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BBEJIEHHUE

Hacrosimas XXII Mexnynapoanas koHdepeHuus «B3aumopneiictBue HMOHOB ¢
noBepxHocThio» (BUII-23) mpoBoautcs B Mockse ¢ 21 mo 25 aBrycra 2017 roga B TOCTUHUIIES
«MnaTypucr KonomeHckoey.

Tematuka TPAAULIMOHHO  OXBATbIBACT (l)yHILaMeHTaHBHBIG U TPUKIAIHBIC  BOIIPOCHI
B3aHMOHeﬁCTBHH HOHOB C ITIOBECPXHOCTBIO.

Joxnaapl 00beTMHEHBI B 6 CeKIUi, pabOTaIONMINX MOCIEA0BATEIIBHO:

1. Pacnipinenue, CTpyKTypa MOBEpXHOCTH, IECOPOIIHS;

2. PaccesiHue 1 NPOHUKHOBEHHE MOHOB;

3.OMuccus HOHOB, 3JIEKTPOHOB, (POTOHOB U PEHTTEHOBCKOTO M3Ty4YEHHUS TP HOHHOU
O6oMOapIMpOBKE;

4. Ummuta"Tarys MOHOB U MOJU(UKAITUS TTIOBEPXHOCTH;

5. NoHHO-MHAYIIPOBaHHBIE IPOIECCH B TOHKHUX IUIEHKaX U HAHOCTPYKTYpax;

6. BzaumopeiicTBre 11a3Mbl C TOBEPXHOCTHIO — (DU3UKA U TEXHOJIOTHS.

B pamkax ceknuii TOMHMO PETYJISIPHBIX YCTHBIX M CTEHJIOBBIX JIOKJIAJOB OyayT
HpeIlCTaBJIeHBI O630pHI)I€ JICKIINU, IIOCBJSIIIICHHBIC HepeIIOBI)IM pe?’y.HI)TaTaM Hay‘-IHI)IX
MCCIICIOBAHMI B 00JIACTH B3aMMOJICHCTBUS MOHOB C IOBEPXHOCTBIO M B HEKOTOPBIX CMEKHBIX
00J1aCTAX 3HAHUH.

Opranmzaropamu  koHdpepenuun BUII-23  sapnstorcss Poccuiickas Axagemusi Hayk,
HanuonanbHblil  uccnengoBaTenbckuil — siaepHbll  yHuBepcuter “MUOU”, MockoBckuit
rocyiapcTBeHHblil yHuUBepcuteT, Caskt-lIlerepOyprckuili MOIUMTEXHUYECKUM YHUBEPCHUTET,
MoCKOBCKUI aBHAIIMOHHBIN HMHCTUTYT, SlpocnaBckuil ¢unmnan (U3HKO-TEXHOJIOTHYECKOTO
uHcturyta PAH, WHCTUTYT npo0sieM TEXHOJIOTMM MHUKPOIJIEKTPOHUKH U  OCOOOUMCTBIX
marepuanioB PAH, MoOCKOBCKHII TOCYIapCTBEHHBbIM TEXHUYECKHM  YHMBEPCUTET UM.
H.2.baymana.

Kongepenuus «B3aumonelicTBue HOHOB C TMOBEPXHOCTHIO» SIBISIETCS OJHOM M3 BEAYIIUX B
cBoell obnactu Hayku. Brmepsble oHa mpouuia B 1971 rogy B XapbkoBe HO HMHUIMATHUBE
npodeccopa SA.M.Dorens; nanee koHdepeHnuu npoBoawinch B Mockse, Kuere, Muncke,
3Benuropoze, SIpocnasie. Ha npotsoxkenun Bcero Bpemenu koHdpepenuus BUII coxpansnace u
OepexHO MoJAepKUBaAIach €€ OpraHu3aTopaMu, B TOM YHCIIE€ TEMU, KTO CTOsUT y €€ ncrtokoB. K
HUM B nepByro odepens otHocsates: FO.A. Peokos, B.E. HOpacosa, SI.M. ®orens, O.b. ®upcos,
b.b. Kagomues, B.T.Yepenun, B.A.Jlabynos, B.I'.TenskoBckuit, U.N.IlIkap6an, B.A.Kypnaes,
A.N.TutoB u ap.

B xondepentiuu BUIT TpaguiuoHHO y4acTBYIOT BEAYIIME CIIEIMATUCTBI U3 MHOTHUX CTpPaH.
3a BpeMsl CYIIECTBOBAHUS KOH(PEPEHIMH MPUTIIAMIEHHBIMU JOKJIATIYMKaMHi ObLIA 3apyOeKHbIE
ydyeHble ¢ MUPOBbIM uUMeHeM: P.bapamxuona, P.bepum, I'.beru, M.buneiim, X.bponrepcma,
I".Benep, P.Be066, I'.Bunrep, [Ix.Bunbamc, H.Bunorpan, A.Byxep, XK-Il.I'osk, B.Ecaynos,
B.3urnep, I1.3urmynn, Il.3eiinmanc Ban OmMmuxoBeH, K.Kumypa, A.Kneitn, [x.Komnuron,
TMumenu, A.Huxay3, K.Hopmnynn, b.Paymenbax, H.Tonk, M.Tommcon, ®&.dnopec,
B.Xaiinana, M.1lIumonckwuit, I.1lusern, 3.11py6ek, B.Okmraiin, f.5ImMa3aku u MHOTHE IpyTHE.

Ot nmuua opraHn3aTopoB KOH(GEPEHIIUH BBIpaXKalo TIIyOOKYIO 0JIaroJapHOCTh POCCHICKUM U
MHOCTpPaHHBIM WwieHam OpraHuzanuoHHOro u [IporpaMmMHOro KOMHTETOB MU MeEXAYHAPOIHOTO
coBeTa 3a OOMBIIYI0 U Pa3HOOOpa3HYIO TIOMOINb B OpraHu3anuu koHpepenmuii. Ocobast ponb B
pPa3BUTHHU KOH(EPEHIINN CpeIn 3apyOeKHBIX yueHbIX npuHaaexuT Jx. Kommmrony, yaactBoBan
nouTu Bo Bcex koH(pepenmusax BUIL, momoran B ux opranuszainuu, GUHAHCUPOBAHUH U U3JIaHUU
TPYyZIOB B )XypHase Vacuum. Heonieanmyro moMoIns B opranu3anuu MHOTHX KoH(pepenmmii BUIT
U B BRIOOpE MPUTITANIEHHBIX TOKIAIYUKOB oKa3biBal [Iutep 3urmMmynm.



TenneHuued mocienHUX KOH(EpPEHIMA SBISETCS YBEIMYEHHWE YHCIA IMOMCKOBBIX PaldorT,
HaIpPaBJIEHHBIX HA PELIECHUE 3a/1a4, KOTOPhIE CO3/1al0T HAyYHYIO0 0a3y JUIisl HOBBIX TEXHOJOTUH B
CaMbIX TMPOTPECCUBHBIX O0JACTAX HAYKH M TEXHUKH: MUKPO-, HAHO- U OHOTEXHOJOTHSX,
ONTO3JIEKTPOHUKE, MEJULIMHE, IAECPHON, TEPMOSIEPHON U BOJIOPOIHOMN SHEPIETHUKE.

Nutepec x koHdepennnu BUII yBenmumBaeTcs u3 roma B roia. IlosBiusercs MHOTO HOBBIX
YYaCTHUKOB U3 Pa3HbIX TOPOJ0B Poccuu u u3 3apy0eKHBIX CTpaH, CPeid KOTOPHIX MPeo0IagaroT
MOJIOble y4acTHUKH. Llenblil psig  MONOABIX YYaCTHHKOB BBICTYOHUT B OSTOM TOAy C
MPUTJIAMIEHHBIMA 0030pHBIMU JOKIIAJIAMHU 10 X padoTe.

Haunnast ¢ mnponwioro rojaa, mepeA HadaloM KOH(EPEHIMU MPOBOJUTCS  CEpHs
00pa30BaTeNbHbIX JEKIUI A MOJIOJIBIX YYaCTHUKOB. B 3TOM rojly 3TH JIEKIIMHU pacIIUpPEeHbl U
BBIJICJICHBI B OTJIEJIbHOE MEPOIPHUATHUE — IIKOJY MOJIOABIX YUEHBIX MO B3aUMOJIEHCTBUIO HOHOB C
MMOBEPXHOCTHIO, KOoTOpas npoiaer 19-20 aBrycra.

B anpec Oprkomurera B 3TOM rojy HOCTYHUIO OKO0JIO 250 pacHIMpeHHbIX TE3UCOB HAYyYHBIX
noka1oB (Oonee yem u3 20-TU CTpaH MHUpa), KOTOpBIE OMyOJMKOBAaHBI B HACTOSIIUX TPYyAaxX
KoH(pepeHMU. BujgHa He TONBKO HIMPOTa Kpyra Yy4YaCTHHUKOB, HO M BBICOKOE KaueCTBO
IPUCIIAHHBIX TE3HCOB.

[Tocrne 3aBepiieHUs KOHPEPESHIIUN TPEIIIONIATaeTCs MyOIUKAIHS TPEICTABICHHBIX JTOKJIAI0B
B Buje craredl B xypHanax "IloBepxnocts", "U3Bectus PAH, cepus ¢dusmueckas" u Vacuum.
Craren i nyOnukanuu OyAyT OTOOpaHbl W pacmpenesieHbl Mo >kypHaiam [IporpammMHbIM
KOMUTETOM TOCIIE PEeLEeH3UPOBAHMS BO BpeMs pabOThl KOH(EPEHIUH.

B cBoGogHOE OT paboThl KOH(epeHIUH BpeMs OyIyT OpraHu30BaHbl SKCKYPCHH B MapK
Konomenckoe, B 1neHtp MockBel ¢ mnocemieHneM Mmy3eeB Kpemis u Apyrux wmyseeB, Ha
CIEKTaKIU B MOCKOBCKHE TEaTpBhI.

Opranuzaropel BUII-23 HaneroTcs, 4To ApYKECTBEHHOE OOLIEHHE YYacTHUKOB B XOj€
pabotel KoH(pepeHIMH OyneT CcrocoOCTBOBaTH €€ yclexy W JalbHEHIIEMY COTPYIHHUYECTBY
YUEHBIX.

KO.M.I'acniapsin, conpencenarens [Iporpammuoro komutera BUIT-23.



INTRODUCTION

The 23rd International Conference on lon-Surface Interactions (ISI-23) will be held from 21st
to 24th of August 2017, in the “Intourist-Kolomenskoe” hotel in Moscow.

The Conference covers both basic and applied issues of ion-surface interaction in its six
sections:

1. Sputtering, surface structure, desorption;

2. lon scattering and ion penetration;

3. Emission of ions, electrons, photons, and X-rays in ion bombardment;
4. lon implantation and surface modification;

5. lon-induced processes in thin films and nanostructures;

6. Plasma- surface interaction: physics and technology.

In the frame of each section, regular oral and poster presentation together with review talks
will be presented.

The ISI-23 is organized by the Russian Academy of Sciences, National research nuclear
university «MEPhI» (Moscow Engineering Physics Institute), Moscow state university, Moscow
aviation institute, Yaroslavl branch institute of physics and technology of the RAS, and Institute
of microelectronics technology and high-purity materials of the RAS, Moscow State Technical
University.

The ISI Conference is one of the leading in the field of ion-surface interaction. It was
organized for the first time in Kharkov in 1971 on the initiative of Prof. Ya.M. Fogel. Later it
was hold at Moscow, Kiev, Minsk, Zvenigorod, Yaroslavl.

For a long time, the ISI conference is carefully supported by her organizers, including those
who stood at its origins: Yu.A. Ryzhov, V.E. Yurasova, B.B.Kadomtsev, V.T.Cherepin,
V.A.Labunov, V.G.Telkovsky, I.1.Shkarban, V.A.Kurnaev, A.l.Titov and others.

The ISI conference is traditionally attended by leading experts in the field from many
countries. In different time, invited speakers were: R.Baragiola, R.Behrisch, G.Betz,
M.Bernheim, G.Betz, H.Brongersma, J.Colligon, W.Eckstein, V.Esaulov, F.Flores, J.-
P.Gauyacq, W.Heiland, A.ltoh, K.Kimura, A.Klein, T. Michely, A.Niehaus, K.Nordlund,
B.Rauschenbach, G.Schiwietz, P.Sigmund, Z.Sroubek, M.Szymonski, M.Thompson, N.Tolk,
R.Webb, G.Wehner, J.Williams, N.Winograd, H.Winter, A.\Wucher, Y.Yamazaki, P.Zeijimans
van Emmichoven, J.Ziegler, and many others.

The tendency of the last conferences was raising number of cutting-edge papers oriented
towards solution of issues that provide a scientific basis for the emerging technologies: in micro-,
nano-, and biotechnologies, optoelectronics, medicine, nuclear fusion and fission, hydrogen
energy, etc.

The popularity of the ISI conference increases year by year. There are many new participants
from different regions of Russia and from abroad, and many of them are young people. A
number of young participants will have a chance to present their results as oral or invited talks.

Starting from last year, a tutorial course of lectures for young participants is organized before
the conference. This year, these lectures were expanded and highlighted in a separate event - the
school of young scientists on the interaction of ions with the surface, which will be held on 19-
20 August.

This time, the Organizing Committee received about 250 extended abstracts from over 25
countries. The materials are published in this Conference Proceedings. It is my pleasure to mark
both the variety of attendees and high quality of the extended abstracts received.



After the conference, selected papers of the Conference will be published as special issues of
the “Bulletin of the Russian Academy of Sciences, Physics”, “Journal of Surface Investigation”,
and “Vacuum”.

Guided tours to Kolomenskoye Park, to the center of Moscow, with visits to the Kremlin
museums and other museums and theaters will be organized for participants in the time free of
scientific sections.

The organizing committee hope that friendly communication between participants during the
Conference would promote its success, that this conference will be just as interesting as the
previous ones, that there will be lively discussions and that many useful contacts will be
established.

Yury Gasparyan,
Co-chair of 1SI-23 Programme committee
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ORGANISING COMMITTEE

Yu.A.Ryzhov — Chairperson, Academician of RAS

M.N.Strikhanov — Co chairperson, National Research Nuclear University
«MEPhOI»

V.E.Yurasova — Vice chairperson, Moscow State University

A.l.Titov — Vice chairperson, St. Petersburg State Polytechnic
University

V.A.Kurnaev — Vice chairperson, National Research Nuclear University
«MEPhI»

A.F.Vyatkin — Vice chairperson, Institute of Microelectronics Technology
and High Purity Materials RAS

E.D.Marenkov — Scientific secretary, National Research Nuclear University
«MEPhAI»

Members of organizing committee

P.Yu. Babenko — loffe Physical-Technical Institute RAS

V.1. Bachurin — Yaroslavl branch of Institute of Physics and Technology RAS
L.B. Begrambekov — National Research Nuclear University «MEPhI»

A.M. Borisov — Moscow Aviation Institute

J.S. Colligon —The University of Huddersfield

Yu.M. Gasparyan  — National Research Nuclear University «MEPhI»

P.A. Karaseov — St. Petersburg State Polytechnic University

G.V. Kornich — Zaporozhye National Technical University

A.A. Pisarev — National Research Nuclear University « MEPhI»
A.A.Semyonov — Moscow Aviation Institute

O.S. Trushin — Yaroslavl branch of Institute of Physics and Technology RAS
AM. Zimin — Moscow State Technical University

E.Yu. Zykova — Moscow State University
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MMPOT'PAMMHBIA KOMUTET

B.E.FOpacogBa — npedceoamenn, MI'Y, Mockaa, Poccus
KO.M.I"acniapsin — conpeoceoamenv, HUSAY MUDU, Mocksa, Poccus
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C.Kanr — YuuepcuteT Hanbsur, Cunranyp
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FO.B.MapTbiHEHKO — HUII «Kypuaroscknii uHCTUTYT», MOCKBa, Poccus
E.C.MamxkoBa — HUNAD MI'Y, Mocksa, Poccust

A.H.Muxaitnos — HHI'Y, Huwxnuit HoBropona, Poccust

T.Muxenu — Yuusepcuret Kénba, ['epmanns

A.A.Ilucapes — HUAY MUDU, MockBa, Poccus

B.H.ITonox — Yuusepcutet OnbOopr, lanus

J.N. Terensbaym — HHI'Y, Huxnuit Hosropon, Poccust

MEKIYHAPOJHBI COBET

A.N.baxun (Ykpauna), U.bypraopdep (Actpusi), P.B266 (BenukoOpuranus),
A lenbkopre (Opannus), @.Jxxypadbexona (Ounnsuaus), A.H.3uHOBHEB
(Poccus), B.A.MBanoB (Poccus), K.Kumypa (SInonus), B.A.JIaGyHoB
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(IToptyranus), A.M.Turos (Poccus), X. Ypobacek (I'epmanus),
[I.dacko (I'epmanus), B.C.Uepnsin (Poccus).

CIHHOHCOPBI

Poccuiickuii pona pyHaaMeHTaIbHBIX UCCIEAOBAHUN
Uz narensctBo «Elsevier

HanmonanbeHbiil nccienoBaTenbCkui ssaepubiid yausepcuret « MO »

12



PROGRAM COMMITTEE
V.E. Yurasova — Chairperson, Moscow State University, Russia

Yu.M. Gasparyan — Co chairperson, National Research Nuclear University «MEPhI»

Members of programme committee

S.0. Kucheyev — Lawrence Livermore National Laboratory, USA

Yu.V. Martynenko — National Research Center «Kurchatov Institute», Russia
E.S. Mashkova — Institute of Nuclear Physics of MSU, Russia

T. Michely — University of Koeln, Germany

A.N.Mikhailov — University of Nizhni Novgorod, Russia

A.A. Pisarev — National Research Nuclear University «MEPhI», Russia
B.N.Popok — Aalborg University, Denmark

D.I. Tetelbaum — University of Nizhni Novgorod, Russia

S. Zhang — Nanyang Technological University, Singapore

INTERNATIONAL ADVISORY BOARD
A. Bazhin (Ukraine), J. Burgdorfer (Austria), V. Chernysh (Russia),
A. Delcorte (France), F. Dzhurabekova (Finland), V. Ivanov (Russia),
S. Facsko (Germany), K. Kimura (Japan), V. Labunov (Belarus),
J. Malherbe (South Africa), U. Rasulev (Uzbekistan), N. Sobolev (Portugal),
A.l. Titov (Russia), H. Urbassek (Germany), R. Webb (UK),
A. Zinovyev (Russia).

SPONSORS
Russian Foundation for Basic Research
«Elsevier»

National Research Nuclear University « MEPhI»

13






IliienapHoe 3acenanue

Plenary session






STOPPING OF SLOW IONSREVISITED

P. Sigmund* and A. Schinner®

*Department of Physics, Chemistry and Pharmacy, University of Southern Denmark,
DK-5230 Odense, Denmark, sigmund@sdu.dk
#Department of Experimental Physics, J. Kepler University, A-4040 Linz, Austria

According to common textbook knowledge the electronic stopping cross segtimiions
penetrating matter is expected to be proportional to the projectile speed up to the Thomas-Fermi
speedvrr = Z2/*vy, wherev, is the Bohr speed and, the atomic number of the ion. This
picture, established by Lindhard and Scharff in 1961 [1], is widely accepted as a valid basis for
estimating penetration and energy deposition profiles by transport theory or simulation. When
it comes to quantitative details, the situation is more complicated for quite a number of reasons.
In this talk 1 want to discuss such complications, both on the experimental and the theoretical

side, and ways to overcome some of them.

¢ In contrast to stopping in the Bethe regime, in particular proton stopping above 1 MeV/u,
where the state of the art requires an accuracy better than 1 %, discrepancies of more
than a factor of two are not uncommon between low-velocity stopping data from different
sources [2]. While factors like target purity may contribute to such errors, problems in

data analysis are likewise candidates for closer inspection.

e Arguments supporting a linear dependefSgex v [3—5] assume projectile speeds below
pertinent electron velocities in the target. Oncexceeds,, this becomes increasingly
guestionable. Extension to> v, was supported primarily by comparison with experi-

mental data for ranges of fission fragments [1, 6].

Indeed, both positive and negative curvature can be observed in experimental data in the
velocity range between, andvte. The main cause of such behavior is variation in ion

charge [7, 8], which is not foreseen in the above estimates.

¢ Instead of the predicted smooth dependencg,.afn the atomic numbers &, andZ,
of the ion and the target, pronounced structure has been observed long ago, in particular
Z-oscillations [9, 10]. This effect is unquestionably real, but quantitative data depend
on data analysis involving a valid correction for nuclear stopping, for which there is no

commonly accepted standard [11].

17



e When experimental data are fitted to a power gwx v?, the powerp has been found
to vary between-0.8 and~1.2 forv < vg [10]. A theoretical reason for such behavior

is not known to our knowledge.

e Reciprocity arguments [12] suggest the existencg p$tructure similar taZ, structure.

Such structure has been searched for, but experimental evidence is still inconclusive.

e Reciprocity in stopping cross sectios(Z, Z,) = S.(Z,, Z,) must be strictly obeyed
in nonionizing collisions between neutral atoms, but has also been found to be approx-
imately obeyed in solids [12, 13]. In case of major deviations a close look at the data

analysis is indicated.

e Drastic deviations from reciprocity have been found in the popular SRIM code [14]. The
origin of such discrepancies has been asserted to be related to the analysis of measured

ion ranges [12].

¢ In addition to a correction for nuclear stopping also an electronic-stopping correction
may be necessary, whenever only a fraction of the beam enters the detector [15]. This

correction is determined by the dependence of electronic energy loss on impact parameter.

e The separation of energy loss into electronic and nuclear stopping becomes questionabkle
when the two effects are comparable in magnitude. While such coupling is evident in
straggling and higher moments, it has also been proposed for the stopping cross section
[16].
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Introduction

There has been an increasing demand for molecular imaging in a wide range of fields,
especially biology and medical science. The most commonly used technique for molecular
imaging is MALDI (matrix assisted laser desorption ionization) [1]. MALDI provides
imaging of large biomolecules such as peptides and amino-acids. The spatial resolution of
MALDI is, however, limited by the use of matrix and is about several tens um which is not
enough for many applications. In this respect, secondary ion mass spectrometry (SIMS)
could be a good alternate technique. By using a micro ion beam, spatial resolution better
than 100 nm can be easily achieved [2]. In the conventional SIMS, however, large molecules
are easily destroyed by the irradiation of the primary ions. Consequently, the yield of intact
molecular ions is very low for molecular imaging. There has been a number of attempts to
improve the yield of intact molecular ions in SIMS. During the past two decades, various
kinds of large cluster ions, such as Cg ions [3], argon gas cluster ions [4], water cluster ions
[5], and metal cluster ions [6] have been used as primary ions to improve the yield of intact
molecular ions. It was shown that these cluster ions enhance emission of intact large
molecular ions compared to monatomic ion bombardment. However, the luminosities of ion
sources used for these cluster ions are not good enough to provide micro beams with enough
intensity for molecular imaging. In this presentation, we propose a new technique for
molecular imaging using so-called transmission SIMS in combination with secondary electron

microscopy. The preliminary results of this new technique will be presented.

Transmission SIMS

In the conventional SIMS, secondary ions emitted in the backward direction from the
sample surface are analyzed. If the primary ion has enough energy to transmit through the
sample, the secondary ions emitted in the forward direction upon transmission of the primary
ion can be also analyzed, which we call transmission SIMS. We have demonstrated that the

secondary ion yield of intact biomolecules are enhanced in the forward direction compared to
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Fig. 1. Mass spectra for positive ions from phenylalanine films on a-SizN, films under 5 MeV
Ce' ion bombardment. The spectra observed in the forward direction (solid line) and the
backward direction (dashed line) are shown.

the backward direction using 5 MeV Cg ions [7]. Figure 1 shows examples of the observed
mass spectra of secondary ions when 5 MeV Cg ions are incident on a phenylalanine film
deposited on a self-supporting thin silicon nitride film. The dashed line shows the mass
spectrum of secondary ions emitted in the backward direction when the primary ions are
incident on the phenylalanine side. There is a peak at m/z = 166, which corresponds to the
protonated intact phenylalanine ions. There are, however, many peaks of fragment ions at
lower mass numbers and the yields of these fragment ions are much larger than the intact
phenylalanine ion. When the secondary ions are observed in the forward direction, the
observed spectrum changes drastically as shown by a solid line in Fig. 1. The yield of the
intact phenylalanine ion is enhanced by one order of magnitude, while the yield of the
fragment ions are considerably reduced compared to the backward direction. This clearly
demonstrates the advantage of transmission SIMS.

The observed yield enhancement of the intact molecular ion might be related to the
broadening of the spatial distribution of the constituent carbon atoms during the passage
through the film. Due to the broadening, the deposited energy distributes in a large area with
a relatively low peak energy density at the exit surface. This is a suitable situation for the
emission of intact molecular ions. If this is the case, the enhancement should be changed
when the distribution changes. In order to see if this is the case, phenylalanine films of
different thicknesses were prepared on a silicon nitride films and the secondary ions emitted

in the forward direction upon transmission of 5 MeV Cgo ions were measured. Figure 2 shows
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Fig. 2. Frcaton of intact phenylalanine ions as a function of the thickness of the
phenylalanine film.

the fraction of the intact phenylalanine ion yield in the total secondary ions as a function of
the film thickness. The fraction increases with increasing thickness as is expected. This

indicates that moderate energy deposition enhances emission of intact molecular ions.

Novel molecular imaging technique using transmission SIMS

Although the yield enhancement of intact molecular ions is observed using 5 MeV Cg
ions in the forward direction, it is not easy to prepare a micro beam of 5 MeV Cg ions for
molecular imaging due to the poor luminosity of the ion source. ~ We therefore developed a

lon beam

Fig. 3. Schematic drawing of the equipment developed for molecular imaging.
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Fig. 4. Molecular image of phenylalanine observed using 6 MeV Cu®* ions.

new molecular imaging technique which does not require a micro beam. The developed
equipment is schematically shown in Fig. 3, where the transmission SIMS is combined with
secondary electron microscopy. The primary ions transmitted through a thin film sample are
detected by a surface barrier detector.  The secondary ions emitted in the forward direction
are mass analyzed by a time of flight mass spectrometer using the primary ion signal as a start
signal. Simultaneously, secondary electrons emitted in the backward direction upon incidence
of the primary ion are observed by a secondary electron microscope and the image is taken by
a high-speed C-MOS camera. The impact position of the primary ion can be determined from
the observed secondary electron image. By combining the information of the impact position
and the information of the secondary ion, molecular imaging can be performed. In order to
examine the performance of the developed technique, phenylalanine was deposited on a
silicon nitride film through a square mesh to prepare a patterned phenylalanine film. An
example of the observed molecular image of phenylalanine is shown in Fig. 4. An array of
squares is clearly seen, demonstrating the ability of molecular imaging using the developed
technique. The spatial resolution estimated from the observed image is about 1 um. In this
observation, 6 MeV Cu** ions were used as primary ions. Brighter images should be obtained

using MeV Cgg ions.
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The main objective of this research program is to simulate the effects of heavy ion
irradiation on astrophysical ices. Heavy ions (C, O, S, Fe, Ni) are present in the solar wind, in
cosmic rays and in the magnetosphere of giant planets. Ices, found e.g. on comets and dust grains
(dense clouds) in space are mainly formed by simple molecules (like H,O, CO, CO,, NH;3 ...).
For complex organic molecules, several theories claim that these molecules have possibly
reached the early Earth via comets and meteorites [1]. Indeed, the recent space missions
identified nucleobase’s precursors: glycine was detected in the coma of comet 67P/Churyumov-
Gerasimenko [2]. Additionally, analysis of carbonaceous meteorites on Earth shows a presence
of nucleobases, including adenine. That is an indication of its existence in outer space.

In the laboratory, the icy samples are deposited at low temperature (typically between
15K and 150K) and are irradiated with swift heavy ions delivered by GANIL (Grand
Accélérateur National d’Tons Lourds, Caen, France). Low energy (KeV domain) ions can
simulate the effect of solar wind on ice and high energy (Mev-GeV) ions, the role of cosmic
rays. In situ infrared absorption spectroscopy allows to observe the disappearance of molecules
(fragmentation or sputtering), and the appearance of new molecular species as a function of the
projectile fluence [3]. Destruction cross section can be determined and can give informations
about the radioresistance of the irradiated target molecules. Time of flight experiments have also
been performed in order to study sputtering processes for secondary ion emission and determine
cluster size distribution.

Two new series of results will be presented:

- Low energy ion irradiation of H,O ices. Different thicknesses have been irradiated with 90 KeV
O°* at different temperatures. The figure 1 shows the evolution of the Time Of Flight (TOF)
spectra as a function of the temperature. The cluster distribution is obviously temperature
dependent. The production yield of (H,0),H" cluster decreases when the temperature increases.
We have also studied the effect of the ice structure on the cluster distribution and on the
sputtering yield. One experiment was also performed with heavy water (D,0O). The comparison
with H,O will be presented.
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Figure 1: Mass distribution of (H,O),H" clusters for H,O ices at 10, 50 and 100K
irradiated with 90 KeV O®* ions.

- For complex molecules, we will present new results on nucleobases irradiation in solid phase at
low temperature. The experiments were performed at GANIL (Caen, FR) and GSI (Darmstadt,
DE). 5 nucleobases have been irradiated in a solid phase: adenine, cytosine, uracil, guanine and
thymine. The evolution of these molecules under heavy ion irradiation was followed by infrared
absorption spectroscopy as a function of projectile fluence. The corresponding destruction cross
sections were determined. For cytosine and adenine, several projectiles were used in order to
vary the electronic stopping power (figure 2 and 3). The figure 2 shows the evolution of column
density of cytosine for 4 different projectiles (190 MeV Ca, 92 MeV Xe, 17 MeV Ni and 116
Mev U).
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Figure 2: Column density of cytosine as a function of fluence for several projectiles (From 190
MeV Cato 116 MeV U).

It is clear that the faster decays are associated to projectiles having the highest electronic
stopping power Se. The figure 3 represents the evolution of the column density as a function of
the local dose. In this case, all the curves have the same behavior: this is a strong indication that
the energy deposited locally (local dose) is the key parameter.
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Figure 3: Column density of cytosine as a function of the local dose for the same ions.

From these curves, it is possible to determine the corresponding destruction cross sections for a
fixed temperature. Then, it was also possible to characterize the evolution of the destruction
cross section as a function of the electronic stopping power Se. The obtained destruction cross
sections will be compared for all nucleobases in order to classify their radio-resistance. New
infrared absorption bands also arise under nucleobase irradiation and can be mainly attributed to
HCN, CN’, CoH4Ny, nitriles groups (R-C=N) and isocyanides groups (R-N=C).
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lon beam techniques are versatile tools with a large variety of applications in materials
processing, for example, ion implantation, surface smoothing and patterning, ion beam
figuring, ion beam etching, and deposition of films or nanostructures.

lon beam sputter deposition (IBSD) is a physical vapour deposition (PVD) technique using
low-energy ions. In contrast to other PVD techniques, for instance, magnetron sputtering or
evaporation techniques, IBSD offers more degrees of freedom for tailoring the properties of
the secondary, film-forming particles and, hence, the properties of the films [1]. Though
widely used, the capabilities of IBSD are not completely understood and utilized yet. The
present paper focuses on closing this gap, i.e. it describes systematic investigations of the
correlation between process parameters, properties of secondary particles and film properties.
Exemplary, the work was done for Ag (metal), Ge (semiconductor), TiO, and SiO;
(dielectrics).
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Figure 1: Schematic sketch of the experimental setup.
Figure 1 shows the experimental setup. It allows adjusting geometrical parameters (ion
incidence angle, polar emission angle) and ion beam parameters (ion energy, ion species).
Depending on these parameters the angular and energy distribution of the sputtered target and

backscattered primary particles changes [1-4], which have a direct impact on film properties

[5-8]. Table 1 lists the main process parameters.
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Table 1: List of main process parameters.

lon incidence angle (o) 0°, 30°, 60°

Polar emission angle  (B) -40° to 90° (steps 10°)

lon energy (Eion) 0.5keV, 1.0 keV, 1.5 keV
lon species Ar, Xe

Targets Ag, Ge Ti, Si

The angular and energy distribution was measured using the collection method and energy-
selective mass spectrometry, respectively. Investigated film properties are thickness, growth
rate, structural properties, composition, optical properties, mass density, and electrical
resistivity.

Selected energy distributions of sputtered target particles and backscattered primary particles
for sputtering of Ag are shown in Figure 2 [1,3]. The shape of the curves is mainly
determined by the scattering geometry, i.e. the scattering angle (y = 180° - a - B). All energy
distributions are dominated by a peak at low energy (E <20eV). However, additional
features can appear. The energetic position of these features shift linearly with the ion energy.

10°
(a) Sputtered Ag ions (Gas: Ar) (c) Sputtered Ag ions (Gas: Xe)

10*

Y[s"]

Y [s7]

300 400 500 100 200 300 400 500
E[eV] E[eV]

0

Figure 2: Experimental energy distributions of sputtered target ions (a,c) and backscattered primary
ions (b,d) for sputtering a Ag target with Ar ions (a,b) and Xe ions (c,d) [1,3]. Shown are data for

different emission angles (ion energy 1.0 keV, ion incidence angle 30°).

The energy distributions of the sputtered particles show the dominant peak followed by a
decay proportional to E if the sum of incidence and emission angle is less than 90°. This is
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in agreement with the well-known Thompson’s formula. However, if the sum is larger than
90°, an additional shoulder appears. This shoulder is related to direct sputtering events and
moves to higher energies with increasing emission angle (and increasing ion energy). The
energy distribution for sputtering with Ar and Xe are almost the same with slightly higher
maximum energies for sputtering with Xe.

The energy distributions of the backscattered primary particles can show up to two additional
features, an additional broad shoulder and a second peak at higher energy, which are related to
direct scattering at an implanted primary particle or a target particle, respectively. The
occurrence of the additional features and their energetic position depends again on the
scattering angle and the mass of the projectile (in relation to the mass of the target particle).
Therefore, the second peak is missing for sputtering with Xe, because it occurs only if the
sum of incidence and emission angle is higher than 130° (i.e. the scattering angle is less than
50°). Similar results are obtained for sputtering Ge and Ti.

The observations can be explained by considering simple two-particle interaction. The energy
of the backscattered (E;, mass m;) and sputtered particle (E,, mass my) after the collision in

dependence on the scattering angle in the ideal case is given by

2
my cos(y) + 4/m2 —m? sin2(y) D
El = Eion
my + m,
E, = E: MCOSZ(S) @)
2 = Hon (n m, )2

Eion is the energy of the incident primary particle. The target particle is assumed to be at rest

before the collision. Figure 3 shows calculation results.
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Figure 3: Calculated energy of scattered primary and sputtered target particles vs. scattering angle for
sputtering Ti, Ge, and Ag with Ar (solid lines) and Xe (dashed lines). Eon is 1.0 keV.
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The data illustrate clearly that directly scattered and sputtered particles can gain considerable
energy. This is of special importance for the backscattered primary particles, because they are
typically neglected when discussing sputtering experiments. The energy of scattered Ar
particles is higher than that of scattered Xe particles, and the energy gets higher when
sputtering a target with lower mass. The calculated energies agree very well with the energetic
positions of the additional features in the experimental energy distributions

Film properties should show similar systematic changes [5-8]. First of all, the thickness was
measured and growth rate was calculated. The angular distributions of thickness and growth
rate are of over-cosine shape and tilted in forward direction due to anisotropy effects in the
evolution of the collision cascade. Furthermore, the crystallinity was investigated. Ag films
are polycrystalline, Ge, TiO,, and SiO, films are amorphous.

The measurement of the composition revealed a considerable amount of implanted primary
particles inside the films. Exemplary, Figure 4 shows the atomic fraction of Ar and Xe
particles inside Ge films for selected sets of process parameters [6]. The atomic fraction
depends predominantly on the scattering angle, and is higher for sputtering with Ar than for
sputtering with Xe. The amount decreases with increasing scattering angle. Similar results
were observed for the TiO, and SiO; films [7,8].
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Figure 4: Atomic fraction of inert gas atoms versus scattering angle of Ge films grown by sputtering
with Ar (a) or Xe (b) for different parameter sets (ion energy, ion incidence angle) [6].

The Ag films were characterized concerning their electrical properties [5]. Electrical

resistivity data are plotted in Figure 5. Again, the scattering geometry and ion species are the

most important parameters. The electrical resistivity decreases with increasing scattering

angle. Furthermore, it is higher for sputtering with Ar than for sputtering with Xe. The

structural characterization showed that the systematic changes of the electrical resistivity are

caused by changes of the average grain size.
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Figure 5: Electrical resistivity vs. scattering angle of Ag films grown by sputtering with Ar (a) or Xe (b)
for different parameter sets [5]. The dashed line marks the electrical resistivity of Ag bulk.

The main application of TiO, and SiO, films are optical coatings. Therefore, the optical

properties were determined for these films [7]. Figure 6 depicts selected spectra of the index

of refraction of TiO, films. In principal, the index of refraction decreases with increasing

emission angle, and it is lower for sputtering with Ar than for sputtering with Xe.

Furthermore, decreasing the ion energy results in a lower index of refraction. Similar results

were obtained for the SiO» films.
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Figure 6: Spectra of the index of refraction of TiO, films grown by sputtering with Ar (a) and Xe (b)

[7]. Shown are spectra for different emission angles (with the same ion energy and incidence angle).
The optical properties are strongly correlated with the mass density, i.e. the higher the mass
density the higher the index of refraction. In Figure 7 the index of refraction at a wavelength
of 550 nm versus mass density is plotted for different deposition techniques reported here or
by other groups. When comparing these data, it is obvious that the index of refraction (and
mass density) increases systematically with increasing particle energy. The particle energy is

known to be lowest in the evaporation process and highest in the arc deposition process.
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Figure 7: Index of refraction at 2 = 550 nm versus mass density of TiO, films grown by various
deposition techniques [7]. Open symbols and lines represent reference data from other sources.
In summary, the investigations have revealed a systematic correlation between growth
parameters and properties of secondary particles, and, in consequence of that, with film
properties. These systematics are mainly driven by the scattering geometry (scattering angle)
and ion species. lon energy and ion incidence angle have only a small or negligible influence.
Interestingly, the greatest impact comes from the backscattered primary particles, a fact that
has been unconsidered or at least underestimated so far.
The variety of investigated materials shows impressively that selected film properties can be
tuned deliberately. The results can be easily transferred to other materials and, hence, are of

great technological interest.

The authors are deeply grateful to the Deutsche Forschungsgemeinschaft (DFG) for financial
support (projects BU2625/1-1 and -2), and to A. Finzel, F. Frost, J.W. Gerlach, M. Mensing,
M. Miller, F. Scholze, E. Thelander, R. Woyciechowski (all IOM) for technical support.

[1] R. Feder et al., Nucl. Instrum. Methods Phys. Res., Sect. B, 316 (2013) 198.

[2] R. Feder et al., Nucl. Instrum. Methods Phys. Res., Sect. B, 334 (2014) 88.

[3] C. Bundesmann et al., Contrib. Plasma Phys. 55 (2015) 737.

[4] T. Lautenschléger et al., Nucl. Instrum. Methods Phys. Res., Sect. B, 385 (2016) 30.
[5] C. Bundesmann et al., Thin Solid Films 551 (2014) 46.

[6] C. Bundesmann et al., Thin Solid Films 589 (2015) 487.

[7] C. Bundesmann et al., Nucl. Instrum. Methods Phys. Res., Sect. B, 395 (2017) 17.
[8] C. Bundesmann et al., Appl. Surf. Sci., in press, DOI: 10.1016/j.apsusc.2016.08.056.

36



STRUCTURE OF HILLOCKS AT SURFACE OF CERAMICS IRRADIATED WITH
SWIFT HEAVY IONS

N. Ishikawa ', T. Taguchi” and N. Okubo”
“Nuclear Science and Engineering Center, Japan Atomic Energy Agency (JAEA), Tokai,
Ibaraki 319-1195, Japan, e-mail: ishikawa.norito@jaea.go.jp;

* Quantum Beam Science Research Directorate, National Institutes for Quantum and
Radiological Science and Technology (QST), Tokai, Ibaraki 319-1195, Japan

Numerous studies have been performed so far for nanometer-sized hillocks created at the
irradiated surface of various inorganic materials irradiated with swift heavy ions (SHI). It is
known that sufficiently high electronic energy deposition is needed to create such hillocks,
and therefore electronic energy deposition rather than elastic energy deposition plays an
important role in the hillock formation. Since a hillock created at the irradiated surface and an
ion track created continuously along the ion-path are connected to each other, mechanism of
hillock formation should be closely related to that of ion track formation.

The important features characterizing the hillock are its size (height and diameter), shape
and crystal structure. The height can be precisely measured by atomic force microscope
(AFM), whereas the diameter measurement is likely to be affected by curvature of probe tip
of AFM machine [1-3]. Shape of hillocks is also one of the important features to elucidate the
formation mechanism. Conical-shape hillocks have been often reported by using AFM[3-5].
However, it should be pointed out that it is hard to identify exact shape of hillocks by AFM
because of finite size of probe tip. If hillocks happen to be spherical, it is almost impossible
to identify their shape as long as AFM is used. Moreover, the crystal structure of hillock
cannot be identified by AFM.

In the present study, we developed a simple method to solve all these problems by using
TEM. The present method has been reported in Ref.[6], and the method is illustrated in Fig.1.

The technique is applied to observe hillocks created for ion-irradiated CeO,. This oxide
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material has been studied for many years as a non-radioactive surrogate to study the behavior
of nuclear fuel material, UO,. lon track formation and hillock formation are the important
aspects of radiation damage in UO, nuclear fuel subjected to fission fragments with the initial
energy of ~100 MeV. Therefore, it is important to investigate the surface morphology of ion-
irradiated CeO; to elucidate the mechanism of hillock formation and ion track formation.

For studying hillock formation in ion-irradiated CeO, using TEM, thin samples were
prepared. At first the sintered polycrystalline CeO, sample was finely grinded using an agate
mortar and pestle, and the grinded samples were then placed randomly on a three mm
diameter 200 mesh copper grid. Here, the copper grids covered with holey carbon film were
used in order to minimize the overlap of sample image and carbon film image. The thinned
samples were subsequently irradiated with 200 MeV Au ions at oblique incidence (45
degrees relative to normal direction) as illustrated in Fig.1. The irradiation was performed at
room temperature in the tandem accelerator at JAEA-Tokai (Japan Atomic Energy Agency,
Tokai Research and Development Center). The irradiated samples were examined using a
transmission electron microscope (TEM, Model 2100F, JEOL Ltd.) operated at 200 kV.

Figure 2 shows the bright field image of CeO, irradiated with 200 MeV Au at oblique
incidence (45 degree relative to the normal direction). The figure evidently shows that
hillocks are created at the crack faces (side surface) as indicated by the arrows . Diameter of
the hillocks can be measured for many of the observed hillocks created at the crack face, if
the diameter of the hillock is defined as the maximum width of a hillock. The mean diameter
of the hillocks created at the crack face is 10.6+1.3 nm. The ion tracks are also recognizable
as inhomogenous line-like contrasts as shown in the figure.

Figure 3 shows the magnified image of the hillock and the ion track. This figure shows
that the hillock is not amorphous and have crystalline lattice structure. Since the hillock
shown in Fig.3 is partly overlapped with the matrix, it is not obvious whether the shape of the

hillock is semi-spherical or spherical. It is likely that the hillocks have spherical shape, since
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the black contrasts at both ends of the ion tracks have spherical shape. As Fig.4 clearly
shows, many of the hillocks are actually spherical. Moreover, the figure shows both lattice
spacing and crystal orientation of (111) plane of the hillocks are the same as those of the
matrix. Therefore, it is likely that the hillocks have the same crystalline structure which is
same as that of CeO, matrix.

Present results shows that many of the hillocks are found to be spherical for ion-irradiated
Ce0,. The hillock shape is an important information in the respect that it is closely related to
the mechanism of hillock formation. Spherical hillocks have never been reported in the
previous studies using AFM. According to the previous literatures, the shape of hillocks
created by SHI is expressed as “hillock-like”[1], “Gaussian shape”[2], “a section of a
sphere”[7], or “conical”[4,8] based on the observations using AFM. We believe that it is
important to reexamine the hillock shape for materials other than CeO, using the present
TEM technique.

Finding of spherical hillocks gives important insight on the hillock formation mechanism.
It is likely that the change in hillock shape (spheroidization) is something to do with a liquid
phase process rather than a solid phase process, and it should be related to local melting due
to high-density energy deposition by ion irradiation. A spherical shape has minimal surface
and maximal volume, and it is the most energetically stable shape for liquid with high surface
tension. If there are sufficiently strong cohesive forces at the surface constituting surface tension,
the protruded liquid tends to form droplet rather than spreading over the surface.

The lattice spacing of (111) plane of hillocks is same as that of undamaged matrix within the
experimental error as shown in Fig.4, indicating that the hillocks have a crystalline structure
which is same as that of CeO2 matrix (i.e. fluorite structure). Recrystallization of whole volume
of the hillock suggests that cooling rate is slow enough for molten droplet to recrystallize

completely. Since the orientation of crystal lattice of the hillocks coincides with that of the
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matrix, it is likely that recrystallization starts from the matrix-side of the hillock rather than from

the vacuum-side of the hillock.

TEM
A

Oblique incidence

Fig.1 The present method of observing Fig.2 Bright field image of CeO, irradiated
hillocks. Thin samples are irradiated with with 200 MeVAu ions at oblique

SHI at oblique incidence, and the as- incidence. The arrows show hillocks
irradiated samples are observed by TEM. created at a crack face.

Fig.3 Bright field image of CeO, irradiated Fig.4 Bright field image of CeO, irradiated
with 200 MeVAu ions at oblique with 200 MeVAu ions at oblique
incidence. The arrows show hillocks incidence.

created at a crack face.
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At CIMAP-GANIL, a new ultrahigh vacuum XY-TOF-SIMS system has been used to
study secondary ion ejection from lithium fluoride LiF [1] and thin nepheline films [2,3].
Together with ices, silicates such as nepheline are the dominant material of the surfaces of
many objects in the Solar System. They can e.g. be found on asteroids, on the Moon and the
planet Mercury. They are exposed to solar wind, cosmic rays, and ions present in the
magnetospheres of the giant planets. Apart from hydrogen and helium, the irradiation field
consists of multiply charged heavy ions. lon bombardment (solar wind, cosmic rays) is able,
among other effects, to influence the reflectance spectra of irradiated silicates by inducing
physico-chemical changes known as a whole as “space weathering” [4]. Sputtered particles
also contribute to the composition of the exosphere of planets or moons [3-5].

We studied the evolution of the yields of sputtered particles from nepheline as a
function of projectile fluence by secondary ion mass spectrometry [1]. Swift heavy ion beams
(10 MeV/u) and slow multiply charged ions (around 100 keV) were delivered by the GANIL
facility (SME and ARIBE beam lines). Our XY-TOF-SIMS apparatus allows not only
measuring mass distributions, but in addition, energy and angular distributions; the measured

energy distributions of some species (Na, K) allow estimating the percentage of sputtered

42



particles escaping from the moon’s and planet’s gravitational field, and of those contributing

to the exosphere.

The figure below shows as an example the position of the secondary ions on the Y

coordinate of the XY-imaging micro-channelplate MCP detector with delay line anode as a

function of their time-of-flight. Assignments of the observed peaks are indicated.
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Na and K ions dominate the flux distribution of sputtered particles, in agreement with

observations made by the Messenger spacecraft exploring the exosphere in orbit around

Mercury [6]. Energy distributions have maxima around ~3 eV for Na and ~2 eV for K [2,3].

From these distributions, it becomes possible to estimate the fraction of Na and K which can

escape from Mercury’s gravitational field.

The composition and stoichiometry of the nepheline sample changes during the

irradiation with slow heavy ions. At the beginning, Na+ is emitted more efficiently? After a

certain projectile fluence, the Na yield remains almost constant, while the K+ yield increases
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continuously. This may contribute explain the observed apparently non-uniform variations of
the Na/K ratio in Mercury's exosphere. Although sputtered ions may be trapped by the
electro-magnetic field of Mercury’s magnetosphere or may escape due to interaction with the
solar wind, these results indicate the possibility that Mercury’s exosphere is feeded with
sputtered particles ejected from the surface, like Na* and K.

It is interesting to note that these findings are possibly related to the abundance of Na
and K at the surface. Secondary ions come from the surface, with a probing depth of some
monolayers. Therefore, they should be a good indicator of the surface stoichiometry, but other
parameters like inhomogeneities of the target surface target should be taken into account.

These results contribute to the ongoing debate on the mechanisms that govern the
composition and variability of the exosphere of Mercury [2-4,6]. Since it is not yet possible
from these experiments to determine if sputtering is the dominant mechanism for the
production of sodium and/or potassium contributing to Solar system object's atmospheres, it is
certainly important to continue experiments on sputtering of astrophysical silicates such as
nepheline or olivine. This important to understand existing data from earth based or space
observation, and in particularly those that will be collected by the instruments on board Bepi

Colombo, the European space mission that will visit Mercury in the near future.
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For a future fusion reactor, like DEMO, a stable and quiescent plasma can be assumed.
With this presumption, the lifespan of the plasma facing components (PFC) in the reactor will
be dominated by the plasma-induced erosion due to ion and neutral particle bombardment.
Therefore an improvement of our understanding in ion-surface interactions is crucial in order
to use nuclear fusion as an energy source. At the expected low ion energies in the near PFC
surface region [1], the erosion rate of high-Z materials is significantly lower than the erosion
of low-Z materials. Therefore the use of thin tungsten (W) armors as PFCs are foreseen in
some DEMO design studies [1, 2]. Additionally, the presumed steady-state operation of a
future fusion reactor brings new demands to the heat removal from the PFCs. Especially the
bonding of the W armor to the cooling components is highly important and technologically
challenging.

An attractive alternative to a full tungsten armor, especially for recessed areas in a fusion
reactor, is the use of tungsten containing steels, like EUROFER [3]. Investigations of Fe-W
sample films (with 1.5 at% W), which can be seen as a model system for EUROFER, showed
a strong decrease in the sputtering yield for low energetic D ion bombardment at high incident
fluences (figure 1) [4, 5]. Preferential sputtering of the lighter element could be observed and
causes surface enrichment of tungsten, which correlates with the reduction of the erosion
yield [4, 5].
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In addition to the reduction of the erosion yield, clear changes of the surface structure
could be observed. AFM investigations of the irradiated film show a self-organized quasi-
periodic patterning due to the ion bombardment [6]. At a bombarding angle of incidence of 60
degree (with respect to the surface normal) perpendicular mode ripples (PeMR) can be seen,
which are oriented parallel to the ion beam direction (figure 2) [5, 7]. These structural

modification of the surface morphology also influences the sputtering behavior.

70 nm

50 Figure 2: AFM Image of an FeW
sample after a bombarding fluence of
40 3x10% D/m? under 60 degree. The white
arrow indicates the ion beam incidence

30 direction. Formation of perpendicular
mode ripples (PeMR), parallel to the

20 ion beam is observed [5].

10

0

To separate the effect of surface structural modifications from the effect of surface
enrichment of high Z materials, experiments were performed using pure Fe target films.

Due to the fact, that Ar might be used as seeding gas in fusion reactors like ITER, to
avoid local overheating of the PFCs by radiative cooling [8] and Ar - Fe sputtering yields are
significantly higher than D — Fe sputtering yields, our investigations concentrated on Ar.

Hence we investigated the interaction of mono-energetic Ar ions with 400 nm thin pure
Fe films, by using a highly sensitive quartz crystal microbalance (QCM). This setup is an
ideal tool to measure small mass changes and allows in-situ investigation of a dynamic
erosion behavior (figure 3) [9, 10].

The sample films were deposited onto polished quartz crystals, by using a magnetron
sputter deposition technique at IPP Garching, Germany.

The evolution of the sputtering behavior of the Fe model films under Ar ion bombardment
was then investigated under specific angle of incidence (a. = 0° - 70°) and in dependence of
the bombarding ion fluence. As ion source a Perking Elmer PHI sputter ion gun was used,
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which allows acceleration voltages of up to 2kV in steps of 500V (figure 3) and ion fluxes of

~10Y ions/m?/s.

sputter gun lens aperture scanning QCM sample holder

plates

Figure 3: Schematics of the experimental setup. The sputter ion gun generates a mono-
energetic ion beam, which is focused and deflected by a lens system and scanning plates.
This ion beam hits a target film onto the QCM and causes sputtering and therefore mass
change. This can be measured as a change in the resonance frequency of the quartz
crystal (Af ~ Am) [5, 9, 10] (picture adapted from [5]).

QCM
electronics

quartz crystal

target film

For pre and post characterization, after predefined fluence steps, a CYPHER atomic force
microscope (AFM) was used to analyze the sample surface morphology and to evaluate root
mean square (RMS) roughness parameters.

Comparing the experimental results of the sputtering behavior of Fe under Ar
bombardment to dynamic binary collision approximation (BCA) sputtering calculations with
SDTrimSP [11] showed clear discrepancies. These simulations were not able to reproduce the
angular dependent sputtering behavior, which points out that changes in the surface
topography are not taken into account. Also RMS roughness values do not correlate well with
the measured sputtering yields.

The performed AFM measurements allowed also extracting the local angular distribution
of the sample surfaces. Including this information to simulations with SDTrimSP and
SDTrimSP-2D [12] lead to a more accurate agreement with the measurements.

Results will be presented and discussed at the conference.
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1. INTRODUCTION

Owing to the progress of recent state-of-the-art semiconductor devices, advanced etching
technology at the sub-10 nm scale has to be developed. To satisfy the production requirements,
atomic layer etching (ALE) has recently attracted increasing attention [1]. Although ALE has
been enthusiastically developed in the 1990s [2], it has not been used for mass production,
owing to productivity issues. In general, the ALE process entails sequential steps of
adsorption of reactive molecules on a solid surface, and subsequent removal of the surface
altered layer by ion irradiation. If the removal of the surface layer is self-limiting, precise
etching control is realized.

Another precise etching technique, which has been developed by our group, is “gas
cluster ion beam” (GCIB) [3]. Gas clusters are aggregates of several thousands of gaseous
atoms or molecules. As the kinetic energy of a gas cluster ion is shared by thousands of atoms,
the kinetic energy of each atom in the cluster can be only equal to several eV, thus producing
low-damage irradiation. In addition, as thousands of atoms or molecules simultaneously hit an
area of a few nanometers, the target area experiences both high pressure (~ several GPa) and
high temperature (~ 10%°K) [4]. As a result, chemical reactions between GCIB reactive
molecules and substrate atoms are enhanced [5]. By utilizing the unique irradiation effects
provided by the GCIB, damage-free depth profiling of polymers or organic materials has been
widely realized in X-ray photoelectron spectroscopy (XPS) and in secondary ion mass
spectroscopy [6,7].

Furthermore, when reactive gases are introduced into a target chamber as background
gases during GCIB irradiations, reactions between the adsorbed reactive gases and substrate
atoms will occur [8]. By utilizing continuous GCIB irradiation and continuous acetic acid
vapor supply, we achieved reactive etching of various metals [9,10]. When considering the
GCIB etching steps with reactive gas vapor, it is expected that each step (adsorption, reaction,
and desorption by GCIB bombardment) would work even if they were to be conducted

separately.
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In this study, ALE with GCIB was investigated for the first time. As a test material, Cu
was etched by using O>-GCIB with acetic acid, large amount of corrected experimental data
were available for this material combination. ALE process using O>-GCIB with acetic acid is
discussed by analyzing the real-time Cu thickness variation. Absorption of acetic acid and
GCIB irradiation effects were modeled from the etching rate variation in relation to the

acceleration voltage, irradiation time, and acetic acid partial pressure
2. METHODS

Figure 1(a) shows an experimental configuration of the GCIB etching system with
reactive gas vapor. In the source chamber, O2 neutral clusters are formed. Subsequently, they
were ionized by electron bombardments in an ionizing chamber. Subsequently, the gas cluster
ions were electrostatically accelerated up to 20 kV. In the irradiation chamber, acetic acid
vapor was supplied using a needle valve. The acetic acid partial pressure (Pacon) was
monitored with a residual gas analyzer. For ALE of Cu with O>-GCIB irradiation, a quartz
crystal sensor was installed in the target chamber. Prior to the experiments, 1 um thick Cu
films were deposited on quartz crystal oscillators by vacuum evaporation. The Cu thickness
was measured with a rate monitor. A shutter was mounted in front of the quartz crystal sensor
to allow blocking the O>-GCIB. It was also used to measure the O>-GCIB ion current.

Figure 1(b) shows the time diagram of ALE by O»-GCIB irradiation with acetic acid
vapor. At first, acetic acid vapor was introduced into the irradiation chamber, and the Cu
surface was exposed it. The duration time of the acetic acid supply (Tacon) was varied

between 2 and 60 s. The acetic acid partial pressure (Pacon) was varied between 1.1 x 10 and
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Figure 1: Schematics of GCIB-ALE system (a) and Time diagram of ALE with GCIB
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2.6 x 10 Pa. After Tacon, the acetic acid supply was stopped by closing a valve; then, the
irradiation chamber was evacuated for a certain time (Tevac). Tevac Was fixed at 30 s throughout
this study. After evacuation, the Cu surface with adsorbed acetic acid was irradiated with the
O2-GCIB for various irradiation times (Tecis). The O.-GCIB acceleration voltages (Va) were
3, 5, and 20 kV. The O.-GCIB incident angle was normal to the Cu surface. The depth of the
Cu film etched by one ALE cycle was defined as “etching per cycle” (EPC). In addition to
thickness measurements, the surface morphology of Cu after ALE with O»-GCIB was

analyzed by using atomic force microscopy in the air.
3. RESULTS AND DISCUSSIONS

Upon continuous O2-GCIB etching, the mechanism behind the etching of Cu by O»-GCIB
irradiation in presence of acetic acid vapor could be explained by the following steps: (1) CuO
formation upon O>-GCIB irradiation; (2) acetic acid adsorption; (3) reaction between CuO
and acetic acid upon O.-GCIB irradiation; (4) desorption of Cu(CH3COO)> reaction products
upon O2-GCIB impact. Separating these etching steps, ALE by O»-GCIB irradiation is
expected. In this study, (1) adsorption of acetic acid on Cu, (2) evacuation of acetic acid vapor,
and (3) O.-GCIB irradiation were conducted separately.

Figure 2 shows the time dependence of the Cu etching depth, measured with a quartz
crystal monitor for three ALE cycles. The duration time of the acetic acid adsorption on Cu
(Tacon) was 2s. Pacon was 2.6x10° Pa, and the substrate temperature was 25 °C.
Subsequently, acetic acid vapor was evacuated for 30 s. Then, O>-GCIB irradiation was
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Figure 2: Time dependence (3 cycles of ALE) of Cu etching depth upon O> gas cluster ion
beam etching in presence of acetic acid.
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conducted for 60s (Tecis) at Va values of 3, 5, and 20 kV. As shown in Figure 2, when Va was
3 kV, almost no etching occurred. On the other hand, the tendency was completely different
when V, was 20kV. At the beginning of the O>-GCIB irradiation (To - Ty), the Cu etching
depth decreased rapidly. Then, the Cu etching rate became moderate, and the etching depth
increased linearly with the irradiation time (T1 - T2). This indicated that physical sputtering
occurred during this period. When V. was 5 kV, the etching depth decreased rapidly at the
beginning of the O»-GCIB irradiation, similarly to that observed at 20 kV. However, the
etching did not proceed even if the GCIB irradiation time increased. As previously mentioned,
almost no physical etching occurred after O»>-GCIB irradiation at Va of 5 kV. As a
consequence, Cu etching inherently terminated after reactive removal of the surface layer
(0.07 nm). This self-limiting step is necessary for ALE.

Next, the dependence of the etching depth on the acetic acid partial pressure (Pacon) was
investigated. Pacon Was varied between 1.2x10° and 2.6x10° Pa. Figure 3 (a) shows the
relationship between Pacon and EPC of Cu by ALE with O-GCIB irradiation. The Va and
Tecie values were 5 kV and 100 s, respectively. By increasing the Pacon, the EPC gradually
increased. In general, adsorption of molecules on solid surfaces (adsorption isotherm) can be
categorized according to six different models [11]. Among these adsorption isotherms, the
adsorption of acetic acid molecules can be characterized using Brunauer-Emmett-Teller
model (multilayer adsorption). As, in this experiment, Pacor (2.6x10° Pa) was significantly
lower than the equilibrium vapor pressure (2.0 kPa at 25 °C), the adsorption isotherm had the
same shape as that of the Langmuir model (monolayer adsorption). Therefore, the relationship

between the partial pressure divided by the amount of adsorption and the partial pressure

0.8
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Figure 3: (a) Relationship between Pacon and etch per cycle (EPC), (b) modified Langmuir
plot using Pacon/EPC and PacoH
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showed a linear relationship (Langmuir plot). Figure 3(b) shows a modified Langmuir plot
obtained from figure 3(a). As we assumed that the EPC increased with the amount of
adsorbed materials, we used Pacon/EPC as the vertical axis of the Langmuir plot. In Figure 3
(b), an almost linear relationship between Pacon and Pacon/EPC can be observed, indicating
that the adsorption of acetic acid on Cu in this experiment could be modeled as quasi-
Langmuir type.

Next, the Cu surface morphologies after ALE with O.-GCIB were studied. Figure 4
shows AFM images of pristine Cu (a), Cu after ALE with 5 kV O2-GCIB (b), and Cu after
ALE with 20 kV O2-GCIB (c); the AFM scan area was 1 um X 1 um, while the number of
ALE cycles was 5. The etching conditions were as follows: Pacor = 2.6 x 107 Pa, Tacon = 25,
Tecie = 60 s. In the case of pristine Cu, the root mean square roughness (Rmms) was 2.06 nm.
After ALE with 5 kV O2-GCIB, the Cu surface was almost identical to the pristine one, and
the Rrms value was 1.99 nm. However, after ALE with 20 kV O»-GCIB, the Cu surface was
smoothed, and exhibited an Rms value of 1.53 nm, as shown in Figure 4(c). Tecig, which was
60 s, was considerably longer than the duration time for reactive sputtering (several seconds).
Therefore, physical sputtering occurred. We have reported that the surface smoothing upon
GCIB irradiation was promoted by the physical sputtering effects of the GCIB. As a result,
the pristine Cu surface appeared smoother after ALE with 20 kV O,-GCIB (Tecie = 60 S),
whereas no smoothing effect was observed after ALE with 5 kV O,-GCIB.

Considering these results, the process of Cu ALE using the O.-GCIB can be summarized
as follows. At first, acetic acid adsorption was promoted by the introduction of acetic acid
vapor. Subsequently, the residual acetic acid vapors in the irradiation chamber were evacuated,
and the adsorbed acetic acid molecules remained on the Cu surface. In the initial stages of the

0O.-GCIB irradiation, the surface Cu atoms covered by acetic acid molecules were reactively

-0.50

1 um 0 00 pm

(a) Pristine Cu (b) After ALE with (c) After ALE with

Rims=2.06 Nm 5kV O,-GCIB 20 kV O,-GCIB
Rims=1.99 nm R/ms=1.53 nm

Figure 4: AFM images of Cu (a) pristine Cu; (b) after ALE with 5 kV O2-GCIB; (c) after
ALE with 20 kV 0O,-GCIB
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etched by the O.-GCIB. The Cu reactive etching occurred at Va values of 5 and 20 kV. After
removal of the surface Cu layer, no adsorbed acetic acid molecules were present anymore. In
the case of the 5 kV O.-GCIB irradiation, etching terminated, and thus ALE with 5 kV O»-
GCIB appeared as a self-limiting process. However, in the case of 20 kV O»-GCIB irradiation,
physical sputtering occurred, and therefore the etching depth increased with the irradiation
time. As the surface smoothing was a consequence of the physical sputtering, Cu surface
smoothing was observed at 20kV.

In this study, we demonstrated for the first time ALE of Cu using O>-GCIB in presence of
acetic acid. Notably, ALE with GCIB can be applied to many different material combinations.
As the GCIB uses extremely low-energy (several eV/atom) irradiation, precise control of
atomic etching without severe damages is attainable. In addition, location specific ALE is
possible because the GCIB is a spot beam with a diameter of several mm. Thus, ALE with

GCIB can be applied to improve atomic-level thickness variation on large wafers.
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OCOBEHHOCTHU NOHHOTI'O PACHIBIVIEHU A ®YJJIEPEHOB
PECULIARITIES ION SPUTTERING OF FULLERENES

Kanyctun C.H., Marsees B.U.
Kapustin S.N., Matveev V.I.

CesepHnblii (ApkTuueckuil) OenepanbHblii yHuBepcuteT umeHn M.B.JlomoHocOBa,
. Apxanrensck, Poccus, hare22@yandex.ru

The research of ion sputtering of nanoparticles is interesting both from the
fundamental and applied points of view. We propose amendments to simple model
of ion sputtering which let taking into account the main features of nanoparticles
sputtering. This theory is based on simple physical suggestions and being in a not
bad correspondence with the experiment. Calculations of the relative yield of
clusters in the sputtering of fullerenes are presented.

B pab6orax [1]-[4] Obuta mMOCIIEAOBATEIBLHO pPa3BHTAa MOJEIb HOHHOTO PACIBUICHUS
MeTajula, OCHOBaHHas Ha MpPOCThIX (u3ndyeckux MpuHuunax. OHa NO3BOJSIET OLEHUTh
MaccoBbl€, 3apsAJ0Bble M KHHETUYECKHE CHEKTPbl MHOTOATOMHBIX KJIACTEPOB C YHUCIOM
atoMoB 4 < N < 60 mpu sreprun magaromniero woHa 1-100 keB. Mojenb mocie mpoBeaeHus
HE3HAUNTENFHOW MOJM(UKANNK, TaK K€ OINUCHIBAET pACIbUICHHE W HEMETAJUTMYECKHX
3JIEMEHTOB, B 4YacTHOCTH yriepoaa (puc 1). B maHHO# paboTe mpencraBieHa MOMpaBKa K
MO/JIEJI MOHHOTO PacHbUICHUS Il OMMCAHUS MacCOBBIX M 3aps/I0OBBIX CIIEKTPOB IPH MOHHOM
pacIblUICHUH HAaHOCTPYKTYP.

Jnsi TpUMEHEHWs MOJIENIM K HAHOCTPYKTYpaM TpeOyercss Y4ecTh HEKOTOphIE
0COOEHHOCTH HaHOYacTULl. Pa3Mep 30HbI BO30Yk1eHUs (001aCTh U3 KOTOPOM MOTYT BBIJIETATh
IPOAYKTHl PaclbUIEHHUs) B TBEPAOM Telle ONpeAesieTcs B OCHOBHOM MMITYJbCOM U MacCou
6ombapaupyromero noHa. BzaumozeiictBue Mexay OTIENbHBIMA HAaHOCTPYKTYpaMu ciabee,
4eM MEXAY WX BHYTPEHHHUMH JJIEMEHTAaMH, MTOCKOJIBKY Yallle BCETO OCYIIECTBISIETCS Yepes
B3auMmojelicteue Ban-nep-Baansca. B cinywae peIXJof ymakOBKM HAHOCTPYKTYP MOXHO
CUHTaTh, YTO Pa3Mep 30HBI BO3OYKIEHMS NMPHOIM3UTEIHHO PAaBEH pa3Mepy HAHOYACTHUIIBI.
Hcnonb30BaHue 3TOrO MPEAINONOKEHHS MO3BOJIMIO YCHEIIHO PAaCCUYUTaTh OTHOCHUTENbHBIN
BBIXOJI KJIACTEPOB MPH paciblIeHUHU (ysuiepeHoB (pUcC 2) He MEHsIS OCTATBHYIO MOJICITb.

B cinydae mioTHOW ymakoBKM HaHOYacTHIl [5] (B KauecTBe MHIICHH MPUMEHSIIACH
TabJeTka U3 MpeccoBaHHOrO mopouika ¢ymiepeHoB Ceg), BUI KCIEPHUMEHTAIBHBIX JTaHHBIX
MO3BOJISIET TPEATNOJIOKUTh CYIIECTBOBAHHUS JBYX MEXaHHM3MOB pacnbuieHHs. B Tpeke moHa,
IJle BELIECTBO HarpeBaeTcs 10 OOJIBLIMX TeMIepaTyp M HMPOMCXOIUT Pa3pyLICHHE MOJIEKYII

Ceo, X CTPYKTYypa He OKa3bIBAIOT BIUSHUSA Ha Mpoliecc GopmupoBaHus kiaactepos. OqHaKo 3a
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npejenaMi  Tpeka, TJie BO30YKICHHE TepeqacTcsi OT MOJEKYJIbl K MOJICKYJIe IyTeM
CTOJIKHOBEHHH, (ysIepeH MOKET ObITh BHIOUT M3 MHUIIICHH KaK €MHOE IeJI0e, U JIUIIb 32 TEM
HUCIIApUTh HCCKOJIBKO AaTOMOB. HpI/I pacycTe OOIOJHHUTCIBHOIO MCEXaHH3Ma BbIXOIAd
KJIaCTEPOB, QyJUIEpPEH CUUTAIICSA €AMHOM yacTuiieii. B padoTe [3] ObLIO MOIYUECHO BHIpAKCHHE

(6) nms1 W, - BeposATHOCTU BbUIETa U3 BO30YXKIEHHOH 30HBI KiacTepa, cocrosimero usz N
aTOMOB C BHyTpeHHel sHepruedl E, . UTOOBI yuecTb BepOATHOCTh (pparMeHTaluu KilacTtepa
Cq, 3a cueT BHYTPEHHEHl SHepruedl IPOUHTErPUPYEM CIIEKTP BBIOUTHIX KJIACTEPOB IO

BHYTpEHHEH 3Hepruu ot No no (N+1)0

N
vl gg B

int

no_ J-(n+l)§ dW

rae O— dHeprus CyoiMMaIuy OJHOTO aToMa, N - KOJIMYECTBO UCIAPUBIIUXCS U3 TIEPETPETOrO
KJIacTepa aTOMOB. MBI IOJTy4HM BEPOSITHOCTH BBUIETa BO3OYKICHHOM MOJIEKYIHBI (yuiepeHa,
KOTopasi mocje (parMeHTanuu MpeBpaTuTcs B kiactep u3 60—n aromoB. BepostTHOCTB
MOJIyYEHUsI KJIacTepOM 3apsiia P BbUIETE HAXOJAWJIACh COTJIACHO METOAMKE, ONMCAHHOW B
pabote [4]. Pe3ynbTarhl pacueToB MpeCTaBICHbl HA PUCYHKE 3.

WHTepec mpeacTaBiaseT TakK e Caydail pachbuieHHs monudysuiepeHos [8], Momekys

Buna [C,,],. OrnmenpHble QylulepeHbl CBsi3aHBI B KiacTep cwiamu Ban-nep-Baansca,

KOTOpbIE HAMHOTO cjlabee KOBAJEHTHBIX CBsI3€l MEXKIY aToMaMH yriepoja B ¢yiuiepeHe. B

ciydae BbuieTa crabmiabHOro  ¢ynepeHoBoro kmactepa [Cy,],  dparmenTanueit

COCTaBJIAOIIUX €TI0 (bynnepeHOB MO>KHO npeHe6peqL. PacueTtsl IpoxXoauiu 1o CTaHHapTHOﬁ

npoueaype omnucaHHoi B pabore [3], monekyna Cg, NpUHUMAanach 3a €JUHHOE LEJOE.

Pe3ynpTaThl pacyeToB NpeICTaBICHBl HA PUCYHKE 4.

N3BecTHO, YTO MOJHOE KOJMYECTBEHHOE U JETAITHHOE OMUCAHUE MPOIIECCOB HOHHOTO
pacnblUIeHHs] B BHJIE€ KJIACTEPOB BO3MOXKHO JIMIIb YUCICHHBIMH METOJAMHU MOJIEKYJISPHOMI
JuHaMUKHU. CIOXHOCTh TAaKMX PAcu€TOB CYHIECTBEHHO BO3pAacTaeT ¢ pOCTOM YHUCJa aTOMOB B
kiacrepe. [Ipeanaraemerii moaxo OCHOBaH Ha KaleIbHOW MOJIETH KJIacTepa U HE YUUTHIBAET
00070ueYHBIX A(PGHEKTOB B CTPOSHWH HAHOYACTHUIl, I[IOATOMY TMpETHA3HAYEH IS
MPEABAPUTEIIBHON OLEHKU CUTYallMM W ONHMCaHMs (U3MYECKUX MEXaHU3MOB (OPMHUPOBAHHMS

IMPOAYKTOB MOHHOI'O paCIlblJICHUA B BUC KIIACTECPOB.
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PACIIBIVIEHUE KPEMHUMSA U IMOKCUJIA KPEMHUA
HU3KOSHEPTUTUYHBIMHA HOHAMM IIJIOTHOM A30THOM U APTOHOBOM
IIJTA3MBbI

THE SPUTTERING OF SILICON AND SILICON DIOXIDE BY LOW ENERGY
IONS OF DENCE NITROGEN AND ARGON PLASMA

N.N. Amupos, B.11. bauypun, M.O. Uztomos, H.O. IllyBaes
I.I1. Amirov, V.I. Bachurin, M.O. Izyumov, N.O. Shuvaev

Apocnasckuii punuan Quzuxo-mexnonoeuveckozo uncmumyma PAH

150007, Ynusepcumemckas, 21, Apocnasnw, Poccus, E-mail: vibachurin@mail.ru

The sputtering of Si and SiO; films by low energy (50-300 eV) ions of nitrogen and argon
plasma of inductive radio frequency low pressure discharge have been studied. It was found
that the sputtering rate of Si by Ar” ions is approximately 1.3 times more than for SiO,. In the
case of using N," ion bombardment the sputtering rate of SiO, is higher approximately 2.2
times relatively to Si for all used ion energies. This effect may be explained by the presence
of chemical mechanism of sputtering of SiO, and Si by N," ions in addition to physical
mechanism.

Beenenue

[Iporecchl MOHHO-TIA3MEHHONH OOPaOOTKM IMOBEPXHOCTU C IENBI0 TMPUIAHHNA e
HY)KHBIX (YHKIIMOHAJIbHBIX CBOMCTB HAaxXOIAT NPHUMEHEHHE BO MHOTHX 00JacTIx
Ha"otexHojoruu [1-3]. Tak maasMeHHass IMMEPCHOHHAS UMIUTAHTANUs Si, MJICHOK METaJIJIOB
A30TOM HCIIOJIB3YETCSI IMMOTYICHHSI YIIBTPATOHKUX HUTPUIHBIX IMOKPBITHHA. B TakoM mporecce
OJIHOBPEMEHHO C MX 00pa3oBaHWEM MPOUCXOIUT pachblUieHHe Mmarepuana. OTHOCHTETbHas
CKOPOCTh pACIBUIEHUSI JIBYX MaTEpHUajoB, CEJIEKTUBHOCTh HMX DPACIBUICHUS H3MEHsETCS B
3aBUCHMOCTH OT POJia Marepwajia W SHEpPruud OoMOapIupyIONMX HWOHOB. PaHee Hamu Ha
puMepax pachbUICHUS TUICHOK METaUIOB OBLJIO IMMOKA3aHO, YTO B IUIOTHOM TutazmMe Ar BOIU3N
Mopora pachblUICHUS! CENEKTUBHOCTh PACHBUICHUS MOXXET OTIMYAThCS B HECKOIBKO pa3
TeopeTHueckn ObITh OeckoHeunoi [4]. B nmanHoOi paboTe MNpPOBEACHBI HCCIIEAOBAHUS
CCJICKTMBHOCTH  pAacHbUICHUS JBYX HamboJiee pacHpoOCTPAaHEHHBIX B  TEXHOJOTHHU
HAHOAJIEKTPOHUKK MatepuanoB Si u SiO, B MIOTHOW a30THOW W aproHoBoi Iuiazme BY
WHAYKIIMOHHOTO pa3psiaa HU3KOro naBjeHus. [IpoBeneHo cpaBHEHHE MOTYYEHHBIX JaHHBIX
MO CENIEKTUBHOCTHU WX pacmbuieHus pu >Heprun noHoB <300 3B ¢ maHHBIMH, TOTYYCHHBIMU

npu SHepruu 6omoOapaupyromux noHoB 1-10 k3B.
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MeTtoauka npoBeJeHHsI IKCIEPUMEHTOB

Pacrnipuienne miacTUHOK KPEMHHUS U TEPMUYECKOTO TUOKCUAA KPEMHUS IPOBOAUIIOCH
B peakTope IUIOTHOM IJIa3Mbl BBICOKOYACTOTHOTO HWHAYKLIMOHHOTO pa3psaa, MOAPOOHO
onucanHoro B [4]. [Tna3ma reHepupoBasiach B pa3psHON KaMepe ¢ MOMOIIBIO IByXBUTKOBOT'O
uaayktopa u BY reneparopa (f=13.56MI'm). [ns yBenWyeHHs IUIOTHOCTH 3apsHKCHHBIX
yacTUll B IUJJa3Me paspsaHas KaMmepa IoMellanach B HEOJAHOPOJHOE MAarHUTHOE ToJe,
co3/1aBaeMoe ICKTPOMArHUTHOM Karyiikoi. Jepxarens oopasios (Al miactuHa quaMeTpoM
160 mm) pasmemaiics Ha BY anekTpone B peakunonHoil kamepe. [Ipu momaue Ha nero BU
MOITHOCTH Ha OJJIEKTPOJE YCTAHABIMBAJCS OTPHUIATENbHBIA IMOTEHLIHAI CaMOCMEIICHUS,
KOTOPBIN COOTBETCTBOBAJ CPEHEH 3HEprun OoMOapaupyromux noHos [4]. B skcnepumenTax
BY momHOCTh cMmenieHus u3MeHsuid B nuanazoHe 60-400 BT. DHeprus MOHOB HpPH 3TOM
u3MeHnsnacs ot 50 1o 300 »B.

O6pasuamu cinyxwin miactuaku Si u SiO; pasmepom 10x10 MM ¢ Mackod u3
doropesucta co chopmMupoBaHHBIM (QOTONUTOrpaPUUEecKUM B HEM pHCYHKOM. I[lmactunku
BBIpe3auch W3 KpemHueBoW mactuHbl KJIb-0.1 (100). Jlns mpemoTBpalieHusi HarpeBa
o0pa3loB B IIJJa3M€ OHHU YCTAHABIMBAJIMCh Ha Jep)KaTele Ha BaKyyMHOH CMasKe.
Temmneparypa oOpa3lnoB Mpu pacnbUieHUH paBHsuiach npudmusutensHo 300 K. Bpews
TpaBJIeHHUs OOpa3IOB OIpejAensiach BpeMEHEeM pacibuieHus ¢oropesucta. KoHTpomb
BpeMEeHH  ynajeHus (orope3ncrta  OCYIIECTBISUIA  JIa3epHO-HUHTEPHEPOMETPUUECKUM
cnocoboMm. Ilocie ynmanenus ¢oropesucta ¢ ucrnonb3oBanuem mnpogpuinomerpa TALYSTEP
U3MEPSITH BBICOTY MPOTPABICHHOW CTPYKTYphl. CKOpOCTh pachbiUieHus Vet ONPEAeIsuid U3
OTHOILIEHHSI BHICOTHI CTYIIEHbKHM K BPEMEHHU PaCIbUICHUS.

VYcinoBust MpoBeIeHHs KCIIEPUMEHTOB ObUTH CIEAYIOIIMMHU: OCTaTOYHOE JTaBIEHUE B
Kamepe 5*10™ Ila; naBieHue BO Bpems pacnbuteHns P=0.08 Ila; BU momHOCTE paspsiia
W=800 Br; pacxox masmoo6pasyroero raza Q=10 HeM®/MuH (B HOPMAJIBHBIX YCIOBHSIX).

Pe3yabTaThl 1 HX 00CysKIeHHe.

Ha puc.l npexacraieHsl rpaguk 3aBUCUMOCTH CKOpocTu pacmbuieHus Si u SiO; B
iazme Ar oT 3Heprur HOHOB. CKOPOCTh pachbuicHUs Si Oblia BBIIIE CKOPOCTH PACTIBUICHHUS
SiO; nmpubnmsurenpHo B 1.3 pasa. M3 muTepaTypHBIX MaHHBIX CIEAyeT, YTO Mpu Oosee
BeICOKHX dHeprusix (Ei=4.5xaB) ckopocTu ux pacnbuieHus: ObUIH OJMHAKOBBIMHU [5]. MoxHO
OTMETUTh, YTO BOJHM3M TOpOra pachbUieHHus cKopocTH pacmbeuieHuss Si u SiOp Obuim,
NpUOIIM3UTENEHO, OJJUHAKOBBIMH.

B mnasme N, ckopocth pacmbuieHuss Si Obuta B 2.2 pa3a MEHbIIE CKOPOCTH

pacnbutenust SiO, (puc. 2). Ilpuuem ona Obuta mpuOIM3nUTENnsHO B 10 pa3 MeHblIe, yeM B

61



miasMe Ar. 1o 00BbICHIETCS TEM, YTO IJIOTHOCTh MOHHOI'O IIOTOKA B a30THOM IJIa3Me Obula
o +

JBa pa3a Hike. Kpome Toro, B a30THOM IUTa3Me OCHOBHBIM HOHOM SIBJsUTMCH MOHBI N, B

9TOM CJIy4ae MPH CTOJKHOBEHUHU C MOBEPXHOCTHIO MOJIEKYISPHBIA MOH pa30MBacTCs Ha JBa

aToMa C BJIBO€ MEHBIIIEH JHEPrUeH.

i 0,40 -
2,00 Vet, nm/s Vet’ nm/s ]
1,75 - 0,35 4
1,50 1 0,30
1,25 2 0,25
1,00 0,20
0,75 0,151
u
0,50 - 0,10
0,25 4 0,05 -
[ ]
0700 T T T T T T T T T T 0,00 T T T T T T
0 25 50 75 100 125 150 175 200 225 250 0 50 100 150 200 250 300
Ei’ eV Ei’ eV
Puc. 1. 3aBucumocts CkOpOCTH pactibuiennst SI pyc. 2. 3apucuMoCT cKOpoCTH pactbuteHns SiO;
(1) u SiO; (2) B mazme Ar OT 3HEPTUH UOHOB. (1) u Si (2) B wiasme N, OT SHEPrUU HOHOB.

3aBrcUMOCTh CKopocTeit pacnbuieHust SiO; 1 Si B a30THO# MJ1a3Me OT IIOTHOCTH TOKA
SBJISIETCSl JMHeHHOW. HaOmromaercss TEHICHIUS YBEIHUYCHHS CEIEKTUBHOCTH TPABICHUS

SiO,/Si 10 3 mpu yBeNTUYEHHH TNIOTHOCTH TOKa € 2 710 8 MA/cM? (puc 3).

0,304 Vsp, nm/s
0,25
0,20
0,154
0,10

0,05 4

0001 —

ji, mA/cm’

Puc.3. 3aBucumocts ckopoctu Tpasienus SiO, (1) u Si (2) B rutazme N, OT mIoTHOCTH
HOHHOTO TOKa mipu E=150 3B.
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[Tpu mpakTUYeckn OJMHAKOBBIX TUIOTHOCTSX KPEMHHS W JHOKCHIA KPEMHUSI SHEPTHUs
CBSI3M aTOMOB Ha TIOBEPXHOCTH COCIMHEHHS MOYTH B 2 pa3a BbIIe. [103TOMy MOKHO OBLIO
O)KU/IaTh TaKOM K€ CelNeKTHBHOCTU pactbuieHuss Si u SiO,. 3a cueT KackaJHOro MEXaHU3Ma.
OueBM/IHO, YTO YBeIUUYeHHE CKOpOcTH pacnbuienus SiO; nonamu Ar' u Ny' mo cpapHenuio ¢
pacnbuleHHEeM Si CBSI3aHO C CYIIECTBOBAHHEM HapsAAy C (U3MYECKUM  MEXaHHU3MOM
pacobuteHust SiO, XUMUYECKHX MEXaHHU3MOB.

[Ipu TpaBiieHUM AMOKCHJAa KPEMHHS HOHAMH aproHa B INPUIIOBEPXHOCTHOM CIIOE
oOpa3yeTcs M30BITOK KPEMHUS 3a CYET MPEHMYIIECTBEHHOTO pachblUIeHHs Kuciopona. Oxe
aHaJlM3 TOKAa3bIBaeT, YTO COCTaB MOBEPXHOCTH u3MeHseTcss 10 SiOpg;. M30bITounbIN Si
B3aumoeiictByer ¢ SiO,, B pe3yabpTare yero oopasyrorcs mosekybl SiO, c1abo cBsI3aHHBIE ¢
MOBEPXHOCThIO. [IpHcyTcTBHE Tra3000pa3Hbix Mojekyn SiO B MpoayKkTax TpaBiCHUS
JTMOKCHIa KPEMHHS B apTrOHOBOM TIa3Me SKCIIEPUMEHTAILHO ObLIO 0OHApYXKeHO B padote [6].

B cnyuae pacnbiienus SiO; u Si MoHaMM a30Ta CEIEKTUBHOCTH YBEIMYUBACTCS 32
CYET MPOTCKAHHMS XUMHUCCKUX PEaKIUil, BEAYIIUX K W3MEHCHHIO CKOPOCTH TPAaBJICHUS, B
MIPUTTOBEPXHOCTHBIX CJIOSX, KaK JUOKCHJIA KpeMHUs, Tak U kKpemHus. [Ipu GomOapmupoBke
nnenok SiO; monamu N," 06HapykeHO 06pa3oBaHME B MPUIOBEPXHOCTHOM CIOE JIETYYHX
ra3oBeix Mojekyn SIO u NO [5] Ilo ouenke aBTopoB [5] 3TOT XMMHUYECKHiII MEXaHHU3M
NPUBOJIUT K YBEIMYCHHUIO PACIBUICHHUS MOYTH B TPH pa3a. B3ammonelcTBHEe MOHOB a30Ta C
MOBEPXHOCTHIO KPEMHHSI IPUBOIUT K (POPMHUPOBAHUIO HA TOBEPXHOCTU CTEXUOMETPUYECKOTO
autpuaa kpemuust (SisNg) [7], osHeprus cBsi3u aTOMOB Ha MOBEPXHOCTH KOTOPOTO B MOJITOPA
pa3a MpeBbIIIAET €€ 3HaYeHUs U1 KpeMHus. ClieoBaTenbHO, CKOPOCTh PACTIBUICHHS 33 CUET
KacKaJIHOTO MexaHu3Ma OyJIeT yMeHbIIAThCs. TakuM o0pa3oM, CEIeKTUBHOCTH TpaBICHHS
SiO,/Si  woHamu a3ora MOXKET OBITh OOYCIOBICHa XHUMHYECKHMH IPOIIECCAMH,
NPOTEKAOIIMMH HA [MOBEPXHOCTH, BEAYIIMMH K yBeduueHHIO pacrbuieHuss SiO; wu

YMEHBIICHUIO PACTIbUICHHS Si.

[1]. N. Dwivedi, R.J. Yeo, N. Satyanarayana, S. Kundu, S. Tripathy. Scientific Report. 5 (2014) 7772.
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STRUCTURING OF THE LITHIUM FLUORIDE SURFACE
BY HIGHLY CHARGED IONS

M.V. Sorokin?, A.S. EI-Said?, R.A. Wilhelm®*,
R. Heller®, S. Facsko®, F. Aumayr®

! National Research Centre 'Kurchatov Institute', Moscow, Russia, m40@lab2.ru;
2King Fahd University of Petroleum and Minerals, Dhahran, Saudi Arabia;
% Institute of lon Beam Physics and Materials Research, HZDR, Dresden, Germany;
* Institute of Applied Physics, Vienna University of Technology, Vienna, Austria.

LiF crystal block (Korth Kristalle, Germany) grown from the melt in an inert atmosphere
were mechanically cleaved in ambient atmosphere along a (100) plane to obtain platelets of
~1.0 cm? area and ~0.5 mm thickness. The fresh cleaved samples were irradiated at normal

incidence to isotope-pure highly charged (**Xe®*) ions of diff erent charge states ranged from

Q = 15 to Q = 36, which corresponds to a wide range of potential energies between E, =
2.2keV and E, =37.8 keV. The ions were extracted from the electron beam ion trap (EBIT)

facility (located at the lon Beam Center of the Helmholtz-Zentrum Dresden-Rossendorf).

After irradiation, the surfaces were probed using Nanoscope Il (Digital Instruments)
scanning force microscope (SFM) operated in tapping mode. It was observed, that depending
on the ion energy, different kinds of nanostructures can be created on the crystal surface [1].
A typical SFM image and line profile (used for rim height estimation) for each shape of the

created nanostructures are shown in the Figure 1.

(f)

0 100 o 100 0 100
X(nm) X(nm) X(nm)

Figure 1. SFM topographic image (up) and line profile (down) of one
pit, volcano-like structure and hillock induced by Xe'*, Xe**" and
Xe***, respectively.
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For the low charge states of Q = 15+18 the structures are pits as shown in Fig. 1 (a and d).
The pits exhibit a mean depth of ~0.6 nm corresponding to about two atomic layers. The
average lateral size of the pits increases from ~20 nm for Q = 15 to ~25 nm for Q = 18. Upon
increasing the charge state to Q = 22, the shape of the created structures changes. The pits are
now surrounded by a rim protruding out of the surface, Fig. 1 (b and e). The rim height also
depends on the potential energy and increases from 0.6 nm for Q = 22 to 1.4 nm for Q = 30.
For the even higher charge states of Q = 33 and 36 the shape of the structures changes to

hillocks as seen in Fig. 1 (c and f), with an average height of 1.0 and 1.5 nm, respectively.

In order to analyze the effect of the ion potential energy E,, on material modifications

we adopted the inelastic thermal spike model for insulators, originally used for swift heavy
ions [2]. For low-velocity ions we can consider a hemispherical problem of heat propagation,
assuming the crystal surface as a reflecting boundary:
or 1 0( ,, 0T
—==—|r‘K—|[+N
Pe o r? 8r( ar] (1)
where T(r,t) is the is the temperature distribution to be found, C(T) is the heat

capacity, K(T) is the thermal conductivity. The heat source N(r,t) represents the energy

transfer from the electronic subsystem [2,3]:
2E t r
N(r,t)=——2—exp| —— |exp| — 2
( ) (47[0)3/27 Xp( Tj Xp( 402j @)
Here the factor of 2 reflects the hemisphere geometry and

o’ =Dt+r} (3)
where electron diffusivity D, = 1 cm?/s [2] and the electron-lattice relaxation time

r = 8x10™ s [3]. Initial radius of the free electron distribution r, = 1 nm. Although some

part of the ion potential energy can be lost due to electron emission , we neglect this effect as

the retention part in the case of insulators should be close to E ;. Moreover certain energy

fraction is absorbed directly by lattice due to high ionization density and corresponding
change of the interatomic potential. Formally we also include it into N(r,t) to be consistent

with the thermal spike model.

Numerical solution of the Eq. (1) is plotted in the Fig. 2. When T(r,t) reaches the

melting temperature of LiF, T, = 1118 K, the melting starts, keeping T =T, until the latent
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heat of fusion is absorbed. During the cooling down the solidification proceeds similarly at

T, forming a plateau on T(r,t).

)

43000
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Figure 2. Lattice temperature (T ) as a function of Figure 3. Experimental (black dots, right axis)
time (t) and distance (r) from the 20-keV HCI’s and calculated volumes of the impact regions.
impact site.

The maximum outer radii of the partially (dashed line) and completely (solid line) molten
region are used to calculate the enclosed hemispherical volume. The completely molten

volume T >T_ is smaller due to the latent heat, as shown in Fig. 3. The calculations showed

that the melting occurs at a potential energy of about 6.0 keV, which is in fair agreement with
the observed threshold of caldera formation [1]. However the calculated volumes are not
commensurable with the size protruded structures. The latter is rather determined by thermal
expansion, but the viscous flow or at least high-temperature plastic deformation needs to
release the expansion and keep it quenched. Note that track formation in LiF requires

considerably higher heating, which formally exceeds vaporization temperature [4].

1. A.S. El-Said, R.A. Wilhelm, R. Heller, M. Sorokin, S. Facsko, F. Aumayr, Phys. Rev. Lett.
117 (2016) 126101.
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3. M. Toulemonde, J.M. Costantini, Ch. Dufour, A. Meftah, E. Paumier, F. Studer, Nucl.
Instr. and Meth. B 116 (1996) 37.

4. M. Toulemonde, Ch. Dufour, A. Meftah, E. Paumier, Nucl. Instr. and Meth. B 166-167
(2000) 903.
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AHAJIN3 ACM-U30BPAKEHUIT CTPYKTYPHI IOBEPXHOCTH
MOJYHPOBOJHUKOBBIX MATEPHAJIOB KOPPEJISILIUOHHBIMU
METOJIAMU

THE AFM IMAGES ANALYSIS OF THE SURFACE STRUCTURE
OF SEMICONDUCTOR MATERIALS BY CORRELATION METHODS

T.I. ABaqual, AL MaCJIOBZ, A.T1. ABaues®
T.G. Avacheva', A.D. Maslov?, A.P. Avachev?

* Kageopa mamemamuxu, gpusuxu u meouyunckou ungpopmamuxu, @®I'BOY BII Psazanckuii
20Cy0apCcmeeHHblil MeOUYUHCKull yrueepcumem umenu axaoemuxa H.I11. Ilasnosa,
Poccus, 2. Psizans, ya. Boicokosonemuas, 0.7, e-mail: mfmi.rzgmu@mail.ru;
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paouomexnuveckutl ynugsepcumem, Poccus, e. Pazans, ya. 'acapuna, 59/1

In the paper the use of the atomic force microscopy (AFM) and an average mutual
information (SVI) to study the surface structure of crystalline, polycrystalline and
amorphous silicon films is demonstrated. The influence of technological
parameters of obtaining information on the characteristics of disordered
semiconductors is analyzed.

[TponemMoHCTpUpOBaHBl BO3MOYKHOCTH HPUMEHEHUS aTOMHO-CHUJIOBOM MMKPOCKOIIMH
(ACM) u merona cpenneil B3aumuaoil mHpopmanmu (CBU) s uccnemnoBaHusi CTPYKTYpHI
HOBEPXHOCTU KPUCTAIMYECKHX, MOJIUKPUCTATNIMYECKUX U aMOP(HBIX KPEMHHUEBBIX IJICHOK.
[IpoaHanu3upoBaHO  BJIMSHUE  TEXHOJOTMYECKUX  IApaMETpOB  IOJy4eHHs  Ha

MH(}OpPMaLMOHHBIE XapaKTEPUCTUKU HEYTOPSIIOUEHHBIX MOJIYTIPOBOIHUKOB.

Jns  uccnenoBaHWS MPOLECCOB, CBSI3aHHBIX € OONMydYeHHMEM TBEPJIOrO  Tena,
BSaHMOI[GI\/JICTBI/Ie IJ1a3Mbl C TOBEPXHOCTBIO U APYIrUX, 4aCTO H€O6XOI[I/IMO OILICHUBATh CTCIICHb
YIOPSIOYEHHUsT CTPYKTYpbl. B 3TOM HampaBiieHUM MEpCIEeKTUBHBIM METOA0M  SIBIISETCS
NpUMEHEHHE KOPPESAIMOHHBIX METOIOB aHaiu3a moBepxHocTe mo ACM n300pakKeHUSM.
OTOT TOAXO0J TOCTPOCH Ha  PACCMOTPEHMH  MPOIECCOB  CTPYKTYpOOOpa3OBaHUS
HEYIIOPAAOYCHHBIX ITOJYHIPOBOAHHUKOB C HOSI/IHI/If/'I TCOPHUU CaMOOpTraHu3alri W IMO3BOJIACT
BBISIBUTH BJIMSHUS TEXHOJOTMYECKMX IapaMeTpOB Ha CBOMCTBA BBIPAIlMBAEMbIX H
o0pabaTbIBa€MbIX B TOM YHCII€ C TIOMOIIbI0 MOHHBIX METOA0B MaTepuayoB. Llenbto naHHON
paboThl cTana anpolaiusi pa3pabOTaHHYIO METOJIUKY IUAarHOCTUKU CTPYKTYphl TOBEPXHOCTH
no pacuery CBU nHa ocHoBe ACM wu300pakeHUH TOBEPXHOCTH HEYHNOPSAOYECHHBIX

MaTCpHraJIoB.

B HacTosiee BpeMs B Hay4HOH NMPAKTHUKE HUCIIOJIB3YET MapaMeTPhl, XapaKTepU3YIOLIHe
OTJIEIbHBIE AJIEMEHTHl CTPYKTYPBI, & HE CTPYKTYpY B LIEJIOM (pa3Mepsl 3€peH, JOKaJIbHBIE

XAPaAKTEPUCTHUKHU IICPOXOBATOCTH IOBECPXHOCTH H T.)I.), I/ICHOJ'II)?,YIOTCSI N CTaTUCTUYCCKUC

67



00paboTKn (YyCpeTHEHHBIC 3HAUCHUS MIEPOXOBATOCTH, MOPUCTOCTh, CPEIHUNA pa3Mep 3epeH,
pacrpeneneHue mo pasmMepam M T.1.). Takue MOoaX0Abl HEIOCTATOYHBI JIJISl OMIMCAHUSI CUCTEM

CO CIIOXKHOM U HEOTHOPOJIHOW CTPYKTYPOIi, KAKUMH SIBJISIFOTCS TIOBEPXHOCTH MaTepuaiios [1].

For Help. press F1

Pucynok 1. Meronuka aHanu3a ynopsiioueHHOCTU CTPYKTYPBI 110 pacyeTy HH(GOPMALUOHHBIX
napametpoB «Nanolnformy

Hcnonp3yemas B JaHHON paboTe METOAMKA pacdeTa CpeAaHel B3amMHOW HH(OpMaIuu
(CBU) nna aByMEpHBIX MAacCHBOB YHCEI TO3BOJISIET OICHUTH CTENEHb BOCIPOU3BOAMMOCTU
apaMeTpoB IMOJYINPOBOJAHUKA 10 KOPPEIAIMIM B CTPYKType ero moepxuoctu [2]. B [3]
nokazaHo, yro CBHM xapakrepuszyer cuCTEMy HMMEHHO C YYETOM €€ JUHAMHYECKUX
ocobeHHocTel (pUCYHOK 1).

HcxomapiMu ~ JaHHBIME ~ ObUTM  M300paXKCHHS  MOBEPXHOCTH  TOJTYMPOBOHUKA,
MOJIyYEHHBIE CPEICTBAMU AaTOMHO-CHJIOBOM MHKPOCKOMHMH, MAJIi HHUX OBLIO MOCTPOECHO
nByxMepHoe pacnpenenenne CBU mo Bekropy. M3ob0paxkenue pacnpenenenus CBU
CTPOUJIOCH TakMM OOpa3oM, YTO 4YeM sipue TOYKa C KOOpAWHATaMu (X; y), TeM OoJbIie
cpenHsisi B3auMHas MHGOpMAIIUS MEXIy BCEMHU TOYKAMU MOBEPXHOCTH MCXOJHOTO 00pasia,
KOTOPbIE MOKHO COEIMHUTH BEKTOPOM C COOTBETCTBYIOLIEH JJIMHON U HAIIPaBJICHUEM.

JlanHast MeTO/IMKa Oblila TIPOTECTUPOBAHA HA MOJEIBHBIX MOBEPXHOCTSX (PUCYHOK 2) U
JI0Ka3ajia CBOIO APPEKTUBHOCTH B HCCIIEJOBAHUU CAMOOPTAaHU3YIOIINXCSI CTPYKTYP Ha OCHOBE
HEYMOPSOUYCHHBIX TIOJYPOBOJHUKOB, OHA IO3BOJISIET HE TOJIBKO KAa4eCTBEHHO, HO U
KOJIMYECTBEHHO XapaKTepPH30BaTh Pa3IHUHbIC CTPYKTYPHI [4].

Takxe ObTH HCcIeAOBaHBI 00pasubl  o-Si:H, momydeHHBIE TIpU Pa3TMYHBIX
TEXHOJIOTHYECKHUX YCIOBUAX (pucyHOK 3). [Ipu yBennyeHun BpeMEeHH OCa)KACHMsI TJIEHKH Ha
nomtoxky BenmmunHa CBUW Bo3pactaer. [lomyueHHas 3aBUCHMOCTH CBHJIETEIBCTBYET O
BO3HUKHOBEHUU JAJIIbHOJAEHCTBYIOIIUX KoOppeisiuuid Ha noBepxHocTu. [lpu yBennueHun
TONIIMHBl TUJICHKH B pe3ylbTaTe MPOIECCOB CaMOOpPraHM3aluu oOpasyercss Oomee

yIOpsI0UEHHAs] CTPYKTYPA, U TUICHKA BCE MEHbIIIE MOBTOPSIET CTPYKTYPY MOIOXKKH [5].
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Pucynok 3 — 3aBucumocts CBU o06pasiior a-Si:H ot BpemMenu ocaxaeHus

Takum 00pa3om, Ha OCHOBE MOJXOJ0B HEMTWHEHHON JUHAMHMKHU pa3paboTaHa METOAMKA
UCCIIeIOBaHMsT MH(POPMAIIMOHHBIX XapaKTEPUCTHK CTPYKTYP MHKPO- U HAHODJIEKTPOHUKH.
IIpoBeneHbl 3KCIEPUMEHTAIBHBIE MCCIEAOBAHUS CTPYKTYP pPa3jIM4HOM OpraHu3aluu,
MOKa3aHO, YTO pacyeT cpeaHed B3auMHOW WHGPOPMAIMK TIO3BOJSET BBIABIATH U
KOJIMYECTBEHHO OIKCHIBATh JAIbHOJEHUCTBYIONINE KOPPEIALMH B CTPYKTYpE MOBEPXHOCTU
HEYNOPSAJOUYECHHBIX MaTepUuajioB, KOTOPBIE CBHUJAETEIbCTBYET O NPUCYTCTBUM B HEH

YIOPSA0YEHHOCTH.
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N3MEHUE CTPYKTYPbBI U MOP®OJIOI'MU TIOBEPXHOCTHU YIJIEPOJJHOTI'O
BOJIOKHA ITPU PACIIBIVIEHUU NOHAMMUM UHEPTHBIX I'A30B

STRUCTURAL AND MORPHOLOGYCAL CHANGES OF CARBON FIBER
SURFACE UNDER SPUTTERING BY NOBLE GAS IONS

H.H. AH,Z[pI/IaHOBal, AM. BOpI/ICOBl, B.A. Ka3a1<0B1’2, E.C. Mamkosa®
M.A. Opunnnukos™, C.B. CaBymKI/IHa2
N.N. Andrianova’, A.M. Borisov, V.A. Kazakov*?, E.S. Mashkova®
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MTY umenu M.B. Jlomonocosa, 119991, Mockea, Poccus, e-mail: es mashkova@mail.ru

SEM images and Raman spectra of graphite PAN-fibers of one-directional carbon-
carbon composite KUP-VM after high-fluence 10-30 keV Ne* and Ar" ion irradiation
at normal and oblique incidence have been studied.

VYriepoa-yriepoHble KOMIO3UIIMOHHBIE MaTepuajbl, apMUPOBAHHBIE YIJIEPOJHBIMU
nonauakpuioHUTpwiibHeIMU  (ITAH) BojOkHaMu, paccMaTpuBarOTCSI Kak IPUOPUTETHBIE
KOHCTPYKLIMOHHBIE ~MaTepualbl SIACPHBIX PEAKTOPOB, TEPMOSIEPHBIX YCTPOHCTB U
a’pOKOCMHUECKOM TexHUKHU. Yriepoansie [TAH-BomokHa 001a1al0T BBICOKOCOBEPILIEHHON
TEKCTYpPUPOBAHHON 00O0JIOUKON U SIAPOM € TypOOCTpAaTHOM CTpYKTypoil. PacmblieHue Takux
CHUCTEM II0Jl JIEHCTBHEM MOHHOTO OOJy4eHHsS MOXKET NPUBOJIUTH KAaK K CTPYKTYPHBIM
¢da30BBIM IepexojiaM, TaK M K 3HAYUTEIbHBIM HM3MEHeHUs M Mopdosorun obonouxku [TAH-
BOJIOKHA. [Ipy 3TOM B 3aBHCHUMOCTH OT TeMIlepaTyphl 00JydeHus T U YPOBHS paJualiiOHHBIX
HapyIICHH, ONpeesieMoro YuciomM cmeniennii Ha atom (CHA, dpa), MoryT mpoucxoauTh
nporecchl  aMOpQU3UIMK, PEKPUCTALIM3AIMK, a TaKXkKe pa3BUTHE CIeHUpUIECKOM
MOp(hOJIOTHH TTOBEPXHOCTH, B YaCTHOCTH, rodpupoBanue BonokHa [1-3]. [lns uccnenoBanus
ATHUX IPOLIECCOB B HACTOALIEH paboTe Hapsiay C AIEKTPOHHO-MUKPOCKOIIUYECKUMHU METOJaMU
aHaJIM3a HUCIOJB30BaJIM CHEKTPOCKONMUI0 KoMmOuHanumoHHoro paccesHust (KP) masepnoro
U3ITy4EHUS.

OO6pa3upl  oxHoHampasieHHoro kommnoszuta KVYII-BM, apmupoBanHoro ITAH-
BojToKHaMu Mapku BMH-4, o6mydanu nonavu Ne'n Ar' ¢ smeprusmu 10, 25 u 30 k3B npn
yraax magenuss 0w 70° OTHOCHTENBHO OCH BOJOKHA HAa Macc-MOHOXPOMATOPE
HUWSAD® MI'Y [4] mo wmeromuke [1,2]. TImOTHOCTH HMOHHOTO TOKa COCTaBJIsIa

0.2 - 0.4 MA/cM?, dryercer o6mydenns > 10™ won/cm?. Temmeparypy MHIIEHH BapbHPOBAIH

ot koMHaTHOW 10 600°C, eé m3MepeHHe MPOU3BOJIMIM C MOMOIIBIO XPOMEIh-ATFOMEIICBON
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TepMOTapbl, CHail KOTOPOW VYKPeIUIsidi Ha o00y4aeMOil CTOpOHE MHUIIEHU BHE 30HBI
00yyeHusi. MOHUTOPUHT HOHHOTO OOTYYEeHHsI POBOUIIM ITyTEM PErCTpaIii TOKa HOHOB U
AIIEKTPOHOB JUIA ompeaeeHus (iayeHca oOmydyeHHs U KOAPPHUIUEHTOB HOHHO-3JIEKTPOHHON
SMUCCHU U pacnbuleHus. VccienoBanus MNPOU3BOJWIM HAa PACTPOBOM DJIEKTPOHHOM
mukpockorne Quanta 600 u MukpopamaHoBcKoM crektpomerpe Horiba Yvon T64000 mpu
KOMHATHOM TeMIIepaType € JIa3epHbIM U3YYEHHUEM C JUIMHON BOJIHBI 514,5 HM, AuaMeTp 30HbI
o0sydeHust cocTaBisLl 25 MKM, MomHOCTh - | MBT. KP-cmektper  yraerpadutoBbix
MaTEepHaJiOB OTPAKAIOT COOTHOIICHHE MOPSIOK—OECIIOPSIOK B MaTepHale U COAEp)KaT JBa
OCHOBHBIX MuKa: G-muk (MUK rpaduTa) Ipu CMEMIECHUIX YacToT AK = At T — hip L, GIMBKHX K
1580 cm *, 1 D-nuk, 00YCIOBICHHBIH Je(EKTHOCTHIO KPUCTAILTMUECKON CTPYKTYpHI Iipu AK =~

1350 cm *. TUIHIHBIH npumep npuseneH Ha puc.l, cm. KP-cniektp «/lo 06nyuenus».

[o obny4eHus

MHTEHCUBHOCTb OTH. ef.

LI T T T T T T T T T T T T T T N

1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
Ak, cm™

Puc.1. POM uzobpaxenus u KP-criektpsl komnoszura KYTI-BM 10 1 iociie 06:1ydenns nonamu Ar’

¢ aneprueii 30 k3B mpu temnepatype T=400°C

Haiineno, uro amopdusaiusi noBepXHOCTH BOJIOKHA (00JacTh TemrepaTryp oOJIydeHHs
OT KOMHATHOHM /10 TeMIlepaTyphl TUHAMHYECKOTO OTXKUTa PaTUAIlMOHHBIX HapyIICHUH T,=
150-200°C [1,2]) npuBoAMT K KayecTBeHHOMY M3MeHeHHI0 KP-criektpa — D- u G-nuku He
pazzienstoTcs, o0paszys mupokui kymon. Ilpu pekpucrtamzanud U ToGpUPOBAHUU

NBYXIIMKOBasi CTPYKTypa crekTpa coxpansercs. Paznoxenne KP-cnexkTpoB o0s1ydueHHBIX

71



o6pasioB Tpedyer BBeacHus kpome G- u D-nukoB Takske amopduoro nuka (A) mpu 1500 emt
(cM. puc.l), yUuTHIBaIOIIETO paUuallMOHHbIE HAPYIICHUS CTPYKTYPhI OJIMXKHEr0 MOpsSAKa MpH
amopduzanmu  yriepoaHbix wMarepuaioB [5]. IIpoBectu 00JydueHHEe ¢  ypOBHEM
panuanoOHHBIX HApYIIEHUH, MEHBIIUM OPOTOBOTO YPOBHS aMOP(H3aIMKA MOKHO KaK ITyTeM
YMEHBUICHUSI 3HEPIUU HMOHOB, TaK M IPU YBEIMYEHHM yria UX MAaJCHUs, NMPUBOISALIETO K
pocry koddduimenta pacnbiienus [1,2]. Tak, npu yrie magenus 70° amopdusanus, B
OTJIMYKE OT CIydas HOPMaJbHOTO TajeHus MoHoB Ar’ ¢ sHeprueii 30 k7B, He TIPOMCXOIHT.
D- u G-nuxu KP-cnextpoB paznenstorcs. Ha moBepXHOCTH BOJOKHA MPH 3TOM HaOII01aeTCs
rpebHeBUIHAsE MOPQOIIOTHs, XapaKTepHas Uil HAKJIOHHOTO IMaJIeHHs MOHOB Ha MOBEPXHOCTH
HOJUKPUCTAIUIMIECKUX MaTepuayioB, cM., Hampumep, [6]. ByxmukoBas crtpyktypa KP-
CHEKTpa HaONIoJaeTcss Takke MpH TeMmieparype oOJaydaemblx MHUIIEHeH Ooublie
TEMIIEPATyPhl JUHAMHUYECKOTO OTXKHTA pajiMaldoOHHBIX Hapymenuin T,= 150-200°C. Ilpu
TOM CTPYKTYpPHBII aHaJIU3 MOBEPXHOCTH IOKA3bIBAET, YTO IpU dHepruu uoHoB 30 k3B
MIPOUCXOAUT HE TOJBKO PEKPUCTAILIU3AIMSA [IOBEPXHOCTHOTO CJIOSI YIJIEPOJIHOIO BOJIOKHA, HO
u ero roppupoBanue, cM. POM-uzoOpaxkenue Ha puc. 1. Ilpu sTtom Bkiax amopdHOi
cocraBisitomier B KP-cnektpe sBnsiercs HamMeHbIUM. OTMETHUM, UYTO TO(QpUpOBaHHE
YBEJIMYMBAET Ha MOPSJIOK BEIUYMHBI YAEIbHYI0 HOBEPXHOCTh OOJIYYEHHOTO BOJIOKHA H
Moau(UIIMPOBAaHHOE BOJOKHO, corinacHo [3], sBisgercs Hauboyiee MNOAXOASAIIUM MJis
apMHUPOBAHUS YIIEpOI-yIIE€POIHBIX u YIIEpOI-KepaMUYECKUX KapPOCTOMKHX

KOMITO3UIIMOHHBIX MaTCpHaAJIOB.
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AHAJIN3 BJINAAHUSA I/IOHHO-ISJIACTEPHOI‘/'I OBPABOTKH HA COCTOSHHUE
INOBEPXHOCTH OIITHYECKOHU CTEKJIOKEPAMUKHU METOJ10OM ®JINKKEP-
IIYMOBOM CHEKTPOCKOIINA

ANALYSIS OF INFLUENCE OF CLUSTER-ION PROCESSING ON OPTICAL
GLASS CERAMICS SURFACE CONDITION BY METHOD OF FLICKER-NOISE
SPECTROSCOPY

A . bakyn, A.C. I'yces, H.W. Kaprun, U.A. Mattomenko, C.®. Tumainen
A.D. Bakun, A.S. Gusev, N.I. Kargin, I.A. Matiushchenko, S.F. Timashev

Hayuonanvnouii uccnedosamenvckuii sioeprulil yrusepcumem « MHUDH y,
Hncmumym yHKyuoHanbHo A0epHoll S1eKMpOHUKU,
115409, Kawwupckoe wi., 31, 2. Mockea, Poccus, e-mail: matushenko.ilya@gmail.com

A method of parameterization of supersmooth surfaces used in micro- and
nanoelectronics as substrates and light-reflecting elements is proposed. The method is based
on the flicker-noise spectroscopy (FNS) as the general phenomenological approach to
extracting information from the chaotic temporal or spatial signals. The glass-ceramic
samples were processed by cluster-ion beams and their topology was investigated by atomic
force microscopy before and after treatment. It is established that gas cluster ion beams
processing of glass ceramics leads to angstrom-level surface roughness.

B pabore mpemiokeH MeTOA MapaMeTpu3aluud OCOOEHHOCTEW HaHOpelbeda
CBEPXIVIAJIKUX IOBEPXHOCTEH, HMCIOIb3YEMbIX B MHUKPO- U HAHORJIEKTPOHUKE B KAayeCTBE
MaTEpUaIOB-TIOJIOKEK, & TAKXKE B KAUECTBE CBETOOTPAXKATEIIbHBIX 2JIEMEHTOB TEXHUUECKUX
YCTPOMCTB. MeToJl OCHOBAaH Ha HCIOJIb30BaHUU (DIUKKEP-LIIYMOBOH CHEKTPOCKOIUHU Kak
o0miero (eHOMEHOJIOTMYECKOT0 MOJAX0Ja K H3BJICUEHUI0 HMH(OPMALMU U3 XaOTHUYECKHUX
BPEMEHHBIX WM MpocTpaHCTBeHHbIX curHanoB. CormacHo ®IIC, undopmanus o TekcType
MIOBEPXHOCTU COAEPKHUTCSI B KOPPEJSIIMOHHBIX CBS3AX COCTABIIAIOIIMX HCCIEAYEMBIX
CUTHAJIOB B pa3HbIX [JUaNa3oHax MPOCTPAHCTBEHHBIX YaCTOT — HU3KOYACTOTHBIX
(pe30HaHCHBIX) M BBICOKOYACTOTHBIX,  MPEICTaBISIEMBIX  IOCJIEJOBATEIbHOCTHIO
HEPETYyJISPHOCTEN pa3HBbIX THUIOB (BCIUIECKH, CKAauKH, pa3pbiBbl IPOU3BOJHBIX) Ha BCEX
YPOBHSX TPOCTPAHCTBEHHOW HEPApXMHU CTPYKTYpbl Hccienyemblx cucreM. CocrosHue

MMOBEPXHOCTHU B MCTOAC ®IIC onuceiBamach ABYMSI OCHOBHBIMHU IMapaMETpaMU:

1. [TapameTp o, HM, SBISIIOIIMICS Mepou Hepe2yisapHOCmel-CKa4Ko8 WCCIeyeMOro
npoguiIsi ¥ XapaKTEPHU3YIONINN CPETHEKBAIPATUIHOE OTKJIOHEHHWE BBICOT MPOPUIS OT
6azoBoro mpoduis, GOPMHPYEMOTO COBOKYMHOCTHIO HH3KOYACTOTHBIX PE30HAHCHBIX
COCTABJISFOLIMX XaOTHUECKUX 3aBHUCUMOCTEl N(X); 3TOT mapaMeTp onpeaensiercs Kak paxmop

«cmynendamocmuy XA0Mmu4ecKou cocmaeﬂﬂmmed eblcom I’lqubl/UZ}l.

2. Tapamerp Sc(Lob), (HM)°MKM, SIBISIOUIMICS — MEPOl  «BBICOKOYACTOTHBIXY

HEepPETYJSIPHOCTEHN HccaeayeMoro npoduiis, Haubosee pe3ko U3MEHSIOIUXCsl Ha MaciiTabax 1
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— 100 HM ocobeHHOCTEH penbeda; HTOT mMmapaMeTp OmpenenseTcs Kak gakmop

«OCMpUIIHOCMUY CIMPYKMYPbl HOBEPXHOCTU.

Bosmoxnoctn ®UIC mnoaxoma B ONpeNesieHUM [apaMETPOB  «CBEPXIIAIKUX)»
NOBEpPXHOCTEH MpoaeMoHCcTpupoBanbl mpu ACM wuccrienoBaHud 00pas3lloB M3 JIMTHUEBOTO
amomocunukatHoro cutaia (CO-115M), koTopble npeaHa3HA4y€Hbl JUIsl HU3TOTOBIEHUS
3JIEMEHTOB IPELU3UOHHOM oTpaxaromeil ontuku. IIpm 3ToM cienyer OTMETUTh, YTO
UCCIIelyeMble TOAJOXKKH ObUIM IPEABAPUTEIBHO IOABEPIHYTHl MEXaHO-XUMHUYECKOM
o0paboTke, Ha (UHMUIIHON CTaJAWM KOTOPOW KCIIOJIb30BAaH abpa3uB C pa3MepaMu 3€peH
0.1+ 0.4 um. IlonmupoBaHHAs IMOBEPXHOCTh TAKOW CTEKIOKEPAMHKH BKIIIOYAET Je(EKTHI
pa3HOr0  IPOUCXOXKACHHUSA, XapaKTEPU3YIOUIUECS  PA3JIMYHBIMM  IPOCTPAHCTBEHHBIMU

Macurrabamu:

- CJI€Apl MCEXaHO-XHUMHYCCKOI'O BOSHeﬁCTBHH B BHIC AHHU3O0TPOIIHBIX JIMHEMHO

CTPYKTYPUPOBAHHBIX Je(PEKTOB, OCTaBIIMECA MTOC]e aOpa3UBHOTO MOJUPOBAHUS;
- YeIMHEHHBIE BBICTYIIbI (BIIaUHBI) MPU JOKATBHBIX HAPYIIEHUSX OJHOPOTHOCTH;
- OCTaTOYHBIN Xa0THUECKUU penbed;

- KHAaHOYACTHIIBI», COOTBETCTBYIOIIME BBIXOJY Ha IOBEPXHOCTh KpPUCTAJUIUTOB [3-

sgkpuntuta LiO,-Al,03-2Si0;.

Jns ynanenus (criiakMBaHHsI) TEpPEUUCIEHHBIX J1e(EKTOB IMOBEPXHOCTH B paboTe
NPUMEHSUICS METOJI MOHHO-KJIaCTepHOM 00paboTku. lcmonp30BaHHE MYyYKOB YCKOPEHHBIX
KJIACTEPHBIX HOHOB B KayeCTBE JOMOJHEHHUS WIM 3aMEIICHUs CTaHJapTHOW TEXHOJOTUU
XUMHUKO-MEXaHNYECKOH IUIaHapU3alliH M03BOJISIET U30aBUTHCS OT OCHOBHOI'O €€ HEJJOCTaTKa —
(dbopMHpOBaHUS OCTATOYHOTO penbeda ¢ pazmMaxoMm BbeIcoT mopsinka 1 HM. K nocromHcTBam
METOJIa TaKKE CIEAYET OTHECTH MEHBIIYI0 TPYAOEMKOCTb U XOPOIIYK) COBMECTUMOCTBH C
IUTAHAPHOW TEXHOJIOTUEH M3TOTOBJIEHUS IMOJYIPOBOJAHUKOBBIX NPUOOPOB M HMHTErPAJIbHBIX

MHUKPOCXEM.

O06paboTka PKCIEPUMEHTATBHBIX O0PA3I[0B OCYIIECTBISJIACH C MOMOIIBI0 YCTAaHOBKHU
«nAccel 100» (Exogenesis), B KOTOpOii ra30BbIe KJIacTEePbl 00pa3yIOTCs MPU aaruadaTHIeCKOM
pacupeHrH pabodero raza (aproHa) B BaKyyM uepe3 CBEPX3BYKOBOE COIUIO C JHAMETPOM
kputnueckoro ceueHuss S50 wmrM. CdopmupoBaHHBIE — KJIacTE€pPbl  HOHU3UWPOBAIUCH
ANEKTPOHHBIM YJIapOM U YCKOPSUTMCh pa3sHOCThiO moTeHnuanoB 10 — 30 kB. 3arem mydok
YCKOPEHHBIX KJIACTEPHBIX HMOHOB TOMAaAajd B KaMmepy oOpasua, rie MPOUCXOJIUIIO €ro

B3aUMOJECUCTBHUE C O6pa6aTLIBaeM0f/'I MMOBCPXHOCTHIO. II10THOCTH TOKa B HOCHTPEC IMyYKa IpUu
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yckopsitomieM HanpspkeHun 30 kB coctaBisuta 2 mrA/em?, npouIb pacupenescHus TOKa

rayccoB C MOJYIIHPUHON 0K0JI0 12 MM. B X0/1e 3KCIIEepUMEHTOB JJaBJIIEHUE OCTATOYHBIX T'a30B
-2

B Kamepe oOpasua He npeBbimanio 4x/0° Ila. Cenapainusi MOHHU3UPOBAHHBIX YacTHUI[ IO

MaccaM HE OCYIIeCTBIIsJach. THWNHWYHAs cXeMa YCTaHOBKM JUIsl IOJNYyYEHHS Ta30BbIX

KJIAaCTEpHBIX MOHOB IIpUBE/IEHA Ha PUCYHKeE 1.

OTnn4uTeNnbHOM 0COOEHHOCTHIO NMPUMEHAEMOTO YCKOPUTEINs SIBIISIETCS BO3MOXKHOCTb
00pabOTKM IMOBEPXHOCTH ITYYKOM YCKOPEHHBIX HEHTpasbHbIX aToMoB. [lng 3toro mepen
KaMepoil oOpasma pacmojaraercs OSJIEKTPOCTaTUYEeCKUH KOHICHCATOP, OTKIIOHSIOUIMNA
3apsHKEHHBIE YaCTHIIBI, COJAepKaimuecs B Mydke. Ha MuIIeHb momajaeT TOJNBKO IYYOK
YCKOPEHHBIX HEUTpPaJbHBIX aTOMOB, OOpPa30BaBIIMKCA MPU YAaCTUYHOM pa3pyllEeHUH
KJIACTEPHBIX MOHOB B PE3YJIbTAaTE€ CTOJKHOBEHHUH C MOJIEKYJIaMU OCTATOYHBIX ra3oB. B sTom
cllyyae OTCYTCTBHE KOPPEISIIUM MEXIy YAapaMH OTICIbHBIX AaTOMOB HCKIIIOYAeT
BO30Y)KJICHHE yTapHBIX BOJH M 00pa3oBaHHME «KpaTepoB» Ha moBepxHocTH. OOpaboTka
CTEKJIOKEpAaMHUKHU IYYKOM YCKOPEHHBIX aTOMOB IPHUBEJIa B IOCTaBJIEHHBIX 3KCIIEPUMEHTaX K
HAWITYYIlIUM pe3yJIbTaTaM.

Extraction Acceleration

Skimmer lonizer Electrode Electrode Lens

Target
Anode ;
Nozzle sy paE

— )
Source Gas™ —~~

’ Filament
Cluster Generation m I I I I I

lonization Transportation

PI/IcyHOK 1 — Cxema IMOJIYYCHU: Ia30BbIX KJIACTCPHBIX HOHOB

B xoze BbIMONHEHUS HCCIEOBaHUS OBUIO YCTAaHOBJIEHO, YTO HMOHHO-KJIAaCTepHas
00paboTKa MpU BBIOPAHHBIX PEXUMAX BO3JACHCTBUS, IPUBOJUT, BO-MEPBbIX, K CIVIAXKUBAHUIO
Ne(eKTOB MOBEPXHOCTU KCIIEPUMEHTAIBHBIX 00pa3loB, MEPOil KOTOPOTO MOXKET CIYXKHTb
m3menenne OUIC napameTpoB o u SC(Lo'l), W, BO-BTOPBIX, K «IUIAHAPHU3ALUN» TTOBEPXHOCTH,
MEpPOM KOTOPOH SIBIISIFOTCS BEJIMYMHBI CPEAHEKBAJAPATUYHBIX OTKJIOHEHWH yka3zaHHbIX PUIC

napamMeTpoOB.

Paboma evinonnena 6 pamkax 6asoeou uyacmu eoczadanus Munucmepcmea

obpazosanus u nayku P® na 2017-2019 2., npoexm Ne16.7771.2017/b4.
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YI'JIOBAS U DHEPTETUYECKASA 3ABUCUMOCTHU CEJIEKTUBHOCTHU
PACIIBIVIEHUA KPEMHUA U IUOKCUIA KPEMHUA NOHAMMU A30TA

THE ANGLE AND ENERGY DEPENDENCIES OF SPUTTERING SELECTIVITY
OF SILICON AND SILICON DIOXIDE BY NITROGEN IONS

B.1. bauypun*, U.B. XKXypasnes, /I.C. Ku6anos, B.K. CmupHoB
V.1. Bachurin*, 1.V. Guravlev, D.S. Kibalov, V.K. Smirnov
WOSTEC, Mocksa, Poccus
*1D OTUAH, 150007, yr. Ynusepcumemckas, o. 21, Apocnasnw, Poccus E-mail:

vibachurin@mail.ru

The sputtering rates of Si and SiO films by N," ion beams with energy 0.5 and- 5 keV at 5° -
70° angles of incidence have been studied. It was found that the sputtering rate of SiO, by N,
ions about 2.2 times more than for Si at normal incidence of primaries for all used ion
energies. This value decreases up to 1.3 at 70° angle of incidence. The obtained results are
discussed in the frames of physical and chemical mechanisms of sputtering Si and SiO; by
chemically active nitrogen ions.

HoHHOE pacmbuieHHE TOBEPXHOCTH TBEPIABIX Tell MIMPOKO TPUMEHSETCS B
TEXHOJIOTHUSIX IPOHM3BOJICTBA UHTETPaIbHBIX MHUKPOCXEM (CBUC),
MUKpodJiekTpoMexanuueckux cucreM (MOMC) u ap. OmHOW W3 OCHOBHBIX 3a/1a4 TaKOTO
pacmbUleHUs] SIBJSIETCS.  CEJIEKTHBHOE TpABJICHHWE IUICHOK METAJUIOB, JHAJIEKTPUKOB,
MIOJTYIIPOBOTHUKOB (CEJICKTHBHOCTh €CTh OTHOIICHHE CKOPOCTEH pacHbLICHHUs KOMIIOHEHTOB
pacmbuisieMoit cuctembl). Yarne Bcero Uit 3THUX Ieeil HCIONB3YIOTCS COBPEMEHHBIC
peaKTopbl MIOTHOM Mia3Mbl. Ilpu miua3sMOXMMHMYECKOM TpaBJIEHUM MaTEpUAIOB B KayecTBE
I1a3M000pa3yroIuX BeIOUparoTcs Grop- wiu xiopcoaeprxkarrue ra3sl ( CFy, CCly, SFs u 1.11.)
¢ no0aBKkamMH BOJOpOJa, KUcIopoja u Ap. BiammoneiictBue aktuBHbix atomoB (.F, Cl) ¢
aToMaMM 00pa3lloB MPHUBOAMT K OOpa30BAHUIO JIETYYHX XUMMUYECKHX COEIMHEHHH
(¢ropuaoB, XJIOPHIOB) HA HOBEPXHOCTH, KOTOPBIE JIETKO €€ MOKUAAI0T. ITOT MPOLECC MOKET
3HAYUTENBHO TIPEBOCXOAWTh (PU3MYECKOe pachbUIeHHE, OCHOBAHHOE Ha KaCKaTHOM
mexanuame  II.  3Burmynga [1].  OpHako,  WCHOJAB30BAHHWE  BBIMICYIMOMSHYTHIX
IUIa3MOO00PAa3yIOIIKMX Ta30B HE BCErjJa BO3MOXHO B TEXHOJOIMUECKHX Mpolleccax H3-3a
3arps3HEeHUs IOBEPXHOCTH 00pa3IoB U peakTopa (GTopom, XJI0pOoM, Cepoit U Ip.

Lenpto nmaHHOM pPabOTHI  SIBHJIOCH H3YYE€HHE BO3MOXKHOCTH  HCIOJB30BAHUS
CEJIEKTUBHOTO TPABIICHUS CTPYKTYp, COACPKAIIMX IHOKCHI KPEMHHUS W KPEMHHIA HOHAMHU

a3oTa. Hpeunocmnxoﬁ HUCCIICAOBAaHUSA SIBUJIMCh PC3YJIbTAThI [2], rac OBLIO YCTAHOBJICHO, YTO
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k03¢ dunment pactpitenus SiO; mydkom noros Ny* 9 k3B B 1.8 pasa Gombie uem s Si mpn
HOpPMaJIbHOM MaJICHUH HOHOB.

OKCIEpUMEHTHI 10 PACIBUICHUIO KPEMHHUS U JUOKCHJA IPOBOJAMIIUCH HA YCTAaHOBKE
POOC PHI — 660. O6pasusr Si u SiO,/Si (tonumua SiO; 540 HM) GoMOapauMpoBaIKCh
nonamu N,* ¢ smeprueit 0.5 u 5 ¥3B nox yrmamu 5, 25, 45 u 70° or HopManu. Toku
nepBuyHOTO Tydka coctaBasuid 70 u 300 HA, COOTBETCTBEHHO JJIi BBIOPAHHBIX DHEPTHUH.
Ily4ok pasBOpauMBAiCA HAa IOBEPXHOCTH B pactp 1x1 MM?, OXHOBPEMEHHO HAKPHIBas
yuactku u Si, u SiO,. ITocie pacnbuieHHsT W3MeEpsUIach INyOWHA MOJIyYEHHBIX PacTpoOB Ha
npodpmiomerpe Talystep. s dopmupoBanus pe3kod TpaHUIBI 00JACTH PACHBUICHUS
o0pa3ibl YaCTMYHO HAKPBHIBAIMCh IUIACTUHKON MonukpeMHusa. Bpems OomOapaupoBku
noa0upanoch TakuM, 4ToObl riyOuHa pactpoB coctaBisia 20 -100 M. B stom ciyuae
OTHOCHUTEJIbHAS MTOIPEIIHOCTh U3MepeHui He npesbiana 10%. bbuio BEIIOIHEHO HECKOJIBKO
cepuil skcnepuMeHToB. CeneKTUBHOCTh ONpeessigach Kak OTHOLIEHHE INTyOUH pacTpoB Ha
noBepxHoctd Si u SiO, B KaxIOM 3KCIepuMeHTe. B mporiecce HMOHHOTO OOJIydeHUs
noBepxHocTh SiO; 3apspkaercs C 1esibl0 KOMIIGHCAIIMKA 3TOrO Tpoliecca 001acTh pacTpa
o0nyyanach Iy4KOM D3JEKTpOHOB. BbIOOpOM »3HeEpruM M TOKa 3JIEKTPOHHOIO 30HJA
J0OMBaNKMCh MHHUMaIbHOTO (MeHbmie 10 5B) cMmemieHus mMmonoxeHuss oxe mHKa Si,
PErrCTpUpPOBABIIETOCS ¢ OBepXHOCTU SiO, BCIEACTBHE 3apAAKH TOBEPXHOCTH.

PGSYJ'IBTaTbI H3MepeHHﬁ MpCACTAaBJICHLI B Ta6J'II/II_[C.

OTHortrenue ckopocTeit pactbiienus SiO; /Si

VYroi nmagenus nydka
DHeprusi UOHOB 5° 25° 45° 70°
0.5 x»B 2.2 2.2 1.5 1.4
5 k3B 2.2 2.1 1.6 1.3

BuaHo, 4TO OTHOIIIEHHE CKOPOCTEH pacIbUICHHE HE 3aBHCUT OT SHEPTHH HOHOB M OHO
HEMHOTO IPEBBIIIAET OTHOLIEHUE Kod(pduuuentoB pacmbeuieHuss SiO; /Si momydeHHOE B
pabote [2], rne sHeprus myuka Obuia 9 k9B. Ilpu yrnax nanenus 6onpmmx 25° HaOmroIaeTCs
JIOBOJIBHO PE3KOE YMEHBIIIEHNE CEIeKTUBHOCTHU pactbuieHus B 1.5 paza npu 70°.

W3 nuTepaTypHbIX JaHHBIX H3BECTHO [1], 4TO KOA(hGHUIMEHT pacHbUICHHS KPEMHHUSI
MOHAMH HMHEPTHBIX Ta30B HEMHOIO MpPEBBIIIAET KOXPPHUIMEHT pPacHbUICHUs IHOKCUIA
KpPEeMHHUsI. DHEPrHsl CBSI3M aTOMOB Ha MOBEPXHOCTH Si MOYTH B JiBa pa3a MEHBIIE, YeM IS

SiOy, B To xe Bpems mpu GomOapmupoBke SiO; B MPHUIIOBEPXHOCTHOM CJIO€ MPOTEKAIOT
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XUMHYECKHE PEAKI|H, IPUBOISIIINEC K 00pa30BaHUIO C1a00CBI3aHHBIX Ia30BbIX MOJieKya SiO
[3]. Dto mpuBOAMT K yBeIHUCHHIO KOI(PHUIMEHTAa PACHBUICHHS JAHOKCHIA KPEMHHUS
MHEPTHHIMH HOHAMH JI0 3HAYEHUH ONM3KUX K KOX(PQPHUIMEHTY pachbUieHHS KpeMHus. B
cityaae 6ombapauposku SiO; nonamu Ny* B pesysbTaTe XUMHUYECKHMX PEaKIMi MPOUCXOIUT
obpaszoBanue ra3oBbix MoJekya SiO u NO, 4To moBsIIIae€T MOYTH B TPU pa3a KOdH UIIUCHT
pacIbUIeHUsT TUOKCHUIA KPEMHHsSI 110 CPAaBHEHUIO PACHBUICHHEM €r0 MHEPTHBIMA HMOHAMH C
Mmaccoii azora [3].

bombOapaupoBka KpeMHUS HOHAMH XUMHUYECKH aKTHBHBIX Ta30B MPHUBOJUT K
(GOpMHPOBaHHIO B HPUIIOBEPXHOCTHOM cCjioe coenuHeHui kpemuus: SiOp npu oOaydeHUH
nonamu O," [4] u SisNs momamu N,'[5]. CocTaB MOBEpXHOCTH 3aBHCUT OT YIUIa HajCHHS
nOHOB. CTEXMOMETPUYECKHI OKCHUJ U HUTPHJI KPEMHHS OOpa3yrOTCs MpHU yriax MaJcHUs
0<30°. Ilpu yBenmudyeHHH O TMPHUIIOBEPXHOCTHBIA CIIOM COCTOUT M3 KPEMHHS M COCIUHCHUS,
JI0JISI KOTOPOTrO yMeHbInaeTcs npaktudecku a0 0 mpu 0=70° [4,6]. Xumudeckuii coctas
ONpeneNsieT CpeJHee 3HAYCHUE OHEPrHMH CBS3M aTOMOB Ha TIOBEPXHOCTH, KOTOPOE
YMEHBIIAETCS B JBa pa3za Npu H3MEHEeHWH yria mnaaeHuss ot 0 mo 70°. DTo Haxoaut
OTpaXCHUE B YIJIOBBIX 3aBUCHMOCTSX Kod(duuuenta pacnbuicaus Y(0). IIpoucxomur
JCCATUKPATHOE yBeIUUYeHUH Kod(duIrenTa pacibuieHus mpu pocre 0 ot 0 1o 70° [4,6].

XUMHUECKUE TMPOIECChl, MPOTEKAIOIINE B MPHUIIOBEPXHOCTHOM CJIOE€, MPHBOIAT K
YBEIIMUEHHIO CKOPOCTH pacmbUieHus uoHamM Np' JHOKCHAA KPEMHMS M YMEHBIICHHIO
CKOPOCTH pAaclblICHUsS KpeMmHHs. Wnu celekTHBHOMY pacmbuieHuio cucrembl SiO; — Si.
He3aBUCHMMOCTD CENEKTUBHOCTH OT JHEPTrHM HOHOB CBS3aHA, MO-BUAMMOMY, C TE€M, YTO
SHEpPrusl OmpeneNseT IHUIlb TONIIMHY MOAU(PHUIMPOBAHHOTO CJIOS M HE BIUSET Ha
COOTHOIIIEHUH BKJIAJ0B KAacKaJHOTO M XMMHMYECKOI'O0 MEXaHM3MOB paclbUICHUs. 3HAaYeHHE
OTHOIIEHHSI CKOPOCTEH pacmbuieHus 2.2 TP HOPMAJIHHOM MaJCHUU OBUIO TIOJTYYEHO W TPU
pactbiienur SiO; u Si moHamu a30THOM Iia3Mel ¢ dHeprueir 50-300 3B (cM. marepualsl
naHHoOW KoH(pepeHnuu). [Ipu yBenuyeHUH yria MajeHUs MPOUCXOIUT 3HAUYUTEIBHBIA POCT
Kod(duUIIMeHTa paclbUICHUsI KPEMHUS, UTO SBISETCS MPUYUHON HAOII01aeMOT0 YMEHBIIECHUS
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HCCJEIOBAHHME 3BOJIIOIUHA SJIEKTPOHHBIX CBOVICTB
HAHOKJIACTEPHBIX IIVTIEHOK HA OCHOBE METAJIJIOB Ta 1 Mo,
COPOPMUPOBAHHBIX C IOMOIBIO METOJA MATTHETPOHHOI'O
PACIIBIJIEHUA

STUDY OF ELECTRON PROPERTIES EVOLUTION OF Ta AND Mo NANOCLUSTER
THIN FILMS FORMED WITH MAGNETRON SPUTTERING

O.C. Bacuibes*, I1.B. bopuctok™, T.M.Koznosa*, F0.10. Jlebenunckuii*#

O.S. Vasilyev*, P.V. Borisyuk*, T.I. Kozlova*, Yu.Yu. Lebedinskii *#
* HayuonanvHulil uccreoosamenvckutl ioepuuiil yuueepcumem « MUDHy, Mocksa,
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# Mockosckuii unocenepro-gusuuecxkuti uncmumym, MO, [loneonpyonwiii

The results of the study of electron properties evolution of monodisperse thin films consisted
of Ta and Mo metal nanoclusters deposited onto the SiO,/Si(001) surface with magnetron
sputtering method are presented. The changes in chemical composition and electron structure of
the samples were controlled by means of X-ray photoelectron spectroscopy in the UHV analysis
chamber of the Multiprobe MXPS RM VT AFM-25 surface analysis system. Susceptibility to

oxidation after exposure to atmosphere was studied.

HccenenoBanuss CBOMCTB HAHOCTPYKTYPHBIX MAaTE€pUAIOB BBI3BIBAIOT B HACTOSIIEE BpEMs
MOBBIIICHHBI MHTEPEC B YACTHOCTH, BBHUJY Pa3BUTUS HAHODJIEKTPOHUKHU, MUKPO- U HAHO-
aNeKTpoMexaHndeckux cucteM [1]. OmHako, (opMHpOBaHHE MaKPOCKOIUYECKHX HAHO-
CTPYKTYPHPOBAHHBIX MAaTCpHUaJIOB C 3aJaHHBIMHU CBOMCTBaAMH 3aTPYAHUTCIIBHO B CBA3U CO
CJIO’)KHOCTBIO KOHTPOJISI ITApaMeTpoB mpoliecca ocaxkaeHus. OMHUMHU U3 TTOJT0OHBIX MaTEPHAJIOB
ABJISIIOTCS TOHKHE HAHOKJIACTEPHbIE IUJIEHKH, COCTOSIIME M3 HAHOKIACTEPOB METAJUIOB
OJIMHAKOBOTO pa3mepa. [1omoOHbIe MIIEHKH MPEACTABISIOTCS MEePCIEKTUBHBIM MaTEPHAIOM IS
CO3aHMsI BBICOKOA((EKTUBHBIX KaTaIM3aTOPOB, MOJYNPOBOJHUKOBBIX YCTPOMCTB, a TaKXKe,
TEPMOAJICKTPUYECKUX MAaTepUaIOB HOBOTO IMOKOJCHUS [2]. DTo 00yCIOBIEHO TEeM, 4YTO C
YMEHBUIEHUEM pa3Mepa METAUIMYECKUX KIIACTEPOB, OXHUIACTCS 3HAUYUTENIbHOE YBEIMYCHHE
BennuuHbl TepMo-DJIC Takux miueHoK [3], MOCKONbKY MOCIEIHSS 3aBUCHUT OT IUJIOTHOCTH
AJIEKTPOHHBIX COCTOSHMN Ha ypoBHe Pepmu. [Ipm 3TOM, 31EKTPONPOBOAHOCTh TAKUX IUIEHOK
Oyner OnM3ka K METAIMYECKOW 3a CYeT TYHHEJIUPOBAHMSI HOCUTENEH 3apsia MExXIy
HAHOKJIACTEPAMH U MEPKOJSIIMOHHBIX 3((HEKTOB, a TEMIOMPOBOIHOCTh OY/IET MOHMKEHA 32 CUET
MOPUCTOCTH TIOJOOHOH IJICHKH, BCJICACTBHUE PAcCEesiHUS Ha TpaHHIax HaHodactull [4]. Takum

obpazoM, TepMmodeKTpruUeckas dS(PPEKTUBHOCTH TAaKOTO MaTepuajia, MPOMOPIHOHATbHAS
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AJICKTPOTIPOBOJHOCTH  MaTepuaja, KBajapaTy BenuumHbl ero Tepmo-OJIC u  obpaTHO
MPOMOPIMOHANIbHAS TETUIOMPOBOIHOCTH, MOKET MEHSATh CBOE 3HAUEHUE JIJISl MOPUCTHIX ITUICHOK,
COCTOSIIIIUX U3 HAHOKJIACTEPOB Pa3IMYHBIX pa3MepoB [2].

B nmanHOli paboTe mMpencTaBlieHbl pPE3YJbTaThl HMCCICIOBAHUS 3BOJIOIHMH JIICKTPOHHBIX
CBOWCTB TOHKHMX MOHOJMCIEPCHBIX HAHOKJIACTEPHBIX IUICHOK TaHTajlla M MOJHOJeHAa Ha
noBepxHocTu guokcuaa kpemuus SiO,/Si (001). dopmupoBaHue IICHOK OCYIIESCTBISLIOCH C
MIOMOIIIFI0 MAarHeTPOHHOro HcTouHHMKa ocaxkiacHus NanoGen-50 (Mantis Deposition, UK) B
KaMmepe MpenapupoBaHus CBEPXBBICOKOBaKyyMHOM cuctembl Multiprobe MXPS RM VT AFM-
25 (Omicron NanoTechnology GmbH, Germany). B mpomecce Hykiealy HaHOKJIACTEPHI B
JAHHOM HWCTOYHHUKE TPUOOPETAIOT EAMHUYHBIA 3apsil, YTO TO3BOJIAET OCYIIECTBUThH
(GUIBTpaLKIO IO pa3MepaM ¢ MOMOIIBI0 KBaPYMOJIbHOro Macc-criekrpomerpa MesoQ (Mantis
Deposition, UK) u ob6ecrieunts (popMHUpPOBaHKE MOHOIUCIEPCHBIX HAHOKJIACTEPHBIX IUIEHOK.
Jiist obecrieueHus JIydIIel aire3uy U TOJTY4YCHUS MOPUCTHIX IJICHOK, COCTOSIINX U3 OTACIbHBIX
HaHOKJIACTEPOB, Ha MOJIOKKY M0JIaBAJIOCh MOJIOkKUTENbHOE Hanpspkenue 800 B.

KoHTponb XMMHUYECKOro cocTaBa MOBEPXHOCTH M HCCIECIOBAHUE SJIEKTPOHHBIX CBOWCTB
HAHOKJIACTEPHBIX IJICHOK OCYIIECTBIOCH IN Situ ¢ momoinsio PODC (MCTOYHHMK H3TYUICHHS
MgK,,1253.6 eV). Ananu3 PDI-criekTpoB MOKa3a, 4To Bce 00pasiibl HEMOCPEACTBEHHO MOCIIE
npolecca OCKACHUS HAXOIATCS B MeTauimdeckoMm coctosHusau (Ta wim Mo), ¢ maibm
coaepxkanueM kuciopoaa u yrieposaa (<10%). B cBsa3u ¢ OTCyTCTBHEM Ha MOJydYeHHBIX IN Situ
CHEKTpaxX IHUKOB, COOTBETCTBYIOIIMX OKCHUIHBIM COCTOSHHUSIM, MOXHO CJAeNaTh BBIBOJ, YTO
KHUCTIOPOJT aJICOPOMPOBAaH B MPUIIOBEPXHOCTHBIE CIIOM TJICHOK 0e3 00pa3oBaHHs XMMHUYECKOU
CBSI3M C aTOMaMH HaHOKiacTepoB. I[loka3aHO, YTO C yMEHBIIEHHWEM XapaKTEPHBIX pa3MepoB
HAHOKJIACTEPOB, COCTABJISIFOIINX TUIEHKU TPOUCXOAUT CIBUT DHEPTUHU CBS3H OCTOBHBIX YpPOBHEH
(Tad4f u Mo3d) B cTopoHy OONBIIMX 3HAYCHUI, YTO MOXKET OBITH CBA3aHO C pPa3MEPHBIM
adpdexrom [5]. JlelicTBUTENBHO, PACCMOTPHM JIIEKTPOH, HAXOASAIIMICS HA OCTOBHOM YPOBHE
aToMa B HaHOKJIacTepe. ODHEPTus HAYaIbHOTO COCTOSHHS OJEKTpOHa (0 mpolecca
(dhoTOMOHM3AIMH) TI0 A0COTIOTHON BEJIMYMHE COBIAJAET C OPOUTATILHON SHEPIrUeH AIEKTPOHA Ha
JaHHOW aTOMHON o6onouke. doToMoHU3alMs TPUBOJUT K OOpa30BaHUIO B aToMe
HECKOMIICHCHPOBAHHOTO MOJIOXKHUTENBLHOTO 3apsiaa (IbIPKU), AEHCTBYIONIETO KaK BO3MYIIAIOIIUI
MOTEHIIMAJ Ha OCTABIIIMECS AJIEKTPOHBI TBEPAOTO Tena. B pesynbprare pemakcanuy JIeKTpOHHON
MOJICKICTEMBI (9KPAaHUPOBKH OCTOBHOM IBIPKH) BBIACISETCS DHEPTUS — DHEPTUS PellaKCaIlHH.
[Tockonpky BpeMsi BHYTPHMATOMHOW pellakcallid CpPaBHUMO CO BpPEMEHEM IOKHJIaHUs
(OTO37EKTPOHOM aTOMa, TO BBIJECIUBIIASACSA YHEPTUS TPUOOpeTaeTcst POTONTEKTPOHOM, IPUBOJIS
K YBEJIMYCHUIO €T0 KHMHETHYECKOW SHEPTHH M, CIEJ0BATEIBHO, K YMECHBIICHHIO H3MEpsSeMOn

P®3C sneprum cBszu. B HaHOKIAcTEpPE ¢ YMEHBIIIEHHEM €ro pa3Mepa MPOUCXOIUT ociabiieHne
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SKPAHUPOBKH OCTOBHOM JIBIPKHM OCTABIIMMHUCS AJIEKTPOHAMHM 3a CUET CY)KEHUS BAJICHTHOW 30HBI
M0 OTHOIIEHUIO K 00bEMHOMY METAJUTy, YTO MPUBOJIUT K TOMY, YTO a0COJIOTHASI YKPAHHPOBKA
yObIBaeT, a e pasHMIA ¢ OOBEMHON HKPAHUPOBKOH YBEIMYMBACTCS W SHEPIHS OCTOBHOTO
ypoBHs1, peructpupyemast MerogoM PODC caBuraercs B CTOpOHY OOIBIITNX 3HAYCHHH.

Ananuz ex Situ P®D-crmekTpoB 00pa3ioB HAHOKJIACTEPHBIX IUICHOK IMOCJIE BbIHOCA Ha
aTMocdepy TOKa3all, 4TO JaHHBIC IUJICHKH OKHCISIOTCS, 00pa3ys MpU 3TOM OKCHIHYIO (asy
Ta05 (wm M0,0s) ¢ mpumechio Metauinueckoi Ta (o Mo). Ilpu 3TOM, aHAIOTHYHO
obOpasmaM, He IOJBEPrIIAMCS OKHCICHHMIO, TOjoxkeHus mnukoB Tadf (m  Mo3d),
COOTBETCTBYIOIIMX METAJUIMUECKON (haze Takke OOHApPYKMBAIOT pa3MEpPHBIA CIBUT SHEPTUU
CBSI3M JIJIsl BCEX 00pa3I0B HAHOKJIACTEPHBIX TUICHOK. Takxke aHamu3 POD-crieKTpoB OKUCICHHBIX
00pa3lioOB  HAHOKJACTEPHBIX IUJICHOK IOKa3aJl HAJIMYME XapaKTePHBIX OKCHUIHBIX U
METAJIIMYEeCKUX (DOpPM CIIEKTPOB BAJICHTHOM 30HBI AJs BceX MarepuanoB Ta, Mo 4to moxker
CBUJICTENLCTBOBATh O COXPAaHEHUU MPOBOMSIIMX CBOMCTB HAHOKIACTEPHBIX IUICHOK OJTHUX
METAJIJIOB HE3aBUCHMO OT pa3MEpOB HAHOKJIACTEPOB HX cocTaBidoomux. Pdopma crekrpa
BAJICHTHOM 30HBI TO3BOJISIET TAaKXKe CJlejaTh BBIBOJ, YTO C YMEHBIICHHEM pa3mepa

HAHOKJIAaCTECPOB YMCHLIIACTCS CTCIICHb OKUCJICHUA ITOJYUCHHbBIX IIJICHOK.

Mo VB ex situ

Ta VB ex situ

HHTeHCHBHO CThb, OTH. €1.

d=1.4 am

-
N
-
.

10 8 6 4 2 0 -2 -4 1110 9 8 7 6 5 4 3 2
BE. 3B BE, 3B

Puc. 1. POD-criekTpbl BaJIEHTHON 30HBI HAHOKJIACTEPHBIX IUICHOK TaHTajla (cieBa) W MonubIeHa
(cmipaBa) mocie BbIHOCAa Ha atMocdepy AT pa3iMuHBIX Pa3MEpOB HAHOKIACTEPOB, COCTABIISIOIINX
IUICHKY.
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OTO MOXET CBHUJIETENbCTBOBATH O MEHbILIEH KaTaTUTUYECKON aKTUBHOCTHU IUIEHOK Ta u Mo,
COCTOSIIIIMX M3 KIACTEPOB pa3MepoM MEHee 2 HM M MOXKET ObITh BXXHO JUIS MX JajbHEHIIero
UCTIOJIb30BaHUSI.

Ji1st Toro uToOBI ONPEIEAUTh MTYOUHY OKHCIEHUS TIOTYyYEHHBIX MIICHOK, ObLT JOMOJHUTEIBHO
npoBesieH POOC ananu3 ¢ yrioBeIM paspeiieHreM. [lonydeHHble pe3ynbTaThl MO3BOJIMIINA
CAeNaTh BBIBOJ, YTO IOJYYCHHBIC HAHOKIIACTEpHBIE IUIGHKH la W MO mocie BbIHOca Ha
aTMoc(hepy MCIBITBHIBAIOT TOJHKO TTOBEPXHOCTHOE OKHUCIICHUE, OCTaBasCh B TiyOuHe (Oonee 1-2
HM OT MOBEPXHOCTH) — COCTOSIIIIMMHU TOJIBKO M3 MeTauinueckoil ¢asbl. Mimes B By, 4TO mpu
MCIOJIb30BAaHUH JIAHHBIX MJICHOK KaK TEPMORJIEKTPUUECKUX MaTepuanoB OyaeT MPOUCXOAUTh UX
Harpes, OblIa UCCIIEJIOBaHA TEPMUYECKas YCTOMYHBOCTD MOJYYCHHBIX 00pa3IoB, IIyTEM Harpena
B Bakyyme 0 600 °C ¢ mocieayronmM aHaTu30M U3MEHEHUH XMMHUYECKOTO COCTaBa METOJIOM
P®OC. Paznuuus B criekTpax, MOJYyYEHHBIX 0 M TOCE HAarpeBa, oOHapykeHo He Obuio. Takum
00pa3oM, MO OTCYTCTBHIO CJIBUTOB SHEPTrUU CBS3U OCTOBHBIX YPOBHEH MOXHO CKaszaTb, YTO
pa3Mep HaHOYACTHI] HE U3MEHSETCS, U MOJIydaeMble HAaHOKJIACTEPHBIC TUICHKU HE TEPSIOT CBOCH
MOPUCTOM CTPYKTYPHI BCICACTBHE HArpeBa, 4YTO SIBJISICTCS BAXKHBIM JUIS PEHICHHS 3a7add
CO3aHUS BBICOKOA(D(PEKTUBHOTO TEPMOIIEKTPUUECKOTO MaTepHaa.

Takum oOpa3oM, B [JaHHOH paboTe METOAOM MAarHeTPOHHOTO pacHbUICHHUs OBbLIU
c(hOpMHUPOBAaHBI TOHKHWE HAHOKJIACTEPHBIC IUICHKHA TaHTajJa W MOJHOJEHA C SIBHO BBIPAXCHHOU
MOPUCTOM CTPYKTYpOH Ha TOBEPXHOCTSIX JTUAJICKTPUYCCKUX TOJJIOKEK C Pa3IMYHBIMU
pa3MepamMu  HaHOKIacTepoB. [IpoBegeH  aHamuM3  XUMHUYECKOTO  COCTaBa, H3yueHa
MOJIBEP>KEHHOCTh JAaHHBIX HAHOKIACTEPHBIX IJICHOK OKHCIEHUIO MPH BBIHOCE Ha aTMochepy u
UCCIIEIOBaHA HBOJIIOIMS WX JJIEKTPOHHBIX CBOMCTB B 3aBUCHUMOCTH OT pa3Mepa HaHOKJIACTEPOB.
JlapHeWIMe WccaenoBaHUsl OyayT HaNpaBJICHBI HAa OKCIEPUMEHTAIBHOE WCCIIEA0BAHUE

TCPMOIJICKTPUICCKUX CBOMCTB HO,ZLO6HLIX MOPUCTHIX TIJICHOK.
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PACHBIJIEHUE MOHOKPUCTAJJIOB KPEMHMUAA IO BO3I[Eﬂ§TBHEM
ITYYKOB NOHOB I'EJIUSA U APTTOHA CO CPEJHEHW SHEPI'MEMU 10 K9B

SPUTTERING OF SINGLE CRYSTALS OF SILICON IRRADIATED BY I0ON
BEAMS OF HELIUM AND ARGON WITH MEAN ENERGY OF 10 KEV

H.B. Boiukos, /I.A. Cadonos
N.V. Volkov, D.A. Safonov

HUAY «MUDNy, Kamnpckoe 1., 31, Mocksa, Poccust

In this paper the peculiarities of formation of the surface topography caused by the
diffusion of single-crystal Si substrate of different orientation with evaporated thin

films under the irradiation by Ar* and He" ion beams with a wide energy spectrum.

Beenenne. binaronaps cBouM CBOMCTBaAM KpEMHUI HAXOJUT IPUMEHEHUE B Pa3INYHbIX
o0acTsaX HaykKd M TeXHUKU. B Hacrosiuee Bpems pa3paboTaHbl pa3ivuHble (U3HMUECKUE U
XUMHUYECKHE METO/Ibl IIOJyYEHHUS! TOHKUX CJI0€B KPEMHUS, HAIIPUMEP: MOJIEKYJIAPHO-Ty4yeBas
U Ta30Basl 3MUTAKCHsI, MArHETPOHHOE PACIbUIEHNE, BAKYyMHOE JAYIOBO€ MCIApEeHHE, HOHHO-
Jy4€BOE€ PacClbUICHHE, UMITYJIbCHOE JIA3€PHOE M IIA3MOXUMHUYECKOE OCAKIACHHUE MOKPBITUI
[1-3]. AkryanpHOil 3ajgadeil COBPEMEHHOrO MOJYIPOBOJHHKOBOIO MAaTePHAIOBEACHHS
ABJIETCS IOJIyYEHUE ATOMHO-YHCTBIX MOBEPXHOCTEH KPUCTAJIOB — IMOJJIOKEK C BBICOKUM
KauecTBOM TpaHUIbl pa3jiena U 3aJaHHOW HaHOMOpdoiorumeil. OTO BBI3BAHO BBICOKOU
YyBCTBUTEIBHOCTBIO 3JEKTPOHHBIX CBOWCTB MaTepHUaioB K JepeKTaM U HEOAHOPOAHOCTAM
CTPYKTYpbI, a TakK€ IEpCIEeKTUBOM HX HCIOJIb30BAaHUSA MJI IIOJIY4YE€HUs CIIOHTAaHHO
VIOPSAOYEHHBIX HAHOCTPYKTYP — PaBHOBECHBIX MACCHBOB TPEXMEPHBIX OCTPOBKOB
MaHOMETPOBBIX Pa3MEPOB IYTEM MPEIBAPUTEIHLHOTO CO3JaHUS MECT, IPEANOUYTUTEIbHBIX JIJIS
3apoxaeHus KiactepoB. [Ipu sToM 60blIoe 3HaYeHHe UMEET BBIOOP KpUCTaJIorpaduuecKoi
OpUEHTAIlMM,  KOTOPBIM  MpeaonpeneNeH  OCOOCHHOCTSIMM ~ CTPOCHHS  PEIIETKU
HOJIYIIPOBOJIHUKOBOIO MaTepHara.

B nanHoli paboTe paccMOTpeHbl OCOOEHHOCTH (popmupoBaHHs Tomorpaduu
MIOBEPXHOCTU B PE3YJbTAaTe PACIBUICHUS MOHOKPHUCTALTMYECKON TOAJOXKKH Si pa3nudHou
OpHEHTAIIMH C HAMbUICHHBIME TOHKMMHM IUIEHKAMH T10Jl BO3JEHCTBHEM IMyuKoB HOHOB AI" 1
He" ¢ mupoKuM >HepreTHIecKUM CIEKTPOM.

Metoauku u pe3yJibTaThbl 3KCIEePUMEHTOB. B kauecTBa Mmarepuana MOAJIOKKH
UCIIOJIb30BAMCH IACTUHBI MOHOKpHUCTaIIa KpeMHUs Mapku KO® 4,5 opuenranus (100) u

(110), KBD® 2 — (111), Kb 20 — (100). Ha moBepXHOCTh YacTH OOpa3lOB METOJOM
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TEPMUYECKOTO HCHapeHusi B Bakyyme (p< 1x10™ [Ta) wamsumsunes wienku Al, Cu u Mo
tommunoi 3040 um. Msyuenue 3akoHoMepHocTeil pacnbuicHus cucreM Al-Si, Cu-Si, Mo-Si
CBSI3aHO C 0COOEHHOCTSMH (POPMHPOBAHUS MOP(OIOTUU MPUITOBEPXHOCTHOTO CIIOS 3a CUET
Oonee >(PQPEKTUBHOIO MPOTEKAHUS MpoIecca BHEIPEHUS aTOMOB IUICHOK B MaTepuall
HOJJIOXKKH HA 3HAYUTENIbHbBIC TyOuHbI [4-8].

OG6pasipl o6ydamuck myakoM noHoB Ar' u He' Ha ycranoske BOKAJI [9] mpu
CIEIYIOIIUX pPEeXHUMax: CpeaHsisi »dHeprus uoHOB B mnyuke <E>=10 k3B, mmpuna
HEPreTUUECKOro CIIeKTpa MOHOB B nyuke 1-15 k3B, Tok myuka nonHoB 7-10 MKA, no3a
obmyuenust @ = (O,5—20)><1O18 MOH/CM®, JIaBJICHHE OCTATOYHBIX Ta30B B 00JACTH o0pasios
npu oGnydeHnn He npesbimato Bemmanasl p<l107° [a. M3mepenne Benmaus k05hGHIEEHTOB
pacmbUICHHs] BBIIOJHEHO METOJaMU (POTOMETPUPOBAHHUS CJIOS PACHBUICHHBIX aTOMOB Ha
CTEKJISTHHOM KOJUIEKTOpE, MPOILIEIIIeM CleuuaabHyl0o o0paboTky. TO4YHOCTH H3MepeHHs
BeJIMYMH KO3(h(UIMEHTOB paciblieHus cocTaBisiia +15%. MaccoBslii cOCTaB HANBUIEHHOTO
cnos onpeaensica merogamu BUMC u OXE-cnekrpomerpueil.

OneHka COCTOSHHSI TOBEPXHOCTH IPOBEACHA METOAaMHU NPOPHIOMETPUPOBAHUS C
nomMomeio npodunomerpa-npopunorpaga TR-200 um ckaHUPYIOIIEro aTOMHO-CHIIOBOTO
mukpockona (ACM) Solver-P-47. Ompenenenue IIepOXOBATOCTH MOBEPXHOCTH 00paslioB
nposeaeHo cornacHo ['OCT 2789-73 no cnenyroiieMy BbIpaKEHHUIO:

n
Re=2 I, (1)
L)
rae N — oflmee YHCIIO BBICTYNOB (BMaaunH) Ha 0a30Bod jiuHe Lg, Yi— BeauuuHA I-TO
OTKJIOHEHUS OT CpelHel TMHUN TPOQUIIS TTOBEPXHOCTH.
B psge cnydaeB s monydeHHs! TOTMOTHUTENEHOM MHPOPMAIIMKM O COCTOSHUHM TOBEPXHOCTH
00pa31ioB MaTepHajIoB MOCIe HOHHOTO OOJIyUeHHs UCIIOJIb30BAIUCH CTATUCTUYECKHE METO/IbI,
KOTOPBIE TIO3BOJISTFOT Ha OCHOBE KOPPEJAIMOHHBIX OIIEHOK MPOBECTH CPABHUTEIBHYIO OLIEHKY
MeXay 00pa3liaMu Ha MPOTSKEHHBIX Y4aCTKaX MOBEPXHOCTEH.

Ha pwuc.l mpencraBineHbl THIWYHBIE NPOQMIOTPaMbl MOBEPXHOCTH B HCXOJHOM
COCTOSSHUM U TIOCJ€ MOHHOTO OOIydeHus, u3MepeHHole Ha Oaze 0,8 mxM. Kak BugHo u3
pHCYHKa BBICOTa BBICTYIIOB OOpa3lOB B HMCXOJHOM COCTOSHUM HaXOJIUTCS Ha YpPOBHE
15-10 HM, a mocie pacHbUICHUS UX BelrunHa yBenuunubaercs 10 20-30 Hm.

TunoBsle u300pakeHHE TMOBEPXHOCTH, IOMy4YEHHbIE C Hcnoyib3oBaHueM ACM,
NPUBEJICHBI HA pHC.2 U3 KOTOPOTO BUJIHO, YTO HAa TOBEPXHOCTH (HOPMHUPYIOTCS JIOKATBHBIX

oOpa3oBaHus ¢ XapakTepHbIMU paszmepamu 3—10 M. IIpu coBMecTHOM 00IydYeHMH MOHAMHU
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He" u Ar’ mepoxoBaToCTh IOBEPXHOCTH yMEHBIIAETCs 10 BelMduH 5—10 HM, pasmeps

KIIACTCPOB CHUIKAKOTCS, a4 UX IIJIOTHOCTb BO3pPAaCTacCT IMMOYTH B [Ba pa3a.
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Puc.1. HopmupoBanHbie npoduiorpamMel moBepxHOCTH Si oOpasma mapku KO 4,5 (110): B
FICXO/IHOM COCTOSHUH (a) U rocie 06iydenus myakom nouoB Ar* ¢ o30it 1,5x10" non/cm? (6)

nm
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um
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Puc.2. Tomorpadus mosepxuoctu Si-moioxkku KO 4,5 (100) nocie HOHHOTO pacTbLICHUS MYyYKOM
Ar* ¢ no3oit 06myuenns 1,2x10" non/cM’ (a) u cuctemsl Mo-Si (6)

Ha puc.3 mpencraBneHsl mpoduiiu pacrpeneneHus: BHEIPEHHBIX aTOMOB aproHa B
MOHOKPHUCTAIMYECKYIO Si-MHIIIEHb CO CpelHel dHeprueil moHos aprona <E> = 10 k3B, ¢
nosamu obmyderns ® = 1x10Y, 5x10" u 1x10*® mon/cM?. O6nyuenne Ar' ¢ <E> = 10 kB
npu 03¢ ® = 1x10" voH/cM® IPUBOIUT K HAKOIUICHHIO ATOMOB aPrOHa y MOBEPXHOCTH Ha
ypoBHe C(X=~0) = 1 oTH.ex., coxpaHstomumMcs 10 riryouH 14—16 HM, rryOrHa TPOHUKHOBEHHS
JOCTUTAET BeTUYUH Xy = 24-26 HM. YBenudyeHune 1036l 00myueHus g0 @ = 5x10Y non/cm?
dopmupyer pacnpenenenue C(X) ¢ BbIpaKCHHBIM MaKCHMyMOM KOHIICHTpPAI[MH Ha TIyOWHE
Xc = 14-16 am mpu 3TOM BenudmHa X, cmemiaercss Brayob g0 38—40 um. Ilpm mose
oGmyuenns ® = 1x10"® non/cm? HabmromaeTcs cMeleHHe MaKCHMyMa KOHICHTPALIMH Ha

Oonbmue riryounst Xe = 14—-18 um (Rp = 26-28 um). Benuunna X, yBenuuusaercs ¢ 24 no 38,
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48 vM. OOmiee coaepskaHue BHEAPECHHBIX aTOMOB aproHa pacTeT B cooTHoOmmeHun Car =

1:1,5:2,3 nnsa no3 O = 1><1017, 5x10* u 1x10* non/cM? cooTBETCTBEHHO.

100 ;
| —+ norpemmocts
,

MHTEHCHBHOCTD, OTH. €1.

0 100 200 300 400 500 600 700 800 900 1000
[nyOuna, HM

Puc.3 — PacrmpezenieHre BHEIPEHHBIX aTOMOB IO TIyOHWHE Si-MHIIEHH, 00Iy4CHHON C Pa3InYHBIMH
nozamu @ myuxom Ar* co cpeeii sreprueit <E> = 10 koB: 1 — @ = 1x10" mon/cm?; 2 — ® = 5x 10"
non/cm?; 3 — @ = 1x10" non/cm?

3akiaroyeHue. AHalU3 COCTOSHUS IIOBEPXHOCTH MOHOKPHUCTAJUIOB KPEMHHMS IOCIE
BO3/IeiicTBUSA MydkaMu HOHOB Ar” 1 He'™ ¢ mMpoKUM 3HepreTHdecKUM CIEKTPOM IOKA3aJl, 4To
TOJIIIMHA MOJU(PHUUHUPOBAHHOIO CJIOS CYIIECTBEHHO 3aBUCUT OT A03bl 0o0myueHus. s
OLIEHKU INIyOMHBI BHEJPEHUS aTOMOB IUIEHOK L€1eCO00pa3HO HUCHOJIb30BaTh MPUOIMIKEHMS,
YUYHUTBHIBAOIIME TNPOLECC PACHbUICHUS M PaJUallMOHHO-CTUMYJIMPOBAHHOW MMIPALUM Kak
BHEJIPSIEMBIX MOHOB Ia30B, TaK U aTOMOB IUIEHOK. Hammyumme pe3ynbTarsl 10 OAHOPOJIHOCTH
COCTOSIHMS ITOBEPXHOCTH MOHOKPHUCTAIUIOB KPEMHHMs C pa3IMYHOM OpHUEHTALMEW ynaercs

+ +
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KOHTPO.JIb HIOBEPXHOCTH MUIIEHEH B SKCIIEPUMEHTAX 110
NCCIEJOBAHMUIO d(d,n)3He - PEAKIIUU ITPU CBEPXHUM3KHUX SHEPI' MAX
CTOJIKHOBEHUSA

MONITORING THE TARGET SURFACE IN THE EXPERIMENTAL
INVESTIGATION OF THE d(d,n) 3He REACTION AT ULTRALOW COLLISION
ENERGIES

T'.H. I[y,Z[KI/IHl, B.M. BLICTpI/IuKI/IﬁZ, B.A. HeqaeBl, B.H. Haz[aJIKol, E.b. KaH_IKaDOBl,
C.H. KYSHCI_IOBl
G.N. Dudkin®, V.M. Bystritsky?, B.A. Nechaev', V.N. Padalko*, E.B. Kashkarov",
S.1. Kuznetsov*

1Hauu0naﬂbﬂblﬁ Hccneoosamenvckuii Tomcxuit [onumexnuueckuti Yuusepcumem,
npocn. Jlenuna, 30, Tomck, Poccus
206vedunenuil uHcmumym s0epuwix ucciedosanutl, yi. Koauo-Kiopu, 6,
2. [{yona, Mockosckas 06.1., Poccust
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The data on the growth rate of an adsorbed film on a target are obtained using a quartz
resonator during the operation of an accelerator with a closed electron drift. The results show
that the target is purified at a target temperature of 55°C and a stream of accelerated (12 keV)
deuterium particles (about 5 10* particles/cm?), followed by the implementation of dynamic
equilibrium for the sorption and desorption processes. At the same time, the yield of neutrons
is increased during the nuclear reaction d(d,n)*He due to the purification of the target.

B coBpemMeHHBIX MOIENSIX SIEpHON acTpO(U3WKU MPEIIONIaraeTcs, 4YTo CKOPOCTH
SJCPHBIX PEAKIUHA MEXIy JIETKUMH SApaMH B 3Be3/aX yBEJIUYMBAIOTCS 3a CUET
SKpPaHUPOBAHUS  3apsIOB  B3aWMOJCUCTBYIOIIMX SACp OTPHUIATENBHO  3apsSKECHHBIMU
atektpoHamu [1]. JIs TpOBEpPKH 3TOTO TEOPETHUECKOTO TMPEIIOJIOKECHUS HCCIETYFOTCS
peakuuyu  TEPMOSICPHOTO CHHTE3a C HCHOJIB30BAaHWEM METAJUTMUECKUX  MHIICHEH,
HACBIIICHHBIX JeWTepreM. OJTO OOYCIOBICHO HAIUYHUEM B MeTalljlaX KBa3UCBOOOTHBIX
AIIEKTPOHOB, aHAJIOTUYHBIX KBAa3MCBOOOJHBIX JIEKTPOHAM B 3BE3JHON Mmia3Me. Bemencteue
HEOOXOUMOM METOJWYSCKOW YHUCTOTHI JKCIepUMEHTa Ui  uccienaoBanus dddexra
SIIEKTPOHHOTO SKPAHHPOBaHMs 00bIaHO BEIOHparoT peakimn d(d,p)*H wm d(d,n)*He.

[lpu cpaBHEHHHM pPE3yJIbTATOB pabOT MO H3YYEHHIO MEXaHH3MOB TMpoTekanus dd-
peaknuu B MeTajlaX, HACBHIIIEHHBIX JeHTepueM, il HEKOTOPBIX W3 HUX HaOIrogaercs
pacxokJieHHe, KaKk MeXIy CcoO0OW, Tak W C pe3ysibTaTaMd BBIYHCICHHUH B pamMKax
TPAIUIIMOHHBIX MOJIeNIeld aTOMHON (M3HKH. B 9acTHOCTH, Takoe yTBEpIKICHHUE OTHOCUTCS K
pe3ysbTaram, MoJy4eHHBIM ¢ MueHsIMu U3 ZrD; u TiDs.

PacueTsl MOKa3pIBAIOT, YTO YKa3aHHBIE PACXOKIEHUS MOTYT OBITh CBSI3aHBI C HAIMYUEM
Ha MOBEPXHOCTH MHIICHH Mapa3uTHOTO ajcopOupoBaHHOTO cinos (amaciost). CiemoBaTensHoO,

npu aHaJIn3e SKCIICPUMCHTAJIBHBIX JaHHBIX HCO6XO)II/IMO YUYUTBIBATH BIIUSTHUE
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MOHU3ALMOHHBIX TOTEPh JHEPrHMM ACHUTPOHOB B aJACIOE OO MOMEHTa MX IONaJaHus B
«UHUCTBIN» CIION AEUTEPUPOBAHHOIO METAJLIA.

OOBIYHO IIpPUMEHSAEMas OYMCTKA MOBEPXHOCTH MUILIEHU IOTOKOM TSDKENIBIX MOHOB HE
ABJIIETCS ONTHUMAJbHOM, MOCKOJBKY 3Ta MpOILENypa MOMKET NPUBECTU K pPaJUallMOHHON
CTUMYJISILIUM PEKOHCTPYKLIMH KPUCTAIIMYECKON CTPYKTYPbI, ONPEAEISAIOIIEH CTEXUOMETPHIO
mutienu. C yuerom 3dexra naabHOIEHCTBUS, YKa3aHHbIE IPOIIECCHl HEM30EKHO MPUBOIST K
YMEHBLIECHUIO COAEP/KAHMS IEUTEepUs B IOBEPXHOCTHBIX CJIOAX MULICHHU.

[Tpenmosnarasi, 4To MaccoBas TOJIIMHA a/ICI0s HaJl IOBEPXHOCTBIO UJI€AIbHON MULIEHU
HE JIOJDKHA IIPEBBIILIATH BEIMYHUHBI 10*-10" wactu/cm?® (mpumepHo, 1 MOHOCIIOI), MOXKHO
3aJaThCsl 1IEJIbI0 OOECHEeUnTh B YCIOBUSX OKCIEPUMEHTa JAMHAMUYECKOE paBHOBECHE
copO1HK/1ecopOIuy Ha YKa3aHHOM YPOBHE.

OxHUM H3 CIOCOOOB ONEPATHBHOTO CICKEHHS 3a MpoIleccaMH copOuuu/mecopoumu
SIBIIIETCS. METOJ] W3MEPEHHS MAaCCOBOH TOJIIIMHBI, OCAXIaeMOW/PaCHbUIIEMON TUICHKH C
MOMOILIbI0 KBaplLEBOI'O TE€HEpaTopa, pPE30HAHCHAs 4YacToTa KOTOPOrO0 HU3MEHSIETCS C
M3MEHEHHEM MacChl OCAKIEHHOTO Ha KBApPIIEBYIO IJIACTHHY BELIECTBA (UyBCTBUTEIBHOCTD J10
~1072 MKr/I'17). B Hammx SKCreprMEHTax MCTONb30BAICS CEPUUHBIA M3MEPHUTENb TOJIITHBI
HaNbUIEMBIX TOKPbITUN «MuKpoH-5». Pa3pemaromiast cnocodHoCTh 110 yactore — 1 I'm.

B nannoit pabote npuBeaeHBI pe3yibTaThl UCCIEIOBAHUIN TEMIIa OCAXICHUS BEIIeCTBa
Ha TOBEPXHOCTH KBapleBOW IUTACTUHBI (0e3 HarpeBa) MPH Pa3IUYHBIX pexuMax padoThI
YCTaHOBKH. Takke Mpe/CcTaBICHbl PE3YJIbTaThl SKCIEPUMEHTOB KOMIUIEKCHOTO BO3JEHCTBUS
TeMIEepaTypbl U YCKOPEHHBIX HOHOB AEHUTEpPUS HA COCTOSIHUE IMOBEPXHOCTH MUIIEHeWd. B
KayecTBE MHUIIEHEH HCIOIb30BAIMCh KBapLEBbIM pe3oHaTop mnpubopa «MHKpPOH-5» U
HAIbUICHHAS Ha MMOJI0KKY TUTAHOBAs TUICHKA, HachIeHHas aeiitepuem (TiDy).

W3mepenus npu KOMHATHOM TemmepaType (0e3 HarpeBa) MPOBOJWINCH B BaKyyMHOMU
KaMepe YCKOPHTENsl C 3aMKHYTBIM Jped(om 31eKTpoHOoB [3] /s MccienoBaHus SICPHBIX
peakuuii dd, pd u ap. mpu B3aUMOJEHCTBMM YCKOPEHHBIX 110 3Hepruun 6—12 k3B moHOB
neirepus (Bomoposla) C METAUIMYECKOM MMIIEHBbIO MpPEABAPUTEIBHO HACHIIIEHHON
nerdrtepueM. [lmacThHa KBapueBOro pe30OHATOpa pacrojiarajach B BaKyyMHOW KaMmepe B
oOnacty, rie ycTaHaBiIMBaeTcs MuIleHb. [locienoBarenbHO, B IpoOLEcCe TpeX pa3iHyuHbIX
PEKUMOB pabOTHl YCTaHOBKH, MPOBOAMIOCH MU3MEPEHUE YacTOThI KBAapILIEBOTO PE30HATOpPA C
OJTHOBPEMEHHBIM KOHTpOJIEM ero Temmeparypbl. CTapToBas pe30HaHCHas 4acTroTa Oblia —
5921423 I'u. HauansHas temMneparypa — 18°C.

Ha puc. 1, ¢ yuerom TemrepaTypHoro (gakropa npuBeeHa KpUBasi U3MEHEHHS YaCTOThI

KBapLeBOro p€30HaTopa 3a BpEMs pa6OTLI YCKOPUTCIIA.
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Puc.1. 3aBUCHUMOCTD YaCTOTBI KBapueBoro Puc. 2. IsmeHenue temna OCaXXKJACHUA
reHepaTopa oT BpeMeHH paboThl yCKOPHUTENS MOBEPXHOCTHOIO CJIOS

Benmnunna wmsmenenuss dactotel Af = 30 T’y ompenmensiercss yBeIHYEHHEM MAacCChI
KBapIIEBOTO PE30HATOpPA 32 BpEeMsi pa0dOThl YCTAHOBKU. YKa3aHHOMY H3MEHEHHUIO YacTOTHI,
COOTBETCTBYET MAcCOBasl TOJIIMHA TUICHKH 39 10°® r/em?.

H3MmeHeHne TemIa OCaKIACHHs IJICHKU MPU paboTe YCKOPHUTENs MOKa3aHO Ha puc. 2.
Vkazannsii 3meck Temn npu t < 0 cOOTBETCTBYeT TeMIly HAmbUICHHS B pexume 0e3
BKJIFOYCHUST YCKOPUTETIS.

Jlasiee OBLIM TIPOBEACHBI DKCIIEPUMEHTHI C HATPEBOM pE30HATOpa MPH BaKyyMe TOPsIKa
102 MM pr. cr. HavaneHas temmeparypa pezonaropa 6suia 16 °C. Hawanbnas yacrora —
5921280 T'm. Ha pwuc. 3 npuBeneHO HM3MEPEHHOE HM3MEHEHHWE YacTOThl pEe30HaTopa B
3aBHCHMOCTH OT Temreparypsl. Jlo Temneparypsl < 50 °C Takas 3aBHCHMMOCTh XapakTepHa
JUUISl CEpUMHBIX KBapIIEBBIX TUTACTHH.

OTKIIOHEHHE OT XapaKTepHOW 3aBUCUMOCTHU (MOBBILICHHE PE30HAHCHOW YAacTOTHI) MPHU
temreparype cbiie 50°C MOKHO CBA3aTh, HAIPUMEP, C TPOIIECCOM JECOPOLIUM BOJIBI.

[Tocne otkpeiTusg (t = 0 MuH) 3arBopa yepe3 40 MUH IIpU BaKyyMme 10 mm PT. CT. OBLI
BKITIOUEH YCKOPHUTEIh. Y CKOPSUTHCH HOHBI Aeitepus. [lepuon cpabateiBanus yckoputens — 30
CEK, IJIUTENBHOCTh UMITYJIbCA TOKA YCKOPEHHBIX YacThll — 10 MKC, IIOTHOCTh MOTOKA YaCTHI]

— 5 10" wacTHyem?, sHeprus — 12 kaB.

RVl 5921148
~n 39212404
= o 5921144
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£ 259211401
& 3
= 5921160 =2
5921136+
e 5921132
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Temneparypa, C° Bpems, Mun
Puc. 3. 3aBHCHMOCTB 9aCTOTHI pE30HATOPA OT Puc. 4. 3aBUCHUMOCTE 9aCTOTHI
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Ha puc. 4 mpuBeaeHa kpuBasi U3MEHEHHUs YacTOThl pe30HATOpa B Ipoliecce paboTh
yckoputens. Kak cienyeT u3 pucyHka, TeMIl Jecopouuu npu BkitoueHun yckopurens (t = 40
MHUH) 3HAQUUTENILHO yBelIHuuBaercsa. B mpouecce aecopbumu npu t > 70 MUH MOBEPXHOCTH
MUILIEHN OYMIIAETCS OT OTHOCHUTENIBHO C1a00 CBSA3aHHBIX YACTHII U, 3aTE€M YCTaHABIMBACTCS
JTUHAMHYECKOEe paBHOBECHE MPOIIECCOB COPOLIMH U AeCOPOLIUU.

B cnyyae paMHaMHYeCcKOTO paBHOBECHS MHUHHUMAJIbHOE MacCOBOE 3arpsi3HEHHE
MMOBEPXHOCTH, MOXKET OBITh 3apuKkcHpoBaHO Ha ypoBHE 1.3 108 r/em®. Hns yrnepona stoi
Macce COOTBETCTBYET ~ 6.5 10% ‘IaCTI/ILI/CMZ, 4TO noATBepkIaeTcs Oxke aHaTU30M.

Takass MaccoBas TOJIIMHA aJCiAOd HAa IOBEPXHOCTH MHILIEHU IpUEMIIEMA JUIs
9KCIIEPUMEHTOB [0 HMCCJIEIOBAHUIO BIUSHUS AJIEKTPOHHON SKPaHHUPOBKU B METAJUIMUECKUX
(HACBILICHHBIX JeliTeprueM) MHULICHSX Ha BBIX0J Heiirporos mpu d(d,n)®He peaximn.

BnusiHue temmneparypHoro ¢gakropa ObUIO IPOBEPEHO B IKCIIEPUMEHTaX C TUTAaHOBOM
MHUIICHBIO, HACBIIICHHOH neiitepuem (crexuomerpusi TiDy). DkcneprMeHTHI MOKa3aid YTO
IpY HAarpeBe MMIIEHH OT KOMHATHON Temmeparypsl 10 < 100 °C yBeluuuBaeTCs BBIXOJ
HEUTPOHOB MpH (PUKCUPOBAHHON PHEPTUU MaaloluX HA MUIIEHb nedTpoHOoB (12 k3B). Ilpu
narpese muniern coiire 200 °C BbIXO/l HEUTPOHOB TaaeT B pe3ybrare pasinoxenus TiD; u
MOCJEAYIOLIETO BbIXOAA JedTepus W3 MHILEHHU. J[aHHOE NPEIIOoJIOKEHUE COIVIaCyHOTCS C
pe3ylbTaTaMi KOPPEKTHOTO MCCIIeIOBaHMS, TPOBEICHHOIO IPYTUMHU aBTOpaMU, CyOIuMaIun
YIIEpOAHON TUIEHKH U TEPMOAECOPOIIMY UMILUIAHTUPOBAHHOTO JCUTEpHsI U3 TUTAHA.

TakuM o00pa3oM, C NOMOIIbIO KBaplEBOrO PE30HATOpPAa BO3MOYKHO ONEPATUBHOE
TECTUPOBAHUE KayecTBa BaKyyMHON CHUCTEMBI U OTAEJbHBIX YCTPOMCTB YCTAaHOBKHU C LIEIBIO
BBISIBJICHUSI U yCTpaHEHHUs (aKTOpOB BIMSIONIMX Ha 3arps3HeHuss muineHd. [lomydeHHbIe
pe3yiapTaThl IO KOMIUIEKCHOMY BO3JEHCTBUIO Ha T'MAPOT€HU3UPOBAHHYIO YIVIEPOIHYIO
IUIEHKY Ha IMOBEPXHOCTHU MUILEHH, TTO3BOJIWINA OTPabOTaTh peraaMeHT paboThl C THTAHOBOM U
IUPKOHHEBON MHIIICHSIMHU, HACHIIIICHHBIMHU JciTepuem [4, 5].

Pabora nonneprxana HaroHanbHBIM HUCCIIEOBATENBCKUM TOMCKUM MOJUTEXHUYECKIM

YHHUBEpPCUTETOM B pamkax npoexkrta BUUY HPull 23/2016.
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MN3YYEHUE IICEBJOJIINTAKCHUAJIBHBIX IIVIEHOK 30JI0TA U BUCMYTA
HA CJIIOJAHBIX ITOJJIOKKAX

STUDY OF GOLD AND VISMUTH PSEUDOEPITAXIAL FILMS ON
MICACEOUSES SUBSTRATES

B.K. EFOpOBl, E.B. EropOBl, M.C. A(l)aHaCI,eB2
V.K. Egorov', E.V. Egorov’, M.S. Afanas’ev?
'UIITM PAH, 142432, r. Yepnoronoska, Poccusi, E-mail: EQorov@iptm.ru
PD PAH, ®psizuno, Poccus

Au (111)/mica (00I) and Bi (00l)/mica (00I) films heterostructures were studied
by ion beam and x-ray methods. The investigations show the orientation
accordance between Au [111] crystallographic direction with [00I] direction of
misa and Bi [00I] crystallographic direction with [00l] misa, too. At the same
time, the real epitaxy correspondence between films and subtracts is absent.
There is elaborated the principle model for explanation of the pseudo-epitaxy
appearing at case of a heterostructures formed on base of materials which are

characterized by different structural motivation.

HuTepec kK HccIenoBaHUI0 OCOOEHHOCTEH KPUCTAITIMYECKOTO CTPOSHUS TICHOYHBIX
MOKPBITUI Pa3ITUYHBIX MaTepUAlIOB Ha CIIOJSHBIX IMOJJIOKKAX, a TaKXKe HX B3aWMHOTO
CTPYKTYpPHOTO COYETAHHS CBSI3aHO C HEOJHOKPATHBIMU YIIOMHHAHHMSIMH B TEOJIOTHYECKOM
auTepaType O HAaONIOACHWM HAIM4YUS  OPUEHTAIIMOHHOTO  KpHUCTAIOrpaduueckoro
COOTBETCTBUSI MEXKAY KPUCTAJUIAMU MYCKOBHUTA M COCEICTBYIOIIMMU MUHepaitamu [1]. Takoe
COOTBETCTBHE OBUIO HA3BaHO OJIHTAKCHEH, XOTSA B HACTOSAIIEE BPEMsl IO HCTHHHO
SMUTAKCUAIBHON CTPYKTYpPOW MOHMMAETCS TaKOE COMPSHKCHHE KPUCTALTUYCCKUX PEIIeTOK,
Ipy KOTOPOW KOHTaKTHUPYIOIUME MaTepuajibl B3aUMHO COPHUEHTHPOBAHBI MO BCEM TpeM
Kpuctamorpadguueckum HampasieHusMm [2,3]. [lpuHsTO cuMTaTh, YTO ISl MATEPUAIIOB C
UJCHTHYHBIMA CTPYKTYPHBIMH MOTHBAMH MCTHHHAS SITUTAKCHS MOXKET OBITh JIOCTHTHYTA TIPH
pa3MuMy B BEIMYMHAX [apaMETPOB DSJEMEHTAPHBIX SYeeK, He NpeBbImaromuM 15%.
KnaccudeckuM mpuMepoM TOJOOHBIX CTPYKTYp SBISIOTCS OSIUTAKCHATIbHBIC IICHKU
KpEMHUI-TePMaHUEBBIX TBEPABIX pPAaCTBOPOB Ha KPEeMHHEBOW TMoANoXkke. Hampumep,
HaOJTFO1aeTCsl BBICOKAsI CTENEHb SIHUTAKCUU B CTPYKType SipgGep2/Si, B koTOpoit OMHapHOE

COCIMHEHHE U TMOJJIOXKKAa XapaKTEepU3yIOTCS OJHOTHUIMHONW KyOWYecKOW CTPYKTypoll H
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pazinureM B mapameTpax sueiiku menee 1% (asi=0.543 uwm, asi.ce=0.547 um). Ha pucynke la
MpeACTaBIeH (parMeHT audpakTorpaMMbl 3TOM CTPYKTYphl B obsactu peduiekca (400), Ha

KOTOpPOM HaOJIOAAIOTCs [BAa IMUKA, COOTBETCTBYIOIIME DPACCESHHIO HA aToMax OWHapHOU
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Pucynok 1. ®parmeHT AU(PaKTOrpaMMbl SMUTAKCHATBHOW TeTepoCTpyKTYphl SiggGeo,/Si [100] B
obnactu peduiekca (400) (a) u cnektpsl POP oceBoro xaHaJMpoOBaHUS W CIIy4aliHOW OpPHEHTAIIUU
3TOr0 00BeKTa s HoHHoro mmyuka He' (Eg=1 M»3B).

IUVIEHKH TonumHoi okoino 100 HM u atomax mnoanoxkku. Kak mpaBuio, momoOHble
HKCIIEPUMEHTAJIbHBIE JAHHBIE MPECTABIISAIOTCS UCUEPIBIBAIOIINM JI0KA3aTEIbCTBOM HATUUMS
SIUTAKCUU B T€TEepPOCTpyKTypax. /st Oosiee CIOXKHBIX CIIydaeB J€laeTcsl YyTBEPXKACHHUE, UTO
JUIsL KOHCTaTallMM JIUTAaKCUAIBHOCTH B TETEPOCTPYKTYpaX M MOHOKPUCTAJUIMYHOCTH
U3y4yaeMoro Marepuana HeoOXOoIMMO UM JOCTaTOYHO  (PUKcaluu  Hamuuus  Ha
mudpakTorpaMMmax peduiekcoB obmero nonoxeHus [4]. B To ke BpeMs IeHCTBUTENBHO
OJIHO3HAYHBIM CITIOCOOOM YCTAaHOBJIEHUSI MOHOKPHUCTANIMYHOCTU B M3y4aeMOM MaTepuaie u
peasbHOM AMUTAKCUH B T€TEPOCTPYKTYpax sBIsAeTCs (PUKcalusi KaHAIMPOBAaHHSI HOHOB B 9THX
o0bekTax [5]. Ha pucynke 16 mpenacrasieH criekTp pe3eppopIoBcKoro o0paTHOro paccesHus
nmotoka woHoB He' mms crpyxrypel SiopgGeo2/Si, TMONyYeHHBI B YCIOBHAX OCEBOTO
KaHAJIMPOBAHUs A3TOro Mmoroka. Tam ke mokasaH cnektp POP mia naHHOM CTpyKTYpHI,

3aper HCTpHpOBaHHBIﬁ B YCIIOBUSX €€ cnyqaﬁHoﬁ OopueHTaluu OTHOCHUTCIBHO HAIIPABJICHUSA
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pacrpocTpaHeHusi MOHHOro notoka [6]. Cnektp POP, mosiydeHHBI B YCIOBUSIX OCEBOTO
KaHaJMPOBAaHUSI HOHOB, XapaKTEPU3yeTCs PE3KUM CHIKEHHEM MHTEHCUBHOCTU PacCesHus Ha
sapax atomMoB Si u Ge, mpuueM NPONOPLUOHAIBHOCTh 3TOr0 CHM)KEHHS OKa3bIBACTCS
OJIMHAKOBOM JIJI1 paccesiHUs Ha sJpaX aToOMOB, MNPUHAJICKANIUX KaK IUICHKE, TaK H
nojsoxke. Takas cuTyanus peaquzyema TOJIBKO IpU ACHCTBUTEIHLHOW COOCHOCTH BCEX TpeX
KpUCTAIIOrpapuecKux HampaBlIeHUH B IUICHKE U Mojuioxkke. [lis maHHOro 0o0bekTa u
MOJIOOHBIX TETEPOCTPYKTYp NMPUMEHEHHE METO]a KaHATUPOBAHUS HOHOB JJIsl I0KA3aTeIbCTBA
HAJIMYMUS SIUTAKCUATBHOTO COOTBETCTBHUS KPUCTAUIOTPA(PUUECKHX CTPYKTYp IUICHKH U
MMOJJIOKKH, BO3MOXHO, MOXCET MPCACTABIIATHCA I/I36LITO‘IHBIM, OAHAaKO TOJBKO 3TOT MCTOJ
MOJKET, U JOJDKEH paccMaTpUBaTbCA B KayecTBE aOCONIOTHOTO JI0Ka3aTeIbCTBA HAIUYUS
MOHOKPUCTANTIMYHOCTH WJIM PealbHOM JMHUTAKCHH B TETEPOCTPYKTYPHBIX OOpa30oBaHUSIX.
[Tpumepamu aOCOMOTHONW HEOOXOIUMOCTH TMPHUMEHEHHs] TaKOTO METOJa JUIsl MPaBHIBHON
XapakTepuzauvyu HaJIudusd MWW OTCYTCTBHUA OIIMTAKCUM B TICTCPOCTPYKTYypax ABJIAIOTCA
MOKPBITUSL 30JI0Ta W BHCMyTa Ha cimojne. Ha pucynke 2 mnpeacrtaBieH (parMeHT
nudpakTorpaMmbl TUIEHOYHOW CTPYKTYpbl AU/Citona, MONyYeHHOHW B YCIOBHSX BbIBOJIA B
OTpaskaroliee MoJIo’keHNe 0a30BbIX TUIOCKOCTEH CIIOASHON CcTpyKTyphl. Ha mudpakrorpamme

HaOmogaercst psi MHTeHCUBHBIX peduiekcoB Tuma (00l) u mHTeHCHBHBIC muku Tna (111),
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Pucynox 2. ®parMeHT AUQPaKTOrpaMMBbl IIEHOYHOM TI'eTEpPOCTPYKTYPhI AU/MYCKOBHUT, IOJIYYE€HHOH B

ycnoBuAx (POKYCHUPYIOIIEH T€OMETPUH C UCIIONIb30BaHHEM HCTOYHHKA m3imydeHuss bCB-28 (Cu), U=20 k3B, [=6
MA npu MUHUMaJbHBIX padMepax meneit D1=0.1 mm, D3=0.025 mm.

Ipe/CTaBIsAIoImNe paccesHue Ha aTtomax 3omora m3nmydeHns CuKo u CuKp. Baxwoit

0COOEHHOCTBIO  AM(PPAKTOMETPUUYECKUX  HMCCICIOBAHUNH  ATOH  TeTepoOCTPYKTYpHI,

93



BBITIOJIHEHHON B yrimoBoM uHTepBasie 0<20<170°, sBmIOCH OTCYTCTBUE DPE(IEKCOB APYTUX
TUIIOB, XapaKTepPHBIX U1 CTPYKTYp IUJICHKH M MOUIOKKH. bomee Toro, ¢oHoBas
cocTapisifomas AUGpakTOrpaMMbl HE MPOJEMOHCTPUPOBAJIA HATUYMS XapaKTEPHBIX raio,
COMPOBOXKAAOIIMNX Haiuyue amMoppHoi (a3pl B 3070TOM MNOKpeITUU. [Ipu sTOM yrimomas
mmpuHa pednexca myckoBura (0010) numb BABOE MpEBBIIIANIA aNlapaTypHOE 3HAUYCHUE U
coctarisuia 0.02°, B To BpeMs kak aiis peduiekca 3oota (111) ona okazamace paBuoit 0.04°.
AHAJIOTUYHBIE AKCIEPUMEHTAIbHBIC JaHHBIE OBUIM TOJYYEHBI M JJIi TETEPOCTPYKTYPHI
Bi/cmoga ¢ Toii nuine pasHuiei, uro Ha audpaxrorpamme momumo juauR (001) mommoxku
npucyrctBoBasin  pediekcel (003), (006) u (009) BucmyTra mpu OTCYTCTBHHM pedIIeKCOB
JIpyrux TUmoB. Perucrpaunus momoOHBIX AudpakTorpaMM JaeT OCHOBAHMA IPENIoJaraTh
HaJIMYUe dMUTAKCUU B UCCIIEYEMBIX FE€TEPOCTPYKTYpax, Wi, KAK MUHUMYM, JIEMOHCTpALlUU
B IUICHKaX 30JI0TA M BHCMYTa BbICOKOKAUECTBEHHOM TEKCTYpbl, OPHUEHTHPOBAHHOM,
coorBeTcTBeHHO 0Chio [111] m ockio [00l], Boonp kpucrammorpaduyeckoro HampaBiIeHHUsS
nomnoxku [00l]. Bosee neranbHble MU(PAKTOMETPUYESCKUE HCCIACIOBAHUS IMOKA3aIH, YTO
IPEIT0JIOKEHNE HATMYUS BBICOKOKAYECTBEHHON TEKCTYphI B IaHHBIX IJIEHOYHBIX MOKPBITUAX
aBisgercss Ooyiee  OOOCHOBAaHHBIM, UYTO U OBUIO MOJATBEP)KJIEHO HOHHO-IIYYKOBBIMU
UCCIIEIOBAaHUSIMH JTUX 0O0BekTOB. Ha pucyHke 3 TmOKazaHbl JKCHEPUMEHTANbHBIN U
teoperuuecknii crektpel POP wmonoB Bomopoma (Eo=1.23 M»5B), nomyueHHsle ans
reTepOCTPYKTYpbl  AU/MYCKOBHT. DTH JaHHbIC NPEACTABISAIOT COOOHM OAHY mapy
AKCIEPUMEHTAJIBLHOTO M TeopeThueckoro crnekrpoB POP u3 cepum uszmepeHuil B MHTEpBaje
yraoB +10°. [IpoBeneHHbIe McCIe0OBaHUS HE BBIIBWIM YCJIOBUN KaHAJIMPOBAaHHS HOHOB B

rerepoctpykrypax Au/ciona u Bi/cmona.
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Pucynox 3. DKCHepUMEHTANBHBIA M TeopeTHueckuil cnektpsl POP motoka nonos He' (Ey=1.23
M>5B) mis mumenn Au (200 um)/K;SisAl;O1,H,. Teopernueckuit crektp paccuuran 0e3 ydera
HaJIM4Usl B CTPYKType aTOMOB BOJOpoAa. leomerpus H3MepeHHMH MpencTaBlieHa Ha Bpe3Ke.
DHepreTudeckas lieHa kaHana 1.9 kaB/kanai.
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Takum 00pa3oM, BBITTOJIHEHHBIC WCCIICAOBAHMS TIO3BOJIAIOT CHejaTh BBIBOJI 00
OTCYTCTBHHM PEIbHOM AIUTAKCHMM B HCCICJOBAHHBIX TE€TEPOCTPYKTYpax, a TaK e 00
OTCYTCTBMM MOHOKPHUCTAUIMYHOCTH B METAJUIMYECKUX IUIeHKaX. OJIHAKO MOXHO YBEPEHHO
YTBEPK/1aTh, UYTO TEPMUUECKOE HAMBUICHHE 30JI0TA U BUCMYTa HA YUCTYIO OPUEHTUPOBAHHYIO
CITIOJITHYIO TIO/IJIOKKY TTO3BOJISIET MOJTy4YaTh TUICHOYHBIC IMMOKPBITUS C YPE3BBIUAHHO BBICOKOM
CTENEHbID TEKCTYpUPOBAHHOCTH. B J0Kmame TmpeAcTaBiIeHa MOJENb, OIKCHIBAIOIIAS
reTEPOCTPYKTYPHI OJIOOHOTO XapaKTepa.

PaGora BeImonHeHa npu yacTHuHOU puHaHCcOBOM noanepkke PODU (rpantsr Nel5-08-
02618, 16-07-00665).
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CO3JIAHUE ONITUYECKH I''TAJKOH TOBEPXHOCTH HA CKOJIE
IHOPUCTOI'O KPEMHMUA ITPH OBJIYYEHHUU I'A30BbIMU KJIACTEPHBIMU
NOHAMM

FABRICATION OF OPTICALLY SMOOTH SURFACE ON THE CLEAVAGE OF
POROUS SILICON BY GAS CLUSTER ION IRRADIATION

A.E. I/ICH_IKI/IHl, C.E. CBﬂXOBCKHﬁl, B.C. I‘IeprIIJ_Il
A.E. leshkin', S.E. Svyakhovskiy*, V.S. Chernysh*

Y\Ousuyeckuii paxynomem MI'Y umernu M.B. Jlomonocosa, 119991, Mockea, Poccus,
e-mail: ieshkin@physics.msu.ru;

Electrochemical etching of Si is a promising method of fabricating photonic
structures with hundreds of layers. Nevertheless, the cleavages of the structures are
rough and thus heavily dissipate incident light. In this study, effects of gas cluster
ion beam irradiation of the cleavage surfaces are investigated. The bombardment
results in surface smoothing and consequent enhancement of light reflection
without significant difference in sputtering rate of layers with different porosity.

Pacnipoctpanenue cBera B NEPUOAMYECKUX CTPYKTYpax MPUBJIEKACT IPUCTAIBHBIN
UMHTEpEC uccienoBaresnei. B 4acTHOCTH, B IOCIHEAHUE NECATUIICTHS AKTUBHO M3Y4arOoTCs
ontudeckne 3P(HEKTh, CBI3aHHBIE C HCIOJb30BAaHUEM (POTOHHBIX KPHUCTALIOB, MPHUYEM IS
HAOJIIOJIEHUSI HEKOTOPHIX TEOPETUYECKH IpEACKa3aHHBIX SBICHUM TpeOyroTcsi (POTOHHbBIE
KPHUCTAILJIBI, COJIEpIKAIINe HE MEHEee HECKOJIbKUX COTeH nepuo1oB. Hanbomnee nepcrneKTHBHBIM
METO/JIOM CO3/IaHHSI TaKUX MHOTOCIOMHBIX CTPYKTYp SBIIAETCS DJIEKTPOXUMHUYECKOE
TpaBJIEHHE C MOAYJSILMEH IUIOTHOCTH TOKa BO BpeMeHH. OpHako OOKOBasi MOBEPXHOCTH
dbopMUpYEMBIX TakuM OO0pa3oM CTPYKTYp, MOJy4yaemasi CKOJIOM HCXOJHOW IIaCTHHBI
NEPIEHIUKYIISPHO CIIOSIM, XapaKTepu3yeTcsi OOJIBIION MIEPOXOBATOCThIO, B PE3yJIbTaTe YEro
Mo/iaBaeMblii Ha ()OTOHHBINM KPHUCTAJUI CBET MCIIBITHIBACT 3HAUMTENBbHOE paccesHue. B nanHoi
paboTe UCCIEeNOBaHO BIIMSAHUE MOHHO-KJIACTEPHON MOJUPOBKH TOBEPXHOCTH CKOJIA
MHOTOCJIOHON CTPYKTYpbl U3 IOPHCTOIO KpEMHHUS Ha €€ Tomorpaduio M ONTUYECKUE

XapaKTCPHUCTUKHU.

OO6pa3upl (HOTOHHBIX KPHUCTAJUIOB W3 IMOPHUCTOTO KPEMHHs HM3TOTaBIMBAIUCH TPU
MOMOIIIA TEXHOJOTUU DIIEKTPOXUMHUYECKOTO TPABIECHUS KPEMHHUS, KPAaTKO H3JI0KEHHOM B
cratbe [1]. B kadecTBe CBIPbS HCIONB30BATNCH ILIACTHHBI MOHOKPHUCTAUTHYECKOTO -
KPEMHHUsI, JIETHPOBAHHOTO OOpPOM, C KpUCTALIOrPapUUIECKON OpPUEHTAIMEH IMOBEPXHOCTH
(001), mpoBomumoctrio 0.005 Owm*cm. IlpoBoamIOCh aHOAHOE TpaBIEHHE IUIACTUHBI B
aneKkTpoiuTe, coaepxamem 21% mnnaBukoBo KuciaoTbl. ClIOM € HHM3KOW M BBICOKOM
MOPHUCTOCTHIO (HOPMHUPOBATUCH NpU TOKax TpamieHus 40 u 200 MA/cM®, TOJIIMHEL CIIOEB

coctaBui, cooTBeTcTBeHHO, 200 u 250 Hm. B pesynbrare TpaBieHus Obuia H3rOTOBIIEHA
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MHOT'OCJIOMHAsi CTPYKTypa, cocTosimas u3 S00 yepeayronmxcs cilo€B, CyMMapHas TOJIIMHA

CTPYKTYpHI 113 MKMm.

OO6nydyeHre MOBEPXHOCTH CKOJIa OCYILIECTBISUIOCH HAa YCKOPHUTENE KJIACTEPHBIX MOHOB
MI'Y umenu M.B. JlomonocoBa [2]. Cpenuuii pa3mMep KJIaCTEPHBIX HOHOB aproHa B MyYKe C
sneprueit 10 3B cocraBmsin 1000 aTtomoB/3apsi, NMpHYeM aTOMapHbIE HOHBI U JIETKHE
KJIacTepbl OTBOJWJINCH OT MHILIEHHM C TOMOIIbIO MarHuTa. J{03bl 00JlyueHusi paBHSIIUCH

5-10"™ non/cm®. Yacts oOpasma npu 3ToM ObLTa 3aKphITa MAacKOM, YTO IMO3BOJIUIIO CPABHUTH

XapaKTEpUCTHKH 00paboTanHO 1 HE0OpaboTaHHON o0acTei B mpeenax 0JHOro o0pasua.

Puc. 1. H3o0paxeHue ckoja oOpasua, MOABEPTHYTOrO IOJIMPOBKE, IMOJIYYEHHOE IPH IMTOMOIIU
CKaHUPYIOLICH JJICKTPOHHOW MUKpocKomuu. (@) — monupoBaHHas o6nacth, (D) — rpanuma
NOJIMPOBAaHHONH M HEMOJIMPOBAHHOM O0JAaCTH CO CXEMAaTHYHBIM H300pa’keHHEM CHHUMKOB, (C) —
HETIOJMPOBaHHAS 00JIaCTb.

[Tpu momomM CKaHUPYIOWIEH AIEKTPOHHONH MUKPOCKOIMH OBLT U3Y4eH CKOJ 00pasia,
nojaseprayroro noiuposke (puc. 1). Ha puc. 1(b) nzoOpakeHa rpaHuiia MoJUpOBAaHHON U
HEMoJIMpOBaHHON obnacteil. ['paHKIIa MPOXOAUT MPUMEPHO MOCEPEANHE PUCYHKA MOJ YTIOM
okoio 30 rpaaycoB k Beprukaiu. [llupuna rpanuips! coctaBuia nopsiaka 1 mxm. Ha puc. 1 (a)
nzobpaxxeHa B Oosee KpynmHOM Maciutabe oOnactb, nojBepruyras mnosuposke. [lo
CPaBHEHHIO C HEMOJIMPOBaHHON 00acThio (puc. 1 (C)) yMEHBIIMIACh 0N DJIEMEHTOB C
PE3KUMU U3MEHEHUSIMH (POPMBI, 00pazel] UMEET CIIIaKEHHYIO CTPYKTYpy. B ciosix ¢ Oonbrieit
IUIOTHOCTBIO (CBETJIO-Cepbleé TOPU30OHTAJbHBIE IOJOCHI) HaONIOJaeTcs CrilaxuBaHue 0e3
3aMETHOTO M3MEHEHHUs1 MOp(oIoruu CTPYKTYphl. B ciosx ¢ MeHbIneil mioTHOCThIO (Ooiee
TEMHBIE TTOJIOCHI) HAOIIOIaeTCs N3MEHEHHE CTPYKTYPBI TIOPHCTOTO CIIOS: CTEHKH IOpP MMEIOT

HNCKaXXCHHA.

Bricota cTymeHbpKM TpaBleHUsT Oblla HM3MEpPEHa C TMOMOIIbI0 ATOMHO-CHIOBOTO
MHUKpOcKona u coctaBmwia okojgo 200 HM. Takoe 3Ha4eHHE COOTBETCTBYET CKOPOCTH
TpaBJICHUs TOYTH Ha MOPANOK OOoJbllel, YeM CKOpPOCTh TpaBJIEHHWS MAacCCHUBHOTO 00pasiia
KpEMHUS TIpU TeX ke yciaoBHsaX. OJHAKO CYIIECTBEHHOH pa3HUIIBI B TOJIIMHAX YAAJIEHHOTO

MaTtcpualia 1jist CJIOCB C pa3anH0ﬁ CTCIICHBIO ITOPUCTOCTU 06Hapy>I<eHo HE OBLIO.

97



N3mepenns koddduipienTa OTpakeHHsT CTPYKTYphl NPOBOJIMINCH Ha YCTaHOBKE, B
Ka4eCcTBe HCTOYHMKA CBETa KOTOPOW HCIOJIb30BajlaCh KCEHOHOBAs JlaMIla BBICOKOTO
nasiieHus. CBeT namibl (OKYCHUpOBaJICS 1O yriioMm 45 rpaaycoB B oomnacts 200 MKM Ha CKOJI
obOpazma. OTpaXEHHBIH CHUTHANI TMOJA 3€PKAIBHBIM YIJIOM COOHMpalics MpH OMOIIU
MHKPOJIMH36l B MHOTOMOJIOBOE ONTHYECKOE BOJIOKHO M OTBOAWICA B IU(PPAKIMOHHBINA
crnekrpomerp Avesta ASP100MF. OGpaszen nmpu momomy aBTOMaTH3UPOBAHHOMN MOJBHIKKH
nepeMernancs BIoJb CKOJa, IPU 3TOM 30HIUpyeMasi 00JIacTh MepeMenanach BIoJb OOKOBOH

MOBEPXHOCTH 00pa3ua.

Reflectance

o
n

0.04

0.03

o
N

0.02

0.01

Puc. 2. CnekrpanbHas 3aBUCUMOCTb K03 uiienTa otpaxkeHus: oopasia, u3MepeHHas B 3aBUCMOCTH
OT IOJIOXKEHHS U3MepsieMOil TOUKH Ha CKoJie oOpasua.

bbbt u3mepen cnektp ko3dduunenTa oTpakeHus ckojla 00pa3la B pa3IMYHbIX TOUYKaX
MOBEPXHOCTH, MOABEPrHyTOW moiupoBke (puc.2). KoapduuueHt orpakeHHs 3aBUCUT OT
JUIMHBI BOJIHBI MAJAIOUIEr0 M3JIY4YEHUs: B KOPOTKOBOJHOBOW 00JaCTH OTpa)K€HUE MEHBbIIIE,
YTO BBI3BAHO CHJIBHBIM pPAacCesiHMEM Ha MOBEPXHOCTH oOpasua. ['paHuua moaupoBaHHON U
HEMOJIMPOBAHHONW 00JIACTH pacloioKeHa MPU KOOPJMHATE M3MEPSIeMOM TOUYKH MpPUMEpPHO 2
MM, U TIPY TIepeX0/ie Yepe3 3Ty TOUKY KOA(PDHUIHEHT OTPAKEHNUS W3MEHSIETCS IPUMEPHO B J1BA
pasa, mpuyéM B TOJIMPOBAHHOM 0OnacTH KOdPGUIIUEHT OTpakeHus Oosbiie. Taum obpazom,
MOJIMPOBKA TOJIOKUTENFHO CKa3bIBAETCSI HA ONTHYECKUX XapaKTEPUCTHUKAX IMOBEPXHOCTU

oOpa3sia.

1. S. E. Svyakhovskiy, A. I. Maydykovsky, T. V. Murzina, “Mesoporous silicon photonic
structures with thousands of periods”, J. Appl. Phys. 112, 013106 (2012).

2. A.A. Andreev, V.S. Chernysh, Yu.A. Ermakov, A.E. Teshkin, “Design and investigation of
gas cluster ion accelerator”, Vacuum 91 (2013) 47.
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HYDROGEN CO-DEPOSITION WITH METALS IN PLASMA DISCHARGE
S.A. Krat, Yu.M. Gasparyan, Ya.A. Vasina, A.A. Pisarev

National Research Nuclear University MEPhI (Moscow Engineering Physics Institute),
Kashirskoe shosse 31, Moscow, Russia, e-mail: sakrat@mephi.ru

Deposition of a single element film is always accompanied by co-deposition of a certain
amount of other elements. This can be done properly to improve properties of the coating or
due to contamination by impurities. In the field of thermonuclear fusion research, where
hydrogen isotopes are used as a fuel, co-deposition with sputtered material from the wall is
one of major mechanisms of hydrogen isotopes accumulation in the installation. Since D-T
fuel will be used in ITER and future fusion reactors, accumulation of radioactive tritium will
limit the lifespan of the installations due to safety concerns. For example, tritium
accumulation in ITER is limited by 1 kg. This is why carbon materials were not accepted for
the use in ITER. Basing on experiments, it was predicted that the safety limit could be
reached after 100 of shots with tritium. Recent experiments in JET [1] demonstrated in the
case of “ITER-like” wall (first wall — Be, divertor area - tungsten) accumulation of deuterium
fuel in the co-deposits was 20 times lower than in the full-carbon wall campaign. This is both

due to smaller amount of co-deposits and smaller concentration of deuterium in them.

In parallel to the “ITER-like materials”, investigations of hydrogen isotopes co-
deposition with some other materials is also actively investigated due to some other
alternative reactor concepts. One of them is based on the use of liquid metals, such as lithium
and tin, as plasma facing materials [2]. The most perspective among these materials is,
probably, lithium, which can efficiently absorb hydrogen isotopes. Therefore, tritium

retention in lithium co-deposits is considered also as a potentially serious problem.

All this necessitates development of a unified approach to study of hydrogen co-
deposition with materials. At the moment, there is no a detailed analysis of co-deposition
mechanisms. Several empirical formulae exist for specific metals, such as tungsten [3] and
beryllium [4], but they were developed using regressive analysis of experimental result
databases in a limited range of deposition parameters, and cannot be easily extrapolated to
other metals. From the experimental data, however, one can conclude that the hydrogen
content in co-deposited layers depends on the temperature of the substrate, rate of deposition
relative to the flux of hydrogen to the surface, average energy of hydrogen particles impinging

on the surface, and the material hydrogen is being co-deposited with.
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In order to develop an understanding of co-deposition, series of experiments on
deuterium co-deposition with metals, specifically with tungsten and lithium, in various
conditions were carried out. The theoretical model describing mechanisms of co-deposition
was also proposed and compared with experiments.

The experimental installation MD-2 consists of two separately pumped vacuum
chambers, one for deposition and one for analysis (see [5] for details). The ultimate pressure
in the deposition chamber is about 10 Pa, and the ultimate pressure in the analysis chamber
is below 107 Pa. The deposition chamber is equipped with a DC planar magnetron used to
deposit films on an experimental sample. The rate of film deposition, and the total thickness
of the film are monitored using quartz microbalance deposition monitor placed near the
sample. The temperature of the sample during deposition is monitored using a thermocouple.
The sample can be heated up to about 530 °C to study co-deposition on heated substrates
using a radiative heater. Deuterium (99.98 at.% purity) is used as a working gas to sputter the
target and deposit the film, which results in co-deposition. For sputtering of heavy elements,
such as tungsten, argon is added to the working gas mixture. The working pressure is about 1
— 4 Pa. After the deposition, the sample is held in deuterium for several minutes until it cools
down to room temperature. The sample can be transported into analysis chamber without
exposing it to air, which is important for study of chemically reactive elements, such as

lithium.

Deuterium content in co-deposited films is analyzed using thermal desorption
spectroscopy (TDS). Both total quantity of the deuterium in the film, and the characteristic
temperatures of the deuterium desorption are obtained. Spectra of D, (4 a.m.u.), HD (3 a.m.u),
and H, (2 a.m.u.) release are monitored with quadrupole mass spectrometer during a linear
heat up. Quadrupole sensitivity is regularly calibrated so absolute quantities of released gases
in terms of particle fluxes can be measured. The maximum temperatures achieved during TDS

are about 1400 K, which is enough to release deuterium from most co-deposited layers.

Dependence of deuterium content on the temperature of the substrate during the
deposition was studied in detail. In all studied co-deposition conditions, deuterium content in
the co-deposited layers decreased with increase of substrate temperature during deposition.

However, the nature of this decrease varied depending on deposition parameters.

In certain cases, for example in case of slow codeposition with tungsten in a mixed Ar-
D atmosphere, a clear correlation between temperature and D content in the film was

observed. In fig 1a D/W ratios are shown for several substrate temperatures. Also, the amount
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of D remaining in the film by the time it reaches a given temperature during TDS of a film
deposited at near room temperature is shown. One can see that the two curves map to each
other very precisely, which means that there is no difference between heating up the substrate
during or after the codeposition where it comes to D removal.
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Figure 1. Deuterium content in co-deposited films on surfaces held at different
temperatures : a) W-D, b) Li-D. On the right y axis, the portions of D retained in the film
deposited at room temperature at the time it was heated to a given temperature is shown.

In different co-deposition conditions, for example in the case of faster Li-D co-
deposition in a mixed atmosphere of D and Li vapor, another situation was observed, as can
be seen in fig. 1b. D content in the films decreases strongly, by about one order of magnitude
at substrate temperatures above about 550 K. However, as was observed earlier [5], most of D
trapped in Li-D co-deposits is released in one sharp peak at temperatures close to 700 K. The
difference can be explained in several ways. Unlike W, Li readily forms hydrides, and D is
likely to be bound in the form of lithium deuteride in the co-deposited layer. It is possible that
at higher temperatures, especially past the lithium melting point of 453 K, different chemical
processes take place, leading to lower D content. During deposition on the hot substrate, Li
could be constantly evaporating. Li evaporation rate increases rapidly with temperature. This
means that the actual thickness of the films deposited at higher temperatures might be
significantly lower than one measured by water-cooled QMS, which would also result in

lower absolute amount of D observed during TDS analysis and perceived lower D content.

An analytical model predicting deuterium content in thick layers deposited in plasma
discharge was developed. It incorporated implantation of deuterium ions at the certain depth,
gas trapping and detrapping, diffusion of gas in solute form through the co-deposited layer,
and implantation of energetic particles, ie gas ions and atoms reflected from the magnetron
target, into the film. The constant deposition rate was assumed. It was assumed that no

diffusion of gas into the substrate occurred. The thickness of the film was assumed to be
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much higher than the energetic particles implantation range, and it was assumed that the
deposition proceeded in a quasi-stationary mode, where deuterium concentration in the film
depended only on the distance to the film surface, and not on time. Two specific edge cases
were analyzed, with different assumptions about the rate of film deposition.

Firstly, the situation of slow deposition, where metal deposition rate was much lower
than the flux of hydrogen atoms to the film. This case is characteristic for co-deposition of
heavy elements with low sputtering yields. Secondly, a situation of rapid deposition, where
metal deposition rate is much higher than the hydrogen flux to the surface, and the number of
available trap sites in the co-deposited layer is much higher than the number of filled trap

sites, was studied.

The work is supported by the Russian Science Foundation (grant Nel15-12-30027).
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LEIS ANALYSIS OF THE W SURFACE DURING WATER VAPOR ADSORPTION

N.V. Mamedov, V.A. Kurnaev, D.N. Sinelnikov, D.V. Kolodko, I. A. Sorokin

" National Research Nuclear University MEPhI, Kashirskoe st., 31, Moscow, Russia, 115409
e-mail: NVMamedov@mephi.ru;

1. INTRODUCTION. The adsorption of water on the surface is one of the main problems
in vacuum technology. Since water is a good adsorbent, its adsorption is the reason that
prevents the fast pumping of vacuum systems up to ultra-high vacuum. In addition, water
vapor adsorption on metal surfaces during plasma surface interaction is a problem [1]. Singly
scattered and recoil ions could form narrow peaks in energy spectra and provide information
about atomic composition of the first atomic layer giving information about structure and
composition of the surface and very sensitivity to the first layer of atoms [2 -5]. It was also
shown [6] that the thickness of light element thin layers on the heavy substrate can be
analyzed with good depth resolution (~0,3nm) due to scattering of hydrogen ions with keV
energies. Application of ion scattering spectroscopy at pressures up to several mTorr is
presented in [7, 8]. In this work experimental results of low energy ion spectroscopy (LEIS)
of W samples during water vapor adsorption are presented.

2. EXPERIMENTAL TECHNIQUE. The modernized ion mass monochromator
experimental setup was used in these experiments [9,10]. Grazing incidence conditions are
chosen for increasing intensity scattered and recoils ions (scattered angle 6 = 16°, incident
angle a = 8°). This allows to detect recoil hydrogen and to set build-in thermo chemical water
source (near the surface). Thermo chemical water source (TCWS) was placed near the target
in several centimeters distance (see fig.2). TCWS based on Ca(OH), thermal destruction [11].
Tube with Ca(OH), was heated to the temperature about 250 degrees. The partial pressure of
water vapor in vacuum chamber from 3-10°® Torr to 1-10° Torr could be regulated by heating
control. Estimated order-of-magnitude adsorption speed is 1 ML/300s.

3. RESULTS AND DISCUSSION.

EDS analysis (by scanning electron microscope VegaTescan) detected 3% oxygen and
10% carbon on the W —sample before the experiment. Since analyzed depth at 10 keV is
~100 nm, so the real concentration of oxygen and carbon atoms in near surface layers can be
higher. First of all, the sample was heated and cleaned by sputtering ion beam of Ar* with
8keV energy of ~ 1uA/cm? current density. Energy spectra of positive and negative ions
knocked out from tungsten during Ar* bombardment clearly show the dynamics of changes in
the intensity of the signals of elastically knocked out H*, W*, O" ions, and Ar*" are elastically
scattered from the W. The spectra indicate a substantial cleaning of the surface of adsorbents
to tungsten oxide.

The total pressure in the interaction chamber increases in the range 0,4 — 1 x10® Torr and
the partial pressure of water vapor changes in the range 0,1-4x10" Torr during TCWS
heating. Energy spectra evolution of scattered and knock out positive and negative ions during
water vapor ingress is shown in fig.1. As we can see the main part of positive spectra is
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formed by Ar ions which lost energy in multiple scattering from W. The peak of ions
elastically scattered from the first layer is small as compared with cupola shaped spectra but

* peak and ionized recoils can be measured with reasonable accuracy. O peak is small as
compared with other positive ions and decreases with time while O increases. With
increasing of water vapor partial pressure for an order of magnitude (within the first 20 min of
exposure) the surface of the sample at room temperature is seems to be completely covered by
a monolayer of water, as evidenced by the disappearance of argon ions elastically reflected
from W atoms. It is seen (fig. 2) that the H and O™ peaks intensity increases sharply in the
first few minutes of water vapor injection, and then goes to saturation even at further increase
of water partial pressure. After 20 min of injection the slope of peaks intensity abruptly
decreases by a factor of 2 indicating forming more than one water monolayer.

positive ions  Ar *from O Ar* from W

Fig 1. Energy spectra of
scattered ions registered
at 6 = 16° during water
vapor adsorption
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To control thickness of adsorbed water layer, scattering spectroscopy of H* ions was used.
The energy losses of H* ions with keV energy in solid with low average atomic number is
proportional to the thickness of this layer. Comparison of these spectra with computer
simulations, which were done by the SCATTER code [12].
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To determine the maximum thickness of the H,O layer simulated energy spectra of H
reflected from the W with a water layer were compared with spectra from thin film of water
without substrate. As it was shown computer simulated energy spectra of scattered on 16° of
hydrogen ions from W covered with water molecules do not change when the thickness of the
water layer reaches ~70A. Comparison maximum of the energy spectra showed that the film
thickness of water is about 40-45A (see fig. 3,4).

It is interesting to note that simple single scattering model could be also used to evaluate
water layer thickness. It seems to be possible to translate the energy scale in the spectra in the
scale of depth using a simple relation:

d d

E —(E——2 w.u-—-2 k
o = Bo g M 5, )

where Ej - initial energy, d - thickness, k - coefficient of inelastic energy loss in the layer (for
H,0), p-coefficient of elastic energy loss, o — incident angle, y-angle of registration
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Fig. 3 Evolution of energy spectra of scattered 12 keV H™ ions under water vapor injection.
A) experimental spectra, B) computer simulation by SCATTER code
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Evaluation by formula (1)
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Fig 4. Maximum of the energy distribution: A) as function of the thickness of the water layer
(computer simulation with code SCATTER and evaluation by formula (1), B) as function of
water vapor injection duration (experiment)

4. CONCLUSION. It is shown that using ion scattering spectroscopy it is in principal possible
to evaluate the thickness of water adsorbate on the tungsten surface. The water film thickness
on the tungsten surface evaluated from comparison of measured energy spectra of keV
hydrogen ions with Monter Carlo simulations does not exceed 40-45A. Formula (1) allows
rough evaluation of the thickness of water molecules layer on the surface of tungsten from
measurements of energy spectra of hydrogen ions at sliding incidence.
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MULTIPLE-POINT SURFACE FORMATION ON NANOSTRUCTURED NICKEL
BY ION-BEAM SPUTTERING
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Nanostructuring of metals and alloys by severe plastic deformation results in
considerable changes in their mechanical and physical properties [1-3]. In particular, the
formation of a nanostructure in samples of metals and alloys result in a decrease in the work
function of the electron and an increase in ion-electron emission, as shown in [4, 5, 6]. Such
changes are associated with an increase in the volume fraction of grain boundaries in the
metal and to nonequilibrium state of these grain boundaries, as a result of nanostructuring.
The small size of the grains and nonequilibrium state of their boundaries also has an effect on
the surface relief formation by ion-beam sputtering. In this work, the results of ion-beam
sputtering of nanostructured (NS) nickel are presented. It has been shown that, on the NS
nickel under special sputtering conditions, multiple-point surface forms. It has also been
shown that the surface with such a relief can be used as a multiple-point field emission
cathode [7].

Nickel with a purity of 99.5% was chosen for the studies. The nanostructure in samples
of Nickel was formed by high pressure torsion [1]. The obtained samples were discs10 mm in
diameter and 0.25 mm in thickness. As a result of high pressure torsion in nickel was formed
structure with a grain size of about 100-150 nm and grain boundaries in a nonequilibrium
state, as shown in [4, 5, 8]. For comparison, samples of coarse-grained (CG) nickel with an
average grain size of 4 um were used. Before the experiment, the surface of all samples were

machined and polished with a finishing suspension.

The ion-beam sputtering of the samples was performed on a setup that we developed
and designed. The ion source was made by the duoplasmatron scheme with a filament
cathode. To obtain a collimated ion beam, a three-electrode system of electrostatic lenses was
used. The designed ion source provides ion beam of about 3 mm in diameter, with maximum
current of about 1 mA and energy up to 7keV. Argon was used as a working gas. The studied
sample (target) was fixed on the objective table. The design of the objective table provides

rotation of the sample on the axis normal to the sample surface. The distance between the ion
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source and the surface of the sample was 0.06 m. The vacuum in the chamber was held by oil-
less evacuation at the level no worse than 10~ Pa. The studied samples were not heated above

393 K during the sputtering.

The surfaces of the NS and CG nickel samples after ion-beam sputtering were studied
with using Tescan Mira 3LMH scanning electron microscope (SEM). Studies of the NS and
CG nickel samples after ion-beam sputtering were performed In the SEM images (Fig. 1),
reliefs are shown that have been obtained at the following parameters of the ion-beam
sputtering: ion beam energy of 3 keV, ion current of about 0.3 mA, and incident angle of ions
of 60° with respect to the normal to the surface of the sample. The NS sample was sputtered
for =3 hour. Due to of the relief formation scale factor the CG sample was sputtered longer—

for =6 hour.

Fig. 1. SEM images of the sample surface after ion-beam sputtering of (a) nanostructured nickel
and (b) coarse-grained nickel

The relief with a great number of uniformly distributed peaked hills and protrusions was
formed on the surface of the NS sample (Fig. 1a). They can be characterized as the peaks of
submicron dimension with the basis no more than 1 um. Opposite the NS samples, on the
surface of the CG samples, conelike hills with the etching pits around the cone basis form as a

result of the ion beam sputtering (Fig. 2b). The dimensions of the cones are from several
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micrometers to tens of micrometers. The cones are nonuniformly distributed over the surface.

It is also seen that grain boundaries are etched due to the ion beam sputtering.

The relief on the NS nickel sample differs qualitatively from that on the CG sample.
The first obvious difference is the scale of the formed structures, with the density of the peaks
on the surface of the NS sample being far higher than the density of cones on the surface of
the CG sample. In the figure of the NS sample, the peaks are not shaped as cones and the
etched grain boundaries are not distinct. In our opinion, a significant effect on formation of
the relief in the NS samples has a nonequilibrium state of grain boundaries and a great

number of defects.

Therefore, it can be concluded from analysis of the images that a multiple-point surface
forms on the NS sample. In addition, a single peak can serve as an emission center, and the

material with such a surface is applicable as a multiple-point field emission cathode [9, 10].

120 T
100 4

80 -+

40 4

20 4

Fig. 2. CVC of the NS sample with a multiple-point surface.

The CVCs of field electron emission were taken from the NS and CG nickel samples.
The measurements were performed in vacuum no worse than 10° Pa. The cathode—anode

distance was 0.2 mm. The cathode, for which the studied sample served, was grounded via an
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ammeter. The sample area from which the emission current was detected was ~28 mm?2. The

thus-taken CVC for the NS sample with the multiple-point surface is represented in Fig. 2.

In the presented CVC, it seen that the maximum current achieved from the NS sample
was 110 pA at a potential at the anode of 1.5 kV. The following increase in potential brings

about instability of the emission current and, finally, electrical breakdown.

Thus it has been shown that the multiple-point surface on the nanostructured nickel with
nonequilibrium grain boundaries can be obtain by ion-beam sputtering. The peaks have
submicron dimensions (less than 1 um in the basis). They are uniformly distributed with high
density on the surface of the nanostructured nickel. The nanostructured nickel sample with the
multiple-point surface was tested as a field emission cathode. The maximum electron
emission current was 110 pA at the cathode—anode potential 1.5 kV. The CG nickel after ion-
beam sputtering used as a cathode does not produce an emission current up to 1.5 kV. Thus a
relatively inexpensive and efficient multiple-point field emission cathode could be obtained

from the nanostructured metal.
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ANISOTROPIC PATTERNS OF ATOMS SPUTTERED FROM SINGLE CRYSTALS
BY GAS CLUSTER IONS

A.V. Nazarov', V.S. Chernysh?, K. Nordlund®, F. Djurabekova®, J. Zhao®

! Skobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University, Russian Federation,
e-mail:av.nazarov@physics.msu.ru
2 Faculty of Physics, Lomonosov Moscow State University, Russian Federation
* Department of Physics, University of Helsinki, Finland

The spatial distributions of the particles sputtered from solid targets by gas cluster ion beams
(GCIB) are important for understanding the mechanisms of sputtering phenomenon as well as
for a wide range of technology applications such as surface polishing. The angular
distributions of sputtered material are a determinative factor for surface smoothing processes
[1].

Most of the published experimental data on the angular distributions of atoms sputtered by
GCIB from the metals is related to the polycrystalline targets. However, the simulations are
more often performed with single crystal lattices. In a recent paper [2] the anisotropy over the
azimuthal angle of the spatial distributions of Ag and Mo atoms sputtered from single-crystal
targets with 10 keV Ar clusters has been found. This is surprising because the crystalline
structure in the impact area is destroyed during the cluster impact on the target surface.

In order to understand the reasons that lead to the spatial anisotropy of the angular
distributions of sputtered material the MD simulations of sputtering of Cu and Mo single
crystals by Ar clusters of different sizes were performed.

The MD simulations of the 10 keV Ar cluster bombardment of Cu (100) and Mo (100) single
crystals were performed at room temperature. The size of the clusters varied from 50 to 1500
atoms per cluster. The incident direction of the cluster ions was normal to the target surface.
The simulations were performed with the PARCAS code [3-5]. The Lennard-Jones potential
was used for the Ar-Ar interactions, the EAM potentials [6-7] for the Mo-Mo and Cu-Cu
interactions and the density-functional theory based pair-specific repulsive potentials [8] for
the Ar-Mo and Ar-Cu interactions.

A distinct anisotropy is observed in the azimuthal distributions of sputtered Cu and Mo atoms.
The centers of spots visible in Fig. 1 are located in the (110) plane for the Mo target with the
bcc lattice and in the (100) plane for the Cu target with the fcc lattice. These planes are
perpendicular to the target surface. The spots for Mo can be clearly observed for all cluster
sizes that lead to any reasonable sputtering (up to 500 atoms per cluster), while for the Cu

target it becomes imperceptible for sizes more than 300 atoms per cluster.
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Figure 1. The polar and azimuthal distributions of sputtered material: a) Mo target, Ars
clusters; b) Mo target, Arsg clusters; ) Mo target, Arsoo clusters; d) Cu target, Arsg clusters;
e) Cu target, Arigo clusters; f) Cu target, Arggo clusters

The spots positions depend on the impacting cluster size, therefore these spots cannot be
considered as Wehner spots. This conclusion is based on the fact that numerous experiments
have shown that the angular positions of Wehner spots are determined only by the crystal
structure of the irradiated surface. It was also found that the angular positions of Wehner spots
do not depend on the type and energy of the projectiles.

It is well known that in the case of sputtering by atomic ions, the anisotropy of the spatial
distribution of the sputtered material is determined by the crystal structure of the irradiated
material in the region of the cascade of atomic collisions. In case of cluster bombardment, the
crystal structure outside the impact region determines the spatial distribution of sputtered
particles. The interaction of the atoms constituting the cluster with the walls of the crater, that
is formed during the impact, plays an important role in the formation of the flux of the
sputtered atoms. The density of target atoms that form the crater walls in different azimuthal
directions is different. This density has the maximum in the close-packed directions and the
minimum in between. This results in the anisotropy of the sputtered atoms flux.

This assumption is confirmed by the results of experimental and computer simulations studies
of the shapes of craters formed in Si single crystals under bombardment by Ar clusters [9].
The AFM measurements showed that the Si(100) craters exhibit four-fold symmetry, while

the shape of craters on a Si(111) surface shows three-fold symmetry.
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MOJIEJUPOBAHUE YTJIOBBIX PACIIPEJAEJEHUA ATOMOB,
PACHBIJIEHHBIX TYYKOM I'A30BbIX KJIACTEPHBIX MOHOB

MOLECULAR DYNAMICS SIMULATIONS OF ANGULAR DISTRIBUTIONS OF
ATOMS SPUTTERED BY GAS CLUSTER IONS

A.B. Ha3ap0Bl, B.C. qepHBII_HZ, K. Hopz[nszlg, . I[}Kypa6el<013a3, Jx. I[)K'ao3
A.V. Nazarov', V.S. Chernysh?, K. Nordlund®, F. Djurabekova®, J. Zhao®

YHUMA® MI'Y um. M.B. Jlomonocosa, Mockea, Poccus, e-mail:av.nazarov@physics.msu.ru
2Qusuyeckuil gaxynomem MI'Y umenu M.B. Jlomonocosa, Mocksa, Poccus
3dusuveckui ¢axynomem, Ynusepcumem Xenvcunku, Xenvcunku, QuuiaHous

The angular distributions of the atoms, sputtered by gas cluster ion beam, are
known to have maximum in lateral direction. However, it was recently
experimentally found that for some target materials, such as Mo, the significant
yield of sputtered material is observed along the normal to the sample surface. In
order to explain such distributions the MD simulations of Mo sputtering by Ar
clusters were performed. The results of the simulations are presented.

VYrioBele pacnpenesieHuss aTOMOB, PACNbUIEHHBIX IIyYKOM TIa30BBIX KIIACTEPHBIX
WOHOB, 3HAYUTEJIBHO OTJIMYAKOTCS OT YIVIOBBIX PACHPEIEICHUN aTOMOB, DPAaCHbLIEHHBIX
MOHOMEpAaMH. DKCIIEPUMEHTAJIbHBIE HCCIIEOBAaHUS, a TAKXKe PE3yJbTaTbl KOMIBbIOTEPHOIO
MOJICJIMPOBAHMS [TOKA3bIBAIOT, YTO PACHBIJICHUE aTOMOB MOJ IEHCTBHEM OOJIY4YEHUS MYyYKOM
ra3oBbIX KJIACTEPHBIX MOHOB IPOMCXOAUT MPEUMYIIECTBEHHO B JIATEPAJIBLHOM HAIPABICHUU
[1-2]. Takoii xapakTep YIVIOBBIX pACHPEACICHUNA CYMTACTCS OJHAM M3 OCHOBHBIX
MEXaHM3MOB, Ojaroaapsi KOTOPOMY JOCTUTAaeTCs CIJIaKMBaHUE MOBEPXHOCTHU 00JydyaeMoro
obpasua. [lokazaHo, yTO mpu 0O0pabOTKE pa3IMYHBIX MOBEPXHOCTEH KIACTEPHBIM ITYyYKOM
MO>KHO JJOCTHYb IIEPOXOBATOCTH HA YPOBHE HECKOJIIBKUX ATOMHBIX CIIOEB.

OnHako, OBUIO 3KCIEPUMEHTAIBHO MPOJEMOHCTPUPOBAHO [3], YTO Ui HEKOTOPBIX
MaTepuaioB MHUIIEHH, TaKMX KaK MOJHMOJIEH, YIJIOBbIE pacCHpeleeHus] HMMEIOT SIPKO
BBIPQ)KEHHBI MAKCUMYM B HaIlpaBJICHUH HOPMAaJU K MIOBEPXHOCTH 0Opa3ua. i Toro, 4To0b!
OOBSICHUTh MEXaHU3M (DOPMUPOBAHMSI YITIOBBIX paclpeieieHni, OTIMYHBIX OT JaTepaabHbIX,
JUIsL HEKOTOPBIX MaTepHuajioB, ObUIO MPOBEACHO MOJEIMPOBAHUE PACHBUICHUS MOJIUOAEHA
KJIACTEPHBIMM MOHAMH aprOHA METOJOM MOJIEKYISPHOU TUHAMHUKH.

Ha mnepBom »srtane mnpoBoawiach cepust pacy€ToB paCHbUICHHS MOHOKpHUCTaIA
MOJHO/IeHa KJIacTepaMu aproHa pa3n4dHbIX pa3MepoB ¢ sHepruer 10 k3B npu HopManbHOM
nafgeHun. g KaXaoro pasmepa KIIacTepoB IPOBOJMIIACH CEPUS PACUETOB C IMPHULEIbHBIM
napaMeTpoM, CIydalHbIM 00pa3oM HU3MEHSIOIUMCS B Mpejenax IOCTOSHHOM pemeTKu.
Kaxaplii pacuéT mNpou3BOAMICA C HACATBHOW KPUCTAIIIMYECKONH PEIIETKONM MMILEHH,

HU3MCHCHHUC ITOBCPXHOCTU 1101 JelcTBUEM O6J'Iy‘-IeHI/I$I HC YYUTHIBAJIOCH. YrinoBbeie
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pacripesielieHusl CTPOMIIMCh M3 aHalln3a HAIpaBIICHHUs CKOPOCTEH pacIbUIEHHBIX aTOMOB.
CTOUT OTMETUTh, YTO B OKCIIEPUMEHTAX, OMUCAHHBIX B [3] MIsi M3MEPEHUs YIIOBBIX
pacripesieieHuil  MCIIONb30BaICA  MOJYIMIMHIPUYECKHI KOJUIEKTOp. Takas TeoMeTpus
JKCIIeprMEHTa Oblla y4TeHa mpu oO0pabOTKe MaHHBIX MojenupoBanus. Ha pucynke 1
NPEJICTAaBJICHBI TOJIyYCHHBIC YIIIOBBIC PaCpEACICHHS ISl KIIACTEPOB HEKOTOPBIX Pa3MEpOB.
W3 pucyHKa BHIHO, YTO JUIS BCEX IPEICTABICHHBIX Pa3MEpPOB KIACTEpa pacClpeIeiIcHUs

HUMCIOT JIaTepaJIBHBIﬁ XapakTep, MAaKCUMYM I10 HOpMaJIM K IIOBEPXHOCTHU HE Ha6J'IIO,Z[aCTCH.
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Puc.1 YrnoBsle pacmpe/ienieHnst aTOMOB MOJIMO/ICHA, pACTBIIEHHBIX KiacTepamMu Alygg, Alsgy U
Al 6€3 yu€Ta SBOIIONNN TTOBEPXHOCTH TIOJT ICUCTBUEM OOITyUeHUSI.

JInist BISBJICHUSI BO3MOKHBIX MEXaHHU3MOB (DOPMHUPOBaHHS OMHMCAHHBIX B [3] yrioBhIX
pacripefieieHnii  Oblla TpoBe/eHA emE€ OJHAa Ccepusi pacdy€éToB, B KOTOPOW YCIOBUS
MOACIIUPOBAHUA ObLJIM MaKCHUMAaJIbHO HpI/I6J'II/I)KeHI)I K SKCIICPHUMCHTAJIbHBIM. Kamnmﬁ aKT
COyIapeHMs KJlacTepa MPOUCXOJUT C MOBEPXHOCTHIO, MOJYYEHHON B PE3yJbTAaTe MPOLLIOrO
coynapenusi. Takum oOpa3zoMm, B pacu€r Oepyrcs 3(QexThl, CBS3aHHBIE C DSBOJIOIUEH
MOBEPXHOCTH B Tporecce oOinydeHusa. MecTo coynapeHHs KaxAoro Kiacrepa cC
MOBEPXHOCThIO BbIOMpaeTcs ciiydallHbIM 00pa3oM B Tpefesax 00JacTH MOJETHPOBAHUS.
Pa3zmep kaxIoro kiactepa TakKe BBIOMpAETCs CIy4alHBIM 00pa3oM C BEPOSITHOCTHIO,

COOTBETCTBYIOUICH paclpeelICHHIO KJIacTepOB TI0 pa3Mepam, puBeeHHOMY B [3].
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Puc.1 yrinosoe pacnpenenenue, nonyuensoe aiist cepuu u3 1000 mocnenoBaTeNnbHbIX COyAapEeHUN
KJIaCTEPOB aproHa ¢ MOJIHOIEHOBON MUILICHBIO.

VYrioBoe pacrpeneneHue, IOJYYEHHOE B TaKOM CepUM pPAcy€éTOB 3HAYUTEIIBHO
OTJINYAETC OT Clydas, KOIZJAa KaXIbplil KJIAacTep HAIpPaBJISETCS B HEMNOBPEXKIAECHHYIO
IIOBEPXHOCTh MUUIEHU. BBIXOX pacHbUIEHHBIX aTOMOB IO HOPMAJIM 3HAYUTEIBHO BBILIE,

pacnpeaciicHuce HOCUuT HEMOHOTOHHBIN XapaKkTep.

1. N. Toyoda, H. Kitani, N. Hagiwara, T. Aoki, J. Matsuo, I. Yamada, Angular distributions of the
particles sputtered with Ar cluster ions, Mater. Chem. Phys. 54 (1998) 262-265.

2. Z. Insepov, I. Yamada, Molecular dynamics simulation of cluster ion bombardment of solid
surfaces, Nucl. Instrum. Meth. B 99 (1995) 248-252.

3. V. S. Chernysh, A. E. leshkin, and Y. A. Ermakov, Appl. Surf. Sci. 326, 285 (2015).
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IMUCCHUOHHASA TEOPUSA PACIIBIVIEHUA AMOP®HBIX MATEPHUAJIOB.
3ABUCUMOCTDb KOO PUIINEHTA PACIIBIJIEHHUSA OT YIVIA TAJAEHUSA
HNEPBUYHOI'O HOHHOI'O TYYKA

EMISSION THEORY OF AMORPHOUS MATERIALS SPUTTERING. THE
DEPENDENCE OF THE SPUTTERING COEFFICIENT ON THE OBLIQUE
INCIDENCE OF A PRIMARY ION BEAM

A.H. ITycToBut
A.N. Pustovit

denepanbHOE rocy1apcTBEHHOE OI0JKETHOE yupexaieHue Hayku MHCTUTYT npobiieM
TEXHOJIOTMM MUKPOAJIEKTPOHUKHU M 0COOOUNCTHIX MaTepuasioB Poccuiickoil AkajeMun HayK
(UITTM PAH), 142432, YUepnoronoBka, MockoBckast oonacts, Poccusl,
E-mail: pustan@ipmt-hpm.ac.ru

The sputtering coefficients are calculated depending on the type of accelerated ions,
their energy and angle of incidence on the target. For the systems Ar - Si and H - W a
reasonable agreement is obtained between the calculated and experimental results. Two
mechanisms of secondary particles admission to the stream of sputtered atoms were
established.

HccnenoBanue mporecca paclbUIEHHs MAaT€pUalloB HOHAMM  CPEIHUX DHEPIUi
IpeCTaBsieT MEepPCHEeKTUBHOE HampaBieHue g oOnacTedl co3JaHus M JAMArHOCTHUKU
MaTepuajoB C HOBBIMU CBONCTBaMH, HEOOXOJMMBIMM B Ppa3MYHbIX OOJACTSAX HAyKu U
TexHUKU. OTHUM M3 aKTyaJbHBIX HaIllpaBJICHUU SBIISETCS CO3JaHHE aHAJIMTUYECKOW TEOpUu
JIaHHOTO Tmporecca. B pabore [1] mpeanokeHa SMHUCCHOHHAST TEOPHs PACIBLICHHS.
[Tony4yeHHble B Hell pacueTHble 3HaYeHHs 3aBHcUMOcTell moporoBoit suepruu (E;) or
COOTHOIICHHUSI MacC CTAIKHBAIONIMXCS YaCTUI] U KOdPPHIIMeHTa pacibuieHus: oCHOBBI (Y) oT
DHEPrUH TMEePBUYHBIX MOHOB (FE) YIOBJIETBOPHUTENIHLHO COBMAJAIOT C JKCIEPHUMEHTATbHBIMU
pe3yJpTaTaMH.

Ienbto HacToAMIeH pabOTHI ABISETCA NaNbHEMIIas pa3paboTka 3ToH GpU3NUECKOH MOAEIH
JUTISL pacdyeTa 3aBUCUMOCTEN Kod(duiineHTa pacibUIeHUsT OT BUa 00MOapIupyeMbIX HOHOB U
yIJla MX MajeHus Ha MUIIEHb (B, OTCUUTHIBACTCS OT HOPMAJIU K TIOBEPXHOCTH).

dopmyra ans pacyera KO PHUIMEHTA pacIIbIICHUS OCHOBBI 3a/1aeTCsl ypaBHeHueM [1]:

Y =[1+Ry(E)/d] h/Ry(E) cosp , (1)
rae Ri2(E) cpenuwmii mpober moHa B MuiieHH, d — MeKaTOMHOE pacCTOSIHME B MHUIIEHH, h —
CpelHsis MaKCUMasbHas ITyOMHA BbIX0J]a BTOPUYHBIX YaCTHII.

Cpennuii mpober nona B mutieHu R12(E) paccunteiBanu o popmyse [2]:

R1=s[2a(my+my)* Y /m;¥2m,"> 12, 7,0%k]?*(E-Q)**/14 aiNa?B,*B,[4a*(2a+d) *(1+3d/4a)]* 2.(2)
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B ¢dopmyse (2): N — mIoTHOCTh YKCIIa aTOMOB B MHIIICHH, S — CTEIIEHHOM ITOKa3aTellb B
noTeHImane B3aumojeicTus Jiunnxapna-Hunscena-Ilapda, a = 0.8853ag /(212/3+222/3)1/2 -
JUTMHA SKPAaHUPOBAHUS, @y — OOPOBCKHIA paamyc, 81:(2/8)[(38-1)/2]1/2 u B,=B[(2s-2)/2,2/s] —
oera-GyHKIMU, My, My, Z;, Zp — MacChl U MOPSIKOBBIE HOMEpPa MOHA U aTOMa MHIIEHH, ( —
sapsi 971eKTpoHa, ks=[(s—1)/e]* %, Q — Heynpyrue noTepy SHepruy HOHa.

3nadeHue h BerymcIseTCs B Auamna3oHe yrios mo ¢popmyie [2]:
h={1-[Uo/(E-Q)]?"[y12€0502 (1-y125in* 01)] Z*+[d/R12(E)][cOs(B+062)cos  (B)-(1- y12 Sin%0.) 2}
{[R12(E)cosP] *-[Ra2(E)y1a?® (1- y125in%01)?" cos(B + 0.+ 61) cos*°0,]™} | (3)
rJie MpHUBeaeHHas macca 12 = 4 mp my / (m1+m2)2, Up.- MOBEpPXHOCTHASI DHEPIHs CBS3U
BBIOUTOTO aToMa, 01 u 02 — yribl paccesiHusI IEPBUYHOTO HOHA U BHIOMTOTO aTOMa B MUILICHHU.
R2, - cpenHumii mpober BHIOMTOTO aTomMa B MUIlleHH. 3HaueHHe Ry, paccumrteiBaercs mo (2) ¢
ydaeToM My = My u Z; = Z,.

[ yuera 3aBucuMocteit yriaos 01 1 02 oT E UCTIONB3YIOTCSI SMIIMPUUECKUE YPABHEHUS:
01=010 (Eal E)'*™ | 0= 050 (Es/E)''%% 4)
rae 010, 020 — HayabHBIE 3HaUEHUS YIIIOB paccesHus (npu £ = Ey), A U Ap — TOJTOHOYHBIE
KO3 PHUIIIEHTHI.

Bce skcnepuMeHTanbHbIe 3HAYEeHUS Uit Y B3AThI M3 paboThl OkmitaiiHa B [3] mis
AHAJIOTMYHBIX CUCTEM. Bhrunciienus ¢ ucnosb3oBanueM Gopmyi (1) — (4) mist cucrem Ar-Si u
H-W nposenens! B ABa sTana. Ha mepBoM sTamne pacCUUTHIBAIM 3aBUCUMOCTH Kod(dduiinenTta
PACTIBUICHHS OT YHEPrHH TIEPBUYHBIX HOHOB B auarasone 10-10° 9B juist HopMaibHoro (B =
0) mageHust MepBUYHBIX HOHOB. [Tocite MoyUeHUs YIOBICTBOPUTEILHBIX PE3yJIbTaToOB, HA

h, R, um Y, at/uon

h, oM Y, at/uon

. -2
10 L | | L ! L1 | 10

0 10 20 30 40 50 60 70 80 B, rpan

10

Puc. 1. 3aBHCHMOCTH MaKCHMajbHOW IIyOMHBI BbIXOAa BTOpUuHBIX yacTHil (1), kodbdunueHTa
pacnbuieHns (2) u cpennero npodera (R, 3 — Si, 4 - Ar) ms cucremst Ar - Si ot E (JieBblit puc.) u
(1pasiii puc., E = 3.2%10% 5B) nepauunbIx HoHOB. CHMBOJIBI — SKCTIEPUMEHTAIBHBIE Pe3yIbTathl [3].

BTOPOM DOTall€, BBIUYUCIIAIN 3aBUCUMOCTU KOB(I)(I)I/II_II/IGHTa paclblICHUA OT Yyrjla MaACHUA

NEPBUYHBIX HOHOB HAa MUIICHBL JJIA KOHerTHOI\/’I OHCPIUH U C UCIIOJIB30BAHUEM ITapaMETPOB,
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MOJIyUEHHBIX Ha TMEpBOM »JTame. B ciydyae HeyIOBJIETBOPUTEIBLHOTO COBIAJCHUS

OKCIICPUMCEHTAJIBHBIX U PACUCTHBIX PE3YJIbTATOB MapaMETPbl KOPPECKTUPOBAJINCE.

Y, ar/von
B, R, nm u h, um Y, at/uon

10—2 [

10°

10° 10° 10 E, 5B > Tpant

Puc. 2. 3aBHCHMOCTH MaKCHMaJbHOW IIyOHHBI BbIXOAa BTOpHYHBIX dacTHil (1), KoabduuueHTa
pacnbuieHus (2) u cpeanero npooera (R, 3 —W, 4 — H B mxm) a1 cucrembr H-W ot E (JieBblit puc.) u
B (mpaBeiii puc., E = 2*10° 5B) nepBudmbix HOHOB. CHMBOJIBI — SKCIICPHMEHTAIBHBIE Pe3yIbTaThl [3].

[Tonmy4yennble TakuM 00pa30M OKOHYATEIBHBIE PE3YIBTATHl MPEACTABICHBI HA pUCYHKaX 1
(st cuctemst Ar-Si, E =32 x3B) u 2 (a5t cucrembl H-W, E = 2 k3B). DkcniepiMeHTaIbHbBIC U
pacyeTHbIC Pe3yNbTAaThl y BCEX Iap MMEIOT KaK COBMAJCHUsS, Tak W paznuuus. CoBmajeHus
HaOoaroTes it oomuiero nosezeHust KpuBbiX Y (£) u Y (B), a omiMuMs B KOJHMYECTBEHHBIX
pe3ynbratax. MakcumanbHble pacueTHbie 3HaueHus Y () XOTS W pacmojiararorcsi B 00IacTu
OonpIIMX J KaK U SKCIIEpUMEHTAJIbHbIE JaHHbIE, HO CABUHYTHI Ha 5-10 rpax B obmacte Oosee
BBICOKHX 3HaueHHUiIl. MakcuMasbHbIe ITyOHHBI BhIXO/A N 3aBUCSAT CHUIIBHO OT SHEPTUH HOHOB
(JieBbIE YacTU PUCYHKOB), yBeIuunBasch B ~ 30 pa3 Ha puc. 2 u ~ 350 pa3 Ha puc.l. B Toxe
BpeMsi, 3aBUCMMOCTh h OT 3 He3HauMTenbHAs, a MaKCUMaNbHbIC 3HaueHUs (Oonbiie Ha ~30—
40%) naxomsarcs mpu yrie ~ 40 rpax, uto paHee ormedanock B [2]. Takoe moBeaenue h
yKa3bIBaeT Ha JiBa MeXaHNW3Ma 00pa30BaHUs BTOPUYHBIX YACTHUI IIPU pacrbuleHUuH. B nmepsom
ciydae ¢ poctom E Bospactanue Y (F) cBs3aHO ¢ BOBICUCHHEM B pacibUieHHE OoJjee
ryOOKHX CiioeB muiieHH. Bo BTOpom ciydae ¢ poctom [ yBenudenue Y(B) cBsizaHO C
BOBJICYEHUEM B PACHbLJICHUE BTOPUYHBIX YACTHII, PACCESTHHBIX Ha MEHbIINE YIIbl 01 1 (1K)

92 MPaKTUICCKU 0c3 BOBJICUCHUS B mnmponecc Oolee FJIY6OKI/IX CJIOCB MUIIICHHU.

[1] Tycrour A.H.// Te3. mokin. XLVI mexna. TyauHOBCKOM KOH(G. IO QU3MKE B3aMMO/I. 3apsiK. YacT. ¢ KPUCT. /
Iox pexn. mpod. M.U. ITanacioka. M.: «KIAY», «YHuBepcurterckas kauray. 2016. C. 99.

[2] Ilycmosum A.H. // TIoBepXHOCTh. PEHTreH., CHHXpOTPOH. ¥ HEUTpOH. uccien. 2016. Ne 6. C. 12.

[3] Eckstein W // Sputtering by Particle Bombardment. Experiments and Computer Calculations from Threshold
to MeV Energies/Eds. Behrisch R., Eckstein W. Springer-Verlag Berlin Heidelberg, 2007. P. 33.
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IMUCCHUOHHASA TEOPUSA PACIIBIVIEHUA AMOP®HBIX MATEPHUAJIOB.
CAMOPACIHBIVIEHHUE

EMISSION THEORY OF AMORPHOUS MATERIALS SPUTTERING.
SELFSPUTTERING

A.H. ITycToBut
A.N. Pustovit

@DenepanbHOE rOCyIapCTBEHHOE OI0KETHOE yupexaeHue Hayku MHCTUTYT pobiiemMm
TEXHOJIOTUM MUKPORJIEKTPOHUKHU U 0COOOUUCTHIX MaTepuanoB Poccuiickoil AkaeMuu HayK
(UITTM PAH), 142432, YepnoromnoBka, MockoBckast oonacts, Poccusl,

E-mail: pustan@ipmt-hpm.ac.ru

The coefficients of selfsputtering as the function of primary ions energy and their
incidence angle onto the target were calculated in terms of the emission theory of sputtering.
The agreement between the calculated and experimental results are found satisfactory for
systems C — C and W — W. The mechanisms that contribute to sputtering are discussed.

OI[HI/IM N3 aKTyaJIbHBIX HaHpaBJIeHI/If/i B HU3Y4YCHHU PaACIBbUICHUA ABJIACTCA CO3OaHUC
aHamuTHYecKor Teopuu. Ilpemnokennas B pabore [1] smuccHOHHAs TEOpHs PaCHbLICHHS
Aac€T YAOBJICTBOPHUTCIBHOC COBIIAACHUEC PACYCTHBIX W SKCIICPUMCHTAJIBHBIX PE3YJIbTATOB IJIA
3aBrCcHMOCTEl moporoBoii sHeprun (E;) OT COOTHOIICHHST MacC CTAIKHBAIONIIUXCS YaCTHUI]
k03(h¢unmenToB  pacnbuieHuss ocHOBbI  (Y) OT DdHepruM NEepBUYHBIX HOHOB (E).
CaMOCTOSTENbHBIN HHTCPEC MPEACTABJIACT HUCCICHOBAHUC IIpOoHCCCa CaMOpPACIIbUICHUSA, T.C.
ciy4aeB, Koraa macchl (M) U mopsakoBele HoMepa (Z) WOHAa W aTOMa MHIIEHH COBIAJAIOT.
BCJ’IGI[CTBI/IG PaB€HCTBA MaACC CTAJIKUBAIOMIUXCA YaCTUL MNEpCAaHHAad OHCEPrusd IIpu
CTOJIKHOBCHHNU MaKCHUMaJIbHAas.

I_IeJ'ILIO HaCTOSII_I_Ieﬁ pa60TBI ABJICTCA  HUCCICAOBAHUEC BO3MOKHOCTH IIPHUMCHCHUA
YMHUCCHUOHHOM TCOpHUU PpaClbUICHUA IJII pacdeTa XapaKTCpUCTUK CaMOPACIbIICHUA
(3aBucumocTelt KodduIeHTa camopaciblUieHdss Y W MaKCHMaJbHOM TIyOWHBI BBIXOJA
BTOPHUYHBIX YacTHIl N OT BuIa OOMOapAMPyEeMbIX HOHOB M yIila UX MaJCHHUs Ha MUIICHD [3).

B ciyuae camopacnbuieHus hopmyna aist pacuera Y 3amaercs ypaBHeHueMm [1]:

Y =[1+Ry(E)/d] h/Rx(E) cosp , (1)
rae Ry(E) cpenuwmii mpober moHa B MuiieHH, d — MEKaTOMHOE pacCTOSIHME B MHUIIEHH, h —
CpE€aHAA MaKCUMaJlbHasA I‘J'Iy6I/IHa BbIXOJa BTOPHUYHBIX YaCTHII, B — yrojJl mnaacHus HOHa
(OTC‘-ICT OT HOpMAJIA K TOBEPXHOCTHU 06pa3ua).

Cpennuii mpober nona B MutieHu R, (E) paccuntreiBanu o popmyse [2]:

R, = s9[aZ” q°ks]*(E - Q)¥/7iNa’B,°B,[4a’(2a + d)*(1 + 3d/4a)]**~. (2)

B ¢opmyne (2): N — iIOTHOCTD 4KciIa aTOMOB B MUILICHH, S — CTCIICHHOW TOKa3aTeib B

noreHimane B3aumoeicTeus Jlunaxapaa-Hunscena-1lapda, a = 0.8853ay /(212/3+222/3)1/2 -
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JUIMHA SKpaHUPOBAHMS, do — GOpOBCKMit pammyc, B1=(2/s)[(3s-1)/2]Y2 u B,=B[(2s-2)/2,2/s] —
6era-yHKLMH, § — 3apsiy snekrpona, k=[(s-1)/e]* !, Q — Heynpyrue norepu sHEprun HoHa.

3naueHue h BeramcIseTcs B AuamnasoHe yrios mo ¢popmye [2]:
h = {1 - [UJ/(E - Q)]?[c0s?0 (1 - sin® 61)]*" + [d/R22(E)][cos(B+02)cos ™ (B)-(1 - sin%0.)*]} /
{[R22(E) cosB]™-[Raa(E) (1 - sin®01)%® cos(B + 0, + 61) cos”0,]*} , (3)
rac Uo.- IOBEPXHOCTHAA SHEPrus CBA3U BBIOUTOTO aToMa, 91 n 92 — YTJIbl PAaCCE€sIHUA HOHA
IEPBUYHOIO U BBIOMTOrO aTOMa B MHUIIIEHH. Rzz - CpeI[HI/Iﬁ npo6er aToMa B MUIIICHU.
Jlist yaera 3aBUCHMOCTEH yriioB 01 1 02 0T E UCTIOIB3YIOTCS SMIIUPUICCKIE YPABHCHHUS
01=010 (Eu/ E)*'**1 02=0n0 (E./E)™**%

KO3 PHUITUEHTBI.

4)
rae 010, 020 — HayabHBIE 3HaUEHUS YIIIOB paccesHus (npu £ = Ey), A U Ap — TOJTOHOYHBIE
Bce skcnepuMeHTanbHbe 3HAYEeHUS Uit Y B3AThI M3 paboThl OkmiraiiHa B [3] mis

AQHAJIOTUYHBIX cUCcTeM. Brruucnenus ¢ ucnonb3zoBanueM dopmyin (1) — (4) mis cucrem C-C u

W-W npoBenens! B ABa aTana. Ha mepBom 3Tarne paccYMThIBAIA 3aBUCUMOCTH Kod(dduimenTa
5

pacubUICHUs] OT PHEPTUU NMEePBUYHBIX HOHOB B auana3zoHe 10—10° B mis HopmanbHOro (P =

h, R, aM

0) nmaacHus NCPBUYHBIX HMOHOB. ITocie MOJIYYCHHUA YAOBJICTBOPUTCIBbHBIX PC3YJIbTAaTOB, HA

BTOPOM OTall€, BBIYUCIIAIN 3aBUCUMOCTHU KOS(I)(l)I/IIII/IeHTa paciblICHUA OT Yyrjla HaACHUA

Y, at/uon

h, M

MNCPBUYHBIX HOHOB HaA MUIICHDb JJIA KOHerTHOﬁ OHCPIruu U C UCII0JIb30BAHUCM IIApaMETPOB,

Y, at/von
1

1 1
10"
2
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!
60
Puc. 1. 3aBHCHMOCTH MaKCHMajbHOW IIyOMHBI BbIXOma BTOpHuHBIX dyacTuil (1), kodbdunueHTa

10°

70 80 B, rpax
pacmeuienns (2) u cpeaHero npobera gactuil (3) mwist cucremsr C-C ot E (yeBbiii puc.) u B (mipaBblid
puc., E = 10° 5B) nepBuunbIX HOHOB. CHMBOJIBI — SKCIIEPHMEHTaIbHBIE Pe3y/IbTaThl [3].
MOJIYYEHHBIX Ha TEPBOM

srare. B ciydae

HCYIOOBJICTBOPUTCIBHOI'O
SKCIICPUMCHTAJIBHBIX U PACUCTHBIX PE3YJIbTATOB MapaMETPhI KOPPEKTUPOBAJINCE.

COBTIAJICHUS
[TomyueHHbIe TAKUM 00pa30M OKOHUYATEIbHBIC PE3YIbTAThI MPEACTABIECHBI HA PUCYHKAX 1
(mmst cucremsl C-C, E =1 x3B) u 2 (nyst cuctemsr W-W, E = 1 k3B).
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h, im Y, at/uoH
h, R, um Y, aT/uoH

! [ I I I ! I
0 10 20 30 40 50 60 70 80 B, rpax

Puc. 2. 3aBucuMocTH MakcHMMalbHOW TIyOMHBI BbIXOAa BTOpu4HBIX yactul] (1), xoadduumenra
pacnbuteHus (2) u cpeanero npodera yactui (3) mis cucrembl W-W ot E (JieBblit puc.) u 3 (paBblit
puc., E = 10° 5B) nepBudnbIXx HOHOB. CHMBOJIBI — SKCIICPUMEHTAIbHBIC PE3YJIbTaThI [3].

Jns obmero moBenenus: kpuBbix Y (£) u Y (B) Ha puc. HaOMIOOAIOTCS HpUEMIICMBbIC
COBIMAJICHUS MEXAY OSKCIEPUMEHTAIbHBIMU M PAacueTHBIMH JaHHBIMHU. MaKcHMalbHbIE
pacuetnbie 3HaucHus Y (B) XoTs W pacmomaralorcs B 00jacTd OonbmuX [, Kak u
IKCIEPHUMEHTAJIbHbIE JAaHHbIE, HO CABUHYTHI B 00JacTh OoJiee O0nbIINX YIIIOB Ha ~ 5-10 rpan.
MakcumanbHble TIyOMHBI BbIXOAa N 3aBHCAT CHIBHO OT JHEPIMM HMOHOB (JICBBIC 4YacTH
pPUCYHKOB), yBenuuuBasich B ~ 30 pa3 Ha puc. 1 u ~ 200 pa3 nHa puc.2. B Toxe Bpewms,
3aBUCUMOCTh N OT [} He3Ha4YMTENbHAs, a MAKCUMAJbHbIC 3HAYCHHs (BBIIIC MCXOAHBIX mpu 0
rpan Ha ~ 25-50 %) Haxopstcst B obnactu yrioB ~ 30-40 rpaz, uro otmevanoch B [2]. Takoe
noBejieHHe N yka3piBaeT Ha JiBAa MEXaHHW3Ma TOCTYIUICHHS BTOPHYHBIX YaCTHI[ B IMOTOK
pachbUICHHBIX aTOMOB. B mepBoM ciydae ¢ poctom E Bo3pactanue Y (E) cBszaHO C
BOBJICUEHUEM B paclblieHHe Oojiee r1yOOKUX ciaoeB MullleHu. Bo Bropom ciyyae ¢ poctoMm 3
yBenuuenue Y(B) CBSI3aHO C BOBJICYCHHEM B PACHbUICHHE BTOPHYHBIX YaCTHI], PACCESTHHBIX Ha

MeHbIIMe yrisl 01 1 (win) 0, npakTuecku 6e3 BoBiIeueHHs B Ipolecc 0oiee ryO0OKUX CIIOeB

MHUIIICHU.

[1] Hycrour A.H.// Te3. noxin. XLVI mexn. TynmuHoBcko# KOH®. 0 (HU3MKE B3aUMOJ. 3apsDK. YacT. ¢ KPUCT. /
[ox pen. npod. M.U. ITanactoka. M.: «KAY», «YHuBepcurerckas kaura». 2016. C. 99.

[2] Ilycmosum A.H. // TloBepXHOCTb. PeHTreH., CHHXPOTPOH. U HeWTpoH. uccnen. 2016. Ne 6. C. 12.

[3] Eckstein W // Sputtering by Particle Bombardment. Experiments and Computer Calculations from Threshold
to MeV Energies/Eds. Behrisch R., Eckstein W. Springer-Verlag Berlin Heidelberg, 2007. P. 33.
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BTOPUYHOE PACIIBIVIEHUE KPEMHUS, OCAKJIEHHOI'O HA
IHOBEPXHOCTD OBPA3IIA

PU BO3JENCTBAU ®OKYCHUPOBAHHBIM NOHHBIM ITYYKOM
SECONDARY SPUTTERING OF FOCUSED ION BEAM REDEPOSITED SILICON

A.B. Pymanues, H.W. boprapar, P.JI. Boakos, I'.B. Yemapos
A.V.Rumyantsev, N.I.Borgardt, R.L. Volkov, G.V. Chemarov

HanmonaneHslii nccnenoBatenbekuil yausepeuteT «MWIO Ty, miomans lokuna, nom 1,
124498, r. MockBa, r. 3enenorpaz, Poccus, e-mail: lemi@miee.ru

Secondary sputtering of the material redeposited onto the previously milled surface
during focused ion beam silicon processing is considered. It was established that
redeposited material milling rate is 1.3 times higher than in pure silicon due to
20% gallium content independent of the beam energy utilized for the surface
treatment. Monte Carlo simulations have confirmed the relation between the high
gallium fraction in the substrate material and the sputtering yield enhancement.

[Ipn 0OpaboTKe MOBEPXHOCTH TBEPAOTO Teja (POKYCHPOBAHHBIM HOHHBIM ITyYKOM
(®UIT), yacTh pacHbLICHHBIX aTOMOB OCaXKIaeTCs Ha MOBEpXHOCTH oOpasma [1]. [To mepe
JATBHEHIIEr0 BO3JEHCTBUS My4YKa IMPOUCXOAWT BTOPHYHOE PACHBUICHHE 3THUX aTOMOB.
JletabHOE M3y4YEHHE MPOILIECCOB OCAXKICHHS MaTepuaja M ero IOCIeIyIOLEero yAaleHUs
II03BOJIUT YCOBEPIIEHCTBOBATH MOJIEIb B3aUMOACHUCTBHS (DOKYCHPOBAaHHOT'O HOHHOTO ITy4Ka C
BEIIECTBOM JUISI KOJHMYECTBEHHOTO OIMCAHMS DSBOJIONMU TOBEPXHOCTH o0Opasna mpu
pacmbUIeHHH, a TaKXe CHOCOOCTBYET pa3BUTHIO NPAKTUYECKUX TNPUMEHEHUH dPdexTa
HepeocakIeHHs, TaKuX KakK JIOKaJbHOE KOHTpoiupyeMoe (popMUpoBaHHE aMOP(HBIX WU
HOJIMKPUCTAIUINYECKHUX 00JIacTel Ha MOHOKPUCTAJUTHUECKOM TOII0KKe [2].

Jns uccnenoBaHus mpolecca pacibUIeHHsT MaTeprala, OCaKISHHOTO MPH pa3iIHIHBIX
DHEPTUsAX IydKa, Ha TIOMJIOKKE W3 MOHOKPHCTALIMYECKOTO KpeMHHS (OPMHUPOBAIHCH
CIIeIHaNbHbIC, MPEATIOKeHHBIE B [3] CTPYKTYpHI, CXeMa U3rOTOBICHHUSI KOTOPBIX H300paXKeHa
Ha Puc. 1. Ha nepBom stame ObutM copMUpOBaHBI YriayOJeHHs acCCUMETPUYHON (hOpMBbI
(Puc. 1a) mpu yckopsironux Hanpsbkenusx myuka 8, 16 u 30 kB. M300paxxeHus B pacTpoBOM
ANIEKTPOHHOM MuKpockorne (POM) uX mnpomosibHBIX M TONEPEYHBIX CEYEHHH BJOJb
yKka3aHHbIX Ha Puc. 1a nunuil npencrasiens! Ha Puc. 2a-B 1 2r-e COOTBETCTBEHHO.

OcaxxaeHue OOJBIIOrO KOJMYECTBA PACIHBUICHHBIX YaCTHIl O0ECHeYyMBaIOCh 3a CYUET
WCTIOJIF30BaHUsT MIa0JI0HA CKAaHMPOBAHWS, COCTOSIIETO W3 TMapaUIeTbHBIX, HAa OJWHAKOBOM
pPAacCTOSTHUM  PACOJOXKEHHBIX TPSAMBIX  OTpe3KoB. LIk ckaHUpOBaHHWS  BKITIOYAI
MOCJIEI0BATEIbHOE MHOTOKPAaTHOE TPOXOKIACHHWE IIydKa BJOJb KaXJOro OTpe3ka U
nocjieayolee rnepeMelieHne K cieayoneMy oTpe3ky. Peanuszanus ofHOro Takoro IMKIA
no3BoJMIIa CHOPMUPOBATh TOYTH BEPTUKAIBHBIH HAKJIOH penbeda ¢ OCaKICHHEM

3HAYUTEILHOMN JOJM MaTepuayia BOJM3M CTCHKH, B HallPaBJIECHUU OT KOTOPOU MepeMeniaeTcs
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MOHHBIA MYyYOK, KaK Moka3zaHo Ha Puc. 2a. OCHOBHBIE mapaMeTphl Mpoliecca MPUBEACHBI B
tabnuie 1. [Ipu M3roTOBIEHNUN TECTOBBIX CTPYKTYP BpPEMsSI OCTAHOBKH COCTaBJISLIO 1 MKC, a
MIOJTHOE BpeMs BO3JICHCTBUS BHIOMPATIOCH TaK, YTOOBI yIAINTh NPUOINZUTEIEHO OJMHAKOBBIN
o0beM MaTepHaja W HOJYYUTh WACHTHUHYIO (opMy yriIyOJeHMH Al MOHOB DPAa3JIMYHBIX
SHEPIruid.

Ha BTOpOM 3Tame Mcroyib30BaIKMCh TOJBKO MOINEPEYHBIC CEUEHUS TECTOBBIX CTPYKTYD,
IPUTOTOBJICHHBIE B 00JACTH C GOJBIINM KOJIMYECTBOM ocaxaeHHoro Mmatepuana (Si®))
MyTEM pacIbUICHHsI MMOJUIOKKH KpeMHHMs, HaunuHas oT ckoja (Puc. 16). C momoIibio JaHHBIX
CceYeHU OblIa MOJydYeHa TJajKas TOBEPXHOCTh C TpaHUIEH MEXIy OCAKICHHBIM H
KPUCTAJUTMYECKUM MaTepuajoM, KOTOpas IIoclie YKa3aHHbIX Ha Puc. 10 moBopoToB
OPUEHTHPOBAIACH TEPICHINKYISIPHO MOHHOMY ITy4YKy, Kak moka3aHo Ha Puc. 1. Obnacth

IpaHULBl  JlaJee  pacHbplIsilach  PaBHOMEPHO  pacHpellelieHHOM  J030H  Hopsaka

10" noHoB/ cM ¢ TOli %Ke YHeprueli HOHOB, IPH KOTOPOH HPOBOAMIOCH OCAKICHHE.

Ga' O6nactu

Ga’ Ga' BTOPUYHOTO
Qeoqn:HD::Hoe MpogonbHoe 50 D/paonbmeHm
Yrny6: cevyeHne
| Yry6netus : Yrny6nexus g\
o / \ Si A .
>
4 MonepeyHoe g0 . _|_,_l— \
/\\: < ceyeHune i &
Kpai S(\
180
obpasua
a 8] B

Puc.l CxemaTtnueckoe H300pakeHHE IpoLEcca MOATOTOBKHM 00pasiia Uil HM3y4YeHHs BTOPHYHOIO
pacrbUICHHsT OC&XICHHOTO KPEMHHS: yriyOneHus, c(hOpMUpOBaHHbIE TIPU  YCKOPSIFOIIMX
HanpspkeHusx noHHoro mydka 8, 16 m 30 kB (a), ux monepeunsie ceuyenust (6), BropuuHOEe

pacnbUIeHHE 00JIACTH TPAHUIIBI MEXKITY Si™ (BeirnsauT ceetiiee) u Si (B).

JUnis ynydiieHns KOHTpacTa M 3allMThl IPUIIOBEPXHOCTHOIO ¢JI0s Ha c(hopMUpOBaHHbBIE
yIIIyONeHUsT HalbUIIICA TOHKHM CIIOM IUIaTHHBI U TOTOBUJICS 0Opa3el] MONepeyHOro CeYeHUs
JUISL ICCIIEIOBAHUS METOI0M MTPOCBEUUBAIOLIEH 3yieKTpoHHON Mukpockonuu (II9M). Ha Puc.
2K MPUBEACHO M300pa)KeHHEe, COOTBETCTBYIOIIEE SKCIIEPUMEHTY ¢ dHeprueit noHos 30 k3B.
[Tpuneraromuii HEMOCPEACTBEHHO K IUIATMHE IPUIIOBEPXHOCTHBIA CJIOH COOTBETCTBYET
MaTepHuaiy, oOOraleHHOMY MpU paclbUIeHWH atomMamu ramums. M3 Puc. 2x cienyer, uTto
Ipy OJWHAKOBOM BO3JCMCTBMM HMOHHOTO Iyyka TJyOMHA pAcMbUIEHUS OCaXJIECHHOTO

i(r)

marepuana Sit’ B 1.3 paza Gosblie yeM KpucTauiMueckoro kpemuus. Kak Oyner moka3aHo

JaJice, JaHHBIN pe3yiabTaT CBUACTCIBCTBYCT 00 YBCINYCHHUU KOB(I)(bI/II_[I/ICHTa PpaclblJICHUSA

MEePEOCAKIECHHOTO MaTepuana: YSi(') /YSi ~1.3. 3HaueHue JaHHOIO OTHOLIEHHUS CJIa00 3aBUCUT

OT DHEPTui BO3ACHCTBUS MTydKa (CM. Tadnuiy 1).
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Jlns  BbIABIEHUS TOPUYMH  YBEJIMYEHHUS CKOPOCTH  TPaBICHHUS  MPOBOAUIIUCH
JIOTIOTHUTEJIbHBIE UCCIIEIOBAaHUS CTPYKTYpPhI U COCTaBa OCa)XJICHHOTO MaTepuajia METoJaMu
I[IDM wu peHTreHoBckoro Mwukpoanaiu3a. CpaBHeHHE IUQPAKIMOHHBIX KapTUH OT
NEepeoCakICHHOT0 MaTepuana U OT aMOp(pHOTO KPEeMHHUS, MOITYYEHHOTO Ha OCHOBE METOJa
XHMHYECKOT0 mapodasHoro ocaxaenus npu Huskom aasjienun (LPCVD) ¢ npuBeaeHHBIME B
[4] mapamerpaMu, MpakTUYEeCKH HMICHTHYHBI, YTO YKa3bIBaeT HAa OJMWHAKOBYIO CTPYKTYPY
MaTepuajoB M HCKIIOYaeT O0pa30BaHHE XUMHUYECKUX COCIUHEHHIl aToMOB Myd4Ka U
MOJJIOKKH. Pe3ynbTaThl PEHTIEHOBCKOTO MHKpOAHAIM3a TOKA3aJid, YTO HE3aBUCHUMO OT
SHEPrUM HMOHOB KOHIIEHTpAIUsl TaUlds B TEPEOCAKICHHOM MaTepUalie COCTaBISET OKOJIO
20%, 4TO0, NO-BUIUMOMY, SIBJISI€TCS OCHOBHON NIPUYMHON YBEIMYEHHS CKOPOCTU PACIBUICHHUS.
Takxe ompeseneHa KOHIIGHTPAIUS TaJIUS B MPUIIOBEPXHOCTHOM ciioe (Puc. 2)x) B cimyuae
BO3/IelicTBUS Tydka ¢ sHeprueit 30 k3B, kotopas cocraBuiia okoso 40% u 50% st KpeMHus

IMOJIOKKHU U ICPCOCAKICHHOIO MaTeprajia COOTBCTCTBCHHO.

t Amopdur30BaHHbIN
cnow 60 HM

Si

Puc.2 POM-uzobpakenus (a-e) mpoaoibHBIX (a-B) W MOMEPEYHBIX (T-€) cedeHUil cPOopMUPOBAHHBIX
yrinyOnaeHni. PUCyHKH a,I' COOTBETCTBYIOT OCaXICHHUIO IPH YCKOpstoleM Hanpsbkenuu 8 kB, 6, 1 -16
kB, B, € -30 kB. IlyHKTHpHO! M TOYEYHOH JIMHUAMH IOKa3aHa I'PaHUIA OCaKJIECHHOIO MaTepHana
MOJUIOKKOM M BaKyyMOM  COOTBETCTBEHHO. [IDOM-u3oOpaxkenue (k) cHOPMHUPOBAHHOTO
IPSIMOYTOJIPHOI'O YINIyOJE€HUS Ha TPaHULE MEXIY KPUCTAUIMUECKHUM KPEMHHEM U OCAXKAECHHBIM
MmatepuaioM. OcakieHne 1 BTOPUIHOE paclblJICHHEe MaTepualia mpoBoamiInch rpu 3aepruu 30 k3B.

Tak kak aTomMHas IUIOTHOCTH N o0or AlllCHHOI'O TaJUIMEM KpPEMHHA OCTACTCA

MOCTOSHHONW HE3aBUCHMO OT KOHIeHTpauuu rawms (Ng =4.98-10%, ng, =5.10-10%)

CKOPOCTb TpaBJIEHHs V, KOTOpas B o0uieM ciydae usMmensercs kak VI1Y/n, omnpenensercs
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TONbKO 3HaueHHeM Kod(duimenta pacmbinenus Y., . g KOTMUECTBEHHOH OLEHKHU
BIMSIHUSL ~ KOHICHTPALMKM — Tauliss Ha  KO3(QHIMEHT  paclbUIeHHs, [POBOJUIOCH
mojenupoBane Merogom Monrte-Kapio ¢ momornipio naketoB TRIDYN [5] u SDTrimSP [6]
B JMHAMUYECKOM pexuMe ¢ jo30ii mopsmka 10 momoB/cMm’, obecmeunBaromeit

YCTAaHOBUBIIUHCS PEKUM paclblUIeHUsA. B COOTBETCTBHM € 3KCHEPUMEHTAIBHBIMH JaHHBIMHU
JIOJISI TSI B 00BEME OCaKICHHOTO MaTepuana Obuta 3aaaHa paBHou 20%.

Tabnuua 1. [lapameTpsl 9KcliepUMEHTa B Pe3yJIbTaThl MOJISIMpOBanus MeTojoM Monrte-Kapio

HapaMegg,;;};gﬁicca fpu Yoo /Ysi pH comepskanmu rammas 20%
OHeprus Tox | Ilomxoe Bpems | Illar myuka SD.TRIM.SP
(xaB) (HA) (c) (am) Oxen. | TRIDYN JIUHAM.
8 0.75 392 104 1.27 1.18 1.15
16 1.7 115 78.5 131 1.19 1.16
30 3.5 42 66.5 1.32 1.21 1.17

Pesynbrartel pacueToB TOKa3aiM, YTO YCTAaHOBUBILIEECS COJEpXKAHUE TalIusi B
MPUIIOBEPXHOCTHON 00acTu ciiabo 3aBUCHUT OT dHepruu mydka. OHo cocraBuseT 30-40 % u
40-50 % pnsa pacnbUICHHST YUCTOTO W OOOTAIlCHHOTO TaJLTUEM KPEMHHUS M XOpPOIIO
COracyeTcsi C OKCICPUMEHTAIBHBIMU JaHHBIMU. [loJlydeHHOE TIpH MOJEIHPOBAHUU

oTHOWCHUE Y, /YSi ~1.2 He 3aBUCUT OT dHeprum mnyuka (tabnuma 1). Pazmuume mexnmy

OKCIIEPUMEHTAIBHBIM M TEOPETHYECKUM 3HAUYEHHUEM MOXKET OBITh CBSI3aHO C HETOYHOCTHIO
CTaHJAPTHOM MOJENM pacdyeTa HEPTrUU CBSI3U IOBEPXHOCTHBIX aTOMOB pPacCMaTpUBAEMOIO
MaTepHala, a TakkKe He y4eTOM BO3MOXKHBIX MPOLIECCOB 00pa30BaHMs MPELUNUTATOB TajlIus
U pEeKpHUCTAIIIN3AIMH KPEMHHUS B IPUIIOBEPXHOCTHON 00JIACTH MPH PACTIbUICHHH.

Takum o6pazom, B paboTe yCTaHOBJIEHO, YTO OTHOIIEHUE CKOPOCTEH pPacHbLICHUs
MOHAMHU TaluIAs TIEPEOCAKIACHHOTO Marephaja W KpeMHHs TOJUIOKKH Omm3ko k 1.3
HE3aBUCHMO OT SHEPrUU My4yKa. ITO MOKET OOBSICHATHCS MOJITBEPHKAECHHBIM B SKCIIEPUMEHTE
BBICOKMM COJEpKaHUEM T'aJUIMs B IEPEOCAKIEHHOM MaTepHaile, paBHbIM NpumepHo 20% s
BCEX PAacCMOTPEHHbIX AHepruil. [lockonpky rammuii uMeer OONBIIYIO SJIEPHYI0 TOPMO3HYIO
CIIOCOOHOCTh M MEHBIIYIO MOBEPXHOCTHYIO JHEPTHIO CBSI3M 10 CPAaBHEHHUIO C KPEMHHEM,
YBEJIMYEHHUE €r0 KOHIIEHTPALMHU BeJIeT K pocTy Ko pHIMeHTa pacnbuieHus. MoaenupoBaHue

MCTOAOM MOHTC'KapJ'IO KauCCTBCHHO ITOATBCPANIIO JIaHHBIN BBIBO/I.
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DEUTERIUM RE-EMISSION AND THERMAL DESORPTION FROM IRON AND
EUROFER

S.A. Ryabtsev’, Yu.M. Gasparyan, O.V. Ogorodnikova, Z.R. Harutyunyan, A.A. Pisarev

National Research Nuclear University MEPhI (Moscow Engineering Physics Institute),
115409 Moscow, Kashirskoe shosse 31, Russia, e-mail: ryabtsev9l@mail.ru

Reduced-activation ferritic-marthensitic (RAFM) steels, such as Eurofer, are considered
as candidates for structural materials in fusion reactors due to the high thermal conductivity,
the low thermal expansion coefficient and good resistance to radiation swelling. There are
also some concepts of fusion reactors, where RAFM steels also considered as material for
plasma-facing components. In this regard, the key aspects of hydrogen (H) isotopes
interaction with RAFM steels, such as tritium (T) retention and migration in these materials

are particularly important as a point of safety concern.

One of the common methods for investigation of hydrogen-material interaction is
thermal desorption spectroscopy (TDS). A high diffusivity, a positive heat of solution and a
low binding energy of H with defects in iron, the main component of RAFM steels, leads to
the fact that H isotopes are not trapped efficiently, and a significant part of accumulated H can
be easily released from these steels even at room temperature, between the TDS analysis and
the irradiation process. In this work, we present experimental data on the deuterium (D)
release from RAFM steels in comparison with pure Fe during all stages of experiment from
the beginning of irradiation to the end of TDS measurements in one installation without any
contact with the air. The effect of surface oxidation on the D retention after the contact with

air is also presented.

All experiments were carried out in the MEDION ion-beam facility [1], which was
modified before this experimental series in order to minimize the background of D signal in
the irradiation chamber during operation of the ion source and during TDS measurements. In
particular, a new vacuum chamber with water-cooled walls and improved differential

pumping system were installed.

Two different kinds of samples were used in the experimental series: pure iron sample
(purity of 99.8%) and Eurofer sample, both with thickness of 1 mm. Each sample was used
for several cycles of irradiation. In order to remove all defects produced by previous
irradiations, the sample was annealed at 800 K for 10 min after TDS. There were no any

indications of accumulation of defects. The samples were irradiated with D3 mass-separated
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ions with different energies ranging from 1 keV to 5 keV and different fluencies (2x10** D/m?
and 1x10%* D/m?) at room temperature. TDS measurements in the series were performed in 1
h after the irradiation. Release of gases from the sample at all stages of experiments was

monitored by quadrupole mass-spectrometer Pfeiffer Prisma 200.

Figure 1 shows an example of experiment for iron irradiated by 5 keV D3 ions to the
fluence of 2x10% D/m?. Three regions, re-emission flux during irradiation (sparse hatching)
and deuterium release after irradiation (dense hatching) and during TDS (cross hatching), are
indicated. The major part of implanted D is released already during the irradiation. One can
see also, that the amount of deuterium released between the end of irradiation and start of
TDS at room temperature is significantly higher than the D retention measured by TDS.

10 JT T 1 v 1 Ll 1 L) 1 L I’A’ L i |
] irradiation stage
intermediate stage

0,14

Desorption flux, 10" D/m’s

0 1000 2000 3000 4000 9000 10000
Time, s

Fig. 1. The D desorption flux during and after the irradiation of iron sample with 5 keV D;" ions to the
fluence of 2x10%! D/m?.

Figure 2 illustrates the influence of the time delay between irradiation and TDS, and
oxidation of the surface during air exposure. Three Eurofer samples were irradiated by 10 keV
D5" with the fluence of 1.2x10? D/m% However, the experimental procedure was different.
The TDS for first sample was done in 30 minutes after irradiation. Second sample was kept in
vacuum for 15 hours. The last sample was also done after 15 hours, but with a short air

exposure. One can clearly see the difference in TDS spectra.
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Irradiation fluence 1,2x10% D/m’
[~ 15 h vacuum exposure before TDS analysis
—= short air contact with subsequent
15 h vacuum exposure
—&— TDS in 30 min after the iradiation

4,5-

Desorption flux, 10"° D/m’s
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300 400 500 600 700 800 900
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Fig. 2. Comparison of TDS spectra of D from Eurofer with different history between irradiation and
TDS measurements (details in the text). Fluence - 1.2x10% D/m?.

The TDS spectrum after air exposure has clearly shifted peak position with the
maximum at 550 K. This is explained by changes in surface conditions. Because oxide layers
can prevent the H desorption from steels, the total D amount measured by ex-situ TDS in a

sample after exposure on the air is higher than that one measured by in-situ TDS.

All stages of experiment were simulated using 1-D diffusion model in order to get
parameters of D migration and trapping in steels and to investigate the role of the surface. A

good agreement was achieved assuming two types of traps.

The work is supported by the Russian Science Foundation (grant Ne16-12-10332).
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IDOPEKTBI ®POKYCUPOBKHN ATOMOB, SMUTUPOBAHHBIX C I'PAHMU (001) Ni,
C PASPEIIEHMEM 11O YI'JIAM U DOHEPI'MH

FOCUSING EFFECTS FOR ATOMS SPUTTERED FROM (001) Ni WITH ENERGY
AND ANGULAR RESOLUTION

B.H. Camoiinos, A.1. Mycun
V.N. Samoilov, A.l. Musin

Qusuueckui ghaxyromem MI'Y um. M.B. Jlomonocosa, Mocksa, Poccus,
samoilov@polly.phys.msu.ru

The features of angle and energy resolved focusing of atoms sputtered from the
surface of the Ni (001) face were studied by molecular dynamics computer simu-
lation. The numbers of focused and overfocused atoms decrease under transition
from paramagnetic to ferromagnetic state. The maxima of focused and
overfocused atoms shift towards the greater polar angles and energy with increase
of the binding energy. The separate maxima of the both types of ejected atoms can

be easily resolved in experiments with angle and energy resolution.

B nacTosimeit pabote mpeacTaBiIeHbl pe3yIbTaThl UCCIEAOBAHUNA MEXaHU3MOB (POKYCH-
POBKH aTOMOB, PACIbUICHHBIX C IIOBEPXHOCTH MOHOKPHUCTAILIA TOJ] ISHCTBHEM MOHHON OOM-
OapaupoBku. bonbiioe BHUMaHME yAeNeHO OOCYKIEHUIO KiIacCu(UKAIMU MEXaHU3MOB (o-
KYCHUPOBKH DACIBUIEHHBIX aTOMOB. AHAIM3HPYIOTCS KIACCU(PUKALNUU IIETIOYEeK CTOIKHOBE-
HU#, TIPUBEANINX K pacHbUICHUIO aToMa, ¢ pa3aencaueM Ha F (pokycuposannsie), C (medo-
kycupoBannbie), CF u FC (cMemanHbie TUPEKTOHBI), BBeAICHHBIE B [1], M BbUIETa aTOMOB 110
MOJTYYEHHIO UMITYJIbCa OT aTOMOB N-TO cost Ag, A1, Az, Az [2]. Ob6cyxnmaercs pabota [3], B
KOTOpOM OBLIO MOKa3aHO, YTO ONOKUPOBKA TPAEKTOPUN SMUTHUPYEMBIX aTOMOB B CTOPOHY
MEHBIIHMX TOJSPHBIX YIJIOB M MO0 a3UMYTAIBHOMY YTy SIBJISIETCS OJTHAM M3 OCHOBHBIX MEXa-
HU3MOB (hOpMHUpOBaHUs HaOMIOMaeMbIX msaTeH Benepa. [TpuBoastcs pe3yabTatsl pabotsl [4],
B KOTOpPO# OBUIO MOKAa3aHO, YTO MPHU MANbIX SHEPTUiX OOMOapIUpPYIONINX HOHOB pacmlpene-
JIeHHE PACIBUICHHBIX aTOMOB B KacKaJie CTOJIKHOBEHHUM, MEpeceKarolieM MOBEPXHOCTh, HE
UMeeT MAaKCUMYMOB BOJIM3H TUIOTHOYITAKOBaHHBIX Hanpasiennit <011>. [Ipu 3ToM B yriioBom
pacmpeneneHnd PacibUICHHBIX aTOMOB HAOIOATNCh MAaKCUMyMBl SMHUCCHH, KOTOPBIE IO
CBOCH YIJIOBOHM HIMPUHE U HAMpaBIeHUSAM (HOPMUPOBAHHSI COOTBETCTBOBAIN HAOIIOIaEMbIM
naTHaM Benepa.

O6CY)K,Z[E[CTC$I Knaccn(bmcaum{ PAaCIbUJICHHBIX aTOMOB C pa3JCJICHUCM Ha “coOcTBeH-
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¢oKycMpoBaHHble

e

Puc. 1. PaccessHue aroma Ha JIMH3€ W3 JABYX aTOMOB M KJIAaCCH(UKAIMSA SMHUTHPOBAHHBIX aTOMOB IO
azuMyTanpHOMY yray ¢ (cieBa). @parment rpanu (001) Ni, ucnons3yemslii B pacuere (Moaens 21
aToma) (cmpara). Beier atoma mpoucxoauT u3 y3ia 1. TTokazaHa JTuH3a U3 IBYyX aTOMOB 2 U 3 — O1H-
KaWIINX K BBUICTAIONIEMY aTOMY COCENei B IUNIOCKOCTH IIOBEPXHOCTH, M aTOM 4, Ha KOTOPBIX HMPOWC-
XOJIUT paccessHue SMUTHPYEMOTO aToMa.
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HbIE” 10 a3UMYTAJIBFHOMY YTy U “HECOOCTBEHHbIE” aTOMBbI. (POKyCHUpPOBaHHbBIEC U MEpedoKy-
cupoBaHHble [5, 6]. [l HeCHMMETPUYHBIX OTHOCUTENBHO HampaBiieHus: <100> MHTepBaIOB
a3UMYTAJIBHOTO yriia (¢ GOpPMHPOBAHUE CHUTHAJA PACIBUICHHBIX aTOMOB MPOUCXOJUT 32 CUET
“coOCTBEHHBIX’ aTOMOB, HauaJbHBIA Yrojl BbUJIETa KOTOPBIX (o MPUHAJIEKUT UHTEPBAIY yI-
JOB @, U (POKYCHPOBKH “HECOOCTBEHHBIX aTOMOB: (POKYCHPOBAHHBIX aTOMOB, PacCESHHBIX
Ha OJpKaiIIeM aToMe JIMH3bI U3 JIBYX OJMMKaWIIMX K SMUTHPYEMOMY aTOMy aTOMOB IOBEPX-
HOCTH, U NepedOKYyCUPOBAaHHBIX aTOMOB, PACCESTHHBIX Ha JalbHEM aTome JHH3bI (puc. 1).
Dddexr nmepedokycupoBku ObLT 0OHApYKeH B [4, 7] u vicciae0BaH B psje paboT, HAIPUMeED,
B [5, 6].

B Hacroseit pabote rcciae10BaHbl 0COOEHHOCTH (POKYCHPOBKH aTOMOB, PAaCIbUIEHHBIX
¢ nmoBepxHoctr rpanu (001) Ni, mo asumyTaabHOMY YTy @ C pa3peuieHHEM IO MOSIPHOMY
yrity u sHepruu. CTaBuiach 3aj1a4a U3y4UTh BKJIAJ nepedoKycHpoBaHHBIX aTOMOB B (hopMu-
pOBaHUE pacrpeeseHUi paclbUIEHHBIX aTOMOB I10 yriiaM M 3Hepruu. Taxke m3ydancs BO-
pOC O BbIIETICHUH NepedOKyCHPOBAaHHBIX aTOMOB B OOIIEM CHTHaje€ SMUTHUPOBAHHBIX aTo-
MOB. B pabote npoBeeHo MojenrpoBanue smuccun aroMoB ¢ rpanu (001) Ni mpu nepexome
U3 mapamMarHuTHOro (P) cocrosiHus B peppomarautHoe (). Da3oBbIii nepexo MoAeTHPOBaI-
Csl U3MEHEHHEM IOTEHLMaNa B3aUMOAECWCTBHUS aTOM—aTOM M W3MEHEHHEM IOBEPXHOCTHOM
SHepruM cBsi3u. B f-cocTosiHMM B3anMOIEHiCTBHE aTOMOB BKITIOYAET B ce0si CTUHOBOE OOMEH-
Hoe B3ammojelictBue. J[st atomoB Ni oHO ObuTO paccuutano B [8]. Dueprus cBs3u s f-
cocTosHusl Ha 5% Oonblile, 4eM JUIsl p-COCTOSIHUS. PacueTsl MpoBeeHbI M0 UCIOIb30BAaHHOM

HamHu paHee mozenu 21 atoma [6] (puc. 1).
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Puc. 2. PacnipenienieHust pacrblICHHBIX aTOMOB OJTHOBpeMEHHO 10 1 — C0S9 u suepruu E myst narepsa-
J1a a3UMyTaIBHBIX yrioB ¢ [76.5°, 79.5°] npu smuccuu ¢ rpanu (001) Ni B mapaMarHuTHOM COCTOSTHUM
(cneBa) u (heppoMarHUTHOM cocTosiHUM (cripaBa). Bepxuuii xpedeT 00pa3oBaH B OCHOBHOM (DOKYCH-
POBaHHBIMH ATOMaMH, HIXKHHUN — TOJIBKO MepeOKyCHPOBAHHBIMH aTOMaMH.

[Ipu p—f nepexone HabMOgaETCS YMEHBIICHUE YMCIIa BCEX PACIBUICHHBIX, (POKycHpo-
BaHHBIX U Nepe(OKyCHPOBAaHHBIX IO a3UMYTAILHOMY yIily aToMOB Ha 4.49% (5.48%), 9.04%
(6.07%), 8.44% (8.91%) cooTBeTCTBEHHO NpPH M3MEHEHUM IMOTEHIIMAaTa B3aUMOACHCTBHUS
aToM—aToM (M3MEHEHUH SHEepruu cBs3u). [lon BIMsIHUEM KakJoro M3 IBYX (DaKTOPOB BKJIA/L
(OKyCHpOBaHHBIX U Mepe(OKyCHPOBaHHBIX aTOMOB B pacIbUICHHE yMeHbIIaeTcs Ha 2.62%
(0.35%) u 0.28% (0.25%) coorBeTcTBeHHO. TakuMm 00pazoM, IJIsl 3TUX TPYII aTOMOB H3Me-
HEHUSl MOTEHIMana B3aUMOJICHCTBUS U SHEPTUU CBS3HM JAIOT BKJIAJ B OJHY CTOPOHY. DTO
MOYKHO OOBSCHUTH T€M, YTO MpH p—f mepexoye moTeHnran B3auMOIeHCTBUSI aTOM—aTOM CTa-
HOBHTCSl MEHEE JKECTKHM, a JHEPIHs CBSI3U YBEIWYHBACTCS, YTO 3aTPYIHSET BBUIET JTHX
rpynn aroMoB. Hanpotus, Bkiaja “coOOCTBEHHBIX” MO a3UMYTaJbHOMY YTy aTOMOB YBEJIHYU-
Baetcs Ha 2.90% (0.60%) npu p—f mepexoe.

B pacnpeneneHusx ¢ 0OJHOBPEMEHHBIM pa3pelIeHHEM IO SHEPTUH H TOISIPHOMY YTy
JUIs (PUKCUPOBAHHBIX MHTEPBAJIOB YIJIOB () OTUETJIMBO Pa3IMYarOTCS OTJENIbHBbIE XpeOThl —
MaKCHUMYMBI pactpefeneHuid sl POKyCHPOBaHHBIX U TEepeOKYCHPOBAHHBIX aTOMOB (pHC.
2). MakcuMyM pacripesiesnienus nepeoKyCUpOBaHHBIX aTOMOB Ha0Jt01aeTcsi B 001aCTH SHEp-
MM U TOJISIPHBIX YIJIOB, IPH KOTOPBIX HET BBUIETA IPYTUX Ipynn aToMoB. Takum obpa3om, B
HKCIEPUMEHTAX C pa3pelieHueM 10 yIilaM U SHEPIHH OKa3bIBAE€TCsl MPUHIUIHMAIBLHO BO3MOXK-
HBIM BBIICTUTH OTIEIFHO CHTHAI TOJBKO mepedokycupoBaHHBIX aTroMoB. [Ipu p—f nepexome
oOHapy>KeHBI 3aMETHBIE CABUTHM MaKCHMYMOB pachpeieNieHuid (OKYCHPOBAHHBIX U Tiepedo-
KYCHUPOBAaHHBIX aTOMOB B CTOPOHY OOJIBIIMX 3HEPTUil U OONBIIMX MOJIIPHBIX YIIIOB (puC. 2).
HabGnronmaercs takke 3HauuTeIbHOE yMeHbIIeHHEe obOnacTu TeHu it Ni B peppomarHuTHOM

COCTOAHHMU.
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Puc. 3. Pacnpenenenns pacibUIEHHBIX aTOMOB 110 dHepruu E mpu smuccuu ¢ rpann (001) Ni ms mo-
NsApHBIX yrioB BeuteTa 9 [49.9°, 51.5°] u unTepBana asumyTanbHbIX yriioB ¢ [76.5°, 79.5°]. 3nauenue
snepruu cBsi3u 4.435 5B (cneBa) u 5 3B (crpaBa). JIeBblit MakcMyM 00pa3oBaH B OCHOBHOM (OKYCH-
POBaHHBIMH aTOMaMH, TIPaBBIH — TOJIBKO MepeOKYCHPOBAHHBIMU aTOMaMHU.

OO6HapyX€eHO, 4TO MpPH YBEJIWYEHUM 3HAYEHMsI DHEPIMM CBS3M MaKCUMYMBbI pacIpene-
JeHUH (OKYCHPOBAHHBIX M Tepe(OKYCHPOBAHHBIX aTOMOB TAaK)K€ 3aMETHO CMEIIAIOTCS B
CTOPOHY OOJIBIIMX MOJISPHBIX YIJIOB U OOJIBIIMX 3HaYeHUH 3Heprun. OOcyxaeTcst BOIpoc o
Jy4IlIEeM pa3pelieHud MaKCUMYMOB (DOKYCHPOBAaHHBIX U NepeOKyCUPOBaHHBIX aTOMOB. s
(UKCHPOBaHHBIX MHTEPBAJIOB IOJIIPHOTO YIJla 3TH MAaKCHUMyMbl MOXKET pasnensith 2-4 3B u
Oosee mpu mMpUHE MaKCUMYMOB MeHee 1-2 3B (puc. 3), a 11 GUKCUPOBAHHBIX HHTEPBAJIOB
SHEPruU OHU MOTYT OTCTOSATh Ha 15-40° mpu noctaToyHo Majoi yrioBoi mupune. O06Cyx-
JlaeTcsl TaKXKe BONPOC, MaTepUaibl ¢ KaKOW 3Heprueil cBA3M HYKHO OpaThb JJIs Jy4IlIero pas-
pelIeHNss MaKCUMYMOB (DOKYCHPOBAHHBIX U IEPEPOKYCHPOBAHHBIX ATOMOB.

PaboTa BBINONHEHA C UCIOJIB30BAHUEM PECYPCOB CYNEPKOMIBIOTEPHOIO KOMILIEKCA

MTI'V “JIomoHOCOB”.
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RESEARCH RESULTS OF THE EXPERIMENTS ON GAS EMISSION FROM PRE
SATURATED SAMPLES CONDUCTED AT PLASMA-BEAM INSTALLATION
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Methodological researches on estimation of gas release experiments possibility from
preliminary saturated samples on plasma-beam installation were conducted in this paper.

Conduction of methodically correct post experimental tests on researching gas release
from researched samples exposed to ionic radiation is one of the tasks obtaining reliable data
on hydrogen isotope ion parameters interaction with fusion reactor materials [1-3].

Main points which impact on received data quality were defined for different research
methods of gas release from samples after ionic radiation. Brief list of them:

A) sample pre saturation should be conducted under controlled conditions, i.e. should
have adequate information on main radiation parameters:
geometry of irradiation;
ion flux parameter data (ion flux density, energy spectrum of ion flux);
temperature field data in the volume of irradiation sample during radiation;
data on irradiation time.

B) Procedures of post irradiated sample preparation on gas release should be optimal
from the aspect of obtaining highest adequate information on gas release experiments.
Following aspects are important according to numerous studies:
e Time of sample aging after irradiation, before gas release experiments should be
possibly minimal;
¢ Irradiated sample contact with atmospheric gas was not desirable.

C) Gas release experiments of irradiated samples should be conducted under
conditions permitting to define correctly gas flow from researched sample and depending on
its temperature.

It is obviously, that for effective research on defining parameter of plasma impact on
fusion reactor material sample it is desirable to have method conduction of gas release
experiments directly after irradiation on the same installation on which irradiation was
conducted.

Researches were conducted on plasma beam installation (scheme is in Figure 1) using
target cooling device in which different researched samples were set.
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Following tasks were solved e | teraction

during the experiment: Cltromagnat bvraei

1) determining of sample s
temperature at different places, for
different heating modes of samples by
electron and ion beam;

2) estimation of
installation system operation impact on
registration of mass-spectrometer data;

3) estimation of
background gas release into an
installation chamber for different

Loading chamber

Electron gun

heating modes of samples under
continuous pumping conditions; Figurel- Structural layout of plasma beam installation
4) obtaining depending on of simulation bench

gas release of dissolved hydrogen from vanadium sample under sample stage heating by
electron beam;

5) receiving of gas release depending saturated from deuterium ion flux from
vanadium sample under sample stage heating by electron beam.

Experiments with wolfram samples were primarily conducted, for which mode
parameters of sample temperature heating dimensions of 10 mm diameter; 4,5 mm thickness
were estimated; data on composition of gaseous phase in interaction chamber for different
stages of operation set of plasma beam installation under maximal pumping of chamber mode
were given; experiments on saturation of wolfram sample by deuterium were carried out and
gas release experiment under stage heating conditions was conducted.

Therefore, saturation and gas release experiments with researched sample from
wolfram modeled in great amount condition impact of irradiated experiment on hydrogen
isotope and target materials interaction, but not samples, defining lower border of possible
background impact on such interaction.

Wolfram sample with 10 mm diameter and 4,5 mm thickness was set into target unit
by molybdenum holder. CA typed thermocouple was set on sample reverse side.

1408008 Experiments on wolfram sample
saturation  with  deuterium  and
degasification under the stage heating
conditions by electron beam were

1,20E-008 4

1,00E-008

g BO0E00] conducted on the second stage of the
Eoeooeos]  _e—m2 experiment (see Figure 2).
B aooeoos] e won Experiments on saturation above

2,00E-009

Background all should allow to estimate sample
( : temperature level during its heating by

ion and electron beam.

N Saturation was conducted under

Figure 2 — Change depending of gaseous phase deuterium  pressure m recharging
composition in interaction chamber under stage chamber about 3-5*10~ Torr; 500 V
heating of wolfram sample by electron beam potential was given to sample upon
saturation. Average saturation time was

0,00E+000 4

T T T T
0 2000 4000 6000 8000

about 5 minutes on every temperature shelves.

Sample was heated initially by 30 mm diameter electron beam, then by 8 mm diameter
electron beam. Mass-spectrum changes were registered, in particular peak changes
corresponding to HD, deuterium hydrogen and water molecules (see Figure 3).
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Experiments  with  vanadium
samples were conducted on the second
stage: first sample was similar to
wolfram sample (dimensions of 10 mm
diameter, 4,5 mm thickness); second
sample was thinner (dimensions of 10
mm diameter, 2 mm thickness).

Purpose of experiments was to
define experiment mode parameters on
gas release of preliminary saturated
samples with maximal sensitivity of
dissolved gas in sample.

At the expense of diffusion speed
increase  with  sample temperature
hydrogen release decay for second peak
is more “fast” (see Figure 4).
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Figure 4 — Depending of gas phase composition

change in interaction chamber under stage
heating of vanadium sample

After second vanadium sample
installation, its stage annealing was
conducted under continuous pumping and
mass-spectrometer registration conditions.
Figure 5 shows depending change of
hydrogen pressure in chamber during
annealing. As can be seen from figure,
hydrogen release depending similar to
previous obtained one. It is seen, that at
the annealing end, the sample was
degasified from dissolved in it hydrogen.

Further experiment on deuterium gas
release from saturated vanadium sample
was conducted. Experiment diagram is
shown in Figure 6. It is seen that
experiment allowed to obtain qualitative

; : . 1000
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Figure 3 — Depending of gas phase composition
change in interaction chamber under stage heating of
wolfram sample after plasma impact

It should be noted there, that
obtained experiment results on vanadium
sample degasification, carried out on high
sensitivity of registration system were
completely approved principal possibility
of gas release experiment conduction on
plasma-beam installation.

Experiments with second vanadium
samples were conducted for further task on
defining optimal gas release method on
plasma-beam installation. Second
researched sample was thinner than the
first, by reason of increasing method
correctness.
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Figure 5 — Change depending of hydrogen partial
pressure in interaction chamber on vanadium
sample stage heating

gas release kinetics of deuterium and HD molecules. It turned out that deuterium quantity
entered in sample in the result of interaction with ion flux was about 3*10°® mol.
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Figure 6— Gas release depending of hydrogen Figure 7 — Results of modeling deuterium
isotopes on stage heating of preliminary release from vanadium sample at a sample
saturated vanadium sample temperature of 500 C

Modeling data of deuterium flow decay on sample temperature of 500 C is given in
Figure 7.

Obtained Arrhenius depending of deuterium diffusion of effective coefficient:
D(T)=(5+1)*10"%*exp((12530+1000)/(R*T)) coincide on volume order W|th number of
literature sources [4].

At the present stage of development of
experiment analysis means on saturation and
gas release, in the basis of COMSOL
Multiphysics software environment,
thermophysical computations of temperature
field distribution on sample during impacting
electron beam on its surface.

Computation results of temperature
field on sample were given in Figure 8. It is H ) o
shown that generally it reflects  Figure 8 Temperature field on vanadium sample
experimentally observing effect on sample 5 afterSSec_h%aw/g. )
thickness significant temperature gradient. eam power s mm
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Sputtering of the first wall tokamak materials by low energy of the order of 100 eV but
high fluxes, 10°° cm™s™ is one of the main mechanisms responsible for steady-state first wall
erosion. At such low energies sputtering occurs due to few-collision cascades. The resulting
angular and energy distributions of sputtered particles are different from cosine and
Thompson distributions predicted by kinetic theory of cascades valid at larger energies.
Experimental data on the distributions for materials and energies of interest are scarce [1]. At
the same time experiments at linear plasma devices demonstrated that the distributions play a
substantial role in comprehension of the sputtered particles transport in plasma [2]. In this
work we develop an experimental procedure for direct measurements of the angular
distributions of the sputtered particles and a method for molecular dynamics calculation of
them. The proposed simulation procedure accurately accounts for polycrystalline structure of

the samples.

The experiments were conducted as follows. Tungsten (W) sputtering by argon (Ar)
ions was considered. Since the sputtering yield at low energy of the ions dramatically falls by
two orders of magnitude from 300 to 50 eV [3] high particle fluxes are necessary to provide
the required quantity of the sputtered W for further analysis. Therefore, all the experiments
were carried out at linear plasma device PR-2 [4] allowing to create high ion fluxes up to
10'-10" ems™. PR-2 (fig. 1) is a mirror machine with magnetic field at the centre of the

vacuum chamber up to 0.1 T and a mirror ratio 1.55.

The beam-plasma discharge (BPD) initiated by the electron gun (up to 10 kW) is
implemented at the PR-2. The usual diameter of the BPD column (about 3-6 cm) was limited
by a diaphragm at the magnetic mirror. The sample is situated behind it at the face of the
plasma column. The square of the plasma spot at the centre of the sample was 0.75 cm?. The
biasing is applied to the sample for controlling of the projectiles energy. The accuracy of this
energy is defined by the plasma potential (~20 V). Parameters of the BPD were fixed for all
values of the energy of the argon ions: working pressure - 0.1 Pa, power of the electron gun -
220 W (1.3 kVx170 mA\), ion flux to the W sample - 5x10'® cm™?c™. Plasma parameters were
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controlled by a single Langmuir probe and by magnetic mass-spectrometer measuring the
mass-spectrum of the ion flux [5].

—=Gns inlet \
Coils \ H Diaphragm
Plasma
DM Langmuir I W sample

probe

Figure 1. Linear plasma device (mirror machine) PR-2.
The collecting system was mounted around the sample. It consists of two segments of

the circle (R = 7.6 cm) with hole at the centre. On each half of the segments the copper foils
were installed as collectors for the sputtered atoms. The scheme of the collecting system is

shown in fig. 2.

Cu collectors

Plasma column - -
W sample

Water-cooled diaphragm
X <

Figure 2. Scheme of the experiment and the photo of the collecting system.
After sputtering process at PR-2 the copper samples were analyzed by an energy-

dispersive X-ray spectroscopy (EDS). The relevant exposure time for each ion energy was
calculated with respect to a sputtering yield, a value of the ion flux, an expected shape of the
angular distribution of W atoms and the approximate detection threshold of W on Cu by EDS
(~100 nm for E¢ = 5 keV). The experimental angular distribution of the sputtered W by Ar-
ions with energy 100, 150 and 200 eV is shown in fig 3.
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Figure 3. Angular distribution of the sputtered W measured by EDS method.

The shape of the distribution does not depend on the energy of the sputtering ions. The
maximum can be found between 40 and 50 degree. All three curves are well approximated by

cosine distribution in agreement with [1].

Molecular dynamic simulations were conducted with PARCAS code. The embedded
method potential was used to account for W-W interactions while the universal ZBL potential
was employed to calculate Ar-W interactions. Usually in MD simulations only one crystal
face is considered. However, at low energies the distributions of sputtered atoms depend
significantly on the surface crystal face orientation. Notice that in principle one can encounter
the planes with arbitrary Miller indices. In order to account for this we have developed an
algorithm for the surface “preparation” in the simulations. Calculations show that at the
energies larger than 100 eV the angular distribution is cosine. The simulated energy

distributions are well approximated by Thompson function.

The situation changes at lower energies. For 85 eV bombardment the angular and
energy distributions are different. The angular distribution has a “butterfly” like shape and is
in good agreement with experimental results in [1]. The energy distribution has a maximum
shifted towards the higher energies compared to the Thompson distribution. This result
contradicts the earlier findings [6] where it was shown that the maximum moves towards the

lower energies when the projectile energy decreases.

The comparison of the sputtering yield and EDS signal of the tungsten is shown in fig. 4
along with Monte-Carlo simulation made with SRIM package, molecular dynamic
simulations in PARCAS code, and experimental data from [3]. We see that all the simulation

methods give a similar trend of the sputtering yield change, although the absolute values in
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experiments are systematically lower. It may imply that as SRIM data as the potential which

was used for MD simulations have higher surface binding energy than it is in reality.
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Figure 4. Sputtering yield of W by Ar and EDS signal of tungsten on the copper plate at the maximum

of the measured angular distribution.

Summarizing one can say that our experiments for W sputtering by Ar have confirmed

that the angular distribution of the sputtered particles remain cosine for actually quite low

energies down to 100 eV when the sputtering occurs due to only few-collision cascades. This

Is in agreement with the performed molecular dynamics simulations. A new algorithm was

developed for molecular dynamic simulations of polycrystalline targets and can be used for

modeling of angular and energy distributions of the sputtered particles.
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NANOPOROUS SILICON-BASED MATERIALS WITH LOW ENERGY ARGON

A.A. CeriueBa*#, E.H. Bopouuna *#
A.A. Sycheva *#, E.N. Voronina *#

* @Qusuueckuti paxyromem, MockoscKuil 20Cy0apCcmeeH bl YHUSEepCUmenm umenu
M.B. Jlomonocosa, 119991, Jlenunckue I'opul, 112, Mocksa, Poccutickas @edepayusi,
e-mail: sycheva.phys@gmail.com;
# Hayuno-uccrnedogamenvckuti uncmumym sdepuoii gpusuxu umenu /.B. Ckobenvyvina
MTY umenu M.B. Jlomonocosa, Jlenunckue I opul, 112, Mockea, Poccutickas @edepayust

lon-stimulated plasma treatment plays an important part in the pattering of
nanoporous low-k SIOCH films developed for advanced interconnects of ULSI
devices. In this work, the molecular dynamics method was applied to study
physical sputtering of Si- and SiO,-based nanoporous materials under low-energy
Ar irradiation. The simulation results demonstrate the differences in sputtering
mechanisms for nanoporous and solid materials of the same composition.

B Hacrosimee BpeMsi COBEpIICHCTBOBAHHE TEXHOJIOTMH MPOHM3BOJCTBA COBPEMEHHBIX
MHUKPOCXEM H yIy4IIEHUE CBOMCTB MOJIYMPOBOIHUKOBBIX CTPYKTYP, BXOASAIINX B X COCTaB,
SBJISIIOTCSL OJJHUMU U3 HamOosiee aKkTyalbHBIX MPOOJIEM COBPEMEHHON MHKPOAJIEKTPOHHKH.
Hcnonb3oBanue HaHOTIOPUCTHIX SiIOCH-marepuanos, 0o0JIaIaroIux HU3KOU
JIMAJIEKTPUYECKON KOHCTAaHTOW B pabouem nuamnasone yactor (low-k), sBisiercs omHuM U3
BO3MOXKHBIX peIlleHHH TaHHBIX mpobiiem [1]. BaxHoil 3amaveil B paMKkax HCCIIEIOBaHUN
MEXaHH3MOB IJIa3MEHHOTO TpaBlieHUs 10W-K HANIEKTPHKOB SBISETCS U3y4YCHHE MEXaHU3MOB
(GU3MYeCKOro pacHblICHUs HMOHAMHM MHEPTHBIX Tra30B HHM3KOW sHepruu (1o 200 3B).
[MockonbKy maisi coBpeMEeHHBIX lOW-K TUIGHOK 3HAueHHWe JIMAIEKTPUYECKOW KOHCTAHTBI
3aBHCHUT OT pa3Mepa Iop, UCCIIE0OBaHUE BIUSHUS IOPUCTOCTH HA KOO(PPHUIIMEHT pacTibUIeHUS
MaTepHuaja U Ha ero MOpQoOJOrHI0 MOXET yKa3aTb Ha BO3MOXKHBIE MEXaHU3Mbl U3MEHEHUs
XUMHYECKUX U pu3ndeckux cBoictB SIOCH-cTpykTyp.

B Hacrosimee Bpems CymIecTBYeT HECKOJIBKO TOAXOJIOB K MOJEIMPOBAHHIO IPOIECcca
(U3NIECKOTO PACIIBUICHHS, OJJHAM M3 KOTOPBIX SIBISIETCS METOJ MOJEKYJSPHON TUHAMUKA
(MI), ocHOBaHHBII Ha BpEMEHHOM MHTETPUPOBAHUH KIIACCUUECKUX YpaBHEHUH IBUkeHus. B
paMKax JaHHOTO MOAX0Ja B3aUMOJICHCTBUE YaCTHUI] CUCTEMBI OIIPEJIENIAETCS CUIIOBBIM OJIEM,
BHIOOp KOTOPOTO CYIIECTBEHHO BIMSET Ha pe3ylbTaThl MOJeNupoBaHHs. B kadecTBe
MOJOOHBIX CHJIOBBIX TIOJEH MOTYT OBITh B3SITHI KaK AMITMPUYECKUE TIOTSHIIMAIBI, HAPAMED,

Stillinger-Weber [2], Tak u moTeHIMabl, pACCYUUTAHHBIC HA OCHOBE KBAHTOBOMEXAHMYCCKHIX
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noaxonoB [3]. Jpyroi CylnecTBEHHON TPYAHOCThIO MpH MJI-MOIEIUPOBAHUH SIBIIACTCS
KOPPEKTHBIIl ydeT mepepaclpeiesieHuss JHEepruu MexaAy HaJleTarole dYacTuued u
MOBEPXHOCThIO MaTepuana. K [JaHHOMYy MOMEHTY MPEUIOKEHO HECKOJIBKO CII0COO0B
pemieHusl yka3zaHHOM MpoOJieMbl, CpPeau KOTOPBIX Hamboyiee 4YacTo MPHUMEHSIOTCS OTBOJ
TEIJIOBOW SHEPTUU MYTEM MCKYCCTBEHHOIO OXJIAXICHHS HW)KHUX CJI0eB marepuana [4] u
MPUMEHEHHUE TepMOCTaTa, BO3JIEHCTBYIOIIET0 HAa MOJACIUPYEMYIO CUCTEMY C OIpelelIeHHON
HEePUOAUIHOCTRIO [5].

B nannoit pabGore mpoBOIMIOCH MojaenMpoBaHue MmerogoM MJl  gusmueckoro
pacubiienuss nonamu Ar (3ueprus 100 m 200 5B, HOpmanbHOE TaJCHHE) MMOBEPXHOCTH
amop(dHBIX U KpucTauinueckux Si/SiO; marepuaioB ¢ HAaHOpa3MEPHbIMHU MopamMu. B pamkax
UCCJIeIOBaHMsI ObLITN CO3/IaHbI MOJIENU ABYX TUIIOB MOPUCTHIX MAaTEPHAIIOB:

1) monens 1: panuyc mop Rpore = 8 A, MakcuManbHbIH paanyc OTBEPCTHS MEKILY TTOPAME

Rint=7 A, nopucrocts — 22 % (puc. 1);
2) mozensb 2: Ryore = 28 A, Rin=21A, nopuctocth — 44 %.

Puc. 1. Mozenb 1 mopucToro KpuCTauIn4eckoro Si

[To mpuYwHE CYIIECTBEHHOTO Pa3IMIHsl B XapaKTEPHBIX pa3Mepax Mmop ObUTH CO3IaHbI JBE
pasIuYHbBIe TYCHKU MoenupoBaHus: 54,3 x 54,3 x 108,6 AS i moxenu 1 u 108,6 x 108,6 x
162,9 AS s obenx mojenei. OHU OBLIM MOCTPOEHBI TAKUM 00pa3oM, YTOOBI MOBEPXHOCTH
(001) kpucramumyeckux Si u SiO; (o-KBapir) pacroyarajivch MEPHeHAUKYISIPHO OCH Z O
BaKyyMHBIM TIPOMEXYTKOM BbicoToit 54,3 A. Bpoms oceit X u Y jeiictBoBamu
NEPUOJIMYCCKAE TPAHUYHBIC VYCIOBHS, a Ha BEpXHEW TpaHUIE SUYCHKH TNPUMEHSIIHCH
MOTJIONIAIOIINE TPAHWYHBIC YCJIOBUSA. MOJETN aHAJIOTMYHOTO pa3Mepa OBLIM CO3JIaHbI JUIs
CIUIONIHBIX KpHUCTaUTMYecknx W amopdubeix Si m SiO, matepuanoB. B wmoxpemsx Si
MEKaTOMHOE B3aMMOJICHCTBHE OIMCHIBAIOCH € MOMOIILI0 moreHinana Stillinger-Weber, a

st cTpyktyp u3 SiO; ucnonb3oBanock cuioBoe moje tumna 1ersoff [6]. BzaumonetictBue Ar
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¢ aromamu Si u O 3agaBaioch ¢ moMoIsio noreHnuaza Moliere (mocrostHHas SKpaHUPOBAHHS
paccuuThiBasiack o Mojenu dupcona).

MopenupoBanue (HU3MYECKOTO PACHBUICHUS MPOMCXOIWIO CIEAYIOIUM 00pa3oMm.
Kaxxnpie 7 ke B BepXHEW 4acTH slMEHKM co3faBajics MOH Al ¢ 3aJaHHON CKOPOCTBIO BJIOJIb
ocu Z, MepHneHAUKYISpHOW moBepxHOocTH Mojenu. [lomaBrneHue neperpeBa Marepuana
OCYIIECTBIISIIOCH OJarofaps nepeMeHHOMY BO3JCMCTBHIO HAa CHCTEMY BHEIIHETO TepMocTaTa
B COOTBETCTBUHU CO CJIEAYIOIIMM ajJrOpUTMOM: MeEpBbIe 3,5 MKC C MOMEHTa I'eHepaluy MoHa
Ar TeMnepaTypa CUCTEMBI OIpeeIAIach TOJIbKO KHHETUYECKON YHEeprueii ancamors; naiee K
CUCTEME INPUMEHSJICS TepMocTaT bepeHjceHa ¢ 3aJaHHBIMU 3HAUYEHUSMU TEMIIEPATYpPbl
(300 K) 1 mapamerpom penakcamnuu cucteMsl (18 ¢¢). BpeMeHHO# mar HHTErpupOBaHUs ObLT
BbIOpaH paBHbiM 0,1 ¢dc. UncneHHOe MOJEIMPOBAHUE OCYIIECTBISIOCh C IOMOIIBIO
nporpammuoro makera LAMMPS [7] ¢ ucrnonb30BaHHEM PECypCOB CYIMEPKOMITBIOTEPHOTO
komuiekca MI'Y umenun M.B. JlomoHOCOBa. B KauecTBe T€CTOBOroO pacuera JiJisl CILIOLUIHOTO
KpucTajuindeckoro Si mpu sHepruu uHoHoB Ar 200 5B 0Obur mosdydeH Ko3(pQHIUCHT
pacnbuieHuss paBHbIM 0,16, 4TO XOpOIIO COTNacyeTcsi C pe3yibTaTaMu HKCIEPHUMEHTOB U

npyrux MJI pacuetos [8].
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Puc. 2. I3meHenne CTpyKTYphI MOJIeNH | MOPUCTOTO KPUCTAIUIMIECKOTO Si B pe3ysbTaTe
Bo3zIelicTBHs HOHOB At ¢ sHepruei 200 3B: a — 3aBUCHMOCTH YIETHHOM MOBEPXHOCTH MaTepuaa OT
. 4 2
¢roeHca HOHOB; 0 — M300pakeHue Moenu npu ¢uroerce ~10™" cm

Kak cBHIETeNnbCTBYIOT pe3yibTaThl MOJAEIMPOBAHUSA, KOAPQPHUIMEHT paclbUICHUS
HOPHUCTOM CTPYKTYpPBI CYIIECTBEHHO BO3PACTAET MO CPAaBHEHMIO CO CIUIOIIHBIM MaTEpUAJIOM.
B mponecce ¢u3nueckoro pacnbuleHHs IMOPUCTBIX MaTepUAIOB HAOMIOJAETCS CHUIIbHAs
negopmanusi OTKPHITBIX MOp Ha TMOBEPXHOCTH, a TakXe IOCTENEHHOe C)KMMaHHUe Iop,
HaxonAumxcs: BOMM3u Hee. KonmuecTBeHHas oleHKa /1e()EeKTOB MOXKET OBITh ClielaHa Ha

OCHOBE BCIHNYUHBI YHGHBHOﬁ MMOBEPXHOCTU MaTcpuaia, YUCICHHO paBHOfI OTHOIICHHIO
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CyMMAapHOM IIOIAN TOBEPXHOCTH CTPYKTYphI K 00beMy MaTepuana 0e3 yuyera nop. Ha puc.
2a TIpUBEJICHa 3aBUCUMOCTh JaHHOW BEJMUYMHBI OT (hiroeHca noHoB Ar mipu 3Hepruu 200 5B
JUISl TOPUCTOrO KPUCTALTMYECKOTo Si, paccurTaHHas ¢ ucnojib3oBanueM nakera OVITO [9].

4 2
Xopomo BuaHO, 4to Tpu (mroernce ~10™" cm

HAOJII0AAETCs TOJIHOE CXJIONBIBAHUE TIOP
BOJIM3U MOBEPXHOCTH MaTepHalia, 4TO MPUBOAUT K BO3SHHUKHOBEHHIO aMOpP(HOTO clios (CM.
puc 20), BpeMsi 00pa3oBaHUs KOTOPOIO 3aBHCHUT OT dHEpruu Ar, cocTaBa W TeMIEpaTyphl
MaTepuaia.
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Puc. 3. 3aBUCHMOCTh OTHOIIICHUS YHCIa HeEKTOB K YUCIy aTOMOB B Moieniu | mopuctoro SiO;
ot ¢moeHca nonos Ar ¢ sneprueii 100 3B u 200 5B

Jlpyroit BaKHOI XapaKTEepUCTUKONH MOP(OIOTHH MaTepralia SIBJISICTCS YUCIO TOYCUHBIX
neeKkToB (BakaHCH M aTOMOB B MEXAOY3JIMH), BOZHUKAIOUIMX B pe3yibTare OOIydeHUs.
KonnyecTBeHHbIN aHaNn3 MOJOOHBIX Ae(PEKTOB ObLI OCYIIECTBIEH 1O MeToqy Boponoro c
ucnonb3oBanueMm nakera OVITO, B xauecTBe mpumepa Ha puc. 3 NMPHUBEIEHBI PE3YIbTAThl
pacuetoB [ Mozenu 1 o-kBapua mpu sHeprusix Ar 100 u 200 3B. BaxkHo Takxe OTMETUTb
CYILIECTBEHHOE pa3M4yMe B MEXaHUW3Max HaKOIUIEHHs Al B INPUIIOBEXHOCTHBIX CIIOSIX JUIS
CIUIOIIHBIX M MOPUCTBIX MaTepuajoB. B mocienHeM ciydyae HajeTarollMe MOHBI IPOHUKAIOT
BIUIyOb uepe3 OTBEPCTHsI, COEAMHSAIONINE OTKPBIThIE MOPBI C MOpPAaMH IOJ MOBEPXHOCTHIO

MarepHaia, u mocie o0pa3oBaHUs aMOP(HOTO CJI0s1 OCTAIOTCS B HEM.
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NUCLEAR RESONANT ION-ATOM ELASTIC REACTIONS AND THE ION
CHANNELING EFFECT: PERSPECTIVES AND APPLICATIONS

S. Petrovié¢ ', M. Eri¢" and M. Kokkoris®

*Laboratory of Physics, Vinca Institute of Nuclear Sciences, University of Belgrade, PO Box
552, Belgrade, Serbia, e-mail: petrovs@vinca.rs;marko.erich@gmail.com
*Department of Physics, National Technical University of Athens, Zografou Campus 157 80,
Athens, Greece, e-mail: kokkoris@central.ntua.gr

This work reports on the application of the nuclear resonant elastic reaction *2C(p,po)*“C,
at 1.737 MeV, for extraction of the dechanneling function fitting parameters and the ratio of
the channeling to random energy losses, in the case of proton channeling in a <100> diamond
crystal.

Generally speaking, in the elastic scattering of ions with nuclei of target atoms, both the
Coulomb and nuclear forces can be involved. The pure Coulomb interaction results in the
famous Rutherford scattering [1]. However, even for the sub-Coulomb projectile energies, the
nuclear forces can significantly contribute in the scattering process via the quantum
mechanical tunneling mechanism, in which a projectile can penetrate the Coulomb barrier.

Thus, the differential scattering cross section can be a non-Rutherford one, especially for the

IBAHDL, 2817-082-22,15:36:53
SigmaCalc, 12C{(p,pA)12C 168.8deg.

2 4 6
T T T T T T T T

Cross section (mb/sr)

- AN

1 L 1 L 1 L L 1 1
2 4 6
Incident Energy (MelU)

Figure 1. Dependence of the differential cross section for the backscattering angle 160 deg. on
the proton energy for the elastic reaction *2C(p,po)**C.
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light projectiles (proton, deuteron and alpha particles) [2]. Additionally, for the light target
nuclei, whose density energy excitation levels are low, i.e., their energy level widths are
smaller than the distance between the levels, the strong resonant elastic nuclear reaction can
occur. The mechanism of this reaction goes through the de-excitation of the projectile-nucleus
compound corresponding to the resonant energy level of the target nucleus [3]. Figure 1
shows the dependence of differential cross section for the backscattering angle of 160 deg. on
the proton energy, in the range 0 — 6.5 MeV for the elastic reaction **C(p,po)**C. It clearly
shows three strong resonances at 0.475, 1.737, and 4.807 MeV. Data presented here were

calculated by using the SigmaCalc program developed by A. Gubrich [4]

Axial ion-crystal channeling effect occurs when an ion beam interacts with a crystal in
a such way that it is closely parallel to one of the main crystallographic axis of a crystal.
Then, an ion experiences the coherent interaction of the atoms within the atomic strings
parallel to the crystallographic axis forming the crystal “channel” (see Fig. 2). The conditions

for the channeling can be expressed via the critical angle of ion velocity vector with respect to

the crystallographic axis, which is defined by, ¥, = /Zztii where Z; and Z, are atomic

numbers of the projectile and target atom, respectively, E is the energy of the projectile and d

is the distance between the atom in an atomic string.

Figure 2 schematically shows the axial crystal channeling and dechanneling processes.
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Figure 2. Schematically presented axial crystal channeling and dechanneling processes.
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If the angle of ion velocity vector with respect to the crystallographic axis is larger
than the critical angle the ion is dechanneled. Study of the ion dechanneling process is
connected to the fact that in a typical elastic backscattering experiment in the channeling
mode, EBS/C, an ion is first being dechanneled, then elastically backscattered from a target
atom, passing back through the target and eventually reach the detector. Dechanneling
function represents the number of the dechanneled ions with respect to the total number of
channeled ions after some crystal depth. Typically, for the dechanneling function the simple
exponential equation: N; = Ny(1 — exp(—kx)), has been used, where N; is number of
dechanneled ions, N, is initial number of ions, x is crystal depth and k is the dechanneling
rate. It assumes that probability for the dechanneling is independent on the crystal depth.
Hoewever, M. Kokkoris et al. demonstrated theoretically and experimentally that this

assumption generally cannot hold [5]. Instead, they showed that a new sigmoidal Gompertz

—e—k(x=x¢) _ _ekxc

s must be introduced, where x. is the
—effXc

type dechanneling function: N; = N, =

1-e
additional parameter — the dechanneling range, corresponding to the inflection point of the
sigmoidal function. Figure 3 clearly shows this fact in the case of EBS/C spectra for 1.8 MeV

protons and <110> Si crystal. Additionally, an important fitting parameter is the ratio

Si [110]
L] ¥ L] ¥ T T T
1000 4 = Experiment | |
== Exponential
——— Sigm oidal
300 = -
» 600 d
5
N 400 = -
200 = -
] EP=1.8 MeV ||
0 l“ T v T v T v T
]

100 100 300 400 300

Figure 3. EBS/C spectrum and the simulation results using the exponential and the Gompertz

type sigmoidal dechanneling functions for 1.8 MeV protons and <110> Si crystal.
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of the channeling to random energy losses, a, which has been proven to be energy indepedent
in the MeV ion beam energy region [5].

Recently, the computer program, CSIM, was developed at the Laboratory of Physics,
Vinca Institute of Nuclear Sciences, Belgrade, Serbia [6]. The program takes as inputs the
crystal structure of the target, the projectile-atom cross section from the SimgaCalc
calulations [4] and the ion beam energy loss from the Ziegler and Biersack’s data [7]. Energy
loss straggling was taken into account including both the non-statistical energy broadening
due tothe energy loss and the statistical one, originating from the different energies in the

(@) (b)
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- Random experiment E,=1.8 MeV +  Channeling experiment 2 E =1.8 MeV
[| ——SIMNRA j F Channeling fit
Random fit
3000 |
E 2000 | ]
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Figure 4. Experimental EBS spectrum for a) 1.8 MeV protons in the random direction with
respect to the diamond crystal and the SIMNRA and CSIM fitting curves, and the EBS/C
spectra for b) 1.8 MeV c¢) 1.85 MeV, and d) 1.9 MeV protons in the channeling direction
<100> C crystal and the corresponding CSIM fitting curves.
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beam [8, 6]. The detector resolution has been added for the final resolution of the spectrum
[6].

Figure 4(a) shows the comparison between the standardly used program SIMNRA [9],
the CSIM program [6], and the EBS spectrum for 1.8 MeV protons impinging the diamond
crystal in the random direction. The protons were backscattered in the detector at the angle of
160 deg. This figure clearly demonstrates that the CSIM program is excellent in comparison
with the standard one showing difference less than 1%.

Figures 4(b)-(d) show spectra for 1.8, 1.85 and 1.9 MeV protons, respectively, for the
<100> diamond crystal and the corresponding CSIM fitting curves. One can observe that the
reproduction of the experimental spectra is excellent. As a result, the dechanneling parameters
k and x., as well as, the parameter a can be determined. The obtained parameters k and x.
show the expected energy trend [10], whereas parameter « is constant [6].

The obtained results for the channeling parameters are presented in Figures 5 and 6 for

the parameters k and x, respectively and in Figure 7 for the parameter a.
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Figure 5. Dependence of the dechanneling rate on the proton energy.

It should be emphasized here that an unambiguous determination of the channeling
parameters needed for the reproduction of the EBS/C spectrum requires the corresponding
elastic nuclear resonant peak, i.e., the use of the pronounced maxima and minima in the

spectrum. Standard EBS and/or EBS/C spectra without the resonant peak are smooth curves
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Figure 6. Dependence of the ratio of the channeling to random energy losses on the proton

energy.
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that cannot guaranty the unique solution for the channeling parameters in the corresponding
fitting procedure. This fact, together with the presented possibilities and potentials of the
newly developed program code, CSIM, can be viewed as the main results of the reported

work.
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One of the unexpected discoveries in 2002 was that highly charged ions are able to pass
through insulator capillaries keeping their initial energy and charge state even if the capillary
axis is tilted with respect to the incident beam axis larger than the geometrical limit of the
capillary [1]. The fact that most of the guided ions keep their initial charge state suggests that
the ions do not touch the inner wall of the capillary during the transport process, i.e. a
surprisingly well-tuned electric field is formed in each capillary. The phenomenon is called as
ion guiding effect. Guiding sets in when the formed charge patches reach a dynamical
equilibrium, i.e. the arriving and leaving ions result in a constant amount of charge on the
wall. Arriving ions come from the incident beam, while the charge decreases by transport into
the bulk of the wall material, or along the surface towards the capillary exit. Most of the
experiments and simulations focus on the transmission of slow highly charged ions (HCIs)
through randomly distributed or ordered arrays of nanocapillaries.

Following the pioneering work of Stolterfoht et al. [1] several groups studied the ion guiding
through insulating foils like Polyethylene-Terephthalate (PET), silicon dioxide (SiO,) and
aluminum oxide (Al,O3) nanocapillaries with aspect ratios around 100. lIkeda et al.
investigated ion charge guiding through a single tapered glass capillary [2]. The guiding effect
was observed for a micrometer-sized tapered glass capillary. Systematic measurements in
collisions between slow HCIs and a macroscopic glass capillary with large aspect ratio and
with cylindrical shape was also performed [3,4]. The results strongly support that the guiding
effect known from nanocapillaries is also valid up to macroscopic dimensions of the order of
mm. The angular distributions of the transmitted ions have almost a similar width as the
incident beam. Considerable transmission of guided ions could be observed for tilt angles up
to roughly 5°. The charging-up of the insulating wall material could be observed in time-
dependent transmission measurements.

For nanocapillaries in foils, depending on the wall material and the corresponding production
technique, there have been found large differences in the behavior. While the angular
distribution of the HClIs passing through PET capillaries was very broad, and a significant

fraction of the projectiles was transmitted through the capillaries even for tilt angles up to 25°
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with respect to the incident beam direction, the angular distribution of the guided beam for the
case of SiO; nanocapillaries was very narrow, with full widths at half maximum (FWHM) of
~ 1°[5].

The theoretical investigation for charged-particle transport through nanocapillaries exists.
According to our recent knowledge, guiding can be interpreted in terms of a self-organized
charge-up of the capillary wall [6]. Microscopic simulations revealed that after a distributed
transient charge-up of the capillary wall a single or a few charge patches near the entrance
dominate the guiding in dynamical equilibrium. The charging of the capillary wall acts as a
Coulomb mirror which leads to reflections from the wall at distances sufficiently large as to
preclude charge transfer or electronic inelastic processes. One consequence of this scenario is
that capillary transmission of keV HCI’s proceeds not only in their initial charge state but also
without any significant energy loss. Later the type of the bombarding beams was extended,
thus electrons [7], light ions [8] or even exotic particles [9,10] were proposed or tested to
prove the possibility of the guiding effect.

In this work the transmission of 1 MeV proton microbeam through an insulating
microcapillary is studied. Straight, single polytetrafluorethylene (PTFE) microcapillary was
projected with focused proton beam with different beam intensities. We demonstrate that the
guiding effect is a general law when charged particles interact with the inner surfaces of the
capillaries.

In order to perform the capillary experiments with proton microbeam a new experimental
setup had to be constructed [11]. The Oxford-type scanning nuclear microprobe chamber
installed on the 0° beamline of the 5 MV Van de Graaff accelerator of the Atomki, Hungary,
was modified. With the new setup we were able to measure the intensity, the energy
distribution, the deflection and the charge state of the transmitted beam. The length of the
single PTFE (Teflon) capillary was L=44mm, and the inner diameter was d=800 um. The
tilting angle of the sample was 1° relative to the beam axis. The neutrality of their inner wall
was ensured by a switching on a thermal electron source before each measurement. The beam
spot size was 2 x 2 pm? with divergence less than 0.3°. This beam spot size can be considered
point-like with respect to the capillary inner diameter. Different incident beam currents were
used and the transmitted current measured on the Faraday-cup at the capillary exit was
compared to them.

First we studied the time dependence of the proton microbeam transmission. 25 percent of the
incident beam was transmitted through promptly, which started to gradually increase

immediately up to over 90 percent. Applying the corresponding beam intensity a stable
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transmission was established which is explained by the formed guiding electric field thanks to
the accumulated charge on the inner wall of the capillary. Figure 1. show two typical time
trends. On Figure la. the beam current was 30 pA. The transmission did not remained stable.
It suddenly dropped several times due to the discharge of the sample and thus the lack of the
guiding electric field. These discharges could not be predicted, they appeared at various
transmission values unexpectedly. We note that the same behavior was found with electron
projectile and at relatively high impact energies [12]. On Figure 3b. the beam intensity was 22
pA. The transmitted intensity reached about 95% and then remained stable for over 2000 sec.
until the beam was turned off.

100

80

60 +

40

20+

100 b)

Transmission (%)

80 1

60 +

40

20+

T T T T
0 1000 2000 3000 4000

Time (sec)

FIG. 1. Time trend of the transmission. A) The current drops due to discharges on the sample.
B) After the charge-up process the guiding remained stable until the measurement was

stopped. The charge accumulated on the capillary wall is less than 14 nC and the surface
charge density is 12 nC/mm?.

During the charge-up process, we took up energy spectra of the transmitted beam several
times. First when the beam was just entered: here the transmission was about 25 percent. Next
steps were near the middle of the range of the transmission, and finally, when stable

transmission formed. When the spectra were recorded, the particle detector was rotated into
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the beam axis instead of the Faraday-cup, and the beam intensity was reduced down to about
1000 protons/sec by closing the object and collimator slits. After that, the detector was
changed back for the Faraday-cup and the slits were opened out to their original state. The
transmission continued from where it had been stopped, so this behavior confirms that there
was no significant loss of the wall charging during the measurements of the energy spectra.

Considering the collected spectra, we identified three completely different stages during the
charge-up process in function of the transmission. At the beginning when the transmission
was low (25 %) only inelastic contributions with energy lower than 1 MeV were found in the
spectrum. This can be explained by the Coulomb scattering on the inner wall atoms. Later,
when the transmission started to increase, the elastic (1 MeV) peak appeared besides the
inelastically forward scattered region, and became more and more significant. Finally, when
the stable transmission evolved, only the elastic peak was visible and the inelastic area was
totally absent due to ion guiding (Fig. 2). The elastic and inelastic contributions of the

transmitted particles is shown in Fig. 3. as a function of the total transmission rate.
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FIG. 2. Evolution of the energy distribution of the transmitted beam.

For the determination of the deflection and the charge state we took pictures of the beam on
the fluorescent screen by a digital camera. The deflection of the beam at 1° tilt angle relative
to the 0° was measured to be 4 mm. Considering the drift space between the target and the

screen this corresponds to 1° tilt angle, i.e. the output beam must be parallel to the capillary
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axis. The charged and the neutral particles could be separated by the deflector plates. 2.7 kV
high voltage was applied between the two electrodes. The photos proved that the whole beam
had been steered due to the high voltage, i.e. the transmitted beam contained only charged
particles, i.e. protons.
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FIG. 3. The change of the ratios of the elastic and inelastic contributions at various

transmissions.

In this work, instead of HCI, the combination of MeV proton microbe beam and Teflon
microcapillary has been used to study the guiding process. Our experiments have shown the
evidence that MeV energy protons can be guided through a single microcapillary, thus
significant transmission can take place even through a tilted sample when the sample is
geometrically not transparent. The intensity of the transmitted beam was measured by a
Faraday-cup placed behind the sample. The energy distributions of the transmitted particles
were detected by a particle detector and the measured spectra were analyzed at different
stages of the charge-up process. We identified three completely different regions in the
transmission as a function of time. At first, at the beginning of the creation of the charge patch
on the inner wall of the capillary, the energy spectra of the transmitted protons contained only
inelastic contributions. This is due to Coulomb scattering on the inner wall atoms. Later the
elastic peak also appears and becomes more and more significant. Finally, in the third region,
after the amount of deposited charge on the wall reached a dynamical equilibrium, stable

guided transmission was obtained.
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Under charged particles impact, insulator surfaces accumulate electric
charges at the impact points. Those charge patches generate an electric field
that, if sufficiently strong, prevents the following beam particles to hit the
insulator surface. This basic property led to the discovery that slow ions
can pass through insulator capillaries due to the self organized formation of
charge patches at the inner wall that guide the ions. The transmitted ions
keep their initial charge state, even for geometrical conditions that do not al-
low it. The phenomenon is called charged particle guiding by insulators and
is it has become an intensively studied field since its discovery more then 10
years ago. Many of the experiments and simulations studied the transmis-
sion through randomly distributed or ordered arrays of nano-capillaries [1].
Others used macroscopic glass tubes with large aspect ratio in their experi-
ments [2, 3]. A special class of capillaries are conical glass capillaries. They
are obtained by locally heating a glass tube and then pulling on the ends.
They are typically 70 mm long, with an inlet diameter of 1 mm and an outlet
diameter between 20 and 100 pm.

For conical capillaries, experimental and theoretical studies mainly fo-
cused on (i) the ion transmission as a function of the tilt angle between
the capillary axis and beam axis, (ii) the kinetic energy or charge state of
the beam ions [4]. A major issue that experimentalists had to address with
tapered capillaries was the Coulomb blocking of the capillaries. Indeed, be-
cause of the tapered shape, most of the injected ions hit the inner surface
of the capillary, where they deposit a positive charge at the impact point.
Combined with a negligible leakage currant because of the low conductivity
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of glass, of about 107! S/cm, the accumulated charge rises nearly linearly
in time. After a given time, the electric potential of the capillary can exceed
the extraction potential of the ion source. As a result, the ions u-turn in the
capillary and the transmission stops. In order to avoid the Coulomb block-
ing of the transmission, many authors grounded electrically the capillaries
by covering the outer surface with a conducting paint or by putting the cap-
illaries into a grounded metal cylinder. Others used the spray of secondary
electrons, generated by the beam at the collimator plates, to neutralize the
outer surface of the capillary.

Few experiments however were done in order to control the rise of poten-
tial of the capillary and exploit the relatively high self-organized potential to
guide the ions. We found in our theoretical study that if the self-organized
potential of the capillary approaches 80% of the extraction potential of the
source, then a conical capillary behaves like an electrostatic lens (Einzel lens)
and the incoming beam is focused through the micrometer outlet of the capil-
lary [5]. With increasing potential, the focusing point is moved from infinity
to the outlet of the capillary. As a result, the transmission rate increases
quickly, reaching a transmission rate orders of magnitude above the geomet-
rical one. Being able to use glass capillaries as self-organized electrostatic
lenses is not only an interesting fundamental experimental and theoretical
problem, it is also certainly useful in ion beam lines where the small size
of the capillary may replace advantageously larger Einzel lenses, like for ex-
ample in Focused Ion Beam (FIB) lines. Further, glass capillaries have also
been used for cancer therapy with ions, where the capillary is inserted in the
tumour for depositing energy locally with higher precision.

»%Tm —— A P g
= T/ﬂ

Figure 1: Electrode setup of conical-shaped borosilicate capillaries with de-
flection plates.

The scope of this talk is a combined experimental and theoretical study of
the lens effect in tapered glass capillaries. We present an original experimen-
tal technique, based on a freshly designed capillary holder. The potential of
the capillary generates an electric field between a pair of deflection plates, see
figure 1. The latter allows measuring simultaneously the accumulated charge
in the capillary and the transmitted intensity. Linking the transmission rate
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to the capillary potential will permit to identify the critical moment where
a significant increase of the transmitted intensity can be expected. Also, it
permits to identify if a possible blocking of the transmission is indeed due
to Coulomb blocking or to unbalances charge patches, by comparing the po-
tential of the capillary to the extraction potential of the ions. The holder
is designed such as to screens the capillary from stray electrons, avoiding
eventually a spurious neutralization of the capillary. This is an important
feature of the setup, as, in our case, the potential of the capillary needs to
approach the kV range. Indeed, with such a high potential, the capillary
attracts easily stray electrons if not properly shielded [6].
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Figure 2: Experimental discharge of a conical glass capillary sitting in our
capillary holder, at a temperature of T=310K (violet error bars). The solid
green lines stand for a simulation with our InCa4D numerical code. The
simulation is able to fit in detail the experimental data. Best agreement was
found for a bulk conductivity £ = 3.1 x 107" S/m, which lies within the
expected range for the conductivity of borosilicate glass.

Alongside, we have also developed a numerical code, InCa4D [5], for the
theoretical support of the study. In order for the simulations to produce
reliable predictions, a particular attention was brought to the underling the-
oretical model. Indeed, while the guiding of ions through glass capillaries
due to charge patches is qualitatively understood, the complex nature of the
electric conduction in such insulators makes quantitative predictions still a
challenging task as can be seen by the often erratic behaviour of the transmit-
ted beam. The time-evolution of the transmission depends of course on the
dynamics of the charge patches, which in return depends on the charge injec-
tion rate by the ion beam and the relaxation dynamics of the charge patches.
The latter again depends on the possible presence of metal electrodes that
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influence the electric field generated by the accumulated charge in the cap-
illary. This is why a combined theoretical and experimental study of the
charge relaxation in glass capillaries will be presented in the first part of the
talk. We studied two different cases: i) The discharge of a small single charge
patch in a glass tube. ii) The discharge of a highly charged conical macro-
capillary. In both cases, the electric field, induced by the deposited charges,
is monitored by using the ion beam as probe. The Coulomb deflection of
the probe beam is followed in time on a position sensitive detector, yielding
the relaxation in time of the deposited charge. The same observables were
simulated and compared to the experimental data. They eventually validate
the theoretical model used in our simulations.
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Figure 3: Beam ions trajectories (red lines) through a conical glass capillary,
after being charged up by previous ion impacts, highlighting the focusing by
the self-organized electric potential. Black dotted lines represents the inner
surface of a tapered capillary of length 70 mm and inner diameter of 0.86
mm.

In the second part of the talk, we present a thorough study of the lens
effect for conical class capillaries. The choice of using conical shaped cap-
illaries will be highlighted and justified by the simulations. The theoretical
stability of the transmission will be studied as a function of the tilt angle,
beam intensity and on the emittance of the injected ion beam. Experimental
results showing the lens effect will be presented and discussed alongside the
numerical predictions.
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PAY/KHOE PACCESAHUE ATOMHBIX YACTHILL HA ITOBEPXHOCTHU
KPUCTAJLUIA

RAINBOW EFFECTS IN GRAZING SCATTERING OF ATOMSFROM CRYSTAL
SURFACE

I1.1O. Ba6enko, JI.C. Meny3oBa, A.I1. Cononunpina, A.I1. [lleprun, A.H. 3uHOBBEB
P.Yu. Babenko, D.S. Meluzova, A.P. Solonitsyna, A.P. Shergin, A.N. Zinoviev
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Rainbow scattering and ion focusing effects were studied using trajectory calculations for
scattering of Ar atoms from Al(111), Ag(111) crystal surfaces. Data on rainbow features
allows us to obtain the vibration magnitude of surface atoms and also parameters of atom-
surface potentials. The values and potential functional dependence versus internuclear
distance differ strongly from well known models for collisions in gases. This fact could be
explained by considering interaction of an incoming particle with conduction electrons in
metals.

1. BBenenue. Kak M3BECTHO, €cClid IIy4OK arOMOB, MaJalolUX HAa MOHOKPHCTAJLI,

OPUEHTHPOBAH IO OTHOIIEHUIO K aTOMHOW LIENIOYKE OIpEeIeHHbIM 00pa3oM, UMEET MECTO
MOBEPXHOCTHOE KaHajaupoBaHue © 3Pdekt ¢okycupoBkr (3hdext cxarus yrioBoro
pacrpenenenust paccessHHbIX yactuil) [1]. B pabGote [2] mns ommcaHus BbINIEyKa3aHHBIX
3p(}HEeKTOB MPUMEHSUIOCH TNPUOMIKEHHWE TapHBIX B3aUMOJIEHCTBHM, OJIHAKO, Kak OBLIO
noka3aHo Hamu mo3mHee [3], mpu dHeprusx, Menbpimx 10 k3B, 310 mpHOMIKEHHE HE
IPUMEHUMO, U HY)KE€H pacdeT TPaeKTOPUIl YaCTHII.
2. I'eomeTpust 3xcnepuMenTa. Jljig CpaBHEHMsS C SKCIIEPUMEHTOM HCIIOJIb30BAaHbI JIaHHBIE,
nonydeHHele B paborax [4-6]. Teomerpus OSKcrepuMeHTa TMpeicTaBlieHa Ha puc. la.
KonmumupoBaHHbI Ty4ok atoMoB (pacxoauMocth MeHee 0.1 mupan) ¢ sHeprueir Eo=1+100
k9B mamaer mox yrmom 0=0.5+2° Ha MOBEPXHOCTh KpucTayU1a. HampaBieHue X BeIOMpaeTcs
BJIOJIb OJIHOW M3 KpHcTaiuiorpaduueckux oceil. [Tagaronuii my4ok JeKHUT B IIIOCKOCTH (X, Z).
VYrioBoe pacrpe/ielieHne pacCesIHHbIX YacTHIl XapaKTepU3yeTcs yriiamMu ¢ U .

Ha puc. 16 npuBeneHa pacueTHasl 3aBUCUMOCTb yIJla PacCcesHUs ¢ OT MPULIEIBHOTO
napaMerpa BJ1oJb ocH y. OueBuaHo, npu y=0 yron paccesaust ¢=0. C pocToM y 3HaYEHHE @
Oynmet pactu. 3arem npu 3HaueHun Y=d/2 (d — paccTosiHMe MEXIy IBYMs NapajuieIbHBIMU
[ENOYKaMH aTOMOB B KpHCTaJlJIe), 3HAYeHHE ( CHOBa Oy/eT paBHO HYIIO (M3-3a CUMMETPUU
3aJjayd O pacCesHWU Ha JIByX MapaieJbHBIX IIEMOYKax aroMOB). DTO O3HAYaeT, 4To

3aBUCHMOCTB Q(Y) umeeT skcTpemyM Ha ydactke Y={0, d/2}. [Ipu 3HaueHHM a3MMyTaIbHOTO
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yria paBHoro ¢ npousBogHas de/dy=0, a cnexkrp gactuir dN/de~dy/de Oymet nmeTs pe3kuit
MakcUMyM. BcnencTBue TemnoBoro ABMXKEHHMsS aTOMOB MMILIEHM 3TOT MUK pa3mbiBaeTcs. Ha
puc. 1B BUIHO, YTO B CIIEKTPE PACCESHHBIX 4acTHIl JUisi cucteMbl Ar-Al B 3aBUCUMOCTH OT
yrna ¢ HaOmomaercss CTpyKTypa M3 Tpex NHUKoB. [losiBieHHe OOKOBBIX INHKOB CBS3aHO C

HPOSIBJICHUEM PaIy’KHOTO pacCesiHUs B MOBEPXHOCTHOM KaHaue x [110].

la detection 16

1B
plane — 1t 20 ﬂ E =8 keV G, Nm

incident | 50 2 ,
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plane d 0 d 'y 0

Puc. 1. a) Cxema reoMeTpHH 3KCIIEpUMeHTa U3 paboTsl [5].

6) 3aBHCHMOCTH a3MMYTAJIHLHOTO yIIa PAcCESIHUS (@ OT MPHUIEIBHOrO mapamerpa y. d - paccrosiHue
MEXy IIeTOYKAMH aTOMOB. YTJIBI PaIy’KHOTO paccesiHusl 0003HaYEHBI £,

B) PacueTHbIC yIIIOBBIC pacmpesesieHUs] PacCeSIHHBIX aTOMOB Ar B 3aBUCMMOCTH OT a3MMYTaJILHOTO
yIiia paccesiHusl @ JUTsl PA3THYHBIX BETUYMH aMIUIUTYIBI G TETUIOBBIX KOJICOAHUI aTOMOB KpUCTAILIA.

3. MoaeupoBaHue paccesiHisl YaCTHIl MPH NMOBEPXHOCTHOM KaHAJMPoBaHUM. B naHHOI
pa60Te PACCUUTBIBAJIMCh TPACKTOPUU JABHIKCHHA YaCTHUILBI. HYCTB Xo U V — BEKTOpBHI,
OIMUCBIBAIONINE TIOJIOKCHUEC M CKOPOCTH HaneTa}omeﬁ YHJaCTHUIIbI, Xj — KOOpAWHAThl YaCTHUI]
MHIICHHU, TOrAa YPaBHCHHA ABHUXKCHHUA MOYKHO 3aIllMCaTb B BUJIC:
dx dv 1 (xo — x;)
= = F(|x - ) ¢y

& &~ ms (o)

31ecb — M - Mmacca Hajeraromeld dactuusl. [Ipeamonaraercs, 4ro cuiaa €CTh TPajUEHT
JBYXYaCTUYHOIO TIIOTEHIMAJa ¥ 3aBUCUT TOJNBKO OT PACCTOSIHUS MEXKIY YacTHIIAMH,
MHOKUTEJIb B CYMME OTPaXaeT pa3sIoOKEHUE CHUJIbI IO KOOPIAMHATHBIM ocsiM. CyMMUpOBaHUE
BEJIETCS 110 BCEM YUYUTBHIBAEMBIM aroMaM KpucTasuia. B Hammx pacderax Mbl IPUHUMAIIN BO
BHMMAaHHE aTOMbl JIByX BEPXHHUX CIIOEB, PACHOJIOKEHHBIX Ha paccrosHuu 10 3d or
MOBEPXHOCTHU (BCETO YUUTHIBAJIOCH 79 aTOMOB). YUeT TEIUIOBOTO ABU)KEHUS aTOMOB PELIETKU
npoBoJMiICsS cieayomuM oodpasoM. K (ukcrupoBaHHOMY TMOJIOKEHUIO aTOMOB KpHCTallla B
pelieTke, 100aBIsIIOCh CMEIEHUE, XapaKTepu3yeMoe aMIUIUTylAoN kosnebanus o. [lpu 3tom
CMEIIEHHE 110 TPEeM HalpaBIeHHUsIM 33/aBajoCh CIy4alHbIM 00pa3oM B MPEINOIOKEHUU
rayccoBa pacIpeieiIeHHUs.

4. AMIUTUTYIQ TemJIOBBIX Kojgebdanuil. Kak yxe ymoMuHamoce, eciv mpeHeOpedb
TEIUIOBBIMHU KOJIEOAHUSIMH, PAacUETHBIM CHIEKTp HpH |[>|¢,| pe3ko oOpbiBaercs. TermioBbie

KOJICOaHUS NpoBOAAT K  MNOABJICHHUIO  KPBLILCB, KOTOPBIC  XOpPOIIO  OIMCBIBAOTCA
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pacnpenenennem Laycca N=A-exp{-(-¢c)*/2W”} ¢ mapamerpamu ¢c u W. Kak mokasanu
HAIlli pacyeThl, mapameTp W MPONOPIMOHAJICH 3aKJIaJblBAEMOW B pacueT aMmIUIUTYAEe
TEIUIOBBIX KoJieOaHWii ©. CpaBHEHHE C 3KCIIEPUMEHTOM II03BOJISET MOJYYHTh 3HAuCHHE
amratynsl. Jns mccnenoBaHHbIX ciydaeB Mbl nonmyumin Ar-Al 6=0.0123+0.0007 nm u
Ar-Ag 6=0.012+0.0013 nm, 4YTO HECKOJBKO OOJbIIEC aMIUIUTYAbl TEIJIOBBIX KOJEOaHUs

BHYTpH KpucTtaiia. llomydeHHble pe3yiabTaTsl HEIUIOXO COMIACYETCS ¢ JaHHBIMU M3MEPEHUI

[7, 8].

5. PanyxHoe paccesinue. ConocrapjieHne ¢ IKCIEPUMEHTOM.
Ha puc.2 npuBeneHbl pe3ynbTarhl CpPaBHEHHS pacyeTa C OSKCHEPUMEHTOM JUIS
Pa3IUYHBIX SHEPTUH MpH yIiie cKoybkeHus o=1.8°. Kak BUIHO, MMEEeTCsl HEII0X0e COIiacue

C IKCIIEPUMEHTOM.

r E =2 keV = e X
1.0 0 1.0F 1.0} F3 Sarc Traj.
—o— Exp. A Calc. BCA
2 — Calc. " @«
= = g
205 505 % 05
© 5 5
5 g E
z Z Z
0.0 : :
2 a1 0 1 2 00 00 2
o, deg. @, deg. ¢, deg.

Puc. 2 9KCH6pI/IMCHTaJILHLI€ U PACUCTHBIC YIJIOBBIC PACHPCACIICHUA PACCCIHHBIX aATOMOB Ar B
3aBUCUMOCTHU OT A3UMYTAJIbHOI'O YyIJIa paCCCAHUA UIA pa3JIMYHbIX HAYaJIbHBIX SHGPFHﬁ. I[J'IH OHEPruu

18 k3B npuBeneHs! TakKe HaIlM pacyeThl B OMHApHOM MpuOmmKkeHnn [2,3].

[Tuk npu ¢=0 ngaroT ABE rpyHmbl TPAEGKTOPUI — O/IHA, KOTJIA YACTULbI IBUXKYTCS HAJl
nernoykoit aromoB (y=0), mpyras rpymmna BOJH3M LIEHTpa MOBEPXHOCTHOro kanama (y=d/2).
Kak moka3pIBalOT pacyeTbl TPAEKTOPUI NpU SHEPrusix, Oonpiux 8 k3B, 3HaUCHHE Ymax,
COOTBETCTBYIOILIEE YIIY @y, CABHUIAeTCs OT 3HaueHHs 0/4 B MEHBIIYIO CTOPOHY U YaCTHUIII
HAUMHAIOT MCTIBITHIBATh 00Jiee OHOr0 KoyieOaHUs MPHU pacCesHUU B MOBEPXHOCTHOM KaHalIe.
[TosiBnsitOTCS TpaeKTOpUM THMA "3MEMKH', MJIOTHOCTh TPAeKTOpUil BOJM3M OCH KaHaja
MOBBIIIACTCS, YTO MPUBOAUT K TOSIBICHHUIO JOMOJHUTENBHOrO MakcuMmyma BOmu3u ¢=0. C

pocToM HavaabHOM SHEPTHUU €TI0 UHTCHCUBHOCTD YBCIIMUUBACTCA U CIICKTP YCIOKHACTCH.
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6. [Monyyenne uHpopMauuu 0 MOTEHUHAJE B3aUMOAEHCTBHS HAJIETAWIIAS YacTHLA —

IMOBEPXHOCTh.
B pabore [5] ormedanach cuiIbHas
1,5 3aBUCUMOCTb IIOJIOKCHUS YDA @y OT
o Ex .
ThFS work o Ha4yaJbHOM HHEPIUH, U BBICKA3BIBAJIOCH
10l — Zinoviev IIPEIUIOKEHNE HCIIOJIb30BaTh Ty
o | Molier UH(GOPMALIUIO JUIS IOJIYYECHHs CBEIECHUM
m ,,,,,,,
No) 0 TIOTEHIMAJIE.
- 0,5+
S
Puc. 3. N3mepenHas 3aBUCHUMOCTb
HOJIOXKEHHS PATY’KHOTO THKA OT HadaJIbHOM
0,0 5 — = v sHeprum [10, 11] w mnpoBeneHHBIE HaMH
10 10 E V 10 10° pacuerl s morteHimanos Morbepa [14],
0’ e ZBL [15], 3unoBbeBa [16] 1 npeniokeHHOTO

B JJAHHOU paboTe.

Ha puc. 3 mokazanbl U3MepeHHAs! 3aBUCUMOCTh TIOJIOKCHHUS PAJAY)KHOTO IHKa OT Ha4aJbHOM
sHepruu [5,6] U MpOBENCHHBIC HaMH pacueThl Juisi noreHnuanoB Moibepa [9], ZBL [10] u
3uHoBbeBa [11]. Kak BUIHO M3 PUCYHKA, UMEIOTCS CHJIbHBIC OTIMYHS OT IKCHEPHMEHTA, B
BEJIMYMHAX PAIYKHOro yria. [t omucaHus 3KCIEPUMEHTA Mbl UCIIOIb30BaIH KOMOMHAIIUIO
9KPaHHUPOBAHHOTO KYJIOHOBCKOTO TIOTCHIMAja, 4YacTO MPUMEHIEMOrO Uil ONHCAHHUs
paccesiHus PH OOJBIIUX YHEPTHUAX, U IKCIIOHCHIIMAIBHOTO MOTEHIINAIA, TIPUMEHSIEMOTO TPH
HeOOJIBIINX PHEPTHsIX coyaapeHus. [lomyueHHas U3 HaWITydIIero coracus ¢ IKCIIEPUMEHTOM
3aBHCUMOCTD umeer Bux  F(R){arem.}=192.2-exp(-1.062-R)-(1-0.234-R+0.024-R?).
OTKIJIOHEHHS HE MPEBBIMAIOT TOYHOCTH M3MEPEHHUH BETHMYHHBI @r. [lomydeHHas 3aBUCHMOCTh
CYIIECTBEHHO OTJIMYAeTCS OT M3BECTHHIX MAapHBIX MOTECHIMAJIOB, YTO MO MHEHHUIO aBTOPOB
CBSI3aHO C B3aMMOJICHCTBHEM HAJICTAIONICH YaCTHUIBI C 3JCKTPOHAMH MPOBOIUMOCTH B
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Systematic studies of ion channeling effects by simulated channeling maps
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1 Introduction

Ion implantation is widely used in semiconductor industry for materials modification [1-3].
Moreover, radiation damage in nuclear reactors is formed primarily by energetic atomic recoils
induced by neutrons [4—6]. It is well established that when energetic ions or atoms are moving
in crystals, they may penetrate much deeper if they happen to be directed in some specific
crystal directions [7-9]. This “channeling” effect is utilized for instance in certain ion beam
analysis methods, and has been studied theoretically by analytical theories [8, 10] and atomistic
simulations [7,9]. The issue is of increased current interest due to the use of increasingly low
energies in industrial ion irradiation [11], and also the interest in examining ion modification
of single nanostructures, where by necessity the energies are small to maximize the irradiation
effects on the nanostructure [12—14]. Some of these studies have shown a large variability in the
radiation response of seemingly identical nanorods or nanoparticles [12, 13], an effect difficult
to explain by other means than channeling.

Molecular dynamics methods are well suited to study ion penetration in materials at energies
where also multiple simultaneous collisions may be significant [9, 15—19]. In particular, molec-
ular dynamics in the “Recoil interaction approximation” (RIA) where only the interactions of
the energetic ion with the lattice atoms is taken into account, has been found to be an efficient,
yet accurate way for describing ion penetration also at quite low energies [9, 15,18, 19]. The
approach has also been shown to agree well with the binary collision approximation simulations
widely used at higher energies [19, 20].

In this Article, we present a molecular dynamics-based approach to calculate ion channeling
systematically over all crystal directions, forming a kind of ion ’channeling map’, and present
results for a few systematic cases. More systematic results and also a theoretical treatment is
provided in Ref. [21].

2 Method

To examine the channeling effects, we used the MDRANGE code [15] that has been widely
used to simulate ion penetration in materials [22, 23], and shown to be able to reproduce very
well experimental ion penetration depth profiles even in channeling directions in Si [9, 22, 24—
26]. It reads in an arbitrary atom structure, and hence is well suited to study ion channeling in
any crystal structure, and any direction in this structure.

We set up the MDRANGE calculations in two different ways to estimate channeling effects.
The basic simulation setup was following the practise described in Ref. [15]. In the adaptive
time step (Eq. 3 in Ref. [15]), we used the standard values of k; = 0.1 A and E, = 300 eV,
except for H and He ions for which it was necessary to use £, = 30 eV to ensure energy con-
servation in strong collisions. One of the basic outcomes of channeling is that ions penetrate
deeper in the material. Hence using the mean ion projected range 1, is a natural way to estimate
the magnitude of ion channeling. However, for nanostructures this approach is not very well
suited, since in many cases practically all ions penetrate the structure, making the ion range a
meaningless quantity. For such cases, one can insted sum up the total nuclear energy deposition
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Fp, from the ion to primary knock-on atoms in the structure. This is the full energy avail-
able for further modification of the nanostructure, and hence a natural quantity for quantifying
channeling effects in nanostructures. Although it would be possible to consider any shape of a
nanostructure, in the current work we studies irradiation of a thin foil of a given thickness %
for the energy deposition calculations.

In all simulations, we included the non-local electronic stopping power from the ZBL96 param-
eterization [27]. We also included random thermal displacements for the atoms calculated from
the Debye model of lattice vibrations [15]. In the current work, this was implemented at 300 K,
or for the case of 1 keV Ge, at 350°C.

The simulation was set up with an MD simulation cell with a 001 surface normal and tilting
() and twisting () the incoming ion direction. The range was always calculated as the ion
range projected on the initial incoming direction [5]. In simulations of the “foil” samples the
ion was defined to have left the sample when the ion projected range 1, > t (in this way,
the simulations mimic irradiation of a foil or nanostructure of known thickness as a function of
the crystallographic orientation, which often is not known in the experiments). The simulations
were carried out in the full range of # from 0 to 89 degrees, and ¢ from 0 to 90 degrees, scanning
the range at intervals of 1 degrees, respectively. Due to cubic symmetry, it is not necessary to
consider values of ¢ > 90°. For each (6, ¢) combination, 1000 — 5000 ions were simulated.

The results were gathered as the the mean ion range for the bulk penetration cases, and average
nuclear energy deposition in the foil cases.

3 Results

The main aim of the current paper is to probe which crystal directions are “channeling” ones.
Hence we present a few representative cases in a wide range of ions, energies and elements.
The case of 1.7 MeV Au ions on a 20 nm Au foil with 001 surface orientation is shown in
Fig. 1 as a function of the tilt () and twist (¢) angle off the 001 crystal direction. The results
show that the nuclear energy deposition can vary more than an order of magnitude depending
on crystal direction, varying between a minimum about 10 keV for irradiation straight into the
110 channel, to a maximum of around 300 keV in several non-channeling directions. A very
notable result is the large areas of planar channeling, i.e. channeling in crystal planes between
the principal crystal directions. Planar channeling is well known to be significant for light ion
irradiation [22, 28], but observing the high degree of planar channeling also for a heavy ion like
Au is somewhat surprising.

As a test of channeling in a bcc metal, we simulated the case of 300 eV D in W, a typical
condition in fusion reactors [29, 30]. The results in Fig. 1 b) show that channeling also occurs
and is significant for light, low-energy ions in BCC materials. The 100 and 111 channels are
very wide, while the 110 is clearly narrower.

Ion implantation is one of the key techniques used in the semiconductor industry for chip man-
ufacturing, and generally there is a desire to avoid channeling effects [22]. Hence knowing
the channeling directions in Si and Ge is important. Results of two representative cases are
illustrated in Fig. 1 c) and d). The results show a very strong channeling in the 110 channel,
consistent with previous experiments and simulations [9, 24-26]. It is noteworthy, however, that
all the ions show significant channeling also in several other crystal directions, and that the 211
direction has stronger channeling than the 100 or 111 directions. There are also clear planar
channeling effects in both cases.
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Figure 1: a) Channeling results for 1.7 MeV Au ions on a 20 nm Au foil. The colors show
the nuclear energy deposition by primary knock-on atoms to the Au foil as calculated by the
MDRANGE range calculation software. The color scale shown to the right gives the energy
deposition in in units of eV. Miller indices are shown for some of the strong channeling direc-
tions. b) Channeling results for 300 eV D in W. c¢) Channeling results for 10 keV Si ions in Si.
d) Channeling results for 1 keV Ar ions in Ge at 350°C. In b)-d) the colors show the mean range
of ions as calculated by the MDRANGE range calculation software. The color scale shown to
the right gives the mean range in units of A. The white area corresponds to (#, ) combinations
where all ions were reflected. The white areas close to # = 90° correspond to directions where
all ions were reflected and hence ion ranges could not be obtained. a) to c) are from Ref. [21],
d) is original work.
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Figure 2: Statistics of the distribution of the mean ion range with pairs of (6, ) crystal direc-
tions. To allow for comparison of the different cases, the maximum of the distribution is scaled
to 1 on both the x and y axes.

4 Analysis of fraction of channeled ions

The channeling maps clearly indicate that ions are channeled in a large fraction of all crystal
directions. To analyze this more systematically, we made statistics of the distribution of the
nuclear deposited energy and mean ion range for 6 of the channeling maps simulated for each
simulated (6, ) pair [21]. The results are shown in Fig. 2. From the figures, it is apparent that
a significant fraction of all ions are channeled in all the cases shown. The smooth behaviour
around the maximum also shows that the borderline for what is a channeling direction is not a
unique quantity.

For the mean ion ranges in Si and W (Fig. 2), to obtain a simple estimate of the fraction of
channelled ions we integrated the distributions from 1.2 in the relative mean range upwards.
The integrals showed that about 42%, 36% and 8% of 10 keV Xe, Si and H ions in Si are
channeled, respectively. For ranges in W, the fractions are 27% and 44% for 300 eV D and 150
keV W, respectively.

5 Conclusions

In conclusion, we have developed an MD simulation formalism for studying ion channeling in
several different crystal systems. We highlight the observation that under typical ion irradiation
conditions, a huge fraction (more than 50% in several cases) of ions are actually channeled.
This implies that even when ion irradiations are carried out on polycrystalline samples with
random surface orientations, channeling effects on the results can not be a priori be assumed to
be negligible.
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3AXBAT U JECOPBLINS BOAOPOJA U3 BOJIb®PAMA C IINIEHKAMH
OKCHU OB BEPUJIJIUSI/AJTIOMUHUSA ITPU OBJIYYEHUMU IIVTABMOU

HYDROGEN TRAPPING INTO AND RELEASE FROM TUNGSTEN COVERED BY
BERYLLIUM/ALUMINUM OXIDE LAYER UNDER PLASMA IRRADIATION

JI. berpambGekoB, A. Kamnesckuii, A. EBcun, C. JloBrantok, A. 3axapoB
L. Begrambekov, A. Kaplevsky, A. Evsin, S. Dovganyuk, A. Zakharov

National Research Nuclear University (MEPhI), Moscow, Russia
e-mail: Ibb@plasma.mephi.ru

The aim of this work is to check whether the phenomenon of accelerated hydrogen
penetration through the surface (APS) occurs on tungsten surface and surface of tungsten
covered with beryllium/aluminum layers. It is shown that APS phenomenon takes plays on
the all above mentioned surfaces. A new technique for low temperature detritiation of
tungsten and tungsten with beryllium layer in conditions of fusion devices is presented.

1. Beenenue

B paborax [1, 2] moBepXHOCTh HEpIKABEIOIICH CTaIM 00yYanach aTOMaMu JCHTEpuUs B
KHCIIOpoocoAepKaieid armMochepe W HOHAMH JACUTEPUEBOW IUIa3Mbl C TNPUMECHIO
kuciopona. B o0oux ciydasx NPOHMKHOBEHHE HM30TONOB BOAOPOJA Yepe3 IOBEPXHOCTh
HEp>KaBEIOILEl CTalld 3HAUMTENbHO AKTUBU3UPOBAIOCH (SBIEHUE AaKTUBHPOBAHHOTO
IPOHUKHOBeHUs uepe3 noBepxHocTh — AlIIl) npu cpaBHHUTENbHO HM3KUX Temmeparypax (=
300 K): yBenmnuuBanuch M 3aXBaT ACUTEPHs, U JECOPOIUs BOJOPO/Ia, HAXOISIIECTOCS B CTAIIH.
[Tpeanonoxeno, uro sinenue AIIIl sBnsercs cneacTBUEM CepUU MOBEPXHOCTHBIX pPEaKIH,
AKTUBUPYEMBIX NPU B3aMMOJEHCTBHM KHUCIOpOJa M aTOMOB/MOHOB H30TONOB BOJOPOJA CO
CJIOEM OKCH/JIa XpOMa Ha MOBEPXHOCTU HEPXKABEIOLIECH CTalu.

bepwinuit u Bons(dpam, BEIOpaHHbIE, COOTBETCTBEHHO, B KaUe€CTBE MAaTEpPHaJIOB NEPBOM
CTeHKHM M JIuBepTopa Tokamaka TOP, Takke MMEIOT OKCHIHBIE CIOM Ha MOBEpXHOCTH. Bo
BpeMsl paboThl TOKaMmaka OepuiIMil OyJeT pachbUIATBCS W OCAXIAThCs Ha BOJIb(PPAaMOBBIX
Tainax, GpopMuUpPys Ha UX OBEPXHOCTH OEPHIIIIMEBBIE TIJICHKH.

[lenbto naHHOM paboOTHl OBUIO NPOBEpUTH, pa3BuBaercs Ju sBiaeHue Allll Ha
OKCHJIUPOBAaHHOI MOBEPXHOCTH BOJb(ppamMa W Ha TOBEPXHOCTH CJOS Oepuwiuius Ha
BOJIb()paMe, TaKKe MCCIE0BATh XapaKTep TPaHCIOpTa BOJOPOAAa MEXIY BOJIb(PAMOM U
IUIEHKOW Oepuyuivs B polecce HOHHOM 60MOapIMpOBKH.

2. JKCNepuMeHTAbHAsE MeTOAUKA

DKcnepuMeHThl TpoBOAWINCH B ycTaHoBKe «MUKMA» [3], mo3Bonstomieli o01ydaTh

00pa3ipl M1a3MOl U €€ KOMIOHEHTAaMH M aHAJM3UPOBAaTh MPOLIECCH 3aXBaTa U BbIIEICHUS

ra3zoB u3 00pa3LoB MeToJoM TepMmoaecopounonHoi criekrpomerpun (TAC). Mcnonb3oBanuch
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00pas1el Bodb(pama u Bosbppama ¢ TUICHKaMu Oepuiutis U anroMuHus. [ieHku Gepriius
OCaXJalIuch Ha Boiib(pamMoBble o00pazubl B HalnuoHalbHOM HMHCTUTYTE Ja3epHOM,
TU1a3MeHHOW U paauanuonHoi ¢pusuku (byxapect, Pymbiaus). Ilnenku Tommmao#i 100+10 aM
Ha 000MX CTOpOHAaxX BoJb(pPamMOBEIX 00pa3loB (HOpMUPOBANIKUCHE aTOMaMH, KOTOpBIC
UCMAPSUINCH C PACIUIABICHHON OepuiuineBoil MumeHd. B Hamem pacnopspkeHUH ObLIO JIUILb
OrPaHUYEHHOE KOJIMYECTBO 00pa3LoB ¢ OepuiineBbIM NOKphITHEM. [loaTOMYy, 1ocie Toro kak
MBI YJOCTOBEPHIIUCH, YTO PE3YJbTAaThl SKCIEPUMEHTOB ¢ 00pa3liaMu BOjlb(pama ¢ CIOSIMHU
OepiUIMs M QIIOMUHUS TTOXOXKH, MOCJTEIHHE HCIOJIb30BANACh JUIsl MOAPOOHOT0 M3ydeHHE
3akoHoMmepHocTel siBienus Al Ha Boib(pame ¢ HOBEPXHOCTHBIM HOKPBITHEM.

[IneHkn amOMUHMS OCaXJAlIMCh HAa BOJb(PAMOBBIE 00pa3lbl B ra30oBOM paspsijie C
HaKaJIbHBIM BOJIb(ppamMoBbIM KatojoM B HUSY MU®U. Hanbuisemble TUICHKH TOJIIAHON
20010 BM ¢opmHupoBaTHCh Ha BOJIb(paMe aTOMaMH ATIOMHHHSA, PACIBUIIEMBIMU C
ATFOMUHUCBOW MHUIIICHH HWOHAMH aproOHOBOHM IDIa3Mbl. V3roTaBiawBaich BOJb(pPaMOBBIE
00pa3ibl, MOKPBIThIE IUIEHKON aJIOMUHUS C 00EMX CTOPOH M TOJBKO C OAHOI cTopoHsl. Ha
JTane MOATOTOBKU K OC@KICHUIO IOKPBITUH M3 BOJIb(YPAMOBBIX 00pa3lOB IpU OTKUIE
yramsuics “‘rexHosiornyeckui’”’ BopopoA. Ilpu HambuleHHHn Ha BoJb(paM HOBEPXHOCTHBIE
CJIOM 3aXBaThIBAJHM BOJOPOJ M3 OCTATOYHOIO Ta3a, a MPH KOHTAKTe C arMocdepold Ha UX
IOBEPXHOCTH O0Opa3oBbIBajlach IUIEHKA OKcHuJa. M3MepeHuss MeTogaMu peHTIreHOBCKOM
sHepro-aucnepcuonHoii cnekrpomerpun (D/1C), BTOPHUYHON HMOHHOW MAacC-CIEKTPOMETPHU
(BUMC) u TAC nokasaiu, 4TO KOHIIEHTPAIMK BOJAOPOa U KHCIOPOa B IUICHKAX aTFOMUHHSI
cocraBisuti 35 u 13 at. %, a B tutenkax oepriutust 40 u 9 aT. % cOOTBETCTBEHHO.

OO0pa3upl  Bonmb(ppamMa U BoOJb(ppama, MOKPHITOTO ¢ 00EUX CTOPOH IJICHKaMU
OepuIUIHs/aMIOMUHKS, WMIUIAHTUPOBAINCh HOHAMHU JeWTepHeBOd Iuia3Mmbl. [lapamerpsr
UMIUTAHTalMU ObUIM CIIEAYIOIMMU: 3Heprus noHoB E=50 sB/aT, mioTHOCTh MOTOKAa MOHOB
j=3.7x10" ar/m®c, no3a oGmydenns ®=1.3x10%° ar/m?, Temmeparypa 00pasoB BO BpeMs
obmydenuss T=500 K. OOpa3upl Boib(pama ¢ MICHKOH aTOMHUHMS Ha OJHOW M3 CTOPOH
UMIUTAHTUPOBAJIUCh ~ JEUTEpPUEM CO CTOPOHBI, HEMOKPBITOM CIIOEM  QIIOMHUHHS, C
AQHAJIOTUYHBIMU TIApaMEeTpaMH 32 MCKIIIOUYCHHEM SHEPrHHM HWOHOB, KOTOpas cocramisuia 650
3B/ar.

[Tocne mmmuaHTanuu oOpasisl 00Jy4JaTuCh BOAOPOAHOM TuiasMoil ¢ 2% NpUMeCchIo
kucinoposaa. O6pasiisl Bosb(ppama ¢ MISHKON aTIOMUHUS HA OJTHOW U3 CTOPOH 00Jy4allucCh CO
CTOPOHBI, MOKPHITON TUIeHKOW amoMuHus. [lapamerpsl oOmyuenust B Hp+2% O, murazme:
E=50 sB/ar, j=3.7x10"° at/m’c, ®=1.3x10%® ar/m®, T=500 K. 3arem wmeromom TJIC

OonpeacislyioCb, Kak UBMCHUJIOCH COACPKAHNC HeﬁTepHH 1 BOJAOpOOA B o6pa3uax.
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3. Pe3yabTaThl IKCIIEPUMEHTOB M UX 00CYKIeHHE
3.1. sIBaenue AIIIl Ha MOBEPXHOCTH BoJIbppaMa ¢ IIEHKAMH OepHJLIHs/aTJIOMAHUA H
0e3 HIX

BuagHo (tabmuma 1, cronber 4), 4To B HAMbUIAEMbIC CIOW OCPUUIHS M AITFOMUHUS
3aXBaThIBAJICSA BOJOPOJ M3 OCTATOYHOro Trasza. Mmrmuiantamus neiftepuss B Boib(dpam cC
IUICHKOW Oepuwiius U alOMHHMSI TPUBOJUT K YBEIWYEHHIO B ~2-3 pa3a KOJIMYECTBa
3aXBAUYCHHBIX aTOMOB JIEHTEpHsl IO CpaBHEHHUIO C BoJibPpamoM Oe3 rieHOK (Tabmuma 1,
ctonberr 2). B To ke BpeMs, Ipu MOCIeAYIOeM o0Iy4eHnn oopasmnoB noHamu Hy + 2% O; ¢
sHeprueit 50 3B/ar (mpakTHYeCKH HE PaCHbUISIONIMX OBEPXHOCTh 00pa3IoB) U3 BOIb(ppama
CO CJOSMHU OepwlIus U aTIOMUHHUS YAANsSeTCs 3HAUUTEIbHOE M TNPUMEPHO OJMHAKOBOE
KOJMYECTBO aTOMOB JICUTEpHUs (13-15)><1019 ar/m’ (rabmuma 1, crombusr 3 u 5). U3
BOJIbppaMa TPU ITOM TaKKE YHAIAETCS 7.8x10" ar/m? nerrepus. B To ke Bpems, B
BOJIb(PpaMe C TUICHKOH aTFOMUHHSI KOJIMYSCTBO aTOMOB BOJIOPO/A YBEIMYMUBaeTCs B ~2.3 pasa.
KonnuectBo aToMOB BoJoposia B oOpa3iax Bosib(ppama u Bodbppama C MICHKOW OepuiLIus
ymenbinaercss Ha ~35%. Ilo-Bugumomy, mpu 0oOIydYe€HUH BOJOPOAHON IJIa3MOM CKOPOCTh
3axBara BOAOPOJa OblJIa MEHBIIIE CKOPOCTH €ro JaecopOmmu. MOKHO CIeNaTh BBIBOJI O TOM,
yto siBiienne AIIIT pa3BuBaeTcst Kak Ha OKCUJIMPOBAHHOW IMOBEPXHOCTH BOJb()pama, TaK U Ha
MOBEPXHOCTAX OKCUIAMPOBAHHBIX CIOEB Oepwuivs U amtoMuHus. [IpuueM, MHTEHCHBHOCTH
aprneHust AIIlIl Ha moBepXHOCTH IUIEHOK Oepwiuivs W amtoMuHus Onusku. [losTomy B
MOCIIEAYIONUX IKCIIEPUMEHTAX UCTIOIH30BAIHCH TUICHKH ATFOMHUHUS Ha BOJb(pame.

Tabnmuna 1. KonxmdecTtBo aToMoB Aeiitepusi U Bojopoja B obOpasiax Boib(pama 6e3
nokpbiTuid (W), u ¢ tuienkamu Oepuimnust (Wge) 1 amomunus (Wp)), mociie UMILIaHTAIIMA
neiTepus u nocienyromiero oomyuenus B Hy +2 % O, turazme.

KonnyectBo aeitrepus B oOpasue, KonngectBo Boioposa B obpaslie,
x10™ ar/m? x10% ar/m?
1 2 3 4 5
O6pasen o o6nyuyenusi B | Ilocne oonyuenust | Jlo obmydenus B | Ilocne oOnyueHus
H,+2% O, B H,+2% O, H,+2% O, B H,+2% O,
W 94 1.6 0.6 0.4
Wpge 16.0 3.1 6.5 4.1
Wa 28.0 13.0 21.4 48.2

3.2. Ocodennoctu siBjaenusi AIIIl npu BHeapeHuu eiiTepusi B «BOJb(ppaMoByIO»
CTOPOHY 00pa3ua M MoCJeAyIero o0Jy4eHus «aJlOMUHHEBOI» cTopoHbl Hy+2% O,
IJ1a3MOi

Tabnuna 2 mokas3bIBaeT, YTO MPUMEPHO MOJOBHHA MMIUIAHTUPOBAHHBIX B BOJb(pam

aTOMOB I[eﬁTepHﬂ IMPOHUKJIA B INNICHKY aJIOMHUHUSA N Onu1a yaajieHa € €€ IIOBEPXHOCTH B
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nporecce o0Iy4eHHs B BOJAOPOAHOM I1a3Me ¢ MPUMEChI0 Kuciopoaa. Mimest B BUly CXOACTBO
nposieiieHui pazputus AlIIl Ha MOBEPXHOCTH AIOMHUHHUEBBIX U OEPUIIMEBBIX CIOEB, MOKHO
3aKJIFOYUTh, YTO 3HAYMUTENIbHAS YacTh ACWTEpHs, HAXOJAIascs B Boib(pame CO CIOoeM
Oepriutns, Takke OyaeT JecopOupoBaThes MPU €ro OOTYYCHHH MOHAMHU BOJAOPOTHOM TIa3Mbl
¢ mnpumecbto kuciopoma. CrenoBarenbHO, MOXHO clelaTh BBIBOJA O TOM, YTO
HU3KOTEMIIEpaTypHOE OOIy4YeHHE [EHTepHUeBOl IUIa3MOW C MPHUMECHIO KUCIOPOJa MOKET
OBITh WCIIOJIB30BAHO IS JACTPUTH3AIMU BOJIb(PpaMOBBIX TaiinoB auBeptopa MTOP, B Tom
YHCIIe 3aMbUIEHHBIX OepHIUIHEM, a TaKKe OCpUITHEBBIX TAIOB EPBO CTEHKHU.

Tabmuma 2. KomnyuecTBO aTOMOB Bojopoaa W AciTepust B oOpas3nax Bosibdpama ¢
IUICHKOW aIOMUHUSL TIOCTE MMIUIAHTAllUU JCUTepHsi B BOJbPpaM U MOCIEAYIOUIETO
o0myuenwus cnost amomunus B Hy +2 % O, mazme.

3axBar aeitepus, | 3axBar BoIOpoja,
OKCIepUMEHT x10% ar/m® x10?! at/m?
Ho obnyuenus B H,+2% O, 2.9 3.1
ITocne o6mygenwus B Ho+2% O, 15 3.2

4. 3akil0ueHue

B pabote uccnenopanuchk ocobeHHoctu pa3Butus siBineHust AIIIl (akTuBHpoBaHHOIO
POHUKHOBEHHS M30TOIMOB BOAOPOAA Yepe3 OKCHIMPOBAHHYIO TIOBEPXHOCThH MPHU OOTyYCHHUU
KHACIIOPOIOM W aTOMaMW/MOHaMH BOAOPOAa) Ha Boib(pame u Ha Boibppame ¢
IOBEPXHOCTHBIMU CIIOSIMU Oepwulds M almoMMHUA. MccnenoBaics TpaHCHOPT H30TOIOB
BOJIOPOJIa MEXKAY BOJIb(GPaMOM U IUIEHKOM aJrOMHHHUSA B Iporiecce e€ 00aydeHus: BOIOPOIHON
IJIa3MOM C IPUMECHIO KUCJIOPO/Ia.

[TokazaHo, 4YTO AaKTUBUPOBAHHOE IPOHMKHOBEHHUS M30TONOB BOAOpOJA 4Yepes
OKCHJMPOBAaHHYI0 IOBEPXHOCTh MPOMCXOJUT BO BCEX HCCIEIOBAHHBIX  CIIydasX.
WNutencuBHocty siBneHust AIIIl Ha MOBEPXHOCTH IUIEHOK OEpPHIUIMS U AIIOMUHUS OJU3KH.
OO0ny4yeHne OKCHJIMPOBAaHHON MOBEPXHOCTH AJIOMHHHMEBON IJICHKHM HHU3KOIHEPTeTUYHBIMU
noHamu  Hp+2%O; mnmasmMpl  WHHOUUPOBAIO  TPOHUKHOBEHHE  MPEIBAPUTEIHHO
MMIUTAHTHPOBAHHOTO B BOJIb()paM JAeWTepHsl B aIIOMUHUEBBIM CIOM M 3aTeM JecOopOLHI0 U3
HETO MOJIOBUHBI aTOMOB JIHTepusi, BHEAPEHHBIX B BOJIb(paM.

Cnenano 3akmrodyeHue o ToM, uTo sBieHue AIIIl MokHO HCHONIB30BaTH JUIA
JNETPUTU3ALNN BOJIb(PPAMOBBIX TalJIOB IUBEPTOPA KaK MOKPHITHIX, TaK M HE MOKPBITHIX CIIOEM
Oepuiusi, U OEpUIUTHEBBIX TaiioB nepBoi cteHku UTOP.

5. Jluteparypa
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THREE-DIMENSIONAL MODELING OF RESONANT CHARGE TRANSFER
BETWEEN ION BEAMS AND METALLIC SURFACES

I.K. Gainullin

Faculty of Physics, Moscow State University; Leninskie gory 1 # 2, Moscow, 119992, Russia,
e-mail: Ivan.Gainullin@physics.msu.ru.

This paper addresses the numerical modeling of resonant charge transfer (RCT) during
ion-surface interactions. The main novelty of our approach is the usage of original ab initio
3D time-dependent Schrodinger equation (TDSE) Solver in combination with 3D
pseudopotentials, which describe the metal structure on atomic level. Full 3D modeling
enables us to reveal such fundamental RCT aspects as anisotropy of electron propagation in
the target and electron delay during grazing scattering. Also we've refined theoretical basis
for RCT experiments calculations and achieved the quantitative correspondence to large
variety of experimental data. A solid portion of these data, e.g. RCT azimuthal dependence

during grazing scattering, hasn't been modeled before.

The investigation of resonant charge transfer, i.e. energy-conserving one-electron
tunneling through the potential barrier between atomic particle and surface, is of fundamental
and practical importance in several branches of physics and chemistry [1,2]. Note, that in
most cases RCT is dominant channel of electron exchange between atomic particle and bulk
metal [3].

In this work we present technique for direct 3D RCT modeling. Some model RCT
problems are considered to capture fundamental 3D RCT effects. Also we refine existing
theoretical basis and apply 3D RCT modeling technique to calculation of some experiments,
which haven't been explained theoretically/numerically.

Our technique is based on direct 3D TDSE solution for one-active-electron, moving in
the pseudopotential formed by ionic core and metal surface. We use the original high-
performance ab initio 3D numerical TDSE solver which utilizes graphical processing units
[Ommoka! 3akiaaagka He ompenesena.,Omuoka! 3akaaaka He ompeneieHa.]. The key

point is the usage of 3D pseudopotentials, which describes the metal structure on atomic level.
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3D pseudopotentials for Cu(100), Cu(110) and Cu(111) surfaces have been calculated by
means of density functional theory (DFT), considering the known Cu crystallographic
structure. The obtained 3D pseudopotentials (fig. 1) reproduce the major known RCT
features. In particular, in the case of "jellium"™ Cu(110) surface we observe unrestricted
electron propagation deep into the metal along the surface normal. For the Cu(100) and
Cu(111) surfaces the electron motion along the surface normal is restricted due to projected
band gap. The dependence of RCT rate (level width) on ion-surface distance in the case of 3D
pseudopotentials is similar to the case of widely used effective 1D pseudopotentials. Also
presented 3D pseudopotential for Cu(111) satisfactorily reproduces the energy of surface state

-5.33 eV. The details about TDSE solver and 3D pseudopotentials calculation are given in [4].

3D potential for Cu100

Figure 1. Visualization of 3D pseudopotential for Cu(100). The figure shows isosurfaces for

pseudopotential value equal to 0.5 of its maximal absolute value.

We have applied 3D technique to several model problems in order to investigate RCT
features, arising from realistic (3D) surface description. For the ion fixed in front of metallic

surface, its lateral position was found to have small influence on the RCT rate and character
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(fig. 2). The ion interacts with several neighbor surface atoms, hence RCT is "averaged". For
the moving ion (non-grazing angles) the RCT was found to depend mainly on the distance of
closest approach and ions velocity. The velocity orientation along the crystallographic axis as

well as lateral shift of trajectory doesn’t influence significantly on the ions final charge state.

Cu(100) Z=12 a.u.

1.02¢
—Cul00 A
— -Cul00 B
"~ e Cul00 C
—--Cul00 D
0.98F
Al
0.96
TR
0.94 RRTE
0.92 1 . ‘ 1 |
0 100 200 300 400 500

time (a.u.)
Figure 2. lllustration of ion lateral position influence on RCT process. The figure shows H™ ion
population as function of time for different ion lateral positions. For each calculation ion is fixed near
surface at 12 a.u.

An interesting feature is anisotropy of electron propagation inside Cu(110). At fig. 3

one can see that electron propagates along < 001> direction ~2 times faster than along

<110>
t =20 . t =100
‘s © 0p ©
o ’ L e0P OO O
=t o o 0 N %> 0@ 0o °
o o ®0 DO
o 00 % -°

e %9 °,

- 5 o . o 2 15 1 5 o
X X

Figure 3. Evolution of electron density for Cu(110). lon-surface distance is 12 a.u. Figure shows

isosurfaces of electron density at sequential time moments (see figure for details).
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Figure 4 demonstrates the numerical simulation of RCT ion beam azimuthal
dependence. We see that as population on time (or distance to the surface) dependence as well
as final ion occupations differs for <001> and <110 > directions. The model calculations

imply only electron loss by hydrogen atom on outgoing trajectory.

Z (a.u.)

Figure 4. lllustration of ion beam orientation influence in RCT process. Figure shows H™ ion

population dependence on ion-surface distance for different azimuthal angles (close to
<110 > and <001> directions in the Cu(110) crystal). The H™ ion moves away from Cu(110)
surface with Vpom = 0.02 a.u. and V5,=0.5 a.u.; initial ion-surface distance is 5 a.u. The inset

shows the same in larger scale and additional trajectories (described in text).
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MOTEHIIMAJIBI B3AUMOJENCTBUA ATOMHBIX YACTHII ITPU BOJIBIIINX,
CPEJHUX U MAJIBIX DOHEPI'UAX COYJAPEHUSA

ATOMIC INTERATOMIC POTENTIALS AT HIGH, MEDIUM AND LOW

COLLISION ENERGIES
A.N. Zinoviev

loffe Institute, 194021, St.Petersburg, Russia, zinoviev@inprof.ioffe.ru

Last achievements in the field are reviewed.

1. Beenenue.

[ToTeHmMansl B3aMMOJISHCTBHS IMPOKO MUCIOIB3YIOTCSA B (DM3HKE TUIa3Mbl, acTpodusuke,

AJI1 AMarHOCTUKH MOBCPXHOCTH € UCIIOJIB30BAHUEM PA3JIMYHBIX METOAOB pacCCaHUA YaCTHL,

IIpyu MOJACIUPOBAHUUN ITPOXOXKACHUA YaCTUL YCPC3 BCHICCTBO U IIPH HOHHOM UMILJIaHTalluH.

[TpubmmkeHnre OWHAPHBIX COYAAPEHUH M METOJAbl MOJEKYIAPHOW JUHAMHUKH LIUPOKO

HCIIOJIB3YIOTCA JIA ONMHCAHUSA CTOJIKHOBUTCIIBHBIX KAaCKaJd0B, U PE3YyJIbTaTbl MOACIUPOBAHUA

OYCHb YYBCTBUTEIBHBI K BBIOOPY MOZENH MoTeHiuana. CpaBHEHHE TEOPETUIECKUX MOJIEIeH

NOTCHIIMAA C JaHHBIMH OKCIIEPUMEHTa MPOBOAWIOCH daBHO, B 1986 romy [1]. Ham

HOTpe6OBaJ'IOCB BCPHYTBHCA K JaHHOMY BOIIPOCY.

B wnameii pabore

2. IToBeneHne MOTEHUATIOB IPpU MAJbIX U CPECIHUX IHEPTUAX.

[2] Obu1 mpoBeneH ananu3 Haubojiee aKKypaTHBIX HM3MEPEHUH CEYCHUIt

paccestHusi aTOMHbBIX 4actuil [3-5]. [laHHBIC A Pa3IHUYHBIX SHEPTUH COyTApEHHS XOPOIIO

YKJIabIBAIOTCS Ha €MHYIO YHHUBEPCAIBHYIO KPUBYIO B MPHBEACHHBIX KOOpauHaTax p= @ doldQ

sin@ut=Ey O (Ecqm u O — sHeprust COyIapeHus U yroj pacCesiHUs B CUCTEME IICHTpa Macce).

OTO CBHUJAETENBCTBYET TOM, YTO pPAaCCESIHHME HOCUT KBa3UYNPYIMd XapakTep U BO3MOXKHO

UR/(Z,Z,€%)

14 - - - - noteHuuan Moneepa
~'--=" noTeHuuan l§LlJ'|
- -noteHuunan WeHceHa

—— "cpeaHnit" noTeHuman
Ar'-Ar

Ar'-Xe

Cd'-Xe

C"-Xe

Kr'-Xe

Ne'-Ne

Ne'-Xe

X P>oox*evan

0,01 o
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NPUMEHEHHE TPOIEIyPhl, TPEITOKEHHON
®upcoBbiM [6] Wi moONydeHUsT TapaMeTPOB
MOTEHIMAIa U3 JKCIEPUMEHTa. DTO OBLIO
cienaHo B Hammx paborax [2,7] mis 13

CHUCTEM.

Puc.1. 3aBHCHMOCTE MOTYYEHHBIX MMOTCHITHAIOB
B3aUMOJICUCTBUS JUISI PA3JIUYHBIX CUCTEM  OT
MEXBSIICPHOTO  PACCTOSIHMS. @5  —JIMHA
OxpanupoBanusi ®Pupcosa. IlpuBeneHsl Takxke
JIAaHHBIC TeOpeTHUECKUX Moaenei [7-10].



Jl1st moTeHIMaNa, HAanTyqIIuM 00pa3oM ONHCHIBAIOIIETO SKCIIEPUMEHT OblIa MPEI0KeHa
dbyHKUIHMOHATBHAS Popma:

U(X) = Z1Z,ai/xexp(-1.575x/(1+ 0.719 x*? -0.010 x). (1)
[To3nnee ©HamMu Obula TPEANIOKEHA MOJENb WHAMBHAYAIbHBIX MOTEHIIMAJIOB, YTOOBI
pacHMpuTh 00JACTh MPUMEHEHHUsS Ha OOJbIIME MEKbsAepHble paccrosuus. [7] OmHako,
OmMOKK B CIllydasx, KOrja JSKCIIEPUMEHTAJIbHbIC OTCYTCTBYIOT mpeBblmaroT 15%. UToObr
pemuTh 3Ty mpobieme B padore [11], mpemaoxkeHo B pamkax MpHOIMKEHHS (yHKIIHOHAIA
IUIOTHOCTH HCIOJb30BaTh makeT nporpamm DMol ¢ pacmmpennbsiM  Habopom Xaptpu-
®okoBCKHX BOJHOBBIX (QyHKIMUA. B Hamielt coBmectHo# padore ¢ K.Hopinynaom [12] Gbuin
BBIYUCIICHBI IO TOW MOJICNH IMOTEHIUAIBI B3aMMOJACUCTBHS I 19 cucTeM W TpOBENEHO

JIeTAIbHOE CPaBHEHHE C IKCIIEPUMEHTOM (CM.pHC.2).

Puc. 2. CpaBuenme pacuera B DMOL
OpUOTMKEHUH — CIUIOIIHBIC JIMHHU C
IKCIIEPUMEHTOM: KPY)KKH [2],
tpeyronbaukH [13].

U(R), eV

HaGmromaercst  xopoiiee — coriiacue
pacuera u 3kcrnepuMmeHnta. C pocrom

3apsdaa sAapa pasiindue IIOABJIIACTCH.

[To aBropoB [12] wMmHeHHIO, O3TOT

HEJIOCTATOK MOYKHO MPEOJIOJIECTh, SCIIH
YBEIUYUTh 0a3UC HMCMOJIB3YEMbIX (YHKIUH M Y4eCTh PEISATUBUCTCKHE MOMpPaBKU. B 1menom
JIOCTUTHYTOE COTJIACHE TEOPUU M SKCIICPUMEHTA MOXHO CUUTATh BEChbMa XOPOIIIHM.
3. IloBeneHHE MOTEHIINAJIA TIPH MAJIBIX MEKbSIIEPHBIX PACCTOSTHUSAX.

[Mpr MambIX MEXbBIACPHBIX PACCTOSHUSAX OOBIYHO WCIIOJNB3YETCS OKPaAHHPOBAHHBIH
KYJIOHOBCKUH TMOTeHIMal, npemiokenusiii bopom: U(R) = Z1Z, | Rexp{-aR}, 31ech a —
napameTp, KOTOpPBIA Mbl OyJleM Ha3bIBaTh KOHCTAHTOW dKpaHupoBaHus. B Hamieit padote [14]
OBLIO MMOKa3aHO, YTO KOHCTAHTa YKPAaHUPOBAHUS, MOXKET OBITh BBIYHMCIICHA O (hopMmyiie:

o= - (Hei(Z1+Z5, 0) - Hei(Z1,90)- Hei(Z2,0))/(Z125), (2)
rae He(Z1+2Z;, 0) —sHeprust 37aeKTPOHHOM MOACHCTEMBI 00beqHHEHHOTO atoMa, He(Zy0) u
Hel(Z2,00)- sHEprUUM 37IEKTPOHHBIX MOJCUCTEM Pa3beIMHEHHBIX aTOMOB. VCronb3ys pacders

[15], sHeprus 3JIeKTPOHHOM MOACUCTEMBI MOKET ObITh 3amucana B Bujae[14]:

Hel(Z) = 0.465 Z>*2 (ar.en.). (3)
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Jlannast ¢popmyna BBINOIHSAETCS ¢ TOYHOCTHIO 1.6% st Z=2-92. [lonydyeHHas 3aBUCUMOCTD
HECKOJIbKO OTJIMYaeTcs OT IMpeacka3piBaeMod Mojnenbto aroma Tomaca-®epmu, 1€
He|(Z)~Z7/3 . C yuerom (1) U1l KOHCTAHTBI SKPAaHUPOBAHUS I0JIy4aeM BbIpaKEHUE:

0= - 0.465 ((Z1+Z,)*** - Z,%%% - 7,2%%)/(2,2,). (4)

B cnyuyae BO30OykIeHUs WM MOHU3ALMU YaCTUI[ NPU COYIAAPEHUH, MOCKOJIbKY SHEPTus
AJICKTPOHHOM TOJICHCTEMBI yYMEHBIIACTCS 1O a0COMIOTHOW BenwuuHe, Gopmyinbl (4) maer
BEPXHUU IpeJien Jisl KOHCTAaHThI SKPaHUPOBAHHUSL.

JUisi TOJy4deHusT CBEICHUH O TOTEHIMaje MpH OONBbIIMX  SHEPIHAX COYAApEHUs
UCTIOJIB30BATMCh JAaHHBIE, IOJydaeMble TpU OOpaTHOM pe3epPOpIOBCKOM pPACCESHHUH.
DHepruu CoyaapeHus B JaHHOM cirydae Jiekat B quanasone 300 k3B -6 MaB. B pa6ore [16]
BT OTy4eH TTOTeHIHan A1 cuctemsl He'-Au € ncrons3oBanneM npoueaypsl ®upcosa.
OpHako BO3MOKEH MOJXOJ, KOT/Ia MCHOJB3YeTCsl paccesHhe Has3ax W Yroi paccestHus 0 He
cunbHO ommmuaercss or 180°. B 9TOM ciydae 3HAYeHHE MOTEHIHMANA IPH PACCTOSHHHM
HanOOoIbIIero cONMmKeHust yacTuil Ry onpenensercs mo Gpopmynam[14]:

U(Ro)= 2E sin(0/2)/(1+sin(0/2))+2 o Z1Z; (sin(6/2)-1) /(1+sin(6/2)) = E, Rg = f Z1Z,/E,

f =do/dQ/ (do/dQcouiomb ) = 1/(1+ a Z1Z,/ E) (5)

B atom ciiyuae f He 3aBucut ot yria paccesinus M f—1 mnpu E —oo . D10 mosBossier
HopmupoBath ¢yHkimoo f(E) Becbma TouHO. MCcHonb30BaHWE JAHHOTO METOAA MOJYYCHUS
MOTEHIIMaa MO3BOJIWIO PACIIUPUTH OOJIACTh, TJie U3BECTEH MOTEHIIMAN, ONMpPEICICHHBIN W3
skcnepumenta, 10 0.005a;. Ha puc. 3. mokazana ynxmust a(X)as = - In{U(X)x as}/X, koTopas
UMEeT CMBICII TapameTrpa SKpaHupoBaHWs. OuUeBWIHO, YTO ISl SKPAHHUPOBAHHOTO

KYJOHOBCKOTO MOTEeHITHaa oX) = a.

—o—He'-Ta
—o—He"-W
T ;e I'_A” Puc.3. 3aBUCUMOCTH KOHCTAHTBI
— -+ Moliere
1.6 / 777777 ZBL OKpaHMPOBAaHUS  OT  MEXBAIEPHOIO
Zinoviev paccrosiHus [14].
--->  formula (4)

S L Ha puc. 3 cTpenkoil mokazaHo
o §
3 3HAauE€HUE, JaBAEMOE NPEAT0KEHHOU

0.8 F Hamu  opmynont  (4). UWmeercs

IPEKpaCHOC corjiacue 3TOT'O

0.4 -

0.01 0.1 3HAYEHUSA KakK c

X=R/a ]
IKCIEPUMEHTATIBHBIMU TAaHHBIMH.

HOJ’Iy‘-IeHHBIe 13 DKCIICPUMECHTA JAHHBIC TAKKC OTAAIOT NPEATTOYTCHUEC ITIOTCHIIUATY MOHBepa
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[9] u mpemnoxeHHOMY HaMu TOTEHIMATY [7] MO CPaBHEHHIO C IMHPOKO HCIOJIb3YEMbIM
norerimaioMm ZBL [10]. DTo HeyauBUTEIbHO, TaK Kak MPH ONPEACICHUU MapaMETPOB B
Moznenn ZBL wucnonp3oBanuMch JaHHbIE NPU  MEHBLIMX SHEPIUsAX COYJapeHus H,
COOTBETCTBEHHO, OTBEYAIOUIUX OOJBIINM PACCTOSHUSM HAMOOIBIIEr0 CONMKEHUS IO
CpaBHEHHIO ¢ Haiei paboToii [7].

4. Koppeknusi Ha 3JJeKTPOHHYI0 J3KPAHHUPOBKY TMPH H3MepeHHs MeToA0M
oopaTHOro Pe3epdopaoBckoro paccesiHus.

B paGote [17] ObUIO MOKa3aHO, YTO OTHOLICHHE CEYEHHUH ISl CIy4aeB paccesHus B
noje ci1abo HKPAaHHPOBAHHOIO KYJOHOBCKOTO IMMOTEHIMAlNa M KYJIOHOBCKOM IOTEHIMAJA

umeet Bua: do/dQ/ (do/dQcouiomp )= 1/(1+ Z1Z5-0./ E). 3navenus o npuBeCHbBI Ha puc.4.

Puc. 4. 3nauenus o TS
cronkHoBeHuii HoHoB He' ¢ aromamu
¢ 3apsizoM sipa Z [14].

formula (4)
o experiment B curyanmu, xoraa moje CHUIBHO

=
<

5 OTJIMYACTCS OT KYJIOHOBCKOTO, MBI

npeJiaraeM IPOBOIUTH

BBIYHCIICHUEC CeUYCHUsI c

S UCIIOJIb30BaHUEM  TOTEHIMAIA,

20 40 60 80 100
7 NpeIoKEeHHOro B [2,7].

2

5. BausiHue 3JIeKTPOHHOI YKPAHMPOBKH HA CeYeHHS SI/IEPHOTO CHHTE3A.
[loyueHHbIE NaHHBIE TO3BOJSIOT TaKXKe OLEHUTh POCT CEYEHHs SJIEPHOTO CHHTE3a,
CBSI3aHHBIM C HAJIMYMEM OSKPAaHWPOBKM B MoTeHnuane. Kak W3BECTHO, CeueHHE SIACPHOM
peaxim Moxer ObiTh 3amucano B Bue: (E)=S(E)E™ n(E), smecs S(E) Tax Ha3biBaeMblii
actpodusnuecknii (paxtop, ciabo MeHsroUMics npu u3MeHeHWn E. Benuuwna cedenus
OIPE/ICNICTCS] BEPOSATHOCTHIO TYHHEIMPOBAHHS CKBO3b MOTEHIIAIBHBIN Oapbep N(E):

Ry
n=exp| - iz;lJ'{Zm[u (R)—EJ2dR

R : (6)
[IpucyTcTBUE IIEKTPOHOB NP U3MEPEHUHN CEUCHHIA B JIAOOPATOPHBIX YCIOBHUSX CYIIECTBEHHO
U3MEHSIET BEPOSTHOCTh TYHHEIMPOBAaHHS M, COOTBETCTBEHHO, CEUCHHE IO CPAaBHEHHUIO CO
cllydaeM B3aHMOJICHCTBUS roJbIX sijep (puc. 5).

VYuer sxkpanupoBku [14] mo3BosiseT KMETh XOPOIIiee coryiacue ¢ dKcrnepumenTom [18].
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our calculations
----- bare nuclei
O experiment

85

80
] Puc. 5 Acrpodusnueckmit
75 daxrop ans d*-d peaximii.
70 4

65

S, keV*barn

60

551

E, keV

6. [loBeqeHHE MOTEHINAJIA IPH PACCESTHUH YACTHIBI HA TOBEPXHOCTH.

JlenaroTcsl TOMBITKM TIOJNYYSHHs CBEJCHWH O TOTCHIMAJIaX W3 pacCesHUs YacTHUI[ Ha
noBepxHocTH. YacTo BapbHpOBajach MOJIENb MNOTEHIMANa JUIS HAWIYYIIEro OINWCAHHS
skcriepumenTtax [19]. Illyabra mpemiokuin OpUrHHAIBHBIA METOJ] ONMpPEACICHHs MOTECHIINANIA
Ha OCHOBE aHajM3a JSHEPTMU 3aXBaTa HOHA B IIOBEPXHOCTHBIM IOJYKaHAT W ITOJYYHI
cBenenus o noreHnuant s cucremsr Ar-Cu [20].

B paborax [21,22] nmoka3aHo, 4TO MPH paccessHUM aTOMOB Ha MOBEPXHOCTH KpUCTAILIa
1o/ HeOOJIBIIMMU yIiIaMu cKosbkeHHs 0.5-3° umMeeTcsi 3aBUCUMOCTh MOJIO0KEHUS Paly>KHOTO
NUKa B a3UMYTaJIHHOM YTJIOBOM PACTpPEICICHUN PACCESTHHBIX YaCTHUI] OT Ha4aJIbHON SHEPTHUH.
Kak BUIHO M3 pUCYHKa, UMEETCS CHIIbHBIC OTIMYHSA OT DKCIIEPHMEHTA, KaK B BEIMYMHAX
paxy’KHOro yria, Tak ¥ B (YHKUMOHAJIbHON 3aBUCHUMOCTH OT HaudaibHOM sHepruu. s
OMHCaHMsl OJKCrepuMeHTa Mbl [23] HCHONB30Baid  KOMOHMHALIMIO — 3KPAHHUPOBAHHOTO
KYJIOHOBCKOTO TIOTEHIIHAIA, YaCTO HMCIIOJIE3YEeMOTO Uil OMMCAHUS PACCESTHUS TIPU OOJBIITNX
DHEPTUSAX, W OSKCIOHCHIUAIBHOTO TMOTEHIMala, YacTO MPHUMEHSEMOTo IpH HEOOIBIINX
3HEprusax coyaapeHus. llpu Hcronb30BaHMM ATOMHBIX €IMHHUIl MOJTy4EHHas 3aBHCHMOCTb
nmeer i F(R){ar.ex.}=192.2-exp(-1.062-R)-(1-0.234-R+0.024-R?) u xopomro cormacyercs
¢ oKkcrepuMeHTOM. OTKIOHEHHUS HE NPEBBIIAIOT TOYHOCTH HM3MEPEHUH BEIHYUHBI Q.
[TonydeHHbIE TaHHBIE CYNIECTBEHHO OTJIMYAIOTCS OT M3BECTHBHIX MApHBIX MOTEHIMAJIOB, YTO
[0 MHEHHWIO aBTOPOB CBSI3aHO C B3aMMOJICHCTBHEM HAJICTAIOIICH YACTHIIBI C DJIEKTPOHAMHU

MMPOBOAUMOCTH B MCTAJLJIC.
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Puc. 6. M3mepeHHast 3aBUCUMOCTh TOJIOKEHHSI Paay’KHOTO MUKa OT HavdanbHOW sHepruu [10, 11] u
MPOBEICHHBIE HAMH pacdeTsl uis moTeHiuaaoB Mombepa [9], ZBL [10], 3unoBbeBa [7] u
MPEIOKEHHOTO B padoTte [23].
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B3ANMOCBA3b ITIPOIECCOB, BBI3BIBAIOIIIUX HEYIIPYI'ME ITIOTEPHU
HEPI'MM NOHOB

INTERRELATION OF PROCESSES LEADING TO INELASTIC ENERGY
LOSSES OF IONS

10.A benkosa, H.B.HoBukos, 5.A.TemioBa
Yu. A.Belkova, N.V.Novikov, Ya A.Teplova

Hayuno-uccreoosamenvckuii uncmumym sioeprou ¢huzuxu um. /.B.Crobenvyvina,
Mocxosckuii I'ocyoapcmeennviii Yuueepcumem um. M.B.Jlomonocosa,

119992 Mockea, Poccus, teplova@annal9.sinp.msu.ru

The method for calculating of inelastic energy loss of heavy ions in matter
is proposed. It allows to divide the inelastic energy losses of ions into two interrelated
components: due to charge exchange process, which determines the formation of the
average charge of the ions, passing through matter, and due to ionization and

excitation of target atoms, depending on the average ion charge.

B skcniepumMenTax mo mpoxoxACHUI0 MOHOB ¢ 3Hepruei E uepe3 razoByro uiu TBEpPAYIO
MUIIEHU U3MEPSIOT CyMMY MOTEph SHEPTUU OT Pa3HBIX dJIeMEHTapHbIX mpoieccos [1, 2]. Ecnu
CUMTaTh YIPYTHE€ U HEYNPYTrHe B3auMOJCHCTBUS MOHOB C MUILIEHbIO HE3aBUCUMBIMHU, TO MOTEPU

SHEPruy UOHOB, MPOIIEAIINX CJION BELIeCTBa TOJIIUHON t, MOKHO MPEACTaBUTh B BUJE CYMMBI:
S=S,(E)+S.(E,Z,1), (1)
rae ynpyrue motepu dHeprud S, (E) BBIUHCISIOTCS TEOPETHYECKH HA OCHOBE 3aKOHOB

COXpaHEHUs UMITyJbca M dHepruu u He 3aBucAT t. Bropoe cmaraemoe S, (E,Z,t) onuceiBaer

NOTEPU SHEPTUU MOHA C 3apsJIoM AJpa Z OT HEYNPYruX B3aUMOJIEHCTBUIA € JIEKTPOHAMH CPEJIBI.
Kpome noTepp sHEpruu oT MpoLEeccOB MOHM3ALNK aTOMa MUIIEHH, KOTOPbIE BHOCAT OCHOBHOM
sknan B S, (E,Z,t), 9To ciaraeMoe yuMThIBAET TakyKe MOTEPH SHEPIUH B MPOLIECCE TIEPe3aps K
ObICTpOM dacTUIbl (MOTEPHM M 3axBaTa HOHOM OJIHOTO HJIM HECKOJIBKMX OJJIEKTPOHOB) U
BO30YyXK/IEHHE aToMa MHUIIEHH B CTOJKHOBEHUSX ¢ uoHOM. Ecmm t mpesemmaer T(E,Z),
0003HAYAIONIYI0 TOJNIIMHY MHIIEHH, HEOOXOIUMYIO Uil YCTAHOBJIEHHS PaBHOBECHOTO

3apsIOBOTO pacupeaeIeHUs HOHOB, TO HEYNPYrMe MOTEPU SHEPTUN YACTHUIIBI HE 3aBUCAT OT t:
S.(E,Z,t) > S,(E,Z) npu t >T(E, Z), 2)

N MOXHO 3aItMcaThb
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S=S,(E)+S.(E Z). (3)
Omnupudeckue onenku ympyrux S (E)m meympyrux S, (E,Z)moreps sHeprum wuoHOB

HPUCYTCTBYIOT B mporpaMmHoM komiuiekce SRIM [3].
B naHHON paboTe mpemiaraeTcsi BBIICIHTH IOTEPH DHEPIUU HOHOB B IIpoIecce

nepe3apsiiIki U allpoOKCUMHUPOBATh HEYIIPYTUE MTOTEPH SHEPTHH HOHOB COOTHOIIICHUEM:
S.(E,Z,t) =S,(E,Z =) x[Q(E,Z,1)|"** +S_.,(E,Z,1), (4)
rae S;(E,Z =1) — notepu 3Hepruu NpOTOHOB B IIpoLleCCaX MOHU3ALUHM U BO30YXKICHUS aTOMa
muineHu B raszax, Q(E,Z,t) — cpenuuit 3apsn wonos, p(E,Z) — Ge3pasmepnblii mapamerp,
S;ﬂ(E,Z,t)— MOTEPU DHEPTUU MOHOB B Tpolecce uX mepesapsakd. CoriacHo MOTYyYCHHBIM

paHee pe3ysbTaram [4]:
S (E.Z,)=Y @ (E1) 6,4(E 2Z) ( —+\e )+ 0,(EZ) (T \s Bl (5)
q

rae g — 3apan uoHa, o,..,(E,Z), o,,,(E,Z) — ceuenus motepu M 3axBaTa MOHOM OJIHOTO
snextpona, @ (E,t)— 3apsnoseie dpakuuu, €,,&,; — BEIUYUHLI SHEPIUU CBS3M BAJCHTHOTO

3JIEKTPOHA HMOHa € 3apsaoM ( U  — 1 cooTBeTcTBEHHO, V — CKOpPOCTh MOHa, M — Macca
anekTpoHa. CpeaHuii 3apsl HOHOB OIPEAEIAETCS KakK
Z
Q(E,Z,t)=)_ q ®,(E,1). (6)
q=0
[Tpubmmxkenre (4) MO3BOJISET YyYECTh B3aUMOCBS3b IIPOLECCOB IMEpPEe3apsIKU HOHOB U
IIPOLIECCOB HMOHU3allMM M BO3OYXIEHUS aToMa MHIIEHH B HEYNPYrMX MOTEpsAX SHEpruw,
MOCKOJIBKY TIpOLIeCC Mepe3apsiIku CBsi3aH ¢ (OPMHPOBAHME CPEHEro 3apsijfa HOHOB, OT
KOTOPOT'O 3aBUCST CEUEHUS] MOHMU3ALUU U BO30YXKIEHUS aTOMa MUIIIECHHU.

Jns ronmael t > T (E,Z) 3apsgoBoe pacipesiesicHiHe HOHOB CTAHOBUTCSI PAaBHOBECHBIM:

@, (E,t) > F,(E) (7)
Q(E,z,t)»a(E,Z){q F,(E), (8)

rmue Fq(E) u a(E,Z) — paBHOBECHBIE 3apsaoBbIe (PAKIUU M CPEAHMNA 3aps] HOHOB B

PaBHOBECHOM 3apsAA0BOM pacCIIpCACICHUN COOTBECTCTBCHHO. HeynpyrI/Ie IMOTCPU SHCPIruru MOHOB

npu t >T(E,Z) He 3aBUCAT OT TONIIMHBI MUIIICHH 1

S.(E.2)=S,(E.Z=)x[aE. D)7 +5,.(E2), ©)

q+1
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rae S, (E,Z)onpenensercs ananorndno (5) ¢ yuerom coornomenue (7). s mpoTOHOB ¢

sneprued E > 50 k3B Bemonssercs cootHomenue ((E,Z =1) =1, uyto mno3BosseT wu3

SMIMPHYECKUX BEIUYMH HEynpyrux norepb sHeprun S.(E,Z =1) [3] u skcnepuMeHTaIbHBIX

sHayenuit 6, (E,Z =1) u o,,(E,Z =1)B rasax [5] serauciuts napamerp S;(E,Z =1)
Si(E,Z2=1)=S,(E,Z2=1)-S_,(E,Z=]). (10)

Vcnionb3ys janee /Ui ra30B M TBEP/bIX MHILIEHEH 3Ha4eHus cedenuit o, ., (E,Z) nns nonos ¢

Z > 5 [6] u oMmMpuYecKHe BeIWYMHBI Heynpyrux moreps sHeprun S, (E,Z) [3], u3

cooTHOIIEHUS (9) MOXKHO BBIYHCIUTH O€3pa3MepHBII mapaMeTp:

S.(E.Z)~ S, (E.2)

pP(E,Z)=1In S(E.Z=1)

/nfa(e.z)). (11)

C yBenmnuenueM E HOH Tepser OONBLIYI0 YacTh CBOMX OJIIEKTPOHOB M BKJIAJ IPOIECCOB
nepe3apsjiKu B HEYNPYTHE MOTEpU SHEpruu ymenbmaercs S, (E,Z)/S,(Z,E) —0. B sroit
00JIaCTH SHEPTHH, B COOTBETCTBUU ¢ pudmmkenuem bere — bnoxa, p(E,Z) —» 2.

Ha puc.1 npencrasieHsl pe3yiabraThl pacueroB mapamerpa P(E,Z) mis umoHOB azora B
KkpemHud W azore. s ObicTpbix monoB asora P(E,Z)=2 B oOmactu sueprum E > 10
M>sB/nykion. B untepBanie sueprun E ~ 0.1 — 1 MsB/uyknon p(E,Z) > 2 u ¢dyHkuus
P(E,Z) ot E nmeer MakcuMyM. DTO CBSI3aHO C BIMSHUEM JBYXCTYIEHYATHIX MEPEXOJ0B, KOTaa

aTOM MHILEHU B PE3YJIbTATE B3aMMOJEICTBHS C HOHOM IIEPEXOJUT B KOHEUHOE COCTOSIHUE YEPE3
IPOMEXYTOUHOE BO30YKJEHHOE COCTOSIHHE  JMCKPETHOIO WJIM HENPEephIBHOTO CIEKTpA.
CedeHne Takux HpPOLECCOB UMeeT 0ojiee CWIBHYIO 3aBUCUMOCTh OT 3apsiia MOHa ( IO
CPaBHEHHUIO C MEPBBIM MOPSAIKOM TEOPUH BO3MYIIECHHUS.

VYmensbiienne BenuuuHbl napamerpa P(E,Z) B oGmactu MemieHHbIX cToiakHOBeHHH (E <
0.1 M»>B/HyK/IOH) CBsI3aHO C MOJIEKYJIAPHBIMU 3¢ ¢deKTamMH, Korjaa Juis ONMCAaHUs IMPOLECCOB
BO30YXKICHHUS] U MOHM3AI[MM aToOMa MMILIEHU HEOOXOIMMO YYUTHIBATH JBUKEHHE IJIEKTPOHA B
1oJie ABYX KYJIOHOBCKHUX LIEHTPOB, YTO COOTBETCTBYET OIMCAHUIO HEYNPYTUX MOTEPh SHEPTHUHU B

obnacru manoii suepruu [7], S, (E,Z) oc Z .
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Puc.1. Pesynbratel pacuera napamerpa P(E,Z) mist nonos azora (Z=7): 1 — B KpeMHHH
(Si); 2 — B meone (Ne).
Pesynbrarel pacuetoB i MOHOB a3oTa (puc. 1) NOKa3pIBalOT, 4YTO BEJIMYMHA

P(E,Z)3HaunTeIbHO OTJIMYAETCS B TBEPIBIX M Tra3000pa3HBIX MHIICHIX. OJTO CBSA3aHO C

U3MEHEHHEM HEeYIPYIuX MOTepb SHEPTUU MOHOB IIPU IEepexojie OT Ta30BON MUIIEHU K TBEPAOil,
4T0 00BSICHSACTCS B (4) HECKOJIBKMMHU (pakTOpamMu — MOIUQHKALIUCH ceueHu mepe3apsiaku [4],

yBEJIMYEHUEM cpeaHero 3apsga (6) u ocmabnenuwem 3aBucumoctd S (E,Z)or Z wu3-3a
yMmenbienus mapamerpa p(E,Z).

[IpemnoxkeHHbIl METO pacueTa 3aKJI04YaeTCs B pa3JeleHUU HEYNPYIMX MOTEpb dHEPIUU
OBICTPOI YaCTHUIIBI HA JIBE€ B3aMMOCBSI3aHHbIE KOMIIOHEHTHI, KOTOpble 00YCIIOBJIEHBI MPOLIeCCaMU
nepe3apsiIku MOHOB, a TaKkKe MPOLeCCAaMU MOHU3ALMKM U BO30Y)XJIEHHsS aTOMOB MHIIEHU. JTO
IIO3BOJISICT BBIUMCIUTH CYMMApHBIE HEYIPYrMe NOTEpPH JHEPrud B Ta30BOM WM TBEPAOU

MHIICHU, KOTOPBIC COOTBETCTBYIOT 3KCIICPUMCHTAJIbHBIM JAHHBIM JJI1 Se (E, Z) .
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IMPOXOXJIEHUE BOJIH U YACTHUILl YEPE3 IIOPUCTBIE CTPYKTYPbI
WAVE AND PARTICLE PROPAGATION THROUGH POROUS STRUCTURES

.M. ®ununmos’, B.A. AJ‘IeKcaHI[pOBZ, H1.B. .HBICOBaS, A.B. Crenanos!
G.M. Philippov', V.A. Aleksandrov?, 1.V. Lysova®, A.V. Stepanov!

YYyrcxa, 4eboxcapw, P, filippovd8-gm@yandex.ru;
YTy umenu U.H. Vavsanosa, Yebokcapol, PD;
NYrTy umenu U.A. AHxosnesa, Yeboxcapol, PO

In this work we study charged particles propagation through porous structures is investigated
in order to clarify the channeling parameters, and also to study the possibility of perforating
thin films. We consider the passage of a quantum wave packet of a multiply charged ion
through a single nanopore and an ordered lattice of nanopores. The calculation is performed

by numerically solving the non-stationary Schrodinger equation.

B pabote uccienyroTcst mporiecchl TPOXOXKACHUS 3apsHKEHHBIX YaCcTHIl Yepe3 MOpHc-
ThIE CTPYKTYPBI C LIEJIbIO BBISICHEHUS MAapaMETPOB KaHAJIUPOBAHUS, & TAKKE BO3MOKHOCTEH
o neppoprupOBaHUI0 TOHKHMX IUICHOK. Pabora sBisieTcss 00OOIIEHHMEM M pacHIupeHUEM
UMeronMXxcs TanubiX [1-3] Ha citydait mpoX0XKACHUS YaCTHI[ U BOJH Pa3IMIHON MPUPOJIBI Ye-
pe3 MopucThie IIEHKH. PaccmaTpuBaeTcs mpoxoKaeHne KBAaHTOBOTO BOJTHOBOTO MAaKeTa MHO-
ro3apsJIHOT0 MOHA Yepe3 OAMHOYHYIO HAHOIMOPY M YNOPSAIOYEHHYIO PEIIETKY M3 HaHOIOpP.
Pacuer mpousBOAUTCA NOCPEACTBOM YHMCIEHHOIO PEUIEHHsS HECTALMOHAPHOIO YPaBHEHUS
IlIpénunrepa.

B nmononHeHne k 3TOMYy paccMaTpHBAaeTCs KJIAaCCHMUYECKOE KaHAJIMPOBAHHE AaTOMHBIX
YACTHUI[ B HAHOIIOPE KOHUYECKOTO CEUYEHUs, a TaKkke nepgopanusi TOHKOU TUICHKH TSKEJIBIM
MHOT'03apsIHBIM HOHOM METOJOM MOJIEKYJISIPHON JUHAMUKH.

PaccmoTpuM BHauane KBaHTOBYIO 3a1auyy. BoJIHOBOM makeT yacTuibl maccou M, 3a-
psgom Q, IBMXKETCS BIOJB OCH X CO CKOPOCThIO V. BomHoBas ¢ynkuus (BP) B HawambHBIH

MoMeHT Bpemeru (=0 nMeeT Bua

2 2 2
1 ) 1 x* y 4z
Yo(r)=—7——expsipx —=| —+———|¢,
74 Jdyd, 21at a3

r/1e UMIyJbC yacTulpl P = Mv. BonHOBO# makeT yacTHUIIbI IPOHUKAET Yyepe3 KPYriioe OTBEp-
CTHE paanycoM R B mosynpo3payHOi Meperopojke TONIIUHONW 8, MOTEHIMAl B KOTOPOH Mo-
crosiHeH U paBeH Up. LleHTp makera IBMXKETCS MO OCH MOPBI, TaK YTO 3aj7aya SBISIETCS aKCH-

aHBHO-CHMMeTpHQHOﬁ.
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Pemas necranmonapuoe ypasaenue llpeaunrepa

2
LoV h
ih"—=———A¥ +QU(NY¥,
o 2M
MOXKHO HaﬁTH I[I/IHaMI/IKy BOJIHOBOTI'O ITaKETa U OHpeI[eJII/ITB BepOHTHOCTH HpOXO)KI[eHI/ISI " oT-
pPaXCHUA KBAaHTOBOU YaCTHULbI OT IIOPBI, @ TAKKC PACHPCACICHUEC IINIOTHOCTH BCPOATHOCTU

OoOHapyXeHHsI YacTHUIbl B PA3JIMYHBIX TOYKaxX MpocTpaHcTBa. [lockoibKy Macca 4YacTHIIbI
5 4
M>>1 (nopsinka 10° a.e.), BBOOUM «MEIJICHHOE» BpEMsI TZM' B pesynbprare nmonydaem

ypaBuenue llIpemuHrepa a1 4acTHIIBI ¢ MACCOM, paBHOW Macce aekTpoHa (1 a.e.) B «Men-

JICHHOM)» BPEMCHH U «CHJIBHOM) IIOTCHIIUATIC MU

2
iﬁ—\y = —h—A‘P +MQU(N)Y, Y|.—g="Yy(r).

ot 2
Pemaem nBymepHoe (C yueToM akCHadbHOW CHMMETpUM) HecTanroHapHoe ypaBHeHue Lllpe-
JUHIepa Ha CETKE C MOMOIUIbI0 Pa3HOCTHOM cxeMbl 2-ro nopsjaka tuna Kpanka-Hukoncona u
MIOJTy4aeM JBOJIIOIMIO COCTOSIHUSI BO BpeMEHHU. Pe3ynbTaThl npeBapuTEIbHBIX PACYETOB IS
anektpona (M=1 a.e., Q=-1 a.e.), aBrKkymierocsi ¢ V=1 a.e. 4yepe3 Kpyrjioe OTBEPCTHE PaaNYy-
com R=10 a.e. mpuBenensl Ha puc. 1. HauanbpHble MIMPUHBI TayccoBa MaKeTa YacTHIIbI
d1=d,=20 a.e. Ha ckpuHIIOTax 10 TOPU3OHTAIIM OTJIOXKEHA MPOJIOJIbHAS KOOpAUHATA B Pabo-
Yell NWIMHIPUYIECKON 00JIACTH, OTPAaHMYCHHON OECKOHEYHO BHICOKMMH CTEHKaMU (HYJICBBIC
TpaHUYHbIC YCIIOBHS), a M0 BEepTUKAIU — THornepeuHas. [IpuBenensl penbedsl MIOTHOCTU Be-
POSITHOCTH B IUIOCKOCTH (X,Y), OTOOpa)KEHHBIE METOIOM TIpajalliii IpKOCTH. BepxHuii Kpaii
pPHUCYHKA — OCh IIMJIMHJIPA, BHU3 OTJIOKEHA MOTepedHasl KOopAnHaTa. B BHe mpsIMOyToIbHA-

KOB TOKa3aHa padoyasi HUIWHIpHYecKas 00J1acTh U 0apsep, a B BUJE IIIUIICA — MTOJIOKEHUE

ImaKeTa (Ha IMOJIOBHHC IIJIOTHOCTHU BepO}ITHOCTI/I) B ClIy4ac CBO60I[H01"0 JABHIKCHHA .

Puc. 1. DBomonus B® snexkTponHa, npoxXodsmiero cCO CKOPOCThIO V=1 a.e. uepe3 mopy paauyca
R=10 a.c.
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BeposTHOCTh Mpox0kAeHUS BOJTHOBOIO NakeTta yepes mopy paBHa 0.2255. Ilpouecc TyHHe-
JUPOBaHUS Yepe3 MeperopoAKy B Hamiem ciiydae HecyiectBeHeH (Menee 0.002), mockoiabKy
BEIOpaHBI TTapaMeTphl MOTeHIMaIbHOTO Oaprepa a=20 a.e., Up=1 a.e. [locrme mpoxoxmeHus
BOJIHOBOI! ITaKeT YaCTUIIBI JIOKATU3YETCS B OKPECTHOCTH OCU CUMMETPUH CUCTEMBI.

Ha puc. 2 nokazana 3aBHCHUMOCTb BEPOSTHOCTU IMPOXOXKIACHHSI BOJHOBOIO MakKeTa
AJIEKTPOHA, ABMXKYIIErocs ¢ V=1 a.e. u oOyajaroniero HayaJbHOM rayccoBoil mupuHON 20

a.e., 4epes3 Mmopy, B 3aBUCMOCTH OT €€ paauyca.

0,8
0,6
0,4

0,24

0,0 = T T T T 1
0 10 20 30 40 50

R, a.u.

Puc. 2. BepossTHOCTh MPOXOXKACHMS IMaKeTa JJICKTpoHa monHas (mTpuxu) u B mpenenax [0,1.1R]
(crmonrHas KpuBasi) depe3 Iopy B 3aBUCUMOCTH OT ee paguyca. CKOpocTh diieKTpoHa V=1 a.e., Toi-
muHa ieHkH 20 a.e., moTeHIran B IicHke 1 a.e.

B pabote nmnanupyercs uccienoBaTh BIUSHUE YIOPSIOUYEHHOCTH OPUCTON CTPYKTY-
pBl B HAHOIUIEHKE Ha IapaMeTpbl IMPOXOXKACHMS IYYKOB 3apsyKEHHBIX dacTull. byzper pac-
CMOTpEHa CTPYKTypa Tuna «Iu(pakIMOHHON peleTKH» ¢ HabopoM MapasuleNbHbIX Mesiel U
CTPYKTYypa THIa «IBYMEPHOU PEIIETKW» C YHOPSAAOYEHHBIM HAOOPOM KPYTJIbIX HAHOMOP.

B cBs3u ¢ npobiiemoil neppopupoBaHrs TOHKOW IUIEHKM MHOTO3apsiIHBIM HOHOM B
paboTe paccMaTpuBaeTcs 3ajaya O MOJSAPU3ALHOHHBIX CHJIAX, BO3HUKAIOUIMX B IMOpPE IpH
IPOXOXKACHHU B HEil MHOT03apsiJHOTO HOHA. Kak ObLI10 BBISICHEHO B MpeablAyIiei padore [2],
MOJIIP3aLlMOHHBIE CUJIbl OKA3bIBAIOTCS BaKHEHIIMMM MPHU PACCMOTPEHUHU JTaHHOTO SIBJICHMSL.
s maketa npsAMOYyroibHOM (opMbl HaUOOJIbIIIEE 3HAUEHHUE CUJIBI MOJISIPU3ALIMOHHOTO Mpo-
UCXOXKJICHHSI €CTECTBEHHBIM 00pa30oM JOCTUTAeTCs IPU YCIOBUU CONPUKOCHOBEHUS TPaHMILIBI
naKeTa ¢ BHYTPEHHEH MOBEpPXHOCThIO MOphl. /Iy rayccoBa makera A€o0 OOCTOMT CIIOXKHEe,
MOCKOJIBKY 3apsiji B HEM pacIipe/iesieH HepaBHOMEPHO, YeTKas TpaHHIla MaKeTa B JAHHOM CITy-
yae OTCYTCTBYeT. TeM He MeHee, yJaeTcsl ONpEIeNUTh Ty CTENeHb NMPOHUKHOBEHUS IaKeTa
«I10 Ty CTOPOHY» T'paHHIIBI IOPBI, KOTOpasi OyJeT COOTBETCTBOBATh MAaKCUMAaJIbHON CHJIE BO3-
JENCTBUS JIEKTPUYECKOrO MOJS MHOT03apsiIHOIO MOHA HAa TPAHUYHYIO ITOBEPXHOCTH IOPHI.
[TpencraBum cebe, 4TO MaKeT UMEET rayCCOBO PaCHpeAEICHHUE B NTONEPEUHON 110 OTHOLIEHUIO
K OCH TOPBI INIOCKOCTH, B TO BpEMsI KaK BJI0JIb IIOPBI OH PaclpesielieH paBHOMEPHO. 3ajaua B

JaHHOM CJIy4acC 5KBUBAJICHTHA Ooiee l'IpOCTOfI 3aaa4€ O rayCCoBOM IIAKCTC, paclioJiararomem-
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cst BOJIM3M IJIOCKON MOBEPXHOCTH AUANIEKTpUKa. lloBeneHue moisspu3alluOHHON CHIIBI B JIaH-
HOM CJIydae JiJIsl POCTEHINeH MO TUAJIEKTPHUKA ObLIIO pacCMOTPEHO HaMu B pabote [4]. B

CJIydac TOUCHYHOIO 3apsaaa MOTCHIH A MOJIAPU3ALUOHHOIO ITOJIA JACTCA BBIPAXKCHUCM

—k" (z+29) En (k||) -1

(o) (x) = —Z [k o (ki — 1o )e
4 (X) '([ I ol ||‘ o‘) gw(k||)+1w

—0

3necy Xg = (ro, Zo) — TOYKa, TJI€ PacnojaracTcs TOYeYHbI 3apan Z, &, (k”) - o6pa3z dypne

oreparopa AUAJIEKTPUYECKON MPOHULAEMOCTH IUAJIEKTPUKA. J[MAJIEKTpUK 3aHMMAeT IMOiy-
npoctpanctBo z<0. B mpocTeiimem npuOImKeHny, ¢ yueTOM IPOCTPAHCTBEHHON AUCIIEPCHUH,

2
, -1
&0 =1-—20(Kks —k) > ——0(k. ~k) =
In) e+1
2
=0k k) > O(ke k) at @ —0
20° —
0

B sTtom CJIydac NnoTeHuuall oJIprU3alluOHHOIO ITOJISI OKA3bIBACTCA PABHBIM

ke _
POV (x) = =Z [k Jo (ky | — roe ™1 +70)
0

IIpu 3TOM cua IpUTSHKEHUS 3apsaia K IOBEPXHOCTH U €€ MAaKCUMAJIBHOE 3HAYEHNE PaBHBI

o Ke —2k
F(x=X,)=-2> a—z(p(p"')(X)x:xo =z* gdknkue e

L zz ,
0

YuuTeiBas 3aTeM, UTO 3aps] PacHpelelieH MO0 raycCoOBOMY 3aKOHY, MOKHO OIIPEAEIUTh TO
paccTosiHUE IIEHTpa MaKeTa OT MOBEPXHOCTH JUAJIEKTPUKA, HA KOTOPOM JOCTUTAeTCs MaKCH-
MaJIbHOE 3HaYEHUE MOJIIPU3ALUOHHON CUIbl. DTO 3HAUYEHUE OKA3bIBAETCSl NHOTA 3HAUYNTEIIb-
HO TIPEBBIIIAIONIMM CPEJIHEKBAAPATUUHYIO HIMPUHY Nakera. B pabore miuaHupyercs JaHHOE
WCCJIEJOBAHNE TPOBECTH W Ul Cllydas LWIMHAPUYECKOM CHUMMETPUM, HENOCPEACTBEHHO
IPUMEHHUMO B 3aj]au€ O BO3JIEHCTBUHU rayccoBa MakeTa MHOI03apsJHOr0 MOHA Ha MOpY, B KO-
TOPOH OH PacIpOCTPAHSIETCA.
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OTPAKEHUE NOHOB BOJOPOJA OT MEPBOM CTEHKH
TOKAMAKA PEAKTOPA

HYDROGEN IONS REFLECTION FROM THE TOKAMAK REACTOR
FIRST WALL

I1.1O. Ba6enko, A.Il. llleprun, A.Il. Cononnnpina, A.M. JleBstkos, A.H. 3uHOBBEB
P.Yu. Babenko, A.P. Shergin, A.P. Solonitsyna, A.M. Deviatkov, A.N. Zinoviev

OTU um. A.®. Hoggpe, C.-Ilemepbype, Poccus, e-mail:babenko@npd.ioffe.ru

Reflection coefficients and angular distributions of scattered particles in bombarding
various practically applicable targets with H, D atoms have been calculated in a wide range of
incident angles and energies. In the case of glancing angles and crystalline targets, the
reflection coefficient of almost 100% has been observed. This effect should be taken into
account in calculating energy input into the divertor material and in designing protective
screens for spacecrafts.

1. Beenenue. B moHorpaduu [1] npuBezeHo 60bIIOE KOIUYESCTBO JaHHBIX 0 KO3 duimente
OTpa’keHHsI aTOMOB Ry OT MOBEPXHOCTH TBEPBIX TeJ MPH MaJEHUN HAIETAIOIIUX YaCTHI] IO
HOpMaJIi K MOBEPXHOCTU. B KHUTe MMeeTcss MHOIO CChUIOK Ha pacueTHble padoThbl, YHMCIIO
OKCIIEPUMEHTAIBHBIX JaHHBIX CYIIECTBEHHO MeHbINe [2-7], a Ui CKOJB3SIIUX YIJIOB
NaJIeHUs] ¥ TOTO MEHBIIIE.

[Tockonbky mnepByro cTeHKy Tokamaka peakropa ITER mnnanupyercs nenate wu3

Bosib(pama (W), Hallre uccieoBaHue MOCBSILIEHO BBIYMCICHHIO KOI()(DHIUCHTOB OTPAKEHHUS
U YIJIOBBIX pacHpelesieHnid aTOMOB BOJOpoOJa M JAeWTepuss NpU CTOJIKHOBEHHUU C
KpUCTAIIMYECKUM U aMop(dHbIM BodbppamoM. MHpopmanusg o BennunHe ko3()PUIMEHTOB
OTpaKEHHsI TaKXKe MOXKeT OKa3aThCsl CYLIECTBEHHOW IpU KOHCTPYMPOBAHHUU 3KpPAHOB
KOCMMYECKHX amlapaToB JUIsl X 3allUTHl OT COJIHEYHOTO BETPA.
2. Onucanue KOMIBIOTEPHOI0 MOJAeJIHMPOBaHUA. MOJENTupoBaHUE pACcCEeSHUS HOHOB
MOBEPXHOCTHIO KPHUCTANIOB MPOBOAMIOCH C MOMOIIBIO MPOrpamMMbl, B KOTOPOMl paccesHue
paccMaTpuBaeTCs Kak pe3yJbTaT MOCieA0BaTeIbHOCTH MapHbIX coyaapeHuil. Mcrnonb3oBaics
AJITOPUTM CXOXKHI C aITOPUTMOM, TIPEUIOKEHHBIM B [8].

B kadecTBe moreHIMana MEXaTOMHOIO B3aWMOJAEWCTBUS MCHOJIb30BAJICS MOTEHIIMAT
[9], mamnyummm 00pa3oM OMHUCHIBAIOUIMN HMEIOIIUECS SKCIEPUMEHTAIbHBIC TaHHBIC IO

pacCestHUIO YaCTHIl!

U
1/2
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rae Zi, Z; — 3apsAnbl Saep, € — 3apsja dJCKTPOHA, I — MEXbIJICPHOE pacCTOSTHHE, X=Io/as,
as = 0.8853-(Zlo'5+220‘5)'2/3 — nanuHa SKpanupoBaHus ®upcoBa, u ¢;=0.582, ¢,=0.654,
c3=-0.03.

Koapduunents orpaskeHust Uisi aMOP(HBIX MMIIEHEH BBIUUCIAINCH C OMOILBIO
nporpammbl  SRIM [10], a yrmoBble pacnpeneleHus 4YacTUIl TOJXyYeHbl 00paboTKOU
pesynbratoB koga SRIM crenuanbHbIM HPOTPaMMHBIM OOecreueHHeM, pa3paboTaHHBIM
aBTOpPaMHU CTaTbU. B GOJBIIMHCTBE pacueTOB YYMTBIBAIOTCS TEIUIOBBIE KOJEOAaHUs, KOTOpbIE
OKa3bIBAIOT CYIIECTBEHHOE BJIMSHUE HA YIJIOBBIC PACIPE/IEICHUS PACCESIHHBIX YaCTHII.

3. Pacuer k03¢ (PUIIHEHTOB 0TPAKEHUS H YIVIOBBIX pacnpeaeeHuid.

B srom wmccnenmoBaHMM MBI HE YYUTHIBAIM 3apsOBBIE COCTOSIHUS HaJeTaloIen
YacTUIBl ¥ PACCeSHHbIX YacTULl. YIJVIOBbIE PpAacHpEeAeNeHUs PpACCEIHHBIX YacCTHI
XapakTepu3yrTcs yriaamMu ¢ u o (cMm. Puc. 1).

Ha Puc. 2 npusenensl ko3dduuueHTs orpaskenus maus cucrembl D-W(100)
st suepruit Eg=0.1+10 k3B u yrnoB a=1+90°. Ily4ok HampaBiieH BOJIb aTOMHOU IIETTOYKH.
JlaHHbIe 111 BOIOPOJIa M IeHTepHsl TOX0KH, TaK KAaK MPH BBIYUCICHUAX MIPEIIO0Iaraioch, 4To
MOTEHIMAJ HEe 3aBUCHT OT MACCHhl, @ TIOTEPU YHEPTHH MIPH MPOXOKJICHUN aTOMOB B KPUCTAJLIE
HE YYUTBHIBAINCh. Puc. 3 WUIIOCTpUpPYET pe3yabTaTbl, IOJIY4YeHHBIE s aMOp(pHOTO
BoJIb(hpama C moMoIbko nmporpamMmmel SRIM.

detection
plane

1.0 wg=c —e—0.1keV

«: v::‘ - D'W(IOO) —0—0.2keV
X —A—04keV
—v—1keV

—e—0.1keV
H-W —=—0.5keV
—a—lkeV
N —e—2keV
\&\ —v—5keV
». I~
\\Q' .\.\O\o
\‘ngiii:::
0 15 30 45 60 75 90 0 15 30 45 60 75 90
a, deg. a, deg.

incident
beam

plane 0.0

Puc. 1. 'eomeTpus s3xcriepuMenTa u pacuera. Puc. 2. Paccunrannsie koadunnenTs otpaxenus Ry B
3aBHCUMOCTH OT yria CkojibxkeHus o. Puc. 3. Paccuntannesie mporpammoii SRIM kosd¢unmenTst
OTPa’KeHHS B 3aBUCHMOCTH OT YIJIa CKOJIbKCHHUS.

Ha Puc. 4 npuBeneHo cpaBHeHHe NaHHBIX i dHeprun Eq=400 5B, tunuyHou ans
YacTUIl B TMPHUCTEHOYHON oOmactTu Tokamaka. Kak BuaHo wu3 Puc. 4, nanueie mns
KPUCTANTUYECKOM M aMOp(HON MUILIEHEeH CYIIEeCTBEHHO pa3HATcA. I8 KpHCTalInyecKon
MUIIIEHN HaOroaeTcst Onm3kas k 1 BenmuumHa Kod(DpuimeHTa oTpakeHus BIUIOTH 10 YIJIOB
nagenust 0=20°. DToT 3P QeKT cieayeT yUuThIBaTh MpU OIICHKE IHEPreTUUECKON HArpy3Ku Ha
TUBEPTOP, €cu OH OyneT caenaH M3 KpUcTaulnyeckoro marepuana. [lpu Oonpmimx yriax

KOB(I)(bI/IL[I/ICHT OTpAXKCHUA YMCHBIIACTCA GBICTpee, 4CeM B CJiydac € aMOp(I)HOﬁ MHIOCHBIO HU3-
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3a KaHAIMPOBaHMS 4YacTUI B Marepuane. [IpH COOTBETCTBYIONIMX 3HAYCHHUSAX YIJIOB
HaOMIOJAIOTCA WKW, CBsA3aHHBIE ¢ d3ddexkrom  OJOKMpOBKH. M3mepenus s
MOJUKPUCTAIUTMYCCKON MHUIIIEHU [4] XOpOIIO COrjacyroTCsl ¢ HAIIMMH BBIYUCICHUSIMU IS

aMop(hHOI MHIIIEHU.

1.0 ® - cexperiment
° —0—- - target amorphous target
ST 0]y D0y
—a—-D-W(100) 10* - e ) oS’
—a— - H-W(100) - e - —eanl0’
i) 3 —v—a=20
0.5 N&\E g crystal (100) g 3 22z
5 \\ — 8 o 8 107 &4 crysta](l;f))
~ \A:A—A\k 4 } 4 7.7“’:“
- Z 10 |~ e
L 1T 7] 1 e P
0.0t ‘ S ' : e
0 15 30 45 60 75 90 25 0 25 10, 15 30 *
a, deg. ¢, deg. 3, deg.

Puc. 4. 3aBucumocts Ry OT yria o. DKCIepUMEHTaldbHbIC MaHHbIC u3 paboTel [4]. Pacuers
BBITIOJTHEHBI C TOMOIINBI0 Hamied mporpamMMel M mporpammbl SRIM. Puc. 5. Pacmpenenenus mo
a3UMYTAJILHOMY YTJIy @, YaCTHI[ PACCESBIIMXCS Ha KPUCTALITMYCCKON 1 aMop(dHO# muieHu. Puc. 6.
Pacripenenenns mo yriy & 9acTHIl, pacCcesiBIINXCS HAa KPUCTAIUTHIECKON 1 aMOp(HON MHUIIICHH.

VYTI10BBIE pacpeeneHusl PaCCETHHBIX YaCTULl B 3aBUCUMOCTH OT a3UMYTaJIbHOTO yria
¢ nas cuctembl D-W npencrasiens! Ha Puc. 5. Pacnpenenenue no a3uMyTaabHOMY yIi1y @
JUIsl  KPUCTAJUTMYECKOW MHIICHH MMEeT XapakTepHble paayxHble nuku [11]. Vrimosoe
pacrpenenenue yummpseTcs ¢ yBeIM4eHneM yriia nagenus o. OmHako, 3ToT 3¢ ekt ucuezaer
npu yrie 0>20° Tak Kak Mpu TaKUX YCIOBHUSIX YaCTHUIIBI HE 3aXBATHIBAIOTCS B TOBEPXHOCTHBIN
KaHal. Buja yrioBbIX pacnpeneneHuil M3MeHseTcs, Korjga HaOmogaercs KoddduuueHT
otpaxkenus, onuskuit k 100%.

Ha Puc. 6 npuBeneHo pacrpeieieHue pacCessHHbIX 4acTHIl 1o yriy O. [lpu paccessaun
OT KpPUCTAJIMYECKOW MHUIIEHHU paclpeiesieHue MO0 Yrily O HMEET OCTPbIil MaKCHUMYM,
BBbI3BaHHbII paccesHUEM B INOBEPXHOCTHOM KaHalle, a B ciiyyae aMOp(HOW MHIIEHU Bce
YIJIOBBIE pacupenieneHus rinaakue. B cinyudae xpucramia nposiBiasercs 3(G@exT OI0KHUpOBKU
npu MajibIX yriax paccesHus o. Kak BunHo u3 Puc. 5 u Puc. 6, yrioBsie pacnpeneneHus 1is
KPUCTAJUTMYECKON M aMOp(HON MUILIEHEW CTaHOBATCS MOXOXXHMH JPYT HA JIpyra MpH yriax
a>20°.

4. Kodppuuuent orpaxenuss aias cucrembl D-C. B osTtomM cnydae BbIYHCICHHS
IPOBOAMINCH TOJBKO Uit amopHoi mumienu (Puc. 7). ['padgur yacto mcnomip3yercs Kak
MaTepuan JUBEpPTOpa U NEPBOM CTEHKHM TOKaMaka. BO3MOXXHO CpaBHEHHE BBIUMCIIEHHH C
skcriepuMerToM [3]. BumHO, 4TO KOA(QUIMEHTHI OTPaXKCHHUS CYIIECTBEHHO PacTyT MpH
yYMEHBbIIEHUH yria ckoibxkeHus o. Koxg SRIM mnpu Manblx »HEprusix AaeT MeHbIIue
3HAYEHMsS,, U XOpOILIO OMNKCHIBAET 3aBUCUMOCTh KO3(DPUIMEHTOB OTpaX€HUS OT yrjia

CKOJIBKEHUS TOJBKO NP dHeprusix omm3kux k 10 kaB.
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1.0

0.0t 0.0

0 15 30 45 60 75 90
a, deg.

a, deg.

Puc. 7. 3aBucumocth Ry 0T yrita o. JkcnepuMeHTaIbHBIE JaHHBIE U3 Pa0OTHI [3] MOKa3aHbl TOUYKAMH,
Ham pacyer mporpammoid SRIM mokazan nwmuusmu. Puc. 8. 3aBucumocts Ry or yria a.
DkcnepuMeHTalbHble JaHHble s cucteMbl D-C u3 paboter [3] u mns cucrembl D-W moka3zassl
TOYKaMH, Hall pacyeT mporpammoirt SRIM nokasan nuHUsAMHU.

Ha Puc. 8 npencraBieHsl SKCIEepUMEHTAIbHbIE 3aBUCUMOCTH KO3(DPULIMEHTOB OTpaXKEeHHS
OT yIJIa CKOJILXKEHUS U1l aTOMOB jielitepus ¢ sueprucii 0.4 k3B, paccesHHbIX Ha yriepose [3]
u Bosib(pame [4]. Ha 3TOM ke puCyHKEe MPHUBEACHBI HAIIK PACYCThI C TOMOIIBIO MPOTrPAMMbI
SRIM. Buano, 4To 3aBUCUMOCTb KO3 (UILIMEHTA OTPAKEHUS OT yIila CKOJbXKEeHHs cradee s
TsDKENoW MuIeHH. Jlydiee coriacue pacuera v 9KCIIEpUMEHTa HaOIF01aeTCsl U MUILICHH W3
Bosib(ppama. Koapdurment orpaxenus Oobie s TSHKETI0W MUTIICHH.
5. 3akiaioueHnue.
1. BbINOJHEHHBIC BBIYMCIICHUS IIOKA3bIBAKOT CYIIECTBEHHOE paznuuue KoddduimeHToB
OTPaKECHHS ISl KPUCTAUIMYCCKUX U aMOP(HBIX MHUIIICHEH.
2. bmuzocth K03((PUIIMEHTOB OTpaKEHUS BOAOPOAA W JCHTEpUsS I KPUCTALTHYCCKHUX
mutieneid k 100% crnenyer nmpuHUMaTh BO BHUMAHHE JUIS CHVDKCHUS SHEPTOBBIICICHHS B
TUBEPTOPE U MIPH pa3pabOTKe 3alUTHBIX SKPAHOB ISl KOCMUYECKUX alIapaToB.
3. Hns mnpoBepku pabOTOCIOCOOHOCTH HAIIeW MPOrpaMMbI JKEJIaTeNbHO TOSBICHUE
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BJIUSAHUE MMOTEHIIUAJIOB IOBEPXHOCTH HA B3AUMOJIEVICTBHUE
HNOHOB C IOBEPXHOCTBIO

INFLUENCE OF SURFACE POTENTIALS OF IONS INTERACTION
C.C. BOJIKOBl'Z, AA. ApI/ICTapXOBal, I0.E. I[MmpeBCKHﬁl,T.I/I. KHTaeBal, C.B. HI/IKOJII/IHS,
H.JL Hy3eBI/Iq2, M.IO. Tumawes’, A.B. TOHCTory3OBl, B.B. prXI/IHl
S.S. Volkov'?, A.A. Aristarhova®, Yu.E. Dmitrevsky®, T.I. Kitaeva®, S.V. Nikolin®,
N.L. Puzevitch?, M.Yu. Timashev', A.B. Tolstogouzov', VV.V. Truchin
'Pasanckmii rOCyAAapCTBEHHBIN paJuOTEXHUUECKUI YHUBEPCUTET, I'. Psa3ansb, Poccus

2
Psi3anckoe BoIcIIee BO3IYIIHO-AECAHTHOE KOMAHIHOE YUUITUIIE
A0 «IInazmay, r. Pa3anub, 390000, Poccus, yin. [{uonkosckoro, 24

The features of impact energy, the charged electric potentials and surface potentials of the interaction
of ions with surface atoms of the surface on the processes of ion scattering and sputtering.

B paboTtax ¢ MOBEpXHOCTBIO YaCTO TMOSBISETCS HEOOXOJUMOCTh MCIOJIB30BaHUS Xa-
PAaKTEpUCTHUKY, HA3BIBAEMOM <«IIOTEHIMAJ ITIOBEPXHOCTH», COAEPkKALIEH B 3aBUCHMOCTU OT
U3y4aeMbIX MPOLECCOB pa3anuHblil puznyeckuit cMmpici. [Ipu oTCyTCTBUM YyTOYHEHUH BO3HU-
KalOT HEONpPEAEICHHOCTH, OCOOCHHO BCJEJCTBHE IIMPOKOIO CMBICIA CAMOI0O MOHSTHUS «I10-
TEHLIMAJI», BKJIKOYasl ITOTEHLHUAJIbl B3aUMOACUCTBUSA I OTIAEIbHBIX YACTHI], aTOMOB U IIO-
BEPXHOCTH. B TO k€ BpeMs yTOUHEHUs HE BCET1a BO3MOKHBI U3-3a HEJIOCTATOUYHOM HUCCIEN0-
BaHHOCTH IOTEHIUAIBHBIX XapaKTEPUCTHK ITIOBEPXHOCTH B KOMIUIEKCE. B n3ydyenun npouec-
COB B3aUMOJEHCTBUS HOHOB C IIOBEPXHOCTHIO B OCHOBHOM CUMTAETCSl JOCTATOYHBIM OTpaHU-
YUTHCSI MEKATOMHBIMU MOTEHIIMAIaMH B3aUMOJEUCTBUA B cPepuyecKu M30TPOMHON (opme.
DNeKTpUUecKUe 3apsiioBble NMOTEHLHUAIbl OIPAaHUYMBAIOTCS OO 3apsaKkoil Bcero oOBbEKTa
WIN YaCTH TOBEPXHOCTH B JUDJIEKTPUKAX, TMOO JBOWHBIM 3apsI0BBIM CIIOEM 3JIEKTPOHHOTO
ra3a U aTOMOB T€OpETHYECKOro xapakrepa. Llenbto qaHHOIN paOoThI SABISIOCH UCCIIEAOBAaHHE
MPOSIBJICHUS PA3IMYHBIX MOTEHIIMAIbHBIX 0COOEHHOCTEN MOBEPXHOCTH B MPOIIECCaX B3aUMO-
JICHCTBHSI MOHOB C MOBEPXHOCTBIO IIPU OTPaKEHUHU M PACIbUICHUH. bBoJbIION MHTEpec mpea-
CTaBIIsieT MOTEHIMAIbHBIA Oapbep Ha BHYTPEHHHMX MeX(a3HbIX IPaHUIAX U €r0 BUJOU3MEHE-
HUS TIPH NIepexojiax OJHON U3 (a3 B TOHKYIO IUIEHKY C BBIPQ)KEHHBIMH OCOOEHHOCTSIMM ISt
MEJIKOpa3MepHBIX CTPYKTYyp. JlaHHas paboTa BBINOJIHEHA KaK aHalIu3 pe3yJbTaToB pa3HOO00-
Pa3HBIX dKCIEPUMEHTAIBHBIX UCCIEIOBAaHUN PacCEIHNUS HOHOB, PACTIBIICHUSI BTOPUYHBIX HO-
HOB M aTOMOB OTJIa4M, HAOJIOACHHUS ITOCIEIMUCCHH, BOZHUKAIOLIEH MPH pa3HbIX SHEpreTHye-
CKUX BO3JICMCTBUSAX, ONpPEEIEHUs] KOHTAKTHON Pa3HOCTU MOTEHIIMATIOB MeX(a3HbIX TPaHUIL
Y MOTEHIMAJIOB MOHOCJIOWHBIX IUICHOK C U3YYEHUEM HX aTOMHOIO cocTaBa. B kauecTBe Hc-
ClIeTyeMbIX 0O0BEKTOB MCIOJB30BATINCH TEXHOJIOTUYECKHNE MAaTEePUAJIbl U3 Pa3HbIX TEXHOJIOTHU-
YECKUX MPOU3BOJICTBEHHBIX MpolieccoB. B paboTe uccienoBanbl U 0000IIEHb MaTepUaibl 110

QJICKTPOCTATUYCCKUM 3apsAAOBbIM IMOTCHOUAJIAM, IO SHCEPTCTUYCCKHUM IIOTCHIIMAJIAM, 06y-
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CJIOBJIMBAIOLINM HAINPABJIEHHOE JBU)KEHUE AIIEKTPUUECKHUX 3apsAI0B (JIEKTPOHOB), 110 MOTEH-
yajaM B3aUMOJECHCTBUSA MOHOB C IOBEPXHOCTBIO, IO MOTEHUIHUAIBHBIM XapaKTEePUCTHKAM,
00YCIJIOBIIEHHBIM TEOPETHUYECKONM MOJIEIbI0 SHEPreTUUECKOro paclpeiesieHuss BaJCHTHBIX
AJIEKTPOHOB B METaJLJIE.

HccnenoBanus paccestHus M PACHbUICHUS MOHOB IPOBOJWINCH HA HKCIEPUMEHTANb-
HBIX M IPOMBIIUIEHHBIX CIIEKTPOMETpaX HMOHHOIO PAacCesHUs W BTOPUYHO-MOHHOM Macc-
cnekTpockonuu. IloTeHnnanbHple XapakTepUCTUKU 3apsA0BOr0 XapakTepa Jy4iuM o0pa3oM
IPOSIBIISAIOTCA MIPU HU3KOIHEPT€TUUECKUX BO3JIEHCTBUAX, N3Y4aJIUCh HOHHBIMU ITyYKaMH HO-
HOB T'€JIusl, HEOHA, aproHa runeprepMaibHbIX d3Hepruil - Huxke 100 3B u vuxke 10 3B npu To-
kax 10 10 % A/em?. Jlnst HAGIIOAEHHS aTOMOB OTJAYM HCIIOIB30BATNCE MYUKH C SHEPTHAMMI
6osee 200 3B u 10 5 k3B. OnbITH ¢ pacnbUICHUEM HOHOB OCYILECTBIISINCH BMECTE C aHAJM-
3aMHM COCTaBOB TEXHOJIOTMYECKUX OOBEKTOB (METAJJIOB M MOJIYIPOBOAHUKOB) B TEXHOJIOTMH
IIPOM3BOJICTBA HHTETPAIbHBIX cXeM. B aHannTHYecKoM 000py10BaHUHM 00€CIIEUUBAIIUCH YHC-
ThIE€ YCJOBUS MOJTOTOBKH MOBEPXHOCTH UCCIIEAYEMbIX OOBEKTOB TPAHCIIOPTUPOBKOW B KOH-
TeiiHepax ¢ MHEPTHBIM I'a30M WIJIM a30TOM. Y CJIOBHS 110 YUCTOTE COOTBETCTBOBAJIM MPOU3BO/I-
CTBEHHBIM YCJIOBHUSIM TEXHOJOTMYECKUX IIPOLECCOB, B YACTHOCTH, IIPOU3BOJCTBA SMUTTEPOB,
MHTETPAJIbHBIX CXEM, YUCTBIX U CBEPXUUCTHIX MaTepuaioB. BakyymHble yCl0BUS B PU3UKO-
AHATMTHYECKOM 000pYI0BaHHH ObecreunBatich Ha yposHe 10 ~° Ia.

Jlns uccnenoBaHus MOTEHIMAIOB MeX(a3HbIX IPaHUL], B TOM YMCJIE€ Ha MOHOCIOHHO
pa3MepHBIX YPOBHSX MCIOJB30BAJICS METOJl KOHTAaKTHON Pa3HOCTH MOTEHIHAIOB (MeToa AH-
JepceHa). ITOT METOJI OJJHOBPEMEHHO MO3BOJISIET HAOMIOAATh U U3MEPSITH OTPAXKEHUE DIIEK-
TPOHOB IIPU DHEPrUAX MEHbLIE 1 3B, CyHIECTBEHHO 3aBHCSIIUM OT IIOPOTOBOT0 MOTEHIMAIA
NOBEPXHOCTU. Takoi MeToa oka3biBaeTcsl 3((PEKTUBHBIM INPH HACTPOHKE H3MEPUTEIBLHON
AJIEKTPOHHOM MYIIKM B PEKHUM HACBIIMIEHUS KaToJa IMYLIKU MPU OTCYTCTBUH aAcopOaToB Ha
karozae nymku. [lonoOHbIEe ycI0BUS MO3BOJSET 00ECHEUnTh BOJIb(PPaMOBBIN JTEHTOUHBIN Ka-
Tox nipu Temmeparype 6osiee 2300 °C nipu Bakyyme syumie 10 Ma.

HccnenoBanus paccesHUs MOHOB HU3KHMX DHEPIMM M KOHTAKTHOM PAa3HOCTH IOTEH-
[IMAJIOB, B TOM YMCJIE Ha CHCTEMaX C MOHOCJIOWHBIMHU aJCOpOMpPOBaHHBIME TuleHKamMu CS —
[W], Ba—[W], Ba- [Ge], Pb — [PbO] noka3zanu, 4To npu MacCHBHBIX MOKPBITHIX Ha Tpa-
HUIIE pa3jiena o0pa3yeTcs dHepreTuyeckas pa3HOCTh MMOTEHIIUAIOB, OJHOHANPABIEHHO JeH-
CTBYIOIIast Ha CBOOOJIHBIE AJIEKTPOHBI MIPH MEKTPOCTATUYECKH HEHTPAIBbHBIX TUIEHKAX. DHEp-
FeTUYECKUN MOTEHIMANl 3JIEKTPOCTaTUYECKH HEHTPaJIbHOTO MPOBOJAHMKA (METajula) MepeHo-
CHUT 3apsibl Yyepe3 TpaHUIly pa3zielsia Mpu KOHTaKTUPOBAaHUU MaTepuaioB. Marepuansl, pasae-

JICHHBIC TOHKUM HOUBJICKTPUKOM, O6J'Ial[aIOT OHCPrCTUUCCKUM HNOTCHOHUAJIIOM, CPAaBHUMBIM C
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SHEPreTUYEeCKUM XUMHUYECKUM MOTEHIMAJIOM U CIIOCOOHBIM O00eCleYnBaTh aHATOIHYHYIO XU-
MUYECKHUM 2JIEMEHTAM, 3aPSAJOBYI0 EMKOCTh. DTO MOJIOKEHHUE JIETKO IPOBEPSIETCA € IOMOIIBIO
JIBYX Pa3HBIX MaTEPUAJIOB, Pa3JCIEHHBIX TOHKUM CETHETORJIEKTPUKOM M CHOCOOHBIX CO3]1a-
BaThb UMIIYJIbC TOKa (MpU MaJIOHM IUIOIIAJIM) IPU OTCYTCTBUHU IEKTPOCTATUYECKOM 3apsiKEH-
HOCTH. 3aMETUM, YTO IOPHUCTHIE AKTUBHBIC IOBEPXHOCTU XMUMHUYECKUX DJIEMEHTOB COCTaBIIA-
IOT IECATKU COTHU M. KB., TO €CTh 00JIa[1at0T CPABHUMOM IUIOTHOCTH TOKA M0 IUIOLau. DHep-
reTH4ecKre NOTEHIMAIIbI TI03BOJISIIOT OOBSICHUTD NOSABICHHUE CHUJI, CO3AAIOIIUX IEKTPUUECKHUH
TOK B 3aMKHYTOM BHEIIHEM KOHTYpE IIPU HEUTPAIBHBIX JIEKTPOJAX € AUIIEKTPUUYECKUM pas3-
JEIUTEIIEM.

IIpy yMEHBIIEHUH TOJIMHBI IIJICHOK A0 MOHOCIOWHBIX, YTO ONPEAEIAETCS U KOHTPO-
JUPYETCsl pacCesTHHEM MOHOB MHEPTHBIX ra3oB, MeX(a3Hasl rpaHUlla MIpeBpallaeTcsl B KBaH-
TOBYIO siMy. [Ipy AOCTaTOYHON YHUCTOTE U PETYNISIPHOCTH CTPYKTYpPHI aIcOpPOCHTA TaKkasi KBaH-
TOBas siMa KIMHOOOPA3HOTO TUIA OOECIIEYMBAET XOPOIIYI0 MPOJIOJBHYI0O MOBEPXHOCTHYIO
npoBoaUMOCTb. [lonepedHas MpoBOAMMOCTb MPU OAHOH (IIOBEPXHOCTHOH IUIEHKE) oOparia-
eTcs B yMEHbLICHHE paboThl BbIXOJa MOBEpXHOCTU. DopMann30BaHHO BbIPaXKasiCh, yilydlla-
eTCsl IPOBOAMMOCTh aJCOPOEHT — BakyyM. bounblioil mHTEpec mpejacTaBisieT Takasi cucTema
IpU pa3MeEIIeHNH MaTepHaia ¢ afcop0aToM M TOro ke Marepuana 0e3 agcopOaTa B 3JIEKTPO-
JIUT C TOJIOKUTENBHBIMU M OTPULIATEIIBHBIMU HOHAMU. [Ipu 3TOM eciu MOTEHIUAIBHYIO MY
(He 00s13aTeNIbHO KBAaHTOBYI0) C(hOPMUPOBATh B COOTBETCTBUU C IOIYIPOBOJHUKOBOM TepMHU-
HOJIOTHEHN, TBIPOYHYIO C M3rMOOM 30H BBEpPX, YTO COOTBETCTBYET OOJBIION paboTe BhIXOIa
(10 TEPMUHOJIOTUH SYMUCCUOHHOM), TO 3Ta siMa OyJIeT NPUTATUBATH 3JIEKTPOHBI U3 aJcopOeHTa
U 3apsHKaThCsl JEKTPOCTATHUECKU OTpULATeNbHO. [10n0oKHUTeNbHBIE HOHBI AJIEKTPOIUTa OY-
YT HEUTPaIM30BbIBATh 3Ty 3apsAAKy M oOecreyaT JUIMTENIbHOE JBUKEHHE 3apsa0B 110 BCEMY
KOHTYpPY. DTH MPOIeCChl ObUTM CMOIeTUPOBaHbl Ha mpuMepe Pb — PbO u xonTpommpoBaucek
0’Ke-CIIEKTPOCKOIIHEN, pacCesHUEM MOHOB M BTOPUYHO-MOHHOM Macc-cnekrpockonuen. [Ipu
3TOM 3JIEKTPOABMKYIIEH CHJIOM OKAa3bIBACTCS JHEPreTUUECKUM MOTEHIMAT MEXIYy ABYMs
HEUTpalbHBIMU (3JIEKTPOCTATUYECKH) MaTepHajJaMHi Ha TPaHMLE «IABIPOYHOI» SIMBI C aJCcop-
O6enroM. Ilpupona >1MeKTpOABMKYILIEH CHIIBI OOYCJIOBJIEHA CHJIAMH XUMHYECKOIO CPOJCTBA
HeNTpaabHbIX aToMOB. OHa NPOSBISETCS B BUJE CUJ, CO3/IAIOIINX AIEKTPUUECKHU 3apsI0BYIO
KOHTaKTHYIO pa3HOCTh ITOTEHLIMAJIOB, KOTOPasi KOMIIEHCUPYET AEUCTBUE €€ CO3JaBIIYIO dHEP-
TETHUYECKYIO Pa3HOCTh NOTEHIIUAJIOB B CTATUYECKUX CUCTEMAX.

Bbonbiioe BHUMaHMe, yaenseMoe B JIUTEpaType, 3apsSA0BbIM MOTEHIIMAIaM MOBEPXHO-
CTH WJIH Pa3HOCTU 3apsAJOBBIX MOTEHIMAIOB, COCPEIOTOYEHO HA JBOMHOM 3JIEKTPUUECKOM

CJIOC U Ha 3JICKTpOCT8.TH‘-I€CKOﬁ 3apAaKe M30BITOYHBIMU 3apsaaamMu. HpH‘-IPIHOﬁ O6pa30BaHI/I}I
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JBOMHOTO CJIOSI CUMTAeTCsl BbITeKaHWE (HAa BEJIWYMHY MPUMEPHO IOCTOSHHOM pemier-
KH)CBOOOHOIO 3JIEKTPOHHOT'O Ta3a, 3JIEKTPOHOB MPOBOJIUMOCTHU. 3apsiika U30bITOUHBIMU 3a-
psiiaMu TpeAcTaBiIsieT co00i eMKOCTHOM SIBJIEHUE, B KOTOPOM M30BITOUHBIE 3apsiIbl pacnoia-
raloTCs Ha IOBEPXHOCTH, CBA3aHbI CBOMMM IIOJSIMU C 3apsaMU IIPOTHBOIIOJIOKHOIO DJIEK-
TPOJla ¥ PACCUUTHIBAIOTCS 11O U3BECTHBIM EMKOCTHBIM 3aKOHAM.

W3 ananu3za B3auMOJEHCTBUS MOHOB MHEPTHBIX ra30B C MOBEPXHOCTHIO BOJb(pama u
apceHua rajuIs Ipy aJcopOnuu 1e3ust U 6apus Ha CyOMOHOCIIOITHOM YPOBHE MOKHO IpeJi-
MOJIOKUTh, YTO CBOOOTHBIC JICKTPOHBI BOJIb(hpama CBOOOIHBI IIPH MEPEMEIICHUN OT aTOMa K
aToMy, HO HE CBOOOJHBI OT aroMoB. Hanmmume Kakux-InO0 M30BITOUYHBIX CBOOOIHBIX 3JEK-
TPOHOB BHYTPH IPOBOJSIIEIO Marepuaia (MeTajla) He COTJIacyloTCs C MPaKTUKON paboThI
3JIEKTPOCTATHYECKUX YCTPOUCTB M C 3JEKTPOCTATHKOMN B 11eaoM. C Ipyroil CTOpOHbI, BO3HHU-
KAaeT HOBBIM BOIIPOC O ABMXKYILEH CHIIE, NEPEMEIIAIONICH 3JIEKTPUUYECKUE 3apsaibl BHYTPH
MPOBOJHKUKA W CO3JAIONICH 3JeKTpuYecKkuii ToK. [lpu ymomsHyTON (opme CBOOOAHOCTH
3JIEKTPOHOB B I€pe/laye CHJIbI Ha 3JIEKTPOHBI MPOBOJAMMOCTUA YYaCTBYIOT OCTOBHBIE aTOMBI,
OTPaHUYMBAIOIINE JIB)KEHUE IJIEKTPOHOB MO CBOUM OOBEIMHEHHBIM OpOHUTANSIM U (HOPMHU-
pyronme ynpyrue CBOMCTBA dJIEKTPOHHOMY a3y HPOBOAMMOCTH 3KBHBAJIICHTHBIC YIIPYIOCTH
MEKAaTOMHBIX B3aUMOJEUCTBUI. B Takoil mojaenn cuia BO3JAECHCTBUU SHEPreTUYECKOrO IO-
TEHI[MaJIa MOXET MepeaBaThCsl M0 KECTKUM OpOUTaIsIM OCTOBHBIX aTOMOB MeTasuia. Kak u3-
BECTHO IMPOYHOCTHHIE MEXAHMYECKHE CBOMCTBA METAUIMYECKMX MOHOKPHUCTAILJIOB CYIIECT-
BEHHO aHM30TPONHBI. [Ipu 3TOM MPOYHOCTHBIE CBOICTBA 00YCIIOBIEHBI MOTEHIMATIAMU B3aU-
MOJIEHCTBUSL OpOUTANIEl C OCTOBHBIMU aTOMaMH, UMEIOIIMMH TOXKE SBHO aHU3O0TPOMHbBIN Xa-
paktep. MOXHO mpeanosiaratb, YTO MOTEHUMAIbl B3aMMOJCHCTBHUS HAJETAIOIIMX HOHOB C
aTOMaMM KPUCTAJUIMYECKOM IMOBEPXHOCTHU TOKE aHU3O0TPOIHBL. [Ipu paccesHuH MOHOB IO-
BEPXHOCTSIMH KPUCTANIMYECKUX METAJJIOB C HayalbHBIMU 3Heprusimu Huke 100 3B B cnek-
Tpe Hapsly ¢ MMKOM IapHOTO COYJIapeHUs MOSIBISIETCS MUK OTPaXXEHHBIX HOHOB 0€3 MoTeph
sHepruu. TeopeTnyeckuii aHaau3 U KOMITBIOTEPHOE MOJETUPOBaHUE [OKa3aJlo, 4To MUK 0e3
MOTEPh SHEPTrUU OOYCIOBIEH KOJUIEKTUBHBIMU SKBUIOTEHIIUAISIMH aTOMOB, XapaKTepU3YIO-
LIMMU SHEPIUM CBsI3U aTOMOB. IIpu 3TOM sHEprus cBs3u, onpeaenseMas CpeIHeCTaTUCTHYE-
CKHMH METOJIaMH, HE MPEBBIIACT Il OOJIBITMHCTBA METAIOB Beau4nH 4 — 6 3B. Bo3HHK-
1ee IpPOTHUBOPEYHE MOXKET ObITh OOBSICHEHO aHM3OTPOIUEH MOTEHIMala B3auMOJICHCTBUS B
npeaenax pacxoKICHUM 3HAUEHUN MOJYYEHHBIX [0 HOHHOMY PACCESHUIO U CTAaTUCTUYECKHU-

MU METOJaMU.
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BJIMAHUE TEOMETPUYECKUX PASMEPOB HAHOCUCTEMbI HA
OCHOBHBIE XAPAKTEPUCTHUKHA 3APATO0OBOI'O OBMEHA C
OTPUIATEJBbHBIM NHOHOM

NANOSYSTEM SIZE INFLUENCE ON FEATURES OF ELECTRON EXCHANGE
WITH NEGATIVE ION

N K. Taitnynnun, O.B. [Tognensckas
I.K. Gainullin, O.V. Poddelskaya

* Mockoeckuii cocyoapcmeennuiti ynusepcumem um. M.B. Jlomonocosa, Quzuueckuii
paxynemem, 119992, Jlenunckue copvi, MI'Y, 0.1, cmp.2, Mockea, Poccus, e-mail:
ivan.gainullin@physics.msu.ru;

The electron exchange between negative hydrogen ion and nanosystems, like thin
metallic films or thin island films, is considered. The quantum calculations show
that electron transfer rate depends on ion-surface distance and structure of discrete
energy levels inside the nanosystem. The latter depends on nanosystem size. Such
features of electron exchange as electron transfer rate, probability of electron
transfer, propagation velocity and average coordinate of electron location inside
the film are calculated by means of time-dependent Schrodinger equation. It is
interesting to note, that these features can be rather well approximated by means of
simple linear model of electron propagation.

BBenenne

Pe3oHaHCHBIN 27EKTPOHHBIM OOMEH MEXAy aTOMHBIMH YacCTHIIAMHU M TOBEPXHOCTHIO
TBEPABIX TEN MPEACTABIACT UHTEpPEeC Kak ¢ (PyHIAMEHTaIbHOMW, TaK U C MPHUKIAAHON TOUYEK
spenns [1]. s dyHmaMeHTaTbHON HAYKH BaKHO M3yYE€HHUE BIUSHUS HA SJIEKTPOHHBIA 0OMEH
CKOPOCTH M TPACKTOPHHM IOJJIETa ATOMHOM YaCTHUILbI, COCTaBA U CTPYKTYPHI TIOBEPXHOCTH. B
NPUKIAJTHON HayKe »JJIEKTPOHHBI OOMEH YYHMTBIBA€TCS MpPU JUArHOCTUKE COCTaBa U
CTPYKTYpBI TOBEPXHOCTU C TIOMOIIIbI0 HOHHBIX MYy4KOB. M3yueHneM 31eKTpOHHOTr0 0OMeHa ¢
ATOMHBIX YaCTHUI[ C TIOBEPXHOCTHIO MHTEHCHUBHO 3aHUMAIOTCS OKOJO JBYX JCCSITHIICTHH.
PazBuTas Teopus ¥ METOAWKH pacyera JA0T XOpOIlee COBIAIACHHE C SKCIICPUMEHTaMH I10
AJIEKTPOHHOMY OOMEHY MOHOB C MaCCUBHBIMHM MeTajuTndeckuMu obOpasmamu (bulk metal, T.e.
HE HAHOCTPYKTYpPUPOBAHHBIM MeTain). 371eCh MOKHO BBIACITUTH JIBE€ OCHOBHBIE Mojemu: 1)
JUISL CHUCTEM B KOTOpPBIX JBWKEHHE (MOJENb Kelle) TMPOUCXOAUT aanadaTHuecKoe
TYHHEJIUPOBAaHUE OJJIEKTpOHa B TJIyOb MeTamia; 2) A CHUCTEM, B KOTOPBIX JBHKEHHE
AIIEKTPOHA MEPIICHANKYISIPHO MOBEPXHOCTH 3alpelieHo (3amnpemenHas 30Ha, L-gap), pacnan
AIIEKTPOHA OCYIIECTBIISIETCS TIO TOBEPXHOCTH Yepe3 MHUMBIC U MIOBEPXHOCTHBIE COCTOSIHUS, B

JaHHOM CJIy4a€ BO3MOXKHO IMPOSBJICHUC HCaI[I/I6aTI/ILIeCKI/IX B(I)(I)CKTOB.
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B cnydae, xorma Ha IOBEPXHOCTH HEOAHOPOIHA, a COACPKUT HAHOCTPYKTYPBI MBI
UMEEM JIeJI0 C JIEKTPOHHBIM OOMEHOM C HaHOCHCTEMaMM, KOTOPbIM M3y4eH CYIIECTBEHHO B
MeHbIIeH crenenu. s ¢pyHAaMeHTanbHOW HAyKH 3JEKTPOHHBIM OOMEH C HAaHOCHUCTEMaMH
NpPEICTaBIsieT B CHIIy HpPOSBICHUS HEaAHMOATHYECKHMX M KBAaHTOBO-pa3MEpHBIX 3P (PEKTOB
[2,3,4,5]. C npukiagHON TOYKH 3pEHUSI JaHHBIHA IPOIECC HHTEPECEH VIl MUKPOAJICKTPOHUKH,

HaIllbUICHUA TOHKHX ILICHOK, CO3JaHUs CCHCOPOB.

B nmanHOlf paGoTe MPOBOAWTCS  YMCIEHHOE MOJEIMPOBAHUE  PE30HAHCHOTO
3JIEKTPOHHOTO TYHHEJIMPOBAHUS BHELIHETO IEKTPOHA OTPULATEIbHOIO MOHA BOAOPOJAA Ha
TOHKYIO IJIeHKy Al, 11 ciyyast korga moH H™ 3adukcupoBaH Ha onpeseneHHOM pacCTOSTHUU
0 IUIeHKU. BappupyeMplMM napaMerpamMu SBISIOTCS TOJIIMHA IUJIGHKU 1, paguyc
OCTPOBKOBOM IJIEHKU R, paccTosiHue OT MOHA /10 NOBEPXHOCTH IUIEHKH Z. 3a/1aya MOJEIbHas,
HO Ba)KHA /Ui pa3pabOTKU METOJOJIOTUM M aHal3a peajbHbIX 3KCIepUMEHTOB. M3yuaercs
3apsloBbIi  OOMEH UM €ro OCHOBHBIE XapaKTepUCTUKM, Takue Kak 3(QeKTuBHOCTH
AJIEKTPOHHOI'O IepexoAa (LIIMpHHAa HOHHOIO YPOBHSA), BEPOATHOCTb 3apsiloBOro oOMeHa
(pOLIEHT 3JEKTPOHHOM IUIOTHOCTH, NEpelIeleil ¢ OTPULIATEIbHOIO HOHA B IUIEHKY),
CKOpPOCTh PpAacHpOCTpaHEHUs (IIOTOK BEPOSITHOCTH), CPEAHss KOOpAWHATa HaXOXKICHUs
9JIEKTPOHA BHYTPU IUICHKH, XapaKTEpHOE BpeMsl 3JEKTPOHHOro mepexona tmin (Bpems 3a
KOTOpO€ JOCTUTAeTCs MaKCUMallbHasi BEPOATHOCTb 3apsAoBoro ooOMeHa). IlokasbiBaercs, 4to
JaHHBIE XAPAKTEPUCTUKH MOTYT OBITH C XOpOLIEH TOYHOCTHIO OBITH ANMPOKCUMHPOBAHBI C
MOMOIIBIO MPOCTOM JMHEHHOW MOJENIM pPacHpOCTpaHEHHs dJeKTpoHa. B manHol pabote
UCMONb3yeTCsl aTOMHasi cucreMa equHun: 1 a.e. paccrosaus = 5.292*10-11 M, 1 ae.

BpemMeHn=2.419*10-17 c, 1 a.e. ckopoctu = 2.188*10"6 m/c.

B O6H_ICM ciry4dac 38.p$[,[[0BLIﬁ 0OMEH OITHCHIBACTCS HECTAllMOHAPHBIM YPABHCHUCM

2
[IIpenunrepa iho;,—\f =— 2h AY +U-¥Y e WY=W(r,t) - BonHOBas (QyHKIUA
-m

anektpoHa, U =U(F,t) - moTeHuuanbHas SHEprus 3JeKTpoHa, M - macca 3JIeKTpoHa, h —

nocrtosgaHasg [lnanka.

ITpu pemenun 3amaum ucnonb3yercs Meron Pacmpocrpanenns Bonnosbix IlakeTos
(PBII). Ero cyTb COCTOMT B U3y4YeHUH U3MEHEHHsI BO BPEMEHH BOJIHOBOTO MAKETa 3JIEKTPOHA,
Y4YaCTBYIOIIETO B MpoOIlecce Mepe3apsaKu, TO €CTh B MPSIMOM PELIEHUH Ha MPOCTPAHCTBEHHO-
BPEMEHHON CeTKe HecTalloHapHoro ypaBHeHus lllpeaunHrepa s BHEIIHETO 3JEKTPOHA,

HAXOJIAIICTOCS B TI0JI€ MOHA M KJlacTepa aToMOB [4,5].
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Uucnennas cxema wmeroga PBII 1o3BosisIET BBIUHMCIWTE aBTOKOPPEISLIMOHHYIO
(GYHKIIMIO CHUCTEMBI, KBaJpaT MOAYJSl KOTOPOIl €CTh BEPOSITHOCTh HAXOXICHUS DJIEKTPOHA HA
noHe. OCHOBHbIE BEJIMYMHBI, XapakTepusyrwolue nepesapsaky, E u I' onpenenstorcs B
pe3ysbTaTe anmpOKCHMAIIMA aBTOKOPPEISIMOHHON (DYHKIIMH CHUCTEMBI CYIEPIIO3HUIHEH

HECKOJIBKUX DKCIOHEHT [6,7].

bema paccMoTpeHa 3ajada  3apsIOBOr0 OOMEHa MEXIy OTPHLATEIbHBIM HOHOM
BOJOPO/JA M TOHKMMH METAJUIMYECKMMM IUICHKaMU. PacnpocTpaHeHue 3JeKTpoHa BHYTPH
IUICHKK MOKHO Pa30MTh Ha IOCIEIOBAaTEIbHBIC JTAIlbl, KAKIBIH M3 KOTOPBIX HMEET
HaMAHYI0 (U3NYECKyI0 HHTeprpeTanuio. OCHOBHBIE XapaKTEPUCTUKHU 3apsiIOBOr0 0OMEHa,
Takue Kak S(PQPEKTUBHOCTH 3JIEKTPOHHOTO IEPEX0Ja, BEPOATHOCTH 3apsIOBOr0 OOMeEHa,
CKOpPOCTb PaCIpOCTPAHEHUSA U CPEAHASA KOOPANHATA HAXOXKACHUS 3JIEKTPOHA BHYTPU ILICHKU
HaXOJATCS C IOMOIIBI0 KBAaHTOBO-MEXaHMYECKHX pacueToB. B pabore mokazaHo, 4TO OHHU
MOTYT OBITH C XOpPOIIEH TOYHOCTHIO OBITH ANIPOKCHMHPOBAHBI C IMOMOILIBIO MPOCTON

JIMHENHON MOJIENIN PACIIPOCTPAHEHUS IEKTPOHA.

PacnpocTpanenue »SJeKTpoHA MEPHEHAUKYISIPHO TMOBEPXHOCTU IUICHKUA (CpenHss
KOOpJMHATa HAXOXICHHSI DJEKTPOHA) AamnMpOKCUMHUPYETCS MOJENbI0 PABHOYCKOPEHHOTO
JBIDKEHUSI, B KOTOPOM BEJIMYMHA MOCTOSIHHOTO YCKOPEHHS ONPEICISICTCS] TEKYIUM 3Tarom

pacnpocTpaHeHus 3JIEKTPOHA BHYTPH IUIEHKH (CM. puc. 1 cieBa).

0.06 12+
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— — —MozensHslii pacuer
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/ \
002} \ \ I ol
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~
<
~
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\ '
\ } \
002 A of
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Pucynok 1. CrmeBa — CKOpOCTh pacHpOCTpaHEHHs D3JIEKTPOHA MEPIECHANKYJISPHO MOBEPXHOCTH B
3aBUCUMOCTH OT BpeMeHHu. CripaBa — CpeaHssi KOOpAMHATA HAXOXKACHHUS DJIEKTPOHA B 3aBUCHUMOCTH

TOJIIWHBI IIJICHKHA.
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B ornenpHBIE MOMEHTBHI BPEMEHH CPEIHSS KOOpPJAWHATAa HAaXOXKICHUS DJIEKTpOHA <Z>
MOXKET OBITh pacCuMTaHa KakK cpeHee 3HAYCHHE (B3BEIICHHAS CyMMa) MEKy KOOpIMHATAMU

HOHAa W IINICHKKW C BCCOM IIPOMNMOPHUOHAJIBHBIM BCPOATHOCTU HAXOXKIACHHUA ISJICKTPOHA HaA

none/menke < Z >=Z,.* Pon + Ziym - a- Pion) (cMm. puc. 1 cripasa).

Bpems noctukeHuss MUHUMaIbHOTO 3HAYEHMsI 3aCEJICHHOCTH MOHA, T.€. MaKCUMAJIbHON
CTEMEHH IMepexo/ia DJIEKTPOHa B HAHOCUCTEMY, JMHEHHO KOppEeIupyeT ¢ pazMepamMu

HAaHOCHUCTEMBI (CM. pHC. 2 CJIeBa).
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Pucynok 2. CneBa — xapakTepHOE BpeMsl AJIEKTPOHHOTO MepexoAa Kak (YHKIHS TOJIIMHBI TUICHKH.
CrnpaBa — MUHHMAaJbHasl 3aCEJIEHHOCTh MOHHOTO YypoBHS (paBHasg 1 — BEpOSATHOCTH 3JIEKTPOHHOTO

o0MeHa) KaK (YHKIIMS Paiuyca OCTPOBKOBOMH IJICHKH.

BepOHTHOCTB 3apsAa0BOTO oOMeHa (nepexoz[a QJICKTPOHA B HaHOCI/ICTeMY)

MPOMOPIIMOHAIBHA TPOU3BEACHUIO A()PEKTUBHOCTU DJIEKTPOHHOTO Tepexoaa (IIUPUHBI

yposasi) Ha Bpems B3ammogeiicreus AP =1—P, . =0.15+0.02-T" - (t —150a.e.)

(cM. puc. 2 cripaBa).
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YIPYTME NOTEPY SHEPT UM ITPU B3AMMOJIEVICTBUM ATOMHBIX
YACTHI]

ELASTIC ENERGY LOSS UNDER INTERACTION OF ATOMIC PARTICLES

B.B. Esctudees, H.B. Koctuna
V.V. Evstifeev, N.V. Kostina

Kageopa ppuzuxu, Ilensenckuii 2ocyoapcmeennwviii yHugepcumen,

Kpacnas 40, Ilensa, Poccus, physics@pnzgu.ru

Features of transmission and the energy storage under elastic interactions of
ions Nb* (Eo=0,1+3 keV) with atoms of the single crystal Nb (001) in each
act of collision, have been investigated by the molecular dynamics method.
It is established that the energy recoil accumulation occurs in the region of
the most dense packing for atoms mainly in the first two monolayers of the

crystal.

B pabore [1] uccrnemoBaHbl 3aKOHOMEPHOCTH IEpeauyll U HAKOIUICHUS SHEPTHH B
YIpYruX B3auMojeiicTBUAX npu aBmwkeHun uoHoB ND® B MoHOKpucTamie HHOOHS,
MO3BOJIMBILIME YCTAHOBUTH MECTa HAKOIUJICHHS] SHEPrUU M TE€M CaMbIM yKa3aThb Ha «o4arm»
pacIblUIeHUsT MeTaljla IpU MOHHOM OGomOapaupoBke. beutn paccunTaHbl MPOCTPAHCTBEHHBIE
pacrpesieieHUs SHEPIMM OTJa4d B 0ObeMe MUIIEHH I HadaldbHOW sHepruu uoHoB Nb'
Eo=1,5 u 3 k3B. OGHapykeHa aHU30TPOITHUS PACIIPEICTICHHS SHEPTUU OTJIa4d, 00YCIIOBJICHHAS
KPUCTAJJIMYECKON CTPYKTYPOW MMILIEHU, U BBISIBIEHO, YTO HAaWOOJBIINE 3HAYEHUS] SHEPTUU
OTJa4¥ MPUXOAATCA Ha IUIOTHOYNAKOBAaHHBIE PsAbl KPUCTAIA, IEPHEHAUKYISIPHBIE €€
MOBEPXHOCTU. JTO HAXOAUTCS B COOTBETCTBUHU C CYHIECTBYIOLIMMU B JINTEPATYPE JAHHBIMU,
CBUJETEIBCTBYIOIIMMA O TOM, UTO pAaclbUICHUE MOHOKPUCTAJIJIOB CONPOBOXKIAETCS
opreHTannoHHbIME Y dekramu. B padore [1] Takke ycTaHOBIEHO, YTO MAaKCUMyM 3HEPTHU
OTJIa4M TPUXOIUTCS Ha BTOpoil aTtoMmHbId cio. (B OLK-pemerke ero obpasyloT aTowmsl,
pacIioio’)KEHHbIE B IIEHTPE JJIEMEHTApHOH KyOuueckoi siueiikum). JlaHHBINA pe3ynabTaT He
IIPOTUBOPEYUT 3aKJIIOUEHUIO psiia aBTOPOB O TOM, YTO PAcHbLIEHHE aTOMOB HAa4MHAETCS W3
BHCIIHHUX cJI0eB. B wacTtHOCTH, B pabote [2] cumraercs, yTO BO30OYXIEHHE PACIBUICHHBIX
aTOMOB MPOUCXOJUT B aKTaX MX BHIOMBAHUS B PEXUME JIMHEHHBIX KAaCKaJ0B M3 OJHOTO MU

JABYX BHCIIHUX MOHOCJIOCB MCTAJlJIA.
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B HacrosimeM cooOmieHHH MpOJOJKEHBl UCCIEI0BAaHUSl YIIPYTUX TOTEPh HEPIHU
nonos NbD*, 6oMGapIuMpyIOmIX MOHOKPHCTAIT HHOOHMSA, C LENBIO HM3Yy4eHHS IMHAMUKH
nepesayd YHEPruu B KKIOM aKTe CTOJIKHOBEHHSI W BIMSHHS BEITUYHMHBI dHepruu Eo Ha
NPOCTPAaHCTBEHHBIC paclpejieieHuss dSHepruu otnaud. I[loBepxHoctHas rtpanb (001)
moHokpuctamia Nb moxsepranaces 6om6apauposke nonamu Nb' ¢ smeprueit E¢g=0,1 u 0,5
x3B. Tlagenue noHoB npoucxoauio B miockocty (100) mox yriaom 55°. PacyeTsl mpoBoauIu
METOJIOM MOJIEKYJISIPHOM AMHAMHUKH C HCIIOJNb30BaHHeM mnoTeHluana llurnepa-bup3aka-
JlurrMapka ¢ paguycom obpesanus 2,5 A. V3-3a CI0KHOCTH pacueToB B MOJEIHU CHEIAHO
Cepbe3HOE YNPOUICHUE — HE YUUTHIBAJIUCh OOBEMHBIE CHIIBI CBSI3U aTOMOB B Kpucraiie. Kak u
B padote [1] Mumens pa3z6uBazach Ha MUIMHAPHYECKHe 30HbI BeicoToit H = 12 A u pamuyca
R=nAR(rne n = 1, 2, 3,... — Homep 30HHI, AR — mupuna 30Hb1). Bennuuna AR= 0,2 A
BbIOMpasIach IPOU3BOJIBHO.

N3ydyenbl nuHamMuKa JBIDKEHUS HWOHA M Tepelaya MM HDHEPruu B KaXJIOM aKTe
B3aMMOJICHCTBUS C OJHUM WM OJHOBPEMEHHO C HECKOJIBKMMH aTOMaMH KPHUCTAJUTMYECKOMN
pEIIeTKH, COMPOBOXKIAIOMIEMCSl YMEHbIIEHHEM ero sHepruu. Ha puc. 1 npuBeneHs

paccuMTaHHBIC pacIpe/ieeHNsl SHEPIUU OTAaud E, Mo MUIMHApPUYECKHM 30HaM, a Ha pHC. 2
3aBHCUMOCTH SHEepruu otaauu E, oT riyOuHBI 3aneranus aroMHoro ciosi. M3 puc. 1 BuaHo,
gyro mia Eg=0,1 k3B opuenTanuoHHbii 3h(PEKT MpPaKTUYECKH HCYE3aET, YTO CBSI3aHO C
OTCYTCTBHEM MPOHUKHOBEHHUSI HOHOB BIITyOb MUIICHU. BenmuunHa sHEprum oTJauu mMaja u B
OCHOBHOM II€pe/aeTcsi aroMaM IEepBOro (IIOBEPXHOCTHOTO) CiI0s. ATOMBI BTOPOTO CIOS
MOJy4al0T HE3HAUNTENIbHYIO JIOJI0 3HEPTUH (puc. 2).

E,.10° 5B
4_

—
ot
9%}
4=
i+
(o))

Puc. 1 Pacnpenenenne sueprum otnaun E, mo Puc. 2 3aBucumocts sHeprum otaaum E ot

MWIKHAPUYCCKUM 30HAM; HayallbHAs DHEPrusl T[IIyOWHBI 3aJieraHdsl aTOMHOI'O CJIOs; HavalbHas
E, xB:1-0,1;2-0,5. sneprus E,, k9B:1-0,1;2-0,5;3-1,5;4-3.
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JIlnHaMUKy CTOJKHOBEHHS MOHA C aTOMaMH PEIIETKH U TIepeiady dJHEPTUU B KaKIOM
aKT€ B3aUMOJICHCTBUS MOXKHO TIPOCJICAWTh IO JIaHHBIM pacyeTa, IPEJACTaBICHHBIM B
tabauiel. B nepBoit KOJIOHKE 3TOM TaOJIUIBI IPUBEICHA MTOC/IeA0BaTeIbHOCTE K = 1, 2, 3,...
TOATAIHOTO pacueTa B3aumozekcTus nona Nb* ¢ aromamu Nb ot Hauana ero ABMKEHHS 110
OCTAaHOBKM WJIM JIO BBIXOJIa M3 MHIICHH Yepe3 MepeaHior ((PpOHTaIbHYIO) WM 3aJHIO0
(TBUIBHYIO) €€ TOBEPXHOCTH. BO BTOpO#l KOJIOHKE NPUBEACHBI 3HAYEHUS Z-KOOPJIWHATHI
(MepIeHIUKYIAPHON TOBEPXHOCTH MHMIICHH), COOTBETCTBYIOIIEH IIOJOKEHUIO HOHA Ha
JTAHHOM JTarle pacyeTa OTHOCUTENHHO (PPOHTANBHON MOBEPXHOCTH, st KOTOpoit Z = 0. Ecnu
[IEHTP MOHA HAXOIUTCS Tepea PPOHTATLHON MMOBEPXHOCTHIO, TO Z > 0, a eciu 3a Heid, To Z < 0.
B Tperbeit KkooHKE yKa3zaHO 4YHCIO aToMOB N,, y4YacTBYIOIIMX OJHOBPEMEHHO BO
B3aMMOJICICTBUM C MOHOM Ha JIaHHOM 3Tale pacdera. B deTBepToil KOJIOHKE NPHUBEICHBI

oTHotueHust sHepruil E, /E mis xaxmoro srama pacyera. ( E, - sHeprusi, mepegaHHas aroMmam

Ha k'TOM oTalle pacucra, E - SHEPTUs HOHA, OCTAaBHIAACA IIOCJIC HNPCAbILAYHINX 3TaIllOB
(E=E,—(E,+E,+--+E_)).

AHanu3 pe3yiapTaTOB pacyera IOKA3bIBACT, YTO B IIPOLECCE B3aUMOACHUCTBHSA
0OHapyKUBAIOTCSI MECTa HauOOoJIbLIeH Nepeaayl SHEPrur, KOTOpble MOTYT CTaTh «Odaramm»
pacnbuieHust Metama. Mounel ¢ sueprueit Eg=0,1 k3B, nepenaB uyactb 3Hepruu, riaBHbIM
o0pa3oM, aromMaM MEpBOrO CJIOs, PA3BOPAUUBAIOTCS M YXOUAT 3a INPEAeibl 30HBI
B3aumozeiicTBus. [Ipu 3ToM uX 1eHTpbl He nocturatoT rpanunbl Z = 0. MoHbl ¢ sHepruei
Eo=3 k3B mpoxoxar scro TommuHay kpucramia (h = 10 A) u BeIXomAT M3 HEro ¢ THUILHOI
CTOPOHBI, OTJaB MPU 3TOM HaMOOJBIIYIO JIOJI0 SHEPIHH aToMaM BTOPOro cios. (OTMmeTuM,
4TO MpHBeJIeHHbIE B Tabmuie | JaHHbIe /Ui BceX 3HEepruit Eg oToOpaHbl ¢ OJHUM U TEM XKe

napameTpoM yjaapa).

Tabmuma 1
Eo=0,1 x»B Eo=0,5 x3B Eo=3 k3B

k z, A Na | E/E z, A Na | E,/E z, A Na E /E

ot 4,34 ot 4,34 ot 4,34

no1,702 | O 0 02,362 | 0 0 no1,702 | O 0
1 1,109 1 0,038 1,072 1 | 0,0066 1,043 1 0,000014
2 0,700 2 0,086 0,529 1 0,018 0,389 2 0,000075
3 0,377 3 0,018 0,019 3 0,009 -0,260 4 0,00013
4 0,163 3 0,135 -0,474 3 0,07 -0,897 3 0,00063
5 0,040 3 0,288 -0,953 4 0,06 -1,527 4 0,0078
6 0,055 3 0,167 -1.025 2 0,74 -2,177 3 0,530
7 0,284 3 0,169 -0,885 2 0,26 -2,912 2 0,068
8 0,606 2 0,338 -0,753 3 0,02 -3,646 4 0,002
9 1,008 2 0,285 -0,648 3 0,087 -4,361 3 0,007
10 1,438 1 0,050 -0,566 3 0,22 -5,044 4 0,020
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11| or1871 | O 0 -0,470 3 0,30 -5,722 5 0,006
1o 5,339

12 -0,332 2 0,30 -6,391 4 0,006
13 -0,163 3 0,23 -7,050 4 0,020
14 0,017 2 0,17 -7,706 4 0,012
15 0,203 1 -8,309 2 0,127
16 0,400 1 -8,893 3 0,089
17 0,613 1 -9,479 4 0,009
18 0,834 1 -10,063 | 4 0,003
19 1,059 1

20 or1,285 | O 0

1o 5,127

B Ttabaumne 2 mpeacTaBieHO B MPOIEHTaX OT OOIMIEro yuciaa MaJaroliuX YacTHIL

KOJIMY€CTBO MOHOB, 34aCTPABIIMUX, OTPAXKCHHBIX W IPOIMICAIINX CKBO3b MHUIICHD. 13 Ta6J'II/II_IBI

CICayeT, 4YTO C YBCIMYCHHUECM OSHCPIHUU Eo YUCJIO OTPAXKCHHBIX MOHOB YMCHBLIIACTCA, 3aTO

YBCIUMYMUBACTCA YMCJIO HOHOB, IMPOMCAIINX CKBO3b MUIIICHD.

Tabnuna 2
OTHOIIIEHHE KOJIUYECTBA HOHOB,
Honsbl 3aCTpPSIBIINX B MHUILICHH U TIOKUHYBIIHX €€, K
KOJINYECTBY YIIaBITNX UOHOB, %
Eo, xoB 0,1 0,5 1,5 3
3acTpsBIINE B MUIIICHU 1,9 48,53 54,5 28
OTpakeHHBIC OT MUIIICHH 98,1 51,4 25,3 15,6
[Tpomenmue cKBO3b MUTIICHD 0 0 18,3 49
Brime e yepe3 O0OKOBYIO TOBEPXHOCTh 0 0,07 19 7,4

I/ITaK, MMPOBCACHHBIC YHUCIICHHBIC JSKCIICPUMCHTBI IIOKAa3bIBAIOT, YTO IMPHU YIPYTrUx

B3auMoJieiicTBUAX B oOmactu sHepruil Eg=0,1+3 k°B HakomieHue sHeEpruM OTIA4YU

MPOUCXOAUT B o0jacTu HauOoJiee MJIOTHOW YIAaKOBKM aTOMOB B OCHOBHOM B IEPBBIX ABYX

BHCIIHUX MOHOCJIOAX KpUCTaJlIa, I'/IC U O6p213y}OTC$[ «o4varm» pacriblJICHUA. B cj1ydac MaJibIxX

3HepFI/II71 60M6ap,[[pr10H_[I/IX YaCTHULl BCIIMYMHA DHCPIrUu OTAAaYU PE3KO YMCHBLIIACTCS, NOHBI,

HEC JOCTUTHYB NOBCPXHOCTH, PAa3BOPAUYUBAOTCA U YXOAAT OT MHIICHHU. 9T0, no-BUAUMOMY,

ITO3BOJIMT B HaﬂbHeﬁmeM pacCcuuTaTb MMOPOTOBLIC SHEPIUU PACTIBIIICHUS.

[1] B.B. Eecrudees, H.B. Koctuna, T.B. Kapabaera, [Topepxuocts. 1 (2017) 104.

[2] R. Keely, Phys. Rev. 2 (1982) 700.
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BJIUAHUE OPUEHTAIINA KPUCTAJUIA HA SJHEPTHIO OTAAYH ITPU
B3AMMOJAENUCTBUU C BOMBAPAUPYIOIIUMHU HOHAMU

THE INFLUENCE OF CRYSTAL ORIENTATION ON THE RECOIL ENERGY
UNDER INTERACTION WITH THE BOMBARDING IONS

B.B. Erctudeen, H.B. Koctuna
V.V. Evstifeev, N.V. Kostina

Kadgheopa ghuszuku, Ilenzencxuil cocyoapcmeennuiii yHugepcumen,

Kpacnas 40, Ilensa, Poccus, physics@pnzgu.ru

Spatial distributions of the recoil energy under ions movement in the crystal

have been calculated by the method of molecular dynamics. The influence

of crystal orientation on the value of the recoil energy and its spatial

distribution has been revealed.

OpueHTanuss KpUCTaUla OTHOCUTENIBHO IydykKa OOMOapIupYOLIUX HOHOB MOKET

OKa3bIBaTh BJIMUAHWC Ha BCIWYUHY U HNPOCTPAHCTBCHHBIC PACHPCACIICHUA SHECPIrUHU OTHAYU

BHYTPHU KpHCTAJIA. C LEJIbIO YCTAHOBJICHUS 3aBUCHUMOCTU SHEPIruu OTAAYU OT YIJla IMaJACHUA

0 HWOHOB M a3UMYTAJILHOI'O YyIJia () IMoBOpOTa MHIICHU ObLIH pacCcuuTanbl MCTOAOM

19 +
MOJICKYJISIPHOM TUHAMUKK dHeprus otaaun noHoB ND', 6oMOapaupyrommx moBEpXHOCTHYIO

E,.10° 5B
16 4

Puc. 1 PactipeneneHus 2HEpTUN OTIA9H
E; 100 1uaMHOpUYecKUM 30HaM
(Nb" —> Nb(OOl), E, =15xB):

1 - 0=20° ®=0° 2 — a=55°, ®=0°

3 — 0=55° ®=45°,

rpanb (001) MoHOKpHCTa/ula HHOOWS C DHEpruel
Eo=1,5 3B, u mpocTpaHCTBEHHbBIE pacHpeaeeHUs
3TOU SHEPrUH.

Ha puc. 1 1nokasaHel paccuUTaHHBIC

pacnpenesnieHusi  SHEpPrud  OTAA4d Eq o

UIHHIpUYecKuM 30HaM [1]. Pacnpenenenust 1 u 2
TIOJTyYeHBI I YIIIoB nafenus o = 20 u 55° B ciyuae,
KOTJIa TUIOCKOCTh MAaJCHUS HMOHOB COBIAgana C
kpucrauiorpaduueckor miockoctbio (010) MumieHu
(asumytanbHbii yron ® = 0°. Pacnpenenenue 3
nosydeHo 1 o = 55° 11 ciaydas, Koraa IockocTh
najeHus coctapisia yron ® = 45° orHocuTenbHO

kpucrauiorpaduueckoit mockoctu (010).
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W3 cpaBHeHUS KpUBBIX | U 2 ciieyeT, 4TO yBEIMUEHHE yIila MaJACHUs oL HE BBI3BIBACT
Ka4eCTBEHHOTO U3MEHECHHUS CTPYKTYPBI IPOCTPAHCTBEHHBIX PaCIPEICICHUH, HO TIPUBOJIUT K
VBEJIMUEHUIO JHepruwm otnadn. OpueHTanuuoOHHBbIE 3(PQPEKThI COXPAHSIOTCA: MAKCUMYMBI
SHEPrUM OTJA4U, COOTBETCTBYIOIINE MECTaM PACIIONIOKCHHSI TUIOTHOYITAKOBAHHBIX aTOMHBIX
psoB, BHITAHYTHIX Baosb HampasieHus [001] (mepnenmukymspubix miockoctu (001)),
HaOromaroTest B oboux pacrpeneneHusx. (IIoBOpoT MUIIEHH BOKPYr OCH CHMMETPUU Z Ha
yron @ = 90° He BIIMsAET HA PE3yIbTATHI PacyeTa).

CoBepiieHHO MHa4Ye OOCTOUT JAEJO0, KOTJa OCYILECTBIIIETCS MOBOPOT MHILIEHH Ha
yron ® = 45° B sroM ciydae HaGIIONAIOTCS CYLIECTBEHHBIE H3MEHEHUS HE TOIBKO
BEJIMYMHBI, HO U (DOpPMBI KPHBOH pacmpeesieHHsl SHEPTUU OTJA4d IO 30HaM: HCYe3aeT
CTPYKTYpa MPOCTPAHCTBECHHOTO PACHPEICICHHUS U YMEHbBIIACTCS BEJIUYMHA YHEPTUU OTIA4U
(xpuBas 3).

N3MmeHeHne opueHTAIMK KPUCTAIa IPUBOJUT TAK)KE K CYIIECTBEHHBIM Pa3InIUsIM

3aBUCUMOCTEH 3Hepruu otnauu E, oT riyOuHbI 3aneranus aroMHoro cios (tabmuna 1: N =
1, 2, 3,... — HOMep ciios1; h — paccTosiHUE OT MOBEPXHOCTH J10 IeHTpa aroma N-ro ciost). Ha

puc. 2 mpejcTaBieHbl 3Th 3aBucuMoctH a1a o =20 u 55° (® = 0°, kpussie 1 u2) u a=55°

(® =45°, kpupas3). U3 cpaBHeHHMS KpMBBIX 2 U 3 BHAHO, uTo B ciydae @ =45°

Ta6uma 1 E,,10°5B
Cnoii N | I'ny6una h, A 67

1 147

2 3,12 12 4

3 477

4 6,42 g

5 8,07

6 9,72 :

7 11,37 A
MaKCUMaAJIbHAsA BHGPFI/H[ oTaauun HepCILaCTCH aToOMaM 0
HepBOTO (HOBerHOCTHOFO) CJIOA, TOraa KakKk JJId .
® = 0° HauOONBIIYI0 SHEPTUIO TONYYAKOT aTOMBI T £ ‘2% 8 & i ?V

Broporo cmost (N=2). IlocrexyromuM aTOMHBIM  Pyc. 2 3apucuMOCTb sHepruu otaaun E,

CIIOSIM TIepefiaeTCs y)Ke He3HAuyuTeNbHas dHeprus. OT IVIYOMHBI 3aleraHus aTOMHOTO CIOs
K 50 L (E, =1,5x3B): 1 — a=20°, ®=0%

orma o = (xkpuBass 1) derblpe BHEUIHHUX 2 — 0=55°, ®=0°; 3 — a=55°, D=45°,
aToMHbIX ciosi (N=1+4) mosyyatoT 3HAUUTEIBHYIO
SHEPrui0 OTHauu (BTOPOW W TpPETHHl CJIOM - MAaKCUMAJIbHYIO), a MOCHEAYIOUIUE CIOU -

HE3HAYUTCIIbHYIO.
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JUis HaArasAgHOTO NPEACTAaBICHUS MPOCTPAHCTBEHHBIX paCHpeleeHUd 3HEpPruu

ormaun E(R,h) mo oObemy muimieHn Ha puc.3 MOKa3aHbl 3T PACHPEACICHHS VIS pa3sHbIX

OpI/IeHTaLII/Iﬁ KpucCTajljla OTHOCHUTCIIBHO MMaJarolICro 1myyJka.

.

I
T
L
|

W?””ﬁ_qﬂr{r:ﬂ
Il
i

|
i T

10

Puc. 3 IIpocTpaHcTBeHHBIC pacIpeICICHIS SHEPTHH OTHaun E ( R, h) o 00beMy MUIIICHU
(E, =15k3B): (a) — a=20°, ®=0°; (6) — 0=55°, ®=0°; (B) — 0=55°, ©=45".

Taxkum 06pa30M, opucHTalusa KpUCTallla OTHOCUTCIIBHO ITy4dKa ABJIACTCA OAHUM U3

OMMpECACIIAOIINX (baKTOPOB, OPUBOOAININX K M3MCHCHHUIO BCIIMYMHBI JHECPIrUM OTAQYU U €€

IPOCTPAHCTBEHHOTO pachpeieNieHus B 00beMe KpucTaia.

[1] B.B. EBcrudees, H.B. Kocruna, T.B. Kapabaesa, [Toepxuocts. 1 (2017) 104.
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IHEPI'USI ATOMA, DJIEKTPOHHAS DKPAHUPOBKA U IIOITPABKH ITPU
N3MEPEHUAX METOJOM OBPATHOI'O PE3EP®OPJTOBCKOI'O
PACCESsIHUA.

ATOM ENERGY, ELECTRON SCREENING, AND SCREENING CORRECTIONS
IN THE RUTHERFORD BACKSCATTERING SPECTROMETRY

A.N. Zinoviev

loffe Institute, 194021, St.Petersburg, Russia, zinoviev@inprof.ioffe.ru

Simple formulae for estimating the atom energy and screening constant have been proposed.
The screening constant formula fits well the experimental data on interaction potentials. The
paper proposes an approach to correcting the Rutherford backscattering measurements for the
screening effect.

1. Beeaenue.

Koppekiust Ha 3JEKTPOHHYIO 5SKpaHUPOBKY BaKHA HpPU TPUMEHEHHM METoJa
oOparHoro PesepdopnoBckoro paccessHus, KOTOPBIH IIMPOKO MCIIOJIB3YETCsS AJIs aHajau3a
AJIEMEHTHOI'0 COCTaBa MOBEPXHOCTHBIX cioeB. Ilpu sneprusax Huxe 1 MaB unu npu ananuse
TSDKETIBIX AJIEMEHTOB TpeOyeTcss BBOIUTH IOMPABKH, CBA3aHHBIC C OTIMYUEM MOTEHIHAIa
B3aMMO/ICHCTBUS YaCTHI] OT KYJIOHOBCKOT'O ITOTEHLIHAJIA.

VYder 31eKTPOHHOM 53KPaHUPOBKM TaK)K€ 4YpPE3BbIYAHHO BaKE€H IPU H3MEPEHUsX
CeyeHH peakiuii CHHTe3a B JabopaTopHbix ycnoBusix [1-3]. HeOosplras mompaBka Ha
AIIEKTPOHHYIO IKPAHUPOBKY CHIIBHO MEHSET BEPOSITHOCTh TYHHEITUPOBAHHS YACTUIBI CKBO3b
NOTEHIMATIBLHBIN Oapbep U B pa3bl MeHseT ceueHne. [I0cKobKy paccessHie YacTHIl U TIPOIIecC
TYHHEJIMPOBAHUS OINMUCHIBAIOTCS OJHUM M TE€M IOTEHIMAIOM, M3ydas paccesHHue aTOMHBIX
YaCTHUI] MOKHO ITPOBEPUTH TEOPETUUECKUE MPEICTABIECHUS 00 NEKTPOHHON SKPaHUPOBKE.

2. JHeprusi JJIEKTPOHHOW TMOJACUCTEMBI U ee CBSI3b € KOHCTAHTOIi
IKPAHUPOBAHMSA.

BHauane paccMOTpUM BbIpa)kK€HHE JUIS MOJHOM SHEPTHM JEKTPOHHOU MOACHCTEMBbI
aroma He(Z). HamMu ObUTO MOKa3aHO, YTO pe3yibTaThl BhIUUCICHUS [4] 3To# BenmuumHbI C
toyHoCThIO 1.1% st Z=5 - 92 xopoiio onuckiBaroTes popmyioi (cm. puc. 1):

He(2) (in a.u.) = 0.465 7**%2 (1)

Hnsa Z=2-92 Toynocts HeMHoro yxyamaercs - 1.6%.[lonmyyeHHas 3aBUCUMOCTh OTIUYAETCS

OT MpeJcKa3bIBaeMoil Mosienbto atoMa Tomaca-depmu, riae He|(Z)~Z7/ 3
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Extrapolation
o Calculation

H (Z), a.u.
=)
T

1 10 100

Puc. 1 . DHeprus 3meKTpOHHON MOACUCTEMBI B 3aBUCUMOCTH OT 3aps/ia sapa aroma.

[ToTennuman B3anMoielcTBUSI IBYX aTOMOB Ipu R—(0 MOKeT ObITh 3amucaH Kak
U(R—0) = Z1Z,R +H¢(Z1+2Z5,0) - Hei(Z1,0)- Hel(Z2,0), (2)
rae He(Z1+2Z;, 0) — sHeprus 3aeKTPOHHON MOACHCTEMbI 00beTMHEHHOTO atoMa, He(Z100) u
Hei(Z2,0) - aHEprun 371€KTPOHHBIX MOJCUCTEM pa3beAMHEHHbIX. ECITU 3amuicaTh MOTCHIIMAT B
dopme, npemnoxennoit bopom U(R) = Z1Z, / Rexp{-aR}, 3aech a — mapaMeTp, KOTOPBIA MbI
OyZeM Ha3bIBaTh KOHCTAHTOW SKpaHUpOBaHus, TO mpu R—0

UR) = Z1Z,/R - Z1Z;5a. (3)
CpaBuuBas BeipaxxeHus (2) u (3), Jerko NOIy4UTh

0= - (Hel(Z1+Z5,0) - Hel(Z1,20)- Hel(Z2,00)NZ1Z;). (4)

®opmyna (4) MOKeT OBITH TIEpenrcaHa Kak

0= - 0.465 ((Z1+Z2)**2 - 2,22 - 2,2%9)/(2,Z>) (5)
Ecnu 3aBucumocth He(Z) onmcars MeHee TOUHBIM BhIpakeHHeM, He(Z)= ki 2%+ k, 2%, 10
nozcraBisis B (4), umeeM o= 2 Ki+ 3 ky(Z1+Z;) wnm C ydetoM mogoOpaHHBIX YHCICHHBIX
K03 (HUIIMEHTOB UMEeEM
o = 2.815{1+0.022-(Z1+ Z,)} (6)

3T0 BBIpaKEHUE BBHIMOJIHIAETCS C TOUHOCTHIO 2.4 % Ui cucTeM aTOMOB ¢ Z3,,=5-92. B ciyuae
BO30Y)KJICHHS WJIM MOHHU3AIMHA YaCTHIl TP COyJapEHHH, MOCKOIBKY SHEPTHS AJIEKTPOHHOU
MOJICUCTEMBl YMEHbIIAeTCs MO aOCOMIOTHOW BenuuuHe, (Gopmynsl (5,60) malOT BepXHUM

npeaci Ajik KOHCTAHTBI SKPAaHUPOBAHUA.

218



3. CpaBHeHHE ¢ IKCIIEPUMEHTOM.

B pabotax [5-7] Ha OCHOBE M3MEpPEHHsI PACCESHUS YaCTHUI], ObUTM TOJYYCHBI CBEICHHS O

MOTEHIIHANAX B3aMMOJeicTBHs sl croikHoBeHmit He' — Au, W, Ta M [OCTATOYHO MAJIBIX

paccrosiHusAX Haubosbiero commkenuss R>0.005a; . 3aecy ar = 0.8853(Z; 1/2+Zzl/2)-2/3 - JUIMHA

skpanupoBanusi dupcosa. C momompio mpeodpasoBanus ofX)ar = - IN{U(X)X a}/X , rme

U(X) - moTeHIMan B3aMMOJCHCTBHS aTOMOB, X=R/af, MBI MOXXEM CpPaBHUTb PE3yJIbTAThI

9KCIIEpUMEHTA ¢ mpeackazanusmu 1mo Gopmyse (6) (cm. puc. 2) . ®opmymna (6) maer mis

yKa3aHHBIX ciaydaeB 3HaueHus 1.395, 1.406, 1.464 coOTBETCTBEHHO AJII CUCTEM He'-Ta,

+ +
He -W u He'- Au, 4yTo X0poII0 COrjiacyercst ¢ 3KCIepUMEHTOM.

1.6

1.2

Ocaf

0.8

0.4

—o—He'-Ta
—o—He"-W
—e—He™-Au
—g | Moliere
/ —————— ZBL
— Zinoviev
--->  formula (6)

0.01

X=R/a )

0.1

Puc. 2. 3naueHus 0.-df B 3aBUCUMOCTH OT PACCTOSTHUA HanOOJIBIIETO COTUKEHUS.

Hanubie aiast ciaydas He-Au B3stel u3 paboTsl [5]. laHnHble aiIst He" - Ta and He" - W 6Gbumm

noJiy4deHsl B pabote [6] myrem oOpabOTKM M3MEpEHUil BBITIOIHEHHBIX B [7]. JIluHMM Ha pUCyHKe

MOKa3bIBAIOT TPEACKA3aHUs IS MIOTCHIIHAIOB, MPeTokeHHBIX Monbepom [8], Iurnepom u ap.

(ZBL) [9] u 3unoBbeBbiM [10], cooTBercTBeHHO. CTpenka yKa3blBaeT 3HAYCHUS, TaBaeMble

dopmynoii (6).
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4. Koppexkuusi Ha 3J1eKTPOHHYIO JKPAHHPOBKY IPU U3MEPEHUH METOI0M 00pPaTHOIro
Pe3zepdopaoBckoro paccesinus.

B paGore [11] ObuI0 MOKa3aHO, YTO OTHOIIECHHE CEUYCHHM JUIS CIy4aeB pacCesHHs B MOJIC
¢11a00 KPaHUPOBAHHOTO KYJIOHOBCKOTO MIOTEHIIMANA ¥ KYJIOHOBCKOM IOTEHIIMATA UMEET BU/I:

do/dQ (doldQcouoms )= 1/(1+ Z1Z2a | E), @)

= formula (5)
© - - - formula (6)
3 ® experiment
1 1 " 1 " 1 " 1 "
20 40 60 80 100

z

2

Puc. 3. 3HaueHus o IS CTONKHOBeHHi MOHOB He' ¢ atomamm c 3apsmom sjapa Z, naBaeMble
bopmynamu (4,6). DKCIepUMEHTATBHbBIE TOYKH MOAYIEeHBI 00pabOTKOM JaHHBIX U3 padoT [5-7, 12].

Puc. 3 moKa3bIBaeT CpaBHEHHE BEIMUMHBI . /I CTOJIKHOBEHHi MoHOB He' ¢ aromamu ¢
pasznuyabiME Z. KOHCTaHTa SKpaHHpOBaHUs HE 3aBUCUT OT X B obOnactu X<0.06 (cMm. puc. 2).
JlaHHEIE 171 CUCTEeM He*-Kru He™-Xe u3MepeHsl Tonbko A X>0.3 u X>0.1 cooTBETCTBEHHO
[12]. Dkcrpamonsiiusi 3TUX JaHHBIX MPUBOIAMT K JIOMOJHHUTENIBHBIM OIIHOKaM, KOTOpPBIC
YUYTEHBI B CYMMAapHBIX OIIMOKaxX, yKa3aHHBIX Ha pUC. 3

B curyanmm, xorma moie CHIBHO OTIMYAETCS OT KYJOHOBCKOTO, MBI IIpEAjiaraem

MMPOBOAUTD BBIYUCIICHUC CCYCHHA C UCIIOJIB30BAHUCM ITOTCHIIUAJIA, ITPEAJIOKCHHOT'O B [10]
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IMMPOBET'A NOHOB Na' IIPH ITPOXOKIEHUN YEPE3 TOHKHE IJIEHKHA
MEIN

PATH OF THE IONS Na" PASSING THROUGH THIN COPPER FILMS

3.A. Ucaxanos, b.E. YMup3zakos, K.I'. Du6oes
Z.A. Isakhanov, B.E. Umirzakov, K.G. Eshboev

Tawkenmckuil 20Cy0apCmeeHHbLil MeXHUYECKUl YHUeepcumen,
Vuusepcumemckas 2, Tawkenm, Y36exucman, E-mail: ftmet@rambler.ru

This work is devoted to the study of dependencies transmission coefficients (n),
absorption (y) and secondary ion-ion emission (r) of the energy and the various
angles beam incidence of primary ions Na* and runs of ions in the solid film.The
depth of penetration of the ions in the crystal can control choosing the angle
incidence of the primary beam.

B mnacrosiimee Bpemsi mosydeHue OoJiee HAJIEKHBIX JAHHBIX O MpPOOErax HOHOB B
OPUEHTHPOBAHHBIX KPHCTAIAX [0 PA3JIMYHBIM KPHUCTALIOrpahUIeCKUM HAaIPaBICHHSIM,
MO3BOJIIET TIyOXE IMOHATH MEXAaHHU3Mbl MPOXOXKACHHUS (BHEAPEHUS) aTOMHBIX YacTHUI] B
KPUCTAIJIBI  CPAaBHUTENBHO TSDKEJBIX HOHOB TMPEJICTaBIseT OONBIION HAay4YHBIH U
npakThudeckuid  mHTepec. s momgpoOHoro  wmccnenoBaHus  auQQepeHIHatbHBIX
XapaKTEPUCTHK MpoIecca MPOXOKICHHs, T.€. YIJIIOBOTO M DHEPTeTHUECKOTO pPaCIpeIeICHUs
MOHOB, TMPOUIEANINX 4Yepe3 TOHKHE CJIOU KPUCTAIOB OONbIIOe 3HAauY€HUE UMEET
OJIHOBPEMEHHOE H3Y4YCHHE H3MEHEHHUS MHTErpajbHBbIX XapaKTePUCTHK STOTO SIBICHUS OT
YIJIOBBIX NMApaMETPOB IMyyka O0MOapIUpPYIOLIMX HOHOB.

B nanHo#t pabote mpencTaBieHbl 3aBUCUMOCTb KO3(Q(PUIIMEHTOB BTOPUYHO HOHHO-
MOHHOM SMHCCHH M OT SHEPIMM U YIJIOB TajieHUs Mydka MepBHUHBIX HoHOB Na' u mpoberu
MOHOB Menu. MoHOKpHCTaIndeckue HaHomienkn Cu(100) Ttommmmoit ~ 400 A
6ombapmupoBamuch woHamu Na® B umHTepBanme smepruii or 2 mo 30 kB (puc.l).
[IpencraBieHHbIe KPUBBIE COOTBETCTBYIOT YIJIaM MAJeHUS ¢ = 0°, 30°, 45° i 60°. ITnockoctsb
najieHusl IMydka NEepBUYHBIX HOHOB B 3TOM Ccllyyae coBMmajaja c IiIockocTeio {001}
MOHOKpHCTaJIJIa MeIi. AHAJIN3 TIOKa3all, YTo MpH yriax 0° i 45° HaIpaBIIEHUS MMy4YKa HOHOB
coBnagaet ¢ oceto [100] u [110] kpucrammueckon pemerku meau. [Ipu Takol opueHTauu
aTOMBI BEpPXHEJICKANIMX CJIOEB KpHCTaUIa 3aciOHAIOT AaTOMBl HIDKHHX CIIOEB H,
COOTBETCTBEHHO, MOH I10 MYTH JIBUKEHUS CYLIECTBEHHO MaJo IpEeTepreBaroT COyIAapeHHid ¢
aToMaMM KpUCTaNIM4ecKoil pemeTku. [Ipu 3ToM BEpOATHOCTh KECTKUX COYAApeHH Mallo U
WOH, B OCHOBHOM, B3aUMOJICHCTBYET C aTOMaMH IICTIOYKH ITOJ CKOJB3SIIUMH YTJIaMH U
OTKJIOHSIETCSI Ha Mallble YTJIBI PACcCesHUS, Tepsisi OYSHb MAIyIO JION0 cBoed sHepruu. [lpm

9TOM HOH MOXKET IPOHOJIZKHUTH CBOI IMyTh 3HAYUTCIIbHO JaJIbIIC BJOJIb ATOMHBIX HEIOYCK
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KpUCTaJlJIa, BCIEACTBHE TOTO 4YTO aTOMBI ILIENMOYKM JACHCTBYIOT Ha HOH TaK, 4YTO OH
(dokycupyercs BOJIb KaHajla, a 3TO, B CBOIO O4YepPe/lb, IPUBOJUT K aHOMAJIILHOMY OOJIbILIOMY
IIPOHUKHOBEHUIO MOHA B KpucTayl. TakuM oOpa3oM, moadOupas yros najieHus INEPBUYHOTO
Iy4yKa MO>KHO YIIPaBJISITh IIYOMHY IPOHUKHOBEHUS! HOHOB B KPUCTAJLI U MOJIYYUT MaTepual ¢

3aJaHHBIMHU (1)I/ISI/ILIGCKI/IMI/I CBOMCTBaMH.

MY
s\

6 - o )0 ’
(p x 300 ]”’
L o 450
e 600
4 L
r

W

4 8 12 16 20 24 28 EoxoB

Puc.1. 3aBucumocTts koadurmertroB BUND r, 1, y mpu mpocTpesie MOHOKPUCTAIITHIECKON TUIEHKH

Cu(100) rommmnoit ~400 A, mornamuNa" ot SHepruy My pazIMUHBIX YIIaX MAACHHS .

IlyreM wm3MepeHHsT MOHHOIO TOKAa Ha 3aJHEW CTOPOHE IPU Pa3IUYHBIX TOJIIMHAX
OoMOapaupyeMoil IUIEHKHM B 3aBHCHUMOCTH OT JHEpPrMHM IyykKa MEpBUYHBIX HMOHOB, HaMH

+
ornpesencHsl mpobern noHoB Na'™ B TOHKHX TUIeHKaX Meau (puc.2).

R, Al
600}
400 1
200 - - 2
/// 1 1 1 1 | ]
0 4 8 12 14 16 20 E, k3B

Puc.2. KpuBble NpoGeroB MOHOB B TOHKKX IUIeHKax meau: 1 - Na* - skcniepumentanbhas; 2 — Ne* -

pacdeTHasi.
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Tam ke I CpaBHEHMs MpeJCTaBlIeHa YHepreTudeckas 3aBHCHMOCTh mpoberos monos Ne'
MOCTPOCHHOE C TIOMOIIbIO TaOJMYHBIX JaHHBIX bypenkosa u ap [1]. BuaHo, 94TO X011 KPUBBIX
1 u 2 coBmamaer Mexay coOO, HO 3HAUCHUS BETMYMH POOETOB IKCIIEPUMEHTATBHBIX TOUYCK
JeKaT ropaszio BbIIIE, YeM TEOPETHYECKoe, T.€. Pa3HUlla MEXIy HHUMH, 110 MEHbIIEH Mepe,
okono 50%. Takoe OousbllIOe pacXoXACHHUE, MMO-BHUIAUMOMY, OOYCIOBJIEHO CTPYKTYpOil
MOJIy4aeMOM TUIEHKH. DIJIEKTPOHHO-MHUKPOCKOMUYECKOE HCCIEOBAHUS  XapaKTEPUCTHUK
TUICHKH TI0KA3aJId, YTO TIOJTYYCHHBIC TUICHKH PE3KO OTINYAETCS MO0 CTPYKTYPE OT aMOPPHBIX U
OJIMKe K KPYIMHO-3€PHHUCTHIM MOJIMKpUCTAIIaM. B 3TOM ciydae B KpucTamie, Kak OOBIYHO,
OyIyT UMETh MECTO MOHOKPHUCTAJUITMUECKHUE OJIOKM C HANpaBICHUSIMH U KaHalaMH, KOTOpPbIE
OPUBOIUT K YaCTUYHOMY KAHAIMPOBAHHMIO My4YKa HMOHOB IpH mpoxoxkiaeHuu. llocnemnuit
Cily4yal, B CBOIO OY€pe/lb, MPUBOJIUT K IMOBBIIICHUIO MPOOETOB HOHOB B TAKOM KpPUCTAJLJIE, 10
CpaBHEHUIO ¢ aMOp(hHBIM TesioM [2].

CnemxyeT OTMETUTH, 4YTO €CJIH CPAaBHUTh MHOTOUYUCIICHHBIE HKCIIEPHUMEHTAJIbHBIC
JaHHBIE C TEOPETUYECKUMU HCCIIEIOBAaHUSIMH, TO MOXKHO 3aMETHUTh, YTO IKCIIEPUMEHTAIbHbBIE
npoduaM  pacmpeneicHus BHEAPEHHBIX aTOMOB BCErJIa CIBHHYTHI BIIIyOb 0Opasia.
JleficTBUTENBbHO, KPUBBIE 3aBUCHUMOCTU IMPOCKIIMOHHOTO TIpolera OmpenaesieHHbIe IPYTrUuMU
UCCJIEIOBATENSIMU B HEOPUEHTHPOBAHHBIX KPHUCTANIaX KPEMHUS OT MAacChl BHEIPSIEMBIX
MOHOB, TTyOMHa MPOHUKHOBEHUS MOHOB ¢ sHeprusmu 20-40 k3B nocturaer npumepno ~400
A, uto B 11Ba pasa GobIIE TOMIUHBI MEIHOMN MIEHKHU, UCIIONB30BAHHON HAMHU TIPU HPOCTpelie
nonamu Na* B o6macTu sHepruit 20-40 k3B.

Ha ocHoBaHuM BBIIEN3I05KEHHOTO UCCIEOBAHUS MOKHO 3aKIFOUNTh, YTO HAlJIEHHbIE
Hamu TipoGern MoHOB Na' B MOMMKPHCTAaNIMUYECKHX IUIEHKAX MM TEPEeNaloT PeanbHYIo
KapTUHY M HE CBs3aHbl C HEOJHOPOJIHOCTHIO TOJIIUHBI TUIGHKH WIA TPUCYTCTBHEM
KPUCTAJUTMYECKUX TpEHIMH B TuleHKe. Eciiu Obuta Obl B TUIEHKE TPEIIMH, TOTJA MBI MOTJIH
OOHapyXUTh HaJIMUME TAaKUX MHUKPOTPEIIUH IO TMOSIBICHUIO B DHEPTETUYECKOM CIEKTpE
MPOLIEAIINX HMOHOB IMKA, COOTBETCTBYIOLIEIO HMOHAM C SHEPrued paBHOW HayalbHOU

SHEPTHUU HOHOB.

1. BypenkoB A.®., KomapoB ®@.®., KymaxoB M.A., Temxkua M.M. Tabauis! napamMeTpoB IPOCTPAHCTBEHHOTO
pacrpeieieHusl HOHHO-MMIUTaHTHPOBAaHHBIX npuMeceil. 3n-so BI'Y, Munck, 1980.

2. Isakhanov Z.A., Mukhtarov Z.E., Umirzakov B.E. and Ruzibaeva M.K. Optimum ion implantation and
annealing conditions for stimulating secondary negative ion emission // JournalTechnical Physics. St.-
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IMPABNJIO PABHOPACIIPEJAEJIEHUSA DJIEKTPOHHBIX U AAEPHBIX IIOTEPDH
SHEPI'MM KAHAJIMPOBAHHbIX YACTHIL

RULE OF EQUAL DISTRIBUTION OF ELECTRONIC AND NUCLEAR LOSS OF
ENERGY OF CHANNELED PARTICLES
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HOKa3aHO, 4YTO IIpaBHUJIO PaBHOPACIPEACTICHUSA CIIPAaBCAJIMBO HE TOJbBKO B OTHOIICHHUU
9JICKTPOHHBIX, HO MU B OTHOIICHHU AACPHBIX IIOTCPb OJHCPIruM KaHAJIUPOBAHHBIX YaCTHII. B
AOKJIAAC, TAKKE, IMPEACTABIICHBI PE3YJIbTATHI paCy€Ta NNOTEPb SHCPIUN KAHAJIUPOBAHHBIX YaCTUILL
¢ nmomoirsio nporpamMmsl TROPICS [1].

In this paper it is shown that the equipartition rule is valid not only for electronic, but also
for nuclear losses of energy of channeled particles. The report also presents the results of
calculating energy losses due to the use of TROPICS programs [1].

[ToTeHmanpHast SHEPrUsi B3aUMOJICHCTBUS OBICTPOTO MOHA C aTOMaMU KPUCTAJIa COCTOUT
H3 ABYX CJIara€MbIX

u=u,,+U,. 1)

nuc

[ToTenmanpHas PHEPTUs B3aUMOCHCTBUSA OBICTPOTO MOHA C fApaMU aTOMOB KpHCTalIa

HUMECT BU:

Z,Z,6?
Unucl. = Z# (2)

n |r - r:n| ’
roe Z,6 u Z,6 — 3apsAA MOHA M sapa aToma Kpucraiuia; I, =T, +dF, + Al + AF; Bektop oF,
OINHCBHIBAaCT CMEIIEHME SApa N-TO aToMa KpUCTAIa U3 y37da KPHCTAUIMYECKOW pPEIIeTKH
Omarozapsi TEIUIOBBIM KOJe€0aHHMAM; BEeKTOp Al ONMCBHIBAaeT M3MEHEHHE MOJIOKEHUS Aapa N -To

aToMa KpHUCTajlla M3-3a €ro B3aUMOJIEHUCTBUS C OBICTPHIM HOHOM; BEKTOp Al ONMCHIBAET
U3MEHEHHE TIOJIOKEHMs sJep aTOMOB KpHCTalla, KOTOpPOE CBSI3aHO C BO30YXKIEHHEM

KOJIJICKTUBHBIX KOJICOaHUI AACP H3-3a UX B3aUMOJCHUCTBHUS C KYJIOHOBCKHUM IIOJIEM 6BICTpOF0

noHa. Bektop I, ompenenser MojaoxeHue N-ro y3ja KPUCTAUTMYECKON pemieTku. Eciu aTomsl
YIOPSIOYEHBI B BHEC W30JIMPOBAHHOM aTroMHo# 1enouku, o T, =(0;0;n,a,), roe n, — moboe

Oocjo€ 4ucCiio, a az — pacCTodHuC MCEXKAY aTroMaMH B aToMHOM memnouyke. Ecim aToMel
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YIIOPAZIOUYEHBI B BUJIE U30JMPOBAHHOM aTOMHOM IIOCKOCTH, TO T, = (0;n,a,;n,a,). Ecau aromel

yoy?

YIOPSIIOYCHBI B y3/1aX KPUCTANTMYECKOH peleTky, 1o I, = (n,a,;n,a,;n,a,).

HOTGHLII/IaJIBHaSI OHCPIruia BSaI/IMOHGfICTBHSI 6LICTpOI‘O HOHAa C AaTOMHBIMHU JBJICKTPOHAMHU

KpucTajuia UMCCT BU:

Zy

U, = —zzﬁ—i, 3)

n j:]_ r_r

nj

rae =T +0h, +Af, +Al,; BekTop OF; OINpENCISeT MONOXKEHHE |-TO BJIEKTPOHA IO
OTHOLICHUIO K IMOJOXKCHUIO N-TO aTOMHOIO sApa; BEKTOp AF, OIMCHIBACT HM3MEHCHHE
TIOJIOXKEHHUS | -0 3JIEKTPOHA N-TO aToMa KpHUCTa/lUIa M3-3a €r0 B3aUMOJCHCTBUS C OBICTPHIM
MOHOM; BEKTOp AF, OIMCBIBAET H3MEHEHHE IIOJIOXKEHUS 3JIEKTPOHOB KPHCTallIa, KOTOPOE

CBSI3aHO C BO30YXKIEHHEM KOJUIEKTUBHBIX KOJIEOAHUI 3JIEKTPOHOB M3-3a MX B3aUMOJEHCTBUS C
KYJIOHOBCKUM I10JIeM ObICTPOro MOHA.
JIBmkeHre OJHOTO OBICTPOrO HMOHA OyJeM ONKCHIBAaTh C IOMOIIBIO KJIACCHYECKOTO

YpaBHCHU ABUKCHUS

d(mf)/dt = T, (4)
e m=jym,; ¥ (1 ik )1/2 =r2/c?; m, — Macca MOKOs GBICTPOTO HOHA; C— CKOPOCTh
ceera; f =—gradU. CucTeMy KOOpAMHAT BHIGEpeM TakuM oOpa3oM, uToObl och OX Gbina

NEepIeHIUKYIIsApHa, a ocb OY Obula mapajuieIbHa aTOMHBIM IUIOCKOCTSIM, HO NMEPIEHAUKYISIpHA
HAIlpaBJICHUIO MMaJICHUS WOHOB Ha KPHUCTAJI, KOTOPOC IMPOUCXOAUT B HAIIPABJICHNUU OCHU Oz.B
CJIydac OCEBOI0 KaHAJIMPOBAHUA OChb (o4 HaIllpaBUM T1apaJlJICJIbHO aTOMHBIM L CIIOYKAM.

HOTepI/I OHEPTUU KAHAJIMPOBAHHBIX YaCTHILl Ha JJCKTPOHAX U AApaX KpUCTaAJlJIa
paccMoTpuM cienys pabore [2], Tae OBLIM BBIYHCICHBI TIOTEPH DHEPTHH KAHATMPOBAHHBIX
YaCTHUI[ Ha JJIEKTpoHaX Kpuctawia. [lomHyro sHEpruro OBICTPOTO MOHA B KpHUCTAJUIE, KOTOpast
BBIYUCIIACTCA BAOJIb PEr yﬂﬂpHOfI TPACKTOPUH, 3AIMUIICM B BUIC

E =ym,c? +U. (5)

CKOpOCTB N3MEHEHUS ITOJTHOMN OHEPTUH UMECT BHU/]

22 2

gt (A' ) gradZzez Z(Aﬁj+Ar*e+Ar*n+A?)-gradzl—e_

, 6
dt n |r_rn| j=1 |F_ ()

nj
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e AT, =d(AF,)/dt.
[IpaBas 4acThb hopmyIsI (6) BBIYUCIIIETCS npu YCIIOBUHY, 4qTo

AT = O;AFnj =0;AF = 0;Ar, =0, Tak Kak CKOpOCTb H3MEHEHMs IIOJIHOM SHEpPruM 3T0 padora,

B3iTasi C OOpaTHBIM 3HAKOM, KOTOpas MPOU3BOAMTCSA HAJ BCEMH DJIEKTPOHAMU U SApPaAMH
KpHUCTalsla P UX TEPEeMEUICHUH Ha OSCKOHEYHO MaJlo€ PAcCTOSIHME B €IMHUILY BPEMEHHU B
JIEKTPUUECKOM I10JI€ OBICTPOro MOHA. YUTEM, YTO aTOMHBIE 3JIEKTPOHBI U A1pa MPUOOPETarOT

JOTIOJIHUTENLHBIA MMITYJILC B PE3YIILTATE CTOJIKHOBEHHUS C OBICTPHIM HOHOM
MSoT = MAR;; mor = MAT, (7)
e o ={X, 8,0}, X =d(X)/dt, m, — macca snekrpona, a M — Macca aToMa KpucTasia.

TpaeKTOpI/II/I OJICKTPOHOB M A4€P aTOMOB KpHUCTAJLIA, COBCPHIAIOIIMUX KOJIJICKTHBHBIC

KOJ'Ie6aHI/I$I, HaﬁHCM C IIOMOIIBIO HpI/I6J'II/I)KeHHBIX ypaBHCHI/Iﬁ JABUIKCHUA

8 vaiar =2 [ gy STV g s L av Sl (Y1) g
AV v m AV Jav M

e

rIe @,, — YacTOThl OCLMUIALMN 3JIEKTPOHOB U sJep aTOMOB KpHCTalla, COBEPIIAIOLINX
KOJUICKTHBHBIC KOJICOAHUs, YUCIICHHBIC 3HAYCHUS KOTOPHIX HE OKAXYT BIUSHHS HAa KOHEYHBIN
pe3ynbrar; AV — 00beM, B Ipeesax KOTOPOTO 3JIEKTPOHBI M sSJIpa COBEPINAIOT KOJUICKTHBHBIC
KoJIeOaHusl.

[TpeoOpaszyem dopmyiry (6) kK BUAY

z
((::j ( 5r+Arj gradz ZZe ZZ: —(mmér*+Ar*ej gradZi
] e

n l n J‘l nj

Yepeauum  ¢popmyay (9) mo TemaoBBIM KoJeOAHHSM aTOMHBIX SI€p W KBAaHTOBBIM

q)HYKTyaI_II/IHM MECTOIIOJIOKCHHA aTOMHBIX 3JICKTPOHOB KPpUCTAJLJIA
dE _m = = m e .=
(_Ejﬂ_ a M<5rf >e,T + <Arf >e,T +E<5ﬁel'>e,T + <Are fel_>e’_|_ ' (10)

roe f, =—gradU,, .

C nomornsio (7) u (8) popmyny (10) MokHO 3amucath B BUjIE

o) w0 a ) =
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dE — 1 el. el. 1 el. el. _
rae (_Elq, = Z_me( Do + Dy, + NLV [DXX +D,, ] dv [IOTEPU SHEPTUM KAaHAIUPOBAHHBIX
dE _ 1 1 _
Y4aCcTUI] Ha DJIEKTPOHAX, a (_Ejnud_ = m( D,+D, + N-[AV [DXX + DW]dV) IIOTEPH

SHEpPrUH KAHATMPOBAHHBIX HACTHIl Ha aipax; D, = DM + D DI = Jm SEM()s M (t)dt -

snepublid u DfY = f ST () f - (t")dt’ - snexTporusIit KOs duImMenTs D DY3UN.

Tak Kak KOMIIOHEHTBHI 3JEKTPOHHOro U siiepHoro koddduuuentoB auddy3un paBHBI
Mexay co0oil B ciydae, €ciH PEryjsipHOe pacIoIOKEHHE aTOMOB B KpucTauorpapuieckon
IUIOCKOCTH 3aMEHHMTh Ha XaOTHYEeCKoe, TO MOXKHO MouyuuTh (opmyny Jlunaxapaa s
AIIEKTPOHHBIX NOTEPh HEPTHH OBICTPHIX MOHOB B ITUIOCKOCTHBIX KaHallaX KpHcTaiia U Gopmymy
JUISL TIOTEPh SHEPIUH KaHAJIMPOBAHHBIX YaCTHUIL HA sipaX aTOMOB KpUCTaJlla

(_ i_f l. N 4;2554 ((n(x))zT - n°jLe ; (_ ((jj_ItE j. N 4n(%ze2)2 (<N(x)>2T +N, jLn |

rre  (N(X)); = _[ n(x,y, z))Tdydz/ayaZ — IUIOTHOCTH OJJIEKTPOHOB B IUIOCKOCTHOM KaHae
KpUCTaJlIa, YCPEAHEHHasl MO TEIUIOBBIM KOJIeOaHUSAM aToOMOB; n, = [(n(X)); dx/a, — cpeaHee

3HaYEHUe JJIEKTPOHHOU MIOTHOCTH; (N(X)); = Nja, exp(— x*12c% )/ \2nG3 — IUIOTHOCTH sifep B
KpHUCTAJUIOrpa)UuecKoil  INIOCKOCTH, YCPEIHEHHas 10 TEIUIOBBIM KOJE€OaHUSAM aTOMOB
KpUCTaJlJIa; CPEJHUE 3HAUYEHUs SJIEKTPOHHOW U SJEPHON IUIOTHOCTH CBSI3aHBI MEXIy COOOM

cootHomrenueM Ny =N,Z,; L,u L, — snexTpoHHBI U sEpHBII KYIOHOBCKHE JOTapU(MBI,

COOTBCTCTBCHHO.

1. http://wwwinfo.jinr.ru/programs/jinrlib/tropics/index.html

2. B.II. Komees, [I.A. MopryH, T.A. ITanuna // U3Bectus PAH. Cepus pusudeckas. — 2009. —
T.73.— Nel1.—C.1586—1590.

3. B.IL. Komees, FO.H. llItanos, 1. A. MopryH, T. A. I[Tanuna // [Tucema B XKT®. — 2015. — T.
41. - B. 19. — C. 55-63.
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HCIIOJIb30BAHUE PANYKHOI'O PACCEAHUSI JJI5I HOJTYYEHMSA
IHOTEHHHUAJIA B3BAUMOJAEUCTBUSA HAJIETAIOIIUU ATOM-ITOBEPXHOCTD

USING THE RAINBOW SCATTERING EFFECT FOR OBTAINING THE
PROJECTILE-SURFACE INTERACTION POTENTIAL

J.C. Meny3osa, I1.1O. ba6enko, A.I1. lleprun, A.H. 3uHoBbeB
D.S. Meluzova, P.Yu. Babenko, A.P. Shergin, A.N. Zinoviev

OTU um. A.®. Hogpgpe, C.-Ilemepbype, Poccus, e-mail: dmeluzova@gmail.com

A procedure for deriving information on the projectile-surface interaction potential from the

rainbow scattering data has been suggested.

[Tpu ckosb3siiieM najieHuH aTOMOB Ha MOBEPXHOCTh KpHUCTaJlIa 10 HEOOIbIINM YIIIOM
ckonbxenus (0.5-2.5°) mpoucxoauT paccesHuEe YacTHIIBI B TIOBEPXHOCTHOM IOJIyKaHaje. B
pacrpesielIeHUsIX PacCesHHBIX YacTHIl 10 a3UMYTaIbHOMY YIJIy HAOJIOJAr0TCd MaKCUMYMBI,
CBSI3aHHBIC C paayXHbIM paccesauem [1,2]. Kak Obuto ymomsHyro B paborax [1, 3],
MIOJIO)KEHUE Paly’KHOTO yIJa, NMpU KOTOPOM HAOMIOAAETCd MAaKCUMYM, CHUJIBHO 3aBUCHT OT
9Hepruu coyaapeHus vactuil. Kak Obuto yrmomsiHyro B pabote [3], oOuienpuHsaThe MOJCTH
NOTEHIMaja HE MO3BOJSIIOT OOBACHUTH HAOJIOJaeMble 3HAUCHMs PaayKHOTO yrjia U €ro
3aBUCHUMOCTh OT OHEpruu coynapeHus. llpeacraBnsercss axkTyaldbHbIM —pa3paboTaTh
IpoLeAypY NOJydeHUs TOTEHIMala HEMOCPEACTBEHHO U3 IKCIIEPUMEHTAIbHbBIX JaHHBIX.

[Tpy ynciIeHHOM MOAETUPOBAHUN TPACKTOPUN YACTHII, YPABHEHUS JBM)KEHUS YACTULIBI
MOTYT OBITh 3aITMCaHBbI, CIETYIOLUIMM 00pa3oM:

d%,
dt

i 1 (B3
]

=v

d (1% — %)

31eCh — M - Macca HaJETAIOUIENH YaCTHUIlbl, Xo U V — BEKTOPbI, ONMKUCHIBAIOIINE MOJIOKEHUE U
CKOPOCTh HAJIETAIOIIEH YaCTUILIBI, Xj— KOOPIAMHATHI YaCTUIl MUIIIECHH.

[Ipennonaraercs, 4To cuia €CTh I'PAJAUEHT ABYXYACTUYHOIO NMOTEHUHAA U 3aBUCHUT
TOJBKO OT PACCTOSIHUA MEXAY YaCTUIAMH, MHOXHUTEIb B CyMME€ €CTh HHMYTO HHOE, KakK
HAMpaBJISIONIME  KOCUHYCBI, PAaCKJIAIbIBAIOIIME CHUJIYy II0  KOOPJIMHATHBIM  OCSIM.

CYMMI/IpOBaHI/IC BCACTCA 110 BCEM YUUTBIBACMBIM aTOMaM KpHUCTAJIA. B mammx pacucTax MbL
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IMPpUHHUMAJIN BO BHHUMAHHEC aTOMBI JIBYX BCPXHHUX CJIOCB, PACIIOJOKCHHBIX Ha paCCTOSAHUU D0

3d (Bcero yuuThiBaaoch 79 aToMoB).

[Tockonbky Sin@=Vy(0)/Vo. dX=Vodt. Torna ypaBHenus (1) MOXXHO mepenucars B BUIE:

. +00 1
sing, = [_'F, dx(z—Eo) 2)

e Eg=mvo?/2 — HauaneHas SHEPrus YaCTHUIIbl, X — KOOPJAMHATA BJIOJb ATOMHOM LIEMOYKH.
3aBUCHMOCTb IIPOEKIMHU CHIIBbI Fy OT KOOpAMHATHI X HOCHT OCUMUIMPYIOIUI XapakTep,
IIPU ATOM BKJIaJl B paccesiHue BHOCAT Oosiee 20 aTOMOB LIETIOYKH JI0 TOBOPOTA TPAEKTOPUU U
CTONBKO JXK€ aTOMOB Ha BBIXOJAUIEH YacTu Tpaexkropuu. Murerpan or Fy ompexpenser
(uHaNBHBIE 3HAYEHUS TIPOEKIIMU CKOPOCTH Ha OCh Y, a CJIEA0BATEIIbHO, 3HAUCHHE PaIy>KHOTO

yriia pacCeaHusd @y, [IpU 3TOM Sin([)r :Vy/Vo, rac vo — HadaJibHas CKOPOCTb.

025+ i
Ar-Al(111)
0.20 | _
E =10 keV
ASF i
0 5_ o=1.85"
=
< O0.10F i
- 0.05+ -
0.00
-0.05 - - - - -
40 60 30

x/d

Puc. 1. 3aBUCHMOCTE MPOEKITUHU CHIIBI HA OCh Y OT KoopAuHaTh X. OCh X HampaplieHa BIOIb IIEITOYKH

aTOMOB, a OCb Yy JICKKHUT B INIOCKOCTHU KpUCTAJLIA. d - pacCTOAHUC MCKAY aTOMaMHu. O - Yyroj
CKOJIB>XKCHUS.

[IpencraBisiercss BO3MOXKHBIM — [E€PEUTH OT HMHTETPUPOBAHUS IO OCH X K
UHTETPUPOBAHUIO IO MEXbSIEPHOMY paccTosHUIO. [l 3TOro auama3oH MeXbsIEPHBIX
paccrosnuit ot 0 mo 10 a.e. nenuics Ha uHTepBaisl ¢ maroM 0.05 a.e. Torma gopmyny (2)

MOKHO TIEPCIIUCAaTh B BUJIC:

2E,sin@, = fR":B(R)dR, R =min|%, —%;|, B(R) =XxF, (R) (3)
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Oyukuus B(R) yunThiBaeT 3HaueHHe MPOEKIUU CHIJIBI HAa OCh y Ul JaHHOIO jauana3oHa R,
CYMMHPOBAaHHE IIPOU3BOAUTCS II0 BCEM Yyd4acTKaM TPAEKTOPHM, KOIJA JIOCTHUIaeTCs
paccrosare R. Takum oOpasoM, BeluuuHa SINQ; MOXKET OBITh MNPEACTABICHA B BHUJIE
UHTErpaja 1o Iuana3oHy peaau3yeMbIX MEKbIIEPHBIX paccTosuuii (cM. puc. 2). Ha atom xe
pHCYHKE ToKazaHa Takke pasHocTh AB=B(R,Ep) —B(R,Eo+AE), AE=0.05-Ey. Kak BugHO 13
puc. 2, B BenmuuuHe AB ocraHercs B OCHOBHOM TOJBKO BKIIAJ JUIS YacTH TPAEKTOPHUH,
OIM3KOM K JOCTHIKEHUIO PACCTOSHHUS HAMOOJBLIEr0 COJMIKEHHS HAICTAIOMIEH YaCTHIBI C
MIOBEPXHOCTHBIM aTOMOM Ro. OTHOCHTEIBHAS POJIb BKJIaAa JaHHOTO y4acTKa TPAeKTOpHH |y u

BKJIa/Ia BCETO OCTAJIbHOIO y4acTka | mokazana B Tabumuire.

300 F o J
—*—B([R,E)
—o—B(R, E +AE
150 | (R, ErAE) -
—v—AB
~ Of .
o
-150 F -
-300 F .
0 5 10
R, a.u.

Puc. 2. 3aBucumocts ¢ynkuun B(R) mns nByx Onmmskux snepruit. Eo=10 x3B. [{ns conocrtaBnenus
noka3zana pasuuiia AB=B(R,Eq)-B(R,Eo+AE), AE=0.05 E,.

Tabmura. Briagsr o6mactu BOM3u Ry — |; 1 ocranbHOM YacTu TpaeKkTOpuM B BenuanHy AB.

Eo Ro Iy Iy 1,/14
K>B a.e. %
3 4.2 -9.649 5.733 59.42
5 3.3 -13.210 3.658 27.69
7.5 2.8 -17.286 2.833 16.39
10 2.55 -21.351 2.126 9.96
15 2.25 -30.116 1.751 5.81
25 1.95 -48.700 2.403 4.93
40 1.7 -68.470 -3.864 -5.64
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TakuMm oOpaszoMm, BenuunHa AB B ocHOBHOM ompenaensieTcss obnacteio, Oim3koil k Rg. Ecnu
BBeCTH NpoOHYI0 3aBucHUMOCTh F(R) u ymHOXUTh ee Ha BennmuuHy k(R), TO U3 moryueHHBIX
ypaBHEHUH MOXKHO TOIy4uTh 3aBUcHUMOCTh k(R). IIpoBenenuem mnocneayromux uTepanui
MOXHO TPOBEPUTHh CXOAMMOCTb MpOIEAYphl. Pe3ynabpraThl pacuera misi cuctembl Ar-Al

MPEJICTaBJICHBI HAa PUC. 3.

100 ¢ : : : : .
: —m— nipoOHas QyHKIUS
— O — pe3yibTUpYIoLIas

%@@ byHKIUS

10 -

F(R)R’
¥
Fo
i

e,

LE 00515:5 E

0.1

Puc. 3 IpoGuas dynkuus F(R)R? n pynxims F(R)K(R)R?.

1. P. Tiwald, A. Schuller, H. Winter, K. Tokesi, F. Aigner, S. Grafe, C. Lemell, J. Burgdorfer, Phys.
Rev. B. 82 (2010) 125453.

2. P.Yu. Babenko, A.N. Zinov'ev, A.P. Shergin, JETPL 101 (2015) 840.

3. P.Yu. Babenko, D.S. Meluzova, A.P. Shergin, A.N. Zinoviev, NIMB (2017) dx.doi.org/10.1016/
j-.nimb.2016.12.040.
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POJIB ITOJIAAPU3ALIMOHHBIX CUJI ITPU KAHAJIMPOBAHUU HOHOB B
MHOI'OCJIOMHBIX HAHOTPYBKAX

ROLE OF POLARIZATION FORCES ON THE CHANNELING OF IONS IN MULTI
WALLED NANOTUBES

A.C. CabuposB
A.S. Sabirov

Yysawckuil cocyoapcmeenubiil yuueepcumem umenu M. H. Yivsanosa,
428015, Mockosckuii np-m, 15, Yebokcapwi, Poccus, kansas57@rambler.ru

The polarization potential of the interaction of a fast charged particle with the
walls of a multi walled nanotube and the energy lost due to excitation of surface
modes of electromagnetic oscillations are estimated. The nanotube is modeled as
a set of cylindrical layers with a given dielectric function. It is noted that the
resulting polarization forces, under certain conditions can significantly affect the

trajectories of channeled particles.

3ap;1>KeHHa;1 qacTula, ABMXKYHIAACH BOJIM3HU HaHOTp}I6KI/I, BBI3bIBACT BO3MYILICHUC €C

BHGKTpOHHOﬁ MNOACHUCTEMBI, 4YTO IIPHUBOAUT K BO3HHKHOBCHHUIO ITIOJIAPHU3AIIMOHHLIX CHII,

JCUCTBYIOIIMX Ha camy dactuiy [1-2]. Ydyer 3TuxX cui BaKeH MpHU pacyeTre TPAaeKTOPHiA

3apsOKEHHBIX YaCTHUIl, KaHAIMPYIOIUX B HAHOTPyOke. Hambornee bacTto uisl OILEHKH

HOJISIPU3AMOHHBIX TOJIEH B HAHOTPYOKE MPUMEHSIFOTCS MOJIEIb SJICKTPOHHOM skuakocTH [1,3]

n MCETOA  OIHCaHUA HaHOTp}I6KI/I

€,4161€,.. (81 €, ] €,

mtl | ¥n| “n-l

Puc. 1. CxemaTudeckoe pacrooxe-
HUE UWINHAPUYECKUX CIOEB
B ITIOINIEPEYHOM CECUYCHUU.

COOTBETCTBYIOILIEH JUAJIEKTPHUUECKON

BUJE IWIMHAPUYECKOTO CJIOS C 3aJaHHOH
auaNeKkTpudeckor  (Gynkuueir [4-6]. B nmanHoi
paboTe ans pacuera MOJSPU3ALUOHHBIX IOJIEH B
MHOTOCJIOMHBIX ~ HAHOTPYOKax  MpUMEHSETCs
TURJIEKTPUUECKUN (HOopMaIU3M.

HanpaBum ock Z BIOJIb OCH HaHOTPYOKH.
CreHkM HaHOTpYOKM TpEeACTaBUM B  BHJE
WIMHAPHYECKUX CIIOEB, KOTOpPBIE B MOMEPEYHOM
CEUEHHM HAHOTPYOKM NPEACTaBISAIOT  COOOM
obmactu B Buje kouell (puc. 1). [Tycts 311 KOsbIIa
OTpaHUYEHBI KOHIICHTPUYECKHIMHU OKPYKHOCTSIMHU

pamuycoB r=a;, rtae Jj=1..,n. Byzaem

nojlaratb, 4YTO  JJICKTPOMAIHUTHBIC CBOMCTBa

CpCabl B KaXXJ10M CJIOC OIMPECACIICHBI

bynkumeii &; =¢;(w), yunThiBaromEed BpEMEHHYIO

pucniepcuio. B mpomexyTKax MekxIy CTeHKaMH HaHOTpyOKH €; =1, a B 00nacTd CTEHOK
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g; = ¢&(w). CobCTBEHHBIE HIEKTPUYECKHE BO3OYXKJIEHHS B MPOBOJSANICH CpElle B paMKax
KBa3MCTAaTHUECKOTO MPHUOIMKEHHSI MOTYT OBITh IOJTYYEHBI KaK perieHus ypaBHeHus Jlamnaca
A®D =0 npu COOTBETCTBYIOIIEM BbIOOpE TPAHUYHBIX YCIOBUH.

B cuny cummerpuu 3aauu, penieHus OyieM UCKaTh B BUJIE Pa3JIOKEHUS:

®(z,r,¢,t) I— exp(—iwt) j— exp (ikz) Zexp(lmgo)q)mk (o,1).

m=—o0
Torna komnonenrta @, (@, 1) OyaeT yJoBIETBOPATH YPAaBHECHHUIO:

2 iy 2

o o ~ ~
0Dy 10Dy M 5 125 —0.
dr r dr r

Pemienust  gaHHOrO  ypaBHEHHMsT B KaXJOM  00JlacTU  JTalOTCS  BBIPAKECHUSIMMU:

oW = AL (kr)+BWK _(kr), tme | (x)u K_(X) — MomudummpoBaHHbe (yHKIHI
beccens. TpeOboBaHMe KOHEUHOCTU PELIEHUH MPUBOAUT K YCIOBUAM Bgz =0, ("kﬂ) =0. U3

HCIIPECPLIBHOCTH TAaHI'CHOAJIBHBIX COCTABJIAIOINUX JJICKTPUYCCKOI'O II0JII H HOpM&J’IBHOﬁ
COCTaBJISAIOMICH BCKTOpaA OJICKTPUUYCCKOr0o CMCHICHHA CJIICAYCT, 4YTO HCKOMBIC PCHICHUA

YpaBHCHHA Jlannaca JOJIKHBI YIOBJICTBOPATH CICAYIOUIUM YCIOBUAM CIIMBAHUS HA T'PAHUIIC.

oD oD
) gj A = gj+l
a;+0 or or

aj—O aj+0

p-Ne)
mki, g _q)mk

6]

mk >

B pesynsrare, ana onpenenenns kodbowumumento A BY - momyuaem cucremy 2(n+1)

OJIHOPOJIHBIX aNTeOpanyecKux ypaBHEHHUH BUIA
(r|1(+1) 0
BY) =0
A1 (kay) + B“)K n(ka)) = AL (kay) +BUPK (ka) =0
Ne 1 (ka)+BWe. a.)— AU a)+BUMg a.
Vel (kay)+BYs K, (kay) - AlPe; 1 (kay) + BU s 4K, (kay) =0

j+1
rac jzl,...,n. BO3MO)KHBIC MOJIbI BHGKTPOMaFHI/ITHLIX BO36y>K,HeHI/II>’I HOJ'Iy‘IaIOTCH n3

PaBEHCTBA HYJIO OIpenenuTens 3Toi cuctembl. Ha pucyHkax 2 U 3 mpHUBEAEHbI pe3ylbTaThl

MOZCIILHOTO pacdyeTa ¢ UCIIOJIb30BAHUEM ,ZLI/IBJ'IeKTpI/I"IeCKOI/I CI)YHKLII/II/I BuUaa 8(0)) 1- (QN /(,0

BBIIIOJIHEHHBIE UISL  CIIy4aceB JIBYX- M TPEXCIONHOW HAHOTPYOOK, COOTBETCTBEHHO.
BuyTpennue paauycsl cinoeB paBHbl 9, 17 m 25 a.e, a TONMMHA THIMHAPUYECKOTO CIIOS
BbIOMpanace paBHOM 2 a.e. CIUIOIIHBIE JMHUM COOTBETCTBYIOT KPHUBBIM JHCIIEPCUU
MOBEPXHOCTHBIX BO30YXKICHUN B MHOTOCIONHBIX HAHOTPYOKaxX, MyHKTUPHAs — OJHOCIIOMHOI,
B OTCYTCTBHH BHCIIHHUX CJIOCB. 2106aBJ'IeHI/Ie BHCIIHUX CJIOEB NPUBOAWUT K PACHICIIIICHUIO

JTUCTIEPCUOHHBIX KPUBBIX OJHOCIONHON HAHOTPYOKH » = w(K) .
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o/, o/,

1.0}- 1.0}
0.8} 0.8}
0.6 0.6/
0.4 0.4}
0.2 0.2
0.0 . ‘ ‘ . 0.0%, . ‘ . .
0.0 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.4
k a.e. k, a.e.

Puc. 2. KpuBsle aucnepcry TOBEPXHOCTHBIX IIa3MOHOB JJIS IBYXCIIOWHON
HaHOTPYOKH mpu a) Mm=0 u 6) m=1.

o/m, ®/o,
1.0} 1.0l
0.8 0.8l
0.6} 0.6}
0.4 0.4}
0.2} 0.2}
0.0 0.1 0.2 0.3 04 0.0 0.1 0.2 0.3 0.4
k, a.e. k, a.e.

Puc. 3. KpuBble aucniepcuu MOBEPXHOCTHBIX THIA3MOHOB JIJIsl TPEXCIIOMHON
HaHOTPYOKM mpu a) M=0 u 6) m=1.

B pabGote paccuuTaHbl MOJSPU3ANMOHHBIA TOTEHIMANT B3aUMOACWUCTBUS  OBICTPOM
3apsHKEHHON YacTHUIBI CO CTEHKaMHU MHOTOCIOWHOW HAHOTPYOKH MpU €€ KaHATUPOBaHWUU B
HAaHOTPYOKE W TOTEpPH DHEPTUU Ha BO30YXKIEHHWE MOBEPXHOCTHBIX MOJ AJIEKTPOMATHUTHBIX

KOJICOAHMIA.

D.Borka, S.Petrovi¢, N.Neskovi¢, D. J.Mowbray, Z. L.Miskovi¢, Phys. Rev. A 73 (2006) 062902.
D.J.Mowbray, Z.L.Mi¢kovi¢ , F.O0.Goodman , Yiu-Nian Wang, Phys. Rev. B 70 (2004) 195418.
D. J.Mowbray, S.Segui, J.Gervasoni // Phys. Rev. B 82 (2010) 035405.

Y.H.Tu, C.M.Kwei, Y.C.Li, C.J.Tung // Phys. Rev. B.74 (2006) 045403.

S.Segui, J.L.Gervasoni, N.R.Arista // Rad. Phys. and Chem. 76 (2007) 582.

A.C.Cabupos, [ToBepxHocTh. PeHTreHOBCKHE, CHHXD. M HEHTPOHHBIE UcciaenoBanus, 3 (2014) 102.

eounhkwnE

234



SCATTERING OF HYDROGEN ION BEAM FROM TUNGSTEN FUZZ

D. Sinelnikov, D.Bulgadaryan, V. Kurnaev, N. Efimov
National Research Nuclear University MEPhI, 115409, Moscow, Kasirskoe st. 31;
dinsin@mail.ru

1 Introduction

Tungsten is the main candidate for plasma facing material in the divertor zone of a
thermonuclear reactor due to high melting temperature, high thermal conductivity and low
sputtering erosion yield. However, its surface can be modified by "fuzz" nanostructure, which
can form in linear simulators and tokamaks [1] under helium irradiation fluence as high as
~10®m2, sample temperature in the range of 1000-2000 K and energy >20 eV. Such structure
significantly changes the plasma-wall interaction balance, especially the interaction of plasma
components with the surface.

The fuzzy structure was investigated by means of hydrogen and argon ion scattering
spectroscopy with energies in the range of 5-25 keV. The analyzed depth for bulk tungsten is
from5 to 20 nm for such energy range, but for thin porous structure it can be much deeper.

2  Experimental setup

The scheme of experiments is shown in fig. 1. Monoenergetic ion beam generated by
duoplasmatron ion source 1 and mass-separated by electromagnet 2 in “Large MEPhI mass-
monochromator™ setup [2] interacts with the fuzzy sample 4. Scattered on 38° ion beam is
separated by energy with energy analyzer 5 and detected with SEM 6. The interaction
chamber 3 is pumped by turbomolecular pump with an output of 800 I/s that allows obtaining
the pressure of ~10°® Torr during target irradiation. lon current density varied from several
nAlcn? to 1 pA/cm? depending on type of the ion beam: H*, Hy*, Hs* and Ar*. lon current to a
target is controlled by Keithley 6485 picoammeter and recorded during experiment for ion
fluence calculating.

Fuzzy samples were prepared by irradiation of tungsten sample in helium plasma with
fluence ~10*'cm? when at the surface 1000-2000 K. Scanning electron microscope analysis
showed that diameter of fuzz nanostructures is ~20-80 nm and thickness of fuzzy layer is ~1
um. As it was shown in [3] the density of the fuzzy structure is about 5% of bulk tungsten

density.
3 Experimental results

Energy spectra of scattered protons for several ion beam energies is shown in fig.2. One can
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Fig. 1 Scheme of the experiment :

- ion source

- Separating electromagnet

- interaction chamber

- sample

- energy analyzer

- secondary electron multiplier as
ion detector

OOk, WN -

see that with the increasing of ion beam energy the spectra transform to two-peak structure.
One of the reason could be the transition of the protons through the fuzzy layer and their
scattering from the bulk tungsten: with increasing beam energy there is more bulk tungsten
contribution to the spectrum. It is interesting to note, that even as low as 13 keV protons beam
can pass through ~1 pum fuzzy layer (a low energy shoulder in spectrum) that corresponds to
~6 um total path in fuzz for the geometry of experiment, while maximum analyzed depth for
bulk tungsten layer is about 10 nm.

Since the growth of fuzzy structures on plasma facing surface in fusion devices may lead to
negative consequences, some methods of tungsten surface recovery are developed [4]. In this
work the fuzzy sample was sputtered by 18 keV Ar" ion beam with fluence 2-10*°cm2. This
fluence is enough for the sputtering of 10 nm bulk tungsten layer, but, taking in account high
porosity of the fuzz, the fluence was enough for sputtering of 1 um fuzzy layer. In fig. 3 one
can see the evolution of the double peak spectrum from fuzz to ordinary energy spectrum of
protons scattered from tungsten surface. The position of the peak corresponding to scattering
from the bulk tungsten practically has not changed during the destruction process, that means
that energy losses in fuzzy structures for protons with 25 keV is about 500 eV/6 um=0,1
eV/nm, while energy losses in bulk tungsten are 150 eV/nm. This allows evaluation of the
average tungsten fuzz target density as compared with bulk tungsten as ~1/1500.

The energy spectra of scattered Ar* ion beam from fuzz and bulk tungsten are shown in fig.
4. The spectra are rather similar except of the scattered Ar* peak region. The right part of the

peak corresponds to multiple scattering and this parts are very similar for fuzz and bulk
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tungsten, while the left part correspond to single scattering and this process not so probable

for fuzzy structure.
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Fig. 2. Normalized energy spectra of scattered H* for several initial energies.
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Fig. 3. Evolution of scattered H™ energy spectra during fuzz destruction by Ar* beam.
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Fig. 4. Energy spectra of scattered Arions before and after fuzz destruction.
4 Conclusion

It is shown that spectra of protons scattered from fuzzy tungsten sample have two peak
structure: corresponding to scattering from fuzz layer and from the bulk material under fuzz
layer. It is shown that energy losses of protons in fuzzy tungsten structure is by three orders of
magnitude lower that in bulk tungsten. The scattering of Ar® ions showed that single
scattering from the fuzz is less probable in comparison with bulk tungsten sample,
nevertheless, the spectra of particles multiple scattered from fuzz and bulk tungsten are very

similar.
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