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000 «Kwuraiicko-benopycckuii BEICOKOTEXHOJIOTHYHBIA a9POKOCMHUYECKUH TIEHTP MCCIICOBAaHUHN U pa3paboTOK» ObLI
ocHOBaH CHaHBbCKOW a3POKOCMHUYECKON HAYYHO-TEXHOJOTUUECKON MTPOMBIIIIEHHON KOMITAHUEH, COBMECTHO C MATHIO

[IOJYMHEHHBIMU MHCTUTYTAaM U OJHHMM 3aBOJOM, pu nogaepxkke Hapognoro npasurenscTBa nposuHuuy L>HbcH 1
Kuraiickoil a3pOKOCMUYECKOW HayYHO-TEXHUYECKON KOPIIOPALIUEH.
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000 «KBBAILIUP» cocpenoroueHa Ha pa3BUTHH MEPEJOBBIX TEXHOJIOTUHN MO CIEAYIONIMM HAMpPaBICHUSAM: [JIa3MEHHBIE
[EXHOJIOTUN; OCCIMIIOTHBIC JICTaTeIbHBIC allliapaThl; aIATUBHBIC TEXHOJIOTHH; HOBBIC MaTePHAITHI.
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MpbI oCylIeCTBIISIEM COTPYAHUYECTBO € NepeaoBbiMU Kopriopanusamu U Mactutyramu KHP, a Takke Hanakuaem ux
B3aMMOJICHCTBHE C IIEPEAOBBIMU IPOM3BOJICTBAMU, HayuHbIMU MHCcTUTYTaMu Akanemun Hayk n YHuBepcureramu
PecmyOnuku benapych /i morcka yHUKadIbHBIX TEXHUUECKUX PEIIeHUH, KOTOpbIe BBIBEYT MPOU3BOACTBA CTPaH HAa HOBb
YPOBEHb UX Pa3BUTHS.
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000 «MHHOBAUMUKM MHTENNEKTa»

SHECIFABIRLA

NHBecTHPYSl B MHTEJVIEKT, HHBECTHPYeIlb B Oyayinee

OO0 «MHHOBalMK MHTEJUIEKTa» - HAYYHO-UCCIEA0BATEIbCKAsI KOMIIAHUS, 3aHUMAIOIAsICS
UCCJIEIOBAaHUSIMU B O0JIACTH YHEPTETUKU, HAHOTEXHOJIOTUN U aBTOMAaTU3alluU MPOILECCOB U
poboTorexHuku. OCHOBOW AESITEIBHOCTHIO KOMIIAHUU SIBISIETCS BHEAPEHHE TOTOBBIX WITU
pa3pabOTaHHBIX PEIICHUH POOOTOTEXHUKH IS ONTUMM3AIUMU  TOATOTOBUTEIBHBIX,
MPOU3ZBOJICTBEHHBIX M  3aKJIIOYMTENIbHBIX  TPOIIECCOB  HW3TOTOBJICHHS B  OTpaCisaX
MPOMBIIIEHHOCTH, TPOU3BOJCTBO, TMpOJaxa, MOCICNPOJAXHOE U  TrapaHTHITHOE
oOCIy)KMBaHHME JIaHHBIX PEUICHUH, a Takke OOMEH OIBITOM B TAaKOro poaa pa3padoTKax
Mexay npeacraButensiMu HanmonansHoit Akagemuu Hayk Kutas u benapycu.

OIMBIT KOMIIAHUH

*  CO3JaHME BAXXHOM 0a3bl TeXHOJNOrM4uecko mHHOBaMK Kuraiicko-benopycckoro
COTPYAHHUYECTBA,;

*  pa3paboTKa U MPOECKTUPOBAHUE ABTOMATHU3UPOBAHHBIX PEIICHHUM ISl pa3IMYHBIX
oTpacJieit mpoMelnuieHHocTr Pecnyonuku benapychs,

e  corpyaHuuectBo ¢ unctutyramu HAH Pb, yuénsimu benapycu u apyrux crpan
CHI" B HayuHO-TEeXHHYECKOU cdepe;

*  CO3/JaHHE COBMECTHBIX HayYHBIX J1JA0OpaTOPUil HA TEPPUTOPHUU UHIAYCTPUATIBHOTO
napka «Benukuit Kamenny;

e Hay4dHasg ACATCIbHOCTD B o0JracTH OHCPICTUKHU U HaHOTeXHOHOFHﬁ;

OcHoBHas paboTa HampapiieHa Ha YKpPEIUIEHWE HAy4HOro COTpyAHHYecTBa Mexay Kuraem
u benapycelo, co3naHne Kpernkux CBA3€i B HAYYHOM W MPOMBIIIJIEHHOM COOOIIECTBE ABYX
CTpaH.

Haima niens: co3ganue CBA3YIOIIETO 3B€HA MEXK1y HHCTUTyTaMu HarmoHanbHbIX AKaaeMuid
Hayk Kutas u benapycu B chepe HOBEHIINX HAyYHO-UCCIEIOBATEIbCKUX, MPOrPAMMHBIX,
KOHCTPYKTOPCKHUX pa3pabOTOK.
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CEKLIHA 1
ITPOITECCHI B3AUMOJEHCTBHST H3JIYYEHHUST
H ITTA3MBI C TBEPBIM TEJIOM

SECTION 1
PROCESSES OF RADIATION

AND PLASMA INTERACTION WITH SOLIDS

MOJAEJINPOBAHUE METOJOM MOHTE-KAPJIO
KPEMHHUEBOI'O POTOAETEKTOPA CO CTPYKTYPOH
METAJJI-ITIOJIYITPOBOJHUK-METAJLJI

A.B. bop3nos, B.M. bop3ios
Benopyccruii 2ocyoapemeennoiii ynueepcumenmn,
np. Hezasucumocmu 4, 220030 Munck, berapycw, borzdov@bsu.by

[IpoBeneHo caMocorIacOBaHHOE MOJCIMPOBAHIE Ha OCHOBE MHOTOYacTHYHOTO Metona Monrte-Kapno dgoTtoToka
KPEMHHEBOTO (DOTOETEKTOPA CO CTPYKTYPOH METaJUI-TIOyTIPOBOJHUK-META/UT NIPH BO3ICHCTBUU MHKOCEKYHITHOTO
UMITyJbCa JIA3€PHOTO M3IydeHUs C IIMHOH BONHBI 650 HM uHTeHcHBHOCThIO 10%° Br/M2. MccnemoBaH GOTOOTKIHK
JETEKTOPOB C OMUYECKIMHU KOHTaKTaMH M KOHTakTaMH ¢ OapbepoM IlloTTkn. YcTaHOBIEHO, YTO BpeMsl 3aTyXaHHUS
¢dororoka B cTpykType ¢ 6apbepom I1IoTTkM MeHbIIIe, YeM B CTPYKTYPE C OMUUECKUMU KOHTAKTaMH.

Knroueswvie cnosa: xpemuueBblit Gpotoaerektop; meron Monrte-Kapio; MoaenupoBaHue.

MONTE CARLO SIMULATION OF SILICON PHOTODETECTOR
WITH METAL-SEMICONDUCTOR-METAL STRUCTURE

A.V. Borzdov, V.M. Borzdov
Belarusian State University, 4 Nezavisimosty Ave., 220030 Minsk, Belarus, borzdov@bsu.by

Self-consistent ensemble Monte Carlo simulation of photocurrent in silicon photodetector with metal-
semiconductor-metal structure is performed. Photocurrent is simulated for picosecond laser irradiation with 650 nm
wavelength and intensity of 101 W/m?2. The lattice temperature is 300 K. The structures with ohmic contacts and con-
tacts with Schottky barriers are considered. To provide an ohmic contacts the silicon regions under metal contacts are
supposed to be doped by donor impurity at 102 m3 level, while for Schottky contacts semiconductor is supposed to
be pure. The spacing between contacts is 0.5 um, the width of the absorbing silicon layer is 0.5 um. The laser irradia-
tion is supposed to be uniform in space and time. Only intrinsic absorbtion is regarded. The simulation shows that the
photocurrent in the structure with Schottky contacts decays faster than in the structure with ohmic contacts.

Keywords: silicon photodetector; Monte Carlo method; simulation.

BBenenue CXEMBI U UX JaJbHEUIIEH MUHAATIOPU3ALUEH.

[TonynpOBOAHMKOBBIE CTPYKTYpPbI METAILI- s wccnemoBaHus pabOYMX XapakTepH-
MOJTYIPOBOJIHUK-METAIUI ~ UCIOJB3YIOTCS B CTUK (DOTOJETEKTOPOB OCTATOYHO YCIEIIHO
Ka4yeCTBE JIETEKTOPOB U3TYyUYECHUSI BUIUMOIO U MPUMEHSIETCSI  CaMOCOTJIaCOBAHHOE MOJIEIH-
uH(ppakpacHoro auamna3oHos [1, 2]. [Ipu atom poBaHuE Ha OcCHOBe Metojga Monte-Kapnio
MOBBIINICHHBIA MHTEPEC K KPEMHHEBBIM JIC- (cm. mampumep [1, 3]). TIpeumyiectBoM wmc-
TEKTOpaM OOYCJOBIEH pSIJAOM TMPHYMH, B MMOJIb30BAaHUS  MHOTOYACTUYHOI'O  METOJa
YAaCTHOCTH, BO3MOXHOCTBIO MPOCTOM HWHTE- Momnrte-Kapio sBisieTcss BO3MOXHOCTh HEIO-
rpalyy TaKuX MPUOOPOB B MHTErpaTbHBIC CPEACTBEHHOTO BKJIIOYEHHS M y4yeTa pa3iuy-
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Section 1. Processes of radiation and plasma interaction with solids

HBIX MPOLECCOB PACCEsHUs], MOTJOLICHUS M
reHepaluu HocuTesel 3apsana B MPUOOPHBIX

cTpykrypax [1].

Pe3ynbTaThl 1 HX 00CyKIeHHe

IIpu wuccnenoBaHUM DJIEKTPUYECKUX Xa-
PaKTepUCTHK (POTOJETEKTOPOB OCHOBHOM WH-
TEepeC NPEICTaBISET OTKIMK TOKAa IPU BO3-
JNEHCTBUM MMITYJIbCA H3JIyYEHUsl OIpelEsIeH-
HOW MOIIHOCTH M JUINTENBHOCTH, ITOCKOJIBKY
BpEMsI OTKJIMKA OIpeAessieT ObICTpOIeHCTBIE
npubopa. B ganHoil paboTe mpoBeneHO yuc-
JIEHHOE MOJEIMPOBAHUE BO3AECUCTBUS IHKO-
CEKYyHJHOI'O MMIIYyJIbCa Ja3€PHOr0 U3JIy4YEHUs
Ha BEJIMYMHY TOKa B KaHajle KPEMHHUEBOIO
dororeTekTOpa CO CTPYKTypol MeTasi-
NOJyIPOBOJHUK-MeTa1. PaccMoTpeHbl jBe
CTPYKTYpbl: C OMHYECKMMHM KOHTaKTaMH U
KoHTakTaMu ¢ 6aprepoMm lortku. s obec-
IICYECHUsA OMHUYHOCTH KOHTAKTOB IIPUKOH-
TaKTHbIE O0JAaCTH KPEMHHMs IOJIaratroTcs Jje-
TUPOBAaHHBIMM JOHOPHOM mnpuMecsto. Ilpu
MOJICJIMPOBAaHUM TIPEAINONAraeTCs, 4To HJe-
QJIbHBI OMMYECKUN KOHTAKT B KaXJIbIH MO-
MEHT BPEMEHH HHXKEKTHPYET OIpEIeICHHOE
KOJINYECTBO HOCHUTENeH 3apsna, HeoOXoau-
MoO€ JJIsl TOAJEPKaHUS KBa3MHEUTPaIbHOIO
COCTOSIHUS TIOJYNIPOBOJHHUKA Y IPAaHULBI pa3-
nena mMetaul-kpemMHuil. [Ipu sToM Bce HOCH-
TENH, JOCTUTAIOLIME TPaHULBl pa3fesia Me-
TaJUI-TIOJYTIPOBOJHUK M3HYTpH Ipudopa, mo-
oA TCst KOHTakTOM. KOHTakT ¢ 6apbepom
[IlorTkn paccMaTpuBaeTCs Kak HACATbHbBIN
NOTJIOUIAOIIMM KOHTAKT, JUIsl KOTOPOTO HH-
KEKLMEH HOCUTEJEeH 3apsia MOXHO IIpEeHe-
Opeub.

[Tpu MomenupoBaHUU NPOLECCOB MEPEHO-
ca DJIEKTPOHOB YYWUTBHIBA€TCS BHYTPHIOJIMH-
HOE€ U MEXJOJIMHHOE paccesHue Ha (poHOHaX,
paccesitHe Ha MOHHU3MPOBAHHOW MPHUMECH, U
paccessHME€ Ha IUIa3MOHAaxX B JIETMPOBAHHBIX
obnactsax. Iy OpIpOK yUUTHIBAtOTCS (POHOH-
HbIE MEXAHMU3MBI PAacCESHUS U PacCEsHUE Ha
MOHU3UPOBAHHON IPUMECH.

[Toriepeunoe  cedeHue  (OTOAETEKTOpA
CXeMaTH4ECKHU IMpeACTaBieHo Ha puc. 1. Pa3z-
Mepbl MOJICTUPYEMBIX 00JIacTel cleayromme:
paccTosiHhe  MeXIy Jnekrponamu  L¢ =
0.5 MKM, TONIIMHA TOIJIOLIAIOIIEro CJos

kpemuuss Ws = 0.50 mxm, rmyOuHa nermpo-
BaHHBIX N-00yacTell 1 CTPYKTYPBI C OMHUYE-
ckumu KoHTaktamMu W = 0.2 MxM. YpoBeHB
JIETUPOBaHMsI KOHTAaKTHBIX oOyacTteil ITOHOp-
Hoil mpuMechio coctaBiser 102 M3, Jlnunbl
KOHTaKTHBIX 00JIacTel NPUHATHI PaBHBIMU

0.2mkMm.  Temmeparypa  Monenupyemou
ctpyktyps — 300 K.
[lonmaraercs, 4YTO Ja3epHOE H3IIyuYEHHE

HAIPaBJICHO MEPHICHANKYIISIPHO MOBEPXHOCTH
kpemHus (puc. 1) W oxBaTbiBaeT 00JaCcTbh
MEXly KOHTaKTaMH. J[IIMTeIbHOCTD JIa3epHO-
ro umiyisca paBHa 1 mc. IIpu 3TomM B Kade-
CTBE MOJIECIBHOTO HPUONMKEHHS IPEInoia-
raerTcs, YTO MHTEHCUBHOCTh H3JIYYCHUS I10-
CTOSIHHAa BO BPEMEHHU M PaBHOMEPHO pacrpe-
JeeHa TI0 IUIOLIAZM ITOBEPXHOCTH (OTOe-
TekTopa. PaccMoTpeH mpoiecc CoOCTBEHHOTO
MOTJIOLICHUS U3ITYYCHUS] KPEMHHUEM.

hv

K IREERE

Si |

Puc. 1. Tlonepeunoe ceueHne MOIEIUPYEMOTO (POTO-
JeTeKTOpa
Fig. 1. Crossection of the simulated photodetector

[TapameTpsl, XapakTepHU3YIOIIHE OINTHYC-
CKHE€ CBOMCTBa MOJYMPOBOJHUKA, TaKUE Kak
KO2(DPUIIUEHT MOTIIOMIECHUS ¥ TIPEJIOMIICHHS B
Si 11 1aHHOM JJIMHBI BOJIHBI, B3STHI Ha OC-
HOBAaHUU JaHHBIX, IPE/ICTABICHHBIX B [4, 5].

HampsokeHue monaeTcss Ha OJMH U3 DIIEK-
Tpoa0B — aHoA (VA), OTHOCHTEIILHO BTOPOTO
anekTpoaa — karoxaa (Vc), T.e Vc monaraer-
Csl paBHBIM HYJTIO.

Ha puc. 2 mpuBeneHbl 3aBUCHMOCTH OT
BpeMEeHH (OTOTOKA JUIS YeThIpeX 3HAYCHUU
Hanpspkenus Ha aHone Va: 0.5, 1, 1.5 u 2 B.
Ha pucynkax (a) u (6) kpuBble C OONBIIUM
MaKCUMaJbHBIM 3Ha4eHHEM (OTOTOKA COOT-
BETCTBYIOT OOJIBIIIEMY 3HAYEHUIO MPHUIIOKCH-
HOTO K aHony HampspkeHus. [Ipenmonaraercs,
YTO JIa3epHOE M3ITyYeHHE BKIIOYACTCS B MO-
MeHT BpeMeHnu t = 1 nic. [Ipu 3ToM 10 Hauana
BO3JICHCTBUSL  M3IIyYCHUS  MOJICIIMPOBAHHE
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MIPOBOJIUTCS B TEUEHHUE HEKOTOPOTO BPEMEHH,
JOCTaTOYHOTO [UIsl YCTAHOBJIEHHUS CTaIlHO-
HapHOI'O IIpolEecca MEpPeHOoca 3JIEKTPOHOB U
IBIPOK B POTOAECTEKTOPE.

120

100

80

60

s MA/MEM

40

20

2 11 a(a)

7y MA/MEM

t, e

6(b)

Puc. 2. 3aBucumocth (oTOTOKA OT BpEeMEHH: a —
CTPYKTYypa C OMUYECKUMH KOHTAaKTaMH; O — CTpyKTypa
¢ xontaktamu [lloTTku

Fig. 1. Dependence of the photocurrent on time: a —
structure with ohmic contacts; b — structure with
Schottky contacts

Kak BUIHO M3 PHUCYHKA, M CTPYKTYpBI C
OMHMYECKHMH KOHTaKTaMH BpeMsl 3aTyXaHHs
($OTOTOKA 3HAYUTENIBHO MPEBOCXOJIUT TAKO-
BOE JUISl CTPYKTYphl ¢ KOHTakTamu IIloTTkn.
Takyto 3aBUCUMOCTH (POTOTOKA OT BpEMEHH
MOYKHO OOBSICHUTB, Ha Halll B3I, TEM, YTO
B CWIBHO JIETUPOBAHHBIX IPUKOHTAKTHBIX
001acTAX HANPSKEHHOCTb 3JIEKTPUUYECKOTO
HOJISl TOpa3lo MEHbINE, HEXEIH B 00JIaCTH,
npuieraromed k KoHtakry I[llorrku. Takum
00pa3oM, SKCTpaklus CreHEPHUPOBAHHBIX H3-
JIy4EHHUEM DJIEKTPOHOB U JBIPOK U3 IPUKOH-

TaKTHBIX 00NacTeil GoToAeTeKTOpa MPOUCXO-
JUT MEJUICHHEE B CIIy4ae OMHYECKHX KOHTaK-
TOB. Takxke B Ka4eCcTBE MpEeUMyIiecTBa (hoTo-
JNETeKTOpoB C KoHTakTamu LIOTTKM MOXXHO
OTMCTHUTh CYIICCTBCHHO MCHBLIICC 3HAYCHHC
TEMHOBOTO TOKa IO CPaBHEHHIO C JETEKTO-
POM C OMUYCCKHUMHU KOHTAKTaAMMU.

3akiro4eHue

IIpoBeIeHO YMCIIEHHOE MOJICTMPOBAHUE Ha
OCHOBE MHOTOYACTUYHOIO MeTojga MoHTe-
Kapiio OTK/IMKa TOKa KPEMHHEBOro (oTojie-
TeKTOpa €O  CTIPYKTYpoll  MeTaii-
TOJIYTIPOBOIHUK-METAILT Ha BO3JEHCTBHE ITH-
KOCEKYH/IHOTO HMMITYIIbCa JIA3ePHOTO H3JTyde-
HUS C JUIMHON BOJHBI 650 HM M HHTEHCHBHO-
creio 10 Br/m? mpu temmepatype 300 K.
PaccMOTpeHbI CTPYKTYphl (hOTOJETEKTOPOB C
OMHUYCCKMMHU KOHTAaKTaMHU U KOHTaKTaMH
[lloTTkK. YCTaHOBIEHO, YTO BpEMs 3aTyXa-
HUA (1)OTOTOKa B JCTCKTOpax C KOHTaKTaMH
[IIoTTKM MEHBIIE, YeM B JETEKTOPAaX C OMH-
YCCKMMHU KOHTAKTaMH IIpU PaCCMOTPCHHBIX
HANPSHKEHUAX MEXKILY SJIEKTPOIAMH.
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ABOUT NATURE OF LASER-INDUCED OPTICAL BREAKDOWN

Petro Trokhimchuck
Lesya Ukrainka Volyn’ National University,
13 Voly Ave., 43025 Lutsk, Ukraine, trope1650@gmail. com

Short comparative analysis of main three concepts of laser-induced optical breakdown (thermal, plasma and di-
rect) are represented. Experimental data for silicon carbide and potassium chloride are selected for modeling. We
show that direct (system) concept may be explaining the observing experimental data in full volume. Questions
about nature of corresponding transformations light and irradiated matter are discusses too.

Keywords: laser-induced optical breakdown; Relaxed Optics; Cherenkov radiation; interference; diffraction

stratification; Zeits energy.

Introduction

Problems of the observation the laser-
induced optical breakdown and shock pro-
cesses in matter as Nonlinear (NLO) and Re-
laxed (RO) Optical processes are connected
with acoustic (thermal) and electromagnetic
(plasma and Nonlinear optical) nature [1-3].
These processes may be connected with dif-
fractive stratification of laser beam, self-
focusing, self-trapping, generation of super-
continuum radiation (ordered — Cherenkov
radiation, and disorder — plasma radiation)
[2, 3].

The presentation this problem from one
point of view for all media — from gases to
solid is given in [1-5]. Unfortunately, the first
attempt of observation this problem in main
details in whole are represented in [5] only.

According to [1, 2], optical breakdown is
understood as catastrophic damage caused by
strong laser radiation. The cause of optical
breakdown is avalanche ionization. This pro-
cess is differed from heat breakdown, which
is result of laser-induced heat of irradiated
matter, to direct optical multiphotonic ioniza-
tion. Roughly speaking the optical break-
down is result of rapid introducing energy to
matter with laser help. Optical breakdown
determines a limit laser intensity of laser ra-
diation, which irradiated matter can absorb.

In whole this problem [1, 2] is very com-
plex problem. From physical-chemical point
of view the optical breakdown is the regime
of fool breakage of all chemical bonds in ir-
radiated matter in zone of laser irradiation [2,
3]. In this case we can determine the thresh-
old of breakdown of irradiated matters with

help methods of Relaxed Optics (cascade
model of excitation the proper chemical
bonds in the regime of saturation the excita-
tion) [2, 3]. This regime may be received
with help three ways [2]. We represent only
direct cascade (system) optical concept [2].
In this case we have direct multiphotonic ion-
ization and transformation of initial radiation
and these processes have oriental nature [2].

Here we restrict ourselves to laser-induced
optical breakdown in solids (silicon carbide
[4, 5] and potassium chloride [6]) and the
direct modeling method [2].

Main results and discussions

Typical complex experimental data for sil-
icon carbide, which are included optical
breakdown, were received in [4, 5] (Fig. 1).

Sectional area of receiving structures was
~ 22 pm, the depth of ~ 50 um. As seen from
Fig. 1c we have five stages disordered re-
gions, which are located at a distance from 2
to 4 um apart vertically [4, 5]. Branches
themselves in this case have a thickness from
150 to 300 nm. In this case there are lines in
the irradiated nanocavity spherical diameter
of from 10 nm to 20 nm. In this case irradiat-
ed structures have crystallographic symmetry
of the initial structure.

Two damages region in a crystal with
moderately high density of inclusions were
received in [6] for KCI after irradiation by
COq-laser pulses (wavelength 10.6 um, dura-
tion of pulse 30 ns). These results are pre-
sented in Fig. 2 [6].

Fig. 2a shows that spatial inhomogeneities
are in fact inclusions [6]. The damage bubbles
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Light-penetration

(@
‘E/' direction (K) | 20um

" 8o l' e

g
aan

Fig. 1. (a) Schematic illustration of the laser irradiated pat-
tern. The light propagation direction (K) and electric field
(E) are shown. (b) Optical micrograph of the mechanically
thinned sample to show cross sections of laser-irradiated
lines (200 nJ/pulse). (c) Bright-field TEM image of the cross
section of a line written with pulse energy of 300 nJ/pulse.
(d) Schematic illustration of a geometric relationship be-
tween the irradiated line and the cross-sectional micrograph.
(e) Magnified image of a rectangular area in (c). Laser-
modified layers with a spacing of 150 nm are indicated by
arrows. (f) Bright-field TEM image of a portion of the cross
section of a line written with a pulse energy of 200 nJ/pulse.
(9) Zero-loss image of a same area as in (f) with nanovoids
appearing as bright areas. Correspondence with (f) is found
by noting the arrowheads in both micrographs. (h) Schemat-
ic illustrations of the microstructure of a laser modified line.
Light-propagation direction (k), electric field (E), and scan
direction (SD) are shown. Only two groups (groups I and I1)
of the laser-modified microstructure are drawn [4, 5]

occur randomly near, not necessarily in, the
tiny focal volume. At a well-defined power
threshold, an elongated pointed bubble forms,
its vertex falling at the focus (Fig. 2b).

Thermal and plasma models of laser-
induced optical breakdown are represented in
[1, 2]. For the modeling experimental data of
Fig. 1 — Fig. 2 we used direct (system) meth-
od [2]. Next scenario: diffraction stratifica-
tion of focused laser beam; generation of
Cherenkov radiation on each cone of proper
diffraction ring; interference of this Cheren-
kov radiation and optical breakdown in the
maximums of interferograms, was used.

The first laser-induced filaments were re-
ceived in the liquid [2]. Later researches
shown that analogous phenomena are gener-
ated in solid and gas matter too. Therefore,
first models were created for the nonlinear
Kerr media and were used for all types of ir-
radiated matter [1, 2]. Strongly speaking,
these filaments are sparks of optical break-
down. More universal concept is physical-
chemical [2, 3].

It may be physical-chemical method. In
this case we must have concentration of prop-

Fig. 2. Two damages regions in a crystal KCI with
moderately high density of inclusions. The round black
objects are bubbles. The radiation, incident from left to
right, was yust at the intrinsic breakdown threshold. In
one case (a) there was damage only at the inclusions.
In (b), intrinsic breakdown occurred as evidenced by
the pointed bubble. The straight lines represent cleav-

age [6]

er centers of scattering (absorption) of laser
radiation, which are generated proper nonlin-
ear optical phenomenon, and its activation
energy. The self-focusing is nonlinear optical
process therefore Pcr or the critical value of
energy may be determined in next way. Vol-
ume density of energy of the creation self-
focusing process may be determined with
help next formula Wenvol [2, 3]:

Wcrvol = EaNnc ! (1)
where Ea — energy of activation proper “non-
linear” centers; Nnc — their concentration.

Surface density for optical thin may be de-
termined as [3]:

Wersur=Wervol/ (2)
where o — absorbance index. Integral value of
energy may be determined as [2, 3]:

Wcrin =Wcrsur ’ S’ (3)
where S — the square of irradiation.
In this case [2, 3]
—Wcrin
P, =V | @

where ¢, is duration of laser irradiation.

Next step of determination the density of
energy in our cascade is condition of diffrac-
tive stratification. This condition may be de-
termined with help of sizes the diffractive
rings. We can estimate density of energy in
plane of creation the diffractive stratification
forn=5.
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Conic part of filament radiation has con-
tinuum spectrum: from ultraviolet to infrared.
At first this effect was called superbroaden-
ing. Therefore, it may be interpreted as laser-
induced Cherenkov radiation [2, 3, 7, 8]. The
angle 20 in the vertex of an angle of Fig. 1 (e)
is double Cherenkov angle. In this case we
have frozen picture of laser-induced destruc-
tion of 4H-SiC with help Cherenkov radiation
[2, 3].

The Cherenkov radiation is characterized
by two peculiarities [2, 3]: 1) creation of het-
erogeneous shock polarization of matter and,
2) radiation of this polarization. The methods
of receiving shock polarization may be vari-
ous: irradiation by electrons, y-radiation, ions
and excitation with help pulse fields. The
stratification of this radiation on other type’s
radiation (volume, pseudo-Cherenkov i.e.)
has relative character and may be represented
as laser-induced Cherenkov radiation. There-
fore, in future we’ll be represent conical part
of filament radiation as Cherenkov [7, 9].

This fact may be certified with macroscop-
ic and microscopic ways.

First, macroscopic may be represented ac-
cording to [7]. The similarity between charge
particle and light-induced Cherenkov radia-
tion one can invoke the analogy between
Snell’s law and Cherenkov radiation [7]. In
[7] the point of intersection of a light pulse
impinging at an angle » on a boundary be-
tween two media moves with velocity
V=C/nicose. This relation with Snell’s law,
gives the Cherenkov relation [7].

cos6=C/nz(w)V (5)

The microscopic mechanism of laser-
induced Cherenkov radiation is expansion and
application of Niels and Aage Bohrs micro-
scopic theory of Cherenkov radiation as part
of deceleration radiation on optical case [8].
For optical case the Bohrs hyperboloid must
be changed on Gaussian distribution of light
for mode TEMgo or distribution for focused
light of laser beam [2, 3]. In this case Cheren-
kov angle may be determined from next for-
mula:

Oen + i :% or b, :%_air’ (6)

where ¢, — angle between tangent line and

direction of laser beam.
Angle «, as determined from next formu-

la[2, 3]:
tane, = d, | @)

sf
where d, — diameter of laser beam, I, —

length of self-focusing. In our case ¢, is an-

gle of self-focusing.

This formula is approximate for average
angle «, .

The Golub formula (5) was used for the
determination product n,(w)V, [3, 4].

nl pol
Self-focusing and Cherenkov angles and

product n, (@)V,, ,, were estimated for LiF,

CaF», fused silica, water and glass BK-7 in
[2, 3].

Thereby microscopic modified Bohrs the-
ory and macroscopic Golub model are mutu-
ally complementary methods [2, 3].

The decreasing of Cherenkov angle and

product n,(®)V, ., for increasing of laser

radiation intensity are corresponded to in-
creasing of nonlinear refractive index and
decreasing of velocity of polarization (mul-
tiphotonic and multiwave processes) [2].

The estimation of sizes the cascade of
volume destructions of Fig. 1¢ may be ex-
plains in next way [2, 3]. The sizes (diame-
ters) of proper stages d,, of cascade are pro-
portionally to corresponding diffraction di-
ameters [2].

The diffraction diameters d , may be de-

termined with help condition of diffraction-
pattern lobes (modified Rayleygh ratio):

d. g =nA. (8)

The estimations of first five diffraction di-

ameters d_,, for L = 800 nm were represent-

ed in [3, 4]. The distance between diffraction
spots and proper moving foci may be deter-
mined with help next formula:
dndif
by =—— 9)
a

" 2t n%'
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These distances for ¢1 = 20° and @2 = 30°
were represented in [3, 4]. In general case the
angle ¢ is depended from homogeneity of ir-
radiated matter or intensity of irradiation.

Qualitative explanation of development of
cascade the destructions may be next. The
focus of each diffraction zone (spot) is the
founder proper shock optical breakdown. But
foci with more high number may placed in
the “zone” of influence of previous foci.
Therefore, only first stage of Fig. 1c is repre-
sented pure shock mechanism (Mach cone).
Mach cones are characterized the second and
third stages of Fig. 1c. But its maximums are
displaced from center. It may be result if in-
teraction second and third shock waves with
previous shock waves: first — for second wave
and first and second for third wave. The
chock mechanism of destruction certifies a
linear direction of optical breakdown. Thus,
basic creator of optical breakdown traces is
secondary Cherenkov radiation and shock
waves. This radiation is absorbed more effec-
tively as laser radiation and therefore the
creation of optical breakdown traces is more
effectively as for beginning laser radiation.
Cherenkov radiation is laid in self-absorption
range of 4H-SiC, but 800 nm radiation — in
intrinsic range.

The conclusion about diffractive stratifica-
tion of focused radiation may be certified by
experimental data of Fig. 1c.

We can rough estimate basic peculiarities
of energy distribution in Mach cone may be
used next formula [3, 4]:

2 5
T
Elob = T[Zn;vl iavj r-zNaSiC EZth )
i=1

where nia— average visible number of fila-
ments in proper group of cascade, liay=1000
nm — average length of filaments in proper
group of cascade, r = 10 nm — average radius
of filament, Na — atom density of 4H-SiC.

Energy, which is necessary for the optical
breakdown our nanotubes may be determined
in next way. Zeitz threshold energy for 4H-
SiC is equaled Ezn ~ 25 eV [2, 3]. Let this
value is corresponded to energy of optical
breakdown. Therefore, summary energy Eiob
is equaled:

(10)

E,, = N, - Eyp = 23,210, (11)

This value is equaled of ~ 8% from pulse
energy or ~ 30% from the effective absorbed
energy of pulse.

We can estimate chain of critical value of
energy for the 4H-SIiC from physical-
chemical point of view too. So, ratio between
thresholds of optical breakdown and self-
focusing is equaled ~ 10°. For the modeling
sizes and forms of nanovoids the modified
Rayleygh model was used [2, 3].

Nanovoids may be represented as results
of the laser-induced laser-induce breakdown
and creation of cavitations bubbles [2, 3] too.

For the estimations of maximal radius of
nanovoids in spherical approximation we
must use modified Rayleygh formula [2, 3]:

R, = 2R i7 (12)
0.915r \ zz,cE

where T¢ — the time of creation the nanovoid
(bubble), zi — pulse duration, R is radius of
nanovoid, r — radius of irradiated zone, E —
Young module, E, — energy of one pulse [2,
3].

But we have two speeds of sound in elas-
tic body: longitudinal 9, and transversal 9,

[2, 3]. The ratio between of these two speeds
is equaled:

asnt

(13)

i
L \2(1-v)

But this ratio must be true for shock
v =0.45 [4], a = 0.33. Roughly speaking last
ratio is determined the step of ellipsoidal

This method was used for the modeling
experimental data for KCI (Fig. 2). Density
Zeits energy for KCI has value ~ 30 eV [2].

We used next approximations. Photog-
pared to the bright-field TEM image of
Fig. 1. Therefore, we can’t see the micro-
we use rough average approximations for
diameter daverage and length | of cascade laser-

9, [(1-2v)

4
waves too. Therefore, for silicon carbide for
forms of our nanovoids (Fig. 2c).
of atoms of KCI is equaled 3,1-10% cm™.
raphy of Fig. 2 gives a blurry image com-
structure of optical breakdown. Therefore,
induced optical breakdown of Fig. 1. Volume
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of cascade was determined as cylinder vol-
ume [2].

Fig. 2 is similar to Fig 1c. But regimes of
irradiation of Fig. 2 are similar to mode
TEMoz. Therefore, we have two channels of
generation the cascade of laser-induced opti-
cal breakdown.

The distances between bubbles of Fig. 3b
are larger as between regions of destruction
of Fig. 1c. But conditions of focusing the ra-
diation in these both cases are equivalence.
Therefore, the distances between neighboring
bubbles I, of Fig. 2b and neighboring regions
of destruction I1 of Fig. 1c are connected by
next formula [2]

i d, ¢, tan (q’%) - 2, tan ((p%j

I, = = . (14)
d i, tan((”%) 2, tan ((p%j
Energy characteristics of irradiation

weren’t represented in [6]. Therefore, we se-
lect value 2 J/pulse [3]. In this case we have
effective using energy. Methods of estima-
tions of energy characteristics for KCI are
rougher as for 4H-SiC. But we must suppose
that focused laser irradiation has diffraction
stratification, generation of Cherenkov radia-
tion and interference of this Cherenkov radia-
tion. On Fig 2b 5-7 steps of cascade optical
breakdown we see.

Effective transformation the energy of la-
ser radiation to cascade of laser-induced
breakdown for KCl is 11.6-17.4 percents [2].

These models may be used for the case,
when Kinetic processes of transformations
light and matter, according represented sce-
nario, and have a higher rate than the rate of
formation of plasma and thermal processes
[2]. The establishment of a hierarchy of pro-
cesses that are described both by the methods
of physical optics and by the methods of

physical chemistry and radiation physics of
solids makes it possible to more adequately
describe the presented experimental results.

Conclusions

Experimental data of laser-induced optical
breakdown in silicon carbide and potassium
chloride are analyzed. Basic peculiarities of
nature the laser-induced optical breakdown is
shown on the example of direction cascade
(system) model.

We show, that this concept describes suc-
cessfully the represented experimental data.
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STRUCTURE AND STRESSES IN NiCoFeCrMn HIGH-ENTROPY
ALLOYS IRRADIATED WITH LOW-ENERGY HELIUM IONS

V.V. UglovY, N.A. Stepanyuk?, S.V. Zlotski?, K. Jin?, A.M. Yagoob®, D.V. Esipenko®
LBelarusian State University,
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NiCoCrFeMn and NiCoCrFe high-entropy alloys are formed by the method of arc melting and casting in a copper
cell, followed by vacuum annealing at a temperature. Studies carried out by scanning electron microscopy and XRD
analysis showed that the formed HEASs have a coarse-grained structure (80-100 pm) and are single-phase substitutional
solid solutions with an fcc lattice. High-entropy alloys were irradiated at room temperature with He ions with the
energy of 40 keV at fluences from 3-10'7 to 5-10'” cm™. It was found that irradiation with helium ions does not lead
to erosion of the sample surface, as well as to the decomposition of NiCoCrFeMn and NiCoCrFe solid solutions. An
increase in the root-mean-square deviation and tensile stresses in the samples under irradiation with helium ions is
revealed. It was found that the most radiation-resistant system is NiCoCrFeMn.

Keywords: High-entropy alloys; helium ion irradiation; coarse-grained structure; single-phase solid solutions;
root-mean-square deviation; initial stress.

Introduction The irradiation response of HEAs and their
Since the coining of the term High Entropy ability to survive the neutron bombardment
Alloys (HEA) in 2004 by Yeh [1], HEAS have environment of future civil nuclear power
attracted a lot of the scientific community’s plants are gaining attention. Face-centered cu-
attention as a more defect resistant and more bic CrMnFeCoNi, commonly known as the
stable material under extreme conditions. Cantor alloy, was one of the earliest suggested
High-entropy alloys are a type of concentrated HEAs, and the irradiation response of the
single-phase solid-solution alloy. HEAS typi- Cantor alloy and its sub-systems is the subject
cally include four or more elements in approx- of this research [8].
imately equiatomic ratios, with the compo- Utilising irradiation analogues (electrons,
nents randomly organised on a face-centered heavy ions, and He) to neutron bombardment,
cubic (FCC) or body-centered cubic (BCC) as well as simulations, advanced microstruc-
crystalline lattice [1]. When compared to tural analysis, and property measurement, the
more traditional, binary, solid-solution alloys, Cantor alloy and its derivatives are shown to
the lack of ordered elemental arrangement and have encouraging irradiation resistance that,
the associated high configurational entropy in in many cases, outperforms more traditional
these alloys has been observed to yield im- dilute alloys with same elements [3], [7]. High
proved resistance to radiation damage [2]. For phase stability and resistance to radiation-in-
example, radiation-induced segregation at duced segregation, smaller size but higher
grain boundaries was considerably reduced in density of dislocation loops, considerably re-
FeNiMnCr HEAs as compared to irradiated duced swelling extent, and enhanced re-
typical austenitic FeCrNi alloys [3]. Other re- sistance to He bubble development are all ad-
search groups [2] and [4-7] have also found vantages.
that many different types of damaged HEAs
exhibit exceptional phase stability and radia- Materials and methods
tion resistance at moderate-to-high damage Samples NiCoCrFeMn and NiCoCrFe
levels [8]. were  manufactured at the  Beijing
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Technological University by arc melting and
casting in a copper cell, followed by vacuum
annealing at a temperature of 1150°C for 24 h,
cold rolling until the thickness is reduced by
85%, and final annealing at a temperature of
1150°C for 72 h (Fig. 1).

1. Arcmeitingin'a TCOR Annealing  Annealing
high-purity argon 1150°C-24 h  1150°C-72 h
atmosp?e.te

, ................ Aruriennesans

2. Casting into a COld rolling to 85%
copper mould to get Ethickness reduction

L.

Fig. 1. High-entropy sample preparation scheme

lon implantation of the HEAs was carried
out using 40 keV He?* ions at the DC-60
heavy ion accelerator of the Astana branch of
the Institute of Nuclear Physics at the fluence
from 3.0-107 to 5-10'7 cm2. The implantation
temperature was 300 K. The beam current was
200 pA, and water cooling of the target sub-
strate was used.

X-ray Diffraction (XRD) analysis was em-
ployed for structural identification using an
Ultima IV Rigaku X-ray diffractometer oper-
ating in parallel configuration and equipped
with CuK, wavelength (0.15418 nm). In view
of the structural features of the HEAs, the
XRD spectra were obtained while the sample
was rotating in the plane of its surface. The
stresses in the HEAs were calculated by the
sin®y method for the (220) plane.

The morphology of the HEAs surface was
studied by the method of scanning electron
microscopy (SEM) on plan-view specimens
using a JEOL JSM-7500F Field Emission
Scanning Electron Microscope.

Results and discussion

The SEM method revealed that the ob-
tained samples have a coarse-grained struc-
ture, the grain size for the CoCrFeMnNi sam-
ple was 100 um, and for the CoCrFeNi sample
80 um. The grains are regular in shape with
hexagonal sections. Also on the surface, traces
of twinning are clearly visible, introduced by
mechanical processing of the samples during
preparation, which can contribute to an

increase in the radiation resistance of these al-
loys by the presence of a drain of defects in
the form of twin boundaries (Fig. 2a).

;‘C
+

100um Mag= 200X  EHT=2000kV SignalA=BSD  Date 26 Feb 2020 zEISS|
— WD= 15mm  PholoNo.=59  Time 11:A7:56

10.um EHT=2000kv  SignalA=SE1 Date 3 Jun 2620
Wi

Mag= 100KX
9 D= 13 mm Photo No. = 1860  Time /15:30:57

Fig. 2. SEM micrograph of an unirradiated
NiCoCrFeMn HEA (a) and a Ni sample (b) irradiated
with He (40 keV and 3-10* cm™) ions

Figures 3, 4 show part of the XRD spectra
of the initial NiCoCrFeMn and NiCoCrFe
samples, respectively. Analysis of XRD spec-
tra of the obtained samples revealed that they
are single-phase substitutional solid solutions
with an fcc lattice. The lattice parameter of the
NiCoCrFeMn alloy is 0.359 nm, and that of
the NiCoCrFe alloy is 0.357 nm.

The results of determining the internal
stresses in the initial samples, calculated by
the sin®y method for the diffraction peak
(220), are presented in Table 1. As can be seen
from the table, the compressive stress of -55
and -150 MPa are formed in the initial sam-
ples for NiCoCrFeMn and NiCoCrFe sam-
ples, respectively.

Before investigation of irradiated HEAs,
calculations using SRIM program [9] were
performed. SRIM calculations showed that
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Fig. 3. XRD spectra of initial and irradiated by He (40
keV and 3-10Y cm?) ions NiCoFeCrMn HEAs
obtained at an X-ray beam incidence angle of 1°
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Fig. 4. XRD spectra of initial and irradiated with He (40
keV and 3-10% cm™) ions NiCoFeCr HEAs obtained at
an X-ray beam incidence angle of 1°

the range of He is 147 and 144 nm for
NiCoCrFeMn and NiCoCrFe systems, respec-
tively (Table 1). The energy loss for all sam-
ples is about 225 eV/nm.

Table 1. Stress of initial and Ry, root-mean-square de-

viations, stress of HEAs irradiated with He (40 keV and
3-10Y7 cm™) ions

Samples Ry, RMSD Stress, MPa
nm initial | He irradi-
ated
NiCoCrFeMn |147| 1.16 (Peak 1) | -55 72
0.94 (Peak 2)
NiCoCrFe 144 0.83 (Peak 1) | -150 82
0.63 (Peak 2)

SEM studies of irradiated HEASs did not re-
veal radiation erosion of the sample surface,
that is, no traces of blistering or flaking were
found at a fluence of 5-10%" cm™. In this case,
for Ni samples obtained by the same method,

the formation of blisters with a diameter of 10
um was found already at a fluence of 3-10%
cm? (Fig. 2b). The data obtained indicate a
high radiation resistance of the HEASs surface
to erosion after helium ions irradiation with a
fluence of 5-10%" cm™.

XRD spectra of the irradiated and initial
samples were obtained at an angle of inci-
dence of the X-ray beam of 1° (Fig. 3, 4), due
to the small depth of implantation of helium
ions (about 300 nm).

Analysis of XRD spectra of irradiated
HEAs did not reveal the decomposition of
solid solutions or the formation of new phases,
which indicates a high radiation resistance of
the structure of HEAs solid solutions.

It was found that irradiation with helium
ions leads only to a shift of the diffraction
peaks of NiCoCrFeMn and NiCoCrFe solid
solutions to the region of smaller angles (an
increase in the lattice parameter). At the same
time, the asymmetry of the diffraction peaks
(111) and (200) was revealed, which made it
possible to approximate them and divide them
into two peaks (Fig. 3). As can be seen from
Figures 3 and 4, peaks 2 are characterized by
a small displacement of the angular position
in comparison with the diffraction peaks of
unirradiated samples. While peaks 1 are sig-
nificantly shifted to the region of smaller an-
gles and broadened. This separation of the
peaks can be interpreted according to the
SRIM data. Peaks 2 correspond to diffraction
from the region with a low concentration of
implanted helium, and peaks 1 - from the re-
gion of the maximum concentration of he-
lium. Thus, irradiation with helium ions leads
to the formation of deformed regions with pre-
dominantly radiation defects (vacancies and
interstitial atoms) - peaks 1 and implanted he-
lium - peaks 1. In this case, helium implanta-
tion leads to an increase in macro- (shift of the
diffraction peak) and microstresses (broaden-
ing of di -fraction peak).

Calculations of root-mean-square devia-
tions (RMSD) (stresses of the 3rd kind) are
presented in Table 1. As can be seen from Ta-
ble 1, the RMSD characterizing the disorder
of the solid solution for 5 component HEAS is
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higher than for 4 components. In this case, in
the region of the maximum concentration of
implanted helium, the RMSD increases.

The results of calculating internal stresses
in HEAs irradiated with helium are given in
Table 1. As can be seen from the table, irradi-
ation with helium ions leads to a decrease in
compressive stresses and an increase in tensile
ones. In this case, the greatest change in the
stress level was revealed for the NiCoCrFe
system. The change in the level of internal
stresses is caused by helium implantation and
the formation of radiation defects. Therefore,
we can conclude that the NiCoCrFeMn sys-
tem is more radiation-resistant than the
NiCoCrFe system.

Conclusions

NiCoCrFeMn and NiCoCrFe high-entropy
alloys are formed by the method of arc melt-
ing and casting in a copper cell, followed by
vacuum annealing at a temperature.

It was revealed that the formed HEAS have
a coarse-grained structure (80-100 um) and
are single-phase substitutional solid solutions
with an fcc lattice.

The high radiation resistance of the surface
microstructure and phase composition of the
formed high-entropy alloys has been estab-
lished.

An increase in root-mean-square devia-
tions and tensile stresses in HEAs under irra-
diation with helium ions is revealed.

It was found that the most radiation-re-
sistant system is NiCoCrFeMn.
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Cexyus 1. Ilpoyeccul 63aumooeiicmeust u3nyyeHus u nia3mol ¢ meepobiM meiom
Section 1. Processes of radiation and plasma interaction with solids

HNCCIEAOBAHUE IMHAMHNUYECKHUX TAPAMETPOB JIBYMEPHOI'O
IJIEKTPOHHOI'O I'A3A B KBAHTOBBIX SIMAX InGaN/GaN
METOJAOM TEPATEPIHOBOI'O IIVTASMOHHOI'O PE3OHAHCA

E.P. Bypmuctpos, JI.I1. ABaksHig
Mocxkosckuii 2ocyoapcmeennbiii ynusepcumem um. M.B. Jlomonocosa,
Jlenunckue 2opwur 112, 119991 Mocksa, Poccus,
eugeni.conovaloff@yandex.ru, avakants@genphys.phys.msu.su

[IpemmoxeH HOBBII KOMIUIEKCHBIH ITOJXO0M K ONPEACICHHIO TapaMeTPOB ABYMEPHOTO IEKTPOHHOTO r'a3a B KBaH-
ToBBIX siMax INGaN/GaN. MeTtox 0CHOBaH Ha PETHCTPAIIMK TEPArepIioBbIX YaCTOT IBYMEPHBIX MIA3MOHHBIX PE30-
HaHCOB, BO30YKIaeMbIX B HCCIeayeMbIx obpasitax rerepoctpykryp InGaN/AlGaN/GaN. IokazaHo, 9To qBYMEpHBIH
SIIEKTPOHHBIH Ta3, JOKAJTU30BaHHBIN B KBAaHTOBBIX ssMax INGaN/GaN, memoHcTpupyeT pe3oHaHcHoe noBeaeHue. O6-
HapyxeH 3¢ ¢deKT Moaysiiuu (asbl BOIM3HM 4acTOT INIa3MOHHBIX PE30HAHCOB, a TAKXKE IIEPEHOPMUPOBKH 3P (EKTHB-
HOM Macchl IBYMEPHOTO JIEKTPOHHOTO Ta3a ¢ yBeJIMdeHneM TeMieparypsl oopasia ot 90 K go 170 K.

Knrouesvie cnosa: nna3MOHHBIA Pe30HAHC; KBAHTOBBIE SIMBL; T€TEPOCTPYKTYPBI; BpeMsI peJIaKCalliK; IBYMEPHBIH
3JIEKTPOHHBIH ra3; TeparepIioBble YaCTOTHI.

STUDY OF DYNAMIC PARAMETERS OF TWO-DIMENSIONAL
ELECTRONIC GAS IN InGaN / GaN QUANTUM WELLS
BY THE TERAHERTZ PLASMON RESONANCE METHOD

E.R. Burmistrov, L.P. Avakyants
M.V. Lomonosov Moscow State University, 119991 Moscow, Russia,
eugeni.conovaloff@yandex.ru, avakyants@genphys.phys.msu.su

A new integrated approach to determination of parameters of two-dimensional electronic gas in quantum holes of
InGaN/GaN is offered. The method is based on recording terahertz frequencies of two-dimensional plasmon reso-
nances excited in the examined samples of heterostructures InGaN/AlGaN/GaN femtosecond laser pulses at a wave-
length of 797 nm. It has been shown that a two-dimensional electron gas localized in quantum wells InGaN/GaN
exhibits resonant behavior in the frequency range from 1-5 THz. The effect of phase modulation near the frequencies
of plasmon resonances was found, as well as renormalization of the effective mass of a two-dimensional electron gas
with an increase in the temperature of the sample from 90 K to 170 K. The proposed method is universal, non — contact
and can be used in a wide temperature range.

Keywords: plasmon resonance; quantum wells; heterostructures; relaxation time; two — dimensional electronic gas;
terahertz frequencies.

Beenenne BBICOKHX HMCCJIEyEMBIX TEMIepaTyp HeoOxo-
D¢ hekTUBHOCTh pabOThl (HOTOAMOIOB HA JIUMO MPUMEHSATh ONTHYECKUE METOJIbI, OCHO-
ocHoBe rerepoctpyktyp InGaN/AlGaN/GaN BaHHbIE Ha cieKTpockonuu B nansHei K 00-
[1, 2] 3aBucUT OT mMapamMeTpoB JABYMEPHOTO nactu [4]. DTo 00BSCHSICTCS YCHICHUEM WH-
anekTpoHHoro rasa (2J197'), onpenenenue kKo- TEHCUBHOCTH MEXJIOJIMHHOTO (DOHOHHOTO
TOPBIX IPEJCTABIISIET COOO0 CIOXKHYIO HCCe- paccesHuss  2JID" B akTMBHOM  cJoO€
J0BaTeNnbCKyto 3anady. Cpeauw 3KcnepuMeH- InGaN/GaN, cuimpHBIM  SKpaHUPOBaHUEM
TaJIBHBIX METOJOB HamboJiee YCIENHO 3ape- BHEIITHETO BO3MYIIICHHS dJICKTPOHHOH CHCTe-
KOMEHI0BaJIM ce0s B UCCIIEIOBAaHUHU DIICKTPU- MO, a TaK)Ke BIUSHUEM CITy4aifHBIX (PIyKTY-
yeckux CBOMCTB 2JIOI" B KBaHTOBBIX sIMax aluyii CrjIaBa, 4To MPUBOAMT K OSIBIICHUIO J10-
(K1) InGaN/GaN nukioTpoHHBIN pe30HaHC U MOJIHUTEJIbHBIX LICHTPOB PacCesTHUSI.
ociuutsiiun [1lyonukosa — e [aasa [3], ko- ONEeKTPOHHBII  Tra3 B CTPYKTypax
TOpbIE OIPAaHUYMBAIOTCS MPEUMYIIECTBEHHO INnGaN/GaN neMoHCTpUpYeT pe30HAHCHOE
TeMIEepaTypaMu >KUJIKOro renus. B obnactu nosefeHue B TI' quanazoHe, 4TO CBA3aHO C
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KOJUIGKTUBHBIM BO30YXKICHHUEM IJI1a3MOHHBIX
BoJiH B 2JIDI'. TeparepiioBas CIeKTpOCKOIUS
(TT'x) Bo BpeMeHHOM obOsactu [5] sBisieTcs
KJIFOUEBBIM METO/IOM BCECTOPOHHEH XapakTe-
puctuku 2JI3I" B cy6- u TT'1 tnanazonax yva-
CTOT.

B nannoii pabore meron Tl cnekTpocko-
MUU J0TOJIHEH ObicTpbiM Dypre — mpeolpa-
3oBanueM (B®II) [6], uTto mo3BosmIO CpaB-
HUTH OTJEJIbHbIE TAPMOHUKU CUTHAJIOB, IPO-
HIEIINX Yepe3 MyCTOH KPHOCTAaT U KPUOCTaT
¢ obpasnoM. Dypre — npeodpazoBaHUE Kaxk-
JI0TO W3 HHUX HPEAOCTaBHIO BO3MOXKHOCTh
OTIpEAICTIUTh aMIUIUTYAy U a3y COCTaBIISAIO-
muX 4actoT. Ha ocHOBaHWM cpaBHEHHUS da-
CTOTHO 3aBHUCUMBIX aMIUTUTYI U (a3 maaaro-
[IETO0 W TPOIIENIICTO H3IIyYeHHs] H3y4eHBI
KOJUIEKTUBHBIE 3JIEKTPOHHBIE BO30YKICHUS U
ocHOBHble mapamerpel 2JIDI" B KA
InGaN/GaN, takue kak > ¢dexTuBHas Macca,
MOJIBUKHOCTD U BPEMSI pEJIaKCalliu.

Pe3yabTarsl 3KCIIEpUMEHTA

OOBEKTOM HCCIEAOBaHUS SIBISETCS THU-
MIUYHAs JUI CBETOJUOJHBIX TETEPOCTPYKTYP C
kBaHTOBEIMH siMamu InGaN/GaN B p-n-miepe-
xoxe GaN cnoeBasi CTpyKTypa, BbIpalleHHas
metonoM razodasnoi snurakcuu (I'D3) [7]
Ha cangupoBOi MOJUIOKKE B HAINpaBlICHUU
[0001]. Hust rerepoctpykryp InGaN/Al-
GaN/GaN mnepBbIME SIBISFOTCS HU3KOTEMITE-
paTypHbIii U OydepHBIl CIIOM HEJerupOBaH-
Horo i-GaN c tormuuamu 20 HM u 0.7 MKM
COOTBETCTBEHHO. ClIe[yIOIMMHU UTYT CJIOH n-
GaN, nernpoBaHHBI KPEMHHEM TOJIUHON
3.6 MKM i1t 00pa3oB «CBETIIaHA-OMTOAJICK-
TpoHUKa» M 4.5 MKM 115 00pa3loB cepuu
«LumiLEDs», OydepHas cBepxpeméTka
InGaN/GaN u akThBHas1 001aCTh, COCTOSIIAS
u3 5 Ksl/6apnepon InxGaixN/GaN tonmuHoi
3/12 um ans obpasna «CBeTiiaHa-ONTOdJIEeK-
TpoHUKa» U 4/4 HM A oOpa3loB cepuu
«LumiLEDsy. 3atem cienyer cioit p-AlGaN
(TonmuHa 20 HM), JIETUPOBAaHHBIA MarHUEM U
p-GaN (tommmaa 120 HM). Tunwanas cioe-
Basl CTPYKTypa M BHEIIHUI BUA 00pa3lioB re-
TEPOCTPYKTYP MpEACTaBICHBI B padoTe [8].

Ha ocHoBanum pacueToB, NpeACTaBICH-
HeIX B [8], wonmentpamus 2191 B K

InGaN/GaN cocrasnser 2.61 - 108cm?, npu
TOM MOJABWKHOCTb U BpPEMsS pelaKkcaluu
2]19T" B ycnoBUsIX MPHIOKEHHOTO K IETepo-
crpykrype InGaN/AlGaN/GaN BHemHero
3JIeKTpHYeCKOro mojis paus! 2.14 - 10%cm?/Be
1 5.77-10° ¢ cooTBeTCTBEHHO.
HccenenoBanue  IUIa3MOHHBIX — CTPYKTYP
IIPOBE/IEHO C IOMOIIBIO crieKTpomeTpa « THz-
TDy, conpsikeHHOro ¢ KpuoctatoM. CUrHAIIBI
BO BpPEMEHHOHM 00JsiacTH OBbLIM 3allMcaHbl ye-
pe3 anepTypy auamerpom 1.5 MM mpu HOp-
MaJIbHOM yrje najgeHus P — nonspusanuu
anekrpudeckoro nossg TI'm ummynscos. Ha
puc. 1 mpencraBieH NpUMeEp 3allMCaHHBIX
curnanos E; ;(t) (nepemaercs uepes mycroii

kpuocrar) u E_;(t) (omopHusiit curnai, nepe-

JIAaHHBINA Yepe3 KpUoCTaT ¢ 00pas3IioM) BO Bpe-
MEHHOU 00J1aCTH.

S ()
5 En(t) |

,

S

S

S
1

60

[E(fla.u

£1Hz 6(b)
Puc. 1. HOJ’Iy‘IeHHBIe 3aBUCUMOCTHU: a — OCHWIUIO-
I'paMMBbl 3JICKTPUYCCKOI'0 MOJIA TFLI HUMITYJIbCOB BO
BpeMEHHON 06JyacTu; 0 — COOTBETCTBYIOIIHE YACTOT-
Hble 3aBucUMocTH ammuutya B®II curmanos. Crek-
TpBI noJTyueHsl mpu remneparype 90 K

Fig. 1. Obtained relationships: a - oscillograms of the
electric field of THz pulses in the time domain; b - cor-
responding frequency dependencies of amplitudes of
FFT signals. Spectra are obtained at temperature 90 K

Kak BugHO U3 puc. 1, OCHOBHBIN MUK CUT-
HaJla, MPOIIEIIIEro Yepe3 KpuocraT ¢ oopas-
[IOM, CABHHYT BO BpEeMEHM Ha Al OTHOCH-
TEIBHO OIIOPHOIO CHUTHAJIA. YMEHBILICHUE
CUTHajJIa 00YCJIOBJIEHO IMOTEPSMU SHEPTHH B
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CJIOSIX TETePOCTPYKTYPHI i YACTUYHBIM OTpa-
J)KEHHEM OT IMOBEPXHOCTEH cloeB. 3aJepikKa
UMITYJIbCA SIBIISICTCSI PE3YJIbTaTOM KOHEYHOTO
BPEMEHHM TEPECTPOUKU DJIEKTPOHHON CH-
crembl 2JI2T B K5 InGaN/GaN. Ha puc. la
BJIMSTHUE TIOJUIOKKHU CBSI3BIBAETCS C IOSBIIE-
HUEM JONOJHHUTENBHBIX IHKOB C TOpPa3io
MeHnbier amrutyaon mpu t = 130 e u t=
135 ¢c, T.e. «3IXO0» MaTAIOMIETO HMITYJIbCA

BCJICACTBHE €TI0 OTPAXKCHUA OT KpacB 06pa3ua.

B nesix MOACIIMPOBAHUA CHUIHalla, ITPO-
IIE/IIEro Yepe3 KpHocTaT ¢ 00pasloM, Hc-
MOJIb30BAJIOCH ~ OBICTpOE  TpeoOpa3oBaHUe

®ypoe (BI1D) omoproro curnana E; ;(t):
Ecuu (t) =F (0) E606 (0) +
+ 2 F (i) Egos (i) exp(2rif ),
K

rne F(f) Obuta HaiineHa myTeM pelneHHs

)

ypaBHeHHII MakcBeiia B THIPOAMHAMHYE-
CKO#f MOJENN BBICOKOYACTOTHBIX CBOWCTB
2J10T" KaK OTKJIMK Cpe/ibl Ha IIOCKYIO BOJHY
¢ vacroroit f , f, =kK/At,k=12..u At —

BPEMEHHOE OKHO HMMIIYJIbCOB. DyHKIHs
F(f) 3aBucur or psjga mapaMeTpoB, B TOM

guciie 0T 3(pPEKTUBHON MacChl |, KOHIICH-
tpauuu 2131 N,peg ¥ BpeMeHH penakcaiun

SJICKTPOHHON CHCTEMBI T , XapaKTEpU3YIO-
1ero 0e3bI3IyvaTenbHble MOTEPH B CIOSX Te-
tepocTpyktypbl INGaN/AlGaN/GaN. ®yhk-
us F(f) Taxke 3aBHCHT OT XapaKTepUCTHK

JTudieKTpudeckoro okpyskenus 2J191°. Tomn-
KHE TIPOMEKYTOUYHBIE CIIOM B aKTUBHOM CJIO€
InGaN/GaN paccmaTpuBanuch Kak OJUH
10 ¢ 3 PEKTUBHON AUINEKTPHUUECKON MPO-
HUIIAEMOCTBIO €4 . B TO e BpeMms OydepHblii

cioit GaN u moI0kKKa MOIETTUPOBATHCH KaK
OJIVH CJI0M € 3 PEKTUBHOM AUIIIEKTPUUECKOM

MPOHUIAEMOCThIO €, . 13 puc. 16 BunHO, uyTO

moaenupoBanue bIID cnektpa Tl um-
MyJIbCa XOPOIIO COIIACYETCS C JTaHHBIMU HU3-
MEpEHUM.

BII® wucnonp30BaIOCh JUISl TOJy4EHUS
Dypbe — KOMIIOHEHT U3MEPSEMBIX CUTHAJIOB B
YacCTOTHOM 00JIacTH.

Esos.06 (T) = |E6a6,o6 (f )|eXp(i(P606,06 (), (2

rae ‘E606,06 (f)

\Pa5.06(f) -~ Pypbe-aMILTATY 1B B

(a3bl OMIOPHOTO CUTHAJIA M CUTHAJIA, IIPOIIE/I-
HIero yepe3 kpuocrar ¢ obpasuom. s xa-
PaKTEPUCTUKH CHEKTPOB MPOIYyCKaHUsI OIpe-

JIeTSUTCh  CIICAYIOIIHUE TapaMeTphl:  CIIeK-
TpaJIbHAs MOIIIHOCTb
P.(f)=|E,; () /|Ess ()’ u azoBeiii cisur
D (f)=0,;(f)—0;5(f) . CoorBercTByromue

YaCTOTHBIC 3aBUCUMOCTH ISt ABYX (I = t;,t,)

BPEMECHHBIX OKOH JIa3epHBIX HMITYJIbCOB
IpeJCcTaBJIeHbl Ha puc. 2. YacToTHas 3aBHCH-
MocTh DPypbe-aMIUIUTYABI MPEACTaBICHa Ha
puc. 16.

1.24

a(a)

6(b)

Puc. 2. YacTOTHBIC 3aBHCUMOCTH MOIITHOCTH (&) 1 (ha3bl
curHasuoB (0). CrekTpbl HoJIyUYeHbl TIPH BO30YKICHUU
o6pasios rerepoctpykryp InGaN/AIGaN/GaN ¢em-
TOCCKYHIHBIMU JIA3CPHBIMHU UMITYJIbCaAMU C ABYMS BpPEC-
MEHHBIMH OKHAMHU TUTEIbHOCTHIO {1 = 130 ¢c u tr =
135 ¢c Ha pmuHE BOTHEI 797 HM

Fig. 2. Frequency dependencies of power (a) and phase
of signals (b). Spectra are obtained by excitation of het-
erostructure samples InGaN/AlIGaN/GaN femtosecond
laser pulses with two time windows of duration t; =
130 fs and t, = 135 fs at wavelength 797 nm

Ha puc. 2 mpeacraBieHbl MOAYJIUPOBAH-
Hele monocamu Pabpu-Ilepo ocmmmsAIIMA
Gynkumii P, (f)u @y, (f)B Ananazone ya-

crot ot 1 1o 5 TI'u. Ha yacToTHO# 3aBHCUMO-
CTH MOIIHOCTH M3JIyYEHHUs] XOpOIIO BhIpa-
JKEHBI MPOBAJIBI BOJM3M YacTOT JABYMEPHBIX
(2[1) n1a3MOHHBIX PE30HAHCOB.
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Ta6muna 1. Mapamerpsr 2JI3T B K InGaN/GaN 1o
JAaHHBIM YaCTOT IJIa3MOHHBIX PC30HAHCOB

Table 1. Parameters of two-dimensional electron gas in
quantum wells InGaN / GaN according to the data of
plasmon resonance frequencies

CepI/IH f f T .
06pa3' o a2 1019 <m > 103 MZ,/B .
OB T | TI'g C CM C
1 237|348 | 57 | 0.27m 2.14
2 222|356 | 51 | 0.26m 2.23
3 2551378 | 55 | 0.28m 1.18
4 267|312 | 48 | 0.32m 2.34
5 28 | 351 | 43 | 0.35m 2.20

D dexr «baxpombry Padbpu — Ilepo ObLT
IIOJIABJICH IIyTEM BBIPE3aHUS JOPOKEK CHI-
HaJla JUIsg UMITYJIbCOB ¢ 1= 135 ¢c nepen nep-
BbIM «3XOM» Ha BPEMEHHOW 3aBUCUMOCTHU
(puc. la). Ins ananm3a (a3oBbIX CICKTPOB
D, (,(f)Obla IpUMEHEHA IIPOLEIypa pa3Bo-

pauuBaHust (aswl. Pe3ynbTaThl [ pasHBIX
BpPEMEHHBIX OKOH IMOKa3aHbl Ha puc. 26. Ha
pHC. 2a BHJIHBI IIEPBHIC JIBE PE30HAHCHBIC Ya-
cTtotel 2] Mmima3MoHOB, 0003HAYE€HHBIE Kak
f fgz. Bunno, uto ¢azoBblil ciBUT BOIH3U

IUTa3MOHHBIX PE30HAHCOB BEIET ce0sl Kak
TOYKa TMeperuda (QyHKUUH, YTO COOTBET-
CTBYEeT MUHMMYyMaM B CIIEKTpax MOIIHOCTHU
P (f) . st paccMaTpuBaeMbIX I1a3MOH-

gl

HBIX CTPYKTYP PE30HAHCHBIE YaCTOTHI OLICHHU-
BAJIMCh U3 3aKOHA JIUCIIEPCHU CTPOOUPYEMBIX
21 mazmoHoB [9]:

1 4me?N|q,|

_ 1 , 3
9n " on m*(gS +g4 coth(]qnld)) ©

rae q,=2nn/P,n=12.. (B ciaydae rerepo-
crpykryp AlGaN/InGaN/GaN n=2), g, —

TMAJICKTPUIeCKast MOCTOSIHHAS,
g4 =8.2+ 1y — mudnekTpuUecKas MPOHHUIAE-
MOCTb, B BBIp@XKCHHE [Tt KOTOPO# BBEICH I1a-
pametp y =1.8, yuuThIBarONIHMii paguanioH-

HBIC TTOTEPH B CIIOSIX TETEPOCTPYKTYPBI, M —
a¢dexTUBHAS Macca, onpeessemas u3 (3),

d — nmepuon aktuBHOrO ciiost INGaN/GaN.
[ToxcTaHOBKA pe30HAHCHBIX YacTOT B (hop-
Myiy (3) maeT BO3MOKHOCTh TOJYYHTh YHC-
JICHHYIO OIEHKY 3(deKTHBHOI Maccel M . B
CBOIO O4Yepe/lb, C IOMOIIBIO HAMIEHHOTO pa-
Hee (cM. puc. 1a) 3HaYCHHS BpEMCHH pellakca-

IMAd T  ONPEHCHSeTcss  IOJBUKHOCTh
p=et/m° 2JIT B cmoe InGaN/GaN
(tabm. 1).

3akiiroueHue

Takum oOpa3oM, B HacTosleld padore
npemyioxked Merona TI'n-rasMoHHOro pes3o-
HAaHCAa B LIEJISIX ONPEIEICHUS BPEMEHH peraK-
caluu, MOABMXXHOCTH U 3((HEKTUBHON MacChl
2]10I', noxanuzoBanHoro B K5 InGaN/GaN.
[Tokazano pesonancHoe nosenenue 2J[3I° B
nuana3zoHe yactoT ot 1 1o 5 TI'y Ha nmpumepe
2J12I' B KA InGaN/GaN. MogenupoBanue
B3aumoeiicTBus T1'11 curHana ¢ mia3MoHHOU
CTPYKTYpOH U MOJY4YEHHBbIE 3HAYEHUsl BpeE-
MEHHU peJaKcaluu (~10'9 C), TMOJBUXKHOCTH
(~10% cM?/B - ¢) u >ddexturOi Macce (0.27
M) XOPOIIO COTJIaCyeTCsl ¢ TEOPETUUCCKUMHU
JaHHBIMU paboThI [8].

C nenpro 00paboOTKH U aHANIM3a MOJIyYeH-
HBIX JaHHbIX MeToa TI'1 mia3MoOHHOro pe3o-
HaHca JomoJiHeH ObIcTphIM Dypbe — mpeodpa-
30BaHUEM, YTO MO3BOJIMIIO CPABHUTH OTIEIb-
HbI€ TAPMOHUKHU CUTHAJIOB U ONPEAEIUTh aM-
wMTyay u asy cocraBisromux yactoT. Ha
OCHOBAHUU CPABHEHUSI YaCTOTHO 3aBUCUMBIX
aMIUTMTYA ¥ (a3 Iaaollero U MpoIeIiero
M3JIy4YeHUs W3Y4YEHBbl KOJUJICKTHBHBIE 3JIEK-
TPOHHBIE BO30YXKJIEHHWS M OCHOBHBIC Tapa-
metpsel 2J10T" B KA InGaN/GaN.

IIpenioKeHHbIN NOAX0X K U3yYECHUIO HU3-
KOpPa3MEpHBIX CTPYKTYp C MOMOIIBI METO-
nuku TT'1- m1a3sMOHHOTO pe30HAHCA SABJISIETCSA
OECKOHTaKTHBIM U CITYKUT AJI1 KOMIUIEKCHOU
OlIEHKHU mapameTpoB 2/[OI" B mmpokom aua-
Ma30HE TeMIIepaTyp.

JleTanbHBIN aHATTN3 aMIUTUTYIHBIX U (ha30-
BBIX CIIEKTPOB mepenaBaemMbix TI'L uMIynb-
COB TI03BOJIIUI BBISIBUTH 3HAYUTEIBHYIO MOJTY-
nsaio ¢asel (10 6°) BOm3u 21 m1a3MOHHBII
PE30HAHCOB, YTO MOXET OBITh UCIOJIB30BaHO
B PA3IUYHBIX MPUIIOKCHUSIX (POTOHUKH U Te-
parepioBoit 1T poBoi Tosorpaduu.
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CeKuu;z 1. Hpaueccw 83AUMOOCUCMEBUL U3TLYYEHUA U Nlla3mMbl C mgep()bw menom
Section 1. Processes of radiation and plasma interaction with solids

BJIUAHUE IIJIOTHOCTH JIACJIOKAIIMHA
HA TMHAMMWYECKHWU NPEJEJI TEKYUECTH CIIVIABOB
B YCJIOBUSAX JIABEPHOI'O OBJIYYEHUA

B.H. Baproxun?, B.B. Manamenko™ ?, T.1. Manamenko®
Y Joneyxuii grusuxo-mexnuveckuii uncmumym um. O.0. Iankuna,
ya. P. Jliokcembype 72, 83114 Jloneyx, malashenko@fti.dn.ua
2 Toneyxuti nayuonanvhwlil ynusepcumem, yi. Ynusepcumemckas 24, 83001 Joneyx
3 Toneyxuti nayuonansnwiii mexnuyeckutl yuusepcumem, yi. Apmema 58, 83001 Joneyx

B pabore pemnrena 3agada o IBH)KCHHH aHCaMOIsI KPaeBBIX ANCIOKAIMHA B COCTAPEHHOM OMHApPHOM CIUIABE IOJ
JIEVCTBHEM MOIIHOTO JAa3epPHOTO M3ITydeHus. VccrnemyemMplii MEXaHU3M AMCCHIIAINN 3aKJII0YAcTCsl B MEPEXone KH-
HETUYECKON SHEPTUH AUCIOKAIIMH B SHEPTHIO €€ MONEPeUHbIX KoseObanuit. Cruia TMHAMUYIECKOTO TOPMOKEHHS JTUC-
JIOKAIIMX CTPYKTYPHBIMH Je(EKTaMH, ONMPEACIAIONas Mpees TeKyIeCcTH U IPyrue MEXaHHIECKUe CBOWCTBA MaTe-
pHana, 3aBUCHT HE TOJILKO OT MX KOHLEHTPALMH, HO U OT CIIEKTpa KoJeOaHnil ANCIOKAINH, B TIEPBYIO OYEpEb, OT
Hanuuus B HeM 1enu. [Ipu MouHoM ja3epHOM OOJIyYeHUH TJIaBHBIA BKJIaJ B (JOPMHUPOBAHHE IS BHOCUT MEX-
JTUCIIOKallMOHHOE B3auMojeiicTeue. [lomyueHa aHamuTH4YECKas 3aBUCUMOCTh JTUHAMHUYECKOTO Ipenena TeKydecTH
OMHapHOTO CIUIaBa OT IUIOTHOCTH AMCIIoKanuii. [lokazaHo, 4TO Takas 3aBUCHMMOCTH IIPU OMNPEAEIECHHBIX YCIOBHSIX
CTaHOBUTCA HEMOHOTOHHOM M MOXXET UMETh MaKCUMYM.

Knrouesvie cnosa: nazep; nucnokaiys; mwiactTuueckas aedopmariis; GMHapHbIE CIJIaBbI; AS(EKTHI.

INFLUENCE OF DISLOCATION DENSITY ON THE DYNAMIC YIELD
STRESS OF ALLOYS UNDER LASER IRRADIATION

V.N. Varyukhin?, V.V. Malashenko 2, T.l. Malashenko®
10.0. Galkin Donetsk Institute for Physics and Engineering,
72 R. Luxemburg Str., 283114 Donetsk, malashenko@donft.ru
2Donetsk National University, 283001 Donetsk
®Donetsk National Technical University, 283001 Donetsk

The motion of dislocation ensemble in a binary alloy under irradiation with high-power laser pulses is theoreti-
cally analyzed. Dislocations make over-barrier sliding with such irradiation. This is a dynamic mode of dislocation
movement. Dislocations overcome potential barriers without the help of thermal fluctuations. The dissipation mech-
anism under study consists in the transition of the kinetic energy of a dislocation to the energy of its transverse vi-
brations in the slip plane. The force of dynamic dragging of a dislocation by structural defects depends not only on
their concentration, but also on the spectrum of dislocation vibrations, primarily on the presence of a gap in it. Under
high-power laser irradiation, the main contribution to the formation of the gap is made by interdislocation interac-
tion. An analytical dependence of the dynamic yield stress of a binary alloy on the dislocation density is obtained.
Typically, the dynamic yield stress increases with increasing dislocation density. This dependence is described by
the Taylor ratio. But at high strain rate deformation of aged binary alloys, this ratio can be violated. It is shown that
such dependence under certain conditions becomes nonmonotonic and can have a maximum. The position of the
maximum is determined by the dislocation density, at which the interdislocation interaction becomes dominant dur-
ing the formation of a gap in the vibrational spectrum.

Keywords: laser; dislocation; plastic deformation; binary alloys; defects.

BBenenne pacTeT  MPONOPLHMOHAIBHO  KBaJpPaTHOMY

IIpu yBennueHUH MIOTHOCTU JUCIOKALMH KOPHIO M3 JUCIOKallMOHHOW IuioTHOcTH. Co-
MIPOUCXOUT YIPOYHEHHE Ae(hOopMHUpPYyEMOro oTHoweHne Telymopa SBISETCA JOBOJIBHO
MaTepuanga, KOTOpOE BECbMa YJIOBJIETBOPH- yHUBEpcaabHbIM. OHO BBINIOJIHAETCS KaK IpHU
TEJIbHO MOKET OBITh ONMHMCAHO COOTHOILIEHHU- KBa3uCTaTHUECKOM Je(popMUpoBaHUU (PYHK-
em Teiliopa, cornmacHo KOTOPOMY ITPOYHOCTh LIMOHAJIBHBIX MaTE€pPHaJIOB, TaK U IMPHU BBICO-
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Section 1. Processes of radiation and plasma interaction with solids

KocKkopocTHOU aedopmanmu. OmHako, Kak
MOKa3aHO B HacToseld pabore, B ciydae
BBICOKOCKOPOCTHOH Jedopmanuu cocrapeH-
HBIX OWHApHBIX CIUIaBOB, peaJu3yeMol B
YCIIOBHUSAX MOIIHOTO JIa3epHOro OOIy4eHus,
BO3MOKHO HapylIEHUE COOTHOIICHUs Tei-
jopa. B atom ciyuae Ha ¢popmMHupoBaHue Me-
XaHUYECKUX CBOMCTB KpPUCTAJLIOB OOJbIIOE
BIUSTHUE OKA3BIBAIOT JUHAMUYeckue 3¢ dek-
ThI, KOTOpbIE JUIsl IIMPOKOrO Kpyra 3ajad
JUCIIOKAIIMOHHONW JMHAMHUKU MOTYT OBITh
MPOAaHAIM3UPOBAHEl B paMKax pa3BUTOU
HAMU TEOPUU IUHAMHYECKOTO B3aMMOJICH-
CTBHSI CTPYKTYPHBIX JedekToB [1-4].

Hcnonp30BaHue Ja3epoB JaeT BO3MOXK-
HOCTb YMPAaBISATh M3MEHEHUSIMU B CHCTEME
CTPYKTYPHBIX N1e(heKTOB, KOTOPBIC BIIHSIOT
Ha MEXaHUYECKHE CBOWMCTBA MaTepHalioB [5-
7].

Pe3yJabTaThl M MX 00CY:KIeHUE
[Ipoanamu3upyeM JBHKEHHE aHCaMOJIs
OCCKOHCUHBIX KPaCBBIX AHMCIOKALUN B TIO-
JIOXKHUTEIBHOM HampasjieHun ocu OX ¢ 1o-
CTOSIHHOU CKOPOCTBIO V B COCTapCHHOM Ou-
HapHOM CIUIaBE, COJICPIKAIIEeM XaOTHYCCKH
pacripenenieHHbie 30HbI [ 'mHBe-IIpecToHa u
aTOMBI BTOPOTO KOMITOHEeHTA. JIMHUK AHCIIO-
Kaiuil mapauienbHbl ocu OZ, WX BEKTOPBI
broprepca MMEIOT KOOPAWHATHI
b=(b, 0, 0). AHcamOsb coBepIIaeT CKOJIb-

skeane B miockoctd XOZ. TMonoxenwue k-oit
JIMCIIOKAIMK OTpeaessieTcst QyHKIneH
X (y=0,z,t)=vt+w,(y=0,z,t) (1)

3necy W, (Y =0,2z,t) — ciyJaiinas BenmuumHa,

OIMCHIBAIOIIAs U3rHOHbBIE KOJeOaHUs TUCIIO-
Kalliu, BO30YXK/ICHHbIE €€ B3auMO/ICHCTBUEM
¢ aedexkramu.

3oubl ['mabe-lIlpecToHa OyneM cuuTaTth
OJIMHAKOBBIMH, UMEIONTUMH paanyc R u pac-
MpEeICHHBIMI  CIIy4ailHBIM ~ 00pa3oM B
IUIOCKOCTSX — TapaUIebHBIX  TUIOCKOCTH
ckonbkeHus muciaokanuu XOZ ¢ o0béMHON

KOHIIEHTpanuen Ng .
VpaBHeHHe ABWXEHUs K-oif guCIOKanuu

MOJKET OBITh IpeaACTaBJICHO B CICAYIOUIEM
BUJEC.

O°X, e 0°X,
2 2
ot oz

F :bI:O'O +ny +ny +O'fyis}—BV, 2

=F,

d G dis

Xy ! O-xy’ O-xy — KOMITIOHCHTBEI TC€H30pa

HaINpsDKEHUH, CO371aBaeMbIX Ha JMHUM K-oii
JUCIOKAllMM  COOTBETCTBEHHO TOYEYHBIMU
nedexramu, 30Hamu ['unbe-Ilpectona u apy-
TMMHU JUCIOKAUSAMH aHcamOust; M — macca
€IMHULBI JJIUHBI JUCIIOKALUHU, ¢ — CKOPOCTh
3ByKa B Kpuctaiie, B — oHOHHass KOHCTaH-
Ta 1eMI(pUPOBAHHUS.

Bxnaa kaxIoro Tuma CTPyKTYpPHBIX Jie-
(GexToB B BENMYMHY IpeAesa TeKydecTH
MOYKHO BBIYHCIUTH 110 (popmyie:

r=pn[dalq,| |o, | 5@V -0*(@,) @)

3necy @(0,) — CHEKTP JUCIOKALMOHHBIX KO-

rue O

nebanuii, o, — ®ypbe-00pa3 KOMIOHEHTHI

TEH30pa HAIPSDKEHHUH, CO3JaHHbIX AedekTa-
MU JaHHOrO Tumna, N — oObeMHas KOHIIEH-
Tpamwust 3TuX 1eEKTOB.

B namewm ciydae cniektp kojeOaHUM auc-
JIOKAIMK SBJIIETCS. HEJIMHEHHBIM: B HEM BO3-
HUKaeT LIeIb

®*(q,) =c’q; +A’ (4)
Hanuuune criekTpaibHOM MIETM 03HAYAET, YTO
JMCIIOKAIUs COBepIIaeT KoyiebaHus B sIMe,
KOTOpasi IepeMeliaeTcs Mo KpUcTauly BMe-
cre ¢ Hel. [Ipu Bo3aencTBUM Ta3epHBIX UM-
MyJIbCOB IUIOTHOCTh JTUCIIOKAlMM JOCTUTAET
snagennii 10" —10"° M2, TTpu TOM UMEHHO
KOJIJIEKTUBHOE B3aMMOJICHCTBHE JUCIOKAIUI
BHOCHUT TJIaBHBbIM BKJIaJ B (hOpMHpOBaHUE
CHEKTPaIbHOM 1Ienu:

A=Ay =C

rae ¥ — xoaddunuent Ilyaccona, u — mo-
JIyJTb CIBUTA, 0 — IUIOTHOCTH JHMCIIOKAIUi, L

— BEJIMYMHA TOPSAKA JUJIMHBI JUCIOKALIMH.
Brimonsss He0OXOAUMBIE BBIYMCIIEHHS, IO-
JIy4YUM AHAJIMTUYECKOE BBIPAKEHUE 3aBUCH-
MOCTH JUHAMHYECKOrO TMpeaeia TEKyYeCTH
OMHApPHOTO CIUIaBa OT IJIOTHOCTH AWCIOKa-
UH.
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r:LMﬂb\/; (6)
NPT Po

3gece D — KkoHcTaHTa, 3aBHCAIAS OT
KOHIIeHTpauun 30H ['uHbe-Ilpectona wu
yOpyrux  Moayjedl  cmuiaBa.  AHaiu3
MOJIyYEHHOTO BBIPAXKEHHUS MOKA3bIBAET, YTO
3aBUCHUMOCTh npenena TEKy4ecTU
COCTapeHHOI0 OMHAPHOTO CIUIaBa
CTaHOBUTCS  HEMOHOTOHHOM  (yHKIIHEH,

UMEIOIIEH MaKCUMYM, MOJOXKEHHE KOTOPOTro
OIlpeseNsAeTCsl IJIOTHOCTBIO  JIUCIIOKAlH,
npu KOTOpOii JUCIIOKAIMOHHOE
B3aHMOI[eI>'ICTBI/IC Ha4YUHACT BHOCHUTH
TJIaBHBIN BKJIaJ] B dbopmupoBanue
CIIEKTpaJibHOM 1enu. VIMEHHO HallnuuMe 30H
I'unbe-IlpecTona NPUBOAUT K HApPYIICHUIO
cooTHomeHus: Telnopa B  COCTapEHHBIX
CILIaBaXx.

3akiao4yeHue
BeimonHuM ynclieHHbIC OLICHKHU. [ Tu-

NWYHBIX 3HAYCHUH Ny =2 10%m3, = 107,
b=3.10"wm, R=3.10"m, £=10°%¢"
0 =10"Mm" momyunm, 4To BKIa1 30H ['MHBE-
[IpecToHa B BEIMUYUHY JUHAMUYECKOTO TIpe-

nena TekydectH coctaBnser 10°Ta, t.e.
HAJINYME TaKUX CTPYKTYPHBIX J1€(EKTOB MO-
BBIIIIAET IpPEeeN TEeKy4eCTH Ha JECSITKU Mpo-
LIEHTOB.

Takum o6pa3zom, Hanuuue 30H [HHbBE-
[IpecroHa oka3bIBaeT CYLIECTBEHHOE BIIHS-
HUE KaK Ha BEJIMYMHY JAWHAMHYECKOTO Tpe-
Jiesia TeKy4ecTH CIUIaBa, TaK M Ha €ro 3aBH-
CHUMOCTh OT IJIOTHOCTH JUCIOKAaIMi B yCIIO-
BUSIX JIA3EPHOTO OOIyYEHUS.
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BJIMSTHUE MATEPHAJIA JIASEPHOI MUIIIEHU Y IO AJIOKKH
B JIABEPHOIIVIASBMEHHOM NCTOYHUKE HA ®OPMHUPOBAHHUE
HMOHHBIX ITOTOKOB B PEKUME BTOPUYHOI SMUCCHUN

B.K. I'onuapos?, A.A. Top6auesnu®, M.B. ITy3sipes?), B.1O. Ctynakesuu®, H.1. Ilynbran?
YBenopyccruii 2ocyoapcmeennuiii ynusepcumem, Hucmumym npuxiaousix gusuveckux npobnem
um. A.H. Cesuenko, ya. Kypuamosa 7, 220045 Munck, benapycs,
v.k.goncharov.39@gmail.com, puzyrev@bsu.by
2 Benopycckuii 20cydapcmeentblil yuusepcumen,
np. Hezasucumocmu 4, 220030 Munck, berapycs, nikita.shulgan@gmail.com
A poonenckuii cocyoapcmesennviii ynusepcumem um. gnxu Kynanoi,
yi. Oxcewxo 22, 230023 I'poono, benapycsw, tv_sad@grsu.by

B pabote m3ydeHo BIMSHUE MaTepraia MUIICHH Ha (PU3NIECKUE MPOIECCH B JIA3EPHOILIa3MEHHOM HCTOYHUKE,
KOTOPBII UCIIONB3yeTCs ISl HAaHeCCHU HAaHOCTPYKTYyp. [loka3aHo BIHsIHEE MaTepualia MOUIOKKH IPH B3anMOIeH-
CTBHH MOHHOTO TIOTOKA C €€ IMOBEPXHOCTHI0. J[JIsI TUIaBHOW PETYIMPOBKH MapaMeTpOB HAHOCHMBIX YACTHI[ Ha TIOA-
JIOXKKY MEXIY JIa3epHON MUIICHBIO M TOAJIOKKOW pacIIookeHa CeTKa, Ha KOTOPYIO MO OTHOMICHHUIO K JIa3epHOM
MHUIIICHH TOJACTCsI OTPHUIIATEIIBHBIN MOTEHIMAN. B pe3ynpTare mocie CeTKd (pOPMHUPYETCS MOTOK YaCTHI, COCTOSI-
U PEUMYIIIECTBEHHO U3 MOHOB, YJHEPTHEN KOTOPHIX MOXKHO HA/IC)KHO M MJIABHO YIIPABNATH, [10/IaBas Ha CETKY IO
OTHONICHUIO K TOJJIOKKE MOJTOXKUTEIbHBIN MOTEHIIUAT.

Knrouesvle cnoea: Jla3€pHad 1mj1a3Ma; HOHHbIC IIYYKU; NOHHAas SMUCCHS.

INFLUENCE OF THE MATERIAL OF A LASER TARGET AND
A SUBSTRATE IN A LASER PLASMA SOURCE ON THE FORMATION
OF ION FLOWS IN THE SECONDARY EMISSION REGIME

V.K. Goncharov?, A.A. Gorbatsevich?, M.V. Puzyrev®, N.1. Shulhan?, V.Yu. Stupakevich®
USevchenko Institute of Applied Physics Problems, Belarussian State University,
7 Kurchatov Str., 220045 Minsk, Belarus, v.k.goncharov.39@gmail.com, puzyrev@bsu.by
2Belarusian State University,
4 Nezavisimosti Ave., 220030 Minsk, Belarus, nikita.shulgan@gmail.com
9Yanka Kupala State University of Grodno,
22 Ozheshko Str., 230023 Grodno, Belarus, tv_sad@grsu.by

In this work, we studied the influence of the target material on physical processes in a laser-plasma source. This
source is used for deposition of nanostructures. The influence of the substrate material in the interaction of the ion
flux with its surface is shown. A grid is located between the laser target and the substrate for smooth adjustment of
the parameters of the particles deposited on the substrate. A negative potential is applied to the grid with respect to
the laser target. As a result, after the grid, a flux of particles is formed, consisting mainly of ions. We smoothly and
reliably can control the ions energy by applying a positive potential to the grid with respect to the substrate.

Keywords: laser plasma; ion beams; ion emission.

BBenenmne HEAOCTATKH. 910 A0CTAaTOYHO  CJIOXKHBIC

Metoj na3epHO-TIJIa3MEHHOTO HaHECEHUS
HaHOMOKPHITUH o0oO0NaaeT psjaoM Ipeumy-
HOIECTB IO CPAaBHEHHMIO C JPYTHMH. OTO,
IPEKIE BCErO, BO3MOXKHOCTb IOJIyYEHHUS
JIa3Mbl U3 JIFOOOTO BEIIECTBA B JTIOOOM arpe-
TFaTHOM COCTOSIHUM U CTEPUIIBHOCTb.

OpHako MpH 3TOM €CTh y 3TOr0 METOAa

YCTPOWCTBA IIJIABHOM PETyJIMPOBKH ITapameT-
POB HaHECEHHsI HAHOIUIEHOK IMPH aBTOMAaTH-
3allUU PEKUMOB.

C nenwio ycTpaneHus 3toro B [1] Obuio
MIPEUIOKEHO TIOTyYaTh U3 JIA3€PHOM TUIa3Mbl
MIOTOK MOHOB, U IJIaBHO PEryJIMpOBaTh YHEp-
THIO MOHOB ¥ TUIOTHOCTH MOHHOTO TIOTOKA C
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MTOMOIIIBIO MJIABHOTO M3MEHEHHS MOTEHIIUAIA
AJIEKTPUYECKOTO TOJIsI. DJIEKTPUYECKasi cXe-
Ma TaKUX JKCIIEPUMEHTOB IpEJCTaBlicHa Ha
puc. 1.

BN

U;

OCI! oCI2

Puc. 1. Dmektpudeckas cxema SKCHepuMeHTta: | —
JIa3epHOE U3IIyUYeHHE; 2 — JIa3epHasi MULIEHb; 3 — 3po-
3MOHHBIA IUTa3MEHHBIH (aken; 4 — ceTka; 5 — moa-
noxka; OCL 1, OCI] 2 — curHanbel, CHOIMaeMbIe Ha
MIEPBEIA M BTOPOH KaHaJ ocHuniorpada ¢ COMpOTHB-
neanit Harpy3ku 390 Om; U; u U, — He3zaBUCHMEIE
HUCTOYHHUKU ITUTAHUA

Fig. 1. Electrical scheme of the experiment: 1 — laser
radiation; 2 — laser target; 3 — erosive plasma plume; 4
—grid; 5 — substrate; OSC 1, OSC 2 — signals taken on
the first and second channels of the oscilloscope with
resistances of 390 Ohms; U; and U, — independent
pOWer sources

JKCIEPUMEHTAJIBbHOE 000py10BaHNe
Bo3aelicTBue Ha MHUIIEHb TPOU3BOANIOCH
usmydenneM Jasepa YAG:Nd®* LS-2137
¢upmsl Lotis — TII. M3mepenus npousBoau-
JHCh ¢ ToMoIIbo ocumiorpada Tektronix
TDS 2022B. Bo3xelicTBrue H3ITydeHHS Jia3e-
pa MPOU3BOJMIIOCH MPHU Pa3IMYHBIX MIJIOTHO-
cTsX MoutHocTu. [Ipu 3TOM Ha mpomexyTke
MHUILIEHb — CETKa U CEeTKa — MOJUI0XKKA IM0/1a-
BaJMCh paznuyHble noreHuansl Ur u Uz Tak
KaK B 9THUX HSKCHEPUMEHTaX IMPHCYTCTBYIOT
7IBa UCTOYHHUKA MUTAHUS, TO BaXXHO, B KaKOH
TOYKE MPOM3BOAUTH 3a3zemiieHue. Ilpensapu-
TEIbHO OBLIM TMPOBENEHBI SKCIIEPUMEHTHI C
3a3eMJICHUEM JIa3epHON MUILIEHU U MOIJIOXK-
ku. Okazanoch, 4TO B 3TUX CIIydasiX HCTOY-
HUKHU MUTaHMs Yepe3 BHYTPEHHEe CONPOTHUB-
JIEHUE Y4YacTKOB MUIIEHb — CETKa U CeTKa —
MOJUI0KKA BIMAIOT APYT Ha Apyra. 1 Toiabko
cxeMa (puc. 1) ¢ 3a3emyIeHHOH ceTKOM MOo3-

BoJsgeT ucrounukam nuranusa Ur u Uz ObITh
HE3aBHUCHUMBIMHU TIPH JIFOOBIX PEKUMaxX IKC-
IIEPUMEHTOB.

PesyabTaTsl 1 HX 00CyKIeHHE

UroObl BBISICHUTH BJIMSHHE MaTepuania
MOJUIOKKH Ha (OpPMY MMITyJIbCa TOKa B IPO-
MEXYTKE CETKa-TMOJUI0KKA B HAIIMX JKCIIe-
pUMEHTaxX OBUIM B3SITHI MaTepUalbl ITOAJIO-
JKEK, HauOoJiee YacTO HCIOIb3yeMble IS
MCCIJIEIOBAHMSI HA 3JIEKTPOHHOM MHUKPOCKOIIE
U OTJIMYAIOIIMEcs MO MPOBOJAUMOCTH M IO
aTOMHOMY BecCy.

Jns uccnenoBaHUs pexuMa TPaBJICHUS
NOJJIOKKHU (BTOPUYHOW HOHHOW SMUCCHHM)
ObUTH MOCTABIIEHBI SKCIIEPUMEHTHI C TOTOKA-
mu pasznuunbix HoHos (Al, Ag, Cu) Ha moa-
JIO)KKK M3 pa3inudHbix MmartepuaioB (KIb03,
K9d20, X18H10T) ¢ nocTostHHBIMU MOTEH-
UMalaMi B TPOMEXKYTKAaX MHUIICHb-CETKA
(20 B) u cerka-nommoxkka (50 B). Pesynbra-
ThI SKCIIEPUMEHTOB MIPEJCTABICHbI Ha pUC. 2.
Kak BUJHO M3 3TOro pucyHka, BO BCeX CIIy-
Yasix HaOIIOAAeTCs KOPOTKUHM MUYEK HA MM-
IIyJIbCE TOKA B MPOMEXKYTKE CETKA-TIOJI0KKA
3a cueT OOpaTHOro0 TOKa AJIEKTPOHOB, KOM-
MEHCUPYIOUINX 3aps]l UMIJIAHTUPOBAaHHBIX B
IPUIIOBEPXHOCTHYIO  00JIaCTh  MOJJIOKKHU
MOHOB C MTOMOIIBI0 UCTOYHUKA Uy,

Kpome TOro, pesynbraTel 3THX HKCIEPH-
MEHTOB (pHC. 2) TOKa3bIBAIOT, UTO 3HAYCHUS
TOKa B NPOMEXYTKE CETKa-NOJJIOXKKA 3aBU-
CAT KaK OT MaTepuaia JIa3epHOM MHILIEHH,
TaK U OT MaTepuaa MoUI0KKH.

M3-3a TOrO, 4TO0 y MaTepuaioB MUIIECHU
pa3IUYHBIN KO3(PUIIMEHT TOTJIOMECHHUS Ha
JUIMHE BOJIHBI J1a3zepHoro wusnydenus (1.06
MKM) B NMPOMEXYTKE MUIIEHb-CETKAa (POpMU-
pyercs Iuia3Ma ¢ pa3InyHbIMUA TTapaMeTpaMu
(Temmieparypa, naBlieHUE, KOHIIEHTpaIUs 3a-
PSOKEHHBIX YacTUL, JUIMTEIBHOCTH CyIIe-
CTBOBaHHS).

W3 ucnonp3yeMbIX B SKCIIEPUMEHTAX Ma-
TEpUAJIOB MUHUMAaIbHBIM KO3 PHUIIEHTOM
MOTJIOIIEHUs o0yajjaeT Mefb, Y cepedpa Ko-
G PUITMEHT TOTJIOMICHHUS] HECKOJIBKO BBIIIIE,
a MaKCUMAJIbHBIH KO0d3(dULMEeHT mnorioie-
HUS UMEET ATFOMUHUN. DTUM U OOBSICHSIETCS
pa3HMIla B BEJIMYUHAX TOKA U JJIUTEITbHOCTH
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MMITYJIbCA B IPOMEXKYTKE CETKA-TIOI0XKKA.

020, LA
0.15
0.10
0.05
0.00- ‘ ‘ : : ‘ ‘
0 5 10 15 20 25 30 35
t, MKC a(a)
0207 LA
0.15+ 3 1
2
0.10+
0.05+
0.00 T T T T y r .
0O S5 10 15 20 25 30 35
t, MKC 6(b)
0 5 10 15 20 25 30 35
t, MKC B(C)

Puc. 2. Tok Ha MOUTOKKE TIPU BO3JCHCTBUH Ja3epHO-
T0 U3JyYEHUS MJIOTHOCTHIO MOLIHOCTH 1,8:10° Br/cMm?
Murenb-cetka 20 B, u cetka-nmommoxka 50 B: a — Al,
06 — Ag, B — Cu, a Takxe ¢ pa3IMIHBIMH MaTepHalaMu
momnoxku: 1 —KJ[B03, 2 — KD®-20, 3 - X18H10T
Fig.1. Current on the at acting laser radiation with a
power density of 1,8:10° W/cm? on various targets
with constant potentials in the intervals target-grid 20
V and grid-substrate 50 V: a — Al, b — Ag, ¢ — Cu, as
well as with various substrate materials: 1 — KDB 03,
2 - KEF 20, 3—-08H18N10T

Kak BuaHO U3 puc. 2a, KOJIWYECTBEHHOE
3HaYeHHE TOKa B MPOMEXYTKE CeTKa — IOJ-
JOXKa 3aBHCAT OT MarepHaja TOJJIOXKKH.
Haumenbmass amIuiuTyga HMIyJbca TOKa
HaOMIOZaeTCsl y TIOMJIOKKH U3 KPEMHUS
KJb 03. B arom ciyyae NEepBUYHBIE HOHBI
anmoMuHus 6osee 3QpGeKTUBHO BHIOUBAIOT U3
MOBEPXHOCTHU MOJUIOKKH HOHBI Oopa, U BTO-

PUYHBII TOK MOHOB MAaKCHMMAalbHO KOMIICH-
CUpyeT TOK IMEpBUYHBIX HOHOB. I[lo3aTomy
aMIUTATY/1a UMITYJIbCa B TIPOMEKYTKE MHUHH-
ManbHa. s moanmoxku u3 kpemuust KOd20
M3-32 YMCHBIIIEHUS COOTHOIICHHUS ATOMHBIX
Macc atoMuHUS U Gocdopa 1Mo CpaBHEHUIO €
COOTHOIIIEHUEM aTOMOB AITIOMHUHHS U Oopa
MPOUCXOJUT YMEHBIICHHE TOKa BTOPUYHOU
SMUCCHH. BClencTBUe 3TOro yBEITMYHUBACTCS
pasHUIla MEXIY NEPBUYHBIM U BTOPHUYHBIM
TOKOM HOHOB, a HUMIYJbC OOILIEr0 TOKa B
MIPOMEXKYTKE CETKa-TOJIOKKA yBEIINYMBACT-
cs (puc. 2a, kpuast 1 u 2).

[Ipy uWCHONB30BaHUU TOJIOKKH, H3TO-
TOBJICHHOM W3  HEP)KABEIOIIEH  CTaln
X18H10T, sror addekr ycunupaercs, Tak
KakK aTOMHBIM BEC XpOMa, KOTOPBIN SIBJISIETCA
Haubosee JIETKUM IO aTOMHOMY BeCy 3Jie-
MmentoM cmiaBa X18HI10T Oosbine, yem
aTOMHBIN Bec amoMuHUA. BTopuunas smuc-
cus B ITOM Ciyyae elmie MeHbie. Bceren-
CTBHE ATOT'0 HMMITYJIbC OOILEro TOKa B IPO-
MEXYTKE CETKa-TOJIOKKA CYIIECTBEHHO
yYBEJIMYMBAET CBOE 3HaueHue (puc. 2a, Kpu-
Bas 3).

B cnyuyae mpumeHeHus cepeOpsHON MHU-
IICHH W3-3a OOJbIIel MacCchl TEPBUYHBIX
HMOHOB cepebpa BTOpUYHAS IMUCCHUS C TIO-
BEPXHOCTH  TOJJIOKEK  yBEIIMYUBACTCS,
YMEHbIIIas MPU STOM BEIMYUHY OOIIETO TOKa
B IICTTH CETKa-MoII0XkKa (puc. 20).

KauecTBeHHO KapTHHA TOBTOpSIETCA U B
IKCIIEPUMEHTAX C MEIHOM MuIeHso. OaHa-
KO 3HAYEHHS TOKOB B TOM CIIy4ae ompee-
JSIOTCS HE TOJIBKO COOTHOIIEHHEM aTOMHBIX
MacC TMEePBUYHBIX ¥ BTOPUYHBIX MOHOB, HO U
CYIIECTBEHHBIM BIHUSHUEM KOdPPUIIUEHTA
MIOTJIONICHUS JTA3EPHOTO M3ITyYeHUS MaTepH-
aJIoM MEJTHOM MUILICHHU.

N3 Bcex paccMaTrpuBaeMbIX MAaTepUaoB
Ja3epHOM MUIIEHM B HacTosmIel paboTte
Me/b Ha JJIMHE BOJHBI JIA3€PHOTO M3JTyYICHUS
(1.06 MkM) obnamaeT MUHUMAIBHBIM KO3(-
¢unmentom nornomnieHus. [loatomy sddek-
TUBHOCTH B3aMMOJICHCTBHS JTa3€pPHOTO H3IIY-
YeHUS C MEIHOW MHIICHBIO CYIIECTBEHHO
HUKE, YeM C aFOMUHHUEBON W cepeOpstHOu
MunieHssMu. Tak kak (opma nazepHOro M-
mylibca TPEACTaBIsAET COOOW acCUMETpUd-
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HBI KOJIOKOJ, TO B 3TOM CJydae U Bpems
1a3MO00pa30BaHUs YMEHbIIAETCS, U MOHU-
KAIOTCS TIapaMeTphl IJIa3Mbl (TeMIlepaTypa,
KOHIIEHTpAllUsl 3apsOKEHHBIX dYacTull). 3a
CYET ITOr0 KOJIMYECTBEHHBIC 3HAUCHUSI UM-
IIyJIbCa TOKA B IPOMEKYTKE CETKA-ITOIOKKA
HUXKE, YeM TIPU HCIIOJIb30BAHUU CepeOpsiHON
MHUILIEHU, a TAKXE YMEHbBIIACTCS JJIUTENb-
HOCTh UMITYJIbCA.

3akiioueHne

Taxum o0Opazom, IS JIa3epHO-
IUIa3MEHHOTO HMCTOYHHMKA HAIMBLIICHUS HaHO-
MOKPBITUM HA OCHOBE SKCIEPUMEHTAIBHOIO
W3yYECHUS SIBJICHUM B MPOMEKYTKE CETKA —
MOJIJIOKKA JUIsl Pa3jIMyHbIX MaTepUaIOB MU-
IIEHU U TIOJIOKKH OOBSICHEHBI MPOIECCHI,
MIPOUCXOAAIINE ITPU YIPABJICHUH AJIEKTpPUYE-
CKHMM IT0JIEM JIa3€pHOM IUIa3Mbl B BAKyyMe€.

[TokazaHo, 4TO MpW TPaBJICHUH WOHHBIMU
MOTOKaMHU TMOBEPXHOCTH MOJJIOKKH IOSBIIC-
HHUE KOPOTKOIO0 MHUKAa TOKa Iepe] HadajaoM
BTOPUYHOW WOHHOM AMHUCCHM NPAKTUYECKHU
HE CKa3bIBA€TCs HA MEPEHOCE MAacChl MaTepHU-
aJla MHIICHU W TIOIJIOKKH, TaK Kak oH (op-

MHUpYeTCsl 32 c4eT 00paTHOro TOKa 3JIEKTPO-
HOB, KOMIICHCHPYIOLIET0 IOJO0XKHUTEIbHbIH
3aps], WOHOB, WMIUIAHTUPOBAaHHBIX B IIO-
BEPXHOCTh MOAJIOKKH.

OKCHEpPUMEHTAIIBHO II0Ka3aHO, 4YTO Ha
IPOLIECChl TPABJIEHUS BIMAIOT KaK XapakTe-
PUCTHKM MaTepuaja JIa3epHON MUIIEHH, TaK
U MaTepuaia MoJUI0XKKH.
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©®OPMHUPOBAHUE ITOPUCTBIX CJIOEB
HOJUTETPA®TOPITUJIIEHA ITYTEM JIASEPHOU ABJISALIUN

I1.H. I'pakoBuy, JI.®. UBanos, JI.A. Kanunun, S1.A. KoBanena,
B.M. Makapenko, B.1O. [llymckas, E.M. Toxcronsaros
Hnemumym mexanuxku memanionoaumepuolx cucmem um. B.A. benoeo HAH benapycu,
yi. Kuposa 324, 246050 I'omensv, Benapycw, yara.kov@tut.by, viktoria-shumsk@mail.ru

IIpoBeneHa orneHka GHU3MIECKUX XapaKTEPUCTHK JIA3ePHON abJLINK MOMUTETpapTOPITHICHA B BaKyyMe (Cpel-
HSI CKOPOCTh ITOTEPH MacChl, HHKYOAIIMOHHBINA MEpHO]] Havyana pocTa BOJOKOH, paclpeneieH s YacTul gropora-
CTa 110 pa3MepaM M CKOPOCTSIM, CKOPOCTb T'a3a Ha cpe3e Kparepa, CHiIa JaBJICHHUS ITOTOKA ra3a Ha MOAJIOKKY), a Tak-
)K€ TapaMeTphl MOJy4YaeMbIX MMPHU 3TOM IMOPHUCTHIX CJIO0EeB (IIOPUCTOCTh, CPEIHUN pa3Mep TOp, ylellbHas IOBEpX-
HOCTB) TpH HcIoib30BaHHU CO2-11a3epoB C HENPEPHIBHBIM H3JIyYCHHEM C Pa3HOH MOIIHOCTBIO M IIIIOTHOCTHIO
MOIIHOCTH. [IpHBEICHBI OIBIT CO3AaHKS U IPUMEHEHUS BOJIOKHUCTO-TIOpHCTOro proporuiacra «I'pudrexe» B huib-
Tpax Il OYUCTKU I'a30B, BKIIOYast HpHpOI[HbeI ras, CUHTE3-ra3, KOHACHCAT U3 YIJI€BOAOPOA0B U CUJIbHBIX KUCJIOT, a

TAaKXKC U3CITHUAX MCIUIIMHCKOT'O HA3HAYCHMU.

Kniouegvie cnosa: monuterpadropITUiieH; JazepHas aOALus; TeMIepaTypa; YacTUIbl, MOPUCTBIH CIOW;

«'pugrexcy.

FORMATION OF POLYTETRAFLUOROETHYLENE
POROUS LAYERS BY LASER ABLATION

Petr Grakovich, Leonid Ivanov, Leonid Kalinin, Yaraslava Kavaliova,
Vladimir Makarenko, Victoria Shumskaya, Evgeny Tolstopyatov
V.A. Belyi Metal-Polymer Research Institute of National Academy of Sciences of Belarus,
32A Kirov Str., 246050 Gomel, Belarus, yara.kov@tut.by, viktoria-shumsk@mail.ru

The physical characteristics of laser ablation of polytetrafluoroethylene in vacuum (the average mass loss rate,
the incubation period of the beginning of fiber growth, the size and velocity distribution of the fluoroplast particles,
the gas velocity at the edge of the crater, the pressure force of the gas flow on the substrate), as well as the parame-
ters of the resulting porous layers (porosity, average pore size, specific surface area) when using CO; lasers with
continuous radiation with different power and power density are evaluated. The article presents the experience of
creating and using the fiber-porous fluoroplast "Griftex" in filters for cleaning gases, including natural gas, synthesis
gas, condensate from carbon monoxide and strong acids, as well as medical products.

Keywords: polytetrafluoroethylene; laserablation; temperature; porous layer; Griftex.

BBenenue
OGHapy>keHHbIN paHee 2P(DHEKT aHOMATb-
HO  OBICTPOTO  pa3JOKEHUS  TOIUTET-

padropatrniena (ITTOS, dropomnact-4, Te-
¢Ii0H) Mox neiicTBUEM HENPEephIBHOTO U3IY-
gyeauss COp-mazepa (mmwHHA BOJHBI 10.6
MKM) C BBIJICJIEGHUEM BOJIOKHUCTBIX YaCTHII
MO3BOJIUJI CO3JaTh HOBYIO TEXHOJIOTHIO Iie-
pepabotku IIT®D B yHUKaNbHbIE MOPUCTHIE
marepuais [1]

Llens paboTBl — ONpeneNnuTh WHTEHCHB-
HOCTH aOJISAIIMU, BBIXOJ YaCTHII, pacrpeaere-
HUE UX M0 CKOPOCTSM U pa3MepaM, a TaKke
OCHOBHBIE MapaMeTpbl MOJIy4aeMbIX IOPH-
CTBIX CJIOEB: 00IIasi IOPUCTOCTh, pa3Mep Mop

(TMHAMHUYECKUii).

Marepunajbl M METOABI HCCJICIOBAHNUS
Abmsiust TITO®D mapku droportact-4
I'OCT 10007 npoBoauiack B BaKyyMHBIX
YCTaHOBKaX, MPEIBAPUTEIbHO OTKaYaHHBIX
1o 0.01 ITa. CpenHsisi MHTEHCUBHOCTh U3JY-
yeHHs naszepa coctaBmsma 50-500 Br/cm?.
JUis M3ydyeHus: MHTEHCUBHOCTH aOJsIIMU HC-
M0JIb30BaHAa OpPUTMHAJIbHAs METOAMKa C 00-
pasua IITO®D c¢ pa3memenneM Ha Becax B
BakyyMHOU kamepe (puc. 1). Obpazer; o0my-
qaJicsl CBEPXY M BECHI OJIHOBPEMEHHO DETH-
CTpUpOBaJIM U3MEHEHHE Macchl o0pa3na u
JaBJICHHE OT BBIACIAIOIIEHCI U3 Kparepa
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cTpyH Taza. KapTuHy perucrpanuu mokasa-
HUW AaTduka (puc. 3) Modaydaiad IMyTeM MO-
IDyJIMPOBAHUS JIA3€PHOTO M3NMydeHHs (5 ¢ u3-
nydeHus, 5 ¢ 0e3 M3Iy4deHHUs), U3 KOTOPOM

BHUJTHO U3MEHEHHE MTPOIIeCCca O0ITyICHHUS.
1

/

Puc. 1. Cxema ycTaHOBKH JUIs Jla3epHOM abusanuu: 1 —
COg-nasep; 2 — miockoe 3epkano; 3 — okuo u3 NaCl; 4
— BaKyyMHas Kamepa; 5 — oOjJydaemasi MHUIICHb; 6 —
BECHI; 7 — OTKaukKa

Fig. 1. Diagram of the laser ablation unit: 1 — CO;
laser; 2 — flat mirror; 3 — NaCl window; 4 — vacuum
chamber; 5 — irradiated target; 6 — scales; 7 - pumping

Jlia omnpeneneHuss CKOPOCTU YacTHUI] Ha
IIyTH Ta30KalelbHOIO II0TOKAa IPOLYKTOB
A0S~ YCTaHABIMBAJIUCH JBA  OBICTPO
Bpalaromyecss Ha oOueld ocu aucka (puc.
2), nepeaHuil U3 KOTOPhIX MMEN OTBEPCTHE.
IIponereBmine yepe3 OTBEPCTHE YACTHULIBI
OCaXJAUCh Ha 3aJHEM IHCKe, Tle, B Io-
crnencTBuy, (oTorpadupoBaIUCh € HCIOIb-
30BaHUEM ONTHYECKOr0 MHUKpockomna U ¢o-
TOKaMepBbl.

s UCCJIEJIOBAHUS BOJIOKHHUCTO-
IIOPUCTOrO0 MaTepHajla MCIOJIb30BAIM pacT-
pOBBI anekTpoHHBIH Mukpockon VEGA |l
LSH («Tescan/Uexus»).

Pacnipenenenne nop mo pasmepam usyda-
JIY C MOMOIIBIO ra30-)KUJIKOCTHOTO TIOPOMET-
pa PoroluxTM 500, paboTaromiero mo npuH-
UMY BBITECHEHUS Ta30-KUIAKOCTHOU (ha3bl.
B xauecTBe cmaumMBaromen JKHIKOCTH HC-
nonb3yercs PorefilTM ¢ moBepXHOCTHBIM
HaTsDKEHUEM 16 quH/cM.

Pe3yabTaTsl U MX 00CyKIEHUE

IIpu oGnydenun IITO®D wuznydeHuem
COp-mazepa cpenHeld MHTEHCHBHOCTHIO 50-
80 Br/cM? B BakyyMe MPOIIECC PA3NOKEHUs
HaumHaeTcs He cpa3y (puc.3). Ha mepsowm,

a)

-

Puc. 2. Cxema skcriepuMeHTa: a) jasep; 0) Joyd; B)
mutess [IT®I; r) notok vactun [ITDI; 1) muck c
OTBEPCTUEM; €) AUCK C OCAKICHHBIMHU YaCTULIAMU; )K)
3JIEKTPOJBUIaTENb; 3) BaKyyMHas KaMepa

Fig. 2. Experimental scheme: a) Ifser; b) laser radia-
tion; c) PTFE target; d) the flow of PTFE particles; €)
disk with a hole; e) disk with deposited PTFE parti-
cles; g) disk motor; h) vacuum chamber
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Puc. 3. Tlokazanus matuuka mpu oomydenun [1TDD
MOy TUPOBaHHBIM H3ITydeHHeM (5 ¢ obimydeHue u 5 ¢
nay3a) CO,-nazepa ¢ momuocThio 30-40 Br

Fig. 3. Sensor readings during PTFE irradiation with
modulated radiation (5 s irradiation and 5 s pause) of
CO;, laser with a power of 30-40 W

MHKYOallMOHHOM JTare, MPO0HKAIIIEeMCs
HECKOJIbKO CEKYHJ, IMPOUCXOJUT pa3orpes
MOBEPXHOCTHOTO CJIOSI TTONIUMEpPa 10 TeMIIe-
patypsi okoiio 800K [2].

Jlanee HauMHaeTcs ACMOJIMMEpPU3AIUS
[IT®D ¢ BbelACIEHUEM MOHOMEpPA TET-
padTopaTriieHa. YacTh momumepa, Haxo[s-
IIET0Cs B BSI3KO-TEKydeM COCTOSTHUH, BhIOpa-
ChIBaeTCA M3 KpaTepa B BHUJE BOJOKOH, IO-
XOKHMX Ha BaTy (puc. 4) u dopmupyromen
XapaKTEepHYI0 KOPOHY.
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Puc. 4. Ob6pa3oBanne «KOpPOHBI» W3 BOJIOKOH [ITDD
MPY BO3JICHCTBUH Ha OJIOK M3ITyYCHHS Jla3epa MOIIHO-
ctbio 30-40 Bt

Fig. 4. Formation of a "crown" from PTFE fibers
when exposed to a laser beam with a power of 30-40
W

[Tpu MouHOCTH N1a3epHoro unyuyeHus 30-
40 Bt ckopocth abmsiuu coctamisier 8-11
MI/c, a pa3BUBaeMasl ra30BbIM IIOTOKOM CHJIa
npesbimaer 60-100 mH. Xopomo Buammoe
Ha pHc. 3 yMEHbILICHHE UKOB CBSI3aHO C 00-
pa3oBaHHEM YTIIyOJCHHOTO KpaTrepa W CHH-
KEHMEM HMHTEHCHUBHOCTH W3Iy4YeHUs U3-3a
pocrTa 1iouaau Kparepa.

[Ipu yBenuueHuu cpeaHell HHTEHCUBHO-
ctu u3nydenns 10 300-500 Br/cm? mHky6a-
IIMOHHBIA MEpHOJ] MPAKTUYECKH HCYE3aeT, a
CKOpPOCTh aOJSAIMH TIPH WCIOJIH30BAHUU JIa-
3epa MomHocThio 100-120 Bt yBenuuupaer-
cs 1o 25-30 mr/c. CymecTBeHHO U3MEHSETCS
nporecc adyALUU - MOIIHBIA MOTOK MOHO-
Mepa BBIHOCHT 4YacTb IOJIMMEpPA U3 KpaTepa,
o0pa3ysi razokamnejlbHbI MOTOK M3 YacTHUI
paszHoro pasmepa. [omnst wactun [ITDD npu
Ja3epHOU abnsauu gocturaet 35%.

Ha puc. 5 nokazana ¢ortorpadus yactu
3aJHETO JHMCKA YCTPOMCTBa ISl M3MEPEHUS
CKOpOCTH TIOJIeTa 4YacTHIl, Ha KOTOpPOW XO-
pOIIO BHIHO HAJIMYHE YACTUI[ JIBYX THIIOB:
KPYITHBIX, Pa3MEPOM B HECKOJIBKO COT MKM,
NPEJCTaBISIIOMNX COOOH MPEHMYIIECTBEHHO
BBITSIHYTbIE TSDKM paciulaBa, U MEJKHUX, pas-
MEpPOM B HECKOJIbKO MKM U 0o0Jiee OKpYTIIOi

(bopMmBl.

Puc. 5. ®ororpadus ocaxneHHsx yacTuil (3x3 MM)
Fig. 5. Photo of deposited particles (3x3 mm)

OOpa3oBaHue BBITAHYTBIX YaCTHI[ BO3-
MOJKHO TOJIbKO TIPH PACTSATHBAHHUM €IIE CBsI-
3aHHBIX CO CJIOEM IOJMMEpa YacTHI[ ra3o-
BBIM ITOTOKOM.

Ha puc. 6 mokazana tunudnHas (ortorpa-
¢us 33HETO AWCKA YCTPOWCTBA I U3MEpe-
HUS CKOPOCTH IIOJIeTa YacTUIl. BHAHO, 4YTO
OCHOBHAasl Macca 4yacTUl] UMeeT ckopocTh 20-
80 m/c, ogHAKO CylIecTBYeT OOJbIIOE KOJH-
YeCTBO MEJIKUX YACTHII, JIETSIIUX CO CKOPO-
cter0 160-300 m/c u Oonee. OueBUIHO, YTO
CKOPOCTh Ta3a, WCXONAIIETO W3 Kparepa,
MPEBBIIIAET CKOPOCTh MOJIETa YACTHI] U TIpe-
BBIIIIAET CKOPOCThH 3BYKa B BO3AYXE.

0 m/c

80
Mm/c

20
Mm/c

40'™m/c

Puc. 6. ®otorpadust TuCKa C OCaKICHHBIMUA YaCTH-
aMH
Fig. 6. Photo of a disk with deposited particles

OTO XOpOUIO KOppeTupyeT ¢ OLEHKOH
ckopocTH notoka 20 mr/c TerpadTopaTuieHa
npu aasiaenuu 100 I1a u temneparype 800 K,
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BBIXO/JIAIIEr0 U3 Kparepa riomaaso 10 MM?
— 800 m/c.

OOpasyromuecs: B X0j€ Ja3epHOU aldiis-
MU YacCTHIl MOTYT OBITh OCA&XKICHBI Ha
MOJUIOKKY, 00JIaJaroIlyi0 JOCTaTOYHOU Tep-
MOCTOMKOCTBI0. Takum oOpazoM (opmupy-
€TCsl IOPUCTBIA CJION, IOXOKUM Ha BOWIIOK
umu derp (puc. 7a, 6). Xopoiro BUIHO, YTO
MaTepuag COCTOUT W3 BOJOKHOIOJOOHBIX
00pa30BaHUil MUKPOHHBIX U CYOMHUKPOHHBIX
pa3MepoB, MpUYEM MHOTHE W3 HHUX TNpe-
CTaBJIAIOT COOOM IUICHKH, a YacTh MaTepualia
BCIICHEHA.

i

SEMHV: 000KV WD: 10.2760 mm
View field: 83.18 ym  Det: BSE Detector
viadk Name: 9.tif

VEGAW TESCAN g

Digital Microscopy Imaging n a(a)

SEM HV: 10.00 kY WD: 45.0000 mm
View field: 52.91 pm  Det SE Detector
viadk Name: B.tif

VEGAW TESCAN
Digital Microscopy Imaging

l 6(b)

Puc. 7. POM wuzobpaxenne odOpazua I[ITDPD mnocne
nazepHo abmsuuu: a — obpaserr 1; 6 — obpaserr 2
Fig. 7. SEM image of PTFE sample after laser abla-
tion: a — sample 1; b — sample 2

IIpu TommuHe ciost matepuana B 2-3 MM
OH WMMeeT OOIIYI MOPUCTOCTh OKOJIO 85%.
VY aenpHas II0IIA b TOBEPXHOCTH JOCTUTAET
3-8 M%/r. JIns MOIMMEPHBIX MATEpPHUANOB JTO
O4YeHb OOJIbIlasi BEIWYMHA, OCOOEHHO Yy4u-
ThIBasg BBICOKYIO IIOoTHOCTH [ITOD (2.13-
2.20 t/cM® mpotus, Hampumep, 0.92-0.93 y

nonunpomnwieHa). Tak, y TOTUIPONHICHO-
BBbIX BOJIOKOH JMaMeTpOM OKoj0 20 MKM OHa
cocrasnser nopsaaka 0.1 M%/r. BonokHucTEIi
MaTepuan U3 IIIMHIPUYECKUX BOJIOKOH W3
[IT®D ¢ ynenbHOH MIIOLIAAbI0 TIOBEPXHOCTU
3-8 M%r jomkeH nuametp BojokoH 0.2-0.3
MKM.

[TomyueHHBI MeTOAOM Jla3epHOW alJs-
uu [IT®D BOIOKHUCTO-IOPUCTBIN MaTepu-
aje TOJUIMHOW 2-3 MM HMMEET CpeIHUN pas-
mep mop okojio 20 mMxm (puc. 8), muamerp
MaKCUMaJIbHOM Tmopel okoio 100 MkM, a
HauMeHblIeH - okoso 13 MkMm. OH obnamaet
BBICOKON THJIPO(OOHOCTHIO - Yrojl CMavyKBa-
HUSL BOIOH cocraBiser 142-145°, 3a cuer
«dodexra sorocan» [3]. Bosoknucro-
MOPUCTHIA (TOPOIIIACTOBBII MaTepuan, Mo-
JTy4aeMbld METOJIOM JIa3epHOU aOJISAIuH, CO-
XpaHsAeT MPAaKTHUYECKU BCE CBOWMCTBA UCXOJ-
HOTO TIOJMMEpa, BKIIOYas YHHUKAIBHYIO XU-
MHUYECKYI0 CTOMKOCTh, mmmpokuii (-150)-
(+250) °C pmama3oH pabouux TeMmmeparyp,
BBICOKHE TUAJIEKTPUUYECKHE XapaKTEPUCTUKH.
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Puc. 8. Pacnpenenenue nop no pasmepaM B BOJOKHH-
CTO-TIOPHCTOM MaTepHalie, MOIyYCHHOM METOIO0M
nazepHoi abnsuu [ITDD

Fig. 8. Pore size distribution in fiber-porous material
obtained by laser ablation of PTFE

IIpumenenne

biaronapss BBICOKOM NOPUCTOCTU U pas-
BUTON IOBEPXHOCTH BOJOKHUCTO-TIOPUCTHIN
MaTepHal, MoJlydaeMblil JlazepHOi almsauueit
[IT®D (troprosast mapka «['pudrekcy), mm-
POKO HCIIOIB3YETCsA JUIsl U3TOTOBJICHUS BBI-
COK03(pPEeKTUBHBIX buIbTPOB cepun
«I'puc». OHM mpenHa3zHaueHB! Ui cemapa-
LN a3PO30JI€H U3 MOJSPHBIX U HEMOJSPHBIX
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JKUJIKOCTEN B PA3JIMYHBIX Ta3ax. Y CTaHOBKHU
«I'pud-Anmas» u «I'pud-bpumuant» Gonee
20 mer wucnonb3ytorcs Ha CMOJICHCKOM U
['omenbckom 3aBojax «Kpucramn» s npo-
MBIBKH aJIMa3HBIX 3arOTOBOK U OpPWILTHAHTOB
B KUIISIIMX KucinoTax. @uinbTpsl «['pud» uc-
MOJIL3YIOTCSA JIIi OYHMCTKH CHHTE3-Ta3a Ha
HII3 B Mo3skipe, Kpemenuyre u baky. bosib-
[10€ KOJMYeCTBO (UIBTPOB C paboduM cIio-
eM u3 «'pudTeKcy mocTaBIeHO Ha MPEaIpH-
atun OAO  «l"azmpom», I1O0 «benapych-
He(dTh» (r. Peunna) ounimaercs Ha GuiIbTpax
«I'puc-Py». @unbtpel «I'pud» ucnonb3yoTes
JUIsL OYUCTKU TOIUIMBHOTO Tra3a B Tra3oTyp-
OounHbIX aurarensix TOC U aBTOMOOUIIBHBIX
ra3oBBIX 3allpaBOYHBIX cTaHIMsIX. [lepcrek-
TUBHO NMpUMEHEHHE Matepuana «I pudrercy
B MEAMIIMHE: B KauyeCTBE XHPYpPrH4e€CKOro
UMIUTAHTATa, HAIPUMEp, IS TJIACTHKH MSIT-
KuX TKaHel [4], copOIMOHHO-IPEHAKHBIX
YCTPOMCTBAX M OOTIOPATOPAX KUIICUYHUKA.

3akiaro4eHue

Jlazepnas abmsamus [ITPD saBusercs uH-
TEPECHBIM 00BEKTOM JUIsl U3YyUEHHUSI U TTO3BO-
JseT pa3paboTaTh HOBYIO TEXHOJIOTHIO Iepe-
pabotku (droporacta-4, MPOIYKTOM KOTO-
POl SABIIIOTCS MaTepHUalibl ¢ YHUKAIbHBIMU
CBOMCTBAaMH, KOTOPhIE UMEIOT IIUPOKUE TIEP-
CIIEKTHBBI POMBIIIJIEHHOTO UCIIOJIb30BaHUSI.

baaropapHocTn

Pabora BbIlONIHEHAa B paMKax IPOEKTOB
BPO®OU NeT21KOBW/1-023 n I'TTHU 4.4.2
HUP 3.
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HCCJIEIOBAHUE CIIEKTPOB OIITUYECKOI'O NOTJIOIEHUA
B KPUCTAJUIE Bi12SiO2 IPU BO3AEUCTBUU UMITYJIBCHOI'O
WK W3JTYUYEHMSA C JJIUHOM BOJIHBI 1053 um

B.I. I[}ol), C.M. HlaHI[apOBl), M.I". Kucrenesa®), C.B. CMI/IpHOBl), 10.D. KapFI/IHZ)
DTomexuii 2ocyoapemeennuiii ynusepcumem cucmem ynpasienus u paouod1ekmpoHuKy,
np. Jlenuna 40, 634050 Tomck, Poccus
2 Uncmumym memannypeuu u mamepuanosedenus um. A.A. Baiikosa PAH, Mockea, Poccus

valeriya.dyu@gmail.com, stanislavshandarov@gmail.com, m-kisteneva@mail.ru,
serafim.smirnov@mail.ru, yu.kargin@rambler.ru

IIpencraBneHsl pe3ynbTaThl 3KCHEPHMEHTAIBHBIX HCCIICIOBAHMH CHEKTPAIBHBIX 3aBUCHMOCTEH ONTHYECKOTO
noryiomieHus B kpucramie Bi1zSiOy u ux M3MeHeHHH, HAOMOMAeMBIX TIPH BO3ICHCTBHH HUMITYJILCHOTO JIA3€PHOTO
n3IMydeHns ¢ AnuHoN BoiHbI 1053 HM M HEMPEPHIBHOTO JIa3€pHOTO M3IY4YEHUs ¢ NIMHOM BoHBI 532 HM. [lokasaHo,
YTO OOJIydEeHHE MMITYJIbCHBIM Ja3epPHBIM M3ITy4YEHHEM C JUIMHOM BoiHBEI 1053 HM M 4acTOTOH cIeJOBaHHS MMILYIIb-
coB 0.1-10 kI['1{ IPUBOJKT K YMEHBIIICHUIO ONITHYECKOTO MOTIIONIeHUs B Kpuctamie BiinSiOx Bo BceM mccienoBaH-
HOM Juamna3oHe AauH BosH 500-850 HM. [Iy1g paccMaTpuBaeMbIX 4aCTOT UMITYJIBCHOTO M3ITyUCHHS C OJJHOM U TOM ke

J10301 0OJIydeHHs BeJIMUMHA HaBEACHHBIX N3MCHEHHH B KpHCTa/Ule OAMHAKOBAa. Bo3neiicTBhe Ha KpucTamn Hempe-
PBIBHBIM JIA3€PHBIM U3IYYEHHUEM C AIMHOM BOIHBI 532 HM NPHUBOAUT K YBEIMYEHHUIO ONTUYECKOrO MOTTIOMIEHUS U K
OHOMY M TOMY K€ COCTOSIHHIO IIPH €r0 JOCTaTOYHON AMUTENbHOCTH. CHEKTPBI ONTHYECKOr0 NOTTOMIEHHS aIPOK-
CHMHUPOBAJINCH B paMKaX MOJICIIM NPUMECHOTO IOTJIOIICHH)S, YIUTHIBAIOEH BKJIAJ KaK MPOIeccoB (hOTOBO30OYKe-
HUS 3JIEKTPOHOB B 30HY NPOBOJAUMOCTH C INTyOOKHX JAOHOPHBIX IIEHTPOB C HOPMAJbHBIM 3aKOHOM pPacIpeeNeHUs
KOHLEHTpaLUi 110 S3HEPIMH MOHU3ALUHU, TaK U BHYTPULIEHTPOBBIX IIEPEX0J0B C I'ayCCOBBIM BUJOM YaCTOTHBIX 3aBU-
CUMOCTEH.

Knwuesnle cnoea. cunvkar BHUCMYTa,; ONTHYCCKOC MOTJIOMECHUE,; CIICKTPaJIbHAad 3aBUCUMOCTD; JIa3€pPHOC U3JTy4deC-
HHUC.

STUDY OF OPTICAL ABSORPTION SPECTRA IN A Bi12SiO2 CRYSTAL
EXPOSED TO PULSED IR RADIATION
WITH A WAVELENGTH OF 1053 nm

Valeria DyuY, Stanislav Shandarov?, Marina Kisteneva, Serafim Smirnov?, Yuryi Kargin?
UState University of Control System and Radioelectronics,
40 Lenin Ave., 634050 Tomsk, Russia
2Baikov Institute of Metallurgy and Material Sciences of the RAS, 119991 Moscow, Russia
valeriya.dyu@gmail.com, stanislavshandarov@gmail.com, m-kisteneva@mail.ru,
serafim.smirnov@mail.ru, yu.kargin@rambler.ru

The results of experimental studies of the spectral dependences of optical absorption in a Bi12SiO2 crystal and
their changes observed upon exposure to pulsed laser radiation with a wavelength of 1053 nm and continuous laser
radiation with a wavelength of 532 nm are presented. It is shown that crystal irradiation with wavelength of 1053 nm
and pulse repetition rate of 0.1-10 kHz leads to decrease in the absorption coefficient in the spectral range 500-850
nm. The magnitude of the induced changes in the optical absorption is the same for the considered frequencies of
pulsed radiation with the same exposure. Crystal illumination with continuous laser radiation with a wavelength of
532 nm leads both to an increase of optical absorption and to the just one crystal state for sufficient duration of one.
The time dependence of changes in the optical absorption coefficients is satisfactorily described by sum of three
exponentials with characteristic times of 3-10%, 6:10%, and 3.36-10% s for all pulse repetition rate. The difference in
spectrum dependences of changes in the optical absorption coefficients demonstrate a resonance nature of absorp-
tion, which is due to intracentre transitions. The optical absorption spectra were approximated in the framework of
the impurity absorption model, which takes into account the contribution of both photoexcitation of electrons to the
conduction band from deep donor centers with a normal distribution law of concentrations in terms of ionization
energy, and intracenter transitions with Gaussian type of frequency dependencies. We take into account four intra-
center transitions with Gaussian spectral characteristics having the maxima at quantum energies equal to 1.51, 1.63,
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1.77, and 2.42 eV. For the transitions of electrons to the conduction band four deep donor centers were taken into
account with average ionization energies of 1.17; 1.60; 1.94 and 2.70 eV. Calculations show that decrease in the
absorption in the range from 500 nm to 850 nm in the Bi1,SiOz crystal caused by pulsed IR irradiation may be asso-
ciated with decrease in the contributions of all intracenter transitions to it and with a decrease of the electron filling
of centers with an ionization energy of 1.17 eV. In addition, an increase of the electron filling of donor centers with

an ionization energy of 1.60 and 2.70 eV takes place.

Keywords: bismuth silicon oxide; optical absorption; spectral dependence; laser radiation.

Beenenue

Hcnonp30BaHnEe KPHUCTAIOB CO CTPYKTY-
poii cuuienuta BiioMO2 (M = Si, Ge, Ti) B
KauecTBe CBETOUYBCTBUTEIBHON Cpelbl B
YCTPOMCTBAX JAMHAMHUYECKOH rojorpaduu
00ycioBieHO uX (OTOpePpPaKTUBHBIMU U
(doTouyBCTBUTEIBHBIME CBOMCTBamu [1, 2].
[Tpu 3TOM HE0OXOIMMO MPUHHUMATH BO BHH-
MaHHE HaTU4ue Yy HUX (HOTOXPOMHBIX
CBOICTB, CBSI3aHHBIX C ACPEKTHBIMU IICH-
TpaMmH, JHEPreTUYECKHE YPOBHU KOTOPBIX
JIOKAJIM30BaHBI B 3ampelieHHoi 30ue [3]. Dtu
HEHTpbl 00yCIIaBIUBAIOT Mepepacipenee-
HHUE HOCHUTEJIEH 3apsija MoJ AEHCTBUEM pas-
JUYHBIX BHEIIHUX BO3JCHCTBHUI, TaKUX Kak
TEMIIEPATyPHBI OTKHUT WJIM ONTHYECKAs 3a-
cBetka [4 — 6]. Kpome Toro, B kpucramiax
Bi1oMO20 oOHapyxeH BKJIaJq B ONTHYECKOES
MOTJIOUICHHE, 3aBUCAUINM OT JJIUHBI BOJHBI
U3JTYYCHHUs, UCTIONB3YyeMOW JUIsl MX IpeBa-
PUTEIBHOMN SKCIO3ULIMH, U UCUE3AIOUINNA TPU
OTXXHTe B BO3IYIIHOW arMocdepe Mpu TeM-
nepatypax 230-375 °C, o0ycnoBieHHbII
BHYTPHIIEHTPOBBIMHU Tiepexogamu [2]. B pe-
3yJbTaTe TEPMO- WIN (POTOMHAYIIMPOBAHHBIX
M3MEHEHUHN 3apsIoBbIX COCTOSHUI nedeKT-
HBIX IIEHTPOB HaOIr0/aeTcsl U3MEHEHHUe Oll-
TUYECKOTO TIOTJIONMIEHHS, KOTOPOE MOXKET
OKa3bIBaTh 3HAYUTENIBHOE BIMSHUE HA Xapak-
TEPUCTHKH YCTPONCTB, MCIOIB3YIOMNX KPH-
CTaJUIbl CHJUIEHUTOB. JlMama3oH AJMH BOJH
Ja3epHOTO M3IIyYEHUs, KOTOpOe Yalle BCETo
UCTIONB3YyeTCsl IS UccliefioBaHus (oTope-
¢bpakTUBHBIX 3()(PEKTOB B CHUIUIEHUTAX, MPO-
ctupaercs oT 442 um 1o 1064 HM U MOXKeT
OBITH OTHECEH K OO0JacCTH TPUMECHOTO TIO-
riouieHus [7]. OOnaydeHHe KpUCTaIOB Jia-
3epHBIM H3JIy9eHHEM W3 3TOTO JHara3oHa
IOPUBOJUT K YCTOMUMBBIM H3MEHEHHSM B
CIEKTpax OMNTHYECKOrO MoromeHus [2, 6,
7].

B nHacrosimeit pabote npencTaBieHbl pe-

3yJbTAaThl AKCIEPUMEHTAIBHBIX HCCIIEI0BA-
HUH 110 BIUSHUIO JIA3€PHBIX HMITYJIBCOB C
uHON BoJHBI 1053 HM C 4acTOTOM ClIENO0-
Banus B auamazode 0.1-10 x['m Ha omruye-
CKOE TOTJIONIEHUE B KPHUCTAIUIC CHIIMKATa
BucmyTta Bi12SiO2. IlomydeHHBIC CIIEKTPHI
ONTHYECKOIO IMOTJIOMICHUS AIIPOKCUMHPO-
BJIMCh B paMKaX MOJCIH IPHUMECHOro II0-
TJIOMICHHMSI, YYMTHIBAIOIIEH BKJIa] B HETO Kak
nporeccoB (pOTOBO30YKICHUS JICKTPOHOB B
30HY MPOBOJAMMOCTU C TIYOOKHX JTOHOPHBIX
[IEHTPOB C HOPMAJIBHBIM 3aKOHOM pacrpee-
JICHUS KOHIICHTpALMi 110 SHEPIHMH HOHH3a-
[[UM, TaK ¥ BHYTPHUIICHTPOBBIX MEPEXO0B C
rayCCOBBIM BHJIOM YaCTOTHBIX 3aBHCUMOCTEH

[7].

MeToauka IKCIePUMEHTA U Pe3yJIbTAThI

B skcnepuMeHTax ucClieoBaliCsl HENeTru-
POBaHHBI MOHOKPHUCTAJUT CHJIMKATa BUCMYyTa
Bi12SiO20 ¢ Tommmuoii d = 8 MM, BeIpaIieH-
HbIM MeTosoM YHoxpanbckoro. Ero cnexkrpsl
MPOIYCKAaHUSI PETUCTPUPOBAIKNCH IS HC-
XOJTHOTO COCTOSIHUSI KpHCTala H  IIOCIe
KOKIOW SKCHO3HUIMU C MOMOUIBIO CIIEKTPO-
doromerpa UV-2700 B nuama3oHe IMH
BonH 500-850 mm. Hccnemyemslii obpaszen
MOJIBEPTaJiCsl 3aCBETKE JIA3CPHBIMH HMITYJIb-
camu ¢ guHOM BoiHBI 1053 mM. JlnuTens-
HOCTb UMITYJIbCOB cocTaBisiia 10 He, yacTtoTa
CIeIOBaHMUs BapbUpOBalach B JHAala3oHe
0.1-10 x['m. [lo3a oOxydeHMS i BCEX 4a-
cToT ObLTa oAMHAKOBOW W cocraBisuia 1.02
kJIx/cM?. Bee IKCIIepUMEHTHI TIPOBOJTHIIHCE
Ipy KOMHATHOH TemmepaType U B OTCYT-
CTBUU BHEIITHETO OCBEIICHHUS.

[TomydeHo, 9TO XOTSI B UCXOJHOM COCTOSI-
HUHM CIIEKTP OMTHYeCcKoro moriomieHus K(A)
uccienyemoro oopasna Bi12SiO2o uzmensiics
OT JKCIIEPUMEHTA K 3KCIICPUMEHTY, IKCITO-
3UIIHS CBETOM C JITMHON BOJHBI Aj = 532 HM B
TEYCHHE 5 MHH, UCIOJb3yeMash Ha IEePBOM

14-51 Mescoynapoonas xonpepenyus « Bzaumooeticmeue uznyyenui ¢ meepovim menomy, 21-24 cenmaopsa 2021 e., Munck, berapyco
14th International Conference “Interaction of Radiation with Solids”, September 21-24, 2021, Minsk, Belarus

53



Cexyus 1. Ilpoyeccuvl 63aumooeiicmeust u3nyyeHus u naazmol ¢ meepobiM meiom
Section 1. Processes of radiation and plasma interaction with solids

JTane, KaXxAblid pa3 MPUBOJWIA €r0 K HEU3-
MeHHOU (opme. Jloza oOmydeHHs 3eICHBIM
Ja3epHBIM U3JTy4YCHUEM COCTaBHJIA
11.6 Jlx/cm?.

DKCrepUMEHTANIbHASL CIIEKTPAIbHAS 3aBU-
CUMOCTb OINTUYECKOTO TOTJIOIIEHUSI B KpH-
crauie Bi12SiO20, moaBeprayroro ooiyue-
HUIO HETPEPHIBHBIM JIa3€PHBIM H3TyYCHHEM
C JUIMHOW BOJHBI Ai = 532 HM, mpencTaBieHa
Kpykkamu Ha puc. 1 (3aBucumocth 1). Kak
BUIHO W3 PUCYHKA, OOJlyueHHE KpHCTaia
Ja3epHBIMU UMITYJIbCAMU C YacTOTOM cles1o-
Bauus 10 k' u mo30it 1.02 x/Ix/cm? puBo-
JIUT K YMEHbBILIEHUIO ONTHYECKOIO MOTJoNIe-
HUS BO BCEM HCCIICJOBAHHOM CIIEKTPAIHLHOM
nuana3one (kpuBasi 2). HaBenenHble n3me-
HEHUS B ONTUYECCKOM TOTJIONICHUH COXPaHsI-
JUCHh B TeyeHHe Oosee 3 CyTOK B TEMHOBBIX
ycnoBusix. OpHako 0OJydeHHE KpucTaia
HEMpPEPHIBHBIM JIa3€PHBIM U3IIyUYCHUE C JIJTH-
HOUM BOJIHBI 532 HM BcCerja BO3BpAllaJiO HC-
cieyemMblii oOpasell B OJJHO U TO K€ COCTOsI-
HUE.

k, em-1

Ak, em-l
0.13

0.1

0.051]

1
600

1
700

1
0.01 300

Puc. 1. CnektpanbHble 3aBUCUMOCTH IOKa3aTeNsl OIl-
THYECKOTO TOTJIONIeHHs (a) B ero u3MeHeHWH (0) B
kpuctamie BipSiOz: 1 — mocie obiyueHus Hempe-
PBIBHBIM M3JIydeHHeM ¢ A = 532 HM; 2 — mocne o0uy-
YeHHs JIa3epHbIMHU uMIyJibcamMu ¢ A = 1053 um n ¢ f =
10 x['u. Kpyxkku — 3KCnepUMEHTalbHbIE JIaHHBIE,
CIUTOIIHBIE JINHUH — PACYETHBIE 3aBHCUMOCTH

Fig. 1. Optical absorption spectra and its changes in
the Bi12SiOy crystal: 1 — after laser irradiation with A
= 532 nm, 2 — after pulse laser irradiation with A =
1053 nm and f = 10 kHz. The circles represent the
experimental data and the solid lines show a theoreti-
cal fit to the data

800

3aBUCHMOCTh HAaBEJEHHBIX HW3MEHEHUU
ONTHUYECKOTO IOTJIOIIEHUS, MOTy4YeHHAs My-
TEM BBIYMTAHUS JAHHBIX JJIS IOKA3aTeNs Io-
TJIOIIEHHUSl KpUCTaJJIa Toce OOIydeHHs UM-
MyJIbCHBIM M3JIYyYEHHEM €3 aHaJOTHYHBIX
JAHHBIX I KpHUCTaula Toclie OOIy4eHUs
3eJICHBIM CBETOM, TpEJCTaBJIeHa Ha puc. 10.
U3 puc. 16 BUIHO, 4TO HABEJCHHbIE U3MEHE-
HUS TIOKa3aTessl MOTJIOUIEHUST HOCST Pe3o-
HAHCHBIA XapakTep ¢ MaKCUMyMaMH Tpu
JUIMHAaX BOJIH 567, 696, 750 u 826 uMm. Mak-
CUMaJlbHOE W3MEHEHHUE TIoKa3aTelsis IOrJo-
[IeHUsT HAOIIoHaeTcd Ha UIMHE BOJIHBI 567
HM u coctaBister Ak=0.14 cm. J{na ciyuas
uccinenoBanust BiausHUs WK obOmyuenus c
MeHbiuMu yactotamu, 100 I'n m 1xI'1, Bpe-
Msl 3aCBETKH PACCUMTHIBAJIOCH TaKUM 00pa-
30M, 4YTOOBI 7032 OOJy4YEeHHs] COCTaBJslIa
1.02 kJIx/cm?. 3MeHeHus B CIIEKTPax ONTH-
YeCKOro MOTJIONICHMs JI YacTOT CJIeJI0Ba-
Hus umnyabcoB 100 I'm u 1 x['m Habxrona-
IOTCA TaKMMHU Ke, YTO U JJIi UMIYJIbCHOM
3acBETKU ¢ yacToToi nmoBTopenust 10 k.

W3 cepun mpOBEIEHHBIX SKCIIEPHUMEHTOB
TaKke OBLIO MOJYyYEHO, UTO HABEACHHBIC U3-
MEHEHHS B KPUCTAJUIE PACTyT C yBEIUYCHH-
eM 1036l oOiyuyeHus mmnyiabcHoil UK 3a-
cBetkoi. O6nmyuenne kpucramia Bi2SiOzo B
teueHue 360 MUH HE MPUBOIWIH K ITOJTHOMY
HACBIIICHUIO B CIIEKTPax ONTHUYECKOIro IO-
rnomenus. Ha puc. 2 rpapudecku npeacras-
JIeHa DBOJIOLMS HaBEIEHHBIX U3MEHEHUN OI-
TAYECKOTO  TIOTJIOMIEHHUS] B  KpHUCTaJUIE
Bi12SiO20 mociie UK-00myueHns: B MakCHUMy-
M€ Ha JUIMHE BOJIHBI 567 MpHU 3aCBETKE HM-
myJibcamMu ¢ 4yactoToi ciepoBanust 10 xl'1g
(xpuBast 1), 1 x['m (xpuBas 2), u 100 I'u
(xpuBas 3). Kak BugHO M3 puc. 2, poTOUH-
JIYyIIUPOBAHHOE TMIOTJIONIEHUE B KpHUCTaJUIE
Bi1oSiO20  xapakTepusyercss — y4acTKaMu
OBICTPOTO U MEIJICHHOTO pocTa. BpemenHas
3aBUCUMOCTh HW3MEHEHUW B TOTJIONIEHUN
YAOBJIETBOPUTEIBHO OINMCHIBAETCS CYMMOM
TpPEX SKCIIOHEHT BUA!
Ak(t)=Ak5‘(fr){l—alexp[—iJ—azexp(—ij—(l—ai—az)exp[—i

T T, T3
co cramuoHapHbiMu 3HaueHusMu  AK®(10
k') = 0.224 emt, AKY(1 xI'1y) = 0.204 cm?,
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Puc. 2 3BOJHOHI/ISI HAaBCACHHBIX U3MEHEHHUN OITHYE-
CKoro moromieHust B kpucramie BipSiOz B mMakcu-
MyMe€ Ha JUTHHE BOJHBI 567 HM U 9acTOT CJIeOBa-
U uMiyiecoB: 1 — 10 k[, 2 — 1 x['m, 3 — 100 I'm.
Kpyxku — 3KcHepUMEHTaJbHbIE  3aBHUCHMOCTH,
CIUIOIIHBIC JIMHUU — pacquHHe 3aBUCHUMOCTH

Fig. 2. Evolution of induced changes in the optical
absorption coefficient of the Bi;2SiOz crystal at a
maximum at wavelength of 567 nm for pulse repeti-
tion: 1 — 10 kHz, 2 — 1 kHz, 3 — 100 Hz. The circles
represent the experimental data and the solid lines
show a theoretical fit to the data

u AK®(100 I'm) = 0.151 cm? nua 3acBerkm
UMITyJIbcaMU € 4YacToToil ciemoBanust 10
k['1, 1 xI'mg u 100 ', cOOTBETCTBEHHO, U C
OJIMHAKOBBIMH  ITOCTOSIHHBIMH ~ BPEMEHH

1,=310%c, 1,=6-10°c u 1,=336-10"C
U BCCX TPEX 3HAYE€HUI YacCTOTHI cJIea0Ba-
HUS UMITYJIbCOB.

AHau3 U 00Cy:KaeHne pe3yabTaToB

AHanu3 npeacTaBieHHBIX Ha puc. la u 16
3aBUCHUMOCTEH IOKa3bIBAET, YTO OHU MOTYT
OBITH OTHCAHBI B PAMKaX MOJICIH, YYUThIBA-
IOIIEH BKJIaJ B MPUMECHOE TMOTIIONIEHUE KaK
($hOTOBO30YKIEHHUS DJIEKTPOHOB B 30HY IPO-
BOJMMOCTH C TIyOOKHUX TOHOPHBIX LIEHTPOB
C HOPMAJIbHBIM 3aKOHOM pachpeerncHus
KOHIIEHTPAIlMH 1O PHEPTMHM WOHM3AINH, TaK
Y BHYTPHIICHTPOBBIX Mepexo1oB [7].

[IpencraBnennsie Ha puc. la u 16 pacyer-
HbIC CIUIONIHBIC KPUBBIE, IOJTY4YCHHBIC B
pamMKax mojenu [4], y4uTBIBAOT JJIsl UCCIe-
nayemoro kpucramia Bi1oSiOzo ueTsipe BHYT-
PHUIICHTPOBBIX TMEPEX0Jia C TayCCOBCKUMH
CHIEKTPATLHBIMH XapaKTEPUCTHKAMU C MakK-
CUMyMaMH TIpHU DHEPrUsSX KBAHTA, PaBHBIX
1.51, 1.63, 1.77 u 2.42 3B. Jlna nepexooB
DIIEKTPOHOB B 30HY MPOBOAMMOCTH OBLIH
YYTEHBI YEThIpE TITyOOKHUX JOHOPHBIX IIEHTPA
CO CpeIHUMU dHEPrusiMu noHuzanuu 1.17,

1.60,1.94 u 2.70 3B.

PacueTsl Moka3bIBalOT, YTO yMEHBIIICHUE
noryonieHus: B kpuctamie Bi1oSiOz mocie
00JTy4eHHS JIa3epHBIMA UMITYJIBCAMH C JTH-
HOM BOJIHBI 1053 HM MOKET OBITH CBSI3aHO C
YMEHBIIIEHHEM BKJIAJIOB B HETO BCEX BHYTPH-
[IEHTPOBBIX TMEPEXOJ0B U YMEHBIICHUEM 3a-
MOJTHEHHS DJICKTPOHAMH JOHOPHOTO IIEHTpa
¢ sHeprued nonuzauuu 1.17 3B. Ilpu stom
HaOMIOJAeTCs  YBEIWYCHHE  3arOJHEHUS
AJIEKTPOHAMH I LIEHTPOB C DJHEpPrueu
nouuzamuu 1.60 u 1.94 3B.

3akiro4yenue

Taxum 006pa3om, 00ITydeHUE UMITYJTECHBIM
Ja3epHBIM HW3Iy4YEHHEM C JUIMHOW BOJIHBI
1053 HM ¥ 9acTOTOH ClIeOBaHHUS UMITYJIHCOB
0.1-10 k[’ NpUBOAUT K YMEHBIICHUIO ONTH-
YeCKOro MmoriolieHus B kpucranie BiaSiOzg
BO BCEM HCCIICIOBAaHHOM JHMAla3oHe JJIMH
BosiH 500-850 vm. [lns paccmaTpuBaeMbIX
YaCTOT MMITYJIbCHOTO M3JIy4YEHUs, TIPH OTHOU
U TOW ke n103e OoOJydyeHHs BeJIUYMHA HaBe-
JICHHBIX U3MEHECHUI B KpUCTAIJIE OJTMHAKOBA.
OTMe4eHo, 4TO C yBETUYEHUEM J03bI 00Iy-
yenusa no 11.5 KI[)K/CM2 BeJIMUMHA HaBEJIICH-
HBIX M3MEHEHUH MPOJ0IDKAET BO3pacTaTh U
HE JIOCTUTAET COCTOSHUS HACBIIEHMS, KOTJa
CHEeKTp TOTJIOMIEHUsT Ooyiee HE M3MEHSETCS.
BosneiictBue Ha KpHUCTall HeENpepbIBHBIM
Ja3epHbIM W3IYYCHHEM C JUTMHON BOJHBI
532 HM TpPUBOAMUT K YBEIUYEHUIO ONTHYE-
CKOTO TIOTJIONICHUSI U IPUBOJUT K OAHOMY H
TOMY € COCTOSIHUIO, IPU €ro JI0CTaTOYHOM
MPOJOIKUTEITBHOCTH.

HaBeneHHble M3MEHEHUSI B CIIEKTPE IMPH-
MECHOTO ONTHYECKOIr0 IOIJIOMIeHUsI OOHa-
PYXHBAIOT PE30HAHCHBIA XapakTep C dUe-
TBIPbMSI MakCUMyMaMu Npu A = 567, 696,
750 u 826 uwm. IlomydeHHBIE SKCIIEPHMEH-
TaJIbHBIE CIIEKTPaJbHbIE 3aBUCUMOCTU OMNTH-
YEeCKOTO IMOTJIONICHHUS, OTHOCSIIUECS K 00I1a-
CTH IPUMECHOTO MOTJIOIIEHUS, allPOKCUMU-
POBAJIHCh M KOJMYECTBEHHO COMOCTABIISUINCH
B paMKax MOJIeNM, YYUTHIBAIOIIEH BKJIaJ B
HEro Kak IIpOLEecCOB (POTOBO3OYKACHUS
3JIEKTPOHOB B 30HY HPOBOJUMOCTH C YETHI-
pex TIyOOKMX IOHOPOB, TaK W YETBHIPEX
BHYTPHIIEHTPOBBIX I1€PEXOIOB.
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PaGota BbImonHeHa TpU (UHAHCOBOK
noaaepxke Munobpuayku Poccutickoii ®e-
nepauuu B pamkax ['oczamanus na 2020 —
2022 roxe! (3amanne FEWM-2020-0038/3).
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CeKL{Mﬂ 1. HpOL{ECCbl 83AUMOOCUCMEUSL U3JTYHEeHUs U ni1a3msl ¢ meepbbm meJjiom
Section 1. Processes of radiation and plasma interaction with solids

POCT D®PEKTUBHOCTHU B3AUMOJIEVCTBUSI CABOEHHbIX
UMITYJbCOB YAG:Nd**-JIA3EPA C HEP)KABEIOIIIEU CTAJIBIO
NP YMEHBITEHUU MEKUMITYJIbBCHOI'O UHTEPBAJIA

K.®. 3n0CKO
I'poonenckuii cocyoapcmeennviii ynugepcumem um. Anxu Kynano,
ya. Oocewro 22, 230023 I poono, Benapycw, znosko@rambler.ru

[TpencTaBneHsl pe3yabTaThl SKCHEPHUMEHTAIBHOTO HCCIIE0BaHUS 3((PEKTUBHOCTH B3aHMMOJCHCTBHS HaHOCE-
KyHJIHBIX CBOCHHBIX JIA3E€PHBIX UMITYJILCOB C IUNTACTUHKOI U3 Hepkaseromelt cranu 12X 18HITII B 3aBucuMOCTH OT
MEKUMITYJIbCHOTO HMHTepBajia. [lokazaHo, uTo 3()(heKTHBHOCTh B3aMMO/EHCTBUS BTOPOTO JIa3€PHOI0 MMILYJbCa C
MHIICHBIO, 110 CPABHEHHUIO C MEPBBIM JIa3ePHBIM UMITYyJIbCOM B Hape, B ~7.5 pa3 BBIIE MPHU YMEHBLUICHHH MEXKHM-
MyJIbCHOTO MHTEpBaia 40 ~1 MKC. DTO MPOSIBIAETCS B pOCTE a0IISIIMHU BELIECTBA MUILICHH B ~4 pa3 10 CPaBHEHHUIO C
MOHOUMITYJIbCHBIM JIA3€PHBIM BO3ZICHCTBHEM B pacieTe Ha €AMHUILY 3aTPAdCHHON SHEPTUH. Y CTAaHOBJICHO, YTO POCT
abJIAnMK BEUIecTBa MHIIEHH OOYCIIOBIEH BBICOKOH OCTaTOYHOM TEMIEpaTypoil kpaTepa, 0Opa3oBaHHOTO IEPBBIM
Ja3epHBIM UMITYIbCOM, KOTOpPasi TEM BBIIIE, YeM MEHBIIIE MEKXHUMITYJILCHBIH HHTEPBAL.

Knroueswvie cnosa: Jla3epHad 216.]15[1_[1/[5[; ABYXUMITYJIbCHAsA 216.]'15[1_[1/[5[; MG)KI/IMHyJ'IBCHHﬁ HHTEPBAJI; BBIHOC MAaTCpHU-
ala, 3p03PIOHHLII>'I IUTa3MCHHBIN (i)aKen; JJA3€PHO-3MHUCCHOHHAY IJ1a3Ma, CABOCHHBIC JIA3CPHBIC UMITYJIbCHI.

INCREASING THE EFFECTIVENESS OF THE INTERACTION
OF THE DUAL YAG:Nd*-LASER PULSES WITH STAINLESS STEEL
WITH A DECREASE IN THE INTER-PULSE INTERVAL

K.F. Znosko
Yanka Kupala State University of Grodno,
22 Ozheshko Str., 230023 Grodno, Belarus, znosko@rambler.ru

The results of an experimental study of the efficiency of interaction of nanosecond double laser pulses with a
12X18HITL stainless steel plate depending on the inter-pulse interval are presented. It is shown that the efficiency
of the interaction of the second laser pulse with the target, compared to the first laser pulse in a pair, is ~7.5 times
higher when the inter-pulse interval is reduced to ~1 microsecond. This is manifested in an increase in the ablation
of the target substance by ~4 times compared to monopulse laser exposure per unit of energy expended. It is estab-
lished that the increase in ablation of the target substance is due to the high residual temperature of the crater formed
by the first laser pulse, which is higher the smaller the inter-pulse interval.

It is experimentally shown that the increase in the ablation of the stainless steel plate substance and the increase
in the intensity of the spectral lines of the erosive plasma, with a decrease in the inter-pulse interval to ~1 ps, are due
to the high residual temperature of the crater formed by the first laser pulse, which is higher the smaller the inter-
pulse interval.

The results obtained can be used in technological processes based on the interaction of laser radiation with mat-
ter, since the transition to a two-pulse effect on materials with a small inter-pulse interval between them can signifi-
cantly increase the ablation of the material.

Keywords: laser ablation; two-pulse ablation; inter-pulse interval;, material removal; erosion plasma flare; laser-
emission plasma; dual laser pulses.

BBenenue MOHOUMITYJIbCOB. B [2-3] ObLIO TIOKa3aHoO,
BoszneiicTBue J1la3epHOr0 H3JIyueHHsS Ha YTO JBYXUMITYJIbCHBIH PEXHM BO3IACHUCTBUS
BCIIECCTBO MIMPOKO HMCIIOJIB3YCTCA B HAYKCE, Ha 06T)CKT MNPpUBOIUT K POCTY MHTCHCHBHO-
TeXHUKe, npousBojctee [1-4]. B pabore [1] CTH WM3JIyYCHHUS JIA3EPHOM TIa3Mbl, MOBBIIIA-
YKa3bIBaJIOCh, YTO MCIIOJIb30BAHHE I[yTOB Jia- €T KOHTPACTHOCTh €€ CIEKTPAIbHBIX JTHHUH.
3epHBIX HMITYJIbCOB 3HAYUTEIILHO YBEIUYH- DTO MOBBINIACT YyBCTBUTEIBHOCTD JIa3€PHO-
BAeT CKOPOCTH JIA3€PHON PE3KHU U CBEPJICHHS HSMHCCHOHHOTO aHalW3a W CHIYKAeT MOpOr
OTBEPCTHUH, 10 CPABHEHUIO C UCIIOIb30BAHUE OOHapYKEHUSI XUMHUECKUX DIIEMEHTOB [4].
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B paborax [2, 5] ObUIO MOKa3aHO yBeH-
YeHHEe Macchl a0JIMPOBAHHOIO BELIECTBA MPHU
MPUMEHEHUN CIBOCHHBIX JIA3€PHBIX HMITYJIb-
COB, NMPUXOAALIMX C 3aJEePKKOH APYyr OTHO-
cutelbHO npyra. B paborte [5] npuBencHsl
pe3yabTaThl HccaenoBaHusa 3((HEKTUBHOCTH
Ja3epHOro mMpo0osi OTBEPCTUH B aTIOMHUHHE-
BOM  IUIACTMHKE  IyraMH  HMMIIYJIbCOB
YAG:Nd**-nasepa ¢ smeprueii 25 m/Ix u
auTenbHocThi0 10 He, pa3feneHHbIX Bpe-
MEHHBIM WHTepBasoM B 15-20 Mkc. OOHapy-
KEHO HeNMHeliHoe, 6-KpaTHOe yBEJIMYEHUe
3G (HEKTHBHOCTH B3aMMOJACHCTBHSI BTOPOTO
UMIIYJIbCa B IIyT€ 110 CPABHEHUIO C IIEPBBIM C
Al-nactuskoii. [Ton s¢dexTrBHOCTHIO B3a-
MMOJICHCTBUS TIOHUMAJICSI BBIHOC MaccChl Be-
II€CTBA IJIACTUHKY (MULIEHH).

AstopoM [5] mnpemnoxkeH Qu3MUECKUI
MEXaHU3M B3aMMOJICHCTBHS CIBOCHHBIX Jia-
3epHBIX UMITYJIbCOB ¢ Al-macTunkoi, 00b-
SICHSIOIIUY HEIWHCWHBIM pPOCT abiIupoBaH-
HOW Macchl 1 UHTEHCUBHOCTH CBEYEHUS 3PO-
3UOHHBIX (axenoB. IlepBblil nazepHbIl UM-
IyJIC PAa30rpeBaeT 30HY B3aUMOJEHCTBUS U
dbopmMHpyeT 3pO3MOHHBIN IJIa3MEHHBINH (a-
KeJl, COCTOSIIIMN U3 apoB MaTepuasa Mullle-
HU. CPopMHpOBaHHBIM 3PO3MOHHBIN (akesn
3a CYeT BBICOKOI'O HayalbHOTO JAABJICHUS BbI-
TecHsieT aTMOC(EepHBI BO3AyX U TEM CaMbIM
CHMJKAeT ero KOHIIEHTPALUIO B 00JacTu CBO-
el Jokanm3anuu. BTopoil na3epHBIl UM-
nyJsc 6osiee F3PPEKTUBHO B3aUMOJIEHCTBYET
C MHIICHBIO, a CPOPMUPOBAHHBIN MM SPO3H-
OHHBIA (paken pacmpocTpaHseTcs B cpery
IPOAYKTOB 3pO3UH, 00Pa30BaHHYIO IMEPBBIM
Ja3epHBIM HMITYJIbCOM C HH3KOW IIJIOTHO-
CTBbIO BO3]yXa, HEJIMHEHHO yBeIUYMBasl BbI-
HOC a0JMPOBaHHOW MAacChl, HATPEBAET, HCIIa-
pseT U MOHU3UPYET MPOAYKTHI 3PO3UU B atT-
Moc(hepHOM BO3AyXe MOHIKEHHOW TUIOTHO-
ctu. KoHkpeTHbIX mpuunH 6ojee 3¢ peKTHB-
HOTO B3aUMOJICHCTBUSI BTOPOTO JIA3€PHOTO
UMITYJIbCa C MUIIEHBIO YKa3aHO He OBLIO.

B paborte [6] HaOmomancs pocT HWHTEH-
CHUBHOCTH CBEUYCHMS 3PO3HOHHBIX (PaKeNIOB C
YMEHBIICHHEM MEXHUMITYJILCHOTO WHTEpBaa
(t). Umxekuust ropsyed miaasmsl, o0pa3o-
BaHHOW BTOPBIM JIA3€PHBIM  HMITYJIBCOM,
BHYTPb APO3HOHHOTO (pakena, oOpa3oBaHHO-

r'0 MEPBBIM JIA3EPHBIM UMITYJIbCOM, IPUBOJUT
K IIOBTOPHOMY MCIIapEHUIO KIIACTEPHBIX U
HAHOpPA3MEPHBIX CTPYKTYp, KOHAECHCHUpPYIO-
IKXCsl U3 a0JIMPOBAHHOIO BEILECTBA, BbIHE-
CEHHOIO0 IMEPBBIM JIA3EPHBIM HMITYJbCOM.
OTO HNPUBOAUT K POCTY KOHLIEHTPALUM BO3-
Oy/I€HHBIX U MOHU3UPOBAHHBIX aTOMOB U B
KOHEYHOM MTOre K CKauKoOOpa3HOMY pOCTYy
WHTEHCHUBHOCTHU JIMHUH SPO3UMOHHOM IITIa3MBl.

B [7-8] mabmromanoce mpaktuuecku 10-
KpaTHOe yBenndeHue 3(pQeKTuBHOCTH B3au-
MOJCHCTBUSA BTOPOTO JIa3€pHOIO HMMITYJIbCa
II0 CPAaBHEHUIO C MEPBBIM IPU JIBYXUMIIYJIb-
CHOM (hOpMUPOBAHMM 3PO3MOHHOMN II1a3Mbl
Ha Al- u Cu-mMHIICHSX HaHOCEKYHIHBIMU
UMITYJIbCaMU IPU COKPALEHUH T 10 ~1 MKC.
[Toka3zaHo, 4TO POCT BBIHOCA BELIECTBA MU-
IIEHd M MHTEHCUBHOCTU CIEKTPAJIbHBIX JIU-
HUHN 3PO3MOHHON IUIa3Mbl, 00YCIIOBJIEHBI BbI-
COKOM OCTaTOYHOM TemmepaTypoil Kparepa,
c(OpPMUPOBAHHOIO TEPBHIM JIA3€PHBIM HM-
IYJILCOM, KOTOpasi TEM BBILIE, YEM MEHBIIE T.

B pabote [9] akcnepumenTamu mo aodis-
IIUM HarpeToro 10 BBICOKOH TeMmmepaTypbl
HUKeNb-XxpoMmoBoro craBa  (600-1200°C)
[IOKa3aHa 3HAYUTENIbHAs POJb OCTATOYHOMH
TEMIEpaTypoll Kparepa, CPOpPMHUPOBAHHOTO
NEPBBIM JIA3€PHBIM UMIIYJIbCOM, Ha 3(dek-
TUBHOCTH a0JISIIMKU CIBOCHHBIMU JIa3€PHBIMU
UMITYyJIbCAMH U HMHTEHCUBHOCTH CIIEKTpallb-
HBIX JIMHUW SPO3UOHHOM IIJIa3MBl.

Llenpto HacTosimied paboOTHl  SIBIISETCS
onpeneneHue 3G(HEKTUBHOCTH B3aUMOJICH-
CTBUSl CIIBOCHHBIX JIa3€PHBIX HMITYJIBCOB C
TEPMOCTOMKUMH CIUIaBAMHU Ha MPUMEpPE He-
pkasetomeit ctanu 12X18HITIL

Pe3yabTaThl M HX 00CYy:KIeHUE
HccnenoBanusi NpOBOJMINCH Ha MOJEP-
HU3UPOBAHHOW JKCIIEPUMEHTAIBHOM yCTa-
HOBKE, ONHcaHHOW B padorax [7, 8, 10]. Uc-
nons3oBancs YAG:Nd**-nazep, ¢ mumrens-
HOCTBIO UMITYJIBCOB ~15 HC MO MOYBBICOTE.
Jlazep MO3BOJISUT TEHEPHPOBATH KAaK OIMHOY-
HbI€, TaK M CABOEHHBIE (TApHBIE) UMITYJIbCHI,
pa3/ieJIeHHbIE PErYJIHpPYEeMbIM B JHAIa30HE
1-300 mxc BpeMeHHBIM MHTepBajIoM. OObEK-
TOM HCCIIECJIOBaHUS SIBJSUIACH TUTACTHHKA W3
JKapOCTOMKOW ayCTCHUTHOW HEpKaBEIOILEeH
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cranu 12X18HITJI. U3nyuenue mnazepa ¢o-
KYCUPYIOIIEH CHCTEMOH HaIpaBiIsuIoCh Ha
IUIACTUHKY TonmuHOM 0.2 MM pacronoxeH-
Hyl0O B ee ¢oKyce. XapaKTepHBIH pazMmep
NSTHa C(POKYCHPOBAHHOTO JIA3€PHOTO H3IYy-
YyeHHs Ha MULIeHH cocTaBisl ~0.3 M.

Ha puc. 1 BugHO, 4TO Kparepsl U Mpoou-
Thle  OTBEPCTHS  OKpy»kaeT  o0jacTb

OTOXOKEHHOTO MeTajuia. BuIHBI KOib1Ie00-
pas3Hble 1[BeTa M00eXKaJIOCTH, YTO CBUIECTEIb-
CTBYCT O TOM, 4YTO INIACTUHKH GBIJH/I IIoa-
BEPIKEHBI JICUCTBUIO BBHICOKOW TeMIIEpaTyphl,
KOTOpasl IpHUBela K U3MEHEHHUIO CTPYKTYpPBHI
MeTaljia 1 00pa30BaHUIO HAa HUX OKUCIIOB.

6(b)

B(c)

r(d)

Puc. 1. ®ororpaduu naszepHoro kparepa (a), mpodu-
TOro otBepcTHs (0), OTBEPCTUS U OTONIKCHHOU 30HBI
(B) B IUIaCTHHE M3 HEpXKABEIOIICH cTanu M KpaTepa U
OTOMOKEHHOW 00J1aCTH Ha MEJTHOM I1acTHHE (T)

Fig. 1. Photographs of laser crater (a), punched hole
(b), hole and annealed area (c) in stainless steel and
crater plate and annealed area on copper plate (d)

Taxxe BUJAHO Hanmuuue cinaboro OpycTBe-
pa, OKpY’Kalollero Kparep, 00pa3oBaHHOTO
BBIOPOCOM MHKpPOKAamellb  PacIUIaBICHHOTO
MEeTaJula, YTO TOBOPUT O TOM, YTO yJaJEeHUE
BEIIEeCTBA U3 KpaTepa MPOUCXOIUT KaK HCIia-
peHHEeM, TaK U BBITECHEHHEM paclljaBa J1aB-
JeHneM camux mapoB. C y4eToM 3TOro Xa-
pakTepHbIi (IPUBEICHHBIN) pasMep KpaTepa
coctaBisul ~0.5 MM MpH MJIOTHOCTH MOIIHO-
CTH Na3epHOro u3ydenus okonol0® Br/cm?.

Ha puc. 2 npuBeieHbI 32aBUCUMOCTH YHUCIIA
map Jia3epHbIX HUMIYJIbCOB HEOOXOAUMBIX
JUsl Ipo0OOsi OTBEPCTHSI B IJIACTHMHKE OT Be-
JUYUHBI T. BUAHO, YTO yMEHBIICHHE T MpHU-
BOJHUT K CHUKCHHIO YMCJIa CIABOCHHBIX Ja-
3€pHBIX UMITYJIbCOB HEOOXOIUMBIX ISl TPO-
00s1 orBepcTHsi. HanMeHnbIee uncino nap jia-
3€pHBIX UMITYJILCOB HEOOXOIUMBIX ISl TIPO-
00s1 OTBepCTUSl B IUIACTHHKE mpu T~1 MKC
coctasuio 100 u 120 mpu sHEpruu B Kax-
noMm umiyibce 15 u 25 M) cooTBeTCTBEH-
HO. [Ipu t~5 MKC KpuBBIC NPAKTUYECKHU BBI-
XOJIWUIH Ha HackimeHue. J{ns mpoGost oTBep-
CTHSl OJIMHOYHBIMH MUMITYJIbCAMH C DHEpruei
25 m/Ix HeoOxoammo Obu10 X ~1000.

N, mT.

190 -

170 -

150 -

130 -

110 -

Puc. 2. 3aBucMMOCTM 4HMClia C/IBOCHHBIX JIa3€PHBIX
HUMITYJIbCOB HCOﬁXO)II/IMI)IX JJIs1 l'[p060$[ INIAaCTUHKU OT
MECXUMITYJILCHOI'O MHTEpBAJia T

Fig. 2. Dependence of the number of double laser
pulses required for plate breakdown on the inter-pulse
interval t

VBennueHne 4uciia CABOCHHBIX JIa3€PHBIX
UMITYJIbCOB HEOOXOAMMBIX Ul MpoOos Iuia-
CTHUHKHU C YBEJIMYEHHEM DHEPIHH 00yCIOBIIe-
HO DKPaHUPOBKOHM U3JIy4eHMs Iu1a3Moi. Yem
Ooybllle SHEPrusi B HMIIYJIbCE, TEM BBIIIE
TeMmIeparypa U MJIOTHOCTh IJ1a3Mbl, 00pa3o-
BAHHOW IEPBBIM UMITYJIBCOM B I1ape, U, COOT-
BETCTBEHHO, TEM MHTEHCHUBHEE IOTIIOIIAETCS,
pacceuBaeTcs U pachOKyCHpYyeTcs H3IIyde-
HUE BTOPOrO HUMIyJbca B Iape, OCOOEHHO
mpu MansIx T. Ha puc. 3 npuBeneHa 3aBucu-
MOCTb 4YMCJIa Map JIa3€pPHBIX MMITYJIbCOB He-
00XOAMMBIX ISl MPOOOs TUTACTUHKU OT Be-
JUYHUHBI UX dHEpruu. BuaHo Hanuuume onrtu-
MaJbHOTO 3HAYEHUs DJHEPIrUM HMMITYJIbCOB,
IIPU KOTOPBIX a0JIALUs MaTepHrajia MpoTeKaeT
HanOosee 3 PeKTUBHO.
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N, T,

130 -

110 -

90 T T T

10 15 20 25 30
W, mIx

Puc. 3. 3aBucumocTs yncia rap J1a3€pHbIX UMITYJILCOB
HeO6XO[[I/IMI>IX JJIA Hp06051 MJIACTUHKU OT UX SHCPIUU
Fig. 3. Dependence of the number of pairs of laser
pulses required for plate breakdown on their energy

YcpenneHHas CKOpOCTh BBIHOCA MaTepHa-
Jla COCTaBIIsIa ~2 MKM 33 OJUH CIABOCHHBIN
uMmnynsc npu 1~1 mkc. C yBenuueHueMm T
HaO0JII0TaeTCs Pe3KOoe MaJIeHue CKOPOCTH BHI-
HOCAa MaTrepuala, KOTopas CTaOMIM3UpPYETCs
Ha ypoBHE ~1 MKM 3a ummyisc. CKOpOCTb
BBIHOCA Marepuala Impu mpodoe IIACTUHKH
MOHOUMITYJIbCaMU cocTaBisuia ~ 0.2 MUKpOH
3a OJJUH HMITYJIbC, YTO Ha MOPSAJOK MEHBIIE
4eM IPH JIBYXUMITYJILCHOM TTPo0oe.

ITo wmeromuke [6-8] Obuia mpoBemeHa
omeHKa 3(PQPEKTUBHOCTH JEHUCTBUS BTOPOTO
Ja3€pHOr0 UMITYJIbCa OTHOCUTEIHHO IEPBOTO
B nape npu 1~1 mMkc u 1~20 Mkc. [Tocnenuuii
MEXHUMITYJIbCHBIH HMHTEPBAJ HCIOIb30BAJICS
B pabore [6].

N1h1=N2(Ahi+Ah2)=d,

rae N1 u N2 - uncino uMnyiabcoB He0OX0aH-
MBIX UIsI TIPOOOsi OTBEPCTUS MPHU OJHO- H
JBYXHMITYJIbCHOM BO3Ji€iicTBHH, N1 CKOPOCTH
BBIHOCA MarepHalia MpU OJHOUMITYJIHECHOM
Bo3neiicTBuH, Ah: u Ahz — ckopocTh BeIHOCA
MaTepuaga TEePBBIM U BTOPHIM HUMITYJIHCOM
NPy IBYXMMITYJIbCHOM BO37eWcTBHH, O TOJI-
IIUHA TIaCTUHKUA. DP(HEKTUBHOCTH ACHCTBUSA
BTOPOTO JIa3€PHOT0 MMITYJIbCa OTHOCUTEIHHO
MEPBOTO B Mape Ha IUIACTHHKY K eCTh OTHO-
[IEHHE CKOPOCTH aOJsaIuu MaTtepuana BTO-
PBIM UMITYJIbCOM K CKOPOCTH aOJISAIUN TIep-
BBIM K=Ah2/Ah1=N1/N2—1.

Paccuntannas mo atoit popmyne sddek-
TUBHOCTH JIEHCTBHUS BTOPOTO JIa3€PHOTO UM-
MyJIbca OTHOCHUTEJIBHO MEPBOT0 Ha TUIACTHH-
Ky W3 Hep)KaBewIlel craau coctaBmia ~7.5
mpu 1~1 MKC. DTO O3HA4aeT, 4To BTOPOU Ja-
3epHBII UMITYJIbC TIPH T~1 MKC oOecrednBaeT

abmsanuo martepuana B ~7.5 pa3 OoIblIyro,
yem nepBoiid. [Ipu T ~20 Mkc 3¢ pexTuBHOCTD
JIEMCTBUSL BTOPOTO JIa3epHOTO MMITYJIbCA CO-
craBisiia ~4.5.

Poct BhIHOCa MaTepuana MPU MalbIX T
00yCIIOBJIEH COXPaHEHUEM BBICOKOW TemIie-
patypsl B KpaTepe. UeM MEHbIIE BpEMEHHOU
MHTEpBaJl MEXIY HMITYJIbCaMH, TEM BBIIIE
TEeMIlepaTypa Kparepa, B KOTOPbIH (okycu-
pyercs Ja3zepHOoe U3IydyeHUEe BTOPOro Jiazep-
HOTO WuMIIyJbca. BoszaeicTBue Ia3epHOro
U3ITyYEHUs BTOPOrO HMMITyJbCa Ha TOPSUYIO
MOBEPXHOCTh MPHUBOJIUT K CHIDKEHHUIO 3aTpat
SHEPruM Ha ee HarpeB. JTO MPUBOIUT K TO-
My, 4TO OOJIbIlIast JIOJIsi SHEPTUU BTOPOTO Ja-
3epHOr0 MMITyJIbCa MJET Ha IJIaBJICHHE, HC-
MapeHue W MOHHM3AIMI0 MaTepuaia TUIacTHH-
KM, YTO B KOHEUHOM HUTOT€ MPHUBOJIUT K yBe-
JTUYCHUI0 Y(PPEKTUBHOCTH B3aMMOJCHCTBUS
JIa3€pPHOT0 U3IIYYEHUS C HE U pOCTY MOPIUU
a0JIMPOBAHHOTO BEIIECTBA.

3aki0ueHnue

Ha ocHOBaHMM NpPOBEAEHHBIX 3KCIEPHU-
MEHTOB MOJKHO CJI€JIaTh BBIBOJ|, YTO HCIIOJIb-
30BaHME JBYXUMITYJIbCHOTO peXHMa abis-
MM HEp)KaBEIIleH cTalu NOBBIIIAET 3(-
(EeKTUBHOCTh B3aUMOJICHCTBUS  JIa3€PHOTO
M3ITyYEHUsl C HEW U yBEJIMYMBAET BBIHOC Ma-
Tepuana 3pO3UOHHBIM (aKeIoM.

Hcnonb30BaHne MEXHUMITYJIbCHOIO WH-
TepBaja ~1 MKC NpUBOAUT K pocTy 3¢dek-
TUBHOCTH a0JISIIUH CABOSHHBIMH Ja3epHBIMU
UMITyJIbCaMU B ~4 pa3a B pacueTe Ha eAUHU-
Iy 3aTpayeHHOM SHEpIrUu.

O} PexTuBHOCTD A0IAMHU BTOPBIM Ja3ep-
HbIM HMMITYJIbCOM B Iape MO CPaBHEHUIO C
NEPBBIM HEIMHEWHO BO3PACTAET C YMEHbIIIe-
HUEM MEXHMMITYyJbCHOTO HHTepBaja 10 ~1
MKC, JOCTUTasi MaKCUMyMa, paBHOTO ~7.5.
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BJIUSIHUE TEMIIEPATYPBI HUKEJIL-XPOMOBOI'O CILJIABA
HA UHTEHCUBHOCTD CIHEKTPAJIBHBIX JIUHUUN
IPO3UOHHOM ILJIA3MbBI

K.®. 3H0CKO
I poonencxuii 2ocyoapcmeerntulil ynusepcumem um. Anku Kynanwi,
yir. Oxcewxo 22, 230023 ' poono, benapycw, znosko@rambler.ru

[IpencraBneHsl pe3yibTaTbl AKCIEPUMEHTAIBHOTO HMCCIICIOBAHUS BIIMSHUS TEMIIEpaTypbl HHUKEIb-XPOMOBOTO
CIUIaBa Ha MHTEHCHBHOCTH CHEKTPAIbHBIX JIMHUH SPO3HOHHBIX TUIa3MEHHBIX (akenoB. [TokazaHo, 4To mpH BO3Iei-
CTBHH C(OKYCHPOBAHHOTO JIa3€PHOTO M3JIYYEHHsS Ha IOBEPXHOCTh HCCIEAYEMOTo OOBEKTa, HaXOJLIErocs Mpu
temnepatype 20-500°C pocta HHTEHCHBHOCTH CIIEKTPAIBHBIX JIMHUN HE HAOIIOAAeTCs, TaK KaK 3HAYUTEIbHAS YaCTh
€ro PHEPrHu UAET Ha HarpeB oOmactu (oxycupoBku. [Ipu B3amMoaeHCTBUM JIa3€pHOTO HM3IYYEHHS C MHIIEHBIO,
Haxomsmetics npu temmeparype 700-1000°C, sta mons 3HaUMTENEHO HIKE W HA IUIABJICHHE, TapooOpa3oBaHUE H
MOHH3AIIMIO MaTepraia MUIICHH OCTASTCS 3HAUYUTEIBHO OOJIbIIE SHEPTUH, YTO U MPHUBOAUT K POCTY aOIHMPOBAHHOM
Macchl ¥ 6oJiee YeM JABYXKPATHOMY POCTY HHTEHCHBHOCTH CIIEKTPAIbHBIX JIMHHUM 3PO3UOHHON JTa3epHOM TI1a3MBbI.

Knroueesnvie cnosa: JJA3CPHO-3MUCCUOHHAsA IIJIa3Ma, 3p03HOHHLII>i IUIa3MECHHBIN q)aKeJ'I; MG)KI/IMHyJ'IBCHHﬁ HUHTCP-
BaJl; TCMII€paTypa MUIICHU; KHTCHCUBHOCTDH CHGKTpaHLHOP‘I JIMHUU.

INFLUENCE OF NICKEL-CHROME ALLOY TEMPERATURE
ON THE INTENSITY OF THE SPECTRAL LINES EROSION PLASMA

K.F. Znosko
Yanka Kupala State University of Grodno,
22 Ozheshko Str., 230023 Grodno, Belarus, znosko@rambler.ru

In this paper, an attempt is made to determine the effects of the temperature of an erosion crater on a nickel-
chromium target after the first laser pulse is applied to the intensity of the spectral lines of the erosion plasma creat-
ed by twin laser nanosecond pulses.

It is shown that the target surface temperature significantly affects the ablative removal of the material and the
intensity of the spectral lines of the erosive plasma. When a focused laser pulse is applied to the surface of a nickel-
chromium alloy target at a temperature of 20-500°C, no increase in the intensity of the spectral lines is observed. In
this case, a significant part of the laser pulse energy is spent on heating the focus area on the target. When a laser
pulse interacts with a target at a high temperature (700-1000°C), much less laser pulse energy is consumed for heat-
ing it. Its energy is spent on melting, vaporization, and ionization of the target material. This leads to an increase in
the ablated mass and a more than twofold increase in the intensity of the spectral lines of the erosive laser plasma.

Thus, the increase in the intensity of the spectral lines of the erosive plasma, when it is formed by double laser
pulses following with a delay relative to each other, is due to the high temperature of the target crater remaining
after the impact of the first laser pulse. The lower the pulse interval, the higher the temperature. The estimated tem-
perature of the erosion crater after the action of the first laser pulse after 1 microsecond, under the experimental
conditions described above, was 600-700°C.

Keywords: laser ablation; two-pulse ablation; inter-pulse interval; material removal; erosion plasma flare; laser-
emission plasma; dual laser pulses.

Beenenne CIABOCHHBIX HMITYJIbCOB SIBISIETCS  Cylle-

Hcnonb3oBaHne cIBOCHHBIX (TTApHBIX) Ja- CTBEHHBI POCT MHTEHCUBHOCTH CIIEKTpajb-
3€pHBIX HMITYJIbCOB SIBISIETCS pacIpocTpa- HBIX JIMHUW W3JTy4€HUs 3PO3UOHHOM IUIa3Mbl
HEHHBIM METOJIOM (OPMHUPOBAHUS IPO3UOH- U pocT abJIMPOBAaHHON Macchl BellecTBa IO
HOM IUTa3MBbl, UCIIOJIB3YEMOM B TEXHOJIOTUYE- CpPaBHEHHMIO C MOHOHMMITYJILCHBIM €e (hopMu-
CKMX Tpolleccax M MpHU TMPOBEICHUU CIICK- poBarueM [3-4]. OmHAKO MPUYHUHBI TAKOTO
TPAJIbHOTO aHaJIW3a MaTEpHUaIOB, BEIIECTB U pOCTa UHTEHCUBHOCTH CIIEKTPAJIbHBIX JIMHUN
usgenuit [1-2]. OcCoOeHHOCTRIO MPUMEHEHUS JIO KOHIIA HE BBISICHEHBI.
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B pabotax [5-6] skcnepuMeHTanbHO MO-
Ka3aHO 3HA4YMUTEIbHOE YBEIMYEHHE HHTEH-
CHUBHOCTH CIEKTPAJIbHBIX JIMHUH M MaccChl
abJIMPOBAHHOTO BEILECTBA MPU BO3ACHCTBUU
Ha Al- u CU-TIacTUHKY CIIBOCHHBIMH JIa3ep-
HbIMH HMITyJbCAMU TP YMEHBUIEHUU Me-
KUMITYJIbCHOTO MHTEpBaia 10 ~1 mkc. 1o
OOBSICHAETCSI OCTaTOYHBIM HarpeBOM 3pO3U-
OHHOTO KpaTrepa MepBbIM Ja3epHbIM UMITYJIb-
COM, KOTOpBIH TE€M BBIIIE, YEM MEHbILIE Me-
KUMITYJIbCHBIA HHTEPBAJI.

B pabote [7] mokazaHO, YTO WHIKEKIIHS
ropsiueil  miuasmel, OOpa3OBaHHON BTOPBIM
Ja3epHBIM MMITYJIbCOM, BHYTPb 3PO3HOHHOIO
¢dakena, oOpa30BaHHOI'O MEPBHIM JIA3€PHBIM
UMITYJIbCOM, IPUBOAUT K OBTOPHOMY HCIIa-
PEHHIO KOHJCHCHUPYIOIIETOCS BEIIECTBA, BBI-
HECEHHOT'0 IEpPBbIM JIa3€PHBIM HMIIYJIbCOM,
BO30YKJICHHIO ¥ HOHU3ALIUU €r0 aTOMOB, 4TO
B UTOI€ MPHUBOAUT K POCTY MHTEHCHUBHOCTH
CIEKTPaJbHbIX JIMHUH.

B pa6ore [8] skcriepumeHnTamu 1mo adiis-
LIMA Harperoyd J0 BBICOKOM TeMIepaTypsl
MUILEHN NOATBEpXK/eHa 3HAYUTENIbHAS POJb
OCTaTOYHOH TeMIlepaTypoi Kparepa, cgop-
MHUPOBAHHOTO IE€PBBIM JIA3€PHBIM HMITYJIb-
coMm, Ha 3(PQPEeKTUBHOCTh aOJSAIUU CIBOCH-
HBIMU UMITYyJIbCAMU M MHTEHCHUBHOCTH CIEK-
TPaJbHBIX JIUHUI 3PO3HOHHOM TUIA3MBI.

B pabote [9] oOHapykeHO ABYXKpaTHOE
YBEIIMYCHUE SMHUCCHH B TIPUCYTCTBHH MPH-
MOBEPXHOCTHOW TJIa3Mbl, CO3JaHHOI Hempe-
peiBHBIM CO2 1a3epoM Ha KeIe3HOW MHUIlle-
HU, T[OKa3aHa HEOOXOJIUMOCTh YUYUTHIBATh
yBeJIMYeHue aliAluu 3a CYeT pa3orpeBa IMo-
BEPXHOCTH OOBEKTA.

Llenpto Hacrosimelt paboOTHI  SIBIISETCS
YCTAHOBJICHHE BIIMSHUS HAYaJbHOW TeMIIe-
paTtypbl HHMKEIb-XPOMOBOTO CIlJIaBa Ha HH-
TEHCHBHOCTh CIIEKTPAIBHBIX JIMHHUN JPO3H-
OHHOM TUIa3Mbl, CO3/aHHOW JIa3epHBIMU
HAHOCEKYHTHBIMU HMITYJTbCAMHU.

JKCNEepUMEHTAIbHASl YCTAHOBKA
OKCIepuMEHTalbHasl YCTaHOBKA, METOU-
Ka WCCJICIOBAaHUNA W TPOOOMOATOTOBKA, OTH-
canbl B [8, 10]. Uzmyuenme YAG:Nd*'-
Ja3epa, KOTOphI MOT paboTaTh Kak B pexu-
M€ OJIMHOYHBIX, TaK U B PEKUME CIABOCHHBIX

HUMITYJIbCOB, CIIEIYIOLIUX C pEryJupyemMoi
3aJIep>)KKOM  JIPYr OTHOCUTENIbHO Jpyra, C
JUIATEIIBHOCTBIO HMMITYyJIbCOB ~15 HC, (oKy-
CUpPOBaJIOCh Ha ucciexryemMblii 00bexT. U3iy-
YeHHE IUIa3Mbl HAIIPABJIAJIOCh B MOHOXpOMa-
top-criektporpad MS 20041, B KOTOpOM
MPOUCXOAWIO  BBIICJICHUE CHEKTPATbHBIX
JTuHMUI. PerucTpaims cnekTpa jJa3epHoid 3po-
3MOHHOM I1a3Mbl Ha Beixoge MS 20041 ocy-
HIECTBIISIACH C MMOMOIIBIO PETUCTPATOPa OIl-
tuaeckoro u3nyuenus UC-16H10420-1106.

OOBEeKTOM HCCIEOBAHUS SBIISJICS HHU-
KEJIb-XPOMOBBI CILIaB, UMEIOIIUM pa3Mephl
3x1x100 Mm°. C mHOMONBIO pEHTIEHO-
¢uyopecuenTHoro ananmuzaropa Elvax ompe-
JeNSIICS €ro XUMHUYecKui coctaB. OCHOB-
HBIMHU €T0 KOMIIOHEHTaMU SIBJISTUCH: HUKEIb
- 78% u xpom - 20%. B mMukponpumecsx
IIPUCYTCTBOBAJIM JKE€J€30, MapraHel, Ko-
0anbpT, BaHAAUH U MOJIMOCH.

Harpes wuccienyemoro ofpasma ocy-
IIECTBISJICS MyTEeM MPOMYCKAHUS DIIEKTPH-
4yecKoro Toka yepe3 Hero. Hampspkenue cetu
C TIOMOIIbIO aBTOTpaHcopMaTopa MOHUXKA-
JIOCh 10 HECKOJBbKUX BONbT. Huskoe Hamps-
JKEHUE TOJBOAMINCH K HCCIeAyeMoMy 00-
pasny. [lox neiicTBrEM 3JIEKTPUUYECKOTO TOKA
OH HarpeBaicsi. PerynupoBaHue Temmepary-
pa oOpa3ia oCylIeCcTBIIJIaCh IMyTEM HM3MEHe-
HUS BEJIMYMHBI MPUKIIAJABIBAEMOTO HAIpsKe-
Hus. Temmeparypa oOpasua u3Mmepsiiach ¢
MOMOIIBIO ONTUYECKOTO U3MEPUTENS TeMIIe-
patypst UT-3CM.

Pe3yabTaTsl U MX 00Cy:KIeHUE

Perucrparusi CrieKTpoB HM3JIy4YCHHS IUIa3-
MEHHBIX (hakenoB, CPOPMUPOBAHHBIX HA MO-
BEPXHOCTH HUKEIb-XPOMOBOTO CIUIaBa TPH
ero temmneparype 20, 300, 500, 700, 850,
950, 1050 u 1150 rpaxycoB Ilenascus B criek-
TpanbHOM Juamnaszone 250-370 uMm, npoBoau-
Jack Mo MeTozawke, aHamorumunou [8, 10].
DHeprus oAMHOYHOTO uMmmybca YAG:Nd3* -
na3epa Ha JyHe BoJHBI A=1.06 MKM cocTaB-
nsma 13 m/Ix. Bein BeIOpaH psig aTOMapHbBIX
Y WOHHBIX JIMHUH HUKEJIS U XpOMa U IOCTPO-
€Hbl 3aBHCUMOCTH HX HWHTCHCHUBHOCTH OT
TEMIIEPATypPhl HCCIEAyeMOro oopasiia, KoTo-
pBIe TIpeICTaBIeHbI Ha puc. 1.
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Puc. 1. 3aBUCHMOCTH WHTEHCHBHOCTH CHEKTPATBbHBIX
JMHWIA aTOMOB HUKeNs (a), HOHOB HuKes (60), aTOMOB
xpoma (B) 1 HOHOB xpoma (T) OT TeMIIEpaTyphl

Fig. 1. Dependences of the intensity of the spectral
lines of nickel atoms (@), nickel ions (b), chromium
atoms (c) and chromium ions (g) on the temperature

Kax BugHO U3 puc. 1 Temmneparypa uccie-
nyeMoro obpasma 10 500°C mpakTuyecku He

BIUSICT HA MHTCHCUBHOCTh KaK aTOMHBIX, TaK
U HOHHBIX JIMHUN 000MX XMMHUYECKHX dJie-
MeHTOB. Hamnuue BBICOKOM TeMmeparypsl
obpasmna HaumHaeT mposBisIThes ¢ 600°C.
[Ipn momweme TeMIepatypbl o0pasma 0
850°C MHTEHCUBHOCTh aTOMHBIX CIIEKTPaJIb-
HBIX JIMHUI HUKENS Bo3pacTaya B 2.5-3 pasa,
ATOMHBIX JIMHUHN Xpoma B 2.5-4 pasza, HOHHBIX
JIMHHM, KaK HUKEJSA, TaK U Xpoma, BO3pacra-
na B 2-4 paza. IIpu Temneparypax OOJbIINX
950°C MHTEHCHUBHOCTh KaK aTOMHBIX, TaK U
MOHHBIX JTUHUI 000UX XUMUYECKUX DIIEMEH-
TOB HauMHAET yMmeHbmiatecs. [Ipu Temmepa-
type 1150°C ux yMeHbIIEHHE 3HAYUTEIBHO.
Harpes o0pazuoB Bbime 1150°C He nposo-
JUJICS B BHJIy POCTA IJIACTUYHOCTU HCCIENY-
eMOro CIUiaBa MpHU MPUOTMHKEHUH K TeMIle-
paType IIaBJCHHs, KOTOpas COCTaBISET
~1400°C.

W3 3THX JKCHEPUMEHTOB CJEAYET, YTO
TEMIEpaTypa IOBEPXHOCTU MCCIEAYEMOTO
oOpa3lia OKa3bIBaeT 3HAUYUTEIHHOE BIIMSIHHE
Ha WMHTEHCHBHOCTH CHEKTPAIbHBIX JIMHUH
DPO3UOHHON I1a3Mbl. XOTS 3aBUCHMOCTH
WHTCHCUBHOCTH CIIEKTPAJbHBIX JIMHUHA aTo-
MOB M HOHOB OT TEMIIEpaTypbl WHAMBHIY-
QIBHBI JIIST KQXIO0TO PaJUallMOHHOTO Tiepe-
X071, OJTHAKO OOLINM SIBJII€TCSI POCT UHTEH-
CHUBHOCTH CIEKTPAJbHBIX JIMHUM, Kak aTo-
MOB, TaK U MOHOB HHKENS U XpOMa B TeMIIe-
parypaoM auamazone 600-950°C.

[Ipy B3aMMOAEHCTBUM J1A3€PHOIO U3IIyde-
HUS C TOBEPXHOCTHIO 00pa3iia, HaxoasIIencs
npu Hu3koi Temnepatype (20-500°C), 3Ha-
YUTENbHAs YaCTh €r0 DPHEPTUH 3aTPAYHBACTCS
Ha HarpeB 00JIacTH, B KOTOPYIO OHO C(OKY-
cupoBaHo. [Ipu B3anmoneicTBUN J1a3epHOTo
UMITyJIbCa C TIOBEPXHOCTBIO, HAXOJSIICHCS
npu BbIcokoi Temmnepatype (700-1000°C),
3Ta J0Jsl 3HAYUTEIBbHO HIKE U Ha IJIaBJie-
HHUe, 1MapooO0pa3oBaHME M HMOHMU3ALHUIO OCTa-
eTCs 3HAYMTENFHO OOJIbIIe SHEPTHH, YTO H
BBI3BIBAET POCT a0JIMPOBAHHOW Macchl U, CO-
OTBETCTBEHHO, POCT HMHTEHCHBHOCTH CITCK-
TPaJIbHBIX JTHHUNA dPO3UOHHON TITa3MBl.

Tarxoke OBUTH TPOBEJCHBI HCCIICIOBAHUS
CHEKTPOB M3JIy4E€HHUS SPO3MOHHON ILIa3MbI
Ha «ropsdei» MuIeHu npu ee Gopmuposa-
HUU CJIBOCHHBIMU Ja3€PHBIMH HMITYJIbCAMHU
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Ha TIOBEPXHOCTH TOTO caMoro obOpasua Hu-
KeJIb-XpPOMOBOI'O CIlJIaBa. DHEPIus CIBOEH-
HOTO JIa3ePHOTO HMITyJbCa  COCTaBIsIa
13.6 M/Ix, a MEXUMIYJIBCHBIA HMHTEpBAT |
MKc. Taxoke HaOMIOaNOCh YBEIWYEHHUE WH-
TEHCUBHOCTH CIIEKTPaJIbHBIX JIMHUH, OJTHAKO,
3TO MPOUCXOAWIIO MPH TeMIIepaTypax MHIIe-
HU Ha ~200°C MeHbIeH, YeM MpU MOHOUM-
MyJICHOM ()OPMHUPOBAHUH TIIA3MBI.

Haxons 3HaueHUss MHTEHCUBHOCTEH CIeK-
TPaJbHBIX JIMHUIA HUKEJS, XpOMa U UX HOHOB
IpY MOHOUMIIYJIBCHOM (POPMHUPOBAHUU 3PO-
3MOHHOM IUIa3Mbl Ha «ropsyemM» o0pasIie,
paBHbIE 3HAYEHUSM HHTEHCUBHOCTEH ATHUX
e JJMHUAN TPU BYXUMITYJIBCHOM ee (hopMu-
pPOBaHUM TPH HU3KHX TeMIepaTypax (KoM-
HATHOI), MOXXHO OIICHWUTH BEJIWYHHY OCTa-
TOYHOU TeMIepaTypbl 3pO3UOHHOIO KpaTepa
1ocjie JeHCTBHA TEpPBOrO JIa3epHOTO HM-
nyJjbca B mape.

IIpyn BO3NEHCTBHM HAa HUKEIb-XPOMOBBIN
CIUIaB CIBOCHHBIMHU J1a3€pHBIMU UMITYJIbCAMU
uateHcuBHocth JmHud Nil 313.41 um co-
crapisuia nopsiaka 23000 oTH.ed. MpU KOM-
HaTHOM Temrieparype. Takas K€ MHTEHCHUB-
HOCTh MpPU OAHOMMITYJILCHOM (hopmMupoBa-
HUM TUTa3MbI TOJTydallach NPH HarpeBe 00-
pasua npaktudecku 10 ~600°C (puc. 1a).

WutencuBHOCTh uHNKA WoHA HuKens Nill
286.40 HM mIpH JBYXUMITYJIbCHOM (hopMupo-
BaHUHM DPO3MOHHOW IIJIa3Mbl TPH HHU3KUX
Temneparypax cocrasisiia ~25000 otH.en., a
Ipd OJHOMMITYJIBCHOM €€ (popMHpOBaHUHU
Takas ’Ke MHTEHCHBHOCTb JIOCTUTajlach MpH
temneparype oopasua ~600°C (puc. 16).

NHTEHCMBHOCT, aTOMHOW JIMHUM XpOMa
Crl 297.54 uM mnpu ABYXMMITyJIBCHOM (op-
MHUPOBAHHUU JIA3€PHOHN IUIa3Mbl MPH HUKHUX
Temneparypax cocrasisiia ~13000 oru.en., a
npd MOHOWMITYJBCHOM €€ (hopMHpOBaHUH
TakKas )K€ MHTEHCUBHOCTb HAOII0anach Mpu
temmeparype okoso ~600°C (puc. 1s).

VHTEHCUBHOCTh  CHEKTPAJILHOW  JIMHUHU
nona xpoma Crll 342.27 uM npu HByXuUM-
MyJbCHOM (DOPMUPOBAHHUM TUIa3MbI MIPU HU3-
KAX TeMmmeparypax cocraBmsia  ~13000
OTH.eJl., a IPU OJTHOUMITYJILCHOM ee (hopMu-
POBaHUM TaKas K€ HHTEHCHUBHOCTH ObLiIa TPU
temrepatype oopasia ~600°C (puc. 12).

Hcnons3yss Takod DOAXON ULl  CIIEK-
TPaAJIbHBIX JIMHUN, TPEICTABICHHBIX Ha PUC.
1 B BKCHIEpUMEHTAJIBHBIX YCIOBUSX, OMUCAH-
HBIX BBIIIE, OCTaTOYHAsl TeMIlepaTypa 3po3H-
OHHOTO Kparepa IMpU JIBYXUMITYJIbCHOM
dbopMupoBaHUH Ja3€pHO-YMHUCCUOHHON
a3Mbl K MOMEHTY HpPHUXOJa BTOPOrO HM-
mynbca (depe3 1 MKC Tociie BO3JACHCTBUS
nepBoro) cocranisiia nopsiaka 600-700°C.

YMeHbIIeHHe UHTEHCUBHOCTHU JIMHUI 3po-
3MOHHOW TUTa3MBbl MPU TeMIlepaTypax, 00Jb-
mux 1050°C, mo-BuAMMOMY, CBSI3aHO C TEM,
4TO MPU TEMIEPATypax, OJM3KUX K TeMIiepa-
Type IJIaBJICHUs], BBIHOC BEIIECTBa C MOBEPX-
HOCTH MHILIEHU TIPOMCXOJIUT HE TOJIBKO B pe-
3yJibTaTe UCMAPEHUs], HO U MPU BBHITECHEHUU
JKUJKOU (pa3bl U3 Kparepa JaBJICHUEM TapoB.
DTO MPUBOAUT K U3MEHEHHUIO (HOPMBI KpaTe-
pa, OH OKpYXEH OpYyCTBEPOM U3 MHKpPOKa-
nenb. UM3mensiercs 00beM  H3ITydaromien
IJIa3Mbl, €€ CBETUMOCTh M O0JIaCTh 3axBara
peructpupytomieil anmnapatypsl. JlazepHas
abnAMs TBEPABIX TEJ, HAXOMSIIMXCA TpHU
TeMreparypax, OJIM3KHX K TeMIleparype
MJIaBJjeHusl, TpeOyeT OTIENbHOrO PaccMoT-
peHuUsL.

3akawueHue

Ha ocHOBaHWM TPOBEACHHBIX JKCIICPH-
MEHTOB MOXKHO CJI€JIaTh BBIBOJ, YTO TEMIIE-
paTypa TOBEpXHOCTH MUIICHU CYIICCTBEHHO
BIUSIET HA aONALMOHHBIA BBIHOC MaTepuala
Y WHTECHCUBHOCTH CITEKTPAILHBIX JIUHUH 3pO-
3MOHHOW Tua3mbl. [IpoBeneHHass oOleHKa
TEMIIEPaTypbl SPO3HOHHOTO KpaTepa TMocie
JIEHCTBUS MEPBOTO JIA3EPHOT'O UMITYJIbCA MPU
MEXHUMITYJIbCHOM HHTEpBasie ~1 MKC, B 9KC-
MEPUMEHTAIBHBIX  YCIIOBUSAX, ONMUCAHHBIX
BhIIIe, coctaBisuia 600-700°C.
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TEMIIEPATYPA U KOHUOEHTPALIUA SJIEKTPOHOB
3PO3UOHHOM IJIABMbBI JIATYHU IIPU EE ®OPMUPOBAHUU
CABOEHHbBIMMU JIASEPHBIMU UMITYJIbCAMU

K.®. 3n0CKO
I'poonenckuii cocyoapcmeennviii ynugepcumem um. Anxu Kynano,
ya. Oocewro 22, 230023 I poono, Benapycw, znosko@rambler.ru

[Tokazano, uto s 3P PEeKTHBHOrO B3aMMOAEHCTBHUS CABOCHHBIX Ja3€PHBIX MMITYJbCOB C JIATYHHBIM CILIABOM
HE0OX0AMMO, 4TOOBI MEXHMMITYJIbCHBII MHTEpBall cocTaBisil ~1 Mkc. Torma BTOpO#l na3epHBIN UMITYJIbC B3aHMO-
JIEUCTBYET C «TOPSIYMM» KpaTepoM, 0Opa3oBaHHBIM HEPBBIM UMITYJIECOM. DTO IPUBOAUT K POCTY BBIHOCA BEIIECTBA
U3 KpaTepa, HHTCHCUBHOCTU CHEKTPAIbHBIX JIMHUM 3PO3HOHHON IIa3MBbl, €€ 3JIEKTPOHHON TeMIepaTypbl U KOHIEH-
Tpamys 3IEKTPOHOB B HEW. B 3TOM citydae HaHOCTpYKTypHas KOHISHCAIUs BEIIECTBA B INIAMEHHOM (akene, oopa-
30BaHHOM IIEPBBIM JIa3€PHBIM UMITYJILCOM, OyJIeT B HAYaIbHON CTAaIHHU, ¥ IPOLECC TOBTOPHOTO €T0 UCTIApeHHs Oy-
net unt dpdexrtusHo. [Ipn MeKXMMIYIbCHBIX HHTEpBasaXx OonbIIuX 20 MKC 3JIEKTPOHHAs TeMIeparypa IIIa3MBl,
KOHIICHTPAIHS 3JIEKTPOHOB B HEH N MHTEHCUBHOCTH €€ CIIEKTPAJIbHBIX JTMHUI NPAaKTHIECKH HE 3aBHUCAT OT HETO.

Knrouesvie cnosa: 3JICKTPOHHAsA TEMIICpaTypa IUIa3Mbl; KOHIECHTpALMs DJICKTPOHOB B IIJIa3ME; 3PO3UOHHAS
Tia3Mma, IUTa3MCHHBIN (1)aK€J'I; CIBOCHHBIC JTJA3€PHBIC UMITYJIbChI; MG)KI/IMHyJ'IBCHHﬁ HWHTCPpBAJ.

THE TEMPERATURE AND ELECTRON CONCENTRATION
OF THE EROSIVE PLASMA OF BRASS DURING ITS FORMATION
BY DOUBLE LASER PULSES

K.F. Znosko
Yanka Kupala State University of Grodno,
22 Ozheshko Str., 230023 Grodno, Belarus, znosko@rambler.ru

The mechanism of interaction of two-pulse laser radiation with matter is described. The intensity of the spectral
lines of the erosive plasma, its electron temperature and the electron concentration in it take maximum values at the
inter-pulse interval of ~1 ps. Then the electronic temperature of the erosion plasma of brass is ~(18-19) thousands of
degrees, and the electron concentration ~(6-7) 10*7 cm™, It is shown that for the effective interaction of double laser
pulses with a brass alloy, it is necessary that the inter-pulse interval is small, equal to units of microseconds. Then
the first laser pulse forms an erosion crater, and the second laser pulse interacts with the™ hot " crater. This leads to
an increase in the removal of matter from the crater, the intensity of the spectral lines of the erosive plasma, its elec-
tron temperature and the concentration of electrons in it. In this case, the nanostructured condensation of the sub-
stance in the flame torch formed by the first laser pulse will be in the initial stage, and the process of its re-
evaporation will be effective. At inter-pulse intervals greater than 20 microseconds, the electron temperature of the
plasma, the electron concentration in it, and the intensity of its spectral lines are practically independent of it.

Keywords: electron plasma temperature; electron concentration in plasma; erosive plasma; plasma torch; double
laser pulses, inter-pulse interval.

Beenenue U3JIyYEHUsl C BEUIECTBOM, LIMPOKO HCHOJb-
ITox BO31EMCTBUEM JIA3€PHOTO M3IIYUYEHUS 3yIOTCS BO MHOTHMX OOJIaCTSIX HAyKH, TEXHU-
BBICOKOM HHTEHCHUBHOCTU Ha IOBEPXHOCTH KU ¥ ipou3BozcTaa [ 1-3].
TBEpAOro Tena (HOpMHUPYETCS 3PO3UOHHBIN Ha naHHBII MOMEHT yCTaHOBIIEH U HCCIIE-
KpaTep, U3 KOTOPOTO IIPOpacTaeT sPKOCBe- JIOBaH pAJ MEXaHU3MOB B3aUMOJACHCTBUS
TALIUICS TIa3MEHHBIH (pakes, KOTOPbIA BbI- JA3epHOTO H3JIy4deHus ¢ BemecTBoM. OHH
HOCUT M pacHbpUII€T B OKpY’Karollee Ipo- ONPEAEIAIOTCS MapaMeTpaMH JIa3epHOro W3-
CTpaHCTBO abmupoBaHHOE BemiecTBo. Jlazep- Jy4YEHHUsI, CBOMCTBAMH BEIIECTBA, & TaKXKe
HO-TUIa3MEHHbIE TEXHOJIOTHH, Oa3zupyrolue- CBOICTBaMM Cpelibl, B KOTOPOU MPOUCXOIUT
Cs Ha B3aMMOJEHMCTBHM MOIIHOIO JIA3€pPHOIO mporecc B3auMozeicTeusa. Ha nepsom srame
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Pa3BUTHS JIa3€pHO-TIJIA3MEHHBIX TEXHOJIOTUI
UCIIOJIb30BAJIMCh OJMHOYHBIEC JIA3€PHBIC HM-
IIyJIbChI, OJHAKO MX BO3MOXXHOCTH 3Ha4yu-
TEJIbHO PACIIUPHUIINCH IPU HCIOIb30BAaHUU
C/IBOEHHBIX Ja3€pHBIX HUMIIYJIbCOB U ILIYTOB
JIa3epHBIX UMITYJILCOB [4-5].

JIOCTOMHCTBOM NPUMEHEHUSI CABOECHHBIX
JIa3€PHBIX UMITYJICOB SIBJIAETCS 3HAYUTEIIb-
HOE YBEIMYCHHE MacChl abJIMpPOBAHHOTO Be-
IIECTBA M MHTEHCUBHOCTH CIIEKTPAJIbHBIX
JIMHUAWA H3JIy4€HUS SPO3MOHHOM IIIa3Mbl II0
CPAaBHEHHMIO C MOHOMMITYJIbCHBIM €€ (hopMu-
poBanueMm [6-7]. Xors B psine paboT ObLIH
ClIeNaHbl IONBITKH OOBACHUTH TaKOH poCT,
OJIHAaKO €ro MPUYHHBI J0 KOHIIAa HE U3YUEHBI.

HccnenoBanue mpoLEeccoB, IPOUCXOAS-
MUX Tpu GOPMHUPOBAHUHU IPO3HOHHOH TIIA3-
Mbl, B YaCTHOCTH, 3HaHHE TEMIIEPaTyphl U
KOHIICHTPALlUHA DJIEKTPOHOB J1aCT BO3MOXK-
HOCTb KOHTPOJIMPOBATH IJIa3MO-XUMUYECKHUE
MpOLECCHl, MpOTEKaIue B Heill. M3MeHss
BHEIIIHUE [TapaMeTpbl, MOXKHO OyJeT LiejeHa-
IIPABJICHHO YIPABJIATH IPOLIECCOM B3aMMO-
JEUCTBUS JIa3€pHOTO M3JIY4YEHHUs C Belle-
CTBOM M TEM CaMbIM JOCTUYb 3a/laHHBIX pe-
3ynbTaToB. Bece 310 Oyner crnocoGcTBOBaTh
JalbHENIIEMY  Pa3BUTHIO  JIa3€pHO-IUIA3-
MEHHBIX TEXHOJIOTUH U UX BO3MOKHOCTEM.

Ilenpto HacToslledl paboThl sIBiISETCA
OIIpEIEIIEHUE TEMIIEPATYPhl U KOHLEHTPALUU
AJIEKTPOHOB 3PO3MOHHOM IuIa3Mbl 00pa3zo-
BaHHOM Ha INOBEPXHOCTH JIATYHHW MOA J€H-
CTBUEM IOTOKA C(HOKYCHPOBAHHOTO JIa3€PHO-
IO U3JIyYEHUs CIEKTPaIbHBIMU METOIAMHU.

MeToauka uccjaeaoBaHuii

OrnpeneneHue >IEKTPOHHON TeMIlepaTypbl
3p03HOHHOI>i I1a3MbI U KOHH@HTpaHI/II/I DJICK-
TPOHOB B HEH OCYLIECTBISETCS Pa3IuYHbIMU
Meroaamu. Hanbosnee nHTEpEeCHBI TUCTAHITH-
OHHBIE€ CHEKTPAJIbHBIE METObI, B YACTHOCTH,
METOL OTHOCUTCIIBbHBIX I/IHTeHCI/IBHOCTeI\/II
cnekTtpaibHbiX JuHUU. CyTh MeTona, pac-
YyeTHbIE (POPMYJIBI M MPAKTUKA €ro MpuMeHe-
HUS JJI ONpPEIENICHUs] apaMeTpoB pa3psii-
HOW TuTa3Mbl npuBeaeHs! B [8]. s omnpene-
JIEHUST DJEKTPOHHON TeMIlepaTypbl HE0OXo-
INMO 3KCHepI/IMeHTaHBHO I/I3MepI/ITB OTHO-
LIEHUE UHTEHCUBHOCTEN JIBYX CHEKTPaIbHBIX

JTUHUH, U3Ty4aeMbIX OJTHUM U TEM K€ XUMHU-
YEeCKUM 3JIEMEHTOM B IUIa3Me, IpPUYeM U3Me-
PEHUS IOJDKHBI MPOBOJIUTHCS B OJTHUX M TEX
YK€ YCJIOBUAX M OJHHUM U TEM K€ IpuOopoMm.
OTO MO3BOJISET HUBEIUPOBATH OLINOKHU, BO3-
HUKIIHUE B MPOIIEcCe U3MEPEHUH.

W3mepeHre MHTEHCUBHOCTEN CIEKTpaslb-
HBIX JIMHUW MPOBOJAUIIOCH HA YCTaHOBKE, IO-
npooHo onucanHoi B [9-10]. cnonb3oBancs
YAG:Nd*-na3ep, KoTopblii MOT TreHepupo-
BaTh KaK OJIMHOYHBIC, TAK U CABOCHHBIC MM-
MyJIbCHI JUIUTEIBHOCTHIO ~15 HC MO MOITyBHI-
cote u sHepruert 5-60 mJ[x, pazneneHHbIC
peryiupyeMbiM B nuana3zone 1-300 Mkc Bpe-
MEHHBIM HHTEpBaIOM. KOHIIEHTpaIus dJIeK-
TPOHOB B APO3MOHHOM TJIa3Me OINpeAensiiach
Ha ocHOBaHUM ypaBHeHUs Caxa-JIeHrmiopa.

OObeKTOM HCCIeOBaHUS SBISIACH JPO-
3MOHHas IU1a3Ma, CO3JaHHasi Ha IOBEPXHOCTU
JATYHHOTO CIUJIaBa IMyTeM BO3JIEHCTBUS Ha
HETO CIBOCHHBIMH JIa3€PHBIMU UMITYJILCAMH.

Pe3yabTaThl U MX 00Cy:KIEeHUE

OCHOBHBIMHU COCTABIISIOIIUMU JIATYHH SIB-
JISIOTCSL MEIb ¥ IIUHK. J{J1s1 TMarHOCTUKH PO-
3MOHHOM TUTa3Mbl OpaluCh CHEKTPaJbHBIC
TuHUU 00oux anemeHToB. CymMapHasi sHep-
THsl CIIBOCHHBIX HMMITYJICOB COcCTaBisia 46
mJlx. Ha pucynke 1 mpencraBieHsl 3aBUCH-
MOCTH MHTEHCUBHOCTH aTOMHBIX JIMHUN Me-
v Cul 324.754 um u Cul 327.396 aM u nius-
ka Znl 330.6 um u Znl 334.6 HM OT MeXHUM-
MyJIbCHOTO UHTEpBaa (T) COOTBETCTBEHHO.

[ToBeneHre 3TUX CIIEKTPANBHBIX JIMHUN (a
TaKk)Ke JIPYyTruX) B 3aBUCUMOCTU OT T MOJ00-
HOoe. MakcuManbHas WX HMHTEHCUBHOCTH
Habmoanack npu 1~1 Mxc. C pocToM Bemnu-
YUHBI T WX WHTCHCHUBHOCTH YMCHBIIIACTCS.
[Tpu 1~50 MKC WX WHTEHCHUBHOCTh YMEHbIIIa-
ercs B 2-3 paza. IIpu 1100 MKC UX HMHTEH-
CHUBHOCTh TPUOJIMKAIACh K YPOBHIO WHTEH-
CHBHOCTEH, HAOIIOMaeMBbIX TPH MOHOUM-
MyJIbCHOM (POPMHUPOBAHUH TIIIA3MBI.

3aBUCHMOCTH JJIEKTPOHHOH TeMITepaTyphI
APO3UOHHOW TJIA3MBI JATYHU OT T, PaCcCUH-
TaHHBIC MO MeToauke [8] mpeacraBieHsl Ha
puc. 2. Pacuetsl ObuTH TIPOBEICHBI KaK C HC-
M0JIb30BAHNEM HWHTEHCUBHOCTEH CITIEKTpPasIh-
HeIX JmHAR Memu - Cul 324.754 uMm u
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Cul 327.396 um, tak u nusaka - Znl 330.6 am
u Znl 334.6 am. BugHo, 4YTO 3JIEKTPOHHBIC
TEMIIEPATypPhl OTIUYAIOTCS HE OoJiee 4eM Ha
1000 K, uro BmosHE OOBSICHSETCS IMOTpel-
HOCTBIO JKCIICPUMEHTAIBHBIX WU3MEPEHUH H
pacuetoB. {1 000MX pacueToB MakCHUMalb-
Hasi DJCKTPOHHAs TeMIleparypa IUIa3Mbl
HaOmoganace mpu 1~1 mkc. Ilpu 1 >20 Mxc
DJIGKTPOHHASI TEeMIIepaTypa IUIa3Mbl CTaOW-
JU3UPOBAJIaCch Ha OHOM YpOBHE U Obliia B ~2
pa3a HUKEe MaKCUMAJIbHON HE 3aBUCUMO OT T,
anpu T >150 MKC MEIJIEHHO YMEHbBIIAIACh.

50 Jx103,
OTH.CO.

8= 377 396 HM
—tr= 324754 um

0 50
a(a)
Jx108,
40 OTH.€JI. == 33(0,6 HM

=—tr= 334 .6 HM

200 250 300
T,MKC

150

100
6(b)

Puc. 1. 3aBUCHMMOCTH MHTEHCHBHOCTH CHEKTPATbHBIX
muanii Cul 324.754 um u Cul 327.396 um (a) u
Znl 330.6 uM 1 Znl 334.6 HM JaTYHH OT MEKHUMITYJIb-
CHOT'O MHTEpBaja

Fig. 1. Dependences of the intensity of the spectral
lines Cul 324.754 nm and Cul 327.396 nm (a) and

Znl 330.6 nm and Znl 334.6 nm (b) of brass on the
inter-pulse interval

KoHIeHTpanum 93JeKTPOHOB B  IUTa3Me
OIIpeIeTsUTUCh Takke mo Metoauke [8]. s
pacue€Tta CTCIICHW HOHU3alWH ILIa3Mbl JaH-
HbIE 110 DJIEKTPOHHOI TemmepaType IIa3Mbl
Opaymch U3 pUCYHKa 2 ¢ 00EHX KPHUBBIX.

W3 puc. 3 BHIHO, YTO KOHIIEHTPALHUS
AJIEKTPOHOB B IIa3M€ CHJIBHO 3aBUCUT OT
3aJIep’KKH BTOPOTO JIA3€PHOI'0 MMITYJIbCA OT-
HOCHUTEJIBHO IIEPBOTO B Te4YeHHE mnepBbix 20
MKc. [Ipu 130 MKC KOHLIEHTpAIUS IEKTPO-
HOB B ILIa3Me€ CTa0WIM3UPYETCS Ha YPOBHE
MOHOUMITYJILCHOTO e¢ (popmupoBanus. Tak-
K€ BUIHO, YTO KOHLIEHTPALMU AJIEKTPOHOB B
IJIa3Me, PacCUUTaHHbIC KAK MO JIMHUSAM Me-
JI1, TaK U 10 JIMHUAM LIMHKA, OTIIMYAIOTCS HE
CYILIECTBEHHO.

Tx103%, K
18
13
8 T T T T T T 1
0 50 100 150 200 250 300
—8—Cy ———7n T,MKC
Puc. 2. 3aBHCHMOCTH 5SJCKTPOHHOW TeMIIEpaTypHl

3p031/IOHHOI71 IJIa3Mbl JIaTYHU OT MCEKHUMITYJIBCHOT'O
HHTCpBAJIa

Fig. 2. Dependences of the electronic temperature of
the erosion plasma of brass on the inter-pulse interval

Ne, 1017 cm3

O T T T T T 1
0 50 100 150 200 250 300
-8 Cy == 7n T,MKC
Puc. 3. 3aBHcHMOCTH KOHICHTpAaWH 3JCKTPOHOB B

J'IaSGpHO-BMHCCHOHHOfI [JIa3M€ JIaTyHU OT MCEKUM-
IMyJIbCHOI'O MHTEpBAJIa

Fig. 3. Dependences of the electron concentration in
the laser-emission plasma of brass on the inter-pulse
interval

[Tna3menHsbIit (aken, oOpa3oBaHHBINA MeEp-
BBIM JIa3€pHBIM MMIIYJIbCOM, PacCIIUpPSACh 3a
CYET BBICOKOIO HAYaJIbHOI'O BHYTPEHHErO
IAaBJIEHUS, JOCTUTAaeT CBOEH MaKCHUMAaIbLHOMI
BEIIMYUHBI 32 €AUHUIBI MUKpOCeKyHI. Pac-
LIUPSISICH, OH OCTHIBAET U U3JTy4aerT.
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[Tpu manbix T (~1 MKC) BTOpO# Ja3epHbIit
UMIIYJIbC IPOHUKAET CKBO3b IEPBbIN IIa3-
MEHHBIH (haked U B3aUMOJICHCTBYET C «Topsi-
yei» MOBEpXHOCThIO KpaTepa. OH Gopmupy-
€T BTOpOH, OoJiee MOIIHBIN, IIa3MEHHBIN
(axen, KOTOpbII BBIHOCUT U3 KpaTepa 3Hauu-
TEJIBHO OOJIbIIIee KOJMYECTBO BEILECTBA, YEM
nepBoIii [6-7]. Bropoii mmasMeHHbIH (aken
pacrpocTpaHsieTcs BHYTPb MEPBOTO, B KOTO-
POM yXe HauyaJIuCh IPOLECCHl HAHOCTPYK-
TYpHOW KOHJICHCAIlMM BEILECTBA, BBIHECEH-
HOTO IEPBbIM Ja3epHbIM (aKeIoM.

Wmxekuus ropsyeil mia3msl, o0pa3oBaH-
HOW BTOPBIM JIa3€PHBIM MMITYJIbCOM, BHYTpPb
MEPBOTO ITUIA3MEHHOTO (aKena, MPUBOIUT K
OBICTPOMY TE€PEMELIMBAHUIO «TOpsAYe» MU
«OCTBIBAIOIIEH» TIa3Mbl, AKTHBALUW TILIa3-
MOXUMHMUYECKUX PEAKLUH Ha 3JIEMEHTApHOM
YpOBHE. OHEprus, akKyMyJIHpPOBaHHAs BO
BTOPOM IUIa3MEHHOM (akese, MJAET Ha Io-
BTOPHOE HCHApeHHe, HOHU3AIHUI0 B BO30YX-
JICHHE YaCTULl «OCTBIBAIOIIEI» MIa3MBbl, a He
BBICBEUMBACTCS B BHJIE KOPOTKOBOJIHOBOTO
U3Iy4YeHHUs Ha ero (poHTe. DJIEKTPOHHAs
TeMIIepaTypa Iia3Mbl ¥ KOHIIEHTPAIUS dJIEK-
TPOHOB B HEW, MHTEHCUBHOCTb CEJIEKTUBHOIO
M3IYYeHHsI CKaYKOOOpa3HO BO3PACTAIOT, YTO
U TIOATBEPXKIAI0T pUCYHKH 1-3.

[Mpu Gonpmmx T (>30 MKC) TpOHMCXOs-
mMe mpolecchl aHalornyHbl. OIHAKO, YeM
II03’K€ MPUXOJUT BTOPOM JIA3EpHBIA HM-
MyJIbC, TEM OH:

- BO3JICCTBYeT Ha OoJsiee XOJOAHBIA Kpa-
Tep, 00pa30BaHHBIA MEPBBIM HMMITYJIECOM, U
TEM MEHbIIIe BBIHOCUT U3 HETO BELIECTBa,

- OoipIlIe paccemBaeTCs W IOTIIONIAETCS,
IpoXo/s 4epe3 00Jako HaHOPa3MEpHbIX 4a-
CTHII, CKOHJICHCHPOBABIIMXCS W3 IUIa3MBbI,
CO3JIaHHOM MEPBBIM JIA3€PHBIM UMITYJIbCOM, U
TeM OoJibiie pachOKyCUpyeTcs;

- B MEHbUIEH CTENEeHU MOBTOPHO AMCIIEP-
THPYET 3TH HOHOCTPYKTYPHI Ha aTOMBI H HO-
HBI, TaK KaK OHU CTAHOBATCS 0ojiee KPYIHBI-
MU, XOJIOJHBIMH U yCTOWIHBBIMH.

[Mpu 3naumrtensHbIx T (>100 MKc) muas-
MeHHBIE (haKenbl MPAKTHYECKH HE BIHSIOT
Apyr Ha Apyra, a perucTpUpyeMbIi pe3ylib-
TaT JCWCTBUS CHABOCHHBIX JIA3EPHBIX HM-

IIyJIbCOB SIBJISIETCS CyMMOM NEUCTBUH IBYX
HE3aBHCHUMBIX JIa3€PHBIX UMITYJIbCOB.

3akio4enue

Takum 00pazoM, pacCMOTpEH MeXaHH3M
B3aUMOJICHCTBUS JIByXUMIIYJIbCHOTO Ja3ep-
HOTO M3JIyueHHs ¢ JaTyHblo. [lokazaHo, 4To
g 3(pQPeKTUBHOTO IpOTeKaHMs Ipolecca
B3aUMOJICHCTBUS JIBYXUMIYJIBCHOTO Ja3ep-
HOTI'O M3JIyYeHMs C BELIECTBOM HEOOXOIMMO,
4TOOBI T OBUI MajbIM, COCTaBJISUT €IUHHIIBI
MHUKpPOCEKYH/[I. M3 NpoBeIeHHbIX HUCCIIEN0Ba-
HUI cleayeT, 4YTO HMHTEHCHUBHOCTH CIIEK-
TPaJbHBIX JIMHUM 3PO3MOHHON MJa3Mbl, €€
AIIEKTPOHHASI TEMIIepaTypa M KOHIICHTPALUS
3JIEKTPOHOB B HEHW NMPUHUMAIOT MaKCHUMallb-
HbIE 3HaUYeHUs T~1 MKc. YBenudeHue T npu-
BOJIUT K UX PE3KOMy najeHuto, a npu t>20
MKC HMHTEHCHBHOCTH CIEKTPAJIbHBIX JIMHUH
HPO3UOHHON MJIa3Mbl, €€ JIEKTPOHHAsS TeM-
nepaTtypa ¥ KOHIEHTpalmus OSJIEKTPOHOB B
HEH MpakTUYECKH HE 3aBUCST OT HETO.

D10 00yCIIOBIEHO TEM, UYTO IPU MaJbIX T
HIPOUCXOIUT B3aUMOJCHCTBUE IUIa3MEHHBIX
¢akenoB, 00pa30BaHHBIX IIOCIEIOBATEIHHO
UAYIIMMH JIa3€pHBIMM UMIYJIbCAMHU, MPOUC-
XOJUT TIOBTOPHOE BO30YXKJCHUE TIUIA3MBI,
c(OPMHPOBAHHOM MEPBBIM JIA3€PHBIM HM-
MyJILCOM BTOPBIM IUTa3MEHHBIM (PaKeIOM U3-
HyTpH. [Ipy GONBIIMX T MBI PErucCTpUpPYEM
CBEUCHHUE JBYX IMPAKTHYECKH HE3aBUCHUMBIX
JpyT OT Jpyra CIEAYIOUMX OJMH 33 JPYyTUM
IJIa3MEHHBIX (paKesoB.
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U3y4eHsl IPOCTpaHCTBEHHbIC pacnpenesienus oo (K*, Na*), npomeamux yepes TOHKUE TOIMKPUCTAILIHYE-
CKHMe M MOHOKpHCTaiuyeckue mienkn Al ¢ Tonmuuoit or 18 10 60 HM M KpUTHYECKME YIJIb KAaHATUPOBAHHUS.
DHeprusi HOHOB BapbUpOBaICh B npenenax Eo = 10-30 k3B. ITokasaHo, 4To yBelMueHHE SHEPIUH MydKa TIEpPBUY-
HbIX MOHOB MPUBOJUT K YMCHBIICHNUIO HNIMPUHBI MAKCUMYMOB YTJIOBOT'O PACIIPpCACIICHUA, YTO CBA3aHO C YMCHbBIIC-
HUEM KPUTHUYECKOI'O yIJjla KaHaJIUPOBaHUA \VKp. YCTaHOBHeHO, qyTO pr IJIA OCEBOI'0 KaHAJIMPOBAHUSA HC MPCBLIIIACT
4-5% a nnockoctHOro Kananmuposanus — 9-10°,

Kniouesvte cnosa: KpUTHICCKHI YTOI; POXOXKICHHE MOHOB; YTIIOBOE paCIpe/elicHIe; KaHAIUPOBAHUE; MPO-
CTPaHCTBEHHOE pacmpe/ie/iCHHeE.

STUDY OF THE CRITICAL ANGLE OF CHANNELING
OF ACTIVE METAL IONS THROUGH THIN ALUMINUM FILMS
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The spatial distributions of ions (K*, Na*) passed through thin polycrystalline and single-crystalline Al films
with the thickness from 18 to 60 nm and critical channeling angles have been studied. The ion energies have been
varied within the range Eo = 10-30 keV. It has been shown that an increase in the energy of the primary ion beam
leads to a decrease in the width of the maxima of the angular distribution, which is associated with a decrease in the
critical channeling angle . It has been found that the value y¢r does not exceed 4-5° for axial channeling and 9-10°
for planar channeling.

Keywords: critical angle; passage of ions; angular distribution; channeling; spatial distribution.

BBenenue BOJUT K MOSIBJICHUIO MHOTHX 3(PdeKTOoB, 00y-

B3aumoeiicTBuE DIIEKTPOHOB U HOHOB C CJIOBJICHHBIX YTOPSIOYEHHBIM DPACIIOJIOXKE-
sHeprusmMu 10-100 k3B u BbIIe ¢ TBEpABIM HUEM aTOMOB KpucTajuia. Pe3ynbraTsl JKC-
TEJIOM M, B YaCTHOCTH, SIBJICHUS PACCESIHUS U NEPUMEHTAJIBHBIX M TEOPETHUECKUX padboT
MPOXOXKACHUSI UX Yepe3 TOHKHE CJIOU KpH- MOKa3ajM, YTO TaKOW XapakTep B3auMOei-
CTAJUIOB IIMPOKO HCIOJB3YIOTCS B HUCCIENO- CTBUS, B CBOIO 04YEPEb, I03BOJISAET MOTYUUTh
BaHUAX 1O (usuke TBepaoro tena. Ecnu pac- CBEJICHHSI O CTPYKType KpHCTajula, O Xapak-
CEMBAIOLIEH Cpeloil SABIAETCS MOHOKpPH- Tepe NBUKEHMS B HEM aTOMHBIX YacTHII, Jie-
CTaJll, TO MOCIIEA0BaTEIbHbIE CTOJIKHOBEHHUS (bexToo0pa3oBaHUM U JIOKAJTU3ALUN MTPUMEC-
HaJIETAIOIMX HMOHOB C aTOMaMHU KpHCTaJUIa HBIX aTOMOB B KPHMCTAJUIMYECKOM pEIIETKE
CTaHOBATCA CWIBHO CBSI3aHHBIMH, 4YTO IpHU- [1-10]. Us3BectHO, uro OOMOapIUpOBKA
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MOHAMH aKTUBHBIX METaJUIOB C dHeprueu 1-
100 x°B wucnonp3yercs st MoauUKAIIN
CBOMCTB MOBEPXHOCTH W TOJIY4YEHHUS] HaAHO-
pa3MEepHBIX CTPYKTYp C 3aJaHHBIMU (u3nye-
CKHMHU CBOMCTBAMH Ha Pa3IMYHBIX TTyOHMHAX
MPUIIOBEPXHOCTHONH 00JaCTH  MaTepuasoB
paznuuHoil npupoxs! [11-13], a Ttakxke usy-
YEHHS] CTENIeHH MOHOKPUCTANIMYHOCTU KpH-
crajios [2, 4, 7].

[Ipu GoMOapaMpOBKE TOHKHUX MOHOKPH-
CTAJNIMYECKUX TUICHOK MOHAMHU 4YacTh MOHOB
BCJIE/ICTBUE OCEBOI'0 U IJIOCKOCTHOTO KaHa-
JUPOBAHUS MPOXOAUT Yepe3 obpaser ¢ Ma-
go  moreped  sHeprum  [3, 4, 7]
KanasmpoBanue, B IIepByIO  OYEpEnb,
3aBHCUT OT yIJIa MaJieHUs] IEPBUYHOTO MyUyKa
Ha MOBEPXHOCTH O0Opasma. [Ipu sTom uepes
oOpazery MNpPOXOAAT T€ HOHBI, KOTOpHIC
MajaloT Ha TOBEPXHOCTH MO/ YIJIOM MEHbIIIE,
YeM KPUTHYECKHUH Yip. YTOI Yip MEXKIY Tpa-
EKTOpHUEH YacTHUIl U OChbIO KaHaja, MPU KOTO-
pOM ele He Kcue3aeT HalpaBJsiolee Jei-
CTBUE psiia aTOMOB Ha WoH, Jlunaxapa [2]
Ha3BaJl KPUTHUECKUM YTJIOM KaHAJTUPOBaHUS
yactuubl (MoHa). Ilo Teopernueckum oreH-
kaMm JIuHxapaa, yBenIu4eHHe YHEPruu Mydyka
MEePBUYHBIX HOHOB JIOJDKHO TIPUBECTH K
YMEHBIIEHUIO YIJIa, ¢ KOTOPOrO0 HAYMWHAET
pOsABIATECA d(PPEKT KaHaIMPOBAHUS, T.€.
MPOUCXOIUTh (DOKYCHPOBKA HOHA MEXKIY
aTOMHBIMH psAJlaMU KpuUcCTajuia. Teoperuue-
CKH xp OLIEHMBAETCS C MOMOIIBIO BBIPAXKE-
Huii JIunxapna [2]. Jns skciepuMeHTaIbHON
OLIEHKH VWxp MOJKHO HCIIOIb30BATh METO]
M3y4Y€HUs TPOCTPAHCTBEHHOTO paclpezene-
HUE WOHOB, MPOMICAIINX Yepe3 CBOOOIHBIC
TOHKHE MOHOKPHUCTAJIMYECKUE TIUICHKH, B
3aBUCUMOCTH OT TOJSPHOTO yTJia IaJIeHUS
MyyKa, a Takke OT a3UMYTaJIbHOrO yria Mo-
BOpOTa 00pasia.

B nmanHO#l paboTe SKCIIEPUMEHTAILHO
OTpe/IeTICHbl KPUTHYECKUE YTJIBl KaHAIHUPO-
BaHMSI MOHOB, MPOILIEAIINX Yepe3 MOHOKpHU-
craummyeckue tieHkn Al. Tloiydenusie pe-
3yJIbTaThl CPABHUBAIUCH C TEOPETUUECKUMHU
pacueramu.

MeToabl uccjieI0BaHUA
WccnenoBanusi IpoOBOMINCH B CBEPXBBI-

COKOBAaKYyYMHON YHUBEpPCaJIbHOM YCTaHOBKE
C MOMOIIBIO PETUCTPALIMA MOHOB, MPOIIE-
IIMX 4Yepe3 TOHKUE IJICHKU KpucTayios. Pa-
004Mii BakyyM B Kamepe CIEeKTpOMeTpa Co-
craiser (3-8)-10° Top, a mMOBEpXHOCTP HC-
cieayeMoro obOpasia OuYMIIAeTCsl TepMHuYe-
CKUM HAarpeBOM C ThUIBHON CTOpPOHBI MHIIIE-
HU (0oOpasma). YncroTra moBEpXHOCTH 00pas3-
[[a OIICHMBAJaCh IO MCUYE3HOBEHUIO OXKe-
IIMKOB yIJepoja M KHCIOpOoJa B CIIEKTpe
0’Ke-DJIEKTPOHOB. YTJIOBas amneprypa JAeTeK-
TUpPOBaHMA  aHanuzatopa Tuma  HO3a-
Poxanckoro 0.5°. B »skcmepumeHTax 1o
CHEKTPOCKOIIUU HCIOJIb30BaH MAHUITYJISATOP
C MATHIO CTEMEHSMU CBOOOMBI: MOBOPOT 00-
pasla B ero IVIOCKOCTH; HAaKJIOH 110 OTHOIIe-
HUIO K MOHHOMY ITy4Ky; MEpeMeleHUEe MH-
IIEHU B Iy4YKE B BEPTHKAJIbHOM M TOPU30H-
TaJdbHOM HampasiieHuu. [IpuBoa 1t Kaxo-
ro NepeMeIIeHus CHa0KeH KON C HOHHY-
COM, TO3BOJISIONINM OTCUUTHIBATH TOBOPOT U
HAaKJIOH MUUIIEHM OTHOCHUTENIbHO IIy4Ka C
touHocThio 0 0.1° m ee mepemenieHue c
TouHocThio 70 0.1 mMm. Manunynsrop npo-
IIyCKAaeT MOBOPOT BOKPYT OCH, HOPMAJIbHOM K
IJIOCKOCTH JiepxaTens oOpasua, Ha 360°,
HAKJIOH OTHOCUTEJIBbHO IIydyKa IOBOPOTOM
BOKpPYT BEPTUKAJIbHON OCH MaHUITYJIATOpA Ha
360° u cMelieHne M0 BEPTHKAIN U TOPU30H-
tanu Ha 20 mm. C yuyeToMm mrodTa B yepBsd-
HBIX Iepefayax aOCoIOTHasE TOYHOCTh ycCTa-
HOBKM MaHHUIynsTopa cocrasinser 15°. Hc-
TOYHUK HOHOB IO3BOJISIET OOMOAapAMPOBATH
oOpazen; monamu c¢ saeprueii 10-35 k3B npu
MaKCHMaNbHOH mioTHocTH Toka 1078 A/cm?,
JlnameTp MOHHOTO MATHA MOXHO PEryJIupo-
BaTb C TMOMOILIBIO OJMHOYHON JIMH3BI B IIpe-
nenax 0.4-2 MM B 3aBUCUMOCTH OT peIIaeMoi
3aJ1a4H.

Pe3yabTaThl U MX 00Cy:KIeHUE

W3ydeHbl MPOCTPAaHCTBEHHBIE pacrpesie-
nenust nonos (K¥, Na¥), npomenmmx wepes
TOHKHE TIOJHKPUCTAJUIMIECKHE W MOHOKPH-
crajunueckue mieHkn Al ¢ TommuHOK oT 18
0 60 HM. DHeprus HOHOB BapbUPOBAIUCH B
npenenax Eo = 10-30 k3B. Ha puc. 1 mpen-
CTaBJIEHBl TOJSPHBIC THATPAMMBI yTIOBOTO
pacnpenenenust wonos Na*, mpomreammx ye-
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pe3 MoHOKpucTaiuTHueckyro mieHky Al(100).
[Ipyu mony4yeHUH MONSPHBIX AUATPAMM YTJIO-
BOI'O paCHpEIENICHUs] HalpaBiICHUE ITydKa
MEPBUYHBIX MOHOB COBIMAJal0 C HarpasJie-
Huem [100] kpuCTaINTMYECKON pEIIEeTKH, a
Bpaiienue aetekropa BOVY-6 ocymecTis-
nock BOKpyr ocu <001> kpucramiueckoiu
pEIIeTKH; IUIOCKOCTh JIETEKTUPOBAHUS COB-
najaina c miockoctero {001},

beam

Puc. 1. IlonsipHple  nuUarpaMMbl  YTIJIOBOTO
pacrnpeaenenus nonoB Na*, mporreamnmx yepe3 MOHO-
kpuctamunueckyto tienky Al(100), d=45 um npu
pasnbIx sHeprusix:1- Eo= 20 kaB; 2- Eo= 30 k3B

Fig. 1. Polar diagrams of the angular distribution of
Na* ions passing through a single crystal Al(100) film,
d = 45 nm at different energies: 1- Eo = 20; and 2- Eo
=30 keV

BunHo, uTo XapakTep MONSPHBIX IgHa-
rpaMM YTJIOBOTO paclpeiesieHusl pe3ko aHu-
3oTpornieH. Ha HUX HaOm0mal0TCS YeTKO BbI-

paKEHHBIE MaKCHUMYMBI, COOTBETCTBYIOIIUE
KpUCTaIIOrpaguuecKum HampaBlIEHUSM
[100], [130], [120], [110]. VYmBenuuenwue

OHEPrUM ITyYKa NEPBUYHBIX HOHOB IPUBOIUT
K YMEHBILIECHUIO HIUPUHBI MAaKCUMYMOB YIJIO-
BOT'O paclpesiesieHus], YTO CBS3aHO C YMEHb-
LIEHUEM KPUTHUYECKOTO yIJla KaHAJIMPOBAHUS
Wp-

Ha puc. 2 npeacraBineHsl CIEKTPHI dHEP-
reTHYECKOro pacnpesenenus uoHos Na',
npormreamux uepe3 mieHku Al(100) tosmmm-
Hoit 45 uMm. Mounbr Na* Hampasisuivch K 1mo-
BepxHOcTH ¢ Eo=20 k3B nox pasubimu yria-
mu (0°, 5°, 10°) otHOCHTENEHO HOpMaiH. Ha
CIIEKTpPE, MOJYYEHHOM IpU NaJACHUH HOHHO-
ro myyka IO HOPMajiM K TIIOBEPXHOCTH

(9=0°), oOHapy>KUBAIOTCS BCE TPU IMHUKA, Xa-
PaKTepHBIX  JUII ~ MOHOKPUCTAJUTMYECKON
MJICHKHU, TaK Ha3bIBaeMOE OCeBOE€ (a), IJIoC-
koctHOe (0) u nuddy3Hoe (B) MpoxoKaeHHE

[7].

a

dN/dE, a. u

o

3 o=10"

13 14 15
E, keV

Puc. 2. DHepreruyeckoe pacnpexnencHue noHos Nat,
npomenmux 4depe3 mieHky Al(100) mpu pasHbIx yr-
Jax TmaneHws WOHHOTro Imydyka ¢: 1-0°, 2-5°, 3-10°;
dai=45 uM. Dueprus nepBuvHbIx HoHOB 20 k3B

Fig. 2. Energy distribution of Na* ions passing
through the AI(100) film at different angles of inci-
dence of the ion beam ¢: 1-0°, 2-5°, 3-10°; dai = 45
nm. The primary ion energy is 20 keV

[Ipu @=5° Taxke OOHApPYKHUBAIOTCS BCE
Tpu nuka. OJIHAKO UHTEHCUBHOCTh NHUKA ()
pPE3KO yMEHbIIAeTCs, MONyLIMpUHA IHKa
IJIOCKOCTHOTO KAaHAJMPOBAaHUS YyBEIUYMBa-
ercs 0e3 3aMeTHOro W3MEHEHHsS WHTEHCHUB-
HocTU. [lo-BUOMMOMY, yMEHbILIEHHE Yucia
WOHOB, MpPOLIEAIINX BCJIEICTBUE OCEBOIO
KaHaJUPOBaHUS, NPHUBOJUT K YBEIHMYEHUIO
YKCJIa NOHOB TUIOCKOCTHOTO KaHAJIMPOBAHMS.
W3 Tperbero crekrpa BUAHO, YTO MAKCUMYM
OCEBOI'0 KAaHAJIUPOBAHUS MPAKTHYECKH HCYE-
3aeT, IUIOCKOCTHOE KaHaJIMpPOBAaHUE HUMEET
OYEHb MAJIECHBKYIO MHTEHCUBHOCTb, IOJIOXKE-
HUE MakcuMyma OecniopsiiouHoro (auddys-
HOT'0) MPOXOXKJIEHUS CMEUIAETCSd B CTOPOHY
MEHBIIMX DSHEPrui, a MOJyIIHPHUHA 3TOTO
MakcuMyma  yBennuuBaercs. llocnennee
00yCIIOBJIEHO YBEJIMYEHHUEM 4YHCJIa HOHOB,
WCIBITaBIINX MHOTOKpAaTHBIE COYIapeHMs C
aTOMaM{ MULIEHH (IIJICHKH), YTO MPUBOJAUT K
pPOCTy CpEJHUX MOTEPb PHEPIMHM MOHAMU IIPU
npoxoxaeHuu. Ha ocHOBe aHanu3a CeKTpoB
pHC. 2 MOXHO I0JIaraTh, YTO Yxp JUIsI OCEBOTO
KaHAJIMPOBAHUsA COCTaBisieTr ~5°, a Iuoc-
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KOCTHOro KaHanupoBaHus ~10°. Takue xe
pe3yJIbTaThl TOIYyYEHBI U B Cly4ae OomOap-
auposku Al(100) nonamu K™ u Rb*. Ha oc-
HOBE OTHUX OSKCIECPUMCHTAIbHBIX JIaHHBIX
OLICHEHBI KPUTUYCCKUE YTIIbI KaHATHPOBAHUSI
AIl(100) nmpu GomOGapaupoBke uoHamu Na’,
K", Rb" u npoBeneHo cpaBHeHHE ¢ pacyer-
HBIMH JIAHHBIMHU, BBITOJHEHHBIMH COTJIACHO
BeIpakeHuto JIuaxapna (tadu. 1):

2 1/2
v - i.(zlzz' J
T 1 dy2 | 2mdE,

rae c=vV3; d-paccTosHMEe MeXIy aTroMaMH
LENoYkH; Z-aTOMHBIM HOMep oOpa3ua u
WOHOB; Eo-HaualbHasi SHEPIUsl; @ - apamerp
skpanupoBanus (¢ = 0.86¢); |-momymmpuna
MaKCUMyMa B CIIEKTpE.

1/2

Tabmmma 1. Kpurudeckne yriiel KaHAJIHPOBaHUS
WOHOB AaKTHBHBIX METAUIOB Yepe3 TOHKWE IUICHKH
AIl(100) (B rpan.)

Table 1. Critical angles of channeling active metal
ions through thin AI(100) films (in deg.)

[110] [100] [130] [120]
Monbl
OKc |Teop 3Kc| Teop | Oke |Teop OKc |Teop
Eo=20 x»B
Na* |~8.2| 8.3|~6.6) 65 |~4.6 | 44 |~3.8| 3.7
K* |~9.7/ 9.6|~7.8f 74 |~58 | 5.6 [~4.7| 4.4
Rb* | — [104] — | 84 — 54 | — | 46
Eo=30 x»B
Na* ~8.0| 8.3|~7.1] 6.3 | ~4 | 41 |-39| 34
K* |~8.7| 8.6|~7.7 75 | ~49 | 44 |~42| 3.6
Rb*| — | 97| — | 74 - 57 | — | 42

3KCHCpI/IMeHTaHBHHe 3HAYCHUSA KPpUTHUYC-
CKHUX YTJIOB KaHAJIMPOBAHUS Yxp AJIA JAHHOIO
HaIllpaBJICHUA KpUCTaJllla OLCHHUBAJIUCHL, HC-
X044 M3 TOJYIHUPHUHBI MaKCUMYMOB YIJIO-
BbIX WJIM NPOCTPAaHCTBCHHBIX paCHpe,Z[CJICHI/Iﬁ
nmpomeanunx KOHOB. CpaBHeHI/Ie HX IIOKa3aj1o
BECbMa YAOBJICTBOPUTCIIBHOC corjiacue.
CJ'IC,Z[yeT TAKIKE€ OTMCTHUTb, YTO PE3YJIbTAThI
SKCIICPUMCHTA IO MPOXOKIACHUIO MOHOB YC-
PE€3 TOHKHUE CJIION KPUCTAJJIOB IMOATBCPKAAOT
BbBIBOJAbI O TOM, 4YTO YBCIIMYCHUC OHCPIHUU
Mydka INCPBHYHBIX HOHOB W YMCHBIICHUC
MacCChbl MOHA MPUBOAAT K YMCHBUICHUIO BC-
JIMYUHBI KPUTUYCCKOT'O yIJla KaHAJIUPOBAHMUA.

3akiro4eHue

OKCIIEpUMEHTAJIbHO OLEHEHbl KpUTHYe-
ckue yribl Kananuposanus woHoB Na*, K u
Rb" ¢ wucronp3oBaHEeM METOIOB HM3ydYEHHS
VIJOBBIX  3aBHCHUMOCTEH  MPOXOXKICHUS
HMOHOB Yepe3 CBOOOIHBIE TOHKHE IUICHKU
Al(100). ITokazaHo, 4TO xp 3aBHCUT OT Mac-
Cbl U 3Hepruu MoHOB. IlonydeHHble pe3yiib-
TaThl XOPOIIO COIJIACYIOTCS C TeopeThude-
ckumu pacdyeramu Jlnnxapaa. Ilokasano, uro
Wip [UIS OCEBOTO KaHAJMPOBAHUS HE IPEBbI-
maer 4-5°, a MIIOCKOCTHOTO KaHAJIMPOBAHUS
—-9-10°.
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PAMAHOBCKASA 'EHEPALIUA
B ITPOCTPAHCTBEHHO-HEOJHOPO/HBIX CPEJAX

A Kyz[p;IBueBal), K.N. 36MCK0B1), A H. MapeceBl), C.D. YMaHCKaﬂl), H.B. IwIepHeral),
M.A. I_Hquemcol), AN. Bonqnuz), B.A. OpJIOBI/I‘-IZ)
Ddusuueckui uncmumym um. I1.H. Jlebeoesa PAH,
Jlenunckuit np. 53, 119991 Mockea, Poccus, akudr@sci.lebedev.ru
DUHCTUTYT ®U3UKH um. b.1. Cmenanosa HAH Benapycu,
np. Hezasucumocmu 68, 220072 Munck, beaapycw, a.vodchits@dragon.bas-net.by

CoydaifHas reHepanyst B KOMOMHAIIMOHHO-aKTHBHOM MaTepHale - IOPOIIKEe HUTpaTa 0apus - 3aperucTpUpoBaHa
B IByX BPEMEHHBIX PEKHMax: HAHOCEKyHIHOM M IHKOCEKyHIHOM. BBIIO MOKa3aHO, 4TO BBIHYXICHHOE KOMOWHa-
monHoe paccesiane cBeta (BKP) 8 Ba(NO3), st MHKOCEKYHIHOTO BO30OYKACHUS MMEET TOpasno Oojee HU3KHUiA
MOPOT U CIEKTp, COJCPIKaIUi O0JbIIe KOMIIOHEHT, YeM Ul HAHOCEKYH/IHOTO BO30Y>KAEHHs, B OTIMYHE OT CIIydas
CIUTOIIHON cpefsl. B mukocekyHIHOM pekume MHTeHCHMBHOCTh BKP Bo3pacTana ¢ moHM)XEHHEM TeMIepaTypsl U
nepepacrpeaensiach B N0JIb3y KOMIIOHEHT 00Jiee BHICOKOTO MOpsAKa. M3MepeHa JAIMTeTbHOCTh UMITYJIbCa KOMIIO-
HeHT BKP B mukocekynnHoMm pexume. Breicokas a¢dexTrBHOCT TpeodpazoBanus BKP B mopoike Hurpara 6apus
B IMUKOCEKYH/HOM PeXHMe U ero 0oJjplias cTabMIbHOCTh NPH JIa3€PHOM BO3JICUCTBUU, YeM JUIS CIUIOLIHBIX 00pa3-
II0B, Ja€T BO3MOXXHOCTh HCIIOJIb30BATh €r0 B KA4ECTBE aKTUBHOTO MaTepHalla B paMaHOBCKHUX NPeo0pa3oBaTeIIsX.

Knrouesuvie cnosa. JIa3ep; BBIHYXXJACHHOC pACCCAHUC; MOPOLIOK; MINTCIbHOCTh UMITYJIbCA; TEMIICPATYPHAsA 3aBU-
CUMOCTB.

RAMAN LASING IN RANDOM MATERIALS

Anna Kudryavtseva®, Konstantin Zemskov®, Aleksandr Maresev?, Sofia Umanskaya®, Nikolay
Tcherniega, Mikhail Shevchenko®, Aleksandr Vodchits?, Valentin Orlovich?
DP.N. Lebedev Physical Institute of the Russian Academy of Sciences,
53 Leninskii Ave., 119991 Moscow, Russia, akudr@sci.lebedev.ru
2B.1. Stepanov Institute of Physics, National Academy of Sciences of Belarus,
68 Nezavisimosti Ave., 220072 Minsk, Belarus, a.vodchits@dragon.bas-net.by

Random lasing in Raman active material - barium nitrate powder — has been registered in two temporal regimes:
nanosecond and picosecond. To study SRS in barium nitrate powder in both temporal regimes we used two pumping
sources: second harmonic of Q-switched Nd:YAG laser (A = 532nm, t= 11 ns, E= 0.2 J, frequency 10 Hz) and sec-
ond harmonic of Nd:YAG mode-locked laser (A = 532 nm, t = 30 ps, E = 25 mJ, frequency 10 Hz). The Ba(NO3).
powder of micron-sized particles was placed in the cell. Thickness of the sample was 3 mm. Stimulated Raman scat-
tering (SRS) in Ba(NOg), for picosecond excitation has been shown to have much lower threshold and spectrum
containing more components than for nanosecond excitation opposite to the case of a bulk medium. In picosecond
regime SRS intensity increased with temperature decreasing and redistributed in favor of the higher order compo-
nents. SRS components pulse duration in picosecond regime was measured with the help of monochromator and a
streak camera. Pulse durations of the 1%, 2"@ Stokes and anti-Stokes components are 32, 22 and 19 ps corresponding-
ly. High conversion efficiency of SRS in barium nitrate powder in picosecond regime and its larger stability under
laser impact than for bulk samples give possibility to use it as an active material in Raman converters.

Keywords: laser; stimulated scattering; powder; pulse duration; temperature dependence.

Beenenue JIeHHWe, JOCTaTOYHOE Ui TeHepauuu. D¢-

CityqaiiHble J1a3epbl — 3TO CHCTEMBI, HC- ekt cimyyailHOW reHepauuu ObLI BIEpBBIE
MOJIB3YIOLUE CHJIBHO Pa3ylopsI04YCHHBIC onucaH Jleroxosemm [1] B 1968 rogy. Cmy-
MaTepuaibl A TOJy4YeHUs JIa3epHOU reHe- yaifHble J1a3ephl MPOAOHKAIOT IPHUBIIEKAThH
panuu. B aTuX cucremax ONTHYECKHUH IyTh BHUMaHUE B CBA3M C MHOTOYMCIECHHBIMU
HAMHOTO JUIMHHEE, YeM B CIUIOIIHOM MaTe- MPAKTUYECKUMH TPUIIOKEHUSIMU U aKTHUBHO
puale, ¥ 3a c4eT dTOro 00ecreunBaeTcsl yCu- u3yvarorcst 10 cux mnop [2-4]. Cnyuaiinas
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reHepanusl peajln3oBaHa M MCCIEAOBaHA Ha
MHOKECTBE Ppa3UYHBIX MaTepHUajoB: IIO-
POIIKAaX PEIKO3EMEIbHBIX 3JIEMEHTOB M IO-
JYTIPOBOJIHUKOB [5], OMOIOTHYECKUX TKAHIX
[4,6], HaHOKOMITO3UTAX, BKJIFOUAs HAHO- WA
cyOMHKpOHHBIC YacTullbl [7]. PamMaHoBCcKuit
CIy4YalHBIM JIa3ep — 3TO YaCTHBIA Clly4yal
CIIy4aiflHOTO Ja3epa, B KOTOPOM B KadecTBe
HCTOYHUKA YCUJIEHUS UCIOJb3YETCSl BBIHYXK-
neHHoe KomOuHanmoHHoe paccesiuue (BKP)
[8]. B pamaHoBCcKOM city4aiiHOM Jiazepe BbI-
HY)KJIEHHOE€ HEYIpPYroe paccesHhue Hrpaet
pOJIb UCTOYHMKA YCUJIEHUS, B TO BpPEMs Kak
YOpPYroe paccesHue BO3BpalllaeT U3ITy4eHUe
obpartHo B cpeny. I (HEeKTHBHOCTH Mmporecca
BKP B nucneprupymoomux cpegax MOXKeT
OBITh 3HAYMTEIHHO YBEIMYEHA 33 CUET yBe-
JUYEHUS JUTMHBI B3aMMOJCHCTBHS B IMpoLeC-
ce audQy3HOro pacIpPOCTPAHCHHS CBETa B
Takux cpenax. Kpome toro, agdexr nokanb-
HOTO IOJII B TaKUX Cpelax TaKkKe MOXKET
MPUBECTH K 3HAYUTEIHFHOMY YBEIHYEHUIO
sapdexruBHOCTH TIporiecca BKP. IMpuanmas
BO BHUMAaHHE BCE BBIIICIIEPEUMCICHHOE, a
TaK)X€ IMPOCTOTY M3TOTOBJIEHHUS U BBICOKYIO
paallMOHHYI0 CTOMKOCTh, HEYIOPSI0YCH-
Hble ~ KOMOMHAllMOHHO-aKTUBHBIE  CpPEIbI
NPEJCTaBIAOT OOJNBIION HMHTEpec Ul pas-
JUYHBIX oOsactedl (oTOHUKU. MBI 3aperu-
ctpupoBaniu BKP B pszne nmopomkos, npen-
CTaBJIAIOIIMUX  cO0OM  MPOCTPaHCTBEHHO-
HEOJJHOPOHbIE cpeaibl. B nanHoM paboTe Mbl
MIPEJICTaBIsIeM pPEe3yJbTaThl HMCCIEIOBAHUS
BKP B ogHOM M3 3THUX BEHIECTB - MOPOLIKE
Hutpata 6apus Ba (NO3).. Crektp 3T0oro ma-
Tepuaja COJIEPXKUT JIMHUIO, COOTBETCTBYIO-
LIYI0 «JBIIANIE» MOJE C BOJHOBBIM 4YHC-
oM v (Ag) = 1047 cml, ¢ mmpuHO# mHHEK
1.5 e, BeICOKMM KO3((UIIMEHTOM ycHuile-
Hus (g =47 £ 5 cM/I'BT) 1 HU3KUM OPOroM
BKP. M13-3a MeienHo penakcauu kojeba-
TeNbHBIX BO30YyxaeHuit B Ba (NOz)2 (~ 30
HC) TIpM HAHOCEKYHIHOM BO30YXXICHHUU B
Kpuctainax Hutpata Oapus nopor BKP na
MOPSI0OK MEHbINE, YeM MpH BO30YKIACHUU
MUKOCEKYHIHBIMH uMmyJibcamu [9]. Mcrmons-
3ysl UCTOYHMKH BO30YXIEHHS C pa3iuyHON
JUIUTEIbHOCTBIO HMMITYJIbCa, MBI MOTJIM HC-
CJIeZIOBaTh KaK CTAllMOHAPHBIN, TaK U HECTa-

LIUOHAPHBINA PEXKUM IS CIIy4alHBIX Cpefl.

Matepuajibl M MeTO/IbI HCCJIEAOBAHNUS
MexaHnuecKkue CBOMCTBA KPUCTAIIIOB MO-
I'YT NPUBOJIUTH K MX Pa3pylLICHUIO MOJ Jeii-
CTBUEM BO30YXJAIOIIEr0 MU3JIy4EeHHUS, [103TO-
My HCIIOJIb30BaHHE psfa KOMOWHAIIMOHHO-
AKTUBHBIX MAaTEPUAJIOB, B YACTHOCTU HHUTpA-
Ta Oapus, B BHJIE MOPOILIKA MOXET PEIIUTh
atu npobaembl. Ba(NOz)2 xapakrepusyercs
HU3KON BJIArOCTOMKOCTBIO U IUIOXOW TEIIO-
npoBoaHocTeio. Criektpel BKP B mopoike
HUTpaTa O6apusi ObUIM BIIEpPBBIE MOJYUYEHBI B
1967 r. [10]. To3zxke mopomok Ba (NOgz)2
ObUT MCIOJIB30BaH B KadecTBE HEYIOPAI0-
YEHHOTO0 MaTepuayia JJisi UCCIeIOBaHus d(¢-
dekTa ciayyailHON reHepaluu Npu KOMOHHa-
IMOHHOM paccessuuu cBeta [11,12]. B mpo-
necce BKP B0o3MOXHBI /1Ba BpeMEHHBIX pe-
JKMMa: IEPBBIM — ATO YCTAaHOBMBIIMICS pe-
JKUM, KOT/Ia JUIUTEIbHOCTh UMITYJIbCa HaKay-
KM HAMHOTO OOJIbIIIe, 4eM BpeMsi Jeda3upoB-
KM KoJeOaTeabHOW paMaHOBCKOH MOJIBI.
Bropoii ciydail — 3TO NEpEXOIHBIM PEXKUM,
KOrja JUIMTETIbHOCTh HWMITYJIbCa HaKauyKu
MEHbIIIE BpPEMEHHM Je(pa3upoBKH, a CIIEK-
TpajlbHas IIUPUHA  JIA3€PHOM  HAKAYKH
HaMHOT0 OOJIbIle OJHOPOAHOIO YIIUPEHUS
pamMaHOBCKOW TNUHUM. /[l wuccrenoBaHus
BKP B mnopoumike Hutpata Oapuss B 000HX
BPEMEHHBIX PEKUMaX HCIOIb30BAIKNCH JBa
MCTOYHUKA HaKa4yKu: BTOpas rapmoHuka Nd:
YAG-nazepa ¢ moaynsiiuei 1o06poTHOCTH (A
=532 1M, 1= 11 He, E = 0.2 ]Ik, gacrora 10
I'n) u Bropas rapmonuka Nd: YAG-nazepa ¢
cuHXpoHM3almer mox (A = 532 HM, T =
30 ic, E = 25 m/Ix, gacrora 10 I'y). B xto-
BeTy nomenianu nopomok Ba (NOs)2 ¢ ya-
CTUIIAMU MHMKPOHHOTrO pasMepa. TomnmmHa
oOpasua cocrasisuia 3 MMm. BosOysxaaronuii
Ja3epHbIN JIyd (QoKycupoBajcs Ha olpaser
JUH3aMU C pa3HbIMU (Gokycamu. H3MeHss
JITMHY (DOKYCHPOBKH W UCTIONB3Ysl (PHIIBTPHI,
MBI MOTJIA HU3MEHSTh TUIOTHOCTh MOIIHOCTHU
BO30YXKJArOIEro M3JIydeHUuss Ha oOpasiie.
ITpouecchl BBIHYXAEHHOTO PacCesHUsS MOTYT
3aBHCETh OT TeMIIepaTyphl 00pasiia; Mo3TOMy
MBI HUCCIIEIOBAIA BIMSHUE TEMIIEpPAaTyphl Ha
BKP B HeymopspouenHom marepuane. s
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KOHTPOJISI TeMIIepaTyphl B siUeiiKy ¢ oOpas-
LIOM YyCTaHaBJMBajach TepMmonapa. s
OXJIQXKICHUS UCII0JIB30BAJICS JKHUJIKUHI a30T.

Pe3yabTarhl M UX 00Cy:KIeHHE

Korga sHeprusi Hakauku MpeBbIIIaa IMO-
pOroBo€ 3HAUYE€HHE, HAUMHAIACh Ciy4yalHas
KOMOWHAIIMOHHAs TEeHepalusl u3-3a IPEBBI-
nieHust ko duureHTa yCuIeHus Haj IMoTe-
psMu B HeymnopsigoueHHoU cpene. Kak npu
MIUKOCEKYH/IHOM, TaK U P HAHOCEKYH/IHOM
pexume Mbl 3aperucrpupoBanu BKP B 1o-
polrke HUTpara Oapusi, COOTBETCTBYIOIIEE
BKP-akTuBHOMY peXHMY € YacTOTHBIM
coeurom 1047 cml, 3a cuer BHYTPEHHUX
MOJITHOCUMMETPUYHBIX KOJIEOaHUN KBa3HMO-
nexynsipHoi rpynnsl NOs. IIpu komHaTHOIM
TeMIeparype Npu BO30YKIECHUU MHUKOCE-
KYHJIHBIMU HMMITYJIbCAMH PETUCTPUPOBATIUCH
JIBE CTOKCOBBI M OJIHA aHTUCTOKCOBA KOMIIO-
HeHThl. [loporn HaOmOnEHUS KOMIIOHEHT
cocrasisui 0.065 TBt/em?, 3.5 TBr/cm? u 14
I'Br/cm? s 1-i CTOKCOBOM, 2-H CTOKCOBOM
Y aHTUCTOKCOBON KOMIIOHEHT COOTBETCTBEH-
HO. [Ipu BO30YXIeHHMH HAHOCEKYHIHBIMU
UMITyJIbCAMHU TIPU KOMHATHOW TeMmIiepaType
pEruCTpUpOBaiach TOJBKO OJHA CTOKCOBA
KoMrioHeHTa. [lopor ee HaOMIOAEHUST COCTaB-
nsn 4 TB1/cM?. 3aBUCHMOCTH MHTEHCHBHO-
CTU TIE€PBOM CTOKCOBOM KOMIOHEHTBHI OT
SHEPIrUM HAaKayKW MPU KOMHATHOW Temrepa-
Type JUisi 000MX BPEMEHHBIX PEXHUMOB IOKa-
3aHa Ha puc. 1.

-
L

_,._4—"'_'_.-'_'_'-'-
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Laser Energy, mJ
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Puc. 1. 3aBucumocTs 3Heprun 1-oif CTOKCOBOM KOM-
noHeHTsl BKP 0T 3Heprun Hakauku 171 DTUKOCEKYHJ-
Horo (1) m HaHOCekyHAHOro (2) pexuma BO30yxIe-
HUS

Fig. 1. 1% Stokes component energy dependence on
the pump energy for picosecond (1) and nanosecond
(2) excitation regime

Temnepatypubie uccnenoBanuss BKP B
HUTpaTe Oapus mokasanu, 4ro nopor BKP
CYIIECTBEHHO HE 3aBUCUT OT TEMIEpPaTypbl
obpasna. MarencuBnocts BKP BO3pacTana ¢
MOHMKEHUEM TEMIEepaTypbl U Iepepacipe-
JIeJIsIach B MOJIb3Y KOMIIOHEHT 0oJjiee BBICO-
KOro mnopsiika. TemreparypHasi 3aBUCUMOCTb
nHTeHcuBHOCTH KoMmMnoHeHT BKP mnokazana
Ha puC. 2.
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Puc. 2. TemmepaTypHas 3aBUCHMOCTb KOMIIOHEHT
BKP B Ba(NOs), mist HaHO- M THKOCEKYHIHOTO BO3-
Oyxnmenus. HanocekynnHas Hakagka: 1 — 1-as cTok-
COBa KOMIIOHCHTA. HI/IKOCéKYHI[HaH Hakayka: 2 — aH-
THU-CTOKCOBAa KOMIIOHCHTA, 3 — 2-ast CTOKCOBa KOMIIO-
HeHTa; 4 — 1-as cTOKCOBa KOMITOHEHTA

Fig. 2. Temperature dependences for SRS components
in Ba(NO3), for nano- and picosecond excitation. Na-
nosecond pump: 1 — 1% Stokes component. Picosecond
pump: 2 — anti-Stokes component; 3 — 2" Stokes
component; 4 — 1t Stokes component

AHaslorMuHas TeMIlepaTypHas 3aBUCH-
MOCTb HWHTEHCUBHOCTH KOMMNOHEHT BKP
Habmonanack B kanbuute [13]. Hccnenoa-
HUS IPOCTPAHCTBEHHOTO PacHpeesIeHUs U3-
Jy4yeHUsT Ha TOBEPXHOCTH oOpasua s
YOPYTOro paccesHUs U3JIy4eHUs] HAKauKu U
151 1-i CTOKCOBOM KOMIIOHEHTBI IMOKAa3alH,
yto B nmyuke BKP npu npesslennn nopora
BKP mnosiBisiercs CHekiI-CTpyKTypa, Xapak-
TepHas g dhdexTa crydaiHOW TeHepaluu
U XapaKTepHasi 1Jis1 KOTEPEHTHOTO U3Ty4eHHUs
[14].

B cnydae mUKOCEKyHAHOW JJIUTENBbHOCTH
MMITyJIbCA HaKa4K{ HCCIIEI0BAaJIaCh BPEMEH-
Hasg nuHamuku BKP ¢ momompbio MOHOXpoO-
MaTopa U cTpuk-kamepsl. [Ipu amurtensHocTn
UMIyJlbca Bo30yxnaatouiero usnmyudeHus 30
IIC B PacCesTHHOM HU3JyYeHUH JIMTEIbHOCTH
MMITyJIbCA HAa HECMEIIEHHON 4acTOTe BO3pac-
Tasa 10 38 mnc, JIUTEIbHOCTA UMITyJibca |-,
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2-ii  CTOKCOBBIX KOMIIOHEHT U aHTH-
CTOKCOBOM KOMIIOHEHTBI COCTaBIIsLI 32, 22
n 19 nc CooTBETCTBEHHO. JTU 3KCIIEPUMEH-
TaJbHbIE JJAHHBIE XOPOILIO COTrJACYIOTCA C
pacueramu MmetogoM MonTe-Kapno s a¢-
(dekTa ciaydaliHOW paMaHOBCKON TeHepaluu
[15], 3a uckiaroueHuem omHoro momenra. C
YBEJIMUEHUEM HHEPrUu HaKayku 1-s CTOKCO-
Ba KOMIIOHEHTa JIMHEHMHO CIIBUTAaeTCid BO
BpemMeHHu. OTiauuue OT pe3yJbTaToB, MOJIY-
YeHHbIX MeToaoM Monrte-Kapno, Moxer
OBITh CBSI3aHO C BJIMSHUEM HEIUHEHHOro Io-
Ka3aTressl MPEeIOMIICHUS Cpelbl B YCIOBHSIX
YCHJICHUS JIOKAJILHOTO TIOJIS.

B nameit padote mbl nmokazanu, yto BKP
B mopomke Ba(NOz)2 MOXHO BO30YXIaTh
KaK HaHOCEKYHJHBIMH, TaK U IMHUKOCEKYH]I-
HBIMH JIa3epHbIMU uMITynbcamu. BKP, cooT-
BETCTBYIOIIEE HECTAIMOHAPHOMY PEKUMY
(MMKOCEKYHIHBIA PEeXUM), HAMHOTO 3 dek-
TUBHEE, YE€M B CTAIlMOHAPHOM PEXKUME
(manocexyHnanoe Bo30yxaenue). [lopor BKP
JUTsl TMKOCEKYHIHOTO PEeXUMa HAMHOTO HU-
e, YeM B HAHOCEKYHJTHOM, U MOXXET OBITh
B030yk1eHO Oosbiie komnoHeHT BKP. 3a-
BUCUMOCTh MHTeHCHBHOCTH BKP oT uHTEH-
CHUBHOCTH BO30YXJAIOIIEro Mu3iay4yeHus Oo-
Jiee pe3Kasi B TUKOCEKYH/IHOM PEXHME, UEM B
HaHOCEKYHJIHOM. CHUXEHHE TeMIepaTypbl
MPUBOAUT K YBEJIMYEHHUIO HHTEHCHUBHOCTH
BKP, oco0eHHO B NMUKOCEKYHIHOM DPEXKHUME.
Taxxe nHabmromanucey cBoiictBa BKP, xapak-
TEpHbIC ISl CIIy4YalHOW TeHepauuu. Takum
o0pa3oM, HalIM SKCIEPUMEHTHI MOKa3ajH,
YTO HEYNOPSJOUYEHHbIE MaTepHalbl MOTYT
OBITH YCIICITHO WCIIOJIb30BAaHBI B PaMaHOB-
CKUX mpeoOpa3oBaTensx.
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JJIEKTPOHHBIE ITPOLHECCBHI BI'ETEPOCTPYKTYPE OKCHU/{
TUTAHA/KPEMHUWI ITPU OBJIYYEHUU COJTHEYHBIM CBETOM

A.A. Kypanuosa
Benopycckuii 2ocyoapcmeennbiii ynusepcumem uHGopmMamuxu u paouod1eKmpoHuKu,
ya. I1. Bposku 6, 220013 Munck, benapycw, anku21qwerty@gmail.com

B nanHO# pabote mpeacTaBiieHbl pe3yIbTaThl KOMIBIOTEPHOTO MOJIEIMPOBAHUS dIEKTPOPU3UIECKUX XapaKTe-
PHUCTUK T'eTepOCTPYKTYpHI IUIEHKA OKCHJa TUTaHAa Ha KPEMHHEBOM MOJUIOKKE MPU OOJyuYeHUH COJTHEYHBIM CBETOM.
Bt nccnenoBaHel pacrpenesaeHue CKOpOCTed reHepau U peKOMOMHALMU B CTPYKTYpE, 3aBUCHMOCTH KOHILICH-
Tpali HOCHUTEJEH 3apsia (MEKTPOHOB U IBIPOK), INIOTHOCTH JIEKTPHUUECKOTO 3apsiAa Ha MOBEPXHOCTH IIICHKH,
IEKTPUUECCKUH TIOTEHIMAN Ha MMOBEPXHOCTH IUICHKH, MPOTEKAIOIINE B CTPYKTYpE TOKH OT JJIMHBI BOJHBI Na/1al0IIe-
TO Ha IJICHKY OKCH/a TUTaHa M3Iy4YeHUs U THIIA IPOBOJUMOCTH KPEMHHEBOW MOUIOKKH, a TAKXKE OT SHEPTUH CTe-
XMOMETPUIECKOTO Je(ekTHOro ypoBHs Ti** B OKCHIe THTaHA. BBUIM MOCTPOEHBI SHEPrETHYECKHE TUArPAMMBI T€TE-
POCTPYKTYpPHI ISl N- U P-THIIOB IPOBOJMMOCTH KPEMHHEBOW MOIJIOKKH. BBIIO MpenoskeHO 0OBSICHEHHE OTCYT-
CTBHS 3aBUCHMOCTH KOHIIEHTPAIMN JIEKTPOHOB ¥ IUIOTHOCTH 3JIEKTPHUUECKOTO 3apsiaa Ha MOBEPXHOCTH IIICHKU B
reTepoCTPYKType C N-TUIOM IPOBOAUMOCTHU IOJIOKKHU OT JJIMHBI BOJIHBI U3Ty4EHUS.

Kniouegvle cnosa: oKcul TUTaH; KPEMHUIT; TeTepOCTPYKTYypa; AedeKTsl; poToKaranus.

ELECTRONIC PROCESSES IN TITANIUM OXIDE/SILICON
HETEROSTRUCTURE UNDER SUN RADIATION

Hanna Kuraptsova
Belarusian State University of Informatics and Radioelectronics,
6 P. Brovki Str., 220013 Minsk, Belarus, anku21qwerty@gmail.com

This work presents the results of computer simulation of the electrophysical characteristics of the heterostructure
of a titanium oxide film on a silicon substrate under sun radiation. The dependences of the concentration of charge
carriers (electrons and holes), the generation and recombination rates distribution in the structure, the electric charge
density on the film surface, the electric potential on the film surface, currents flowing in the structure on the wave-
length of the radiation incident on the titanium oxide film and the type of silicon conductivity as well as on the ener-
gy of the stoichiometric defect level Ti®* in titanium oxide were investigated. The energy diagrams of the hetero-
structure were plotted for the n- and p-types of conductivity of the silicon substrate. The dependence of the surface
charge density on the energy of the Ti®** defects level in titanium oxide was observed. An explanation was proposed
for the absence of the dependence of the electron concentration and the electric charge density on the film surface in
a heterostructure with an n-type substrate conductivity on the radiation wavelength.

Keywords: titanium oxide; silicon; heterostructure; defects; photocatalysis.

Beenenne M3 Bcex MIMPOKO30HHBIX OKCHIOB METaJ-
IupOKO30HHBIE  TMOJXYHPOBOJAHUKOBBIE 70B okcua Tutana 1102 oTiMyaercsl Hala-
OKCHIBI MeTayuioB, Takue kak 1102, ZnO, JKEHHOW TEXHOJIOTUEH TPOU3BOACTBA, BO3-
Mo0Os3 u apyrue, HaXOIAT MUPOKO PUMEHE- MOKHOCTBIO TOJIYYE€HHUS Pa3HbIX CTPYKTYp-
HUE B Pa3HBIX 00JACTAX: B OUUCTKE BOJBI U HBIX MOgUGUKaMi (pyTHs, OpyKHT M aHa-
BO3/lyXa, B TOM YHCJIE OT TSKEJbIX METAJIOB Ta3), KOHTPOJsI B IIMPOKOM JIMAIa30HE €ro
U OpPraHWYeCKUX COEAVHEHHMH, B COJHEYHBIX cTeXuomeTpudeckoro cocrasa [3]. AHata3
Oarapesx, (POTOKATATUTHYECKOM pa3JIokKe- MPOSBISET HAUOOJBUIYIO KaTaJTUTHUECKYIO
HUU BOJIbl, IPOU3BOJICTBE 3ALUTHBIX IOKPHI- AKTUBHOCTH 110 CPaBHEHUS C APYTUMU MOJU-
TN, KOMIO3UTHBIX CTPOUTEIBHBIX MaTepua- buKanusaMu.
JaxX, MPO3payHbIX KOHTAKTax B COJIHEYHBIX B okcuzge tuTaHa MOryT BO3HMKaTh pas-
Oarapesix 1 ONTHYECKUX JUCIUIESIX U BO MHO- JUYHbIE JEe(PEKTHbIE COCTOSHUS: BaKaHCUU
rux apyrux chepax [1, 2]. KHCIIOpOJla, TUTaHa, NMPOCTPAHCTBEHHBIE JiE-
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(bexThl U Tak Janee. JHEPrHsl YPOBHS AedeK-
TOB OKa3bIBACT BIIMSHHE HA JJIEKTPOPH3HUE-
CKHE W OITHYCCKHE CBOWCTBA MaTepHala.
Bosnbioll BkJIax B MPOBOAMMOCTH OKCHA
TUTaHAa BHOCAT AaTOMbI Ti°' BBI3BaHHBIE
HapymenreM crexuomerpuu Ti02 [4].

Marepuajibl 4 METOIbI HCCIIEOBAHUS

Uccrenyemass TeTepoOCTPYKTypa  Ipel-
CTaBisia CoOOM IJICHKY OKCHAa THUTaHA B
Moan(HKAIMK aHATa3a Ha KPEMHHUEBOM MO/
J0xke. MojenupoBaHue ObUIO MPOBEACHO ¢
NOMOIIBI0 TIporpamMmmuoro mnakera Comsol
Multiphysics. Drepreruuecknii yposens Tit
PAaCIIOJIOKEH HUKE JHA 30HBI TIPOBOIMMOCTH
Ha AE:=0.2-0.8 »B.

OCHOBHBIC TApaMeTPbl MAaTePHAIIOB B
JTAHHOW CTPYKTYpe, HCIOJIb30BAHHBIC IPU
MOJICIIMPOBAHNH, IPE/ICTABICHBI B TaOIIHIIC

) [5].

Tabmn. 1. IlapameTpsl MaTepHaIoB
Tab. 1. Material parameters

ITapameTpsl Si Tio,
MaTepHaoB

Egy 5B 1.124 3.2
% 2B 4.05 4.8

€ 11.7 40
Tn, MKC 10 0.024
Tp, MKC 10 0.0023
un, cM?/(B-c) 1450 4
up, cM?/(B-c) 500 0.1

OnTuyeckue mapamMeTpbl MaTepHalioB 3a-
JIABAIMCh TAOJMYHO KakK JACHCTBUTEILHAS U
MHUMasi 9acTu Kod((UIIMEHTOB MpernomIIe-
Hus [6, 7].

CremneHp JETUPOBAaHUSA KPEMHHUEBOU MOJ-
goxka 10Y em® s n- u pP-TUIOB TPOBOU-
Moctu. KonueHntpauust nedektoB B oObeme
mienkn okcuza Tutana 1018 em®, Ha moBepx-
noctu 10'? cm2. Temmeparypa 300 K. Tox-
mHa mwieHky Ti02 100 am.

Pe3yabTaTrhl B MX 00CyKICHUE

beumn mosydeHbl 3aBUCUMOCTH KOHIICH-
Tpaluy HOCUTEJEHN 3apsaa Ha MOBEPXHOCTH
IIJICHKA OKCUJA TUTAaHA OT JUIMHBI BOJIHBI I1a-
JAIONIEr0 M3JIy4YeHUsI U TIyOWHBI 3ajleraHust
YPOBHEM DJIEKTPOHHBIX JIOBYLIEK I N- U P-
THIIOB MPOBOANUMOCTH KPEMHUEBOM IOJIOXK-

ku (puc. 1). Konmentpauus apIpok A AJIMH
BOJIH m3iydeHus: A>400 HM HE3HAUUTENIbHA U
npu JTIOOBIX JUIMHAX BOJH HE 3aBUCHUT OT
SHEPrUM JIOBYIIEYHBIX cocTosiHuM. Taxxke
KOHIIGHTpALUs 3JEKTPOHOB MPHU N-TUIIE MPO-
BOJMMOCTH TOJUIOXKKH He 3aBUCUT OT AE; u
JUTUHBI BOJTHBI U3JTyYCHUS.

17 4

16

15+ n-Si
—@— p-Si 300 Hm|
—A— p-Si 350 HM!

—¥— P-Si 900 Hm|

14
134
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114
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Puc. 1. 3aBHCHMOCTD KOHIICHTPAIMH SIICKTPOHOB (a) 1
JBIPOK (6) Ha moBepxHOCTH TIeHKH T10; oT AE¢

Fig. 1. Dependence of the logarithm of the concentra-
tion of electrons (a) and holes (b) on the surface of a
TiO; film on AE,

CKOpoCTh reHepanuu He 3aBICHT OT YHep-
I'MU JIOBYIIEUHBIX COCTOSHUM M THIa IPOBO-
JUMOCTH KPEMHHEBOH TIOAJIOXKKH, HO B
rieHke TiO2 MPOUCXOIUT MPH AJTMHE BOJHBI
n3nyudenuss A<400 HM, a B KpeMHHUEBOI MOJ-
JIOXKKE MpPU BCEX JUIMHAX BOJH. PekomOuHa-
IIUsSI CTEHEPUPOBAHHBIX M3TyYCHHUEM HOCHTE-
Jei 3apsiia B CTPYKTypax ¢ N- U P-TUIIaMHU
MPOBOJUMOCTH  KPEMHHEBOH  IOJJIONKKH
HaAOII0AAI0TCS MIPH JUTMHAX BOJH M3JIy4EHUS
A<400 um B tuenke TiO2, a mpu aIMHAX
BOJIH A>400 HM B KpeMHUEBOH MOIOKKe. B
TO K€ BpeMsi CKOPOCTh PEKOMOHWHAIIUH B
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wieHke 1102 Ha MOPSIKA MEHBIIEC B CTPYK-
Type C MOAJIOKKON P-THUIA, YEM B CTPYKTYpe
¢ IOJJI0KKOU N-THIIA.

[170THOCTDH 3NIEKTPUYECKOTrO 3apsiia Ha
MOBEPXHOCTH IUICHKH OKCHJIA TUTaHa Ha
KPEMHHUEBOM TMOJUIOKKE P-THMIA MPOSBISET
OIpEJICIEHHYIO0 3aBUCUMOCTh OT JUIMHBI BOJI-
Hbl M3JIY4YEHHs] U SHEpruu joBymiek. I[lnot-
HOCTh TOBEPXHOCTHOTO 3apsaa Mpu N-TUIe
MOJJIOKKH TOJIOKHUTETIbHAS,, HE 3aBUCHUT OT
JUTMHBl BOJHBI W3JY4YEHHUs, a €€ BeIUYnHa
cocraBisier 65 MKi/cm?. TIoTHOCTD 3apsijga
Ha TIOBEpXHOCTH TuieHKH T102 Ha KpemHHue-
BOH MOJUIOKKE P-THUIA OTPULIATEIbHA U MaK-
CHMaJIbHA TPH YHEPTUU YPOBHEH NePEKTOB B
TiO2 AE.=0.2 — 0.5 3B (-85 mKn/cm?) u
mHe BoiHbl 300 HM. C poCTOM JUIMHBI
BOJIHBI W3ITy4yeHUs 00JacTh SHEPrUil JIOBY-
IIEK, COOTBETCTBYIOIIAass MAaKCHMaJIbHOH Be-
JUYMHE TOBEPXHOCTHOTO 3apsija, COKpalla-
eTcst ¥ pu JuiuHe BoaHbl 900 HM cocTaBiseT
AE¢ =0.2-0.3 3B. C yBenuuenuem AEc miot-
HOCTh TIOBEPXHOCTHOTO 3apsijia CHHXKACTCS
110 3HaueHns -43 mKin/cm? (puc. 2).

2]
o
1

n-Si
i = = p-Si 300 um
- p-Si350 um
od 0 e p-Si 400 um
—-  p-Si 900 nm|

ILioTHOCTD 3apsina, MKu/cm?

&
o
| -

- e
———ral e e A = =

T T T T
0,2 0,3 0,4 0,5 0,6 0,7 0,8
AE: 3B

Puc. 2. 3aBHCHMOCTH IIIOTHOCTH MOBEPXHOCTHOTO
3apsiaa ot aHepruu aedexros B mwieHke Ti0; ot AE¢
Fig. 2. Dependence of the surface charge density on
the defect energy in the TiO; film on AE

Takke OT JJIMHBI BOJIHBI ITaJIAIOIIETO W3-
JIy4E€HHs] HE 3aBUCUT DJIEKTPUYECKUM IIOTCH-
[Maja moBepxHOCTU mieHku Ti10; mpu N-Ture
IIPOBOAMMOCTH KPEMHUEBOU MOIOKKHU. OT-
CYyTCTBHE 3aBUCUMOCTH OT JUJIMHBI BOJIHBI
MOXKHO OOBSICHUTH MOTEHIMAJIbHBIM Oapbe-
pOM KOHeuHOW mmpuHbEI U BbicoTol 0.17 5B
JUISL DJIEKTPOHOB IIPU N-TUIIE NPOBOAUMOCTH

KPEMHHEBOM MOUIOKKH (puc. 3a). 1o mpe-
MSATCTBYET AJIEKTPOHAM W3 KPEMHHUEBOU MOJI-
JIOXKKHU N-THIA MEPEXOAUTh B 00JacTh IUICH-
ku TiOz. [t cioyyast KpeMHUSL P- POBOJIH-
MOCTH TeTepOCTPYKTypa XapaKTepH3yeTcs
HaJU4YHEeM CTymneHd4aTroro Oapmepa (puc. 30)
BbicoToi 0.27 3B. B 3ToM ciyuae mpensr-
CTBUS JJI MIEPeXo/ia JIEKTPOHOB, T€HEPHUPO-
BaHHBIX B KPEMHUU B OKCHJI TUTaHa, HE BO3-
HUKaeT.

E, 3B
0,5 n-Si TiO;
— Ec
s P eyt Ern
R e e Ep
-0,5+ (500 Hm)

1,0 —m—

1,5
-2,0
a d - peeesmaneee EFp
25 (350 HMm)
-3,0 9 EV
a(a)
Eohi p-Si TiO;
1,04
Ec
0,54
_____________ Ern
00— - . Erp
(500 HM)
0,54
1,0
1,54
PO ne eve & wE e EFp
2,01 (350 Hm)
-2,5- Ey 6(b)

Puc. 3. DHepreruueckas nuarpaMma reTepOCTPYKTY-
pet TiO2/Si: a— n-Si; 6 — p-Si
Fig. 3. Energy diagram of the TiOJ/Si heterostructure:
a—n-Si; b —p-Si

TakuMm oOpa3om, pu P-TUIIE TPOBOAUMO-
CTH KPEMHHUEBOW TOJJIOKKHU DJIEKTPOHBI, Te-
HEpPUPOBAHHBIE B TOMJIOXKKE TMIPH OO0
JUTMHE BOJHBI M3JIY4Y€HUS, B OTIUYHE OT
CTPYKTYPBI ¢ N-TUTIOM KPEMHHEBOU TOJTIOXK-
KU BJIMSIFOT Ha TUIOTHOCTH IMOBEPXHOCTHOTO
3apsga Ha noBepxHOCTH IUieHku T10:.
HaunGonpmmii Toxk Habmomaercs npu A=900
HM u AEc=0.2 3B (puc. 4).
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I, MA
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0,4
p-Si Tio,
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T
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Puc. 4. IITOTHOCTE 3JIEKTPOHHOTO TOKA, IIPOTEKAIOIIe-
ro B renke TiO2 npu A=900 um u AE=0.2 3B

Fig. 4. Density of the electron current flowing in a
TiO; film at A = 900 nm and AEc=0.2 eV

3akiarovenue

Pe3ynbTaThl MpOBENEHHOTO MOAEIHPOBA-
Hust rerepocTpyktypbl Si/TiO2 mpomemon-
CTPHPOBAIN 3aBHCUMOCTb IUIOTHOCTH 3apsijia
Ha TOBEPXHOCTH IUJICHKH OKCHJAa THTaHa OT
JUTMHBI BOJIHBI, NaJalouiero Ha mieHky 1102
U3JIY4YCHUs, THIA MPOBOJUMOCTH KpEMHUeE-
BOM IOJUIOKKM M DHEPTHH YPOBHEH CTEXHO-
merpudeckux naepektoB B T102. YcraHOoB-
JICHHBIC 3aKOHOMEPHOCTH II0Ka3aJid, YTO B
rerepoctpykTye N-Si/TiO2 BO3HMKaeT mMoJIO0-
KUTEIIBHBIN 3apsil Ha MOBEPXHOCTH IUICHKU
OKCHJIa THTaHA, BEIIMYMHA KOTOPOro HE 3a-
BUCHT OT JUIMHBI BOJHBI W3Ty4eHHs. B rere-
poctpyktype P-Si/TiO2 Bo3HHKaeT OTpHIla-
TEJIbHBIN 3apsijl, BEIMYMHA KOTOPOTO 3aBUCUT
OT JUTMHBI BOJIHBI U3ITyYCHUS W TIyOMHBI 3a-
JeTaHusl JIOBYIIEYHBIX COCTOSIHUHA B OKCHJIE
TUTaHa. DTO TO3BOJISET YNPaBIATH (POTOKA-
TJINTUYECKUMHU IPOLECCAMU Ha TIOBEPXHO-
CTH OKCHJA THUTaHA B CHCTEMaX OYHUCTKU OT
OpPraHUYECKUX 3arpsi3HEHUH.
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PE3OHAHCHOE PACCESIHUE CBETA HA LO-®OHOHAX
HHPU IBYX®OTOHHOM BO3BYXJIEHUU
BBJIV3U DKCUTOHHBIX YPOBHEM An-; 1 B

JLLE. CemeHoBa
Hnemumym oowent ¢pusuxu um. A.M. Ilpoxoposea PAH,
yi. Basunosa 38, 119991 Mocksa, Poccus, sl@kapella.gpi.ru

[IpencraBneHsl pe3yabTaThl TEOPETHYECKOTO HCCIIEOBaHUs rmnepkoMOnHanmonHoro paccesHus (I'KP) ceera
Ha LO-doHOHAX B MOJYNPOBOIHHMKAX CTPYKTYpHI BIOPTIMTA NMPH ABYX(OTOHHOM BO30YXIEHUU BOJIM3U DKCHTOH-
HBIX ypoBHEW An=2 U Bn=2. C mpuMeHeHHeM TeOpUH BO3MYIIEHHH YUNTHIBAJIOCH BIMSIHUE CII0KHOM BaJIEHTHOW 30HBI.

Paccmotpeno pesonancuoe ['KP B kpucramne ZnO.

Knrouesote cnosa. FI/IHCpKOM6I/IHaHI/IOHHOG paccesHne; nNoJIyIIpoOBOAHUK; SKCUTOH.

THE RESONANT SCATTERING OF LIGHT BY LO-PHONONS
UNDER TWO-PHOTON EXCITATION
NEAR THE An=2 AND Bn=2 EXCITON LEVELS

Ludmila Semenova
Prokhorov General Physics Institute of the Russian Academy of Sciences,
38 Vavilov Str., 119991 Moscow, Russia, sl@kapella.gpi.ru

The theoretical treatment of the hyper-Raman scattering (HRS) of light by LO-phonons under two-photon exci-
tation near resonance with the A= and B2 exciton levels in the wurtzite semiconductors is given. These levels are
assumed to be closely lying. Influence of the complex structure of the valence band on them was taken into account
by the use of the perturbation theory. The resonant HRS was considered in a ZnO crystal. Rough estimations per-
formed have shown that allowance made for the complicated structure of the valence band can lead to an added fea-
ture on the frequency dependence of the HRS cross section.

Keywords: hyper-Raman scattering; semiconductor; exciton.

Beenenue

OpHMM M3 METOAOB HCCIENOBaHUS TBEP-
JIOTO Tena sABJsAEeTCs KOMOWHAIMOHHOE pac-
cesue (KP) ceera. ['unepkomMOuHannoHHoe
paccestaue (I'KP), kotopoe npoucxoaut mnpu
MOTJIOIIEHUH JIBYX (DOTOHOB, CYIIECTBEHHO
nononHsier Bo3MoxHOocTH KP. Cnekrpocko-
nus pezo”HancHoro I'KP nosBosser nomy4ars
nH(pOPMALIMI0O HE TOJIBKO O KoJjedaTeabHOU
cucTeMe, HO M 00 3JIEKTPOHHBIX Nepexoax u
MeXaHHU3MaX PacCesHUs.

IIpencraBnenHas pabora MOCBALIEHA TEO-
pertuyeckomy uccienoBannio I'KP cBera Ha
npojonpHbeIx ontudeckux (LO) donoHax B
MOJIyIIPOBOJIHUKAX ~ CTPYKTYpbl  BIOPTLUTA
npu JIBYX(OTOHHOM BO3OYKAECHUU BOJIU3U
IKCUTOHHBIX ypoBHe#. B pabdorax [1,2] ObL10
II0OKa3aHO, YTO OCHOBHOH BKJIaJ B pE30HAHC-
Hoe ['KP BHOCHUT mocnenoBaTebHOCTh MPO-

MEKYTOYHBIX SKCUTOHHBIX COCTOSIHHHA S-P-S.
OTO BENET K pOCTYy MHTEHCUBHOCTH pacces-
HUS TIPU IPHOIMKEHUH YIBOCHHOW YaCTOTHI
BO30YKJIAIOIIET0 M3IY4YEeHUsI K PE30HAHCY C
HIDKHUM 2P-9KCUTOHHBIM YPOBHEM.

O TteopernueckoM uccienoBanuun ['KP
BOMM3U An=2 YpOBHS cooOuianoch B pabote
[3], e yuMTBHIBAIOCH C MOMOIIBIO TEOPUH
BO3MYILEHUN BIIMSIHUE CIIOKHOM CTPYKTYpBI
BAJICHTHONH 30HBI M AHU30TPONHUH SKCHUTOH-
HOM d(]QeKkTuBHOM Macchl Ha BOJIHOBBIE
(GyHKIMU 3TOrO ypoBHS. B HEKOTOPBIX Kpu-
crayutax, Harpumep ZnO, ypoBHU An=2 11 Bn=2
Onmu3ko pacroyiokeHsl [4]. B nanHol padoTe
paccmatpuBaercs ['KP BOMM3M SKCHUTOHHBIX
ypoBHEH An=2 1 Bn=2 ¢ yueToMm BIUSHHUS Ha
HUX CII0O)KHOW CTPYKTYpbl BEPXHEU BAJICHT-
HOU 30HBI. BenencrBue manoctéd (OTOHHBIX
1 (OHOHHBIX BOJHOBBIX BEKTOPOB, MPEIIO-
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JlaraeTcs, 4TO B MPOIECCEe PACCESHUS ydacT-
BYIOT 9KCHTOHBI C BOJIHOBBIM BekTopom K=0.
PaccmaTtpuBaetcss BHyTpHU30HHOE (PpPETHXOB-
CKO€ DKCUTOH-(OHOHHOE B3aUMOJICHCTBUE B
pHUOIMKEHUN HYJIEBOTO BOJIHOBOTO BEKTOPA
¢dboHOHa.

Teopernyeckass MoJeJIb

B nonynpoBognukax AzBs cTpyKkTyphl
BIOPTIIMTA, KAK H3BECTHO, HAa Kparo IOIJo-
IICHUs] HAONIONAIOTCS TPU IKCUTOHHBIE Ce-
pHH, KOTOpBIE MOSABJISIOTCA B pe3yJibTaTe Ie-
pexona 3JIEKTPOHA C BAJEHTHOM 30HBI V,
pacuienyieHHO Ha Tpu OJiM3KO-JeKalne
HIO/I30HBI, B 30HY MpoBoauMocTH C [5]. Boi-
HOBbI€ (DYHKLIMU BaJICHTHOM 30HBI ObLIU IO-
Jy4deHbl B pabote [6] u manwl B pabote [7].
OKCHUTOHHBIE COCTOSHUSL JOCTaTOYHO TO-
JIpOOHO paccMarpuBaanuch B padote [8].
[TpeneOperas oOMEHHBIM B3aMMOAEHCTBUEM
U BIMSHUEM aHMU30TPONHMH KpHUCTala Ha
3¢ (EeKTUBHYI0O MacCy OJKCUTOHA, CUCTEMY
YpaBHEHHI [T BOJHOBBIX ()YHKIIUHA OTHOCH-
TEJIBHOTO 3JIEKTPOHHO-ABIPOYHOTO JIBHXKEHUS

;(Ejj)h (r) MOYKHO 3amucath B Buje [8, 9]:
HOZJ Jh ZVJnlhlJelh r)=
) (l)
:(E - Jeln )de])h( )
rae
A 1 N N
0= 5 (b5 + 08+ 02)+Ua(n) @
Hi, g,
u
Vi =l-555)
1 e 3)
X(_m”mh P Dﬁjh papﬂJ

3necy P, =-iho/or,, mj; — MaTpUUHBIH
3NIEMEHT OIllepaTopa UMITYJbCa, Je U jh 000-
3HAYAIOT COCTOSHHS B 30HE MPOBOJMMOCTH C

¥ BAJIEHTHOI 30He V cooTBeTCTBEHHO, Uy, (1)

— DHEpPrus KYyJIOHOBCKOTO B3aMMOJICUCTBUSA

dNeKTpoHa M mbipku, E;; =E; —E; , Tne

E; — oHeprus j-ii 30HBI B IIEHTPE 30HBI

bpunmiosna.  Ilapamerpbl 3¢ ¢deKTUBHBIX

Macc Dﬁﬂjh U | ’h# Jh MOXKHO 3amucarh B

suje [8]:

Z ]hn nJh
2

ﬂa
HeHy.TICBBIC napaMeETphul Dj“h MOXHO OIIpE-

(4)

Jnlh

JIEIUTh JUIsl U3BECTHOM 30HHOM CTPYKTYpHI C
IIOMOILBIO IIPaBUII O0TOOpA.
Ecin mnpeneOpeub wieHaMu, CBS3bIBAIO-

=0), 10

cucreMa ypaBHeHui (1) cBoaUTCS K OTACIb-
HBIM BOJIOPOJIONIOAOOHBIM YpaBHEHHSIM, pe-
[ICHHSI KOTOPBIX XOPOIIO U3BECTHEI.

B nmannoii pabore OBUIM pPaccCMOTPEHBI
OJM3KO pacroi0oKeHHbIe YPOBHU An=2 1 Bn=2.
BnusHue Ha HUX UYIEHOB, CBS3BIBAIOLINX
MoJ30HBI A ¥ B, y4uThIBaIOCh C MpHUMEHE-
HUEM Teopuu Bo3MyleHui. COOTBETCTBYIO-

Ejj)h (r) Goum 3a-

Zaéf?)l Jfﬂn (r),

( ) — BOJIOPOJONOI00HBIC BOJIHO-

MAMHU PA3JIMYHBIC IMOA30HBI (VJ—“h

II1€ BOJHOBBIE (YHKIMH J
IIUCAHBbI B BI/II[e'

Zlejh (5)

e ;(Ezfm)
Bble (yHKIMH. Takum oOpa3om, ObLTH Ompe-
JIeNIeHbl 3HEPTUU M COOTBETCTBYIOIIME UM
BOJIHOBBIE (DYHKIIMH HYJIEBOTO TPUOIIKE-
Hus. B pesynbTare ObLIO MOJSYy4YEHO JBa JO-
MIOJIHUTENbHBIX YpOBHs sHepruu E1 u Ez, xo-
TOPBIM  COOTBETCTBYIOT KOMOWHAIMMU -
HKCUTOHHBIX BOJHOBBIX QyHKIMH A u B ce-
puif. [lomyueHHbIE BBIPAKEHHUS CIUILKOM
IPOMO3/IKHE U HE IPUBOJATCS 3€Ch.

Pe3zonancnoe I'KP

Pesonancnoe omnodoronnoe I'KP omm-
cpIBaeTcad B 4-M NOpSAJIKE TEOPHUH BO3MYIIIE-
HUil. B paccMaTpuBaeMbIX PpE30HAHCHBIX
ycnoBusix ocHOBHOW Bknag B I'KP BHocAr
IPOIECChl, KOTOpBIE ONMCHIBAIOTCA KAk
JIBYX(OTOHHBII AUMOJIBHBIA IEpexoa Ha
ypoBeHb 3Heprun An=2 miu Bn=z, u Henpsimoit
Iepexo/l B OCHOBHOE cocTosiHue. [lanee yuu-
TBIBAIOTCS TOJIBKO ATU MPOILIECCH PACCESTHHUS.

Tak kak AByX(OTOHHBIE THUIOIBHEIEC TIE-
pPeXoJibl B 3KCUTOHBI S-THIA, BKJIIOYAIOT I1e-
pexXo/bl B BhINIEIEKAIINE 30HBI IPOBOAUMO-
CTH WK OoJiee TITyOOKHe 30HBI BAJIEHTHOCTH
WK cnabo-3ampelleHHble TUIObHBIE Tepe-
xonbl [2,10-11], mamee mporeccet ['KP,

14-51 Meascoynapoonas xongpepenyus « Bzaumooeticmsue uznyuenutl ¢ meepovim menomy, 21-24 cenmaopsa 2021 2., Munck, berapyco

14th International Conference “Interaction of Radiation with Solids

87

7, September 21-24, 2021, Minsk, Belarus
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Section 1. Processes of radiation and plasma interaction with solids

BKJIIOUAIOIIME WX, HE yuMThIBarorcs. llpen-
[I0JIaraeTcs, 4To IMpHU HOMIOIEHHH (HOTOHA
IIPOUCXOAUT Pa3pEUICHHBIM AUIOJIBHBIN IIe-
pexon B DKCUTOH, S-THIA, & IOIJIOLICHUE
BTOpPOro (pOTOHA COMPOBOKIAAETCS JUIIOIb-
HBIM IIEPEXOIOM MEXAY S- U P-IKCUTOHAMM
OJIHOM CEpUM.

B npeacraBnenHoii pabote paccMmarpuba-
€TCsl TEOMETpUs paccesHus, IMpU KOTOPOU
BO30yXKJarollee M3JIyuyeHHue, IoJIIpU30BaH-
HOE IOJI YIJIoM Tt/4 K OCH X, pacrpocTpaHs-
€TCsl BIOJb ONTHUYECKOW OCH, a PaCCEsSHHBIN
CBET HaIpaBJIeH BJOJb OcH Y. B aTOM cirydae
MIOCJIEZI0BATENBHOCTh TPOMEXKYTOUHBIX K-
CUTOHHBIX COCTOSIHMM S-P-S BHOCHUT BKJIAJ B
I'KP, ecnu paccessHHOE W3Iy4EHUE MOJIAPHU-
30BaHO BIOJb ocH X (gs||X) [3].

B nannoii pabote pesonancHoe I'KP 6b110
PacCMOTPEHO C Y4Y€TOM IOJIyYE€HHBIX JHEp-
TMii ¥ BOJHOBBIX (DYHKIMI HYJIEBOTO MpH-
OMKeHUs TS €s||Z. Bpuin BBIOJIHEHBI TPH-
OJVDKEHHBIE OLICHKM YaCTOTHOM 3aBHUCHMO-
ctu cedeHus peszoHaHcHoro I'KP s xpu-
crayuia ZnO, HWXKHAS 30Ha HPOBOJUMOCTH
KOTOpPOro oOpa3oBaHa S-COCTOSIHUSIMU IIMH-
Ka, @ BEpXHsIs BaJICHTHAs 30HA BO3HUKAET U3
2P COCTOSHMU aromMa KHCIIOpojJa | pac-
HIerJieHa Ha Tpu noja3ousl [11]. Uccnenoa-
HUIO TIOCJIEJIOBATEIBLHOCTH PACIOJIOKEHUS
3TUX MOJ30H IMOCBSIIEHO HECKOJIBKO MyOiu-
karnuii [13-16]. B paborax [14-16] GbLi0 1O-
Ka3aHO, YTO BEPXHAA MOJ30HAa MMEET CHM-
Mmetpuro ['g.

IIpu pacderax OBUIM MCHOJB30OBAHBI CJE-

AYIOIINEC nmapamMeTphbl KpI/ICTaJ'IJ'IaI
hoLo =0.0728 5B [17], E~ =3.4410 5B,
E2 =3.4434 5B, R, =0.0631 5B,

Rg =0.0504 5B [4], rne E.°

pUHA 3anpelleHHONW 30HBI M JIKCUTOHHBIN
punoepr Ui AByX BEepXHUX Noa30H. [IpuBe-
JICHHBIE MACChl 3KCUTOHA OBLIHM MOJYYEHBI C
yueToM 3((EKTHBHBIX MacC JJIEKTPOHA W
JBIPKHY, TaHHBIX B padote [17]. Marpuunbie
aneMeHTHl [Py’ GbIIM BHIYMCIEHBI TP HC-
MOJIb30BAHUU TMPHUOIMKEHUS MOYTH CBOOO-
HBIX 2JIEKTPOHOB. M3 M3MepeHHBIX B paboTte
[15] cun ocummnsitopoB, ObUT HaiiieH K03¢-

u Ryg — mmu-

dumment g2 ~0.13, KOTOpHIH ompenenser

9acTh BOJHOBBIX (pyHKIMIA U1, MpeoOpasyro-
IMXCSA 10 HEIPUBOJUMOMY MPEACTABICHUIO
I'1, B mom3one B. IlonmemmBanue BOJHOBBIX
(GyHKIMA Us, COOTBETCTBYIOIIUX IPEICTaB-
neHuto I's, B BEpXHEH 10A30HE A HE YUMTHI-
Basiock. [Ipu pacuerax npenarnosnarajioch, 4To

OCHOBHOH BKJaJ B Dﬁfjh BHOCST YJICHBI, CBSI-

3aHHBIC C JIUTIOJIBHBIMHU TIEPEXOJaMH B HUK-
HIOIO 30HY IPOBOJUMOCTH C.

do/dQ, oTH.ex.

= . T T T T
3,430 3,425 3,420
2th, 5B

T
3415 3,410

Puc. 1. Tlonepeunoe ceuenue pezonancuoro ['KP ce-
Ta B 3aBUCHMOCTH OT YJBOCHHOW »HEpruu (HOTOHOB
BO30YKIaIOIIEro H3IIy4eHHs

Fig. 1. The cross section of the resonant HRS of light
as a function of the doubled energy of photons of ex-
citing radiation

Ha puc. 1 mokaszanbl yacToTHasi 3aBHCH-
MOCTh ceueHust pezonancuoro I'KP do/dQ
(xpuBast 1), BBIYMCIIEHHAs ISl KpuUCTaia
Zn0, a Takxe BKJIaJbl IPOILIECCOB paccesHus,
CBS3aHHBIX C JIBYX()OTOHHBIMHU IE€PEXO0/aMU
Ha ypoBHH dHepriu Bn=2, E1 u E2 (kpuBsbIe 2,
3 u 4). PacueTsl BBINOIHEHBI ISl MIMPUHBI
skcUTOHHBIX ypoBHel [ =0.0015B. Kak
BUJIHO U3 PUCYHKA, HA YaCTOTHOW 3aBUCHUMO-
CTH cedeHUsl paccesHus (g€s||z) mpu BO30YX-
JneHuu BOMM3M ypoBHs E1 Habmiogaercs oco-
OEHHOCTb.

Jlns cpaBHEHMSI Ha PUCYHKE IIOKa3aH Tak-
xe Bkian mnpouecca ['KP, Brimrowaromiero
IBYX(OTOHHbIE TIepeX0/ibl HAa YPOBHHU An=2 U
Bn=2, ipH €s||X, BBIYUCICHHBIN JIJI51 HEBO3MY-
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IIEHHBIX BOJIHOBBIX (QYHKIUH (KpuBas 5).

by BeimosHeHb! oneHku ceyenus: ['KP B
3aBHCUMOCTH OT yJIBOCHHOH 3Heprum (poto-
HOB BO30Y’KJAIOLIEr0 H3JIy4YeHUs A pas-
JIMYHBIX IIUPUH SKCUTOHHBIX ypoBHeH . Pe-
3yJlbTaThl MPEJCTaBlIeHbl HAa puc. 2. OueHKu
MOKa3aji, 4TO OCOOEHHOCTh BOJIM3H PE30-
HaHCa ¢ ypoBHeM Ei 3ameTHa TONBKO mpH
MaJibIX BeiauuuHa [

do/dQ, oTH.ex.

10" 4

3425 3,420

2f7ml ,9B

T v T
3,430 3415 3410

Puc. 2. ITomrepeunoe ceuenne pezonancaoro I'KP cee-
ta (gs||z). Kpussie (1), (2), (3) u (4) BbIUUCICHBI st
1'=0.0005, 0.001, 0.002 u 0.003 5B cOOTBETCTBEHHO
Fig. 2. The cross section of the resonant HRS of light
(gs|jz). Curves (1), (2), (3) and (4) were calculated for
1'=0.0005, 0.001, 0.002, and 0.003 eV, respectively

3aki0uenue

B pabore TeopeTHueckn HCCIETOBAHO
I'KP cBera Ha LO-oHOHax B MOIympoBOJI-
HUKaX CTPYKTYpHl BIOPTIHTA TpU ABYX(]o-
TOHHOM BO30YKJI€HUU BOJIM3M pE30HaHCa C
OMM3KO  PACHOJONKEHHBIMA  AKCHUTOHHBIMH
ypoBHsIMH An=2 u Bn=2. Ha npumepe xpu-
crauia ZnO moka3aHO, YTO y4YeT BIUSHUS
CIIO)KHOM CTPYKTYpbl BEpPXHEH BaJICHTHOU
30HBl Ha OTH YPOBHH MOXET NPHUBECTH K
0COOEHHOCTSIM Ha YacCTOTHOH 3aBUCHUMOCTH
ceyeHus pezoHaHcHoro I'KP.
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IJEKTPOHHO-JIYYEBAS ABJISILUS NOJTUTETPA®TOPITUJIEHA
JJIA @POPMUPOBAHUSA TOHKOCJIOUHBIX TIOKPBITUU

E.M. ToacronstoB
HUncmumym mexanuxu memannonorumepHuix cucmem um. B.A. benoeo HAH Benapycu
yi. Kuposa 32a, 246050 I'omens, benapyce, etolstopy@mail.ru

[peanoxkeHa MoaEIb KOMIUIEKCHOTO Tporecca adisiuuu nonuterpadropatmwieHa (IITOD) myukom HHU3KOIHED-
TeTHYHBIX 3JEKTPOHOB U OCAXK/IEHHS ITOKPHITHI Ha TBEPABIX MOBEPXHOCTAX W3 aOJIMOHHOIO 1moToka. OcoOeHHo-
CTBIO MOJICJIU SIBJISICTCSL YUET ABYX KaHAJOB pellaKCcallii SHEPTUH BO30YXKICHHUS ICKTPOHHBIX CUCTEM MaKpOMoJie-
Ky 1) nucconmatuBHOM penakcarui U 2) GOHOHHOW pernakcanuu. [IepBblif KaHAT TPHBOIKUT K JUCCOIHAIIMH MO-
JIEKYJIIPHBIX LETICH B IPOU3BOJIBHBIX MECTAX, B PE3yJIbTATE YE€ro 00pa3yroTcs pafiuKaabHbIe ()ParMEHThI PA3THIHBIX
pa3MepoB. [ 1aBHOII OCOOEHHOCTBIO MOJENH SBISAETCS yUeT IOBBIIIEHHOW POJM BTOPOTO KaHajla B aOISIIMOHHBIX
mporeccax, KOTOPhIH B YCIOBHAX BBICOKHX MOIIHOCTEH MOTJIOIMIEHHOHN 03Bl MIPUBOIUT K HATPEBY U LIETTHOMY pa3-
JIOXKEHHIO Ha AU(TOpKapOCH MaKpOpaJUKaioB, 0Opa30BaHHBIX MEPBBIM KAHAJIOM, a TAKXKE K MCHAPEHUIO KPYITHBIX
panuKambHBIX (parMeHToB (OJMroMepoB). B pesymbraTe 3THX mponeccoB 00pasyeTcs abIsIIMOHHBIA MMOTOK, COCTO-
s w3 audTopkapbena (mocie peakiuid B ra3oBoi ¢ase — TerpadTopaTHICHA) M OJMroMepoB. OIUromMepsi-
paauKaJibl MIPpU OCAXKACHUN HAa MOBEPXHOCTHU KPUCTAJIMZYIOTCA U TCPAIOT NMMOJABUKHOCTb U CHOCO6HOCTL K B3aUMHOM
pe-nojimMepusaniu, HO CHOCO6HI)I MPpUCOCANHATL IMOJABHMKHBIC HU3KOMOJICKYJIAPHBIE KOMIIOHCHTBI, B TOM YHCIIC
TeTpadTOPITUIIEH IPH KOHBEPCHH €r0 B OMpaauKanbHOE cocTosiHue. MoJienb 00BsCHSIET BEICOKYIO CKOPOCTh (op-
MHUPOBaHHS TOKPBITHIL 32 CYET KOHACHCALUH OJIMTOMEPOB, COCTABIISIONINX OCHOBHYIO MacCy MOKPBITHI.

Mopens mpuMeHnMa Takxke K mnporeccaM admsimuu [ITOD m3myuennem YD mazepos.

Kniouegvie cnoea: nonureTpadTOPITHIICH; NEKTPOHHO-IIy4YeBast absIINs; MOJIEKYISIPHBIN OTOK; OMpaIuKalb-
HBII onTuroMep; AP TOpKaApOCH; IIOKPHITHE.

ELECTRON-BEAM ABLATION OF POLYTETRAFLUOROETHYLENE
FOR THIN COATINGS DEPOSITION

Eugene Tolstopyatov
V.A. Belyi Metal-Polymer Research Institute of National Academy of Sciences of Belarus,
32a Kirov Str., 246050 Gomel, Belarus, etolstopy@mail.ru

The complex model of processes during irradiation of polytetrafluoroethylene with low energy electrons (1...10
keV) in the ablative mode is developed. The primary process of interaction is excitation of electron systems of some
structural groups localized in arbitrary places of molecular chains. De-excitation of these states occurs through the
two parallel channels: 1) dissociative relaxation and 2) energy conversion into phonons that leads to heating. The
result of the first channel is the macromolecule chain fragmentation that leads to the appearance of oligomeric dirad-
ical fragments. The main feature of the model is accounting for the significant role of the phonon relaxation result-
ing in heating that launches the chain decay with the difluorocarbene splitting from the radical ends. Simultaneously
heating performs the oligomeric fragments evaporation. It is possible if the heat of generation (at high dose rate)
exceeds the intensity of the heat sink to the target volume and the energy loss due to endothermic process of the
chain decay and the heat of vaporization of the oligomeric fragments.

Thus, the ablation flow consists of oligomeric fragments (fluoro-paraffines) of up to 2500 Da molecular mass
and difluorocarbene diradicals that react with each other in the gas phase to produce tetrafluoroethylene C2Fs. The
oligomeric fragments condense on the solid surfaces and after a short time crystallize and lose their mobility. After
it the only possible chemical interaction is attachment the TFE molecules to the radical ends. It explains the high
rate of coating formation that consists mainly of condensed oligomeric fragments.

The model is applied also to polytetrafluoroethylene ablation by UV lasers which radiation also excites electron
systems of some structural groups of macromolecule.

Keywords: polytetrafluoroethylene; electron-beam ablation; molecular flow; diradical oligomer; difluorocarbene;
coating.

BBenenue IJIACTUYHBIA  MOJUMEP C  YHUKAJIbHBIMU
[Monmuterpadropatmnen (IITDI) — repmo- INEKTPOPUZUUECKIUMH, aHTUOPUKIIMOHHBIMU
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Y aHTHUAJIF€3UOHHBIMU CBOMCTBAMH, TEPMO- U
XHUMCTOMKOCTBIO, TuapodoOHOCThIO. B cumy
CBOMX OCOOEHHOCTEM IpPaKTUYECKH €IUH-
CTBEHHBIM METOJIOM IEepepaboTKU €ro B U3-
JIeNINs SIBJISIETCSl MOHOJIMTU3AIMS U3 MOPOLU-
KOBOTO COCTOSIHUSI ITyT€M IPECCOBaHUS C MO-
CIICAYIOUIMM CIIEKaHUEM B OJIOKH, KOTOpbIE
oOpabatbiBatoTcsi pe3anueM. OOHAKO STOT
METO/ HeTPUTo/ieH Ut (POPMUPOBAHUS TOH-
KOCJIOWHBIX MOKPBITUII MHKPOHHBIX U CYO-
MUKpPOHHBIX TOJIIIMH. B Takux ciydasx uc-
MOJIB3YIOTCS METOJBI OCAXACHUS MOKPHITUN
U3 MOJIEKYJISIPHBIX IOTOKOB IPOIYKTOB a0-
gauuu [ITOD npu Bo3ACHCTBUM UHTEHCHB-
HBIX MOHHBIX [1] ¥ 3JIEKTPOHHBIX [2] ITy4YKOB,
Y® nazeproro [3] u cHHXpOTPOHHOTrO [4]
u3nydeHuil. CpaBHEHHE JaHHBIX, UMEIOLIUX-
csl B JIOCTYIHOHM JUTepaType, MmoKa3ajio, YyTo
KKl U3 OTMEUYEHHBIX AOJSILIMOHHBIX Me-
TOJIOB TIOJYYEHHUS TOKPBITUA HUMEET CBOU
0COOEHHOCTH. MeToa 31eKTPOHHO-TY4YEeBOM
abmsauuu (DJIA) obecieunBaeT HauOOJIBIIYIO
CKOpOCTh (pOpMUPOBAHUS TIOKPBITUS U BBICO-
KUl KOOQPUIIMEHT UCTIOIb30BaHUs MaTepHa-
J1a — B MOKpbITHE TIepexoauT 6onee 50 % ma-
TepHuaja MHUIIEHH, YTO 3HAYUTEIHHO BBIIIE,
4yeM IpH JIF0OOM JPyroM METOJIE.

Bo Bcex OTMEUEHHBIX METOJAX, KpoMe
HMOHHOTO pAcCIbUICHUS, KOHTPOJIHUPYIOIIUM
(dakTOpoM 00pazoBaHMs MOJIEKYJIIPHOTO IO-
TOKa  SIBJIIETCS  BBICOKOTEMIIEPATYPHBII
Harpes, oOeCleUYHBaIOIUN HCIapeHue Mpo-
TYKTOB pa3iiockeHus nonumepa. Ilpu uucto
NUPOIUTHYECKOM pazioxeHuu [ITDD morne-
KYJIIpHBII TOTOK OOpa3ylOT MOJEKYJbl TeT-
padropatmiiena (T®I) CzF4, u TONMBKO TIPH
Harpese Beimie 1100 K B moroke B HeOOIb-
oM KonmaecTBe (10 12-16 %) mosBistoTCS
Oonee Tsokensie Gpakuuu [5]. Ha ocHoBaHuM
ATUX JaHHBIX COPMUPOBAIOCH IMpeICTaBIe-
HUe, 4TO NOKpBITUS U3 notoka DJIA dopmu-
PYIOTCSI UCKITFOUUTENIBHO 3a CUET MOJIUMEpH-
3aiuu T®D. [Ipu 3TOM UTHOPUPYIOTCS JKC-
nepUMEeHTalbHbIE (PAKThI, YTO JaXKE B CaMBIX
ONIaronpusATHBIX pEXUMaX IUTA3MEHHOW TO-
nuMepu3anuu yuctoro TOD ckopocTh pocTa
MOKPBITUH HE MPEBBINIACT CAMHUIL HM/C [6].
B 1o xe Bpems npu OJIA IITDD ckopocts
pocTa MOKPBITHIl B HEKOTOPBIX IKCIIEPUMEH-

Tax OKa3aJach Ha MOPSJIOK BHIIIE W OTPaHU-
YeHa, MO-BUIMMOMY, JHIIb CKOPOCTHIO OT-
Ka4K{ Ta3000pa3HBIX MPOAYKTOB, obecneyu-
Balollell pekuM pabOThl SJEKTPOHHOM MMyI-
KU TI0 JIABJICHHIO Ta30B.

OTMmeueHHBIE MPOTUBOPEUUST CBUIECTEIb-
CTBYIOT O Oo0Jiee CIOXHBIX IIpoLeccax B MH-
IIEHH U B OCAXJAEMOM CJIO€, YeM IMpocTas
JIENIOJIMMEPU3alMsl MAaKpOMOJIEKYJI U PEro-
JTUMepHU3alys MOHOMEpa Ha MOBEPXHOCTSIX.

Pe3yabTarsl M UX 00Cy:KI€eHHE
[IpennoxenHass Mozeidb KOMIUIEKCHOTO
Ipolecca «3JIEKTPOHHO-JIyueBast abisauus —
MIJIEHKOOOpa30BaHUE» MOXET OBITH OINMCaHA
OJI0K-CXeMOi, MpeicTaBIeHHON Ha puc. 1.

[ToTok A5eKTpOHOB
Electron beam

Muens [ITOD
PTFE target

Bo30yxIeHue 3JeKTPOHHBIX CHCTEM MaKpOMOJIEKYJI
Excitation of molecule electron systems

/ \

JuccormaTiBHas penakcauns  doHoHHAs pesaKcalis BO3-
~ BO3OyWzeHuA ‘ OyXKIEHUS — HATPEB
Dissociative relaxation of exci  Phonon relaxation of excita-

tation tion - heating

' I

OnuromepHbie pparMeHTH Lenuoit pacnan
- MaKpOpaguKaibl MAaKpopa/nKailoB
Oligomeric fragments - Macroradical chain
macroradicals y decay

v 7 +

Hcnapenue onuromepos H_H(bTOPKaPGQH CF2
O"gomers evaporation Difluorocarbene CF2

I L

AOGISIMOHHBINA TIOTOK: OJIMTOMEPH! + MU TOpKapOCH
Ablative flow: oligomers+difluorocarben

Konnencanus OJIMTOMEPOB. L+IaCTMque B3aMMOJIECTBHE
¢ nudTOpKapOCHOM
Oligomers condensation. Partial interection with
difluorocarbe

v

DTopnoJMMepHoe NOKPbITHE
Fluoropolymer coating

Puc. 1. brnok-cxema mporiecca «3JIeKTPOHHO-Ty4YeBast
a0JIAIINA — TIEHKOOOPa30BAHKE)

Fig. 1. Block diagram of the process "electron beam
ablation - film formation"
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Bo3szaeicTBue 371€KTPOHOB IIEPBOHAYAIILHO
MPUBOJIUT K BO30YXKAECHUIO KaKoOro-iubo
AJIEKTPOHHOI'O YPOBHSI B IIPOM3BOJIBHON 4Ya-
CTH MaKpoMoJleKyibl. Pemakcanusi Bo30yxk-
JIEHUS] IPOTEKAET 110 OJHOMY U3 JIByX MeXa-
HU3MOB: 1 — Yepe3 AuccOLMAlUIO HaUMEHee
IIPOYHON XUMHUYECKOM CBsA3M (ckeneTHOM C—
C); 2 — yepe3 KOHBEPCHUIO DHEPTHH DJICK-
TPOHHOTO BO30YKJICHHSI B SHEPTHIO (JOHOHOB
— TEIUIOBBIX KOJIEOAHUW MAaKpOMOJIEKYJIbI.
[Tpu mepBom mporecce 0Opa3yroTcs Makpo-
pajuKaibl — MOJIEKYJSIpHbIe (parMEeHTHl C
MEHBIIIEH MOJIEKYJSIPHOM MAaccoM M Hecla-
PEHHBIM 3JIEKTPOHOM Ha KoHIue. [IpoyHocTh
OmmKaiield K ’TOMY KOHILy CKEJIETHOW CBS-
31 MaKpOMOJIEKYJIbl OKa3bIBaeTCs Cylle-
CTBEHHO IIOHM)KEHHOM II0 CpaBHEHHUIO C
BHYTPEHHUMHU CKEJIETHbIMH CBsi3siMu. [lo
JaHHBIM TEOPETHYECKOro pacuera [/] oHa
cocrapisier 184 x/[x/Monb, Mmpu TOM, 4YTO
SHEpPrusl CKEJIETHOM CBSA3U BJIAIM OT paju-
KaJbHOTO KOHIIA cocTaBiseT 359 k/[/Mob.
Ilo 3TO¥ npUYMHE NPH MOBBILIEHHOW TEMIIE-
paType MPOUCXOTUT CEIEKTHUBHBIA pa3pbiB
3TOM CBsI3M C BBIJEIEHUEM audTopkapOeHa
(JI®PK) CF2 u BoCpou3BEeICHHEM pajuKalia
MEHBIIIEH MOJEKYJISIPHOW Maccel. Bo3snpei-
CTBUE TEMIIEPATYpPbl HA CPEAVHHBIE CBA3U HE
MOKET NMPUBECTU K MX JAUCCOIMALMU H3-3a
Oonpmiei mpouyHoctH. Ilpm manmbHelmem
BO3JICHICTBUM TEMIIEpaTyphbl MPOLECC CElIeK-
TUBHOHM JHUCCOLMALIMNA NPUPAAUKAIBHOMN CBS-
3U TIOBTOpsieTcs MHOTrokpaTHO. OOpa3zoBaH-
HbIE [P 3TOM XMMHUYECKU aKTUBHBIE YaCTH-
bl U TOpKapOeHa B3aUMOJECHCTBYIOT APYT
C IpyroM B ra3oBoi (paze ¢ oOpa3zoBaHuE MO-
HoMepa CaF4.

TemnepaTypa MOBEpXHOCTHOTO Cj0s 00-
Jy4aeMOW MHUIIEHH TE€HEPUPYETCS IyTEM
(OHOHHOM  penmakcalud  BO30YXIEHHBIX
ANEKTPOHHBIX COCTOSIHMI — Ipolecca, Uay-
IIET0 OJTHOBPEMEHHO U MapajljIeNIbHO C JHC-
COLMAaTUBHOM penakcanuen. Beiaensomasics
TEIJIOBAsk HPHEPrUsl YHOCUTCS aOISIUOHHBIM
MIOTOKOM M OTBOJUTCS B O0BEM MHUILIEHU
TeIIoNepe1auei.

IIpu Tepmuueckom paznoxenun IITDD
BO30Y’KJI€HHE JIEKTPOHHBIX CUCTEM HE IpO-
UCXOJUT, TPOTEKAET TOJIBKO TEpMHUYECKas

JUCCOIManUsl ¢ 0Opa3oBaHUMEM MaKpopau-
KaJOB, KOTOpbIE IIOJBEPraioTCsi LEMTHOMY
pacnany Ha JA®K. IIpu DJIA neiicrBue kaHa-
Ja JIMCCOLMATUBHOM pellakcaliy 3JIeKTPOH-
HOTO BO30YXJEHUS T'€HEPUPYET pa3phIBbI
CKEJIETHBIX CBsI3el B IPOM3BOJIBHBIX MecTax
MaKpOMOJIEKYJISIpHBIX Lieniell. B pesynbrare
oOpasyeTcst 00JbIIOE KOJUYECTBO MOJIEKY-
JSIPHBIX (PparMEeHTOB PA3TUYHON UIMHBI, KO-
TOpbIE€ BCIIEACTBUE O0Opa30BaHMS PATUKAIIb-
HBIX KOHIIOB IOMAJAIOT IOJ JIEHUCTBUE TEp-
MHYECKOr0 LIEMTHOro pacnaja ¢ o0pa3oBaHu-
em JIOK. Kak Tonbko pa3mep (macca) ¢par-
MEHTa JIOCTUTAeT ONPEIEICHHON BEIMYUHBI,
CTaHOBMUTCS BO3MOXHBIM €r0 HcIapeHue 0e3
pas3IoKEHUs MOJ JECHCTBHEM TeMIEpaTyphl.
Tak, npu nazepHoi abnsuuu I[ITOD macc-
CHEKTPOMETPUUYECKHI 3aperucTpUpPOBAHbI
dparmentsr ¢ maccoit 1o 800 [la [8]; xaue-
CTBEHHas OLIEHKa JaeT M Hainuuyue Oosee Ts-
JKEJIbIX KOMIIOHEHTOB B IIOTOKE — Ooiee 2500
Jla, a HEKOTOpbIE TEOPETHUYECKHE OLCHKH —
okosno 4000. Takum oOpazom (opmupyercs
aOJALMOHHBINA NOTOK, COCTOSIIIUN U3 OJIUTO-
MEPHBIX (bparMeHToB-0npaTKaIOB
(¢pToprapadunoB, PII) u audrTopkapOeHa,
KOTOpBI B Ta30BOM (ha3e KOHBEPTUPYETCS B
tetpadTopatuieH (TDI).

[Tpn momajaHuM Ha TBEpIbIC TTOBEPXHO-
cTH Oupaaukansl GroprnapaduHa KOHIACHCHU-
pyroTcs, a Mojiekyiasl TDD yacTuuHo ajncop-
oupytorcs. Ilogsmwxknas monekyna TDD mo-
JKET TPUCOEANHATHCS K KOHIEBBIM paJluKa-
naMm ¢ToprnapaduHa, HapamuBas €ro Moie-
KYJIIPHYIO MacCy M BOCIIPOM3BOAS pajuKall.
OpnHako M3-3a HU3KOW MOJIEKYJIIPHOM Macchl
TDD >pdext mpubaBKU Macchl MOKPBITUSL
npu 3ToM HeBenuk. Hemnpopearupoasiine
Ha TOBEPXHOCTH Mojekyisl TdD necopOu-
pyrOTCs. 3HAYUTENHHO OONBINHMKA BKIIAT B
POCT TOKPBITHSI CITIOCOOHBI BHOCUTH OMpaau-
Kanel QTopnapaduHa, UMerolme OOJbIIYIO
MOJIEKYJISIpHYI0 Maccy. OmHaKo ¢ pocToM
bl 1enouyek DI crrocoOHOCTL UX K B3a-
UMHOMY XHMHYECKOMY B3aMMOJIECHCTBHIO
CHU)KAETCs, TIOCKOJIbKY CKOHJIEHCUPOBAHHBIE
U 3aKpUCTAIIM30BaHHBIE (TOpIapapuHbI
TEPSIIOT MOABMKHOCTh U «3aI€YaThIBAIOTCS
MOCJETYIOIUMHI CKOHAEHCUPOBAHHBIMU U3
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a0JIAIIMOHHOTO MTOTOKA CIOSIMH.

OueHuBasi cmocoOHOCTh (hropnapaguHOB
dbopMUPOBaTh MOKPHITUS 0€3 JTOMOIHUTENb-
HOM MOJMMEpHU3allud, CJIEeIyeT OTMETHUTD,
4T0, Hanpumep, ¢propnapadun mapku I1TY-
180 umeer Temneparypy miasieHus 180 °C
U HcHapsercss IMpu TEeMIeparype OKOJIO
300°C [9]. Takum oGpa3zom, 3ToT (hroprapa-
¢un cnocobeH GopmMupoBaTh TBEpIOE IO-
KpBITHE MIPU KOHJCHCALIUK HA MOBEPXHOCTSIX
¢ temnepatypoit Hike 180 °C, a npu gomosn-
HUTEJIBHOM B3auMoaencrsuu ¢ TPD — u 6o-
Jiee BBICOKOM.

B pamkax npemsioeHHOW KadeCTBEHHOM
MOJICJIA MOKHO OIICHUTH BIIUSIHHE DPa3iIny-
HBIX (DAKTOPOB HA XOJI Mpollecca «adbmsaus —
IUICHKOoOOpazoBanuey. Tak, Hampumep, mpu
HU3KOW MHTEHCHBHOCTH 3JIEKTPOHHOTO ITy4-
Ka U MHTEHCUBHOM TEIUIOOTBOJE B 00BEM
MUIIEHH MOXHO OKHUJATh HU3KYIO CKOPOCTh
a0JISIMU ¥ TOHMXKCHHYIO MOJIEKYJIAPHYIO
Maccy KOHJEHcaTa Ha IOBEPXHOCTH, IIO-
CKOJIbKY BKJIAJ] JTMCCOIMATUBHOM peJakKca-
nuu OyJIeT BBICOKMM, a TemIeparypa Io-
BEPXHOCTHOI'O CJIOA HHM3KOH, JOCTaTOYHOMU
JUISL UCTIAPEHUS JIMIIb HU3KOMOJEKYISPHBIX
OIl u JOK. Takum o00pa3oM, HOKPHITHS,
chopmupoBannbie DJIA [ITDD, umeror onu-
TOMEPHYIO MOJICKYJSIPHYIO MaccCy, BO3MOX-
HO, B HEOOJNBIIONW CTEMEeHH MOBBIIICHHYIO
Omaromaps B3aumojeicTButo ¢ TAD Ha mo-
BEPXHOCTH KOHJICHCALINH.

B mnpencraBieHHON 4acTHOW MOJEIHA HE
YUUTHIBAIOTCS d()PEKThI, CBSI3aHHBIE C IJIEK-
Tpou3nMdeckuMH TporeccaMu  (3apsSAKOM
MUIIEHU 3JIEKTPOHHBIM ITYYKOM, OTPaKCHH-
€M DJIEKTPOHOB, BTOPUYHOM 3JIEKTPOHHOMU
OMUCCHEH, YHOCOM 3apsifa MpoayKTamu ad-
JSIUN, OCOOCHHOCTSIMU OCaXKIEHUs 3apsi-
KEHHBIX YaCTUIl HA MOBEPXHOCTSIX, W T.II.).
OTH MPOUECCHl BIMUSIOT HA MOIIHOCTb, BBO-
JTUMYIO B MHIICHb W TIyOWHY MPOHUKHOBE-
HUS 3JIEKTPOHOB B Hee. Mojiesb, BKIIIOYal0-
mas ¥ AJIeKTPOPU3NIECKHE TPOIIECCH, 3Ha-
YUTENbHEE CIOXKHEE M TpeOyeT Hamudus
MHOTHX 3KCIEPUMEHTAIBHBIX ITaHHBIX, OJI-
HaKO MPUHUUIIMAIBHBIX BBIBOJOB O COCTaBe
a0JISIITMOHHOTO TIOTOKAa M MEXaHW3MeE TUICH-
KooOpa30BaHUS OHA HE MEHSET.

3aki0ueHune

[IpennoxkeHHasi KadyecTBEHHas MOJEIb
AJIEKTPOHHO-TYyYEBOM  aONALMK  TOJMUTET-
padTopaTHIieHA OOBSACHSET MHOTHE JKCIIe-
pUMEHTAJIbHBIE PE3YJbTaThl, CUUTABIIUECH
paHee mpoTuBOpeuuBbIMU. W3 Hee ciemyer,
4YT0 aOJALMOHHBIA MOTOK HpU OOIyYEHUH
[IT®D MHTEHCMBHOM IyYKOM HU3KO3HEpre-
TUYHBIX 3JEKTPOHOB HE SIBJISIETCSI MOHOMO-
JIEKYJISIPHBIM, a COCTOUT U3 AudTOpKapOeHa /
TeTpadTOpITUIICHA, SBISIOMICTOCS MPOIYK-
TOM TEPMHUYECKOTO LIETTHOTO paclaja MaKkpo-
pPaJIMKaJIOB, M OJTUTOMEPHBIX OMPATUKATHHBIX
¢parmenToB 1nenedr [ITDD (propmapadu-
HOB). [locnmennue SBIAIOTCS KOHIEHCHPYE-
MBIMH Ha TIOBEPXHOCTSIX, KPHUCTAJUIU3YIOTCA
1 00pa3yloT OCHOBHYIO Maccy (popmMupyemo-
IO MOKPBITHUSI ¢ HEOOJBIIUM BKIAJAOM IOJH-
MEpHU3AlMK  HU3KOMOJCKYJSIPHBIX  KOMIIO-
HEHTOB IMOTOKA Ha OJIMTOMEPHBIX PaJUKaIaXx.

Crnemyer TakKe OTMETUTh, YTO MPEIJIO-
JKEHHasi MOJIeNb MPUMEHNMA U K IPYTHM Me-
TogaM aOisiumuu IITDD, takum, kak YO na-
3epHas abnsus, abasus CAHXPOTPOHHBIM U
PEHTT€HOBCKUM H3Ty4YEHUSIMH. TaKoil BBIBOJL
OCHOBaH Ha TOM, YTO 3TH BO3JCHCTBUS TaKKe
OCHOBaHBI Ha BO30YXICHUHU DJIEKTPOHHBIX
CHUCTEM MaKpOMOJIEKYJl U BHyTpeHHEM (OTo-
ahdexre, obpaszyromiem aekTponsl. [loce-
JIYIOLIME 3a 3TUMHU CTaAuu MOANAJAI0T MOJ
CXeMy TPEIJIOKEHHOU MOJIENTH CO BCEMU BBI-
TEKAIOLMMHU TOCIEACTBUAMHA U CHUMAIOT BO-
MPOCHl 0 MeXaHu3Me (OPMUPOBAHUS TTOKPHI-
i [ITOD abnsuOHHBIME METOJAaMHU, KpO-
M€ HU3KOTEMIIEPaTypPHBIX MUPOJIUTHUUYECKUX
u Hepe3oHaHcHoW UK nazepHoit abnsuu.

Mopenb Takke NMpPUMEHHMa K JJIEKTPOH-
HO-JIy4eBOM aONsAUM JPYyTUX TOJTHMEPOB,
MaKpOMOJEKYJbl KOTOPhIX 00Ja/laloT CBOM-
CTBOM 3HAYUTEIHHOTO TMOHWXEHHUS TPOYHO-
CTHU CKEJIETHOW CBSI3M IOCIJI€ NEPBUYHON HC-
COITHAITUH.
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YYBCTBUTEJBHOCTbD SJIEKTPOPUINYECKUX TAPAMETPOB
TETEPOCTPYKTYPbI TPA®EH/KPEMHUI
K UIHTEHCUBHOCTH U3JIYYEHUSA

A.I'. Tpadbumenxko, A.JI. Hanwmok, C.JI. [Tpumena
Benopycckuii 2ocyoapcmeennwiil ynusepcumem uHGOpMamuKy U paouod1eKmpoHuKU,
yn. I1. bposku 6, 220013 Munck, benapycs,
evdokimovithi@gmail.com, danilyuk@bsuir.by, prischepa@bsuir.by

[IpencraBineHsl pe3yibTaTHl MOJICIUPOBAHHMSA BICKTPO(QU3MUECKUX IApaMETPOB TeTEPOCTPYKTYpPHI TIpa-
(ben/kpeMHUIA N-THIA NIPU OOJIYYCHUH COTHEYHBIM CBETOM: HAIIPSHKCHHE XOJOCTOTO XO0Za, KOHIICHTPALHUS 3JIEKTPO-
HOB M KBaHTOBAs €MKOCTh TpadeHa B 3aBHCHMOCTH OT MHTCHCHUBHOCTH H3JIy4EHHUS. Y CTaHOBICH 3¢ (deKT cTabuim-
3alMU MapaMeTpoB Ipad)eHa NPH CHIKEHHH WHTCHCUBHOCTH M3TYUYCHUS IIPU YCIOBHU OTPAHUYCHUS TOKA I'eHEepH-
POBaHHBIX CBETOM JABIPOK B 00beM KpeMmHus. [lokazano, uro adyexT nposBisiercs: npu padoTe BbIXo/a rpadeHa He
Gonee 4.8 5B U IIOTHOCTH TOKA JABIPOK B 00beM KpeMHHs He Gonee 1-2.5 MA/cM2. DPPeKT 0OBACHAETCS CTaOWIN-
3amueil HanmpsHKEHUS XO0IOCTOTO X0/1a U 00ycIoBieH 3((GEeKTHBHBIM pa3eleHHeM HepaBHOBECHBIX HOCUTENEH 3aps-
Jia B 00€JHEHHOM CJIO€ KPEeMHHSI.

Knrouesvie cnosa: rerepoctpykrypa; rpadeH; KpeMHHit; POTONETEKTOP; CONHEIHOE U3TyUCHHE.

SENSITIVITY OF ELECTROPHYSICAL PARAMETERS
GRAPHENE / SILICON HETEROSTRUCTURE
TO RADIATION INTENSITY

A.G. Trafimenko, A.L. Danilyuk, S.L. Prischepa
Belarusian State University of Informatics and Radioelectronics,
6 P. Browka Str., 220013 Minsk, Belarus,
evdokimovithi@gmail.com, danilyuk@bsuir.by, prischepa@bsuir.by

The results of modeling the electrophysical parameters of the graphene/n-type silicon heterostructure under solar
irradiation are presented: the open circuit voltage, electron concentration and quantum capacitance of graphene, de-
pending on the radiation intensity and the graphene work function. The dependences of the open circuit voltage,
electron concentration in graphene, and its quantum capacitance on the radiation intensity and the graphene work
function are calculated using the developed model for the case of the absence of the total current in the gra-
phene/silicon heterostructure when exposed to sunlight. The effect of stability of the open circuit voltage and the
electrophysical parameters of graphene with a decrease in the radiation intensity by more than 10 times is estab-
lished, provided that the current density of holes in the silicon volume does not exceed 1-2.5 mA/cm?. With an in-
crease in the current density of holes in the volume of silicon, the range of stabilization of the open circuit voltage
and graphene parameters decreases and at a current density of holes in the volume of silicon of 20 mA/cm? is only
25 % of the maximum radiation intensity. It is shown that the effect manifests itself when the graphene work func-
tion is no more than 4.8 eV. This effect, in our opinion, is determined by the following reasons. The absence of a
significant outflow of holes into the silicon volume, which contributes to the effective separation of nonequilibrium
charges in the depleted silicon region. The absence of the influence of the concentration of equilibrium holes on the
charge of the depleted silicon layer, which contributes to the stabilization of the electric field strength in the depleted
silicon layer. The established effect can be applied to the creation of highly sensitive photodetectors, as well as for
metrological applications.

Keywords: heterostructure; graphen; silicon; photodetector; sunlight.

Beenenue BBICOKON YYBCTBHUTEJIBHOCTU 3a CUET JJIEK-

['eTepocTpyKTypbl TrpadeH/KpeMHUI ak- TPOHHBIX CBOMCTB rpadeHa. bbicTpeiii OT-
TUBHO MCCIIEIYIOTCS C LIENbI0 CO3JaHust ¢o- KJIMK BO3MO)XHO TOJYYUTh H3-32 BBICOKOU
ToaeTekTopoB [1, 2]. IX BaxHBIM Tpeumy- MOABMKHOCTH HOCUTEJIEH 3apsia B rpadene.
IIIECTBOM SIBJIIETCSI BOBMOXKHOCTD ITOJIy4YEHHUS [Tostomy B ¢oTomerekropax rpadeH wuc-
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MOJIB3YETCSl HE TOJMBKO KaK MPO3pavHbIi KOH-
TaKTHBI MaTepuali, HO M Kak MPOBOJSALINIMA
KaHajl, TMOBBIMIAIONINN YyBCTBUTECIHLHOCTD
ceHcopa [3, 4]. HecMoTps Ha CcylieCTBEHHbIN
nporpecc B JOCTHXKEHHH 3KCIIEPHUMEHTANb-
HBIX pE3yJbTAaTOB IO YYBCTBUTEIHLHOCTU H
OBICTPOACUCTBUIO (DOTONETEKTOPOB C WC-
MoJib30BaHUEeM rpadeHa B (HOTOIETEKTOpax
OCTaeTcs elle psij HEBBIICHEHHBIX BOIIPOCOB,
CBSI3aHHBIX C MOHMMAaHHEM MEXaHHU3MOB TO-
KOIIepeHOCca, B3aMMOCBS3U DJICKTPOHU3NUe-
CKHUX TapaMeTpoB rpadeHa W KpeMmHHs, a
TaK)Ke TPOSIBICHUS CIIEU(DUISCKUX CBOHCTB
rpadeHa B yCIIOBUSIX OCBELICHHUS U TeHepa-
IIUM HOCHUTEJNEH 3aps/a B KPEMHHH.

B »TOM mnnaHe BOMpOCH, CBA3aHHBIE C
AJIEKTPOIIPOBOTHOCTHIO TpadeHa, HaxosIie-
rocsi Ha JJETUPOBAHHOM KPEMHHUHU, HE BIIOJIHE
pazpaboransl. [Ipn HEnocpeaCTBEHHOM KOH-
TakTe rpadeHa ¢ KpeMHHUEM BO3HHKAET Oapb-
ep LIoTTkH, ¥ U3MEHSIOTCS IEKTPOPH3NIe-
CKHe mapaMeTphl rpadeHa B 3aBUCUMOCTU OT
ero paboThI BBIXOA W THIIA MPOBOJUMOCTH
KpeMHUsl. MeHseTcs SIeKTPOXUMHUYECKHIA
MOTEHIMAN TpadeHa, KOHICHTPALUHU DIIEK-
TPOHOB M JIBIPOK, KBAHTOBAasi €MKOCTb, UYTO
OKa3bIBaeT CYNIECTBEHHOE BIIHMSIHHE HAa TOKO-
MepeHoc B rpadexe.

Jlia MoJienupoBaHUs XapaKTepUCTUK (¢o-
TOJIETEKTOPOB BO3HUKAET HEOOXOJIUMOCTh
WCCIIE/IOBATh BIMSIHUE CBOWMCTB KPEMHHUS, Ha
MOBEPXHOCTH KOTOPOTO HAXOAUTCS TpadeH,
Ha M3MEHEHHUs OJJIEKTPOYU3NIECKUX TMapa-
METpoB TpadeHa B YCIOBHSIX BO3IACHCTBHUS
u3nydeHus. B ganHoOl paboTe paccMoTpeHa
reTepOCTPYKTypa rpadeH/KpeMHH N-TUra
MpU KOMHATHOM TeMmIepaType M COJHEYHOM
O0JIy4eHUHN W OmpesesieHbl 3aKOHOMEPHOCTH
BIUSTHUS. UHTCHCUBHOCTH W3Ty4YeHHsS M Ta-
paMeTpoB MaTepHajoB Ha HANpSHKCHHUE XO-
JIOCTOTO X0J1a, KOHIIEHTPALIUIO AJIEKTPOHOB B
rpadeHe U KBaHTOBYIO €MKOCTb.

Mopgean

I'erepoctpykrypa rpaden/kpemMHmii xa-
paktepusyercs Hamuurem Oapwepa LlloTTkw,
BO3HHUKAIOIIETO M3-3a Pa3HOCTU pabOT BBIXO-
na »Tux matepuanoB. [Ipu oOmydeHuu BO3-
HUKAeT pPa3HOCTh D3JIEKTPOXMUMHYECKUX I1O-

TEHIMAJIOB JJISl 3JIEKTPOHOB W JBIpOK. Jlist
KpeMHUs N-THNAa B €ro OOEQHEHHOM CIIOe
AIIEKTPOXUMUYECKUNA TTOTEHIIHAI SJIEKTPOHOB
IIPAKTUYECKH PaBEH €ro XMMHUYECKOMY IO-
TEHIMATYy B 00beMe, a I ABIPOK CIIBUTAET-
C Ha BEIMYUMHY pa3HOCTH IOTEHLMANOB,
o0ycnoBineHHO# ocBemenuem. I[Ipu orcyrt-
CTBMM TOKA B I€TEPOCTPYKTYpE €ro BeIUyu-
Ha COOTBETCTBYET HAIPSDKEHUIO XOJIOCTOTO
xoma Voc (open circuit voltage). B orcyrt-
CTBUU OCBEIICHUS, OOCAHCHHBIN CIION KpeMm-
HUS UMEET IOJIOKUTENbHBIN 3apsi, a rpadeH
MOJy4aeT HM30BITOK SJEKTPOHOB ISl CO3/a-
HUS JIEKTPOHEUTPAIIbHOCTH I'€TEePOCTPYKTY-
pel B 1esioM. B 3TOM ciydyae mpOMCXOIUT
CABUI  3JIEKTPOXMMUYECKOI0 MOTEHIHAajIa
rpadeHa Ha BEJIWYHHY, COOTBETCTBYIOILYIO
U30BITKY 3JEKTPOHOB. {1 ciyyast KOHLIEH-
Tpamuu 10HOpoB B kpemuun 10'° cm3, pao-
Thl BbIXOaa rpadena 4.7-4.9 5B, u30bITOK
AIIEKTPOHOB B KPEMHHUH COOTBETCTBYET CIIBU-
Iy 3JEKTPOXUMHMUYECKOro IOTeHLHana Io-
psaaxa 0.05 3B. B ycnoBusix o0iayueHus Bo3-
HUKAeT pPa3HOCTh IMOTEHLMAIOB, paBHas B
JAHHOM CITy4ae HaIpsHKEHHIO XOJIOCTOTO XO-
na Voc, KOTOpOE TaKKe CIOCOOCTBYET Jallb-
HEHIeMy CABHTY 3JIEKTPOXUMHYECKOTO TO-
TeHIMana rpageHa. Takum obOpaszom, A
OILIEHKHA M3MEHEHUS MPOBOJUMOCTH TpadeHa
HE00X0/IMMO HaWTH M3MEHEHHE KOHIIEHTpa-
IIUH AJIEKTPOHOB B HEM TPH OCBEIICHUU TPU
HanpsokeHuu Voc. [ng Haxoxaenus Voc pac-
CMaTPHUBAETCSl PAaBEHCTBO HYJIO CYMMapHOTO
TOKa 3JEKTPOHOB M JIBIPOK B KPEMHUU MpPHU
ocenienun [5]. Mcxoas ux 3TOro ycioBus
HAXOMATCS PacHpeieNieHHs] HaNpsHKEHHOCTH
ANIEKTPUYECKOTO TOJNS M KOHIEHTpPALUH
HEPAaBHOBECHBIX JBIPOK P B 00€IHEHHOH 00-
JacTu KpeMHus. B nanHol pabore ucmosb-
3yeM pa3pabOTaHHYI0 HAMH MOJENb, YIUTHI-
BAIONIYIO MPOLIECCH MOBEPXHOCTHON pPEeKOM-
OWHaIMu, a TaK)Ke OaJIaHC JIBIPOK Ha TPaHUIIS
o0esHeHHOW 00JacTH KpEeMHHUST U €ro
HelTpanpHoil obnactu [5]. CornacHo 3Toi
MOJIEJIH:

w
Ve = —j dz
o

e p'= u, (7, /7,)+ p,, W— npotsiken-

D (dp/dz) — u'Eop
BT (P + u'p

(1)

14-51 Meacoynapoonas konpepenyus « Bzaumooeticmeue uznyyenuii ¢ meepovim menomy, 21-24 cenmaops 2021 2., Munck, berapyco
14th International Conference “Interaction of Radiation with Solids”, September 21-24, 2021, Minsk, Belarus

96



Cexyus 1. Ilpoyeccol 63aumooeiicmeust u3iyueHus u nia3mbl ¢ MeepobiM meiom
Section 1. Processes of radiation and plasma interaction with solids

HOCTh OOCIHEHHOTO CIIOsi KpeMHUs, No, Po —
PAaBHOBECHBIC KOHLIEHTPALUU DJICKTPOHOB H
JBIPOK, Eo — HaNpsHKEHHOCTH IEKTPUYECKO-
TO TOJISi B KPEMHUH, CO3/1aBacMasi paBHOBEC-
HBIM pacIpeeiCeHueM 3apsiia, Mn, MUp — IO-
JIBIKHOCTH 3JICKTPOHOB H JIBIPOK B KPEMHUH,
D’=Dn(tn/tp)-Dp, Dn, Dp — k03 dunmeHTHI
i dy3un 3IEeKTPOHOB U ABIPOK B KPEMHUH,
Tn, Tp — BPEMsI )KU3HU DJICKTPOHOB M JIBIPOK B
KPEMHHH, Z — KOOpPJHMHATa, HOpPMailbHas K
rpaHulle pa3jena rpageH/KpeMHHM.

Pacripenenenne KOHIEHTpanuu HEpaBHO-
BECHBIX JIBIPOK OIPEICISCTCS M3 YCIOBHS
pPaBEHCTBA HYJIIO CYMMapHOT'O TOKa 3JIEKTPO-
HOB U JIIPOK B KpeMHUU (cM. [5]).

B kauecTBe T'paHMYHOTO YCIIOBHS pac-
CMaTpUBacM BBIPOKEHHE MJISI TOKA JBIPOK
npu 2=0 u z=w

J,(0) =qS5,p, =], — q JWG (z)dz @

r7ie Ps — KOHIICHTPALUsl HEPAaBHOBECHBIX IIbI-
poK Ha moBepxHocTH KpemHuusi, G = Goexp(-
0Z) — TEMIl T€Hepalud HEePaBHOBECHBIX HO-
cUTEeNel 3apsga B KpeMHHH, 0 - Kod(duuu-
€HT MOTJIOLICHUS U3NyYeHUs, Sp — CKOPOCTh
MOBEPXHOCTHON pPeKOMOMHAINH, Jpw — IIOT-
HOCTb TOKa JIBIPOK Ha TPaHHIIe HEUTPaTbHO-
ro U oOEAHEHHOro CJ0eB KpeMHUS Jpw, ( —
AIIEMEHTAPHBIN 3apsil.

KoHmeHTpamust 371eKTpOHOB Ne, JBIPOK Nh
U KBaHTOBasg eMkocTh Cq rpacdena ompene-
JSIFOTCS B Bujie [6]

ny () = f oo (Ofe-tde

(k) = f 20 ()1 — f(s — LU)]ds
~ @

Co=qd(n. —m)/AEY) ()
r7e g2p — IJIOTHOCTh COCTOSIHUM Tpadena, ( —
XUMHUYECKHH MOTeHIMan rpadeHa B OTCYyT-
cTBUM ocBemeHus, U=-qo - anekrpocraruye-
CKasi SHEeprusi, BO3HUKAOIas B rpadeHe mpu
OCBEILIEHUH 3a CYET reHepali HepaBHOBEC-
HBIX HOCHUTEJEH 3apsia B KpEMHHH, @ - DJIEK-
TpOCTATHYECKUN moTeHnuan, f — QyHKIws
®epmu-/lupaka.

Pe3yabTaThl U MX 00Cy:KIEeHUE
J71st pacueToB UCTIOJIB30BATHCH CIICTYO-

[Fe TapaMeTphl: KOHIEHTpAIUs JOHOPOB
Ng=10'® cm3, paGora BeIXOma rpadena
Fc=4.65-4.9 3B, 3neKkTpoHHOE CPOJCTBO IS
kpemuus x=4.05 »B, mupuna 3anpernieHHOMl
30HBI KpeMHUs &5 =1.12 3B, moaBMXHOCTH
371eKTpoHOB B kpeMHn# 800-1500 cm?/(B ¢) u
awIpok 300-450 cm?/(B ¢), cobcTBeHHAs KOH-
nenTpamus Hocutener 1.45 100 cm3, Bpems
JKU3HU 31€KTpoHOB 5-10 MKc u aplpok 1-5
Mkc, Go=(0.01-2)10% cm/c, a =10%-10° cm™?,
g20=2¢/[n(AVo)?]. 3mech /i — mHOCTOAHHAs
IInanka, Vo =10° m/c — ckopocts Depmu B
rpadene. [nmna BosHbl u3mydeHus A=400-
500 uMm.
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Puc. 1. 3aBUCHUMOCTh HaNpsHKEHUE XOJIOCTOTO X0/Aa OT
HWHTCHCUBHOCTH U3JIYUYCHU G() IIpyu pa3JIMIHbIX IJIOT-
HOCTSIX TOKa JBIPOK B 00BeM KpeMmHHUs: | MA/cM? (1),
2.5 MA/eM? (2), 5 MA/em? (3), 10 mA/cm? (4), 15
MA/cM? (5), 20 MA/cM? (6)

Fig. 1. Open-circuit voltage versus radiation intensity
GO at different current densities of holes into the sili-
con bulk: 1 mA/cm? (1), 2.5 mA/cm? (2), 5 mA/cm?
(3), 10 mA/cm? (4), 15 mA/cm? (5), 20 mA/cm? (6).

Ha puc. 1 mnpuBeseHsl 3aBUCHMOCTH
HAINpPsDKEHUsT X0JIOCTOro Xoaa Voc OT MHTEH-
cUBHOCTH M3nyuyeHus npu Fc=4.8 3B u wus-
MCHEHHH TOKa JBIPOK B 00BbEM KpPEMHUS B
ananasone 1-20 MA/cm?. Kak MOKHO BHIETH,
HaOmrogaeTcst 3pdekT cTabMmIbHOCTH Hamps-
xeHus Voc IPH YMEHBIIEHHH WHTEHCUBHOCTH
6onee uem B 10 pa3 npu yciioBuH, YTO BEJIU-
YHHA TUIOTHOCTH TOKa JBIPOK B 00BEM KpeM-
Hus He Tpesbmmaer 1 MA/cm?. C pocTom
IUIOTHOCTH TOKa JBIPOK B 00BEM KpPEMHHS
JIMANa30H CTaOWIM3aluk  HampspkeHus Voc
YMEHBILIAETCS U TIPH TUIOTHOCTH TOKA JIBIPOK
Jow =20 MA/cM? cocTaBiseT TONBKO 25 %
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MAaKCHUMAaJILHOU BEJIMYUHEI
U3JTyYCHHUS.

Ha puc. 2 npuBeneHbl 3aBUCUMOCTH KOH-
[CHTPAIMK JICKTPOHOB B rpad)eHe MpH TeX
K€ 3HAUCHHSIX TOKa JBIPOK B 00BEM KpeM-
Hust. Kak MOXXHO BUIIETh, TaKXkKe HAOIIO1aeT-
cs 9pGeKT cTaOMILHOCTH Ne C YMEHBIIICHUEM
UHTEHCHBHOCTH H3JTy4CHHS.

HUHTCHCHUBHOCTHU

1.8x10" A

N
N

i

0
\

“

o 1.6x10"°+

=
G

1.2x10"3 4

I
|

1

® i
€ 1.4x10"3 4 iy
1

|

|

|

1.0x10" . T

0.0 0.2 04 0.6

Gy, 102 cm¥/s

Puc. 2. 3aBucumocTb KOHIICHTpAalu1u 3JICKTPOHOB B
rpadeHe OT MHTEHCHBHOCTH m3iydeHmsi Gg mpm Tex
JKE MJIOTHOCTAX TOKA ABIPOK B o0BeM KpEMHUs, 4YTO U
Ha puc. 1

Fig. 2. Concentration of electrons in graphene versus
radiation intensity Go at the same current densities of
holes into the silicon bulk as in Fig. 1

AHaJNOrMYHbIE Pe3yIbTaThl IOJIY4YEHbI AJIs
3aBUCUMOCTH KBAHTOBOW €MKOCTH OT MHTEH-
CHUBHOCTH M3i1ydeHus. Ee BenmuunHa B 00na-
cTu crabwmmsanuu coctapiser 11 pd/em? u
XapaKTEpPU3yeTCsl TaKUM >K€ CTYINEHYaThIM

BUJIOM.
Jannblii 3¢dekT Ha Hall B3IJs Onpese-
JSeTCs  HECKOJIbKUMH  NpHYMHaMHU. Bo-

MEPBbIX, OTCYTCTBUEM CYIIECTBEHHOI'O OTTO-
Ka JBIPOK B 00bEM KpEMHUS, YTO CIOCO0-
cTByeT 3((EeKTUBHOMY pa3/IeJeHUI0 Hepas-
HOBECHBIX 3apsAJ0B B 00eIHEHHOW o0jacTu
KPEMHHUS, BO-BTOPBIX, OJIM30CThIO KOHIIECH-
Tpaluy reHepUPOBAHHBIX JBIPOK B 0O€IHEH-
HOM cJioe (Ha TOBEPXHOCTH KPEMHUs) K KOH-
LHECHTpal HOHU3UPOBAHHBIX JOHOPOB, YTO
BEJET K COXPAaHEHMIO IOJIOKUTENBHOIO 3a-
psiga OOEIHEHHOTO CJIOS HpPU CHUKEHUH
TeMIa TeHepali HEepaBHOBECHBIX HOCHUTE-
nen 3apsaa, B-TPETbHUX, CHUXKCHUCM BKJIa/la B
3apsii 00EHEHHOTO CJI0S KPEeMHS KOHIICH-
Tpalli PaBHOBECHBIX JBIPOK. B mocimennem
cllyyae KOHLEHTpAIMsi PaBHOBECHBIX JBIPOK

HE OKa3blBaeT BIMAHHUS HA paclpenesieHue
3apsiia B 00ETHEHHOM CJIO€ M HE BIIMSAET Ha
3¢ (HEeKTHBHOCTH pa3jielieHUs] HEPABHOBECHBIX
HocuTenell 3apspa. [lostomy u BenuumHa
HanpspkeHus: Voe crabmmmsupyercs. [locnen-
HUIl (pakTOp HayMHAeT OKa3blBATh BIIUSHUE
npu pocTe paboThl BbIX01a rpadeHa.

CoueraHue ykazaHHBIX (DaKTOPOB IPHUBO-
TUT K TOMY, YTO B OIPEICICHHONW 00JIacTh
MHTEHCUBHOCTH M3JIyY€HHsI HAPSKECHUE XO-
JIOCTOTO XOJa MPaKTHYECKH HEe MEHSETCS I10
IpUYMHE CTa0MIM3aluM 3apsiia 00eHEeHHO-
0 CJOs M HECYIECTBEHHOTO H3MEHEHUS
KOHIIEHTPAllui HEPAaBHOBECHBIX JBIPOK B HEM
n3-3a OJIOKUPOBAHUS HMX OTTOKAa B 0O0BEM
KpeMHHUA. OTH (aKTOpbl CLIOCOOCTBYIOT TakK-
Ke CTaOMIM3aIUH DIEKTPOPU3UIECKUX T1a-
paMmeTpoB rpadeHa, ONpeAesAIOIIUX €ro
IPOBOJSIIIIAE CBOMCTBA — DJIEKTPOXUMHUYE-
CKOMY MOTEHLMaNly, KOHIIEHTPAaLlUd HOCHUTe-
Jei 3apsaa, KBaHTOBOWM eMKocTH. Ha puc. 2
IPUBEJCHbl PE3y/lbTaThl pacyeTa KOHIIEH-
Tpaluu 3JEKTPOHOB Ne A TpadenHa, u3 Ko-
TOpBIX BUJHA CTAaOMIM3ALMs UX 3HAUYCHUH B
JMara3oHax HMHTEHCHBHOCTEH W3JIy4CHUS,
OIpesieNsIEMbIX IJIOTHOCTBIO TOKa JBIPOK B
00BEM KpEMHHS.

[TonTBepx/ieHUEM TPHUBEIEHHOIO BBIIIE
00BsICHEHUS CTaOMIM3AlMK AIEKTpopu3nye-
CKUX TapaMeTpoB B TIeTEpOCTPYKType TIpa-
(den/kpeMHUIl N-THHA CIy’KaT pe3yJbTaThl
pacueTa HaIpsDKEHHs X0JIOCTOTO X0/1a, KBaH-
TOBOW €MKOCTH M KOHIICHTPAILIUH JICKTPOHOB
B rpadene mpu Ng=10'® cm u Benuuune pa-
60Tbl BeIxoaa rpadena 4.9 >B. Mx Hux cie-
€T, YTO MMEIOMIASACS IS pAaCCMOTPEHHOTO
BBIIIIE cy4as cTaOuiaM3alnus MapaMeTpoB
Voe, Cq, Ne orcyrctByer. B aTOM ciywae
HaOJro1aeTcsl U3MEHEHUEe BEJIMYMH ITHX Ia-
paMeTpoB C W3MEHEHHEM WHTCHCHBHOCTH
U3IY4YeHUsT 10 BCEMY pacCMaTpUBAEMOMY
JMara3oHy HM3MEHEHUS WHTCHCUBHOCTH W3-
JdydeHus. BbI3BaHO 3TO BIMSHUEM KOHIICH-
Tpalliu PaBHOBECHBIX JBIPOK B O0CTHEHHOMH
o0acTi Ha pacmpesesieHue HepaBHOBECHBIX
JBIPOK, YTO BEAET K CHIKEHUIO 3(dexTus-
HOCTH pa3/iefieHHs] HEPaBHOBECHBIX 3aps/I0B
U CHIKEHUIO Voc C yMEHBIICHWEM HWHTEH-
CHUBHOCTH U3ITyUEHHS.
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[Tpu cHmXeHuM paboOThl BbIXOJA rpadeHa
no 4.6-4.7 spdexr crabmnmmzanuu 3IEKTPO-
(GUBHYECKUX TApaMETPOB TE€TEPOCTPYKTYPHI
rpaden/kKpeMHuit coxpansiercs. OHAKO TPU
ITOM CHIDKaeTcsi HampsikeHue Voc M, COOT-
BETCTBEHHO, 3Ha4YeHus Cq, Ne. B 3TOM cityuae
CHW)XKAeTCs MOTCHIMATBHBIA Oaphep Ha rpa-
Hulle TpadeH/KpeMHUH M, COOTBETCTBEHHO,
BO3pAacTalOT TEMHOBBIC TOKH J3JICKTPOHOB H
JBIPOK, YTO TPEOyeT IOTOJIHUTEIBHBIX HC-
CJIEIOBAHUM.

3aki0uenue

[IpoBeneHHOE MOJETMPOBAHHE 3IEKTPO-
(GU3NUECKUX TapaMEeTPOB TETEPOCTPYKTYPHI
rpadgeH/KpeMHUN  (HaAIpsDKEHHS  XOJIOCTOTO
X0J1a, KBAaHTOBOM €MKOCTH M KOHIICHTPALUU
3JIEKTPOHOB B TrpadeHe) Mokaszajo, YTo IpH
OTIPENIEICHHBIX YCIIOBHSIX Te€HEepaIiu HOCH-
TeNeH 3apsAaa M TOKONEPEHOCa BO3MOXKEH
3pdeKxT cTabwnm3anuu STHX [apaMeTpPOB
IpY U3MEHCHUU MHTCHCUBHOCTH W3ITyYCHHS.
Ortor 3¢ ekt 3aBuCUT OT pabOTHI BBIXOAA
rpadeHa U BEJIWYMHBI TOKA JIBIPOK M3 00Jia-
CTH TeHepanuud B 00beM KpeMHHs. DPPexT
BO3HMKAET NPH OTPAaHWYCHUH TOKa JBIPOK B
00BbeM KpeMHUS U BeJIMYMHE pabOThI BHIXOAA
He Ooznee 4.8 3B. YcraHOoBiIeHHBIH >pdexT
MOYET OBITh MCIIOJIL30BaH ISl CO3JIaHUS BbI-
COKOYYBCTBHUTEIBHBIX (OTOAETEKTOPOB, a
TaKXe JUIT METPOJIOTHUECKUX TPUMEHEHHH.
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IIJIA3SMOHHBIE Y®®EKTbHI B 'PA®EHOBOM HAHOCTPYKTYPE
C 3ATBOPOM B MATHUTHOM MOJIE

A.B. ®enpuiepyk, A.JI. Jlanumok
Benopycckuii cocyoapcmeennvlil ynugepcumem uHGOpMamuKu u paouod1eKmpoHUKU,
ya. I1. bposxu 6, 22013 Munck, berapyco,
felsheruk1994@gmail.com, danilyuk@nano-center.org

IIpencTaBneHs! pe3yabTaThl MOACTUPOBAHNUS KO3()(HUINEHTOB PACTIPOCTPAHEHHUS 1 MTOTJIOMICHUS HIEKTPOMArHHT-
Horo m3nydeHus: (AMU) B 0gHOCITONHOM TpadeHOBOM HAHOCTPYKTYPE C OJJHAM 3aTBOPOM B 3aBHCHMOCTH OT IIPHITO-
KEHHOTO MEPIEHIUKYJISIPHO K IUIOCKOCTH rpad)eHa MarHUTHOTO MOJS M HAaNpsDKCHUS Ha 3aTBOPE B TEParepLeBOM
yactoTHOM auanazone (ot 1 no 10 TT'm). [Tomy4yeHHbIe YacTOTHBIE 3aBUCUMOCTH ITOKa3alIy, YTO yNpaBiIiaTh Kodddu-
LHEHTaMU pacipocTpaHeHus u nornouenus MU rpadena MoKHO IyTeM W3MEHEHHS 3HAUSHUS BEJIMYHMH HaIpsKe-
HUSI Ha 3aTBOPE M MPUIIOKEHHOTO MarHUTHOTro nouisi. Hanbouiee cyriecTBeHHOE BIMSHUE MarHUTHOTO MOJIS Ha KO3 (-
(ULIMEHT paclpoCTPaHEHUsI U OTPHULIATENBHYIO BEIMYHHY KOI((HIUCHTa NOTJIOMIEHHs Ha0II01aeTCsl B YaCTOTHOM
nuarnazone BOau3u 1 TT'u npu 3HaueHUX HanpshKeHust Ha 3aTBope okoiio 0,2 B. VBenndyeHue HanpspKeHHs U 4aCTOTHI
OMMU BeneT k moTepe yCUICHHUS 3a CUET IIa3MOHOB.

Knroueenie cnoea: IJIa3MOH; rpa(beH; SJICKTPOMATrHUTHOC U3JIYyYCHUC; MATHUTHOC I10JIC; 3aTBOP.

PLASMONIC EFFECTS IN A GRAPHENE NANOSTRUCTURE
WITH GATE IN A MAGNETIC FIELD

A.V. Felsharuk, A.L. Danilyuk
Belarusian State University of Informatics and Radioelectronics,
6 P. Brovki Str., 220013 Minsk, Belarus, felsheruk1994@gmail.com; danilyuk@nano-center.org

The results of simulation of the coefficients of propagation and absorption of electromagnetic radiation (EMR) in
a single-layer graphene nanostructure with one gate are presented, depending on the magnetic field applied perpen-
dicular to the graphene plane and the gate voltage in the terahertz frequency range (from 1 to 10 THz). The obtained
frequency dependences showed that it is possible to control the EMR propagation and absorption coefficients of gra-
phene by changing the values of the gate voltage and the applied magnetic field. The most significant effect of the
magnetic field on the propagation coefficient and the negative value of the absorption coefficient is observed in the
frequency range near 1 THz at gate voltage values of about 0.2 V. An increase in gate voltage and frequency leads to
a loss of gain due to plasmons.

It was found that in the region of magnetic fields with an induction of 2 T, the frequency dependences of the EMR
propagation and absorption coefficients are nonmonotonic. The propagation coefficient is characterized by a minimum
approximately equal to one at a frequency of 5-6 THz. The absorption coefficient in this case changes from negative
values at a frequency of less than 5 THz to positive values at a frequency of more than 5 THz. In the region of increased
magnetic fields with an induction of 10 T, the frequency dependences of the propagation and absorption coefficients
become monotonic. In this case, the propagation coefficient increases to several hundred in the frequency range 1-2
THz and decreases to 10-20 in the range of 9-10 THz. The absorption coefficient is negative in the entire frequency
range, decreasing in absolute value from -9 10* to -10* m™.

Keywords: plasmon; graphene; electromagnetic radiation; a magnetic field; gate.

Beenenne MOHBI B HaHOCTPYKTypax JUisi 0OpaboTKu U

B HacTosIiee BpeMsi cuuTaeTcsl yCTaHOB- nepefaud MHGOpPMAIMU BHYTPU HUHTErpaiib-
JIEHHBIM BBIBOJI, YTO HA I'PAaHULIE MEX]Y MPO- HOM MuKpocxeMmsl. [la3sMoHHBIE Mexcoeau-
BOJHHMKOM U JUDJIEKTPUKOM BO3MOXKHO MOJTY- HEHUS CTajau Obl HACTOSALINM ITPOPBHIBOM B 00-
YUTh [TOBEPXHOCTHBIE TIA3MOHBI C TOM ke Ja- JacTU TOBBIMIEHUS pabOYUMX YacTOT HHTE-
CTOTOM, 4TO M BHEUIHHE JIEKTPOMArHUTHbBIE rpajJbHBIX MUKpocxeM. B sToMm muane mep-
BOJIHB, HO C HAMHOI'O MEHbIIEH JIJIUHOU CIEKTUBHBIM HANpaBICHUEM MJIs pEIICHUs
BOJIHBI. DTO MO3BOJIUT UCHOIb30BaTh MJI1a3- no00HOM 3a7aun SIBISIETCSl HCCIEIO0BaHUE
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IUTA3MOHHBIX KOJIEOAHUI B TeparepieBoM
JUarna3oHe 4acToT U, B YACTHOCTH, C UCTIOJIb-
30BaHHEM rpadeHa Ha TUIIEKTPUIECKOM O/~
noxke. OJIHAKO Ha 3TOM IyTH €Ille MPEACTOUT
PEIIUTh Psi/T HE TOJIBKO TEXHOJIOTUYSCKUX, HO
U pU3MYECKUX 3aa4 Mo BO30YKIEHUIO, pac-
MIPOCTPAHCHUIO U ICTEKTHPOBAHUIO TIJIA3MOH-
HBIX KOJeOaHUN ¢ KOHTPOJIMPYEMBbIMHU Mapa-
METpPaMHU.

OnHUM U3 abTePHATUBHBIX METO/IOB, 1103-
BOJISIFOIIIMM YIIPABIISATh IMapamMeTpamu Iuia3-
MOHHBIX KOJIEOaHU, SIBJISIETCS U3MEHEHHE Be-
JUYUHBI TPUIOKEHHOTO MarHUTHOTO TMOJIS K
crpykrype [1].

Llenbro manHOM PabOTHI SBJISIETCS] MOJIEITHU-
poBaHue KO3()(PUIIMEHTOB PaCIPOCTPAHEHUS
U TIOTJIOMIEHUS AJICKTPOMArHUTHOTO H3ITyde-
Hus (OMU) B oaHocnoitHON TrpadeHoBoi
HAHOCTPYKTYpPE C OJHHM 3aTBOPOM Ha M-
AIEKTPUUYECKOM MOIOKKE B 3aBUCUMOCTH OT
MPHIOKEHHOTO TIEPIICHANKYJISIPHO K TUIOCKO-
cTH TpadeHa MAarHUTHOTO TOJSI ¥ BEIUYUHBI
HaANPSDKEHUS Ha 3aTBOPE B TeparepIieBoM Ja-
CTOTHOM JIMana3oHe.

Matepuaabl H METOIbI HCCJIET0BAHUS

Tak kaKk B paccMaTpHMBaeMOM YacCTOTHOM
nuamnaszone (ot 1 mo 10 TI'm) BKkIagoM Mex-
30HHBIX NEPEX0A0B (Ginter(®)) B OOIIYIO MPO-
BOJIMMOCTh TpaeHa MOXKHO TpeHeOpeUb
(cinter(®)<<cintra(®) [1]), TO Momenp MoOBepX-
HOCTHOW MPOBOJAMMOCTH MOHOCIIOS TpadeHa
(os(®)) MoOXeT OBITH MpE/CTaBIICHA B CICIY-
IOIIEM BUJIC:

] e?kT
*
Yr(h/2m)2(w — i21)

o (£ + 21 (exp () + 1)),

rae ' — yactoTa paccesHUsI JIEKTPOHOB; h —
nocrostHHas ITnanka; K — mocrossaaas bonbii-
MaHa; | — TeMIeparypa; € — 3JIeMEeHTapHBIH
3apsn; ® — kpyrosas yactora OMU; p— xumu-
YEeCKUH MOoTeHIua B rpadene.

OnTHyeckasi NpOBOJUMOCTD OJTHOCIIONHON
rpag)eHOBOM HAHOCTPYKTYpPBI (Gxx) MOXKET
OBITH OIpejieNieHa U3 TeH30pa BHYTPU30HHOM
IPOBOJUMOCTH Gintra((®) ¥ ONMCAaHA B PAMKax

GS(w) = O-intra(w) = -

(1)

teopuu [lpyne B cinenyroiiem Buje [2]:

_ eyl i(w+i/T)
Oyy = n(h/2m)? (w+i/T)2-w?’ (2)

c

Gxx -

IJIe T — BpeMsl peslakcalliy JIEKTPOHOB B Ipa-
dene; oc=—eBVF/L — kpyroBas yacTora mias-
MOHOB, aHAJOTHYHAsI KJIACCUYECKOH ITHKIIO-
TPOHHOM 4acTore; VF — cKopocTh Depmu
3JIeKTPOHOB B rpadene (B pacuerax Ve =10°
M/c).

VYpaBHEHUsI, XapaKTepU3YIOIIUE B3aUMO-
neiicteue OMU ¢ rpadenom [3], BBIBOASATCS
U3 ypaBHeHH MakcBeia, a JUCIIepCUOHHOE
COOTHOIIIEHUE, cojepkaiiee K03hHUuumueHTs
MOTJIOIIEHUS. M pacrnpoctpanenuss OMU, u3
YCIIOBHSI HETPUBHAIBHOCTH PEIICHUH TSI Ta-
KUX YPaBHEHUM:

n? —p? +n?/1—-p? =
—%Ux/nz—pzx/l—pz, 3

rze N — nokasaTesb NPeIOMIICHUS Ha TPaHUILIe
cpenbl u 00pasia, p — KOMILIEKCHBIN K03 du-
LIMEHT pacnpocTpaHeHus: BojaHel OMU, eo —
JURIIEKTPUYECKasi MOCTOSIHHASA, G = Oxx — [IPO-
BOJMMOCTh OJTHOCJIOHHOU rpad)eHOBOM HAHO-
CTPYKTYPBI, ¢ — CKOPOCTh cBeTa. B pacuerax B
KAauecTBE MOJENH MPOBOJUMOCTHU TPUHATO
BbIpakeHHe (2), a MoKa3aTellb MPEIOMICHUS
Ha rpaHulle cpeasl u odpasia, N=1. Takum 06-
pa3om, ypaBHeHHE (3) MOXKHO TEpenucarh B

BUJC:
_ c2gy2
p= \I 1 4n2o2,’

Benmuunna kosdduimenta MOTIOMICHUS
OMMU onpenensiercs B Buae 2Im(pw/c), a Be-
JMYMHa Kod(p(dULIMEeHTa paclpoCTpaHEHUs
OMMU omnpenensiercs B Buae Re(p).

Jlist BBIpaKEHUS 3aBUCHMOCTH XHMHYE-
CKOTO MOTEeHIMaNa B rpadeHe OoT BETHYUHBI
HanpspkeHus Ha 3atBope W(Vg) ucmonb3yem
WHTETPAIBHOE BBIPAXKCHHUE IS KOHIICHTpa-
[IUU HOCUTENEH 3apsa OT 3HAYCHUS] XUMUYe-
CKOTO MTOTCHIIMAJIa U YPaBHEHUE JJICKTPOCTa-
TUKH TE€TEPOCTPYKTYPHI.

WHuTerpanibHOE BBIpAXKECHHE IS KOHIICH-
Tpaluy HOCHUTENEH 3apsia OT 3HAYCHUS XU-
MHUYECKOro TMOTeHIHana Ng(|l) BBIBOIUTCS
cnenyrom obpazom [4]. Ucnons3ys yHK-
nuro Gepmu-Jlupaka, onpenensem mI0THOCTh

Q)
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QJICKTPOHOB Ha CAWHUIC ILJIOLIAaAn Ne npu
JAHHOM XMMHUYECKOM MOTEHIIHAJe |L 1 HEeHY-
JIeBOM abcooTHON TemmepaTtype T 1o ¢op-
MyJIe:
ne(“) =

2(kT)? +o u
mh2vZ 70
rne u = g/kT.
Hcnoinb3yst 31EKTPOHHO-ABIPOYHYIO CHM-
METPHUIO, TMOJYYAM BBIPAKEHHE I TUIOTHO-

CTH JBIPOK Np:

du, (5)

B
1+exp (u “T

np (W) = ne(—p) . (6)

VYpaBHEHHE DIIEKTPOHEUTPATIBHOCTH ISt
paccMaTpuBaeMOi reTepOCTPYKTYPHI OIpeie-
JSIETCS CIIEAYIOIUM o0pa3om [4]:
e’ng | Ci
COX

+ ()

rae ng(1) = n.(p) — ny (L) — KOHLIEHTpALHS
HocuTelel 3apsana; C,, = ? — yJenbHas eM-

ely =un+ K,

COX

KOCTh NOJI3aTBOPHOTO JMAIIEKTPUKA, € — JIU-
AJIEKTPHYECKasl TPOHUIIAEMOCTh I0J[3aTBOP-
HOTO JIUIJICKTPHUKA, £0=8.85" 1012 d/m —snek-
TpUYecKasi HoCTosiHHAsA, d — TOJIIMHA 1Mo/13a-
TBOPHOTO JAWAJIEKTpUKA; Cj; — yJenbHas eM-
KOCTb TIOBEPXHOCTHBIX COCTOSIHUH.

B pacuerax, B kauecTBe Marepuaia mnojasa-
TBOPHOTO TUAJIEKTPUKA OBLT B3AT OKCHJ rad-
uust IV (HfO2) (e= 16), ero tommuua (d) —
30 uM, a 3Hauenue C;; = 0. Bee pacuers! npu-
BEJACHBI JJIsI KOMHATHOW  TeMIIepaTypbl

(T=300 K).

Pe3yabTaThl U MX 00Cy:KIeHUE

Ha puc. 1 npencraBieHbl 4aCTOTHBIE 3aBU-
CUMOCTH KO3(DPHUIIMEHTOB pacIpOCTpaHEHUs
u noryomenust OMU it HanpsbkeHuid Ha 3a-
tBOpeE 0T 0.2 B 10 0.6 B 1 B MaruutTHOM mose
c uaayknuent 2 Tn. VI3 momydeHHBIX 3aBUCH-
MocTeill caenyer, uTo Ko3dduuueHt pacrpo-
ctpanenuss OMU Re(p) MoHOTOHHO yOBIBaET
C POCTOM YacCTOTbI, IPUHUMAs MaKCUMAJIbHbIE
3HadyeHus: pasHoe 10. [Tpm moctmwxkennn da-
croThl nopsnaka 5 TI'1 3Hauenus koadduuu-
€HTa PpAacIpOCTPAHEHUs JOCTHUTAIOT CBOETO
MUHUMYMa (Tiopsika 1), 1 B 00acTu BeIle 5
TI'm monoToHHO BO3pactaeT. Koaddunuent
norjomieHuss MU 2Im(pw/c) HEMOHOTOHHO
M3MEHSIETCA B JaHHOM YaCTOTHOM JIMara3oHe,

NPUHUMAS KaK TIOJOKUTEIbHBIE 3HAYCHUS
(mopsinxa (0.5-2)-10% Mt B o6mactu 10 TI'm),
TaK M OTpUIaTeNbHbIe (Topsiaka munyc (3.5-
1.8)-10% m! B o6macTu 1 TI'1), 4TO TOBOPHUT O
peanu3aluu Kak pexuma noriomeHus MU,
TaK U €ro yCWJICHHUS 3a CYET IJIa3MOHHBIX KO-
neOaHui.

——Vg=02B
- - -Vg=04B
-+-- Vg=0,6B
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Re(p)

2x10° 1

1%10°

o
L

-1x10%

2Im(pw/c), v

-2x10° 1

-3x10°

-4x10°
0

®/2m. Tl 6(b)

Puc. 1. YacToTHbIe 3aBUCHMOCTH KOA(D(PHUIMEHTOB a)
pacnpoctpanerns OMU Re(p) u 6) normonierns MU
2Im(pw/c) pu B=2 Tn npu pasiudHbIX 3HAYCHHIX
HalpsHKEHUS Ha 3aTBOPE
Fig. 1. Frequency dependences of the coefficients of a)
EMR propagation Re(p) and b) EMR absorption
2Im(pw/c) at B =2 T at different values of the gate volt-
age

Ha puc. 2 npencraBiieHbl 4aCTOTHBIC 3aBH-
CUMOCTU KOX(PPUIIMEHTOB PacIpOCTpaHEHUs
u norionieHust MU it 3HaUeHnit HanpshKe-
Huii Ha 3aTBOpE OT 0.2 B 10 0.6 B 1 B Maruur-
HOM Tmoie C maayknueid 10 T

Koadduuuent pacnpocrpanenus OIMU
Re(p) B naHHOM cilydae CyIIECTBEHHO BBIIIE
10 CPaBHEHUIO C MPUBEJIEHHBIM Ha puc. 1. Ero
BEIIMYMHA MeHseTcs ¢ npumepHo 120-250 B
oomactu 1 TT'Il mo 10-20 B o6mactu 10 I'Tm.
CyllleCTBEHHOE CHH)KEHUE €r0 BEIMUUHBI BbI-
3BaHO B JAHHOM Clly4yae II0JIaBJICHUEM pac-
MPOCTPAHEHHUS TIA3MOHOB 32 CYET POCTA Mar-
HuTHOrO nouis. KoadduimeHT nornomenus
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®/2n, TTu 6(b)

Puc. 2. YactoTHble 3aBHCUMOCTH KO3(DGHUIMEHTOB a)
pactpoctpanerns DMU Re(p) u 6) normomenns MU
2Im(pw/c) npu B=10 Tn mpu pa3nuyuHbIX 3HAYEHHUIX
HalpsHKEHU Ha 3aTBOPE
Fig. 2. Frequency dependences of the coefficients of a)
EMR propagation Re(p) and b) EMR absorption
2Im(pw/c) at B=10 T at different values of the gate volt-
age
OMU 2Im(pw/c) MOHOTOHHO BO3pACTaET,
IIPUHUMAS TOJIBKO OTPULATEIbHbIC 3HAUEHUS.
Kak BUJTHO U3 OTy4YEHHBIX 3aBUCUMOCTEM,
C YBEJIMYEHHUEM 3HAUCHMS HAIIPSDHKEHMS Ha 3a-
TBOPE 4YaCTOTHBIE 3aBUCUMOCTU KOIPPUIU-
eHToB pacnpoctpanenus MU Re(p) u no-
riomenns MU 2Im(pw/c) coxpaHsAOT HEMU-
HEWHBIN XapakTep, OAHAKO BIIMSIHUE MArHUT-
HOT'O MOJISI HA 3TU 3aBUCUMOCTH 3HAYUTEIbHO
ocnabeBaer.

3akiro4eHue

[IpoBeneHo monenupoBaHue Kod3(pduim-
CHTOB pAaCIpPOCTPAHEHUS W TOTJIOMICHUS
DOMMU oxnocmoiHOM rpadeHOBOI HAHOCTPYK-
TYpBl B 3aBUCUMOCTH OT HAaIlpsDKEHHS Ha 3a-
TBOPE W BEJIMYMHBI MPUIOKEHHOTO MarHuT-
HOTO IIOJISl MIO0KAa3ajo, YTO YIPaBIAThH Iapa-
METpaMHU IUIa3MOHOB B rpadeHe MOXKHO Iy-
TEM W3MEHEHHSI BEJIMYMHBI MAarHUTHOT'O T10JIS,
OJIHaKO, 3TO BIMSHHE OTPAHUYEHO 3HAYCHHEM
BEJIMYMHBI HampspKeHus: Ha 3aTBope. Hanbo-
Jjee CYIIECTBEHHOE BIIMSHHME MAarHUTHOTO
noJjisi Ha KOA((UIMEHT pacipOCTpaHEHUS U
OTPULIATENIBHYIO BEJIUYMHY KO3 PUIEHTA
MOTJIOLIEHUS Ha0JIt01aeTCsl B YaCTOTHOM J1a-
nazoHe BOnu3u 1 TT' npu 3HayeHusX Hampsi-
JKeHUs Ha 3atBope okoio 0.2 B. Venuuenue
HanpspbKeHus 1 yacToTel DMMU Beet k motepe
YCHJIEHUS 32 CUET IJIa3MOHOB.
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Cexyus 1. Ilpoyeccol 63aumooeiicmeusi usiyueHus u naazmol ¢ meepobiM meiom
Section 1. Processes of radiation and plasma interaction with solids

IHOBEPXHOCTHAA I'PAOUTU3ALNA OBJ1YYEHHOI'O
BBICTPBIMU HEUTPOHAMM ITPUPOJAHOI'O AJIMA3A

A.A. Xomuu?, B.B. Kononenko?
YUucmumym paouomexnuxu u snexkmponuxu um. B.A. Komenvnuxoea PAH,
ni. Beeoenckoeo 1, 141190 @pssuno, Poccus, antares-610@yandex.ru
A Uncmumym obweii pusuxu um. A.M. ITpoxoposa PAH,
ya. Basunosa 38, 117942 Mocksa, Poccus, vitali.kononenko@nsc.gpi.ru

B pabore uccienoBaHo BIMSHHE MPEABAPUTEIHHOTO PaJUallMOHHOTO MOBPEXICHHUS ajiMa3a Ha IPOLIECCHI Jia-
3epHOW rpauTH3alUy 10/ BO3AECHCTBUEM OJHOKPATHOTO MOIIHOTO UMITyJbca (peMTocekyHaHOro Y@ nazepHoro
n3inyueHus. M3ydenue crpyKTyphl TpadUTH3MPOBAHHOTO CIIOS MMPOBOAMIOCH METOAOM KOH(OKaIbHON CHEKTPOCKO-
M KOMOWHAITMOHHOTO paccestHust cBera Ha (111) rpanu mpUpoOmHOTO anMasa, 0OIyUYeHHOTO OBICTPBIMH PEaKTOp-
HbIMH HeWTpoHamu. Criektpbl KP u3Mepsuiuck B pexuMe CKaHMPOBAHUS IONEpeK oOnacTedl rpadUTH3aluM, 4TO
MO3BOJIMJIO 10 TOBEICHHUIO XapaKTepHBIX IoJioc B crekTpax KP neranpHO mccnenoBath TpaHCHOPMALHIO CTPYKTY-
PBI TPAaHUTH3UPOBAHHOTO CJIOSI B 3aBHCHMOCTH OT IDIOTHOCTH SHEPTHH JIA3ePHOIO M3IYyYEHHs. YCTaHOBJIEHO, YTO
00nyueHue GbICTphIMU HelTpoHamu ¢ dmroeHcoM 2.5-10%° cm? camkaer nopor rpadutusamuu (111) rpanu anMasa
NPUMEpHO B 4 pa3a Mo CPaBHEHHUIO C HEOOIyYeHHBIMH KpHCTaLIaMH. B paboTe 00CyXmaroTcsi OCHOBHBIC 3aKOHO-
MEpPHOCTH M3MEHEHHUsI CTPYKTYpbl Tpa)UTH30BaHHOTO M3JIY4YEHHEM CJIOsi B OOJNyYeHHBIX HEHTpOHaMH anMmaszax B
3aBUCHMOCTH OT MHTEHCHBHOCTH JIa3€PHOTO M3JIy4YEHUsI, B TOM YMCJIE B COIMOCTABJICHHU C U3MEPEHUSIMU Ha TPaHH
(111) B HEOOTyYCHHOM HPUPOIHOM ATMa3e.

Kniouesvle cnosa: anva3z; oOnydeHue HeWTpoHamu; (pEMTOCEKYHIHbIC Ja3epHbIE UMITYJIbChI, rpadUTHU3ALNS;
KOMOUMHAIIMOHHOE paccesiHUe CBeTa.

SURFACE GRAPHITIZATION OF NATURAL DIAMOND
IRRADIATED BY FAST NEUTRONS

A.A. Khomich?, V.V. Kononenko?
LKotelnikov Institute of Radio Engineering and Electronics RAS,
1 Vvedenskogo Sq., 141190 Fryazino, Russia, antares-610@yandex.ru
2Prokhorov Institute of General Physics RAS,
38 Vavilova Str., 117942 Moscow, Russia, vitali.kononenko@nsc.gpi.ru

The paper investigates the influence of preliminary radiation damage of diamond crystal on the processes of la-
ser graphitization under the influence of a single powerful pulse of femtosecond UV laser radiation. The study of the
structure of the graphitized layer was carried out by the Raman confocal spectroscopy on the (111) face of natural
diamond irradiated with fast reactor neutrons. The Raman spectra were measured in the scanning mode across the
areas of graphitization, which made it possible to study in detail the transformations of the structure of the graphi-
tized layer in dependence of the laser radiation energy density. It was found that irradiation with fast neutrons with a
fluence of 2.5 x 10%° cm2 lowers the graphitization threshold of (111) diamond face by about an order of magnitude
compared to unirradiated crystals. The main regularities of the graphitized layer structure changes in neutron-
irradiated diamonds depending on the power density of laser radiation are discussed in comparison with measure-
ments on the (111) face in unirradiated natural diamond.

Keywords: diamond,; irradiation with neutrons; femtosecond laser pulses; graphitization; Raman scattering.

BBenenue MHUpOBaTh aiMa3 B Tpadut. NHTEeHCHBHOE

PexkopnHasg TBepaoCTp W XMMMUECKas Ja3epHOE M3Iy4YEHHE NPUMEHsIETCS Ul 3a-
CTOMKOCTh ajMasza CTUMYJIHUPYIOT pa3BUTHE Jla4 JIOKaJIbHOM MOAU(DUKAIMKN CTPYKTYpHI U
Ja3€pHO-UHAYLIMPOBAHHBIX TEXHOJOTHH 00- MIOBEPXHOCTHBIX CBOMCTB ajamas3a C LEJbI0
paboOTKM Kak TOBEPXHOCTH, TaK U o0beMa CO3/1aHHUS HOBBIX TOJHOCTBIO YTJIEPOJIHBIX
anMasa. JlazepHast 00paboTKa - OMH U3 CHO- CTPYKTYp A7 (DOTOHMKH M 3IIEKTPOHHUKH.
co0O0B, MO3BOJIAIOIIMX JIOKAJIBHO TpaHchOp- TpanuiumonHblil MeToa nazepHol 00paboTKH
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aJiMaza OCHOBaH Ha WMIYJIbCHOM HarpeBe W
ucrapeHuu (a0saIuu) MOBEPXHOCTHOTO CIIOS
oOpasiia, COMpPOBOXKIAOMIMMCS TpaHchop-
Manueil aaMa3HOM peuieTku B 30He o0iyuye-
HUS B YIJIEPOIHYIO a3y ¢ MPEeUMYIIECTBEH-
HOU sz—FH6pI/I,I[I/ISaLIHeﬁ. Takasg TeXHOJIOTUA
MO3BOJISIET, HANpUMeEp, U3rOTaBIMBAThH dlie-
MEHTBI aJIMa3HOU AU(PPAKIMOHHOW ONTHUKH,
MPOBOANTH TIOBEPXHOCTHYIO TPaBUPOBKY
MPUPOJIHBIX AJIMa30B, T€HEPUPOBAThH MPHUIIO-
BEPXHOCTHBIE a30T-BAaKaHCHOHHBIC IICHTPBI
JUISL 3a]1a4 KBAaHTOBOM ONTHKH, a Takxke (op-
MHUPOBaTh OOBEMHBIC 3JIEKTPOJLI B aJiMa3-
HBIX JETEKTOpPaX MOHU3UPYIOLIUX U3ITyYSHUN
[1-3].

[lenp paboTHI - HCCIEAOBATH MPOIECCHI
MOBEPXHOCTHOM rpaduTu3anuu 00Jy4YEeHHO-
ro OBICTPBIMU PEAKTOPHBIMH HEHTpOHAMHU
MPUPOAHOrO ajamasa MoJ BO3AECHCTBUEM HWH-
TEHCUBHOTO (QemTocekyHanoro Y@ mnasep-
HOro wm3nydenus. Ilpu 3tom, B oTiinume OT
TEPMHUYECKOTO HarpeBa B BO3[yXe, Ha IIO-
BEPXHOCTH aJIMa3a OCTAETCsl, HE YCIIEB OKHC-
JUTHCS,, TOHKUW TrpaduTOnog0o0HBIM CIOH,
YTO MCHSET HE TOJBKO ONTHYECKHE W DJICK-
TpUYECKHE, HO U XUMHUYECKUE CBOICTBA MO-
BEPXHOCTH, JieJiasi BO3MOKHOM, HalipuMep, ee
MeTannu3anutio. [IpenmyiecTBoM HCONb30-
BaHUS CBEPXKOPOTKHX UMITYJILCOB SIBJISCTCS
BBICOKAsl TIOKAJIbHOCTh BO3/ICUCTBUS C MUHH-
MaJBHBIM pPACIIMPEHUEM 30HBI TrpaduTH3a-
IIUM BCIeCTBUE JU(y3Un Tera.

Martepuajbl 1 MeTOABI HCCIeI0BAHUSA
Kpucrann npupogHoro anMasa pazMepom
~3%2.5%0.5 MM Obul 00myuyeH OBICTPBIMU
neitrponamu (pmoenc 2.5-10%° cm?) B axep-
HOM peakTtope HammoHanmpHOTO WHCCienoBa-
TeNbCKOro IeHTpa «KypuaTOBCKMH WHCTH-
Ty™. B ogHOMMITYyIbCHOM pexkume Ha (111)
rpann anmaza T1:Al203 maszepom (Spectra
Physics, mmutensHocTh ummyiabca 100 dc,
JUIMHA BOJHBI 266 HM) OBLIIO COPMHUPOBAHO
HECKOJIbKO CEepHH TISITeH ¢ pa3HOW IUIOTHO-
CTBbIO DHEpruM B LeHTpe msaTHa oT 1 mo 20
Jx/cm?. B crathe aHaMM3HMPYIOTCS TISATHA C
(GOKyCHUpOBKOM Ha MOBEpPXHOCTh 0Opa3ia
(meHTpanmpHBIN CcTONOEI] ¢ OTMeTKOU «0»)
(puc. la). Boeibop opueHTtanum aiamasa ornpe-

JIeTSUICS HAllUMU TIPEIBIAYIIMMA HCCIIEH0-
BaHMSAMH IIPOIECCOB T'padUTH3ALUN MOHO-
KPUCTAJUIMYECKOTO aliMa3za npu OOIydeHUH
ero rpanu (111) demrocekynaapiMm Y® Ja-
3epHBIM H3NydyeHuem [4], B kKOoTOpoi ObLIO
IPOJEMOHCTPUPOBAHO, YTO HPU OOIyYCHHUU
anmMasHoit rpanu (111) MoryT ObITH peayin3o-
BaHbl PEKUMBI OJHOWMITYJIBCHOTO BO3JCH-
CTBHsI, NPH KOTOPHIX HAOIIOJAETCS PE3KOE
yIy4IIeHHEe KpPUCTALUIMYECKOTO COBEPIICH-
CcTBa TpapUTHU3HMPOBAHHOTO CJIOS, MPUOIHU-
KAIOLIETOCs 1I0 CBOEH CTPYKTYpE K BBICOKO-
YIOPSIOYCHHOMY T'paduTy 3a CUET TOTO, 4TO
HanOosee SHEPreTHYECKH BBITOIHBIA Mexa-
HU3M rpa@uTH3alUy ajiMasa - npeodpasoBa-
HHE Tpex anMasHbIx mrockoctei {111} B aBe
rpaduToBblie Oa3anbHbIE INIOCKOCTH.

Jns uneHTuUKanuM YriaepoaHbix ¢as,
(dopMHUpyIOIUXCS HA TOBEPXHOCTH aiMasa
IIpU YMEPEHHOM M BBICOKOM YPOBHE JIazep-
HOTO TIOBPEXICHUS, MPUMEHsIIaCh KOH)O-
KaJIbHasl CIIEKTPOCKONHST KOMOWHAIIMOHHOTO
paccessuust (KP). Usmepenust crnektpoB KP
BBIIIOJIHSUTHCE  Ha  crnektpomerpe  Horiba
Jobin Yvon LabRAM HR c B030yxneHnem
Ha 473 um. CkanupoBanue crektpoB KP
MPOBOIMIIOCH ¢ maroM 1.0 MKM Tipy TOMOIIN
MOTOPU30BaHHOTO CTOJIUKA.

Pe3yabTarhl 1 MX 00CyKIEeHUE

Ha puc. 16 npencrasnens! crnektpsl KP,
u3MepeHHbIe 10 obnydenust Y d-nazepom (1)
U B IIEHTpe oOJsacTei jazepHoil rpaduTusa-
1in (2-8). TIpu BBICOKMX YPOBHSIX pajnaliy-
OHHOT'O0 TIOBPEXIECHUS MPOUCXOAUT YaCTHU-
Hasg WIM TOJHas amopdu3anus ajimasa, Io-
TOMy B uX cnekrpax KP moxeT oTcyTcTBO-
BaTh anmMasHbll muk Ha 1332 cm?, a popma
crnekTpa omnpenensercs 3pQpexTom KoH]aiH-
MeHTa ()OHOHOB ¢ MHTEHCHBHBIM OO30HHBIM
muxom BOmu3u 400 cm? [5] (puc. 16). Bo-
30HHBIN MK XOPOIIO 3aMETEH M B CIIEKTPax
KP, u3mepenHbpix B o0nactax obOpasna c
TOJIIWHOW TpaUTU3UPOBAHHOTO CIIOSI IO
200 HM, YTO MO3BOJISUIO OMPENENATH €ro
TOJIIIMHY 110 METOJIUKE, N3JI0KEHHOI1 B [6].

Ilopor  rpaduruzanum  0OITy4YEHHOTO
HelTpoHaMu anmaza coctaBun 0.4 JIx/cm?,
YTO MOYTH Ha MOPSA0K HIKE, YeM y TPpaHu
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Wutencusuocts KP, oTH. ex.
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4y — ]
1000 1500, 2000
Casur KP, cm (6)

Puc. 1. (a) H3oOpaxeHue ucciegoBaHHONW 00JIacTH
001y4€HHOTO HEHTPOHAMH MPHUPOIHOIO ajMasa B OIl-
TUYECKHI MUKpockon ¢ yBeiaudenueM x50. Hudppamu
-50, 0, +50 u +100, OTHECEHHBIX K pa3IMYHBIM CTOJIO-
aM, ykazaHa ToYka (POKyCHpPOBKH Ja3epa Hall IO-
BEPXHOCTBIO ajMa3a IpU ero oOpaboTke (B MHKPO-
MeTpax). (0) Cnexrpsr KP oOpasna B HEemoBpexAEH-
HOW nazepoM obmactu (1) u B UEHTpE CTPYKTYp,
c(OpPMUPOBAHHBIX JIA3€PHBIMU HMITYJIbCAMH C DHEp-
rueii: (2) — 5.9; (3) - 2.6; (4) - 1.15; (5) - 0.60; (6) -
0.35; (7) - 0.20 u (8) - 0.12 mk/[x. [l HATJIAAHOCTH
CIIEKTPbI CMCIICHBI 110 BEPTHUKAIA

Fig. 1. (a) Optical image of the surface of neutron
irradiated natural diamond with x 50 magnification.
The numbers -50, 0, +50 and +100, assigned to differ-
ent columns, indicate the focusing point of the laser
above the surface of the diamond during its processing
(in micrometers).

(6) Raman spectra at the non-damaged area (1) and in
the center of structures formed by laser pulses with
energies: (2) - 5.9; (3) - 2.6; (4) - 1.15; (5) - 0.60; (6) -
0.35; (7) - 0.20 u (8) - 0.12 wJ. For clarity, the spectra
are vertically shifted relative to each other
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Puc. 2. (a) Crextpei KP 0061ydeHHOr0 OBICTPHIMU
HelTpoHamu mpupoaHoro ammasa — mstHo 20(0) -
(0.12 mxIx) B Toukax 1-6 (B). [LTOTHOCTH MOIIHOCTH
Jla3epHOro wm3nydeHuss B Touke 1 cocraBmsuia 0.25
Tox/em?, 2 — 0.45 Ix/em?, 3 — 0.75 Ix/cm?, 4 — 0.9
Iox/em?, 5 — 0.5 x/cm? u 6 — 0.25 Tx/cm2. (6) Ton-
IMHBL SP2-TPaUTU3MPOBAHHOTO CJIOS B OOJIACTH TO-
YCK U3MECPCHUS CIICKTPOB (B), paccunuTaHHas 1o CICK-
tpam KP (a)

Fig. 2. (a) Raman spectra of natural diamond irradiat-
ed with fast neutrons - spot 20 (0) - (0.12 wJ) at points
1-6 (c). The power density of laser radiation at point 1
was — 0.25 Jicm?, 2 — 0.45 Jicm?, 3 — 0.75 Jicm?, 4 —
0.9 J/cm?, 5 - 0.5 J/cm? and 6 — 0.25 J/cm?. (6) Thick-
ness of the sp2-graphitized layer in the region of the
spectral measurement points (c) are calculated from
the Raman spectra (a)
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(111) ucxomHO HEMOBPEXKICHHOTO anaMasa
[4]. Crpykrypa rpaduTH3UPOBAHHOTO CIIOS
IPU HU3KUX U MAaKCHMAaJbHO BBICOKUX JHEp-
TUSAX J1a3€pHOr0 UMITyJbca (CHEeKTpel 2 U 8
Ha puc. 10) pasnmuyanuch HE3HAYUTEITHHO U
MPEJICTaBIsUIA CO00M HAaHOKPUCTAJUTMYECKUN
rpaduT, O YeM CBHIETEIBCTBYIOT KaK MOJIO-
JKEHUsS, TaK M UIMPUHBI Ha IOJIYBBICOTE
(FWHM) D- u G-monoc B cnektpax KP.
Tonmuua rpagUTHU3UPOBAHHOTO CJIOS BO3-
pacraia OoT eIUMHHI] O COTEH HM C yBeJuue-
HueM sHeprun Y @ 1a3epHOro UMITyJbCa.

bonee nH(DOpMAaTHBHBIMH OKa3alHCh pe-
3yJibTaThl CKaHupoBaHus crekTpoB KP Bronb
MIOBEPXHOCTH TISITHA (PUC. 2), IOCKOJIBbKY OHU
MO3BOJIAIOT MPOCIEAUTh TpaHCHOPMAIUIO
criektpoB KP B nquama3zone ot MakcMManbHOU
IUIOTHOCTH JHEPrHM Ja3epHOr0 Iy4yka M0
HyJs. Pacder MIOTHOCTH SHEPrHHM B TOYKE
u3Mmepenus crekrpoB KP BwimonHeH ucxons
U3 TayCCOBOTO MPOQMIS HHTEHCUBHOCTH M3-
JIy4eHHsI C PaJruycoM 2 MKM IO ypoBHIO 1/e.
Anmnpoxkcumanus crnekrpos KP nByms Jo-
PEHIIEBBIMU KOHTypaMHu oOecreunBaia Xo-
poliee COOTBETCTBHE BO BCEM JHAla30HE
IUIOTHOCTEH MOIIHOCTH JIa3€PHOTO H3IIyue-
HUsg. C TIOBBIINIEHHEM SHEPIHH JIA3€pHOTO
UMIYyIbCa TONIIMHA TpadUTU3MPOBAHHOTO
CJI0s BO3pacTaeT, MakcuMyMbl D- u G- mosoc
B cnekTtpax KP cmemarorcs k Gojee BbICO-
kUM 4actotam (puc. 3a), UX MUPUHBI HA T0-
JTyBbICOTE€ BHayaje yMmeHblatoTcs ¢ 250 u
120 cm! 10 150 1 80 em™L, a TIPH TUTIOTHOCTSIX
MOII[HOCTH BBIIIE 2 I[)K/CM2 BO3pACTAIOT 0
230 u 100 cm?, coorercTBenHO (puC. 306).
AHAJIOTUYHBIA XapakTep WUMeeT U 3aBHCH-
MOCTh cooTHoIeHus ammuntya D- u G- mo-
noc (puc. 3B).

B nenom nosenenue crnekrpoB KP o6my-
YEHHOTO OBICTPHIMH HEWTpOHAMH ajiMasza
0] BO3/IEMCTBUEM OJIHOKpATHOro (pemroce-
KYHIHOTO HMMITYJIbCa JIA3€PHOTO H3ITyYCHUS
N0JO0HO TOBEACHUIO IIJICHOK aMOop(HOTro
yriepona [7] B Takux ke yCIoBUAX. DTO XO-
POIIO COrJIacyeTcsi ¢ HAHOMETPOBBIMU BEJIU-
YUHAMHU JJIMHBI CBOOOHOTO mpobera ¢hoHO-
HOB B OOJYYEHHBIX OBICTPHIMH HEUTPOHAMU
ajMazax, 4TO TMPOSBISETCS KaK B MX CIEK-

tpax KP [5], Tak u B npesenbHO HU3KUX Be-
JMYUHAX TEIIONPOBOIHOCTH [8].
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Puc. 3. INonoxenne MakCUMyMOB (@), IIMPHH Ha TO-
nyBeicoTe (0) M COOTHOIICHWE HWHTCHCHBHOCTEH (B)
nonoc D- (1) u G- (2) B cnekrpax KP o6iy4uéHnoro
ObICTPBIMM HEHTpOHAMM MPUPOJHOTO anmasa (U3Me-
peHus ¢ maroM 1 MKM rorepek rpadUTH3UpOBaHHBIX
HSITGH) B 3aBUCUMOCTH OT INUIOTHOCTHU DSHEPrun H3JIy-
YEHMsI B TOUKE U3MEPEHUN

Fig. 3. Position of maxima (a), full widths at half max-
imum (6) and ratio of intensities (8) of D- (1) and G-
(2) bands in the Raman spectra of natural diamond
irradiated with fast neutrons (measurements with a
step of 1 um along graphitized spots) depending on
the power density of the femtosecond laser pulse in
the area of the spectral measurement points
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Paznuuust B cTpyKkType rpaduTH3HUpOBaH-
HOTO CJIOSl B OOJyYEHHOM M HETOBPEKIICH-
HOM [4] anmase HaOIIOIAalOTCS BO BCEM JTUa-
na3oHe IUIOTHOCTeH »dHepruu (puc.4), HO
Hanboyiee 3aMETHO BBIPAKEHBI NPH MaJlbIX
IUIOTHOCTSIX, TO €CTh B TOM JHAIla30He, I/ie B
HEOOJIy4eHHOM anMasze (OpPMHPYIOTCS CIOU
BBICOKOCOBepIIeHHOro rpadura [4], Torma
KakK TPU BBICOKHX JHEPIUsX JIa3ePHOTO UM-
HyJbca y 00JIydeHHBIX HEUTPOHAMH alIMa30B
pa3Mep rpauTOBBIX KJIACTEPOB OOJIBIIIE.

HurencuBnocts KP, oTH.ex.

Ll AP RLVS TN N

500 1000 1500 2000

Cnsur KP, cm’

Puc. 4. Cuekrpol KP o6Gnyuennoro (1-4) u neobiy-
gyennoro (5-8) HelTpOHAMH MPUPOJHBIX AIMA30B I10-
cie BozzeiictBus Ha wx (111) rpaHe OJHOKPATHOTO
(EMTOCEKYHIHOTO UMITYJIbCa JIA3EPHOTO U3IYUYCHUS C
IJIOTHOCTBIO DJHEPruu usiydenus 2.25 wxJlx/cm?
(cextpsl 1 u 5), 4.5 mxJ[x/cM? (cniexktpel 2 u 6), 8.0
MxJ[x/cM? (cnexTpsl 3 1 7) u 20 mMk/JIx/cM? (CHEKTpEI
4 u 8), COOTBETCTBEHHO

Fig. 4. Raman spectra of natural diamonds irradiated
(1-4) and non-irradiated (5-8) with neutrons after ex-
posure of their (111) face to a single femtosecond la-
ser pulse with a power density of laser radiation of
2.25 pJ/lem? (spectra 1 and 5), 4.5 pJ/cm? (spectra 2
and 6), 8.0 ul/cm? (spectra 3 and 7), and 20 pl/cm?
(spectra 4 and 8), respectively.

PaGora BeImonHEHa TpU (PUHAHCOBOK
nouepxke PH®, npoext 20-72-00122.
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MMPUPOJA NIPUMECHOI'O U3JIYYEHUA U DOPMUPOBAHUE
IJEKTPOHHO-ABIPOYHBIX HEHTPOB 3AXBATA B OBJIYYEHHBIX
KPUCTAJIJIAX K;S04 — Mn

b.H. FOcynb6ekosa, K. Xansuisicos, T. Anubaii, . Tonekos, T. Kabanynna, A. Manar
Eepazutickuii hayuonanvhwiii ynueepcumem um. JI.H. 'ymunesa,
ya. Camnaesa 2, 010000 Hyp-Cyaman, Kazaxcman,
bagila7@mail.ru, keleshek92@yandex.ru, temirulanalibay@gmail.com,
doszhan_ta_93@mail.ru, t. maratbekovna@bk.ru, aza_kz_ast@mail.ru.

CHEKTPOCKONMYECKUMH METOIAMH MCCIIE0BAHA TIPHPO/IA TIPUMECHOTO H3MydeHns Mn?* u oOpasoBaHue siiek-
TPOHHO- JILIPOYHBIX LIEHTPOB 3aXBaTa B 00JydeHHBIX Kpucrammax K,SO, — Mn?*. B kpucramiax K,S0, — Mn
BIIEPBEIC OOHAPYKEHBI ABE TPYIIIHI ITOJIOC pEKOMOMHAIMOHHOTO M3ydeHus: npu 2.75 3B u 2.33 3B, 2.1 3B n 1.96
5B cBA3aHHBIE ¢ IpUMecHbIMU MoHamu Mn?*. Ha ocHOBe HM3MepeHHil CHEKTPOB BO30YKACHHS TIPYMHI MOJIOC
M3ITydEHMI PENOJIaraeTcs, 4To OJHa IPyIINa W3Ty4eHHus CBA3aHa C JIFOMHHECHeHImer Mn?* pacronoxkenHoro B
y3Ile PEIIETKH Bo3Ne AeEKTOB, BTOpasi TpyMIa CBA3aHa ¢ JIOMHHECHEHIMeR Mn?t pacronoskeHHOro B MeXkI0-
Y3CNBHBIX TIOJIOKECHUSX KPHUCTAUIMUECKOM penieTkd. Ha ocHOBe w3MepeHHH CHEeKTpoB QocdopecueHnnn
IpeArnosaraeTcs, 4To OOHAPY>KEHHBIE TPYMIIBI M3TyYEHHH CBS3aHBI C PEKOMOWHAIMEH 3JIEKTPOHOB W ABIPOK Ha
CO3JIaHHBIX IEHTPaX 3aXBaTa Bo3le mpumeceit Mn?t,

Knroueswvie cnosa: CyJ'IB(l)aTLI; HICJIOYHBIC MCTAJIbI; JJICKTPOH-ABIPOYHBIC LICHTPBI; IIPUMCECH, pCKOM6I/IHaI_lI/IOH—
HOC U3JIYyYCHHC.

THE NATURE OF IMPURITY EMISSION AND THE FORMATION
OF ELECTRONIC HOLE TRAP CENTERS
IN IRRADIATED CRYSTALS K,;S04 — Mn

B.N. Yussupbekova, K.B. Zhangylyssov, T.T. Alibay, D.A. Tolekov, T. Kabadulla, A. Manat
L.N. Gumilyov Eurasian National University, 2 Satpayev Str., 010000 Nur-Sultan, Kazakhstan,
bagila7@mail.ru, keleshek92@yandex.ru, temirulanalibay@gmail.com,
doszhan_ta_93@mail.ru, t. maratbekovna@bk.ru, aza_kz_ast@mail.ru

The deposition method was used during preparing the objects of study K,SO, — Mn2*. The emission, excitation
and phosphorescence spectra of crystals were studied using a thermoactivation complex, which makes it possible to
measure the emission, excitation and phosphorescence spectra upon excitation by photons with energies of 6.2 - 5.5
eV, X-ray radiation in a wide temperature range of 80-300 K. Sulfates of alkali and alkaline earth metals belong to
anisotropic crystals. It was investigated the nature of the impurity radiation Mn?* and the effect of impurities on the
efficiency of the formation of electron-hole trapping centers in the K,SO, — Mn?*crystal. Depending on the effi-
ciency of the incorporation of impurities Mn2* and the degree of anisotropy of the optical properties, in sulfates the
spectral position of the impurity radiation Mn?*is in a different spectral region from 2.4 eV to 1.85 eV. Our research
has shown that the emission of the impurity Mn2*in K,S0,is in two spectral ranges 2.75 eV and 1.96 -2.33 eV.
These emission bands are excited in the same way at photon energies of 6.2 eV, 5.9 eV, 4.77 eV, 3.59 eV, 3.35 eV,
3.18 eV. Thus, upon excitation of K,S0, — Mn2Tin the fundamental region at 6.2-5.5 eV are realized: in the first
case, the impurity Mn?2* ; in the second case, electron-hole trapping centers with an energy distance of 4.77 eV, 3.59
eV, 3.35 eV, 3.18 eV are created. Electron-hole trapping centers are formed during the capture of electrons Mn?*by
ions and localization of holes in the form of a SO radical near various lattice defects.

Keywords: sulfates; alkali metal; electron-hole centers; impurity; recombination radiation.

BBenenue MPUMEHSIOTCS B JIA3EPHOM TEXHUKE U JETEK-

Cynb(dathl METOYHBIX METAIIIIOB, aKTUBHU- Topax u3nydeHuid. B cynpdarax axTuBHpo-
pOBaHHbIE NEPEXONHBIMU METAJIJIaMH, KOTO- BAHHBIN MPUMECIMH, Dy3+, Ce3t, Ag* wonsl
pble UMCIOT He3amoJHeHHyo d - 000J0uKy Mn?* HCIIONIB3YIOTCSA KaK CEeHCUOMIM3aTOPHI
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CeKuu;z 1. HpOL{eCCbl 83AUMOOCUCMEBUL U3TLYYEHUA U Nlla3mMbl C m@epdbw menom
Section 1. Processes of radiation and plasma interaction with solids

IIPU peslaKkcaliii COOCTBEHHBIX IEKTPOHHBIX
B030yxaenuit [1]. I3smepenue criekTpoB mo-
riouieHus: kpucramioB K,SO, — Mn mnoka-
3aJ10, YTO B 00JIACTU MPO3PAYHOCTH MATPUIIBI
MOSIBIIIFOTCS.  TIOJIOCHI  TIOTJIOIICHHUS — TIPH
5.04 5B u 4.0 »B. [Ipu o0aydeHun KpucTa-
na K,SO0, — Mn co3naercss qOMOJHUTEIbHAS
HaBeJIeHHas IoJyioca mnoriomenus npu 5.49
5B, MHTEHCHUBHOCTH OCHOBHBIX IIOJOC TIO-
ronieHus: ymenomaercs Ha 10-20% ot nep-
BOHAYaJIbHOW BEMYUHBI [2].

B o6myuennom K,SO, — Mn nosBisiroTcst
nuku TCJI npu 190 K u 280-300 K co cnek-
TpaJibHbIM cocTaBoM mipu 2.6 3B u 3.1 »B,
cooTBeTCcTBeHHO. C yBeIMUYEHHEM 03Bl 00-
Jy4eHUs YBEIWYMBACTCS CBETOCYMMa IOJ
nosiocot TCJL. Ilpossnenne TCJI o3nauaer,
YTO MOCJe OOTYYCHHS MOSIBISIFOTCS] HaBECH-
HBIE JIEKTPOHHO-ABIPOYHBIC IEHTPHI 3aXBaTa
[3]. ®oronromuHeCHIeHIMS B HACTOSIIEH pa-
0oTe He HccaemoBanach. B pabore [4] mis
kpuctaioB CaSO, — Mn wuccrnenoBaHa ka-
TOJOJIOMUHECIICHIIUS TpPH  BO30YKICHUH
AJIEKTPOHHBIM ITyYKOM IPH TEeMIlepaTypax 5
K u 380 K. bsna oOHapyxkeHa MoJI0Chl KaTo-
JoMIOMHHECHeHIus npu 2.5-2.05 3B u 2.9-
3.0 3B mpu 5 K, a takxke dochopecueHms
nocyie MpekpamieHuss obmyudeHus. B kpu-
cramie CaSO, — Ce, Mn oOHapyxeHa mnepe-
na4a sHepruu ot npumecu Ce3t k Mn?*. B
pabote aBTopoB [5] B kpucramie CaSO, —
Mn oGHapy>keHbl COOCTBEHHBIE PEKOMOMHA-
LIUOHHBIE MOJIOCHI U3ITyYEHUH, KOTOpPbIE BO3-
HUKAIOT B DJIEKTPOHHO-IBIPOYHBIX IIEHTPAX
3axBara npu 3.0-3.1 3B. OOHapyx)eHHbIE TI0-
J0Cchl U3MydeHus npu 2.48 3B, 2.34 3B, 2.25
5B, KoTophle co3larTcs MpU BO30YKICHUU
dbotonamu ¢ aHeprueit 6.2 3B, 5.9 5B, 5.64
5B, oTHecnM K W3IydeHHIo mpumeckd Mn?t,
[Tonockl U3myyeHHsI COOTBETCTBYIOIINE MPHU-
MecHu BO30yKIaloTcsl B 00JacTU MPO3payvHo-
CTH MaTpuipl Ipu 3.5 u 3.7 3B.

B paGore aBtOopoB [6] B KpucTayuiax
ZnS: Mn oOHapy>XeHBI IOJIOCHl H3ITY4YEHHUH,
BO3HUKAIOIINE B JIBYX CHEKTPAIbHBIX 00Ja-
cTax: oT 3.6 3B, 3.14 5B, 2.95 3B, 2.66 5B 1o
2.5 5B. DTH TOJOCH W3ITy4eHUS COOTBET-
cTBYIOT MoHaM Mn?* Bosjne HeW3BeCTHBIX
CTPYKTYpHBIX JnedekToB. Ilpeamonaraercs,

YTO SHEPrusi PeKOMOMHAIIMOHHBIX MTPOIIECCOB
Ha Jedekrax Iepepaercs mpumecsaM Mn2t,
Bropas rpynna monoc uznyuyeHus npu 2.22
3B, 2.14 3B, 2.06 3B oTHOCHTCS K IpUMeCIM
Mn2* pacnonokeHHbIX B MEXKI0Y3EIbHBIX
MOJIOKEHUSAX BO3JIE CTPYKTYPHBIX J1e(heKTOB
pelIeTKU. OTH MOJOChl U3IYYEHHUs] BO30YXK-
narotcst mpu 3Hepruu 3.5 3B, 2.97 3B, 2.65
3B u 2.5 3B B obmnactu npo3padyHOCTH Mart-
punpl. B HacTosmeidt pabore uccienoBaHa
IpUPOJA TOJIOC H3ITyYeHHUs! U (OPMHUPOBAHUE
AIIEKTPOHHO-ABIPOYHBIX IICHTPOB 3axBaTa B
kpucramie K,S0, — Mn.

OO0BLeKTBI H MEeTOABI HCCIETOBAHNS

OObeKkTOM HcciieoBaHuil B TaHHOM pabo-
T€ SBIAIOTCA 00paslibl KPUCTAJUIOB U IIO-
pomikoB (ocu. 99.99%) K,SO, ¢ npumechio
mapranna Mn?* (K,SO, — Mn?*). IIpu no-
Jy4eHUH 00pa3IoB METOJIOM OCaXJICHHUS UC-
MOJIb30BAJIUCh HUTPATHI KA U MapraHia,
cynbdar ammonus (Sigma-Aldrich, Merck).
IIpu cuntese K,SO0, — Mn?* nurpars kanus
u mapraniua pactsopensl B 100 mu1 nenoHu-
3UpPOBAHHOM BOJbl HA MATHUTHOM MEIIAJKE B
teueHun 1 vaca npu Temmeparype 35 °C.
[Tocne mo6aneno 200 mn stanona. Ha xo-
HEYHOM 3Talle CUHTE3a 0 KaruisiM J00aBJeH
B CTEXMOMETPHUYECKOM KOJINYECTBE PacTBO-
PEHHBIH CyIb(haT aMMOHUSI.

[Tonmy4yeHHbI pacTBOp LEHTPUPYTHpOBa-
a1 u cymmnu npu temnepatype 100 °C B Te-
yeHue 24 4.

[ToyueHHbIe KpucTayorpaduueckue
[OPOUIKM  TOABEPrajuch  OTXKUTY B
atMocepe aprona B Teuenuu 1 4 mpu 700°C.
Kpucrannel ucciegoBanuch Ha TEpMOAKTHU-
BallUOHHOM KOMIIJIEKCE, MO3BOJISIOMINNA H3-
MEpATh CHEKTPBI U3ITyUSHHsI, BO3OYXKIECHUS U
docdopeceHIIN IPH BO30OYKIEHUU (POTO-
HamH ¢ 3Heprueit 6.2-5.5 3B, peHreHoBckumM
U3ITy4YeHUEeM B IIUPOKON o0jacTu Temriepa-
Typ 80-300 K.

Perucrpanusi u3iMydeHUsT TPOBOIUIIACH
yepe3 MoHoxpoMmaTop M/IP-41 ¢ momouisto
O3V 1P28 (Hamamatsu, Japan). Cnextp
BO30YKJIEHHUs] MCIPABIEH Ha CHEKTpajbHOE
pacrpezieieHue WHTEHCHUBHOCTU BO30YX[a-
IOLLETO U3ITYYECHMUSL.
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Pe3yabTaThl U UX 00Cy:KIEeHUE

Ha puc. 1 npexacraBiieH CHEKTp H3Iy4e-
Hus Kpucramia nopomka K,SO, —Mn npu
300 K mpu B0o30OY)neHnn (PoTOHAMU C DHEP-
rueit 5.9 5B (kpuBas 1) u 5.6 3B (kpuBas 2).

T T T T T T

|
50 |
|
40 [

30

Intensity a. u.

20

T e - —— -

I L L
3,0 3,5 4,0

Energy, eV.

4,5

Puc. 1. Jlromunecueniust K,SO, — Mn Bo30y»KaeHHO-
ro ¢oronamu ¢ 3ueprueii 1 — 5.9 3B; 2 — 5.6 3B npu
300 K; 3 — pochopecueHims

Fig. 1. Luminescence of K,S0, — Mn excited by pho-
tons with energies of 1 — 5.9 eV; 2 - 5.6 eV at 300K; 3
— Phosphorescence

W3 puc. 1 BUIHO, YTO MOSBISIOTCS MOJIO-
cwl m3MydeHus npu 2.75 3B, 2.5 3B, 2.33 3B,
2.10 »B. U3mepen crnekTp Bo30yXIeHUs MO-
nockl u3nyudenus 2.75 3B npu 80 K u 300 K.
W3MmepeHune mokas3ano, 4To IO0J0ca H3Iyde-
Hus 2.75 5B B030yXknaercs Npu SHEPrHsiX
dotona 6.2 5B, 5.9 3B, 4.77 3B, 3.59 3B,
3.35 5B, 3.18 3B. Taxxe u3MepeH CIEKTp
BO30Y)KIIEHHS JJISl TOJIOCHI M3IMydeHus 2.33
5B npu 80 K u 300 K. ITokazano, 4to nosoca
u3nyueHuss 2.33 5B Bo3OyxmaroTcs 1npu
sHeprun Qortona 6.2 3B, 5.9 3B, 4.77 5B,
3.595B, 3.353B, 3.18 5B u 2.80-2.75 3B.

Ha cnenyromem »stame Obul U3MEpeH
CHEKTp BO30YKIEHHUS IJI MOJIOCHl H3Iyde-
Huga 2.10 3B npu 80 K u 300 K. IToka3ano,
4yT0 ToJioca uznydenus 2.1 3B Bo30yxmaercs
npu sHeprusix ¢orona 6.2 3B, 5.9 sB, 4.77
3B, 3.59 5B, 3.35 5B, 3.1-3.18 3B, 2.8-2.75
7B, 2.53 »B. H3MepeH Takxke CHEKTpP BO3-
OyxaeHus nosockl uznydenus 1.96 »B npu
80 K. [Toka3zaHo, 4T0 mojoca U3Iy4eHus MpH
1.96 »B B0o30Oyxmaetcs npu sHEprun (HoToHA
4.775B, 3.60 3B, 3.5 5B, 3.06 3B, 2.80 3B,
2.4-2.5 »B. Ha puc. 1 (xkpuBas 3) npexacras-
JeH cnekTp docdopecueHIMM KpHUCTaia

K,S0, — Mn 00:1y4eHHOr0 peHTI€HOBCKUMHU
aydyamu nipu 80 K B teduenue 15 mun. U3 pu-
cynka | (kpuBast 3) MOXHO BHJAETb, YTO B
cinektpe (ochopecueHIN  MPOSIBISIOTCS
IIOYTU BCE OCHOBHBIE IIOJOCHI M3JIy4YECHHUS,
KOTOpBIE CO3/1aBaJMCh B OOJy4eHHOM (OTO-
HamH ¢ sHeprueit 5.9-6.2 3B mpu 80-300 K
Kpuctaummyeckom mnopomke K,SO, — Mn.
OKcrepuMeHTaIbHbIe (PAKTBI 03HAYAIOT, YTO
MOJIOCHl  PEKOMOMHALIMOHHBIX ~ U3Ty4YeHHH,
co3zaBaeMble (JOTOHAMU NP BO30YKICHNUHU B
dbyHnaMeHTanbHON o00JacTU CIHeKTpa Npu
2.75 3B, 2.33 3B, 2.1 5B u 1.96 3B ornocs1-
Cs K DJIEKTPOHHO-IBIPOYHBIM LIEHTPaM 3a-
xBaToB. [lpu BO30OYXKIEHUM KPUCTAIIOB
K,S0, — Mn B ¢yHnaMeHTanbHON 00JacTH
BO3HUKAIOT 3JIEKTPOHHO-/IBIPOYHBIE Maphbl,
T.€. COOCTBEHHBIE AJIEKTPOHHBIE BO30YXIe-
Hus. Ha puc. 1 nokaszano, 4ro mpu Bo30yxk-
nenue ¢poToHamu c¢ sHepruei 5.9 5B (kpuBas
1) u 5.6 5B (xpuBas 2) BOZHUKAIOT JBE TPYyI-
MBI TI0JIOC M3JIYYEeHUHU: TiepBas npu 2.75 3B u
BTOpas 2.3 3B, 2.1 5B, 1.96 »B. Hanpumep, B
kpuctaiie ZnS:Mn npu Bo30OyXKIEeHUU B
dbyHIaMeHTanbHONH OONACTH CHEKTpa MOsB-
JSIOTCS aHAJIOTMYHbIE TPYIIBI MOJOC H3IY-
yeHus. VI3aMepeHHbIe CIIeKTPhl BO30YXKIEHUS
MOKA3bIBAIOT, YTO MEpBasi rpyIa moyoc 2.75
5B B030yXJIal0TCsl B CIIEKTPaJIbHON 00JIacTH
5.9-6.2 5B u 4.773B, 3.59 5B, 3.35 5B, 3.18
5B. B dyngamenranpHON o0nacTu KpucTai-
na K,SO, mpu 6.2 3B u 5.9 3B, a Taxke B
oOmactu npo3paunoctu Marpuusl K,SO, ot
4.773B no 3.18 »B B030yXIaroTcs MOIOCHI
uznydenus 2.75 3B u 2.33 3B. Bropas rpyn-
na nojoc uinydennid mpu 2.1 3B u 1.96 >B
BO30YKJIAlOTCSl TOYTH B TOM K€ CIEKTpalib-
HOM 00J1acTH, HO ¢ HE3HAYUTENIbHBIM OTKJIO-
HEHHMEM CIIeKTpajbHOro nojoxenus. Ha puc.
1 (xpuBas 3) mpexacrasineHa QocdopecieH-
s kpuctamna K,SO, — Mn nocne oGmyde-
HUs peHTreHoBcknuMH nydamu npu 80 K. B
cnekTpe (ocdopecteHIMN NPOSBISIOTCS BCe
YEThIPE IMOJIOCHl PEKOMOMHAIIMOHHOTO M3IIy-
YEeHMsI, KOTOPbIE BO3HUKAIOT B IPOLIECCE BO3-
oyxnenus kpuctawia K,S0, — Mn ¢otona-
MH C pa3JIM4YHOM dHEpruel. BrisBieHne 3Tux
YeTBIpeX IOJIOC M3NmydeHus npu 2.75, 2.33,
2.1 nu 1.96 5B B cnektpe ochopecueHn
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YKa3bIBa€T, YTO Ha CO3JaHUE B KpHUCTaJUIE
K,SO, — Mn 531eKTpOHHO—ABIPOYHBIX IIE€H-
TPOB 3axBaTa Bo3Je npuMeceit Mn?*t cnenyer
10 peaKLuu:

Mn?* + e~ - Mn'

Mn?* + et - Mn3* (Mn?*S0j)

Llentpsr 3axpata Mn* — SO; B xpucran-
JIMYECKOW pEIIeTKE PacIoiaraloTcsi Ha pas-
HBIX SHEPreTUYEeCKUX pacCTOSIHUAX BO3JE
Pa3NIUYHBIX COOCTBEHHBIX KPUCTAJUIMYECKUX
nedexroB kpucramia. [Ipennonaraercs, 4ro
BO3HUKHOBEHHUE YETHIPEX IMOJIOC PEKOMOMHA-
IIMOHHBIX M3Iy4yeHUH U crekTpa pocdopec-
uenuuu B kpucramie K,SO, — Mn cBsi3biBa-
ercd C AaHU30TPONUYECKHMMM CBOWCTBAMHU
kpucraiuia K,S0,, kak B kpucraiuie ZnS [2].
B sTux kpucTamiax BO3HHKAIOT JIBOMHMKO-
BaHUE W 00pa3oBaHHE LIEHTPOB 33aXBaTOB B
KPUCTAJNINYECKOH pelIeTKe ¢ pa3HbIMU SHEp-
TeTUYECKUMHU COCTOSHUSIMH B 3aBUCHUMOCTH
OT KpUCTAJUIOrpaMuecKoro HarpaBJICHUS.
[ToaTomy B 00sydeHHbIX kpuctamiax K,SO,
u ZnS mpumecamu Mn?* o6pasyiorca He-
CKOJIKO THIIOB 3JEKTPOHHO- JBIPOYHBIX
LIEHTPOB 3aXBaTOB, KOTOpPbIE BO30YKIAIOTCS
B IIMPOKOM CHEKTpaJbHOW 00JacTu M mepe-
NAIOT SHepruro mpumecaM Mn?t pacrnono-
KEHHOTO0 BO3JI€ TaKUX HapyLIEHHbIX KpU-
CTAJUIMYECKON pemeTku. Takum o0pa3oM,
npu Bo30YXJIeHUU B (pyHIaMEHTaIbHOH 00-
JacTH KpucTayia GOTOHAMU ¢ dHEprueu 6.2-
5.9 5B: Bo30yxkmaercs npuMech Mn?t, a
TaKXe CO3Jal0TCs AJIEKTPOHHO- JBIPOYHBIE
[EHTPHI 3aXBaTa C SHEPTETHYECKIUM PACCTOS-
Huem 4.77 5B, 3.59 3B, 3.35 3B, 3.18 3B npu
3aXBaTe 3JEKTPOHOB MoHamMu Mn?* u joka-
nu3anment apipku B Buje SO, paaukana BO3-
JIe pa3IUYHbIX 1€()EKTOB PELIETKH.

3akiioueHue

B kpucranmne K,SO, — Mn BnepBbie 00-
Hapy>XeHbI JIBE IPYIIbl PEKOMOWHALIMOHHBIX
U3JIy4YE€HUHN, CBS3aHHBIE C IPUMECHBIMU
vonamu Mn?* mpm 2.75, 2.33, 2.1, 1.96 3B.
Ha OCHOBE A3MEPEHU N CIEKTPOB
BO30YXKIEHUS rpynn U3ITy4eHUi
mpenrnoyiaraercsd, 4YTo  IepBas  TIpymnmna

U3JIy4eHHUs CBsA3aHa C JIIOMUHECLEHUUEH
Mn2* | pacnonoeHHOro B y3J€ pEIIETKH
BO3JIE Pa3JIMYHBIX AePEKTOB, BTOpas rpyrmma
M3JIy4eHUN CBsi3aHa C JIIOMUHECLEHLHUEH
Mn?* B MeXI0y3€lbHBIX IOJ0KEHUAX KpPH-

crajuinyeckod  pemerkd. Ha  ocHoBe
U3MEPEHUU  CIEKTPOB  (ochopeceHunu
Ipearonaraercs, 4To oOHapy KeHHbIE
TPYIIIBbI U3JIy4CHU N CBs3aHA c

pekoMOMHAIMEl SIEKTPOHOB C JBIPKAMH Ha
CO3M@HHBIX  IIEHTPaX  3axBaTOB  BO3JIE
npumeceii Mn?+,

baaronapnocrs

OTH ucclieoBaHus ObUTM (UHAHCHPOBA-
Hel Komurerom Hayku MunuctepcTBa oOpa-
30BaHus U Hayku PecnyOnuku Kazaxcran

(rpant IRN AP09259303).
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IOOEKTUBHOCTDH IPUMEHEHUSA CIIEHUAJIN3UPOBAHHBIX
METAJIVIMMECKUX KOPIIYCOB JJIA 3AIIIUTHI
PAIMODJIEKTPOHHBIX KOMIIOHEHTOB OT BO3JIEMCTBUSI
MMPOTOHOB PAJIMAIIMOHHBIX ITOACOB 3EMJIN

A.C. HKymeBI/Iql), I0.B. BoraTLIpeBl), H.A. Bacunenkos?, C.B. Jlacrosckuii?,
C.C. FpanHKOBl), I'.A. HpOTOHOHOBS), A.E. Kozrokog®
Y Hayuno-npaxmuueckuii yenmp HAH Benapycu no mamepuanosedenuio, yi. I1. Bposku 19,
220072 Munck, Beaapycs, yakushevich@ifttp.bas-net.by, bogat@ifttp.bas-net.by,
lastov@ifttp.bas-net.by, gss@physics.by

240 « TECTITIPHEOPY, yn. [Tnanepnas 7a, 125480 Mockea, Poccus, tp@test-expert.ru
S Dunuan AO «O6wvedunennas pakemno-kocmuueckas kopnopayusy — « HUH kocmuyeckozo

npubopocmpoenusy, yi. Asuamomopnas 53, 111250 Mocksa, Poccusi, nkpl@niikp.org

Metonom Monte-Kapno onpenencra 3ppeKTHBHOCTh CHIDKCHHS YPOBHS HOTJIOMICHHOHN O3Bl B KPUCTAJIIE aK-
THUBHOTO 3JIEMEHTA C TIOMOIIBIO KPAHOB PATUAIMOHHON 3alUTH Ha ocHOBe kommnozuta W-CU B rTHOPUIHBIX MeTa-
JMNYECKUX KOPIycaX MpH BO3ACUCTBUH MPOTOHOB PaHalliOHHBIX MOsIcoB 3eMin. [lokazaHo, uto HCTIONBE30BaHUE CIIe-
MUATN3UPOBAHHBIX KOPITYCOB C HHTETPUPOBAHHBIME 3KpaHAMH HAa HU3KOHM KpyTroBOW OpOHTE JHIIH B HE3HAUUTEIEHON
Mepe CHIDKAeT 030BYI0 Harpy3Kky. OHaKko Ha cpeiHel KpyroBoi OpOUTe BEIMYUHA MOTJIONICHHON T03bI MOYKET OBITh
yMeHblIIeHa OoJiee yeM B 2 pasa.

Kniouesvie cnosa: panyanyonHsiid akpas; komno3ut W-Cu; nporonst; merox Monre-Kapiio.

EFFICIENCY OF THE USE OF SPECIALIZED METAL PACKAGES FOR
PROTECTION OF RADIO-ELECTRONIC DEVICES FROM IMPACT OF
PROTONS OF THE EARTH RADIATION BELTS

H.S. YakushevichY, Y.V. Bogatyrev?, N.A. Vasilenkov?, S.B. LastovskiiV,
S.S. Grabchikov?, G.A. Protopopov®, A.E. Koziukov®
nScientific-Practical Materials Research Centre of NAS of Belarus,

19 P. Brovka Str., 220072 Minsk, Belarus,
yakushevich@ifttp.bas-net.by, bogat@ifttp.bas-net.by, lastov@ifttp.bas-net.by, gss@physics.by
2JSC « TESTPRIBOR», 7a Planernaya Str., 125480 Moscow, Russia, tp@test-expert.ru
9Branch of JSC United Rocket Space Corporation — Institute of Space Device Engineering,
53 Aviamotornaya Str., 111250 Moscow, Russia, nkpl@niikp.org

Efficiency of specialized metal packages of the radio-electronic equipment with integrated local radiation protec-
tion shields (LRPS) based on the composite W-Cu for protection from the impact of protons of the Earth radiation
belts has been considered. The efficiency of reducing the level of the absorbed dose by a crystal of an active element
under the action of protons in two circular orbits was calculated by using the Monte Carlo method. The first orbit is a
low Earth orbit (LEO) with an inclination angle of 60° and an altitude of 400 km, the second one is a middle Earth
orbit (MEO) with an inclination angle of 30° and an altitude of 8000 km. The protons spectra at the minimum solar
activity were obtained with OMERE 5.3 software. It was established that at low orbits the use of LRPS reduces the
absorbed dose by only 1.1 times. At middle orbits an increase in the mass thickness of the package header up to 1.67
g/ cm2 by the use of LRPS allows to reduce the dose load by 1.6 times, an additional increase of the cover to the mass
thickness of 1.67 g / cm2 results in decreasing the absorbed dose by 2.2 times.

Keywords: radiation shield; W-Cu composite; protons; Monte-Carlo method.

BBenenue KOopIyca paanodieKTpoHHbIX cpeactB (POC)
B coBpeMeHHOI aBHaKOCMHUYECKOW TeX- yerBepToro mokojeHus [1]. Ouu mpeacras-
HUKE IIHAPOKO TPUMEHSIOTCS METAJUTHUSCKUC JSIFOT cO00M MEeTaJUTMYECKH KOPITyC-9KpaH,

14-51 Meacoynapoonas kongpepenyus « Bzaumooeticmeue uznyyenuii ¢ meepovim menomy, 21-24 cenmaops 2021 2., Munck, bearapycw
14th International Conference “Interaction of Radiation with Solids”, September 21-24, 2021, Minsk, Belarus

114



C@Kl{u}l 1. Hpaueccw 83AUMOOCUCMEBUL U3TIYYEHUA U Nlla3mMbl C meep()bw menom
Section 1. Processes of radiation and plasma interaction with solids

repMEeTU3HPYEMBIii JTM00 IO TOpLaM, JTMOO 10
BepxHel Kphllike. BHyTpu kopmyca pacmnosna-
rajorcs onHa wiu OoJiee Imiiat, Ha KOTOPBIX
CMOHTHUPOBAHbl KPHUCTAJUIbl aKTHBHBIX 3JIe-
MEHTOB 10 OECKOpIyCHOM TexHonoruu. B
YCIIOBUSIX MHUHUMAJIbHON KOHCTPYKIIMOHHOM
3alIUTHl KOCMHYECKUX anmnapaToB OJHOU W3
GyHKIUI KOPIIyCOB CTaHOBUTCS 3alllUTa aK-
TUBHBIX JJIEKTPOHHBIX KOMIIOHEHTOB OT
noHusupytonux m3nydenui (M) xkocmuye-
CKOro npoctpancTsa. [loaTromy B MeTammnye-
CKHE KOpIlyca 4acTO HMHTETPUPYIOT SKpaHbI
JIOKaJIbHOM panuanmoHHoil 3amutsl (DJIP3)
[2—-4]. DJIP3 u3roraBiaMBarOT Ha OCHOBE MaTe-
pHAIOB C OOJIBIIMM MOPSIKOBBIM HOMEPOM U
BbICOKOH moTHOCThIO (W, Ta, kommosut W-
CuU u 1p.), 9TO MO3BOJSET NMPHU HE3HAUUTEIh-
HBIX M3MEHEHMSIX KOHCTPYKIHH M rabaput-
HBIX Pa3MEpOB CYIIECTBEHHO IOBBICUTH 3a-
HIUTHBIE (DYHKLIHUK KOpITyca HHTETPabHBIX
MHUKPOCXEM.

[lenb nanHOM pabOTHI — pacUETHBIMU Me-
TOJIAMH OTIpeNenuTh () (HEKTUBHOCTH CHUXKE-
HUSl YPOBHS MOTJIOUICHHON J03bl B KpHUCTa-
JlaX aKTUBHBIX 3JIEMEHTOB C romolibio 3JIP3
Ha ocHoBe komno3uta W-CU B cnenuanusu-
POBaHHBIX MeTa/IMuecKkux kopmycax POC
IpU BO3JEHCTBUM MPOTOHOB PaJUAIlMOHHBIX
nosicoB 3emiu (PI13).

MeToauka
B kauyecTBe aKTUBHOTO 3JIEMEHTA paccMart-
pUBaICS  KPUCTAUI KPEMHHUA pPa3MepoM

0.90 x 0.90 x 0.24 MM, CMOHTHPOBaHHBIH 110
OECKOpPIyCHON TEXHOJIOTUHM B LIEHTPAIBHOM
00JacT KOMMYTAIIMOHHOW IUIaThl pa3MepoM
10.5 x 11.5 mm. [1nara pazmenanack B MeTal-
JIMYECKOM KOpITyce MeHAIbHOT0 THUIIa, FepMe-
TU3UPYEMOM IO BepXHel Kphbllike. BHyTpeH-
HUE pa3Mepbl HUYKHETO ¥ BEPXHETo (KPbIIIKH)
OCHOBaHUI KOpIyca COOTBETCTBYIOT pa3Me-
pam miatsl. McecneaoBaauck Tpu TUIIA KOPITY-
COB: CTaHJApTHBIN KOPITyC O€3 SKPaHOB paiu-
aroHHOM 3anuThl (1), crienuaTu3npoBaHHbIH
Kopnyc co BcTpoeHHbIMU DJIP3 B ocHOBaHue
(I wm croenuanM3MpPOBaHHBIA KOPIYC CO
BCTpoeHHbIMU DJIP3 B OCHOBaHUE M KPBILIKY

an

BokoBBIE CTEHKH BCEX KOPITYCOB M3TOTOB-
nensl u3 criaBa HK29 (koBap; mimoTHOCTH
8.4 r/cm®) TommuHOM 1.2 MM (MaccoBoit ToNI-
mHor 1.0 F/CMZ). Bricora OOKOBBIX CTEHOK
st kopryca | cocraisuna 8.3 mm, as |l u
I —7.7 mm. V xopnyca | kpbllika 1 HIDKHEE
OCHOBAaHME TaKXe HM3TOTOBJIEHBI W3 CILJIaBa
HK?29 tommunoii 0.7 MM (0.59 r/cm?) 1 1.0 MM
(0.84 T/cM?) COOTBETCTBEHHO.

Hns ocHoBanust kopryco |l u 1l mpose-
JICHO yCUJICHHE 3alUThl: OCHOBAHUE COCTOUT
u3 cinost kommnosurta W-Cu (16.5 r/em®) Ton-
muHoM 0.8 MM MeX Iy IBYMs CIIOSIMU MEU 110
0.2 MM TONIIMHOMN U1 MOBBIIIEHUS TEII00T-
BOJISIIIUX CBOMCTB. TO ecTh 00IIas ToMIIHA
ocHOBaHus 00oux kopmycoB ¢ DJIP3 pasnHa
1.2 MM, a cymmapHasi MaccoBasi TOJIIIIMHA —
1.67 /cM?.

Kppiiku koprycos |l u |1l usrorosnens
u3 koapa tonmmuoi 0.9 MM (0.76 r/cm?).
Opnnako xpsiiika kopnyca |l ¢ BHyTpenHei
CTOPOHBI YCHWJICHA JIOMOJHUTEIBHBIM CIOEM
kommo3uta W-Cu rtommuuoir 0.55 MM 10
CYMMapHOM MaccOBOW TOJIIMHBI OCHOBAHMS,
a nMeHHo 110 1.67 r/cM?.

TakuMm 06pazoM, BHEIIHHE TadapuThl KOp-
nyca | cocraBmsror 13.9 x 12.9 X 10.0 mm, a
koprrycoB |l u 111 —13.9 x 12.9 x 9.8 mm.

3aMeTHM, YTO KOMMYTAIlMOHHAs TUTaTa B
BeChbMa HE3HAYMTEIHbHOUW CTENeHH OCladseT
notok MM mo cpaBHEHHIO C OCHOBAaHHEM W
JIPYTHMH CTEHKaMH KOPITyca, U MOATOMY OHa
ObLJIa UCKIIIOUYEHA M3 pacueTHOM mozenu. To
€CTh KPHUCTAJUI KPEMHHUS PACTIOJIO0KEH POCTO
Ha OCHOBaHHUH KOpIyca.

[MTornomennast no3a D(E) B kpucramie ak-
TUBHOTO KOMITOHEHTa MPU BO3JIEHCTBUH TPO-
toHOB PII3 Ha Kopmyca B 11€JI0M U UX OTAEIb-
HbI€ AJIEMEHTHI (OCHOBaHHE, OOKOBBIE CTEHKH
U KpBIIIKa) PACCYMTHIBAIACH C ITOMOIIBIO
nporpaMMHoro komrmiekca Geantd. lanee
OIIEHWBAJIaCh CyMMapHasi HAaKOTUICHHAsT 1032
Dsum o hopmyue [5]:

D(E)
D,,, =|—=o(E)dE
sum J. (I) (p( ) (1)
rae ¢(E) — nuddepeHnnanbHblil crieKTp npo-

D(E)

TOHOB, T_ IorjomeHHas a03a Ha €au-

HUYHBIN (DIFOCHC, [ OTpeeTIeHIs] KOTOPOr
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KOpITyca TMOMEIIAINCh B H30TPOMHOE I0JIe
MPOTOHHOTO  W3NydyeHus ¢  (IOeHCOM
®=1.110% cm2

OddexruBnocts DJIP3 npu Bo3mecTBUN
poToHOB Kyp¢p HAXOIUIIACH U3 OTHOIICHUS:

Kspp = D1/ Dsh, (2)

rae D) — cymmapHas HakoIIeHHas 103a KpH-
cTajuioM KpemHus B koprnyce |, a Dsh — cym-
MapHasi HaKOIUJICHHAas JI03a B KOpIIycax C
DJIP3 tuna Il wu 111

Pacyersl TpOBOAMIUCH TPU MUHUMYME
COJTHEYHOM aKTUBHOCTH JJISl IBYX OPOUT: HU3-
KOl KpyroBoil oOpOMTBI C mapameTpamu
H =400 km, i = 60° (HKO) u cpenneii kpyro-
BoM opbOutsl ¢ mapamerpamu H = 8000 xm,
i = 30°(CKO). lnddpepennmanbHble CIEKTPHI
1poToHoB @(E) ObuIN MOTy4eHbI ¢ TOMOIIBIO
nporpammbl OMERE 5.3 u ipeacraBieHsl Ha
puc. 1.

i - == HKO
10" 4 — CKO
Tcglon_
E_ o
\:[ 10°4
o
%‘ -
's 1074
) el U
K

10° L :

0 50 150 200 250 300

E, M>B

100

Puc. 1. IuddepeHnnansHpie CIEKTPHI IPOTOHOB
Fig. 1. Differential proton spectra

Otmerum, uyTO 371€ch OyAeT paccMaTpu-
BaThCsl BEJIMYMHA HAKOIIJICHHON J103BI TOJIBKO
OT MEPBUYHBIX IIPOTOHOB, TaK KaK COTJIACHO
pe3ysbTaTaM MOJEIMPOBaHMs, BKJIAJ B IIO-
TJIOIIEHHYIO 103y OT BTOPUYHOI'O M3ITyYECHHUS
JUIS. OTIMCAHHBIX BBILLIE OPOUT HE MPEBBILIAET

2,5%.

Pe3yabTaThl U MX 00Cy:KI€eHUE
Ha puc. 2 npencraBieHbl paccuuTaHHBIE
3aBUCUMOCTH TOJBIHTETPAIIBHOTO BBIPAXKE-

D(E)

HUS T(p(E)I/IS (1) or sHepruu NMPOTOHOB

HKO, nonanaromux B KpucTami KpeMHUs ye-
pe3 KpHImKy, O0KOBBIE CTEHKH U OCHOBAHHE
KopIyca Mo OTAEJIbHOCTU U Yepe3 KOpIyc B

uesnom. [ns mporonoB CKO Takue xe 3aBH-
CHUMOCTH TIIpHUBeIeHbI Ha puc. 3. Jist kaxxaoro
AJIEMEHTAa KOpITyca Ha MOJTYYCHHBIX 3aBHCH-
MOCTSIX XapakTepeH MakCUMyM (puc. 2 |
puc. 3), 4ro OO0YCIOBIEHO OCOOEHHOCTHIO
B3aUMO/ICHCTBHS TPOTOHOB C BEIIECTBOM.

121 a(a) —O— ot Beero Kopyca
—&— ot kpsiuiku (0,59 rlem’)
1,0 —A— ot GokossIx crerok (1,0 r/cm’)
5 —0— ot ocuosanus (0,84 r/cm’)
2 0,8
=
2 061
8
S 044
§|~9
0,2
0’0 T T T T T T T T T T T T
15 20 25 30 35 40 45 50 55 60 65 70 75 80 85
E, M5B
1,046(b) —O— ot Beero Kopiryca
—8— or kpbukn (0,76 r/cm’)
—&— ot Goxossix crenok (1,0 r/cm’)
5 0,8+ —0O— ot ockosamms (1,67 r/cm’)
ea)
[}
E 0,6
=
<
o
5 044
&
)
‘%Ie 0,2
0,0 -t Pt
15 20 25 30 35 40 45 50 55 60 65 70 75 80 8
E, M>B
10 B(c) —O— oT Beero kopryca
? —8— o kpbik (1,67 r/em’)
= —A— ot Gokosbix cTenok (1,0 r/cm’)
g 0,8 —— or ocHosauus (1,67 r/em’)
M
[}
=
~ 0,6
S
(=%
S 044
4
)
S
Q:I 0,2 A
0,0

15 20 25 30 35 40 45 50 55 60 65 70 75 80 85
E, M>B

Puc. 2. 3aBucumoctu ?q}(E) Ha HKO: a — nna xop-

myca | u ero anemenToB; 6 — ais kopiryca |l u ero ane-
MEHTOB; B — 1Jist kKopiyca |l u ero anemenToB

: D(E)
Fig. 2. o
package | and its parts; b — for the package Il and its
parts; ¢ — for the package Ill and its parts

o(E) dependencies at LEO: a — for the
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Cexyus 1. Ilpoyeccuvl 83aumooeicmeust u3nyyeHus u nia3mvl ¢ meepobim meiom
Section 1. Processes of radiation and plasma interaction with solids

—O— ot Beero Kopryca

—&— or kpbimk# (0,59 r/eM’)
—A— ot GokosbIx crerok (1,0 r/cm’)
—O— or ocuoanus (0,84 r/cm’)

] a(a)

60016(b) —O— or Beero kopryca
—&— or kpbumkn (0,76 r/em’)
—A— ot Goxosbix crenok (1,0 r/cm’)

—— ot ochosauus (1,67 r/em’)

-@(E), pan / MaB-ron
v B wn
(=1 (=1 =3
(=] (=} j=]
1 1 1

[

[=3

(=1
1

D(E)
D

—O— ot Beero Kopmyca

—@— ot kpbmku (1,67 I'/CMZ)

—A— ot Gokosbix cTeroK (1,0 T/cm’)
—O— ot ochosauus (1,67 r/em?)

400 +

w

[=3

(=]
L

DQ)E -@(E), pan / MaB-ron
—_ %)
(=1 (=3
(=} (=}
1 1

Puc.3. 3aBucumoctu %@(E) Ha CKO: a — nns xop-

myca | u ero snementoB; 6 — ans xkopiyca Il u ero ane-
MEHTOB; B — sl kopiyca |l u ero anementon

i D(E)
Fig. 3. S
package | and its parts; b — for the package Il and its
parts; ¢ — for the package Ill and its parts

o(E) dependencies at MEO: a — for the

[TonoxeHne MakcuMyMma B THEpPBYIO Ode-
peInp OIpeneNseTcss MacCOBOH TOJIIMHON
3JIEMEHTa: 4YeM OHa Oouiblie, TeM B 0oJiee BbI-
COKODHEPTeTUYECKONW OO0JaCTH JICKHUT TIHUK.
Otmerum, uto y kopmyca |l maccoBbie Ton-
[IMHBI KPBIIIKA ¥ OCHOBAHHS COBITAJIAIOT, O/~
HAKO Ha OJHOW M TOW ke opOuTe I 3TUX

AJIIEMEHTOB KOpITyca 3aBHCHUMOCTH ?(p(E)
UMEIOT pasHylo (GopMmy, U HUX MaKCUMYMBI
MPUXOJATCA Ha pa3HbIe 3HAUYCHHS SHEPTUU
(puc. 2B u puc. 3B). DTO TOBOPHUT O BIHUSAHUH
MOJIOKEHUSI aKTUBHOTO 3JIEeMEHTa OTHOCHU-

D(E)
TCJILHO DJIEMCHTA KOPITyCa Ha BUJ Tcp(E).

Ha pasupix opOuTax AaHHBIE 3aBUCUMOCTH
TaKOKe OTIMYAIOTCS, TAK KaK B OJBIHTEIPAIIb-
HOE BBIPAKEHHUE BXOAUT TU(PepeHInaTbHBII
crexTp mpotoHoB ¢(E).

Bua ucxonHoro cnekrpa mpoTOHOB B 3Ha-
YUTENIBHON Mepe ONpeneNnseT BeTHYUHY I10-
TJIOIEHHOM JT03BI B KPHCTAIJIE KPEMHHUS: YeM
OoJIpIIIE KOJMYECTBO YACTHIl B CIIEKTPE, TEM
Oosbuie 3Ha4eHUE Dsym. DT0O moaTBEpAK1aETCA
aHAJIN30M PE3YJIbTaTOB, NPE/ICTABICHHBIX HA
puc. 4.

251 [xopnyel a(a)
H:IIIII kopmyc IT 22,3
- xopryc 111
20 195 189 18.9 19.2 19.2
=
o
st
= 154
<
[SY
210
_ 8.0 8.0
54
0
KpbILIKa OOKOBBIC OCHOBAHHUEC
CTCHKHA
6 - [ xopryc 1 6(b)
518 |]I[|I| kopyc 11
s I «opriyc 111
=
© N 4,12
= 3,65 3,58 3,57
&
3
Q5

OOKOBBIE OCHOBaHHE

CTCHKHA

KpBIIIKa

Puc. 4. TlornomenHas 103a 4epe3 pa3HbIe DJIEMEHTHI
kopnycoB: a — Ha HKO; 6 — na CKO

Fig. 4. Absorbed dose through different parts of the
packages: a —at LEO; b —at MEO

Ha HKO yBenuyenne MacCOBOM TOJIIMHBI
kpbimiky ¢ 0.59 r/cM? 10 0.76 r/cm? He U3Me-

14-51 Mescoynapoonas xongpepenyus « Bzaumooeticmsue uznyuenutl ¢ meepovim menomy, 21-24 cenmaopsa 2021 2., Munck, berapycw
14th International Conference “Interaction of Radiation with Solids”, September 21-24, 2021, Minsk, Belarus

117



C@Kl{u}l 1. Hpaueccw 83aUMO0elicmeust U3TLYYEHUA U Nlla3mMbl C m@ep()bw mejiom

Section 1. Processes of radiation and plasma interaction with solids

HSET BEIMYMHY HAKOIUICHHOW 03Bl 4Yepes
JAaHHBIN PIIEMEHT KOpITyca, a [IPH yBEJIMYCHUH
no 1.67 r/cM? — 1032 yMEHBIIAETCS BCETO
numib B 1.2 pa3a (puc. 4a). YBenuueHnue mac-
COBOM ToNIMHEBI ocHOBaHuA ¢ 0.84 r/cM? 10
1.67 r/cM? Takxke TIPUBOIUT K YMEHBIICHHIO
HAKOIUICHHOHN 4Yepe3 OCHOBAHHE JI03bI BCETO
numb B 1.2 pasa (puc. 4a). B nenom, nmpume-
HEHHUE clielralIn3upoBaHHoro kopmyca |l Ha
HU3KOW  OopOuUTE  yMEHbBIIAET  JO30BYIO
Harpy3ky ¢ 49.8 pan/ron no 46.1 pan/ron, a
kopryca Il — ¢ 49.8 pan/ron o 45.9 pan/ron,
u 3ppextuBHOCTH DJIP3 0Ka3pIBaeTCs BechbMa
He3Ha4YMTeNIbHOH (Tab. 1).

B T0 xe Bpemsa Ha CKO yBenuyenue mac-
COBOM TOJIIMHBI Kpbliku ¢ 0.59 r/eM? 110
0.76 r/cM? yMEHBIIAET HAKOIUICHHYIO Yepe3
KPBIIIKY 03y B 1.6 pa3, a HapamuBaHue 10
1.67 r/cm? — B 6.8 pas (puc. 46). Ycunenne xe
MAacCOBOM TOJIIMHBI OCHOBaHUS 10 1.67 T/cM?
YMEHBIIIAeT HAKOIUICHHYIO Yepe3 HEro 03y
noutu B 3.0 pa3za (puc. 46). B urore, kopmyc
Il mo3BosisIEeT CHHU3UTH TOJHYIO J1030BYIO
Harpy3ky ¢ 12.9 kpan/ron no 8.2 kpag/rox, a
3G HEKTUBHOCTh OAHOBPEMEHHOTO TMPUMEHE-
Hus OPJI3 ans KpbIIKKM U OCHOBaHUS B KOp-
myce Il cocraBnsiet 2.2 pasa (ta6m. 1).

Tabmuma 1. CymmapHas TOTJIOMICHHAs 1032 B KOPITY-
cax u 3¢ dexruBHOCTE DJIP3

Table 1. Total absorbed dose in the packages and effi-
ciency of the RLPS

HKO CKO
KOpHyC Dsum, K Dsum, K
pan/ron 200 Kpam/Tox 20
| 49.8 - 12.9 -
1 46.1 1.1 8.2 1.6
1] 459 1.1 5.8 2.2
3akaueHune

[TokazaHo, 4TO Ha HU3KUX OPOUTAX MTPUMeE-
HeHue JJIP3, yMeHbpIIaeT BEIWYMHY IIOIJIO-
EHHOW 1036l jauiib B 1.1 pa3. OnHako Ha
CpeAHHUX OpOHMTax  CHEIHATU3UPOBAHHBIN
KOPIYC C UHTETPUPOBAHHBIM B OCHOBaHHE
DJIP3 no3BOJISIET CHU3UTH J1030BYIO Harpy3Ky

B 1.6 pa3. IIpu 3TOM 1151 KOMIIOHEHTOB C He-
JIOCTaTOYHBIM YPOBHEM PaJIMalluOHHOMN CTOM-
KOCTH II€JIECO00pa3HO MPUMEHSTH JOMOIHU-
tenbHbie DJIP3 co cTOpOHBI AyeMeHTa KOp-
1nyca ¢ HauMEHbLIEH MacCOBOW TOJIIIMHOMN
(KPBILIKH).
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SECTION 2
RADIATION EFFECTS IN SOLIDS

NON-DESTRUCTIVE CRYSTAL ROTATION BY SHI IMPACTS

Jacques O’Connell, Danielle Douglas-Henry
CHRTEM, University Way, Summerstrand, Port Elizabeth, South-Africa,
jacques.oconnell@gmail.com, s212244450@mandela.ac.za

We investigated the microstructure of single crystal NiO irradiated at 45° off-normal incidence by 593 MeV Au
ions to a fluence of 1.4-10™ ions/cm? using electron microscope based techniques. It was found that the surface 11
pum thick layer experienced significant rotation along the direction of the incident ion beam projected onto the spec-
imen surface while SAED showed the specimen as a whole remains single crystalline. Rotation vs depth profiles
obtained from EBSD, TKD and SAED agreed well and suggests a maximum rotation of about 25° from the original
<001> surface normal which is in agreement with on-line XRD measurement performed during irradiation. STEM
microstructural analysis showed a high density of dislocations decorating the boundaries of nm sized cells exhibiting
slight orientation differences. It was concluded that radiation induced stress buildup leads to the creation of low en-
ergy dislocation networks surrounding cells with minor orientation differences. These orientation differences are
driven in along a specific direction due to unbalanced shear stress resulting from off normal irradiation and the re-
sidual stress from each thermal spike.

Keywords: SHI; TEM; EBSD; TKD; XRD.

Introduction MeV Au irradiated single crystal NiO. NiO
Swift heavy ion (SHI) of energies ex- falls into the group of so-called non-
ceeding 1 MeV/amu are known to produce amorphizable materials w.r.t. SHI irradiation
unique damage morphologies when impact- as it is extremely resistant to radiation in-
ing susceptible materials. These defects duced amorphization even up to fluences
range from individual point defects and col- resulting in multiply overlapped ion tracks.
or centers to well aligned amorphous cylin- This makes it an ideal candidate for micro-
ders along the ion trajectories. The main rea- structural analysis using electron diffraction
son for this unique mode of damage produc- based techniques as used in this work.
tion is the intense electronic excitation along
the ion path with virtually no energy lost to Experimental
nuclear collisions until the very end of ion Single crystal NiO (MaTeck) with <001>
range [1-3]. surface normal was irradiated at 45° off-
A relatively under investigated effect of normal incidence with 593 MeV Au ions at
off normal SHI irradiation is that of a re- the former ISL lab in Berlin to a fluence of
versible collective rotation of crystalline 1.4x10%* ions/cm?. Specimens for electron
grains [4-5]. Unfortunately, since the analy- backscatter diffraction (EBSD) were pre-
sis in this work was based on XRD, very pared by ion beam cross sectional polishing
little is known about the microstructure of using 6 keV Ar ions in a JEOL SM-
the rotated material and the depth depend- 09020CP polisher. Specimens for transmis-
ence of the rotation. sion electron microscopy (TEM) were pre-
In this work we report on the use of elec- pared by standard focused ion beam (FIB)
tron microscopy based techniques to gain lift-out technique using an FEI Helios 650
further insight into the microstructure of 593 dual beam system and the resulting lamellae
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were analyzed in a JEOL ARM200F analyt-
ical TEM operating at 200 kV. EBSD and
transmission Kikuchi diffraction (TKD) was
performed using an Oxford Instruments
(HKL) Nordlys detector mounted on a JEOL
JSM7001F scanning electron microscope
(SEM).

Results

Figure 1 shows the relevant crystallo-
graphic axes and irradiation direction rela-
tive to the cross sectionally polished (denot-
ed CP) surface of the specimen where EBSD
data was collected. The orange arrow on the
surface of the crystal represents the ion di-
rection along a <011> crystal axis. The yel-
low arrow about the <001> axis pointing out
of the page denotes the direction of observed
crystal rotation due to irradiation.

<011>

lon directionalong {0 1 1} plane

<00 1>

<00 1>

4

<00 1> Bulk Crystal

Fig. 1. Irradiation geometry

Figure 2 shows a bright field (BF) and
annular dark field (ADF) STEM image pair
of the irradiated material viewed along the
ion direction. Dark spots visible in the BF
image are ion tracks viewed edge-on. The
brighter regions (more clearly visible in the
ADF image) represent areas of slightly dif-
fering crystal orientation. These cells of sub-
tle orientation difference are formed because
of uncompensated shear stress buildup dur-
ing irradiation. The dislocations present at
the cell boundaries show up as slightly
brighter lines surrounding the cells. Howev-
er, the inset selected area electron diffraction
(SAED) pattern shows that these misorienta-
tions are extremely small and the material
remains effectively single crystal.

Figure 3 shows a plot of relative crystal
orientation as a function of depth below the

Fig. 2. BF/ADF STEM pair in a plane normal to the
ion direction

irradiated surface as measured by EBSD,
TKD and SAED. TKD and SAED was per-
formed on the same lamella while EBSD
was performed on the bulk crystal from
which the lamella was extracted. Due to the
rough unpolished surface of the specimen,
data could not reliably be collected within
the first 2-3 um.

Discussion

Stress buildup due to repeated ion im-
pacts and associated thermal spikes leads to
the development of a dense dislocation net-
work bounding cells of relatively low dislo-
cation density. Uncompensated shear stress
produced by the off normal incident ions
leads to slip along these cell boundaries
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causing minor orientation differences be-
tween adjacent cells, but over large distanc-
es produce a relatively uniform rotation of
the bulk crystal. This is evident from the rel-
atively flat contrast within dislocation
bounded cells in figure 2 together with the
rotation vs depth plots in figure 3.

—— EBSD
—— TKD
—— SAED

25

20

Rotation (")

0 2 4 6 8 10 12 14 16
Depth (um)

Fig. 3. Depth dependent crystal rotation curves ob-
tained from three complimentary techniques

The areal density of visible ion tracks in
figure 2 is significantly lower (400 times
lower) than the ion fluence. This behavior is
consistent with that of other non amorphiza-
ble materials such as Al,Os [6] where a
steady state of track density develops when
the rate of creation of new ion tracks match-
es that of ion induced annealing of existent
tracks. Crystal rotation extends to a depth of
about 11 um and reaches a peak relative ro-
tation of about 25° within 3 um of the onset
of rotation. Relative rotation appears to
reach a steady state between the surface and
this depth although large uncertainties in the
first few um due to a rough unpolished sur-
face prevents extracting reliable dynamics
from these curves. Good agreement between
the curves generated by complimentary
techniques as well as agreement with maxi-
mum rotation angle derived from on-line
XRD measurement (26°) proves that all of
the employed techniques may be considered
suitable for obtaining depth dependent rota-
tion curves. However due to simpler speci-
men preparation and higher data throughput,
we conclude that EBSD is the preferable
technique in this case. Because EBSD does

not require specimen thinning to electron
transparency, it further minimizes the risk of
stress relaxation in the specimen due to
thinning.

Conclusions

We successfully performed local crystal
orientation mapping as a function of depth
below the irradiated surface for SHI irradiat-
ed NiO using EBSD, TKD and SAED. Good
agreement was found between techniques
and results were comparable to that of on
line XRD performed during the irradiation
session. We conclude that for specimen
preparation and data throughput reasons,
EBSD is the preferrable technique for future
work. STEM and SAED analysis revealed
an almost continuous single crystal structure
interrupted by a dense network of disloca-
tions separating cells of slight orientation
differences which add up to facilitate the
observed macroscopic rotation.

The authors would like to acknowledge
Siegfried Klaumuenzer for the NiO speci-
mens and fruitful discussion.
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TRACK EVOLUTION OBSERVED IN NiO EXPOSED
TO SWIFT HEAVY ION IRRADIATION

Danielle Douglas-Henry, Jacques O’Connell
CHRTEM, University Way, Summerstrand, Port Elizabeth, South-Africa
Danielle.Douglas-Henry@mandela.ac.za, jacques.oconnell@gmail.com

In this study, the track evolution in single crystal Nickel Oxide (NiO) exposed to Swift Heavy lon (SHI) irradiation
has been studied using electron microscopy techniques. Scanning Transmission Electron Microscopy (STEM) was
utilized to interrogate the microstructure of the latent tracks formed in both low fluence (non-overlapping regime) and
high fluence (overlapping regime) specimens. lon energies used were 593 MeV and 1.6 GeV, while fluences ranged
from 1.0-10"! ions/cm? to 1.4-10%* ions/cm?. Electron Energy Loss Spectroscopy (EELS) was used to determine the
chemical composition of the “tracks” seen in high fluence samples. Elevated levels of Oxygen suggest radiolytic
decomposition of NiO into O, during SHI bombardment.

Keywords: SHI; Electron Microscopy; STEM; EELS; NiO.

Introduction

Exposure to swift heavy ion irradiation
(SHI) is known to induce material specific
changes in the microstructure. Various
models are used to predict damage formation
and explain such microstructural changes [1].
These changes can vary from the production
of continuous cylinder-like amorphous
“latent tracks” for susceptible materials, to no
detectable  modification  for  resistant
materials.

Amorphous latent tracks have been seen in
insulators irradiated with SHIs in the
electronic slowing regime [2] whereas ionic
crystals such as CaF: (that are typically
radiolytic) have been seen to exhibit faceted
voids along SHI tracks. In these voids Ca
vacancy complexes filled with fluorine gas
have been found [3]. Latent tracks have been
thought to result due from the imperfect
recrystallization of the molten volume along
the SHI trajectory. It has been proposed that
the efficiency of recrystallization is in-part
related to the materials structural complexity,
it’s self-diffusion coefficients in the melt and
it’s interatomic potential [4-6]. Without
electron microscopy investigations, nothing
can be definitively said about the
microstructural changes occurring in these
materials, making it a powerful tool in
investigating the structural effects of SHI.

Experimental
In this study, the microstructural changes

in single crystal NiO(001), irradiated at 45°
with 1.6 GeV to a fluence of 1.0-10
ions/cm? has been studied and compared to
specimens irradiated with 593 MeV Au to a
fluence of 1.4-10'* ions/cm?2. Specimens were
irradiated at GSI Helmholtzzentrum fiir
Schwerionenforschung, Darmstad and the
former ISL lab in Berlin, respectively. The
respective energies yielded similar electronic
stopping powers which allowed for the
investigation of the progression of track
formation from low to high fluences.
Standard Focused lon Beam (FIB) lift-out
procedure was used to prepare specimens
investigated through Scanning Transmission
Electron Microscopy (STEM). This was done
using an FEI Helios 650 dual beam system.
The lamellae were analyzed using a JEOL
ARMZ200F analytical TEM operating at 200
kV. Electron Energy Loss Spectroscopy
(EELS) was also performed using the JEOL
JEM-ARM200F which is fitted with an
advanced  GIF  (Quantum)  electron
spectrometer with dual EELS capabilities.

Results

In figure 1 a Dark Field (DF) STEM image
of the low fluence specimen is seen.

In the low fluence specimens, the track
morphology was observed to be typical of
that in non-amorphizable materials. The
latent tracks resembled discontinuous lines of
small defect clusters with accompanying
strain fields. Dislocations are seen to run
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Fig. 1. DF STEM of specimen NiO(001) irradiated at
+45° with 1.6 GeV Au to a fluence of 1-10*! ions/cm?.
The tracks are oriented within the image plane.
Irradiation direction was from the bottom right of the
image following the <011> direction

parallel and perpendicular to the projectile
direction following the primary slip
directions of NiO, namely <011>.

Figure 2 shows the respective latent tracks
seen in the high fluence specimen. These
“tracks” seen in figure 2 are notably different
as they appeared to form a line of voids along
the ion projectile. Upon a more detailed
inspection as seen in figure 3, the dark
contrast of the tracks in a dark field image
suggested they were of lower density than the
surrounding material.

This was further confirmed by Fresnel
contrast in defocused Transmission Electron
Microscopy (TEM) images. The voids were
found to exhibit a faceted nature. This is
attributed to the recrystallization following
the cubic structure of the crystal.

These latent tracks were the result of
damage accumulation from multiple track
overlaps and are thus not due to individual
ions.

Figure 4 shows a Bright Field STEM
image with the tracks seen head on. This was
used as the EELS site of interest.

EELS revealed a reduction in both Nickel
and Oxygen concentration within the void
area of the “tracks” due to the overall density
reduction due to the void. However, a far

Fig. 2. DF STEM image of NiO(001) in cross section.
Specimen irradiated at 45° with 593 MeV Au to a
fluence of 1.4-10'* ions/cm?. Irradiation direction is
from the bottom right of the image along the <011>
direction

1O r

Fig. 3. Magnified DF STEM image in cross section of
the high fluence “tracks”. The darker contrast withing
the “tracks” are indicative of a lower density

more significant reduction was observed in
the Nickel concentration.

Figure 5 shows the extracted Oxygen to
Nickel ratio as measured across the
highlighted track seen in figure 4.

Discussions

Areal density measurements done on
specimens in the overlapping regimes found
that the nearest neighbor distance remained
similarly spaced despite the fluence increase.
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Fig. 4. A BF STEM image of the site of interest along
with an inset of the ratio of Oxygen to Nickel as
determined by EELS
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Fig. 5. The ratio of Oxygen to Nickel across the track

This further suggests the increased levels
of Oxygen within the tracks.

The data suggested some saturation
density of “tracks” which was far less that the
irradiated fluence. An estimation of the
“effective” ion track diameter yielded ~9.8
nm which was close to value of ~10 nm
estimated in the low fluence specimen from
diffraction contrast.

This supports the idea that the visible
“tracks” are not simply due to individual ion
impacts but the result of multiple impacts
which. These tracks thus reached a steady
state after some threshold fluence. From the
EELS measurements of the high fluence

“tracks” revealed an increased relative
Oxygen signal within the void. This suggests
that it possibly contains O, formed from O
released during radiolytic decomposition of
the NiO from SHI radiation.

Conclusions

Track evolution in single crystal Nickel
Oxide (NiO) was successfully studied using
electron microscopy techniques. STEM
yielded visible differences in low fluence
(non-overlapping regime) and high fluence
(overlapping regime) specimens. Low
fluence tracks resembled discontinuous lines
while high fluence specimens revealed
faceted voids along the ion projectile. EELS
was used to determine the chemical
composition of the “tracks” seen in high
fluence samples. Elevated levels of Oxygen
suggest radiolytic decomposition of NiO into
O2 during SHI bombardment.
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HIGH ENERGY HEAVY ION TRACKS
IN NANOCRYSTALLINE SILICON NITRIDE
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Silicon nitride is the only nitride ceramic where latent tracks have been registered. There is almost no data devoted
to nanocrystalline SisN4 despite the actuality of studying properties of nanomaterials, in particular a radiation stability.
This work was dedicated to study effect of irradiation with high energy heavy ions in nanocrystalline silicon nitride
by TEM means being the unique direct research method available for nanomaterials. The threshold electronic loss
power was estimated at ~17 keV/nm level based on the determined track radii. The comparative analysis of present
results and previous data for polycrystalline SisN4 irradiated at the same conditions gives a reason to expect the radi-
ation stability of silicon nitride should not depend on the crystal grain size sufficiently.

Keywords: nanomaterials; silicon nitride; swift heavy ion irradiation; latent track; radiation stability.

Introduction crystalline state (nc-SisNa).

Nanocrystalline materials are an actual task A special attention should be paid for
for researchers over the world recently, as a methods to study properties and effect of la-
decrease of the grain size can induce changes tent tracks. In major cases means as RBS,

in their properties, in particular in a radiation SAXS, AFM and FTIR, chemical etching [for
stability [1-4]. On the one hand, a high density instance, 1, 8-11, 18, 19] were used, and fewer

of grain boundaries can act as a highly effi- works [1-2, 7, 14-17] presented results ob-
cient sink for annihilation of interstitial point tained by transmission electron microscopy
defects and vacancies created during irradia- (TEM) being by the way one and only direct
tion [1-5] and improves radiation characteris- method to study SHI defects. High resolution
tics. On the other hand, a difficult energy TEM allows to determine track characteristics
transfer through the material promotes a as a continuity/discontinuity and a size with a
growth of number of radiation damages due to minimal error, what gives a base for a verifi-
the localized energy distribution within the cation of different models and as a conse-
grain diameter sized in a nanometer scale [5- quence for widening a data about the mecha-
7]. The mechanism of radiation damages in nism of forming defects under different irradi-
the nanostructured material is determined de- ation conditions. Additionally, TEM should
pending on which of processes above is dom- be underlined to be the most suitable method
inant in a specific case. to study defects in individual crystallites,
Among isolators, SiO2 and SizN4 play the which is principally actual for nanomaterials.
unique role as materials of silicon micro- and Thus, based on all points above the present
nanoelectronics [8]. Silicon nitride being the work is decided to aim to study a high energy
only nitride ceramic where latent tracks have heavy ions impact on radiation stability of
been registered is of interest for study its radi- nanocrystalline silicon nitride.
ation behavior. By now, most previous works
have been aimed to study radiation-induced Experimental
changes in properties of amorphous films [7- Commercially available nanocrystalline
13] and polycrystals [8, 14-18] of SisNa, powder SizN4 sedimented on TEM grids were
whereas there is almost no data about its nano- used as targets for irradiation. Specimen were

14-51 Meascoynapoonas xongpepenyus « Bzaumooeticmsue uznyuenutl ¢ meepovim menomy, 21-24 cenmaopsa 2021 2., Munck, berapyco
14th International Conference “Interaction of Radiation with Solids”, September 21-24, 2021, Minsk, Belarus

125



Cexyus 2. Paouayuonnvie sgpgpexmol 6 meepoom mene

Section 2. Radiation effects in solids

irradiated with 710 MeV Bi to fluence 5-11
cm2 at U-400 cyclotron in the FLNR of JINR
(Dubna, Russia) and 220 MeV Xe to fluence
5-11 cm? at DC-60 cyclotron in INP (Nur-
Sultan, Kazakhstan). Different thick alumi-
num foils were used to variate electronic stop-
ping powers. Microstructural analysis was
done with a JEOL JEM 2100 LaBe or
ARM200F TEM operated at 200 kV in the
Centre for HRTEM in Nelson Mandela Uni-
versity (Port Elizabeth, South Africa), and
with Talos™ F200i S/TEM operated at 200
kV in the FLNR of JINR.

Results

Typical TEM images of nanocrystalline
silicon nitride (nc-SisNg) irradiated with high
energy heavy ions are presented in Fig.1.

Results of electronic stopping powers of
incident ions calculated with SRIM-2016 and
average radii of latent tracks in nc-SisNs are
given in Table 1 and Fig.2. No tracks were
found in samples irradiated with 710 MeV Bi
and thicker than 27 um Al foil, that means
threshold electronic stopping power Set should
be more than 16.5 keV/nm. Analysis of points
in Fig.2 confirms this statement and allows to
estimate a Set value of nanocrystalline silicon
nitride ~17 keV/nm.

Table 1. Electronic stopping powers Se and mean track
radii in nc-SisN4

lon, en- Foil Se, keV/nm R, nm
ergy, MeV thick,
pm
no 33.58 1.7+0.2
14 30.4 1.5+0.3
17.4 28.83 1.7+0.2
209 19 27.33 1.6+0.3
BI, 710 53 23.62 12404
27 19.04 0.9+0.4
28.7 16.53 no
34.7 11.34 no
181Xe, 220 no 22.12 1.12+0.2

In [14] of Zinkle et al and our previous
works [15-17] track sizes were determined in
polycrystalline silicon nitride p-SisN4 irradi-
ated under the same conditions in the individ-
ual track regime (710 MeV Bi and 220 MeV
Xe to fluence of 5e11 cm?). The radii for p-
SizNa were equal 1.7+0.2 nm and 1.0+£0.2 nm

a(a)

6(b)

c(c)
Fig. 1. TEM images of nc-SisNs irradiated with
710 MeV Bi a) without foil; b) with 14 um Al foil;
c) with 23 pm Al foil

for bismuth and xenon ions respectively.
Matching the previous results and the data in
this work shows almost same values for poly-
and nano- silicon nitride within the margin of
error that allows to suppose their comparable
radiation stabilities too. Additionally, it con-
firms with the estimated threshold conditions
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Fig 2. Latent tracks radii in nc- SisN4 as a function of
electronic energy loss

~18 keV for p-SisN4 in [16, 17] and ~17 keV
for nc-SisN4 obtained in the present work.

Conclusion

Based on experimentally determined track
radii for 710 MeV Bi and 220 MeV Xe irradi-
ation of nc-SisN4 threshold electronic stop-
ping power was found to be equal
~17 keV/nm. The comparative analysis of
data for this material in poly- and nanostate
determines almost the same values of latent
track size and threshold conditions and, con-
sequently, it is expected that a radiation stabil-
ity of SisN4 should not depend on the grain
size sufficiently.
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MICROSCOPICS OF ION TRACK FORMATION
IN THE BULK AND AT THE SURFACE
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®National Research Center «Kurchatov Institutey, 1 Kurchatov Sq., 123182 Moscow, Russia

The formation of ion tracks in the bulk and near-surface regions of various dielectrics have been studied using a
multiscale approach combining Monte-Carlo code TREKIS and molecular dynamics simulations. It was demon-
strated that the morphology of swift heavy ion tracks in non-amorphizable oxides is determined by recrystallization
of the initially disordered region, which, in turn, is governed by the Kinetics of the metallic and oxygen sublattices at
the crystallization surface. The presence of a free surface can significantly suppress the lattice recovery rate, produc-
ing larger structure modified tracks in the near-surface regions. Matching of simulation results with TEM images of
crystalline hillocks and tracks in Al,O3 revealed that the recrystallization of sub-surface tracks (~20 nm depth) in
this solid requires much longer times in comparison to bulk simulations. The recrystallization processes strongly
manifest themselves in the overlapping tracks regime. Overlapping of tracks in non-amorphizable solids could real-
ize in several modes depending on the distance between the tracks: from almost complete structure recovery, to the
formation of connected or isolated tracks. In contrast, track interaction in amorphizable targets has almost no effect
on the defective region morphology.

Keywords: electronic excitation; surface damage; swift heavy ion; molecular dynamics; dielectrics.

Introduction effects arises from an extremely high level of
Electronic stopping of a swift heavy ion material excitation and the ultrashort spatial
(SHI) in a solid and further relaxation of the and temporal scales of the subsequent kinet-
excess energy of excited electrons and lattice ics. Such extreme conditions restrict an ap-
cause the formation of nanometric structure- plicability of models based on macroscopic
modified regions around the ion trajectory. conceptions to track problems and requires
Such transformations of the structure of a appropriate microscopic approaches [2, 3].
material can significantly change the physi- In the present work, we review such an
cal, chemical and mechanical properties of a approach, which describes all the successive
solid, as well as its radiation resistance to stages of SHI track formation, to shed light
other kinds of irradiations [1]. on the main processes of excitation of bulk
SHI irradiation is used in a wide range of dielectrics and their surface regions.
applications such as creation of nanodots,
production of track-etched membranes and Methods
nanostructuring of solids [1], etc. Cosmic ray Single crystalline o-Al2O3, MgO and
effects on electronics and biological tissues, Y3AIs012 (YAG) specimens were irradiated
is also modeled through irradiations with with 167 MeV Xe and 710 MeV Bi ions at
SHIs. 300 K. The irradiations were performed at
A fundamental interest in SHI irradiation fluences ranging from 10%° to 10*3 cm at the
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cyclotron complex of FLNR JINR (Dubna,
Russia). High-resolution transmission elec-
tron microscopy (HRTEM) studies were car-
ried out at the Centre for HRTEM at Nelson
Mandela University (Port Elizabeth, South
Africa).

An original multiscale model was applied
to study the excitation and relaxation kinetics
of the electronic and the ionic systems of a
target exposed to swift heavy ions [4]. The
approach couples the asymptotic trajectory
Monte Carlo (MC) code TREKIS [5] used to
determine the initial parameters of solid exci-
tation with the classical molecular dynamics
code LAMMPS [6] simulating structure
transformations in the vicinity of the ion tra-
jectory.

Results and discussion

It was shown that 167 MeV Xe ion irradi-
ations induces notably different damaged
structures in considered targets, despite simi-
lar energy deposition and almost identical
size of the initially disordered region after
ion impacts [7].

MgO demonstrate no clear SHI track for-
mations, which was also observed experi-
mentally [8]. Only a few point defects near
the ion trajectory are found. lon passage in
Al>O3 forms discontinuous crystalline tracks
of ~2+0.3 nm in diameter, which coincide
well with the HRTEM studies of irradiated
samples. This was discussed in detail in Ref.
[9]. A track in YAG is a cylindrical amor-
phous region with the size of ~5.1+0.2 nm, in
a reasonable agreement with TEM.

This difference can be attributed to the
strong recrystallization ability of MgO and
Al>O3 to, whereas YAG has no such behav-
ior.

The recrystallization of a damaged region
after an SHI impact can be very fast (~20-70
ps), which does not allow detection of this
effect directly through existing experimental
techniques. One of the possible ways of an
indirect study of such processes is a compari-
son of track morphology at different flu-
ences: individual tracks (<10 cm), over-
lapping tracks (~10'2 cm™) and multiple

overlapped tracks (>10% cm™). One could
expect a strong effect of newly produced
tracks on the existing defects in the case of
high recrystallization efficiency [4].

Fig. 1. (a) Results of a simulation of two subsequent
impacts of Bi 700 MeV ions in Al,O3 at 6.5 nm be-
tween trajectories. (b) TEM image of 700 MeV Bi ion
tracks in Al,O3

Simulation reveals that impacts of Bi ions
in Al2O3 at a short separation distance cause
almost perfect annealing of the existing de-
fective structure. Existing tracks recover only
partially at a distance of ~6.5 nm between
track centers (3.2 nm between edges, Figure
1). A damaged region also appears, connect-
ing the two tracks. The damaged structure
between close tracks is also observed exper-
imentally in the TEM micrograph, confirm-
ing the model predictions (4), as shown in
Figure 1. Increasing of the distance between
tracks up to ~8 nm results in formation of
isolated tracks.

The influence radius of the second track in
YAG is smaller than that in alumina. It was
demonstrated numerically and experimental-
ly (4) that the inter-track connection forms at
distances of ~1 nm between their edges,
which seems mainly due to material expan-
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sion after transient melting rather than the
recrystallization during cooling. At a distance
of 2 nm between edges, tracks in YAG be-
come isolated.

= L Eatat

Fig. 2. (a) Results of a simulation of two subsequent
impacts of Bi 700 MeV ions in YAG at 10 nm. (b)
TEM image of 700 MeV Bi ion tracks in YAG

The small value of the radius of track in-
teraction in YAG may be interpreted as an
indirect experimental evidence of the absence
of, or very low recrystallization rate of YAG
in SHI tracks.

We have shown that recrystallization abil-
ity depends on several factors including lat-
tice structure, mobility of atoms etc. (7). In
this work, we also demonstrate that a free
surface can strongly suppress recrystalliza-
tion in the near-surface region. Fig. 3 shows
the formation of a conical crystalline track in
alumina after an ion impact. Surface effects
can be seen up to a depth of ~25 nm, below
which the track has a discontinuous mor-
phology. The subsurface damaged region has
a polycrystalline structure. TEM images
show a reasonable agreement in the size,
shape and structure of a track (10). It should
be noted that according to MD results, re-
crystallization in the near-surface region is
possible only at elevated temperatures, which

should last at least 600-800 ps, much longer
in comparison to the bulk recovery typically
lasting for 50-70 ps. The question arises
whether there is any source of track heating
that could last for such long times, which
forms the topic for future dedicated studies.

a) T |

Fig. 3 (a) MD simulation of a 167 MeV Xe ion impact
in Al;O3 (2 nm slice of oxygen sublattice at 1 ns). (b)
TEM image of conical tracks in Al.O3

Conclusions

We showed that in bulk non-amorphizable
materials, a damaged structure in a SHI track
can recover to a nearly perfect crystalline
state. Amorphizable materials show almost
no recovery, and the size of the transient
molten region coincides with the final track.
A correlation between the crystal structure
and the efficiency of the material recovery in
SHI tracks was revealed.

Overlap of two consequent tracks may an-
neal the first one, if the second track is suffi-
ciently close. At larger distances, overlap of
transient molten zone with existing track re-
sults in a connecting damaged structure be-
tween the two tracks.

The presence of a free surface strongly af-
fects the recrystallization process producing
conically shaped tracks. The crystallization
of such near-surface tracks can take much
longer times in comparison with the bulk.

14-51 Mescoynapoonas xongpepenyus «Bzaumooeticmsue uznyuenutl ¢ meepovim menomy, 21-24 cenmsaopsa 2021 e., Munck, berapyco
14th International Conference “Interaction of Radiation with Solids”, September 21-24, 2021, Minsk, Belarus

130



Cexyus 2. Paduayuonnsie sghcpexmul 6 meepoom mene
Section 2. Radiation effects in solids

Acknowledgements

Financial support from the Ministry of
Education and Science of the Republic of
Kazakhstan (grant number AP09259476) is
acknowledged.

References

1. Komarov F.F. Nano- and microstructuring of
solids by swift heavy ions. Physics-Uspekhi. 2017;
60(05): 435-471.

2. Wesch W., Wendler E. lon Beam Modification of
Solids. Springer, Cham; 2016.

3. Miterev A.M. Theoretical aspects of the formation
and evolution of charged particle tracks. Physics-
Uspekhi. 2002; 45(10):1019.

4. Rymzhanov R.A., Medvedev N., O’Connell J.H.,
Skuratov V.A., Janse van Vuuren A., Gorbunov
S.A., et al. Insights into different stages of formation
of swift heavy ion tracks. Nucl Instruments Methods
B. 2020; 473: 27-42.

5. Medvedev N.A., Rymzhanov R.A., Volkov A.E.
Time-resolved electron Kinetics in swift heavy ion
irradiated solids. J. Phys. D Appl. Phys. 2015;

48(35): 355303.

6. Plimpton S. Fast Parallel Algorithms for Short-
Range Molecular Dynamics. J. Comput. Phys. 1995;
117(1): 1-19.

7. Rymzhanov R.A., Medvedev N., O’Connell J.H.,
Janse van Vuuren A., Skuratov V.A., Volkov A.E.
Recrystallization as the governing mechanism of ion
track formation. Sci. Rep. 2019; 9(1) 3837.

8. Grygiel C., Lebius H., Bouffard S., Quentin A.,
Ramillon J.M., Madi T., et al. Online in situ x-ray
diffraction setup for structural modification studies
during swift heavy ion irradiation. Rev. Sci. Instrum.
2012; 83(1): 013902.

9. Rymzhanov R., Medvedev N.A., Volkov A.E.
Damage threshold and structure of swift heavy ion
tracks in AI203. J. Phys. D. Appl. Phys. 2017; 50:
475301.

10. O’Connell J., Skuratov V.A., Aralbayeva G.,
Saifulin M., Dauletbekova A., Zdorovets M. Surface
damage in TiO2 and AlI203 induced by swift heavy
ions. In: Proceedings of International conference on
Interaction of Radiation with Solids-2017. Minsk:
Publishing center of BGU; 2017. p. 106.

14-51 Mescoynapoonas xongpepenyus «Bzaumooeticmsue uznyuenutl ¢ meepovim menomy, 21-24 cenmsaopsa 2021 e., Munck, berapyco
14th International Conference “Interaction of Radiation with Solids”, September 21-24, 2021, Minsk, Belarus

131



Cexyus 2. Paouayuonnvie sgpgpexmol 6 meepoom mene
Section 2. Radiation effects in solids

BJIUAHUE SJIEKTPOHHOI'O OBJIYYEHMUSA
HA HUKEJIbCOAEPKAIIUE NED®EKTHI B AJIMA3E

N.U. AzapkoV, }0.B. Cunopenko), U.A. Kapnopuu?,
A.B. Konosanoa?, I'.B. Illaporos?, I".A. T'ycaxos®
YBenopyceruii 2ocyoapcmeennuiii yuusepcumen,
np. Heszasucumocmu 4, 220030 Munck, berapyce
AHIII] HAH Benapycu no mamepuanosedenuio, yi. I1. Bposku 17, 220072 Munck, Benapyco
9 Benopyccruii 2ocyoapcmeennuiii ynusepcumem, Hucmumym npukiaousix gusuueckux npobnem
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W3y4yeHo BIMSIHME BIICKTPOHHOTO OONyUYeHHUS] HA ONTHYECKUE W NapaMarHUTHBIE CBOWCTBAa CHHTETHYECKHUX KpH-
CTaJIJIOB ajIMas3a, Pa3INyYaloIUXCsl CTPYKTYPHBIM COBEPILIEHCTBOM U COAEPIKaHUEM HHUKeJs. Y CTAHOBJIEHO, YTO O0JTy-
yeHHe OBICTPBIMU 3JIEKTPOHAMHU ¢ 3Heprueii 6 MaB npu duoence 1.5-10% 351/cm? npuBOAUT K pocTy KOHLIEHTPAIMK
OJIMHOYHBIX aTOMOB a30Ta W HHUKeJs. OOydeHne yCKOPEHHBIMH 3JIEKTPOHAMH CHHTETHYECKHUX aMa30B C BBICOKOM
koHUeHTpamuel C-nedexra n mocneayomuii BEICOKOTEMIIEpaTypHBIH OTXKUT MPUBOJANUT K M3MEHEHHUIO TOJIBKO OITH-
YECKMX CBOMCTB, a MapaMarHUTHBIC XapaKTEPUCTHKN BO3BPALIAIOTCS K HCXOIHBIM 3HaueHHsM. [IpenoskeHa Moiens,
OOBACHAIONIAS PE3KOE YBEIMYEHNE KOHIEHTpauu Pl-nedekra mocne snekTpoHHOro o6myderHus m030it 1.5-1017
5311/cM? ¢ TIOCTIETYIOIMM €€ CHUKEHHEM NpH Bo3jieiicTBun jo3amu 3-1017 on/cm? i BbIle, CBA3aHHAS C TIEPEXOIOM
[apHOTro a30Ta B IulacTHHax ajMasa B C-opmy u obpazoBanuem NV-nedekTos.

Kniouegvie cnosa: >neKTpoHHOE 00JIydeHUE; KpUCTALIBI anmasa; DI1P; criekTphl noriomeHus.

EFFECT OF ELECTRONIC RADIATION
ON NICKEL-CONTAINING DEFECTS IN DIAMOND

1. Azarko?, Yu.V. SidorenkoV, I.A. Karpovich?,
A.V. Konovalova?, G.V. Sharonov®, G.A. Gusakov®
LBelarusian State University, 4 Nezavisimosti Ave., 220030 Minsk, Belarus, azarko@bsu.by
2SSPA «Scientific and Practical Materials Research Centre of NAS of Belarus»,
KonovalovaAlex@gmail.com
3Sevchenko Institute of Applied Physics Problems, Belarussian State University,
7 Kurchatov Str., 220045 Minsk, Belarus, gga68@rambler.ru

The effect of electron irradiation on the optical and paramagnetic properties of synthetic diamond crystals, differ-
ing in structural perfection and nickel content, has been studied. It was found that irradiation with fast electrons with
an energy of 6 MeV at a fluence of 1.5-107 el/cm? leads to an increase in the concentration of single nitrogen and
nickel atoms. Irradiation with accelerated electrons of synthetic diamonds with a high concentration of the C-defect
and subsequent high-temperature annealing leads to a change in only the optical properties, while the paramagnetic
characteristics return to their original values. A model is proposed that explains the sharp increase in the concentration
of the P1 defect after electron irradiation with a dose of 1.5-:107 el/cm?, followed by its decrease when exposed to
doses of 3-10%" el/cm? and higher, associated with the transition of paired nitrogen in diamond plates to the C-form
and the formation of NV defects.

Keywords: electronic irradiation; diamond crystals; electron paramagnetic resonance; absorption spectra.

BBenenue

KpacuBbie aparoiieHHbIe KaMHHU, XapaKTe-
PU3YIOIIHECS BEICOKON TBEPOCTHIO, XHMHYE-
CKOM CTOMKOCTBIO K arpecCHUBHBIM CpeliaM,
SIBJITFOTCSI €1IIe W STAIOHHBIM TTOJTYTIPOBOTHH-
KoM i1t anekTponukH [ 1]. Panee [2, 3] Obutn
MCCJICIOBAHBI ONITHYECKHUE U ITApaMarHUTHBIC

CBOICTBa OOJyYEHHBIX D3JEKTPOHAMHU KpH-
CTaJUIOB CUHTETUYECKOIO ajlMas3a IPU KOM-
HaTHOM Temmneparype. MccnenoBanus paagua-
LIHOHHOT'O BO3JIEHCTBUE HA alIMa3bl IIPUBOIUAT
K M3MEHEHHUIO KOHIIGHTpaluu JAe(eKTOB,
BCJIEJICTBUE HUX O0Opa3oBaHMs, B3aHMMOJACH-
CTBUS C YK€ UMEIOIUMUCS COOCTBEHHBIMU
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nedexTaMy ¥ IPUMECSIMHU.

Llens maHHOM PabOTHI 3aKIII0YaNach B HC-
CJIEZIOBAaHUM METO/JaMHU ONTHUYECKON U mapa-
MarHUTHOM CHEKTPOCKOIIMH CBOMCTB HCXOJ-
HBIX U OOJY4YEHHBIX JIEKTPOHAMH IJIACTUHOK
CHHTETUYECKOTO ajMa3a Pa3iIM4HOTO CTPYK-
TYPHOTO COBEPIICHCTBA.

MeTtoauka 3kcepuMeHTa

HccnenoBaiuch IJIaCTHUHBI, BbIpE3aHHbBIC
U3 KpUCTAJIJIOB aJIMa30B, CHHTE3UPOBAHHBIX B
cucreme Nig.7Feo s — C ipu naBnenuu 5.5 I'Tla
U TeMImeparypax B uHTepBasie oT 1650 no
1820 K. B paborte [4] Obu1O TIOKa3aHO, YTO B
JTAHHOM TeMIIepaTypHOM HHTEepBajie HaOo-
JaeTcsl 3HaYUTeNbHOe n3MeHeHue d(hdexTus-
HOCTH 3axBaTa IPUMECHU HUKEIs MOBEPXHO-
CTBIO PACTYILEr0 KpUCTAILJIa.

OO6yuenue 006pa3IoB MPOBOIUIIOCH TTOTO-
KOM OBICTPBIX JICKTPOHOB C dHeprueit 6 MaB
Ha JsnHeriHoM yckoputene HIIL| HAH bena-
pyCH IO MaTepHUaIoOBEICHUIO.

Kpucranisl aiMasa uccie1oBajluch METo-
namu nornomeHus ceeta B UK-, Bugumom u
Y®-auanazoHax CHEKTpa M JJIEKTPOHHOIO
napamarHuTHoro pesonanca (OIIP). Peru-
CTpalys CIEKTPOB MOIJIOMIEHUS B CIIEKTPalb-
Hoit obmactu ot 0.2 10 0.9 MKM npoBoAMIIaCH
Ha JIBYJy4eBOM crekrpodoromerpe Carry
300 UV-VIS-NIR (Varian, CIIIA). CriekTpsl
UK morsomnienns B [uana3oHe oT 2 10 25 MKM
peructpupoBaiuck npu nomomu Dypbe-
cnektpomerpa Vertex 70 (Bruker, I'epma-
Hus). MccrnenoBanust 2IeKTPOHHOTO TTapamar-
HUTHOTO PE30HAHCa MPOBOAWINCH Ha CIIEK-
tpometpe E-112 (Varian, CIIA), paboraro-
nieM B X-Iuara3oHe Mpu KOMHATHOM TeMIie-
parype. Konnentpauus [IML onpenensnach
METOJIOM CPAaBHEHHUs C 3TAJOHOM, B KaUeCTBE
KOTOPOT0 UCTIOJIb30BAJICS aTTECTOBAaHHBIN 00-
pasel yroJbHOTO MOPOIIKa ¢ KOHIEHTpaluei
LEHTPOB, g-(HhaKTOp ONpENesics 0 U3BECT-
HBIM 3HAYeHHSIM g-(PaKTOPOB ATATOHHBIX JIH-
uuii B crextpe DIIP nonos Mn?* B mopomike
MgO.

Pe3yabTaThl U MX 00Cy:KIEeHUE
Jns  mcclenoBaHHBIX  MOHOKPHCTAIIOB
CHUHTETHYECKOIO ajiMasa OBUIM 3aIliCaHbI

CIEKTPHI MOTJIOMIECHUS B OTHOPOHOHHOU 00-
nactu MK-nuanazona u B BUIUMOM JMana-
30He. B ogHO(MOHOHHOI 06s1acTH /17151 BCex 00-
pa3loB B CHEKTPax MPHUCYTCTBYIOT IIUPOKHE
nonockl ¢ Makcumymamu 1130 u 1282 cm?, a
TaKXK€ OTHOCUTEIBHO Y3KHE€ Mojochkl 1332 u
1344 cmt. Bee 3Tu HOJIOCHI CBSA3aHBI C MPH-
CYTCTBHUEM B pEIIETKE alMa3a MPUMECH a30Ta
B pazinuyHbix Gopmax [5]. [llupokas nomnoca
norsomenus 1130 em™ u cBsi3anuas ¢ Heit y3-
kast monoca 1344 cM™ cooTBeTcTBYIOT 0O1M-
HOYHBIM aTOMaM a30Ta B IOJIOXKEHHH 3ame-
menus (C-nedexr). Iomoca 1280 cm™ coor-
BETCTBYeT A-fedeKTy (Iapa aToMOB B COCe/l-
HUX 3aMENIAINX ToJoxkeHusX). Hakoner,
Hamuaue nonockl 1332 cm rosoput o npu-
CYTCTBHH B KPHCTAJUIaX OJMHOYHBIX aTOMOB
a30Ta B MOJOXKUTEIBHO 3apPSKEHHOM COCTOS-
auu (nedext N¥). Cunraercs, 4T0 HHTCHCHB-
HOCTB HOrIoNIeH s B ojoce aepekr N* kop-
pENIMPYET C COEP)KAaHUEM B KPUCTAJLIE MPH-
MecH Hukens [6].

Konnenrpanus C neexToB yMeHbIIaeTCs
C POCTOM TeMIIepaTypbl CHHTE3a B JUaNa30oHe
(2-3)-10*° cm™3. ITpu aTOM Cozepkanne B KpH-
ctaiax A-nedeKkToB yBeIHUMBAeTCs B AHa-
nazone 0.1-1.8:10%° cm?. Takum o6pazom,
MOJATBEPKIAETCs MOJIENb 00pa3oBaHus A-Je-
(EeKTOB B KpHUCTAIaX CHHTETHYECKOTO aj-
Maza B MpoIlecce CHHTE3a 3a CYET arperaiuu
C-nedexro [4]. Konuentpamus nehexToB
N*, B iesiom, Koppenupyer ¢ coaepkannem C-
nedeKToB.

Jlst Bcex KpHUCTaUIOB B BUJUMOM JuUarna-
30HE CHEeKTpa HaONIOAAeTCs XapaKTEepPHBIH
Kpail MPUMECHOTO TIOTJIONICHHSI B JHAITa30He
430-480 uM, cBa3aHHBIH ¢ HamnuneM C-ne-
(dekToB B perieTke anMasa. B nuanaszone qiimH
BosiH 500-850 HM HabOmomaeTcsl Takke psi
JIOTIOTHUTEILHBIX OTHOCUTEIIBHO CITa0BIX IT0-
J0C, CBSI3aHHBIX ¢ IpuMechio Hukens. [Ipu
HU3KUX TEMIIEpaTypax CHHTE3a, B CIIEKTpax
HAOMOIaeTCs JIOBOJIBHO WHTCHCHBHAS CH-
cTeMa IO0JIOC MOTJIOLIEHHUS! C TJIABHOM MoJIo-
coif 658.4 HM. DTa cucTema CBSI3bIBACTCS C
HAJTMYUEM B KPHCTAJUIaX OTPUIIATEIBHO 3apsi-
JKEHHBIX MOHOB HHKENS B TMOJIOXKCHHUU 3aMe-
menuss Nis” [5, 6]. B menom, mabmaromaercs
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onpeeleHHass KOPPesus MEXIy HHTEH-
CUBHOCTSMU TIOTJIOUIEHHsSI B cucteme 658.4
HM 1 B ionoce 1332 v, cBs3anHoif ¢ nedek-
toMm N*. OiHaKO 3aBHCUMOCTb HEJIMHEHHAS.

C poctom TemnepaTypbl CHHTE3a B UHTEP-
Basie 1650-1750 K MHTEHCUBHOCTE IOIJIONIE-
HUS B cucteme 658.4 HM CHMKaeTcs B He-
ckouibko pa3. [Ipu remneparypax cunreza T >
1750 K B cnekTpax HauMHAaeT HPOSBIATHCS
MOTJIONIECHUE B cucTeMe 732.2 HM, HHTCHCHB-
HOCTb KOTOpPOTO YBEIMYMBAETCS C POCTOM
temreparypsl. JlaHHas cucrema COOTBET-
CTBYET CJI0’)KHOMY KOMILIEKCY, COJEPKAIEMY
aTOMBI HUKEJIS U a30Ta U BakaHcuH [5]. JlaH-
HBI KOMIUIEKC, TIO-BHIUMOMY, 00pa3yeTcs B
pe3ynbTare arperai TOYeUHbIX IPUMECHBIX
neeKToB.

B cnektpax OI1P psna ncxoaHsIX MiIacTuH
ajMasza B 00JIaCTH MaJlbIX 3HAYEHWH Hamps-
KEHHOCTH MAarHUTHOTO MOJs HaOJroaaoTcs
IIMPOKUE CUTHAIIBI, 00YCIIOBJIICHHBIC TIPUCYT-
CTBUEM OCTAaTOYHOM MPUMECH MeTauioB. Jliis
BCEX MCCIIEI0BAHHBIX 00pa3lloB MapaMarHuT-
Hasl CUCTeMa KaueCTBEHHO HE OTJIMYaeTCs: B
cunektpax JIIP kpucrannos anmaza ¢ 0oub-
MM COJEpXKaHHEeM a30THON MNpUMecH Npu
KOMHATHOW TeMIlepaType NpUCyTCTBYIOT P1-
LEHTPbI (OMHOYHBIE aTOMBI a30Ta B y3Jlax
KPUCTAIJINYECKON PEIIeTKH) U 0OMEHHO-CBSI-
3aHHBIE aCCOLIMATHI a30Ta, a IPU TEMIIEpAType
KHUJIKOTO a30Ta Takke CUTHaibI ¢ § = 2.0319,
CBA3aHHBIE C OTPHUIATEIBHO 3apSKEHHBIM
MOHOM HUKeNs B y3ie pemerku (meHtp W8
[7]).

Konnentpanus nentpoB W8 koppenupyer
¢ colepkanueM B Kpuctamiax aedexron N
(puc. 1). OgHako HpU HMU3KUX KOHILIEHTpa-
[USX MapaMarHUTHOTO HUKEJS 3aBHCHUMOCTD
HE CTPEMHUTCS K HYJIO. DTO TOBOPUT O TOM,
YTO aTOMBI 230Ta MOTYT OTJIaBaTh CBOOOTHBIM
3JIEKTPOH HE TOJIbKO aTOMaM HUKENs, HO U
IpyruM jaederTaM, KOTOPhIE HE PETHUCTPUPY-
10TCs B ontuueckux u DI1P uzmepenusix.

HHTEepecHO OTMETUTB, UTO I BCEX UCCIIe-
JIOBaHHBIX 00PA3I[0B KOHIIEHTPAIUS OJHMHOY-
HBIX aTOMOB a30Ta B nojoxeHuu (P1-mentp)
HIKE, YEM KOHLIEHTpAllMs aHAJIOTMYHbIX Jie-
(dexToB, onpenenennas metrogom MK-crek-

4x10™ 1

3
[

CcM’

o

3x10"° 4 e

2x10"°

1x10"°

KoHueHTpauusa gedpekta N

0 1x10" 2x10" 310"
KoHueHTpauus gedexkra W8, om’
Puc. 1. 3aBucumocth KoHIEHTpauuu aedektor N* mo
naHHeiM MK-cnekrpockonuu OT coiepxaHus B KpH-
CTaJIax MapamMarHUTHOTO 1eHTpa W8
Fig. 1. Dependence of the concentration of N + defects

according to IR spectroscopy data on the content of the
paramagnetic center W8 in the crystals

tpockonuu (C-gedexr). Ilpuuem cooTHowIe-
HUE 3THX KOHLEHTpAlMi CHJIBHO 3aBUCUT OT

cozepxanus B Kpuctaiax aedexra N* (puc.
2).

0,7 1
0,6
0,54 N

0,44 ~

0,34 N

0,2 X -

COOTHOLLEHWE KOHLEHTpaLui
P1-ueHTpa n C-aecpekrta

0,1 e

0,0 . - ]
1x10" 2x10™ 3x10"® 4x10"

KoHueHTpauus aedekta N, cm®

Puc. 2. 3aBucuMoOCTh COOTHOMICHHS KOHIIeHTpanuii P1-
1eHTpoB U C-1eexToB OT KoHIEeHTpanuu Aepexta N*
Fig. 2. Dependence of the ratio of the concentrations of
P1 centers and C defects on the concentration of the N*
defect

Tak, mpu yBeIMYEHUU KOHIEHTpAIUU Je-
dexra N* ¢ 1.4 10 3.6:10'8 cm mabmonaercs
YMEHbIIIEHNE OTHOIIEHUS KOHIleHTpauuii P1-
IEHTPOB K KoHIeHTpanuu C-nedextor ¢ 0.6
1o 0.03. Orcrona cnemyeT, 4TO Ha UHTEHCHUB-
HOcTh curHazia DIIP oka3pIBaeT CUIIBHOE BIIH-
SIHUE 3apsiIoBOE COCTOSTHUE JePEKTHOU CH-
CTEMBI B UCCIICTyeMBIX KpHCTaJIIax.

OOnyueHue YCKOPEHHBIMH SJIEKTPOHAMU
nozamu < 3.0-10Y sn/cm? He MPUBOWT K 3a-
METHBIM U3MEHEHUsIM B criekTpax MK-moro-
meHust 00pasioB. [Ipu 6oee BHICOKUX 103aX

14-51 Meacoynapoonas konpepenyus « Bzaumooeticmeue uznyyenuii ¢ meepovim menomy, 21-24 cenmaopsa 2021 2., Munck, berapyco
14th International Conference “Interaction of Radiation with Solids”, September 21-24, 2021, Minsk, Belarus

134



Cexyus 2. Paduayuonnsie sghcpexmul 6 meepoom mene
Section 2. Radiation effects in solids

HAOII0TAeTCSl HEKOTOPOE YBEITMYCHNE UHTCH-
CHBHOCTH I10JIOCHI TTorutotneHus aedexton N

[TpupocT KOHIICHTpPAI[MK WOHU30BAHHBIX
aTOMOB  a30Ta Mpu J103¢  OOJIy4YeHHUs
3.0-10%8 s/cm? cocrasser (1.0-1.5)-10%8cm ™,
Poct koHnentpanuu aedpexros N¥, mo-sumu-
MOMY, CBSI3aH C IIEPEX0J0OM CBOOOIHOTO DJICK-
TPOHA OT aTOMa a30Ta K 00pa3yoUMcs pu
00JTy4eHUH BaKaHCUSIM.

B BuammoM auarnasoHe crekTpa ¢ pocToM
¢iroeHCca yCKOPEHHBIX AJIEKTPOHOB HA0II01a-
€TCsl CMEIIEHUE Kpasi MPUMECHOTO MOTJIoNIe-
HUS B JJIMHHOBOJHOBYIO O00JIaCTh, CBSI3aHHOE
¢ 00pa3oBaHUEM OTPHUIATEIBHO 3apSHKEHHBIX
Bakancuii (medexkt ND1). Cama momoca ND1
He HaOmoJanachk M3-3a CHJIBHOTO MOTJIOINIe-
Hus 11 A < 500 M. Kpome Toro, nosiBiisercs
JOTIOTHUTEJIbHAS IIUPOKAs T0JI0ca MOTJIo1e-
Hus ¢ MakcumymoM 600 HM. [lonoxenue
9TOM TOJOCHI TPUOIU3UTENBHO COOTBET-
ctByer nedekry GR1 (HelTpanmpHas BakaH-
cHs), OTHaKO OeCPOHOHHBIE JTUHUHU, COOTBET-
CTBYIOIIHE dTOMY Je(DEKTy, HE MPOSBIISIFOTCS.
ITpu nozax < 3.0- 10Y s1/cm? He Habmronaercs
3aMETHbIX U3MEHEHUH B cucteme 658 M. [1pu
0oJiee BBICOKHX /103aX OONyYeHUsS! MPOHCXO-
JIUT CHIDKCHUE WHTEHCUBHOCTH IMOTJIONMICHUS,
CBSI3aHHOTO C OTPHUIATENBHO 3apsyKEHHBIMU
WOHAMH HUKEJIS.

OO6nydyeHrne YCKOPEHHBIMU 3JIEKTPOHAMU
IUTACTUH aJIMa30B C Pa3IMYHBIM COJepKa-
HUEM TPUMECH a30Ta W HUKEJS B Mapamar-
HUTHOM COCTOSIHHH JIOJDKHO BBI3BIBAThH 00pa-
30BaHHE HEUTPATBHBIX U OTPHUIIATETIHLHO 3apsi-
JKEHHBIX BAKaHCHH, KOTOPHIE CITIOCOOCTBYIOT
CYIIECTBEHHOW TpaHchoOpMaIMy Tapamar-
HUTHOM CUCTEMBI KPUCTAJLIOB. B HameMm ciy-
yae 11 BceX 00pas31ioB HabI0Janoch nepBo-
HAYaJIbHOE YBEIUYCHUE KOHIICHTPAIUS MPH-
MECHOTO a30Ta W HHUKENIs B MapaMarHUTHOM
cocrosanu mipu duroerce 1.5-10Y an/em?, a
TaKk)Ke€ CHUKCHHE BPEMEHHU CIUH-CIHHOBOM
penakcanuu. [lpu manpHE#EM oOTydYeHUH
00pa3IloB MPOUCXOIUT YMEHBIICHUE YHCIIa
napaMarHUTHBIX LEeHTpoB Pl w Hukensd, a
takke poct curtana DIIP ¢ g=0.0024, BwisiB-
aseMoro mnpu MomHocTax CBY uznydeHns
Boime 15 MBT. KoHnenTpanuu napamMarHuT-

HBIX IICHTPOB HUKCIIA B KpUCTAJJIaX U3MCHSA-
IOTCSI TIPU OOJIyYCHUH HECKOJBKO OTIIMYHBIM
0T a30Tcojepkamux aedexkToB obpazom. B
KpHCTa/UIaX ajiMa3a CMEIICHHBIC U3 Y3JI0B
ATOMbI a30Ta MOT'YT BHOBbL 3aHATH Y3CJIbHBIC
MOJIOKEHHSI, HE MEHSs TaKuM 00pa3oM 00-
miero uucna aedexkros P1 B kpucramie, ox-
HAKo, JJIs 00JIee TSUKENIBIX HOHOB HUKEJISI 3TO
MaJIOBEPOSITHO.

3akii0ueHune

N3menenus B cnekrpax OIIP ¢ pocrom
JI03bI OOJTYYEHUSI MOXKET OBITH CBS3aHO C H3-
MEHEHUEM 3apsAJ0BOr0 COCTOSHUS Ae(eKT-
HOW CHCTEMBI B HCCIEIYyEeMBIX KpHCTaILIax.
Tak, cormacHO JaHHBIM, NMPUBEICHHBIM Ha
pHc. 2, U3MEHEHUE KOHILEHTpaIuu aeexra
N* ma 1.0-10%8 cm3, uto cooTBeTCTBYET HOHU-
3anuu 3-5% C-nedexToB, MOXKET IPUBECTH K
M3MEHEHHUIO0 HHTEHCUBHOCTHU curHana P1-nen-
TPOB B HECKOJIBKO Pa3.
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MOJAEJIUPOBAHUE ®OPMUPOBAHUA KJIACTEPOB IE®EKTOB
B MOHHO-OBJAYYEHHOM KPEMHUU

B.N. benbko
bBenopyccxuii ecocyoapcmeernnuiii ynusepcumemn,
np. Hezasucumocmu 4, 220030 Munck, bernapycs, belko@bsu.by

Jnst MozienMpoBaHus pocTa KilacTepoB cOOCTBEHHBIX MeXA0Y3Hi 1 popmupoBanus {311} -nedekroB B KpeMHUN
BO BpeMs HOCTUMIUIAHTALIOHHOTO OTKUTa IIPUMEHseTCs cucTeMa AuddepeHIHanbHbIX YpaBHEHHI peakiuu, KOTo-
past MOKeT OBITH MMOJy4YeHa M3 CHCTEMbI YPaBHEHHUI peakuun-n1ud@dy3nu HHTErpupoBaHUEM HCKOMBIX (GYHKIHUH 110
npoctpaHcTBy. [loydeHO OTHOLIEHHE KOHLICHTPALMH CBOOOIHBIX MEXIOY3/INHA K HX PABHOBECHOW KOHIICHTPALIUH B
3aBUCUMOCTH OT BPEMEHH NP Pa3HbIX 3HAYCHHUAX TEMIICpaTyphl U Pa3HOM KOJIMYECTBE YpaBHeHuUIT B cucteme. [Toka-
3aHO, YTO MOJIEJIb, OCHOBAaHHAS HA CHCTEMe OOBIKHOBEHHBIX Au(depeHINanbHbIX ypaBHEHUM], SBIACTCS IPHEMIIEMOit
U B TO € BpeMsl HAMHOTO 0oJiee YKOHOMHYHOH albTepHATHBOM CHCTEME ypaBHEHHH peakunu-auddy3un — mapado-
JIMYECKOH CHCTEME YPaBHEHHUI B YaCTHBIX POU3BOHBIX.

Kniouegvie cnosa: noHHast UIMILTaHTaIMsT; COOCTBEHHBIE MeXA0Y3HsL; {311} -1eeKTsl B KpeMHUM; MOACIHPOBaA-
HHC.

SIMULATION OF THE FORMATION OF DEFECT CLUSTERS
IN ION-IRRADIATED SILICON

Viktor Belko
Belarusian State University, 4 Nezavisimosti Ave., 220030 Minsk, Belarus, belko@bsu.by

To simulate the growth of clusters of intrinsic interstitials and the formation of {311}-defects in silicon during
postimplantation annealing, a system of differential equations is used, which can be obtained from the system of
reaction-diffusion equations by integrating the distributions of n-interstitial clusters over space. The ratio of the con-
centration of free interstitials to their equilibrium concentration is obtained as a function of time for different temper-
atures and a different number of equations in the system. It is shown that the model based on the system of ordinary
differential equations is an acceptable and at the same time much more economical alternative to the system of reac-

tion-diffusion equations - a parabolic system of partial differential equations.

Keywords: ion implantation; self-interstitials; {311}-defects in silicon; modeling.

Beenenue

MonenupoBaHue HMMILIAaHTALlMM HWOHOB U
OTKura o0pazoBaBLINXCA AEPEKTOB C yUETOM
BPEMEHHO-YCKOpPEeHHOU Tu(y3un sBISETCS
HEOTHhEMJIEMBIM 3TarioM NpU pa3paboTke U
ONTUMM3ALMH TEXHOJIOTUN U3TOTOBJICHUS UH-
TerpajgpHbIX cxeM. s MojenupoBaHus (u-
3UYECKUX IPOLECCOB, MPOTEKAIOIINX B XOE
UMIUIAHTAlMd U TIOCJEIYIOIIET0 OTXKUra,
MPUMEHSIIOTCS KBaHTOBO-XMMHUYECKHE pac-
4eThbl, KJIACCUYECKas MOJIEKYJIsIpHas JuHa-
MHKa, KHHETH4YeCKUui metoa Monrte-Kapio u
YHUCJIEHHOE PEIICHNE YpPaBHEHUN peaKIUu-
muddy3un. [Ipu MmoennpoBaHuy ¢ TOMOILBIO
CHCTEMbI YpaBHeHH peakuuu-auddysun [1]
MHTEpEeCcylole Hac (pu3nueckue MpoLEecChl
JOJKHBI OBITH OINHUCAHBI CUCTeMOU Audde-
pEeHIMABHBIX YpaBHEHHNH. OOBIYHO 3TO ypaB-

HEHUS B YaCTHBIX NMPOMU3BOJHBIX Hapado-
JMYECKOI0 TUIA, TIE MOSBICHUE WU UCYE3-
HOBEHHME YaCTHI] OIHUCHIBAETCA CKOPOCTAMU
3TUX TpoLeccoB U AU(PPY3MOHHBIMM Mapa-
MeTpaMu. CKOpPOCTb PEaKIUM ONPENENIAeTCs
napaMeTpamu, KOTOpble XapaKTepU3yloT B3a-
UMOJCHCTBUS.

B nanHoit paboTe 1715 MOIETUPOBAHUS PO-
CTa KJIACTEPOB COOCTBEHHBIX MEXI0Y3JIUH U
dopmupoBanus {311}-nedpexToB B KpeMHUU
BO BpeMs IOCTHUMIUIAHTALIMOHHOTO OTXKUIa
npUMeHsieTcs cuctema aud@epeHnuanbHbIX
YpaBHEHHH peakiuH, KOTOpask MOXKET ObITh
MOJTy4€Ha U3 CHCTEMbl YpaBHEHUH peakiuu-
TupPy3ud  UHTETPUPOBAHUEM  MCKOMBIX
GyHKIUH M0 MPOCTpPAaHCTBY. YKa3aHHas Mo-
JIeNIb aHAJIOTUYHA, HO HE COBIAJAET C MOJie-
JIbIO, TIPEJITIOKEHHOH B [2].
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Pe3yabTaThl U MX 00Cy:KI€eHUE
ChopmynupyeM MaTeMaTUYeCKyr0 MO-
JieNib, OIKCHIBAIOIIYIO TepepacipeiesieHue
nepeKToB (OAMHOYHBIX MEXAOY3IUN U MeX-
JOY3JIMd B KJAcTepax) BO BpeMs OTKHIa
MOHHO-UMIUIAHTUPOBAHHOTO KPEMHHUS C y4de-
TOM pa3MEpPOB KJIACTEPOB B BHUJIEC 3a7aud
Kommmw 15t cucteMbl ypaBHEHHN peaKkIuu:

%:—DII/RD =2k 1% + 2K, 1(2) +

+NZ§(— k1)1 +k; 1 (n+1))s 1)
d'd(t”) =k (=1 1=K 1(n)-1 =k 1(n)+k_,1 (n+1),
n=2,.N-1 )
%:kwm ~1)1 -k I(N), (3)
1(0) = Dy » 1(M)],, =0 (4)

3amaya Komm st cucteMbl OOBIKHOBEH-
HbIX auddepeHnmanbbix ypaBaenui (1)-(4)
OIUCHIBAET Mporecchl AU} y3uH OANHOYHBIX
MEXJ0Y3/IHMiA, 3aXBaT OJUHOYHBIX MEXIO0Y3-
JHH B KJIACTEPBl H MX SMHUCCHIO U3 KJIACTEPOB.

3nech |, 1(n) — cymmapHbie 1o BceMy CII0k0
(TommmHbl L) KOHIEHTpanuu OJMHOYHBIX
MEX0Y3IHIA U MEXKIOY3JIHH B KITacTepax pas-
Mmepa N, D) — ko3 unment qudpdys3un onu-
HOYHBIX MEXIoy3muid, K, K = — KuHeTude-

ckre K03 pUIMeHTh IpsIMON U 0OpaTHOM pe-
aKIuil ans Kiactepa pasmepa N, COOTBET-
cTBeHHO, N — MakCHMaJIbHO BO3MOXKHOE KO-
JIMYECTBO MEXJIO0Y3Iuil B kiactepe, Dimp —
HayajpHas /032 OJMHOYHBIX MEXI0Y3JIHH
(paBHast 103€ UMIUIAHTUPOBAHHBIX HOHOB).

[ToBepxHOCTh ciOsi OyAeM CUMTATh WUe-
aJIbHBIM CTOKOM JUIs J1e()eKTOB, a MOTOK CBO-
OOJHBIX MEXAOY3JIHH K MMOBEPXHOCTU MpPH-
OnmkeHHO omuckiBaeTcs cinaraeMbiM —Dil/Rp
B ypaBHeHuu (1).

3nauenue kodpdunuenta nuddy3un oau-
HOUYHBIX Mexao0y3nui Dy u ux paBHOBecHas
koHIeHTpanus 1%, a Taxke BelnUYMHBI KHHE-
THYECKHX TIOCTOSHHBIX, B3SThI U3 pabor [1, 2].

B cootBerctBuu ¢ [1], kpuTHdeckuil pas-
Mep KJIacTepOB, MPHU KOTOPOM IPOUCXOIUT
IIEPEXO0/l UX B KAUECTBEHHO HOBOE COCTOSIHUE
({311}-nedextsi), mpunsaT paBHbiM N = 10.
IIpu nepexone B 3TO HOBOE COCTOSIHUE 3Haye-

HUS K03()(DUITMEHTOB NPSAMBIX peakiuii ckay-
K00Opa3HO yBEIMYHUBAIOTCS.

[TprMeHNM 1aHHYIO MOAETH JJISl OTIMCAHUS
nporecca GpopmupoBanus {311}-nedexro B
KpHUCTaJIe KPEMHHUSI BO BpPEMsl OTXKUTA IPH
pa3IMYHBIX TeMIIepaTypax B pe3yjbTaTe po-
CTa KJIacTEepOB COOCTBEHHBIX MEXIOY3JIHH,
00pa30BaBIIMXCS TOCTIe UMILJIAHTAIMA HOHOB
kpemHus ¢ 3ueprueit 40 k3B u 1030 Dimpl =
2-10" cm. HawanmbHoe pacripezelneHue coo-
CTBEHHBIX MEXIOY3JIUH OIMpEeaesiuM B COOT-
BETCTBUU C «+1-MoJenbio», KOrAa Ha OAUH
BHEJPCHHBIN aTOM TOCJE IMEepPBOM ObICTpPOU
CcTaauu pexkoMOuHAIuu J1e(heKTOB MPUXO-
JUTCS OJTHO MEXA0Y3Jue, U OyJeM CUMTaTh,
YTO OHO OIKUCHIBACTCA pacHpeeeHueM
["aycca co cranapTHBIM OTKJIOHEHHUEM 24 HM
u cpenHuM 3HaueHueM Rp = 60 uMm. CooTBeT-
CTBEHHO, TI0JIaraeM, 4YTO HayaJbHas 1032 OJI1-
HOYHBIX Mexa0y3muil Dimpl paBHa no03e UM-
TUTAHTHPOBAHHBIX HOHOB.

Jnst yncnenHoro pemeHus 3anaun Kormm
JUIs cHCTeMbl ypaBHeHuil peakimu (1)-(4)
ObUT MPUMEHEH CHElHalbHBII MeToH pelie-
HUS )KECTKUX CUCTEM OOBIKHOBEHHBIX D de-
pPEHIMABHBIX YpaBHEHUN — OJHOCTaauitHAs
cxema Po3eHOpoka ¢ KOMIUIEKCHBIMU KO3(-
¢dunmentamu [3].

OTHOIIEHHUST KOHIICHTPALIMH CBOOOJHBIX
MEXJ0Y3/IMHA K UX PaBHOBECHOM KOHILIEHTpa-
iu (Supersaturation) B HOHHO-UMILIAHTHPO-
BaHHOM KPEMHHHU B T€YEHHE MOCTUMILIAHTA-
[IMOHHOTO OT)KUTa B 3aBUCHUMOCTH OT Bpe-
MeHu npu temmeparypax 600, 700 u 800°C,
MIOJIyYeHHbIE B pe3yJbTaTe pacyeroB, IMpe.-
cTaBiieHbl Ha pucyHke 1. KonmndecTBo ypaBHe-
Huii B cuctreme N = 100. Te »xe BeIHYHHBI,
OKCIIEPUMEHTAIBHO TIOJYYECHHBIE B padoTe
[4], mpencraBnens! Ha pucyHKe 2. 31€Ch HH-
Tepec U Hac TPEICTABISIOT 3aBUCHMOCTH,
nokazanHele cumBosiamu: 600°C — KBagpaThl;
700°C — tpeyrompuukm; 800°C — poMOBI.

CyMmMa Bcex MeXI0y3Nuil B 3aBUCUMOCTH
ot BpeMeHu S(t), koTopas HCMOJIB30BaIACh
JUISL KOHTPOJISI TOYHOCTH, UMEET CIIeTyIOIni
BUJI:

S =YN.I-i.

Ecnu B ypaBHenuu (1) yopats ciaraemoe

—Di*l/Rp, TO 3Ta cyMMa J0KHA OBITH TOCTO-
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supersatur.

Puc. 1. OTHOlLIEHNE KOHLIEHTpAIMU CBOOOIHBIX MEX-
JIOY3JIMH K X PaBHOBECHOW KOHLIEHTPALUH B 3aBUCH-
MOCTH OT BpeMeHH — pacyeT pu 600°C (cuHsas KpuBas
cBepxy); 700°C (3enenas kpuBas nocepenune); 800°C
(kpacHast KpuBasi CHU3Y)

Fig. 1. The ratio of the concentration of free interstitials
to their equilibrium concentration as a function of time
— calculation at 600°C (blue curve above); 700°C
(green curve in the middle); 800°C (red curve below)
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Puc. 2. OTHOIIEHNE KOHIIEHTPALIUK CBOOOIHBIX MEX-
JI0Y3JIMil K UX PaBHOBECHOW KOHLIEHTpPAllUU B 3aBUCH-
MoCTH OT BpemeHu — skcrnepument (600°C, kBaapa-
tiku; 700°C, tpeyrompaukm; 800°C, poMObI)

Fig. 2. The ratio of the concentration of free interstitials
to their equilibrium concentration as a function of time
—experiment (600°C, squares; 700°C, triangles; 800°C,
rhombuses)

SHHa U Onu3Ka K KOHCTaHTe Dimpl. IIpu koH-
TPOJIBHBIX pacdeTax MeroaoM Po3eHOpoka
JUI BCeX Tpex Temmeparyp oTkioHeHne S(t)
oT nocTossHHOM Dimpl He pesimano 0.01 %.
PacyeTbl KOHTPOJBHBIX CYMM IOJIC3HBI IS
BEepU(PHKAIUU YHUCIEHHOTO METOJa, XOTS
6mu3ocTh S(t) K MOCTOSHHON BETMYMHE SIBIIS-
€TCsl JIMIIh HEOOXOANMBIM yCIOBHEM €TI0 KOP-
PEKTHOCTH.

CpaBHUBasI TIOJTyYEHHBIC TPH YHUCICHHOM
pELICHUH OTHOIICHHUS KOHIIGHTPAIIUU CBO-

OOIHBIX MEXI0Y3JHH K X PAaBHOBECHOM KOH-
neHrpanuu (Supersaturation) (puc. 1) ¢ skc-
MEPUMEHTAIbHO TOJIYYCHHBIMU B pabore [4]
(puc. 2) MOXXHO cHAeNaTh CIACAYIOIIHE BbI-
BOJIBI.

B pamkax panHoOW Mozenu C MOMOIIBIO
MOAXOJIANINX YUCICHHBIX METOJOB YK€ TpHU
konudecTBe ypaBHeHut N = 100 MoxxHO J0-
CTaTOYHO TOYHO BOCIIPOU3BECTH OCHOBHBIE
TEHCHIINH MOBE/ICHUS KpUBOIA
Supersaturation(t) mpu TUNMYHBIX TemIepa-
Typax OT>KHra.

YBennuuBass MakCUMAJIBHBIN pa3Mep Kia-
CTEPOB U, COOTBETCTBEHHO, YHCIIO MCIOJb3Y-
embix ypaBHeHuit 10 N = 500 npu 700 C, mbl
MOJTYYUJIN PE3yJIbTaThl, OJM3KHUE K pe3ysibTa-
taM npu N = 100, npu 3TOM BBIYHCIUTENIbHbBIE
3aTpaThl CYIIECTBEHHO BO3paciu. Pe3ynbratel
pacuera ipu 700 C s N = 100 m N = 500
nokasanbl Ha pucyHke 3. Kpusas, nmomyuen-
Has A5 OOJBIIETO YMCiIa ypaBHEHHH, cria-
naeT Oosee MIaBHO UM UMeET Oosiee BBITAHY-
TBIA XBOCT, YTO COOTBETCTBYET HKCIIEPUMEH-
TaJIbHBIM JJAHHBIM (PHC.2, TPEYTOJbHUKH).
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Puc. 3. OTHOIIEHNEe KOHIIEHTpAUH CBOOOHBIX MEX-
JI0Y3JIMil K X PaBHOBECHOW KOHILIEHTpPAllUU B 3aBUCH-
MOCTH OT BpeMeHu nipu Temnepatype 700 C mist uucna
ypaBuenuii N = 100 (xBagpatsi) u N = 500 (Tpeyrosib-
HUKH)

Fig. 3. The ratio of the concentration of free interstitials
to their equilibrium concentration as a function of time
at a temperature of 700 C for the number of equations
N =100 (squares) and N =500 (triangles)

3akiro4eHue

Jns MozmenupoBaHUS pPOCTa KIJIaCTEPOB
COOCTBEHHBIX MEXKA0Y3JINN U POPMUPOBAHUS
{311}-nedexToB B KPEeMHHUH BO BpPEeMs MOCT-
UMIUIAaHTAlMOHHOTO OTXHra IPUMEHSETCS
cucrtema quddepeHIHaTbHBIX YpaBHEHHH pe-
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aKIM1, KOTOpasi MOXKET ObITh IOJTyueHa U3 CH-
CTeMbl ypaBHEHUH peakiuu-aupdy3un nHTe-
TPUPOBAaHUEM HCKOMBIX (DYHKIMH 1O Tpo-
cTpaHcTBy. [lonydyeHO OTHOIIEHHE KOHIICH-
TpaIy CBOOOTHBIX MEXKI0Y3JIHA K UX PAaBHO-
BECHOUM KOHIIEHTpAIlM B 3aBHUCHUMOCTH OT
BPEMEHHU IIPU TUITMYHBIX 3HAYCHUSIX TeMIIepa-
TYpbl OT)KHra U pa3HOM KOJHYECTBE ypaBHe-
HuM B cucteMe. Ilokazano, 4To MOAEIb, OCHO-
BaHHAs Ha CHUCTeME OOBIKHOBEHHBIX Audde-
PEHITMAIBHBIX YpPaBHEHUH, SBISETCS MPUEM-
JIEMOM U B TO € BpeMsi HAMHOTO 0oJiee KO-
HOMHMYHOW QJIbTEPHATUBOW JUJII MOJEJH, OC-
HOBaHHOU Ha MapaboIMYeCcKOoil cucTeMe ypas-
HEHUIN B YaCTHBIX NMPOU3BOIHBIX — CHUCTEME
ypaBHEHUH peakuu-auddy3uu.
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W3MEHEHHUS MEXAHUYECKNUX CBOMCTB U TEKCTYPBI
IOBEPXHOCTH CILTABOB HA OCHOBE MEJH IO JEVMCTBUEM
NMITYJBbCHBIX PAIMAIIMOHHO-TEPMHUYECKHUX
N YAAPHO-BOJIHOBBIX HAI'PY3OK,
CO3JIABAEMBIX B YCTAHOBKE IIVIASMEHHBIN ®OKYC

1.B. Boposunxas®, B.H. ITumenos?, C.A. Macnses, I'.T". Bonnapenko?,
M. Haz[yx3), E.B. Marsees?, A.B. Muxaiinoa?, AU T afmap“),
A.C. Ilemun, H.A. Enucanos? 2, E.B. Mopo3zos?
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sashaml@mail.ru, casha@bk.ru, mophix94@gmail.com, lieutenant@list.ru
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Y Hayuno-uccredosamenyckutl uHCMunym nepcnekmueHbix Mamepuanios u mexHono2uil,
yi. Manas [uonepckas 12, 115054 Mocksa, Poccus, niipmt@mail.ru

B pabore mpexncTaBieHBl pe3yabTaThl UCCIEAOBAHUS BIMAHUS OOMydeHHUs Ha ycraHoBKe [lmazmeHHsbIN (okyc
(I1d) Ha MexaHMYECKHE CBOHCTBAa (MHKPOTBEPAOCTh, MOAYNb FOHTra) m TeKkcTypy moBepxHOCTH ciutaBoB Cu - 10
at% Ga u Cu - 10 at% Ga — 4 at% Ni. YcTaHOBKH JaHHOTO THIIA MOTYT OBITh UCIIOJIb30BAHBI JJISI OLEHKU CTOMKO-
CTH MaTEpHAJIOB K PaJANAIlMOHHO-TEPMUYECKIM U yJapHO-BOJHOBBIM Harpy3kam, KOTOPBIM OHHU OyIyT MOABEPraTh-
Csl B YCIIOBUSIX OKCIUTyaTallii B PEaKTOpax TEPMOSAECPHOTO CHHTE3a. B MpOBEAEHHBIX YKCIIEPUMEHTAaX Ha HCCIERY-
eMble 00pa3Ibl BO3AEHCTBOBAIA MMITYJIbCHAs (JUIMTEIBHOCTh MMITyJbca ~50 HC) nelrepueBas mia3Ma C IUIOTHO-
ctbio motoka ot 107 g0 10° Br/cm? U HOHBI JeiTepus Npu MIIOTHOCTH MOTOKA OT 108 o 10 Br/cm?, KOTOpBIE MO-
MHMO IIPOYET0, CO3AaBAIU B 00pa3lax yapHble BOJIHEI.

Bb10 00HApYKEHO CHMKEHUE MHKPOTBEPAOCTH IMOBEPXHOCTHBIX CJIOEB CIUIABOB IOCIIE OOJIyYESHUS, B OTIIMUHUEC
OT Pe3yJIbTATOB paHee MPOBEJCHHBIX IKCIIEPUMEHTOB M0 00IyueHn o Ha ycraHoBke [1dD BaHaaus U THTaHa a30THOM
iazmoii. [lokazano, yto naHHbIA 3)(GeKT 00yCIOBICH TEPMHUYECKUM BO3JEHCTBHEM IUIA3Mbl, IOCKOJBKY COCTaB
MOBEPXHOCTHBIX CJIOEB MEHSETCsl He3HayuTesbHO. CyIecTBEHHOrO M3MeHeHHs Monayiisi FOHra B MOBEpXHOCTHBIX
CJIOSIX MEJHBIX CIIJIABOB IIPH IAHHBIX PEXNMax OOJydeHHs He MPOUCXOAUT. MeTOJ0M PEHTI€HOCTPYKTYpPHOTO aHa-
nM3a 3a)KCUPOBAaHO M3MEHEHHE TEKCTYpHlI MOBEPXHOCTHBIX CIIOEB. B ciryuae ¢popMHpOBaHUS B MOBEPXHOCTHOM
cj0e ocTpoil TekcTypbl <111>, sBaustonieiicst miockocTeio ckoibxkeHust B I'LIK-meramnax, npoucxoautT HHTEHCUB-
HOE IUIACTUYECKOe TEUCHHE I0J] NECHCTBHEM TEPMOMEXAaHMUYECKHX HANpsDKEHHH ¢ (OpMHUpOBAaHHEM «OIOUHOI»
MHUKPOCTPYKTYPBI, I'7le OJIOKH 00pa30BaHbI CETKOH JIMHUI CKOJBKEHUSL.

Knroueewie cnoea: menuvie crabl, [1na3zMeHHbIH GOKyc; MUKPOTBEPIOCTh; MOAyIb FOHTa; TeKCTypa.

CHANGES IN THE MECHANICAL PROPERTIES AND SURFACE
TEXTURE OF COPPER-BASED ALLOYS UNDER THE INFLUENCE
OF PULSE RADIATION-THERMAL AND SHOCK-WAVE LOADS
CREATED IN THE PLASMA FOCUS INSTALLATION

l.V. Borovitskaya?, V.N. Pimenov?, S.A. Maslyaev?, G.G. Bondarenko?,
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101000 Moscow, Russia, gbondarenko@hse.ru
3lnstitute of Plasma Physics and Laser Microfusion,
01-497 Warsaw, Poland, marian.paduch@ifpilm.pl
“Research Institute of Advanced Materials and Technologies,
12 Malaya Pionerskaya Str., 115054 Moscow, Russia, niipmt@mail.ru

The paper presents the results of a study of the effect of irradiation at the Plasma Focus (PF) facility on the me-
chanical properties (microhardness, Young's modulus) and surface texture of Cu - 10 at% Ga and Cu - 10 at% Ga —
4 at% Ni alloys. Installations of this type can be used to assess the resistance of materials to radiation-thermal and
shock-wave loads to which they will be subjected under operating conditions in fusion reactors. In the experiments,
the samples were exposed to pulsed (pulse duration ~50 ns) deuterium plasma with a flux density of 107 to 10°
W/cm? and deuterium ions with a flux density of 108 to 10* W/cm?, which, among other things, created shock
waves in the samples.

A decrease in the microhardness of the surface layers of the alloys after irradiation was found, in contrast to the
results of earlier experiments on irradiation of vanadium and titanium with nitrogen plasma at the PF facility. It is
shown that this effect is due to the thermal effect of the plasma, since the composition of the surface layers changes
slightly. There is no significant change in the Young's modulus in the surface layers of copper alloys under these
irradiation conditions. The change in the texture of the surface layers was recorded by X-ray diffraction analysis. In
the case of the formation of a sharp texture <111> in the surface layer, which is the sliding plane in FCC metals, an
intense plastic flow occurs under the action of thermomechanical stresses with the formation of a "block™ micro-

structure, where the blocks are formed by a grid of sliding lines.

Keywords: copper alloys; Plasma focus; microhardness; Young's modulus; texture.

BBenenue

CrnaBel Ha OCHOBE MEIU HAXOJSAT IIUPO-
KO€ TPHMCHCHHE B pPa3jMYHBIX O0O0JACTIX
TEXHUKU Onarofaps COYETaHHIO BBICOKOM
3JIEKTPO- U TETUIONPOBOJIHOCTH, IIACTUYHO-
CTH, MPOYHOCTH, TEXHOJIOTUYHOCTU. B TOM
9HCIie, OHU MOTYT OBITh HCIIOJIb30BAHBI U B
YCTaHOBKAaX TEPMOSIEPHOTO CHUHTE3a, TJe
OyIyT TOJBEPraThCs WMITYJIBCHBIM YIapHO-
BOJIHOBBIM M PaHalliOHHO-TEPMHUYECKUM
Harpy3kam, 9To JellaeT aKTyaJbHBIM OICHKY
UX CTOMKOCTH K Pa3IHYHBIM MOBPEXKICHUSIM
B OTHX KECTKUX yCIOBUsX. [lepcrieKTHBHBIM
METOJIOM TaKOW OIEHKH SIBISETCS O0IydeHHe
B ycraHoBke [lnasmennsriii gokyc (I1D), rae
MaTepuaI-MUIIEHb TOJBEPTraeTcsi KOMILIEKC-
HOMY BO3JCHCTBUIO HMITYJbCHOM BBICOKO-
TEMIIEPaTypPHOH TJIa3Mbl, IOTOKOB OBICTPBIX
HWOHOB M 3JIEKTPOHOB, PEHTT€HOBCKOTO H3JTY-
YeHHs] ¥ yJapHBIX BOJH. B maHHO# pabote
MPEACTABICHBI PE3YIbTAThl HCCICIOBAHUS
W3MEHEHUS TEKCTYpPhl, MHKPOTBEPAOCTH H
Moayiss FOHra B TOBEPXHOCTHBIX CIIOSIX
crutaBoB CuU - 10 at% Ga u Cu - 10 at% Ga —
4 ar% Ni moa BO3AEHCTBHEM YKa3aHHBIX
BBIIIIE MUMITYJIbCHBIX HArpy3o0kK, CO3/1aBaeMbIX
B yctaHoBke [lnazmennsiii (okyc C dHepre-
TyeckuM 3anacoM 600 kJ[x.

MeToanka npoBeieHUsI IKCIIEPUMEHTA
Hccnenyemble cmaBbl coctaBa Cu - 10
at% Ga u Cu - 10 at% Ga - 4 ar% Ni obuH
MOJTy4eHbl BBHIIJIABKOW B BaKyyMHOH I€4YH B
rpaduToBeIX THUTISX. ComepaHHe JIETHPY-
IOIUX DJIEMEHTOB BBIOMPANOCH B Ipejaenax
UX pacTBOpUMOCTH B Meau. OOpasubl ais
ucclenoBaHui umenu GopmMy TabIEeTOK Aua-
MeTpoM 9 MM 1 TonmuHON 2 MM. O0iTyueHne
0o0pa31i0B MpOBOAWIM Ha ycTaHoBke [lnmas-
MeHHBIH (pokyc PF-1000 (Tlonbmia) ¢ sHep-
retudeckuM 3anacoM 600 kJ[x. B xauectBe
pabouero raza MCIoNb30BAJICSA JEeHTEpUd IPH
naBneHun B kamepe P=470 Ila. Jlnurens-
HOCTb UMIyJIbca I1a3msel ~50 He. bbuto npo-
BEJICHO JIBE€ CEpUU SKCIIEPUMEHTOB, B IpO-
1ecce KOTOPBIX OO0pasibl pacrojarajivuch B
KaToAHON 4acTu ycTaHoBkH 1D u Obutn 3a-
KperieHbl MO0 Ha TepeTHEM WU 3aTHeM
Topie cTanbHOM TpyOw! (puc. la), mubo Ha
Oapabane-aepikarese Tepen aHoiaoM (puc.
16). B pe3ynbrare n3MEeHEHUS PaCCTOSIHUS OT
aHoza 70 oOpasla, a TakkKe CMEIIeHUs 00-
pas3loB OT OCH YCTAaHOBKH, MOXKHO OBLIO Ba-
pPBUPOBAThH IJIOTHOCTh TOTOKA JCHTEPHEBOM
wiasmel (1) u nonoB aeiirepus (UM), xo-
TOpble BO3JAeWcTBOBaIM Ha oOpazen. [lpu
ATOM, Ha o0Opa3sell, 3aKpeIICHHBIN Ha 3aJTHEM
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KOHIIE CTaJbHOM TpyOBl, BO3/AEHCTBOBAJIA
TOJIBKO JIEUTEpHEBas I1a3Ma, OCKOJIbKY I10-
TOK OBICTPBIX HOHOB JEHTEpHUs SKpaHHPO-
Basics cTeHKOH TpyObl. Ilapamerpsl oGiyue-
HUS 00pa3IoB MPUBEACHHI B Ta0M. 1.

SN —

e Cu-10Ga

(Nel)
JlepxaTens
00pas1oB «—— CTanbHas Tpy6a

b ‘\ —4 4 —
8 \B;K TH Cu-4Ni-10Ga
Jo
/\ BICTPELE/ / \ (Ne3)
[ H )

: a(a)

bapaGaH-epkaTenb
00pas1oB

\Cu-10Ga
(Ne2)

Cu-4Ni-10Ga [
(Ned)

6(b)

Puc.1. Cxema obmyuerns o6pasnoB B ycraHoBke [1D
Fig.1. Scheme of irradiation of samples in the PF

Tabmuma 1. [Mapametpsl oOmydeHHst 0Opa3IoB CIUTa-
BOB B ycTaHoBKe [1D

Tabl.1. Parameters of irradiation of alloy samples in
the PF installation

Coctas | Ne | L, | Qu Br/em? Qs n
criaBa cM Bt/cm?
1 40 107 — 4
Cu-10Ga 515 10° 0% |9
3 15 5107 -108 108 4
Cu-10Ga -10°
—4Ni 4 12 108-10° 10° 5
_1010

L — paccrostHue OT 00pa3ma A0 aHOJIA YCTaHOBKH; (ux
— IUTOTHOCTH TIOTOKA IUIa3MBbl; (y - TUIOTHOCTH ITOTOKA
noHOB D*; N — 4nCno UMITYJIbCHBIX BO3JCUCTBHI

[Tocne sxcnepumenTta oOpasibl UCCIEN0-
B B PAaCTPOBOM AJIEKTPOHHOM MHKPOCKO-
ne EVO 40 ¢pupmsbr Zeiss, ocHaIeHHOM MpH-
CTaBKOW ISl PEHTI€HOCIEKTPAIHHOTO aHa-
au3a. s peHTreHOCTPYKTYPHBIX HCCIIeN0-
BAHWM HCIOJB30BAIN PEHTTCHOBCKUN M-
¢dpakromerp “Ultima IV” pupmer “Rigaku”
(Anonus). UW3mepeHuss MHUKpPOTBEpAOCTU
NPOBOAMIM Ha MHUKpoTBepaomepe Shimadzu
DUH-211S (SmoHus) ¢ HCHIOIB30BaHHEM
QJIMa3HOro MHJEHTOpa Bukkepca (yron
Mexay TpaHsmMu 136°). MukpoTBepaocThb

OTIpEeNIeIISTN IByMsI METOJAaMU: METO/IOM HH-
CTPYMEHTAJILHOTO (KUHETUYECKOT0) HHJCH-
tupoBanust  (Hi, HV*) u  meromom
BoccTaHOBJAeHHOrO otmedatka (HV) mpu
Harpy3ke Fmax = 50 MH (5.01 ) u Bpemenu
BBIIEPKKH 5 ¢. MeToJl HHCTPYMEHTaIbHOIO
(KMHETUYECKOr0) MHACHTUPOBAHMS OCHOBAH
Ha HEMpPEepbIBHOM 3allMCU AHarpamMMbl 3aBH-
cumoctu Harpysku F, H or rinyOunbl BHen-
penust h, MM MHIEHTOpa B MCIBITYEMbIil Ma-
TepUal ¥ IPOrPaMMHOM pPacyeTe Ha OCHOBE
ATUX JIaHHBIX TBEPAOCTH HWHACHTUPOBAHUS
Hit , Mlla u «npuBeaeHHOW» MHKPOTBEPIO-
ctu o Bukkepcy HV* no dopmyne HV* =
0.0945Hi; , xrc/mMm? (eIMHMIBI TI0 IIKAIe
Bukkepca). B cnyuae kuHeTMyeckoro WH-
JNEHTUPOBAaHUS TBEPJOCTh PACCUUTHIBACTCS
KaK OTHOIICHHWE Harpy3ku K IUIOHIaJU IO-
BEPXHOCTH HEBOCCTAHOBJICHHOTO OTIIEYATKa,
BBIPQXCHHOW Yepe3 ero riyOuHy, a Juist pac-
4yeTa TBEPIOCTH IO BOCCTAHOBICHHOMY OT-
nevyatky HV ucnons3oBanacs ¢popmyna HV =
Fmax/S = 1,854Fmax/d?, S — mnomtaas 60koBoit
MOBEPXHOCTH MOJYYEHHOro orneyarka, d —
cpenHee apu@METHYECKOe JUIMHBI 00euX
JUaroHaje  oTmeyarka IIOCJIe  CHSTHS
Harpy3ku. Kpome Toro, mo pesysnbpraTtam HH-
CTPYMEHTAIILHOTO  WHACHTUPOBAHMS  ObLI
ompeneneH moaynb FOHra Eijt CIUIaBOB 710 |
nocne obmyuenuss Ha [ID. Beruucnenus Eit
BEJIHUCh C ucnojb3oBaHueM Mmoaynst DUHA-
nalysis, ocHOBBIBasiCh Ha aHAJIN3€ HAYAILHON
CTaJlu¥ y4acTKa pasrpy3ku, korjaa aedopma-
[[Usl UMEET YUCTO yNPYTU XapakTep.

Pe3yabTaThl U HX 00CY:KIeHHE

Pe3ynbraThl U3MEpEeHN MUKPOTBEPIOCTH,
BBITIOJTHEHHBIX JBYMsI CIIOCOOAMH — TIO BOC-
cranoBiaeHHoMy otrneuyatky (HV) u meromom
KuHeTH4eckoro wuHaeHTupoBanus (HV*),
npe/cTaBieHbl B Ta0i. 2. V3 aHanu3a npuse-
JICHHBIX JTaHHBIX MOJKHO OTMETHTBH CIIEAYIO-
miee. Bo-mepBbiX, BHIHA OO0IIas TEHACHIUSI
CHW)KCHHSI MUKPOTBEPIOCTH IOCIIe 00Iyde-
Hus Ha [1D. D10 MOrIo OBl OBITH CBSA3aHO C
WCIIApeHUEM JICTHPYIOIIUX JJIEMEHTOB U3
MOBEPXHOCTHOTO CIIOSl, OAHAKO PE3YJIbTATHI
PEHTTEHOCTIEKTPATIHHOTO aHaIKM3a MOKa3ajH,
YTO 3HAYUMOTO (MIPEBBIIIAIOIIETO IOTPer-
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HOCTb W3MEPEHHs) CHUKEHMSI €ro KOHIICH-
TpaLUU B IOBEPXHOCTHOM CJIO€ HE IPOUCXO-
muT. CrenoBaTesibHO, BEPOSTHOM MPUUMHON
ABJISICTCA TEPMUUYECKOE BO3JEHCTBUE I1a3Mbl
u ObIcTpbIX MOHOB. Cleayer OTMETHTbh, YTO
pu o0paboTKe psAla Apyrux MaTepuagoB Ha
[1®, nannpumep, BaHaaus [1] niau THTaHOBOTO
crutaBa [2] mpu UCIONIB30BaHMM a30Ta B Ka-
yecTBe padouero rasa, MPOUCXOAMT YIPOU-
HEHME IIOBEPXHOCTH, YTO KOPPEJIUPYET C U3-
MenpueHueM OmokoB OKP (obmactu kore-
PEHTHOIO paccesiHusl), POCTOM BEIMYUHbI
MUKpOAe(pOopMaIuy pemeTku 1 00pa3oBaHU-
eM HUTpuAoB. Takum o0pa3oM, pe3ysbTaT
BO3JICHCTBUS Ha IIPOYHOCTHBIE CBOWMCTBA I10-
BEPXHOCTH 3aBUCUT OT KOHKPETHBIX YCIOBUI
obmyuenuss Ha [I® um camoro marepuana-
MHUILIEHH.

Tabmuna 2. Pesynbrarsl m3mMepenuii TBeprocta HV u
HV* n monyns IOnra E criiaBoB B MCXOAHOM COCTOSI-
HUHU U TIOCNIe O0JyueHHsI Ha ycTaHoBke I1® mo pas-
HBIM pEKUMaM

Tabl. 2. Results of measurements of the hardness HV
and HV* and Young's modulus E of alloys in the ini-
tial state and after irradiation at the PF facility under
different modes

Cruia Ne HV, kr/mm2| HV*, | E, MIla
Kr/MMm?
Cu-10Ga |Ucxonm- |139.3 218.4 112533
HEIN
1 101.5 127.0 |96493
2 130.9 147.4 197017
Cu-10Ga— |Ucxon- [142.6 209.6 116933
4N HBII
3 104.7 132.0 |113967
4 107.3 139.0 |115633

Bropoe, 4T0 MOXKHO OTMETUTH — 3HAUCHUS
KMHETHYECKOW TBEPAOCTH BBIIIE, YEM MHK-
POTBEPAOCTH, OMPEENIIEMOI 10 BOCCTAHOB-
JICHHOMY OTII€YaTKy, XOTs, Ka3ajJoch Obl,
BOCCTAaHOBJICHHBIH OTIEYaTOK WMEET MEHb-
IUA pasMep M COOTBETCTBEHHO 3HAYEHUS
MUKpPOTBEPJOCTHU JIOJKHBI OBITh BbIlIE. AHa-
JU3UPYs TUTepaTypHbIe JTaHHbIE (HAaIpUMep,
[3]), aTOT 3 dekT MOKHO OOBSICHUTH CITEITH-
¢ukoil ompeneneHUs IUIOMIAAM OTIEYaTKa
pH KUHETUYECKOM HWHACHTHUPOBAHWH - TI0
ryOuHe JYHKH JI0 M TIOCNIe pPas3rpy’KeHus,
KOI'JIa OHa B OJHOM CJIy4yae OKa3bIBaeTcs 3a-
BBIIICHHOH, a B IPYTOM — 3aHWXEHHOM; Kpo-
M€ TOro, MpU pacyeTe UCIHOJIb3YIOTCA yCcpe-

HEHHbIC KOPPEJALMOHHBIE 3aBHCHMOCTH, a
HE 3aBHCHUMOCTH, MOCTPOEHHBbIE HHIUBHIY-
QJIBHO JUIA KaXKI0TO MaTepuania.

[TapamiensHO ¢ U3MEPEHHEM MHKPOTBEp-
JOCTH OBUIM OIpenesieHbl 3HAUCHHST MOy
lOHra B MOBEpPXHOCTHBIX CIIOSIX CIUIaBOB
(tabm. 2). OdeBHIHO, YTO B clydae CyIe-
CTBEHHOM pa3HUIBI B MOAYJSX YNPYrocTu
00JIy4eHHOTO MOBEPXHOCTHOTO CJIOSI M KpH-
CTAJJTMYECKON TMOJIOKKH, Ha TpaHHIle HX
pas3ziena BO3HUKHYT CHWIIBHBIE DPAaCTSITHBAIO-
[IMe ¥ CKUMAIOIINEe HOpMallbHbIE HaIpsiKe-
HUS U BBI3BaHHbIE UMM Jedopmanuu. Pe-
3yJbTaThl, MPEJCTaBICHHbIE B Ta0J. 2 MOKa-
3BIBAIOT, YTO MOJIYJb MEHSETCS He3HAuu-
TenbHO: 00paboTka Ha [ID Heckonbko CHU-
KaeT MOJIYJb YIPYrocTd B oOpas3iax cruiaBa
Cu-10Ga (ne 6omnee 13%) u nmpakTuyecKu He
MeHsieT ero B oOpasmax cruraBa Cu-10Ga-
4Ni.

PentreHocTpykTypHbIe UCCIICIOBaHHS
MOKAa3aJi U3MEHEHHE KPUCTAJUTMUECKON TeK-
CTYpbl B TIOBEPXHOCTHBIX CIIOSX OOpPa3IoB.
Ckopee Bcero, npuanHa GOPMUPOBAHUS TEK-
CTYpbl — HANpaBJICHHBIA TEIUIOOTBOJA TIPU
KPUCTAJJIM3AIMN  OIUJIABJICHHOTO  TOBEpX-
HOCTHOTO cios. Hambonee cymecTBeHHbIE
U3MEHEHMs TPOUCXOAAT B oOpaslie cIijiaBa
Cu-10Ga—4Ni (ob6paserr Ne 3), B koTOpOM B
pe3ynbrare 00ayueHust GopMupyercs ocTpast
tekcrypa <111> (puc. 2).

XapakTepHO, 4YTO B 3TOM Xe o0Opa3sle
HaOmrofaoTcss W HauOoJiee CyIIEeCTBEHHbIE
MU3MEHEHHS B MUKPOCTPYKTYPE, BBIPAKCHHBIE
B (opmupoBaHUU «OJIOYHOW» CTPYKTYPHI,
rae Oyioku 0oOpa3oBaHbl CETKOW JIMHHMA
ckonbxkeHus: (puc. 3). CTonb MHTEHCHUBHOE
TUTACTHYECKOE TEYCHHWE B JAaHHOM oOpasie
o0ycroBieHo (hOpMUPOBAHUEM OIArOMPHSIT-
HOW TEKCTYpHl — OHa COBIMAJAET C IUIOCKO-
CTbIO CKOJBXeHus B Meramiax c¢ ['TIK-
pEmeTKONW, K KOTOPHIM OTHOCUTCS MEIb
(mmockocts <111>). bro4yHas MUKPOCTpPYK-
Typa B o0Opa3nax, 00Jy4eHHBIX UMITYJIbCHOM
BBICOKOTEMIIEpAaTYpPHOH IU1a3MOM, HaOmrona-
Jachk TakXKe B BaHAIWH, BOIb(pame U psize
JpyTUX METaJJIOB, HO 00pa3oBaHa OHa OblIa
OpPUEHTHPOBAHHO PACTIOIOKECHHBIMU TPEIIH-
HAMHU, a HE JIMHUSMHU CKOJIbKEHUS.
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Puc. 2. Pentrenorpammer o6pasmna cruraBa Cu-10Ga-
4ANi B HCXOIHOM COCTOSHHH (@) W TOCIE OOIyUYCHHs
Ha ycraHoBke I[lmasmeHHBIHE (oKyc 1O pexuMy
Q=107 —108B1/cM?, O, = 108 —10°B1/cm?, n=4, L=15
cm (0)

Fig. 2. X-ray images of the Cu-10Ga-4Ni alloy sample
in the initial state (a) and after irradiation at the Plas-
ma Focus unit according to the mode
gp=10"-108W/cm?, q;, = 108-10°W/cm?, n=4, L=15
cm (b)

i
b

Puc. 3. Mukpoctpykrypa obpasna crmaBa Cu-10Ga-
4Ni mocne oOnyuenuss Ha ycraHoBKe [lnasmeHHBIN
¢pokyc no pexumy 0n,=10" —10®Br/cM?, Q,, = 108
—10°Br/cm?, n=4, L=15 cm

Fig. 3. Microstructure of the Cu-10Ga-4Ni alloy sam-
ple after irradiation at the Plasma Focus unit according
to the gu=10" -108W/cm?, @i=108-10°W/cm?, n=4,
L=15cm

3akioueHue

[IpoBeneHHbie UCCIENOBaHUS W3MEHEHUMN
MEXaHUYECKHUX CBOWCTB IMOBEPXHOCTU MEJ-
Heix crutaBoB Cu-10Ga u Cu-10Ga-4Ni mo-
Ka3aju, YTO IMpHU pPEATM30BAHHBIX pPEKHMAax
obmydenns Ha ycraHoBke [1d mpoumcxomut
CHUKEHHE MHUKPOTBEPAOCTU B IMOBEPXHOCT-
HBIX CJIOSIX, OOYCIIOBJICHHOE TEPMHUYECKUM
BO3JICUCTBUEM IUJIa3Mbl. 3HAUUTEIbHBIX W3-
MEHEHHUM MOy YIPYTOCTH B IMOBEPXHOCT-
HBIX CIJIOSIX MEIHBIX CIUIABOB NPHU JaHHBIX
pexumax oOdydeHHs He 3adUKCHUPOBAHO.
MerogoM pEHTIeHOCTPYKTYPHOIO aHalu3a
00HapyXEHO M3MEHEHHE TEKCTYPhI MOBEPX-
HOCTHBIX clioeB. B ciyuae popmupoBanus B

IIOBEPXHOCTHOM  CJIO€ OCTPOM TEKCTYpBI
<111>, sgeusgromeiics MIOCKOCTHLIO CKOJIbXKE-
Hua B ['IIK-meramnax, MpoOMCXOAUT HHTEH-
CHUBHOC IUIACTUYECKOE TEYECHHME IOJ ICH-
CTBHEM TEPMOMEXAHMUYECKUX HAIPSIKEHUU C
dopmupoBaHueM «OJIOYHOI» MHUKPOCTPYK-
TypHl, rA¢ 6J0KH 00pa30BaHbl CETKOM JTMHUI
CKOJIbJKEHUS.

Pabora BBIMIOJIHEHA IO TOCYAAPCTBEHHOMY
3amaunro Ne 075-00328-21-00.
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PAJIMAIIMOHHBIE HEHTPBI OKPACKHN C HOBBIMU CBOMCTBAMMU
B NOHHBIX KPUCTAJIVIAX

A.Il. Boittosuu, B.C. Kaannos, O.E. Koctuk
HHCTUTYT OU3UKHU um. B. 1. Cmenanosa HAH benapycu,
np. Hezasucumocmu 68-2, 220072 Munck, Beaapycs, V.kalinov@ifanbel.bas-net.by

B kpucrajutax ¥ HaHOKpUCTaIax (hTOPUIOB JIMTHUS, HATPUS M MarHusl UCCJIEAOBaHbI COOCTBEHHBIC TOUCUHBIE
nedekTsl (LeHTPhl OKPacKu) ¢ HOBBIMHU, HEM3BECTHBIMU paHee CBOWCTBaMH. Takue paguanvioHHbIe 1e(eKThl (TIpH-
KJIacTepHble) cOpMHUPOBaHBI B KPUCTAILIaX, B KOTOPBIX IPEABAPUTEIHHO CO3/aHbl HAHOPAa3MEPHBIE CTPYKTYPHI
(xnmactepsr). [TokasaHo, 4TO cirexyIOIUe NpeBapUTeIbHbIC BO3NCHCTBUS Ha KPHCTAIUIBI CO3AAI0T YCIIOBUS, HE00XO0-
IUMBIE TSI TTOCIIEIYIOIIETO 00pa30BaHUs HMPUKIACTEPHBIX Ne(EeKTOB: MeXaHWUecKas (parMeHTanus, oOrydeHue
Ja3epHBIMU MMITYJIbCAMH, CKAaTHE, PE3KHe M3MEHEHHs TEeMIIepaTyphbl. Y CTaHOBIICHO BIMSHUE HarpeBa M OXJaxIe-
HUS 00pa3IoB B TOpaJHAIOHHEIN U B TOCTPAaINAalMOHHBINA MIEPHOIBI HAa (OPMHUPOBAaHUE U TpaHCHOpPMALHIO Aedek-
TOB. [IpogeMoHCTpHpPOBaHO MPeoOpa3oBaHNe MPUKIACTEPHBIX 1e()EKTOB B OOBIUHBIC Ae(PEKTHI TOTO K€ COCTaBa MPH
TEIUIOBOM BO3ACIHCTBHHU Ha 00OIy4eHHbIe 00pasupl. [loka3aHo, 4TO coyeTaHHe NOpAIUallMOHHBIX HAIPEBa U CHKATHS
YBEJIMYHMBACT OTHOILCHNE KOHLECHTPAIMI MPHUKIACTEPHBIX U OOBIYHBIX JedekToB. Vi3MepeHsbl, onpeeneHbl 1 cpaB-
HEHBI XapaKTEPUCTUKU M CBOWCTBA NPUKIACTEPHBIX U paHee U3BECTHBIX LIEHTPOB OKPACKH OJHOTO M TOTO K€ COCTa-
Ba.

Knrouesnvie cnoea: MNPUKIACTCPHBIC pAAUAIIMOHHBIC Z[e(I)eKTLI; HMOHHBIC KpUCTAJJIbl; HAHOKPUCTAJUIbI; TTOIJIOII[C-
HHUCE, (I)OTOJ'IIOMI/IHGCI_IGHI_[I/IH; HCHTPBI OKPACKH; KIIACTCPLI.

RADIATION COLOR CENTERS WITH NEW CHARACTERISTICS
IN IONIC CRYSTALS

A.P. Voitovich, V.S. Kalinov, O.E. Kostik
B.1. Stepanov Institute of Physics, National Academy of Sciences of Belarus,
68-2 Nezavisimosti Ave., 220072 Minsk, Belarus, v.kalinov@ifanbel.bas-net.by

Intrinsic point defects (color centers) with new previously unknown properties were investigated in crystals and
nanocrystals of lithium, sodium and magnesium fluorides. Such radiation defects (near-cluster defects) are formed in
crystals with previously created nanoscale structures (clusters). It is shown that the following preliminary effects on
crystals create the conditions necessary for the subsequent formation of near-cluster defects: mechanical fragmenta-
tion, irradiation with laser pulses, compression, sharp temperature changes. Influence of heating and cooling of
samples in pre-irradiation and post-irradiation periods on formation and transformation of defects was established. It
has been shown that keeping lithium and sodium fluoride nanocrystals at the temperature of liquid nitrogen in the
time interval from manufacture to irradiation results in impossibility of formation of near-cluster defects in them
during their irradiation at the same temperature. In nanocrystals stored at room temperature under the same irradia-
tion conditions such defects are formed.

The storage temperature of the lithium, sodium and magnesium fluoride samples also affects the efficiency of the
formation of near-cluster defects in post-irradiation period. The study of the effect of heating samples containing
near-cluster and conventional defects on the transformation of defects has shown that in some temperature ranges
the near-cluster centers turn to conventional centers of the same composition and location in the crystal lattice. It has
been shown that the combination of pre-irradiation heating and compression increases the ratio of concentrations of
near-cluster and conventional defects. Characteristics and properties of near-cluster and previously known color cen-
ters of the same composition have been measured, determined and compared. The absorption, photoluminescence
and photoluminescence excitation spectra, phonon-free lines and Huang-Ris parameters, photoluminescence life-
times, thermoluminescent characteristics of near-cluster defects for crystals of lithium, sodium and magnesium flu-
orides were measured, studied and determined.

Keywords: near-cluster radiation defects; ionic crystals; nanocrystals; absorption; photoluminescence; color cen-
ters; clusters.

Beenenune CTBEHHBIX TOYEUHBIX Je(EKTOB B TBEPO-
Bo mHorux cinyyasx ¢popmupoBanue co6- TeNbHBIX Cpefax KapAUHAJIbHBIM 00pa3oM
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M3MEHSET CBOMCTBA ITHX Cpel. DTO 00CTOsI-
TEIbCTBO IIMPOKO HCIONb3YeTCs MJs Liesie-
HarpaBieHHoW moaupukanuu cpen. Paana-
nuoHHble 1eHTphl okpacku (L[O) B moHHBIX
KpUCTAIIAX K HACTOSIIIEMY BPEMEHU XOPOIIIO
u3ydeHsl. B omnpeneneHHOM KpucTaiie AaH-
HOT'O COCTaBa CO3JAI0TCs MPUCYIIHE eMYy pa-
nuanuonueie nedexter (PI]) ¢ ompenenen-
HBIMHU CBOMCTBamMu M napamerpamu. Hanpu-
Mep, Al KPUCTAJUIOB U TUIEHOK (TOPHIOB
nutusi, Hatpust u marHus (LIF, NaCl u MgF,
COOTBETCTBEHHO) OHU IpPHUBEIEHHI B paboTax
[1-5]. YcraHoBiE€HO, YTO B KaXIOM THUIIC
KpucTauia onpenaesieHHsli P/l xapakrepusy-
€TCS CBOMMH ONPEJCICHHBIMU CIICKTPaMU
noryomienus, Goromomunectennun (OJI) u
B030Yyx1eHus poTomromunectieHnnu (BDJI).

B paGorax [6, 7] ObLIO IOKa3aHO, YTO B
WOHHBIX KPHCTAUIaX BO3MOXHO (HOpMHpPO-
Banue [lO c xapakrtepuctukamu, CcyImie-
CTBEHHBIM 00pa3oM OTIMYAIOIIUMUCA OT
AQHAJIOTMYHBIX XapaKTEPUCTUK pPaHEe U3BECT-
Heix 1O Toro ke cocraBa. PJ[ ¢ HOBbIMU
cBoiicTBamu ObUTH COPMHUPOBAHBI U U3y4Ye-
Hel B oOpasmax LiF, NaCl and MgF», koto-
pble M3rOTaBIUBAINCH MEXaHHMYECKOH ¢par-
MEHTaIlMeil MOHOKpHUCTALUIOB. B pabore [8]
MOKa3aHO, YTO HEOOXOJMMBIM YCIOBHUEM
dbopmupoBanus 1eHEKTOB ¢ HOBBIMH Xapak-
TEPUCTUKAMH SIBISIETCS TMPHUCYTCTBHE B HC-
CJIeTyeMBIX HaHOKPHUCTAIIAX KJIaCTepPOB, YbH
pa3Mepbl, COTJIACHO M3MEPEHUSIM, HaXOASATCS
B Juana3oHe oT 5 1o 17 nanomeTtpos. B cBs-
3M C 9TUM, NIONy4YeHHBbIE TOUYCUHBIE JAE(PEKTHI
C HOBBIMH CBOMCTBaMH ObUIM HA3BaHBI MPH-
KJIACTCPHBIMH PAIUAIMOHHBIMU JIe(heKTaMu
WIK TPHUKIACTEPHBIMU IIEHTPAMHU OKPaCKU
(KI1O).

B Hacrosimelt paboTe mpencTaBiIeHBI pe-
3yJbTAThl HCCIICIOBAHUHN 110 ()OPMUPOBAHUIO
KIIO npu pa3nu4HbIX BHENIHUX BO3ICHCTBU-
X, BKJTFOYAst TEMITEPaTyPHBIE.

Matepuaibl M1 MeTOABI HCCJIEOBAHUS
HccnenoBanuck 00paslibl B BHJE KpH-
CTAJIMYECKUX IUIACTUHOK, TIOpOUIKa U3
Ha"okpuctaioB (HK) u kepamuxu. HK us-
rOTaBJIUBAINCH MyTEM MEXaHU4ecKou ¢par-
MEHTAllUM MOHOKPHUCTAJUIOB B  IIIapOBOM

menbHune. Ilpu mnpoBeneHMHM HEKOTOPBIX
skcriepumentoB HK mpeccoBanucey mpu naB-
nennn ~ 2-10° Ia B TaGneTku JTUaMeTPOM U
TosuuHoN npumepHo 10 u 1 MM, cooTBer-
CTBEHHO. M3roToBjeHHbIE TakKUM O00pa3oM
TabneTkn ObuM HerpospauHbl. [Ipo3paunas
kepamuka u3 NaF usroraBnuBanach mpecco-
BaHMEM HAHOKPHCTAIJIOB TIPU JIABICHUHU
npumepHo 4-10° ITa.

Hns coznanus 1O kpuctaimmyeckue mia-
ctunku, HK, Tabnetkn m kepamuka obiyda-
JMCh Y-KBaHTaMH OT ucTouHuka °CO wmm
aeKTpoHaMu ¢ sHepruert 5 MaB. Oomyde-
HUS TIPOBOMJIMCH IIPU TeMIEepaType KHJIKO-
ro asora (LNT). [o3a oOmydeHus v-
KBaHTAMH cocTaBiIsna okomo 5-10° Tp.
dmoeHc  2MeKTpoHOB ObUT  paBen  5-10M
a11./cM? TIpy 06TydeHHH 06pa3IoB HA OCHOBE
MgF2 u LiF. Ilpu obnyuennn obpaszuoB NaF
dumroenc coctapmsn 101 am./cm?. Tabnetku n
KEepaMUKa OXJIXIAIHUCh CITYCTs OIpe/esIeH-
HOe Bpems mnociie urorosieHus 10 LNT u
00JTyJanuch Ipu TaKOW TeMIIEpaType.

Jnst  uccnenoBaHWil  TIOMHUHECHEHTHBIX
CBOWCTB 00pa31oB ucroib3oBaiics SM-2203
cnektpopayopumerp (SOLAR, Belarus).
[Tormnomenne perucTpupoBaIoCh Ha CIEK-
tpodoromerpe Cary 500 Scan (Varian,
USA). XapaktepucTtuku TaOJETOK U Kepa-
MHUKHU 3alUCBIBAINCH CHayana 6e3 pa3Mopa-
XKUBaHUA mocie ux oOxydenus npu LNT u
3aTeM Ioclie pa3MOpaXKMBaHUS M 3aBeplie-
HUSL TIPOIIECCOB arperamuu JIeQeKTOB IpH
komHatHOW Temnepatype (RT). B Hekoto-
pBIX 00pa3max OTCIeKUBAIACh KHHETHKA
9TOM arperauuu. [Ipu Bcex MpOBOIUMBIX U3-
MepeHusx nHteHcuBHOocTH DJI Beernma ocra-
BAJIMCh MPONOPLUOHATIBHBIMU KOHIIEHTPALIU-
aM J1e(heKToB, 00ecreunBarOINX CUTHAI pe-
THCTPALIUH.

CrpykrypHble xapakrepuctuku HK, n3ro-
toBneHHbIx U3 LiF, NaF and MgF, monokpu-
CTAJUIOB, H3YYaJHCh Ha JAudpakTOMeTpe
DRON-3M (Poccus).

[Ipu  uccnenoBaHusX  (GOpPMUPOBAHUS
KIIO B kpucramiax, NOJBEprHyTHIX TOPaaH-
allMOHHOMY BO3JCWCTBUIO JIa3epHOIO HU3IY-
YEHHUs, WCIOJIB30BAICS WMMMIYIbCHBIN Nd:
YAG nazep ¢ mapameTpamu: JJMHA BOJHBI
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u3nmydeHus: A = 1.06 MKM, IJIUTETLHOCTD UM-
nynbca T = 8§ HCEK, FHEprusi B uMmmyibsce E =
16 mJlx. M3nydyenue nazepa ¢okKycupoBa-
JIOCh B 00beM oOpasia JIMH30i ¢ (OKYCHBIM
paccTostHUEM 2 CM.

Pe3yabTaThl M MX 00Cy:KI€eHUE

Cnektpbl @JI u BOJI nna KI[O otinua-
IOTCS OT CIIEKTPOB OOBIYHBIX IICHTPOB aHAJIO-
THYHOTO COCTaBa IMOJIOKEHHEM MaKCUMYMOB
Y 3HaYeHusAMH mmpuH. [Jnsg cnektpo BDJI
MPUKJIACTEPHBIX AEPEKTOB XapaKTEpPHO IMpH-
CYTCTBUE HECKOJIBKUX IIOJIOC (JIBYX WU
TpeX), ONMM3KUX 110 HHTCHCUBHOCTH.

I/1
1,0}

0,8

0,6

0,4

0,2F

0’goo 400 500 600 700 800
Puc. 1. HopMupoBaHHbIE K MaKCHUMalbHBIM HHTCH-
cusHOCTAM criekTpsl BOJ (1, 1) u ®J1 (2, 2/) nns Fs'
(1, 2) ueHTPOB OKpacKd W TPHKIACTEPHBIX IIEHTPOB
Fis* (1, 2y 8 HK ¢ropuna IuTHs, COOTBETCTBEHHO.
CrieKTpbl U3MEPSUINCh MPH UTHHAX BOJH BO30YXKJe-
Hus u peructpamuu 450 (2) u 560 (2/); 530 (1) u
670 (1') HM, COOTBETCTBEHHO
Fig. 1. Normalized to their maximum values photolu-
minescence excitation (1, 1/) and photoluminescence
(2, 2') spectra of Fs* color centers and near-cluster
color centers Fgs* respectively. The spectra were
measured at the excitation and registration wave-
lengths 450 (2) and 590 (2); 530 (1) and 670 (1) nm,
respectively

B xauectBe wmmocTpanuu Ha puc. 1
npeacrabieHbl criektpel OJI u BOJI s
tenarpoB F3* u KIIO Fx3* 8 HK dropuna nu-
THUS, TIOMYYCHHBIX METOJOM MEXaHWYEeCKOH
(bparMeHTaIum.

HccnenoBanucy u Apyrue CrocoObl Co-
3aHUsI B KpHCTaIaX yYCJIOBUH, HEOOXOAU-
MBIX IS TIOCHEAyromero (GpopMupoBaHUs
MPUKIIACTEPHBIX LEHTPOB OKpacku. Hampu-
Mep, usyyainock popmupoBanue KO B non-
HBIX KpHUCTaJlaX, MOJABEPTHYTHIX 10 00Iyye-

HUA raMMa-KBaHTaMH BO3I[€f/'ICTBHIO HUMITYJIb-
CHOI'O JIa3€pHOI'o U3JIYUCHUA.

1

max

1

max

1,0F 0,10

0,8 0,08
0,6 0,06
0,4 0,04

0,2 0,02

0,0

0,00
300

400 500 3 1y 600

Puc. 2. HopmupoBaHHbIe cEKTpbl BO30YXIeHUS (Ho-
TOJIOMUHCCHCHINU TPHU AJIAHC BOJIHBI PETHUCTpALU
Aper = 670 HM ydacTKa KpuCTaiia, HE IOJBEpraBlIe-
rocs (1) u moaseprasiuerocs (2) nepex y-o0ay4eHHEM
BO3JICHCTBUIO JIa3€PHBIX UMIYJIBCOB; CHEKTP 3 TOIY-
HUCH C NOMOIIBKO BbIYUTAHUA HU3MCPCHHBIX HdaHHBIX
i ciydast (1) U3 M3MEpeHHBIX NaHHBIX IS CiIydas
(2). Crmextp BO30OYXHeHHS (POTOTFOMHHECICHINU 4
MpeICTaBICH IUIS 00pasla, KOTOPHIA OBLT O0NydeH
3IeKTpoHaMu 3Heprueil 5 MaB ¢ duroencom 5+10%
s1/cM?, a 3aTeM MHOJABEPrHYT TIMAPOCTATHUYECKOMY
cxaruto ¢ napnenueM SI'TIa mpu RT

Fig. 2. Normalized to their maximum values photolu-
minescence excitation spectra at the recording wave-
length Aeg = 670 nm of the portion of the crystal
which was not exposed (1) and exposed before y-
irradiation to laser pulses (2); spectrum 3 is obtained
by subtracting the measured data for case (1) from the
measured data for 