM MOXXHO HMHTEpIIPETUPOBATH KaK CIIEK-
TPaAJIbHYIO JTUHUIO.

OnumiemM KpaTko CO3/IaHHBIN HAMH BBIYUCIUTEIBHBIA KOMIUIEKC i oOpa-
OOTKH SKCTIEPUMEHTAIIbHBIX CTIEKTPOB.

W spectrum1. dat
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Read Source Spectrum File — unuraem ¢aiin comepkamuii 3KcCriepuMeH-
TaJBbHYIO CIIEKTpajbHyl0 MHpopMaruio. [lanee BriOupaem 6a3y CHEKTpaIbHBIX
JUHUN, 3a7aeM TPaHUIbl aHAJIU3UPYEMOro YyyacTka crekTpa lambda min,
lambda max, munumanbHOe 3HadueHue lg gf, cnekTpanbHOoe paspemienue delta
lambda, o6pe3ky dona eps fon, «koHTpacT» Makcumyma h box, BBICOTY Mak-
cumyma Haj ¢poHoM eps_fonmax u kputepuid 006pabOTKU «IIePECBEYECHHBIX) JIH-
HUW U TUHUM, UCKaKEHHBIX ) PexToM camornoriomenus h fonmax.

B /6/ ncnonb3oBan Apyroii alropuTt™M UISHTU(DHUKAIIMN CTIEKTPOB, OCHOBAH-
HBI HAa METOJMKE pacro3HaBaHus TeKcToB. OJIHAKO B JIIOOOM cilydae, IpU Uc-
IOJIb30BaHUU JIIOOOTrO alroputMma, npodjema KadecTBa CIEKTPOCKOMMYECKOI
UH(pOpMAaIIMU OCTAETCA, KAK MBI YK€ OTMEYaJH, pelatonen.

Pabota kozia TecTupoBajiach Ha HKCIIEPUMEHTAIBHOM CIEKTPE (Iuana3oH
nuH BoH 200 — 800 mHanomeTpoB, cniekTpaibHoe paspenieHue ~ 0.01 Hm) 06-
pasiia C U3BECTHBIM COCTABOM:

Al Zn Mg Si Fe Ti Cu Mn Cr Ni
98.8 1024 [0.012 [0.049 [ 0.095 |0.14 |8E-4 | 0.6 0.008 | 0.008

C HEKOTOpBIMU OIpPEACICHHBIMU KPUTEPUAMHU OOpe3Ku 1Mo (OHY M KOH-
TpacTy B CIEKTpEe HaWIEHO MOpsiiKa COTHU MaKCUMyMOB. [Ipu cpaBHeHHH HX C
nunusmu  6a3pl PERSIST ynaercst yCTaHOBUTH, YTO B 00pasile MPUCYTCTBYIOT
ATIOMUHUHN, MapraHell, IMHK, TUTaH U 5Kelie30.

B 3akmtouenue Boipakaem OmaromapHocth E.Tognoni (Applied Laser
Spectroscopy Laboratory, Institute for Chemical-Physical Processes Research
Area of National Research Council, Pisa, Italy) 3a npencraBieHHble 3Kcriepu-
MEHTAJIbHBIC TAaHHBIC.
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MOIEJHUPOBAHUE BJIAUAHUSA ITPODPUJIA CBEPX3BYKOBOI'O
COILIA ILTIABMOTPOHA HA XAPAKTEPUCTUKU UCTEKAIOIIENA
IIJIA3MBbI

FO.A. CrankeBuy, B.B. Uynpacos, M.C. TpeTbsik

Hucturyt Temno- u maccooomena HAH benapycwu, yn. bposku 15, 220072 Munck, benapycs,
usa@hmti.ac.by

Abstract. For different configurations of Laval nozzle results of numerical
simulation of air plasma flows are presented.

HccnenoBanus pa3pylieHHs] TEIJIO3AUIUTHBIX MaTepUajoB JUJIsl paKeTHO-
KOCMUYECKOM TEXHMKH OOBIYHO MPOBOJATCSA C MOMOUIBIO BBICOKOTEMIEpATYp-
HBIX CTPYH MIa3MoTpoHOB /1/. CKOpOCTh pa3pylieHus o0pa3ioB Ipu MpoBeje-
HUW TaKUX UCIBITAHUN 3aBUCUT HE TOJIBKO OT BEJIMYUHBI CyMMAapHOI'O TEIIOBO-
ro MOTOKa, HO U OT PacIpeAeeHus ra30JMHAMUYECKHUX ITAPAMETPOB MO PagnyCcy
cTpyu. [Ins mostyyeHus CBEPX3BYKOBOIO pEKHMMa HCTEUYEHUS IJIa3Mbl ILIA3MO-
TPOHA OOBIYHO MCIOJIB3YETCS OCECMMMETpUYHAsi Hacajka MEePEeMEHHOro ceye-
Hus (coruto JlaBamns). OCHOBHBIM TpeOOBaHMEM TPH MPOBEICHUU IKCIIEPUMEH-
TaJbHBIX WCCJIENOBAHUM BO3AECHCTBUSA BBICOKOTEMIEPATYPHBIX CBEPX3BYKOBBIX
CTpyH I1a3mMbl Ha 00pa3lbl SABISETCS PAaBHOMEPHOCTh pacIpe/ieieHHs ra30/1u-
HAMUYECKUX [TapaMeTPOB MO BBIXOJHOMY CEYEHMIO cOIuIa. B HacTosmiei padote
OPUBEACHBI PE3YJBTATHl YHUCIEHHOIO MOJEIUPOBAHUS TEYEHHs BO3AYLIHOM
IIa3Mbl B CBEPX3BYKOBOM COIUIE Pa3iMYHON KOH(UTYpaluH, KOTOpbIE MPOBO-
JTuInch ¢ noMolnbio koMiuiekca FLUENT mo moaenu TeueHus BI3KOT'O TEILUIO-
IPOBOJHOrO Ta3a. Pacuerbl 3aBUCMMOCTEH MapaMeTpoB BO3AYIIHOW IUIa3MBl,
HEOOXOAMMBIX JII YHUCIEHHOTO MOJEIMPOBAHUS MPOBEACHBI B MPUOIMKEHUH
TEPMOJIMHAMHYECKOTO0 PaBHOBECHS C MCIob30BaHueM nporpammbl CEAgui /2/.
[TonydeHHbIE JaHHBIE COMOCTABISIUCH C U3BECTHBIM JIUTEPATyPHBIM MCTOYHU-
KOM /3/ ¥ B YMCIIEHHBIX pacdeTax HMCIOJIb30BaJIach aIlpPOKCUMAIUs MOJIyYeH-
HBIX TaOJUYHBIX 3aBUCUMOCTEHN TpeOyeMbIX MapaMeTpoB B JHana3oHe TeMIepa-
Typ 300 — 9000 K.

PacueTsl MpoBOMINCH IS COMEIT PA3IMYHOIO ceueHus. Paanyc BXoaIHOTO
cedyeHus cormia 13 MM, paguyc Kputuueckoro ceuenus 7.5 Mm. I'eomerpus ce-
YEeHUs COIeN pa3IuyHOd KOH(UTypaluyu npuBeAeHa Ha pucyHke 1. Bapeuposa-
Jach pacIIMPSAIOIIAsAcsS BbIXOAHAas 00JAcTh COIUIA: MNPO(UIMPOBAHHOE C H3JIO-
MaMH ¥ UWJIWHJIPUYECKOW KPUTUUYECKOM vacThio (1); criaxeHHoe 0€3 IUIUH/I-
PUYECKON YacTU B KPUTHUECKOM 00nacTH (2) 1 KOHUYECKUE COIUIA C Pa3IMYHBIM
YIJIOM pacTBOpa M pa3IMuYHbIMU pajinycaMu Ha Bbixoze oT 9 1o 15 mwm (3-6).

[TapameTpsl T1a3Mbl Ha BXOJI€ B COIUIO 33J]aBaJIUCh B COOTBETCTBHUH C IKC-
nepumeHTamu /4/. CpegHemaccoBasi TeMIiepaTypa Ijia3Mbl Ha BXOJI€ B COILIO
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6000 K, naBnenue 9 atM, yTo npu pacxojie Bo3ayxa paBHoM 90 r/c u MomHoOCTH
mnasMoTpona 1.5 MBT cootBerctByeT 67% kna miasmMorpona. Ha Beixone u3
coruia 3agaBajioch maBiaeHue 1 atM. CTEHKH comjia U3 Meau TOJIIHHOM 5 MM H
BHewHel Temneparypoi cteHku 300 K, uto B akcnepuMmeHTax o0ecrneynBagoch
CUCTEMOM BOJISHOTO OXJIAXACHUS IJIA3MOTPOHA U HACAJIKU.

6

13 MM

7.5 MM

19 Mm

Pucynok 1. [lonepeunslie ceuenns comnen

Ha pucynke 2 moka3aHo pacrpeneneHue uynciia Maxa 1o Ce4eHuro coruia
st konurypaiuu (1) u (2). IlpuBenensl U30IMHUM B JuanazoHe uyucesn Maxa
1- 2.2 ¢ marom AM =0.02. Pacnipenenenus: mpuBeACHBI JJIs1 TOTYIUIOCKOCTH C
Y4ETOM OCEBOM cHUMMETpUHM 3amayd. OTMETHM CYLIECTBEHHYIO POJIb KOCBIX
CKAayKOB, BO3HHUKAIOIIMX Ha wu3ioMax npoduis B ciydae (1) m Hamumuuem
IpsIMOTO CKauKa Ha OCH coruia. M3 mMpUBENEHHOrO pacrpeiesieHus BUIHO, YTO
HET HEOOXOJIMMOCTM B UMIMHIPUYECKOW KPUTHUUECKOW 4YacTH COIUIa, IS
KOTOPO#l XapakTEpHO 3BYKOBOE TEUYEHHUs C MOCTOSIHHBIM uucioil Maxa ~ 1.
CrinaxxeHHpld TPOGWIH BBIXOAHOM YacTU cOIla OOECIeYMBaeT IOCTATOYHO
OJIHOPOZHOE PaCIpPEIeICHUE CKOPOCTH IOTOKA 110 CEUYCHMUIO.

[TockonmbKy  HW3TOTOBJIICHHE COTMENT  CJIOKHOH  (OPMBI  JTOCTATOYHO
3aTPyIHEHO, OBLIM IPOBEACHBI PACUEThl CONENI C KOHUYECKON BBIXOJHOM
4acThi0. BappupoBasioch BBIXOJIHOE c€UeHUE coruia oT 9 mo 15 mm. Ilpu mimne
BBIXOJHOM 4acTu coria 19 MM yriel pacTBopa CBEpXKPUTHUYECKON YacTH COIIa
u3MeHsuich ot 4.5 (Bapuant 3) go 21.5 rpamyca (Bapuant 6). Ha pucynke 3
MIPUBEIECHBI pACTIPEICICHH TEMIIEpaTyphl (a) U ITUHAMHYECKOro AaBieHus (0)
JUISL CTJIZKEHHOTO COIUIa M COMNeN ¢ KOHUYECKOM BBIXOJHOM uacThio (3-6).
Bunno, uro mpocras koHuueckas (opma BBIXOJAHOW 4acTH coria (C yriom
pactBopa A0 13 rpagycoB) oOecnieurBacT paBHOMEPHOE pachpeeieHue
TEMIIEPATYPbl U AMHAMUYECKOTO JAaBJIEHUS Ha BBIXOJE U3 comia. OTMETHM, YTO
cruaxeHHass (opma BBIXOJHOW YacTH coIlia (BapwaHT 2) XapaKTepusyercs
HEPAaBHOMEPHBIM PAaCIpPEEICHUEM TUHAMUYECKOIO JABJICHHUS C MAaKCUMYMOM B
nepudepuitHoi 00J1acTH 10 PaTuyCy.
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Pucynok 2. Pacnipenenenue nzonunuii uncia Maxa B corie ¢ uzinomamu (1) u
CriIaKeHHOTo TIpodus (2).
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Pucynok 3. PagnanbsHoe pacnpeneneHne teMneparypsl 1 JUHAMAYECKOTO
JTABJICHUS HA BBIXOE U3 COMEI Pa3IuyHON KOH(PUTYypaLiH.
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KOMILJIEKCHAS IMATHOCTUKA JUHAMUMKH JIABEPHOM
IIJIA3MBbI

Bacunwes C. B., UBanos A. 1O., Hegonyros B. H.

I'ponHeHCKHI rOCcyJapCTBEHHBIM YHUBEpcUTET nMeHu SAHku Kymanesl, yi. Oxemko 22,
230023 I'ponno, benapyce, ion_ne@mail.ru

BozneiictBue  M3iMydyeHUss MOIIHBIX  JIa3e€pOB  HA  MOIJIOUIAIOLIUE
MaTepHalibl TMPEACTABISIET 3HAYUTENbHBIM HHTepec. B To ke Bpems B psje
Cly4aeB M3JIyYE€HHE MOIIHBIX JIA3€pOB XapaKTEpPU3YeTCs HEIO0CTaTOYHOM
CTaOMJIBHOCTBIO BBIXOJHBIX MApaMeTPOB, YTO JEJIAET U JIa3ePHBIM 3PO3UOHHBIII
wia3MeHHbii  aken  (JIDIID)  miioxXoBOCHPOU3BOAUMBIM  OOBEKTOM.
HccnenoBanue AMHAMUKH Pa3BUTHs TaKOTO OOBEKTa BO BPEMEHH MOXKET ObITh
IIPOBE/ICHO TOJIKO B X0/1€ €AMHUYHOI0 3KCIIEPUMEHTA.

CxeMa HUCIONB30BABLIEHCS SKCHEPUMEHTAIILHONM YCTAaHOBKU IPUBEIECHA
Ha pucyHke 1. M3nydyenue nazepa 1, npoiins yepe3 GoKycUPYIOIIYIO CUCTEMY 2,
nomnajgano Ha oOpasen 3, HaXOAIIMKCA B BaKyyMHOHW kamepe. B kauectse
(GOKyCUPYIOIIUX TNPUMEHSJIUCh KaK OJHOJMH30BbIE, TaK W JIBYXJHMH30BBIC
CUCTEMBI, KOTOpPbIE TNO3BOJSUIM CTPOUTH H300paxeHue auapparmMel 4 Ha
noBepxHocTH oOpa3ua 3. Hawubonee oaHOponHOe NATHO (POKYCHPOBKH
U3ITy4YeHUs] JIMaMEeTpOM 3 MM C PE3KMMHU TpaHulaMu (OopMUPOBAIOCH TPH
UCIIOJIb30BAaHUU JIBYXJIMH30BOM CHCTEMbl C 12-KpaTHBIM YMEHBLICHUEM H
muadparmbel  quamerpoM 40 MM. Yacth u3dMyyeHHUsT POJIAMHUHOBOTO Jjas3epa
nepenHel TpaHblo KIMHA S HampaBisuiack B u3mepurens 3Hepruu IMO-2H 6,
BXO/THOE€ OKHO KOTOPOTO pacrojiarajioch B 3aJHel (HOKaIbHON IIOCKOCTH JIUH3bI
/. OrtpaxeHHOE 3aJHE TIpaHbIO KJIMHA O U3JIyYEHHE MONajgaio Ha
KoakcuaibHb GoTodnemeHT ®OK-14 8 u mcnonp30Banoch A PETUCTPALIUU
BPEMEHHON (OpPMBI UMITyJIbCA JIA3EPHOIO M3JIYyYEHHS 3aIIOMUHAIOIIHUM
ocmumorpadom C8-13 9. BakyymHas kamepa ¢ 00pasioM momemnianach B OJHO
u3 mied ronorpadguueckoro mHTepdepomerpa Maxa — Ilenmepa 10. JlmuHbI
ied uHrepdepomeTpa ObUIM BBIPOBHEHBI ¢ TOYHOCThIO 1 — 2 MM. B kauectBe
30HJIUPYIOLIETO  HMCIOJIb30BAJIOCh  W3JIydyeHHe pyoumHoBoro Jjaszepa 11,
paboTaroliero B pexkuMe CBOOOHOM reHepaluu, ¢ JUIUTEIbHOCTRI0O UMITYJIbCa ~
300 wmkc. 3onaupyrollee U3JIyYEeHHE 3aBOAWIOCH B  Koummartop 12,
dbopmupytonmil napasieNbHbId My4ok auamerpoM 40 MM, KOTOPBIA OCBemiall
unteppepomerp 10. Takue mnomepedHble pa3Mepbl 30HAMPYIOUIETO ITyuyKa
MO3BOJISIIM UcchenoBaTh He Tojibko JIDIID ¢ xapakrepHbIMU pa3MepaMu B
OCeBOM HampasiieHMM ~ 20 MM, HO M IIOBEJEHUE YAAPHBIX BOJIH 34 €ro
npeaenamu. Mutepdepomerp ObLT cocThikoBaH ¢ kKamepord COP-1M 13,
paboTaroleil B pexuMe JIyIlbl BPEMEHH C JBYXPSJIHOM JIMH30BOM BCTaBKOM.
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OnucaHHass cxeMa I03BOJsJIa PErUCTPUPOBATh PA3BEPHYTHIE BO BpPEMEHHU
rojorpamMmbel  cokycupoBaHHoro  uzoOpaxenus JIDIID. I[lomydeHHsie
OT/ICJIbHBIE KaJpbl TOJOTPaMM OOECIEUUBAIM BPEMEHHOE pa3pelieHue HE XYKe
0,8 MKC (BpeMsi SKCIIO3UIIMH OJTHOTO Kajpa).

©

Pucynok 1 — CxeMa 3kCniepUMEHTAJILHON YCTAHOBKH

JUis KOHTpOJISL JTOCTOBEPHOCTH PE3YJIbTATOB, MOJYUYEHHBIX C IOMOIIBIO
CKOPOCTHOM royiorpad)uyeckol KMHOCHEMKH, SKCIEPUMEHTANIbHAS YCTaHOBKA
MO3BOJISIJIa MCCIENOBAaTh JAa3€pHYIO0 IUIA3My M TPaTUIMOHHBIMH METOJAMHU.
CkopocTh HIBWKEHHS (PpOHTAa CBETAMIETOCS IUIA3MEHHOTO 00pa3oBaHMS
ompesensiiach Mo meneBsIM (HOTOpa3BEepTKaM, 3apEeTUCTPUPOBAHHBIM KaMepoi
COP-IM 14, pabGoratomeit B pexume ¢otopeructparopa. I[lpu 3TOoM B
IJIOCKOCTU (DOTOIJIEHKH CTPOMJIOCh M300paskeHue mnpuoceBord 30HbI JIDIID.
Kamepa COP-1M 15, paboraromiast B pesKuMe JIyIibl BpEMEHU U COCTHIKOBAHHAS
CO CHEeKTpaJdbHOM TmpucTaBkoW 16, mMo3BoJsAa PEruCTPUPOBATH CHEKTPHI
UCITyCKaHUA ITUTa3Mbl C BPEMEHHBIM pa3pelieHueM ~ 2 MKc. CHHXpOHU3ALMS
pabotel Tpex kamep COP ocymecrBisiiach 0g0koM KomwmyTtaruu 17.
WuTerpaiibHple  CHOEKTPbl  HMCIYCKaHWS  IUIa3Mbl  PErHMCTPUPOBAIHCH
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cunekrporpadom MCII-51 18, Baosib mienn KOTOPOro CTPOUIIOCh M300pakeHHe
oceBoil 30HbI JIDIID.

Takum 00pa3om, omnucaHHas 3KCHEPUMEHTaJIbHAs YCTAHOBKA IO3BOJIsIA
UCCIeIOBaTh B €IMHUYHOM  OKCIEpPUMEHTE  JMHAMUKY  Ipoliecca,
MPOUCXOMAIIETO Yy MOBEPXHOCTH METAJUIMUYECKOro obpasiia mpHu JCHCTBUU Ha
HEro MOLIHOTO Ja3€pHOro MMIyjbca. 10 BOCCTaHOBIEHHBIM C TOJOTPaMM B
CTAI[MOHAPHBIX YCJIOBHUSIX TEHEBBIM KapTUHAM OblLIa HCCIEAOBaHa CTPYKTypa
JIDII®, wu3zmepeHna CKOPOCTh MABWKEHHS TIUIa3MeHHOro (QpoHTa u (poHTa
yaapHo# BoyiHBIL. 110 BOCCTaHOBJICHHBIM UHTEP(PEPEHIIMOHHBIM KapTUHAM OBLITH
MOJIyYEHbl [POCTPAHCTBEHHBIE PACIPENEICHUS] DJIEKTPOHHON IUJIOTHOCTH
Ja3epHOM IIa3Mbl Ha pa3HbIX CTaauAX ee€ pa3BuUTha. JloCTOBEpHOCTH
MOy YEHHBIX pE3yJIbTATOB KOHTPOJIMPOBAJIaCh TPaIUIIMOHHBIMU
CHEKTPOCKONMMYECKUMHU U3MEPEHHUSIMHU U TaHHBIMU LIEJIEBBIX (POTOPA3BEPTOK.

1 yTOUHEHHUS 3HAYEHUN JIEKTPOHHOW IUIOTHOCTHU C YYETOM BIIMSHUS Ha
pedpakiuo TKENbIX YacTHI[ ObUIM TpoBefeHbl uccienoBanus JIOIID ¢
MOMOIIIBI0 CKOPOCTHOM JIBYXUTMHHOBOJHOBOU rosiorpaduueckoil KHHOCHEMKH.
Cxema »KCHEpHMMEHTAJIBPHOM YCTAaHOBKM IpEACTaBI€HAa Ha puUCYHKe 2. OHa
OTJIMYAETCS OT CXEMbI, H300paKeHHOI Ha pUCyHKe | Tem, 4To B Hee J0OaBIEHBI
BTOPOM MCTOYHUK 30HAupYyromero minydenus |V, Bxiatouaromuit B ce0s sazep
Ha Kpacutene 8 u kouMarop 9, m BTOpPO€ YCTPOMCTBO MJii KUHOCHEMKHU
rojorpamm V, cocrosmee u3 kamepsl COP-1M 10, paboraromieit B pexxume
JyNbl BPEMEHU C JABYXPSATHOM JIMH30BOW BCTaBKOM, U oObBekTHBa 11,
OCYIIECTBISIOLIETO COMNPSIKEHUE IUIOCKOCTH (OTOIUIEHKM B Kamepe C
LEHTPaJbHBIM ceueHneM uccienyemoro JIOII®D. JlnurenbHOCTH HMMIyJbCa
reHepanuu Jjazepa 8 cocrabmsia 30 — 40 mxc. Ilpw wcmons30BaHWM TaKOM
ONTHYECKOW CXEMbl OJHOBPEMEHHO PETHCTPUPOBAINCH JBE CEPUM CIBUHYTHIX
Bo BpeMenu ronorpamm JIDIID kamepamu COP. Omgna cepus rosiorpamm
peructpupoBanach kamepoit COP-1M 7 B cBeTe uznmydeHusi pyOMHOBOrO ja3epa
(4, = 0,69 Mxm), BTOpast — kamepoit COP-1M 10 B cBeTe u3mydeHus jazepa Ha
kpacureine (4,= 0,58 mkm). [l aToro nepea odenmMu kamepamu MOMEIIATNCH
COOTBETCTBYIOIINE CBETOPHUIBTPHI.

C TDoOMOmIbIO CKOPOCTHON JBYXJJIMHHOBOJIHOBOHM  roJjiorpauueckoi
KHMHOCBEMKH HCCIIE0BAIACH JIA3E€PHAs S3PO3UOHHAs IJ1a3Ma, BOSHUKAOIIAS , IO
JNENUCTBUEM U3ITyYEHHsI MOIIHOTO Jla3epa Ha KpacUTese y MOBEPXHOCTH 00pasia
KaK [pU aTMOC(EPHOM, TaK M HPH HOHIKeHHOM (107> MM pT. CT.) JaBICHHH

OKpPYXAalIIEro  MHIIEHb  BO3/yXa. Cpennsis ~ TUIOTHOCTh  MOTOKA

BO3JICHCTBYIOILIETO  JIa3€pPHOTO  M3JIY4YEHUsT Ha IOBEPXHOCTH  0Opasia
2

BapbHupoBasiach B mpeAenax 5 — 30 MBTt/cm”. Ilpu mI0THOCTSIX 4YacTwil,

HaAO0JII01AeMBIX B JIA3€PHOM TUIa3Me MPHU TAKUX YCIOBUSAX HKCIIEPUMEHTA, MOYKHO
CUMTaTh, YTO I[IOKA3aTellb MPEJIOMIICHUS TIJIa3Mbl SBISAETCS aJJUTHUBHOU
BENTMYHMHON U 00ycioBiieH HamuureM B JIDII®D pa3nudHbIX KOMIIOHEHT.
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PucyHnok 2 — CxeMa 3KCIIepUMEHTAJBHON YCTAHOBKH ISl
ABYXJAJMHHOBOJHOBOM CKOPOCTHOM roJiorpagpuueckoi KHHOCHEMKHU

Y1oObl MCKIIOUUTH BKJIAA B pedpakiui0 MOJEKYNl aTMOC(hEepHBIX ra3oB,
ObUIM MPOBEACHBI MCCIENOBAHUSA JIa3€pHOM IUTa3Mbl, BO3HMUKAIOLIEH Y
IOBEPXHOCTH O00pasija MpH MOHWKEHHOM paBieHud (107 MM pT.CT.)
OKPY’KaIOIIEr0 €ro BoO3AyXa. Pe3yibTaThl SKCIEPUMEHTOB IOKA3alH, 4YTO
pazinuue B CMEIICHWHM TOJIOC Ha UHTepdeporpamMmax, oOyCIOBIECHHOE
pasyiMuueM JUIMH BOJH 30HAUpYroiero usnydenus (4, = 0,69 mxm u 4, = 0,58
MKM), HaxOOUTCA B Mpelerax OTHOCHUTEIBHOM IOIPEIIHOCTH H3MEPEHMUIA,
Kotopas coctanisiia 10%. DTo moATBEPKAAET MPEAIOI0KEHUE, YTO MPU TAKUX
YCIIOBUSAX JIA3€PHOIO BO3JCHCTBUS M3-32 HE3HAYUTEIBHOW KOHLEHTPALMH
aTOMOB M HMOHOB MaTepHaja o0pa3la B 3pO3MOHHON IUIa3M€ HX BKJIAJI B
pedpakIiio 3HAYUTETFHO MEHBIIIE, YEM BKJIA SJIEKTPOHOB.

Nzyuenne JIDIID mpu atMocepHOM HaBICHUU OKPYKAIOIIErO BO3ayXa
Opyu  TeX >K€ [apaMeTpax BO3JACHCTBYIOMIETO M3JIYYEHHS] C MOMOIIBIO
CKOPOCTHOM JBYXJJIMHHOBOJIHOBOM Trojiorpa)uueckoil KHHOChEMKHU I03BOJIUIIO
pa3lieauTh BKJIAJ B pepakiuio Ia3Mbl MOJIEKYJ BO3JyXa U JJIEKTPOHOB B
MPEANOJIOKEHNA MaJOCTH BKJIAJa TSDKENBIX YacTHUI[ MaTephalia MUILIECHH. B
pe3yibTaTe COBMECTHOM 0OpaOOTKM BOCCTAHOBJIEHHBIX C  TOJOTpamMm
UHTEPPEPEHIIMOHHBIX KapTUH OBbUIM MOJIyYEeHbI MPOJOJIbHBIE (M0 ocH (pakerna)
pacrpesieieHus CpeIHUX [0 JuaMeTpy cedyeHus Qaxena KOHUEHTpauui
AJIEKTPOHOB U MOJIEKYJI BO3yXa.
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BJIUAHUE SJIEKTPUYECKOI'O ITOJISI HA PAHHUE CTA/IUA
PA3BUTUSA JIASEPHOI'O ®AKEJIA

Bacunbses C. B., UBanoB A. 1O.

I'ponHeHCKHI rOCcyJapCTBEHHBIM YHUBEpcUTET nMeHu SAHku Kymanesl, yi. Oxemko 22,
230023 I'ponno, benapyce, ion_ne@mail.ru

Lenpio nanHOM paboThI SBISIETCS HCCIIENIOBAHUE BIUSHMS SICKTPUYECKUX
MOJIEN Pa3IUYHOU HATIPAKEHHOCTH (ot 0 1o 10° B/m) Ha NPOCTPAHCTBEHHYIO U
BPEMEHHYIO SBOJIOLMIO JIA3€PHOM IJIa3Mbl, BO3HHUKAIOUIEH MpPU BO3ACHCTBUU
MUJUTUCEKYH/IHBIX JIa3€PHBIX HMMIYJIbCOB Ha MOBEPXHOCTH METAIOB (MEb,
AITIOMUHUMN, 0JIOBO, CBUHEI]) U YCTAHOBJICHHE 3aKOHOMEPHOCTEH (hOopMUpPOBAHMUS
penbeda moBepXHOCTH 00TyUaeMbIX 00pa3OB.

N3nyuenue pyounoBoro nazepa ['OP-100M, paOotaBiiero B pexume
CBOOOJIHOM TeHepanuu (AIUTEIbHOCTh UMIYJbca T ~ 1,2 Mc), mpoias depes
(OKYCHPYIOIYI0O CHCTEMY, HAIpaBIsJIOCh Yepe3 OTBEPCTUE B IJNEKTPOJE Ha
oOpazell, KOTOPBI caM SIBISJICS BTOPBIM DJIEKTPOAOM. ODHEPrus Ja3epHbIX
UMITyJIbCOB £ BappupoBanack B npenenax or 5 ao 60 /[x. Hanpsokenue na
ANEKTPOJBI 3, 4 MOJABAIOCh OT MCTOYHMKA, CO3/IAHHOTO Ha 0a3e YMHOXKHUTEIS
Hanpspkeauss YH 9/27-13 6noka TBC-110. McToyHMK 1MO3BOJSI H3MEHSTH
HanpspKeHUe B mpejenax 10 25 kB u nmpu 3ToM noaaepKuBarh €ro cTaduibHbIM
BO BpeMs MpPOBEACHMS SKcrepuMeHTa. [l u3ydeHus MpPOCTPAHCTBEHHOW U
BPEMEHHOM 3BOJIIONHH Jla3epHOTO (hakena B xone Bo3naericTBus JIM Ha obpasen
UCIIOJIb30BAJICSI  METOJI  CKOPOCTHOM  rojorpaduyeckodl  KMHOCHEMKH.
[TomyyeHnHsie oOTHEIBHBIE KAJphl TOJOTPAaMM OOECTeUMBAIA BPEMEHHOE
paspemienre He Xxyxe 0,8 MKC (Bpemsi 53KCIO3UIMKM OJIHOTO Kajapa) u
IPOCTPAaHCTBEHHOE pa3pelieHre no mnoiaw obbekta = 50 MM, s
ucciueoBanusi (popMbl MOBEPXHOCTH OOpPa30BABILIETOCS Ha IJIACTHHE KpaTepa
MCIIOJIB30BAJICSI METOJI TPOEKIMH TOJIOC.

OKCHEepUMEHTAIbHBIE HCCIECIOBAaHUSl  TMOKa3ajdd, 4YTO TMpu 000k
HOJIAPHOCTH MPUJIOKEHHOTO HanpspKeHUs (Ha o0iydaeMblil oOpasell moaaBacs
KaK TOJIO)KUTENIbHBIN, TaK U OTPULIATEIBHBIN MOTEeHIHAal) Tonorpadus kKparepa
MPaKTUUYECKU HICHTUYHA U OMPEACISETCS PAaCHpeIeICHUEM SHEPIUU IO MATHY
(bOKyCUpOBKH Ja3epHOro u3nyudeHus lcciienmoBaHus MoKa3aiau, YTO HECMOTPS
Ha TO, YTO pacrpeiesieHne YHEePTruu 1o mATHy GoxycupoBku JIV HepaBHOMEpHO,
JIMHUU PABHOW KOHIIEHTPAIMU DJICKTPOHOB MMEIOT MPAKTUYECKU TJIAJKUNA BUJ,
YTO CBUJETEIBCTBYET 00 OTHOCUTEIBHO OJHOPOTHON HOHU3AIMH TapOB
POAUPOBAHHOrO BemecTBa. CyHIECTBEHHO, YTO, HECMOTPSI HAa 3HAYUTEIBHOE
yBEJIMYEHHE BO BpPEMEHM 00beMa IUJIa3MEHHOro OOpa30BaHUs, CpPEIHss
IUIOTHOCTH JJIEKTPOHOB B (haKesie OCTAaeTCAd MPAKTUYCCKA HEU3MEHHOW M JaXke
HECKOJIbKO YBEJIMYMBAETCS, YTO MOXKET OBITh CBfA3aHa KAaK C IOCTOSIHHBIM
YBEJIMYEHUEM MAacChl BHIHECEHHOTO BEIIECTBA, TAK U C BTOPUYHOM MOHU3AIIHEH
mia3mbl JIM. OTMeTuM, 4TO HAJIMUKME BHEIIHErO 3JIEKTPUYECKOIo MOJs clado
BJIMSIET Ha KOHIICHTPALIMIO 3JIEKTPOHOB B JlazepHOM akene. I[lpu paccrosHum
MEXIy  DJIEKTpoJaMH  2CM  MaKCHMalbHBI  TONEPEYHBIA  pa3Mmep
MapoIIa3MEHHOTO0 00JIaka Ha MOBEPXHOCTH 3JEKTPOAa 3 COCTaBIsUI 2 CM IpH
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OTpUIIATEILHOM  HaNpsDKEHUMW  Ha  MmuiieHd, 1,7cm 0e3  BHELIHEro
AIEKTPUYECKOTO TOJIL U 1,5CM IpU MOJNIOKUTEIBHOM HANPSHKEHUN HAa MUILECHHU.
JlocTUrHYB BTOPOrO 3JIeKTpoja uepe3 56, 64 u 72 MKC COOTBETCTBEHHO,
MaporUIa3MEeHHOE 00JIaKO MPAKTUYECKH HE YBEJIUUYMBACTCS B CBOUX IMOIMEPEUHBIX
pa3mepax. Bo3M0XHO, 53TO CBA3aHO C  BBITEKAHMEM IUIa3Mbl W3
MEKIJIEKTPOAHOIO TMPOMEKYTKAa YEPE3 OTBEPCTHE B DIIEKTPOAE, KOTOPOE
UCIIOJIB3YETCS I MPOXOXKACHUS Ja3epHOr0 M3NYyYEeHHs] K MUILIEHU (JuaMeTp
otBepctusa 1 cMm). IlokazaHo Takke, YTO BIUIOTH A0 AOCTHXKEHUS MIa3MEHHBIM
dbpoHTOM »3jeKkTpoga 3 €ro CKOPOCTh HE TOJbKO HE YyMEHbIIaercs (4To
XapaKTEepPHO ISl TO3[HUX CTaJWil CYIIeCTBOBAHMS Ja3epHOro (¢akena), HO
YBEJIMYMBACTCS, TPUYEM KaK MPU HAJIMYUKM BHEUIHETO SJIEKTPUYECKOTO MO
0001 OpUEHTAIUH, TaK U B €ro OTCyTcTBUE. Kak y»e roBOpHIIOCh, 3TO CBSI3aHO
C MOCTOSIHHBIM U 3HAYUTEIbHBIM YBEJIIMUYEHHEM MAacChl BBIHECEHHOT'O BEIIECTBA
non neiicteueM JIM Ha oOmydaembiii oOpasen, a Takke €O BTOPUYHOM
noHn3anuen 1miazmsl JIM. MakcumanpHble CKOPOCTH pasjiera ILUIa3MEHHOIO
¢dakena coctaBuiu 350 mM/c mpu OTpUIIATEILHOM HAMpPsKEHUHM HAa MuiieHH, 310
M/c 0€3 BHEIIHEro »JeKTpuyeckoro moyigs u 270 M/c mpH MOJOKUTEIHHOM
HaIpsHKEHUW Ha MUIIEHHU.

IIpu nmopave Kak MOJOKUTEIBHOTO, TAK U OTPULATEIBHOIO MOTEHIMAIA
Ha 00pas3el] Ha ero MOBEPXHOCTH IOCIE JIA3€PHOT0 BO3JEUCTBHS HAOIIOAAETCS
MHO>KECTBO MEJKHMX Kameiab. B wactHocTh, mpu sHepruu JIM E =20 Ik,
IuaMeTpe TsiTHa Q)OKYCH%)OBKI/I u3lydyeHuss D = 2MM U HanpsiKEHHOCTHU
anexkTpuyeckoro mojigs 107 B/cm HaOmrogancss BBIHOC Kaleilb CO CPEIHUM
xapakTepHbIM pazmepom MeHee 0,1 MM Ha paccrostHue ot 0 10 2 cM OT LEHTpa
JyHKHA. MakCUMaJIbHBIM XapaKTEPHBIA pa3mep Karesb paBHsics ~ 0,4 mm. Ilpu
OTCYTCTBMH  BHEIIHETO DJJEKTPUYECKOTO TMOJs CpPEIHHM pa3Mep Karelb
coctaBysil ~ 0,4 mM. Karmum ObUTH 3aMETHBI HAa PACCTOSIHUU J10 ~ 1 CM OT LIeHTpa
JTYHKH.

B cooTBercTBUM C NPUBEICHHBIMHU BBIIIE PE3yJIbTaTaMH JIUHAMHUKA
MPOIIECCOB, MPOUCXOMSIIMNX Ha TOBEPXHOCTH oOpasia, MOMEILEHHOTO  BO
BHEIIIHEE OJJIEKTPUYECKOe Moje ¢ HampsokeHHOCThIO oT 0 mo 10° B/M u
MOJABEpraroerocss BO3JAEUCTBUIO uMIyiabcHOro JIM ¢ yka3aHHBIMU BBIIIE
napamMeTpaMu, npejactanisiercs ciaeayromiei. [leppuynoe maa3mooOpazoBaHue u
HayaJIbHbIE CTaJUM Pa3BUTUSA Jla3epHOTOo (akela MPUHIUIUAIBLHO HE
OTJIMYAIOTCSl OT HAOII0JJaeMbIX B OTCYTCTBHE BHEIIHETO AJICKTPUUYECKOTO TOJIS.
Merann 1mIaBUTCA M HcHApseTcs. 3a CYET JIOKAIBHOIO IMapo- H
m1a3mooOpasoBanus /1-3/ HaunHaeTcs GOpMHUpPOBAHUE SPO3UOHHOTO (haKema C
MEJIKOJIUCTICPCHOM KHUJKO-KaneapbHou (azoii. Pasymeercs, Haqudue BHENTHETO
AIEKTPUUYECKOTO MO BIUAET (YBEIUYMBAET UM YMEHBIIAET B 3aBUCUMOCTH OT
HalpaBJICHUS BEKTOpa HAMpPSOKEHHOCTH TOJIA) CKOPOCTh MEpeMelIeHUs
IJ1a3MEHHOTO (PpOHTA W HECKOJIBKO MCKakaeT (opMy IUIa3MEHHOro obJjiaka, HO
AT OTJIWYUSL HE SIBISIIOTCS KadueCTBEHHbIMU. CylIECTBEHHO, YTO YKa3aHHBIE
oriinuus (TIpu paccMarpuBaeMbIx napamerpax JIN) HabGmromaroTcs TOJIBKO Ha
HAYaJIbHOW CTAJUU Pa3BUTHS JIa3epHOTO (hakesa, MOCKOJIBbKY TOCIe JOCTHKCHUS
MapoIUIa3MEHHBIM O00JaKOM 3JIEKTPOJa MPOUCXOAUT DIICKTPUUECKUNM MPoOoit
(KOpOTKOE 3aMblKaHME) M BHEIIHEE I0JIE B MEXIIEKTPOJAHOM IMPOMEXKYTKE
HCYe3acT.
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PaccMoTpuMm Temeph JABWXKCHHME Kalleidb pPAcCIUIaBIICHHOTO MeTajia B
naporuiasMeHHOM oOjake. 3HayuTeNlbHAs pa3HUIlA XapaKTEPHBIX pa3MepoB
Karelb, HAOJII0JaeMbIX Ha TIOBEPXHOCTH OOJydEeHHOTO 00pa3iia B MPUCYTCTBHH
BHEIITHETO DJICKTPUYECKOTO TONIA (HE3aBUCHMO OT HAMpaBICHUS BEKTOpA
HANPsHKEHHOCTH TIOJIS1) U B €r0 OTCYTCTBHE, HA HAIll B3IJISI/I, CBUICTEIBCTBYET O
clenmyromieM MexaHusMe (QopmMupoBaHHS — Kamenb. VI3BecTHO, dYTO Ha
MOBEPXHOCTH KHUAKOCTH (B T. 9. W OJKUAKOTO MeTala) TOJ JeHCTBHEM
Pa3HOOOpa3HBIX  BO3MYIICHHH MOTYT  (OPMHUPOBATHCA  T'PABUTAIMOHHO-
KalmWUIIpHBIC BOTHBL. K TaKUM BO3MYIIICHUSAM, OC3yCIIOBHO, MOKHO OTHECTH H
IPOCTPAHCTBEHHO-HEOTHOPOJHOE HCTIAPEHHE BEIIECTBA MUIIIEHU BCIICJICTBUE €€
HEPaBHOMEPHOTO HArpeBaHMs M3-32 HEPABHOMEPHOTO PaCTpECICHUS dHEPTHH
no mnATHy ¢okycupoBku JIM  /4/, W HepaBHOMEpPHOE  IEPBUYHOE
ma3MooOpazoBanne /5/, OOYCJIOBICHHOE IIEPOXOBATOCTHIO TOBEPXHOCTH
obmyyaemoro obpasna /1/, W, B TEpBYH oOuepelb, BBIIUICCKUBAHUE
PaCIUTaBJICHHOTO METajlia, HHUITUUPYEMOE KaXIbIM ITUYKOM BO3JICHCTBYIONIETO
Ha o0nyyaeMsblil oOpaszen JIU /6/.

MoxHO 1oOKa3arb, 4YTO I[P HE3HAYUTEJIBHOM  TOJILIHMHE  CJIOA
pacIUTaBJICHHOTO MeTa/uia (0 YeM CBHUJICTCIBCTBYET BHUJ  «BHEITHEH)
(HamaBICHHON) 30HBI KpaTepa M, B YaCTHOCTH, OTCYTCTBHE OYPTHKOB
3HAYMTEIHLHOW BBICOTHI HA TpaHUIE JYyHKH) YypaBHEHUE ITUCIEPCUM JIS
IPaBUTAIMOHHO-KATMIIISIPHBIX BOJTH UMEET BUJ
2:ak3+gk_kLE'Z:
p 4z ps
rie o — KO3(p(GUIMEHT MOBEPXHOCTHOTO HATSHKCHUS JKUIKOTO MeTallia, p —

IUIOTHOCTh JKHMIKOTO METala, g — YCKOPEHHE CBOOOJHOTO MajeHus, k —
MOJyYJIb BOJHOBOTO BEKTOPa TI'PAaBHTAIIMOHHO-KAWLIAPHON BOJHBL, E, —
HAIPSDKEHHOCTh  DJICKTPUYECKOr0 IMOJIs HA IIOBEPXHOCTH PACIUIABIEHHOIO
Metauia z=0 (OCh z HampaBleHa TEPIEHIUKYISIPHO 00IydaeMOMy 00pasily B
cropony ucrounuka JIU, E, | Z,), E' =-0¢ [0z — BO3MYyIICHHE IEKTPHICCKOTO

IOJII B TPOCTPAHCTBE, OKPYXKAIOMIEM pACIUIaBJICHHBIA MeTaul, & — Malloe
CMEIIIEHUE NOBEPXHOCTH KUJKOCTHU B HANPABICHUM OCH z B I'PABUTALIMOHHO-
KaluJUUIIPHOU BOJIHE.
[TockonbKy 1711 ONHOPOAHOrO MOJsA £, MOTEeHUUan ¢ =-E, -z (NOTEHIMal Ha
MOBEPXHOCTH MeTajjia curuTaeM paBHbIM (), CMEIIEHHE YKAa3aHHOW TOBEPXHOCTH
Ha MaJTyI0 BEJIMYUHY & MPUBOJIUT K MAJIOMY HCKa)KCHHUIO MTOTCHITHATIA
=E,-& . (1)
B namem ciydyae MakcumaibHas KOHHGHT?&HHH AJIEKTPOHOB B IUIA3MEHHOM
oOpa3oBaHuM He mpeBbimaeT ~ 10 8 7, 4To COOTBETCTBYET M3MEHEHMIO
TUDJIEKTPUYECKON TPOHMIIAEMOCTU cpenpl ¢ Ha ~ 10 . CiemoarenbHO, y
MOBEPXHOCTH METAJIA & =1, U C YYETOM IPAHUYHOTO YCJIOBI/I}I (1)

(”' :Eoéveikz .
B »sTOoM ciiywae ypaBHEHHE IUCIIEPCUU TPABUTALNHMOHHO-KANWJUISIPHBIX BOJH
IIPUHUMAET B/

(0

>
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2:ozk3 gk—szg

p 4 mp
HOCKOJIBKy qacToTa TI'PaBUTAIMOHHO-KAIIMWIIJIAPHBIX BOJH @ OIPCACIEICTCA
BpeMeHHBIMI/I XapaKTepI/ICTI/IKaMI/I BBIHIGYHOMHHYTBIX BOBMYI_HGHI/Iﬁ u,
CJIICOOBATCIIbHO, HC 3dBUCHUT OT HAIIPSAKCHHOCTU JJICKTPHUYCCKOT'O ITOJIA E0 , IIpH

YBEIMYEHUU MOy E, (HE3aBUCHMO OT HAIPABIEHUS BEKTOpa E,) MOIYIb

@

2
BOJTHOBOT'O BEKTOpa k:T JIOJDKEH BO3pacTaTh, a JUIMHA TPaBUTALMOHHO-

KaMWUIIPHOW BOJIHBI A — YMEHbBIIATHCS. ECnIM TPeArnoyoXuTh, YTO KaIUTH
«CPBIBAIOTCS» TOTOKOM IUIa3Mbl C «BEPIIMH» TPaBUTAIMOHHO-KATUIUIAPHOM
BOJIHBI U, CIIEIOBATEIbHO, WX XapaKTePHBIM pa3Mep MPOMOPIIHOHATICH A,
CTAHOBUTCS MOHATHBIM, IMOYEMY MPHU HAJTUYHK BHEIIHETO AJIEKTPUUECKOTO IMOJIS
(mpu 1r000M €ro HampaBJICHUH) HAOIIOJABIIUNICS SKCIEPUMEHTAIBHO CPEIHUM
pa3Mep Kamenib CYIIeCTBEHHO YMEHbINAJCSA. BhIIeTeBINEe Karumm UMEIOT 3apsij
TOTO € 3HaKa, 4TOo U oOxy4yaembiii oOpaszen. [losTomMy Karm Ha4YUHAIOT
JIBUTAThCSl C YCKOPEHHEM KO BTOPOMY 3JIeKTpoay. OJHAKO C y4eToM TOTro, UTO
MaKCHMaJIbHasl HadaJIbHasi CKOPOCTh BBIJIETA Karelb JIJI aHAJIOTUYHBIX YCIOBHIM
Bo3nericTBusl /4/ coctaBiser ~ 45 M/c, T.e. Ha TOPSAOK MEHBIIE CKOPOCTH
paszjera TapoIUIa3MEHHOTO o00Jlaka, K MOMEHTY Npo00s MEXKIIEKTPOIHOTO
MIPOMEXKYTKa Kalld HE YCIEBAaIOT JOCTUYb AekTpoja 3. B manpHeimem (B
OTCYTCTBHE BHEITHETO OJJICKTPUYECKOTO T0JS) KaIUIh JBUTAIOTCS  TOJ
JEHCTBUEM TEX K€ CHUJI, YTO U B paboTe /4/, M MOATOMY TakK ke, Kak B padote /4/.
[Tpu »ToM, HaOpaB Ha CTaUKd YCKOPEHHOTO JBMKEHUS B DJIEKTPUUYECKOM IIOJIC
CKOPOCTh, TIPCBBIMIAMOINIYI0O HAadYadbHYI0, KaIlId MOTYT MPOJICTETh BJIOJb
MOBEPXHOCTH 00IydaeMoro oOpasiia Oojblliee paccTOsTHUE, HEXenun 0e3
MIPWIOKEHUS JIEKTPUICCKOTO OIS, YTO W HAOJI01aeTCs B XO/I€ KCIIEPUMEHTA.
Kpome Toro, ynereB OoT mOBEpXHOCTH 0Opasila Ha OoJiblliee PACCTOSHUE W,
CJIeTIOBATEIbHO, HAXOMSICh JO BO3BpAICHHUS HA yKa3aHHYIO MOBEPXHOCTH O]
BO3JICHCTBHEM IIJIa3Mbl B T€UEHHE OOJIBIIETO BPEMEHH, OHM MOTYT APOOHUTHCS B
OOJIBIIICH CTETIEHH, YEM B OTCYTCTBHE BHEIIIHETO MOJISI.
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SJEKTPUYECKUN MOTEHIIUAJ U30JIUPOBAHHON
MNOJJIOKKHU B IIVTIASMEHHOM IIOTOKE
KATOJHO-AYTI'OBOI'O PA3PAIA

W.II. Cmsirmukos', H.M. Yy6pux”

"HULI “ILnasmoter”’, OU3HKO-TEXHUIECKHIT unctutyT HAH benapycu, yin. Kynpesuua 10,
220141 Munuck, benapycs, ips.imaf@gmail.com
*Uncruryt dusuxn HAH Bemapycn, np. Hezasucumoct 68, 220072 Mumck, Bemapych

The high-current cathodic arc in vacuum as well as in acetylene
atmosphere at pressures of 0.2 to 2 Pa used for diamond-like carbon coating
deposition is considered. Two cylindrical isolated probes were used to measure
the floating potential and velocity of plasma. It was found that the substrate is
under accelerating potential of —(15+35) V during the discharge, and the value
of potential is essentially independent of the main discharge energy and
substrate spatial position. There observed floating potential ripple with
amplitude of up to 20 V and frequency of 100200 kHz for the substrate (probe)
near the cathode. With increasing distance from the cathode surface the
amplitude and frequency of the ripple are reduced considerably, and this
decrease is more pronounced for the discharge in acetylene atmosphere (at
acetylene partial pressure of 0.2 Pa the ripple amplitude is 1-5 B).

AHanu3 HUMEIOMIMXCS MHOTOYMCICHHBIX paboT MO  MOJYy4YEHHUIO
JIMa30MOJ00OHBIX IJIEHOK IMOKA3bIBAET, YTO BCE HMCCIEIOBAaHUS HANPABIICHBI, B
OCHOBHOM, Ha HM3y4Y€HHUE CBOMCTB M CTPYKTYpbl MOKpBHITHI 0€3 JOJKHOTO
BHUMAaHMS K MpoOIEccaM, MPOTEKAIUM Ipu ux cuHTeze /1/. KommiekcHbie
WCCIIEOBAHNSI B3aMMOCBS3M TEPMOJMHAMUYECKUX IMAPAMETPOB CpEAbl H
CBOWCTB  IIOKPBITMM C  YCTAaHOBJICHMEM  3aKOHOMEPHOCTEW  IIpolecca,
XAPaKTEPHBIX JUIA PA3JIMYHBIX CTaAUd CHUHTE3a, B HACTOSIIEE BpEMs
oTCyTCTBYIOT /2/. Hactosmas pabora MOCBAILEHA NPUMEHEHHIO 30HJOBBIX
METOJIOB JUIsl TUarHOCTUKU UMITYJIbCHBIX TUIA3MEHHBIX ITIOTOKOB.

HccnenoBanuss NpPOBOAWINCH HAa  SKCIEPUMEHTAIBHOM — KOMILIEKCE,
BKJIFOYAIOIIEM  HMITYJIbCHBIM  IJJa3MEHHBIH  YCKOPUTEIb C MAarHUTHBIM
CenapaTopoM, ONTUKO-CIEKTPAIbHBIH 010K MHOTO(YHKIIMOHATIEHOM
JUArHOCTUKU U annapaTrypy KOMIBIOTEPHOW PETUCTPALIMM TaPaMETPOB ILIA3MBI.
MMy ibCHO-IIEpUOANYECKHE TOTOKH YTIJIEPOJHOM IIJIa3Mbl T'€HEPHUPOBAIUCH B
BaKYYMHOIl KaMepe ¢ OCTAaTOYHBIM jaBieHneM g0 107 ITa ¢ MCIOnb30BaHHEM
YETBIPEXAIEKTPOIHON CUCTEMBI c rpauUTOBBIM KaToJ0M U
CaMOBOCCTAHABJIMBAIOIIUMCSA TOHKOIUIEHOYHBIM TOKOIIPOBOAOM YCTPOMCTBA
nojkura /3/. DKCepuMEHTBI BBIIIOJHEHBI ISl pa3psiia Kak B BaKyyMe, TaK U B
atMocepe anerusieHa npu gabienun 0.2-2 Ila. EMKocTh KoHAEHCATOPHOM
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OaTtapen 0CHOBHOTO paspsifia coctaBisiia C; = 2150 Mx® nipu Hanpspkenuun Us =
200—400 B, Tok ocHoBHOrO paspsaa I3 = 4-8 KA, NIUTETbHOCTh UMITYJIbCA —
okoJo 200 Mkc, yacToTa cieqoBaHusl UMIYyIbCOB 1-2 1.

B npouecce pa3psiaa noanoxka moABepraeTcss BO3ACHCTBUIO 3apsHKEHHBIX
YacTUL. ODHEPrus STUX YaCTULl, UX KOHLEHTpAaLMs W 3apsl ONPEAENSIOT
NOTEHIMAN TMOJUIOKKA B KXo (aze paspsaa. s moHMMaHUs MPOIECCOB,
OPOUCXOMAIIMX B  Ppa3psAHOM TulazMe, ObUIM  MPOBEACHBI H3MEPEHHUS
MUTABAIOIIET0 TOTEHIMajda 30HJO0B W3BECTHOW KOH(UTYpAIMM BO BpeMs
JNEUCTBUSL PA3pSAHOTO UMITYJIbca. XapakTep U3MEHEHUs MOTEHIHala 30HJa BO
BPEMEHM TMO3BOJISIET CHEJIaTh BBIBOJ O HAJIWYUMKU U CTENEHU NOJISIPU3ALUU
IUIa3MEHHOTO  [OTOKAa, KOIJa CKOPOCTh CaMbIX BBICOKO3HEPIe€THYECKUX
ANEKTPOHOB MOXET CYLIECTBEHHO NPEBBIIATH CKOPOCTb HOHOB, KOTOpAs
OTOXIECTBIISIETCSI CO CKOPOCTHhEO OCHOBHOTI'O IJIA3MEHHOIO MOTOKA.

U, B
-10__ //.J_/____.._,-- s . _ 200 mKc
20 - ® 400 Mk
i o 100 mMkc
-30 -
-40 | \
i 50 mkc

T T T T T T T T T T T T T T T T T T T T T

30 45 60 75 0 E, Ox

Puc. 1. 3aBucUMOCTb IJIaBAIOIIETO MOTEHIIMAIA 30H1a OT SHEPTUH
KOHJICHCATOPHOM OaTaper OCHOBHOTO pa3ps/ia B pa3IMIHbIC MOMECHTBI
BPEMEHH T0CJI€ Hayajaa UMIYJIbCa TOKa.

N3mepenne mnoreHnuana 30HAa (MOJIOKKH)  OCYIUECTBISUIOCH  C
HCITOJIb30BAHUEM BBLICOKOOMHOTI'O poOHUKA " HOPMUPYIOIIETO
muddepennmanpHoro  ycwiutens.  Mcmonp3oBanioch  JBa  OJJMHAKOBBIX
HUJIUHIPUYECKUX 30HJIa W3 HEPKABEIOIICH CTald JuaMeTpoM | MM U JJIMHOM
20 MM (3oHn [ 1 3017 []), pacmionoKeHHbIE BOIM3U OCH pa3psiia HA paCCTOSTHUSAX
220 u 460 MM, cooTBeTCTBEHHO. CHUTHaJl C BBIXOJAa YCUJIMTEIS MOJABAJICS Ha
aHajoro-1u@poBoii mpeoOpa3zoBaTesib C 4aCTOTOM MpeoOpazoBaHUs 10" ¢! u
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Janee BBOAWIICA B KOMITBIOTEpP ISl OCeaytomieil o0paboTku. 3amyck mnpoiecca
pEerucTpalnyy JTaHHBIX MPOU3BOAWICS MO CHUHXPOUMITYJIBCY, MOCTYMAIOMIEMY OT
OJloKa ympaBlieHHWs IUJIa3MEHHOrO0 TreHepaTtopa. V3aMepeHus I1u1aBarolero
NOTeHIMalla TOJJIOXKKM Ur MNpoBeAeHbl COBMECTHO C M3MEPEHUEM TOKa
OCHOBHOTro paspsina I;. Bbuio ycTaHOBIEHO, YTO B TEUEHHUE BCErO0 BPEMEHHU
paspsa TMOUIOKKAa HAXOAUTCS IMOJA YCKOPSIONIMM HOHBI TMOTEHIMAIOM —
(15+35)B /4/. Tlpuuem 3HayeHWE NOTEHIMAJIa TOMJIOKKHA MPAKTUYECKH HE
3aBUCUT OT PHEPTrUU OCHOBHOIO pa3psifia, YTO OTYETIMBO BUJIHO U3 PUCYHKA 1,
rJ€ TIOKa3aHbl YCPEIHEHHBbIE BPEMEHHBIC 3aBHCUMOCTH  ILJIAaBAIOIIETO
NOTEHIIMAJIa 30H/a.

st U3YUYCHUS MPOCTPAHCTBEHHO-BPEMEHHOTO pacnpeneneHus
MOTEHIIMANIa M30JUPOBAHHOM TOMJIOXKKA B IUIaQ3MEHHOM TOTOKE ObUIH
MIPOBEJICHbl U3MEPEHHUs IJIABAIOIIUX MOTEHIIMAIOB JBYX HJIEHTUYHBIX 30HIOB,
YCTaHOBJICHHBIX Ha OCH pa3zpsaa Ha ynanenuu 220 mMm (30H7 /) 1 460 MM (30HT
I]). Ha pucyHke 2 mnpHBEACHBl XapaKTEpPHbIE OCHUIOIPAMMBI IJIaBAIOIINUX
MOTEHIMAJIOB 3TUX 30H/I0B P pa3psjie B BAKyyMe U B alleTUJICHE.

3o0HAa [ 3oHa /I

“Bakyym”

aueTunex,
0.2Ma

Puc. 2. XapakTepHble OCHUIIOTPAMMBI TIABAIOIINX MOTCHIINATIOB
pa3HOYJAJICHHBIX 30HI0B MIPH pa3psjie B BAKYyME U B allETUIICHE
(BpemenHoe pazpemienue 20 Mkc/kneTky, ycuinenue 10 B/kierky).
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W3 aHanmu3a MOJYYEHHBIX OCHMIUIOIPAMM MOXHO CJlieJaTh CIEIYIOLIUe
BbIBO/IbI. Ha BpeMeHHOi 3aBUCUMOCTH IJIaBAIOILIEro MOTEHIMaIa BOJIU3U KaToaa
(3on /) HabmomaroTcs myJsibcauu ¢ amruutyon 10 20 B u wactoroir 100-
200 x['n, cooTBercTByIOWIEH  (PIyKTyanusiM HMHTEHCHUBHOCTH  CBETOBOTO
UMITyJibca Ma3Mmbl. [Ipu 3TOM mynbcalMu IJIaBalOIIero MoTeHluana Oosnee
BBIPAXKEHBI NpU paspsiae B BakyyMme. [Ipu OonbliieM yaalleHMH OT HOBEPXHOCTH
Karoga (30HA /]) aMIUIUTyJla ¥ 4acTOTa PTUX MyJbCAllMil 3aMETHO CHUXKAIOTCH,
OpUYEM 3TO CHI)KEHHE Oosiee CHIIbHOE IMpH paspsije B auerwieHe. Tak npu
naplyaJbHOM JaBJICHUM aneTuieHa B paspsaHoi kamepe 0.2 Ila amminrtyaa
nyjabcalui cocrasisier 1-5 B.

CrnenyeT OTMETHTH, YTO IJIABAIOUIMI IMOTCHIMAT Ha OJMKHEM 30HIEC
HayMHaeT HaBOIWUThCS 4epe3 8—10 mxc m yepe3 16-18 Mkc — Ha nanbHeEM,
npuyeM u3MepsieMas BpeMEeHHasl 3aJiepKKa OYeHb CJIa00 3aBUCHUT OT JIaBJICHHUS
aleTWIeHa B pa3psAaHON Kamepe. DTO COOTBETCTBYET CKOPOCTH ILIA3MEHHOTO
notoka ot 20 mo 40 xkm/c. bonee TouHble U3MEpPEHUSI CKOPOCTU UCCIIECTYyEMOIO
IUIA3MEHHOTO TIOTOKA /5/ TMO3BOJISAIOT CHENaTh BBIBOJ O TOM, YTO MOTEHIUANT
U30JMPOBAHHOM  MOJUIOKKA HAUYMHAET HABOAMTHCS  CHayala  CaMbIMU
BBICOKOOHEPI€TUYECKUMHU  DJIEKTPOHAMM  YaCTUYHO MOJISIPU30BAHHOTO
IUTA3MEHHOTO MTOTOKA, a 3aTeM Y€ COOCTBEHHO I1a3MO.
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BJUSAHUE PACCTOSIHUSI MEXKJTY MAULIEHBIO U TOJAJIOKKON
HA TMHAMMUKY IIJIAZMBbI ITPU JIASEPHOM OCAKJIEHUN
YIVIEPOJHBIX IIVIEHOK

JL.B. bapan, B.K. I'onuapos, I'.A. I'ycako, M.B. Ily3sipeB, M.I1. CamiioB

HUU npuxnagusix ¢puzndeckux npodnem um. A.H. CeBuenko benrocynuBepcurera,
yi1. Kypuatosa 7, 220108 Munck, benapycs, puzyrev@bsu.by

BBenenue

N3BectHo, uro anmazomnonoOHbie  yriepoanbie TwieHkH  (AVYII)
OTJIMYAIOTCSA UCKJIFOYUTEIEHO BBICOKUMU MEXaHUYECKUMHU U TPUOOJIOTNYECKUMHU
XapaKTepUCTUKAMH, a TAKXKE XMMUYECKOW MHEPTHOCTBIO. Bce mepeunciennoe
00yCIJIaBIIMBAET BBICOKUM MHTEPEC K PA3BUTHIO TEXHOJOTMH CO3/JaHHSI Ha UX
OCHOBE HM3HOCO- Y KOPP3MOHHOCTOMKHX 3ALIUTHBIX IOKPBITUM HA Pa3INYHBIX
Marepuanax /1,2/. B Hacrosmee BpeMsl Ja3epHO-IUIA3MEHHBIM METOA
OCAXKJEHUSl pacCMaTPUBAETCA KaK OJIMH U3 HauboJiee MepCreKTUBHBIX CIIOCOO0B
nonyueHust AVIIL. JlaHHbli MeTON 3aKJIO4aeTCss B HMCHApeHUU TrpadUTOBOM
MUILEHU MOIIHBIM HMMITYJIbCHBIM JIa3€pOM B BaKyyMe€ U IIEPEHOCE IPOAYKTOB
nazepHOil 3po3uu Tpadura Ha TOANOXKKY /3,4/. i pa3BUTHA TEXHOJIOTUU
Ja3epHo-MIa3MeHHoro ocaxaeHus AYII kpaiiHe Ba)KHO MOHMMAaHUE MPOLIECCOB
B3aMMOJICHMCTBUS JIA3€PHOI0 M3JIyYEHHUs C IMOBEPXHOCTBIO MCTOYHHUKA yIIIEpoaa
U Pa3BUTHS IUIa3MEHHOTO akena, 00pa3yrolmerocss Mpu Ja3epHON 3PO3HH
UCTOYHMKA. B Hacrosimee paOoTe MpOBEIEHBI HCCIEIOBaHUS IPOLIECCOB,
IPOUCXOAIINX B YIJIEPOAHOM IIa3Me IIPU €€ PACIPOCTPAHEHUHU OT MHILEHU 10
IOJJIOKKH, a TAK)KE BIUSHMS ITUX ITPOLIECCOB HA XAPAKTEPUCTUKU OCAKIAAEMBIX
YTJIEPOAHBIX IIJICHOK.

Jlas ocaxxaenns YII ucmons3oBancst ummynbensiit YAG:Nd®™ masep ¢
JIMHOM  BOJIHBL A = 1064 HM, JJIUTEIBLHOCTHIO wuMIydbca 7=20HC U
MakCHUMaJdbHOW »HHepruen wumnyibca FE=0,4 Jbxk. B kadyecTBe HCTOUYHMKA
yIJIepo/ia UCIONIb30BAJICS BHICOKOOPUEHTUPOBAHHBIA MUPOJIUTUYECKHUM rpadur.
Ilmenkn ocaxpanuch Ha IOJIOKKA W3 MOHOKPUCTAJUIMYECKOTO KPEMHHUS
opuentauuu (100) m kBapueBoro crekia. [ITOTHOCTP MOUIHOCTH JIa3€pPHOIO
U3JIy4eHHUs] Ha MOBEPXHOCTU TrpadUTOBOM MHUIIEHU BO BCEX IKCIEpUMETaX
coctapisaa 4x10° Br/cm’. B mpoliecce HAHECEHMs MOKPBITHH OCYIIECTBIISIOCH
CKaHUPOBAHUE JIA3EPHOTO Iy4YKa IO MOBEPXHOCTU MHUIIEHU IYTEM BpALICHUS
MHUILEHU BOKPYI CBOE€H OCH. PaccTosiHMEe MEXIy MUILIECHBIO U IIOJUJI0KKOU
BAPBUPOBAJIOCH B JHana3zoHe OT 7 1o 22 cM. JIMHaMuKa yriepoJHOW ILIa3MBbI
UCCIEN0Bajach MPHU TIOMOIIM BPEMSANPOJIETHBIX HW3MEPEHUN  30HIOBBIM
METOJOM. B KadecTBe HMOHHOIO 30HJAa WCIOJB30Bajach MeEJHAas IUIaCTUHA
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20x20 mm. Curhan ¢ 30HAAQ PETUCTPUPOBAICA NPU IOMOIIA CKOPOCTHOIO
ocuuiorpaga  Tektronix NDS  2022B. Jlng aHanu3za  XapaKTepUCTHUK
OCaXJCHHBIX  TOKPHITUH  HCMOJB30BATUCH  METOJABl  KOMOWHAIIMOHHOTO
paccessaust cBera (KPC), onThueckoil CHEKTPOCKONUU M aTOMHO-CHUJIOBOM
Mukpockonuu (ACM). Cnektpel KPC peructpupoBainch ¢ HCIOIb30BAaHUEM
cnektpoMerpa moaenu 1403 dupmbr Spex (CLLIA). Bo3OyxaeHne mpoBoaHIOCh
C TOMOUIBI0 aproOHOBOTO Jiazepa ¢ JIMHHOM BoyiHBI 514,5 HM. ChnekTpsl
MOTJIONIEHUS cBeTa B Y- U BUIMMOM JIMATIa30HE CTIEKTPa PETUCTPUPOBAIIUCH C
ucrnonb3oBanueM crnekrpooromerpa Cary300 dupmer  Varian (CIIA).
N3yuenune wmukpopenveda mnoBepxHoctd AVYII mpoBoauinoch ¢ MOMOIIBIO
aTOMHO-CHJIOBOTO MHKpockora Mapku Solver P47 Pro (Poccus).

Pe3yabTaThl U 00CyKI€eHHE

4504
400

3504
300+
2504
200+
150+

Tommmunaa IICHKH, HM

WuTencuBHOCTh curHana, B

100+
00 05 10 15 20 25 30 35 5 10 15 20

CKopocCTh YacTull, 104 BT/CM2 P
aCCTOSIHUE, CM

Puc. 1. Pacnipenenenue no CKOPOCTAM  Pyc. 2. 3aBucuMocTth ToamuHbl AVYII ot

HacTul, COCTaBIAOMMNX  YIJICPOIHYIO paccTosiHAsS MEXIy TpaduTOBON MHUIICHBIO
IasMy, B 3aBMCMMOCTH OT PaCCTOSAHHA U TOANOXKKOH. Bo Bcex skcmepuMeHTax
MCKIY rpaduToBoi MUIICHBIO H JUINTEIIFHOCT,  BO3JCHCTBHS  COCTaBJIsIIa
TOJITTOKKOH. 10000 umITynbCOB.

Ha pwuc.l npuBemeHo pacnopeaeneHne MO  CKOPOCTSAM — YaCTHI,
COCTABJISIIOIINX YIJIEPOAHYIO TUIa3My. BuaHo Hamuuue nBoiHoro crnosi. C
POCTOM PACCTOSIHUSI MEXK]Yy MOJJIOKKONW M MUIIIEHBIO HAOIIOJAETCS CMEILCHHE
MaKCHMyMa pacrpe/iesIeHUs] CKOPOCTE MOHOB B CTOPOHY OOJIBIINX CKOPOCTEH U
CONMMKEHUE €ro ¢ MaKCHMMyMOM pacipeielieHusi CKOpocTed 31neKTpoHoB. T.e.
MPOUCXOIUT YCKOPEHUE HOHOB 3a CUET AJIEKTPUUECKOTO MO B ABOMHOM CIIO€.

C pocTtom paccTOsSTHUST MHTEHCHMBHOCTh CHUTHaja 30HJAa magaer (pasier
yacTull). B 11e1oM 3aBUCMMOCTh MHTETPaIbHOM MHTEHCUBHOCTU CUTHAJIa MOHOB
OT PAacCTOSIHUSA XOPOIIO COIJacyeTcsi C aHAJOTWUYHOW 3aBUCHUMOCTBIO IS
TOJIIIMHBI OCAXK/IAE€MBIX TOKPHITUM (pHUC.2).
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MeHbl1yI0 UHTEHCUBHOCTb AJIEKTPOHOB IO CPABHEHHUIO C MOHAMHU MOYKHO
OOBSACHUTH BHIOMBAHMEM BTOPHYHBIX JIEKTPOHOB C MOBEPXHOCTH 30HJA. DTUM
K€ MOXKHO OOBSCHUTH M TO, YTO CHUTHaN 0oJiee JIUTEIbHBI OT MOCTYIUICHUS
DJIEKTPOHOB Ha 30H]I.

-1

201 I, orn.en. 60000

1.5 40000-

20000+ 9
/3

0 T T T )
200 400 600 800 1000

2.0

0.51

0.0

KoaddunmenT normomeHus, cMm

-1
1000 1200 1400 1600 1800 v, cm JUTHHa BONHEL, HM

Puc. 3. Crniektpsr KPC AVII, ocaxxnennsix  Puc. 4. Cnekrpel  mormomenus  AVII,

OpU  Pa3IUYHBIX PACCTOSIHUSAX — MEXAY OCAXIEHHBIX NPHU PAa3JIUYHBIX PACCTOSHUAX
rpauTOBOM MUIIICHBIO U TIOIJIOKKOM: MeX 1y TpaUTOBON MHUIIIEHBIO U MTOATIOKKOM:
1-L=7cm;2—-1=11cm; 3 —1L=22 cm. 1-7cm; 2-11cem; 3- 22 cm.

Hns KPC wu3MeHeHHsi HE CYIIECTBEHHBI. /[[Ji1 TMOIIOlIeHUs CBETa —
ONTHYECKas IIMpPUHA 3alpelIeHHOW 30HbI HE M3MEHSETCA W OCTAeTCS B
untepBasie 1,75+0,05°B. OnpHako ¢ poOCTOM pacCTOSHUS HAOMIOIAETCS
CYILIECTBEHHOE YBEJINYEHUE MPO3PAYHOCTU MTOKPBITUH.

[Io naHHBIM BpEMSIIPOJETHBIX W3MEPEHUM CpEAHSss DJHEPIUs HOHOB
yBenuuuBaercs ¢ S 3B s L =7 cm 10 9 3B nna L = 22 cm. B 3Tom ananasone
OHEPTrui M3MEHEHUS CTPYKTYPHI IUJICHOK CIa0bl, YTO COTJIACYEeTCS C HAIIUMHU
pesynbraramu KPC u nornoiienus (lupruHa 3alpeuieHHON 30Hbl).

ATOMHO-cHJIOBass MHKpockonus (puc.5) mokaszaja, 4YTO C pPOCTOM
paccTOsiHUSL OT TOMJIOKKH JO MHIICHU CHIXKAETCS KOJIUYECTBO M pa3Mmep
MaKpOBKJIFOUCHHH B MJICHKAX.

3ak/oueHue

DOKCIEPUMEHTHI TOKa3alid, YTO PACCTOSHUE JI0 TMOJUIOKKH OKa3bIBaET
CYILIECTBEHHOE BJIMSIHME HAa CTPYKTYPY aJIMa30MOJ00HBIX YTIEPOAHBIX TJICHOK.
C pocToM pacCTOSIHUSI CHUKAETCSl KOJMYECTBO M pa3Mep MaKpOBKIIIOUEHUH B
IUICHKaX. JTO XOPOILIO COrJacyeTcs C YBEJIMYEHHUEM MPO3PAYHOCTU MOKPBITHH.
MO>XHO TIPEANOIOKUTD, YTO 110 MEPE PACIPOCTPAHEHUS TIIIa3MEHHOTO (pakena, B
HEM MPOUCXOJIUT JIOUCIIAPEHHE KIACTEPOB U MAKPOUYACTHII.
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Puc. 5. ACM-u3zobpaxenuss noepxHoctd AVII, OCaXAEHHBIX NpU PA3IUUYHBIX
PaCCTOSIHUAX MEXIy TpadUTOBOM MUILIEHBIO U TTOMIOKKOM: (a,0) - 7 cm; (B, T) - 11 cm;
(me) - 22 cm.
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OOPMUPOBAHMUE INTOJIUMEPHbLIX CPE],
MOINPUIINPOBAHHBIX HAHOYACTULHAMU METAJIJIOB

B.K. I'onuapos, K.B. Kozanaes, /I.B. IllerpukoBuu

HUWU npuxnagusix ¢puzndeckux npodiem um. A.H. CeBuenko beirocynusepcurera,
yi. Kypuarosa 7, 220108 Munck, benapycs, kozadaeff@mail.ru

Abstract. Methods have been developed for the formation and
characterization of an ultra-dispersed metal phase in polymeric matrices,
specifically in polyvinyl alcohol films. A method for laser erosion of metals in
air 1s proposed for production of nanoparticles. Polyvinyl alcohol films with
metal nanoparticles can be obtained by implanting the particles in aqueous
solutions of the film-forming material.

HanoTexHon0rum HacTOIbKO TIyOOKO BOLLIM B HANly HW3Hb, 4YTO B
HACTOSIIIIMM MOMEHT YK€ TPYAHO MPEACTaBUTH MPOU3BOACTBO JIICKTPOHUKH,
ONTHYECKYID M  XUMHUYECKYI0  IPOMBIIUICHHOCTH 0€3  NMpUMEHEHHUs
HAHOPA3MEPHBIX OOBEKTOB. MHoro4uciieHHbIE PEUMYIIECTBA
HAaHOCTPYKTYPUPOBAHHBIX ~ MaTe€pUalOB  OOYCJIOBJICHBI  CHEIU(PUIECCKUMHU
CBOMCTBaMHU, KOTOpBIC MPUOOPETAIOT pPAa3IMYHBIC BEMIECTBA MPHU TOCTIKCHHUH
UMH  pa3MepoB (XOTS OBl TO OJHOMY W3MEPEHHUI0) TIOpSIKa JIECATKOB
HaHOMETpoB /1/.

Momudukanus HAHOYACTHIIAMH CYIICCTBYIOIIMX W pa3pabOTKa HOBBIX
KOMITO3UIIMOHHBIX ~ MaTE€pHaJIOB HAa  OCHOBE  HAHOYACTHUI[  SIBIISIOTCS
MIEPCTICKTUBHBIMI HAIPABJICHUSMH PA3BUTHSI COBPEMEHHOM MPOMBINIIICHHOCTH
/2/. Tax OONBUION NPAKTHUECKUH MHTEpeC MPEACTABISIET MNPUMEHEHHE
TEXHOJIOTUYHBIX PEHICHUI C UCIOJIb30BAaHMEM HAHOYACTHI] IIPU PEIICHUU psiia
WHKEHEPHO-KOHCTPYKTOPCKUX ~ 3a/lad  ONTHUYECKOTO MPUOOPOCTPOEHUS, B
YaCTHOCTA TMPU TIPOU3BOJCTBE ONTHUYECKUX (UIBTPOB [JIST  PA3ITUUHBIX
CHEKTpalIbHBIX aUana3oHoB. llenpio maHHOW paboOTHl sBIsETCA pa3paboTka
HOBBIX TOJIMMEPHBIX ONTUYECKUX CpPEl, MUMEIOIIMNX SPKO BBHIPAKECHHBIE MUKH
MIOTJIOIIEHNUS B BUIUMOM 00JacTH crekTpa 3a cueT 3d@dekra pe3oHaHCHOTrO
MOBEPXHOCTHOTO IIJJA3MOHHOTO PE30HAHCA y KOJUIOWIOB HAHOYACTHII
OJ1aropoHBIX METALIOB /3/.

W3BecTtHO /4/, 4TO TIpW BO3JACUCTBUM BBICOKOMHTCHCHBHBIX JIa3€PHBIX
MMITYJIbCOB (ILIOTHOCTB MomHoctr: 10° Br/em’, murtensHoCTs nmmyibsca ~ 100
HC) Ha MeTa/uibl oOpasyeTcss ABYyX(a3HbIM IMJIa3MEHHBIH MOTOK (IPO3HOHHBIN
Ja3epHbld  (haken), COCTOSIIIMA U3 TPOAYKTOB paspylieHuss MumeHu. C
TEYEeHUEM BpEeMeHH /5/, mapbl mMaTepualia MHUIIEHH KOHJIEHCUPYETCS B YKUIKO-
KanenpHylo a3y ¢  XapaKTepHbIMU  pa3MepaMu, MPUHAJICKAIIUMHU
HAHOMETPOBOMY JMana3oHy pasMepoB. CdopmMupoBaHHble B Ja3epHOM
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3PO3MOHHOM (pakerne MeTaNIMYECKUE YacTHUIbl MOXKHO OCaJIUTh B JKHUJIKYIO
cpeny, GopMupyss TeM caMbIM KOJUIOMJHBIA pacTBOp 0OpabaThIBA€MOIo
metaia. Kak npaBuiio, mpy 0IHOKpATHOM BO3JIEHCTBHH JIA3€PHOTO UMITYJIbCA C
o0cyX/1aeMbIMU TapameTpamMu (GOPMHUPYETCSl JOCTATOYHO MAajioe KOJUYECTBO
yactul] (oOmiasi macca 4YacTHUI[ BBIHOCUMOM KOHJIEHCUpPOBaHHOUW (a3el mpH
OJIHOMMITYJIbCHOM BO3JIEUCTBHH COCTABIISICT €AMHUIIBI-IECATKY MUKPOIPAMMOB,
B 3aBUCUMOCTM OT THUIAa MeTajla U ycIoBuM BozjaeuctBus). [loatomy, s
MOJIYYEHUsSI  JOCTATOYHO  KOHILIEHTPUPOBAHHBIX  KOJUIOMJHBIX  PAaCTBOPOB
METAJIJIOB 11€JIECO00pa3HO NMPUMEHATH IOCJIEOBATEIbHOCTH BO3JIEHCTBYIOIINX
Ja3€pHBIX  UMIYJIBCOB, 4YTO JOCTaTOYHO NPOCTO  JOCTUTaercs  IpHU
WCIIOJIb30BaHNN B YAaCTOTHOM PEXHME COBPEMEHHOM Ja3epHOM TexHUkH. [Ipu
ATOM B MpoIIecCe CHHTE3a HEOOXOTUMO JHUIIb 00ECTIEYUTh MOCTOSIHHYIO CMEHY
JIOKAMHM3aIiH TIATHA (DOKYCHPOBKU HA TTIOBEPXHOCTH MUIIICHH /6/.

B nannoii paGote s popMupoBaHUS BOJHBIX KOJUIOMIHBIX PacTBOPOB
HaHoyacTull MetayioB mpuMensuics Nd:YAG (A=1064 ©m) nazep c
JUTMTENBHOCTBIO UMITyJbca 20 HC U cpenHen 3Heprueit umiyiasca 200 m/[x, 9To
npu (OoKycupoBKke B MATHO ¢ d=1 MM MO3BOJSIO MONAydYaTh IUIOTHOCTH
morrocTH ~1 TBr/cM’. B KauecTBe MUIIGHH BBICTYIAIN MACCHBHBIC MHUIICHH
cepebpa u 3050T1a 999,9 npoObl. YacToTa cieoBaHUsl UMITYJILCOB COCTaBisIa 5
['n. XapaktepHoe BpeMs SKCIO3HUIMHU ISl TMOJTYYEHUsS ONTHYECKH TIIOTHBIX
00pa3oB 30JI0TOCOACPKAIINX KOJIIOMIHBIX PacCTBOPOB ObLIIO BEIOPAHO paBHBIM
10 muH 1151 ogHOTO 00pasia ¢ oobsemoM 120 M. Ilporecc cuHTE3a MPOUCXOAMIT
B BO3AYLIHOH cpele ¢ TOCIEAYIOUIMM OCaXIEeHUEM Cc()OpPMUPOBAHHBIX
METa/VIMYECKUX  HAHOYACTHLl B  Boay  JHMOO  BOJHBIE  PACTBOPHI
MJIEHKOOOPa3yIoIINX BEIIECTB.

Pucynok 1 — POM-u3o0paxeHnre 4acTuIl 30JI0Ta, OCAKICHHBIX U3
KOJIJIOUJTHOT'O pacTBOpa
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Jns uccnenoBaHus XapaKTEPUCTUK HAHOYACTHUI[ B BOJHOM KOJUIOMJIHOM
pacTBOpe MOCJI€ COOTBETCTBYIOIIEH MOJTOTOBKM OOpa3OB ObLIM MPUMEHEHBI
pacTtpoBas JJIEKTpoHHass MuKpockorust (POM), peructpamusi crexkrtpa
XapaKTePUCTHUUECKOTO U3TYyUYeHUs U aOCOPOIIMOHHAS CIIEKTPOCKOIIHS.

PesynbraTel uccienoBanus o0pas3uoB ¢ noMmouibio POM nokazanu (cMoTpu
pUCYHOK 1) MpUCYTCTBHE HAHOPA3MEPHBIX YACTHUIl CO CPEAHUMH pazmepamu ~50
HM M JIUCIIEPCHUEN paclpeneneHus yacTul no pazmepam ~20%, 4To XxapakTepHO
JUTSI KOHJICHCAIIMOHHBIX MPOIIECCOB Karieo0pa3oBaHusI.

[l orH. en.

I 5 D¢ OTH. €]I.
/ )
Au
600 /
O
300 /
0 0
a 0

a) CexkTp XxapakTepUCTHUECKOT0 U3IYyUEHHS PU BO30YXKACHUN YaCTHUIL
AJIEKTPOHHBIM IIYYKOM, 0) C MOMOIIbI0 aOCOPOLIMOHHOM CIEKTPOCKOITUHI
(1 — BoxHsIi1 pactBOp, 2 — [IBC-coneprkauiuii pacTBop)
Pucynok 2 — Pe3ynbTaTel HCCIIEI0BAHUS YAaCTUL KOJUIOUIHOTO PacTBOpa

HccnenoBanue MOJTY4YEHHBIX 00pa31ioB MOJIMMEPHBIX IUICHOK,
MOAU(MUIIMPOBAHHBIX HAHOYACTHUIIAMU 30JI0Ta U cepedpa, MoKa3aao OJJHOPOTHOE
pacrpejielieHue CUHTE3UPOBAHHBIX METANIMUYECKUX HAHOCTPYKTYP MO 00BEMY
MoJIuMepHON Martpuilpl. Ilpu 3TOM moOn0Ca MOBEPXHOCTHOIO IIJIA3MOHHOIO
pe30HaHCa MCIOJIb30BAHHBIX METAJJIOB IMOJBEPINIACH «KPACHOMY CIBUTY» IO
CPaBHEHHIO C WX BOJHBIMM  KOJUIOMAHBIMHA  pactBopamMu. OpHaAKO
MPUHALICKHOCTh ATHUX MOJIOC K BUAUMOMY CHEKTPAJIbHOMY JIMANA30HY |
3HAYUTENIbHAS MX KOHTPACTHOCTH JieJlaeT pa3paboTaHHbIC MOAUMUIIMPOBAHHBIC
MOJMMEPHBIE IIJIEHKM TEPCIHEeKTUBHBIMUA JUISI MPOM3BOJCTBA HEIOPOTHUX
MACCUBHBIX OIPAHUYUTENICH CBETOBOM MOIIIHOCTH C BHJIMMOM 00JIaCTH CIIEKTpa.

CrexkTp XapaKTepUCTHYECKOrO0 HW3JIYUYEHUS] 4YaCTHUIl, HAXOMSIIMXCS Ha
YIJIEPOAHON MOMNI0KKE (CMOTPU PUCYHOK 2 a), TOBOPUT O TOM, YTO UX MaTepHal
COOTBETCTBYET MaTepHaly MHUIICHU, T.€. B JIAHHOM ClIy4ae 30JI0TYy.
CrekTpocKomnus KOJJIOMJIHOTO pacTBOpa (CMOTpH pUCYHOK 2 O, kpuBas 1)
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MOKa3bIBaCT HAJIMYHME XapaKTEPHOTO THKAa MOBEPXHOCTHOTO IUIa3MOHHOTO
pe3onanca (I1I1P) B cnektpe nmornomenus oopasua. Ero Makcumym npuxoauTcst
Ha 520 HM, 4TO TOBOPUT O MPHUCYTCTBUU B KOJUIOMIHOM PacTBOPE HAHOUYACTHII
30J10Ta CO cpenHuMU pasmepamu nopsaka 50 M. IlpucyrcrBue nukos C u O
0OyCJIOBIIEHO THUIIOM NPUMEHSBIIEHCS MOMNOXKKH. OnTHueckas IJIOTHOCTb
06%a3ua FOBOPHUT 00 OIEHKE KOHLEHTPALMK HaHouacTHIl B pactope 10''-10"
cM .
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U3MEPEHUE IPKOCTHOM TEMIOEPATYPbBI UMITYJIbCHOM
MJIA3BMBI IUPOMETPOM C II3C-MATPUILIEMA SONY ICX415AL

N.C. Hukonuyk, A.H. Uymakos

Wuctutyt duszukun HAH benapycu, np. HezaBucumoctu 68, 220072 Munck, benapycs,
nick@imaph.bas-net.by

Abstract

The optical pyrometer based on CCD SONY I415AL was created in order to monitor
the processes of pulsed plasma modification of materials. Spatio-temporal distribution of
spectral brightness and temperature of the surface obtained with a pyrometer allow us to
estimate its contribution to the process of plasma surface modification of materials processed.

C 1esbi0 KOHTPOJISL MPOIECCOB UMIYJILCHOM TUTa3MEHHOW MoaudUKaIiu
MaTEpPHAIOB CO3J]aH ONTHYECKUN MHPOMETpP, OOECTICUMBAIONIUIN OMpEICICHIE
SPKOCTHOM TeMmeparypbl IUTa3MEHHBIX O0Opa3oBaHHWl € MPOCTPAHCTBEHHO-
BPEMEHHBIM pa3zpenieHrueM. B ocHOBy onrtuueckoro nupomerpa (puc. 1)
MOJIO)KEHA CHCTEMa PEerucTpallud ONTHYecKoro wusnydenuss Ha Oaze [I3C-
Marpunsl ICX415AL, ynpasnsemas nepCcoOHaIbHBIM KOMITBIOTEPOM.

4

CHIT
il

o/ 1/

1-3 — nupomeTtp Ha ocHoBe MaTpuilbl [CX415AL; 2 — punbtp Ne87017
Ha 516 HM; 3 — o0bekTuB OmuTep-21A; 4 — Habop HEUTPATBHBIX
cBeTOUIBTPOB; 5 — cBeTonmepurtenbHas tammna CH10-300y; 6 — amnepmerp
M-104; 7 — crabunusupoBanHbli uctounuk nuranus CUII 30

Puc.1. Cxema kanuOpoBkH nmupomeTpa no stanonnoi sammne C1U10-300y

[Tupomerp KanuOpoBajCs MO 3HAYEHUSM CHEKTPAIbHOM IHEPreTHYecKoir
SPKOCTHU 3TAIOHHOM cBeTom3mepurenbHoit amibl CU10-300y, kanuOpoBaHHOIM
B uHTepBasie ot 0,3 no 2,5 mxm B CapaTOBCKOM LEHTpPE CTAaHAAPTU3ALMUU U
meTrposoruu (puc. 1). [luranue naMibl OCYyIECTBISAIOCH MOCTOSHHBIM TOKOM OT
crabunusupoBaHHoro ucrouyHuka nuranus CUII-30. Benumuuna Toka
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KOHTpoJiupoBasiack amnepMerpoMm tuna M-104. Cxema 3KCHEpUMEHTaIbHOU
YCTAHOBKHU Il KaJTUOPOBKU MUPOMETpa IO STAJOHHON JaMIle MpHUBEJICHA Ha
pucCyHKe 1, mapaMeTpbl YCTAaHOBKH CBEJICHBI B TaOIUILy 1.

Tabmuua 1  [lapameTpsl  3KCHEpPUMEHTAJIBHOM  YCTAHOBKHM IS
KaJIMOPOBKU CUCTEMBI PETUCTPALIH

Cucrema perucTpandd ONTHYECKOro u3iaydeHus | Ne: 200807-14-02-
Ha ocHoBe MatpuIlel ICX 415 AL 07500-016-05-00479
Pa3mep marpuiibl poTonpueMHUKa 7,48 MMX6,15 mm
Pa3zmep nukcena 8,3 MKM*8,3 MKM
OOBbeKkTuB Onurep-21A
dokycHOE paccTosiHUE 00bEKTUBA, f 200 mm
Huadparma, D 16
IIIkayia pacCTOsIHUM, 3HAYEHUE 2,4
biiok nutanus CHII30
Ammnepmetp (kiacc Tounoctu 0,5) M-104 No
Jlamna CH10-300y Ne70
[ITupuHa n3ayvaromen JEHThl 3TAIOHHON JIAMIIbI 3 MM
[upuHa wn300pakeHUs] U3IYYAIOIIEH JIEHTHI 0,432mm
ATAJIOHHOM JIaMITBl Ha MaTpuIle poTonprueMHUKA (48 nukceneit)

CrekrpaibHas SPKOCTb IUIa3Mbl PACCUUTHIBAETCS 110 popmydae /1/:
B =R Qam S om Tam 1
nt " om Q S . [

niu nu nu

2
/4
Q=— { 2 S=K?.d?
YuureiBasi, 4TO 4 DL v e b thopmyma  (ipH
WCIIOJIb30BaHUU OJHOTO U TOTO ke 00BEKTHUBA) Mpeodopa3yeTcs:
2 72 2

B — B Dnﬂ Lnﬂ Tam Atam Ky3m In/z

"Dl At, K2 1
om om z-ng ni ynn T om

ni

om , (1)

; 2)
rae B, — chmekTpanbHas SIpKOCTh TUIa3Mbl, B, — CIIEKTpasbHAs SIPKOCTh
stanona; D, — ngumadpparma (mmazma); D,, — awmadparma (3TajaoH);

L. — paccTosiHuE OT 0OBEKTHBA 10 MUIIIEHH; L, — paccTosiHuE OT 0OBbEKTHBA 110
ITAJIOHHOHN JIaMIIBI;, Ty, — KOA(QOUIIMEHT MpOMyCKaHus Habopa CBETOQUIBTPOB
(ru1azMa); T,, — Ko3(PUIMEHT MPOoNyCcKaHus Habopa cBETOGWIBTPOB (ITAJNOH);
At,; — BpeMsi SKCTIOHUPOBAHUS TUIa3Mbl; At,; — BpeMsi SKCIIOHUPOBAHUS ITAJIOHA,
Kz — koo purmenT yBenuueHus: ONTUYECKON CUCTEMBI perucTpanuu (1miasma);
K,; — k03 duiineHT yBennueHusi ONTUIECKON CUCTEMBbI PETHCTpaluu (3TAJIOH);
I, — aMIuIMTY]a CUTHamNa TUIa3MBl; [, — aMIIUTy1a CUTHAJIA STaloHa.
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[TapameTpsl perucTpanuu aMmIIUTYJbl CHUTHAJIa OSTAJIOHHOW JaMIIbI
pUBEACHBI B Ta0IMIIE 2.

Tabauua 2. [Tapamerpsl peructpauuu

CnexTtpanbHas spkocTh B, Ha ayiuHe BoiaHBI 516 HM (B

MakcuMyMe TpormyckaHus Guibtpa Ne87017, Amax 2,410
=516 HM, Ts16max — 0,721 1, A}\.516 =24 HM)

Paccrosiaue L (0T 00beKTHBA 4O STAJIOHHOW JIAMITBI) 165 cm
DKCNO3ULMS peructpauu At,, 3,582 mc
Koadpumment yYBEIINYEHUS (YMEHbIIEHUS ) 6,94
ONTUYECKOM CUCTEMBI perucrpaunu Ky

[Tponryckanue GuibTpoB

QOunbtp Ne87017 Ha S16 LM = 72,11% T516max — 0,7211
Ounptp HC-7 (3 MM) = 40,3% Tue7 = 0,4030
Oumiptp HC-8 (3 MMm) = 14,50% Tues = 0,1450

C momompi0 TPOrpaMMHOTO OOECIeYeHUsl ISl CHUCTEMBI PErHUCTpPAINH
CCD Image 65110 OTCHSTO 3 Ka/ipa, ¥ BBIBEICHBI PE3YJIbTATHI JIJISl IEHTPAIbHOU
obOnacTu MaTpuilbl U Ha paccTossHuax 200 MKc BIEBO U BIIPABO (PUCYHOK 2).

o kaap1,2,3 Ha 200 nke kagp1,2,3 . kagp 1,2,3 kaap 1,2,3 Ha 200 nkc
12000  Bneeo oT yeHTpa E LeHTpe 12000 B LleHTpe BMpagBo OT eHTpa

3 | m
[= ]
E 8000 8000
[&]
=
Pl ]
=
E |
= R
< 40004 4000 1

0 c”j t ’//J L\ 0 ,//——/, N J e

T T T T T T u T T u T L T
200 400 400 600

Puc.2. AMmunryna curaana B neHTpe Matpuiibl 1 Ha 200 nukcenen
BJIEBO U BIIPABO OT LIeHTpa (1o 3 kajapa).

Cpennee 3nauenue ammuTyabl 1,,=10800 (370 3HaUYEHHE UCIIOIB3YETCS
JUISl pacyeTa CeKTPaIbHON SIPKOCTH TUIa3MBl).

CoznanHslii UPOMETP UCIIOJIb3YETCS U1t onpeieNeHUs
IMPOCTPAHCTBEHHOI'0 PACHPEACIICHUSI IPKOCTH MPUIIOBEPXHOCTHOM IJIa3Mbl IPH
UCCIIEOBAHUHN TIPOLIECCOB HMIYJbCHO-IJIA3MEHHON M JIa3€pHO-TUIA3MEHHOM
MomuUKaUA MaTepranoB. TunuyHbie GoTorpadud CBEUYCHHS Ja3epPHOM
ITa3Mbl Ha CTAJLHONW MUIIEHU TPH €€ OONyYCHHH B BO3IyXE HMITYIHCHBIM
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u3JlydeHueM HeoaumoBoro Jazepa (A=1,06 mMxm, =80 HC) mpeAcCTaBJIEHbI Ha
pHUCYHKE 3.

0
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14000 : : ; : !
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100004 I

\
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T T T T T
100 200 300 400 500
JuadparMa 16; HefiTpameHBle PHIBETPEE HCS, HCO; SKCITo3HI PeTHCTPALRH 1nc
' 2
16000F------"F - -
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100004 S —
2000 -
G000 - ’ = = = ’ ﬁl
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Juadparma 11; HefitpaneHele GHILTPEE HCT, HC13: SKCITO3HINHA PerHeTPalni 1me

Puc.3. ®otorpaduu nazepHoit miazmsl (ciaeBa) U Mpoduiu ee CeKTpaIbHON
sapkocTy Ha A=516 uM (cipaBa, Ty.= 4112 u 4018 K) y moBepxHOCTH CTaIBHOM
MUIIICHU

[IpocTpaHCTBEHHBI HPOQUIL CHEKTPAIBHOM SPKOCTH IUIa3Mbl By
onpenensieTcss Mo npouisM 3aperucTpPUPOBAHHBIX CHUTHAJIOB MUPOMETpA U3
dbopmynbl (2) ¢ ydeToM YCIOBUM peructpanuu (IKCIO3UIMU U BPEMEHU
CBEUEHUS TUIa3Mbl, 3HAYEHUI 1ruadparmMbl, pacCTOSIHUS CbEMKU U IPOIYyCKaHUS
¢bunbTpoB). I[lomydyeHHble naHHBIE C HUCHONb30BaHUEM (opmynbl [lnanka
00€ecreynBalOT pacyeT paclpeesieHUs! IPKOCTHON TeMIIEpaTyphl IJ1a3MBbl.

[Tonyuaemble C TOMOLIBIO MHPOMETPA MPOCTPAHCTBEHHO-BPEMEHHBIE
pacupeneneHuss CHEKTPAIbHOW SIPKOCTHM W TEMIEPATypbl MPUIIOBEPXHOCTHOMN
IUIa3Mbl MO3BOJISIOT OLEHUTH €€ BKJIAJ B MIPOLECCHI TIa3MEHHON MOAM(UKAIIIH
MOBEPXHOCTH 00pabaThIBAEMBIX MaTEPUAIIOB.

Cnucok qureparypbl
1. ChoexkTpockomnuueckas AMAarHOCTUKA DJPO3MOHHOM Ja3epHOM Miaa3Mbl  /
bakanouu I'U. [ ap.]. — Munck, 1978. — 30 c. — (Ilpenpunt / HAH

benapycu, Uncturyt ¢puzuxu. — Ne149).
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OTPAKXEHUE U3JTYUYEHMUS ITPU HAT'PEBE TUTAHA B
BO3YXE KBASUHEIIPEPBIBHBIM JIASEPHBIM UMITYJIbCOM
HMU3KOH UHTEHCUBHOCTH

B.N. Haconos
HNucturyt puzuku HAH benapycu, np. HezaBucumoctu 68, 220072 Munck, bemapyce

Kuneruke mnpoueccoB B MOBEPXHOCTHOM CJO€, CTPYKTypeE, COCTaBy M
CBOMCTBaM oOpa3yrolleics OKaJuHbI IIPU HarpeBe TUTaHa B Pa3IUYHBIX Cpeaax
OBLIIO MOCBSIIIEHO MHOTO 3KCHEPUMEHTAIIBHBIX U TEOPETUUECKUX MCCIIETOBAHMIM
(cMm., Hammpumep, /1-3/). C pa3BuTHEM COBPEMEHHBIX TEXHOJOTUN B Pa3HbIX 00-
JACTSAX TEXHUKH, TJIe TUTAaH HAXOJIUT NMPUMEHEHUE KaK XUMUYECKH aKTHUBHBIN
MeTal (CO3JJaHue MHOTOCIOMHBIX MOPUCTHIX CTPYKTYp ISl KaTajau3a peakiuii
XUMHUYECKUX MPOLECCOB, MOJYyYEHHE MPOTSHKEHHBIX MOPUCTBIX 00pa3oBaHUM,
UCIIOJIb3yEeMbIX B KauecTBe (PUIbTPOB, ((OPMUPOBAHNE HAHOTPYOOK Pa3IMYHOTO
MPUMEHEHUS U JIp., CM., Hapumep, /4, 5/) pacumpenue npeacTaBieHuil o moBe-
JICHUU TUTAaHA MPU €r0 HArPEBE B PA3JIMYHBIX YCIOBUSIX OCTAETCS AKTYaJIbHBIM.

B mnactosmieit pabore s Harpema
TATAHA WCIOJIb30BAIOCHh KBa3MHENPEPHIB-
HOE U3Iy4YeHue HeoaumoBoro nazepa I'OC-
1001 (A = 1.06 mMxm). ITpu n3yueHuun usme-
HEHUN B 30HE HarpeBa MPUMEHSJICS METOJ
Puc.1. OcumnnorpavMma 1a- | p3mepeHHss OTPaKEHUS H3IYYEHHUS B Tede-
3€pHOTO UMITYJIbCA HUE JIa3€pHOI0 MUMITyJbca. JlazepHbld MM-
yJIbC UMEN rIaaKyto (Gopmy, oOLIy0 JIUTEIBHOCTh ~ 1.5 MC U JJIUTEIBHOCTD
nepeanero ¢pponta ~0.3 mc (puc.l). [LIOTHOCTH MOTOKA ¢ JIa3€PHOTO U3ITYUYEHUS
(JIV) B 30He HarpeBa u3MeHnsnach B npeaenax 0.08 < ¢ < 0.4 MBt/cm’. Mume-
HAMU ciyxuin o0pas3iel TutaHa BT1-0 (o—cmnas). [loBepxHocTH 00pasion
npenBaputensHo nutndoBanuch. B xome obmydyenus npu pasueix g JIM oxHo-
BPEMEHHO HM3MEpsIINCh KOA(huImeHTsl 3epkanbHoro (R,) u auddysnoro (R))
OTpaXEHUsI, TI0 HUM OMpeAessuics KodPPUIMEHT MorychepudecKkoro oTpaxe-
Hus (R = R, + R,). B /6/ npuBeneHbl pe3ybTaThl MIPEeABAPUTEIbHBIX UCCIIEI0BA-
HUW OTpaXE€HUs B TPOIIECCe JIa3epHOro HarpeBa Tutana. Ho B aToit pabote mo-
BEJICHUE OTPAKECHMS HA HaYaJIbHOM CTaJNH HArpeBa U poJib TIa3MEHHOTO (pake-
Ja TIpU NOBBILIEHHBIX ¢ JIM B nuHamuke oTpakeHUst HE paccMarpuBaroTcs. B
IpeICTaBIEHHON paboTe 0cob00e BHUMAHUE yAENEHO M3YyUYEHUIO YKa3aHHBIX BO-
IPOCOB, KOHKPETU3UPOBAHBI OT/ICJIbHBIC 3aKIIFOUECHUSI PAHHUX UCCIIEIOBAHUN.

Pe3ynbTaThl MccienoBaHui MpeacTaBiieHbl HAa puc.2, a—e6. [lpu Harpese
turana JIU ¢ ¢ = 0.08 MBT/cM” Ha6III04a/I0Ch OUYMINEHHE TOBEPXHOCTH OT IIPO-
M3BOJICTBEHHBIX 3arpsi3HEHUN (YIIIEBOJOPOAHBIX IJIEHOK U IPYTUX BKIIOUEHUH),
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YTO YKa3bIBAa€T HA JOCTHKEHUE TeMIeparypsl B 30He oomyuyenus 7' > 770 K. Ha
3aKJIFOUYUTEIIBHOW CTaIuK BO3JIEUCTBUS (PUC.2, a) TAaKOE OUUIICHUE TPUBOIUIIO K
BO3pacCTaHUI0 R OTHOCHUTEIBHO MCXOJHOTO 3HaueHus R,= 43%. CHmxeHue Ko-
3¢ HUIMEHTOB OTPaKCHHS B HAYaJIe OOTydSHUS B OTUX YCIOBHUSAX CBS3aHO C pac-
TBOPEHHEM KHCJIOPO/a B O—TUTaHe /7/, Ha 4eM OCTaHOBUMCS TIO3XKeE.

—W
3
40 3 40 W

201 20

0.5 1.0 ¢ Mc 0.5 1.0 7 mc

20 Puc. 2. 3aBucumoctu R, (1),

,“/‘\]\ R, (2) u R (3) oT BpeMeHHU B TeUeHHUE
nazepHoro ummnyiabca npu g =0.08
(@), 0.17 (6) u 0.4 MBt/cM” (8).

0.5 1.0 ¢ mc

Ipu miotHOCTH motoka JIM ¢ = 0.17 MB1/cM® B 30He HAarpeBa JOCTUra-
auck Temmneparypsl 7 > 870 K. PentrenodasoBsiii aHamM3 mokas3aj, 4To B 3THX
YCJIOBUSIX HAa TIOBEPXHOCTH MPOUCXOIUT TBEp10ha3HOE OKHUCIIEHUE TUTaHa C 00-
pazoBanueM a3 TiO, u Ti;0s. B xoae BoznelicTBus (puc. 2, 6) pocT OTpaKCHUS
JIN 3a cuer O4MIEHUS TOBEPXHOCTH KOMIIEHCUPYETCS €T0 CHUKEHHEM 32 CUET
oOpa3oBaHus pyTUiia (OKaJIUHbI), UMEIOIIETO 00JIee PHIXIYIO CTPYKTYpy. Bims-
HHE pacTBOpEHHs Kuciopoaa B o—Ti, kak u npu ¢ = 0.08 MBT/cM”, 3amMeTHO Ha
HavyaJIbHOM y4dacTKe X0/a Ko3ppuuueHntoB R,, R, u R.

Bo3snaeiictBue Ha Ttutad npu g = 0.4 MBTt/cM’ MIPUBOAUIIO K IUIABJICHUIO
MOBEPXHOCTH, KOTOPOE HACTYIAJO MPHU JOCTHUKEHUM HEKOTOPOM MTHOBEHHOMU
MJIOTHOCTH TIOTOKA ¢(t) Ha mepeaHeM (pOHTE Ja3epHOro UMIYJibca, OJU3KON K
Gmax- 1lOBenenue R,, R, u R (puc. 2, ) 1js 3TOro ciaydasi MOXHO OOBSICHUTH
ciaeayrwommuMm oopazoM. Ha pannelt craguu obmydeHusi, korjaa ¢g(f) Mana u Tem-
nepaTypa MOBEPXHOCTH HE BBICOKAas, MPU HArpeBe MPOUCXOAUT PAaCTBOPEHHE
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KHCJIOPOJIa BO3/lyXa B TBEPJIOM 0—11 C OJJTHOBPEMEHHBIM OKUCIIEHUEM METalia U
0o0pa3oBaHUEM B HAPY>KHOM CJIO€ OTHOCUTEIBHO YCTOMYMBON TOHKOM IJICHKU U3
pytuna TiO, /1/. C noBeimeaneM ¢(f) Ciod MJIEHKA MpUpacTaeT, o0pa3ys oKa-
JUHY, COACPIKaIIyI0, COTJIaCHO /8/, U Apyrue COeIWHEHUS TUTaHA, B T. 4. CIION
tBepaoro pactBopa TiO, B Ti,O3 u cnoii TiO. Mexanusm GopmMupoBaHusi oka-
JMHBI B JAHHOM CiIy4ae ciokeH. B oOmiem mpuHsATO cumrtarth /1/, 9To mpu Ha-
rpeBE TUTaHA Ha BO3AYyXE POCT OKAJIMHBI HAa MOBEPXHOCTH OOECIEYMBACTCS
muddy3reil KaTHOHOB THUTaHA W3 METAUIMYECKOWM MATPHUIBI B OKAIHHY U
BCTpeuHOU auddy3nel KUCIOpoJa U a30Ta BO3yXa Yepe3 OKaIuHy B METAJLI C
pPacTBOpPEHHEM WX B 0—H B MeHbInei creneHu B—T1. Ho B Hamem ciydyae Harpe-
Ba MeTajlla KOPOTKUM WHTEHCHUBHBIM JIa3€pPHBIM UMITYJILCOM HEOOXOIUMO YUH-
THIBATh €I1I€ U BBICOKUI TEMIT HApACTaHUs TEMIIEPATYPbl HAa IOBEPXHOCTH.

[Ipy BO3AEHCTBUHY HHTEHCUBHOIO JIA3€PHOIO0 UMITYJIbCA HA BO3AYyX€E pPEak-
nusi cuHTe3a okcuna TiO, B 30HE HarpeBa pe3KO HEM3OTEPMUYHA BCIIEICTBHE
CWJIBHOM TIOJOKUTEIBLHOW OOpaTHOW CBSI3U MEXIY CKOPOCTBIO OKHCIICHUS H
POCTOM TEMIIEPATYPHI B MeTaJUIe. BO3HUKAIOIME IPU 3TOM BBICOKHME BHYTPEH-
HUE TEPMOHAIPSDKEHUS B OKAJIMHE W B IPUJICTAIOIIEH METAIUIMYECKONW OCHOBE
NOPOKIAIOT B HUX JIONMOJHUTEIbHBIE MUKPOTIOPHI U TPEIIMHBI, Y€PE3 KOTOPHIE
Bo3pacTaeT Au(y3us KUCIOPOoa BO3AyXa B METAJUI, U YBEJIIMYUBAETCA IOTJIO-
mienue JIM /7/. IloaTroMmy Ha paHHel ctaauu HarpeBa KOA((UIIMEHTH OTpaxke-
HUSA R,, R, 1 R JOJDKHBI CHWXKAThCS, 4TO U BUAUM Iipu ¢ < 0.25 mMc (cM. Takxke
puc 2, a, u 6). Onnaxo yxe Ha ctaguu 0.25 < ¢ < 1 MC IpPOUCXOISAT CUHXPOHHBIE
MPOTUBOIOJIOKHO HaIpaBJIEHHbIE U3MEHEHUsI KOI(PDUITUEHTOB OTpaKeHUS R, U
R, 4TO sABNSIETCS MPU3HAKOM OIUIABICHUS IIEPOXOBATOCTEW HAPYKHOTO CJIOA U
MOBBIILICHUS 3€pKalbHOCTU MOBepXxHOCTH /9/. Takoe nosenenue R, u R, yka3bl-
BACT HA TO, YTO HAa4yWHAs C MOMEHTa BpeMmeHu ¢ ~ 0.25 MC JTOMHHUPYIOIIEE
BJIUSIHUE HA KUHETUKY OTPAKCHUS HAUMHAET OKa3bIBaTh arperaTHOE IMpeBpallie-
HUE TUTaHa U3 TBEPAOro COCTOsIHUS B )Kujkoe. C 00pa3zoBaHreM B 30HE 00JTyUe-
HUS HOBBIX XMMUYECKUX COCIMHEHUN TUTaHA HA OTPAXKEHHUE OYIIyT BIUITH U UX
onTUYeckne Xxapakrtepuctuku. Kpome Toro, B xone Bo3zaeicTBus npu g > 0.4
MBTt/cM” Ha otpasxenne JIM MOXeT OKa3bIBaTh BIMSHHE M AKTUBALMS TeTepo-
TE€HHOT'0 TOPEHUS TUTAHA.

B skcnepumenTax ocrmutiorpa@uueckKuM METOJIOM PETUCTPUPOBATIOCH
CBEUCHHE TUIa3MEHHOTO (akena, pa3BUBAEMOI0 BCIEJACTBHUE TOPEHUS THUTaHA.
IIpu g = 0.4 MBTt/cM® Hauano, MAaKCUMYM M OKOHYAHHUE CBEUECHUS IUIA3MBbI JOC-
THTajanuch B MOMEHTHI ~ 0.32, 0.9 u 1.6 Mc cooTBeTcTBEHHO. COIOCTABJICHUE WH-
TEHCHUBHOCTH CBEUYCHUS TUTa3Mbl U KHHETHKU KOA(D(OUIIMEHTOB OTPAKEHUS B Te-
YEHHE JIA3€PHOr0 UMITYJIbCA IMO3BOJIMIIO 3aKIFOYUTh, YTO B IPOLIECCE CBOETO Pa3-
BUTHS TJIA3MEHHBIM CJIIOM MOKET OKa3bIBaTh ASKPAHUPYIOIIEE JICMCTBUE HA MH-
LIEHb, IEpen3Tydas 4acTb dHepruu JIN.
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3akiarouenune. Bo Bcem amamnazone miorHocterd noTtokoB 0.08 < g < 0.4
MBT/cM® B Hadale 001ydeHHs Bce KOI(QGUIMEHTH OTPAKEHNS H3ITyICHHS CHU-
YKAIOTCA BCJIEJICTBUE PACTBOPEHUA B TUTAHE KHCJIOpPOJa Bo3ayxa. B pexume
BoselicTeus npu ¢ = 0.08—0.17 MB1/cM” orpaxenue JIU B KoHIe 06TydeHHs
ONPENENACTCS OYUILICHUEM OBEPXHOCTH OT 3arpsi3HEHUN U MOSIBIICHUEM Ha HEUN
HadallbHOW pyTWioBOW IuieHKU. [Ipm nHarpeBe turana B pexume g = 0.4
MBrt/cm’ Ha ctaguu ¢ > 0.25 MC IPOUCXOAUT €ro IUiaBjICHHUE, U TTOBEJICHUE OT-
paX€HUsI Ha BO3PACTAIOLICH CTaJWHU JIA3EPHOTO UMITYJIbCA ONPEACIISIETCA TUHA-
MUKOU Tpodusiss moBepxHOCTH. C pa3BUTHEM TLIa3MOOOPa30BaHUs BCIEICTBHE
rOpeHusl TUTaHa Ha cTaauu OJu3KoM K ¢ = 0.9 MC oTpakeHHe U3ITyUYEHUs MPOXO-
JUT B YCJIOBUSX YMEPEHHOTO 3KPAHUPYIOLIETO JECHCTBUS IUIA3MEHHOIO CJIOSl Ha
MyTH Ja3€pHOro Jyya.
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’Belarusian State University of Informatics and Radioelectronics, Brouka st. 6, 220013
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1. Introduction

In recent years, material processing has developed towards more precise and
controllable smart processing stages. One of the important key in this regard is
the performance of the applied heat source. A pulsed plasma source is one of the
most superior heat sources due to its high temperature and high energy density
transmitted to target. A quasistationary plasma accelerators are sources of
supersonic compression plasma flows in which the duration of the stable state is
much longer (~100-1000 ps) than the flight time of the plasma in the
acceleration channel. Magnetoplasma compressor (MPC) is the source of
quasistationary compression plasma flows (CPF) [1]. The action of CPF on
metals and semiconductors intensively studied in last decade promote CPF as an
effective tool for materials modifying [2]. The thermal, radiation and mechanical
action of the plasma flow provides non-equilibrium conditions for the formation
of low-dimensional structures on the materials surface and in pre-surface layers
[3]. The CPF can be effectively used for mixing of ‘coating/substrate’ system,
thus leading to alloying of substrate with atoms of coatings and a plasma
forming gas. On the other hand, metal silicides are widely used in electronics
due to their compatibility with silicon technology and wide variety of
electrophysical properties subject to element composition, stoichiometry and
crystal structure [4].

2. Experiment

Single crystal silicon wafers (crystallographic orientation of both (100) and
(111)) were used as substrates. Pre-deposition of Ta was carried out by ion beam
sputtering and deposition technique. The method was new generation of protective
coating by using an ion source that can generate two separate ion beam with ring
geometry. One of them is used for sputtering, the other for pre-treatment (ion
cleaning and activation) of the substrate surface before coating [5]. Resulting layer
thickness was 2 pm. CPF treatment was carried out in magnetoplasma
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compressor (MPC) of compact geometry (fig 1). CPF was performed in
“residual gas” mode: pre-vacuumed compressor chamber was filled with orifice
gas (nitrogen) up to 400 Pa pressure.

Plasma Flow
Anodes

Cathode

Holder

Figure 1. Photo of Compression plasma flow (CPF) system during a typical
experiment.

Samples were fixed in a distance of 12 cm to cathode, were exposed to CPF by
single and by series of three pulses. The plasma flow parameters were as
follows: pulse duration ~100 ps, plasma velocity (5-6)x10° cm/s, electron
concentration (4-7)x10"" ¢cm™, dynamic plasma pressure and temperature 1.5
MPa and 2-3 eV, respectively. Power density absorbed by the target W varied in
the range from 0.3 to 1.4 GW/m”. Plasma power density ¥ can be controlled by
the discharge voltage (3.5 kV in this experiment). Phase composition was
studied by X-ray diffraction (XRD) using a diffractometer DRON-4-13 with a
Bragg—Brentano focusing in Cu emission. Microstructure and elemental
composition of the intermixed solidified layer were investigated by scanning
electron microscopy (SEM) Supra 55 (Carl Zeiss) with an Oxford Instruments
INCA 350 EDS system.

3. Results and discussion

The weight percentage of elements after tantalum thin film deposition
obtained using EDX (tantalum: 81.7 % and oxygen: 11.5 %). The SEM images
of samples’ surface after CPF action are demonstrated in figure 2, which show
the formation of nano-size silicides particles and clusters (~20 nm to 100 nm).
According to phase diagram of Ta/Si system [6], and our experimental results a
part of melted tantalum at the interface can be intermixed with silicon. The rest
of Ta can be partially evaporated to the shock layer of plasma flow and forced
back toward the sample surface. In previous studies such clusters were also
observed when metallic powder injected to CPF [7]. The formation of this
structure 1s caused by thermal action of plasma. The CPF action leads to heating
of the surface layer and initiates solid-state diffusion of metal into silicon
followed by rapid cooling (~10" K/s) of the intermixed liquid [2]. Figure 3
shows the results of x-ray diffraction analysis of CPF treated samples. The XRD
analysis revealed that crystalline tantalum silicides (mostly in the form of
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hexagonal Si; . Ta;,) have been formed for both silicon substrates. This was also
confirmed by SEM elemental image map analysis for both 1 pulse and three
pulses of CPF treated samples. In figure 3.b, some amorphous phase has also
formed where a wide halo can be seen in XRD patterns of CPF treated samples
in 20=25-55° region. Average interatomic distance r in the amorphous phase
was calculated by Erenfest formula

2rSinf=1.23 A
where 6 — diffraction angle, 4 - X-ray radiation wavelength (0,1542 nm).

Figure 2. SEM images for one pulse of CPF on (a)Ta/Si(100) and (b)
Ta/Si(111), and three pulses of CPF on (c¢) Ta/Si(100).

According to the calculation results, by increasing the number of pulses from 1
to 3, r changes from 2.94 A to 2.89 A. This is not a significant difference
because the power density and consequently temperature and heat expansion
delivered to the target dose not change during each individual pulses.
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Figure 3. XRD diagram of untreated and CPF treated of Ta/Si system by one
and three pulses for (a) Si(111) and (b) Si (100) substrates.

Conclusion

The use of CPF on Ta/Si system results in the formation of metal coating
composed from spherical clusters and nanostructures (~20 to 100 nm). The CPF
action results in the formation of tantalum silicides. Formation of nanoclusters is
provided by condensation of cluster vapor on silicon from shock-compressed
plasma layer. Results of studies show great potential of CPF application for the
development of novel nanostructured metal-silicide materials for magnetic,
thermoelectric and photovoltaic applications.
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Contactless electrical, electromagnetic, optical, nuclear and thermal-
physical methods of diagnosis of rocket engines have significant advantages
over traditional contact methods. Electrical characteristics of the ionized gas
flow can be monitored by measuring both the electrical parameters of the gas
flow inside the channel, and the parameters of electric and magnetic fields on
the outer surface of the gas channels of rocket engines (RE). The ability to
measure AC currents and magnetic fields of the gas flow through the thickness
of the shell units of rocket engines based on the fact that the alternating
magnetic fields in the frequency range from 0.1 to 50 kHz are attenuated by
nonmagnetic metal shells with a shielding factor acceptable to design workable
systems for measuring the magnetic field.

Channels for optical radiation detection of burning components are
designed to obtain basic data needed for the reconstruction of radiation intensity
field configuration, which, in particular, allows to determine the degree of the
rocket engine wear with the help of spectral emission lines of metals in the
plume. Monitoring ash materials is essential for evaluation of liquid rocket
engines resources and to prevent accidents.

In addition problems that are not addressed by means of contact
diagnostics, include such processes as early diagnosis of the thermal erosion in
gas tract, control of dynamics and maintaining optimal combustion regime.

A diagnostic system of the rocket engine’s workflow, can use follow
electrophysical methods as informative parameters: the magnitude of the self
electric field of combustion products, electrical impulses caused by electrified
particles, changing the spectral and frequency diagrams of electromagnetic
waves generated by the exhaust stream of combustion products, the value of the
charging current and the nozzle ablation current, the potential of electrification
of the running rocket engine elements.

Recently, significant development was made in methods of non-contact
temperature measurement, construction of temperature profiles of the
combustion zone, and recording of fast processes with the help of digital
cameras.

It is shown that the characteristics of combustion processes and combustion
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products, which carry an information about the state of the system can be used
to assess the resource and the wear of individual rocket engine units,
intrachamber intensification of the processes and to develop systems of
diagnostics and emergency protection.

Mathematical modeling of complex processes of hydro- and gas dynamics,
chemical macrokinetics two-phase flows, as well as mathematical models of
electrophysical processes in the gas path of rocket engine are considered.

It is essential to develop an experimental method of determining the
electrophysical characteristics of working process in the combustion chamber of
model rocket engine, the working body in which is formed by the products of
combustion of ethanol and oxygen. The design of the combustion chamber
allows to investigate the influence of the condensed phase on the electrophysical
characteristics of the flow that simulates enters into RE of particulate impurities
from the fuel tanks or condensed phase particles formed due to the flame erosion
of the structural elements of the engine. To implement this, the powdered
material particles based on copper or chromium-nickel alloy are injected into the
combustion chamber before the tapered portion of the nozzle.

It is shown, that electromagnetic field sensors can be used for registration
of combustion products electrophysical characteristics. These sensors provide
recording during the experiment of alternating components of the magnetic and
electric fields. The information received during fire tests is recorded and
processed using a mobile digital recorder-analyzer of dynamic processes, which
provides:

e measuring and processing the parameters of dynamic processes;

e registration, display, reproducing and transmission of measurement
information via LAN interface;

e on-line express analysis.

Secondary processing of received during the fire tests of rocket engine data
is performed using the signal processing software package designed for
processing of measurement data using standard mathematical and statistical
methods, graphical representation of data, file conversion to the required
standard and documentation.

The spectral and correlation analysis of sensor signals for the most
characteristic periods: before the start (registration of noise) in the process of
ignition, during work of RE in the mode without injection of the condensed
phase particles into the combustion chamber and work in the mode of operation
with the introduction of particles was performed.

It 1s very important to develop the principles of creation of hardware and
software complex (HSC) and methodological support for diagnostics of RE
technical state in the process of their work by contactless methods, measuring
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electrophysical, electromagnetic, thermal and spectral characteristics of gas
flows.

The report provides an architecture of HSC for thermal erosion diagnostics
of heat-loaded structural elements of liquid rocket engines based on the method
of contactless determination of the characteristics of high temperature gas
streams. The complex is designed to determine characteristics of the combustion
products and structural elements of liquid rocket engine depending on the basic
operating parameters of the engine. The possibility of co-operation of hardware
and software, and automated control system for starting and registering the
operating parameters of rocket engine is considered.

The HSC consists of an electromagnetic field, charged and neutral
particles, temperature and optical radiation sensor system which will provide
determination of the effect of pressure in the combustion chamber, the ratio of
the components, the presence of particles in condensed phase on the
electrophysical and spectral characteristics of the combustion products.
Electronics unit will perform an automated rocket engine bench tests data
collection and processing.

The main components of hardware and software complex are
spectrophotometer system, magnetic measurement system and particles
detecting system.

The optical part consists of brightness channels unit and illumination
channels unit, light-protective hoods for elimination of stray external light and
formation of a field of view, dispersion screen, interference filters, photo
detectors for optical-electronics conversion of the light signal. The electronics
block consists of recording and processing system and high-speed data transfer
channels.

Magnetic measurement system is designed for monitoring and studying the
dynamics of RE magnetic fields. The system includes a set of magnetic
measurement modules and an electronics unit. Each magnetic measurement
module measures three orthogonal components of the magnetic field and
transfers received data to the electronics block via RS-422 interface.

The electronics block includes a single-board processor module, power
supply modules, and current channels switching module.

Particle detecting spectrometer system provides registering of the peaks
and variations of charged and neutral particles fluxes. It consists of detecting
scintillation modules and information collection and processing unit.
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Abstract The generation conditions of ring surface structures during pulsed
laser ablation of metals are established and the mechanism of their formation is
proposed.

VYcraHoBneHMI0O M aHauM3y (DAKTOpPOB, BIMSIOIMX HAa 00pa3oBaHUE
MOBEPXHOCTHBIX CTPYKTYP MO IEHCTBHEM UMITYJICHOTO JIA3€PHOTO MU3ITyYCHHSI,
NOCBSIIEHBI  paboThl psaa wucchaepoBareneit. Cpenu Takux  (PaxToOpoB
paccMaTpUBAINCh HEYCTOWYMBOCTH (DA30BBIX MEPEXOJOB MEPBOrO poja, a
UMEHHO TUTaBIICHUS U WcTapeHus /1/, HeyCTOMYMBOCTh MOBEPXHOCTH pacIliaBa,
00yCJIOBJIEHHAs 3aBUCUMOCTbIO0 KO3 (UIIMEHTa TOBEPXHOCTHOTO HATSKEHUS OT
TeMIiepaTypbsl /2/, a Takke NPEIJIOKEH MEXaHU3M TEePMOIIEKTPUUIECKOM
HeycToluuBocTH /3/. Ilpu 3TOM, Kak NMpPaBUIIO, YUUTHIBAETCS SKpaHUPYIOIICE
NefcTBre a3zepHon ia3Mbl. OJIHAKO HE MPUHUMAETCS] BO BHUMAaHHUE TOT (PaxT,
4YTO KMITyJIbCHAs Ja3epHas Ila3Ma SBISIETCS MCTOYHHUKOM YIApHBIX BOJIH U
aKyCTMUYECKOTO MMITYJIbCHOTO M3JIy4Y€HUs. DTO, MO-BUAMUMOMY, OOYCIOBIIEHO
TE€M, YTO COTJIACHO HW3BECTHBIM pE3yJIbTaTaM YHCJICHHBIX PAcyeTOB B3pbIBA C
MIPOTHUBOJIABJICHUEM IOCJIE€ JOCTATOYHOTO YJAJICHHs TOJIOBHOM YJapHOU BOJIHBI
(YB) ot obnactu B3pbiBa B €ro LeHTpe oOpasyercst 30Ha mokosi. Ee rpanuna
pacimmpsieTcs cO CKOPOCTBhIO 3ByKa. B 3TOH 30HE MaccoBasi CKOPOCTh paBHa
HYJIIO, a JIaBJIeHUE paBHO paBHOBecHOMY. Kaszanock Obl, BIHSHHE AMHAMUKH
I1a3Mbl  IPUIOBEPXHOCTHOTO  ONTHYECKOro Mpobosi Ha  oOpa3oBaHHe
MOBEPXHOCTHBIX CTPYKTYP MOKHO HE YUHUTHIBATH.

OpmHaKo BBIMTOJIHEHHBIE HAMH JKCIEPUMEHTHI TI0 MCCIIEAOBAHUIO YIapHBIX
BOJIH, T€HEPUPYEMBIX MpU ONTHYECKOM TIipoboe /4, 5/ BBIABWIM KapTUHY,
KaueCTBEHHO OTJIMYAIOIIYIOCS OT pe3yJbTaTOB Ta30JMHAMHYECKUX pPacyeTOB.
BoiicHunoch, YTO 30Ha TMOKOS TMPAKTUUYECKH OTCYTCTBYET BCJEICTBHE
BO30Y>KJIEHUSI JOJTO HE 3aTyXalOIINX aKyCTHUECKHX KOJIEOAaHUN, OKa3bIBAIOLIUX
BIIMSIHAE Ha BCIO 00JIaCTh Ta30JJMHAMUYECKOTO TEUYEHHUs. DTO YKa3bIBaeT Ha
OPOTEKAaHUE  CIOXKHBIX IPOLECCOB  TpaHCHOpMalMU  yAapHO-BOJIHOBOTO
BO3MYILEHUSI B HIMPOKOJMAINIA30HHOE aKycThuyeckoe wusmyuenue. Ilpu stom
BO3MOXXKHO 00pa30BaHUE BTOPUYHBIX PACXOAAIIUXCA M CXOISIIUXCS yAapHBIX
BoJH (PYB u CYB) u nepenoca uMu 3HEpruu U Macchl.

B Hacrosimeit pa®oTe BBIMOJIHEHBI 3KCIEPUMEHTANIbHBIC HCCIEAOBAHUSA
BO3JCHCTBHSI  JTA3ePHOTO  W3IyYeHUS Ha TOBEPXHOCTh MHIICHEH U3
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HEpPKaBEIOUIEH CTaJld U THUTAaHA C LENbIO BBISIBJICHUS BIUSHUSA yAAPHBIX BOJIH U
AKyCTUYECKHUX BO3MYIIEHMH Ha (OPMHUPOBAHUE BOJHOBOM MOBEPXHOCTHOM
CTPYKTYphl. B 53KchepuMeHTax MCHOJIb30BallaCh YCTaHOBKAa Ha OCHOBE
YAG:Nd**-nazepa (1 = 1,064 Mxm, 7= 120 MKC) B pesKHMax KBa3HHEIPEPHIBHOI
reHepaliud W MoayJsiuu  noopotHoctH. JlazepHoe wusnydenue (JIN)
($bOKyCHUpOBAJIOCH HA TOPU3OHTAIILHON MOBEPXHOCTH MUIICHH MIOCKOBBITYKION
chepuueckoil muH30M ¢ POKyCHbIM paccrosiHueM 60 MM B OJHOPOAHOE MSITHO
d,= 0,2 mm. Dueprus umnyinbsca JIN cocraBnsna E = 290 m/Ix. bnarogaps
HCIIOJIb30BAHUIO KaJUOpPOBaHHBIX HeHTpalbHbIX cBeTohuiabTpoB HC-3 u HC-6
SHEpPrusi YW IUIOTHOCTh MOIIHOCTH BO3JAEWCTBYromlero Ha wmumeHu JIN
M3MEHSUIACh B MIKPOKUX mpexenax 1| MBt/em® < ¢ < 1000 MBt/cM®. MumieHn
W3TOTaBJIMBAIMCH B BHUJIE NMIPSAMOYTOJBHBIX IUIACTUHOK pazMepamu 10x10x1 mm.
Nx nuneBas noBepXHOCTh NUTH(OBAIACH, HO HE MOJIUPOBATIACH. DKCIIEPUMEHTHI
IIPOBOJAMIIMCH B BO3/1yX€E TP HOPMAJIbHBIX YCIOBUSIX.

[ToBepXxHOCTH OOJYYEHHBIX JIa3€pOM MHUILIEHEH HCCIIEeI0BAIUCh METOJIOM
ONTHYECKOU MUKpOcKomuu u ororpadupoBanuck muppoBoit porokamepoii. Ha
pucyHke 1 a, 6, 6 IpuBEICHBI TUIMUYHBIC (DOTOCHUMKH OOJTYyYCHHBIX MHIIICHEH
CTaJIu IpH IUIOTHOCTHU MOILHOCTHU Bo3zAeicTrytomero JIN g, = 1,1 MBr/cm’, qs =
1,8 MBt/em” u g, = 4,6 MB1/cm’. s Ti nosydeHa cXoxHasi CTPYKTYpa MATeH
00JTy4eHHUs U TIOTOMY HE TPUBOJUTCH.

Pb In
Pucynok 1 — Cranb HepkaBeronias Pucynox 2— Cnenpr abnsimmn
I[lpu g = ¢q; (pucynoxk 1 6) oOnacTe 3SpO3UM TPEACTABISIET COOOM

HEerJyOOKHil KpaTep, IOCKOJIbKY XOpOUIO MpOCMaTpUBAaeTCsl MpU OJHOM
nojioxkeHUM (okyca O0O0bEeKTHBa MHUKpockona. BHyTpu kparepa BuaHA
peryisipHas CTpYKTypa BO3MYILIEHHH MOBEPXHOCTH B BUJE KOHILIEHTPUYECKUX
kosiell. B cpenHeil yactu kosen HeT. B neHTpe mmeercs TeMHoe yriryOaeHue
MaJIOro pa3Mepa ¢ rpaHulieil HenpaBuibHOU hopmbl. 13 pucyHkoB 1 g, 6 BUIHO,
4TO U IPU ¢ > (5, U TIPU g < g5, HECMOTPSL Ha JECUCTBUE KalMJULIPHBIX CHII,
pEryJsipHble KOJbIEBBIE CTPYKTYpPbI, OJOOHBIE MPUBEACHHON Ha pUCyHKe 1 0,
He 00pasyroTcs. V3 nmpuBeaeHHON HIbKE TaOIuIel 1 BUAHO, 4TO pa3Mep Kparepa
D, MUHUMAJIEH NpU ¢ = ¢z IDTO O3HAYAET, YTO (POPMHUPOBAHUE KOJIbLIEBOU

MOBEPXHOCTHOM  CTPYKTYpPbl COMPOBOXKIAAETCS IP(EKTUBHBIM MEPEHOCOM
SHEPIUU U3 ropsiuer 00acTu MpoOosi BO BHEIIHIOK CPELY.
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Ta6numna 1 - Pa3mepsl kpaTepoB B 3aBUCUMOCTH OT TJIOTHOCTU MoltHocTy JIN

Marepuan | g, MBt/cm® 1,1 1,8 4,6
Cranb Dy, MM 0,146 x 0,13 0,114 0,324 x 0,27
Turan D, MM 0,157 0,135 0,216

Takolt mepeHOoC HE MOTYT OOECHEYHTh KalWJUISIPHbIE BO3MYLIEHUS, HO MOTYT
yAapHble BOJIHBL. ECTECTBEHHO MPEANOJOXKHTh, 4YTO ¢ YB cBs3aHo
o0pa3oBaHMEe MOBEPXHOCTHBIX KOJIBIIEBBIX BOJIHOBBIX CTPYKTYP.

[To-BUuIUMOMY, TIPU ¢ = ¢; YCTAHABIMBAETCS MUMITYJIbCHO-TIEPUOANYECKUN
peXKUM TEHepaluu IUTa3Mbl C a0JsaIued MmaTepuaia MUIIEHH, a TakkKe C
reHepanuerd PYB. DOto mnoxareBepkmaercss NpUBEACHHBIMM HAa PHUCYHKE 2
KOHIICHTPUYECKUMH  KOJIBIIEBBIMU  CII€JaMU  HUMIIYJIbCHO-IEPUOIUYECKOM
a0JISII[UY, TOJYYEHHBIMU HA 3alIUTHOM CTEKJIE B TOM K€ pEeXUME 00JIydeHUs
muieHe u3 Pb u In. (JIyy nmazepa mpoxoauT CKBO3b 3alUTHOE CTEKJIO IO
HOpMaJii K €ro MOBEpXHOCTH). Pamuyc 3THX CleloB yMEHbIIAeTCs MO Mepe
yriyoneHuss kparepoB. Ilpy 3ToM Ha UX BHYTPEHHEH TOBEPXHOCTH
dbopmMupyeTCsi BOJTHOBAs CTPYKTYpa B BUJE OMOSICHIBAIOMINX KOHIIEHTPUYECKHUX
KOJIell, TOJI0OHBIX MOKAa3aHHBIM Ha pUCyHKe 1 6, pacmoJiararoluxcsi Ha pa3Hoi
riryouHe. KocBeHHO 3TO Takxke MOATBEpKIaeTCs pe3ysibTaraMu paboTel /6/, rae
OOHapy>KeHbl OCHWUISIIUU TEeMIEpaTypbl MUIIEHM Ha TMO3JHEH CTaJuu
Ja3epHOTO O0JTyUYEHHUs B KBAa3UHETIPEPHIBHOM PEKUME.

B xaxagom akte mnpobos QopMupyercs NapoIia3MeHHOE OO0JIaKo C
IUIOTHOCTBIO, MEHbBIIIE pPaBHOBECHOU. BcmeacTBue storo mpoOoii pa3BUBaeTCs
nos00HO Oe3maccoBoMy B3pbIBy. PYB yHocuT B aTtmocdepy dacTb 3HEpPruu
npoOosi, ¢GopMHpPYyET W TPAHCIOPTHUPYET Ha TMepudepuio BOJHY paciuiaBa
(YlapHO-BOJIHOBOM Terwio- U MaccorepeHnoc). Ilpu BO3A€MCTBUM JIUTEIBHBIX
umnyinbcoB  JIM  mpumoBepxHOcTHOE  00pa3oBaHHME  IUIa3Mbl  HOCHT
NEepUOJUYECKUA  XapakTep,  IpeKpalasch  BCIEACTBUE  IJIa3MEHHOM
SKPaHUPOBKON W BO30OHOBIsSICH oA aeiictBueM CYB 3a cuer moBblIlIEHUS
IUIOTHOCTH M TIOKa3aTess MpeIoOMJICHUS B IEHTpe. ODTUM oOecreyuBaeTcs
JIOTIOJTHUTENIbHAST (POKYCHPOBKA, MOBBIIIEHHUE TUIOTHOCTH MonHocTu JIW Ha ane
KpaTepa U UHUIIMUPOBAHUE CIEAYIOIIEro aKTa Mpooosl.

PYB mnpu pgocraroyHOM yAaleHMH OT LEHTpa U3-3a aKyCTUYECKOH
aucriepcun pacnaaaercss Ha pacxogsmytocs (PAB) u cxomsumgyrocs (CAB)
aKyctudyeckue BoiHb. PAB BHOCHT BKJIaJ B aKyCTHYECKOE H3IydeHHE MpoOos.

CAB Ttpanchopmupyercsi B CVYB, CcHOBa HMHHIMHUPYIOIIYyIO MPOOOH.
[IpencraBnennass Ha pucyHke 1 O KOHIEHTpUYECKass CTPYKTypa BOJH
3aCTBIBIIETO  paciuiaBa  OOyCIIOBJIEHA  TPAHCIOPTHHIMA  CBOWCTBAMH

nocyienoBareIbHOCTH PYB, reHepupoBaHHBIX MOCIEIOBATEIBHBIMU aKTaMU
po0os NMPpY CHIKEHUU UX YPHEPTUU HA TMO3AHEN CTaIun 00IyYeHus.

[Ipu g = g, (pucynok 1 a) obnacth 3po3uu - TIIyOOKHM KpaTep C OBAJIIbHOM
rpanuiieil. BHe ero umeroTcs HaTeKu paciiaBa. BHyTpu moBepXHOCTh €i1abo U
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HEpETyJSIPHO BO3MYLIEHA, YTO YKa3blBa€T Ha JOMHUHHPYIOIIYK pPOJIb
TypOyJICHTHOTO  TeIJIolepeHoca B  Ipolecce (opMUpOBaHUS — Kparepa.
Mexanusm TypOynHM3aluu 3/1€Ch MOXKET ObITh OOYCIIOBJIEH HEPABHOMEPHOCTHIO
UCllapeHuss Marepuana MulieHu noxa jaeucrsueM JIM u 3aBUCUMOCTBIO
kordduIeHTa MPeIoMIICHUs OT TUIOTHOCTH CMECH BO3yXa U MapoB.

IIpu g = g, (pucyHok 1 g) obnacTh poO3uMU - TIIYOOKUM KpaTep C YETKOU
OBaJbHOM TpaHuIlleld. BHyTpu Ha pa3HO# TIIyOMHE C TMOMOIIBI0 MHUKPOCKOIIA
IPOCMATPUBAIOTCS JIBA KOJbLA C CUJIBHO BO3MYLIEHHOW MOBEPXHOCTHIO (M3-3a
HEYETKOCTH U300pakeHU He mpuBeneHbl). B arom ciydae 1uioTHas
napoIruia3MeHHas 00JacThb Pa3yieTaeTcsl B OTHOCUTENIPHO MAaJIOIJIOTHYIO Cpeay U
TOPMO3UTCA B HEU. B crily 3TOro0 pazBuBaercs HEyCTOMYUMBOCTh Penes-Tenmopa
rpaHuIpl ropsyeil obiacTu, KoTopas 0oO0yCIOBIMBaeT ee TypOynuzauuio /7/.
Bobi3BaHHbBIT 3TUM TypOYJEHTHBIA TEIUIONEPEHOC O00ecTeuynBaeT OBICTPYIO
nepenayy SHEpPruM ropsiueid o0JacTMd B MaTepual MHILEHHU, OcJalJieHue
reHepauuMy YJAapHbIX BOJH M BKJIAJa YJApHO-BOJHOBOIO TEIUIO- W
MaccoIepeHoca.

Takum oOpazoM, B paboTe BBISBICHO, YTO HMITYJIbCHO-IIEPUOIAYECKAS
abJsALMs METAIIOB, 00JydaeMbIX B KBa3MHENPEPHIBHOM PEKMME BOJIM3H TTOpOTa
UCIIapeHUs], COMPOBOKAAECTCS (POPMUPOBAHUEM KOJBIEBBIX BOJHOBBIX CTPYKTYD
Ha UX MOBEPXHOCTH, YTO YKa3bIBAET HA UMITYJIbCHO-IIEPUOJNYECKYIO TUHAMUKY
Ja3epHON IJIa3Mbl, KaK Ha KJIIO4YeBOU (pakTop sToro ¢popmupoBanus. [Ipu stom
reHepanys MOBEPXHOCTHBIX KOJIBLIEBBIX CTPYKTyp Haubojiee BbIpak€Ha IpHU
moTHocTH MotHoctH JIU ¢ ~2 MBT/cM®, 3aTyXaeT ¢ MOBBILICHHEM IUIOTHOCTH
momroct JIN cBbime ~5 MBT/cM?, 1 BOBce MPEKPAILACTCS ITPU YMEHBILICHUH ¢
amwke 1,1 MBT1/cM%, 9T0 MOKET OBITH 00yCJIOBJICHO CMEHOM Ipe00JI1aIaroIiero
MeXaHH3Ma TeIUI0- U MacCONepeHoca ¢ yIapHO-BOJIHOBOTO Ha TypOYJICHTHBIN.

ABTtopbl Onarogapusl cotpynuuky Wuctutyra ¢usuku HAH Bemapycu
I'opbaueBoit A.H. 3a momorp B peructparuu Mukpodotorpaduii (pucynox 1 6)
Ha MK-muxpockomne “Continuum” (Termo fisher Scientific, USA).
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JIABEPHO-IIVIASMEHHOE ®OPMHUPOBAHUE HAHOCTPYKTYP
JJISI CHEKTPOCKOIINA
I'NM'AHTCKOI'O KOMBUHAIIMOHHOI'O PACCEAAHUA

A.H.qYMaKOBl, H.A.BocaKl, A.I[.3aMKOBCI_I1, N.A. XonaceBqu,
H.H.I_HGPGIHOBGHI, JI.B.BapaH2

'Mucrutyt dusuxu HAH Benapycu, np. Hesasucumoctu 68, 220072 Muuck, Bemapych
2Eenopyccm/H?I roCyIapCTBEHHbIN yHUBEpCcUTET, Ip. HezaBucumoctu 4, 220030 MuHCK,
benapycn

Abstract. Substrates with plasmon nanostructures suitable for use in giant
Raman scattering spectroscopy were produced by the method of multipulse
laser-plasma silver deposition.

Cnexktpockonust ~ komOuHanumoHHoro  paccessuust  (KP)  obGmanmaer
YHUKAJTLHBIMU BO3MOYKHOCTSIMU OOHApPYKCHUS W UICHTU(OUKAITUN XUMUICCKUX
BEILIECTB U COeAMHEHUN. Pa3menieHue uccieayemMoil nmpoObl HA MOBEPXHOCTH
IUIA3MOHHBIX HAHOYACTHUI[ [O3BOJSIET MHOTOKPAaTHO YBEJIUYUTh CEUYECHHE
paccesiHus (TUraHTcKkoe KomOuHaionHoe paccessuue — 'KP) u nuarnoctupoBath
OYEHb MaJlble KOJMYECTBA PA3JIMYHBIX MPUMECEW, BIUIOTH /10 YCTAaHOBJICHHMS
(GakTOB TPHUCYTCTBUSI OTAENBHBIX MOJIeKyJl. OJHAKO O CHUX TOp OCTAaroTCA
aKTyaJIbHBIMU BOIIPOCHI Pa3pabOTKU MPOCTHIX TEXHOJOTUH CO3/1aHMsI AKTUBHBIX
cyocrparoB st ['KP.

B Hacrosmee BpeMs Uil NOJy4YEHMsS] BBICOKOKAYECTBEHHBIX IIJIEHOK M
HAaHOCTPYKTYpP Pa3jIM4YHOIO0 COCTABa YacTO HCIIOJIB3YIOT JIA3€PHOE OCAXKACHHE
NMOKpbITUH. [Ipy 3TOM TEXHOIOTMYECKUN MPOLIECC MPOBOMAAT, KaK IPABUIIO, B
YCIOBUSIX BBICOKOTO BaKyyMma, 4YTO TpeOyeT HaJIW4usl CIOKHONW TEXHUKUA U
3aHMMAeT JUIMTENIbHOE BpeMs. B paHHONW paboTe MoJydeHbl NPUTOAHBIE JUIS
UCTIONb30BAaHUSI B KauecTBE aKTHBHBIX cyOctparoB ['KP mmasmonHnble
HAHOCTPYKTYpPbI, OCAKIEHHBIE W3 IUIa3MEHHBIX MOTOKOB, OOpa30BaHHBIX IpPH
BBICOKOYACTOTHOM MHOTOMMITYJIbCHOM JIa3€pHOM  OOJyuyeHHH cepebpa B
YCIIOBUSIX OTHOCHUTEIIBHO HHU3KOI'O BaKyyma C OCTaTOYHBIM JaaBieHueMm ~ 3 Ila.
Takonl pexum J1a3epHO-IUIA3MEHHOTO OCaXIAECHUS HAHOCTPYKTYPUPOBAHHBIX
IJICHOK MPOCT B peanu3anuu u 3ddextuneH [1].

OcaxaeHne HAHOCIOEB cepedpa MPOU3BOIUIOCH Ha SKCIIEPUMEHTAIbHON
Ja3epHON YCTAaHOBKE, OCHOBY KOTOPOM COCTABJISLI JJa3ep HA HEOAUMOBOM CTEKIIE
INC—-1 (A=1,06 MmxMm). [Ins mnoOdydYeHHS] MHOTOMMITYJIbCHOTO — pEXHMa
reHepallid C BBICOKOW YacTOTOM TMOBTOPEHMSI JIa3€pHBIX  HMITYJIbCOB
MCIOJIb30BAJICA MMaCCUBHBIM ONTUYECKUN 3aTBOP U3 PAJAMALIMOHHO OOIYYEHHOTO
dropuma nutus ¢ ueHtpamu okpacku LiF:F, , xotopslii momemancs BHYTpH
pe3oHaropa ja3epa BOJIM3M DIIyXOro 3epkana. YacTtoTra MOBTOPEHHs JIa3epHBIX

133



UMITYJIbCOB perylipoBajiach B Auanazone ot 1 mo 50 x['11 usmMeHeHueM ypoBHS
HAaKayK{ Jiazepa M ONTHUYECKOM IUJIOTHOCTH 3arBopa. ODHeprus u ¢opma
UMITYJIbCOB ~ BO3JCHCTBYIOIIETO  JIA3€PHOTO  HUBJIYUYEHUS]  HU3MEPSIIUCH
CTaHJIAPTHBIMU METOJlaMH HUMITYJIbCHON (oTtoMerpuu. JlJiss 3TOr0 YacTh
JA3epHOTO TydyKa C TOMOIIBI0 JIeJTUTeNed HampaBisjgach Ha HU3MEPUTEIb
sHepruu UMO —2H u Ha ¢dortonpuemnuk ®K — 19, ¢ momoipio KOTOpOro
peructpupoBanachk Gpopma Jia3epHbIX UMITYJIbCOB. JlazepHOE U3TydeHue, MponIs
BXOJTHO€ OKHO BaKyyMHOM Kamepbl, (hOKYCHPOBAJIOCH JIMH30M Ha IMOBEPXHOCTH
obOiydaemMoro marepuana Imoja yriaoMm 45° B OTHOCHTEIBHO OJHOPOIHOE ISTHO
miomaneo S=0,5 oM U MPUBOAMIO K OOpPa30BaHUIO JIA3€PHOM IUIa3MEHHOU
CTPYH MCHApsieMOro Marepuarna.

BakyymHass kamepa oOecneuyuBajia MpPOBEJACHUE SKCIEPUMEHTOB IIPHU
IIOHVM)KEHHOM  JaBjeHMH Bo3ayxa no 2,6 Ila. Ilpm osTOoM mommoxku
pacroiarajiuch Ha pacctosHuu ~ 50 MM OT MHUIIEHH W3 UCHAPSEMOro
Marepualga, 4YTO IIO3BOJISIO IMOJydaTh JHOO JOCTaTOYHO OJHOPOIHBIE TIO
TOJIIMHE TOKPBITUS Ha HEOOJbIIoN miomaau (mopsaka 50 MMZ), 0o
dbopMupOBaTh MOKPHITUSI IEPEMEHHOM TOJIIIUHBI HAa OJHOM MOJIOKKE OOJIBILIETO
pasmepa. CTpykTypa OCaXIEHHBIX Ha CTEKJE IUICHOK HCCIIEeA0Balach C
MOMOIIBI0 CKaHUPYIOIIEro 30HA0BOro Mukpockoma "Solver P47 - PRO"
MOJYKOHTAKTHBIM ~ METOJOM, a HMX  CIEKTpPaJbHbIE  XapaKTEPUCTUKU
ompenensiich Ha  cnekrpodoromerpe Cary 500 Scan.  Tunwvnbie
ACM-u300pakeHnst HAHOCI0sI Ag TPUBEIEHBI HA puc. 1.
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Puc. 1. ACM — u3o06paxkeHust HAaHOCJI0s1 Ag Ha CTEKJITHHOM MOJIJI0XKKE

Ananu3 nonydyeHHbIX ACM—-n300pakeHHI TTOKa3bIBACT, YTO OCAKICHHBIC
MOKPBITHUS SIBIISIIOTCS HAHOCTPYKTYpUpOoBaHHbIMU. [Ipu 3TOM pazdpoc pazmepos
HAHOYACTHUI[ JOCTATOYHO OOJBIION — MPUCYTCTBYIOT KaK MEJIKME YacCTHUIIbI C
pazmepamu MeHee 10 HM, Tak ¥ kpymnHble — 10 50 HM U Oosbmie. TunuyHoe
pacrnpeneneHue HAaHOYacTHI] [0 pa3MepaM MPUBEACHO Ha pUC. 2, a, HA KOTOPOM
BbIZIeNIeHBl dpakiuu ¢ pasmepamu 1-10 um (10), 10 — 20 am (20) u 1.0. U3
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pUCYHKa BUIHO, YTO OCHOBHAsl Macca YacTHUIL] UMEET JIATEpAJIbHbIE pa3MeEphbl B
nuanasone 10-20 gm.

CrHeKTpbl ONTHYECKON IUIOTHOCTH JIA3€pPHO-OCAXIECHHBIX HAHOCTPYKTYpP
Ag npuseneHsl Ha puc. 2, 6. IloayueHHbIe CIEKTpbl HAHOCTPYKTYPUPOBAHHOMN
IUIGHKH 3aBUCAT OT €€ A(P(GEKTUBHON TOJIIMHBI, YMEHBIIAOIIENHCS MpU
HnepeMelIeHNH OT LEHTpa MOMIOKKH K ee mepudepuu. Ilpu 3ToM B 1EHTpe
dopmupyercst Hanbosee MIOTHOE MOKPBITUE, XapaKTepU3yloleecss KpuBou /.
KpuBas 2 COOTBETCTBYET HAHOCTPYKType Ag, YAAJICHHOM OT LEeHTpa Ha
paccrostHue nopsiaka 20 mm.

D

0,57 AN/N 0.5
0.4 i 0,4 !
0,31 0,3 5
0,21 . 0,2

u \. >
071‘ \. 0,1'

e omd, HM 0.0 . . .
0 10 20 30 40 50 60 70 7300 600 900 1200 i, mm

a 6

Puc. 2. Pacnpenenenue HaHowacTul] Ag 1o pa3MepaM (a) U CHEKTPbI
ONTUYECKON MJIOTHOCTH HAHOCTPYKTYp Ag (0), OCaKIAEHHBIX HA CTEKJISIHHOM
HOJUIOKKE B BakyyMe: / — HAHOCTPYKTypa C MaKCHMaJbHOW IUIOTHOCTBIO
HOKpBITHS; 2 — HAHOCTPYKTypa C MEHbIIEH IUIOTHOCTBIO MOKPBITHS,

pacroJjio)KeHHass Ha pacCcTossHMM ~ 20 MM OT 1LEHTpa IOJJI0XKKH
(g = 160 MBt/cM?, =22 ', N = 225 UMITyI5COB)

B nonydeHHBIX CIIEKTpax ONTHYECKOM IUIOTHOCTH IUIEHOK B BHIMMOM
JMAIIa30HE IMPOSABIIAETCS I10J0CA MOBEPXHOCTHOIO PE30HAHCHOIO IIa3MOHHOIO
nornomienus (ITPIIIT), cBsi3anHas ¢ KOJJIEKTUBHBIME KOJIEOAHUSIMU 3JIEKTPOHOB
MPOBOJUMOCTH B HaHouacTtuuax [2]. MakcumyMm nonocel [IPIIIT Ha xpuBoi 2
pacnoyioxkeH Ha jyuHe BOJHBI 510 HM. YBenuuenue 3(p(HEKTUBHON TOMIIMHBI
METAJUIMYECKOr0 HAHOCJIOA MPUBOAUT K pacmupeHuro mnoaocsl [IPIIII,
NOBBIIICHUIO €€ HMHTEHCHUBHOCTH M JUIMHHOBOJHOBOMY CIBHIY MaKCHMyMa.
Takue wW3MEHEHHs MOTyT OBITh CBSI3aHbI C IOBBILICHHMEM KOHILIEHTpAIUH
METaJUIMYECKUX HAHOYACTHUIl U C YBEIIMYEHUEM UX PA3MEpOB IIPHU NEPEMEIICHUN
OT KpaeB IOMJIOKKH K ee HeHTpy. [Ipu 3ToM [uist KpuBOi / MMEET MECTO OYEHb
HIMpOKasl CTIEKTpajibHasi 00JacTh OCIA0NEeHUs U3TyUYeHUs], IPOCTUPAIOLIAsICs J10
WK nuana3oHa, 94To MOXET OBbITh CBSI3aHO C OOJBIIMM JMANa30HOM HU3MEHEHUS
pasmepoB uyactuil. Cnegyer ormetuTh, uto ACM-u3zo0paxeHus Ha
NPUBEICHHBIX  BBIIE  PHUCYHKaxX  3aperUCTPUPOBAHbl Il IUICHOK,
XapaKTEePU3YIOIIUXCS CHEKTPAIbHON 3aBUCUMOCTBIO 2 Ha puc. 2, 6. bnaronaps
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MEHbIIEMY  KOJMYECTBY KpPYIHBIX YacTULl d3TH IUIGHKM  Haubosee
CTPYKTYPUPOBAaHBl W  JOJDKHBI  ObITh  Oojiee  MOAXOMSAIIMMH  JUIS
['KP—3KCnIepUMEHTOB.

OkcnepuMeHtanbHbli  cnektp ['KP  katmonnoro  Cu-komruiekca
5,10,15,20-trerpakuc ~ (4-N-metwmmupuaunauii)  nopupun  (CuTMpyP4)
NpHUBEIEH Ha pHUC. 3. DTOT METAIUIOOPTaHUYECKH KOMIUIEKC ObLI HAaHECEH Ha
IIOBEPXHOCTh HAHOCTPYKTYPUPOBAHHOW IUICHKU Ag, XapaKTEpUCTHKU KOTOPOU
npeAcTaBieHbl Ha puc. 2 (KpuBas 2), B KOJMYECTBE OJHOM KaIljld pacTBOpa
CuTMpyP4 ¢ konnentpauueit Monekyn 10° M. Perucrpamus crexrpos I'KP
ocyllecTBisuiack Ha crekrpomerpe MS35041, cHa0XEHHOM OXJIaXKIaeMOM
xugkum azoroM CCD-kamepoit Spec-10:256E. Bo30OykaeHue mpou3BOAUIOCH
HEIpephIBHBIM renui-kaamueBbiM JazepoM ['KJI40M wa nnune Bosnbl 441,6
HM. B pactBOpe mis takoro ypoBHs kKoHueHTpauuu CuTMpyP4 cnextp KP ne
pEruCTpupyercs.

9000
8000

7000

I orn. en.

6000

CuTMpyP4, xoHieHTpanus 107 M,

5000 ’16036.:441'6 HM

300 600 900 1200 1500 1800

-1
Av, CM

Puc. 3. Cnextp ['KP metamnooprannueckoro coequuenns CuTMpyP4

Takum oOpazoM, IJIEHKH cepedpa, OCAKIEHHBIE W3 JA3epHOM IJIa3Mbl B
YCIOBHSIX BBICOKOYACTOTHOIO MHOTOMMIIYJIbCHOTO JIA3€pHOTIO BO3AECUCTBUS,
SABIISIIOTCS. ~ HAHOCTPYKTYpPUPOBAaHHBIMM U OOECHEYMBAIOT  BBICOKYIO
KOHIIEHTPAIUIO JIOKAJIbHOTO TO0JIsI BOJHM3M MOBEPXHOCTH HAHOYACTHIL (TOpsSUHE
MsTHA), YTO TMO3BOJSET MHOIOKPaTHO  yCWIMBAaTh W 3(P(HEKTUBHO
pPErucTpUpOBaTh CUTHAI KP, o0zeryas UACHTU(PUKALINIO
METANIOOPraHUYECKOT0 KOMILIEKCA.

1. A.H.4YymakoB, C.A.IlerpoB, H.A. bocak, E.H. Illlep6akoBa //
XKIIC, 79 (2012) 450-455

2. C. Bohren and D. Huffman. Absorption and Scattering of Light by
Small Particles. Wiley, New York (1983)
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U3MEPEHUME TAI'N U YAEJBHOT'O UMITYJbCA
JIABEPHO-IIJIASMEHHOI'O MUKPOABUTI'ATEJIA

I1.B. Yexan', A.M. HeTpeHKOI, A.H. IIyMaKmal, B.B. LHKypKo2

1I/IHCTI/ITyT ¢uzukn HAH benapycu, np. HezaBucumoctu 68, 220072 Munck, benapycs,
chekan@imaph.bas-net.by, chumakov(@imaph.bas-net.by
2I/IHCTI/ITyT noAroToBku Hay4yHbIX kajgpoB HAH benapycu, yn. Knopuna 1, 220049 MuHck,
benapycs, shkurko@ipnk.basnet.by

New methods of measuring of thrust and specific impulse of laser plasma microthruster
were developed. This methods were used to measure thrust and specific impulse on new laser
plasma microthruster prototypes developed in Institute of physics. Results shows the
perspective of application of this microthrusters for orbit correction and dimensional
orientation on new microsatelites.

Jlazepno-mnasmennbiit apuratens (JIII/]) manoi Tsarm paccmaTpuBaercs B
HACTOsIIIIeE BPEMS B KaU€CTBE MEPCIIEKTUBHOIO CPEJCTBA JIJIsl KOPPEKLIUU OPOUT
MUKpPO- U HAaHOCIYTHUKOB W MX OpPHEHTAIMH B npocTtpaHctBe /1 —4/. BaxHbiMm
MPEUMYIIECTBOM  TAKOI0  MHKPOABHUIATENS  SIBIAETCA  BO3MOXHOCTH
TEHEPUPOBATh UMITYJIBCHl TATH C MPEAEIBHO MAJIOW U CTPOTO KOHTPOJIUPYEMOMN
BEIMYMHOM.  BaxkHeMmmmu  mapaMeTpaMH  pPEaKTUBHOTO  JIBUTATells,
MO3BOJIAIONIUMU OIIEHUTH €ro 3(PEKTUBHOCTD, SIBISIOTCSA TAra B €IUHHUYHOM
VMITYJIbCE U yIEJIbHBIA UMITYJIBC TATH, ONHAKO MUX ONpPENECICHUE IS IBUTATEIS
MaJION TATHU SIBIISACTCS TEXHUYECKU CIIOKHOM 3a7aueil.

JKCIEPUMEHTAIbHAsl YCTAHOBKA U METOAbI HCCaeA0BaHMi. B ocHOBY
OKCIEPUMEHTAIbHOW  yCTAHOBKM, MPEJHA3HAYEHHOM I  UCCIENOBAHUS
xapakrepuctuk  JIIIJI B  Bakyyme, IIOJOXKEHa BaKyyMHas CHUCTEMa,
oOecrieynBaoIas MPOBEACHUE SKCIEPUMEHTOB NPU JaBJICHUU BO3AyXa B
BAKYYMHOU Kamepe ~3-107 Topp. JlazepHO-ONTHYECKU W MUILICHHBIA OJIOK
JITIJ] MOHTHpOBaJIUCh B BaKyyMHOM Kamepe Ha cCHelualbHOW TuiaTdopme,
V3JIy4YCHHUE Jla3epa 3aBOJAMIIOCH B KaMepy CHapyH. JlBa 3KCIIEpHUMEHTAIbHBIX
oopazna JIIIJ (ma ocHoBe Nd:YAG-mazepa A = 1,064 MKM U Ha OCHOBE
spbueBoro mazepa A = 1,5 Mkwm), pazpaboranusie B HWHctuTyTe (Qu3ukw,
UCIBITHIBAJINCh C Pa3HbBIMU pa0OYMMH TEJIAMH: CIUIABOM JKUJKUX METAJJIOB
GatIn 1 BBICOKOMOJIEKYJISIPHOM >KUAKOCTBIO HA OCHOBE BAKYYMHOT'O Macia C
HamoJIHUTeNneM. BHemHuii  BuA  3KcnepuMeHTanbHoro  oopasma  JIIT/L
MPEJICTABJIEH HA pUCYHKE 1.
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a 6

a — oOmuit BujI, 0 — Ha TuIatgopmMe I YCTAaHOBKH B BAKYYMHYIO KaMepy

Pucynok 1 — DxciepuMeHTalIbHBIN 00pasell Ja3epHO-TUIa3MEHHOTO BUTaTeNsl Ha
OCHOBE UMITYJIbCHOr0 MUHHU J1azepa RL1.0Q

[IpoBepka Taru B exmHudHOM ummyJsibee JIOMbB JIIIJL ocyniecTBisiach
OpU BO3JCUCTBUM JIA3€PHOTO M3IYYEHUST Ha MHILIEHb, 3aKPEIUICHHYI0 Ha
IOBEPXHOCTH JaTuyMKa JIaBJIEHUS B BaKyyMHOHM KamMepe M perucrpanuu
uMIyJjbsca oraauu. OOImuKK BUJI CUTHAJIA OTJA4U NIPU BO3AECHCTBUM HA MULLIEHB C
BBICOKOMOJIEKYJISIPHOM JKUAKOCTBIO M3JIy4eHHs SpOMEBOTro Jia3epa IMpUBEJIEH Ha
pHUCYHKE 2.

0,034
o 0,00

-0,03+

-6,0x10° 0,0 6,0x10°
t, c

1 — B atmMocdepe, 2 — B Bakyyme

Pucynox 2 — O6mwii Bua UMIyJIbCa OT/IaYU TIPHU BO3JACHUCTBUU U3TyUCHUS
HpOMEBOTO Jla3epa Ha MUIICHb U3 CIJIaBa WHAMS C TAJITHEM.

PernctpupyemMbiii TaTYUKOM JJIEKTPUUYECKUM CUTHAI IMPONOPLMOHAICH
UMITYJIbCY OTJa4Yl U ONMHUCHIBAETCS (POPMYIION:
U= Alp)dt (1)
rne U, — HanpspkeHHME Ha JaTdydKe JIaBIICHUs, PETUCTPUPYEMOE
octrorpadom;
A — KOHCTaHTa, onpejeseMas pu KalnOpoBKe,
p(t) — naBjieHUE HA TOBEPXHOCTh AATYUKA;  — TEKYIIIEEe BPEMSI.
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Pe3ynbraThl W3MEpeHUN TATH B CIMHWUYHOM HMITYJIbCE TPUBEICHBI B
tabmuue 1.

Tabmuua 1 Pe3ynbrarel u3MepeHUH TIrM B €AUHUYHOM  HMIIYJIbCE
JKCIIEpUMEHTANbHBIX 00pasion JITT/I.

PaGouee Teno PaGouee Teno Ha ocHOBE
Ha ocHOBe ciuiaBa (Ga+In) | BBICOKOMOJEKYISIPHOI
JKAIKOCTH
bnox JIITJ] Ha ocHOBE . .
A 3-107° H +5% 48107 H +5%

Nd:YAG-nazepa

biox JIIT/I Ha ocHOBE 24102 H +5% 47-102 H +5%
pOHEBOTro Jazepa

Vaenbubii  umnynbc Taru  JIIIJ]  ompenensisics  KOMOWHUPOBaHHBIM
BPEMSIIPOJIETHBIM MeTO0M. BricokockopoctHbiM (oroaerekTopom HSP-IR6
PETHCTPUPOBANIOCH CBEUEHUE TPUIIOBEPXHOCTHOM oOmactu (axena s
OmpeelieHNs] MOMEHTa OOpa30BaHUs IUIa3Mbl, a DJIEKTPUYECKUM 30HJOM,
YCTaHOBJIEHHbIM Ha paccrosHuu L = 20 MM OT INOBEPXHOCTHM MHILECHU, —
MOTEHITMAJ, TepelaBaeMbli JIa3epHOM TIa3MOM IpU KOHTakTe ¢ HUM. OOmiuii
BUJl OCIMJUIOTPAMM OJJICKTPUYECKOTO 30HIa W (HOTONETEKTOpa TMPHUBEICH Ha
pUCyHKe 3.

0,0 3,0x107  6,0x107
t.c
1 — curnan ¢oTomeTekTopa (C UCIOIH30BAHUEM dKPaHa ITUPUHON 3 MM Ha BXOJIE

NETEeKTopa), 2-3 — CUTHaIbl AJEKTPUUYECKOr0 30HAA MPHU Pa3HbIX IUIOTHOCTAX
9
MOIIIHOCTH JIa3epPHOro m3IydeHus (¢ = 2.5-10° Br/em?, qz = 2.63-10° Br/em?)

Pucynok 3 — O6muii BUJ OCHMILIOTPAMM CUTHAJIOB:
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CKopoCTh MJIa3MEHHOT'O CTYCTKa ONPeIeNsiyiaCh U3 COOTHOILICHUS
V =L/At, 2)
rae L =2 cM - paccTosiHEE OT MOBEPXHOCTU MUIIIEHU JI0 JIEKTPUUYECKOTO 30H/Ia,
At - wuHTEpBal MEXIAy CHUTHalaMH (POTOJETEKTOpa U AJIEKTPUUYECKOrO 30HJA.
VY ienbHbBIH UMITYJIBC TATH ONIPEACIUICS 110 hopMmyJie:
Isp =V/ g, (3 )
rae g =9,81 M/c® — YCKOpEHHE CBOOOTHOTO IMaICHUS.

PesynbraTel u3mMepeHuil npuBeaCHBI B TAOIHIIE 2.

Tabmuua 2 Pe3ynabTaThl  M3MEPEHUM  YACJIBHOIO  UMITYJbCA  TATH
HKCIIEpUMEHTaIbHBIX 00pa3nos JIIT/I.

Pabouee Teno Pabouee Teno Ha ocHOBE
Ha ocHOBe ciiaBa (Ga+In) | BBICOKOMOJICKYIJISIPHOM
KUIKOCTH
bnox JIIT/I Ha ocHoBe 0 o
Nd:YAG-nasepa 3160 ¢ £5% 4580 ¢ £5%
Bror JIIA ®a ocrione 3200 ¢ £5% 4000 ¢ +5%
»pOMEBOro Ja3zepa

3aKIrOuYeHHE

1. Pa3pabGoTaHbl METOAMKM ONPEACIICHUS TATH JA3€PHO-IJIa3MEHHBIX
MHKPOJBUIATENIEH KOCMHUYECKOTO HA3HAYEHHSI C HCMOJIb30BAaHWEM JaTyuKa
UMITYJIbCHOTO JaBJICHUSI W YACJIBHOIO MMIyJIbca KOMOMHHPOBAHHBIM
BPEMSIIIPOJIETHBIM METOJIOM.

2. IIpoBeneHbl UBMEPEHUS TATU B €IMHUYHOM UMITYJIbCE U YAEIBHOTO UMITYJIbCA
Ja3epHO-TUIA3MEHHBIX JABUTaTeNed, paspabotanHbix B HMHCTHTYTE (U3MKH
COBMECTHO OI'VII HHUMMAIL. [Toka3ana IIEPCIIEKTUBHOCTD
ucnionb3oBanust  JIIIJI anms  koppekiuu OpOMT U MPOCTPAHCTBEHHOMN
OPUEHTALIM MUKPOCITYTHUKOB.

Jlureparypa

1. Phipps C.R., Luke J.R. Laser plasma thruster. Patent 6530212 USA /2003.

2. A.H. Yymakos [u ap.]. JIazepHO-111a3MeHHbBIN ABUraTelb. [laTeHT Ha

nzooperenue 2338918 C1RU /20.11.2008.

3. ®.H. JIw6uenko u ap. HoBas KoHLIENIIUS JIa3€pHO-TIA3MEHHOTO IBUTATEIIS
// KocmonaBTHKa u pakeToctpoeHnue. — 2009, Ne3 (56), C. 62.

4. Phipps, C. [et al.] Laser — Ablation Propulsion // J. of Propulsion and Power.
2010, Vol. 26 (4), P. 609.

140




THRESHOLD LASER INTENSITIES FOR INTERACTION
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The achievement of some threshold temperature of nanoparticle means that
such processes as explosive evaporation of adjacent to GN (gold nanoparticle)
liquid, melting, evaporation or fragmentation of GNs, optical breakdown and
plasma formation can be induced in nanoparticles and in adjacent media
(tissues). These characteristic temperatures and laser intensities are very
important for investigations in laser nanotechnologies, laser nanomedicine and
will be estimated.
The threshold laser intensities (fluences) can be determined from equations
[1,2]. Simplified equations can be formulated in the cases of “long” and “short”
pulses. If the condition of “short” pulse ¢,<<ty, where ¢, - pulse duration, 17 -
thermal relaxation time, is obeyed and the loss of heat from the particle by heat
conduction during the time ¢, can be ignored, we find for value of 7,;, [1,2]:
~ 46‘0,00(7;;, —Tw)ro (1)
3K 1,
“Long” laser pulses with pulse duration ¢, that exceed the thermal relaxation
time tr, ¢, > T, cause heating of both the particle and the surrounding medium
and we have from [1,2]:

th

4k, (1, - T,)

h ¥ A 2)
abTo

The dependence I, on ¢, has been disappeared in (2). The threshold energy
density of laser pulse is determined by E,, = I, ¢, and in the case of ¢, < 17 Ej
does not depend on ¢, (1), but for the case ¢, > 17 E;, is proportional ¢, (2). These
expressions can be used for approximate estimations of /. Analogous equations
and solutions for small spheroidal particles are presented in [3].
The results of direct numerical calculations demonstrate that selective thermal
denaturation of tissue proteins around GNs occurs as a result of GN heating
by short pulses with durations in the range 1 ps > ¢, > 10 ns to minimal
temperatures Tp ~450-510 K, whereas in the case of pulses of durations 1 ns >z,
> 1 ps, this happens as a result of heating to temperatures 7, ~ 620-850 K. This
dependence of the threshold temperatures on the pulse duration ¢, is due to strong
temperature dependence of thermal denaturation rate and also due to the fact
that the denaturation reaction occurs during a characteristic time, i.e. the

1
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shorter the pulse, the higher temperature of a particle should be realized which
results in thermal denaturation of over 50% protein molecules inside thin layer
adjoining to GN.

The results of analytical estimations and direct numerical calculations
demonstrate that explosive boiling of water in water-contained tissues
adjoining the radiation-heated surface of a GN occurs when the bulk of GN is
heated to the threshold temperature 7. Value of T for GN was approximately
selected equal 7 ~ 620-670 K for pulse duration in the range ¢z, = 1 us — 10 ns,
and Ty~ 820 — 1000 K for ¢, =1 ns — 1 ps. These values were confirmed by
computer simulation of explosive evaporation around heating nanoparticles
under laser pulse action. Values of gold melting and boiling were chosen from
[4] and they are equal T, = 1337 K and 73 = 3150 K respectively. We suppose
that 7+« was approximately equal characteristic temperature of optical
breakdown T«~110*K.

Figure presents the dependencies of threshold laser intensities 7, for
wavelength 532 nm: I - for selective denaturation of proteins adjoining to GN,
Iy - explosive evaporation of water adjacent to GN, /), - melting and /3 - boiling
of nanoparticle gold and I+ - optical breakdown initiated on GN on radius r, of
spherical GN in the range 5-100 nm for pulse durations 1-10°°,1-107'°, 1-10™"*
s on the base of equations (1,2) and some experimental data [5-10].

The dependencies I, on r, are complicated because of real dependence of
efficiency factor of absorption K,, on r, for concrete laser wavelength and
metal of particle [11,12]. Values of characteristic times 77 for nanoparticles
with radgiuses in the range 5 < ry < 100 nm are in the range 3.2:10"' <77 <
1.28-10" s.

Condition of “long” pulse, ¢, > 17 , for pulse duration #,=1-10"s is valid for
range 5 < ry < 80 nm, and dependence of 7, (lines 1, Fig.) on r, for mentioned
range of 7y is approximately described by (2). Lines 1 in Fig. for z, = 1-10° s
have the decreasing values for 5 < ry) < 40 nm and approximately constant
values for 40 < r, < 100 nm taking into account the dependence of K, on 7.
For intermediate pulse duration ¢, = 1:10"" s (lines 2 in Fig. ) the dependencies
of 1, on ry have complicated form with decreasing values for 5 < r,< 30 nm and
increasing values for 40 < ry < 100 nm and minimum at some value of r,. It is
interesting to note that in this case the characteristic value 7, is equal for two
values of GN radius r, taking into account decreasing and increasing parts of
each line 2.

Condition of “short” pulse, #,< 77, 1s fulfilled for pulse durations ¢,= 1-110 2 s <
17 for all range of ryp: 5 < ry < 100 nm and dependencies of [/, have
approximately constant values for 5 < ), < 30 nm and monotonously increasing
values for all range in accordance with (1) (see Fig. taking into account the
dependence of K, on 7).

These results can be used for different laser wavelengths A on the base of
calculated values of K, () for GNs, e.g. see K, (A) in [11,12] and equation
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In () = K“b(f: fjfm)

We compare some experimental data with calculated results. Next
experimental parameters were used in papers [5,6] - wavelength — 532 nm,
rectangular shape laser pulse with 7 ns duration, laser intensity between ~ 2-10°
and 1-10° W/cm®. GNs with radiuses of between 2.5 and 25 nm were placed in

liquid solutions. When the intensity was 4 10° W/cm?, only the shape of the
GNs

1, (A =532nm).

ab
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Figure. The dependencies of threshold laser intensities for selective
denaturation of proteins adjoining to GN I ( ), explosive evaporation of
water adjacent to GN I, (— — —), melting I, (— - — - —) and boiling
(evaporation) I3 (----) of GN and optical breakdown initiated on GN 7+« (-x-X-x- )
on radius of nanopartlele ry in the range 5-100 nm for pulse duration #, = 1- 10°
(1), 1-10" (2), 110" (3) s and the dependence of K, on ry for laser
wavelength 532 nm (4) [11,12]. Experimental data for laser intensities /;, are
presented for GNs and laser wavelength 532 nm: ¢, = 7 ns, rp = 20, 25 nm —
melting (m) and for 25 nm - evaporation(o) [5,6], ¢, = 10 ns, = 10 nm —
evaporation (0) [7], £,= 18 ps, rp= 10 nm - evaporatlon () [8],4,=10mns, rp=>5
nm — fragmentation (o) [9], ¢, = 6 ns, rp= 20 nm — fragmentatlon (o) [10].

with 7y ~ 20 - 25 nm was changed and became spherical. This value is the
threshold intensity for meltmg and spheroidization of particles and comc1des
with the threshold of I,, in Fig. When the intensity was I, ~ 8:10° W/cm® the
change was clearly observed [5,6] and the diameter of particles was decreased.
This value can be viewed as evaporation threshold, first of all, for particles
with maximal values of radius ) = 20 — 25 nm. This experimental value of /, is
practically coincides with threshold value of intensity /5 (see Fig.).

Treatment of gold nanoparticles with radiuses ry = 7.5 — 10 nm by ultrashort
laser pulses with duration 18 ps, wavelength 532 nm, energies up to 1.5
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mJ/pulse was investigated in [8]. Threshold experimental intensity, causing
evaporation and decreasing of radius, is approximately equal 1-10° W/cm® and
is in accordance with theoretical value in Fig.

Formation of gold nanonetworks and small nanoparticles by action of intense
laser pulses on initial gold nanoparticles was investigated in [7]. Next
experimental parameters — wavelength 532 nm, pulse duration t, ~ 10 ns and
intensity 1-10° W/cm® and more, initial radius of gold particles ~ 10 nm were
used. Characteristic time for particle with radius 10 nm 1s equal about 17~ 610~
"5 < 1, and can be used quasi-stationary approximation for estimations. GNs
were evaporated under laser irradiation with intensity 1-10> W/cm” and more.
This value 7, ~ 1-10° W/em® is a little bit higher than data for theoretical
threshold intensity /z for evaporation of particles with 7y = 10 nm in Fig.
Photofragmentation of GNs with initial radius .= 5 nm was experimentally
investigated in [7] under laser pulse 532 nm with ¢, = 10 ns, threshold fluence 1
J/em” and intensity 1-10° W/cm?®. These experimental dots are presented at Fig.
and close to theoretical results according to evaporation and optical breakdown
that can induce the fragmentation of GNs. Photofragmentation of phase-
transferred GNs by intense laser pulses with 532 nm and #= 6 ns was
experimentally investigated in [10]. Threshold fluence leading to fragmentation
was equal 130 mJ/cm’ pulse or 7, = 2.1-10" W/ecmpulse.
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YIIPABJIEHUE ITAPAMETPAMM IIJIA3MBI ITPU ITAPHOM
JA3EPHOM BO3JEMCTBUU HA JIBYX JJIMHAX BOJIH

A.H. Uymaxkos, H.A. bocak, A.B. [lanuna
WNuctutyT dusznkn HAH bemapycu, np. HezaBucumoctu 68, 220072 Munck, benapych

Abstract. The double pulsed mode of nanosecond laser irradiation of
materials in air at wavelengths of 1064 and 532 nm was implemented. The
influence of time interval between laser pulses and of the order in which they
appear on parameters of near-surface laser plasma and the recoil momentum
were investigated.

D¢ (hHeKTUBHOCTh J1a3€pPHOTO0 BO3JCUCTBUS HaA MaTepHayibl B BO3YyXe
CYILIECTBEHHO 3aBHUCUT OT YacTOThl MOBTOPEHUS JA3epHBIX HUMIYJIbCOB. [Ipu
BBICOKMX 4YacTOTax TMOBTOPEHUSI Ja3epHbIX UMIYJIbCOB (cBbimie 5 KI'n)
OOHapy’>XeH OINTHUMAJBHBI PEXHUM 3PO3HMOHHOTO O0O0pa30BaHUS IJIA3Mbl C
MHOTOKpDaTHBIM POCTOM JaBJ€HUs Ha TMoBepxHocth wmuieHu [l1]. Ilpwu
JIBYXUMITYJIbCHOM  BO3AeicTBUU JazepHoro wusnydenus (JIM) BbisiBneHO
YCUJIEHUE Pa30rpeBa MapoB MUIIEHU B ONPEIEICHHOM JUaIa30HE BPEMEHHBIX
MHTEPBAJIOB MEXIY UMITYJIbcaMu [2, 3]. 3aperucTpupoBaH MIECTUKPATHBIA POCT
3¢ ()EKTUBHOCTH TPOUIUBKH OTBEPCTUH B aTIOMHUHHEBOW MHIIEHH BTOPBHIM
UMIyJbCOM Tpu Bo3aelicTBuM Iyra umnyiabcoB Nd:YAG — nmasepa [4].
JIByXUMITyJIbCHOE JIa3€pHOE BO3ACICTBUE BCE IIHMPE HCIOJB3YETCSd B METOHE
Ja3epHO-UCKPOBOM  AMUCCHUOHHOM  CHEKTpockonmuu [5],  moiiyyaroiiem
pacrpocTpaHeHue [ MHOTHMX TPUMEHEHHM B pPa3iiMYHBIX OO0JacTX.
HUccnenoBanuss BO3AEHWCTBUS HA AIIOMUHHUN  TMOCJIENOBATEIIBHOCTH  JBYX
uMIyJ1bCOB JIMI ¢ Hepe30HAaHCHOM M PE30HAHCHOW JUIMHAMHU BOJIH BBISBUIIU
BO3MOXHOCTh YBEJIMYEHHUS JOJM HOHOB B JIA3€pHO-UHAYLHMPOBAHHOW IL1a3Me
OJyiarosiapsi CeJIEeKTUBHOMY BO30Y KJICHUIO U HOHU3ALMH [6].

OcnoBy ycranoBku coctaBmin 1Ba Nd:YAG — nazepa, reHepupytouue Ha
mmmHax BotH 1064 u 532 um. Jlazep JITU — 403 (4; = 1064 um, E = 95 mJIx, 7=
20 HCc) oOecrieuymBan TPAKTUYECKA OJMHAKOBYIO JUIMUTEIBHOCTH W DHEPTHUIO
uMITysibcoB ¢ sazepom LS-2130 (4, = 532 am, £ = 100 m/Ix, t=20 Hc).
YcranoBka obecrnieurBaia IByXUMITYyJIbCHOE Bo3aeiicTBue JIM Ha marepuansl B
BO3/IyX€ C pEryJMpyeMbIM BpPEMEHHBIM HMHTEPBAJIOM MEXAY JA3epHBIMU
UMITYJIbCAMH U YNPABISIEMbIM THOPSIKOM HX cienoBaHus. HauOosiee momHbie
KOJIMYECTBEHHBIC TAHHBIC OBLTN MOTYUYEHBI IJI1 MUIIIEHEH U3 JTIaTYHU U rpaduTa.
B skcnepuMeHTax perucTpupoOBaNUCH CHEKTPbl MPUMOBEPXHOCTHOM MIIa3Mbl U
UMITYJIbCHI JIaBJICHUST Ha OOJy4YaeMbIX MHUIICHSIX. Perucrpanuio CrekTpoB
Ja3epHOM 11a3Mel ¢ 3kcno3unuen 7 Mc obecneunan cnekrpomerp SDH — 1V ¢
muneriapiM [13C mpuemnukom TCD 1304 AP (Toshiba), cormacoBaHHbIM C
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KOMIIBIOTEPOM U OJIOKOM CHUHXPOHU3ALMM Jia3epHOW cuctembl. g
perucTpallid  HMMIYJbCOB  JAaBJICHUS  HAa  MHIIEHM  HCIOJIb30BAJICH
NIbE303JIEKTPUUECKUN JaTuMK, COIVIACOBAHHBIA € HU(POBBIM OCHUIIOrpadom
Bordo 221, paboraBmmMm B COCTaBe NEPCOHAIBHOTO  KOMIIbIOTEpA.
OnHoBpeMeHHO ocIuiorpad HKCHONb30BAJICH JJI PErHCTPAllid HMITYJIHCOB
JIN. VnaTerpupys curHaia JaBlIEHHUS IO BPEMEHHU ONPEISSUINCh HMITYJIbCHI
OTJIayyl JIJisl pa3IMYHbIX MaTtepuaioB. JluHaMuKka pasiera Jia3epHO-IUIa3MEHHbIX
(pakesoB U CIIEKTPOB MPHU JBYXUMITYJILCHOM JIa3€pHOM BO3AE€HCTBUM Ha MULIECHb
U3 JIaTyHU MpejacTaBieHa Ha puc.l. OTpunareiabHble 3HAYEHUS BPEMEHHOTO
CIBUI'a MEXY Ja3€pHBIMH MMITYJIbCAMH HA PUCYHKAX COOTBETCTBYIOT CIIy4aro
ONEpPEXkAIOLIEro BO3JAEHCTBUA KOpOoTKOBOiIHOBoro JIM (A = 532 HMm), a
MOJIOKUTENbHBIE — JIMHHOBOIHOBOTO JIU (A = 1064 HM).
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Puc. 1. OcoGenHocTH CTPYKTYpbI (akena M CHEKTPOB JIa3epHO
IJIa3MBbI MPH JIA3€PHOM BO3/1efiCTBUM HA JIATYHb B PA3JIUYHBIX PeKUMAX

U3 MOJIYYEHHBIX CIIEKTPOB ONpeIeIsIach TeMrneparypa
MIPUITOBEPXHOCTHOM JIa3epHON 1a3Mbl 7, IO OTHOCUTEIbHBIM MHTEHCUBHOCTSM
CHEKTPAJIbHBIX JIMHWI, & TI0 IITAPKOBCKOMY YLIMPEHUIO CIIEKTPAIbHbIX JUHUN
BOJIOPOJIa M YTJIIEPOJA ONpPENENsiach KOHLEHTPALUSA JJIEKTPOHOB 7, B ILIA3MeE.
DKCIEpUMEHTBI MPOBOJUINCH MPU IIOTHOCTU MOIIHOCTU JIW qgs53= G164 <
4-10° Br/cm® B msitHe o6myueHus d, = 0,30 M.

Pesynprarel nccneqoBaHuil MOKAa3alid, YTO MApaMETPHI JIA3EPHOU IUIa3MBbl
Ha MUIICHIX W3 JIATYHW W rpaduTa 3aBUCIT OT MOPSIKA CICAOBAHMS JIA3€PHBIX
UMITYJIbCOB M BPEMEHHOIO HHTEpBaja MEXAy HUMU. B skcnepumeHTax c
JATYHBIO TEMIIEpaTypa IUIa3Mbl ONPEAEIUIACh IO CHEKTPAIBHBIM JIMHUAM Zn |
468,0 uM u Zn 1 636,2 uM (puc. 2, a), a KOHUEHTpaUusl 3JIEKTPOHOB 7, — IO
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MITAPKOBCKOMY yIupeHuto juHuu H, 656,3 uMm (puc. 2, 6). I3 npuBeaeHHBIX
JAHHBIX BHIHO, YTO MaKCHMAJbHbIe 3HadeHus Temmeparypsl (24:10° K) u
KOHIIGHTPALMK 9IeKTpoHoB B mmasme (4,5-10" coM™) mocrurarorcst mpu
OTIepEeKAIOIIEM BO3JICHCTBUU KOPOTKOBOJIHOBOTO W3NydeHHs A = 532 HM, HO
IpU Pa3HbIX 3HAUYCHUSX WHTEpPBAJIAa MEXAY JIa3€pHBIMU UMITyJIbcamMu At = —5
MKC 1 At = —1,5 MKC COOTBETCTBEHHO.

25ﬁT,103K% 59n,,10 " cm .
+ 41 /%

4 3A
20 . ; {. )

il :

21 i
151
1 At, MKC ' ' ' 'At’MI'(C ) '
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Puc. 2. 3aBucumocth TemmepaTypbl (@) U KOHIEHTpAllUU SJIECKTPOHOB (6) B
MJ1a3Me JIATYHHU OT MHTEpPBaJIa MEXTy Ja3epHBIMU UMITYJIbCAaMU

B okcmepumenTax ¢ yriaepoioMm Temmeparypa Iuiasmel (puc. 3, a)
onpenensnach mo crnekrpanbHoil auHuu N II 3995 um u rpynne naunuii N 11
(499,4 am — 500,7 HM), a KOHIIEHTpAIUs JIEKTPOHOB — IO YHIUPEHHUIO JTUHUU
C 11 426,7 um (puc. 3, 6). MakcumanbHble 3Ha4eHHs Temmepatypsi (18-10° K) u
KOHIIGHTPAIMK OIeKTpoHOB B mmiasme (4,7-10" coM”) pocrurammcs mpu
OTIepEeKAIOIEM BO3JICHCTBUM KOPOTKOBOJIHOBOTO M3Iy4eHHs A = 532 HM, HO
IpU OTJIWYAIOIIMXCS 3HAYEHUSIX UHTEpPBaJIa MEXK]Y JIa3ePHBIMU UMITYJIbcaMu At
= —2,5 Mkc u At = —1,5 MKC COOTBETCTBEHHO. B 3HauuTeNbHON MeEpe 3TO
00yCJIOBIIGHO BO3pAaCTaHUEM TOTJIOMIATEIFHON CIIOCOOHOCTH IUIa3MEHHOTO
oOpa3oBaHUsI C YBEJIMYEHHEM [UIMHBI BOJIHBI  Bo3jelcTByromero JIW.
OKCIEPUMEHTAIbHBIE 3aBUCUMOCTH HMITYJILCOB OT/Aaud OT MHTEpPBaJa MEXKIY
Ja3epHBIMU UMITYJILCAMH YJIOBJIETBOPUTEIBHO COrJIACYIOTCS C 3aBUCUMOCTSIMU,
pacCUMTaHHBIMM TIO TMapaMeTpaM IUJIa3Mbl C MCIOJIB30BAaHUEM YpPaBHEHUS
COCTOSIHUSI UJICaTbHOTO Ta3a U JJIMTEIbHOCTU Ja3epHOro umiyJibca (puc. 4, a —
JUTsL JIATYHU; pUc. 4, 6 — ISl yIaepoa).

HccnenoBanbl  3aBUCUMOCTM  TEMIEPATYpbl  JIa3€pHOM  IJIa3Mbl U
KOHLICHTPAIIMU 3apsSKEHHBIX YACTHUIl, a TAaKXKEe HUMIIyJIbca OTAA4YM OT MOpsSIKa
CJIEIOBaHUS MAPHBIX BO3ACHCTBYIOIIMX JIA3€PHBIX HUMITYJILCOB Ha JJIMHAX BOJIH
1064 1 532 HM ¥ BpEMEHHOT0 MHTEPBAJIa MEK/1y HUMH JIJIs TaTyHU U yTIIepoaa.
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Puc. 3. 3aBucumocth TemmepaTypbl (a) W KOHIIEHTpAIMU AJIEKTPOHOB (0) B
IJ1a3Me yriepojia OT MHTEpBajla MEK/1y J1a3€pHbIMU UMITYJIbCAMU
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Puc.4. 3aBucuMoctb U3MepeHHOro (/) U paccuuTaHHOro (2) UMMIYJIbCOB OTAAYU
OT HHTEpBaJia MeXxay uMitysibcamu JIM 11 mitasmel naTtysu (a) u yriepoaa (0)

Takum 00pa3oM TmMOKa3aHO, 4YTO TAPHOE HWMITYJIBCHOE JIa3epHOE
Bo3AecTBUEe Ha JumMHAxX BOJH 1064 m 532 HM oOecreymBaeT OINTHUMAJIBLHEIE
YCIOBUSL JJI1 PETUCTPALIMM CIEKTPOB TIPU  OIMEPEkKAIOIIEM BO3ACHCTBUU
KOPOTKOBOJHOBOTO U3Ny4eHUsi A = 532 HM ¢ BPEMEHHBIM UHTEPBAJIOM MEXKIY
Ja3epHBIMU HUMITyJIbcaMU 3 — 6 MKC, a JUII TEeHepaluud MaKCUMaJIbHOTO
HUMITYJIbCA OTJIaYu — C UHTEPBAJIOM 1,5 — 2 MKC COOTBETCTBEHHO, YTO BAXKHO JJIsI
JIA3€PHOT0 CIIEKTPAILHOIO aHAJIN3a U JIa3ePHO-TIIIa3MEHHBIX MUKPOIBUTATENICH.
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MNOJYYEHUME HAHOPA3ZMEPHbBIX HACTULl KAPBUJIA TUTAHA B
IJEKTPUYECKOM PA3PAAE B KUJIKOCTHU

A.B. Byrens', B.B. XKyxosckuit’, E.A. Hepap', H.B. Tapacenko'

1I/IHCTI/ITyT ¢uzukn HAH benapycwu, np. HezaBucumoctu 68, 220072 Musnck, benapycs,
a.nevar@ifanbel.bas-net.by
2Benopyccm/n?l rocyJapcTBeHHbI yHuBepcurert, np. HezaBucumoctu 4, 220030 MuHck,
benapych

HanowacTtunpl kapOUIOB METANIOB TMPEACTABISIOT CcOOOM  TBepible
KPUCTAJJIMYECKUE BEIIECTBA, XapaKTEPHU3YIOLIUECS BBICOKOW TBEPIOCTHIO,
KAPOCTOMKOCTBIO M MOTYT OBITh BEChbMa TMPUBIEKATEIbHBI JUISI  psiaa
IIPAKTUYECKUX NPWIOKEHUN. B 4acTHOCTH, OHM MOTYT HAaWTHU IIPUMEHEHHE B
METaJUlyprud OpU  MPOU3BOACTBE  KapOHMIOCTanei, aBTOMOOWJIBHOH H
ABUAIIMOHHON MPOMBIIUICHHOCTH, B CHUCTEMaX KOCMHMYECKON TEXHUKHU, MPU
YIOPOUHEHUH TOBEPXHOCTEH PEXYLIMX HMHCTPYMEHTOB U J€Tajed pa3iuyHbIX
MEXaHU3MOB C MOBBIIIEHHBIMU TPEOOBAHUSIMH K TEPMO- U HM3HOCOCTOMKOCTH,
IpU CO3JIaHUM CTPYKTYPHBIX MaTEPHUATIOB ISl OYIYyIIUX TMOKOJICHUHN SIEPHBIX
PEaKkToOpOB.

CymiecTByeT HECKOJIBKO CIOCOOOB MOJyudeHus kapOujga TuTaHa. Tak,
HampuMep, TpU  TPOMBIIUIEHHOM  TNPOU3BOJCTBE  KapOWpa  TUTaHa
YTIETEPMUYECKUM METOJOM CMECh JUOKCHJA THUTaHa C CaKeW, COCTOSIIYIO U3
68,5 % TiO, u 31,5 % caxu, nmoaBepraoT NPOAOHKUTEIILHOMY U TIIATEILHOMY
nepemMemmBanuio B kujakoctu /1/. KapOuamsamuss cMecu TNpPOBOAUTCS B
aTMocdepe BOJOPOJia B YroJIbHO-TPYOUATHIX TE€4aX, TeMIepaTypa B KOTOPBIX
nocturaet 2000 °C. U3menbueHHBIH U MPOCESHHBIN KapOua TUTaHA COMEPKHUT
20-20,5 % obmero yraepona, u3 kortopeix 1,0-2,0 % HaxoguTcs B BHJE
CBOOOJHOrO yriepoaa. Pasmepsl nosydyaeMbIx pa3iIuyHbIMHA CIIOCOOAMH YaCTHI
nopoika TiC cpaBHuTenbHO Beluku (0T 1 10 500 Mxm). DTO 3aTpynHSIET €ro
UCIIOJIb30BAaHUE, HAlpUMEp, B KauecTBe a0pasMBHOIO MaTepualia IpH
POBEICHUHU TIOJUPOBOYHBIX pabOT BBICOKOro KaudectBa. Kpome Toro,
TE€XHOJIOTUU MPOU3BOJICTBA KapOuJa TUTAHA JOCTATOYHO CJIOKHBI U SHEPTOEMKH
U3-3a HE0OXOIUMOCTHU HUCTIOIb30BaHUS BBICOKUX TEMIEPATYp, YCIOBUN BaKyyma
WM Ta30BOM aTMOCGEphI MPU Pa3IMYHbIX JTABICHUSX.

N3BecTen Takke crnocoO /2/ moiydeHus HAHOYACTHUI[ KapOuaa TUTaHA MpHU
Ja3epHOM abnsuuMu TUTaHA B JuxJjiopaTaHe. [IIOTHOCTH PHEPrUM U3ITYyYECHUS
Ja3epa Ha nmapax MeJY B MATHE HA MOBEPXHOCTU MUIIEHU U3 TUTAHA COCTaBJIsIA
4 Jlx/cM® TIpH ATHTENBHOCTH UMITy/bcoB 20 HC U 4acToTe ciegoBanms 15 kI,
Henocratkom »3toro cmocoba siBmsiercs Hu3kuii (okomo 1 %) KILJ
npeoOpa3oBaHus MOTPEOIISIEMO JIa3epOM AJIEKTPUUECKON SHEPTUU B CBETOBYIO,
a TaKXe BO3pacTaroulee MOIVIOUIEHUE M PaCcCesHHE JIA3epHOTO HU3IyYEHHUS

149



KOJUIOMJIHBIM PAcTBOPOM KapOuja TtuTaHa B mporecce Hapabotku TiC, yto
IPUBOJUT K SKPAHUPOBKE MUILIEHHU U CHUXKAET POU3BOIUTEIBLHOCTD.

DneKTpuYecKuid paspsi Uil CUHTE3a HAHOPAa3MEPHBIX YACTUL KapOWIIOB
CTaJl TPUMEHSTHCA CpaBHUTENbHO HenaBHO /3,4/. [Insg cuHTE3a HAHO- H
MHUKpPOYACTHI] BEUIECTBA, COCTOAIIUX, HapuUMep, U3 BOJbPpama, HUKEIS HIH
COCIMHEHUN HTHUX METANIOB C YIJIEPOJOM HCIOJIb3YIOT aKTUBHUPOBAHHBIM
KOHTAaKTHBIM criocoboMm ¢ yactoTor 100 I'ii HU3KOBOJIBTHBIN JJIEKTPUUCCKUIMA
UMITYJIbCHBIA pa3psi MEXAy AByMs OJAMHAKOBBIMU IO XHMHYECKOMY COCTaBY
JIEKTPOJAMH, TOTPYKEHHBIMU B KUAKOCTh  (3THJIOBBIM  CHHUPT) C
NOCJIEAYIOUIMM  OTJAEJEHUEM HAHOYACTHL OT BBINAJAOIIMX B  OCAIOK
MUKpoyacTull /3/.

Lenpto pmaHHOW palbOTBHl SBISETCS CO3JaHHE CcHoco0a IMOITy4YeHUs
HAHOPA3MEPHBIX YaCTUI] KapOUaa TUTAaHA B OPraHUYECKOM KUIKOCTH (3TaHOJIE),
00JaaronIero BbICOKOM CEEKTUBHOCTHIO M0 OTHOLIEHUIO K (POPMHUPOBAHUIO UX
pa3MepoB U COCTaBa U MO3BOJISIOLIETO YMEHBIIUTH KOJUYECTBO CUHTE3UPYEMBbIX
O0OOYHBIX MPOIYKTOB - YACTHUI, COCTOSIIIUX U3 aTOMOB yTiepo/a.

[TpuHiMnuanbHas cXeMa YCTAaHOBKM MpencTaBieHa Ha puc. 1. bonee
noAPOOHO AJIEKTPOPA3PSAIHBI METOJ] CHHTE3a omucaH B paborax /4,5/. Jlis
CO3/1aHus pa3psija UCIOIb30BaNu reneparop tuna JI'-1 B pexume uckpsl (cuna
Toka 60 A, mmurenbHOoCcTh uMIyidbca 40 Mkc). CuHTE3 HaHOPa3MEpPHOIO
NOPOIIKA  OCYWIECTBISLICA IPU  HCKPOBOM  paspsle, HWHULHUAPYEMOM
BBICOKOBOJIETHBIM (Oonee 3,5 kB) pa3psaoM KOpOTKOW IMTENbHOCTH. B
KayeCTBE AJIEKTPOJOB HCIIOIb30BaJIM TUTAHOBBIE CTEPKHU JHAMETPOM O MM.
Pazpsanueii mpomexyTtok coctaBiusan 0,3 MM, paspsn OCYIIECTBILUICS IIPH
NOTPY’KEHUH AJIEKTPOJOB Ha MIyOMHY 1 CM OT MOBEPXHOCTHU ATHIIOBOI'O CIUPTA
B CTEKJIIHHOM LUJIMHAPUYECKOM COCY/IE.

Hcrounukom yriaepojga Uil MOJy4YeHUs KapOujga THUTaHA CIyXaT
OPOAYKThI, oOpa3zyeMble NpPU TEPMOXMMUYECKUX pEAKIHUSIX B YCIOBHSIX
peayi3alMy  BBICOKOTEMIIEPATypHOM IUIa3Mbl B JTWJIOBOM CHOUPTE W Ha
KOHTaKTHOW TpAHUIE YaCTHIl 3PO3MM THUTAHOBBIX JJIEKTPOJOB C Iapamu
AKHUJIKOCTH.

[TosryueHHyt0 B3BECHh YAaCTHI] B ITUJIOBOM CIIUPTE OTCTAUBAJIU B TeUeHHE 15
MUH. 3aTeM, He B30anThIBasA, IEPEIUBAIN B IPYTYI0 EMKOCTh, 3@ UCKIIOUEHUEM
5-8 M B3BecH C ocaJKoM Ooisiee KPYIMHBIX 4YacTHIl Ha JaHe. s momydeHwus
IOPOIIKA CMECH BBIIAPUBAIM IPU KOMHATHON TEMIIEpaType.

Mopdonorust HaHOYACTHUILL MOPOIIKA U UX (Pa30BBIA COCTAB, HCCIEAOBAHBI
METOJaMHU IIPOCBEYMBAIOIIEH JJIEKTPOHHOM MHUKPOCKONMH M PEHTIE€HOBCKOU
TU(PaKTOMETPHH.

Cpennuii auaMeTp dYacTHUIl TOPOIIKa ompeaeneH Mo Qororpadusim,
NOJIyYEHHBIM Ha IPOCBEYMBAIOLIEM HIIEKTPOHHOM MuKpockone LEO 906E
(Anrnus, 'epmanus) ¢ sHeprued snexktpoHoB 120 x3B. [Ins uccnenoBanus

150



00pa3OB Ha MHUKPOCKONE Karisi (OKOJO S5 MKJ) MPUTOTOBJICHHOM B3BECH
NOpOIIKAa B 3TUJIOBOM CIHUPTE HAHOCHJIACh HA MEJHYIO CETOUYKY, MOKPBITYIO
KOJUIOAWUEBOM IIIEHKOM, M BBICYLIMBAJach B DJKCHUKATOpe, IOCIE Yero
MNOKpbIBAJIACh aMOP(HOM YIIepoAHON MIEHKOM.

PentrenocTpykTypHbIe HCCAEA0BaHUS BBINIOJHEHBI Ha AudpakTomeTpe D8-
Advance (mo wusnyuenuto Cu-Koa). PeHtreHoBckue audpakTorpaMmsl
HAHOYACTHUII 3aIlKCHIBAJIUCH IOCJIE BbIAPUBAHUSA KOJUIOMAHOTO pacTBOpa Ha
amopbHor momioxke. HMpeHTudukanus cocraBa HAHOYACTHI] M HX
Kpuctamorpadguueckux (a3 BBINOJHEHA C HMCIOJB30BAaHUEM IPOTPAMMHOTO
obecnieuenus Diffra Plus “EVA” B pamkax kaproreku PDF-2, myst onpenenenus
apaMeTpoB PENIETKH UCIOJIB30BAIOCH MporpammHoe obecniedenue Diffra Plus
“TOPAS”.

OuncTka mopolTka KapOuga TUTaHA OT YaCTHUI[ CBOOOJTHOTO yTiepoja
OCYLIECTBJISIACh CyONMMalMeil yriiepoaa B TEUEHHE S MHH npn TeMIIepaType
nopoiuka 400 — 450 °C. A

[I9M-u3o0paxkeHue HaHOYACTHI] KapOuma
TUTaHAa, CHUHTE3UPOBAHHBIX TIPU HCKPOBOM
paspsiie B 3TaHOJE NpPEACTaBlieHO Ha pwuc.l.
Yactuipl HaOMI0IAI0TCS B arIoMEpUpPOBAHHON
dbopme. HccnenoBanus mopoika, moJry4eHHOTO
6e3 cyOmuManuu yriiepoja, Mmoka3aid, 4To OH
COCTOMT W3 HAHOYACTHUI] KapOuaa THUTaHA CO
cpeaHuM auaMmeTpom 15 M u coaepxut 88,7 %
TiC KyOn4eckoit IPAHEEHTPUPOBAHHON
CTPYKTYpPBI C IEPUOJOM pelieTku a = 4.33 HM u
pasmepoMm kpuctamumra okono 30 vMm, 4,7 %

TiC, kyOudeckoil CTPyKTyphl, a Takxke 6,6 % PHCI— [IDM-H306paxkeHHe

yriepoja TeKCaroHajdbHOH CTPYKTYphl. OTH HAHOYACTHI[ Kapouza
JIAHHBIC MOJTYYCHbI 00PAOOTKON PEHTICHOBCKOH  pyrama, CHHTE3MPOBAHHBIX
IuQpakTorpaMMsl OPOILIKA KapOujga TUTaHA 0 [P ICKPOBOM Paspsiae B
cyonumanuu yraepoxa (puc. 2a). Ilocne STAHOJIE

cyonmuManuu  yriepoja TpU  TeMIeparype

400 °C B mopomika cocrase okaszaioch 95,1 % TiC u 4,9 % TiC, (puc. 20), T.e.
MPOU30IIIa OYMCTKA TOPOIIIKAa KapOuaa TUTaHAa OT HEXKENATeIbHON MPUMECH —
CBOOOHOTO yriiepoa.

Takum 06pazom, B paboTe MpeasioKeH Crocod MoIydeHUs] HAaHOPa3MEPHBIX
4acTHI] KapOuaa TUTaHa, BKIIOYAIOIMNNA (OPMHUPOBAHNE HAHO- U MUKPOYACTHII
BEIIECTBA B INIA3ME€ HMMIYJBCHOTO JJIEKTPUYECKOTO  pa3psiia  MEXIY
OJIMHAKOBBIMH TI0 XHUMHYECKOMY COCTAaBYy OJICKTPOJAMH, TOTPYKCHHBIMH B
KUIKOCTh (STUJIOBBIA CIUPT), C MOCIACAYIOIMIUM OTACICHUEM HAHOYACTHI[ OT
MUKPOYACTHI] IyTEeM CEIWMCHTAllUMd MHUKPOYACTHII, a TaKKe OYHCTKOM

151



CUHTC3UPOBAHHOTO ITOPOIIKA OT CBO60)IHOFO yrjacpoaa myTemM OTKHra.
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PACIHIUPEHUE ®YHKIIMOHAJIBHBIX BO3MOXKXHOCTEM
HAIIMOHAJIBHOI'O 9TAJIOHA EIUHUIL CUJIBI CBETA U
OCBEHIEHHOCTH PECITYBJIMKH BEJIAPYCH 110 U3MEPEHUIO
[IBETOBOH TEMIIEPATYPbI U KOPPEJIMPOBAHHON IIBETOBOM
TEMIIEPATYPbBI UCTOYHHUKOB U3/1YYEHUA

B./lnyrynosuu', C.Huxonenxo', JI.Ckymc?, O.Tapacosa®

'Mucrturyt pusuxun HAH Benapycu, np. Hesasucumoctu 68, 220072 Munck, Benapycs,
s.nikonenko@dragon.bas-net.by
2 o . .
PVII «benopycckuii rocy1apcTBEHHBI HHCTUTYT METPOJIOTUN», CTapOBUIIEHCKUH TP., 93,
220053 Munck, benapycs, optic@belgim.by

Abstract. The features of reproduction of the color and correlated color
temperatures in the range from 2000 to 12000 K on the national Standard of the
Republic of Belarus of the units of luminous intensity and illumination are con-
sidered. The basic components of error are analyzed. It was found that the root-
mean-square error of reproduction of correlated color temperatures makes up 1
K.

[[BeroByr0 Temmnepatypy (T,), KOPpEIUPOBAHHYIO I[BETOBYIO TEMIIEPATYpPy
(T,,) u Temneparypy pacnpezeneHus (T,) IPUMEHSIOT B IPUKIaAHON HOTOMET-

pUU B KQUe€CTBE BEJIMYUH, XapaKTEPUIYIOLIUX UCTOYHUKU ONTUYECKOTrO U3ITyue-
Hus. [loaToMy, pu co3ganuu HanmoHanbHOTO 3TanoHa €AWMHUI] CHIIBI CBETA U
ocsenienHoctu Pecny6inuku benapycs (HOCCO) ero coctaB ObUT pacliupeH 1o
cpaBHEHMIO ¢ cocTaBoM, periaaMmenTupoBaHHbM ['OCT 8.023-90, 3a cuer co3aa-
Hus kosopumerpuyeckoro 0noka (Kb) ayig uamepenust T, CBETOU3MEPUTENbHBIX

namn /1/. OcuoBoii Kb sBnsiics xommapatop T,, cocTosimuii u3 ¢GOTOMETpa,

UMEIOIIIETO JIBa IIBETHBIX (DUIBTpa (CHHHUM M KPACHBI), U TPYIIIBI CBETOU3MEPH-
tenbHBIX Jlamn CHUC 40-100. IlorpemHocTs KaqauOpOBKH KOMIaparopa cocTa-
Bwia £ 5 K, a mamnbl ObuTH aTTecTOBaHbl B auamnaszoHe (2360 — 2856) £ 15 K.
Br16op uzMepsieMoil BETUUMHBI M TEXHUYECKAs peanu3alus METo/la ee u3Mepe-
HUs ObUT OOYCJIOBJIEH JABYMSI OCHOBHBIMU MPUUUHAMU: JJISI KOPPEKTHOTO M3MeE-
pEHUSl €IUHUI] CUJIbl CBETA U OCBEIICHHOCTHU JIIOKCa HEOOXOJMMO 3HATh CIICK-
TpaJIbHOE pacipeesieHue MOIIHOCTH M3JIYYeHHS] UCIOJIb3yEeMbIX CBETOM3MEPH-
TEJBHBIX JIAMIT; OTEUECTBEHHAs] HOPMAaTUBHAs 0a3a periaMeHTHPYET 00s13aTeNb-
HOE U3MepeHue T, JJis1 UCTOYHUKOB U3JIYYEHUs, IPUMEHIEMBIX B (DOTOMETPHHU.

Heo6xonumo ormetruth, uro Kb, Obul co3gaH Ha oOcCHOBe pa3paboOTOK
BHUUNO®U (Poccust), 94To B 11€I0M MO3BOJISIIO 00ECIIEYUTh XPaHEHHUE, BOCIIPO-
U3BEJICHUE U TIepeady eAUHUIBI T, pabounuM CpeCcTBaM M3MEPEHUH, a TaKxKe

IIPOCIICIKUBACMOCTDb A0 IICPBUYHBIX 3TAJIOHOB Poccun. MakcumanbHas Pa3HOCTb
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Mexay T, snami, udmepeHHbiMu Ha HOCCO u ["'ocyaapcTBEHHOM 3TallOHE CHUJIBI

ceera Poccun, cocraBuna + 7,2 K. D10 3HaueHue yaoBieTBopsieT TpeOOBaHUAM
['OCT 8.023-90, Haxozsce B npenenax aomyctumoit (= 10 K) BenuuuHsl.

OTO NOATBEPAWIH JIBYXCTOPOHHHUE CIMYEHUS HALMOHAJIbHBIX 3TAJIOHOB
€AVHULIBI CUJIbl CBETA, MPOBEIAEHHBIE MEXKIY beropycckuMm rocyaapCTBEHHBIM
uncturyroM merposioruu (benl UM) u Gtowny Urzed Miar (GUM, Ilonbiia)
/2/. TIporpaMma TIpOBEICHUS CIIMYEHUHN BKIIFOYAIa U3MEPEHHE CHJIBI CBETa, KO-
> ¢unuenTa npeodpazoBaHus NPELU3UOHHOrO (poTomerpa U T, CBETOU3MEDPU-

tenpHOM Jamibl (mamna CUC 40-100, Nel33 — 90). 3assnennas benl UM pac-
IIMPEHHAst HEOIPEETIEHHOCTh u3Mepenus T, cocraisia U, = + 15 K. Pesyib-

TaThl CJIMYEHUN CHIIBI CBeTa U Kod(duimeHTa npeoOpa3oBaHus MPEU3UOHHOTO
dboToMeTpa ObUTH MPU3HAHBI XOPOIIO COBMAIAOIIMMH. A BOT OTIUYHS B TOJY-
YEHHBIX 3HAYEHUAX T, XOTs B LEJIOM U ObLIM MEHBLIE 3asBJIECHHON I JaHHbIX

CIIMYEHUN HeompeneaeHHOCTH U, /Ul HEKOTOPBIX 3HAYEHUN ObLIM OJIM3KU K

TPAaHUYHOMY 3HAYEHUIO, a B OJJHOM cityuyae coctaBuiio 16 K.
Benuuuna T, , Kak 1 T, JOCTaTOYHO JaBHO MCIOJb3YIOTCS JUI XapaKTepu-

CTHKH UCTOYHHKOB CBETA, TaK KaK OKA3aJIMCh YAOOHBIMHU BEITUIMHAMU, XapaKTe-
PU3YIOIIMMH CIICKTPAIBHOE pacipeielieHe HCTOYHUKOB M3TYUCHUS, OJIM3KUX K
«benmomy» cBeTy. HeCOMHEHHO, BaXKHBIM SBJIICTCS TOT (DAKT, YTO MEKITyHAPO/I-
Has komuccus 1o ocsemieHuto (MKO) pernmamenTupoBaia 4 THITA WUTFOMUHAH-
TOB, KOTOpBIC OOCCICUMBAIOT HM3IYyYCHHUE C OIPEIACICHHBIM OTHOCHTEIIHBHBIM
CIIEKTPAIBHBIM paCIpe/IeICHUEM dHEPTrUr B 00JIACTH CIEKTPA, /1€ MPOUCXOIUT
3pUTEIIBHOE BOCTIpHATHE I1BeTa 00bekTa /3/. J{s KakI0ro WITIOMHUHAHTA yCTa-
HOBJICHBI TOYHBIC 3HAYCHUS TEPMOJMHAMUICCKON TEMIIEpaTyphbl YEPHOTO Tea
KOOPJMHAT UBETHOCTH, YTO MO3BOJISAET ONPEAEIATh U 3HAYEHH T, .

B ny6nukanuu MKO no konopumerpuu 1986 r. /4/ yka3piBaeTcsi, 4To KOp-
penupoBaHHas LBETOBas Temneparypa (correlated color temperature (T,,)) nan-

HOTO CcTUMYyJia — TeMmieparypa [[aHKOBCKOTO u3iaydaresis, BOCIIPUHUMAECMBIi
[[BET KOTOPOro HamOoJiee OJIM3KO COOTBETCTBYET LIBETY JIAHHOTO CTUMYJa MpH
TOH K€ CBETJIOCTU U MPH TEX K€ yCIOBUIX HaOmoAeHus. Pexomenayemblii Me-
TOJ BBIYMCJIECHHS T, CTUMYyJa 3aKIIOYAE€TCSs B TOM, YTO HAJO ONPEIEIHMTh Ha

[IBETOBOM rpaduke TeMrnepaTypy, COOTBETCTBYIOUIYIO TOUKE HA JUHUU YEPHOTO
Tella, mpeacrapisiomend [InaHKOBCKUK M3IIydaresnb, B KOTOPOM IEpECEKAETCs
COOTBETCTBYIOIIAsI MU30TEPMa, COJAEpXKAllasi TOUKY, HPEICTABISIONIYIO JaHHBIMI
ctumyll. B Hacrosiee BpemMsi M30TepMaMy CYUTAIOTCSA JTMHUHU, KOTOpPHIE COBIMa-
JAI0T ¢ HOPMAJIBIO K JIMHUM YEPHOTro Tejla Ha IIBETOBOM rpaduke, nolOpaxaro-
IIeM 3aBUCUMOCTh 2V’/3 ot U’, TAe V' U U’ — KOOpJIMHATHI rpad)ka paBHOKOH-
TpacTHOTO I1BeToBOro npoctpanctea MKO 1976 (rpaduk, koTophiii paHee Ha-
3piBatics rpadguxkom MKO 1960 u, v).
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[IpoBeneHHbIN aHAIN3 TUTEPATYPHBIX JAHHBIX METOJI0OB BOCIIPOU3BEICHUS
equuun T, T W T,, UX U3MEPEHUs M pacyera mokasai: 1) BOCIPOM3BEIEHHUE,

XpaHEHHUe U nepeada eAMHUIBI T, MOKHO 00ecrieunTh Ha 0a3e CyIIeCTBYIOIIe-

ro H3CCO (mo monepHuzauumn); 2) ajig odecnedeHus: u3MepeHust GoToMeTpu-
YECKUX XapaKTEPUCTUK IHEProcOEeperaroiux UCTOYHUKOB U3Iy4YEeHHUsS HEO00XO-
JTUMO paciupuTh (QyHKIIMOHAIBHBIE Bo3MokHOCTH HOCCO myis BocmipousBe-
JIEHHs1, XPAHEHUS U TIEPENaui €AMHMIBI T, ; 3) CyHIECTBYIOT J1BA OCHOBHBIX CIIO-

coba ompenenenus T, MCTOYHMKOB ONTHYECKOIO M3JIyYEHHUS — CIIEKTPOPAIHO-

METpUYECKUI U KoJlopuMeTpuueckuil. CHeKkTpopaguoOMETPUUYECKU METOJ
IIPEAIIOIAracT U3MEPEHUE CHEKTPAIbHOU IUIOTHOCTH SHEPreTUYECKOU SIPKOCTH
M3IIy4YEeHHUs ¢ MOCIeaAyromuM pacueToM T, . Koaopumerpudeckuii METO OCHO-

BaH HA U3MEPEHHUM KOOPAMHAT LIBETHOCTU WCTOYHMKOB M3JIYYEHHUsS] M IOCIE-
ayromum pacuetom T . IIpu aToM, Kak mokasana MpOBEACHHBIA MOJICIbHBIN SKC-

IICPUMCHT, pasHHUIla MCKAY 3HAYCHUAMHA Tcp , IIOJIYYCHHAA B PC3YJIbTATC UCIIOJIb-

30BaHUs PA3IMYHBIX METOJIOB pacueTa, He npeBbiiiaeT 2 K. 4) co3nanue mkaisl
T,, OCHOBaHHOM Ha METOoJlax PHEpreTudeckor GoTtomMeTpuu U (UiIM) TEPMOMET-

pUHU, PKOHOMHYECKH HeleIecoo0pa3Ho, TaK Kak BIeYeT 3a co0O0il co3gaHue
NPUHIUITHAIBHO HOBOTO ATAJIOHA.

B pamxkax pa6ot no moaepauzanuu HOCCO ObuT co3/1aH OpUTHHATBHBIN
ATAJOHHBIM UCTOYHUK ONTHUYECKOIr0 U3IYUEHHUs NJis MepeJayu pa3Mepa €IUHHUIL
KOOpAMHAT LIBETHOCTH CaMOCBETSIIUXCSI OOBEKTOB HAa OCHOBE CBETOIMOHBIX
uctounukoB uznyuenus (CUUN) u ¢poToMerpudeckoro mapa, CTpyKTypHas cxe-
Ma KOTOpPOTro MpeACTaBlIeHa Ha pucyHke 1 /5/.

1 — cBeTopaccenBaroluii 3kpaH, 2 — GoToOMETpUIEeCcKuil map, 3 — MUTOK, 4 — Habop
CBETOAMOIHBIX HCTOYHUKOB M3ITyUEHHS, 5 — HA0OP CTEKJISIHHBIX IIBETHBIX ONTHYECKUX
¢GuIBTPOB, 6 — HAOOP CBETOM3MEPUTEIBHBIX JIAMIT IMPOKOTO CIIEKTPa H3ITyYeHNS,

7 — NICTOYHHK MMUTAaHUS CBETOM3MEPUTENBHBIX JIaMTl, 8 — ucTouHuK nutanus CUU,
9 — cucteMa perucTpalvu BEIXOJHBIX CUTHANIOB U UX 00paboTku, 10 — ciekTpopaaroMeTp
Pucynok 1 — CtpykTypHas cxema KOJIOpUMETPUUECKOTo OJ10Ka
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B pesynbrare merposiorndyeckoi arrectanuu Kb Obutn yCTaHOBIIEHBI Clie-
TYIOINE XapaKTePUCTUKU:

— JIMana3oHbl BOCTIPOU3BEICHUS €IMHUIILI [IBETHOCTU:

koopauHara usetHocTd X — oT 0,0039 no 0,7347 enuuull IBETHOCTH;

koopauHara 1BeTHocTd y — oT 0,0048 1o 0,8338 eauHuIl IBETHOCTH.

— JIMAana3oH BOCIPOU3BEICHUS E€OUHULIBI KOPPEIMPOBAHHOW ILIBETOBOM
temneparypsl: oT 2000 1o 12000 K.

— JMATA30H BOCIIPOM3BEICHHS CIUHULBI SpKOCTH: T 1 10 80000 K/,

— CKO pe3ynbrara u3MepeHHsi KOOPAUHAT [IBETHOCTHU:

koopauHata 1iBeTHoCTH X — 0,00006 e tuHUI] IIBETHOCTH;

KoopauHaTta uBeTHoCTH y - 0,00007 equHAL IBETHOCTH.

— CKO BocnpousBeneHuss €IMHULBI KOPPEIUMPOBAHHON LIBETOBOU TEMIIE-
patypsl 1 K.

— CKO Bocnpousseaenus equnuilpl sspkoct 0,0032 %:

— TpaHMIBl HEUCKIIOUeHHOM cucrtemarndeckod mnorpemuoctu (HCIT)
BOCIIPOU3BECHUS €IUHUI] I[BETHOCTHU:

KoopauHara uBeTHOCTH X — £ 0,002 enrHUIl IBETHOCTH;

KoopuHaTa 1BeTHOCTH Y — £ 0,002 eAHUI] IIBETHOCTH.

— rpanuibl HCII BocnipousBeneHns €IUHMIBI KOPPEIUPOBAHHOM IBETO-
BOM Temreparypsl: = 15 K.

— rpanuisl HCII Bocipou3BeneHus: €quHULIbL IPKOCTH: £ 6 %o.

C nomomnisto Kb M0XHO MPOBOAUTH UCCIEAOBAHUSA METPOJIOTMYECKUX Xa-
PAaKTEPUCTUK KaK HCTOYHUKOB OINTHYECKOTO H3IIYYEHUS Pa3JIUYHOIO CIIEK-
TPaJIbHOTO COCTaBa, TAaK W U3MEPUTEIBHOTO OOOPYIOBAHUS: SIPKOMEPOB-
KOJIOPUMETPOB, TEJIEBU3UOHHBIX KOJOPUMETPOB, CHEKTPOKOJIOPUMETPOB, aHa-
JU3aTOPOB LIBETA U.T.J.
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THE PLASMA FLOW COMPOSITION OF VACUUM ARC
EVAPORATARS OF PLASMA WITH ALLOYED NONMETALIC
CATHODES

Thar A. Ivanou

Vacuum and Compressor Technique Department, Belarusian National Technical University,
Nezalezhnastsi ave. 65, 220013 Minsk, Belarus, iivanou@telegraf.by

The vacuum arc discharge occurs between conducting electrodes under
pressure less then 10°...10"" Pa. The solid cathode material is vaporized and
ionized in a spot region which has a micrometers size. The current density in a
spot region is of order more then 10° A/cm®. This method is used widely for
hardening of tools and wearing details, for formation many component and
many layers special coatings, as heat and corrosion resistant and other. The new
technological applications of vacuum plasma evaporators are connect with using
of compound and alloyed cathodes. The most of applications need to use once
with nonmetallic components. But vacuum arc evaporation of those cathodes
doesn’t investigate so detail as arc evaporation of single metallic materials.

Experimental investigations of the charge and the energy distribution of
ions produced in the vacuum arc discharge for case when the cathode is an alloy
are carried out in this paper.

Energy and mass analysis of ion flow was realized on mass spectrometer
MX 7304 which was connected with an energy analyzer /1, 2/. The results were
output on a display. We measure only an axis part of ion flow. The cathode drop
value was measured with accurate within 0.5 V.

The smallest current of a stable arc discharge on allayed cathodes of zirconium-
silicon, titanium-silicon, molybdenum-silicon systems (silicon content more then 66
atomic %) 1s equal to 45 A. For example, for metallic cathodes that current is equal
to 80 A for titanium and 90 A for zirconium. The cathode drop value is 23...24 V
for all investigated systems.

The results of energy and mass analysis show a presence as metal ions as
silicon ion with plus one or plus two charge (see table 1). But an average charge
of ions of many component plasma is less then once of the one component
metallic plasma. The average charge of ions of metal-silicon plasma grows with
increasing of silicon in cathode composition. Eeliest investigation shows that
this growth connects with mechanism of arc evaporation of alloys /3/. The
average energy of ions of plasma flow varies within 28-34 eV. The average
energy of zirconium ions (32-34 eV) is higher then energy of silicon ions (28-30
eV). The higher level of ions in plasma flow makes easy realization of plasma
chemical synthesis of suicides on a condensation surface. The comparison of
cathodes and ion flow composition shows a difference between them (see table 2).
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Table 1 — The ion flow content of vacuum arc plasma

Cathodes lon part, %
material +1 +2 +3 +4 Average
charge
pure Cr 16 66 14 2 2,7
pure Ti 27 67 6 — 1,8
Ti+ 80 Ti 18,6 Ti11,7 12
at. % of Si | Si623 Si 7,4 B} B ’
Zr + 84 Zr — absent Zr 55,0 7Zr 4,0 Zr 3,0 1.8
at. % of Si Si 30,0 Si 8,0 Si— absent | Si— absent ’
pure Zr 3 33 42 — 1,94
pure Si 37,3 57,6 5,1 — 1,68
Table 2 - The comparison of cathodes and ion flow composition
Cathode alloy Chemical element | Quantity propor- | Quantity propor-
tion of cathodes, | tion of plasma flow,
atomic % atomic %
Titanium-silicon Ti 20 30.3
Si 80 69.7
Titanium-silicon Ti 14 26.7
Si 86 73.3
Zirconium-silicon Zr 24 72.4
Si 76 27.6
Zirconium-silicon Zr 16 62.0
Si 84 38.0
Zirconium-silicon Zr 11 51.9
Si 89 48.1

The silicon part into of 1on flow is less then into cathode material. For arc
evaporation of titanium-silicon alloys this reduction is equal to 12...15 %. For
zirconium-silicon alloys it rises up to 50...60%. Observed difference between of
cathodes and ion flow composition is typifying for the most cathode systems
with higher nonmetallic compound. For example, J.Sasaki (Japanese steel
company) and [.G.Brown (University of California) investigated an arc
evaporation of alloyed and powdering cathodes with higher level of nonmetallic
components. They showed that ions of nonmetallic compound exist into plasma
flow, but their quantity is less then ones into cathode material (for TiN cathode
that difference is equal to 50 %, for TiC - 20 %, for TiO, - 78 %) /4/.
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For stabilization of arc discharge they use of outward magnetic field. This
magnetic field can influence on the processes into a cathode region. For
example, the highest magnetic fields lead to the growth of arc voltage and
changes of parameters of plasma flow. However, as investigation shows, before
5 mlTesla value (that is traditional for technological equipment) magnetic fields
don’t influence on a mechanism of erosion evaporation of cathodes material. But
we see a little growth of average ion energy.

Parameters are described above investigate in gas (argon, nitrogen, oxigen)
environment. As example in this paper we show the results of spectroscopic
analysis of titanium-silicon plasma flow under nitrogen pressure 10" Pa. The
optical spectrum of titanium-silicon plasma flow in the range from 250 to 450
nm of optical wave length has high intensity. This spectrum contains lines of
nitrogen molecules as in excited Nyl as in ionized N,II type. The more intensive
lines are Nyl type — 357.7; 353.67; 315.91 nm, N,II type — 427.81; 423.67,
391.44 nm. The chemical compounds metal — silicon, metal — nitrogen, silicon —
nitrogen are absent in plasma flow. Chemical compounds form on a
condensation surface. Titanium attends in form of excited atoms Til — the
highest lines are 427.82; 399.86; 370.86 nm; one charge ions Till - 376.1; 368.5;
357.4 nm; two charge ions Tilll — 311.25 nm. There are so little of spectrum
lines of silicon. It are Sil - 288.16 nm; Sill - 385.6 and 333.3 nm; Silll - 327.7
and 264.07 nm.

Thus we have found that ion —plasma flow of vacuum arc contains + 1 and
many charge ions as metal as silicon with average start energy 28...30 eV.
Metal atoms and nitrogen molecules presence as in excited as in ionized
conditions. The quantity of silicon into ion flow is in 1.5...2 time less then into
cathodes material. Average energy and charge of silicon ions are less then those
parameters of metal ions. The most difference we can see for metal-silicon
alloys with high level of silicon. The average ion energy grows with rising of a
outward magnetic field a little bit.
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PROPERTIES OF MICRO- AND NANOCRYSTALLINE MATERIALS
BASED ON SiC, OBTAINED BY HIGH ENERGY CONSOLIDATION
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Ceramics based on silicon carbide has a high of mechanical strength at high
temperatures and wear resistance, low coefficient of thermal expansion, high
resistance to oxidation at temperatures up to 1500 ° C, high chemical inertness,
corrosion resistance, high hardness and thermal conductivity [1]. The most
dense ceramic materials based on it can be obtained by hot pressing of SiC
powder with binders and activating additives [2], spark plasma sintering [3], or
high pressure sintering without any additives [4].

Recently there is a growing interest in nanocrystalline ceramic materials and
methods for their preparation, which is associated with the expectation of higher
physical and mechanical properties and thermal stability of such materials.
Therefore, nanocrystalline materials based on silicon carbide are of great
interest. The most promising methods of obtaining of nanocrystalline ceramic
materials based on refractory compounds are high-energy methods of
consolidation. One such method is sintering at high pressures [5]. Efficiency of
high pressure sintering for obtaining of high hard nanocrystalline materials has
been shown earlier by one of the authors by the example of titanium nitride [6].
Such possibility is not enough studied for silicon carbide. Therefore,
investigation of the effect of the initial powder dispersion and the parameters of
thermobaric treatment on the structure and physical-mechanical properties of
sintered silicon carbide is relevant and of great practical interest.

Silicon carbide powders of various grain used as initial: submicro-o-SiC
(Goodfellow, UK) with a particle size of 0.1-1 um, silicon carbide micropowder
F1000 (Boksitogorsk argil plant, Russia) with a particle size of 5-7 pm as well
as their mixtures with the addition of 50 vol.% monodisperse o-Si3N,
nanopowder (UBE 10, Japan) with a particle size of about 150 nm (Fig. 1).

Sintering was realized in the high-pressure "anvil-type with hollows"
apparatus, [7] at pressure of 4 GPa and temperatures of 1500-2000 °C. Sintering
time was 60 s.
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After machining of the sintered samples their microstructure, density and
Vickers microhardness as a function of sintering temperature were investigated.
Microhardness was measured with help the device MHT-240 LECO (load 2 N).

It is established that changing the density of the samples of these silicon
carbide powders with increasing sintering temperature nonmonotonic (Fig. 2a).
The samples obtained from micro-SiC have a higher density, due to the
peculiarities of behavior of large particles of the powder under compression at
high pressure - their crushing and plastic deformation under the effect of shear
stresses. Achieving maximum value of 98.5% densification (3.16 g/cm’) of
these samples occurs at a lower sintering temperature of 1700 °C, than for more
dispersed submicro-SiC.

Found that the density of SiC/Si;N, composites is lower than SiC samples
for all sintering temperatures. The density of micro-SiC/Si;N4 composite is
higher than submicro-SiC/Si3N,4, which is also due to fragmentation and plastic
deformation of SiC micropowder large particles at high pressure compression.
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Figure 2 - Relative density (a) and microhardness (b) of ceramic samples
from the sintering temperature

In the sintering temperature range up to 1700 °C micro-SiC samples have
the higher microhardness (19-22 GPa) due to a higher value of their density
(Fig. 2b). However, at higher sintering temperatures, on the contrary, submicro-
SiC samples are of higher microhardness (~ 24 GPa), apparently due to the
smaller grain size and more homogeneous microstructure (Fig. 3a, b).

Figure 3 - Microstructure of samples of silicon carbide:
a —micro-SiC (F1000), Ts=2000 °C; b — submicro-SiC (GW), Ts=1900 °C

As can be seen from Fig. 2 microhardness of submicro-SiC/SizNy
composite is higher than micro-SiC/Si;N4 composite, although its density is less
than that due to a more homogeneous structure and smaller grain size of SiC
(Fig. 4). This may reflect the predominant influence of the microstructure of the
composite to its microhardness compared with the density, and may be
associated with a higher level of microstresses.
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Figure 4 - Microstructure of composite micro-SiC/Si3Ny (a)
and submicro-SiC/Si;Ny4 (b) Tsp=1800 °C

Analysis of the microstructure of micro-SiC/Si;N, composite (Fig. 4)
shows that the particle size of the carbide phase almost corresponds to particle
size of the initial silicon carbide micropowder. This indicates that at the
compression of SiC/Si;N, composite under high pressure crushing of large
particles of SiC powder does not occur.

Thus, at high pressure sintering the samples of more dispersed silicon
carbide submicron powder and the composite of submicro-SiC/SizNy powder
mixture have the most homogeneous microstructure and higher hardness
respectively up to 24 GPa and 22 GPa.
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TIME-SPACE DEVELOPMENT OF HYDROGEN BALMER ALPHA
LINE IN A BARRIER HOLLOW CATHODE DISCHARGE

B. M. Obradovi¢, S. S. Ivkovié, N. Cvetanovi¢, and M. M. Kuraica
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1. Introduction

Energetic hydrogen atoms have been detected via large Doppler
broadening of hydrogen Balmer lines in different types of discharges. Hydrogen
lines are broadened to a great extent with far wings corresponding to kinetic
energies of several hundreds of electron volts, i.e., orders of magnitudes higher
than gas temperatures. Shapes of Balmer line profiles depend on the direction of
observation, indicating anisotropy of motion of fast hydrogen atoms. Highly
asymmetric broad line profiles were observed along the electric field. For
generation of energetic H atoms, a detailed model was given by Phelps and co-
workers in Ref. 1 and 2. According to this, three types of hydrogen ions, H', H,"
and H; are accelerated in the electric field and undergo charge exchange
reactions with H, creating energetic H atoms. These charge exchange processes
produce fast hydrogen atoms moving toward the cathode, i.e. in the field
direction. I was shown earlier that the overall hydrogen line profile is comprised
of three components: narrow and middle width component (coming from
electronic excitation) and wide component (coming from excitation of energetic
atoms) /3/. Large Doppler broadening in a hollow cathode discharge was
reported in a number of papers /4 — 6/. At low pressures, in so called high voltage
hollow cathode regime, the negative glow is extracted from the cathode cylinder
and cathode fall fills the gap to the anode ring, making the electric field vector
coincide with the central axis of the cathode cylinder.

2. Experiment

Experimental set-up is presented in Fig. 1. The discharge tuber is a glass
cylinder with diameter of 20 mm. One electrode is another closed glass cylinder
set at one side of the tube - sealed by microscopic glass and filed with
transparent electrolyte. The other electrode is a steel mesh cylinder which is
positioned inside the glass tube, see Fig. 1. The discharge tube was evacuated
down to 10 * mbar first, and then filled with hydrogen at 1.1 mbar pressure. The
discharge was driven by an AC voltage with frequency of 20 kHz. The
sinusoidal voltage signal from a HP MODEL function generator was amplified
using an audio amplifier (400 W) and transformed to a high voltage. The applied
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Figure 1. Experimental set-up with current and voltage oscilograms (left) and recorded
hydrogen Balmer alpha line fitted with three peak functions (right).

voltage was measured via a 1:1000 P6015A Tektronics voltage probe; the total
current was monitored by a current probe (ipc cm-100-m). The applied voltage
and the discharge current were monitored by Tektronics TDS 3032 (300 MHz
bandwidth, 2 Gsamples/s) oscilloscope. The discharge image was projected by a
lens to the entrance slit of an Echelle-type spectrograph equipped with an ICCD
(PI MAX2, Princeton Instruments) — instrumental FWHM = 0.02 nm. ICCD is
triggered with a time delayed pulse, initially generated by the discharge current
pulse. The gate duration was 50 ns during the measurements of the H, line
development. The hollow cathode configuration was chosen to obtain ICCD
triggering with a minimal jitter. This was possible only in a barrier discharge
arrangement, where seed electrons on the barrier facilitate the breakdown in the
next half-period.

3. Results and discussion

An example of recorded H, line profile presented on Fig. 1, shows two
distinct peaks: narrow (,,core*), unshifted, caused by electronic excitation, and
broad (,,wing*), shifted, caused by heavy particle collisions. Fig. 2a gives H,
line profiles recorded at different times during the development of the discharge,
with the shifts given in velocity values of hydrogen atoms. Referent time instant,
indicated as O ns, is the time of maximal current, see Fig.3. Analyzing smoothed
profiles of broad peaks, which here are used for clarity; one can conclude that
maxima of these peaks are shifted towards lower values. Recorded line profiles
we were used for analysis of the excited atoms energy distribution and fraction
of heavy particle processes in the total excitation, as in Ref. 6. Energy
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Figure 2. (a) H, line profiles recorded during the discharge development. (b) Energy

distribution of exited fast H atoms obtained from the H, line wings.

distributions of exited fast atoms, see Fig. 2b, are obtained from the red wing of
the profiles. Distributions are obtained by simple histogram transformation from
wavelength (velocity) distribution to energy distribution and normalization to
the integral of f (¢). Energies on the abscissa are “detected” energies, i.e., kinetic
energies in the direction of observation.

Development of the core and wing intensity, and the hydrogen atoms
mean energy are presented in Fig. 3 together with the development of the
discharge voltage and current. One can see from the graphs that core and wing

intensities increase during the discharge development i.e. during the current
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Figure 3. (Top) Intensity ratio and H atom mean energy. (Middle) Discharge voltage
and current signals. (Bottom) Core and wing intensities.
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increase, and they decrease during the falling edge of the current pulse i.e.
during the extinguishing phase of the discharge. Analyzing the figure one can
conclude that the ratio of core and wing intensities start to increase with strt of
current steep increase, and time dependence of core to wing intensity ratio
clearly follows the current development. As we mentioned earlier, core of the
line profile is formed due to electronic excitation, so, rapid increase of the core
intensity is evidence of increasing of electron density in the discharge. Similarly
to this behavior, it was demonstrated in a pulse high voltage hollow cathode
discharge, experimentally and theoretically, that steep increase of the discharge
current during the breakdown phase is caused by rapid density increase of low-
energy electrons produced in the process of secondary electron emission from
the cathode /7, 8/.
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CoBpemeHHbIe TE€XHOJIOTHH 00paboTKu UCIIOJIb3YEMbIX B
IPOMBIIVIECHHOCTH ~MaTepHaJIOB, TakuWe KakK IUIa3MEHHas MOAM(PUKALIUS
MOBEPXHOCTEHN, OTKPBIBAIOT JOPOTY JUIsi MHHOBALMOHHBIX MPOEKTOB, KOTOpHIE
00eCreynBalT MIKUPOKOMACIITAOHOE MCIOJb30BaHUE JOCTUKEHUN HAyKH B
peaIbHOM CEKTOpEe SKOHOMUKH. DH(HEKTUBHOTO PEIICHUS 3a7a4i MOIU(DUKAIIUN
CBOICTB MOKHO TO0OUTBHCS BO3/IEHCTBUEM Ha MOBEPXHOCTH
KOHIIEHTPUPOBAHHBIMUA TMOTOKAMH JHEPTrUU, TAKUMH KaK KOMIIPECCHUOHHBIE
MJ1a3MEHHbIE MTOTOKU. B IPOBEIEHHBIX paHee UCCIEI0BAHUSX YCTAaHOBJICHO, YTO
BO3/ICMICTBHUE CBEPX3BYKOBBIMU KOMIIPECCUOHHBIMU IJIa3MEHHBIMHA IOTOKaAMU Ha
o0pa3ipl MPUBOJIUT K IUIABJICHUIO UX MOBEPXHOCTH U (HOPMHUPOBAHMIO CIIOEB,
oOpa3yromuxcs Ipu ObICTPOM KpUCTAUIM3AlMU U3 PacIljiaBa, B pe3yJibTaTe 4ero
UX CTPYKTypa M COCTaB MpPETEPHEBAIOT CYLIECTBEHHbIE W3MEHEHHUS IO
CpaBHEHMIO C MaTepuajioMm Jn0 oOpabotku /1-2/. IlomoOHass Moauduxanus
CONPOBOXK/IAETCA NPOTEKAHUEM COBOKYITHOCTH CJIOKHBIX IUIa3MOJIHMHAMUYECKUX
U TemopU3NUYECKUX MPOILIECCOB, TaKUX Kak (POpMUPOBAHHE YAAPHO-CHKATOIO
IUTA3MEHHOT'O CJIOSl Y MOBEPXHOCTU MUILEHH, HArpeB, IJIABJIEHUE U UCIApEeHHe
o0pabaTbiBaeMOro Marepuarna, paszier  MapoIuia3MEHHOTO obJiaka,
dbopMHUpOBaHUE YJIApHOW BOJIHBI, 3aKajKka M3 >KUJKOTO M OCaXICHHE U3
razoo0pa3Horo coctosinusg u ap. /3-4/. C uenbio BbIAENEHUS U3 3TUX SIBICHUIM
TE€X TMPOLECCOB, KOTOPHIE HEMOCPEJICTBEHHO CBSA3aHBI C TEPMOKUHETUYECKHUM
BO3JICHCTBUEM IUIa3MEHHOTO TIOTOKAa, OBbUIM TMPOBEIEHBI MCCIEIOBAHUA
CTPYKTYpHO-()a30BbIX M3MEHEHUH B apMKO-)Kelie3e B pe3yjbTaTe BO3ICHCTBUS
KOMIIPECCUOHHBIMU ~ TIOTOKaMH, IJIJa3MOOOPA3yIOIIUM  BEIIECTBOM KOTOPBIX
ABISICS Bopopoxd /5/. B 3TOoM ciyuyae HmpOMCXOAWT BHEApPEHHE BOAOpOAa B
MIPUIIOBEPXHOCTHBIA CJIOM 00pa3loB Ha riiyOuMHy He npeBblmaroiyo 0,5 MkM,
[TosTomMy 00pabOTKy B TakOM pEXKUME MOXHO paccMaTpUBaTh TOJBKO Kak
TEPMUYECKOE BO3/JCHCTBUE IJIA3MEHHOIO MOTOKAa HA MPUIIOBEPXHOCTHBIE CIIOU
tonmuHOM Oonee 1 mMxkMm. W3BecTHO, 4YTO OCHOBHBIE JKCIUTyaTallMOHHBIC
XapaKTEepPUCTUKU JAeTalled U YJIOB Pa3IMYHBIX MEXaHHU3MOB ONPEIEISIOTCS B
OCHOBHOM TIOBEPXHOCTHBIMU CBOWCTBAMH, MO3TOMY C UEJIbI ONpeaeseHus
NEPCHEKTUBHOCTU MPAKTUUECKOT0 MCIOJIb30BaHUs MOA00HON 00paboTKH OBLIO
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IIPOBEICHO H3YYEHUE MEXAaHUYECKUX CBOMCTB IOBEPXHOCTEH, TaKUX Kak
TBEPAOCTh U KOAPPUIIUEHT TPEHHUS.

O6paboTky 00pa3lioB KOMIPECCUOHHBIMU IUIA3MEHHBIMU  TOTOKaMU
OCYHWIECTBISUIM  C  TIOMOUIBIO  Tra3opa3psgHOro  MarHUTOIIa3MEHHOIO
kommnpeccopa (MIIK) kommaktHOM reomerpun B MuctutyTe dusuku HAH
benapycu. OHeprus KOHIEHCATOPHOM OaTaped YCKOPHUTENs COCTaBIISET
9,6 x/[>)x, uro obecmedynBaeT IUTEIBLHOCTH pazpsaa 100 mkc. IlmoTHOCTH
MorHoCTH motoka — 1,8:10° Br/cm®. MITK paGotan B peHMe «OCTATOYHOTO
raza», IpU KOTOPOM TMPEABAPUTEIIPHO OTKa4YaHHasi BaKyyMHas Kamepa
3anoaHsIach padbounm razoM (Bogopoaom) ao aasieHus 400 Ila.

W3mepeHne MHUKpPOTBEPIOCTH IpoBoamiaud Ha npubdbope I[IMT-3, a
UcclieIoBaHus (PUKIIMOHHBIX XapaKTepUCTUK — Ha Tpubomerpe TAVY-1M.
TBepnocts onpenensnu npu Harpy3kax 0,5-2,0 H ¢ nocneayromum nepeBoaom
3HaueHuid B cucreMy «CH». OtTHOcuTenbHas TMOrPEIIHOCTh H3MEPEHUs
TBepAocTU He npeBbimana 13 %. Tpubonoruueckue UCIbITAaHUS TPOBOIUIIUCH B
YCIOBHSIX CyXoro TpeHus. MHAeHTOphl ObUIM BBINOJHEHBI B BHJE TJIaJKOTO
najelia ¢ paauycom 3akpyrieHus 0,5 Mvm u3 TBepaoro cruiaBa BK8 (coctas:
92 % WC, 8 % Co, tBepaocts 87,5 HRC). N3mepenusi oCymecTBIsIUCh TPU
Harpyske 1,0 H. B HauanbHbIi iepuos TpeHUs, COOTBETCTBYIOUIUI MpUpadboTKe
MHJIEHTOpa U 00pas3lia, MOrPEUTHOCTh B ONpeAesieHnH KO3 UIIMEeHTa TPEHUS HEe
npesbimana 20 %.

PesynbTaThl u3MepeHuss TBEPAOCTH OOPA3IOB MPHU PA3IMYHBIX HArpy3Kax,
00paboOTaHHBIX IJJA3MEHHBIM TIOTOKOM Bojoponaa (puc. 1) corjacyrorcs c
JaHHBIMM O CTPYKTYpE MOJIU(DHUIMPOBAHHOIO €0, CHOPMUPOBAHHOIO B
pe3ynbTaTe Takoro Bo3zaeicTBus /5/. Kak moka3piBaloT JaHHBIE U3MEPEHUN MPHU
Harpyske 0,5 H, npoumcxoauTt yBelIMYEHHWE 3HAYEHUs MHUKPOTBEPHOCTH C
3,5+0,2 I'Tla no 5,2+0,6 ['Tla B ciaydyae OAHOKpPATHOTO BO3AeUCTBUSA. CrycTd
HECKOJIbKO MECSLEB IOCJIE BO3ACHCTBUS BOJOPOJA IMOKHIAET MOBEPXHOCTHBIE
CJIOM, YTO CKa3bIBAETCS TAKXKE M HA TBEPJIOCTH IMOBEPXHOCTH, YMEHbILIAIOIIEHCS
o 4,0£0,5TTla. B cnmosx TONIIMHOW, TMpeBhIIAIICH 3 MKM (JaHHBIC
u3Mepenud npu Harpyske 1,0 H), TBepmocTh mpakTUYecKd HE MEHSAETCS U
COCTaBJISIET: 3,6+0,2 I'Tla — HEenocpenCcTBEHHO 1ocJe 00paboTKH;
3,240,2 I'Tla — cniycTsi  HECKOJIbKO MecslieB Mmociie 00padoTku. TBeprocTh
HeoOpaboTanHoro Mmarepuana npu Harpyske 1,0 H — 2,5+0,2 I'Tla.

JlanHbpie  TPUOOJIOTUYECKHX  HWCIHBITAaHWUN  (puC. 2) COTJACyrOTCsS €
pe3yJbTaTaMu M3MEPEHUST MHUKPOTBEPAOCTH M IOKa3bIBAIOT YMEHBIICHUE
ko3 (ULMEeHTa TPEHHs] MOBEPXHOCTHBIX CJIOEB OOpPaOOTaHHBIX BOJIOPOIHOM
ia3Moi 00pa3loB Oojee yeM B JBa paza MO CPABHEHHUIO C MCXOAHBIMHU [0
3nayenus 0,15. C yBenuueHreM NMpoIEHHOT0 HHASHTOPOM MyTH KO3 (ULIUEHT
TpPEeHUs yBeIuuuBaeTcs 10 3HaueHus 0,25, mocie 4ero octaeTcsi HCU3MEHHBIM B
npeaenax norpemHoctd usMepeHuil. CHycTss HECKOJbKO MECSIEB IOCIe
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BO3JIEHCTBUS KOA((UIIMEHT TPEeHHUs] MOBEPXHOCTHOM OOJACTH CHUXKAETCS [0
3Hauenus 0,08 u ocrtaercs Hmwke KodhdUIMEHTa TpPEeHUsT MNOBEPXHOCTH
HENOCPEJCTBEHHO Mocie o0paboTku BILIOTH A0 3HaueHus 0,25. Koapduuuent
TpeHHus Oojee IIIyOOKMX CJI0€B, TaK K€ KaK M HX TBEPAOCTb, OCTAETCs
HEU3MEHHBIM.
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*CIyCTS HECKOJIBKO MECSIIIEB MOce 00padOTKU

VBenauueHne - MHUKPOTBEPAOCTH M YJIyYlIEHHE  TPUOOJIOTHYECKUX
XapaKTePUCTUK MOBEPXHOCTU B PE3yJIbTaTe TEPMOKMHETHUECKOIO BO3JIEHCTBUS
IJIa3MEHHOTO TMOTOKAa MOXHO OOBSICHUTH CIEAYIOIIMM o0pa3oM. AHanu3
TEPMOKUHETUYECKOTO BO3JEHCTBUS KOMIIPECCHOHHOTO IJIa3MEHHOTO MOTOKA Ha
oOpasel], MOKa3bIBaeT, YTO B IMpOLIECCe IUIABICHUA M KPUCTAJUIM3AIMH Ha
TpaHulle KpUCTaI-paciyiaB  OyAeT BO3HUKATh CYIIECTBEHHBIH TpaJueHT
temriepatyp. IIpencraBnennsie B /6/ pe3ynbTaTbl pacyeToB, MPOBEACHHBIX IS
cllydass KPUCTAJUTH3AIMM MOBEPXHOCTH KPEMHHUS, MPOIIEIICTO0 aHAIOTUYHYIO
00pabOTKy  KOMIPECCHOHHBIM  IUIa3MEHHBIM  TOTOKOM,  IO3BOJISIFOT
IPEANOI0KUTh, YTO M B Cllydae KPUCTAJUIM3ALMM KeJle3a B IMOBEPXHOCTHBIX
ciosix OyZnyT BO3HMKAaThb TEPMOYIPYIME HAIPsDKEHUS KaK CKaTus, TaKk |
pacTsDKEHUs, IMpPUYEM JUana3oH HW3MEHEHUs HaIpsDKEHUH MMEET MOPsIOK
+10° [Ta. IlomoOHBIE TEPMOYNpPYrHe IMONS  CIIOCOOCTBYIOT — TeHEPALHH
JUCIIOKAIUI B IPUIIOBEPXHOCTHOM CJIOE.

M3BecTHO, 4YTO 00JAaCTM CXXAaTUg M PACTSDKEHUS, CBS3aHHBIE C
TUCIIOKAIUSIMU, TPUTATHBAIOT aTOMBI IPUMECEH, B pe3yibTaTe Yero JABHKEHUE
JTUcIoKaluu 3atpyansercs /7/. Takum o0pa3oM, BHEIPEHHBIN B TOBEPXHOCTHBIE
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CJIOW BOJOPOJ MPEMATCTBYET JABMKCHHIO JAWCIIOKAIIMA, YTO OKa3bIBACT BIIMSIHHC
Ha yBeJIWYECHHWE TBepAocTH. Korma BoAOpOoa TMOKHAAET TOBEPXHOCTD,
JTUCIIOKAITMH CTAHOBSITCS 00JIee TOIBIKHBIMU U MOTYT BBIUTH Ha TIOBEPXHOCTH C
oOpa3oBaHuWEM SIMOK TpaBjeHUs /8/, TOAOOHBIX TMpPEACTaBICHHBIM B /5/.
OMHOBPEMEHHO C JTHM, YBEIMUYCHHUE MOJBIKHOCTH JUCIOKAIMKA TPUBEIET K
YMEHBIIIEHUIO TBEPJIOCTH MTOBEPXHOCTH.

ABTOpBI ONarofapsaT COTPYAHUKOB JabopaTopuu (U3MKU TJIA3MEHHBIX
yckopureneir Mucrturyra ¢usuku HAH benapycu 3a oOpabotky o00pasios
KOMITPECCUOHHBIMU TJIA3MEHHBIMU ITOTOKAMHU.
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Introduction

Most of electromagnetic band gap (EBG) devices are realized by artificial
metallic structures such as using wires to produce effective negative
permittivity. In some number of papers it was shown that the glow discharge
plasmas have high potentials as effective control elements in the EBG devices
/1, 2/. Band-pass waveguide microwave filter can be considered as 1D EBG-
structure /3/. Microwave filter constitutes waveguide section with diaphragms
(metallic rods), which form the resonators with direct (or half wavelength)
couplings. The frequency characteristic tuning of such waveguide microwave
filter can be carried out by changing of resonators properties, for example, using
plasma columns instead some metallic rods. In this case it turns out that the filter
frequency characteristic is connected with plasma parameters and the possibility
to determine the electron density appears. This possibility we demonstrate in this
work.

In general, the permittivity of a plasma ¢,. for microwave at frequency w
propagated in plasma is given by

2

) 2
T S — ) ()
g o’ (1+iv/w) em,@’ (1+iv/ o)

where v is the electron collision frequency, e is the electron charge, ¢, is the
permittivity in vacuum and m, is the electron mass. From this relation it is seen
that e, can be modified from unity to negative values according to 7..

In the given work we have used the band-pass waveguide filter of the 3-
centimeter wavelength ranges as a 1D periodical structure with gas discharge
lamps GSh-5 for its control /4/.

Results and discussions

The 3-centimeter wavelength filter is formed by periodically distributed
inhomogeneities in waveguide (with cross-section 23x10 mm® and length of 200
mm). In our case, the five open-end holes (diameter 4 mm) were drilling through
the opposite wide waveguide walls with period / along waveguide. Different
inhomogeneities (metallic or dielectric rods) can be installed in holes (Fig. 1).
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The period of the location of rods (length resonators) is about / = Ay/2, where Ay
is a wavelength in the waveguide, which is expressed by relation

A, =4 (1=(4,/2a))", (2)
where 4, 1s a wavelength corresponding to the middle of the filter bandwidth; a
is the wide waveguide wall dimension (a =23 mm). Thus, a character of
resonance is half-wave and in case of five installed metallic rods (Fig. 1, b) we
have four resonators with direct coupling. For the central frequency
fo=10.2 GHz (4,, = 29 mm) the resonator lengths is / = 19 mm.

a b c

Fig. 1. Photos of the waveguide section with (@) hole, (b) 5 and (¢) 3 metallic rods.

The amplitude-frequency characteristics (transmission spectrums) of the 3-
centimeter microwave filter was measured using the vector analyzer Anritsu
37369C in the frequency range of 7-15 GHz (Fig. 2). The transmission
characteristic of the filter with five
metallic rods have one pass band at the
frequency of about f) = 10.2 GHz. The
transmission level for this band of
about 10-15 dB lower than for the
empty waveguide section. It can be
explained by rough-and-ready
gty V" manufacturing of this filter. Outside the
8 Flr%quency 2 14 bandwidth the transmission signal is

. Y : less than -60 dB. For filter with three

Fig. 2. Transmission of waveguide . . .

section without metallic rods (1), with 5 metallic rods installed | odd holes
m. rods (2), with 3 m. rods (3), with 3 only (two resonators with /=38 mm)
metallic and 2 dielectric rods (4). the amplitude-frequency characteristic
has three pass bands with the central
frequencies f); = 7650 MHz, f,, = 10240 MHz and f); = 13520 MHz (fig. 2).

In the experiments, the lamps GSh-5 was used as a control elements of
microwave filters /4/. The total length of the lamp glass tube is 250 mm, and its
internal diameter is about 3 mm. The GSh-5 lamp is filled by neon at a pressure
of 70 Torr, that gives the neon atoms concentration of about N =2.5x10"® cm™.
If the diffusion current component is negligibly small compared with the drift
and if the ion current is negligible compared with the electron one, the electron
density . in the positive column is connected with values of current density j
and the drift velocity v,,(E/N) by following relation:

j=enevdr(E/N)’ 3)

0

20 |

Transmission, dB
. A
=
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where E/N is reduced electric field in the positive column, e is electron charge.
Current density was defined as the ratio of discharge current to the cross-section
of the current area flow (internal cross-section area of GSh-5). Since the
filamentary oxide cathode is used in this lamp the cathode drop voltage is small
(a few tens of Volts) and electric field el

strength in positive column was defined [

as a ratio of the voltage between ' 3} /
electrodes (about 200V) and the <

interelectrode distance (200 mm). The =

dependence of the drift velocity of Sk /_/

electrons from the reduced electric field P

in the plasma was calculated using S et s
BOLSIG +/5/. Electron densities at Current, mA

different currents defined by the formula  Fig. 3. Electron density in lamp against
(3) are presented in Fig. 3. discharge current.

Let’s consider the case when the
filter is formed by combination of three metal rods and two lamps GSh-5 (Fig. 4,
a). If the lamps are turn off, the waveguide section has two pass band in
analyzer swath of 7-12 GHz - more narrow at 7.6 GHz and wider at 10.4 GHz
(Fig. 4, b). With increasing current of lamps from 0 to 120 mA, a decrease of the
transmission level of the bandwidth at 7.6 GHz from -10 to -50 dB was observed
(Fig. 4, b) and it shifts toward high frequency.

The results of calculation of the filter transmission in this case for different
values of electron density are presented in fig. 4, c. Calculations were carried out
by the code HFSS Ansoft where n, and v were used as variable input parameters.
In this calculation it was supposed that v = 2.8x10'" s™'. As it can be seen, a total
suppression and shift of the transmission peak at 7.6 GHz is observed even at
the electron density of 5x10'* cm™. This is in accordance with electron density

Fig. 4. Photo of waveguide section with 2 lamps and 3 rods (@) and corresponding

experimental (b) and calculated (c) transmittance spectra.
1-0mA;2-65mA;3-29mA; 4 —85mA.
I'~0cm™; 2 — 1*¥10" cm™; 3° - 5%10” em™; 4° — 1¥10" cm™ v = 2.8x10"°s™; 5° — 1¥10” em® v=05"".

at discharge current of ~ 30 mA (n, = 6.6x10'* cm™) (fig. 3). It should be noted
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that position of the shifted peak practically does not depend on the collision
frequency. Let’s use this fact in order to determine electron density in lamps.

First of all we should calibrate a pass band shift in accordance with change
of plasma permittivity. For calibration we used the two alumina rods (4 mm in
diameter) with known permittivity ¢ =9 instead discharge lamp. Corresponding
amplitude-frequency characteristics are shown in fig. 2. The increase of changed
filter elements permittivity from 1 to 9 (Ae =8) leads to shifts of both the left and
right pass bands toward the low frequency at the saving of the central pass band
position. Unfortunately, the shift of the left pass band is so large that it is outside
of analyzer swath. However we can use the shift of the right pass band
(Af ~ 2200 MHz) for calibration. It corresponds to Ae/Af~ 0.0036 MHz™".

As it can be seen in fig 4, b, at discharge current of 30 mA the left pass
band frequency shift Af,. is about 200 MHz and at 85 mA — 900 MHz. Then the
plasma permittivity change Ag,. can be defined as the following:

Agpe = (AE/ANXAfpeX(Val Vipe), (5)
where Vy/V,e 1s a ratio of the volumes of dielectric and plasma column in
waveguide. Thus we obtain Ag,(30mA) =-0.03 and Ag,(85mA) = -4.5. It gives
according to (1) and without consideration of the collision frequency the
electron density of 7.2x10'"' cm™ and 3.8x10" cm™ at 30 and 85 mA,
correspondingly. If we take into account the collision frequency (2.8x10' s™)
according to the HFSS calculation, the electron density magnitudes will be
n,(30 mA) = 1.1x10" cm™ and n,(85 mA) = 5.7x10" cm™.

Thus, the electron density determined using resonance properties of direct
coupling waveguide microwave filter of 3-cantimiter wavelength range (EBG-
structure) is in good agreement with estimation obtained by using reduced
electric field in positive column of discharge lamp. Developed method will be
applied in future at the usage of the atmospheric pressure glow discharges as
controlling elements of waveguide filters.

Financial support of BRFBR grants (F11F-002, F11M-044) is
acknowledged.
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Investigations of dust-particle dynamics in dusty plasma is of great
importance for optimization of many industrial technologies related to surface
modification, cleaning of plasmachemical devices, separation of macroparticles
by size, synthesis of nanoparticles, and creation on nanostructured coatings [1,
2]. In this paper, the decay of dust structures is investigated in the plasma
afterglow and the numerical simulations are performed taking into account
balance of forces acting on dust particles for estimation of their size and residual
charge after the extinction of plasma.

Figure 1 shows a schematic diagram of the setup for investigation of dusty
plasma in an RF capacitively coupled discharge. The discharge was excited at a

P T i
11 I ---g-- 2

Figure 1 Schematic diagram of the experimental setup: 1— vacuum chamber,
2 —upper electrode, 3— lower electrode, 4— quartz plates, 5— acoustic radiator,
6— RF generator; 7— inductor; 8, 9— voltmeter, 10— coupling capacitor, 11— dc
power supply, 12— switch, C;,— capacitance between the upper and lower
electrodes, and C,— capacitance between the lower electrode and the ground

frequency of 5.28 MHz between two 120-mm-diameter cooled copper electrodes
separated by a distance of L = 21 mm. The plasma-forming gas was ambient air
at a pressure of 100 Pa. Under the experimental conditions, the electron density
and the electron and ion temperatures were n, ~108 cm3, T. ~2 eV, and T;
~0.03 eV, respectively. Polydisperse Al,O;3 grains with effective dimensions of
r, ~ 0.1-20 um were injected into the plasma by means of a piezoelectric
radiator situated on the lower electrode. In order to reveal the presence of a
residual charge on dust grains after the discharge was switched off, a dc voltage
of Upc =37 V from stabilized power supply 11 was applied through a switch 12
to the upper electrode instead of the RF voltage. It was assumed that grains
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having a negative residual charge would shift toward the upper electrode.

Photographs of grains illuminated by a narrow laser beam (A = 635 nm)
with a thickness of about 1 mm and height of 20 mm in the plane perpendicular
to the electrode surface were taken using a standard video camera with a frame
rate of 25 5. The velocities of grains were determined from variations in their
positions estimated using a series of frames, which reflected the dynamics of
grains over a time interval of At ~ 0.4 s after switching-off of the discharge and
termination of plasma recombination. The time resolution of the video camera
was 40 ms. Video images of particles were analyzed for the determination of
velocities of both the dust layers and individual grains.

It was found that the dust structure formed in the discharge plasma
consisted of several layers. Dust particles levitated above the lower electrode.
We studied the dynamics of the two upper layers (I) and (II) formed at distances
of 12 and 9 mm from the lower electrode, respectively, which preserved their
structure for about 1 s after the discharge was switched off (Fig. 2).

a b C
upper electrode

/I
/II

lower electrode

Figure 2 The dust structure formed in plasma (a) and its decay in the afterglow: in 2 ms (b),
and 42 ms (c) after the discharge switching-off

It was difficult to resolve individual grains in layer I, because their number
density was too high. Hence, the grain dynamics in this layer was estimated by
analyzing variations in the position of the upper boundary of the layer. For layer
II, we analyzed variations in the positions of both the upper boundary of the
layer and individual grains. In the absence of the potential Upc, grains from
layers I and II moved downward with steady-state velocities of v, = 2.2 mm/s
and v, = 5 mm/s, respectively. After applying a positive potential Upc, grains
from both layers moved upward with the same velocities vz = vy = 2.2 mm/s.

The size and charge of dust grains were estimated from the balance of
forces acting on the grains in the post-discharge phase. It was assumed that the
grains were spherical. After the discharge is switched off, the grains are subject
to the gravity force Fg and the neutral drag force Fy, [1],

4
Fo=3m,r8, 1)
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Fyp :%x/2ﬂrp2mnnnum(l+%j|up -, |, )

where r,, 1s the effective radius of dust grains; p is their mass density (p = 2400
kg/m® for Al,O,); g is the free fall acceleration; m, is the mass of a buffer gas

(air) molecule; n, is the density of buffer gas molecules; v;, is their thermal

velocity; and v, and v, are the drift velocities of the buffer gas and dust grains,
respectively. The mean relative molecular mass of air taking into account the
percentage of its chemical components was taken equal to 29. In computations,
it was assumed that v, = 0. Expression (2) is valid for K, >> 1, where K, = I/r,, is
the Knudsen parameter and 1 is the mean free path of neutral gas molecules.
Under our experimental conditions, K, was higher than 100.
The balance of vertical forces acting on grains after the discharge is
switched off is described by the equation
F G~ F Np- (3)
The grain radius 7, was estimated using the following expression resulting

from equations (1) — (3):
= 20 /z(l ; z} 4
Pg z\ 8

It was found that r,; = 0.1 pm and 7,; = 0.25 pm for grains from layers I and II,
respectively.

After applying a positive potential Upc, in addition to the gravity force
and the neutral drag force, the grains were subjected to the electric force F,

F, =QF, ()

where O = Ze is the dust grain charge, e is the elementary charge, and £ = Up/L
is the DC bias. In this case, the balance equation takes the form

Fe+ Fny, = FE (6)

The residual grain charge O was estimated by the following formula obtained
with allowance for Eqgs. (1), (2), (5), and (6):

4 7’ 2 T
0= EFP(rppg + ZJ;mnnnUTnup (1 + g}} (7)

The values of Q for grains from layers I and II were found to be O; = —le and
O = —8e, respectively. This result agrees well with the results obtained in [3, 4].

In the absence of data on the buffer gas, the model allows to find how the
grain size is related to the grain charge, provided that the dynamics of grains in
both the presence and absence of an external electric field are known. We
obtained such a relationship for grains from layer II. It was assumed that the
residual charge varied from one elementary charge to several tens of elementary
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charges [3, 4].
It was obtained the following relationship for grains from layer I taking
into account:
|UpII| =23 |UpIIE|- (8)

According to expression (2), the same relationship holds for the neutral
drug forces F), in formulas (3) and (6), which describe the balance of forces
acted on dust grains in the absence and presence of the DC bias, respectively.
Then, Eq. (6) can be written in the form 1.4-F; = Fg. With allowance for
expressions (1) and (5), the grain radius r,; as a function of the residual grain
charge Z can be represented as follows:

rou=(3ZeE /5.8 mpg)'"”. ©9)

The dust particle radius as a function of the
residual charge is represented in Fig.3. The radii
of grains with charges from —le g0 —10e lie in
the range 0.1 — 0.25 pum, which agrees with
experimentally measured values of 7,

Conclusions
It 1s found that, after the RF power is switched
020 40 L .20 80 199 off, dust grains with radii of r, = 0.1- 0.25 pm
Figure 3 Radius of grains in  PTEServe a residual negative charge which value
dependence on the residual can vary in the range from —le to -10e,
charge depending on the grain size. The property of
dust grains to preserve their electric charge in
the afterglow plasma offers new opportunities for the development of new
nanotechnologies based on the possibility to control the motion of nanosized
grains in the post-discharge phase by applying an external electric field.
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Hakormnnenue oTxo10B 1 HEOOXOJUMOCTh UX MEPEepadOTKU B ONPEIEICHHOM
CTETEeHU Mepuoaudeckuii mporecc. OCOOEHHO 3TO OTHOCUTCS K MallbiM |
CPEIHUM TPEANPHUITHAM, I KOTOPBIX CO3JaHUE COOCTBEHHBIX YCTPOWCTB,
JUIg TepepadOTKH OTXOJOB HSKOHOMHUYECKHM HE Iiesecoodpa3Ho. Pemienue
npoOJeMBl  BO3MOXKHO TIyTeM cOopa ¥ TPAaHCIOPTHPOBKH B  ITYHKTHI
[EHTPAIIM30BAaHHOM TepepadOTKH; CO3JaHMEeM MHHH — YCTaHOBOK Ha
KOHKPETHOM TIPEANPUITHH;, CO3TaHHE COOCTBEHHBIX MOOMJIBHBIX CHCTEM WM
UCIIOJIb30BAHUE X HA YCIOBHIX apEH/IBI.

MoOOUITBEHOCT KOHCTPYKIIMM YCTAaHOBKM (KOMIIOHOBKA YCTaHOBKH B
[ETbHOMETAIUIMYECKOM KOHTEHHEpPE - PpEaKTOPHBIM MOJyJb, Ta3004YHCTKA,
MOJIyJId CHCTEM O0€CIeYeHHsI U JOTOJIHUTEIbHBIE YCTPOICTBA), 00EeCTIeYnBaCT
yA00CTBO TPAHCHIOPTUPOBKH, MHUHUMYM MOHT@XHBIX pabOT Ha MecTe,
BO3MOXHOCTh TUOKON KOPPEKIIUU TEXHOJIOTHYECKUX MapaMeTpOB YCTAHOBKH (C
MUHAMAJIBHBIMU ~ 3aTpaTaMd HAa QJalnTaluid yCTAaHOBKM K  YCIIOBUSAM
KOHKPETHOTO TPEINpHUsATUS - IO COCTaBy U 00beMy mepepadaTbiBaeMbIX
OTXOJIOB U T.I.). B OCHOBY paboThl MOOWJIBHBIX CHUCTEM 3aJl0KEH MPUHIIUI
MaKCHMAaJIbHOM aBTOHOMHOCTH HX paboThl. PaboTOCTIOCOOHOCTH YCTaHOBOK
o0ecrieunBaeTcss Kak OT MCTOYHUKOB TOCTOSTHHOTO DHEPrOCHAOKEHUS - CETH
MEPEMEHHOT0 TOKa, TaK M OT aBTOHOMHBIX MCTOYHUKOB, B Kau€CTBE KOTOPBIX
MOTYT  HCIIOJb30BAaThCSI ~ CEPUHHO  BBIMYCKaeMbIe  JIU3EIb-TCHEPATOPHI.
["a3ocHa0keHrEe yCTAaHOBKHM BO3/yXOM oOecrednBaeTcs paboToi cOOCTBEHHOTO
KOMIIpeccopa U BO3Ayx0oayBKu. CHUcTeMa OXJIaXACHHUS 0OecrednBaeTcsi paboToil
BOJITHOI'O Hacoca, 0aka ¥ TeII000MEHHHUKA.

®upmori E.S.T. Ltd, mpu yuactum Plasmactor Co. Ltd, BBemena B
OKCIUTyaTallMi0  ONBITHO-MIPOMBIIIVICHHAsT ~ IUIa3MEHHAas ~ YCTaHOBKa IO
YTHIM3AIUU TOKCUYHBIX XUMHUYECKHX OTXOJ0B. MOHTaX YCTaHOBKH BBIITOJTHCH
B 20-u (pyTOBOM TpaHCIIOPTHPYEMOM aBTOMOOMIHLHOM KOHTEHHEpEe. Y CcTaHOBKa
npeaHa3HadeHa i MepepaOdoTKU IMIUPOKOTO CIEKTpa OpPTaHHYeCKUX U
HEOPTaHWYECKUX OTXOJIOB, JIETKO aJaNTHPYETCs K TepepadOTKe pa3THYHBIX
BHUJIOB 0TX0/10B. OCHOBHBIMHU TPEUMYIIIECTBAMHU JaHHOW CHCTEMBI SIBIISIOTCS €€
MOOWJIBHOCTh, TpOCTa U 0€30macHOCTh TpU COOpPKE H IKCILTyaTalluH,
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HE3HAYNTEJIbHBIE DKCILTyaTAllMOHHBIE pacxolpl. BTOpoil BapuaHT yCTaHOBKH
BBINIOJIHEH B BHUJE OTACIBHOrO IJJA3MEHHOIO MOAYJS, a Uil  OYUCTKH
OTXOJSIIUX Ta30B, UCIOJIB3YIOTCS CUCTEMBI, CYIIECTBYIOIIME HA KOHKPETHOM
NpeanpuaTud. B mpoMbIIUIEHHOM MacmTabe Ha pa3iudHbIX MPEIIpHUITHSIX
XUMUYECKON MPOMBIIUIEHHOCTH YK€ B TEUEHUE HECKOJIBKUX JIET 3TH YCTAaHOBKH
UCIIOJIB3YIOTCS JUISl peau3aliy MpoLEecCOB NepepadOTKU XJIOPUCTOTO METHIICHA
(CH,ClL,), wmerunxmopuna (CH;Cl), BU heavies (0oTxompl XWMHYECKOTO
npou3BojictBa), Rimon heavies (O0TX0Abl XUMHUYECKOTO MPOU3BOJICTBA) H
JPYTUX OTXOJOB.

Tomckuii nonurexuunyeckud ynusepcuteT (r. Tomck, P®) mnpennaraer
YTIWIM3AIUI0O U 00€3BpeKMBAaHUE XKUAKAX opraHudeckux orxonoB (2KOO)
OCYLIECTBIISITh B YCJHOBHUSIX HEPABHOBECHOM KATAIMTUYECKHM AKTUBHOM
BO3JIyIIIHOM IIJIa3Mbl AJIEKTPUYECKUX pa3psAloB, B BHUJE JIUCIEPTHPOBAHHBIX
TOPIOYMX BOJO-TOIUIMBHBIX KOMIO3UIMHI MPHU paboyux Temmeparypax ropeHus
ne menee 1200°C, uToGbl He JOMYCTUTH OOPA30BAHUS PA3THYHBIX BPEIHBIX
TOKCUYHBIX OPraHUYECKUX 3arpsi3HsOmuX Beuiects (3B).

TexHONOrn4yeckuid  MpOUECC  peaJM30BaH B YCTAHOBKE  ILJIa3MO-
KaTaJIUTUYECKON YTUIN3alui HePTSIHBIX IIJIAMOB, M MOXET ObITh MCIOJIb30BaH
Uil niepepaboTku U oOe3BpexuBanusd pasznuuHbix KOO. B oOmem ciydae
YCTaHOBKa MPEACTABISIET cO00i (yHKIIMOHATbHOE O0BEAMHEHUE ABYX OJOKOB:
reHEepaTOpHbIA  OJMOK  (BBICOKOYACTOTHBIM  TeHepaTop  IJIa3Mbl) |
TEXHOJIOTUYECKUM OJIOK.

st peanuzanuu nporpammbl «Co3aaHue MPEAIPUITHS 10 U3TOTOBIEHHUIO
IUIa3MOTEPMHUECKMX  KOMILJIEKCOB  (CTAllMOHAPHBIX ¥ MOOWJIBHBIX),
IpPEIHA3HAYEHHBIX JJII YHUYTOXKEHHS OINACHBIX TOKCHYHBIX OTXOJIOBY,
kommanueir «TexDxollnasma» (MockBa, P®) Beimonnena pabora 10
IPOEKTUPOBAHUIO M U3TOTOBJIEHUIO ONBITHOIO 00pa3a MOOUIBLHOM MIIa3MEHHOM
YCTAaHOBKHU JJIsl TIEPepadOTKH TOKCHYHBIX OTX0/10B - MIIY-01/50. MourHocTh
ycTaHoBkU 50 kBT, Mpou3BOAUTENBHOCTh MO MEpepadaThIBAEMbIM OTXOJaM [0
50 xr/gac. YcraHOBKa MpemHA3HA4YCHA [JIsi TEepepadOTKH Tra3000pa3HBbIX H
HKUIKAX OTXOJIOB Pa3IUYHOTO IPOUCXOKICHUS (TOKCHYHBIE
raJIOr€HOCOACPKAIINE OTXOJbl, NECTULUUABI C HCTEKIIMM CPOKOM T'OJHOCTH,
croiikue opranuueckue 3arpsisHutenn  (CO3), peakUUOHHBIE  MAaccChl,
oOpa3yromuecss TMpU YHUYTOKEHUM KOHBEPCHOHHBIX OTXOAOB M Jp.).
TexHosorus nepepadOTKH OTXOJOB C UCIOJb30BAaHUEM MOOWIBHOW YCTaHOBKH
3aKJII0YAETCS B MX TEPMUYECKOW AECTPYKLUMH HU3KOTEMIIEPATyPHOU IIa3MOU
(HeUTpaIbHOM,  OKHUCIWUTEIBHOW, BOCCTAHOBUTEIBLHOW) TMpPU  3HAYEHUIX
cpenHemaccoBbix Temmeparyp - 1500+1700 K, mociemyrouieil 3aKaikoii
OPOAYKTOB PAa3jOKE€HHUS BO3AYXOM WM BOJOH, OXJIAKIEHUU, OUUCTKE
OTXOJSIIMX Ta30B M IMOCIEAYIOWEH yTWIM3auueld NpPOAYKTOB OYHCTKH.
YcraHOBKa MpoNuIa UCOBITAHUS C UCMHOJb30BAHHMEM MMHUTALIMOHHBIX COCTAaBOB
colepKallluX XUMHUYECKHE DIIEMEHTHI, AHAJIOTMYHBIX cocTaBy (ochop- u
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XJOpPOPraHUYECKUX  MECTUUHUAOB.  Pe3ynbraTel  HCOBITAaHWW  IMOKa3aiau
COOTBETCTBHE YCTAHOBKH 3KOJIOTHYECKUM HOPMATUBAM.

Ha ycranoBky mnomydensl: paspemieHue PocrexHan3zopa Ha NpUMEHEHUE
YCTAaHOBKM  HA  OMNACHOM  MPOU3BOJCTBEHHOM  OOBEKTE, CaHUTaApPHO-
DIUJIEMUOJIOTHYECKOE 3aKIIOUYCHUE HAa TEXHUYECKUE YCIOBHUS, 3aKIFOYEHHUE
MPOMBINIJIEHHONW O€301MacHOCTH, paspelnieHue PocrexHan3opa Ha MpPUMEHEHHE
YCTAaHOBKHM Ha XMMHUYECKHU U B3PHIBOOIIACHBIX MPOMBINIJICHHBIX 00BEKTAaX.

[Tocnenyromas Moaudukanus YCTAaHOBKU — MOIYJb  JICTOKCHUKAIlUU  —
koHnreiHep JIT na aBTOMOOMIEe KAMA3-6350, 11t TOKCHYHBIX KUIKHX H
TBEPJIBIX OTXOJIOB, B COCTaBe MOAPA3CICHUS MOOWIBHBIX YCTAaHOBOK ISt
JUKBUJALUWNA YPE3BbIYANHBIX cUTyaluuil. JleToKcuKamusi TBEPIBIX M KHUIAKUX
OTXOJIOB TaKXe€ IMPOU3BOJUTCS TEPMUUYECKMM METOJIOM, KOTJa HCTOYHUKOM
DHEPrUU SIBJISIOTCSA ILIa3MOTPOHBI, CO3JAIOIIME TEMIIEPATyphl, MPU KOTOPBIX
TOKCUYHBIC  COCTAaBJISIIOIIME OTXOJIOB  pa3jararoTcs 0  Oe3BpeaHbIX
ra3oo0pa3HbIX BeulecTB. MOIIHOCTh U MPOU3BOJIUTENBHOCTh ycTaHOBKM MYC-
IT Takas xe, kak 'y MIIY-01/50. ITpomecc mia3zmMoTepMHUECKON JETOKCUKAITUH
MPOUCXOAUT B PEAKTOPE, COCTOSIIEM M3 TPEX MOCIEAOBATEIBHBIX Kamep.
[lepBas kamepa mnpeaHa3HaueHa ISl TIEPBUYHOW TEPMHUYECKON 00pabOTKH
OTXOH0B. TBEpABIE OTXOABI MOJAKOTCSA HA IOJ KaMepbl, KOTOPBINA IMOKPHIT ra3o0-
MPOHUIIAEMBIM  CJIOEM OMTBIX OTHEYNOpOB. Uepe3 Ciod MpPOHUKAET TOPSUHiA
BO3/yX, HArPEThI TJIa3MOTPOHOM. Biara oTxo/10B ucnapseTcs, OpraHudecKas
4acTh CrOpacT, MUHEpaJIbHAas YacTh B BHJI€ MEIKHX (PPAKIUU YHOCHUTCS C
MPOAYKTaMU TOpE€HUsA. MHHEpaIbHbIA OCTATOK Ha MOAY KaMepbl yAansieTcs
BPYUYHYIO TIPU 3aBEpIIeHUH Tmporiecca. KuIKue oTX0bl moaatTcs (HopcyHKoi
B 00b€M mepBoi Kamepbl. Bnara vicnapsercs, a opraHuyeckasl 4acTb 4aCTUYHO
CrOpPAET, & YACTUYHO MOCTYNAeT BO BTOPYK Kamepy JOKUTaHUsS, B KOTOPOU
YCTAHOBJIEH BTOpPON I1a3MOTpOH. IloCKOIBKY B Ta3000pa3HBIX MNPOAYKTaX
OTXOJIOB MOTYT COJIEPKaThCsA Tra3000pa3HbIe KUCIOTHl U TOKCUYHBIE OKUCIIBI, BO
BTOPYIO Kamepy (OpCYHKOM MOMAETCs pacTBOp MIEIOYM I HEHUTpalu3aiuu
ATUX BEIIECTB U MOJYUYECHUSI HETOKCHYHBIX COJICH.

BricokoTemneparypHble JbIMOBBIE Ta3bl OXJIAXKAAIOTCSA BO3AYXOM B TPEThEN
kamepe peaktopa 10 Ttemmepatypsl 80+90°C u momagaroT B BBITSHKHOM
BeHTWISITOp. Tak Kak pa30aBlieHUE Ta30B OCYIIECTBISETCS BO3JAYXOM B
npornopiu  1:10, cmech mpencraBiasier COO00NH NPAKTUYECKH OKHCIUTENb C
cogepkanuem kuciopoaa 19-20% - mnostomy mnpumepHo 10% cmecu
BO3BpAIIalOTCs] B MPOLECC B BUJIE OKUCIHUTENS] OpraHuku. OcTallbHOE uepes
CHUCTEMY Ia300YMCTKH BbIOpAChIBAE€TCS B aTMOCheEpy.

BrlimioiHEH CpaBHUTENBHBIA aHAMM3 pPa3paOOTaHHBIX M W3TOTOBIICHHBIX
MOOWJIBHBIX TJIA3MEHHBIX YCTPOMCTB, MpEeAHA3HAUYCHHBIX ISl MEpepadOTKU U
YHUYTOXXEHUSI TOKCHYHBIX OTXOAOB pPa3IMYHOIo mpoucxoxacHus. CrenaHsl
PEKOMEHIAIIMY U 3aKJIFOUYEHHUS O 1[€JI€CO00Pa3HOCTH UX UCIIOJIb30BAHUSI.
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MOBILE LASER SPECTROCHEMICAL ANALYSERS
V. Kabanov, M. Belkov, S. Raikov, V. Kiris

B.I. Stepanov Institute of Physics of the NAS of Belarus, Nezalezhnastsi ave. 68, 220072
Minsk, Belarus, raikov@imaph.bas.net.by

Mobile laser systems of express examination of chemical composition of
any solid-state materials without preliminary sampling and chemical processing
are developed and created at carrying out measurements with departure to the
place of examination that is especially important in the analysis of the objects
which are not subject to transportation, in particular, at implementation of
antiterrorist activity, at the current inspection of constructions and designs,
environmental monitoring in zones of the increased risk, an attribution of unique
historical and art values with high insurance cost etc.

The system of a model of 2011 has functional advantages before foreign
mobile analogs (prototypes): a double pulse mode of an ablation (growth of
level of a useful signal on one-two order) and the raised power (possibility of the
analysis of any solid-state materials).

All systems are executed by a modular principle that gives possibility of
dismantling, transportation, assembling and operation by one operator.

Fig 1. The system of a model of 2011.
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The main technical characteristics of a model of 2011 are given below.

YAG:Nd laser: flash lamp pumping; a double pulse mode of generation;
1.06 microns; energy of each pulse up to 100 mJ; duration of a pulse on a half-
height of 10-12 ns; frequency of repetition up to 10 Hz; stability on energy of 2
%; delay time between pulses of 0-80 microsec.

Polychromator: Cherny-Turner optical scheme; focal length of 200 mm;
relative aperture of 1:3.6; four diffraction gratings, diffused light of 7x107;
automatic adjustment of a spectral range, choice of a diffraction grating;
maximum speed of drives of 10000 steps/second; reciprocal linear dispersion of
4.12 nm/mm (for 1200 grooves/mm); spectral range of 200-1000 nm;
reproducibility of installation of wavelength of 0.036 nm; step of a wavelength
tuning 0.012 nm.

OMA is on the basis of a linear CCD with 3648 photosensitive pixels with
the sizes of 8x200 microns. The range of spectral sensitivity on minimum level
of 0.1 1s of 200-1060 nm.

1,0
Iron spectra
.......... double pulse mode
single pulse mode
0,8 A

lTau

Fig 2. Iron spectra in two modes of ablation.

Established equipment and techniques have been tested successfully in
stationary and field conditions, in particular, at emergency constructions and
buildings, in national museums of Belarus, including the well known Polotsk
and Nesvij.
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Fig 3. The examination of corrosionless metal in the aquapark.
At present, the development of the most compact system of a model of

2012 with a diode-pumped laser active medium and double pulse mode of
generation is finishing.
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= MOBILE LASER SPECTROMETER
APPLICATIONS: ADVANTAGE:
Metals Coatngs Lasarinducad braakdown spactroscopy
Minerais Soi (LIBS) is a simple, rapid, realtime
Cement Planis and Biclogical analytical technique.

Fharmaceulicals Food Sl -
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SPECIFICATIONS:

Laser: Nd:YAG, 1064 nmn, double pulse, 100 mipulse;
Optical: 0.38 m Czemy-Tumer;

Spectrograph: 190 — 950 nm wavelangth range —
Detector: Linear CCD, 3628 pixels .
PC Cartral: USB, plug and play operaton, Windows

LASER SPECTROCHEMICAL ANALYSIS OF METAL
COMPOSITION

Lase- spocrochemecal microanalysis of Lase- spocrochemical analysis of
a surtace of silcon plaie reinforced concrata i buldings

LASER EXAMINATION AND CLEANING OF HEISTORICAL AND ARTISTIC VALUES
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Examinec oy laser microanalysis of agead Laser spectrochermecal mcroanayss of
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