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BBEJIEHHUE

Hacrosmas XXIV ~ Mexaynaponnas koHpepeHuuss «B3auMonmeldcTBHE HOHOB  C
noBepxHocThion (BUII-24) npoBoautcs B Mockse ¢ 19 mo 23 aBrycra 2019 roga B rocTuHHMIIe
«MHTypucr KonomeHckoey.

Tematuka TPAaAULIMOHHO OXBAaThbIBACT (bYHI[aMeHTaJIBHbIe U [PUKIAJHBIC  BOIIPOCHI
B3aHMOHeﬁCTBHH HOHOB C ITOBEPXHOCTHIO.

Joxnaapl 00beTMHEHBI B 6 CeKIUi, pabOTaIONINX MOCIEA0BATEIIBHO:

1. Pacnipinenue, CTpyKTypa MOBEPXHOCTH, JIECOPOIIHS;

2. PaccesiHue 1 NpOHUKHOBEHHUE MOHOB;

3.OMuccHUs HOHOB, 3JIEKTPOHOB, (POTOHOB U PEHTTCHOBCKOTO U3JTyUYEHHUS P HOHHOM
O6oMOapIupOBKE;

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

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

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

B pamkax cekiuii TOMHUMO PETYJSIPHBIX YCTHBIX M CTEHJOBBIX JIOKJIAJIOB OyIyT
HpeIlCTaBJIeHBI O630pHI)I€ JICKIINU, ITIOCBSIIIICHHBIC HepeIIOBI)IM pe?’y.HI)TaTaM Hay‘-IHI)IX
MCCIICIOBAHMI B 00JIACTH B3aMMOJICHCTBUS MOHOB C IOBEPXHOCTBIO M B HEKOTOPBIX CMEKHBIX
00J1aCTAX 3HAHUH.

Opranusaropamu  koH(pepeniuu BUII-24  senstorcss  Poccumiickas Axanemus Hayk,
HanuonanbeHbli  uccnenoBarenbCKui — siaepHblii  yHuBepcuter “MUOU”, MockoBckuit
rocyiapcTBeHHblll yHuUBepcuteT, CankT-lIlerepOyprckuii MOIMTEXHUYECKUM YHUBEPCHUTET,
Cankr-IlerepOyprckuif  HallMOHANBHBIA UCCIENOBATEIbCKUM AKAaJEMHUYECKUIl YHUBEPCUTET
PAH, MockoBckuil ~ aBHAlMOHHBIM ~ WMHCTUTYT, WHCTUTYT  mpoOiieM  TEXHOJIOTHU
MHUKpPORJIEKTPOHUKH M ocoOouucTbix MatepuanoB PAH, SpocnaBckuif rocymapcTBeHHBIN
YHUBEpPCUTET, SpocnaBckuil punnan Gu3nko-TexHosornyeckoro uucrutyra PAH.

Kondepenuus «B3anmoneiicTBie HOHOB C MOBEPXHOCTHIO» SIBIISIETCA OJHOW M3 BEAYIIUX B
cBoeil obnmactu Hayku. BmepBeie ona mpommia B 1971 romy B XapbkoBe MO WHUIIUATHBE
npodeccopa S.M.Dorens; nanee koHdepeHnuu npoBoawinch B Mockse, Kuere, Muncke,
3Benuropoae, Apocnasie. Ha npoTsbkenun Bcero Bpemenu koHdepenmus BUIT coxpansinace u
OEpeXHO MOIEP)KUBATIACH €€ OpraHu3aTOpaMu, B TOM YHCJIE TEMH, KTO CTOsT y €€ ucTokoB. K
HUM B nepByro odepens otHocsates: FO.A. Peokos, B.E. HOpacosa, SI.M. ®orens, O.b. ®upcos,
b.b. Kagomues, B.T.Uepenun, B.A.Jlabynos, B.I".TenskoBckuii, U.M.11Ikap6an, B.A.KypHnaes,
A.N.TutoB u ap.

B xondepentiuu BUIT TpaguimoHHo y4acTBYIOT BEAYIIME CIEIMATUCTBI U3 MHOTHX CTpaH.
3a BpeMsl CYIIECTBOBAHUS KOH(PEPEHIMH MPUTIIAMIEHHBIMU JOKJIATIYMKaMHi ObUTA 3apyOeKHbIE
yueHble ¢ 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, [Ix.Komnuros,
TMumenu, A.Huxay3, K.Hopmnynn, b.Paymenbax, H.Tonk, M.Tommcon, ®&.dnopec,
B.Xaiinana, M.1Iumonckwii, I.1lusern, 3.11pyoek, B.Okmraiin, f.5ImMa3aku u MHOTHE IpyTHE.

Ot nuua opraHn3aTopoB KOH(PEPEHIIMH BhIpaxkaro TyOOKYO OJIaroJapHOCTh POCCHICKUM U
WHOCTpaHHBIM WieHaMm Opranu3annoHHOTO U [IporpaMMHOTO0 KOMHUTETOB M MEXIyHapOIHOTO
COBeTa 3a OOJBIIYIO MOMOIIb B OpraHU3aIi KOH(epeHIIHi.

Tennenuuelr mocienHUX KOH(EpEeHIM sBIsSETCS YBEIMYEHHE YHCIa IMOMCKOBBIX paldorT,
HaIpaBJIEHHBIX Ha pelIeHre 3a7a4, KOTOPhIe CO3al0T HAyYHYIO 0a3y Il HOBBIX TEXHOJOTHH B



CaMBIX TMPOTPECCUBHBIX OOJACTAX HAYKH M TEXHUKH: MHUKPO-, HAHO- U OHOTEXHOJOTHSX,
ONTOAJIEKTPOHUKE, METULIMHE, SIACPHOUN, TEPMOSIACPHON U BOJOPOIHON SHEPTETUKE.

Nutepec k koHpepeniun BUIT He ymeHbpmaercs u3 rona B roj. [losBiasercs MHOTO HOBBIX
YYaCTHUKOB M3 Pa3HBIX TOPOoJoB Poccun m 3apyOeKHBIX CTpaH, Cper KOTOPBIX MPeodagaroT
MOJIO/IbIEe YYacTHUKH. LIenmblil psii MOJOJIBIX YYaCTHUKOB BBICTYIHUT B 3TOM TOAY C YCTHBIMHU
JIOKJIaJIaMHU.

[Tepen HauanoM KOH(EpPEHIMK yXe B TPETU pa3 OyaeT MpoBeieHa cepus 00pa3oBaTeIbHBIX
JICKIUA JIUTSI MOJIOJBIX YYACTHUKOB (IKOJIA MOJIOJABIX YYEHBIX 10 B3aMMOJICHCTBHIO HOHOB C
MOBEPXHOCTHIO), KoTopas rnpoizer 18 aBrycra.

B agpec OprkomuteTa B 3TOM roy noctynuio 6oiee 200 pacimpeHHBIX TE3UCOB HAYYHBIX
NoKIaIo0B (Oonee yem u3 20-TH CTpaH MHUpa), KOTOPBIE OMyOIMKOBAaHBI B HACTOSIIUX TPYyIax
KoH(pepeHMu. BugHa HE TOJNBKO IMIMPOTa Kpyra YYacTHUKOB, HO W BBICOKOE KadecTBO
MIPUCITAHHBIX TE3HUCOB.

[Tocne  3aBepuieHus  KOH(epeHLMH  Opednonaraercs — NyOnMKanus — MaTepuajoB
IIPEJICTaBJICHHBIX JI0KJIa/10B B Buje crareil B )xypHanax "Ilosepxnocts", "U3Bectus PAH, cepus
¢usnueckas" 1 Vacuum. Crarbu a1 nyOnukanuu OyayT OTOOpaHbl M paclpesiesieHbl 110
xypHaiam [IporpaMMHBIM KOMHUTETOM I10OCIIE PEIICH3UPOBAHUS BO BpeMst pab0ThI KOH(EPEHITNH.

B cBoOomHOE OT paboThl KOH(pEpEeHIMH Bpemsi OyIyT OpPraHHU30BaHbI SKCKYPCHU B IapK
KonomeHnckoe, B 1ieHTp MOCKBBI € nocenieHneM Mmy3eeB Kpemist u Jpyrux Mysees.

Opranuzaropel BUII-24 nHaneroTcs, 4TO ApYKECTBEHHOE OOLIEHHWE YYacTHUKOB B XOJ€
pabotel KoH(pepeHIMH OyneT CcrocoOCTBOBaTH €€ yclexy U JalbHEHIIeMYy COTPYIHUYECTBY
Y4EHBIX.

KO.M.I'acniapsin, npeacenatens [Iporpammuoro komurera BUII-24.



INTRODUCTION

The 24rd International Conference on lon-Surface Interactions (1SI1-24) will be held from 19th
to 23rd of August 2019, 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-24 is organized by the Russian Academy of Sciences, National research nuclear
university MEPhI (Moscow Engineering Physics Institute), Moscow state university, St.
Petersburg State Polytechnic University, St. Petersburg National Research Academic University
of RAS, Moscow aviation institute, Institute of microelectronics technology and high-purity
materials of the RAS, Yaroslavl state university, and Yaroslavl branch of Institute of Physics and
Technology RAS.

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.1.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 I1SI conference stays at the high level for many years. 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.

For the third time a tutorial course of lectures for young participants is organized before the
conference (school of young scientists on the interaction of ions with the surface), which will be
held on 18 August.

This time, the Organizing Committee received more than 200 extended abstracts from over 20
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 will be organized for participants in the time free of scientific sections.

The organizing committee hope that this conference will be just as interesting as the previous
ones and friendly communication between participants will bring lively discussions and many
new useful connections.

Yury Gasparyan,
Chair of 1SI-24 Programme committee
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OPTAHU3AIIMOHHBIN KOMUTET

M.H.CrpuxaHoB — npexacenarens, HUAY MUOU
B.A.Kypnaes — conpencenarens, HUAY MUOU
B.E.lOpacosa — OYETHBIN npencenarens, MI'Y
A.N. TuroB — 3am. npeacenarens, CITIOITTY
H.N.Kaprun — 3am. npexacenaress, HUAY MUOU
J.I'.bynranapsx — y4eHbld cexkperaps, HUAY MUOU

Ynenol opeckomumema.

[1.FO.babenko — OTU um.A.®.Nodde
B.U. bauypun — A0 ®THUAH
JI.Lb.berpambexoB — HAAY MUOU
A.M.bopucos - MAU

A.®. BaTtkun — HUITTM PAH
FO.M.T'acniapsin — HUAY MUOU
E.}O.3p1x0Ba -MI'Y

IT.A.Kapaces — CII6AY PAH
J.C.Komnmnron — YauBepcutet Xaaepchuibg
I'.B.Kopauu —3HTY

A.A. TumeHko — HUAY MUOU
O.C.Tpywmwun —5® OTUAH
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ELECTRONIC STOPPING OF PROTONS AND HE IONS IN SOLIDS:
TRANSMISSION VERSUS BACKSCATTERING

B. Bruckner * P.M. Wolf’, D. Roth*, D. Primetzhofer” and P. Bauer”

" Department of Physics and Astronomy, Uppsala University, SE-751 20 Uppsala, Sweden
e-mail: peter.bauer@jku.at;
* Atomic Physics and Surface Science, Johannes Kepler University, A-4040, Linz, Austria

lons traversing through matter lose energy due to interaction with both electrons and
nuclei of the target material. This deceleration process is conventionally referred to as
electronic and nuclear stopping, respectively. A measure for the mean energy loss per unit
path length is given by the specific energy loss or stopping power S, which is usually divided
in electronic and nuclear contribution Se and S,. Under the assumption that the energy transfer
is governed by binary collisions, S can be expresses as

S=S,+Se= N[ T(b)da(T)

Here N refers to the atomic density of the target material, T to the energy transfer in a
single collision with either an electron or a nucleus and do to the according differential
scattering cross section. For convenience usually the stopping cross section & = 1/N * dE/dx is
used, which is independent of the atomic density in the target.

The electronic energy loss can be deduced from energy spectra of projectiles after
penetrating through a thin film of known composition and thickness (usually given in at/cm?).
Experimentally, there are two significantly different approaches depending on the employed
geometry: detecting either backscattered or transmitted particles. Typical scattering angles are
%, > 150° and 9; < 1° for backscattering and transmission geometry, respectively. For energy
spectra obtained in backscattering measurements the projectile has to undergo at least one
large angle scattering event (corresponding to a small impact parameter), whereas in
transmission geometry the detected projectiles are typically only unsubstantially deflected
corresponding to large impact parameter collisions. In principle, these two different
approaches may yield differences in the specific energy loss depending on the impact
parameters probed along the trajectory of the particles.

First order energy loss models, which are valid for high primary energies, neglect
contributions from multiple scattering. For transmission this means that the projectile travels
along a straight line through the target without collisions/deflection. In backscattering the
trajectories of the projectile can also be described by straight lines on both, the way in and out

of the sample, with one large angle (back-)scattering event. Therefore, in both geometries the
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ion is traversing the electronic system at comparably large distance to the atomic nuclei, and
thus inner shells. At lower energies multiple scattering cannot be neglected. In transmission, it
leads to a path length increase due to multiple distant collisions, i.e., interacting
predominantly with the conduction electrons. For backscattered particles, the influence of
multiple scattering along the trajectories is virtually the same as in transmission geometry,
just the backscattering angle is less well defined. Since the energy transfer in the large angle
scattering event is handled separately via the kinematic factor (including a possibly enhanced
inelastic energy loss), very little influence of the experimental geometry should be expected.

As it can be seen in the data base of stopping power data hosted by IAEA [1] published
electronic stopping cross section data for some systems significantly deviate from each other.
One possibility to explain the large spread of data would be that it is resulting from different
experimental approaches and an impact parameter dependent electronic energy loss [2—4].
Alternatively, systematic uncertainties due to an actual difference of the investigated material
system, in properties such as density, crystallinity or composition of the targets could provide
an explanation.

In order to determine the origin of these deviations in electronic stopping data,
collaborations between different laboratories have been performed: between HMI Berlin and
JKU Linz some 30 years ago, and most recently between the Instituto Atomico de Bariloche
and JKU Linz [5]. One of the most crucial parts in these investigations is the use of thin well-
characterized films for both geometries, because surface and bulk impurities of the target have
a different effect on energy loss data obtained in transmission or backscattering geometry. So
far no influence of different impact parameter dependency within the experimental
uncertainties of the evaluated electronic energy loss has been observed [5-7]. However, until
now the measurements were commonly performed in different setups and on different
samples, i.e. comparing data from thin films on a substrate vs. freestanding foils.

In this contribution we show energy spectra and electronic energy loss data obtained in
backscattering as well as transmission geometry from identical samples in the same Time-of-
Flight Medium Energy lon Scattering (ToF-MEIS) setup [8]. A Danfysik ion implanter
produces atomic or molecular ion beams with primary energies of 20 — 350 keV and a
rotatable, position sensitive detector is used allowing detection of particles with a scattering
angle of 9 € [0°,160°]. For both experiments the primary ion beam as well as the incidence
angle and beam spot on the sample is the same. As only free parameter, the position of the

detector is changed to either backscattering or transmission geometry.
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The investigated samples in this contribution are custom purchased and in-house
manufactured Au foils, as well as SiN foils. The specific choice is made to cover a span from
simple and easy to handle high purity targets to more complex compound. All samples are
characterized with a combination of several ion beam analysis techniques, i.e. Rutherford and
Elastic Backscattering Spectrometry (RBS and EBS), Elastic Recoil Detection Analysis
(ERDA) as well as Particle Induced X-ray Emission Spectroscopy (PIXE), to determine

composition, thickness as well as surface and possible bulk contamination of the foils.

Ef
60 ' ' —o— experiment NN
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Figure 1: Energy converted ToF-MEIS spectra obtained in (a) backscattering and (t)
transmission geometry for 100 keV He'. The red and green solid line represent TRBS
simulations with different electronic stopping in the film to fit either the width or the position

of the peak in the experiment.

In Fig. 1 energy converted ToF-MEIS spectra for 100 keV He" scattered from 50 nm SiN
foils are shown for (a) backscattering and (b) transmission geometry. In first order, for
backscattering, electronic stopping can be deduced from the width AE of the Si peak with
AE «dE/dx and in the case of transmission from the position of the peak via
(Eo — Ef) x dE/dx. In the investigated energy regime multiple scattering contributions hamper
a straightforward evaluation of the stopping cross section. Therefore, comparisons to Monte-
Carlo simulations are performed to obtain information on energy loss in the sample. We
employ the TRBS code (TRim for BackScattering) [9] which allows the calculation of energy
spectra of transmitted and backscattered projectiles. Two simulated energy spectra with two
different settings for the electronic stopping power differing by 1 % are depicted in Fig. 1 as
red and green solid line. The best fit of (a) the width of the Si peak as well as (b) the position

are achieved by employing the same specific electronic energy loss. This result is in principle
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achievable in two different scenarios. Either both experiments probe rather similar impact
parameters along the average ion trajectory, or alternatively, no significant dependence of
electronic stopping on the different impact parameters probed exists for this primary energy
and projectile-target system. As for comparably low ion energies, electronic stopping is to a
large extend due to excitation of conduction and valence electrons, a possible dependence on
impact parameters probed along a typical trajectory (excluding large angle scattering) can be
straightforward expected to be only weak. Also, the fact, that in backscattering experiments,
the fit is made to characteristic features of a spectrum (high-energy and trailing edge of the
spectrum) requires selected trajectories. Thus, it is expected that, ignoring the necessary large
angle scattering, the average trajectory in backscattering is not too different in terms of probed
impact parameters from those in transmission. The real experimental situation is thus
considered to result of a convolution of both scenarios described above.

This indication for a weak dependence of the electronic energy loss on experimental
geometry is in concordance with results from backscattering vs. double transmission
experiments, which also yield concordant results [10]. In the case of double transmission the
sample of interest usually consists of a thin film of low Z materials, as LiF [11] or TiN [10],
on a high Z delta layer. Here, electronic energy loss is evaluated from the shift in the peak
position of the delta layer analog to transmission experiments. Consequently, this method is a

combination of transmission and backscattering.
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ORGANIC FILM ANALYSIS, MOLECULAR TRANSFER AND NANOMECHANICS
USING LARGE ARGON CLUSTER BEAMS
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Secondary ion mass spectrometry (SIMS) gradually adopted projectiles of increasing size to
probe surfaces, from small clusters such as Bizs', SF5* and Cgo’ to nanoclusters like Ar,’,
(CH4n", (COy)," or (H20),", containing thousands of atoms. This shift in projectile size involves
a shift of physical mechanisms, from atomic collision cascades to collective molecular motions
and macroscopic-like impact phenomena, and a step change in performance for the chemical and
molecular analysis of solid samples at the nanoscale. In particular soft desorption-ionization of
non-volatile molecules and “damageless” depth-profiling, the prerequisites to 3D molecular
imaging, are routinely achieved since their introduction a decade ago [1], giving unprecedented
chemical information from the top few nanometers of organic films [2] to buried interfaces [3].

Combining molecular dynamics (MD) simulations with experiments, we could quantitatively
describe the variations of sputter yield as a function of Ar," and (CH,4)," cluster size (n) and
energy (E), as well as the reduction of sample fragmentation at low E/n [4]. The latter allowed us
to probe a regime in which kilodalton molecules can be transferred intact from a target to a
collector. In addition, kinetic energy distribution measurements show a dependence of the
molecular ion axial energies on the projectile E/n below 10 eV/atom, which is accompanied by a
change of emission angle. However, reducing E/n in that range also induces a severe decrease of
the sputtering yield, while the crater sizes do not change significantly, according to computer
simulations [5]. For ultrathin polymeric layers, the measured sputter yield increases with
decreasing layer thickness, which is explained by the nano-confinement of the cluster energy in
the polymer [6]. Finally, our recent experiments demonstrate that the backscattering of gas cluster
ion fragments also provides information on the physical properties of the bombarded surfaces, as
illustrated with the glass transition of polymeric layers [7]. Probing the mechanics of surfaces at
the scale of the impact potentially adds a new dimension to SIMS imaging with large clusters.

My presentation will highlight the most interesting of these recent results obtained in our lab.
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THE USE OF ION IRRADIATION IN-SITU IN A TRANSMISSION ELECTRON
MICROSCOPE TO GAIN INSIGHTS INTO ION-SOLID INTERACTIONS
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lon Beam Centre, School of Computing and Engineering, University of Huddersfield,
Huddersfield, UK
e-mail: s.e.donnelly@hud.ac.uk

The first account of the observation of radiation damage processes in-situ in a transmission
electron microscope (TEM) was published in 1961 when Pashley and Presland reported an in-
situ study of the development of so-called black-spot damage in Au samples [1]. The ions that
gave rise to the radiation damage in this case were negative ions emitted from the filament of
the electron gun of the TEM. A few years later, Thackery and Nelson at the Atomic Energy
Research Establishment, Harwell, United Kingdom reported on the first TEM to be interfaced
with an ion accelerator [2]. Since that time, such systems have been established in the USA,
Japan, France and China [3]. Although, in the UK, the Harwell system ceased to function some
years ago, more recently the MIAMI Facility (Microscopes and lon Accelerators for Materials
Investigations) at the University of Huddersfield has been established and consists of two such
systems, MIAMI-1 [4] and MIAMI-2 [5]. This presentation will focus on work carried out in

the last decade using these two systems — Table 1 lists their characteristics.

MIAMI-1 MIAMI-2
TEM JEOL JEM-2000FX TBEM hiltach([liz3500
e-Beam
o Beam 80 to 200 kv Acc. Voltage 60 to 300KV
Acc. Voltage lon Beam 20 t0 400 KV (NEC)
Acc. Voltage and 1- 20 KV (Colutron
lon Beam T 8 ( )
Acc.Voltage lon Species Mass 1 -200 amu
. o Angle between es & ions 18.6°
lon Species Mainly inert gases
. Temp: 100 to 1570 K;
Environment Gas iniecti +
lon Flux Fluxes of up to 1.5x10%* cm2s?! as Injection system
Gatan OneView
Angle between e~s & ions 30° Image Capture 25 fps @ 4096 x 4096 px
300 fps @ 512 x 512 px
Temperature 100 to 380 K or RT to 1270 K Analvsis EELS (Gatan Imaging Filter)
4 and Bruker EDS
Image Capture Gatan ES500W Wide Angle CCD hv hold
ge ~ap Gatan Orius SC200 (4Mpx) Tomography Tomography holder
and software

Table 1: Specifications of the two MIAMI systems
The original MIAMI-1 system came into operation in 2008 and has mainly been used for

studying the effects of inert gas-ion irradiations on materials at energies from 2 to 100 keV.

MIAMI-2 came into operation in 2016 and enables dual-ion-beam irradiation with an NEC ion
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accelerator providing singly-charged beams of most elements up to 200 amu at energies of up
to 350 keV (triply charged beams up to 1MeV) and a Colutron system which is used for light
ions (H, He) at energies from 2 to 20 keV. The two beams can be run simultaneously. Most

current research now takes place using MIAMI-2 and the layout of this system is shown

schematically in figure 1.

Accelerator Hall Beamline Hall

Medium-energy
ion beamline

Transmission
——— -, electron
microscope

lon source and

high-voltage platform Low-energy
ion bcamlinc\ .

Protection wall & Lo 7,

(shown in cutaway) e

Microscope and
Ton Accelerators for
Materials Investigations
(MIAMI-2) system at the
University of Huddersfield
United Kingdom

Ground floor
|

Figure 1: Layout of the MIAMI-2 system (from Ref [5]).

The primary advantage of combining one or more ion-accelerators with a transmission
electron microscope (TEM) are that ion-beam induced modification of materials can be
observed at high magnification in real time. This permits the study of the formation and
development of defects at the nanoscale during ion irradiation, often providing insights into
fundamental properties and processes that are difficult to obtain by other means. This has
relevance to any systems where materials are subjected to bombardment by energetic
particles including: materials for nuclear fission and fusion reactors; glasses and ceramics
for nuclear waste storage; materials in space; semiconductor processing; nanotechnology —

e.g. effects of ion irradiation on nanostructures, nanopatterning.
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Although most of the work carried out at MIAMI (and most of the funding supporting the
work) is related to nuclear materials, the presentation will include examples from all of

these areas.

Nuclear materials

0.2dpa
g = 200%

r

Figure 1: Examples of recent work at MIAMI showing: a) BF image of bubble lattices in W
under irradiation with 15 keV He ions at 500K (inset is FFT of image) [6]; b) BF image of Xe
bubbles (dark contrast) and voids (light contrast) in SON6S8 glass implanted with 45 keV Xe
ions at 295 K [7]; ¢) DF image formed with the (5 —5 0) y reflection of y-phase needle-like
precipitates in W/26%Re irradiated with 350 keV Ne ions at 500°C [8]; d) BF image of faulted
and unfaulted dislocation loops in 20/25 Nb-stabilised austenitic stainless steel during
irradiation with 40 keV protons at 460°C [9]. (Note that a) and c) were recorded with the

objective lens overfocused by approximately 1000 nm to yield Fresnel contrast).
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Figure 1 shows examples of recent work on the effects of ion irradiation on a number of
materials of interest in a nuclear context. Bright-field (BF) TEM images of He bubble lattice
formation in W [6] and of Xe bubble and void formation in a nuclear glass SON68 [7]; dark-
field (DF) images of Re precipitation (y and o phases) in a W/Re alloy [8] and BF images of
dislocation loop formation in an austenitic steel [9] were all recorded during in-situ irradiations
in the TEM. The presentation will include video clips and additional images from these
experiments which will serve to demonstrate the insights into these phenomena that have

resulted from the in-situ experiments.

Materials in space

(c) 0.1 ps

A
LR
FOLULA

pl o

Figure 2: BF TEM images of meteoritic nanodiamonds dispersed on a thin carbon film (a)
before and (b) after irradiation with 6 keV Xe ions to a fluence ~6 % 10'* ions/cm? at room
temperature. (c) Molecular Dynamics simulations of the effect of a single impact of a 4 keV
Xe ion with a 3nm diameter nanodiamond [10)].

In the context of attempting to shed light on the cosmochemistry of trace elements in
nanodiamonds (NDs) extracted from meteorites, we have performed experiments and molecular

dynamics (MD) simulations on the irradiation of NDs with Xe ions [10]. Figure 2 a) and b)

show BF TEM images of NDs from the Orgueil meteorite dispersed on a thin amorphous carbon
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film before and after irradiation with 6 keV Xe ions where both size changes and disappearances
of some NDs can be seen. MD modelling of the Xe/ND interaction, shown in Figure 2¢) shows
the complete disordering of a 3 nm ND as a consequence of a single Xe ion impact. Details of

this ongoing project will be included in the presentation.

Nano-materials

E Can't see”

(d) Virgin (e) 5x10%5ions.cm™

200 nm

Figure 3: In-situ ion-irradiation experiments with nanospheres and nanowires:
a) BF TEM image of NPs of different sizes and W foil irradiated with 15 keV He ions to a
fluence of 1.1 x 10'7 ions/cm?; (b) enlarged area of the foil after tilting >15° to avoid any
possible g.b invisibility criteria, and (c) enlarged area of NP after equivalent tilting of > 15¢.
Note the complete absence of dislocation loops in the NPs evident in (a,c) [11].

d) A silicon nanowire prior to irradiation and e) following irradiation with 6 keV Ne ions to a
fluence of 5.5 x 10" ions/cm? at 250°C Note that in both images, the nanowire has been rotated
through 90° from its orientation under irradiation in order to show a “side-view”. The arrow

on d) indicates the direction of the ion beam. The nanowire has bent away from the ion beam

[12].
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With a high surface to volume ratio, nanostructured (including nanoporous) materials may offer
some significant advantages in resisting radiation damage and an example of this can be seen
in Figure 3a) where no dislocation loops are observed to form in an 80 nm diameter W
nanosphere irradiated with 15 keV He ions but are clearly observed in the W foil of a similar

thickness to the diameter of the sphere. [11]

Ion irradiation may also be a useful means of modifying and even aligning semiconductor
nanowires. In the example shown in Figure 3 d) and e), the silicon nanowire bends away from
the 6 keV Ne ion beam; however, with careful choice of irradiation parameters Si and Ge
nanowires may bend towards (and thus align with) the directyion of the ion beam. Examples

from this work will also be included in the presentation [12].
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PREDICTION OF ION-INDUCED NANOPATTERN FORMATION USING MONTE
CARLO SIMULATIONS AND COMPARISON TO EXPERIMENTS

Hans Hofsédss and Omar Bobes

2" Institute of Physics, Georg-August-University Géttingen, Friedrich-Hund-Platz 1, 37073
Gottingen, Germany

Abstract

lon induced nanopattern formation has been experimentally investigated for many different ion-
target combinations and different ion irradiation conditions. Several theories and models have
been developed throughout the past years to explain the observed boundary conditions for
pattern formation as well as features of the patterns like wavelength, growth rates, shape and
amplitudes. To compare specific experiments with the predictions of analytical theories it is
necessary to calculate the linear and non-linear coefficients of the respective equation of motion
of a surface profile. Monte Carlo simulations of ion solid interaction based on the binary
collision approximation provide a very fast, rather universal and accurate way to calculate these
coefficients. The universality expresses the broad range of ion species, ion energies and target
compositions accessible by the simulations. The coefficients are obtained from the moments of
calculated crater functions, describing ion erosion, mass redistribution and ion implantation. In
this contribution, we describe how most linear, non-linear and higher order coefficients can be
determined from crater function moments. We use the obtained data to compare the results of
selected experimental studies with the predictions of theoretical models. We find good
quantitative agreement e.g. for irradiation of Si with Ar and Kr ions, Al,O3 with Ar and Xe ions,

and amorphous carbon with Ne ions.
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Emission of velocity correlated clusters in fullerene-solid single collision.

A new sputtering mechanism
E. Kolodney* , E. Armon, E. Zemel, A. Bekkerman, V. Bernstein, Y. Cohen, J. Bernstein and B. Tsipinyuk

Schulich Faculty of Chemistry, Technion-Israel Institute of Technology,
Haifa 32000, Israel , * e-mail :eliko@technion.ac.il

Cluster-surface collisions lead to many interesting phenomena of both practical and
fundamental importance [1]. These phenomena are related with impact interactions over a
large range of kinetic energies ranging from thermal energies ( sub-0.1eV per atom), where
the cluster is gently deposited at the surface (retaining composition and shape) , to shallow
implantation at keV kinetic energies. At keV energies the nature of the impact interaction
largely depends on the cluster atom to target atom mass ratio. This determines the extent of
energy transfer and cluster penetration vs. disintegration upon impact. For a cluster composed
of atoms much heavier than the target atoms one observes efficient penetration of the whole
cluster resulting in reduced stopping power (“clearing-the-way” effect)[1]. In sharp contrast,
when the cluster atoms are much lighter that the target atoms , the cluster experiences , upon
impact, complete disintegration into its elementary constituents and the sub-surface
penetration of its atoms is very shallow. This results in the buildup of an exceptionally high
energy density within the few topmost layers of the target ( 2-4 nm deep) on an ultrafast

timescale ( below 100 femtoseconds). This is the case studied here where a Cg, projectile ion

is impacting a variety of metallic targets whose atomic mass is about an order of magnitude

larger than carbon. The impact of the keV C, ion at metallic targets ranging from group 5 (

Nb and Ta) to group 11 coin metals ( Cu, Ag and Au) resulted in the observation of large
secondary clusters ejected from the bombarded target with nearly the same velocity (for all the
clusters emitted from a given target) [2,3]. The kinetic energy distributions ( KEDs) of the
different clusters could be described by a thermal distribution riding on a common center-of-
mass velocity (shifted Maxwellians) of some precursor. The most probable energies of the
KEDs were found to increase nearly linearly with the mass of the emitted cluster. This
behavior is in sharp contrast to that observed for KEDs of emitted clusters when induced by
the impact of a monoatomic projectile ion. Very recently [3] we have established the general

nature of the new mechanism, irrespective of the nature of the emitted cluster. For the reactive

transition metals we mainly detect and analyze KEDs of the carbidic species (Me,C, with
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Me = Nb, Ta) while for the late transition (coin) metals we detect and analyze the purely
metallic clusters (Me, with Me = Cu, Ag, Au). Analyzing the behavior within each group

enabled us to observe both similar and different behavior and trends. Also, we have showed,
via modelling and molecular dynamics (MD) simulations , that this new cluster emission
mechanism can serve as a general approach for diagnostics of the highly energized collisional
cascade nanovolume ( extreme thermal spike containing less than 1000 atoms formed on an
early subpicosecond timescale). Namely, the KEDs of the large cluster ions, nearly
instantaneously emitted (on the same subpicosecond timescale) from this expanding
subsurface nanovolume, serve as a direct fingerprint reflecting the underlying extreme
temperature and pressure [3].

In the following we will focus on different aspects of the carbidic clusters emitted from

Nb and Ta. Namely Nb, C. as compared with Ta,C,. We will also demonstrate the reliability

of the measurements by showing that the Nb,C, KEDs are practically identical for two
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Fig. 1. Mass spectrum of Nb,C/, cluster ions emitted following 14 keV C,, bombardment of

Nb target (pre-grown NbC film) . The spectrum is composed from distinct groups of Nb,C.
mass peaks with n=1-32. Exceptionally stable fcc cuboids (magic numbers) are marked as
(a)=Nb,,C};, (b)= Nb,,Cy;, (¢)=Nb,,C;, and (d)= Nb,,C;,.
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different experimental configurations. Fig.1 shows the mass spectrum of Nb C. cluster ions
emitted from the Nb target following exposure to 14 keV C, ions. Steady state coverage with

thin film of the carbide (fcc nanocrystallites as verified by TEM ) is achieved within a few

minutes of fullerene bombardment. The mass spectrum clearly shows emission of fcc cuboids

16 - C,,(14keV) —=Nb, Ta /
144 =7 I

o
71 QMS-E / RFA
0O-Nb,C,

n=n

(eV)

mp

12 -

104 &- Nb,,c,',l QMS-B / CDA

Most probable energy E
T

o 1 2 3 4 5 6 7 8 9 10 11 12

Fig.2 . Most probable energies of emitted Nb C: and Ta C. cluster ions as a function of
cluster size n , following 14 keV C,, bombardment . Measured E,,(n) values ( taken from the

corresponding KEDs) are given by solid and empty squares and empty triangles . Solid and
dashed lines are calculated Enp(n) dependences based on a shifted Maxwellian fit of the
measured KEDs.

up to Nb,,C;, (4x4x4). Other magic numbers corresponding to smaller cuboids are also
observed. There is a strong decrease in peaks intensity following each magic number.

Fig.2 shows most probable energy values Eqy(n) of the KEDs measured for the Nb, C,
and Ta,C, mass peaks. In order to demonstrate that the KEDs are free of any instrumental

factors we have measured the KEDs of the Nb,C,(n=1-9) cluster ions using two

experimental configurations which were different with respect to ion extraction optics, the
type of energy analyzer, and the mass spectrometer. One was an Extrel mass spectrometer
(QMS-E) equipped with a home made on-axis retarding field energy analyzer (RFA) (empty
squares ) and the other one was a Balzers mass spectrometer (QMS-B) equipped with a home-

made 90° cylindrical deflector analyzer (CDA) (empty triangles). The KEDs measured with
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these two different setups as well as the derived E;,p(n) dependences (see Fig.2) were nearly
the same. Repeated measurements of thermally emitted (surface ionized) K ions served for

verifying calibrations of the KEDs energy axis. Another feature which is seen in Fig.2 is the
similarity between E(n) dependences for Nb,C, and Ta,C,. This similarity is not

surprising given the similar properties of the two elements and their carbides. The solid and
dashed lines are calculated Ep(n) dependences based on a simultaneous fit of all the KEDS of
the emitted clusters family ( for a given target ) to a shifted Maxwell distribution with a single

pair of parameters: & = mV.y, /2 which is the kinetic energy of a basic unit e.g. NbC (mass m

) moving with a center-of mass (CM) velocity Vew, and a temperature T. For the Nb,C.

cluster ions we have obtained & =1.20+0.11 eV, kT =1.25F 0.08 e¢V. Note that the high
temperature is a translational one.

Finally, we present density functional theory (DFT) calculations for optimized ground
state structures ,which show that thermal electron emission (thermionic) from the outgoing
carbidic clusters is very efficient and is probably the dominant ionization mechanism leading
to the formation of the cluster ions. This implies that the fraction of ions (out of all emitted

species) is rather high and quite possibly constitutes the majority of charge states.

” TaC —Ta_C_+TaC

:E \/\/\/ #\/\'

» TaC —=Ta_C_ +TaC

 RVAAYA

TanCﬂ—-Ta"Cn +€
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Fig.3 DFT calculated energies for emission of TaC unit from ionized and neutral Ta,C,

clusters ( AE, upper two boxes) and adiabatic ionization energy (AIE, lower box) as a
function of cluster size n.
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A related DFT calculation of the optimized ground state structures revealed slightly distorted
cuboids (fcc nanocrystallites) which were practically identical for the neutral and ionic

clusters. The two upper boxes of Fig.3 show the variation of the emission energy of a TaC
unit from positively charged Ta,C, and neutral Ta, C, clusters as a function of cluster size n.
The dissociation energies are quite similar and are both in the range of 7-11 eV (oscillating).
The lower box of Fig.3 shows the variation of the adiabatic ionization energy of Ta C,
clusters as a function of n. The values are ~ 5 eV, in agreement with experiment [4].
Assuming thermally activated decay processes (dissociation and thermionic emission) and

similar pre-exponential factors for the corresponding rate constants, it is clear that the

dominant high rate cooling channel will be the thermionic ionization one.
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Figure 1: False colour image of Jupiter’s moon Europa, obtained with the Solid
State Imaging camera onboard Galileo. Image credit: NASA/Jet Propulsion
Laboratory.

When energetic ions hit water ice, the energy transferred from the impactor to the ice may
eject particles from the surface. This process, termed sputtering, has been studied for several
ion species under laboratory conditions over the past decades (e.g., [1,2,3,4,5,6,7,8]).
Sputtering may proceed in a straight-forward manner, i.e., the ion directly knocking out one
or several water molecules, or it may be a two-stage process with the irradiation first causing
chemical reactions inside the ice (so-called radiolysis [9,10,11]) and subsequently releasing
the radiolysis products from the surface. The sputtering yield denotes in both cases the
number of water molecules or equivalents (if H,O reacted to H, and O,, for instance) leaving
the ice per impacting particle.

Knowing the sputtering yield and the chemical and energetic composition of the ejecta

over a wide range of parameters is important to understand any ice-covered celestial body
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exposed to energetic particles. This knowledge is needed to interpret observations [12,13,14]
and to formulate models [15,16,17,18] of sputter-induced atmospheres of celestial bodies with
an icy surface. The astrophysical application we are most interested in here is Europa, one of
the icy moons of Jupiter. The sputtering yields and the plasma environment determine the
density and composition of its atmosphere [10,18,19].

Sputtering of water ice by sulphur ions is highly relevant for Europa: S™" ions are one of
the three most frequent ion species in the plasma environment around Europa [20]; they
originate from its volcanically active neighbour lo. However, to our knowledge, sulphur ions
were never used before in water ice sputtering experiments as sulphur is chemically reactive
and can corrode surfaces in vacuum chambers. For other ion species (O, Ar, He, H, among
others), sputtering experiments on water ice films have been performed and semi-empirical
formulae have been derived by, e.g. [4] and [5]. So far, these formulae were also applied for
sulphur ions as input for exosphere models of Europa. Alternatively, one had to rely on SRIM

sputtering simulations [21].

The University of Bern is developing the neutral gas mass spectrometer for ESA’s Jupiter
Icy moons Explorer (JUICE [22]), planned to reach the Jupiter system in 2029. We therefore
strive to fill gaps of knowledge about the basic physics of the surfaces and atmospheres of
Jupiter’s icy moons before the arrival of JUICE. We combine the available facilities for
developing and calibrating mass spectrometers, and ion/electron spectrometers [23] with the
sample preparation techniques and diagnostics of the Planetary Imaging Group at the
University of Bern [24,25,26]. Over the last years, we have experimented with a wide variety
of water ice samples in vacuum conditions, ranging from dense and thin (100 nm) ice films on
microbalances to thick (1 cm) ice slabs and thick porous ice regolith. In this paper, we
concentrate on the irradiation of ice films with sulphur ions.

To create an ice film, we deposited de-ionized water vapour via a needle valve and a
capillary onto the cooled surface (90 K) of a Quartz Crystal Microbalance (QCM) [27] in a
vacuum chamber. Under these conditions, most of the deposited ice will remain amorphous
throughout the experiments and the ice film density will be 0.75 to 0.95 g cm™ [4,28]. The ice
film thickness during ion irradiation was chosen between 10 and several 100 nm: the ice
thickness must exceed the penetration depth of ions, which depends on energy and species, to
allow for reliable sputtering yield measurements. The frequency of the QCM changes linearly
with deposited mass, which allows us to directly measure mass loss rates as a function of the

ion flux directed at the QCM. The surface of the microbalance was 45° or 60° tilted with
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respect to the incoming ion beam. The ion beam was created by an electron-cyclotron-
resonance ion source [23], capable of producing a wide range of ion species and energies
from 10 eV to 100 keV per charge, including charged molecules and multiply charged ions.

The residual water pressure during ion irradiation was on the order of 10~ mbar.

With this setup, we obtained experimental sputtering yields for electrons [29] and for the
ion species S* [30], O, O,", 0%*, Ar", and Ar** [8]. We also had the opportunity to
experiment with F* and SF" ions because we ionised SFg gas to create S* ions. Although F*
and SF* are not relevant for Jupiter and its icy moons, they are interesting for the sputter
theory of ices.

Our first experimental results for S* ions [30] show that the sputtering yield between 20
and 70 keV is two to three times higher than predicted by extrapolations from other ion
species [4,5,6]. Figure 2, left panel, compares the S* sputtering yields from experiments to the
predictions of [4] (blue curve) and [5] (red dashed curve) for the impact angle of 45°. The
experimentally derived sputter yield exceeds the predictions [4] by a factor of 2.9 = 0.5 for all
energies between 20 to 70 keV. The discrepancy is less notable for 10 and 140 keV. By
comparison, the formula by [5] matches the data at 30 and 50 keV. The actual sputtering yield
between 10 and 70 keV exceeding the prediction by [4] is noteworthy because that prediction
matches experiments better than the formula derived by [5] for energies below 100 keV for
the case of H*, He*, N¥, O", and Ar" [6].
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Figure 2: Left: S* sputtering yields versus energy for 45 ° impact angle and T =
90 K. Data points (black symbols) show our experiment results; the blue curve
shows the prediction by [4] and the red dashed curve shows the prediction by [5],
both of which are based on previous ice sputtering experiments with other ion
species. Right: Intensity spectra of the four major plasma species (black:
electrons, red: H*, blue: O, green: S¥) at Europa’s surface. The diamonds denote
data from [31] (ions) and [32] (electrons), the solid lines are fits to the hot
populations, the dashed lines are models of the cold populations that have not
been measured yet. Figures taken from [30].
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Our experiments (Figure 2, left panel) have important implications for Europa’s
atmosphere: The energy range at which the S* sputtering yield exceeds predictions coincides
with the most common energy of S ions in Jupiter’s plasma around Europa (Figure 2, right
panel). Therefore, the atmospheric density of sputtered O, H,, and H,O at Europa’s surface,
re-calculated with the higher S* sputtering yield, exceeds previous model predictions by
roughly 30% [30]. Another interesting lesson concerns the sputtering efficiency of molecules:
comparing the sputtering yield from SF* to S* and F* between 20 and 70 keV, we find that
sputtering induced by molecules is two times more efficient than expected from the sputtering
yield of monoatomic species. This confirms previous sputtering experiments with atomic and

molecular oxygen [8].

Ongoing and future activities: we now shift our attention to studying the chemical and
physical alterations in water ice samples upon long-term irradiation. We monitor these
processes with spectral cameras in the visible and near-infrared wavelength range and with a
new dedicated time-of-flight mass spectrometer. The physical and optical properties of these
macroscopic ice samples make them realistic analogues for planetary surfaces (see Figure 3).
The effect of chemical impurities in the water ice, such as NaCl, is also investigated. In
addition, we are developing novel detection techniques based on Laser Desorption Mass
Spectrometry to detect biomarkers in situ, such as amino acids. This is relevant for future

missions to Europa and other ice moons in the search for extraterrestrial life.

Figure 3: CCD camera image of a fine-grained ice sample after two days of
electron irradiation experiments. The diameter of the circular ice sample is 4 cm.
The dark circles in the frost and the depressions inside the ice sample (pointed
out by black arrows) indicate ice sublimation caused by intense electron beams
(image taken from [29]).
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Figure 1: This image gives an overview of the different effects that contribute to
space weathering. Besides thermal desorption, micrometeorite impacts and
photon-stimulated desorption, sputtering by solar wind ions plays an important
role for the erosion of surfaces of moons and airless planets. (Image adapted from

[2].)

Rocky bodies in the solar system that are not protected by any significant atmosphere
such as the Earth’s moon or the planet Mercury are affected by a large variety of influences
from outer space. Micro-meteorite impacts, thermal and photon-stimulated desorption as well
as sputtering by solar wind ions are among the most prominent effects ([1], see Figure 1). The
severe changes of the surface are summed up under the term space weathering [3]. The
surface is significantly eroded by impinging micrometeorites and ions, and vitrification and
metallization change its optical properties [4]. Here the sputtering of the surfaces of planets,
moons or asteroids represents an important contribution to the depletion of refractory, rock
forming elements [5]. Understanding the effects that occur during solar wind sputtering is
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therefore essential for reproducing the development of celestial bodies such as the Moon or
Mercury. Furthermore, atoms are emitted and form a thin exosphere around the body, with its
composition being representative for the original surface [5, 6]. Analyzing the atoms and
molecules that make up this exosphere therefore gives another possibility for remote
examination of planets, moons and asteroids in the solar system [7]. Such investigations can
be performed by a spacecraft in orbit or during a flyby maneuver. Studying the composition
of Mercury’s exosphere by using a mass spectrometer is, for example, an integral part of
ESA’s BepiColombo mission, which has recently launched and will arrive at the solar

system’s innermost planet in 2025.

Interpreting the results of these spacecraft observations requires a model that incorporates
a fundamental understanding of all the processes contributing to the exosphere [8]. Currently,
only few data exist for sputtering of analogue materials with solar wind relevant ions (see for
example [9-11]). Instead exosphere simulations mostly rely on approximations or the results
of SRIM simulations [12], which can lead to inaccuracies in several areas. On one hand, the
program SDTrimSP [13] has been found in the past to reproduce angular dependent sputtering
yields more precisely than SRIM [14]. Additionally, SRIM lacks the possibility to include
surface roughness or modifications to the surface’s composition due to preferential sputtering.
Moreover, any Binary Collision Approximation (BCA) simulation such as SRIM or
SDTrimSP can currently only describe the kinetic sputtering contribution. While 93% of the
solar wind is made up of protons, it also contains about 7% doubly charged He and small
parts of heavier multiply charged ions [15]. These ions will therefore cause additional
potential sputtering as most minerals that are expected to be found on Moon or Mercury are
insulators [16]. Due to the H sputtering yield being very small, this additional sputtering will
influence the total erosion significantly. As long as no universal theoretic or numerical
description of this process is available, it is therefore necessary to perform laboratory
experiments to get a more complete understanding of solar wind sputtering and how it

contributes to the space weathering process.
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Figure 2: This sketch shows the experimental setup that was used for our
irradiations. After ionization and acceleration in the ECR source, a sector magnet
is used for mass over charge state selection. Using several deflection plates and
einzel lenses, the beam then gets focused into the sample chamber, where ion
bombardment of the QCM is possible under incidence angles between 0 and
about 70 degrees. (Image taken from [22].)

For this reason, we performed sputtering experiments with thin film targets using the
minerals wollastonite (CaSiO3) and augite ((Ca,Mg,Fe),Si»O¢) as analogue materials for the
surfaces of the Moon and Mercury [17, 18]. Augite is a pyroxene, while wollastonite is very
similar to minerals from this group. Pyroxenes have been found on the Moon and they are
also expected to make up a significant amount of Mercury’s surface [19]. In order to perform
direct sputtering measurements, we deposited thin films of these materials with a thickness of
several tens to hundreds of nms on a Quartz Crystal Microbalance (QCM) [20]. For a
sputtering measurement the quartz is operated in an electronically driven thickness oscillation
with a resonance frequency close to 6 MHz. During ion irradiation, the change of this

resonance frequency Afy, is recorded, which is proportional to the mass change Am, of the

target [21]. The sputtering yield Y can then be determined from measurements of the ion
beam current density. This yield describes the number of sputtered atoms per ion and
represents the quantity that we want to obtain from our measurements.

Irradiations were performed at the ion beam setup at TU Wien centered around a 14.5
GHz Electron Cyclotron Resonance (ECR) ion source (see Figure 2), which makes
irradiations with multiply charged ions possible. Using singly charged ions, Ar fluxes of 10
atoms m?2 s and H fluxes of 10'" atoms m™ s can be achieved. The QCM is placed on a
rotatable sample holder to allow angular dependent measurements up to incidence angles of

roughly 70 degrees.
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Before and after irradiations, the surface’s composition was investigated using X-Ray
Photoelectron Spectroscopy (XPS) and Elastic Recoil Detection Analysis (ERDA), which
proved a sample composition that represents the original material well. The surface roughness
was obtained from measurements with an Atomic Force Microscope (AFM). For the
presented investigations, this was mostly used to guarantee that the surface roughness is low
enough to be neglected for sputtering yield evaluations.

Experimental sputtering yields were obtained for H, He and Ar ions at different angles of
incidence and different kinetic energies. For potential sputtering investigations, He** was used
as well as Ar with charge states between 2+ and 8+. Measured sputtering yields were then
compared to the predictions of SDTrimSP and SRIM calculations to investigate the
discrepancies between experiment and simulation. Most of the results presented in this work
were obtained with wollastonite targets. First augite measurements showed a similar behavior

and more detailed results will be presented at the ISI conference.
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Figure 3: Left: The angular dependent sputtering of wollastonite under Ar®
bombardment (red squares) compared to results of SDTrimSP (blue) and SRIM
(black) simulations. SDTrimSP results are able to describe the kinetic sputtering
yields very precisely. Right: Sputtering yields for different Ar charge states at the
same Kinetic energy show a significant increase compared to the SDTrimSP
prediction. Here steady state yields after prolonged irradiation are shown. The
potential sputtering yield can be described by a previously proposed fit formula
(red dashed line) including a dependence on the ion’s potential energy [22].
(Images taken from [17].)

Kinetic sputtering yields under different angles of incidence were measured using singly
charged Ar, He and H ions. For the noble gases, SDTrimSP is able to describe the sputtering

yields very well for the whole range of incidence angles (see the left image in Figure 3, [17]).
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Some discrepancies are found for sputtering by H ions showing lower yields than predicted
for flat incidence. It remains to be investigated whether this can be explained by inaccuracies
in the program’s input parameters or by implantation of H ions into the material.

Potential sputtering contributions showed an increase for higher charge states (right image
in Figure 3) and a significant fluence dependence. It can be assumed that predominantly O
atoms are sputtered by the ions’ potential energy [16], which leads to a depletion of the
surface’s O content until a steady state is reached. This behavior was investigated for different
Ar charge states as well as different incidence angles. The dependence of the sputtering yield
on the ion’s potential energy can be described by a fitting formula that has previously been
applied by Tona et al. [23]. The same investigations were performed for He** ions showing
discrepancies to the potential sputtering yields of Ar ions. Our results therefore suggest that
the interplay of kinetic and potential sputtering must not be neglected as the first quantity is
much higher for Ar compared to He. This then affects the steady state of the surface, which is
essential for correctly describing the potential sputtering of mineral targets.

We combined our experimental results with SDTrimSP simulations to formulate a model
for the total sputtering by solar wind ions [17]. A very significant angular dependence of the
total sputtering yield was found, where potential sputtering increases the erosion especially at
normal incidence. Due to the comparably small sputtering yield of H, the contribution of
heavier multiply charged ions must not be neglected, proving the significance of laboratory

experiments for completely understanding solar wind sputtering.

The authors are grateful to Michael Schmid (IAP, TU Wien) for his continued support
with the QCM electronics. Financial support has been provided by KKKO (commission for
the coordination of fusion research in Austria at the Austrian Academy of Sciences - OAW).
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IFO®PUPOBAHMUE YIJIEPOAHBIX BOJTIOKOH IMPU BBICOKUX ®JIIOEHCAX
HMOHHOI'O OBJIYYEHMUA: TIEPCIIEKTUBBI U IPUMEHEHUSA
CORRUGATION OF CARBON FIBERS UNDER HIGH-FLUENCE ION

IRRADIATION: PERSPECTIVES AND APPLICATIONS
H.H. AHz[pHaHOBal, AM. BOpI/ICOBl, E.C. MaIHKOBaZ, M.A. OBunnHuKOB'?
N.N. Andrianova®, A.M. Borisov!, E.S. Mashkova?, .M.A. Ovchinnikov'?

"Mockosckuii asuayuonnwiii uncmumym (Hayuonanomuwiii uccieoosamenvckuil ynueepcumem,),
Bonokonamckoe wocce, 0.4, 2. Mockea, Poccus,
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zHaytmo-uccxzedoeameﬂbcmﬁ uncmumym si0eprou usuxu umenu /.B. Cxobenvyvina
MI'Y umenu M.B. Jlomonocosa, Jlenunckue copul, 0. 1(2), e. Mockea, Poccus

The regularities of the phenomenon of ion-induced corrugation of carbon fibers
under high-fluence (~10"° cm®) 20-30 keV energy noble gas ions (Ne*, Ar*) and
nitrogen (N,") irradiation are analyzed in frame of the radiation-induced plastic
processes of dimensional changes in carbon materials taking into account ion
sputtering. The perspectives and applications of ion-induced corrugation in carbon-
carbon and carbon-ceramic composites technology are presented.

HccnenoBanust  yriepona-yriepoAHbIX KOMIIO3UTHBIX MAaTepHalioB, apMHUPOBAHHBIX
YIJIEPOJHBIMU BOJIOKHAMHU, 00YCIOBJIEHbBI MX IPUMEHEHHEM KaK KOHCTPYKLIMOHHBIX MaTepHaioB
JUISL SIICPHBIX PEAaKTOPOB, IUIA3MEHHOTO OOOPYAOBaHUS M a’dPOKOCMHUYECKON TexHuku [1].
PanuanuonHoe Bo3zaeiicTBHE Ha yIEpOAHbIE MaTepUaibl, B TOM YUCIE, KOMIIO3UTHL, IPUBOJIUT K
CHJIBHBIM TEMIIEPaTypHBIM 3aBUCUMOCTSIM LIEJIOr0 psiAa (PU3MYECKHX U MEXaHMYECKHX CBOWMCTB
[1,2]. Beicokomo3HOE HOHHOE O0JTy4eHHE BOJOKHHCTHIX YIIEPOAHBIX MATEPUANIOB MPUBOAUT K
CTPYKTYPHBIM U MOP(HOJOTHYECKAM M3MEHEHHSIM MMOBEPXHOCTH YIJIEPOIHOrO BojiokHa [3-6]. B
3aBHCUMOCTH OT TeMmmepaTrypbl oOnydeHus 7 M YpOBHS pPaJUAllMOHHBIX HapylIeHUH Vv,
OMPE/ICNIICMOr0 YHCIOM CMelleHnii Ha aroMm (dpa), MOryT TpOSBISATBECS IPOLIECCHI
amop¢u3anuy, peKpUCTaNIM3allii, U pa3BUTHE celUprueckoi Mopdosorun — roppupoBanue
BOJIOKHA. AMOp(Qu3alus MOBEPXHOCTH BOJIOKHA, KaK U JIPYIHX YIJerpa(uToOBBIX MaTepHaloB,
HaOJroaeTcsl MpU TeMIepaTypax OOJydyeHHs] HWXKe TemmepaTrypbl 7, AMHAMHUYECKOTo OTKUTa
paauanoHHbIx Hapymenuit [7]. [lpu Temnepatypax T > T, MOBEPXHOCTh PEKPUCTAILIU3YETCS,
COMpOBOXAasiCh 00pa30BaHMEM Ha IIOBEPXHOCTH YIVIEPOJHBIX BOJOKOH Ha OCHOBE
nonuakpuinonutpuna (ITAH) cucremsl peryispHbiX roppoB. B HakomIE€HHBIX K HACTOSIIEMY
BPEMEHH JIaHHBIX O0JIy4YeHHUE YIIIEPOAHBIX BOJIOKOH Ha ocHOBe nonuakpuwionutpuia (ITAH) kak
B BHJIE HUTEH, TaKk U B yriepoa-yriepoanbix komnozurax KYII-BM u IECHA, apmMupoBaHHBIX,
COOTBETCTBEHHO, BosiokHamu Mapok BMH-4, u YKH 5000 (mpoussoacrsa HWMUrpadur,
MockBa) TPOBOIUIN HOHAMH Ne®, Ar’, N,© ¢ SHEpPrusiIMM B JECATKM K3B Ha mMacc-
monoxpomatope HHUUAD MIY [3-6] u wuonHoMm yckoputene MHUM-50 MockoBckoro
aBHAMOHHOTO MHCTUTYTA [8]. TemmepaTypy MulleHe# BapbupoBaiu oT KoMHaTHO#H 10 600 °C u
KOHTPOJIMPOBAJIM C TIOMOIIbIO XpOMeNb-aJioMeIeBoi TepMonapbl. DiyeHChl 00ydeHus

2

cocrapmamu 10" - 10" wmom/cm’. MOHUTOPUHT HOHHOTO OOJY4YEHHsS] MNPOBOJIWIM IYyTEM

peructpailiu TOKa HOHOB H JBJICKTPOHOB JIA OIPCACIICHUA (bnyeHca OGJIy‘-IeHI/IH n
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Kod(puImeHTa HOHHO-JICKTPOHHOM dMHUCCHH. METObl MCCIIeIOBaHUsS 00pa3IoB 10 M TOCIe
o0ydeHHsl BKIIIOYaIW  AUGPAKIUIO  OBICTPBIX  OTPAKEHHBIX  AJIEKTPOHOB, PaCTPOBYIO
ANIEKTPOHHYI0 MuKpockonuio (POM), naszepuyro ronunodortomerputo (JII'D), crnexTpockonuio
KOMOMHAIIMOHHOTO PACCESIHUSI CBETa, PEHTTCHOBCKYIO (DOTOIICKTPOHHYIO CIICKTPOCKOIIHIO.
['odpupoBaHHyI0 MOBEPXHOCTb MOXXHO paccMaTpuBaTh KaK  KBa3WUIIEPHOIUYECKYIO
MOCIIE0BATEIbHOCTh MPU3MATUYECKUX OOpa3oBaHMil, pedpa KOTOPBIX MPH HOPMaIbHOM

NaJICHUHU MOHOB HA MUILIEHb [IEPIIEHIUKYJIIPHBI OCH BOJIOKHA, cM. puc.l.

Puc.1. Cxema u tunnussiii npumep POM-n3o00paskeHus rodpprupoBaHHON CTPYKTYPHI
YTIIEPOTHOTO BOJIOKHA HA ocHOBe [TAH.

Vrisl HaksioHa rodpoB P1 U B2 M SO0 TOGPUPOBAHHON CTPYKTYPHI Lrog/L Ha BepmmHe BoTOKHA
B CJIy4a€ HOPMaJbHOTO I1aJICHUsI HOHOB Ha MUIIEHb onpenessum meroaom JII'®. Ilpu stom ock
BOJIOKHA PacIoJIO’KeHa B MJIOCKOCTH MAaJI€HUs JIa3epHOro Jiyda. Ta ke MI0CKOCTh UCIIONIb3YyeTCs
JUISL PETUCTPAIlUU OTPAXKEHHOTO JIa3epHOro jyda. 3HaueHue 3 = 0 COOTBETCTBYET 3€pKaIbHOMY
OTPaKEHHIO JIA3€PHOTO Jyda OT IJIOCKOCTH cpe3a MulleHH. [lo oOmydeHus pacrnpezneneHue
yrinoB HakioHa f(B) cocpenoroueno mpu = 0. ['odpupoBaHHasi CTPyKTypa MpOSBISIETCS B
JONOJHUTENbHBIX K B = 0 Makcumymax B pacnpenencausx f(B) mpu P1 = B2 DT yrisl
OpUHUMATU 3a JOMHUHMPYIOUIME YIJIbI HakjloHa TrpaHeid rodpoB. Mons rodpupoBaHHOH
CTPYKTYPHI Log/L TeM Gonblre, uem GoJbIlle OTHOIICHUSI MAaKCUMYMOB pacnpenenenuii f1,, npu
B1,2 k Makcumymy fo mpu B = 0. IloaTomy 3a Mepy gomu rodpoB Lo/l mpuHMMamM oTHOLIEHHE
f1’2/(f0 + f1,2), rae f1,2 = (fl + fz)/z

CunpHoe BIMSIHME TeMIIepaTypbl Ha YIUVIbI HAkKJIOHa TOGpoB M J0II0 TO(QpPUPOBaHHOM
CTPYKTYpbl (CM. pHC.2), CBS3BIBACTCS C 3aKOHOMEPHOCTSIMH pa3MEpPHBIX HW3MECHEHHU IpH
HelTpoHHOM oOiyuenuu [5]. LlenoctHocTs MaTepmana 00OJOYKH OOECIIEYMBACTCS BBICOKOM

paﬂHaHHOHHOﬁ NJIaCTHYHOCTBIO rpa(pHTa. Honnoe O6J'Iy‘-IeHI/IC, B OTJIMYHUEC OT HeﬁTpOHHOFO,
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BJIMSIET TOJIbKO HAa TOHKWH TOBEPXHOCTHBIA CJIOH BOJIOKHA TOPSAKA HECKOIBKHX JECSITKOB
HAaHOMETPOB, B KOTOPOM TPOSIBIIIIOTCS PaJHAllMOHHBIC pa3MEpHbIC M3MEHEHUS! KPHCTALIUTOB
rpaduTa — pacIIMpeHUe B HANIPABICHUU OCH C U C)KaTUe B 0a3MCHOM IUIOCKOCTH. DTO MPUBOJUT
K OOJBIIMM MEXaHMYECKUM HANpPSHKEHUSM MEXKAY OOIY4YEeHHBIM CIIOEM M OCTAaJbHON YacThIO
BOJIOKHA. AKKOMOJAIUsl HANpsDKeHUI B 000JI0YKE BOJIOKHA TPU IUIACTHYECKOW JedopManuu
BbI3BIBACT €€ TOQpUpOBaHHE, HWHAUe O00JOYKA BOJIOKHA TMOTepsuia Obl IEJIOCTHOCTh U
OTJENMIIACh OT OCTAJBbHON YacTH BOJIOKHA. DKCIEPUMEHTAIBHO W3MEPEHHBIC YIIIbI 3 SIBIAIOTCS
ONMM3KMMU K yriiaM JABOMHHKOBaHUs rpadura B, = 48°18° u B, =35°12°. J{nst HOHOB MHEPTHBIX
ra3oB yribl  HakJIoHa roppoB M MX JOJIs CTAHOBATCS MMHUMAaNbHBIMEH BOmsu T ~ 400 °C,
COOTBETCTBYIOIIEH MHHHMYMY pPaTUallMOHHO-HWHIYIIMPOBAHHBIX pPa3MEPHBIX HW3MEHEHHU
rpaduTOBBIX MarepuaioB. [nyOMHa MUHMMyMa ONpeAeNseTcs KOHKYpEHIIMEeH ypOBHs
panuanMoHHBIX HapylleHUuH u kod¢¢uimenta pacnbuieHus. IlogaBnenue rodppupoBanus npu
obnydenny noHamu Ar’ suHeprum 20 k3B cBA3aHO ¢ Golee HM3KUM YPOBHEM PaMAIIMOHHBIX
HApYIICHHI 10 CPABHEHHUIO ¢ 00ydueHueM noHamu dHeprun 30 k9B mpu mouTH OJHOM B TOM Ke
KOX(PUITUEHTE PACTIBIIICHHSI.

Jlis MOHOB a30Ta HaWAEHO, YTO YIVIBI B M WX JOJS BO3pPAcTalOT B MEPEXOAHOW 00JacTu
temneparyp 150 - 275 °C, nocrturas mnpu TOBBIIMICHHBIX 3HAYCHHUSAX TEMIIEPATYPHI
MaKCHUMAaJIbHBIX 3HAUCHHI, COOTBETCTBYIOUIMX OOJYYCHUI0 MOHAMH HHEPTHBIX T'a30B. MOXKHO
OPENOI0KHTh, YTO XUMHUYECKas AaKTHBHOCTh HWMIUIAHTHPOBAHHOTO Aa30Ta HAKJIAIbIBAET
JIOTIOJTHUTEJIBHBIE YCIIOBUS HAa PEKPUCTAIUIM3ANNIO TpaduTa U, COOTBETCTBEHHO, Ha pa3MepHBIC

HU3MCHCHUA MOI[I/ICI)I/II_II/IPOBB.HHOFO CJIOA.
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Puc. 2 - TemneparypHble 3aBHCHMOCTH YTJIOB 3 HAKIIOHA (CJIeBa) U 10U roQpUPOBAHHON CTPYKTYPHI
(crpaBa) ISt YIIIEpPOIHOTO BOJIOKHA, apmupyoniero komnosut KYII-BM. Jannste ais 30 kB Ne', Ar'
B3ATHI U3 [5].

[To naHHBIM HCCIIEIOBAHUN AJIEKTPOHHOM CTPYKTYpBl IapaMarHUTHbIE JeQeKThl TOcie
oOiydeHus: rpauToB MOHaMH a30Ta NpPU MOBBIIIEHHBIX Temreparypax I > T, sBIAIOTCA

l"paCbI/ITOHOJIO6HI)IMI/I U aroMBbl a30Ta 3aHUMAKT BaKaHCHUU B Fpa(i)eHOBI)IX IIIIOCKOCTAX C
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coxpaHeHHeM TutaHapHoW CTpykTypbl [9]. Tlpu mnepexomHbIX Temrmeparypax B 00JacTH
Ty = 200°C nHapsany ¢ rpadutonogoOHpIMU AcheKkTaMu HaOMI0Mal0TCs 1e(DEeKThI, XapaKTEepPHBIC
st a3 aurpuaa yraepoaa CsNy.

Jannaple 118 (QU3MKO-MEXaHUYECKUX CBOWCTB W TEPMOCTOMKOCTH TOo(QpUPOBAHHOTO
WOHHBIM OOJIy4eHHEM YIJIEPOJHOIO BOJOKHA omucaHbl B padore [10]. M3mepenus yaenbHO
MOBEPXHOCTH MPOBOWIN MO aacopomuu azora ¢ pacuérom mo meronay bOT. TepmocroiikocTs
ucneitada a0 2400°C. CpaBHeHHE NaHHBIX Ui HEOOTYyYEHHBIX M OOJIYYEHHBIX 00pa3IloB
BBICOKOMOJIYJIBHOTO YIJIEPOJHOTO BOJIOKHA IIOKAa3bIBa€T, YTO IPU CTOKPATHOM YBEIMUYEHUU
YIEIbHOM MOBEPXHOCTU MPOYHOCTh YIJIEPOJHBIX BOJIOKOH TMpPU HOHHOM  OOJIyYeHUU
npakTH4ecku He wu3MeHsiercs. [lomydaemble NpuU  BBICOKOAO3HOM HOHHOM  OOJIY4E€HUU
¢u3nueckue M MEXaHWYECKHE CBOWCTBA BBICOKOMOIYJBHBIX yriaeponusix ITAH-Bomokon
NpeACTaBISIIOTCsA, coryiacHo [11], HauOonee NOIXONAIIMMU IS pEUICHUs MpodiieM
COBMECTHMOCTH YTJIEPOAHOTO BOJIOKHA M MATPULIBI MPH CO3JaHUH YTIEPOA-YIIEPOIHBIX U
YIIepoA-KepaMUYEeCKUX JKaPOCTOMKUX KOMIIO3ULIMOHHBIX ~ MarepuanoB. [lepcreKTUBHBIM
OpEACTaBIsIeTCsT  TakKe  MPUMEHEHHE  TOQPUPOBAHHOTO  BOJIOKHA B TEXHOJIOTUH

SJICKTPOXNUMHNYCCKUX UCTOYHUKAX TOKA U CYIICPKOHACHCATOpPAX.

Pabora BeimonHeHa npu PUHAHCOBOI NoAep»Kke MUHUCTEPCTBA BHICIIETO 00pa30BaHUS

u Hayku Poccuiickoit @enepannu (mpoekt Ne 9.8413.2017/bY).
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MODELING OF CO-DEPOSITION OF HYDROGEN WITH SPUTTERED METALS
S. Krat, Yu. Gasparyan, Ya. Vasina, A. Prishvytsin, and A. Pisarev,

“National Research Nuclear University MEPhI (Moscow Engineering and Physics Institute),
Moscow, Russia, e-mail: sakrat@mephi.ru;

Hydrogen accumulation in fusion devices is a serious issue from the viewpoint of
radiation safety, as the total amount of radioactive tritium is strictly controlled. It also affects
plasma parameters, as hydrogen accumulated in the device can be released during the
discharge due to the plasma-wall interaction. One of the main channels for hydrogen
accumulation is co-deposition, wherein hydrogen is deposited onto a surface together with
particles of the wall material previously eroded from some other area of the fusion device’s
wall by plasma. Such co-deposition can lead to accumulation of thick layers of material
containing large amounts of hydrogen in hard to reach areas of the installations, such as pump
lines or shadowed areas of the divertor in tokamak devices. The hydrogen content in such co-
deposited layers can reach tens of atomic percent, and, in the case of hydrogen active
materials, such as carbon, even exceed unity. Hydrogen content in such films depends
strongly on a number of co-deposition parameters, such as the deposition rate, temperature of
the surface on which co-deposition occurs, hydrogen flux to the surface during deposition and
others. This makes purely empirical approach to prediction of hydrogen accumulation in co-
deposited layers in fusion devices very difficult requiring exhaustive experimental testing in
the full range of parameters that can occur in fusion devices. Such approach is not always
feasible or economically viable, especially when attempting to predict hydrogen accumulation
in future devices. Because of this, an approach is preferable that could provide quantitative
predictions via computationally cheap predictive modeling of plasma-wall interactions.

In our previous works, a simple diffusion-based model of co-deposition was developed
[1]. The model takes into account gas diffusion through the semi-infinite depositing layer in
the process of the deposition. Diffusion takes places in the field of “traps” (defeets;
dislocations, vacancies, etc.), which are described as hydrogen states with lower energy than
the solute state. Hydrogen atoms can transit from solute state into one of the trapped states
and back. Solute hydrogen can diffuse through the deposited layer, while trapped hydrogen is
immobile. Diffusion rate is considered constant throughout the whole depth of the layer and
does not depend on hydrogen concentration. The hydride formation is not considered and
concentration of solute hydrogen is considered small compared to the concentration of metal
atoms comprising the depositing layer. The deposition process is assumed to be quasi-
stationary, where the distribution of hydrogen does not depend on time. Hydrogen
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recombination rate on the surface is considered to be infinite, so the hydrogen concentration
on the surface is zero. Concentration of available traps is taken to be constant for all
deposition conditions. The resulting formula for predicting hydrogen (deuterium) content in

metal is

J.nii':. " Z E.'I- + Il}lr! (1)
Nige - 21pge D

T

2unye, De K
Izh

+1

Where D=D, exp(-E4/KT) is the diffusion coefficient, Eq— diffusion activation energy, 7T is
the temperature, I, - the total flux of D energetic particles implanted into the co-deposited
layer, / is the hydrogen implantation depth, Ey' — binding energies for traps of type i, nye — the
concentration of metal atoms, Z; — the atomic fraction of traps of type 1, and p~=1.

The obtained formula was tested for W-D, Mo-D and Al-D co-deposition data for the
deposition temperature ranges from room temperature to 800 K with 25 K resolution obtained
experimentally [1,2] (fig. 1). Experiments were performed using MD-2 installation [3].
Metallic (W, Mo, Al) layers were co-deposited with deuterium using Ar-D magnetron
discharge. Layer thickness was ~100 nm. Layer deposition rate was ~ 2 A Angstrom per
second. Deposition pressure was ~ 2 Pa for W and Mo and ~0.2 Pa for Al. Deuterium content
was measured by means of in-vacuo thermal desorption spectroscopy performed with 2 K/s
linear heating up to 1400 K. Thickness of the co-deposited layers was measured by means of
quartz microbalance installed close to the experimental sample. Experimental data showed
and our formula predicted a step-wise form of the deuterium content vs. deposition
temperature curve, with each step correlating to a different type of trap. For each of the three
co-depositing materials only 3 types of traps were needed to fit the predictions of our model
with experimental data. Trap energies obtained by fitting of the experimental data

corresponded well with literature data on possible trap energies in W, Mo and Al
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Figure 1. Deuterium content in W-D, Mo-D, and Al-D co-deposited layers vs. temperature of

300 400

substrate surface during deposition. Dots — experimental data, curves — predictions of the
developed formula (formula 1)

In the previously developed formula, it was assumed that the rate of the deposition was
negligibly small, which is not always the case experimentally. To account for this, the
movement of the layer being co-deposited as a whole, an analogue of convention matter
transfer was added to the equations. With the assumption that the concentration of the
deuterium in the co-deposited layer in the solute form is far smaller that the concentration of

available traps, it was possible to develop a new predictive formula.

n I - (2)
o bh
o Z “mpp e D +—  (bh+en—1)
Nite = _5 I Con hn,, Db*
un,,.e kT + —':'—th: (bh+e72" —1)
where
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is the growth rate parameter which compares the rate of the deposition to the diffusion rate,

and E;'f T is the effective trap energy parameter lying between minimal and maximal trap

energies.

To test this formula, a new series of experiments is going to be conducted, studying W-
D co-deposition at different deposition rates. To vary the deposition rate, different gas
mixtures of Ar:D will be used. The flux of deuterium will be kept constant, while the flux of
argon will be varied. This will allow us to change the rate of erosion and, thus, of film
deposition without strongly changing any other discharge parameter. The depositions will be
done at the temperature above 100 °C, because at near room temperature controlling the
surface temperature precisely during deposition was impossible due to lack of active sample

cooling.
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UHJIUKATPUCA PACOBUIEHUAA CETYATBIX IOBEPXHOCTEHA
SPUTTERING INDICATRIX FOR NET SURFACES

bnsaxapckuii 1.C., Hagupanze A.B.
Blyakharskii Ya.S., Nadiradze A.B.

Mocrkoeckuii aguayuonnwvii uncmumym, Mockea, Bonoxonamckoe wocce, 4,
nadiradze@mai.ru

Sputtering indicatrixes for net surfaces generated numerically are examined in the
paper. How netting density and ions azimuth incidence angle influence onto sputtering
indicatrix shape is studied. It is shown that the sputtering indicatrix for net surface is
differed greatly from the sputtering indicatrix for smooth material.

B page TexHMuYeCKHMX TNPWIOKEHMM IPUXOIUTCS CTAJIKHUBATbCA C  3adaueid
OIpe/ieIeHUs] MOTOKOB YACTHIl PACHbUIEHUS OT CIOXHOCTPYKTYPUPOBAHHBIX CETUYAThIX
noBepxHocted (CIT). D10 MOTYT OBITH CETKH 3JCKTPOHHOW W MOHHON ONTHKH, Pa3IUIHBIC
¢wibTpel U T.. B naHHO# crathe maercs ompezaenenue kodd¢unmenrta pacnsuieans CII u
paccMaTpHUBAaIOTCS HMHAMKATPHUCHI pachbuieHus TpukotaxkHoit CII tuma «rmage» [1] ¢
Pa3IMYHOM MJIOTHOCTHIO IJIETeHUs (OTHOLICHHUE I1ara ;YeeK K JUaMeTpy HUTeH).

Tak ke Kak Js TIAJKUX CIUIOIIHBIX MOBepxHocTe kodhdumment pacmpuieHus CII

N
MOJXHO OIIPCACINUTb, KaK OTHOIICHHC S= N—a, Irac Na — KOJIMYCCTBO aTOMOB, PaCIIbIJICHHBIX

i
¢ nosepxHoctu Huteill CII 3a enmuuny Bpemenu; N, :JiCOS(B)/ € — KOJIMYECTBO HMOHOB,
ynaBmux Ha miockocTs CII; J; - mIOTHOCTH MOHHOTO TOKa; @ - yros majJeHus HOHOB; € -
3apsiq 2neKkTpoHa. OJHAKO B OTIMYME OT INIaAKUX MoBepxHocTel N, BbIUMCIAETCA MyTeM
UHTErPUPOBaHMS IJIOTHOCTU MOTOKA PACTIBUIEHHBIX YacTUL[ NVg IO MOBEPXHOCTH HUTEH. [liist
pacueta NVy HUCHONB3YIOT TpeXMEpHyI pacdeTHyro mogaens CII. Pacuer mpoBomurcs c

Y4E€TOM B3aUMHOI'O SKPaHUPOBAHUS HUTEH.

Ha pucynke 1 npuBeneHsl TpexMepHbIE TEOMETPUUECKNE MOJENH U CKOPOCTh PO3UU
Hutel ana CII Tpex pa3nuuHbIX IJIOTHOCTEW myereHus. [eomerpuueckas mozenb CII
CTPOMJIaCh C IPUMEHEHHEM AHAIMTUYECKHX COOTHOIICHMM, OMUCBHIBAIOLIIUX TPACKTOPUHU
HUTEH WM MO3BOJISIFOIIUMX BapbUPOBATh IUIOTHOCTH IJIETEHUS B IPOJOJIBHOM M IONEPEYHOM
HaIlpaBJICHUAX, MaTepUall MOBEPXHOCTH HUTEH — 30J10TO, GOMOapIUpPYyIOIINe HOHBI — KCEHOH,

300 »B, yrox nagenus nouos — 30°.
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Pucynox 2 — 3asucumocms koagppuyuenma pacnviienus cemenoiomua om y2ia naoeHusi UOHOE:
1-0,19x0,33 mm; 2 - 0,202x1,075 mm; 3 - 0,472x0,214 mm
Kak MOXHO BUAETh U3 PUCYHKA 2, YTIIOBask 3aBUCUMOCTh KOA(HUIIMEHTA PACTIBUICHUS

CII cymiecTBeHHO OTIMYAETCs OT YIJIOBOW 3aBUCHMMOCTH CIUIOIIHON moBepxHoctu [2]. [pu

0<60-70° motox noHoB N; yMeHbIIAaeTCs MPONOPIHUOHAIBEHO COS(&), B TO Bpems kKak N,

MEHsIeTCsl €1a00, MOCKOJIbKY CyMMapHOE CEYeHHE HUTEH, B3aMMOACHUCTBYIOLINX C MTOTOKOM,
ocraercs moutu HemsMeHHbIM. [Ipu 6 >60-70° reomerprudeckuii K03()HUITUESHT MPOITYCKAHUS
CETEeIOJIOTHA CTPEMHTCS K HYIIO U MPAKTHYECKU BCE MOHBI CTPYH TOMAIAI0T HA IOBEPXHOCTh

Huteid. [lostomy 3mech HaOmomaercs ObicTpbii poct S. ITlpu 6=90° N,= 0 wu,

cootBeTcTBeHHO, S =0.
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OtmeTnM, uTO K03()(UIMEHT pachbUIeHUs cerenoiotHa S mpu #=0 cOOTBETCTBYET

K03((ULMEHTY PaCHbUICHUS CIUIOIIHOIO MaTepuana S, ¢ MONPaBKOH Ha reOMETPUUYECKUIN

KOX((UIIMEHT MPOITYCKAHUS CETETIONOTHA | :

S~S,-(1-T).

Wupukarpuckl pacnbuieans CI1 onpenensinch YHCICHHO, MyTEM WHTETPUPOBAHUS
MIOTOKOB YacTHUI[ pPaclbUICHUs C MOBepXxHOCTH HuUTei (parmenta CII. B pacyerax Obuio
IPUHATO, YTO PACHBIICHHUE C TOBEPXHOCTH HUTEU MPOUCXOIUT MO 3akoHy JlambGepTa.

Ha pucynke 3 npuBeneHsl nHANKATpUCH pactnbuieHus CII B mepenHion u 3aTHIo0

nostycepsl, peaiuzyeMble MPH Pa3IUYHbIX yrilaX MajeHusi HOHOB.
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W3 storo pucyHka BUIHO, YTO MpPH CKOJB3SIIUX Yriax MaaeHus OoJbIIas 4acTh
HacTul pacCllbUICHUA HAIlpaBJICHA B CTOPOHY UCTOYHHMKA MOHOB, B TO BPEMA KaK Yy I'IaAKHUX
MMOBEPXHOCTEN OHa HANpaBJIEHA OT UCTOYHHUKA [3]. DTO CBSA3aHO C TEM, YTO MPU HAKIOHHOM
NMaJeHUH HMOHOB pPACHbUISIOTCS T€ YYacTKHM HUTEH, KOTOphIe OOpalleHbl K HCTOYHUKY,
COOTBETCTBEHHO, M YMUCCHS YACTHUL IPOUCXOUT B TOM K€ HampaBiieHUH. [I0TOKU B 3aHIOI0
nosiycepy OTHOCUTEIbHO HEBEIHUKH.

Bnusnue mnotHoctu miereHust (ctpykTypsl) CII Ha HMHIMKATpUCY paclbUICHUs

WITIOCTPUPYET PUCYHOK 4.
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Pucynox 4 - Brusinue nromnocmu niemenus Ha unouxampucy pacnwiaenus CI1: 1 - 0,19x0,33 mm;
2-0,202x1,075 mm; 3 - 0,472x0,214 mm
N3 3TOr0 prcyHKa BUHO, YTO MAKCUMAaJIbHBIE BapHallMy MJIOTHOCTH MOTOKA YacTHUIl B

3aBUCUMOCTH OT IIJIOTHOCTHU INICTCHUA PCATU3YIOTCA IMPHU CKOJB3AMNUX yIrjiaxX MaJcHud MOHOB
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u gocruralotT 15-20%. I[lpu HOpMaJIbHOM TMAJEHUM BIMSHHE TUIOTHOCTH TUICTCHHS
HE3HAYMUTENIbHO. [[1s1 pacCMOTpPEHHBIX CiydaeB BapHalldyd IUIOTHOCTH TOTOKAa YacTHIl HE
npeBbIaT 5%.

Ha pucynke 5 npuBeneHbl HHAUKATPUCHI PACTIBUIICHUS, pEaTU3yEMbIC MPU PA3THUUHBIX

A3MMYTAJIbHBIX YIJIaX IMMaaCHUA HOHOB.

04 04
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0,19x0,33 MM 0,202x1,075 MM 0,472x0,214 Mmm
Pucynox 5 — Hnouxampucel pacnvinenus CII npu pasnuyHelx asumMymanbHuIx yenax naoeHus UoHos,
yeon naoerus bomobapoupyrowux uoros - 80 °
N3 pucyHka 5 cienyer, 4To a3UMyTallbHBIM YIoJl I1aJICHNAs. HOHOB OKA3bIBAET 3aMETHOE

BIUSHUE Ha MHAUKATPUCY pacnbuieHus. OCOOEHHO CHJIBHO JTO TMpPOSIBISIETCA IPU
CKOJIB3SIIMX yIilaxX NajeHus. Bapuanyy mioTHOCTH NOTOKA PaclbUICHHBIX YaCTHUI] JOCTUTAIOT
npu 3tux yraax 15-20%. ns CII paznuyHON MIOTHOCTH IUIETEHUS BIUSHUE a3UMYTaJIbHOI'O
yrja CKa3bIBaeTCsl I0-Pa3HOMY.

Takum o00pa3oM TpOBEAEHHBIE pACYEThl IMOKA3bIBAIOT, 4YTO HAa WHAUKATPHUCY
pacnbuienust CII 3ameTHOE BIMSHUE OKA3bIBAIOT CTPYKTYpa M IUIOTHOCTb IUIETEHUS HUTEH, a
TaKXe a3UMYyTaJbHBIA yroj HajeHus MOHOB. Bapmanuu MIOTHOCTH MOTOKAa pPacCHbUIEHHBIX
YaCcTHUIL 3a CUET BIMUSHUS 3TUX (PakTOpoB AocTUraoT 20% MNpu CKONB3AMIMX yIilax MaJeHHUs.
DTO O3HaYaeT, 4YTo €clu TpeOyeTcsl TMONy4yuTh Oojee BBICOKYIO TOYHOCTh pacyeToB,
HEOOXO/MMO YYUTBIBaTh CTPYKTYpy U opueHTauuio CII B KakI0i TOYKE MOBEPXHOCTH.
ANropuT™M pacdera B 3TOM cllyyae JOJDKEH ObITh JABYXYpOBHeBbIM. Ha mepBoM ypoBHE BO
BCEX TOYKAX MOBEPXHOCTH MCXOMIsl W3 TOJOXEHHS HCTOYHMKAa MOHOB W opueHTammu CII
pacCUMTHIBAIOT MHIUKATPUCHI pachbUieHHs. Ha BTOpOM ypoBHE, WCHOJB3ysS IMONydeHHBIE
MH/IMKATPUCHI, PACCUUTHIBAIOT MOTOKHU PACIbUIEHHBIX YaCTHUI] Ha IPUEMHBIE TUIOIIA/IKH ITyTeM

HHTCTPpUPOBAHUA 11O BCEM TOYKaM ceTyaroi IMMOBCPXHOCTH.

[1] OcHOBBI  TEXHONOTMM TPHKOTAXXHOTO  MPOW3BOACTBA : Y4eb. mocobme it By3oB. /
JI.A. Kynpssun, .. lllanos — M.: Jlernpom6bITu3aar, 1991.-496 c.: ui.

[2] Pacnpuienne TBepABIX Tel MOHHON OoMOapanpoBkoil: Pu3. pacmbUleHHE OJHORIEMEHTHBIX TBEPJBIX TEIl.
ITep. ¢ anrn. / ITox pex. P. bepuma. - M.: Mup, 1984. - 336 c., u.

[3] Pacmbutenue moj metictBruemM GombapaupoBku dactuiiamMu. Beim. 111, XapakTepucTUKH pacibUICHUS YACTHIL,
npumeHenns B texHuke/ P. bepum, K. Burrtmak, P. Jlerpeiin, O. Mak-Knanaxan, b. Canaksuct, B. Xayddoe,
B. Xoddep. Ilep. ¢ aurn./ Ilox pex. P. bepuma u K. Burtmaka. — M.,Mup, 1998. — 551 c.,ui.

61



DEPENDENCE OF THE ENERGY DISTRIBUTION OF SPUTTERED ATOMS
ON THE TYPE OF ATOMIC POTENTIAL

L. Forlano! and A. I. Tolmachev®

YUniversity of Calabria, Cosenza, Italy

2Russian New University, Moscow, Russia

Introduction. Theoretical investigation of sputtering processes by energetic ion bom-
bardment is of large importance for interpretation of great amount of experimental data [1].
Most experiments deal with measurements of the energy dependence of sputtering yield for
different ion-target combinations. The value of sputtering yield depends mainly on the num-
ber of atoms with low energies.

The energy distribution of low energy sputtered atoms integrated over all exit angles
takes the form
=32 gqu E

, u=—<«1, (1)

Y(u)du= C (ln%) E,

uz
where u represents the relative energy, E, and E are the ion and atom energies respective-
ly. The back squared term in equation (1) is the result of the infinite target approximation used
in Sigmund’s theory of sputtering [2]. The additional logarithmic multiplier arises after taking
into consideration the effect of target surface. The constant € depends on the ion to atom
mass ratio A = M,/M, and on the type of atomic potential. Approximate values of C were
obtained in [3,4] for the case of power-law atomic potential. In the present work, we extended
the theory for a wide range of various atomic potentials.

Scattering cross section. To consider different types of atomic potentials, we use the
matching differential cross section expressed as a function of scattering angle @ in the cen-

ter-of-mass system [5,6]

2n(1+n)sinwdw
do = 2T (1+m) | @
(1+ 2n — cos w)?

The limiting case of large screening parameter, i > 1, describes scattering on the hard
sphere potential, and the limiting case of low values, n << 1 — Rutherford scattering on the
Coulomb potential. Other types of atomic potentials correspond to intermediate values of the
screening parameter. Transformation of equation (2) to the laboratory system gives the cross
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section da for collisions of ions and target atoms and the cross section da, for collisions of
cascade atoms.  The cross section da, contains two terms due to two atoms born in the cas-
cade collision. Corresponding ratios 4; and A4, of the particle energy after collision to its
energy before collision are calculated from kinematic relations.

Basic equations. Two sorts of particles participate in the cascade multiplication — scat-
tered ions and target atoms, the latter are displaced from their rest positions after collisions
with ions. Because of that, theoretical analysis includes solution of the system of two
transport equations for distribution functions of scattered ions f(x, u,u) and recoil atoms
g(x, p,u). Distribution functions depend on the normalized target depth x, cosine u of the
angle between particle velocity and inward target normal, and on the relative energy w. The
distribution function of scattered ions obtained from solution of the first equations takes a role
of the source function of recoil atoms in the second equation.

Let us consider Mellin transforms over energy variable,

1 1

Flxm) = j s FOomw) du, G p) = f u* gCrpw) du, 3)
0 0

and the system of transport equations for ions and atoms

1
JdF (x,
p S PG = [ 85 03 (e ) FOoR) dit, @
1
1
aG(x’”) S I ! l 1
a4 G = [ 8300 ) 02 () GO ) A+ QU R), (5)
-1

where Q(x, u) represents the source function, and both integrals are averaged over azimuthal

angle ¢ appearing in the equation for scattering angle in laboratory system

cosQ=pp +J1—p2 \/1—u'? cosg. (6)

Equation (4) describes the process of ion scattering in a half-infinite target. For positive u,
the delta-type boundary condition indicates the incidence angle of bombarding ions. In the

present work, we consider the case of normal ion incidence. Equation (5) describes the cas-
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cade multiplication. This equation has zero boundary condition for positive u, because no
cascade atoms enter the target. To solve the problem, we must get the function G(0, u) for
negative . Inverse Mellin transform of the function G (0, u) gives the energy distribution of
sputtered particles, and integration of energy distribution leads to the sputtering yield. It is
necessary to emphasize, that one can obtain the energy distribution at low energies directly by
investigation the function G (0, p) in the region s =~ 1.

Results. We solved the system of equations (4)-(5) by the method of discrete streams
[4]. We divided the interval of integration over u' into N equal parts, and considered the
unknown values of distribution functions in N + 1 discrete points. To get the values, we ex-
panded solution in a series of decreasing exponential functions and solved the problem of ei-
genvalues and eigenvectors of a quadratic matrix. We obtained the constants of expansion
from the boundary conditions for positive u and used them in the solution for negative pu.
Integration over angles and inverse transformation gave the energy distribution of sputtered
atoms.

Firstly, we verified the method for the particular case of three discrete streams and ob-
tained the solution in a form of explicit analytical expressions. Calculation of the energy dis-
tribution demands taking the only integral to get the inverse transform. At low energies, the
distribution satisfies equation (1). The constant € increases with the increase of mass ratio
A, and decreases with gradual transition from Coulomb potential to the hard sphere potential.

Secondly, we performed numerical solution of the problem using the increasing number
of discrete streams, with maximum value being equal to N = 500. Numerical solution im-
proves the accuracy of the three streams approximation, but it does not change the result qual-
itatively. We also justified the method by a series of test problems with known analytical so-

lutions and by computer simulation program PAOLA.SP [7].
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PRECISE DETERMINATION OF THE COMPOSITION OF AxB1-xAs TERNARY
SEMICONDUCTOR ALLOYS BY CLUSTER ION SIMS

l. S. Vasil’evskii*, A. N. Vinichenko, P.L. Donrokhotov?, V. V. Saraykin® and N. I. Kargin®,

National Research Nuclear University « MEPhl», Moscow, Russia, ivasilevskii@mail.ru;

2V.G. Mokerov Institute of Ultra High Frequency Semiconductor Electronics of RAS,
Moscow, Russia

Quantum structures design requires precise techniques to provide semiconductor layers
composition accurate determination for Al,Gai_xAs, InyGa;_yAs and In,Al;_,As ternaries [1].
However, the different measurement techniques require deliberate sample design or standard
reference samples for calibration. For the absolute composition measurement the different
techniques have been used and compared: X-ray diffractometry (XRD), photoluminescence
spectroscopy (PL), secondary ion mass spectroscopy (SIMS). SIMS measurements performed
in cluster ion mode with CsMe* provide good accuracy for relative composition variation. PL
gives Absolute content determination by different techniques, however, gives spreading
within AX ~+0.015. Discrepancy for XRD techniques x and z determination arises from
inaccuracy of C;; and especially Cy, elastic coefficient for AlAs in the different databases.
The comparison allowed us to match standard AlAs phase for fitting procedure. For InyGa;_
yAs and In,Al,As stepped composition samples have been grown and studied. Sloped
compositional profile having up to 30 nm wide is revealed at the heterointerfaces with high Al
or In compositional gradient due to transient processes of atom accumulation and also matrix-
dependent ion yield effect and not related to sample growth peculiarities. These effects limit
the applicability of SIMS for the nanosized layers analysis.

As a result, reliable procedures have been elaborated for the techniques mutual
calibrations for semiconductor heterostructures engineering. Based on these results, the
epitaxial technology of Quantum Cascade Laser AlGaAs/GaAs (x=0.15) heterostructure have

been successively realized with molar composition error within 1% (relative).

1. I. Vurgaftman, J.A. Meyer, L.A. Ram-Mohan, J. of Appl. Phys. 89 (2001) 5815.
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HELIUM THERMAL DESORPTION FROM TUNGSTEN AFTER ION BEAM
IRRADIATION AT ELEVATED TEMPERATURES

S.A. Ryabtsev, Yu. M. Gasparyan, Z.R. Harutyunyan, V.S. Efimov, A.S. Aksenova,
A.A. Pisarev

National Research Nuclear University MEPhI (Moscow Engineering Physics Institute),
Kashirskoe shosse, 31,115409 Moscow Russia

Helium (He) is a product of deuterium-tritium reaction, so appearance of helium
impurities will be unavoidable. In addition to He implantation from fusion plasma, He can be
introduced into material by both neutron irradiation and tritium radioactive decay. Presence of
He in plasma-facing materials may significantly influence their mechanical properties and
surface morphology [1, 2], as well as hydrogen isotope recycling [3, 4]. Tungsten (W) will be
used as a plasma-facing material in ITER divertor [5], and it is considered also for application
in future fusion devices. Therefore, investigation of He interaction with W is of great interest.

The common method for investigation of the He retention is thermal desorption
spectroscopy (TDS). In spite of high interest, there is a limited number of works on He
desorption from W, especially, in the case of high temperature irradiation. Partly, the lack of
TDS data for He in W could be explained by very high temperatures of desorption. Helium
can stay in metals, at least, up to (0.6-0.7)xTmeir [6-8], and these temperatures for W are
usually well above technical limitations of TDS devices (usually below 1600 K). In order to
overcome this limitation, our facility was recently modified to achieve temperatures up to
2500 K during TDS measurements. This work is devoted to investigation of He thermal
desorption examined after He"™ ion irradiation at surface temperatures in the range of 700—
1200 K and relatively low fluences (10°-10% He/m?), where significant transformation of

TDS spectra are observed for W.

Helium implantation into material was carried out in the MEDION dual ion beam
facility by He" ion beam irradiation. The facility was significantly upgraded before the start of
the experimental series. A loadlock chamber with its own pumping system was installed on
top of the main chamber to allow fast exchange of the sample without venting of the main
chamber. The sample is mounted at the linear feedthrough, on which, besides the sample

holder, a thermocouple and a sample heater with a screen attached to it are also placed.

The second beam line was installed in the MEDION recently. It was used for He"
irradiation in the above-mentioned experimental series and provided a mass-separated He" ion

beam with the energy in the range of 0.4-3 keV.
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The samples (6x6 mm?) were cut from the polycrystalline W foil (produced by Plansee,
Germany) with the thickness of 50 pm and the purity of 99.97%. Before the mounting into the
vacuum chamber, the samples were ultrasonically cleaned in ethanol and acetone. All samples
were also re-crystallized at 2200 K for 30 min in the UHV TDS stand in order to minimize the
amount of intrinsic defects and impurities and to have a good reproducibility of experimental
results. The samples were then irradiated with mass-separated 3 keV He" ion beam at 700 K,
1000 K, and 1200 K up to the fluences in the range of 10°-10%* He/m?. The mean value of
ion beam current during 3 keV irradiation was about 0.55 pA, which corresponds to the ion
flux of about 5x10*" He/m?s, and this value was kept the same during all irradiations. In order
to ensure uniformity of the ion flux over the sample, a W diaphragm 3 mm in diameter was
placed in front of the sample, cutting off the rest of the beam. Additionally, a grid was
mounted between the diaphragm and the sample, and a negative potential of -50 V was
applied to it in order to suppress the secondary electron emission from the sample. Sample
heating during the irradiation was made using a W filament, which was mounted behind the

sample. The temperature was measured by a spot-welded W-Re thermocouple.

TDS measurements up to 2500 K were performed in the UHV TDS stand. He release
from the sample during TDS was monitored by a quadrupole mass-spectrometer (QMS).
Calibration of the QMS signal using two leak valves and a Baratron capacitor manometer was
performed after each TDS run. The heating ramp was 2 K/s.
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Fig. 1. Comparison of TDS spectra obtained after 3 keV He" irradiation of W at 1200 K to the fluences
in the range of 10°-10% He/m®.
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TDS spectra obtained after the 3 keV He" irradiation of W at 1200 K to the fluences in
the range of 10°-10% He/m? are given in figure 1. Only high temperature peaks above
1700 K can be detected at the lowest fluence of 10°° He/m?. These peaks can be attributed to
He release from various He-vacancy complexes He V. At the higher fluence of 10% He/m?,
the low temperature part of the spectra appears with at least three peaks at 550 K, 900—
1000 K, and 1500-1700 K. Further increase of the fluence makes minor changes in the low

temperature part of TDS but shifts the high temperature peak towards higher temperatures.

TDS analysis was accompanied by scanning electron microscopy (SEM). SEM images
of sample surface demonstrate blistering at 700 and 1000 K at the fluence of 10 He/m?, with
the diameter of blisters being up to 150 nm. With the increase of the irradiation fluence to
10?® He/m? at the same temperature blister caps erode, but without exfoliation [9]. With the
increase of the irradiation temperature up to 1200 K at the same fluence of 102 He/m? (fig.
1c) the surface structure undergoes significant changes. There are no clear blisters as for
lower temperatures, but the surface is covered with a number of pinholes (about 10 nm in

diameter) and larger open cavities, or pores, with the size up to 100 nm [9].
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Fig. 2. Comparison of TDS spectra obtained after 3 keV He" irradiation of W at temperatures in the
range of 700-1200 K to the fluence of 10%? He/m?.

Figure 2 demonstrates spectra obtained at temperatures of 700-1200 K for the highest
irradiation fluence (10> He/m?). The low temperature part of the spectra (below 1400 K)
dominates in the case of irradiation at low temperatures 700 K and 1000 K. At the same time,
the high temperature part of TDS spectra shifts towards higher temperatures with increasing
of the fluence and the irradiation temperature, which can be connected with slow diffusion of
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He trapping sites deeper into the bulk, and appearance of porosity at large depth was observed
by SEM [9].

The most unexpected observation is that low temperature peaks are below the
temperature of implantation (fig. 1). Appearance of low temperature peaks in our experiments
correlates in time with the development of surface structure and a saturation trend in the total
He retention, therefore, He release can be attributed to formation of new paths for fast
desorption or new trapping sites. It is usually suggested that He is released from all low
temperature sites during implantation at a high temperature. Nevertheless, the heavily
damaged structure is not stable after implantation and transforms in some ways to reduce
stresses accumulated during implantation. Additional paths for easier He release can be
produced due to percolation of bubbles, or due to formation of microcracks. One can also
suggest that additional structural relaxations may happen due to increase of the temperature
during TDS measurements giving rise to He release from trapping sites. Helium release at low
temperatures can be also connected with movement of He,V,, complexes and small bubbles,
which appear near the surface of large open pores or cracks. They may appear there at any
stage of the cycle “implantation-TDS” either due to thermal migration or due to transport in
the field of stresses that exist in the damaged layer, or due to rearrangement of the structure

during its relaxation. Being close to the surface, they can release at low temperature in TDS.

The effect of the experimental procedure and heating on He thermal desorption was also
investigated in series of TDS measurements. In one case, the sample was kept for some time
at a temperature of 1200 K after the He" ion beam irradiation, while in the other, the heating
was turned off immediately after the end of irradiation. In addition, one of the samples was
irradiated at room temperature, and then heated to 1200 K. The obtained experimental results

are discussed.

=

S. Kajita, W. Sakaguchi, N. Ohno, N. Yoshida, T. Saeki, Nuclear Fusion 49 (2009) 095005.

M. Baldwin, R.P. Doerner, Nuclear Fusion 48 (2008) 035001.

3. H.T.Lee, A A. Haasz, J.W. Davis, R.G. Macaulay-Newcombe, D.G. Whyte, G.M. Wright, Journal of
Nuclear Materials 363-365 (2007) 898-903.

4. Q. Zhou, K. Azuma, A. Togari, M. Yajima, M. Tokitani, S. Masuzaki, N. Yoshida, M. Hara, Y.
Hatano, Y. Oya, Journal of Nuclear Materials 502 (2018) 289-294.

5. R.A.Pitts et. al., Journal of Nuclear Materials 438 (2013) S48-S56.

6. V.F. Zelenskij, 1.M. Neklydov, V.V. Ruzhitskij, V.F. Rybalko, V.I. Bendikov, S.M. Khazan, Journal
of Nuclear Materials 151 (1987) 22-33.

7. S.K. Erents, G.M. McCracken, Radiation Effects 18 (1973) 191-198.

T. Yamauchi, S. Yamanaka, M. Miyake, Journal of Nuclear Materials 174 (1990) 53-59.

S. Ryabtsev, Yu. Gasparyan, V. Efimov, Z. Harutyunyan, A. Aksenova, A. Poskakalov, A. Pisarev,

S. Kanashenko, Yu. lvanov, Nuclear Instruments and Methods in Physics Research, Section B: Beam

Interactions with Materials and Atoms 2019 (in print).

>

©

69



CTATUCTUYECKHUA MEXAHHNU3M ®OPMHUPOBAHUS METAJTJIMYECKHAX
KJIACTEPOB Nb,Op,"
STATISTICAL MECHANISMS OF FORMATION OF METAL
CLUSTERS OF Nb,Op,"
II.T. Xoxwues, 1.A. Tammyxamenosa, 1.0. Kocumos, 1U.T. Paxumos, 1.A. Dpramies
Sh.T. Khojiev, D.A. Tashmukhamedova, 1.0. Kosimov, I.T. Rakhimov, I.A. Ergashev
Tawkenmckuti 2ocyoapcmeeHHbll mexHudeckutl ynusepcumem um. M. Kapumosa,
vi. Yuusepcumemcras 2, Tawkenm, Y30exucman
The dependences of the emission and fragmentation of Nb,On," clusters
sputtered by Xe+ ions from the surface of Nb on the oxygen pressure near the
bombarded surface are studied using secondary ion mass spectrometry. It is
shown that the process of Nb,On+ cluster formation under ion bombardment can
be described within the framework of the mechanism of combinatorial synthesis
by taking into account the mutual reversibility of the reactions of formation and

unimolecular decay.

Knacrepsl OKCMAOB  METaIOB  MOTYT  CIY>KUTh  OCHOBOM  JUIi  CO3JIaHMS
HAHOMACHITAOHBIX KOMITO3UIIMOHHBIX MarepuanoB. COBpPEMEHHBI 3Tall HAaHOTEXHOJOTHUI
XapaKTEepU3yeTCsl CYIIECTBEHHBIM POCTOM HHTepeca K 3(PQPEKTUBHBIM METOJaM MOJIy4YCHHS
KJIACTEPHBIX YACTHUI PA3JIIMYHOW CTEXUOMETPUU U U3yUeHHS UX (yHJIaMEHTaJIbHBIX CBOWCTB.
HonHoe pacnbuiene [2-4] oOnamaeT yHHMKaIbHBIMA BO3MOXKHOCTSIMH C TOYKH 3PECHUS
CO3JaHMs KJIACTEPOB PA3JIMYHOIO COCTaBa, a TAKXKE MCCIEAOBAHUSA MX XapaKTEPUCTHK.
[TockonbKy MOHHOE paclbUIEHHE MO3BOJSET MOAOOPOM pacIblUIsEMOro MaTrepuaiga U copra
OoMOapIMPYIOLIMX HOHOB IMOJY4aTh KJIACTEPbI, KOTOPHIE CIOKHO CHHTE3MPOBATh JIPYIMMH
crnocobaMM, a BBICOKas JOJI1 3apsHKEHHBIX M BO3OYKIEHHBIX YacTHI[ He TpedyeT
JIOTIOJTHUTEIIBHBIX CPEACTB AJI1 UX BO30YXACHMS U MOHM3aLMU. B Toke BpeMs, HECMOTps Ha
YHHUKQJIbHbIE BO3MOXKHOCTH METOJAa MOHHOIO pAaclbUICHUs, CO3JAHHBIE [0 HEJAaBHETO
BPEMEHHU MOJIEIM U TEOpUU OOpa3oBaHUS W SMHUCCHU KJIACTEPOB MOJ ACWCTBUEM HOHHOU
O0MOapIUPOBKH OOBSCHAIM JUIIb T€ WM HHbIE JETalu Mpolecca M HE YUYUTHIBAIH —
MOHOMOJIEKYJISIPHYIO ~ ()parMEHTAallMl0  pPaclbUIEHHBIX KJIacTepOB U CYLIECTBEHHYIO
TpaHc(hOpMaIMIO MAaCC- U SHEPTOCIIEKTPOB KIACTEPHBIX HOHOB C MOMEHTa MX (hOPMUPOBAHHS
JI0 MOMEHTa PEerucTpalMy Ha JeTekTope. PemieHue yka3zaHHBIX mpoOsieM ObUTIO HalIeHO B
npeacTaBieHHOM B [1] MexaHu3Me KOMOWHATOPHOTO CHHTE3a MOJICKYJISPHBIX KIacTEPOB

SinOnipu  peKOMOMHAIIMK HaJ TMOBEPXHOCTHIO HMOHOB, aTOMOB M MOJIEKYJ, HE3aBHCHMO
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pacIbUICHHBIX B MHAWBUAyaIbHBIX Kackagax. CormacHo [1] kmacteps! SinOn hopMupyrotcs
NyTeM [OCJCI0BATEILHOIO MPUCOSAMHEHUsT mpoaykToB pacmbuieaus Si, O, SiO u
SiOy(MoHOMepoB) Kk akTUBHBIM aHMoHaM OW Si'B pe3ynbTare MoCieNOBaTECIbHBIX IMAPHBIX
CTOJIKHOBEHUH TpPH WX Pa3IUYHBIX COYETAHUAX Mexay coboil. [Ipu aTom obOpasyromuiics
KJIACTEPHBIM MOH MPUOOPETAET MOCTYNATENbHYI0 U BHYTPEHHIOI JHEPruio (KojebdaTeabHyo
U BpallaTelbHYyI0), JIOCTaTOYHYIO MJisi OOpaTHOro pacmajga, MOJ0OHO TOMY, Kak 3TO
MPOUCXOIUT MPU OOpPa30BaHUU KOMIUIEKCHBIX HOHOB B OMMOJIEKYISPHBIX Ta30(a3HbIX
peakuuax. bbuio moka3zaHo, YTO B paMKax JaHHOTO MEXaHHW3Ma MOTYT OBITh YCHEIIHO
OTNHKCaHBl MPOLECCH 00pa3oBaHMA U (PparMeHTALMU KJIACTEPHBIX MOHOB OKCHAA KPEMHUS
SinOm u SinOm" [9], romosmepbIXx KimactepoB Sin'[5], a Taxke QopMHUpOBAHKS
SHEProCNeKTPOB PACIIBIIEHHBIX MONEKY/IApPHBIX KimacTepoB SinOm’ [8]. Ha ocroBe »THX
UCCIIeIOBaHUI OBUI ClIeNIaH BBIBOJ O TOM, YTO MEXaHH3M KOMOMHATOPHOrO cHHTe3a [1] nmeer
YHHUBEPCAJIBHBIN XapaKTep W HE 3aBUCUT OT THIA 00pa3ylomMXcs KiactepoB. VccmemoBaHus
IpoleccoB 00pa3oBaHMs, AMUCCHM U (PparMeHTalUd PaCHbUICHHBIX MOJIOXKUTEIbHBIX
knactepos Nb,Op,* BBIIONHAINCH HA BTOPHYHO-MOHHOM Macc-CrieKTpoMeTpe [7] ¢ aBoitHOlM
(bOKYCHpPOBKOI 0OpaTHOM TreOMETpUH MO METOIUKE, aHaJormyHoW omwmcaHHou B [1, 8, 9.
CtpykTypHast cxema »JKCIEpPUMEHTAJIbHOrO TpUOOpa ©  METOAWKA  HCCIEeIOBaHUN
bparMeHTaIu NOAPOOHA ONMKCAHBI U MPUBEACHBI B MPEAbLAYIMX padotax [7]. MuieHp u3
HHOOMS pacmbUIsUIcs MOHaMH Xe', TIOTHOCTh TOKA IIEPBHYHBIX HOHOB HA MHIIEHD
nojiepxuBanack : 10*A*cm? . Jlapnerne O, B Kamepe GOMGAPIUPOBKH H3MEHSIIOCH OT
2*10° Tla (ocrarounsii Bakyym) mo 5*107 Ila. IlepBudunbli mMydoK pasBopaumBaics Ha
MUILIEHH B pacTp pasmepamu 1,5x1,5 MM, a oTOOp BTOPUYHBIX HOHOB HPOM3BOJMICS B
pe’)KuMe JIMHAMHUYECKOTO COIJIACOBAHUS C Pa3BEPTKOW IEPBUYHOTO HMOHHOIO ITydKa.
[TpuBenéHHbIe B HACTOSIIEH paboOTe MCCIeIOBaHNUS HAIIPABICHBI HAa TIOJTy4YeHUE WH(OpMAIHH
0 CTaOWJIBHOCTH  METaJUI-OKCHJHBIX  KJIACTEPOB Nb,Om", pPACIIBUICHHBIX ~ MOHHOMU
60oMOapaupoBKOi.MI3ydeHne SMUCCHM TIOJOXKHUTEJIBHO 3apsDKEHHBIX KJIACTEpPOB  OKCHJA
Hro6us Nb,Op' CBHIETENBCTBYET, UTO C POCTOM AABIEHMS KMCIOPOAA X MHTEHCHBHOCTHU
HETPEPBIBHO BO3pacTaroT. [Ipu MakcCMMallbHOM JaBJICHUHU P=5*%10 Ila pacnpeneneHnue ux
BBIXOJIOB COOTBETCTBYET MoJy4ueHHbIMA Hamu paHee B [10,11]. CrekTp macc B 3TOM ciydae
CYIIECTBEHHO OoJjiee pa3BUT IO CPaBHEHWIO ¢ oTpHuuatenbHbIMH HOHaMu ND,On , u Hamu
3apeructpupoanbl knactepsl Nb,On' ¢ n=1-6, m=1-12(puc.1). ITo cpasrenuio ¢ Nb,Op', y
noros Nb,Op "'Hambonee MHTEHCHBHEIMH SABJIAIOTCA ITHKH KIIACTEPOB, UMEIOIIMX B CBOEM
cocTaBe MeHbIlee 4YHCIO aToMoB Kuciaopomam. Tak ams kmactepoB Nb,Opn™ (m=1-4)

o +
HanOOIBIINN BBIXOJ UMECT NbO , IUK KOTOPOIro ABJIACTCA MAKCHUMAJIbHBIM B IOJYUCHHOM
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Macc-criektpe. CliefyeT OTMeTHTh, 49rto, i kmactepoB  Nb,Op' oTHOcHTenbHOE
pacripeielieHiue BBIXOJIOB KJIACTEPOB B 3aBUCHMOCTH OT YHCJIa aTOMOB KHCJIOpOJa M BHYTPH
Ka)XJI0M M3 KJIACTEPHBIX CEPUM N OTIMYAETCSA AaHAJIOTUYHOIO PACIIPEACICHUS HHTEHCUBHOCTEN
KJIACTEPOB CHHTE3MPOBAHHBIX JIa3ePHBIM HcrapeHueM [6]. M3ydyeHnue kaHaioB (pparMeHTaI[H
kimactepoB  Nb,Op' (Ta6m.l.) CBHIETENbCTBYET, 4YTO HauOONEe PAcIPOCTPAHEHHBIMH
NpoxyKTaMu pacnafoB sisiorcs HeidTpansl NDO,NbO,, , NbOs, O, Oy, a Taxxe monst Nb',
NbO™u NbO,". B 1e0M HampaBieHHs H BEPOATHOCTH PAacHajoB COOTBETCTBYIOT OMHCAHHBIM
B [6]. CnemoBarenpHO, CTpyKTypa pachelieHHBIX KiaactepoB NbD,On® coorsercTByer
KJIacTepaM, CHHTE3UPOBAHHBIM JIa3epHBIM HcnaperueM [6]. OOpazoBaHue TaHHBIX KIACTEPOB
B 3TOM Cllydae TaK)Ke OIMChIBaCTCS KOMOHMHATOpHBIM MexaHuzmoM [1]. B mpormecce
PACIIBIIEHHS C TTOBEPXHOCTH SMUTTUPYIOTCs atomapHble HoHsl ND*, a Taxke meitrpamu O, Oy,
NbO, NbO, , NbO3 u np. Ha HavanbHOW CTagMM TMpolecca MPOUCXOIUT 00pa30OBaHHUEC

knactepaoro nona NbDO* B peaxruu:
Nb* + O —NbO"

Jlanee UMEIOT MecTO Ienouednsie peakuuu obpasosarus Nb,On' B mapasienpHbIX KaHamax.

Tax, nas knacrepa NbO," XapakTepHo HamMume JBYX MapaIeNbHbIX Peakiuii CHHTE3a:
NbO" + O —»NbO,"
Nb* + 0O, —>Nb02+

¢ mpeoOiajaHUEM IEPBOTO KaHaja, KOTOPHIA SBIsieTcss Oojiee MHTEHCHUBHBIM. C pocTom
pa3MepoB KJIAacTepOB YUCIO peakuuid ux oOpa3oBaHus yBenuuuBaercs. Hampumep,

dopmupoBanne NbsO;" HabmomaeTCs B YeThIpeX MapasiebHbIX KaHANaX:
Nb3Og" + O —Nb30;"
Nb3Os* + O, —Nb307"
NbO," +Nb,0s —NbzO;"
NbO*+ Nb,Os—Nb30;"

¢ mpeo6naganueM kanana (3.168). B coto ouepenp kmactepsl ND;Os™ n Nb3Og' 06pasyercs,
B COOTBETCTBHH C [1] B ueThIpex peakiusx Kaxpiid. [10100HBIH XapakTep
(parmenTanoHHBIX poneccos KnactepoB ND,Op," MOXKET CITyXKUTH MOATBEPKIEHAEM

KOMOMHATOPHOTO MeXaHW3Ma UX o0pa3oBaHus [1].
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Ta6auna 1. Kanaael pacnagoB «Marmdeckux» kiaacrepos Nb,Op," (n=1-3, m=1-5).

Marep. Heiirpai.
KaHanpacna;[a |0 ||| || P||,% P|,%
HOH ¢bparmeHt
Nb305+9Nb302+ + O3 O3 0,6V 0,1 0,5
"Nb3Os*> NbsOs" + 0, 0, | (1320000) | 02 | 478 | |
"""""""""""""""""""""""""""""""""""" a7
+ + 0,58V 0,00271
Nb3Os = Nb3O4 + O O (namosxe- 653 0,051176
(1276000) 9
Hue?)
""" NbsOs'>NbO,"+ | | | [ loo00040]
Nb,O3 55 84 0,006158
Nb,O3 0,62V 3
© NbsOs™>NbO* + | (1364000) | | | 0,03027]
. Nb,O4 413 4872 0,357185
Nb3Os Nb,O, 9
""""" T R <2 T e e
NbzO5 "> Nb" + Nbh,Os Nb>Os 13,6 9,5
(1386000)
 NbsOs > NbO, | | 0,00811]
NbO 116 3320 0,232168
+NbO 0,65V 2
©NbsOs > Nb,Os" | (1430000) | | | 0,08531]
NbO, 1220 23100 1,615385
+NbO, 5
U NbsOs'> Nb,O," | | oe64v | [ 0,00078]
NbO3 11,0 146,2 0,010384
+NbO; (1408000) 1
. . 0,62067
Nb,Os = Nb,O, + O O 23684 147 2837 ) 11,97855
 Nb,Os™>NbOz + |
NbO, 23240 0,4 0,9
. NbO,
Nb,Os™ |..........._. prieaeaas N
Nb,Os =>NbO," + 0,13888
NbO3; 23400 32,5 690 2,948718
NbO; 9
 Nb,Os™>NbO* + || 0,00341]
NbO4 23450 0,8 156 0,665245
NbO4 2
. . 1AV 0,00150
Nb,O3; = Nb,O," + O 0] 232 2675 0,01737
.\ (15400000) 6
NboO3™ | .
+ + 7,2V 0,00013
Nb,O3;"=> Nb,O™ + O, O, 21,5 448 0,002828
(15840000) 6
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Nb203+9 sz+ + O3 O3 3,2 36,4
""" Nb,Os*> NbO,” | | 74v | |
NbO 14,4 237
+NbO (16280000)
""""" R T A 2 e Y X771 R
Nb,O3"=>NbO™ +NbO,| NbO, 8737 119700 0,74533
(16060000) 2
NbO, > NbO;" + O @) 1300 0,3 3,2
NbO, > NbO,"+0,| 0, | 1300 | o 02 | : 300y | ]
NbO," | NbO,”»NbO*+0; | 0; | 1220 | o 03 | 32 |
"""""" B R T e e B o TCE:To)
NbO, >Nb™ + Oy O4 1212 0,2 30,6 ) 2,524752
] ] 0,03938
NbO3; > NbO;" + O @) 32500 12,8 432 . 1,329231
oo e T . 000771
NbO3 NbO3">NbO™ + O, O, 32400 2,5 728 6 2,246914
"""""" e . loo1883]
NbO3">Nb™ + Os Os 32200 51 77 9 0,23913
. ] 0,01321
NbO,">NbO" + O O 12795 215000 0,222107
. 44V 8
NbO,™ | ol
. N (96800000) 0,00081
NbO,">Nb™ + O, O, 791 15640 . 0,016157
300V
+ . N 0,25V | 0,00649
NbO NbO"=>Nb™ + O @) (660000000, 42855 0,083333
(550000)| 3
)
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W3YYEHUE COCTABA HEKOHTPOJIMPYEMBIX IPUMECEHA U IIPO®UJIENA
X PACHIPEJIEJIEHUSI HA TPAHUILIE PA3EJIA Ni-CdS
STUDY OF THE COMPOSITION OF UNCONTROLLED IMPURITIES AND THEIR
DISTRIBUTION PROFILES AT THE Ni - CdS INTERFACE

AonaysaiintoB A.A., bontae X.X., MaBioHoB A.
Abduvaitov A.A., Boltaev Kh.Kh., Mavlonov A.

Tawxenmckuii 2cocyoapcmaennulil mexnuueckuti ynugepcumem, 100095,

yi.Ynusepcumemckas 2, Tawxenm, Y30exucman akbaraa@yandex.ru

Metonom D0C uccienoBaHbl COCTaB HEKOHTPOJIUPYEMBIX IIPUMECEH, UX XUMHUYECKUE
cocTosiHusl U mpoduan pacnpenencHuss Ha rpanumax pasuaenoB Ni—CdS. Anamus
criekTpoB  Oxe-3JeKTPOHOB MMOKa3aid, uro B Ii€Hkax CdAS comepuTcsi aTOMbI
npumMecHbIX 3aementoB C, N, O, Na u K, a B muiénke nukens - C, O, Ti, Mn, Fe, Cru
ap. IlpucyrctBue B cocraBe CdS mnpumeceit mienounsix MmerawioB Na u K

OOBSICHSETCS HAJTUYUEM HX B HNCXOJHOM MaTcpHrajic.

W3BectHo [1, 2], 4To j1s penieHus psaa TEXHUYECKHUX 3a]ad, HapUMep B CO3JaHUU
YCTPOWCTB JJIsi KOPPEJSIITUOHHOM OOpabOTKH ONTHYECKUX M DIIEKTPUUYECKUX CHUTHAJIOB
HIMPOKO UCTIONB3YITCs poTopesuctuBHbie IEHKU n3 GaP, CdS u npyrue ocaxaeHHbIC Ha
MPO3PAYHBIX JUIICKTPUUECKUX TOJUIOKKAX C MPO3PAUYHBIMH METAJUTM3UPOBAHHBIMU CIIOSIMH
Tumna cutaid. Ha moBepXHOCTH TaKMX MOTYNPOBOJHUKOBBIX IUIEHOK HAHOCSATCS KOHTAKTHI B
BUJIC TOJIOC U3 OJIArOpOJHBIX METAJIOB (HUKENb, cepedpo u ap). [lomynpoBoaHHKOBEIE
crpyktypsl tunia Ni—CdS—curtan u ap. co3marTcs MyTeM MOCIeI0BaTEIbHOIO BaKYyMHOTO
HANBLICHUS OTIENbHBIX KOMIOHEHTOB.

Jns ymydiieHus: paboTOCIIOCOOHOCTH YCTPOWCTB M NMPHOOPOB, CO37aBa€MbIX Ha
OCHOBE TaKHX TIOJYIPOBOJHUKOBBIX CTPYKTYp, HEOOXOJMMO KOHTPOIUPOBATH YHCTOTY
OTIENBHBIX CIIOEB W HATWYMe YETKUX TPaHUI] MEKIY CIOSMH, a TaKKe IPUCYTCTBUE
XUMHUYECKHX COEIMHEHMH MEXIy aTOMaMU BEIECTB pa3IMYHBIX CJIOeB. B CBA3uM C 3TUM
OCHOBHOHM IIENIbI0 HACTOSIIEH palOThl SBISIACH HCCIIEAOBAHUE HAJIMYUS PA3TUUHBIX
npruMeceil W KOHIICHTPAIMOHHBIC TPOQIIIN pacHpeAeNieHHsT dTUX NMpUMeceld B MO TIyOWHe

cuctembl Ni-CdS, mony4aempIX B peaibHbIX YCIOBHSIX UX POCTA.
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MeToanka 3KcnepuMeHTa

Crpykrypa Ni—CdS nosyueHa myTeM UCHAapeHUsI U 3aTE€M OCAXKICHHUS MOJICKYIISIPHBIX
MOTOKOB MaTEPUAJIOB OTACIHHBIX KOMIOHEHTOB HA TUAICKTPUICCKYIO IMOJIOKKY TUTIA CHTAIL.
Ha noanosxke cHauana ocaxzaancs caod Mo tonmuHoi 1 MKM, a 3aTeM Ha €ero NOBEPXHOCTh
cioit CdS Tommuoit 1 Mkm. Ha otenpHbIX obmacTsax moBepxHoctd miéHku CAS ocaxmancs
HUKEJIEBBI KOHTAKT B BUJE MOJOCKH TONIUHONU okoyo 1 Mkm. Ilepen ocaxxaeHueM IMieHOK
nomiokka (curtan) obesraxuBaack npu =900 K B Teuenue 5-6 uwacoB. OcaxmeHus
OCYLIECTBIISIJIOCh B YCIIOBUAX BBICOKO BaKyyMa (P=10" ITa) B n1Byx pexumax. B nepsom
peKHUME TUICHKHA OCAXIAINCh MOCIEI0BATEIIFHO B OJMHAKOBBIX YCIOBHUSX 0€3 MpOrpesa, BO
BTOPBIM DPEXKUME MOCIE OCAKICHHUS OMPEEIEHHOTO THUMA IUIEHKH MPOBOJUICS HPOTrpeB B
teuenue 1 gaca. I[Tocne ocaxaerns Mo mpu T=900 K, mocie ocaxxaennu CdS — 750 K, mocie
ocaxxaenue Ni — 700 K. CocraB moBepXHOCTH KOHTPOIUPOBAICS METOAOM OKe-3JICKTPOHHOU
cnekrpockonuu  (O3C), npoduss pacnipeaenenue cHumanuch Mmerogom OOC B coueraHuu
TpaBlIeHHEM TIOBEPXHOCTH MOHAMH Ar’. DHeprus HOHOB COCTaBIANA 3 K3B, MIOTHOCTH TOKA
0,5-1 MKA-CM™, my4oK majan Ha IOBEPXHOCTh MHUIICHH 10x yrioM ~80° OTHOCHTEIBHO
HOPMAJTH.

Pe3yabTaThl IKCIEPUMEHTOB U UX 00CY:KIeHHE

Ha puc.1 nmpuBenensl npoduiu pacnpenencausi npumecHbsrx atomoB C, O u Na 1o

rnyoune s cucrema CdS — Ni. TosmpHa HUKEICBOH KOHTAKTHOM MUIEHKHM ObLTa paBHO 1

MKM.

C, at.%
81072

6-107
4-102

2-102

10'2 1 1 [ 1 1 1 I
02 04 08 10 12 x,mMxm

Puc. 1. Kpusble nmpoduneit pactipeaenenus konnentpanun npumecei C, O, Na o rmyOune cucrema
CdS — Ni, o — kucnopo ; © — yriuepos; ® — HaTpuil.
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Hanuure B o0bema u Ha moBepxHocTH miEHKH CdS npumecHbix snementoB O, K, Na,
U JIp, TI0O BUJUMOMY SIBJISICTCSI OCHOBHON MPUYMHON M3MEHEHHUs YACJIbHBIX COMPOTHUBIICHUM
METaJUIMYECKMX KOHTAKTOB HAHOCHUMBIX Ha TMOBEPXHOCTh MOJIYINPOBOJIHUKOBBIX IUIEHOK.
JeficTBUTENBbHO, TPUMECHBIE 3JEMEHTHI IIEIOYHBIX METAJJIOB M KUCIOpOAa HAXOISICh Ha
MMOBEPXHOCTH TOJYNMPOBOJHUKOBBIX TUIEHOK MUTPHPYIOT M MOTYT COOHMpATbCsl Ha T'PaHHIIE
MEXIy METALTUYCCKUM KOHTAKTOM U TUIEHKOW M, COOTBETCTBEHHO MPUBOJIUT K OKHUCIICHUIO H
00pa3oBaHMIO MIEIOYHOE — METAUIMYECKUX COSAMHEHUH [3].

W3 Hu3ko3HepreTHueckord dacTu oe-criekrpa Ni, CHATbIE TMOCIe MOCIOHHO0
tpaienus nosepxHoctu Ni B mpenenax 0,4; 0,8 u 1,0 mxm (puc. 2) BHIHO, YTO BOJIM3U
M;M4Ms — muka Ni (E = 61 3B), naunnas ¢ riay6ussl ~ 0,6 MKM, MOSIBISIETCS CaTE/UTATHHIMA

MUKYU ¢ SHepruein 54 3B.

dN(E)
dE

L | |
0 50 100 E,»B

Puc. 2. Huskosueprerudeckue Oxe-nuku HUKeIs ¢ dHeprueit 61 3B (nmepexox MoMyMs),
MOJTy4YeHHBIE TIOCTIe CHATHS MIOBEPXHOCTH €€ B mpenenax 1, 2 u 3 MOHHBIM TpaBJICHHEM
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Pacuer sHepruu o’ke-MKOB OCYIIECTBISUIM C MOMOUIbIO (hOPMYJIbI, HCIIONIH30BAaHHON

HaMH B [2] AJIA ONIPEACIICHUS BEIMYUHBI XUMHWYECKOI'O CABUTI'a

AE(Ni*NiOn)'AZ:_,CM, (Ni->NiOp-1)
AZaq)q) (Ni—>Nioy)

AE(Ni - Ni0,,_;) = 1)

rone AE(Ni — NiO,) u AE(Ni — NiOy.1) — XMMHYecKHi CIBHI OKe-IIHKAa HHUKEIS B
coequueHusAx NiO; u NiO, AZ,p4(Ni — NiOp.1) — n3menenue >¢(heKTHBHOTO 3apsiia HUKEIs
B coeauHeHnu NiO, a AZ,p4(Ni — NiOp) u3menenne 3¢ pekTHBHOTO 3apsaa aTOMa HUKENS B
NiO,. AHanu3 mokasai, 4To OXe-MHK ¢ 3Heprueir 54+1 3B coorBercTByeT coequnenuo NiO
(mmu NiOy). MakcuManbHass KOHIICHTpalus Kucjiaopoaa Ha rpanuie konrakta Ni—CdS
coctaBisuio  10-12  ar.%. Takoe KoiM4ecTBa KHUCIOpOJAa TIPUBOJUT K OKHUCIICHUIO
3HAYMTEIbHBIH yacTh NI BOJM3M T'PaHMIBI, YTO MPUBOIUT U YBEIHUCHHUIO COMPOTHBIICHHS
KOHTakKTa [4, 5].
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YI'JIOBBIE 3ABUCUMOCTHU PACIIBIVIEHUA KPEMHUSA
POKYCHUPOBAHHBIM NOHHBIM ITYYKOM TI'AJIJIUA
ANGULAR DEPENDENCIES OF SILICON SPUTTERING BY GALLIUM
FOCUSED ION BEAM

B.U. bauypun, U.B. XKypasaes, [1.9. [Tyxos, A.C. Pynsiii, M.A. Cmupnosa, A.b. Uypuios
V.1. Bachurin, I.V. Zhuravlev, D.E. Pukhov, A.S. Rudy, M.A. Smirnova, A.B. Churilov

Apocnasckuii Qunuan DedepanbHo20 20Cy0apCmEeHH020 DI00HCEMHO20 YUPeHcOeHUsI HAYKU
QDuzuko-mexnonocuyeckozo uncmumyma umenu K.A. Banuesa Poccuiickou akademuu HayK

150007, yn. Vuusepcumemckas, 0. 21, 2. Apocnasaw, Poccus, e-mail: vibachurin@mail.ru

The experimental results on the angular dependences of the sputtering yield and

the concentration of gallium on the silicon surface during its sputtering by a

focused ion beam of gallium with an energy of 30 keV are presented.

Obnydyenne mOBEpXHOCTH (HOKycHpOBaHHBIMH HOHHBIME Tyukamu (DOUIT) Ga,
WCIIOJIb30BABIIICECS] paHee MPH MOATOTOBKE OOpa3IoB IS MPOCBEYMBAIONICH 3JIEKTPOHHOMN
MHUKPOCKOIIMM, B HACTOALICC BpEMsS IMMHUPOKO MNPUMCHACTCA JId aHaJIku3a OTKAa30B
HHTCIPpaJIbHBIX MHKPOCXEM, (I)OpMI/IpOBaHI/I}I MHUKPO- U HAHOCTPYKTYp Ha IOBEPXHOCTU C
BBICOKMM aCIIEKTHBIM OTHOIIICHHWEM JIMHEHHBIX pa3MepoB K rinyouHe. u aAp. Hecmotps Ha TO,
YTO MPOIECC PACTBUICHHUSI UCCIEAYeTCS TOCTaTOYHO JABHO M TOJYYCH OONBIIONH 00BeM
OKCIICPUMCHTAJIBHBIX W TCEOPCTHYCCKUX PE3YJIbTATOB, BbIICHUIIOCH, 4YTO 60M6ap,HI/IpOBKa
o0pa3ioB (GOKycHUpOBaHHBIMU Tydykamu (Auamerp oT 10 HM) HUMeEEeT CyYIIEeCTBEHHbIE
0COOEHHOCTH, TpeOYIOIIKe WX UCcclenoBanus. B qacTHocTH, pu HOPMUPOBAHUH CTPYKTYP C
BBICOKUM aCIICKTHBIM OTHOIMICHUEM BA)KHBIM CTAHOBUTCSA BOBJICUCHUC B IPOLICCC pACIIBIICHUEC
OCAXKJACHHOI'0 Ha CTCHKAX pacCHbUICHHOI'0 MaTepualia, KOTOpBII71 MpEACTABIIACT co0OM cMecCh
JJIEMEHTOB HCXOIHOI'O 06pasua U UMIUIAHTUPOBAHHOI'O TaJUIUA [1] HpI/I 0O0IBIINX J03ax
pacIbUICHHS Ha THE U CTEHKaX CTPYKTYphI HabJto1aeTcst oOpazoBaHue peibeda, B TOM YUCIE
BOJTHOOOPA3HOTO, KOTOPOE TaKXKe M3MEHSeT CKOpocTh pacmbiieHus [2, 3]. CiokHOCTh
H3TOTOBJICHUA CTPYKTYp METOIOM DOUII NPpUBOAUT K PA3BUTHUIO MCTOHAOB KOMIIBFOTECPHOT'O
MoJIeTMpoBaHus pacibiienus: MarepuanoB OUIT [4], koTtopsie, B CBOIO oyepens, TpeOyeT
SKCIICPUMCHTAJIBHBIX JAaHHBIX II0 PACObUICHHUIO IIPH PA3JIMYHBIX YIJIax MaJACHUSA ITy4Ka,
cocTaBy MOJIU(UIMPOBAHHOTO HOHHOM OOMOapAWPOBKOM cJ0s, Pa3BUTHIO Tomorpaduu
paCHBIHHCMOﬁ IMOBCPXHOCTH. K HaCTOAICMY BPECMCHH TAaKUX SKCIICPUMCHTAJIBHBIX HaHHBIX
KpaﬁHe mano. B ,Z[aHHofI paGOTe MNpEACTaBJICHBI J3KCIHCPUMCHTAJIBHBIC PC3YJIbTAThBI 110
M3YYEHHIO YTJIOBBIX 3aBUCHUMOCTEH COCTaBa MOBEPXHOCTH M KOX(PGUIMEHTa pacHblICHUS

KpEMHU CbOKYCI/IpOBaHHI)IM HOHHBIM ITYYKOM rajijius.
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DkcrepuMeHTHI 0 pacnbuieHuio Si moHamu Ga ¢ sHeprueii 30 k3B mpoBoauIUCh Ha
ycranoBke Quanta 3D. duamerp nyuka coctaBmsti 60 HM, Toxk 3 HA, yrom mnajaeHus
mmensuicss or 0 1o 80°. J[osa obmydenus cocrasmsuia 2-10" wom/cm® (mpn HOpMaTbHOM
najgeHuu Bpems oOiyueHus He mpeBbimano 10 munyt). Ha moBepxHoctu QopmupoBanuch
pactpbl pazmepoMm 30x13 MKMZ. IIpu 5TOM 1mIar mydka Npyu CKAHUPOBAHUM OT TOYKH K TOUKE
BBIOUpAJICS TaKUM 00pa30M, YTOOBI MEPEKPBITUE ITyYKa Ha TIOBEpXHOCTH cocTaBisuio 30%, u
o0ecreunBaio OJJHOPOJIHOCTh CKAaHUPOBaHUA. BbUIO MPUTrOTOBICHO YETHIPE CEPUU KpaTepoB
pacmbuieHUs, B KOTOPHIX HA0Op 03Bl OONYyYEHHS OCYIIECTBISUICA PA3JIMYHBIM MOJI00POM
Yrcia IUKIOB CKAHUPOBaHMS (IIPOXOJIOB IyYKa) M BPEMEHEM OCTaHOBKE ITyuka B Touke. C
MOMOIUIBIO 3JEKTPOHHOTO MHKpOcKona mpubopa (sHeprusi snekTpoHHoro mydka 30 x3B)
onpeAensInuch GopMa U pa3Mepbl KpaTepoB paclbUICHUS U BBIUKUCISUIMCH UX 00BEMBI U Macca
pacmbUIEHHOTO MaTepualia, YTO HCIOJIB30BAIIOCH MPH  BBIYHCICHHU KOd(D(HUIHEHTa
pacnblieHus. B kauectBe npumMepa Ha puc. 1 mpeacTaBieH KpaTep pacibUIEHUsl, TOJIyYE€HHBIH

npu 6omOapanpoBke oOpasua nos yriaom 30°.

Puc.1. DnexTpoHHO-MHKpOCKOIIMUYECKOe H300paskeHue pacTpa pacubuieHus (0=30°)

JIns  WcclelioBaHMS —COCTaBa TMOBEPXHOCTH Si, o6myueHHoro wuoHamu Ga’,
dbopmupoBanuce pactpel paszmepom 200%200 MKM’. AHAIM3 OJIEMEHTHOrO COCTaBa
MIPOBOJIMIICS. METOJIOM PACTPOBOM 0XKe-DIIEKTPOHHOHM CHeKTpockonuu Ha yctaHoBke PHI 660.
Oxe-CreKTphl PErHCTPUPOBAINCH C LEHTPaIbHONW YacTW MPHUTOTOBJIEHHBIX PAacTpOB B TpeX
TOYKaX AJIEKTPOHHBIM 30HI0M auameTpoM 40 MM ¢ sHeprueid 10 k3B npu 3HaYeHUsX TOKOB
10, 30 u 50 HA. Ilepen m3MepeHUSMH MOBEPXHOCTh OYHMIIATIACh OT a7COPOMPOBAHHBIX
npuMecelt GombapupoBKoii mydkoM moHOB Ny’ ¢ sHeprmeit 3 k3B mox yrmom 35° ot
HOopMali. Bpemst o0OdydeHHs OIpeneNsiioch BBIXOJOM TOKa Oxe-aIekTpoHoB Ga Ha

CTaI_II/IOHapHI:Jﬁ YPOBCHb pPACIIBUICHUA. Ilocne ouuncTKH MMOBCPXHOCTU  OKEC-CIICKTPBHI,
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MOJTYYCHHBIC TPU OOJIydeHUH 00pasia MydyKoM 3JIEKTPOHOB ¢ 3Heprueit 10 k3B, coxeprkanu
Hu3KodHepreTruHbie muku Si (92 5B), Ha KOTOpbIe YacTHYHO HakIaabBaics muk Ga (80 »B)
U BBICOKOIHEpPreTHYHbIe Xopolno paspemennsie muku Si (1610 3B) u Ga (1070 3B).
Konuenrpanun Ga u  Si Ha TOBEPXHOCTH PACCUMTHIBAIHCH C HMCIOJIb30BAHHEM CHTHAJIOB

9JIEMEHTOB  “OT TMWKa JO THWKAa”, ¢ Yy4eToM KO3(P(PUIHMEHTOB OTHOCHTEIbHON

gysctBuTeapHoCTH: 0.14 s Ga(1070 5B) u 0.042 — Si(1610 5B).

BF g T T ™= T T T T T
o Y(8)Y(0)] 60 - [~o—Cq, at.%) 1
- = ~(cos 87 '
o 1 sof -
/
/o
§4 - ’/ 1 40 | R
2 sk g
o3} # | LS,30 L 4
> - :
5 08 20t ]
R i 10 |
1p-~- E--1 -
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0 20 40 60 80 0 o 40 %0 L
0.degree 8,degree

Puc. 2. Yrnossle 3aBrcuMocTH KO3 duiinenTa pacbuieHus (ceBa) 1 KOHIEHTPAIMU TaJUIHs Ha
MMOBEPXHOCTU KPEeMHUS (CIIpaBa).

[Monmydensr abcomoTHBIE 3HaueHHS Kod(QQHUIMEHTOB pacmnbuieHus. [Ipy HOpMaIbHOM
nageHun Y=2.4+0.2 ar./uoH, YTO XOpOUIO COIJACyeTcss ¢ HEMHOIOYHCICHHBIMH
UMEIOIIMUCS IKCTIEpUMEHTAIbHBIMU aHHbIMHE [1, 5]. Ha puc. 2 mpeacTaBieHbl moay4eHHbIC
3aBHCUMOCTH OTHOCHTEIBHOTO KO3(p(HIIMEHTa pacribUICHUS W KOHIEHTPAWW TaJUThsS Ha
MOBEPXHOCTH OT YIjla MaJeHHs MOHHOrOo mydka. Xoa kpuoid Y(0)/Y(0) mpaktuuecku
COBIAJAET C AaHAJTOTMYHON 3aBUCHUMOCTbIO, MTOJYYECHHOH NMPH paclbUIeHUH KPEMHHUS MOHAMU
WHEpTHOTO aproHa [6]. DTo cBHIETENbCTBYET O TOM, 4YTO pacmbuieHHe Si wonamu Ga
onuceBaeTcss MexanusmoM I1. 3urmynpa, cormacHo kotopomy Y(0)~ (cos0)™ mms yrios
menbme 60°. Ha puc. 2 mpezncraBieHa yka3aHHas 3aBHCHMOCTh jisi N=2.2. [lomyuyennas
yIJIoBasi 3aBUCHUMOCTb KO3((UIMEHTa pacrlbUIEHUS JOCTATOYHO XOPOIIO COrjlacyercs ¢
JTAHHBIMU, TIOJTy4eHHBIMU B pabote [5] HaOmromaercst HEKOTOpOE KOTMUYECTBEHHOE OTIHYHE B
3HaueHusX Y mpu yraax 70-80°. Ciemyer OTMETHTB, OHAKO, YTO C POCTOM yIJia IMajecHUS
Myyka pacTeT TOrpelIHOCTh U3MEpeHHsi o0beMa KpaTepa paclbUIeHUs, KOTOPbII
anMpOKCUMHUPYETCA YK€ HECKOJbKUMH mNapasuienenunenamu. Kak BugHo u3 puc. 1, xpas
KpaTepoB B IJIOCKOCTH MAJCHMs My4Ka MPH yIilax MaJeHus OTIMYHBIX OT HYJs HEOOXOJIUMO

MOJIEJIMPOBATh TPEYrOJIbHUKAMHU U TPANEUUsIMU NpU OONBIINX yIiiax naaeHus. IToT 3¢ dext

82



OTYACTH CBSI3aH C TEM, YTO IUIOTHOCTh TOKa B My4Ke MMeeT pachpezenenue [aycca, u mpu
HAKJIOHHBIX MAaJEHUSX BKJIaJ B pacHbUICHUE AAIOT XBOCTBHI PACHpEICNICHUS, KOTOpbIe He
YUYUTHIBAIOTCS MPU U3MEPEHUHU BEIWYMHBI TOKA MyYKa U HE JIAI0T CYIIECTBEHHOr'O BKJIAJA B

pacmbUICHHE TIPH YTIIaX MajgeHus, OMU3KUX K HOPMAJIH.

N3mepenus konneHTpanyuy Ga Ha MOBEPXHOCTHU MOKA3aJM, YTO OHA cocTaBiseT ~60%
OpY HOPMAJIBHOM TAaJ€HUM ITyYKa. DTO 3HAYCHHE OJIM3KO K 3HAYEHUSM, MOIYYEHHBIM B
padore [1], rae u3MepeHHs MPOBOAMIMCH METOIOM  DHEPro-AUCIEPCUOHHOTO aHaIHM3a
HOMEPEYHOro cpe3a obpasia Si, UMIUIAHTHPOBAHHOTO MOHaMu (Ga, Ha MPOCBEYHUBAIOIIEM
3JIEKTPOHHOM MHUKPOCKOIIE, ¥ B [7], re aHAJIOrHYHbIC U3MEPCHHUS TIPOBOMIUCH C TOMOIIBIO
BTOPUYHO-MOHHOM Macc-criekTpoMeTpun. [Ipu yBenuyenun yria nageHust KoHnenrpauus Ga
HE3HAYMTENIbHO yMeHblmaercss jgo 0=20°, a 3aTteM HaOJIOmACTCs pE3KOe MaJcHHE 10
HECKOJIbKUX TpoIeHToB mpu  0=60-80°, 3TO0 0OYCJIOBIEHO YBEIUYECHHEM OTPAXKCHUS

[aJAI0IIHUX HOHOB C POCTOM YTJIa.

AHaM3upysl NOJTYYCHHBIE PE3YJIbTATHI MO YTIOBBIM 3aBUCHUMOCTSAM KOHIEeHTpanuu Ga
Ha moBepxHocTH Si M kodddumuenta pacnbiienus Si myukom uoHoB 30 k3B Ga’, mMoxHO
3aKJIFOYUTh, YTO MMIUIAHTUPOBAHHBINA B MPHUIIOBEPXHOCTHBIN ci10ii Ga, moJ00HO MHEPTHOMY
Ar, He BiMsieT Ha pacibuieHHe Si U3-3a 00pa30BaHUsl XUMHYCCKUX COCTUHEHUI M U3MCHEHHUS
DHEPrHH CBS3M aTOMOB Ha MOBEPXHOCTH, YTO HAOJIONACTCS NPU PACIBUICHHH Si MOHAMH

XUMHYECKH aKTUBHOTO a30Ta [6].

Pabora BemmonHeHna B pamkax ['ocynmapctBeHHoro 3aganusi fpocnaBckoro ®unnana
®dusnko-rexnonorndeckoro nacruryra umeHn K.A. Bamuesa PAH MwunoOpnayku P® mo
teme Ne 0066-2019-0003 Ha oOopynoBanuu lLleHTpa KOJJIEKTUBHOTO —IOJIb30BaHUS

«JlnarHocTHKa MUKpPO- U HAHOCTPYKTYpP».
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METOJIUKA ®OPMUPOBAHWSA CBEPXIJIAJKHUX HIOBEPXHOCTEN
CUTAJIJIA HOHHO-KJIACTEPHBIMHA 1 ATOMAPHBIMUA ITYYKAMM APTTOHA

METHOD OF FORMATION SUPER-SMOOTH SITALL SURFACES BY GAS
CLUSTER ION BEAM AND ACCELERATED NEUTRAL ATOM BEAM OF
ARGON

bakyn A.JL., I'yceB A.C., Kaprun H.U., Peingsa C.M., Curnosas H.B.
A.D. Bakun, A.S. Gusev, N.I. Kargin, S.M. Ryndya, N.V. Siglovaya

Hayuonanvnuiii uccnedosamenvcku soephuiti ynusepcumem « MUDPU», 115409, Poccutickas
Deoepayust, 2. Mocksa, Kawupckoe wi., 31, exp.phys.lab@gmail.com

Optical glass ceramics (ex. sitall) is a promising material for the elements of devices
operating in a wide temperature range. However, typical methods do not allow to form a
substrate with a mean-square surface roughness of less than 0.2 nm in the spatial frequency
range corresponding to the scattering of incident optical radiation. To obtain super-smooth
substrates of optical glass ceramics it is proposed to use the method of gas cluster ion beam
(GCIB) and accelerated neutral atom beam (ANAB) processing.

OnTHueckasi CTEKIIOKEpaMHUKa SIBISICTCS MEPCIIEKTUBHBIM MAaTEPUATIOM Il 3JI€MEHTOB
YCTPOHUCTB, (DYHKIMOHMPYIOIIMX B IIMPOKOM TEMIIEpaTypHOM Jauamna3zone. OgHako
CTPYKTYpa, BKIIIOYAIOIIasi B ce0s KPUCTAILIUTHI C XapaKTePHbIMU pa3MepamMu nopsaka 10 v,
KOTOpBIE OKpYKeHBbl amopdHO#l (azoil, HaKIAABIBaCT OTPAHWYCHUS HA BO3MOXKXHOCTH
NPEIU3NOHHOTO  TOJNMPOBaHMs. B  4acTHOCTH, pa3nu4Me CKOPOCTEH  pacHbUICHUS
KPHUCTAJUIMYECKOW M aMOpdHOH (a3 MPUBOAUT K OBICTPOMY BO3PACTaHHIO LIEPOXOBATOCTH
MIOBEPXHOCTH TPH 00pabOTKe CTEKIIOKEPAMUKH ITyYKOM MOHOB, YCKOPEHHBIX 110 Hepruid 400-
1000 eV [1,2]. Takum 0Opa3oM, HOHHAS TOJTMPOBKA HE TIO3BOJISET CHOPMHUPOBATH TOTIOKKH
C CpenHEKBaJpaTHYHOH miepoxoBatocThio (Rg) Menee wmenee 0.2 nNM B amama3oHe
NPOCTPAHCTBEHHBIX YaCTOT, COOTBETCTBYIOIEM HHIMKATPUCE pacCesHHUS MaIAI0IIEro
ONTUYECKOTO M3IY4EHHUs, UCKIIYaeT CO3/IaHHE 3epKajl cO CBepXciaaOblM paccesHueM s
MPELU3UOHHBIX U3MEPUTENBHBIX IPUOOPOB [3].

OnHUM W3 pemIeHui aHHOW NPOOJIEMBI MOXET CIY)KUTh HCIIOJIb30BaHHE HOHHO-
KJIaCTEpHOI 00pabOTKH ¢ UcmoNb30BaHeM aprona. OcoO0eHHOCTh 3TOT0 METOa 3aKJIF0YaeTCs
B BO3/ICHICTBUY Ha TIOBEPXHOCTh 3apsHKCHHBIMH KJIACTEPaMH aproHa, yckopenHsimu 110 30 kB,
IpU 3TOM TMPOUCXOAUT (PU3UUECKOE BO3ACUCTBUE HA MOBEPXHOCTh HU3KOIHEPreTUUECKUMU
MOHAMHU aproHa, B pe3ysbTaTe pacraja KiacTepa, a TaKkkKe JiaTepalbHOE paclpe/ieieHne
pacIpUIsieMoro BemecTsa. JJaHHbIi METO/ TIOKa3hIBACT XOPOIIHE PE3YIbTATHI IIPH TTOJTHPOBKE

Pa3JIMYHBIX MATCPUATIOB, TAKUX KAK aJIMa3blI, HOJ'II/IpOBaHHHﬁ KBapIi, HEprKaBCrolasa CTaJIb [4]
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Pabora BemmodHsslach Ha yctanoBke EXxogenesis nAccel 100. Kmacrepsl aprona
dbopMupyroTcs Mpu aaAnadaTHYECKOM pacIIMPEHUH Yepe3 CBEPX3BYKOBOE COIUIO C AUAMETPOM
kputnaeckoro ceueHuss 100 mxm. IIOTHOCTH TOKa B IHEHTpPE IydKa MPH YCKOPSIOIIEM
Hanpsbkenun 30 kB cocraBisier 2 MKA/cM?, npoduib pacrnpeieieHus TOKa rayccoB /c
mpuHoi 12 MM Ha mosyBbicoTe. JlaBieHHME OCTATOYHBIX ra3oB B Kamepe oOpasiia He

npeBbIacT 4+ 107 Ia.

Morit o nn TN KNBCTEPNIE oMM

Bo' @ 6
" w"\oj o
PaapemmTens m Nogmossn

YOopmoanii anaxTpog

Puc. 1. Cxema mony4eHus Ta30BBIX KJIACTEPHBIX HOHOB B ycTaHoBKe Exogenesis nAccel 100

B kauecTBe mcciemyemMoro marepuaia HCIOJIb30BajlaCh ONTHYECKAsl CTEKIOKepaMHKa
(cutaiun) CO-115M, mupoKo UCHOJIB3YIOMIMICS JJIsI U3TOTOBJICHUS ONTUYECKUX SJIEMEHTOB,
TaKUX Kak MHTEepPEepeHLIMOHHbIE 3epKala, (uiIbTpbl. B KadecTBe OCHOBHOTO MeToJa
dbuHumHON 00pabOTKM CUTAIa UCHONB3YETCS XMMHMKO-MEXaHHuYecKas IUlaHapu3alus, B
mporiecce KOTOPOW — BBINOJHsSETCS a0pa3WBHAs IOJHMPOBKA IIOBEPXHOCTH  0Opasia,
ocTaBJstomas JAePEeKThl B BHUJE TMOJIOC MTYOMHOW MOpsaka 1-5 HM, XaOTHYEeCKHM 00pazom
pacToIOKEHHBIX Ha MOBEpXHOCTU. Kpome Toro, mpucyTCcTBYeT OCTaTOUHBIN penbed, a Takxke
ocTpuiiHble  JeeKThl, KOTOpbIE CBSI3aHBI CO  CTPYKTypod wmarepuana. [Ipumep

HeoOpaOOTaHHOH TOJTOKKH TIOKa3aH Ha puc. 2-A.

A b

Puc. 2. A — ACM ckan HeoOpaboranHo# noanoxku cutamia CO-115M, b — [Inanapuzosannas

IMMOBCPXHOCTL CHUTAJLJIA ITOCJIC 06pa6OTKI/I HCﬁTpaﬂLHLIMH aToOMaMH
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IIpouecc mmaHapu3anuy KIACTEPHBIMU HOHAMH IIPEICTABISIET COOON IMPEHU3HOHHOE
TpaBJIeHHE, IOJTOMY IIpH 00padOTKe Marepuana HEOOXOOUMO 3HATh KaJHMOPOBOYHEIE
3HAYEHMS CKOPOCTH TPABJICHUS B HCIIOJIb3yeMOM ycTaHoBke. J[s cuTaymuia Obuta mpoBeaeHa
XapakTepu3anusi CKOPOCTU TPABICHHS B KJIACTEPHOM ITy4yKe, HA OCHOBE JAaHHBIX KOTOPOM
ObLTO BBIOpaHO BpeMsi 00pabOTKH TaKoe, KOTOPOE MO3BOJIMIO Obl YOpaTh TMHEHHbIE TEe(EKThI
OT XHMHKO-MEXaHHYECKOW IUIaHapu3aluH. Pe3ynapTaTsl TNpHBEICHBI Ha puc. 3-A.
3aBUCHMOCTh HOCUT HKCIIOHEHIMAIBbHBINA XapakTep. Kak BuaHO n3 rpaduka, CUTAILT B ITy4Ke
aproHa TpaBUTCA C HCBBICOKMMU CKOPOCTAMU, YTO MMO3BOJIACT AOCTATOYHO TOYHO ONIPCACIATH

KOJIMYCCTBO YAAJICHHOI'O MaTcpuala.

S i AFTER ALL
e Joova : i BEFORE

5
I

>
PPV PP T—

W [m*3)

o
I

CropocTs TPaRIEHHS [Hw/vus]
:

308 10

LINI +

-
-
[ ISP R,

Yeropaiouee wanpaxenne (kB K m*(-1)j

A b

Puc. 3. A - 3aBUCMMOCTE CKOPOCTH TPaBIIEHHSI CUTAJIA OT YCKOPSIOLIETO HANPsDKEHNUs, b -

OyHKIMS CHEKTPAIbHON MIIOTHOCTH 11epoxoBaroctu (PSD) ms paznuuHbIx cTaguii 00paboTKH.

B pesynbprare 00pabOTKH KJIACTEPHBIM ITyYKOM aproHa C MOBEPXHOCTH ObLI IOTHOCTHIO
ylajJeH oOcCTaTOuHble JuHEeHHble JnedexTbl [lapaMeTpbl 11€pOXOBAaTOCTH IOBEPXHOCTU
OTHOCHUTEJIBHO MCXOAHBIX 3HAUYEHUN YBEIMUYWINCh, UYTO CBS3aHO C BIMSHUEM OCTATOYHOIO
penbeda. s momydeHHBIX 00pa3oB ObLI Tak)Ke MPOBEACH aHAJIM3 OCHOBHBIX MapaMeTpOB
aMIUTMTYHOH (cpenHekBanpatuuHas mepoxoBarocth (RMS), Ra) u narepanshoit (pyHKums

CMEKTPAJBHOM INIOTHOCTH IiepoxoBatocTh, PSD) mepoxosatoctu (Puc. 3-b).

Ha cnemyroniem sTare moanoxKu 00pabaThIBaIKCh MyYKOM HEHTPaTbHBIX YCKOPEHHBIX
aromoB (Accelerated neutral atom beam — ANAB), momy4aemMbIX TyTeM BKIIIOYECHUS B
CHCTEME JIOTIOJTHUTEIILHOTO AJIEKTPOJIa — OTPaXKaTelsi, IPUTITHBAIOLIETO K ce0e 3apsHKeHHBIS
KJacTephl. DTa 00pabOTKa MO3BOJISET KAaK YMEHBIIIUTH KOJTUYECTBO OCTPHIHBIX TeEKTOB, TaK

N CHU3UTH BJIHAHHUEC OCTAaTOYHOI'O pem,e(ba MNOBCPXHOCTU W MOJYYHUTH aMIIIMTYJAHBIC
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napaMmeTpsl 1epoxoatoctd Ry = 0,211 HM u Ry = 0,161 HM. Pesynprat 00paboTku
HOTBEPIKAACTCA METOTUKON (DITMKKEP-ITYMOBOW CIIEKTPOCKOITUH, OMMCaHHOW B paboTe [5], a

taxke ACM u300pakeHHsIMU oBepxXHOCTH (puc. 2-B).

[TonydeHHble pe3ynbTaThl IO3BOJIAIOT  CAEIATh  BBIBOJA, YTO  HCIIOJIb30BaHHE
KOMOMHUPOBAaHHOM — HWOHHO-KJIACTEPHOH OOpabOTKM U  00pabOTKH  YCKOPEHHBIMU
HEWTPaIbHBIMH aTOMaMH{ II03BOJISIOT IOJNydYaTh CBEPXIJIAJKWE MMOBEPXHOCTH CHTAIIA IS

HUCIIOJIb30BAHUA B ITPCHHU3UOHHBIX OIITUYCCKHUX HpI/I60an.

1) Arnold T., Bohm G., Fechner R., Meister J., Nickel A., Frost F., Hansel T., Schindler A.
Ultra-precision surface finishing by ion beam and plasma jet techniques—status and outlook. // Nucl.
Instr. Meth. A. 2010. V. 616. P. 147-156

2) Liao W., Dai Y., Xie X., Zhou L. Microscopic morphology evolution during ion beam
smoothing of Zerodur® surfaces // Optics Express. 2014. V. 22, No. 1. P. 377-386

3) Kysnenos A.I'., MomuanoB A.B., Yupkun M.B., U3maiinoB E.A. [Ipeuu3noHHbId na3epHbIid
TUPOCKOII /i1 aBTOHOMHOW MHepIMansHO Hasuranuy // KBanToBas snektponuka. 2015. T. 45, Ne 1.
C. 78-88

4) Kargin, N.I., Gusev, A.S., Ryndya, S.M., Bakun, A.D., leshkin, A.E., Akovantseva, A.A.,
Misurkin, P.1., Lakeev, S.G., Matushchenko, I., Timashev, S.F. Visualization of supersmooth surfaces
texture by the method of flicker-noise spectroscopy // Scientific Visualization, 2017, 9 (3)
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YUCJIEHHASA MOJAEJIb BPEMAIIPOJIETHOI'O AHAJIM3ATOPA UISA ITYYKA
KJIACTEPHBIX HOHOB Ar
NUMERICAL MODEL OF TOF ANALYZER FOR Ar GAS CLUSTER ION BEAM

bakyn A'H-_:.l I'yces A.C.,1 Kaprun H.I/I.,1 Kononko I[.B.,l’2 Priansa C.M.,1 CurnoBas H.B.,1
AreiiyeHKOB I[.F.l

A.D. Bakun,' A.S. Gusev,! N.I. Kargin,! D.V.Kolodko,* S.M. Ryndya,* N.V. Siglovaya,’
D.G.Ageychenkov

1. Hayuonanwvhwiii uccieoosamenvcku soephuiil ynusepcumem « MUDUy, 115409, Poccuii-
ckas Deoepayus, . Mockea, Kawupckoe w., 31, exp.phys.lab@gmail.com

2. @p}wuncmﬁ d)uﬂuaﬂ HHcmumyma paduomexzmku U INIEKMPOHUKU UM. B.A.Komenvnukosa
PAH. 141120, @pszuno Mockosckoul obnacmu, ni. Beeoenckoeo 1

Polishing with cluster ions makes it possible to obtain nanorelief on various materials.

Often in such installations, the ion mass distribution is not known reliably. This paper pre-

sents the results of a time-of-flight mass analyzer simulation. The time-of-flight analyzer will

be used for separation of cluster ions on the Exogenesis nAccel 100 unit.

I[J'ISI MOJIYYCHHUS TJIaAKUX HOBerHOCTCﬁ C HAaHO- U CY6HaHOpeJ'IBe(1)OM HCIOJIB3YCTCA
TPAaBJICHUC MOHHBIMHU ITYUYKaMH. Hanmensmee KOIUIECTBO I[C(i)eKTOB AacT pacCIllbUICHHUE HO-
HaMHM C Majou 3Hepmel?1, OIHAaKO U CKOPOCTh pacClblUICHUA CUJIBHO CHUXXACTCA C YMCHBIICH U~
€M OHCPI'HH. YTo0OBI CKOMIICHCHUPOBATL 3TOT HCAOCTATOK HeO6XOI[I/IMO IMOJIYYUTb BBICOKHM
IMIOTOK paClblUIAOMUX YaCTHUII. Knaccnueckumu METOAaMHU CJIOKHO ITOJTYYHUTb MHTEHCHUBHBIN
IMY4YOK HH3KOOHCPICTHUYHBIX HWOHOB. I[J'ISI TpaBJICHUA C HOI[O6HBIMI/I ImapaMeTpaMu:. HHU3Kasa
SHEpTru-, 0OIBIINE MOTOKH HACAJIbHO NOAXOANUT TCXHOJIOTUA TPABJIICHUA KIACTCPHBIMH MOHA-

MHU.

KnacTtepHble HOHBI — aHCaMOJIb OT HECKOJIBKUX €IMHUIL A0 AECATKOB THICSIY aTOMOB, KaKk
HpaBUJIO, OJHOKPATHO MOHM30BaHHbIH [4]. TakiuM 00pa3oM dHEprusi Ha HYKJIOH paBHA dHEP-
MM IPUOOPETEHHON B YCKOPSIOLIEM MPOMEXKYTKE JAEICHHON Ha KOJIMYEeCTBO aTOMOB B MOHE
[1]. Takum 0Opa3oM MOXHO TMONYYHTh HHTEHCHBHBIN TPABAIIUI y4OK C MAJIOW dHeprueii Ha
aTOM. DTa TEXHOJIOTUS IIUPOKO HCIOJB3YETCS JIJIsl MOTYYEHUS] CBEPXTJIQAKUX MMOBEPXHOCTEN
Ha pa3nnM4HbIX MaTepuanax [2]. Tak ke TpaBleHHE KJIaCTEPHBIMU MOHAMHU S(PPEKTUBHO HC-

MOJIb3YyeTCs sl 00pabOTKH MOBepXHOCTH cTekia (puc.l) [3].
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glass
20 um x 20 ym

1 tow ' 1t

2 jat Pre-GCIB 3 Post-GCIB
Ra = 3.8A Ra = 2.5A

Puc.1. ACM u3o0pakeHue MOBEPXHOCTH CTEKJIA, CTIEBA /IO CTIIAXKUBAHIS ITyTEM O0TydIeHHS

KJIIaCTCpHBIMH MOHAMHU, CIIpaBa I1OCJIC.

Opnnako, naHHas TeXHOJIOrus oOnagaeT MuHycamu. KiactepHble HOHBI 001aal0T U~
POKHMM pa3z0dpocoM Macc, CIelI0BaTeIbHO, U SHEPrHM TpaBieHus. il KOHTPOJIS MPOLECCOB
TpaBJICHUS HEOOXOAUMO OMPEAEATh MAacCy KJIACTEPHBIX MOHOB (PHEPIUIO0 Ha aToM). Macchl
HOPSIIKA HECKOJIBKHUX THICSY aTOMHBIX enuHHIl Macc [4], ¢ sHeprueit 15-50 kB npakTudecku
HEBO3MOKHBI OIPEJIEINTh MAarHUTHBIM WJIM KBaJpPYHOJbHBIM Macc-aHanu3aropoM. C Takoi
Maccoil MOHBI 00J1a1al0T MaJIOM CKOpOCThIO. Takum 00pa3zoMm, JUIsl OIpeaesieH!s] MacCOBOIO
pacupeneneHuss ~ MOHHOIO IIy4Ka, JIy4llle BCEro MOAXOAMT BPEMSIMPOJIETHBIM Macc-

ananu3zaTop [5].

Jis onpezneneHus napaMeTpoB HEOOXOAMMOM OJOKAa MUTAHHUS M CHCTEMBbl JETEKTUPO-
BaHUs OBLIO MPOBEICHO YMCIEHHOE MOACITHUPOBAHHE Macc-aHaTu3aTopa. Moaens BpeMsIpo-
JIETHOTO Macc-aHaju3aTopa Obuta moctpoeHa mporpammuoit cpeage COMSOL Multiphysics.
MaxkcumanbHble TabapuThl aHAJIM3aToOpa OIpeNeNIeHbl TeoOMeTpUell MCTOYHMKA KIIACTEPHBIX
MOHOB U coctaBmsifoT L = 0.5M, u mmpunoit d = Smm. KoHCTpyKIMH Macc-crieKTpomMeTpa
HpeJICTaBIseT CO00H NMMIMHAPHYECKYIO TPYOKY anuHOoi L u nuamerpom d, mydok aHaiu3u-
PYEMBIX HOHOB BJIETAET CJIEBA M IPOJIETAET CKBO3b IIEIIEBYIO OTCEKAIONIYIO0 CHCTEMY COCTOSI-
IIYI0 U3 OTKJIOHSIONIMX IJIacTUH. [ImacTuHbl HaXOATCs Ha pacCTOSHUM 1 MM ApYT OT Apyra u
Ha HUX IOJAETCsl MOCTOSIHHOE OTKJIOHSIOLIEE HAIpPsDKEHHE, KOTOPOE MEHSIET IMOJIIPHOCTD,

bOpMHPYIO «ITaKEeT» HOHOB, KOTOPBIN MOMAAaeT Ha KOJLICKTOp (puc.2).

S0 wM

;l. ’ t | E
R L\ | .'

\ 400

Puc.2. CxemaTuueckoe PI306pa)KCHI/IC KOHCTPYKIMH BPEMAIPOJICTHOIO MaCC-aHAIN3aTopa C

yKa3aHHEM Pa3MepoB.

89



N3o00pakeHre Macc-aHajau3aTopa B Mpoliecce padoThl MpEACTaBICHO Ha pHC. 3: JBa

My4Ka YacTHUI[ pa3HbIX Macc, CHHUE - My = 300x10%a.e.m., KpacHble - My = 400x 10%a.e.m., 3a-
-5

¢uKcupoBaHHbIE B OMH MOMEHT BpeMenHu t = 7.0x107 ¢; iBeTHas jgereHia crupaBa MOKa3bIBa-

CT pacCpeaACICHUC MOTCHIIMAJIA HA INIACTUHAX B 3TO KC t.

Time=7E-5 s Surface: Electric potential (V) Particle trajectories o
Particle trajectories

m C T T T T T L
80

0.45F g
0.4} n ] 80
0.35F <4 4 40
Oaf 1 120

0.25F e

10
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-20

0.15F .
-40

0.1 -
0.05 R -60
Ot ! 1 1 ! ! 3 80
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Puc.3. UucneHnas MoJelb BpeMSINPOIETHOTO Macc-aHaIM3aTopa JUls y4YKa KJIACTEPHBIX HOHOB

CPEHMX DHEPruil.

JUis MOAenMpoBaHUs PEaNbHOrO IMy4yka ObLT NMPOU3BEIEHbl BBIYMCICHUS IS My4yKa C
MaccoOBBIM pactipenenenueM. s sToro, B Mojenu ObUTM OJZHOBPEMEHHO 3aITylICHHBI He-
CKOJIBKO ITYYKOB ¢ pa3HbIMH Maccamu. Hanbosee MHTEHCUBHBIN MMy4OK 00J1aa1 Macco My =
400%10°% a.e.m. (10000 atomoB B kiactepe). B pesynbrare monydeH rpaduk 3aBUCUMOCTH
YaCTHIl, MONABIINX Ha KOJUIEKTOP, OT BpeMeHH (puc. 4), nuddepeHupyro KOTOpbIi moayya-
ercsi rpaduk 3aBucumoctu ON/dt(t), uTo sBiIsETCS OCHMIUIOrpAaMMON TOKa Ha KOJUICKTOP

(puc.20 (B)).

90



| t[lxc_:}(x.:.l m g:.u.!ql::w_x»:j 2 « — Haaen KOMIreCTRA "B o

N HaCTwe
AN/ e 'c

A) b)
Puc. 4. A) 3aBucHMOCTh KOMYECTBA YACTHII, TIOMIABIIINX HA KOJJIEKTOP, OT BPEMEHH ISl ITyYKa
OJIM3KHUX TI0 Macce HOHOB. b) VI3MeHeHne Kon4yecTBa YacTHIl, MOMABIINX Ha KOJJIEKTOP, OT BpeMEHH!

JUTA ITy4YKa OJIM3KUX 10 Macce UOHOB.

Ha rpa(bI/IKe 3aBUCHUMOCTH KOJIMYECTBA 4AaCTHII, IIOIIaBIIHUX Ha KOJIJ'ICKTOP, oT BpeMeHI/I
JUISL Ty4Ka OJIM3KHX [0 Macce MOHOB HET XapaKTePHBIX H3JIOMOB, CBHUICTEIbCTBYIOIIUX 00
WOHHBIX MakeTax pasHbix Macc. Ha puc. 20 (b) pa3nu4uMel nsTh MUKOB, COOTBETCTBYIOIIHE
pa3HBIM Maccam. Nx pa3JII/I‘-II/IC 110 BBICOTEC O6T)$ICH$ICTC$[ TEM, UTO KOJIMYECTBO NOHOB Ka)KIlOI\/JI
MaccChl HEOJMHAKOBO, U OHO YMEHBIIAETCS OT LIEHTPAJIbHON My = 400x10° a.e.M, UMeIoIIen
MaKCHUMaJIbHOE KOJMYECTBO 3aIYIICHHBIX YacTUIl, GOpMUPYS B KOHEUHOM HTOTe Kymoi. Tak
KaK paspelieHne MOJICIUPyeMoro ananu3zatopa MHOro mMeubiie M,/Mar, (Mmax — Macca kia-
cTepHOro MoHa, Mar — Macca Ar), Ha Macc-ClieKTpax He OyAeT BHUIHO OTIACNbHBIX Macc, HO
MOKHO OyJIeT ONpeNeuTh XapaKTep MacCOBOTO PACIPEIeICHHS JUTsl JAaHHOTO Mydka. Takum
o0pa3om, pazperiaromnasi CioCOOHOCTh MOJENH UMEET YIOBJIETBOPUTEIHHOE 3HAYEHUE, IO-
3BOJISOIIEE TIONyYaTh YUTAEMOE pacIpe/ie]IieHre TOKAa Ha KOJUIEKTOPE B 3aBUCHMOCTH OT Bpe-

MCHHU.

B pesynbpTate 4HMCIEHHOTO MOJAETUPOBAHUS OIpENeeHbl MapaMeTpbl HEOOXOJUMOTO
00opy/soBaHusl JUIsl ONpE/eTIeHUs] MacCOBOIO paclpeesieHus] YacTHIl B Iy4YKe KJIACTEPHUX

MOHOB Ha ycraHoBke Exogenesis nAccel 100.
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1) I. Yamada, J. Matsuo, N. Toyoda, T. Aoki, E. Jones, Z. Insepov. Non-linear processes in the
gas cluster ion beam modification of solid surfaces // Materials Science and Engineering A253. 1998.
P. 249-257.

2) T. Seki, J. Matsuo. Surface processing with high-energy gas cluster ion beams // Surface &
Coatings Technology 201. 2007. P. 8646-8649.

91



3) A. Kirkpatrick. Gas cluster ion beam applications and equipment // Nuclear Instruments and
Methods in Physics Research B 206. 2003. P. 830-837.

4) Korobeishchikov N.G., Kalyada V.V., Shmakov A.A., Shul'zhenko G.I. Experimental study
of accelerated argon ion-cluster beams // Technical Physics Letters. 2014. T. 40. Ne 1. C. 25-28.

5) S. Rabbani, A. M. Barber, J. S. Fletcher, N. P. Lockyer, J. C. Vickerman. TOF-SIMS with
Argon Gas Cluster lon Beams: A Comparison with C60" // Analytic Chemistry 83. 2011. P. 3793-
3800.

92



JNODY3UA MEXKIOY3EJIBbHbBIX JEPEKTOB U UX KJIACTEPOB HA
IHOBEPXHOCTH KPUCTAJIJIA KPEMHUA

DIFFUSION OF INTERSTITIAL DEFECTS AND THEIR CLUSTERS ON THE
SURFACE OF CRYSTAL SILICON

P. I[>Ka66apraH0B2, B.T. ATa6aeB2, Y.b. Hlap0n0B1’2
R. Djabbarganov?, B.G. Atabaev *, U.B. Sharopov*?

1HHcmumym Honno-ITnasmennvix u Jlazepuvix Texnonoeuit AH PY3, Tawkenm, Y30exucman,
e-mail: utkirstar@gmail.com;
2 Tawkenmcruti Texnuueckuil Ynusepcumem um. Ucnama Kapumosa, Tawkenm, Y30exucman

This paper presents the study of secondary ions from the silicon surface, depending
on the temperature annealing in the cleaning process, using the methods of
secondary ion mass spectrometry. It was found that at high annealing temperatures
above 500°C, interstitial carbon starts out from the volume on the silicon surface,
which shows the migration of interstitial atoms (defects) on the crystal surface.

AKTyaJlbHBIMU 33Ja4aMH COBPEMEHHOI'O IOJIYIIPOBOJHUKOBOTO MAaTEpUaIOBEICHUS
ABJIAIOTCA IIOJyYEHUE aTOMAPHO-YUCTBIX IOBEPXHOCTEH, CO3JaHUE TYHHEIbHO-TOHKHUX
IUICHOK U TeTeporpaHul] C 33JaHHBIMH COCTaBOM, YPOBHEM JIETUPOBAaHUS M BBICOKHUM
Ka4eCTBOM CTPYKTYpPBI I'paHul] pasaena. IT0 00yCIOBICHO BBICOKOH YYBCTBUTEIIbHOCTBIO
3JIEKTPOHHBIX CBOMCTB MaTepUaoB K JeeKTaM U HEOJHOPOAHOCTSIM CTPYKTYpbl. OcoOeHHO
BaXHBIM IIPEICTABIIACTCA CTPYKTYPHBIM aCHEKT IOJIYIPOBOAHUKOBON IIOBEPXHOCTH:
KOHTPOJHMPYEMOE CO3JJaHHE HAHOMOP(OJOTMH IOBEPXHOCTH KPHUCTAIIIOB-MOJIOXKEK, YTO
HEOOXOIUMO JJis YIpaBJi€HUs] IUIOTHOCTBIO JedeKTOB nis axaToMoB. B 3roil pabote
IIPEJICTaBJICHBI UCCIIEJOBAaHUS BTOPUYHBIX HOHOB C IIOBEPXHOCTH KPEMHHUS B 3aBUCUMOCTH OT
TEMIIEPATYPHOTO OTXKHUIAa B MPOIECCE OYMUCTKH. [ccnemoBaHue NpOBOAMIOCH METOAAMHM
BropuyHo uWoHHON (BU) macc cmektpomerpun (BUMC) [1-2]. B kauectBe 00pa3iioB
MCIIOJIb30BAINCH MJIACTMHKM MOHOKpUcTaiioB kpemHus p-tuna (KIB-7.5), ¢ opuenranueit

rpanu (111).

Ha Ttabnune npuBeneHbl 3HAUEHUS MHTEHCHBHOCTH crekTpoB BU w3 rpssHol, He
HOJBEPrHYTHI KaKOMY-JIMOO BO3AEHCTBHIO MOBEpXHOCTH KpemHMs (1 - KoioHka). 31ech
BHUJIHO, 4YTO JOMHMHUPYET HWHTEeHCHMBHOCTH BW Bomopona, kuciaopoaa, yriiepoaa M HX
coenuHeHUs. PemeTouyHbIX KIACTEpHbIX HOHOB He HaOmomaroTcs. OOiydeHue rpsi3HOM

+ + —1n-7 o
NOBEPXHOCThIO KpeMHUs MoHamu Cs' (Tok mepBH4HBIX MOHOB Cs', Ics=10"A, c sHepruei
E=2,5x3B, D:2,2X10151/IOH/CM2, 3aech: E - sHeprust nonos, D - monmydeHHast 103a MOH Ha cM2)

(2 - KomoHkKa) HE NPUBOJIUT K 3aMETHOH OYHCTKE OT aJCOPOMPOBAHHOIO CJIOS Ha
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IMOBEPXHOCTH, a HaO60p0T K YBCJIIMYCHHUIO UX MHTCHCUBHOCTH U K MOSBJIICHHUIO pa3HOro poja

XUMHNYCCKUX CO@,Z[I/IHeHI/Iﬁ .

Tabnuma

Brixonpsl oTpHnaTenbHBIX MOHOB M3 Si-0o0pa3na OT M3MEHEHHsi e€ TeMmIeparypsl B Ipolecce
o6mydenuss wonamu Cs': rpsasmoii (1), mocie oOmydenuss (2) M HOCIHE OTXKHIa HPU PasHbIX
temmeparypax (3-10)

1 2 3 4 5 6 7 8 9 10
Ne 25°C | 25°C | 300°C | 400°C | 500°C | 600°C | 700°C | 800°C | 900°C | 1000°C

h h H h h h h h h h
1-H 50 80 45 80 30 20/20 | 20/15 | 20/15 |10/15 |10/15
12-C 7 5 5 10 30 45/35 |30/40 |30/10 |30/10 |10/10
13-CH |5 5 5 10 10 10/8 | 8/5 5 2 2
16-0 150 |[210 | 200 120 100 70/65 | 60/30 | 30/30 | 20/30 | 20/30
17-0OH |35 40 30 50 10 10 8 4 1 1
19-F 7 5 7 5 5
24-C2 5 5 5 5 15 45/30 | 40/40 |20/20 |2 2
25-C2H |5 5 7 5 15 20/15 | 10/5 5 2 2
26-CN 65 40 40 40 60 70/60 | 70/70 | 40/40 |10
28-Si 5 10 10 30 110 80/90 | 85/100 | 100 140 220
29-Si 3 5 25 30 13/15 | 10/15 | 5/10 5/10 | 5/10
30-Si 3 10 10 5/10 |5/10 2/4 2/4 2/4
31- SiH 5
32-02 15 20 20 15 5 5 2
35-Cl 20 10 10 20 10 10
37-Cli 7 5 5 5 5
40-SiC 20 70/50 | 70/40 | 70/40 | 40/40 | 20/40
41-SiCi 20 15/10 | 10/5 5 5 5
42-SiCi | 25 15 10 20 25 60/45 | 30/10 |20 10
43- 5/2 2/2
SiCHi
44-Si0O 5/2 212
45-SiOH 5 10 20 15 5/2 212
53- 5/2
56-Si2 10 110 110 110 120 140 150
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57- Si2i 7 40 20/20 | 30/35 |20 20 30
58- Si2i 5 60 15/10 | 15/15 |10 10 15
C5~Si02 | 50 80 100 60 20 10/5 | 5/4 4/4 4/4 4/4
61- C5H 50 10

62- 10

C5H2

63- 5

C5H3

72-Si20 | 20 50 75 40 5 3/2 5/2 212

84-Si3 5 45 55/70 | 70/70 | 70/70 |70 80/70
112-Si4 10 10/15 | 15/15 | 20/5 20/5 | 30/5
100- 5

Si30

140-Si5 4/5 4/5 10/5 10/5 15/5
161-SiCs 3 1

Taxum 00pa3zom, NP UCCIIEOBAHUU TEMITEPATYPHBIX 3aBUCHMOCTEH BTOPUYHBIX HOHOB
C IIOBEPXHOCTU KPEMHHUEBBIX IUIACTUH OBLJIO OOHAPYKEHO, YTO MPHU BBICOKUX TeMIlepaTypax
orxura Bbimie 500°C MeXIOy3eNbHBIM yIiIepoJ] HAayMHAET BBIXOAMT U3 o0beMa Ha
MOBEPXHOCTh, KOTOPBIM MOKa3blBa€T MUTPALMI0 MEXA0Y3eIbHBIX aTOMOB (Ie(pEeKTOB) Ha
MIOBEPXHOCTh KpucTaula. Ho Huke 3TOW Temmeparypsl YIJIEpOJ Ha IOBEPXHOCTH
HaOmoaeTcss Majnol  KoHueHTpauued. Ilo Hamemy MHEHHIO, TakKoe IOBEJIEHUE
MEXJI0Y3€JIBHOTO  YIWIEPOJa, CBA3aHO CO CTPYKTYpOM KpPUCTAJUIMYECKOM  PELIETKH
MIOBEPXHOCTU KPEMHUs, BEPOSITHO, NPU ITHX TEMIIEPATYpax IMPOUCXOIUT MEPEXO] OKCHIa
KpEMHHUSI U3 0 CTPYKTYpbl Ha [3, IpU KOTOPOM H3MEHSIOTCS IMapaMeTphbl 3JIEMEHTapHON

STYEUKH.

[1] IHaporios VY.b., u ap. // [loBepxHOCTH. PeHTreH., CHHXPOTP. U HEUTPOH. uccie. 2016. Ne2. C.1.
[2] IHaporios V.b., u ap. // [loBepxHOCTh. PeHTreH., CHHXPOTp. 1 HeHTpOoH. nccien. 2013. Ne 2. C. 108.
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EFFECT OF NANOSTRUCTURING OF IRON
ON THE SPUTTERING BY Ar IONS 5 KEV

R.Kh. Khisamov', R.U. Shayakhmetov'?, I.I. Musabirov , K.S. Nazarov?,
R.R. Timiryaev*?, Yu.M. Yumaguzin'? and R.R. Mulyukov'?

YInstitute for Metals Superplasticity Problems of the Russian Academy of Sciences,
39 Khalturin st., Ufa, Russia, e-mail: r.khisamov@mail.ru;
“Bashkir State University, 32 Validi st., Ufa, Russia

Nanostructured metals, which are polycrystals with an average grain size of the order
of 100 nm. One of the attractive methods for obtaining nanostructured metals is deformation
nanostructuring, often referred to as severe plastic deformation. To date, various physical
properties of nanostructured metals have been studied [1]. However, there are some fields that
are poorly investigated, for example, properties associated with ion sputtering of
nanostructured metals. In this regard, it is necessary to study the effect of deformation
nanostructuring of metal on its ion sputtering. In this work, it is investigated the surface of
nanostructured and fine-grained sample after sputtering and their sputtering rates.

Armco-iron was chosen as the metal for the investigation. To obtain a nanosized
microstructure, the samples were processed by deformation nanostructuring using high
pressure torsion [1] in Bridgman anvils under pressure P=6.5 GPa (10 anvil rotations at room
temperature). For comparative measurements fine-grained samples were obtained by
annealing of the nanostructured samples at 800 C in vacuum for 1 hour. The microstructure of
the samples was investigated using by electron back-scattering and X-ray diffraction
technique. The average grain size of nanostructured sample is equal to 180 nm, the coherent
scattering region - 120 nm. The average grain size of fine-grained sample (i.e. after annealing
of nanostructured sample) is equal to 8§ pm.

lon sputtering of the samples was carried out in precision ion polishing system Gatan
model 691. The samples were prepared in form of discs with a diameter of 4 mm and
thickness of 0.2 mm. Sputtering was performed by argon ions at normal incidence with 5 keV
energy for 2 hours. The beam current was about of 2.2 pA. The sputtering rate was estimated
using by scanning electron microscope (SEM) and the weight changing of samples before and
after sputtering.

Figure 1 shows the optic microscopy image of the crater which was formed on the
surface due to the impact of ion beam. The diameter of the crater was slightly less than 1 mm.
The crater bottom (area:1) and the region sputtered around the crater (area:2) was investigated

using by SEM. On figure 2,3 one can see that the surfaces of the samples are differ because of
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differences of their grain size. From the SEM images, it can be assumed that the surface

roughness on the nanostructured sample is less than the roughness on the fine-grained sample.

LW 3 \‘.\;._' g

X '.‘ A Q'h"»-." '. "’Area.‘\é

Fig.2. SEM |mages of the crater bottom (areal) and the reglon sputtered around the crater (area:2).
Nanostructured iron. The average grain size — 180 nm

i -&“ TR AN

g Area'1 View field: 191um

Fig.3. SEM |mages of the craterbottom (area 1) and the reglon sputtered aroundthe crater (area:2).
Fine-grained iron. The average grain size -8 um

The crater depth was determined from the measurements of the difference between the

working distance (WD) of the crater bottom and the region around it, i.e. depth=WD (area:1)-
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WD (area:2) (Fig.2,3). The working distance in the SEM is the distance at which the electron
beam is focused, normally the distance from the final pole piece of the lens to the sample
when the image is in focus. The measurements showed that the crater depth of nanostructured
sample (67.1 um) turned out by 1,7 um less than the depth of fine-grained sample (68.8 um).

The weight changing was estimated before and after sputtering samples on a precision
analytical balance with accuracy 0.00001 g. The weight changing of nanostructured and fine-
grained sample was close and equal to 0.00044 g and 0.00045 g, correspondingly. The
difference in weight of 0.00001 g gives the difference of the layer thickness equal to 1 um. It
Is approximately equal to the crater depth measurements. In view to the depth measurement
accuracy using by SEM is higher than the weight changing, it can be assumed that the fine-
grained sample is sputtered faster than the nanostructured sample.

Nanostructured metal has a large number of defects - vacancies, dislocations and grain
boundaries. For example, the grain boundaries are sputtered faster than grains [2]. It is
believed that the decrease of grain size and, correspondingly, the increase of grain boundaries
are led to the increase of sputtering rate of metal. According to Michaluk’s work [3] the
decrease of the grain size of tantalum from 50 pm to 26 um led to the increase of sputtering
rate up to 40%. In our case, it was expected that the great difference between the grain size of
nanostructured and fine-grained samples will led to the significant increase of sputtering rate.
But it turned conversely out the decrease of sputtering rate by 3%. In this case, the effect can
be explained that grain boundaries and defects inside the grains can be sinks for moving
atoms in cascade collisions, so that a certain number of atoms do not reach the surface and are
not sputtered. As a consequence the sputtering rate is reduced. Further studies are required for

better elucidation of the effect of nanostructuring on the ion sputtering process.

The reported study was funded by RFBR according to the research project Ne 18-32-
00754. Electron microscopic studies were carried out on the facilities of shared services
center of the Institute for Metals Superplasticity Problems of Russian Academy of Sciences

«Structural and Physical-Mechanical Studies of Materials».

1. A.A.Nazarov, R.R.Mulyukov, Handbook of NanoScience, Engineering and Technology, CRC Press Boca
Raton, 22-1-22-41 (2002).

2. K.A. Tolpin, K.F. Minnebaev, V.E. Yurasova. Vacuum. 138 (2017) 139.

3. C.A. Michaluk. Journal of Electronic Materials. 31 (2002) 2.
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PACHBIJIEHUE TOBEPXHOCTH Ni (100) HOHAMHJ Ar HU3KOM SHEPT UU:
MOJIEKYJIAPHO-JUHAMHNYECKOE MOJAEJIUPOBAHUE

SPUTTERING OF THE Ni (100) SURFACE BY LOW ENERGY Ar IONS:
MOLECULAR DYNAMICS SIMULATION

AN. MYCI/IHl, I'.B. KOpHI/I‘-IZ, B.H. Camoiinos®
A.l. Musin®, G.V. Kornich?, V.N. Samoilov®

1 . . .
Mockosckuii 2ocyoapcmeennbiii 0oiacmuou ynusepcumem, Mockea, Poccus
2 . . .
3anopooicckuii HaYUOHATLHBIU MEXHUYeCKUll YyHueepcumem, 3anopodicve, Yxpauna
3 . il
Quszuueckuil paxyromem MI'Y um. M.B. Jlomonocosa, Mocksa, Poccus, e-mail:

samoilov@polly.phys.msu.ru

The features of angle- and energy-resolved sputtering of atoms from the surface of
Ni (100) face under 200 eV Ar bombardment are studied by means of molecular
dynamics computer simulation model. The polar angle distribution of sputtered
atoms when they are knocked out from the surface is compared with that when
they are far away from the surface. The non-monotonous behavior of the maxi-
mum of polar angle distribution of sputtered atoms with increase of energy is re-
vealed. Distributions of sputtered and overfocused sputtered atoms are analyzed.

B nacrosimieii padote uccnenosano pacnsuieHue rpanu Ni (100) nonamu Ar ¢ sHepruei
200 5B c paspemeHumeM MO yriaM M SHEprud. PacdeTsl NMPOBENEHBI MO MOJEKYISIPHO-
TMHaMH4Yeckoit mozaenw [1, 2]. Panee sTa MoJenb YCENIHO IPUMEHSUIIACH U1l PACUYETOB CMe-
IIEHUI aTOMOB M KacKaJHOTo IepeMeInBanus. B HacTosiei pabote Moaens Obliia Moaupu-
IIMPOBaHa JUIS PACCMOTPEHHSI pacIpe/IeIICHUI PACTIBUICHHBIX aTOMOB C OJJHOBPEMEHHBIM pa3-
penreHueM no ’Heprun E, nonspHomy 9 u asuMmyransHOMy ¢ yriiaM. B paGorte npencraBieHs
pe3yNbTaThl MCCIICAOBAHUNA MEXaHU3MOB (DOKYCHPOBKH aTOMOB, PAaCHbUICHHBIX C TOBEPXHO-
CTH MOHOKpPHUCTaJIa TIOJ| JACHCTBHEM MOHHOH OomOapanpoBku. VccnemoBanbl 0COOEHHOCTH
(OKyCHpOBKM aTOMOB, pacnbuIeHHbIX ¢ moBepxHocTH Tpanu Ni (100), mo noisipHOMY yrity €
paspelieHreM Mo a3UMyTAIBHOMY YIUIy W 3Hepruu. boiblioe BHUMaHHE YIEICHO 00CYXIe-
HUIO KJTACCU(PHUKAIUN MEXaHU3MOB BBUIETA PACTIBUICHHBIX aTOMOB.

B MonexynspHO-TUHAMUYECKONH MOJIETH B Ka4eCTBE MOTEHIIMAIa MEKaTOMHOTO B3aH-

MojercTBus s aToMoB Ni HcIonb30Bajicss MHOIOYaCTHYHBIN MOTeHnuan Akmanga [3, 4],
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MIPU BBICOKMX DHEPIHUSAX COCAMHEHHBIM ¢ moTeHnuaioMm ZBL [5] derpipexmapaMeTpudeckoin
anmpoKcUuMHUpyroie GyHkiuei [6]. Panee 3ToT moTeHIMan ObIT YCIEITHO UCIIOJIBb30BaH JIJIst
BBIUMCJICHHSI TIOPOTOBBIX SHEPTUi CMEIEHUs, YHEPTHi 00pa3oBaHUs OOBEMHBIX BaKaHCUU U
pa3InYHBIX TUIIOB MEXKI0Y3eIbHBIX aTOMOB [6-8]. B3aumoneiictBue Ar-Ni Takke onmuchiBa-
J0ch noteHnuanoMm ZBL. MoaenbHbIH KpUCTaIT HUKENs cocTosl u3 4032 aToMoB, pacronno-
JKEHHBIX B 14 aTOMHBIX CJI0SX cO cBOOOHOM moBepxHOCTHIO (100). [Tepuoandeckue rpaHnd-
HBIE YCIIOBUS OBUIM MPUMEHEHBI CO BCEX CTOPOH KpUCTAILIA, UCKIII0Yas THO U CBOOOIHYIO MO-
BEepXHOCTh. CaMblli HUKHHI CIIOM aTOMOB ObUT 00€3ABMKEH, YTOOBI MPEIOTBPATUTE JAedOp-
MaluIo U cMmeleHne kpucrauia. Kiaccuueckue ypaBHEHUs IBUKEHUSI aTOMOB pEIIaINCh Me-
toaoM Bepie. Mcnonp3oBancs mepeMeHHbIN ar o BpEMEHH, 3aBUCAILIANA OT MaKCUMaJIbHOU
CKOPOCTH aTOMOB B IaHHBIII MOMEHT, KOTOPBIH, 0JTHAKO, ObLT He Oosiee 4.5 de. Bpems Bbiunc-
JICHUS COKPANIAJIOCh 33 CYET MCIOIh30BaHUS CIUCKa Ommkaimmx cocenedt [9]. Kpucram mo-
Melayics B “TepMUYECKyr0 BaHHY bepeHjiceHa mpu paBHOBECHOM TeMIieparype Kpucraiia
300 K u mpenBaputensHo penakcupoBai B TeueHue 10 mc. JluccumatuBHas KOHCTaHTa CO-
craisuia 8.2 10" ¢ 1 BBIUKCISIIACH AHATIOTHYHO TOMY, Kak 310 nenanu Kaperra u Ypbaccek
[10]. Bombapaupyromire HOHBI A Ak CIIyYaiiHbIM 00pa30M B 3JIEMEHTAPHYIO TPEYrOJIbHYIO
o6acts noBepxHoctd (100) mo HOopmanu K moBepxHocTd [11]. B paGote ObLIO BBIMOIHEHO
oxoino 40000 ucnbrTanuii 11si HauanbHOU sHepruu nona Ar 200 3B. Monenupyemoe Bpems
pa3BUTHS KacKaJOB CTOJIKHOBEHUHN MpPH MaJ€HUU OJHOTO MOHA cocTaBisio 4 mnc. B HacTtos-
el paboTe airOpUTM PEruCTPUPOBAI BBUICTAIOIINE ¢ OOMOApIUPyeMOn MMOBEPXHOCTH aTO-
mbl Ha paccrostausax 0.3 u 10 A HaJl yCPEIHEHHON NMOBEPXHOCTHIO KpHcTaiia. IlomyueHHsle
pe3yNnbTaThl CPABHUBAIKUCH C PEe3yabTaTaMH, MOJYYEHHBIMH paHEee MO MOJENIU dYMHUCCHH aTo-
MOB ¢ noBepxHocTH [12, 13] u Moaenun MosekyaspHoi auHamuku [14, 15].

B pabore paccuutan BKjIaa COOCTBEHHBIX, (DOKYCHPOBAaHHBIX U MepedOKyCUPOBAHHBIX
pachbUICHHBIX aTOMOB B OOIIUI KOA(PPHUIMEHT pacibuieHHs KpucTamia (cM. takxke [12, 13]).
B yrinoBoMm pacnpeneneHuu pacnbUIECHHBIX aTOMOB HAOMIOAAUCh MAKCUMYMBI dIMHUCCUHU, KO-
TOpbIE MO CBOEW YIJIIOBOW IIMPUHE M HAMpaBlICHUSM (HOPMUPOBAHHS COOTBETCTBOBAIM Ha-
omonaembiM TisiTHaM Benepa (puc. 1 cnmeBa). Pacnipenenenue pacnbUIEHHBIX aTOMOB IO Ha-

4aJIbHOMY TOJIAPHOMY YTy 8, paCCUMTaHHOMY IPH IIEPECEYEHUH aTOMOM YCIIOBHOM IIJIOC-
KocTH Ha BbicoTe 0.3 A Hazx yCpeIHEHHOH MOBEPXHOCTHIO KPHUCTAILIA, HAMHOTO OoJiee IHpPo-
KOE B CTOpOHY OoJibIux yriioB (puc. 1 cmpasa), mogo6Ho pesynbratam [14, 15]. Otmeruwm,
YTO B 9TOM PACIpE/IENCHUH He HA0II0[aeTCsl MAKCHMyMa B HampaBieHun 9, = 45°, KoTopslii
Obl OTBeyasn BKJIAAYy (POKYCOHHOI'O MeXaHH3Ma INpH NMPEHMYIIECTBEHHOM PAaCIpOCTPAHEHUU

KaCcKaJloB CTOHKHOBeHHﬁ, MNDPUBOJAIINX K PACIIBUICHUIO, IIEPECCKAIOIINX IMOBEPXHOCTD,
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Puc. 1. Pacnpenenenns pacmblIeHHBIX aTOMOB 110 1 — C0S9 (cimeBa) n mo 1 — €0sY, (cnpasa) s Beex
snepruii E mi1st uHTepBana azuMyTaibHbix yriioB ¢ [87.0°, 93.0°] (B nanpasnennun <001>).

B HanpasieHusx <110>. Msl moaTBep)kgaeM B HACTOSIILIEM HMCCIEIOBAHUH, YTO paclpeaese-
HHUE PACHBUICHHBIX aTOMOB 10 1 — C0SS opmupyeTcs B OOIBIION CTEIEHN HA CTAJUU SMUC-
CHM aTOMOB C IIOBEPXHOCTH 3a CYET OJOKMPOBKH, TO €CTh OTKJIOHEHHUS B HAIPaBJICHUU HOP-
MaJid K IMOBCPXHOCTH, ATOMOB, BBIJICTABIIUX IIOA YyIJIaMHU 80 > 8, n HaﬂbHeﬁmeFO IIPUTSKC-
HUS SMUTHPOBAHHBIX aTOMOB K IOBEPXHOCTH B IPOLIECCE BbLIETA.

OOHapyXeHO, YTO MPU MAIBIX YHEPIHAX MAKCHMYM IOJISIPHOTO YIJIIOBOTO pacrpesie-
JICHUA pacClblICHHBIX aTOMOB C YBCIMYCHHUEM JHCPIrU CMCIIACTCA B CTOPOHY HOPMAJIM K I10-
BEPXHOCTH, a MpH 3Hepruu Boie ~20 3B — B CTOPOHY OT HOpMaJM K MOBEPXHOCTHU (puc.2),

1o100HO pe3ynbTatam [15].

E=53B

1598
60 30 aB
40 3B

Puc. 2. Pacnipenernenust pacibUIEHHBIX aTOMOB
no 1 — COSY mist MHTEpBaia a3MMyTaIbHBIX
yrao ¢ [82.5°, 97.5°] (8 wanpaBieHun
<001>) mns suepruii E = 5 3B, 15 3B, 30 3B u
40 3B (£ 1 3B). OT4eTBO BUAEH HEMOHO-
TOHHBIH CIBUT MakCUMyMa paclpeielieHUs C
POCTOM DHEPTHHU PACIBUICHHBIX aTOMOB.
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B nByMEpHBIX pacnpeesieHusIX pacblIEHHBIX aTOMOB 110 SHEPTUU U MOJISAPHOMY YIIIy
JUIE HECUMMETPHYHBIX OTHOCHTENbHO HampasieHuit <001> uHTepBanoB yria ¢ HaOII0AA0T-
Csl XapakTepHble XpeOThl — MAaKCUMYyMBbI pacIpe/le]IeHH BCeX pacIbUIEHHBIX U MepedoKycu-
POBaHHBIX aTOMOB (puc.3). DTH pachpe/eseHUsT B 1[eJIOM COOTBETCTBYIOT Paclpe/IeiCHUsM,

paccuntanHbM B [12, 13].
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Puc. 3. PacnipesienieHnst pacrblIEHHBIX aTOMOB OJHOBpEeMEHHO 110 1 — C0S3 u suHepruu E mst uarepBa-
Ja asumyTanbHbIX yriioB ¢ [75.0°, 81.0°] npu pacnbuiennn rparn Ni (100) must Bcex pacmbLIeHHBIX
aToMoB (ClieBa) M TOJIBKO Tepe(hOKYCHPOBAHHBIX PaclblIEHHBIX aTOMOB (CIpaBa).

B nacroseit pabore uccieqoBaHbl 0COOEHHOCTH paclbUIEHUS] aTOMOB € IIOBEPXHOCTH
rpanu Ni (100), ¢ pa3pemnieHreM 10 a3UMyTaJbHOMY YIITy, HOJSPHOMY YIIIy U dHepruu. 13y-
YeH BKJIAJ MepeOKyCHPOBAHHBIX aTOMOB B (hOPMHUPOBAHHME PACTIPEACICHUN PACTIBUICHHBIX
aTOMOB IO YIJIaM U SHepruu. PaGoTa BBINOIHEHA C MCIIOIb30BAHUEM PECYPCOB CYNEPKOMIIb-

toTepHoro komiuiekca MI'Y “JlomoHoCOB”.
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39 Khalturin st., Ufa, Russia, e-mail: ksnazarov@rambler.ru;
#Bashkir State University, 32 Validi st., Ufa, Russia

Polycrystalline nanostructured (NS) metals are metals of which the microstructure has a
characteristic scale of about 100 nm [1]. For the metals, the grain boundaries (GB) and triple
junctions increase with a decrease in the average grain size. Hence, NS metals usually have
different properties compared with their coarse-grained (CG) counterparts, due to their small
grain sizes and large volume fractions of GB. GB are known can to act as sinks for defects of
all types, it is expected that NS metals are likely will have been different ion sputtering
compared with their CG or fine-grained (FG) counterparts. Also know that the atoms located
on GB have smaller binding energy than those on the grain, and are more easily sputtered [2].
Thus, understanding of the ion sputtering of NS metals, from the viewpoint of the role and
effect of the GB in metals, is still needed.

NS metals obtained by deformation nanostructuring using high pressure torsion have non-
equilibrium GB. Also, for the NS metals, the effective physical width of the GB significantly
exceeds the crystallographic width of the boundaries. There is still not enough studied the
question of how these two factors affect the process of ion sputtering.

In this work, presents the results of layer-by-layer sputtering of a NS and FG metal with a
focused ion beam (FIB) Ga'. The aim of step-by-step ion sputtering is to determine the
differences sputtering of a NS metal compared with their FG counterparts, starting from the
initial state of the surface.

Nickel with a purity of 99.9% was chosen for the studies. The nanostructure in samples of
nickel was formed by high pressure torsion [1]. As a result of high-pressure torsion in nickel
was formed structure with a grain size of about 180 nm and grain boundaries in a
nonequilibrium state. For comparison, samples of FG nickel with an average grain size of
about 8 um were used. lon sputtering was performed insitu in the scanning electron
microscope (SEM) chamber. lon sputtering by FIB Ga* of the samples was carried out at
energy of ion equal 10 keV. The beam aperture 50 um was used. The scanning speed was
1 us/pxl. The samples surface was examined after each pass of the FIB by using SEM.
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The Figure 1 shows images of the surfaces of NS and FG samples before ion sputtering
obtained by using a SEM by back-scattering electron. One can see that the surfaces of the
samples in the initial state were flat. The surfaces NS and FG samples after three- and ten-
times ion beam scanning, respectively, is shown in Figure 2. However, it should be noted that
the view field in the image for the surface of a NS sample is about three times less than for a
FG sample. Therefore, the number of scans for the FG sample was increased to achieve a

sputtering effect comparable to that of a NS sample.

___Apm | 3pm
Fig.1. The surface of NS (left) and FG (right) sample before ion sputtering

F|g 2. The surface of NS (left) and FG (right) sample after ion sputtering by FIB,
images obtained by using a SEM by secondary electron

A further study of the development of the relief was carried out with each subsequent
scanning of the ion beam, but it is not presented in this abstract.
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lon sputtering by FIB was carried out until several grains layers of the NS sample were
sputtered (Figure 3).

g Al 2pm

Fig.3. The surface of NS sample at the end of the step-by-step ion sputtering by FIB

At the end of the step-by-step ion sputtering, the surface morphology of the NS sample
had significant differences compared with its FG counterpart. However, it is also worth noting
that gallium can segregate along the GB of the NS sample, due to the increased number of
defects in the GB area compared with its FG counterpart, this fact can also affect ion
sputtering of GB area. Meanwhile at the first steps of ion sputtering, as shown in Figure 2,
there are no significant differences in the morphology of NS and FG samples except for the
scale factor. However, some qualitative differences in ion sputtering are still observed:
differences in the width of the etched grain boundaries and protrusion of some GB areas over
the surfaces of nearby grains.

The present work was accomplished according to the state assignment of IMSP RAS (Ve
AAAA-A17-117041310213-0).

Electron microscopic studies were carried out on the facilities of shared services center
of the Institute for Metals Superplasticity Problems of Russian Academy of Sciences

«Structural and Physical-Mechanical Studies of Materials».
1. A A. Nazarov, R.R. Mulyukov, Handbook of NanoScience, Engineering and Technology,

CRC Press Boca Raton, (2002) 22-1-22-41.
2. K.A. Tolpin, V.E. Yurasova. Vacuum 105 (2014) 74-79.
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HOHHOE PACIIBUIEHUE METAJUIOMATPUYHOI'O KOMITIO3UTA Al-Cu
HHOJYYEHHOTI'O JE®OPMALIMEN METOJ0OM CABHUT' A 1101 JABJIEHUEM

ION SPUTTERING OF METAL-MATRIX COMPOSITE Al-Cu OBTAINED BY
SHEARING DEFORMATION UNDER PRESSURE
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It is shown that it is possible to obtain metal-matrix composites, where the
composite component is in the form of an intermetallic interlayer in the matrix by
deformation methods. The investigation of ion sputtering demonstrated that
composite intermetallic phases are more resistant to ion sputtering in compare with
the main elements of the composite. Intermetallic interlayers can increase the
resistance to ion sputtering of the composite material.

MerTtanmioMaTpuuHble KOMIIO3UTHI  OO0JIAAIOT CYHIECTBEHHO MOBBIMICHHBIMU IO
CPaBHEHUIO C HCXOJHBIMHM KOMIIOHEHTaMHU SKCIUTyaTallMOHHBIMH CBOWCTBAMHU: YACIBHOMN
MPOYHOCTHI0, H3HOCOCTOMKOCTBIO, YCTAJIOCTHOM MPOYHOCTBIO, KAPOIMPOUYHOCTBIO U T.[.
PaznuuaroT HMCKYCCTBEHHBIE M  €CTECTBEHHBIE METAJUIOMATPUYHBIE KOMIIO3UTHL. B
€CTECTBEHHBIX KOMIO3UTAaX YIPOYHSIONINI KOMIIOHEHT, HAIpUMEp UHTepMeTaITHAHas daza,
o0pasyercsi HEMOCPEICTBEHHO B MaTPUIlE KOMIO3UTA MPU KPUCTAIUTA3ZAIUH, OTXKUTE U T.11. B
MOCJICIHUE TOJBl DPA3BUBAIOTCA JA€POPMAIMOHHBIE METOABl TOJYYCHHUS €CTECTBEHHBIX
kommo3utoB [1]. Takue MeToabI MOTYT OBITH MEPCIEKTHBHBI OCOOEHHO B Cly4asx, KOraa
CIUIaB HY)XHBIX KOMIIOHEHTOB 3aTPyJHUTENHLHO MOIYYUTh OOBIYHBIM JTUTEHHBIM CHOCOOOM.
Nutepmerammuanabie Gasbl SBISIOTCS YIPOUYHSIOMIMMH SJEMEHTaMU KOMITO3MTa, 00Janas
MOBBIIIEHHOW TBEPAOCTHIO, XHMUYECKOW CTOMKOCTBIO, MHOTA U TIOBBIIIEHHON TeMIEepaTypon
IJIaBJICHUS IO CPABHEHUIO C MCXOJHBIMU KOMIOHEHTaMU. C Jpyroil CTOPOHBI U3BECTHO, YTO
HEKOTOpbIE MHTEPMETAIUTH/IBI 00JIee YCTOMUMBEI K HOHHOMY PAaCHbUICHHIO 110 CPABHEHHIO C
UCXOJHBIMU MeTajuiamu [2, 3].

B cBA3M C O3TUM aKTyaJlbHBIM SIBJIISIETCS MCCJIEAOBAaHUE BIUSHUS BHYTPEHHEH
CTPYKTYpPHI, TOTYy4EHHOTO Ae(hOPMAIMOHHBIM METOJ0M METaUIOMaTpUYHOTO0 KOMIO3UTa Ha

€ro YCTOﬁqHBOCTL K NOHHOMY pPAacCIbUJICHUTO.
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B nmanHOW paboTe WHCCIIEIOBAHO pACIBUICHHE ECTECTBEHHOTO METAIIOMAaTPUYHOTO
komro3uta cucremMbl Al-Cu ¢ WHTEpMETAJUIMIHBIME KOMIIO3UTHBIMH KOMIIOHCHTaMH,
NOJy4eHHOTo JaedopMaliieii METOIOM CIBUTa IOJ JaBlIeHHEM. B KauecTBe HMCXOIHBIX
MaTepuaioB wucnoib3oBanu Al umcrotorr 99,5 mac.% wu Cu uyucroroit 99,9 mac.% c
KPYITHO3EPHHUCTOW CTPYKTYpoi. McXomHbIe 3aroTOBKM OBLIM TOJTOTOBJICHBI B BHJE JHCKOB
nuamerpoM 12 MM 1 tommuHOoM 0,5 MM. 3aroToBKM CKJIaJIbIBAlId B CTOIKY C YepeOBaHUEM
cioeB Al-Cu-Al u noasepraiu nehopMaiiy CABUTOM KPYYEHHEM 0/ BBICOKMM JIaBJICHHEM
npu ganenun 5,2 ['Tla Ha 10 00opoToB co ckopocThio 1 00./Mun [4]. Jdedopmanuio
OCYIIECTBIISUIM TPH KOMHATHOW Temmeparype. [lis moirydeHHsl JOCTaTOYHO IIHMPOKHX
MHTEPMETAUTUIHBIX TPOCIOEK MOJYyYCHHbIC 00pa3ibl OTXKHIaM B TCUCHHE 15 MHHYT IpH
temmnepatype 450°C [5]. IToBepxHOCTh 00pa3OB TOTOBHJIM C IOMOIIBIO CTaHIAPTHBIX
MeTaJIOrpaMUecKux METOAUK C TOCICAYIONICH IOIMPOBKON HAa aaMa3HOW CYCIICH3UU.
HoHHOE pacrbuieHHE MPOBOIMIN C TIOMOIIBI0 MOHHOTO MCTOYHHUKA C 3aMKHYTBIM Jpeiidom
AJIGKTPOHOB CO CpEIHEW »JHepruel Iydyka HOHOB aproHa 3,5 k3B. [l mnomyueHus
MIOTIEPEYHOTO cpe3a oOpasen ObUT pa3pe3aH Ha DJIEKTPOIPO3HMOHHOM CTaHKE, TOCIE Yero
toper] O6bul oTnuM(OoBaH. OKOHYATENHHO, MONEPEYHOE ceueHne (HOPMUPOBAIN C ITOMOIIBIO
doxycupoBanHoro momHoro mydka (FIB) wmomos Ga' omeprmeir 30 x3B. Bce
MUKPOCKOIIMYECKHE HCCIICAOBAHUS MPOBOAMIN C MOMOIIBI0 CKAHUPYIOIIETO AJIEKTPOHHOTO
muKkpockorna (SEM).

Ha pucyske 1 moka3aHo momepeyHoe cedeHne oOpasla MeTauIOMaTPUIHOTO
KOMIIO3UTa TMOJIyYCHHOE B PEXKHUME OOpPATHO-OTPaKCHHBIX 3JICKTPOHOB. BuaHO, 4YTOo B
pesynbTare aedopmarr 00pa3oBaicss MOHOJUTHBIN oOpasen coeaunerus Al-Cu. Ha nanrom
H300paKEHUH CBETIIbIC YUYACTKH 3TO MEJIb, @ TEMHBIC YYaCTKH — aTFOMHHUHN. BuaHo, 4TO mpu
KPY4YEHHUH TOJ] BBICOKMM JaBJICHHEM B IEHTPAIBbHOM YacTh oOpasiia MeIb B aTOMUHHH
pactipenenuiack He paBHOMepHO. Ha cepeamHe paamyca u Ha nepudepun oOpasia

Ha6moz[aeTc;1 3HAYUTCIIBHO JTyUlICC pacClpeaCICHUC.

Puc.1. SEM nzo0paxxeHne mornepevyHoro CeYeHns MeTALIOMAaTPHYHOIO KOMIIO3UTA, MOIYYEHHOTO
KPY4Y€HHEM 110 BELICOKHUM AJaBJICHUEM

B PE3YIbTATC KPYUCHUA MOA AABJICHHUECM U IMOCICAYIOLICIO OTXKUIAa B aJIIOMUHHEBOU

MaTpule GOPMHUPYIOTCS MPOTSKEHHbIE TPOCIOUKHA MeU (TOJIIMHOMN OT J10JIel MUKPOMETPOB
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70 JECSTKOB MHKPOMETPOB) B HHTEPMETAUIUAHONW OOOJIOYKE, KOTOPBIC —SIBISIOTCS
KOMITO3UTHBIMH KOMITOHEHTaMH.

[Tocne MOHHOTO pacHbUICHUS MOHAMHU aproHa Ha MOBEPXHOCTU 0Opasua ObLI BHIOpaH
Y4aCTOK, Ha KOTOPOM OAHO3HAYHO pa3jIMYMMbl AJIIOMHUHHUCBAA MaTpHula, HpOCHOﬁKa MEIU U

WHTEepPMETAUIUIHBIE (a3bl HA UX TpaHUIlE (PUCYHOK 2 a).

CusAls AlCu
Cu Al2Cu Al

-

Puc.2. SEM u3o0paxkenune: cieBa - MOBEPXHOCTH 00pasiia, CrpaBa — MOMEePEeYHOro ceYeHus o0pasia
METAJUNIOMAaTPUIHOTO KOMITO3HUTa ITOCJIE HOHHOTO PACIBUICHUS

MeTooM ~ SHEProAMCIIEPCHOHHOIO  aHaim3a ¢ nomomplo  SEM  ObLin
UJICHTU(PUIIMPOBAHBI YYacTKH (Pa30BOr0 KOHTpacTa Ha HU300paKEHHHM 10 XHUMHYECKOMY
coctaBy. O CTeleHH PaCHbUICHHUS CYAWIH MO YIIyOJCHHIO yJacTKOB, KaK Ha IOIMEPEUYHOM,
TaK U Ha MpsIMOM HU300pakeHuH oOpasna (PucyHok 2). BuaHo, 4To MOBEpXHOCTH 00pa3iia
pachbUTWIIach HEOJUHAKOBO. Ha TOmepeyHoM CeueHWH, PUCYHOK 2 O, 1Mo mpouiio
MOBEPXHOCTH BHUJHO, YTO CHUJIbHEE BCEro pPACHbUIWIACH MENb, Jajiee — aTMHHHUNA. JTO
COOTBETCTBYET M3BECTHBIM JIAHHBIM, TJI¢ YKa3aHHAs CKOPOCTh PACIbUICHUS aJIOMHUHHS HIKE,
4yeM CKOpocTh pacmbuieHus mead. Wurtepmeramumaneie daser Al,Cu, AlCu u CugAly
pacIbUTWIINCh CYIIECTBEHHO MEHbBINE, YeM Meab. Takke, WHTePMETAUTUAHbBIC a3kl
pacIbUTWIINCh MEHBIIIEe, 4YeM aloMUHHA. TeM BpeMeHeM, CYIIECTBEHHBIX OTIWYHAN B
pacIbUICHUH MEX/y HHTEPMETA/UTHAHBIMY (Da3aMu B JaHHOW paboTeHe HAOI0aeTCs.

B pabGore moxazaHo, uTo AePOpMAlMOHHBIMH METOJAAMH MOXKHO IOJy4YaTh
€CTECTBEHHbBIC METAJJIOMATPUYHBIC KOMIIO3UTHI, TJIC KOMIIO3UTHBIM KOMIIOHCHT HaXOJUTCS B
BUJC HWHTCPMETAUTUHBIA MTPOCIOCK B Marpuie. I[loka3aHo, 4YTO KOMIIO3HTHBIC
uatepmerauuaabie  ¢aser Alb,Cu, AICu u CugAl, OGomee ycTOWYMBBI K HOHHOMY

PAacCIbUICHHIO, YEM OCHOBHBIE 3JIEMEHTHI KOMIIO3UTA: aJIOMUHUI U Meb. Takas CTpyKTypHas
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KOH(bI/IpraI_[I/IH KOMITO3UTHOT'O KOMIIOHCHTA MNPCACTaBIIACTCA Ooiee BBIFOHHOﬁ C TOYKH
3pC€HUA YCTOﬁqHBOCTH KOMIIO3UTa K HMOHHOMY pacCIlbUICHHIO B CpPaBHCHHUH, HAIIpUMEpP, C
KOMIIO3UTaMU € MCJIKOJUCICPCHBIMU KOMIIO3UTHBIMU BKINOUYCHUSIMU. MeTaJIJIOManI/I‘IHBIe
KOMIIO3UThI, IMOJTYYCHHBIC IIC(i)OpMaL[I/IOHHBIM MCETOAO0M, MOKHO HCIIOJIB30BAaTh, HAIIPUMCD,

IPU H3TOTOBJICHUH 3JICKTPOIOB 3JIEKTPOMYTOBBIX IUIA3MATPOHOB [6], i yBelUUEHHS HX

pecypca.

Paboma evinonnena npu noodepoicke PH® (epanm Ne 18-12-00440)

DNeKmpOHHOMUKPOCKONUYECKUe — UCCIe008aHUsL  6bINOJHEHbl Ha  Oase  Llenmpa
KOJUIEKMUBHO20 — NOAb308AHUSL  HAYYHBIM — o0bopyoosanuem  Hncmumyma — npobnem
ceepxnaacmuunocmu  memainos  PAH — «Cmpykmypuvie u  uzuko-mexanuueckue

uccneoo8anus mamepuanoer.
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NOHHO-CTUMYJHUPOBAHHAS JECOPBIUSA C ®PAKTAJIBHBIX
MOBEPXHOCTEM MEPOBCKUTOB U POJACTBEHHBIX COEJJUHEHUI
ION STIMULATED DESORPTION FROM FRACTAL SURFACES OF
PEROVSKITES AND RELATED COMPOUNDS
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The features of desorption stimulated by electronic transitions in non-metallic solids are

studied. The effect of surface fractality on desorption initiated by electron transitions, as

well as U-negative hole states caused by the presence of easily polarized organic
molecules (in media such as organic-inorganic perovskites), is discussed.

K HactosieMy BpeMeHH yOeTMTENbHO MOKa3aHO [1], 4TO mpH HU3KOIHEPrETHUYHOM
MOHHOM O0JTy4eHHH (KaK U MPU BO3ACHCTBUN HU3KOIHEPTreTUUHON HOHU3HUPYIOIIEH pauanuu
B00OIIIE [2]) peanu3yeTcs mporecc CTUMYIHPOBAHHOM 1eCOPOIIUH, B OCHOBE KOTOPOTO JICKUT
HavyaJbHas MOHMW3alUs MO0 BAJICHTHOM 000JI0uKM agaToma (Mexanu3sM Menuens-I omepa-
Penxena), m1u0o riyOokoi 00O0MOYKM alaTOMa; MOCIEAYIOIMIMNA 332 3TUM OXe-Tlepexo]l (UiH
0’Ke-KackaJl) M BBUIET aToMa (MOHA) C TOBEPXHOCTH B PE3YJbTATE CO3/IaBIICHCS KYJIOHOBCKOM
HeycToiunBocTH. llpoaHanmsmpyem Oosiee JETANbHO OKE-MEXAHH3M  «KYJIOHOBCKOTO
B3pbiBa» [1]: kakum oOpa3oM B TOJOOHOM TIpoIECCE OXKE-ACCOPOLUH MPOSBIISCTCS
HEYIOPSAIOYEHHOCTh B PACHOJIOKEHWH aTOMOB MPHUIOBEPXHOCTHOTO CJosA (aToMapHas
IIEPOXOBATOCTH)?

B cooTBeTCcTBUY € TOCIIEIOBATEIFHOCTBIO CTa i 0Xke-aecopOiuu [3], ceueHue:

oy =i, )
3nechk O0; — CeYeHUEe MOHHM3ALUU TITyOOKOW I-i 000JOYKH agaToMa, aa — BEPOSITHOCTH OXKe-
mporecca (Kackaua), BBIBOMSINETO MOJOXKUTEIbHBIA 3apsia Z w3 TiayOoKol 000704YKH B
BaJICHTHYIO; 7] - BEPOSTHOCTH BBLIETA aTOMA C MMOBEPXHOCTU B KOHKYPEHIIUU C DJIEKTPOHHBIM
«3aIUBaHHEM» HEeCTaOWIbHOW WOHHOW KoH(purypamuu. BemuuuHa 7 ompexaenseTcs

MHUKPOCKOIIMYCCKUMH 3aKOHOMCPHOCTAMU OXKC-CTUMYIIMPOBAHHOTO «KYJIOHOBCKOI'O B3pPbIBa»
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[4]. AToMHOE cMelieHHe TPOU30MAET B TOM ClIydae, €Clii B pe3ysbTaTe mpoiecca pa3iéra mno
B030yxn€HHOMY TepMy Ue(R), cMemmaromuiics atoMm ycreer HaOpaTh KPUTHUCCKUI UMITYIIEC
P+, Takol, uTo mocneqyronas HeUTpanu3alus CucTeMsl (epexon Ha ocHoBHOM TepM Ugr(R))

YK€ HC CMOXCT MNPCIATCTBOBATH CMCHICHUIO aToMa: Ha6paHHa51 KHHCTHYCCKAsA SHCPTHUA
P2
E, =+ - & 0 0 Eq. O
K 2/,! W — IPUBCACHHAA Macca) OKa’>XCTCA 00JIbIIC OapbC€pa CMCUICHUA E4. UYCBUAHO,

uyro ycioBue pasnéra Ex>E4(R+) Beuzensier obmacth kputHueckoro pagumyca R>R. (Puc.1).
Bennuuna R, onpenensieTcst U3 ycioBUs:

Ue (Ry) —U (R,) =U () -U (R,) = E4(R) (2)
npuuéM R; — paccrosiHMe MexIy aToMaMH a, IIe

ocymecteisercs mepexon U (Ry) ->U,(R:) B

pe3yjibTaTe OXKEe-IIpouecca. Ecmm 1+ - BpCM:I

2
nBwkenus ot Ry o R+, ronpu U, (R) = Uo(%) :

T+:/LLH Rogp bt g 2
2U, (a/R,)’ | Ro 2n-1)|  (R./R,)

7= [wod, @

+

Puc.1. Atomubie Tepmbl 1 0011aCTh rne W(t) — IUIOTHOCTH BEPOSTHOCTH TOTO, HYTO

KpuTHUecKoro paguyca R>R oo
AIIEKTPOHHOE <«BalliBaHUWE» HE MPOU3OUIET K

MOMEHTY BpemeHu t (eciam 3apsa oOpasoBaiicst kK MomeHTy Bpemenu t=0). ITomaras, uto

HeWTpanu3aiys 3apsja sBisieTcsl MApKOBCKHM IPOIieccoM, nMeeM [4]:

W(t>=riexp(—ri} n=exp(—j—+j, @

Tlie Te — CPeAHee BpeMs HeiTpanu3anuu. [Ipu 3ToOM mpearnoaaraeTces, 9To aTOMHAs BOJHOBAs
(GYHKIIMS HAYQJILHOTO COCTOSIHUSI UMEET 3-00pa3HbIi BUJT | ;((R)|2 =0(R-R;).

B ciryuae aToOMHOI 1IEpOXOBATOCTH MMOBEPXHOCTH UMEEM LIEIIBIN CIIEKTP BEIHYHMHBI R4
T.¢. f(R) — dynkms pacnpenenennus. [etictsurensro (Puc.1), mpu ﬁT = R, BepTHKanbHBIH
OXe-TIepexoJ]  TNPHUBOAUT K  JIOMOJHUTEIBHOMY  3alacy  KyJOHOBCKOM  DHEPIUU

AU, ->U_(R)-U_(R) (3Hakom «~» 31ech 0003HAYEHBI BCE BEIUYMHBI JUIs
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HEYIOPSIOYEHHON Cpefibl), a 3TO MPUBOJUT K MHOW BEIWYUHE, U, cleqoBarensHo, R, #R,,

n
7, # 7, . [Ipy HEOONBIINX CMEIICHUSIX & = ‘RT - RT‘ / Ry <<1 nnst Uex umeem UO(%) :

N

T x1-(n+D) S R, Gy =Y. o1 T‘X(RT)‘zexp —@)d& , (5)
z 0 e s

. i

a
rae (), = I (.)f(R,)dR, o3mauaer ycpemHeHue QyHKIMH 1O  aHcamGmo O,

MOJICTMPYIOIIEMY HEYMOPSIOYCHHOCTh B IOBEPXHOCTHOM CJIO€, CyMMa IO | YYUTHIBACT
BO3MOXKHOCTh Pa3JIMYHBIX HAYAIbHBIX MO3MLMUH; ¢i(Z) — BEpOSTHOCTh 00pa3oBaHuUs 3apsijaa Z

IIPU HaYaJIbHON MOHHM3ALKH i-i 000JI0UKH. YTIpOCTHB HOPMYIy ISl G4, C YIETOM TOTO, YTO

o, =06p;  &(2)=(2) |Z(Ri)|2 =6(Ri —Ry), (6)

1 1
rae dip — cumBosl KpoHHekepa; Z - cpeaHuil 3apsi, oOpa3yeMblil pu oxe-Kackaje, MOKHO

HOJY4YUTh OTHOILIEHUE CEUEHUH JecopOnuH vy:
},zﬂz exp (n+1§7_+ (7)
(o Ro 7. |/,

Ciy4aii TayccOBOro pacrpeeieHus mo o paccMoTpeH panee B [5]. Hapsay ¢ atum, B
nocjeaHee BpeMs OOJbIIONH MHTEPEC BBI3BIBAIOT CUCTEMBI C IIEPOXOBATOCTHIO 0COOOr0 THIIA
— (pakrampHOCTBIO [6], KoTOpas xapakTepu3yeTcs TaK Ha3bIBaeMOH (paKTaabHOI
pazmepHocThio Dy. He ocTanaBnmBasich JeTaqbHO HA MaTeMaTHYECKON YacTH 3TOTO MOHSTHUS,
B CBETE€ HAIIMX MHTEPEeCOB (a HMMEHHO, KOHKYPEHIIMH B TMPOLECCe CTUMYJIMPOBAHHOU
JeCOpOLMY MEXAY aTOMHBIMU ( 7+) U 3JIEKTPOHHBIMU ( %) BpEMEHAMHU pellaKcaliu), OTMETUM,
4yro OnM30cTh BeMMUYMHbI Df K TpéM o3HauaeT OJIM30CTh AIIEKTPOHHBIX IPOLECCOB K
MOBEJICHUIO B 00BEMHBIX 00pa3lax, Toraa Kak npu Df — 2 snekTpoHHast penakcanus uaeT no
aByMepHOMY Tumy. IlockonpKy Jokanmu3anusi (yBEJIMYEHHE Te) MOJHEE OCYIIECTBISCTCS
UMEHHO B JBYMEpPHBIX OOBEKTaxX, TO MOXHO CJelaTh BBIBOJ BeCbMa OOILEro xapakrepa:
necopouust UIET ¢ OoJblIe BEpOSTHOCTBIO € Oojee IJIOCKMX MOBEpXHOCTEH (3a Cuér
YBEIIUYEHUS Tz), U OTO XapaKTEepHO I NpeA(pakTaloB MallbIX T'€HEpalui; B CiIydae xKe
OOJIBIIIMX TEHepalnuil, TO eCTh MpU JOCTHKCHUH HaHO(PAKTANBHBIX CHTyaruid [7],
MPOSIBIISIETCS. HOBOE OOCTOATEIHCTBO — YMEHBIIIEHHE CBSI3U ATOMOB C MTOBEPXHOCTHIO (TO €CTh
yMeHbIIeHHe 74). CyMMapHO 9TO O3HAa4aeT HEKYI HEOIPE/ICIICHHOCTh B OTHOIICHHUH T4/ 7o, 1
pe3ysbTaT y)Ke He sIBJIIeTCS YHU(DUIMPOBAHO OOIIMM, a OKa3bIBAETCS CHIIBHO 3aBUCHMBIM OT

JIOKaJIbHOM XUMUU TIOBCPXHOCTH.
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BecbMa ~ WHTEpeCHBIMH  OCOOCHHOCTSMH  JO/DKHBI  00JNagath  MPOIECCHI

CTUMYJIMPOBAHHOM JecopOIu B 00BbEKTaX THUIIA OPraHMKO-HEOPTaHMUYECKUX MEPOBCKUTOB
v + 19

13—3a JIETKO MOJISIPU3YeMbIX OpraHndeckux aumnoieit tuna MA™ (cwm. [8]). [elicTBuTenbHO, Ha

Puc.2 BugHO, 4TO 0Opa3oBaBIIMecs B pe3ysbTaTe oxe—Iepexo/a (¢ y4acTHeM HaJIeTaroIIero

MHOI'03apAJHOro I/IOHa) JABC JbIPDKH B BaJICHTHOH 30HE

a
F"'T HMEIOT OOJIBIIYIO TEHICHIHUIO K Pa3I€Ty ¢ XapaKTepHBIM
: BpEMEHEM
£ (€)= ~
«Eca-p r, ~a/v=a’/(ue), (8)

7€ @ — XapakTepHbIi pasmep WoHa |, 7 — NOABMKHOCTD

ABIPOK B BaJICHTHOM 30HE. OI[HaKO, JABC JIOKAJIM30BaHHBIC

ABIPKHU NMOJIAPU3YIOT NICPOBCKUT, U, B IICPBYIO OUYCPCIb, 34

CUéT pa3BopOTa MIOABHIKHBIX OPraHUYCCKHX HHHOHCﬁ C

XapaKTCPHBIM BPEMCHEM IMOJIApU3aluA

T oot ™ a)—lDexp (%T] , )

rae op — naebaeBckas 4vactora, Q — aKTHMBALMOHHBIM

Oapbep MOBOPOTOB aumnoineil. Iloaromy mnpu ycioBuu

.

Amar Te>Tpol JBYXJBIPOYHOE COCTOsAHHE (cocTossHue KHoTeka-

deiibenpmana [1]) omyckaercss 0 HEPrHMHM HUXKE JHA
Puc.2. O6pazoBanue aByx
JBIPOK B BAJIEHTHOI! 30HE [IpH BAJICHTHOM 30HBI, YTO PE3KO YBEIHYHUBAET BPEMs OCEIION

OXKE-TICPEX0ac ~
KU3HU: T, >>7,, U OTO NPUBOAUT K YCJIOBHIO Ooinee

s dexTuBHON necopOIHu: exp(—r+ /re)—>1. B gpyrom caydae t1po>7e AecopOnus

He3(b(1)eKTI/IBHa. Takum o6pa30M, o0a pexuMa pasAaciICHbl TpaHUYIHBIM 3HAYCHUCM

TemIreparypsl T*, Tak 4To ycioBreM 3(PEeKTUBHOM ecopOLuu Oyaer:

Q
T>T*= , 10
g kin[a’w, /7] (10)
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CHANGES IN THE BERYLLIUM STRUCTURE UNDER THE IRRADIATION BY A
PLASMA BUNCH

B.K. Rakhadilov, T.R. Tulenbergenov
National Nuclear Center of the Republic of Kazakhstan, Kurchatov city, Kazakhstan,

rakhadilovb@mail.ru

Structure changes and surface erosion of beryllium under the irradiation with a plasma
bunch were researched in this article. Irradiation was carried out in the hydrogen, deuterium
and helium medium. Microstructural research of beryllium samples have shown that
irradiation of beryllium with a plasma bunch leads to the formation of a porous structure. The
density of pores depends on the composition of the plasma.

At this time, plasma confinement aids cannot be called ideal, despite all the work done.
Components of fusion reactors facing the plasma experience a high thermal load and are
exposed to significant fluxes of charged particles. Thus, one of the key tasks in creating a
Tokamak based fusion reactor is the choice of materials facing the plasma, which must
withstand both stationary plasma-thermal effects and intense pulsed [1]. All components must
withstand for a long time a high thermal load, have a low level of dispersibility and
accumulation of fuel, have high coefficient of thermal conductivity. The processes of damage
to the surface of materials when exposed to plasma flows are determined primarily by the
thermophysical properties of the material itself, namely: thermal diffusivity, melting point and
boiling point. However, there are significant differences caused by a wide front of exposure,
flow turbulence on irregularities and protrusions of the irradiated parts and assemblies, as well
as the effect of the introduction of plasma ions into the material. All this leads to erosion, the
formation of specific surface structures and a modified surface layer [2, 3]. Therefore, the
purpose of this work was to study the peculiarities of the change in the surface of beryllium
when irradiated by a plasma bunch.

Beryllium samples of TGP-56 model which have size of 10 x 10 X 5 mm were cut on
an electroerosive machine. Before irradiation, the samples were ground and polished. The
samples were irradiated with a plasma bunch in the helium, hydrogen and deuterium medium.
During irradiation, the pressure in the chamber was 2 x 10-3 Torr. Plasma samples were
irradiated on a plasma-beam discharge installation simulating plasma-surface interactions of
Tokamak KTM [4, 5]. The plasma parameters were measured by an electric Langmuir probe
located in the interaction zone. The control of the medium in the cavity of the interaction
chamber was carried out using a CIS-100 quadrupole mass spectrometer. Table 1 shows the

modes of irradiation of samples from beryllium.
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Table 1 — Modes of irradiation of samples

lon
Primary beam | Working Bias potential ) Exposure
sample concentration |
power Wep, W gas on target, V 17 3 timet, c
107"
Be 1500 hydrogen | -1200 5,84 1800
Be 1500 deuterium | -1200 3,04 1800
Be 1500 helium -1200 5,16 1800

The microstructure of the samples before and after irradiation was studied using an
Olympus BX41M optical microscope and a JSM-6390 scanning electron microscope.

Picture 1 shows SEM-images of the surface of beryllium samples before and after
irradiation in helium, hydrogen and deuterium. Microstructural research of beryllium samples
showed the presence in the initial state of micropores of small size and small amount, located
mainly at the grain boundaries. After irradiation with a plasma beam (Picture 1), defects in the
form of small pores are observed on the surface of beryllium. Pores of various bulk density
are formed depending on the plasma composition. The smallest surface porosity is observed
for the sample irradiated with deuterium plasma. A strong destruction of the structure is
observed in samples irradiated with hydrogen and helium plasma. Moreover, after irradiation
with helium plasma, the surface of beryllium acquired a spongy structure, the reason for
which is the appearance of large gas bubbles along which the main crack passes in the process
of sample destruction. Spreading drops are visible on the surface. It can be assumed that these
are products of erosion, which are returned back to the plasma sample during irradiation

It was founded that irradiation of beryllium of the TGP-56 model by a stationary plasma
bunch in a helium, hydrogen and deuterium medium with a primary electron beam power of
Wep = 1,5 KW and an accelerating ion voltage U=-1.2 kV for 0, 5 hours leads to the

formation of a porous structure.
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TEPMHUYECKAS U HOHHASI OUUCTKA MOBEPXHOCTU KPUCTAJIJIOB SiOy
THERMAL AND ION-ETCHING CLEANING OF THE SURFACE SiOx CRYSTALS

V.b. H_[aQOHOBl'Z, B.I. ATa6aeB2, P. Z[)Ka66apraH0B2
U.B. Sharopov?, B.G. Atabaev !, R. Djabbarganov®

1HHcmumym Honno-ITnasmennvix u Jlazepnuwvix Texnonoeuit AH PY3, Tawkenm, Y30exucman,
e-mail: utkirstar@gmail.com;
2 Tawkenmexuii Texnuueckuil Yuusepcumem um. Ucnama Kapumosa, Tawkenm, Y3oexucman

This paper presents studies that compared surface cleaning with the use of ion
bombardment and heat treatment using electron-spectroscopic methods of total
current. It is shown that during thermal processing it is not possible to clean the
surface of silicon from carbon and its compounds even at a temperature of 1000°C.
But irradiation with cesium ions with subsequent annealing (at 800°C) of the
sample results in an atomically clean silicon surface for several minutes.

OuncTKe TOBEPXHOCTH TOJYIPOBOJHUKOBBIX MAaTEPUANOB YAEISUIOCH OOJBIIOE
BHUMaHHE Ha BCEX JTalax pPa3BUTUS MHUKPOIIEKTPOHUKH. OcoOyro Ba)XHOCTH mpodiemMa
YHUCTOTHI IOBEPXHOCTH NMPHOOpeEa ¢ BOSHUKHOBEHUEM IJIEHAPHON TEXHOJOTHH, ITPU KOTOPOH
CBOWCTBAa MOBEPXHOCTU OKA3bIBAIOT CYIIECTBEHHOE BIUSHHE Ha IapaMeTpbl HpUOOpPOB.
3HaHWEe  MEXaHW3Ma  aicopOmMM M JecopOIMH  TNpUMeceii Ha  MOBEPXHOCTH
IIOJIyIIDOBOJHUKOBBIX ~ MAaTE€pPUAJIOB  MCKIIOUMUTEIBHO  BAXHO I I[POBEICHUSA
LeJIeHanpaBieHHoro, 3¢ ¢dexkTuBHOro mpouecca o4yucTkd. OpHum w3 Haubosee
BOCTPEOOBAHHBIX MAaTE€PHUAJIOB COBPEMEHHOW MHKPO- U HAHOZJEKTPOHHUKHU OCTaeTcs
MOHOKPHUCTAIIIMYECKUI KpeMHUU. B 3T0#l paboTe mpencraBieHbl UCCIEIOBaHUS, B KOTOPBIX
IIPOBOJIUJIOCH ~ COIIOCTABJICHWE OYHMCTKM  IIOBEPXHOCTM C  NPUMEHEHHEM  HOHHOU

O0MOapIUPOBKH U AJEKTPOHHO-CIIEKTPOCKOMUYECKUMH MeToaamu nosHoro Toka (I1T).

Ha pucynke 1 npuBenens! cnekTpbl [IT MOBEpXHOCTH KpEeMHHUS OTOXOKEHHOM INpH
temneparype ot komHatHoi 1o 1000°C. Kpusas 25°C cootserctByet cnekrpy IIT rpssHoii,
HE TOABEPTHYTHIM KakoMy-JIMOO BO3JEHCTBUIO MOBEPXHOCTH KPEMHHUA. 37€Chb BHUJHO, YTO
UHTEHCUBHOCTH IHUKOB OYEHb Cllaboe, He pe3Koe. JTO MPOMCXOJUT 3a CUET pacCesHUs
AJIEKTPOHOB B  TOJIMKPUCTAINIMUYECKOM pelIeTKe aJCOpOMPOBAHHOIO OKHCHOTO  CJIOSL.
[TomymmprHa NEpBUYHOrO NMUKAa paBHO NpuMepHO 1.23B, mpownsonuio €€ ymmpeHue. ITo

TOBOPHUT O CTCTICHHU HECOJAHOPOJHOCTHU IMOBEPXHOCTH UCCIIEAYEMOT'O o6pa3ua.

[lepBruHBIl MUK OpPH SHEPIUSIX HIEKTPOHOB 3,55B MoKaspiBaeT Havauo OTCYeTa
KHHETHIECKOMN OHEPIUU JBJICKTPOHOB M COOTBCTCTBYCT IIOJIOKCHHIO YPOBHSA BaKyyMa Ha
sHepreTudeckoi ocu. Tak Kak MepBUYHBIN MUK MMOKa3bIBaeT paboTy BbIxojaa obpasia (3,53B),

YpOBHEM (DepMH ABJIICTCA HAaYaJIbHAA SHEPIrUd 3JICKTPOHOB 03B, OCTAJIbHBIC IMUKHU CIICKTpa
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[IT 6ynyT naeHTHGUIIMPOBAHBI ¢ BEIYUThIBaHUEM dHeprun ®epmu Ef u3 sHEprun nepBUIHBIX

37eKTPOHOB Ep.

E:EP-EF (l)

ABC D

. AAA A

8

£ | A

| /\/ Si(111)-7x7

wi | \

2 1)

o v '\\

\ "1000°C
\

- \ N 900°C
[ \

p, F/ /"~ \\ 800°C
[ ] ,lv\ 700°C
11\ 600°C

=%

>

| J T N 500'C

f\{ T —T400°C
I ~—— 300'C

| ~ 200°C

/U?/_-’ >

N

I R ™

Puc. 1. Cnextp IIT rps3Hoii (25°C) u npoliecce TepMUYSCKO 00pabOTKU M OKUCIICHUS
(200+1000°C)

Omxur nmpu temneparype 200°C 3aMeTHOro M3MEHEHHs B CIIEKTpe He Halmronaercs,
TOJIbKO YBEIMYMBAETCS MHTEHCUBHOCTH KpuBOM xapaktepHoil cmektpy IIT SiOy. Ilocne
TeMIeparypHoro orxura B TeueHMH 10 MuuyT npu Temneparype 500°C HauuHaercs
yIBOEGHUE NEPBUYHOrO NHKa. Ecin Ha NOBEPXHOCTH OCTPOBKOBAs IUIEHKA IMPOMCXOJUT
pa3/BOEHHE MEPBUYHOTO MHUKA, YHEPIeTUUYECKOE MOJI0KEHHUE OJHOTO COOTBETCTBYET paloTe
BBIXOJIa TMOJJIOXKKH, a Jpyroro paboTe BbIXO/Ja IOBEPXHOCTH OCTpoBKa. Pa3nBoeHue
NEPBUYHOTO MHKAa YKa3blBaeT Ha 0Opa30BaHUE YIJIEPOJAHBIX M OKCHUAHBIX COEIMHEHUHN
kpeMHus. Kak BugHO B criektpe IIT nosasercs makcumym D nipu sHeprum 105B, cpaBHeHue
¢ nauabiMu NEXAFS, TDOS [1-2], MakcuMyM COOTBETCTBYET BO3OYKIIEHHIO 2p COCTOSTHUE
aTomMa yrJiepoJa Ha HE3allOJHEHHbIE COCTOSHHUS BhIIe YpoBHSA BakyyMma. Ilo dopme
MEPBUYHOrO MHUKA, MOKHO CKa3aTh 4YTO, OCie oTkura npu tremneparype 700°C noBepXHOCTh
ITOJIHOCTBIO MOKPBIBAETCS CIUIOLIHBIM OKHCHBIM ciioeM. lIposBienne makcumymoB A, B, C

YKa3bIBA€T HAa MOBCPXHOCTHBIC JJICKTPOHHBIC COCTOAHUA, XAPAKTCPHBLIC IJIsI OKHCJICHHOI'O
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kpemuusi. Ha camom Bepxy npuBezaeH mrpuxoBanHbii ciektp I1T Si(111) co ctpykrypoit 7x7

1u1s cpaBHeHus ¢ Si0».

Ha pucynxke 2 nokaszano cnektpsl [1T B mpornecce okuciaeHus, HOHHOM 00MOapAUPOBKH,
C TOCIEAYIONUM OTKUTOM MOHOKPHCTAUIMYECKOW TMOUIOKKU KpemHHUs. Kpupas 1
cootrBercTBYyeT, crektpy IIT crpyktypsl SiOx, amcopOuuu kuciopoaa Ha kpemHun [3].
Crpenkamu a, 06, B yKa3aHbl [MOBEPXHOCTHBIC AJIEKTPOHHBIE COCTOSHUS, XapaKTEpHBIC IS
OKCHJIa KpeMHHUS. MaKCUMyM a COOTBETCTBYET BO30YKIEHHUIO JIEKTPOHHBIX MEPEXO0JI0B U3
2p-COCTOSIHMM aJcOPOUPOBAHHOTO KHUCIOPOAA B 3KCTPEMYM HE3aIMOJHEHHBIX COCTOSHUU B

30HE MPOBOMMOCTH. MaKCUMyMbI O ¥ B COOTBETCTBYET IIEPEX0/1aM U3 B 2P-COCTOSIHUIA B JBa
9KCTpEeMyMa IUIOTHOCTH CBOOOIHBIX JJICKTPOHHBIX COCTOSIHUH B 30HE MPOBOIUMOCTH
kpemuus [3].

Cs*—>SiO,

lcs+=108noH/cMm,
Ece,=2.5k0B

A
v

dI/dE,oTH.en.

(111)7x7

r
M I, I, (mbpuansaums
” [\ ANEKTPOHHBIX COCTOSAHMIA
l RPENAVIA W ucdvm)

Cs*»SiO,

) 2
\ ; B ~
3 Sio,
Van
a 1
v
“a, 6, B (NOBEPXHOCTHbIE
3M1EKTPOHHbIE coCcTOsAHMA SiO,)

2 4 6 8 10 E oB

Puc. 2. Cnextp IIT B npouecce okucienus, nonHoir 6ombapauposku (Cs) 1 Hociie OTKura
MOHOKpHCTaTHYeCKO# nmooxku Si(111)

Jnis ynaneHuss OKMCHOTO CJIOsl MCIOJIb30BAlOCh MOHHOE pPaclbUIEHHE MOBEPXHOCTH.
[Mocne woHHOH Gombapmuposkn (Cs’, E=2,5x3B, D=2,2X1015H0H/CM2) TIOSIBIISTFOTCS
makcuMymbl [, T, KoTOopbple OOYyCIOBIIEHBI THOpUAM3AIMEN JIEKTPOHHBIX COCTOSHUI
KpemHus ¥ 1e3us (kpusas 2). [locaenyromnuii oTxur obiayderHoro kpuctamia npu 800°C (60
MHUH) OPHUBOAMT K TMOSIBIEHUIO psAga NHKOoB W cryneHek B cmekrtpe I[IT. Kpusas 3

cooTBeTcTBYeT cCrHekTpy IIT OTOXOKEHHONM TMOJIOKKA KPEMHHS TIOCHE OXJIAXKICHHUS.
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CpaBHeHue KpuBOM 3 ¢ maHHbIMHU [3] yka3biBaeT Ha OJM30CTh TMOJYYEHHOTO CIIEKTpa CO
criektpoM IIT uucroro Si(111). B ornuume ot [3], ”HTEHCMBHOCTH MMKa A B HaIleM cllydae
3HAUUTENBHO Oonbine. HuskosHepreTwmueckuid MakcuMyMm (A) B CHEKTpPE IMOJTHOTO TOKa
(1.35B) MOXHO OOBSICHUTH HAJIMYMEM MOJOCHI MOBEPXHOCTHBIX COCTOSHUN BOJIM3M Kpas
BaJICHTHOM 30HBI. XapaKTepHO, YTO HUHTEHCUBHOCTh MaKCUMYyMa OCJIa0JIsIeTCsl IPU a1cOpOLIUU
(ocobeHHOrO KHMCIOpOJa) M OH Mcye3aeT mpu Temmeparypax T>200°C, yto yka3biBaeT Ha
CBSA3b €ro C IOBEPXHOCTHBIMU COCTOSHUSIMU. EcCiM 3JeKTpOHHBIM Mepexo]] U3 30HbI
IOBEPXHOCTHBIX COCTOSSHUM B 30HY HPOBOAMMOCTM C Iepedaded »sHepruu 238
COIIPOBOKIAETCS PacCeSHUEM MEPBUYHOTO IEKTPOHA B SKCTPEMYM IUIOTHOCTH CBOOOIHBIX
COCTOSIHUH, TO B CIIEKTpE MOJHOTO TOKa JOJDKEH pPEerucTpupoBatbcs MakcumyMm (B) mpu
sHepruu 1-1.53B, uyto u nHabmomaercs B skcrnepumente. OIHOBpPEMEHHOE paccesHue
NEPBUYHOTO JJIEKTPOHA B MAKCUMYM IUIOTHOCTH CBOOOJHBIX COCTOSIHMM IIpUBENET K
MOSIBJICHHUIO KCTPEMYMa B CIIEKTpE IOJIHOIO TOKa Mpu 3Hepruu 2.5-33B. DTot skcTpemym
nposiBiisieTcss B mporecce omxura oodpasma (muk C), mpu T>800°C, oH cTaHOBUTCS
onpeaensomuM. [Ipu Takux Temmneparypax moBepxHocTh kpemHus (111) xapakrtepusyercs
CTPYKTYpO#, COOTBETCTBYIOLIEH 00bEMY, UTO MOATBEPKAAET OOBEMHYIO HPUPOILY

paccMaTpuBaeMoOro MakCUMyMma.

Takum obpazom, mpu temmneparypax omxkura 400°C Habmrogaercs o6pa3oBaHue TOHKOM
OKHUCHOM IUICHKM HAa MOBEPXHOCTH KpeMHus, Bbilie 800°C HauMHAETCS yAAJIEHUE OKHCH C
MOBEPXHOCTU KPEMHHUS, HO TIOJIHOE YAAJIIEHUIO OKHCH C TIOBEPXHOCTH HEBO3MOKHO JIa)Ke MpPH
temneparypax omkura 1000°C. He ynanock O4MCTUTh MOBEPXHOCTh KPEMHUS OT yriepoaa u
e coenuHenuil gaxe npu temneparype 1000°C. [Ipu 3Tux Temneparypax Ha IMOBEPXHOCTH

06pa3y}0TC;1 CUJIbHBIC CBA3HU YIJICpoaa U KPEMHUA.

Tonpko oOOMydYeHHE WOHAMH 13Ul C TOCIEAYIOUIUM OTXKHIoM (IIPH TeMIeparype
800°C) oOpasna MNpUBOIUT K TMOJYYCHHIO AaTOMApHO YHMCTOW TOBEPXHOCTH KPEMHHUS Ha
HECKOJIBKO MUHYT B 3aBUCHMOCTH OT JABJICHHUS OCTAaTOYHBIX Ta3oB Bakyyma. OOmydeHue
MOHAMH 11€3UsI HE AaéT BO3MOXKHOCTH 00Opa30BaHUIO OKMCH HAa KPEMHHUH 32 CUET TPaBJICHUS
noBepxHocTH. [locre ocTaHOBKM HMOHHOM O4HMCTKH B Bakyyme 10-9 Topp. MOBEpXHOCTh

KPEMHUSI CHOBA HAUMHAET OKUCIISIETCSA B TEYEHUH HECKOJIbKO MUHYT (10 MuH).

[1] https://journals.aps.org/pra/abstract/10.1103/PhysRevA.40.652

[2]https://www.researchgate.net/publication/238645183 NEXAFS_spectroscopy_study of the surface
properties_of zinc_glutarate_and_its_reactivity with_carbon_dioxide_and_propylene_oxide

[3] Komonor C. MHTerpanbHas BTOPUYHO-3JICKTPOHHAS CrieKTpockonus nosepxuoctu. JIT'Y, 1986. 180 c.
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MOJIEKYJIAPHO-IMHAMHUYECKOE MOJEJIUPOBAHUE B3AUMOJIEACTBUS
API'OHOBBIX KJIACTEPOB C IIOBEPXHOCTBIO ITOJIUIPUPIPUPKETOHA

MOLECULAR DYNAMICS SIMULATION OF ARGON CLUSTERS INTERACTION
WITH A POLY(ETHER ETHER KETONE) SURFACE

B.B. CI/IpOTKI/IHl‘2

V.V. Sirotkin*?

pry MUPDSA, Mockea, Poccus;
2UITTM PAH, Yepnoeonoska, Poccus, e-mail: sirotkin@iptm.ru

Presented is the molecular dynamics simulation of electrically neutral argon
clusters impact on the surface of poly(ether ether ketone), a promising orthopedic
implant material. The results of the simulation are compared with the data obtained
in the experiments on the treatment of the poly(ether ether ketone) surface by
accelerated neutral atom beams.

[Monmmaypupadupkeron (II1D3K) Haxoaut Bce Oosiee MIMPOKOE NMPUMEHEHHE B 00JacTh
TPaBMAaTOJIOTUHU U opTornenuu [1]. IToT maTepuan OMOCOBMECTUM U peHTreHomnpo3payeH. Ero
MOJyJb YNPYrocTH ONM30K K MOZYNIO YIPYrocTH yenoBeueckod koctu. Opnako, [199K
ABJISICTCS OMOMHEPTHBIM U IUIOXO UHTETPUPYETCS C OKPYKAIOIIUMU KUBBIMU TKAHSIMH.

B Hacrosimiee Bpemsi BemyTcs TMOHMCKH S()()EKTUBHBIX METOIOB MOAU(DUKAIUU
noBepxuoctu [199K anst moBsieHus ee onoaktuBHOCTH [2-4]. B [5,6] ¢ 3TO# HEp0 ObLIH
UCIOJIb30BaHbl APrOHOBBIE TaK HAa3bIBa€Mble IYYKH YCKOPEHHBIX HEHTpalbHBIX aTOMOB
(Accelerated Neutral Atom Beams — ANAB) [7]. O6paboTka mpuBena K 3aMETHOMY
U3MCHEHHIO (PU3MKO-XMMHUUECKHX CBOMCTB MOBEepXHOCTH (Hampumep, K pocty R; ¢ 4.41 um 10
9.39 HM) ¥ 3HAYUTENBHO YCWITHIIA TIPOJTH(EepaIuio KJIETOK OCTE00IaCTOB YeIOBeKa Ha HEl.

®opmupoBanne ANAB npoucxogutr B pe3yibTaTe B3aUMOJAEHCTBHS IyYKOB ra30BBIX
KJIACTEPHBIX MOHOB C arOMaMM OCTaTOYHOI'O ra3a M IOCIELYIOIIEro 3JIEKTPOCTaTHYECKOIrO
OTHCJICHUS BCEX 3apsHKeHHBIX vactui [7].  MonekynspHo-nuHamudeckoe  (MJI)
MonenupoBanue mnokazano, yto ANAB mnpexacrasnstor co0oii cMmech W3 JIOCTaTOYHO
pacCcessHHbIX OAMHOYHBIX aTOMOB M HEKOTOPOTO KOJIMYECTBA AIEKTPUYECKH HEUTpaAJbHBIX
(parmeHToB KnactepHeix noHOB [8]. B manHo# pabote ¢ momomipto MJI MojenupoBaHust
JIeaeTcsl OLEHKAa TOro BKJIAAa, KOTOPBIH MOXET BHOCHUTH B HAHONPOQUIMPOBAHUE
nosepxHoctu 199K knacrepnas cocrasistomas ANAB.

[Ipu mnpoBeneHMM pacyeTOB NPUMEHSUIIUCh (PparMeHThl, MoJdy4deHHble npu MJ]
MOJIEJIMPOBAaHUH TIPOLIECCa YAAPHOTO PAa3pyLICHUs] aprOHOBBIX KJIACTEPHBIX MOHOB YETHIPEX
pa3HbIX pazMepoB. KiactepHble HOHBI ObUH ycKopeHbI pu HanpsbkeHuu 30 kB. B tabnune 1

MIPEJICTaBJICHBI: pa3Mepbl UCXOJHBIX KJacTepHbIX HOHOB (N¢), pa3Mepbl MOTYYEHHBIX U3 HHUX
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dparmentoB (Ng), sHeprus ¢parmentoB (E) um omenka BepostHoctH (P =1-—ns/Nc)
INPUCYTCTBUS JaHHBIX (parMeHTOB B COCTaBe aTOMHO-KiIacTepHoro mydka. [lamee s
KPaTKOCTH DJIEKTPUIECKH HEUTpanbHbIe (PParMEeHThI KIACTEPHBIX HOHOB HA3bIBAIOTCS MPOCTO
KJIaCTepaMHu.

Ta6mmma 1. Bxogasle 1 BEIXOAHBIC JaHHBIE Ml MOIETHpOBaHUL.
Ne | nf | E, x3B p M; | My | L, M | Ly, M | Npp
309 | 34 | 330 |[0.890| 6 1.782 | 2.349 | 99
4351121 | 834 |0.722| 9 2.673 | 3.915 | 198

561 | 303 | 16.20 | 0.460 | 11 3.267 | 4.698 | 326
742 | 508 | 20.54 | 0.315 | 12 3.564 | 5.481 | 340

~N| oo w

Kpucrammunaeckuii obpazern; 199K coctosn u3 81 cimoeB mo 41 makpomosexysie B
KaKIOM. Makpomolekynbl coaepxanu mo 16 MoHoMmepoB. Pasmepsl oOpas3na cocTaBisiu
~24 x 32 x 24 um®. Jl1st 3a/1aHUs] B3AMMOJCHCTBUS aTOMOB aprosna zpyr ¢ npyrom u ¢ [199K
UCHonp30Bajics mapHbld moteHiman Jlennapna-/lxonca. s I[I93K Obiia mpumeHneHa
mogudukamnus cunoBoro moias OPLS AA [9]. B nmanHoii MoauduKanuu Ui 4iIeHa,
OTMCHIBAIOIIETO PACTSDKEHUE CBsI3€H, BMECTO TapMOHHMYECKOTO MOTEHIMaja ObUl BBIOpaH
noreHiman Mopse. Ilpm MoxenupoBaHWHM 5SBONMIONMS 00pasna OTCIEXKHBAIach Ha
OPOTSHKEHUH 25 MC Toclie ynapoB kiactepoB. HukHss 4yeTBepTh oOpas3lia HaxoAujach B
KOHTaKkTe ¢ TepmocratoMm JlamxkeBena mpu Temneparype 300 K. O6Gnacte MonenupoBaHUS
uMena TeproAnYecKre IpaHUYHbIe ycinoBus. lllar mHTErpupoBaHHS MO BPEMEHU paBHSUIICS
0.1 ¢c. Pacuersl ObLIM BBIOJHEHBI ¢ MOMOIIBIO maketa the Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) [10].

Ha pucynke 1 mokazaHo, Kak JHeprusl yaapa KJIacTEpOB pacXxoAyeTcsi Ha Harpes
oOpasima u Ha pa3pbIB cBs3el B Makpomodiekynax [199K. Bo Bcex paccMOTpeHHBIX clydasx
HarpeB JOCTUTAaeT MakcumMyMma npumepHo depe3 0.64 mc mocne ymapa. K satomy MomeHTy
aTOMBI aproHa repeaaroT OOJbIIYI0 YacTh CBoei sHepruu B o0beM I1D3K (pucynok 2(0)).
Janee oHeprus ypapa mnpojaomxkaer AudGyHIUPOBaTH B pPagUAIbHOM HAaNpaBICHUH,
YBEJIMYKMBAs PACCTOSHUE MEXIy MaKpOMoJeKynamu (pucyHOK 2(B)). ITO BBI3BIBACT
CHI)KEHHME TemImepaTypel oOpasua. HawuOonbinee pacmupenue obOpasna HabmogaeTcst
npuMepHo yepe3 6 1c. 3aTeM 3a pacmupeHneM cienyeT cxarue (pucyHok 2(r)).

[ToBpexxaenust (BbIEMKH) B 0OOpaslle, BBI3BAaHHBIC YAapaMu, UMEIOT YATUHEHHYIO
dopmy (pucynku 2(r)-(e)). [Ipu 3TOM KOIUYIECTBO pa30pBaHHBIX yAapaMH MaKPOMOJICKYJ HE
oueHb BenuKo. Yepes 25TC YacTH ITUX MaKpOMOJIEKYJ BCE €IIe BHCAT B BaKyyMme

(pucyHok 2(m)). Pa3mepbl BbIEMOK B 3aBHCUMOCTH OT pa3Mepa KJIacTepoB NPUBEICHBI B
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tabmune 1. My u M; — 3T0 MakcHMalbHbIE INMPHHA U TIyOMHAa BBIEMOK, M3MEPCHHBIE B
KOJIMYECTBE PA30pBaHHBIX MaKpOMOJIEKYJ. Pa3Mepbl BBIEMOK B €IMHHIIAX UIMHBI MOYHO

HOJIy4UTh U3 cooTHOwenui Ly = aMy u L, = bM,/2, rne a=0.783 um u b=0.594 nwm.

=
N L 2
~ G s
w N\ | com,
N y
n ey ] /
S n=508 | ° =
01N S T e g | n=303
N T B S B ey B8 1001/
400 { e —t c
—— n=12 & \
x — e [} Sen
o 3807 =3 i o N
]
350 < / ~
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340 g & i N
: 3 -
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200 4 4 0 J
0 5 10 15 20 28 0 5 10 15 20 25
1L ps Lps

(a) (6)

Pucynok 1. (a) OBomrorust Temmnepatypsl oopasia [I95K mocne Bo3mIelHCTBIS KIIaCTEPOB pa3HBIX
pa3mMepoB. (0) M3meHeHue uncia pa3opBaHHbIX CBsi3eil B oOpasiie [IDOK nmocine yaapa kinacrepa ¢ 303
aTOMaMH aproxa.

Pucynok 1(0) neMOHCTpUPYET, YTO OCHOBHAsI YacTh CBsA3eil B apuiibHbIX rpymmax (Nc-c)
u B keToHHBIX rpynnax (Nc.ok)) paspblBaeTcs IpH Iepenade SHEPruu KIacTepoB oOpasiy.
Yucno pasopBaHHBIX CBs3ed Mexay apuiabHOi M 3¢upHOil rpynnamu (Nc.oe)), MexIy
apuinbHOH 1 ketoHHOH rpymmaMu (Nc.cg), a Takke MEXTy aTOMaMHU YIJIepoaa H BOIAOpPOAA
(Nc-H) mpoomKaeT 3aMEeTHO YBEITMYMBATHCS BO BPeMsl PacIIUpeHus o0pasiia.

JlaHHble, TNpencTaBlieHHbIE Ha pHUCyHKe 1(0), B LEJIOM HOATBEPXKIAIOT OKUIAEMYIO
IPSIMO TIPOTIOPIIMOHANBHYIO 3aBUCHMOCTh YHCIIa Pa30PBAHHBIX CBSI3€H OIMpPENeIEHHOTO THIA
OT BENUYMHBI COOTBETCTBYIOIIEH OSHEPrHMHM JUCCOUMAIMU. VICKIIOYeHHnEeM  sBISeTCS
Habmonaemoe cootHomeHne Ney(t) > Ne-cgo(t), koTopoe oOBsicHsIeTCS TeM, YTO KOJIMYECTBO
ceszeit C-H B [IDOK namHoro npesbimaet koiaudectBo cBszeit C-C(K).

B [6] ANAB o6patotka 193K npoBoaunack npu yckopstomiem HarpspkeHun 30 kB.
Cpennsisi sHeprusi aToMOB aproHa paHsu1ack 40 3B, 9TO COOTBETCTBYeT MpeoOiIaaHuIo B
Macc-CIeKTpe UCXOAHOTo Myyka KiacTepHbIX MOHOB ¢ N¢~750. Ilpu 3TOM Ha MOBEpXHOCTH
dopmupoBancs penbed ¢ mepenagoM BbICOT ~5-10 HM. MeHbmas r1yOMHA BBIEMOK,
noinydeHHass npu MJl MomenMpoBaHWH, TOBOPHUT O HEOOXOAMMOCTH PACCMOTPEHHS
COBMECTHOTO BO3/IeiicTBHS Ha oBepxHOCTh [I193K 06enx cocrasmsrommx ANAB.

Pabora BhImonmHeHa mpu (QuUHAHCOBOHM mMopasepkke MHHUCTEPCTBA HAYKH M BBICIIETO
obOpazoBanusi Poccum. Cormamenue Ne 14.574.21.0136. YHuKaidbHBIM WAESHTHPHUKATOP

NPUKJIAJHBIX HayYHBIX HccnenoBannii RFMEFI157417X0136.
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Pucynok 2. OBomronns oopasia [199K noce yaapa xinacrepa u3 303 aToMoB aproHa.
JIByMepHBI€ Cpe3bl TONMUHON 1 HM MPOXOAAT Yepe3 Hadalo KOOpIUHAT MapajuieIbHO:
(a)-(r) mmockoctu yz, (1) mrockocTH XZ, (€) miockoctH Xy. Hauago crucTeMbl KOOPIUHAT COBIAIAET C
MOJIOKEHUEM ToukH yaapa. Ock X HampaBiieHa B0k Makpomoirekyn [159K.
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MOJIEKYJIAPHO-TMHAMHUYECKOE UCCJIEJJOBAHUE B3AUMOJEVCTBUS
YCKOPEHHBIX ATOMOB API'OHA C IIOBEPXHOCTbBIO
IMUPOJIUTUYECKOI'O YIVIEPOJA

MOLECULAR DYNAMICS ANALYSIS OF ACCELERATED ARGON ATOMS
INTERACTION WITH A PYROLYTIC CARBON SURFACE

B.B. CI/IpOTKI/IHl‘2

V.V. Sirotkin®?

'rHI] P® — ®OH, O6nunck, Poccus;
2UTTTM PAH, Yeprozonoexa, Poccus, e-mail: sirotkin@iptm.ru

Molecular dynamics simulation of the collision of argon atoms with energies from
20 eV to 100 eV with graphite and pyrolytic carbon substrates was carried out.
Atomic structure of generated defects was analyzed.

bnaromapss yHUKaJIbHOMY COYETaHHIO (U3UKO-XUMHYECKUX CBOWCTB HCKYCCTBEHHBIC
yIJIEpOIHBIE MaTepHalbl HAXOMAT Bce Oojblliee NPUMEHCHHE B NPOTE3UpOBaHUMU. B
YaCTHOCTH, MUPOJUTUYCCKUI yriiepol (MUPOYTICPOA) CIYKHUT OCHOBOM Ui M3TOTOBIICHHS
MOJIBMYKHBIX JIeTalieii MCKYCCTBEHHOTO KiamaHa cepana [1]. ITpu stom BakHOW mpoOieMoit
OCTAaeTCsl yMEHBIICHHE pHUCKa TPOMOOIMOOIMYECKUX OCIOKHEHHH IIOCIe MPOBEICHHUS
XUPYPIrHYECKUX ONEpaldii M0 MMIUTAHTHPOBAHHMIO TakKMX MpoTe30B. OJHMM M3 CHOCOOOB
pELICHHUS 3TOW MPOOJIEMBI SBIISACTCS CHIDKCHHE IIEPOXOBATOCTH MMOBEPXHOCTEH MUMILIAHTATA,
KOHTaKTHPYIOIIUX C KPOBBIO.

HenaBHo mpemiokeHHass B [2] TEXHOJOTHUS, MCHONB3YIOIIAS TaK HA3bIBAEMbIC MyYKH
yCKOpeHHbIX HeilrpanbHbix aTomoB (Accelerated Neutral Atom Beams — ANAB), mo3Bossier
Mo (pULIMPOBaTh MOBEPXHOCTH IIMPOKOr0 Kpyra MaTepuanoB Ha atroMapHoM ypoBHe. ANAB
(GopMHUPYIOTCS B pEe3yJIbTaTe CTOJKHOBEHHSI ITyYKOB T'a30BBIX KJIACTEPHBIX HOHOB C aTOMaMH
OCTaTOYHOTO Ta3a M MOCJIEAYIOIIET0 AJIEKTPOCTATUYECKOTO YAAJCHUS BCEX 3apsHKEHHBIX
vyacturl [2]. MonekynspHo-quHamuueckoe (MJI) MonenupoBanue, BbionHeHHOE B [3],
MOKa3aJio, YTO HApsAy C MOTOKOM JOCTaTOYHO pPACCEeSTHHBIX OofuHOuYHbIX aToMoB ANAB
MOTYT COJICp)KaTh HEKOTOPOE KOJIMYECTBO OJJICKTPHUYCCKH HEUTPaIbHBIX (parMeHTOB
KJIaCTepHBIX MOHOB. lIpm 3TOM, BapbHpys KakK pa3Mepbl KJIACTEPHBIX HOHOB B HMCXOJHOM
IyYKe, TaK YCKOpsIollee HampspkeHue, MoxxHo ympaeisite B ANAB cpenneit sneprueit
OJIMHOYHBIX aTOMOB, a TAK)KE HAJTMYMEM M COCTABOM «KJIACTEPHOI» KOMIOHEHTBI, TEM CAMBIM
MEHSITh CTETIEHb BO3ICUCTBHS Ha 00padaThIBAEMYO MOBEPXHOCTb.

B nannoii pabore Ha ocHoBe MJ] MonenupoBaHUS HCCIEAOBaHa BO3MOXXHOCTh
MaKCHMaJIbHO TOHKOW OOpaOOTKM TOBEPXHOCTH IHUPOYIJIEpPOa C IOMOIIBI0 aprOHOBBIX

ANAB, coxepxalux TOJbKO «aTOMapHYyIO» KOMIOHEHTy. lIpu pacuerax HCHOIb30BaIHCH
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oaMHOYHBIE aToMbl ¢ sHepruer ot 20 go 100 3B. Ilpu yckopstomem Hanps>KeHUU paBHOM
30 kB yka3aHHbIN BbIIE TUANIA30H SHEPTUU OJJMHOYHBIX aTOMOB COOTBETCTBYET MU3MEHEHHIO
pa3MepoB IIPOU3BOIALINX UX KJIACTEPHBIX HOHOB B Ipenenax ot 300 1o 1500 aromos.

[Ipu MonenupoBaHHM CPaBHUBAIUCH pEe3yiabTaThl 00paboTku 00pas3noB u3 rpadura u
npupoyriaepoaa. O6paszen rpadura ¢ ynmakoBkoid tuma ABAB coctosur u3 21 cioe mo 368
aTOMOB yriepojga B KaxaoM. Pasmepsr oGpasua cocrasmsmn 9.8 x 9.8 x 7.2 um®. O6pasipI
IpUpOYIiepoJa MOJNydyaauch MyTeM MoAuduKanuu obpasua rpagura B pamMKax MOJIENH,
npeutoskeHHoi B [4]. B ykazanHO# craThe ¢ momoripio MJ] pacyeToB yCTaHOBJIEHO, YTO
YBEIIMYEHHOE 110 CPaBHEHHIO C TpaUTOM CpEIHEE pPACCTOSHHUE MEXIy Oa3UCHBIMH
wiockoctsimu B nupoyriiepoae (0.343 um mpotuB  0.3354 HM) MokHO cBsizaTh ¢ 3%
HEJOCTaTKOM aTOMOB yriepoja. [Ipu 3ToMm creneHs pazopHeHTaluu 0a3UCHBIX ITOCKOCTEN
cnabo BIMSET Ha yKa3zaHHOe paccrosHue. Kpome o0Opasua mnpupoyriepoia, HampsMyro
TpancGopMHUpOBaHHOTO W3 oOpasna TpaduTa, HUCCICIOBAICS o0paseln, y KOTOpOro
JIOTIOJTHUTEIFHO ObLIa yAalieHa YacTh BEPXHETO CIIOSI.

B xone M/l monenupoBaHusi ObLTH PAaCCMOTPEHBI BApUAHTHI, B KOTOPBIX aTOMBI aproHa
HAHOCUJIM yAapbl Mo 6 ToukaM Ha moBepxHocTH rpadutra U 19 ToukaM Ha MOBEPXHOCTH
nupoyriiepoaa. Mecra yaapoB HaXOAWIKCh B IIEHTPaIbHOM YacTu 00pa3noB. Ha pucynke 1(a)
n300paKeHO pa3MENIeHWE TOYEK yaapa Ha IOBEpXHOCTH Tpadura W Ha Oe3nedekTHOM
y4acTKe MOBEPXHOCTH MUPOyTriiepoaa. BakHO OTMETUTH, YTO B Cllyuyae TOYEK, 0003HAUECHHBIX
KaKk «0», «E» U «®», «*)» OTIUYHE COCTOUT B TMPHCYTCTBUM WM OTCYTCTBHH B
HO/IOBEPXHOCTHOM CJIO€ BOJIU3HM TOUKH yaapa aTtoma yriepona. Ha pucynke 1(0) orMedeHb
30HBI TOUYEK yJlapa, PacIoyioKeHHbIE Ha J1e(EKTHBIX y4acTKax MOBEPXHOCTH MHUPOYIIEpPOJa.
Ha yuactke 1 ObUIM BEIOpAHBI TOUKU THIIA «O», «X» U «®», a Ha y4acTke 2 — tuma «+». [Ipu
TOM «IEJIEBBIM» SIBIISJICS MOANOBEPXHOCTHBIN cioi. Ha pucynke 1(B) mokasaHsl MO3ULIUN
TOYEK ynapa, NPHUXOJIIIMECS Ha aToMbl yriepoja C HEIOCTaTKOM «Coceiei» W Ha
OKPECTHOCTH ATHUX aTOMOB. PucyHok 1(r) JeMOHCTpHpYET MOJI0KEHUE TOUEK yJapa Ha Kparo

00pe3aHHOTr0 CJI0S TUPOYTIIEPOIa.
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PI/IC}’HOK 1. [TonosxkeHue ToUeK yaapa aTOMOB aproHa npm MOACJIUPOBAHUU (CM. IIOSICHCHUS B TGKCTC).
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O4eBHIHO, YTO PACCMOTPEHUE OrPAHUUYEHHOIO 4YHUCIA <«IIPULENIbHBIX» YAapOB HE
OoTpakaeT Bce pa3HooOpa3ue BO3MOXKHBIX BapHAHTOB B3aUMOJICHCTBHUS MOTOKa aTOMOB C
oOpabarbiBaeMOil MOBepxXHOCThIO. OIHAKO, aHATU3 ATHX OTICIBHBIX CIy4aeB IO3BOJINI
BBISIBUTH HEKOTOPBIE 00IIKE 3aKOHOMEPHOCTH HCCIIEYyEeMOro IpoIiecca.

[Tpu mMonenupoBaHUM AJISl 3a/laHUsl B3aUMOJICHCTBUS aTOMOB aproHa Jpyr ¢ JIPyrom
NpUMEHSIUICS TapHbli nmoteHuuan Jlennapa-Jonca. [{ias aToMoB yriepoaa HCHOJB30BAJICs
noreniman AIREBO [5]. BsaumopeiicTBue aTOMOB aproHa H yrjiepoja OIKMCHIBAIOCH
norenimaiom Ziegler-Biersack-Littmark [6]. Ilocie ymapoB aToMOB aprona W3MEHCHHE
CTPYKTYpPBbI 00pa3liOB OTCJIEKHBAJIOCH HA MPOTSHKEHHH | TIIC ¢ 1IaroM WHTETPUPOBAHUS IO
Bpemenu paBHbIM 0.1 ¢pc. HikHsas dverBepTh 00pa3lioB HaxoAujach B KOHTAKTE C
tepmoctatoM JlamkeBena mpu Temmneparype 300 K. Ha GOKOBBIX MOBEPXHOCTSIX 00pasiioB
3aJ]aBAJIMCh TIEPUOMUECKUE TPAHUYHBIE YCIIOBHs. PacdeTsl MpOBOAMIMCH C TOMOIIBIO MTAaKeTa
the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [7].

Pesynbratet M/l MonenupoBanusi npeacrapieHsl B Tabnuue 1. Touku ynapos (T.y.) B
Tabnuie 0003HAYEHBI CIIEAYIOIUM 00pa3oM: cHavana ykazaH tun oopasina (G — rpadur, PC —
UPOYTIIEPO.T), IIOTOM ClIeyeT OYKBEHHBIH MHICKC KapTUHKU Ha pucyHKe 1, 3arem npuBencH
CHMBOJI, MCIIOJIb30BAaHHBIN B Ka4eCTBE METKHU JUIS JaHHOW TOYKH. VI3MEHEHUus B CTPYKType
00pa31oB, MPOM3OIIEIIINE IOJ BO3JCHCTBUEM aTOMOB aproHa, OTMEYEHbl B TabiuIe
CIIeIYIONMMU OyKBEHHBIMH 0003HauYeHHsIMHU: a/ A — «3aXBaT» aToMa aproHa B MEKCIOCBOM
3a3ope, b/ B — paspeiB cBsi3u yriepoa-yriepoa, €/ C — oOpa3zoBaHue CBOOOJHOTO aroma
yrinepona. IIpm 3TOM COOBITHS, OTHOCSIIMECS K TOBEPXHOCTHOMY CIIOI0 O0O0O3HAYECHBI
CTPOYHBIMU OyKBaMH, K MTOJIMOBEPXHOCTHOMY — IPOMMUCHBIMU. ATOMBI YIJI€pO/1a, BBIOUTHIE U3
CJIOsl, CIIEAYIOIIErO 3a IOJIMOBEPXHOCTHBIM, OTMe4YeHbl Kak C. BepxHuil HMHAEKC psioM
OyKBO# yKa3bIBaeT Ha KOJUYECTBO COOTBETCTBYIOIIUX COOBITHIA.

W3 npIHHBIX, TOTYYEHHBIX TP MOJICIMPOBAHUH, CIEIYET, YTO MOPOTOBOM IUIsl Hadaja
npoliecca pa3pylieHue CI0eB Kak MUPOYIIIepoAa, Tak U rpaduTa SBISETCS SHEPrHs aTOMOB
aproHa pasHas npumepHo 50 3B. Ilo mepe pocTta 3Heprum yaapoB pa3Mepbl pazpylieHUN
yBenuuuBarTca. B ciydae rpadura aromsl aproHa c¢ sHeprueid 90 3B u Oosiee moryt
MOBPEXKIATh YK€ HE TOJBKO MOBEPXHOCTHBIN, HO U MOANOBEPXHOCTHBIN cioi. OTCyTCTBHE
YacTH YIJIEPOJHBIX aTOMOB B CIIOSIX MUPOYIIIEpoAa JenaeT ux OoJjiee MPOHUIAEMBIMU IS
NajalouIMXx aTroMoB aproHa. lloaTomy paspylieHHe MOANOBEPXHOCTHOTO CJOS MOXKET
HaOJIOIaThCs B TUPOYTIIEpo/ie yke HaunHas ¢ Tex ke 50 3B. A npu sneprusix 80 5B u Gonee
MOBPEXICHUS MOTYT BO3HHKATh M B CJIO€, CIICAYIONINM 32 MOIMOBEPXHOCTHBIM. Kpome Toro,

MOBBIIICHHAA MPOHULIAEMOCTL CJIOCB IMUPOYIJICpOJa IMPUBOJAUT K 3HAYUTCIBHOMY POCTY
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BEPOSITHOCTH HaKaIUIMBaHWs aTOMOB aproHa B MEXCIIOEBBIX 3a30pax. BakHO OTMETHUTH B
LIEJIOM 3aMETHO MEHBIIYIO IPOYHOCTh MTUPOYIIIEPOIHBIX CII0EB OCOOEHHO B 30HaX 1e()EKTOB U
Ha Kpasx. [IpoBeneHHBI aHaIM3 MO3BOJIAET IPEAINOJIOKUTH, YTO OJHUM H3 BO3MOXHBIX
pexxumoB ANAB 00paboTky, MO3BOJSIIOIIMM YMEHBIIMTH IIEPOXOBATOCTh IOBEPXHOCTHU
UPOYIJIepo/ia, MOXKET cTaTh 00IydYeHue aToMamMu aprosa c sueprueit 30-40 5B, 4yro gomkHO
IPUBOAUTH K OTCIIOCHUIO HAHOPA3MEPHBIX «UEIYyeK», HE BbI3bIBAs HHBIX TOBPEXKICHUH.
PaGoTa BblnonaHEHa npu (pUHAHCOBOM moajepxke MMHUCTEpCTBA HAyKU U BBICIIETO
obpazoBanusi Poccun. Cormamenne Ne 14.579.21.0157. YHuUKanbHBIA WASHTH(PHUKATOP

NPUKIAIHBIX HaydHbIX HccaenoBanuii RFMEFIS7918X0157.

Tabmuna 1. Pesynsrarer M/l MmogenupoBaHus (CM. TIOSICHEHHS B TEKCTE).

Ty, EoB 20 30 40 50 60 70 80 90 100
G(a)o b c c bB ac
G(a)e c ac acB
G(a)x ab | ac® | ac® | ac’
G(a)e ab a ac a a
G(a)* ac ac a ac ac
G(a)+ a a a AC | AB
PC(a)o c b ac ac acC
PC(a)e b ac ac acB
PC(a)x b b ac ac | ac’
PC(a)e b ab ab b b
PC(a)* a ab a a
PC(a)+ a a a a aC
PC(61)o a a a a a aB | ACC | ACC | ACC
PC(61)x a a a a a a AC | AC | AC
PC(61)e a a a a a aC AB | AC | AC
PC(62)+ a a a aB aB AB A
PC(s)# ab ac c c cB
PC(8)L b c c ¢’ ¢’
PC(B)Y ab b b c c c’
PC(B)@ a a ac ac ac ac ac
PC(s)H ab ab ab ab ab c’
PC(n)& c c c c Cc
PC(r)Z b c c ¢’ ¢’
PC(r)N c c Cc Cc
PC(r)M b b b> | b°B | bB

1. 10.C.Buprunbes, B.®.Tarapunos, Xumus tBepaoro rormmsa. 3 (2000) 57.

2. J.Khoury, S.R.Kirkpatrick, M.Maxwell, R.E.Cherian,A.Kirkpatrick, R.C.Svrluga, Nucl. Instr. Meth.
Phys. Res. B. 307 (2013) 630.

3. V.V.Sirotkin, J. Pharm. Sci. Res. 10 (2018) 933.

4. H.U.boprapar, A.C.Ilpuxonsko, M.Seibt, XKT®. 42, Ne 23 (2016) 1.

5. S.J.Stuart, A.B.Tutein, J.A.Harrison, J. Chem. Phys. 112, N 14 (2000) 6472.

6. J.F.Ziegler, J.P.Biersack, U.Littmark, Stopping and Ranges of lons in Matter, New York: Pergamon
Press, 1985.

7. S.Plimpton, J. Comput. Phys. 117 (1995) 1.
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BbIXOJ U30TOIIOB BOAOPOJA U3 Pd ITPH PAJUALIMOHHOM,
JOKOYJEBOM U TEPMUYECKOM BO3JAEUCTBUHN

HYDROGEN ISOTOPES YIELD FROM Pd WITH RADIATION, JOYLEE AND
THERMAL EXPOSURE

B.C. Ceimuenko, F0.U. Tropun, H.H. Hukurenkos, Yxan Xyuxy, U.I1. Yepros
V.S. Sypchenko, Y.I. Tyurin, N.N. Nikitenkov, Hongru Zhang, I.P. Chernov

Tomckuii monuTexHuyeckuit yuupepceurer, np. Jlenuna, 30, Tomck, 63405,
sypchenkov@mail.ru

Tomsk Polytechnic University, 30 Lenin Avenue, Tomsk 634004, Russia
sypchenkov@mail.ru

Abstract. The release of hydrogen isotopes (H, D) from Pd with linear heating was
investigated: a) at accelerated electrons beam, b) Joule heat of AC (50 Hz) passed through the
samples, c) in external coaxial furnaces in metal (stainless steel) and d) quartz vacuum cells.
The mechanisms for the release of hydrogen isotopes from metals due to the accumulation of
electron beam energy and the electromagnetic field by the hydrogen subsystem of crystals are
considered.

1. BBenenmne

B nocnennee BpeMsi IpOBENEH psii SKCHEPUMEHTANbHBIX U TEOPETHYECKHUX padoT,
MMOCBALICHHBIX H3YUCHUIO CTUMYJIAIMU MUTpAUU H30TOIIOB BOAOPOAAa B MCETANIaX U
HEMCTAJJIaX YCKOPCHHBIMU JJICKTPOHAMH, JSJICKTPUYCCKUM II0JICM (BHGKTpOMI/IFpaHH}I),
PEHTT€HOBCKUM U MHPPAKPACHBIM U3TYYEHHUEM.

Ot HCCIICAOBAHUS ITOKa3ajiu, YTO MEPCX0d B HCPABHOBCCHOC COCTOSAHUC B CUCTEMAX
«BOAOPOA — KOHACHCHPOBAHHOC BCHICCTBO» IIPHW BHCIIHCM BO3ﬂCﬁCTBHH COIIPOBOKAACTCA
crnenyronmu 3¢ dexramu[1-6]:

a) YBEIMYMBAECTCS TOIBMIXKHOCTH aJICOPOMPOBAHHOTO U TMOTJIOMIEHHOTO BOJOpOJa M
YCKOPSIETCS BBIXOJ] aTOMAapHOTO BOJ0pOa U3 00beMa Ha TOBEPXHOCTh;

6) YBCINYNUBAOTCA CKOPOCTU peKOM6I/IHaI_II/II/I aTOMOB BOJOpOJa Ha MOBEPXHOCTH H
necopounu monekyn Hyp, Do;

B) MPOMCXOAMWT BBIXOJ BOJOpOJa M3 METaUIOB B aTOMHOW W MOHHOU (opmax moj
JIEHCTBUEM MOHU3UPYIOIIETO U3ITYyYEHUS;

I[) OTMCUYCHO THUIaHTCKOC YBCIUUYCHUC IIOABUXKHOCTU BOAOPOJda B PYTHUIC IOA
neiicreuem UK usnydenus.

B pabGorte wu3yuyeHo BIUSHUS YCKOPEHHBIX JJEKTPOHOB M JIHHAMHYECKHUX

COCTaBJIAIOIINX 3JICKTPOMAarHUTHBIX MoJIeH 1 Ha AKTHUBALIMIO BBIACIICHUA BOOOPOIa U3 Pd.
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2. MarepuaJibl M METObI

HccnenoBanuss  NpOBOAMIUCH B BBICOKOBAKYYMHOW YCTaHOBKE € Oe3MacisHOM
OTKAaYKOM  (OCTaTOYHBIA BaKyyM: pP<10® Topp). Tasel, Beigensiommecs w3 Pd
PETUCTPUPOBATUCH MACC-CIIEKTPOMETPUYECKU. VICIonp30BalICs JIMHEHHBIN HarpeBa 00pa3IoB
BHEIIHEH KBapleBOW KoakcHalbHOM meubto. [leub BbIMONHEHa B BHUAE COJCHOUIA
HamoTtanHoro (10 CM'l) Ha kBapueBod Tpyoke (10cm). OOpasipl HOMEIIAINCh B
BaKyyMHpyeMble KBapIleBble WJIM MeETANIMYeCKHe (U3 HEep)KaBEIOLeH cTaiau) SYeHKu.
WuTepan uHeliHoro HarpeBa o6OpasioB ot 20 mo 1000 °C , ckopocts ot 0,1 g0 5 rpan/c.

Jnis  paguanuoHHO-CTUMYJIMPOBAHHOTO HarpeBa OOpaslloB HCIOJB30BAICA ITYyYOK
YCKOPEHHBIX 3JIEKTPOHOB. DHeprus 1ekTpoHoB 10 — 35 k3B, Tok mydyka Ha nmoBepxHocTH 1 —
75 MA/CMZ, IUaMeTp MATHA SJIEKTPOHHOTO Mydka Ha oOpasie — oT 2 10 20 MMm.

Hcnonb3oBancss JIMHEWHBIA HarpeB, IpU MPONYCKAHUU JJIEKTPUYECKOIO TOKa
(mepemennbiit Tok 50 I'1r) uepes3 oOpaser] — JHKOYIIEBO TEILIO.

KonnenTpanus nu30TONoB Boaopoaa B oOpaslax u3Mmepsiiack aHanuzaropom RHEN
602 LECO Corporation.

['eomerpus 00pa3noB BbIOpaHa B BUJE IUIOCKONAPAJUICIBHBIX TUIACTUHOK Pa3MepoM
(0,05x3x25mm, Pd) ¥ KOJBIEBBIX 3aMKHYTBIX OOpa3loB TO# e JMHBL. OOpa3ibl WHBIX
pa3mepos, (0.2x10x10 MM) MOTIM KCIOJIB30BATHCS B Cly4yae HarpeBa IYYKOM AJIEKTPOHOB,
yTo 00CcyXknmaercs JomoidHUTeNnbHO. CKOpPOCTh TEPMHUYECKOIO0 U JDKOYJIeBa Harpena
cocraBisiia 1 rpan/cek, paguanuonHoro qocturaia 10 — 15 rpan/cek.

Hns  Haceimenust obOpasioB  Pd  BogopogoM U JelTepueM  HCTOJIB30BAJIOCH
anekTponuTudeckoe (katonnoe) HaceimeHue B 0,1-1 M pactsope H2SO4 + HO nnu D,SO4 +
D20 ot 0,1 10 0,5 yacos nmpu WIOTHOCTH Toka 2—200 MA oM 2 [P HOPMAJIBHBIX YCIIOBHSX.

3. Pe3yabTaThl M 00CyXK/AeHUeE.

Ha puc.la,p npuBeseHbl 3aBHCHMOCTH HHTEHCHBHOCTH BBIXOJA BOAOpOAa H
JedTepuss B PEXKHUME JIMHEHHOr0 HarpeBa mauiaaus. BpeMs 3IIeKTpOIUTHYECKOTO
HaCBIIIEHHUs cocTaBisio 30 MUHYT, TOK Hacklimenus 100 MA/cM?.

CMmelieHne TOJIOKEHUS TEMIEPaTypHbIX MaKCMMYMOB IUIOTHOCTH TOTOKa BBIXOJa
M30TOIOB BOJOPO/Ia MPH TEPMUYECKOM HarpeBe B METAJUIMYECKOM U3 HeprKaBerollel cTaiu u
HarpeBe MepeMEeHHBIM 3JIeKTpudeckuM TokoM (501'1) cocrapnser ans namtanus AT=(198+5)
°C. CABUT B NOJIOKEHUU MAKCUMYMOB IpPU HArpeBe AJIEKTPUUYECKUM TOKOM W HarpeBe B
KBaplLEBOU sUEMKE BHENIHEH KOAKCHAJIBHOW MEYbI0 COCTAaBISAET JUIsl MIEPBOIO MAKCHUMyMa
ATmaX1=(63i5)OC. [TonoxxeHrne HU3KOTEMIIEPATYPHBIA MUKA TEPMOTA30BBIJEICHUSI BOJOPO/Ia

U JIeUTepHs TIpH HarpeBe Majuiaaus B KBaplueBoi suelike puc.1a,b (217+5) °C koppenupyer
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¢ mosioskenuem nuka (157+7) °C  ma puc. la,b mpu Harpese majiaaus JHKOYIECBBIM TEILIOM,

1
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Temnepatypa, C Temneparypa. 'C

Puc.1. Beixoa uzoronos Bogoposaa (a-H,,b- D,) u3 Pd B peskume nuneitnoro narpesa: 1-Harpes
KBapIIeBO KOAKCHAJILHOM MMEYbl0 BaKyyMHOH sUeiKe M3 HEpKaBEIOIIeH CTasH: TmaX(H2)=355°C,
Trmax(D2)=360°C; 2 — Harpes KBapueBOii KOAKCHATLHON MEUbl0 B KBAPLEBOH BAKYyMHOI srueiike:
Tmaxl (HZ) =220°C (HHK 2), Tmax2 (HZ) =312°C (HHK 2’)7 Tmaxl (DZ) =217°C (HHK 2): TmaxZ (DZ) =
311 °C (mukx 2°); 3-HarpeB  mepeMeHHBIM DSIEKTPHUYECKUM TOKOM — JDKOYJIEBO TEILIO:
Tinax(H2)=150°C | Tax(D,)=165°C.

a BBICOKOTEMIIEPATYPHbINA MUK (311i5)OC Ha puc. la,b xoppemupyer ¢ nukom (355+5) °C
IpU HAarpeBe MajulaJius KOAKCUaJIbHOW IMEYbI0 B METAITMYECKOW sueiike. DTa KOppessius
CIIY’)KHT MPOSIBJICHUEM BO3JICHCTBUS MICKTPOMArHUTHBIX TI0JIeH Ha AU(y3UNOHHBIE TIPOIECCHI
B MeTajulaX, TIJe BOJOPOJ HE 3aKpeIuieH
CHUJIbHOM XMMHUYECKOU CBA3BIO, a HAXOJIUTCS B
MEXIOY3JIbSIX B COCTOSHUAX ONM3KUX K
wonubsiM HY, D,

Cpazy Tpu nmnHKa HaOMIOJAIOTCAd B

OKCIICPUMCHTE C 3aMKHYTBIM KOJIbIICBBIM

HHTEHCHBHOCTE, OTH.€4

o0pa3uom Pd-D,H HarpeBaeMoMm

KOaKCHaJIbHOU KBapLEBOU EeYbIo B

s o ) - KBapIIEBOii sueiike, puc. 2.
Temneparypa, 'C

Puc.2. Beixon wu3oronoB Bogopoga u3 Ha puc. 3  npuBeneHbl  3aBUCUMOCTHU
KOJIbIIeBOrO 0Opasua Pd B pexxume JTMHEHHOTO
HarpeBa KBaplEBOH KOAKCHAJbHON IEYbl0 B
KBapIeBOM BaKyyMHOW sueiike: mwmkm 1,1°-
BKJIQJ TEPMUYECKON CTHMYISAIHA: Tmaxs (D2),
Trar (Hz) = 300 °C; mukm 2,2°-Bkiag  PagdaliiOHHOTO Harpesa (kpuBas2)

AIEKTPOMArHUTHOTO MOJS: Tmaxz (D2) = 246 °C,
Tome (Hp) = 262 °C: HI:KZH 32,3,7 prray  YCKOPEHHBIM MYUKOM JIIEKTPOHOB (PCI'B).

HHAYOUPYEMOI'O JJICKTPUYCCKOI'0 TOKa Tmaxg MaKCI/IMyM TCFB HpI/IXOHI/ITCH Ha

HWHTCHCHUBHOCTHU BbIXOJa BOOOpOaa nus3

najiagus B pexuMme JIMHeiHoro (kpusasl) u

temneparypy (450+5) °C, makcumymy PCI'B cootrBerctByer Temmeparypa (100+5) °C.
Cwmemenne B nonoxkeann makcumyMoB TCI'B u PCI'B AT =(340+£5) °C.
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4, Moaeab YCKOPEHHOW MHIrpaunuu
BO/I0pPO/a

N3oTonel  BOmopona,  3aHUMAas

KoJie0aTeIbHbIM CIICKTPOM, CMCUHICHHBIM

>4
d OKBUBAJICHTHBIC PETYJSIPHBIC TOJIO0XKCHUS
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o
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Temneparypa, °C Kpucraiijia, IIOCKOJIbBKY MacCa aTOMOB

Puc. 3 — HHTEeHCHBHOCTb BBIAECIIEHUS HW30TOIIOB H,D CYIIECTBEHHO MEHBIIE MACCH HOHOB
BOJIOpOJa U3 THaiagusl B 3aBUCUMOCTH  OT

temneparypsl: (1) — Tepmmueckuif u (2) —  KPHCTALIMYECKOW PEIIETKH.
panuaionnslii HarpeB Pd-H; (3) - anmpokcumanus

o . B ycioBusix BHELIHENW CTUMYIISALNH,
TEOPETUUECKON KPUBOH 3.

JIOKaJIbHBIE 4aCTOTHI ONTHUYECKUX
Kosnebannii H-cocTosHuii B Meraymuiax Jjexar BHE (POHOHHOTO CIEKTpa KPHCTAJUIOB H

onpenensoT 3G HEeKTUBHYIO TEMIIEPATypy BOJAOPOIHOM moacuctemMsl [3,5]:
T (£) =T, +ﬁr+%m =T, +5t +§ﬂ|_ﬂri?:ﬂ

HepaBHOBecHOe  cOCTOSTHHE  BHYTPEHHEH  BOJOPOJHOHW  aTMOC(ephl  CO3/aeT
ONaronpusATHBIE YCIOBUS [UIsl KosiebaTeNbHO-MOCTynaTenbHoro obomena (V-T-oOmeHa),
HEPAaBHOBECHOTO MepepacnpeaeNieHus] U BhIX0/1a BOAOPOa U3 TBEPIOTO Tella MpU 00IydyeHUH.
[ToaToMy naxke B MeTaiiax ¢ OBICTPON peslakcalfeil B 3JeKTPOHHON mojicucteMe (T < 1078
10 ¢) HanmumMe JErKnX W30TOIIOB aTOMOB BOJOPOJA CO3MACT YCIIOBHS s aKKyMYJISIIAM
DHEPrUH, U CIIOCOOCTBYET HEPABHOBECHOMY JBIKEHHIO BOJOPOJa U APYTUX MPUMECHBIX
aTOMOB W TPUBOAWT K CMEHICHHIO TeMIepaTypbl MaKCHMyMa TepPMOTa30BBbIICICHHS B
HU3KOTEMITEpaTypHyIo 001acTh, puc.1-3.

YucaeHHEBIE pacde€Tbl  MO3BOJIAIOT  AOCTATOYHO  KOPPEKTHO  AlIIPOKCHUMUPOBATH

MIOJIy4EHHBIE SKCIIEPUMEHTAIBHBIEC PE3YIIBTATHI, PHC.3, KpuBas 3.

E.C.H. Sykes, LC Fernandez-Torres, etc., Proc Natl Acad Sci 102 (2005)17907
M. Blanco-Rey, M. Alducin, J.1. Juaristi etc., Phys Rev Lett 108(2012)115902.
I.P. Chernov, T.I. Sigfusson, Y.l.Tyurin, etc.,J Eng Thermophys 20(2011) 360.
V.M. Silkin, I.P. Chernov, Koroteev YM, etc., Phys Rev B 80 (2009) 245114.
Y.1. Tyurin, N.N. Nikitenkov, T.I. Sigfusson etc., Vacuum 131(2016) 73.
E

1.E.
2.
3.
4.
5.
6. E.J. Spahr, L. Wen, M. Stavola etc., Phys Rev Lett104 (2010) 205901.
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BJIMSHUE YIIPAAOYEHUS BUHAPHOI'O CIIVIABA HA BbIXO/I EI'O KOMIIOHEHT
INFLUENCE OF BINARY ALLOY ORDERING ON EXIT OF ITSCOMPONENTS

K.A.Tonnun, K.®.Munnebaes, B.E.FOpacosa
K.A.Tolpin, K.F.Minnebaev, V.E.Yurasova

Mockosckuii I'ocyoapcmeennwiii Yuusepcumem, Mockea 119991, Poccus
Moscow State University, Moscow 119991, Russia, E-mail: ktolpin@mail.ru

A binary compound NMo single crystal was used for study experimentaihd by MD
simulations the influence of ordering for distrilot on lateral angle exit of Ni and Mo
components under irradiation of (001) face by ins with energy of 10 keV. Both Ni and
Mo components are ejected in the same crystallbggaprections for disordered crystal. For
ordered crystal the Ni deviates from these diredtio

Mooenuposanue

Hcnonp3oBaigace MD Moenb moABHKHOIO MOHOKPHCTAITHIECKOTO 010Ka atoMoB [1,2].

Puc.1l. CtpykTypa ymopsao9eHHOTO KpHUCTasia
NisMo ¢ TerparonansHoit pemérkoii (&= 5.720 A,
¢ =3.564 A).Boxnbine u Maible KpyXKKH — aTOMBI
Mo and Ni,coorBercTBerH0. HarmomoBuHy CBETIIBIE
KPYXXKH OTHOCSITCSI K aTOMaM BHYTPH PEIIETKH.

MonaenupoBaioch pacmnbuieHue s ecrectBeHHOro cocrostuus (001) rpanu NigMo — ¢
cerperanueii (korga Tpu BepxXHHX ciost, corimacHo [3], mmeror 82%, 24%wu 50% Mo,

COOTBETCTBEHHO), U TaKKe, U CpaBHEHUS, O¢3 cerperanu (TUHIOTCTHYCCKHIA CITydaii).
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Puc.2. 3aBucumocts kodddurpenta pacuburerns Y rpaau (001) NMo ot momsproro yria 6 Beixoma
(otcuér ot moBepxHocTH) 6e3 (@) u ¢ (D) cerperammeii. 3mecy u manee cmorinbie guHUA — Ni,
MyHKTHpHBIE — Mo.
IIpu cerperanuu hopma Y (0) KpUBBIX HE MEHSETCS, HO BBIXOA Mo pactér, oTHOcHTENbHO NI,
MakcuMyMBl pacrbuieHHsT OO0BsICHEHBI mporieccoM (okycupoBkd [2]. CornacHo Hammm

BBIYUCIICHUSIM, PACIIbICHHE 110 MPsAMON (POKYCHPOBKE MPOUCXOAUT B HampasieHusx <011>u

<111>,a accuctupoBanHOU — B HanpasieHusx <113>u <001>kak myst aromoB Ni, Tak u Mo.
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Puc.3. 3aBucumocts koddpdurmenta pacmsutenus Ni u Mo ¢ rpann (001) NyMO ot azumyrtansHOro
yria ¢ Beixoza 6e3 (&) u ¢ (b) cerperanueit Tpéx BepxHHX cI0EB. YTou HabmroneHus 6 = 35°.

13 pucyrka 3 ciemyer, 4To MakcumyM pacmbiierns s Ni capuayter Ha 90 oTHOCHTEIBHO

Mo nipu yuére cerperanuu. To sxe 0OHapyXeHO I MATEH PacbUICHUS:

60 60
a

.30+ 30
o Puc.4. KaptmnHa mATE€H pacHbUICHUS IS
S ol ol aromoB Ni (a) 1 Mo (0), BEIXOAAIIMX C TpaHu
e (001) NiMo.0O6¢cyx)aeHne 3TOr0 pe3ysbTaTa

30 30 MIPUBEIEHO Jajee.

60 1 1 1 _60 L 1 1

60 -30 0 30 60 -60 -30 0 30 60
0, deg 0, deg.

Mpbl npoaHaTU3UpPOBATH TPACKTOPUU aTOMOB, JBIKYHIMXCS B MoHOKpuctamie NisMo, u

BBIYMCITIINA 3aBUCUMOCTH KO3 dHUIEeHTa Y OT MOJ0XKEeHHS Xo UICTOYHHUKA PACTIBUICHHS.

0.8 1.0—
a b
0.8}
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Puc.5. 3aBucumocts Y(Xo) mist rpanu (001) NiMo Ge3 (a) u ¢ (b) cerperauueit Tpéx BepxHHX CIIOEB.

be3 yuéra cerperamuu rinyomna X, Oonbineil dacTu pacnbUI€HHBIX atomMoB Ni u Mo
HaxoauTcsa Ha 4-M u Ooisee TIIYOOKHX CIIOSIX, Koraa mporecc (OKYCHPOBKH CTOJIKHOBEHUH

xoportio padotaer. [Ipu yuére cerperanuu HCTOUHUK Xy PACIIONIOKEH OJIMKE K TOBEPXHOCTH.

Beuto paccunMTaHo dYMCIO TOKONECHWM L, TpUBOASIIMX K pacubUICHUIO. ATOM TIEPBOTO
nokosieHus (L = 1) siByisieTcsi aTOMOM, PacTbUIEHHBIH HOHOM, 3TO — aTOM OoTjHauu. L = 2 - ais
aToma, paclbUIEHHOTO aTOMOM OT/IauH, U T.J.

b

10f a Puc.6. 3aBHUCHMOCTD koddumenrta

10}
pacreiennss Y it rpaau NigMo (001) ot

05t i / .
i qKcya mokojenuii L st mosepxuoctu 6e3 () u

Y, rel.units

0,012 ¢ (b) cerperamueii Tpéx BEpXHUX CIOEB.

0.0 s
0 1570 5

10
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bonbmuactBo aromoB NI u Mo, pacmbUI€HHBIX C TOBEPXHOCTH 0€3 cerperaruy,
MPUHAJJICKUT TPETbeMY MOKOJIeHUI0. [IJis MOBEPXHOCTH C cerperanueil MakCUMyMbl 000UX

KOMITOHCHT COOTBCTCTBYIOT L= 4, T.C. OHU PACHbUIAIOTCA TPCTUIHBIMU OTAa49aMU OTAAYU.

IIpocTpancTBeHHOE pacupeneneHue u sHeprus E; pacnbumiénnbix atomoB Nium Mo.

Puc.7. KaptuHa msteH st BBIXOJA
Ni+Mo (ropusoHTanbHas IJIOCKOCTB) H
sHeprus E; pacnbuiéHHbIX atoMoB Ni u
Mo (BepTHKaJIbHBIC TUIOCKOCTH) ISt
rpaau (001) NigMo 6e3 (a) u c (b)
cerperaiuen.

50 50

25

-45 %0 T 45

O, deg.0 %0 % |, deg.Q w0

PacnipiieHne HavambHONW TOBEPXHOCTH HEMHOTO OOJIbIE, YeM HW3MEHEHHOHW, BCIICIACTBHE
npeumyiectBeHHoro pacmeiieHus Ni o (nérkas  kommoHeHTta). [l  MOBEPXHOCTH ¢
cerperanyeil KapTUHa MATEH CTaHOBUTCS Oosiee YETKOM U3-3a TOMOTHUTENbHON (OKYCHPOBKHU
YaCTHUILl, BBIXOJAIIUX MEXIAy aromamMu Mo BepxHero cios. [[ns HayaapHOW IMOBEPXHOCTH
obictppie  aToMbl NI JTOMUHHPYIOT, JUIsi H3MEHEHHOIO TIOBEPXHOCTHOTO COCTaBa
YBEIIMYMBACTCS BBIXOJ MEJICHHBIX aToMoB Mo. Pasiamune B ckopoctu aromoB Ni u Mo
0o0JbIIIe /IS MOBEPXHOCTH 03 M3MEHEHUS COCTaBa BEPXHUX CIIOEB.

IKcnepumenm

DKCHeprUMEeHTaIbHbIC WCCICAOBAHHUS TPOBOAWINCH U PACIbUICHUS 3apsHKeHHBIX [4] u
HeTpanbHblX [4-6] uactum. M3mepenuss smuccuu BTOpHYHBIX HOHOB ¢ rpanu  (001)
yrnopsiioueHHOro MoHokpuctamuia NisgMO TmpoBOIMIMCh HA aBTOMATUYECKOW YCTaHOBKE C
noaBMXKHbIM 180TpanycHbIM chepruecKuM IHEPreTUUECKUM aHAIM3aTOPOM, COCAMHEHHBIM

C KBaJpyIOJBHBIM Macc-criekTpomerpom [4]. Pe3ynbraT mokasan Ha puc.8:

rel.units
10bo, oo, ” 000, Puc.8. Pacripenenenue mo a3UMYTaNLHOMY YTy
08 %8 % 000000 000 BBIXO/Id () BTOPHYHBIX HOHOB va(l) u Mo (22 c
rpaau (001) NiMo, obnyuaemoit nonamu Ar” ¢
0.6 7 snepruedi 10x3B mpu HOpManbHOM MaJCHUY;
2 NOMSPHbIA yron Habmoxerns 6 = 45; sueprus

0.4 - q000, LT 0®%% e0%00, :
i Soee Seee oo * E; Bropuunsix noos Ni* 1 Mo* pasna 205B.
0.24

0.0 T T T T T T
180 -135 90 -45 0 45 90 135

180 ) eq.

Kax u npu pacuére, MakcUMyMbl Bbixozia noHOB Ni' cooTBeTcTByIOT Hampasinenusm <011>,
+

MUHUMYMBI — HanpasieHusM <001>. J[ns moHoB MO HabmomaeTcsi MPOTHUBOMOIOKHAS

KapTUHA. MakcUMyMbl — B HampaBiieHussx <001>, munumymbl — B <011>. Jlnst oObsicHEHUS

3TOTO pe3yibTaTa pacCMOTpHUM nojioxkenus aromoB Ha rpanu (001) NyMo.
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Puc.9. Pacnonoxenne aromoB B  wiockocta  (100)
monokpuctamia NizMo. Kpymnubele kpykkn — atombl Mo,
menkne — arombl Ni. Crpeiakamu yKasaHbl HalpaBICHUS
NPEUMYIIECCTBEHHOW AIMUCCHH BTOPUYHBIX HOHOB.

[Mpu pacmbuicHrH W BTOpUYHON HOHHOW »Mmuccuu ¢ rpanu (001) B manpaBiaenumsx <001>
MOTyT BbuIeTaTh yacTullpl Kak Ni, Tak 1 MO. bosiee 6iaronpusTHbie yCIOBUS BBIXO/a B 3TOM
HaNpaBlIeHUU UMEIOT aroMbl MO ¢ 06mbmNM 3 (PEKTUBHBIM PalycoOM B3aUMOACUCTBUS U
MO3TOMY C JYYIIUMHU YCJIOBUAMHU JUIsi GOKYCHPOBKH. B pe3ynpTaTe, B 3TOM HampaBlIEHUU
HaOII0al0TCs MakcuMyMsl 11 Mo™ (puc.8, kpupas 2).

Jns  xpucraiuia NigMO 1menoyku aroMOB C IUIOTHEWIIEH YIMAKOBKOHW HAaxXOIsTCsS B
HanpaBieHusix <011>. OHu COCTOAT U3 MOCIEIOBATEIBHOCTEH YETHIPEX aTOMOB HUKENS U
oaHOro atoma MosmoaeHa (puc.9). B pabote [7] ObUTO MOKa3aHO, YTO MPUCYTCTBUE B IIEMTOYKE
aTOMOB ¢ OoyblION pa3HHUIIEM Macc HE MeIIaeT pacHpoCTpaHEHUI0 BAOIL Heé
chOoKycHpOBaHHBIX coynapeHuii. OCOOCHHO OIaronmpHsITHBIE YCIOBUSI CO3/IAIOTCS, KOTJa Ha
MOBEPXHOCTh BBIXOIAT B HampamieHusix <011>menouku, cocrosimue uz 3-4x aromoB Ni.
DTO NMPHUBOIUT K MpeHMyIIecTBeHHOH smmccnu noHoB Ni* (puc.8, kpuBas 1). Takum xe
o0pa3oM 0O0BsCHACTCS pa3HHIa B pacmbuieHud atoMoB Ni u MO, moaydeHHass B HalieMm
pacuére.

B 3axmouenue ormeTnM, 4to coeauHeruss NisgMO ¢ BBICOKOW YCTOHYMBOCTBIO K KOPPO3HHU U
00JbIION TBEPAOCTHIO HCIOJIB3YETCS B KauyecTBE MarepHajia JUisi KOMIIOHEHTOB pakeT U
sfepHbIX peakTopoB [8]. TlomyueHHbIE pe3yIbTaThl UCCIICAOBAHUS PACTIBIIICHUS U BTOPUYHOM
WOHHOW »smuccun s coeauneHus: NigMO ciemyer mnpuHMMaTh BO BHUMAaHHE IMPH
00CYXXJIEHUM MEXaHU3MOB 3THUX IPOIIECCOB, a TAKXKE MPU MPOCKTUPOBAHUU YCTPOUCTB IS
aHaJIM3a BXO/a U BbIX0/1a HENUTPaIbHBIX U 3apsHKEHHBIX YACTHII.

Pabora mognepkana Poccuiickum ®onmom OyrmnamentansHbix MccnemnoBanuii (rpant Nel5-
02-07819-A).
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CUHTE3 TEMILUIEUT-MATPHUII U3 HAHOIIOPUCTOTI'O Al20: METOJIOM
MOHHOTI'O TPABJIEHUSA
SYNTHESIS OF NANOPOROUS AL203s TEMPLATE-MATRIX BY METHOD OF
ION ETCHING

C.B. Tomunun, T.B. Muxaitnosa, O.A. Tomwiuna, B.H. bepxxanckuit, A.H. [llanomnnkos
S.V. Tomilin, T.V. Mikhailova, O.A. Tomilina, V.N. Berghansky, A.N. Shaposhnikov

HUIL] Oynxyuonanvueix mamepuanos u nanomexrono2utl, Qusuko-mexHuyeckKui UHCmumym,
Kpvimckuii ghedepanvusiii ynueepcumem um. B.U. Bepnaockoeo,
npocn. Beprnaockozo 4, . Cumehepononv, P@ Pecnybauxa Kpvim, 295007,
e-mail: tomilin_znu@mail.ru;

In paper are present the results on synthesis and study of template matrix from
nanoporous alumina Al2Os for the formation of metal nanoparticles by the method
of thermally-activated granulation. The template-matrix were synthesized by
aluminum surface ion etching in an electrochemical cell. Surface morphology
before and after ion etching was investigated by method of atomic-force
microscopy (AFM). It is shown that after ion etching the surface has a mature

porous structure. Pores have a crater form with smooth edges and rounded bottom.

Jns  pemieHuss psga  HAyYHBIX HW  TPUKIANHBIX  3a1ad  TpeOyeTcs Co3/IaHue
BBICOKOpPA3BUTOW MOBEPXHOCTM Marepuaiga. B wactHocTH, a7 (QOpMHpOBaHUS Ha
NOBEPXHOCTH MaTepHaja MacCHMBa HAHOYACTHUI[ METOJOM CaMOOPTaHU3alMM  IpH
TEPMOAKTHBHPOBAHHOW TPaHYJSAIMH BO3MOXXHO NPUMEHEHHE MAaTpUI-IIA0JOHOB B BHE
HAHOMOPHCTOW CTPYKTYPHI TIOBEPXHOCTH.

B naHHO# paboTe paccMOTpeHa BO3MOKHOCTh CO3aHHs TaKHX TeMIUICUT-Marpull (ot
anrn. template — ma6soH) Ha ocHOBe HaHOmopucToro okcuaa amomunus Al203. TTopucryto
CTPYKTYpY TIOJIy4alOT METOJOM HWOHHOTO TpPAaBJICHHUS AIIOMUHUEBOW TMOJMPOBAHHOM
TIOBEPXHOCTH DIEKTPOXHMUYECKHM crocobom B amekrpommte 2H* + SOs%. Ilpu sTom
MOBEPXHOCTh AJTIOMMHHUS BBICTYNaeT B POJM aHoJa. ABTOpaMH HacTosIell paboThl paHee
ObUIa pacCMOTpeHa MaTeMaTH4ecKas MOJENb paclpeeNeHusl MOoTEeHIala B MOHHOU cpene
BOJIM3H 3apsDKEHHOTO JiekTposa [1].

HccnenoBanre MOp(HOJIIOTHU TIOBEPXHOCTH TONYYEHHOW HAHOMOPHUCTOH MOBEPXHOCTH
OCYIIECTBIISIIOCH METOJIOM CKaHUPYIOIIeH aToMHO-cuioBoi mukpockonuu (ACM, INTEGRA
NT-MDT). Ha puc. 1 moxazanbl 3D-m300paxkeHusi penbeda MOBEpXHOCTH A0 W IOCIE

HOHHOT'O TpaBJICHUA.
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Puc. 1 — 3D mopdosnorus noBepxuoctu miactunbl amomuaus (ACM, INTEGRA NT-MDT):
a — UCXOJHAsI CTPYKTYpa, O — IMOCJie HOHHOT'O TPABJICHUSI.
Fig. 1 — 3D-morphology of the aluminum plate surface (AFM, INTEGRA NT-MDT):
a — original structure, b — after ion etching.

Kak nokazano Ha puc. la 10 MOHHOH 00paOOTKM MOBEPXHOCTH ATOMHUHMS HE UMEET
SBHO BBIPaKEHHBIX 110D, a JINIIb COAEPIKUT MPOTSHKEHHBIE CIIEbl MEXaHUYECKOW TIOJUPOBKH.
IMocne nonnoro tpasnenus (puc. 16) Ha moBepxHOCTH (hopmupyeTcs: mopucThiii cinoit Al2Ogz,
IIPU 3TOM TOPHI UMEIOT YETKO BBIPAKEHHYIO OKPYIIIYIO (popMy ¢ AHMaMeTpoM Kparepa ot S50
10 400 HM.

bonee neranpHBIi aHamM3 MmapaMeTpoB MOP(OIOrHHM HAHOHNOPHCTOM CTPYKTYpPHI
npeJcTaBieH Ha puc. 2. OTHOCUTENIbHOE pacloIoKEeHUE op IpecTaBieHo Ha 2D-cHuMmKe Ha
puc. 2a. BunHo, 4To OCTpOBKHM 00pa3yrOT Ha MOBEPXHOCTU MPAaBUIIbHBIE IIECTUYTOJbHUKH,
WM DJIEMEHTHI LIECTUYTOJILHUKOB (pacronaratorcst moji yrioM 2m/3), uto HaOIlroaanoch
TaKKe JpYyruMHu ucciepoBateasMud  [2]. OTKIOHEHHE OT HICATBHON TeKCaroHaIbHOM
CUMMETPHUHU PACIIOJIOKEHUS IOP OYEBUIHO CBS3aHO C BBICOKOW IIEPOXOBATOCTBIO MCXOJHOU
ATIOMUHHMEBOM MOBEPXHOCTH, a TAKKE €€ MOIMKPUCTAIUINYECKONW CTpyKTypoiu. [loBbieHue
CUMMETPUYHOCTH PACIIOJIOKEHUS ITOP BO3MOKHO IIPU UCIIOJIB30BAHUM B KaYECTBE UCXOIHOMN
[IOBEPXHOCTU TOHKMX IIEHOK AIIOMHHHMS HAHECEHHBIX HAa «BBICOKOITIANKUE» IOBEPXHOCTHU
(HampuMep CTEKIIO ¢ OTHEHHOM MOJUPOBKOIA).

Jns nonmyyeHuss uHGOpMaUMKU O CTPYKType Top ObUT  BBINOJHEH aHalIHu3
COOTBETCTBYIOILIUX CEYEHHH, KOTOpbIe IMOKa3aHbl Ha puc. 10. JlmarpaMMbl monepedyHoro
npoduis COOTBETCTBYIOIUX CEUEHHUH MoKa3zaHbl Ha puc. 20. BuaHo, yTo mops! UMEOT hopMy

Kparepa ¢ IIaJKUMHU KpasiMU U OKPYTJIIbIM JTHOM. ['TyOMHa Kparepa 3aBHCUT OT €ro JUaMeTpa
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Bapeupyercst ot 15 go 105 um. CooTHomieHue TIIyOMHBI M JTHAMETpa Kparepa COCTaBISET

0K0J10 1/4 11715t KpYIHBIX TIOP U OKOJIO 1/6 IS MEIKHX.

8 250 200

nm

s Pore No 1

= =Pore No 2

= « Pore No3

===TPore No 4

0 0.5 10 15 2.0 2.5 3.0 h, nm
um -120 & 7

Puc. 2 — CtpyKTypHBIE 0COOEHHOCTH TIOBEPXHOCTHON Mopdosioruu Hanomnopuctoro AloOs3
(ACM, INTEGRA NT-MDT): a — 2D cHUMOK MOBEPXHOCTH, 6 — MPODUIIL CEUCHUSI TTOP.
Fig. 2 — Structural features of surface morphology of nanoporous Al>O3
(AFM, INTEGRA NT-MDT): a— 2D picture of surface, b — profile of pores cutting.

Takum 00pa3oM, Ha MOJYYCHHYK HAaHOMOPUCTYHO TemiuteiiT-matpuiy Al2O3 MoxHO
HAHECTH TOHKYI IUIEHKY MeTaia (WIM Jpyroro MmaTepuana, H3 KOTOPOTO HYKHO
c(opMHUpPOBAaTh HAHOYACTHIIBI), KOTOpas OyAeT TMOBTOPATh penbed moBepxHOCTH. [Ipu
TE€PMOAKTHBUPOBAHHON rpaHyIsaLun HaHOOCTPOBKH Ooyayr ¢dbopMupoBaTbcs
IIPEUMYILIECTBEHHO BHYTPH IIOp HACJIELysl UX PACIIONIOKEHHE OTHOCUTEIBHO APYTr Apyra Ha

IMMOBCPXHOCTH.

PaGora BbimonHeHa npu (UHAHCOBON mojjepkKke MUHUCTEpCTBa HAYKH M BBICHIETO
oOpa3zoBanus Poccuiickoit denepannu B pamkax 6a30BOM 4acTH rocyapcTBEHHOIO 3aaHUs
(IIpoekr Ne 3.7126.2017/8.9) m wuactmyHo B pamkax mnoaaepxkannoro ®I'AOY BO

«KpeiMckuii Gpenepansubiii yausepcutet umenn B.. Bepraackoro» rpanta Ne BI'22/2018.

1. O.A. Tomununa, A.M. @enopenko, C.B. Tomwnmun wu gp., Tpymer XXIII
Mexaynapoanoi koupepennuu BUI-2017, T.3 (2017) 296.

2. D.C. Mapkapsia, KongencupoBaHHble cpesibl U Mexdasnbie rpanuibl, 16 (2014) 55.
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IMPUMEHEHUWE NOHHBIX ITYUYKOB JIJIs1 AHAJIN3A IIOBEPXHOCTH
N HAITPABJIEHHOI'O ABHKEHU S 9JIEKTPOHOB B ITPOBOJHHUKAX

APPLICATION OF ION INTERACTION FOR THE ANALYSIS OF THE SURFACE AND
DIRECTIONAL MOTION OF ELECTRONS IN CONDUCTORS

C.C. BOJIKOBl, C.B. HI/IKOJII/IHZ,T.I/I. KHTaeBal, H.JI. HyseBnql
S.S. Volkov!, S.V. Nikolin?, T.I. Kitaeva, N.L. Puzevith*

L pasancroe 28apoelickoe govlcuiee 8030YUHO-0eCaHmMHOe KOMaHOHoe yuuauuje, Poccust
kitaeva_46@mail.ru
240 «lInasmay, yn. uoaxosckoeo, 24, 2. Pazans, 390000, Poccus

This paper analyzes the results of studies on the use of interaction of ions with surface atoms to obtain
information about the elemental composition and other properties of the surface of metals. The exper-
imental results indicate the simultaneity of the action of the strongly coupled electron model and the
free electron model for conduction electrons.

B3aumojieiicTBHE MOHOB C TIOBEPXHOCTBHIO SBJISCTCS CaMBIM HH(OPMATHUBHBIM ITPOIICC-
COM TI0 MCCJIEIOBAHUIO CBOWCTB MOBEPXHOCTH KOHJIEHCUPOBAHHBIX (a3. Jlo ypoBHS TEXHOJIO-
THYECKOr0 MPHUMEHEHHUS pa3paboTaHbl METObI BTOPUYHO-HOHHONH Macc crekrpockomuu [1],
CIIEKTPCKOMHH Pe3ephOpIOBCKOTO paccesiHUs, CIIEKTPOCKOITUN UOHHOTO PACCesHUSI TIPU HU3-
KuX SHeprusx [2, 3], CIEeKTPOCKONHMHM aTOMOB OT/Aa4d, WOHHO-(OTOHHOHM CIEKTPOCKOITHH.
Oco0eHHOCTBIO MCCIIEIOBAaHUI MOBEPXHOCTH HOHHBIMHU IyYKaMH, KaK U JIOOBIMU JIPYTHUMH
METOJIaMHU, SIBJISIETCS HEOOXOJIMMOCTh BBICOKOM OJHO3HAYHOCTU U JOCTOBEPHOCTH PE3yJbTa-
TOB. Llenpro JaHHOI paboTHI SBISUTHCH aHATIN3 PE3YIHTATOB UCCIIEIOBAHUI TEXHOIOTUYECKUX
U MOJICTIbHBIX OOBEKTOB pa3HbIMH METOAaMH [4-6], u3yueHHe BIHMSHUS DJICKTPOHOB MPOBO-
JUMOCTH Ha pe3yJbTaThl UCCIEIOBAHUI MOBEPXHOCTHU, a TAKKE IMOJYYEHUE CBEICHHI O CO-
CTOSIHUM DJIEKTPOHOB MPOBOJUMOCTH B IPOBOJHHUKAX U 00 3JEKTPOHHOU CTPYKTYpE TBEPIBIX
TeN B 1eJI0oM. BonbIoi uHTEpec MpeiCcTaBiIseT BOMPOC O MOBEACHUU SJIEKTPOHOB MPOBOIH-
MOCTHU B TBEPOM T€J€, B HACTHOCTH, /Ui O0Jiee MOJIHOTO U3y4eHUs (PU3MKN B3aUMOJEHCTBUS
HMOHOB C TOBEPXHOCTBIO, TAK KAK AJIIEKTPOHBI TPOBOJUMOCTH SIBJIIFOTCS HEOTHEMIIEMBIMU Y4a-
CTHUKaMHU BCEX BHJIOB B3aUMOJEHCTBUII Ha MOBEPXHOCTH. HecMOTps Ha MIMPOKyI0 pazpado-
TAaHHOCTh 3JIEKTPOHHOW TEOPUH METAJIOB, B HACTOAIIEE BPEMsI OTCYTCTBYIOT HEMPOTHBOPE-
YUBLIC @HSHHGCKI/IC MCXaHU3MBbI HAITPABJICHHOT'O JBUKCHHSA, B TOM YUCIIC IPOTCKAHWA TOKA B
MeTalax, B JUTEPAType HE 3aTparuBaeTcsi BONPOC MEPEAaud CUJIbl 1O MPOBOJHUKAM, Ha-
pUMep, OT TeHepaTopa K AMEKTPOJABUTATENIO C YIETOM COOIIOCHHS paBEHCTBA MPOTUBOACH-
CTBUS AEHCTBUIO. be3 MOsSICHEHNI U 3KCIIEPUMEHTAIbHBIX MOATBEPKACHUN CYIIECTBYET MHO-
Tro )IeCSITI/IJ'IeTI/Iﬁ CANMHCTBCHHAA MOJCJIb MEPEAAYN SHEPTUU 11O MCTAJUIMYCCKUM ITPOBOJHUKAM

— I1I0 BO3AYXY BAOJIb IPOBOAHHUKOB IO TCOPUU IloiinTHrA. Hp06neMa nepeaayun CUJibl Ha pac-

140



CTOSTHUE B HOBOW (hOpMe BO3HHKAET C PA3BUTHEM MHUKPOCHUCTEMHON TEXHUKH. MUKPOHHBIC
JUHEHHbIE pa3Mepbl MUKPOMEXAaHH3MOB Ha aTOMHOPAa3MEPHOM YPOBHE SIBIISIOTCA TaKkKe
JUIMHHBIMH JuHUAMU. [IpoOnema nepenaun CUiibl 10 JIJIMHHBIM M KOPOTKUM JIMHUSIM 3aKJIIO-
4aeTcs, B YACTHOCTU B TOM, UTO MEXAHUYECKUE IPOYHOCTHBIE XapaKTEPUCTUKU IPOBOJHUKOB
3HAYUTENIbHO MEHbIIIE CUJI, PA3BUBAEMbIX MEXaHU3MaMH, IUTAEMbIMH Y€PEe3 3TU MPOBOJHHUKHU.
[Ipu 5TOoM 3akoH HproTOHA JIeiiCTBUE paBHO MPOTUBOACHCTBUIO OCTAETCsl YHUBEpCcAIbHBIM. Ha
YpOBHE MEPBUYHBIX MOHITUHA OCTAIOTCA OOBSICHEHUS MPHUPOABI IEKTPOIAHBIX MOTEHLUAIOB,
BO3HUKAIOIIKX Yy IPOBOJAHMKOB, IOMELIEHHBIX B pAacTBOp 3jeKTponuTa. Ha Takom ke ypoBHe
HaxoauTcs (pu3nyeckas MOJIENIb HAIPaBICHHOTO JBIKEHHS AJIEKTPOHOB B MeTajlie, CO3/a-
Ba€MOr0 MarHMWTHBIM I0JIEM, OCOOCHHO Ha y4yacTKax KOHTypa 3a MmpeiesiaMd JeHCTBHUS Mar-
HUTHOTO ToJii YToOBbI co37aTh 51C KaK Pa3HOCTh 3apsIOBBIX MOTEHIMAIIOB, HEOOXOAMMO
IpeBapUTENbHO cHOPMUPOBATH TOK, pasiessiomuid 3apsabl. [loaToMy pe3yinbraToM u3Me-
HEHUS! MarHUTHOTO TOJIS SIBJISIETCS TOK, @ HE 3/IC. A TOK €llle JJO HaKOIJICHUsI 3apsA0B JUIs 3JIC
MPOTEKaeT Mo BCceMy KOHTYpy. KpoMe Toro B 3aMKHYTOM HPOBOJSIIEM KOHTYpE 3apsiibl Ha
OTJICbHBIX YYaCTKaX HaKaIllJIMBaThCS HE MOTYT, U MOJIEBOM MEXaHU3M TOKO(GOPMUPOBAHUS HE
peamuzyeM. CorjacHO (U3UKE METAJUIOB DJIEKTPUYECKOE I0J€ B METall HE MPOHHKACT.
BceneactBue 3Toro M3BECTHbIE MEXAaHU3MbI (POPMHPOBAHUS HANPABIECHHOI'O JIBU)KEHUS CBO-
OOJHBIX AJIEKTPOHOB MOKHO OTHECTH K MOJIE3HBIM MOJIEISIM, HE OTPAXKAIOIIUM peajbHbIe
nporuecchl. O06Cyx)aaeMble TPOTUBOPEUHs 0 POPMHUPOBAHUIO HNEKTPUUECKOTO TOKA B METAJI-
JMYECKUX MPOBOJHHUKAX MOATBEPHKAAECTCS ONBITAMHU MO KOHTAKTHOW Pa3HOCTU MOTEHIUAJIOB
[7]. Konnencarop OOJBIION €MKOCTH C IUIACTHHAMHU M3 MAaTEPUANIOB C Pa3HBIMU pabOTaMu
BBIXOZa IIPU DJIEKTPUYECKH HEUTPAIbHBIX JJIEKTPOAAX CO3/1aeT U3MEPAEMOI BEIUYMHBI TOK
10 3aMBIKAIOLIEMY UX NPOBOAHUKY. IIpn 3TOM IIacTUHBI 3apsKAIOTCS ANEKTPOCTATUYECKH, a
TOK, cllafiasi o0 HyJsl, MPOTEKAeT OT OTPHULATEIBHO 3apsDKAOIIErocs 3JIEKTPOoJa K IMOJIOKH-
TEJNbHO 3apsKAIOUIEMYCsl JIEKTPOAY MPOTUB MOJS 3JEKTPoIoB. Tak Kak M30BITOUHBIE 3JIEK-
TPUYECKHE 3apsibl HAKATUIMBAOTCSI UCKIIIOUUTENIBHO HAa TIOBEPXHOCTH, TO HAIIPABJIEHHOE II€-
pEMEILEHUE IIEKTPOHOB B METAIUIE MPOUCXOAUT HE MOJ JAECHCTBUEM DJIEKTPUUYECKOIO ITOJIS.
OnBITHI C K.p.NT MOKa3bIBAIOT, YTO JBWKYIIMMHU CHJIAMH, NPOSBISEMBIMUA HA IJIACTHHAX, SB-
JISTFOTCSL CUJTBI AJIEKTPOHHOT'O CPOJICTBA, BhIpaXkKaeMble Pa3HUILIEH SHEPIHil CBSI3U IEKTPOHOB B
pasHbIX MeTtayiax. OTCyTcTBUE mepernaja KOHLEHTPAMU 3JIEKTPOHOB HA COEAMHUTEIBHOM
IPOBOJHUKE, OCOOCHHO B HadaJbHBIII MOMEHT TOKa, YKa3bIBaeT Ha (popMHUpOBaHHE HAIPaB-
JICHHOT'O JIBM)KEHUS BAJIEHTHBIX 3JEKTPOHOB, HAXOSIIMXCS HA CBOMX OpOMTax, HO CHOCOO-
HBIX CBOOOJHO MEPEXOJUTh OT aToMa K aToMy. Takoi MeXaHU3M IMOATBEPIKIAeTCsl UCCIE0-

BaHUSAMMU pACCCAHNA HOHOB HU3KHUX 3Hepr1/11"4 OT MOBCPXHOCTU MCTAJIJIOB, TOJTYIIPOBOAHUKOB U
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TUAIIEKTPUKOB. COrjacHO TEOPUH CBOOOJTHBIX 3JIEKTPOHOB HA MOBEPXHOCTU KOHIEHTpPALUs
3JIEKTPOHHOIO T'a3a CHaJaeT MOCTEIEHHO, U 3JIEKTPOHHBIN a3 BBITEKAET 3a MPEeibl aTOMHOU
PELIETKH, pacHpeesssiCh Ha IMOCIEAHMX CJIOSIX aTOMOB C MEPUOJUYHOCTBIO PEIIETKH IO
bpuneneBcKUM KojebaHusM. 3a TpeesiaMy PEIICTKH NOHOB OKa3bIBACTCS KOHIICHTPAIIHS, 110
MEHBIIEH Mepe, B JACCATHIC A0JU OT MOJHOW KOHIEHTpauuu B 10 2 sn/em’. Ha MOBEPXHOCTHU
JUAJIEKTPUKOB BBITEKAIOIIETO 3JEKTPOHHOrO ra3a Her. Ha moBepXHOCTH MOIYIIPOBOJIHUKOB
BBITEKAHME JOJDKHO OIPENENSAThCS YPOBHEM JIETMPOBAHHOCTU JIOHOpaMHU. BriTekaromuii
DJIEKTPOHHBIN T'a3 HEM30€KHO JOJHKCH BO3/ICHCTBOBATH HEHTPATU3YIOMIMM O0Opa3oM Ha pac-
CesHUE MOHOB, M Ha BBIX0J BTOpUYHBIX MOHOB B BUMC. BmecTo ougaeMoi MOBBIIIEHHON
HEWUTpaIM3alliy BBUICTAIOIINX OT MOBEPXHOCTH MOHOB HA METAJJIaX, KOHTPACTHO MPOSBISAET-
Csl HA COCTOSTHUM BBIOUTHIX OTJIETAIOIIMX MOHOB X MCXOJHOE 3apsiIoBOE COCTOSIHME Ha IMO-
BEPXHOCTH. DTO XOPOIIO OOHAPYKUBACTCS HAa OKUCH AJIFOMUHUS, HA apCEHUJIC TAIIUS U Me-
TaUTHIeCKOM Tayitie. VIcXoqHOe 3apsI0BOe COCTOSIHAE B TBEPIOM Telie OOHAPYKHBACTCS Ha
MOHAX OTJAa4u METOJIOM CIIEKTPOCKOIHMH aTOMOB OTAauu. VI3MeHeHue 3apsA0BOro COCTOSIHUS
aTOMOB BoJIb()pama U 11e3Usl XOPOIIO HAOII0AAeTCs MPU PACCESHUU HOHOB HEOHA U TeHs OT
MOBEPXHOCTH BOJIb(hpama Mpu HAHECCHHH Ha HEro aToMoB 1e3ust 10 MoHocios [8]. Tlepepac-
MpEIeIICHUE BAJICHTHOTO 3JIEKTPOHHOTO 3apsija Ie3usl MEXIy aTOMaMH BoJib(hpama U 1e3usl B
3aBHCHUMOCTH OT CyOMOHOCIIOIHOW KOHILIEHTPAILIUU LI€3HsI U OTOOpaKEHHE 3TUX COCTOSIHUN Ha
3aps0BOM COCTOSTHUU PACCESHHBIX HOHOB YKa3bIBAIOT Ha OTCYTCTBHUE CBOOOTHOTO 3JIEKTPOH-
HOTO O0Jlaka HaJl TTOBEPXHOCTHIO IIE3UPOBAHHOTO BOJb(pama. B nuamazone runeprepmaib-
HBIX SHEPTUN CHEKTPHI COJIEPKAT MUK MOHOB, PACCESTHHBIX C MEPBOHAYAIBHONM YHEPTHUEH, UTO
yKa3bIBaeT Ha HaJW4Me €IUHBIX dKBUMOTeHIuanei ¢ sneprueit 1o 80 sB, oxBarbIBaronnx
OOJIbIIME TPYMIBI ATOMOB MOBEPXHOCTH (AE€CATKH — COTHH). [Ipu 3TOM BEpOSTHOCTH COXpa-
HEHHUS 3apsijia PacCesTHHOTO MOHA OCTaeTCsi BBHICOKOW. OIHOBPEMEHHOE HaJUYHe B CIIEKTPE
nuKa (MMKOB) MAPHOTO PACCESTHUS U UX JTUHAMUKA U3MEHEHUH M0 BEJIMYHHE TPU MOJTHOM CTa-
OMJIBHOCTH HHEPTeTHUECKUX TMOJOKEHHUHM MO3BOJIAIOT MPEAoiaraTh OTCYTCTBUE TIOMEX B BU-
e 3apAnoBBIX (UIYKTyaluii cBOOOJHOTO 3JEKTPOHHOro ra3a. Hamuyme OonbIIMX oTpaxka-
TEJTbHBIX ATOMHBIX KOMIUIEKCOB C TOJIOKHUTEIHHBIMA JKBUIIOTEHIIUATISIMU MOTYT OBITH 00Y-
CJIOBJICHBI OOJIBIIION PHEPrUeH CBSI3U aTOMOB, (POPMHUPYEMOUN KOJUIEKTUBHBIMHU JJICKTPOHAMHU
Y, BO3MOXXHO, BAJICHTHBIMU. PacCMOTpEHHBIE 3JIEMEHTHI MOJENH AJIEKTPOHHOU MOJCUCTEMBI
METaJIJIOB 0€3 HEe3aBHUCHMOIO OT MOHHOW PEMIeTKH aTOMOB 3JEKTPOHHOTO ra3a MO3BOJSIOT
HEMPOTHBOPEUYUBO OOBSICHUTH (HOPMHUPOBAHKME HAMPABICHHOTO JBI)KCHHS JJICKTPOHOB B Me-
TaJjuIax, MOCTPOUTh MOJIEIH TIepeIadn CUJIbI M DHEPTUHU IO MPOBOJHUKAMH, B YaCTHOCTH, C

IIOMOIIBIO 3J'ICKTpOHHOI7I oACUCTCMbBI METaJljia.
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BriBogwl. B qanHo# paboTe mpoBeneH aHaM3 pe3ynbTaTOB UCCIEAOBAaHUHN 10 TIPUMeE-
HEHUIO MOHHBIX MTYYKOB JIJISl aHAJIM3a CBOMCTB MMOBEPXHOCTU MOJEIBHBIX U TEXHOJIOTHYECKUX
00BEKTOB: MCTAJIJIOB, MOJYIIPOBOAHHUKOB, NHU3JICKTPUKOB. HOJIy‘-IeHHBIG CBCIACHUA O 3apsAno-
BOM COCTOIHHMHU aTOMOB IIOBCPXHOCTH MCTOAAMHU BTOpH‘-IHO-HOHHOfI MAacCCCIICKTPOCKOIINH,
paccesiHUsl HOHOB HU3KHX U TMIIEpTEpMajIbHBIX SJHEPTU U aTOMOB OT/aY yKa3bIBalOT Ha OT-
CYTCTBHE CBOOOJIHOTO 3JIEKTPOHHOIO Ta3a 3a IpejesiaMy MOBEPXHOCTH METAJIJIOB U Ha Bbljie-
Jsoueecst MPOsiBJICHUE UCXOIHOTO 3apsiI0OBOTO COCTOSTHUSL aTOMOB HCCIIETyEMbIX OOBEKTOB B
IIOTOKaX BLIOUTHIX U pacCCCAHHBIX HOHOB.

Pe3y.]'IBTaTbI OKCIICPUMCHTOB YKAa3bIBAOT Ha OAHOBPCMCHHOCTD HCﬁCTBHH JJIA 3JICK-
TPOHOB MPOBOJIUMOCTH MOJICIH CUJIBHO CBSI3aHHBIX 3JIEKTPOHOB M MOJIETN CBOOOJHBIX 3JIEK-
TpoHOB. [Ipu 3TOM cunpHas CBSI3b, BEPOSATHO, 00YCIOBIICHA JIOKATN3allMEH BAIGHTHBIX DJICK-
TPOHOB Ha COOCTBEHHBIX OpOMTaxX B aroMax, a CBOOOJHOE IMEpEeMEIICHUE HX OOYCIOBIECHO
00BETMHEHHOCTBIO BAJICHTHBIX OpOHTAaNel COCeTHHX aTOMOB. DIUIMITUYHOCTH OpOHUTAJICH,
BpalllaTeIbHOE JIBI)KEHUE aTOMOB U TeMIlepaTypHbIe KOJIeOaHHs MEePHOJUYECKH HAPYIIAl0T
COEIMHEHHOCTh OpOUTaNeii, YTO 00YCIOBIUBAET COMPOTHUBIICHNE HAIIPABIEHHOMY JBUKCHHUIO
AJIEKTPOHOB. B Takoil Mozenu KBaHTOBAHUE MOBEAEHUS 3JEKTpPOHA OyleT MPOMCXOAUTH HE

pa3sMepaMu KpucTajia, a o NpaBujiaM BHYTPHATOMHOI'O KBAHTOBAHUS.
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1. Introduction

Ion beam analysis comprises of a family of well-established analytical tools employed in a
wide range of materials science applications. For MeV ions, the simplicity of the underlying
ion-solid interaction makes quantification of experiments often straightforward. Analysis often
features the additional benefit of minimum impact on sample structure and composition. At ion
energies of only a few keV, methods such as Low-Energy lon Scattering (LEIS) and Secondary
Ion Mass Spectrometry (SIMS) both with outstanding sensitivity have become widely used.

At medium energies (several ten keV up to a few hundred keV per amu), the situation is
different. The high potential due to e.g. superior depth resolution combined with reasonable
probing depth and the surplus of almost negligible beam doses has been less exploited and
applications outside the classical fields such as solid-state physics and electronics are still
scarce.

The medium-energy regime is, at the same time, also of interest for fundamental
investigations of ion-solid interaction: the interaction of the ion with the target can be no longer
considered as a series of binary collisions in an otherwise adiabatic interaction. At the same
time, the complexity of trajectories, uncertainty of scattering potentials and influence of surface
chemistry or similar are not complicating the picture as severely as e.g. in LEIS or SIMS.

Medium-Energy Ion Scattering (MEIS) has been developed with a number of different
spectrometric approaches (e.g. electrostatic, magnetic, time-of-Flight - ToF). Due to its
flexibility the ToF-approach is particularly useful for studying fundamentals of ion-solid
interaction.

We have performed a series of ToF-MEIS studies to investigate ion-solid interaction in
terms of energy loss measurements [1],[2]. We have furthermore investigated the yields of
secondary particles such as photons [3], secondary ions [4] and electrons emitted by solids upon

ion impact.
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2. Experiments and methods

The experiments within the present contribution have been performed using the ToF-MEIS
set-up at Uppsala University [5] based on a 350 kV Danfysik ion implanter. An electrostatically
chopped beam, bunched by a drift tube buncher permits to obtain beam packages with down to
0.3 ns pulse length. The products of ion-solid interaction such as photons, scattered primary
particles or ejected secondary particles (electrons and ions) are detected by a rotatable position-
sensitive microchannelplate (MCP) detector with large active diameter of 120 mm situated at
300 mm distance from the sample.

For the sake of brevity details on the different target systems are described in the respective
publications. Target compositions have been commonly investigated by Time-of-Flight Elastic
Recoil Detection Analysis (ToF-ERDA) using 36 MeV I¥* ions provided by the 5 MV NEC
tandem accelerator at Uppsala university. Thin-film systems have been additionally
characterized using Rutherford Backscattering Spectrometry (RBS) employing 2 MeV He"
primary ions.

In ToF-MEIS, for spectrum acquisition, typically a time window of up to 16 000ns was
recorded. In Fig. 1 one can see a typical spectrum obtained for impact of 120 keV He" ions on
a TiN film grown on Si. Note, that for acquisition of the present spectrum a bias of 500V was
applied to the sample to accelerate positively charged secondary particles towards the MCP
detector. At lowest flight time, i.e. at 1 ns a narrow peak due to photon emission induced by ion
impact can be observed (1). Subsequently, scattered particles contribute to the yield (2). At high
flight times, desorbed and sputtered secondary species from the sample can be detected (3).
Note, that also electron detection is possible, but requires reverse bias (not shown here). As the
field between sample and detection system is well-known, a conversion of the x-scale to a mass

to charge ratio can be performed as shown in the figure.
3. Results and Discussion
3.1 Electronic interactions

In Table 1, results for the electronic energy loss are presented in form of the friction
coefficient Q (in atomic units a.u.) obtained from a fit to the experimental data assuming the
electronic stopping S being proportional to the ion velocity v, S = Q-v. For H, B and Ne, S < v

is observed at velocities below 1 a.u. In contrast, for He, an extrapolation to non-vanishing
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Figure 1: ToF-MEIS spectrum recorded for 120 keV He" ions impinging on 189 A TiN on
Si. Indicated are emitted photons (1), scattered particles (2) and desorbed atomic and molecular

ions (3).

Ion species Qexp (a.u) Qsriv (a.u.) Qorr (a.u.)
H 0.32 0.36 0.32
He 0.87 0.69 0.72
B 1.54 1.65 1.28
N 2.37 2.04 1.60
Ne 2.47 2.04 0.83
Al 227 2.08 0.63

Table 1: Comparison of the experimentally observed electronic stopping power of TiN for
H, He, B, N, Ne and Al ions expressed in terms of the “friction coefficient” Q assuming velocity
proportionality. Data can be compared to predictions by SRIM as well as from DFT. For details,

see text.

energy loss at vanishing ion velocity is observed. N and Al show substantial deviations from
velocity proportionality. However, as for all ions data is available in an overlapping energy
range, and a linear velocity dependence is observed for all datasets, linear fits result in a good
estimate for the magnitude of the electronic energy loss. The table holds also a comparison to

predictions from SRIM [8] as well as the DFT-model by Echenique et al. obtained for a free
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electron gas [9] with density equivalent to the valence electron density in TiN as obtained from

the plasmon frequency [10].

The data collected in the table illustrates that DFT is capable to reproduce the energy
loss of protons in titanium nitride with high accuracy. An overall impression illustrates, that the
predicted oscillations in electronic stopping with atomic number Z; of the projectile (concept
of effective charge) are not observed. Only a possible weak oscillation, shifted to much higher

7.1, is observed, requiring unrealistic electron densities in the employed model.
3.2 Photon emission induced by keV-ions

The time-dependence of the measured photon yields indicates, that the photons can be
considered to be prompt within the time-resolution of the system, i.e. the convoluted resolution
of acquisition electronics and ion pulse length. Thus, long-living states are excluded as the
predominant source of photons detected upon ion impact. By comparing photon yields for a
certain sample orientation but different detector positions, a decrease in intensity is observed
for more grazing detection angles which can be interpreted as an indication for photon emission
along the ion trajectory. A comparison of the yields observed for Si and SiO, as target materials
strongly suggests that the photons origin from transitions in the valence and conduction
electronic structure of the target material. Specifically, the observed yields are found to differ
by more than a factor of 50, which cannot be understood if a significant fraction of the photons
was due to emission from atomic states of either O or Si. This conclusion is also supported by
experiments with a CaF filter in between sample and the detector resulting in band-pass
filtering due to the response function of the MCP detector and the transmission function of the
window detection. Additionally, yield dependencies on ion species and projectile energy have
been studied in detail. Finally, investigations with a solid state detector showed no detectable
x-ray yield for the chopped beam when incident on Al-targets, which yield, however a clear

photon signal on the MCP detector.
3.3 Secondary ion emission in ToF-MEIS

In Fig. 1 the spectrum associated with secondary charged particles shows several distinct
features, which can be uniquely identified as specific atomic or molecular species. For example,
hydrogen and its molecules result in clear signals in form of narrow symmetric peaks. Other
signals can be attributed to different hydrocarbon species and H3O". Other noticeable features

include the presence of an asymmetric peak associated with Ti (peak close to mass/charge equal
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to 50). Comparing H and He as primary ions, could show, that peak ratios for symmetric peaks
change by an almost constant factor of about 2.5 for identical ion velocity. For the asymmetric
peaks the corresponding change in intensity is, however, found stronger. Thus, it is concluded,
that two different mechanisms of particle emission are active for the detected species: The
symmetric peaks are originating mainly from electronic sputtering of surface species also
leading to emission of molecular species. The asymmetric peaks, in contrast, are attributed to

nuclear sputtering in collision cascades.
3.4 Electron emission in ToF-MEIS

The employed goniometer system has been recently reconstructed to permit
performance of transmission experiments. Moreover, the detector electronics have been
modified to permit also detection of negative secondary particles, i.e. electrons ejected upon
ion-solid interaction. We will in our contribution present some first experiments using the new

set-up.
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UNIVERSAL RAINBOW CHANNELING POTENTIAL

S. Petrovi¢, N. Starcevic¢, M. Cosié

Laboratory of Physics, Vinca Institute of nuclear sciences, University of Belgrade, Belgrade,
P. O. Box 522, Belgrade, Serbia

The problem of an accurate ion-solid interaction potential is one of the basic problems
in description of the ion-solid interaction [1]. This work reports on the possibility to construct
the universal rainbow channeling proton-crystal interaction potential. It has been done by

modifying the Moliere’s interaction potential applying the crystal rainbow theory [2, 3].

Theory of the crystal rainbows [2] is based on the analysis of mapping of the impact
parameter (IP) plane to the transmission angle (TA) plane determine by the ion

scattering/channeling process:
Oy = 0Ox(xo, Yo) and Hy = Hy(an Yo), 1)

where x, and vy, are the transverse components of initial ion position vector, i.e., the

components of its impact parameter vector, 6, and 6, are the components of final ion
channeling angle, i.e., the components of its transmission angle. It should be noted that the
mapping (1) also depends on the ion’s energy, crystal channel and its thickness, which are

treated as fixed parameters.

Since the components of ion channeling angle are small (smaller than the critical angle

for channeling [4]) the ion differential transmission cross section is given by [2]:

1

Gl X

O'(XO:YO

where J,(x,,Y,) =9, 6,0, 6, -0, 6,0, 6, is the Jacobian of the mapping (1). Thus, the

XT Yoy Yo X7 XY

equation
3o (%, ¥0) =0, (3)

defines the rainbow lines in the IP plane. The mapping of these lines determined by functions
(1) are the rainbow lines in the TA plane, and they should be compared with the angular
distribution of channeled ions in the TA plane [5].
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The famous and the most frequently used interaction potential is the Zigler, Bierstack
and Littmark (ZBL) one, with, the so called, the universal screening function calculated by
applying the Hartree-Fock method [6]. Also, Moliére proposed a good analytical
approximation to the Thomas-Fermi model of an atom, with the atomic Thomas-Fermi
screening radius [7]. One can apply this potential in the ion-atom scattering process. The
obtained interaction potential can only be justified if the influence of an ion on the screening
function can be neglected. However, one can also use the Moliére’s approximation to the
Thomas-Fermi model of an atom with the screening function proposed by Firsov, which

includes the effect of both the ion and the atom [8].

We have analyzed channeling of 2 MeV protons and the following 28 crystals in the
(001) orientation with the cubic crystallographic structure. With the FCC crystallographic
structure: aluminum (AI*®), calcium (Ca®), nickel (Ni*®), copper (Cu®), strontium (Sr®),
rhodium (Rh*), palladium (Pd*), silver (Ag*"), cerium (Ce™®), ytterbium (Yb™), iridium
(Ir""), platinum (Pt"®), gold (Au™), lead (Pb®) and thorium (Th®); the BCC crystallographic
structure: vanadium (V), chromium (Cr?*), iron (Fe?®), niobium (Nb*"), molybdenum (Mo*?),
barium (Ba>®), europium (Eu®®), tantalum (Ta”) and tungsten (W%, and the diamond type

crystallographic structure: carbon (C°), silicon (Si**), germanium (Ge*) and tin (Sn*°).

The ZBL potential reads [6]

_ Z1Z,e? BiR
VgL = 1RZ i1 aexp (— E) (4)

where Z;and Z, are the atomic numbers of ion and atom, respectively, e

3
is the elementary charge, R is the distance between ion and atom, azp;, = (27"8)1/3(Zf +

ZP) la, is the ZBL screening radius, a, is the Bohr radius, a; = (0.1818, 0.5099, 0.2802,
0.02817), B;= (3.2, 0.9423, 0.4028, 0.2016) and p = 0.23 are the fitting parameters.

The Moliére's ion-atom interaction potential is given by [7]

Z1Z,e? 8iR
Vi =223 viexp (- -5) 5)
TF
3
where arp = (%)1/322_1/3% is the atomic Thomas Fermi screening radius, and y; = (0.10,

0.55, 0.35) and 6; = (6, 1.2, 0.3) are the fitting parameters. As it has already been mentioned,
this interaction potential can only be justified if the influence of an ion on the screening

function can be neglected. However, in the case of the Moliére's potential the Firsov screening
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3
radius ap = (%)1/3(211/2 + 73/%)"23q, instead of ary is also frequently used [8]. On the

other hand, it should be noted that if one changes parameters &§; to §; = aa—F 6; = (5.124,
TF

1.025, 0.2562) and instead of the atomic Thomas Fermi uses the Firsov screening radius, the

. . Z,Z,e? 5{R Z1Z,e?
following expression for V,, holds:V,, = 222533 y.exp (—al—F) = 1R+e 3 LVieXp
8;R : : . . o
(— a‘ ). This expression will be extensively used in this work.
TF

In the scattering process, the Vg, potential was dominantly applied for the smaller
(not large) ion-atom impact parameters. However, Krause et al. [9], in analyzing their
channeling experiments through a very thin silicon crystal, concluded that the obtained results
were better reproduced by the V,, interaction potential, taking into account that they recorded
the angular distributions generated by the channeled ions moving far from the atomic strings
of the crystal defining the channel. Recently, Petrovic¢ et al. [3] have been able to merge V5,
and V,, interaction potentials by changing the fitting parameters §; to 6;,. = (5.124, 1.828,
0.2562) demonstrating an excellent match between the high-resolution ion channeling
experimental and calculated angular distributions for 0.7 - 2 MeV proton beams and the 55nm

ultrathin (001) silicon crystal.

The aim of this work is to try to apply the same method for 2 MeV protons and the
crystals into consideration here. The method was based on the fitting procedure in which the
rainbow line in the TA plane generated by the ZBL potential and small impact parameters of
protons should be matched with the rainbow line generated by the rainbow channeling
potential, and, at the same time, the rainbow line in the TA plane generated by the Vy,
potential for large impact parameters of protons should be matched with the rainbow line
generated by the same rainbow channeling potential. The analysis shows that this is possible
and that one can speak of the universal axial (001) rainbow channeling interaction potential.
According to the results presented in Ref. [3], the 87, and &3, fitting parameters are treated as
being constant and equal to 5.124 and 0.2562, respectively. The method for adjusting the

parameter &, consists of the minimization of the expression df + d3 = (6y,, — Ox,5,,)* *

(6

Xr2

- HxMz)Z, where 6, , and 6, ,, are the intersections of the rainbow line in the TA
plane with the 6,, = 0 line, corresponding to the rainbow channeling potential, for outer and

inner rainbow lines, respectively,  while, 6, and 6 are the intersections of the

ZBL1 XM2
rainbow lines in the TA plane with the 6, = 0 line, corresponding to the ZBL and Vy

potentials, for outer and inner rainbow lines, respectively. These points are the image of the
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corresponding points in the IP plane, x,1, Xor2, XozprL1 and xop2, respectively. It should be
noted that a crucial assumption for the method applied here is that the rainbow channeling
potential approximates well the ZBL potential for small impact parameters and the Vy,
potential for large impact parameters. As it has already been mentioned, in the case of 2 MeV
protons and the (001) 55 nm thick Si crystal, this assumption has been experimentally proven
[3]. Accordingly, we have adjusted the thickness of the crystals under consideration here to

obtain well separated outer and inner rainbow lines corresponding to small and large impact

parameters,
I | I | |
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22 - —
e ® N i
20 - =
1 8 - L _J “... ] .. L __J ® ® L ] .. ... @ ® |
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Figure 1. Dependence of the fitting parameter &5, on the crystal atomic number.

respectively.

Fig. 1 shows dependence of the &, fitting parameter on the crystal atomic number.
The average value of &7, is 1.85 with the standard deviation of 0.12. Further, one can clearly
observe that Ca, Sr, Ba and Eu form a group of elements with higher values of &§,., with
average values of 2.08 and the standard deviation of 0.04. On the other hand, for the 23
elements, not including carbon, the average value of variable &, is equal to 1.83, with the
standard deviation equal to 0.01. It seems that the carbon case is an exemption. One can

explain this by the fact that the carbon atom has a small number of electrons, and, therefore, a
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Coulomb like ion-atom interaction potential with a screening function is not well established.
However, it is rather astonishing that one can obtain a universal rainbow channeling potential,
designated by Vj;, in which the parameters are &/ = (5.124, 1.85, 0.2562), with the relative

standard deviation of §,Y of 6% (including carbon).

(001) Fe, 2 MeV H"

0.6 ——

0.2 |-

0.0 |-

Figure 2. Rainbow lines in the TA planes for the V5, - black lines, V;,; - blue lines and the
rainbow interaction potentials — red lines and 2 MeV protons channeled through the (001) Fe

*

Fig. 2 shows rainbow lines in the TA planes for the V5, - black lines, V, - blue lines
and the rainbow interaction potentials — red lines, for 2 MeV protons channeled through the

(001) Fe crystal. The thickness of the Fe crystal was 32 nm.
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In this theoretical work, it is shown that a universal rainbow channeling proton-crystal

1Ze?

u
potential, V= ZT 3 Lyiexp (— SZ—R) , where y; = (0.10, 0.55, 0.35) and §;Y = (5.124,
F

3
1.85, 0.2562) are the fitting parameters, and ay = (‘%)1/3(211/2 + Z3/%)72/3q, is the Firsov

screening radius, can be constructed applying the rainbow morphological method. The
relative standard deviation of the fitting parameter 6, is 6%. This potential merges the ZBL
potential, for the small impact parameters, and the Moli¢re's potential, with the Thomas-Fermi
radius, for the large impact parameters. The accuracy of the obtain interaction potential should
be investigated in a series of high resolution transmission channeling experiments for

different proton-crystal combinations, as suggested in this work.
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TRANSITION METAL OXIDES AND NITRIDES

B. Bruckner #, D. Roth*, Bauer” and D. Primetzhofer”

" Department of Physics and Astronomy, Uppsala University, SE-751 20 Uppsala, Sweden
e-mail: barbara.bruckner@physics.uu.se;
* Atomic Physics and Surface Science, Johannes Kepler University, A-4040, Linz, Austria

1. Introduction

lons impinging in matter lose energy due to interaction with either electrons or nuclei of
the target, called electronic and nuclear stopping, respectively. A measure for this energy loss
is the stopping cross section (SCS), ¢, which corresponds to energy loss per path length per
target density, N: ¢ = 1/N [J dE/dx. Accurate knowledge of electronic stopping is not only of
interest for fundamental understanding, but is also crucial for applications of ion beam
analysis (IBA) techniques, e.g. for characterization of thin films, surfaces and nanomaterials
[1,2]. For this purpose, stopping power tabulations are available which provide information
for all ion — material combinations [3]. These tables are based on experimental data, which
however, are scarce for transition and rare earth metals and in particular their compounds [4].
This lack of data implies that for many materials of technological interest the stopping power
is obtained by available data by interpolation, which ignores e.g. possible effects due to the
(partially filled) states in the d- and f-bands of these materials. For this reason, we performed
measurements of the electronic energy loss of keV light ions for a series of compounds of
transition metals with high technological relevance, i.e. in different oxides (VO,, HfO,,
Tay0s) as well as in nitrides (TiN, ZrN, HfN).

2. Experiment

The electronic energy loss was evaluated from energy spectra of backscattered projectiles
in two different time-of-flight (ToF) setups to cover a total primary energy regime from 1 keV
up to 150 keV. The low energy ion scattering (Tof-LEIS) setup [5] at the Johannes Kepler
University Linz allows proton and He stopping measurements for primary energies up to 10
keV and the setup features a fixed backscattering angle of 3=129°. The medium energy
regime was covered with the ToF-MEIS setup [6] at the University of Uppsala with a
minimum projectile energy of 20 keV and a variable backscattering angle 9 between 90° and
160°.
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Two different sample types have been used for the present studies: thin films on a
substrate and bulk samples. In the case of the thin films, electronic stopping can be deduced
from the width of the single scattering signal originating from the metal component, if the
film composition and thickness are known. For the thick samples, electronic stopping can be
extracted from a comparison of the height of the spectrum of the metal to the height of a

reference material with known electronic stopping [7].

3. Oxides

The investigated oxides exhibit a wide variety of electronic properties, for instance, they
feature band gaps between 0 eV (VO; in metallic phase) and 9 eV (SiO,). Electronic stopping
data for protons obtained in metallic (at room temperature) and semiconducting VO,
(Eq ~ 0.7 eV at 300 K) show no difference indicating no significant influence of the band gap
on the electronic energy loss. This result is supported by a comparison of all electronic
stopping data in oxides as depicted in Fig. 1. The figure displays the energy loss per oxygen
atom and clearly shows that all data coincide within experimental uncertainties [8]. This result
indicates, that the stopping cross section of the oxides is only governed by the number of
oxygen atoms per building block. Moreover, data for all systems extrapolates to the same

finite threshold within the experimental accuracy achieved here.
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Figure 1: Electronic energy loss of protons per oxygen atom in different metal oxides as a
function of ion velocity [8-10]: VO,, Ta,0s, HfO,, Al,O3, and SiO,. Additionally the

equivalent proton energies are plotted at the upper abscissa.
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4. Nitrides

In a next step we focused on electronic stopping in several different transmission metal
nitrides. The investigated group 1V and V nitrides are refractory compounds (high hardness,
high melting point as well as corrosion resistance). In contrast to most metal oxides, which
exhibit mixed ionic and covalent bonds, these nitrides show mostly metallic bonding with
much less pronounced covalent and ionic components.

A thorough characterization of the samples with Rutherford Backscattering Spectrometry
as well as Elastic Recoil Detection Analysis show that most of the samples contain up to 7 %
impurities with the most common ones being O, Ar from the sputtering process and either Zr
or Hf for the HfN and ZrN, respectively. We corrected the evaluated energy loss in the films
for this light impurities according to Bragg’s rule [11,12] which is expected to result in
residual systematic uncertainties <2 %. The electronic stopping cross section of protons is
plotted in Fig. 2. For low energies ¢ coincides for TiN and the N, gas, indicating equivalent
contribution from nitrogen and the metal to energy loss [13]. Furthermore, a comparison
between the different nitrides shows that the influence of the metals is not negligible even for
low primary energies resulting in an increased stopping with increasing atomic number. This

finding can be understood on the basis of the less ionic character of the chemical binding in

nitrides.
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Figure 2: Electronic stopping cross sections for protons in different transition metal nitrides
for TiN [13], ZrN and HfN. Additionally, the energy loss in N, gas [14] is plotted for

comparison.
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It is shown that the excitation of autoionization states during collisions of keV-energy
ions with a solid plays a determining role in the formation of inelastic energy losses and,
accordingly, the electronic stopping powers dE/dx. It is proposed to estimate the dE/dx values
using the relationship between the cross section for autoionization state excitation and the
ionization cross section. For cases where the ionization cross sections are unknown, scaling is
used to calculate the ionization cross sections when the L and M shells are excited. The
threshold dependence of dE/dx versus the energy of the bombarding ions is predicted.

The commonly accepted model of inelastic interaction between two atoms at slow
atomic collisions is the molecular orbital promotion model [1]. At internuclear distances R
comparable with the radii of L shells, the 4fc molecular orbital is formed from 2p levels of
colliding atoms and is sharply promoted upward at the internuclear distance R, crossing
several upper vacant levels. In view of electron transitions from this orbital to vacant levels,
the orbital at the removal of particles can become vacant, and an autoionization state appears.
The autoionization state decays through an Auger transition; consequently, the formation of
the autoionization state is related to the subsequent ionization.

Inelastic losses caused by the excitation of M shells were studied in [2,3]. It was found
that discrete lines with different excitation thresholds appear in energy loss spectra. In the
case of the M shell excitation, several orbitals (5fc, 5go, 6ho, etc.) are promoted, which
results in the formation of autoionization states. Thus, the main mechanism of inelastic losses
at collisions between keV particles is MO promotion with the following formation of
autoionization states, and their decay results in the ionization of collision partners.

The electronic stopping power and inelastic energy losses at collisions are related as
dE  2m
dx V,

Here, Vy is the volume of one atom in a solid target, b is the impact parameter, the term Qo is

[Qo + Q1] W(b)b db (D

due to the excitation of plasmons and other excitations at the passage of a particle through the
target, and the term Q; reflects the contribution from the ionization of particles, W(b) is a
probability of inelastic transition. The relation between the cross section for autoionization

state oy; formation and ionization cross section o™ is on=(1/N)-cn;'™" where N is the
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number of electrons produced during the vacancy decay. Finally, equation (1) can be

rewritten:

dE

1 .
= 2, Qo o @
0%l

Therefore, to estimate the contribution of the autoionization processes to dE/dx we need to

know the values of Q1 and ionization cross sections op;;".
The electronic stopping powers dE/dx calculated by Eqg. (2) are shown in Figs. 1 and 2
in comparison with the values from the SRIM database [4]. This database is obtained by the

empirical scaling of existing experimental data, which are very scarce at collision energies

below 100 keV.
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Fig. 1. Electronic stopping power for the Ne-solid Ne (a) and Ar-solid Ar (b). Points are our estimation
based on ionization cross section. Dashed line - SRIM [3]. Our estimate of the K shell ionization in
Ne-Ne case is also shown by open triangles. In Ar-Ar case the contribution of L-shell ionization is
shown by closed squares. The thick solid line is the sum of the L and M shell excitation contributions.

The ionization cross section for the case of Ne'- Ne collisions was obtained using the
data from [5-8]. The value Q=45 eV was taken from [9]. Fig. 1la demonstrates satisfactory
agreement with the values from the SRIM database. The autoionization model gives values
exceeding those from the SRIM database. It is remarkable that this model predicts a threshold
character of the dependence of the electronic stopping power dE/dx because inelastic energy
losses increase stepwise at internuclear distances necessary for the formation of autoionization
states. Fig. 1a also shows the contribution of the ionization of the K shell.

We also consider collisions of argon ions with solid argon (Fig. 1b). The ionization
cross sections for the case of Ar'-Ar collisions were taken from [5-7, 10]. In the M shell case
the formation of states with energies of 14, 28, and 50 eV were observed [2]. The contribution
of the formation of vacancies in the Ly; shell was also taken into account. The cross section
for the formation of L,3 vacancies was obtained from the experimental data on the emission of

electrons at the Auger decay of an L3 vacancy [11]. The formation energy of the L vacancy
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was taken to be 340 eV [12]. The solid line in Fig. 1b is the sum of the contributions to the
electronic stopping power dE/dx from the excitation of the L and M shells. As seen, the
excitation of the L shell increases the electronic stopping power dE/dx. This figure also
demonstrates the threshold behavior of the electronic stopping power dE/dx. Therefore, in
both considered cases, our approach predicts a dominant contribution of ionization processes
to the electronic stopping power dE/dx.

An important consequence of the applicability of the autoionization model is the
possibility of its use for calculating electronic stopping powers for various unstudied
combinations “bombarding ion-solid.” An unknown L shell ionization cross section can be
estimated using scaling proposed in our work [13]. The probability of the formation of an L

vacancy at the internuclear distance Ry can be described by the expression
1

ool (0]

where =1.02, y=22.8, and the parameter R. is determined from the condition W(R.)=0.5 and

(3)

W(Ry) =

is close to the internuclear distance at which the 4fc orbital crosses unfilled upper levels.
Fig. 2 shows the dependence of the parameter R, on the sum of the nuclear charge numbers of
colliding particles. This dependence was obtained in [13] by processing existing experimental
data on the excitation thresholds of the L,z shell at collisions of atomic particles in both gas
and solid phases. This dependence is in good agreement with the calculations of the

dependence of the behavior of molecular orbitals on the internuclear distance.
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Fig. 2. Parameter R, versus the sum Z;+Z, of
the nuclear charge numbers of colliding
partners [13]. The solid line is the universal
dependence for L vacancies proposed in [13].
Open and closed symbols are experimental
data in the gas phase and at collisions with a
solid, respectively. The dashed line is a similar
dependence for the excitation of M shells.
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Fig. 3. Ne-Si case, experimental data of dE/dx
[16] is shown as solid triangles, our estimates
of autoionization state contribution are shown
as a solid line, our estimates of friction with
outer shell electrons obtained using formula
from [9] is a dotted line. SRIM — dashed line.



Thus, the ionization cross section associated with the excitation of the L, shell can be
obtained as follows: first, the parameter R. is determined from the data shown in Fig. 2 and,
then, the ionization cross section is calculated by integration of W[R(b)] given by (3) over all
impact parameters. The formation energies of an L,3 vacancy can be obtained from
measurements [3,12,14]. It was shown in [13], that the ionization cross section for the case of
L,3 excitation is described by an universal curve with the normalization of cross sections to
the factor NR.?, and with the normalization of the energy scale to the factor U(R.)/Ecm. Ecm is
collision energy in centre mass. U(R;) is the value of interaction potential at R..

Using this method we made estimations of the contribution of L-excitation of Ne in
Ne-Si collisions. The autoionization model provides approximately 60% of the total electronic
stopping at the collision energy of 10 keV. The remaining difference can be connected with
the excitation and ionization of M-shell in Si. The mechanisms of electron-hole production
could also be taken into account in the considered case. We also estimated the value of Qg
using formula given in [9] for friction-like energy loss of an ion interacting with the free
electron gas in the solid. At E=10 keV, this value is only 13% of the data presented in SRIM
(see Fig. 3).

A similar approach can be used to estimate the ionization cross section in the case of

the M shell excitation.
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KINETIC ENERGY DISTRIBUTION OF SLOW MULTIPLY CHARGED ARGON
IONS TRANSMITTED THROUGH A CYLINDRICAL GLASS CHANNEL

K. Motohashi

Department of Biomedical Engineering, Toyo University, Kawagoe, Japan,
motohashi@toyo.jp

Guiding of slow multiply charged ion beams using insulator capillaries or tubes has
attracted attention since discover [1] of the effect. Slow multiply charged ions can transmit
thin capillaries or tubes even if they are tilted or bent with respect to ion beam axis due to
electrical charge accumulation on insulator surface upon impingement with multiply charged
ions. More secondary electrons than the charge state of incident ions results in positive charge
accumulation on the surface. Coulomb repulsive force from positive charge patch prevents the
following incident ions from colliding with the surface atoms. This guiding of a multiply
charged ion beam has a high potential for pioneering novel ion beam technologies. Simpler,
smaller, and cheaper devices may be developed by applying these phenomena to various ion
beam technologies, e.g., surface analysis, coating, lithography, milling, modification,

implantation, and bio imaging.

However, controlling shape and conditions of inner wall surface in capillaries or tubes is
difficult. Such difficulties have been a barrier for stable and accurate handling of the ion beam
using insulator capillaries or tubes. Thus, we previously proposed a new method to guide the
ion beam using a pair of cylindrical optical glass lenses [2] (Fig. 1). Cylindrical glass channel
(CGC), the device used in the previous study, has a narrow gap between a cylindrical convex
glass and a cylindrical concave glass. The cylindrical glasses are optical borosilicate glass

(BK7) lenses with a common curvature of 155.7 mm and a focal length of 300 mm for green

z g=12mm

Cylindrical-convex
Cylindrical-concave glass lens

glass lens

Aluminum ] s Optical lenses (BK7)
electrode oy
: ,i : Ly = 20mm
Entrance . 1 F=-300 f=z300
hole ‘ 1
X R=155.7 mm, f=300 mm
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N
9d fl.Omm D =1.5mm

Fig. 1 Schematic (left) and photo of optical lenses (right) of cylindrical glass channel (CGC).
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light. It is easy to choose curvature, gap width, roughness, and other physical properties for
the CGC. In this study, I attempted to evaluate the guide effect of the slow multiply charged
Ar ion beams using the CGC.

There is also another aim in this study. It’s a successful measurement of kinetic energy of
transmitted ion through the CGC. To my knowledge, Kinetic energy distribution of
transmitted or guided ions has never been measured because of its technological difficulties.
Long thin insulator capillaries or tubes prevent researchers from measuring kinetic energy of
each transmitted ion using usual electrical and time-resolved methods. To opposite that,
present experimental method described below can measure kinetic energy of each transmitted
ion because of the short channel and large exit hole. Figure 2 depicts a schematic illustration
of the experimental setup [3] used in this study. Mass-to-charge ratios (m/q) of ions were
analyzed upon their exit from the narrow gap of the CGC at various tilt angles, 8, when a
pulsed 2.5 x q keV-Ar® (g = 3 and 4) ion beam entered the front hole (diameter of 1.5 mm) of
the CGC. m/q of the ions that were transmitted through the CGC were measured using a time-
of-flight, T, via the displacement, y, on a position sensitive ion detector with a microchannel
plate (MCP-PSD), according to Equation (1):

LE L T_f1+f2

m e

_=_PP(_+{)5)—”0 | )
q y 2 '€3+'€4+'€5+L

where Epp (= 53 V/cm) is the electric field in the parallel plate, e is the elementary electric

charge, and v, is the initial speed of the Ar"™ ion beam. The lengths of £, ¢,, €3, €4, €s,and L
were 31, 98, 20, 35, 529, and 40 mm, respectively. Ar?" jon beam was extracted from a

compact electron beam ion source.
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Fig. 2 Schematic illustration of the experimental setup
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Figure 3 shows (a) x distributions and (b) kinetic energy distributions of the ions

transmitted through the CGC at various tilt angles in incidence of the 7.5 keV-Ar®* ion beam.
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Fig. 3 x distributions (a) and kinetic energy distributions (b) of the ions transmitted through
the CGC at various tilt angles in incidence of the 7.5 keV-Ar®* ion beam.

The kinetic energies of the transmitted ions were calculated from the mass (m) and the time of
flight, T. Peak positions for the x distribution also shifted to the negative direction at both
positive and negative tilt angles. Thus, the CGC deflected the ion beam. Furthermore, the
kinetic energy distributions of all tilt angles almost preserved their initial distributions of the
primary 7.5 keV-Ar®* ion beam through the peak located at approximately 6.8 keV because of
the insufficient position calibration of the MCP-PSD. Therefore, the CGC guided the Ar®* ion

beam. Thus, guiding of the 7.5keV-Ar®" ion beam was clearly demonstrated in this study.
This work was supported by JSSPS KAKENHI Grant Number 17K05602.
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Quantum behavior of nanostructures, arising due to its finite size, is very promising for
development of new technologies, e.g. single-electron transistors and molecular computers
[1]. During the last years a lot of research studies were focused on gold nanoclusters, that
show high catalytic activity, e.g. can effectively oxidize CO and hydrocarbons [2]. To
understand the fundamental aspects of nanoclusters catalytic behavior, the comprehension
about its local electronic structure and surface reactivity is necessary. Surface reactivity of
nanoclusters strongly depends on electron transfer processes with adjacent
molecules/atoms/ions. In this sense ion-surface interaction and especially ion neutralization
during low-energy ion scattering (LEIS) are rather useful techniques to probe surface

reactivity [3].

Neutralization of alkali metal ions during scattering on metallic nanoclusters has been
studied experimentally by several groups [3,4]. The common trend is significant enhancement
(~ order of magnitude) of neutralization probability (NP) for small clusters. Several possible
explanations of this effect were suggested earlier, but they don't fully explain existing

experimental data.

Neutralization of alkali metal ions on metallic surfaces occurs via resonant electron
transfer (RCT). The basics of RCT modeling and NP calculation can be found elsewhere, for
instance in articles [5,6]. In this work we refine the theoretical basis of RCT modeling and
show that correct description of interaction with image charges in the case of nanoclusters
explains NP enhancement, see details in ref. [7]. The main idea is that neutralization
probability enhancement on metallic nanoclusters can be explained by the alkali ion level
downshift due to alteration in image charges configuration. To validate the main idea of the
paper and theoretical methods [8,9,10] we use experimental data on Na* neutralization on Au

nanoclusters deposed on TiO; substrate [4].

Figure 1 shows the neutralization probability of 2 keV Na" ions as function of Au
nanocluster radius. Experimental data and parameters are taken from ref. [4]. We see that

calculation results quantitatively correspond to the experimental data. The theoretical
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estimation also reproduces neutralization probability increase for small nanoclusters radius.
This is strong argument for accounting of specific image charge factor in the case of "non-
flat" metallic surfaces. It should be noted, that the calculation results in the original article are
rather close to experimental data as well [4]. In both studies, the numerical algorithms involve
the change of Fermi energy (or work function) relative to the ion energy level. But in study
[4] the work function reduction due to negative nanocluster charging was implied. While the
advantage of our model is the explanation of relative shift of ion energy level by fundamental
factor of interaction with image charge, that is relevant in the case of conducting substrates as

well.

0.6

— Calculaions
o Experiment

0.5

0.4

Z 0.3

0.2

0.1
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Figure 1 Neutralization probability of Na* ions as function of nanocluster radius. Primary 2
keV Na® ion beam impugning Au nanoclusters on TiO, substrate along the normal; scattering
angle is 150°. Experimental data are taken from ref. [4].

Also we have considered discrete electronic structure of metallic nanoclusters, which
was suggested to influence on NP enhancement [4]. Figure 2 presents comparison of
calculated eigenstates (2D surface projection) and STM data for Ag hexagonal clusters with
inner diameter 10.4 nm [11]. The calculated eigenstates of nanocluster reasonably well
correspond to STM images. The eigenstates calculation procedure is described in ref. [12].
The typical size of cluster in experiments on alkali metal ions neutralization is about 1 nm
height and 2.5 nm diameter. For the cluster of such size the calculated electron eigenstates
density near the Fermi level is about 50 states per 1 eV. l.e. mean energy interval between
adjacent states is less than thermal broadening kT = 0.026 eV. Of note, experimental dl/dV
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spectra indicate that energy difference between adjacent (visible) states is about 0.1-0.2 eV

[13] (depends on cluster size).
a)

b)

Figure 2 Selected eigenstates (2D surface projections) for Ag hexagonal nanocluster.
Nanocluster size and eigenstates were selected according to fig. 3 of ref. [11]. a) original STM
images [11]; b) our calculations.

The possible explanation of these contradictory results is that only a part of discrete
electronic states of nanocluster participate in RCT or electron tunneling process. Figure 3
illustrates a model calculation of electron tunneling between H™ ion and metallic nanocluster
of hexagonal shape. The electron successively occupies the discrete eigenstates of
nanocluster: at the beginning in the direction normal to the surface and then parallel to the
surface. Note, that 3D eigenstates of nanocluster can be approximated as combination of 1D
eigenstates along normal to the surface and 2D eigenstates in the plane parallel to the surface.
Initially electron propagates along the normal to the surface, reflects from the remote
nanocluster boundary and starts moving mainly parallel to the surface. During this stage of
RCT process electron "chooses™" single 1D eigenstate, which depends on nanocluster height
and ion energy level (fig. 3 left). During the second stage the electron propagates parallel to
the surface and occupies one or more 2D eigenstates after reflection from radial borders of
nanocluster. It is important, that electron "preserves” 1D eigenstate, "selected” at the first
stage (compare number of harmonics along z-coordinate at left and right parts of fig. 3). This
process is described in more details in ref. [12]. As a result, only a certain subset of electron

eigenstates of nanocluster takes part in electron tunneling process. E.g. for nanocluster of 1
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nm height and 2.5 nm diameter, the mean energy interval between such eigenstates is about

0.2 eV, that is consistent with experimental data [13].
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Figure 3 Evolution of the active electron density of H- ion located above Ag nanocluster. The
figure shows isosurface of electron density at successive time moments: left part — 300 a.u.,
right part — 600 a.u. Nanocluster has a hexagonal shape, its thickness is 15 a.u. and inner radius
50 a.u. (see dotted line). lon is located on the symmetry axis of nanocluster, ion-surface distance
is 12 a.u. (ion location is pointed by the cross).
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Low- and medium-energy ion scattering (LEIS/MEIS) are widely used techniques of
surface analysis [1-4]. Conventional LEIS/MEIS setups utilize noble gas ions and electrostatic
energy analyzers that makes these methods very sensitive to composition of the uppermost
atomic layers of an analyzed sample. However, high neutralization probability of noble gas ions
restricts LEIS/MEIS depth profiling capabilities [5]. The use of hydrogen ions with lower
neutralization probability instead of noble gas provides possibility to measure the thickness of
surface layer if its atomic mass is very different from that of underlying target, that is the case
e.g. in nanoelectronics [6] or for redeposition of plasma-facing materials in fusion devices [7].
In this work we present simulated and experimental data on implementation of keV-energy
proton scattering (KEPS) for surface analysis.

In case of the presence of a light (low atomic mass) element on a heavy (high atomic mass)
substrate, high-energy peak on energy spectra of scattered protons (that corresponds to the
scattering from heavy substrate) shifts towards lower energies with the increase of surface layer
thickness, as shown in fig. 1. The shift corresponds to protons’ energy losses in a light surface
layer and indicates the thickness of this layer. If a heavy element layer is present on a light
substrate, it forms high-energy peak on spectra with full width at maximum (FWHM)
proportional to the thickness of surface layer (fig. 2). Low-energy tail of spectra is formed by
the scattering from underlying light substrate.

Experiments on the application of KEPS for in situ surface layer thickness determination
were carried out on the Large MEPhI Mass-monochromator facility [8]. Fig. 3 shows the energy
spectra of protons scattered from Si substrate during deposition of Au layers on it. The picture
is qualitatively similar to the simulated spectra in fig. 2: with the growth of Au layer a peak
formed by this layer is increased in height and width. The spectra of scattered protons obtained
during Li deposition on W substrate are presented in fig. 4. The high-energy peak shifts to the
left with increase of Li surface layer thickness, as predicted by simulations. In both cases,
additional calibration with independent surface layer thickness analysis allows determining

thickness from energy spectra assuming the linear dependence of it on peak parameters.
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Fig. 1. Simulation of energy spectra of particles scattered from W substrate with Be
surface layers of various thickness, proton initial energy Eo=15 keV, scattering angle 3=30°.
Simulation was performed with SCATTER code [9].
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Fig. 2. Simulation of energy spectra of particles scattered from Be substrate with W

surface layers of various thickness at irradiation with Eo=25 keV protons, 9=45°.
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Fig. 3. Dynamics of scattered protons energy spectra change measured during Au deposition
on Si, Eo=25 keV, $=38°. The spectrum with minimal intensity corresponds to minimal (~

1 nm) Au layer thickness. The spectrum with the highest intensity corresponds to ~10 nm.
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Fig. 4. Evolution of energy spectra of scattered protons during Li deposition on W, Eo=9 keV,
$=38°. The spectrum with maximum intensity corresponds to minimal Li layer thickness. The
spectrum with the lowest intensity corresponds to Li layer thicker than projectiles’ range.
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Therefore, it is shown with computer simulations and experimentally that keV-energy
proton scattering can be used for analysis of surface layer thickness in nanometer range (up to
40 nm for Eo=25 keV) if atomic masses of surface layer and underlying substrate are very
different. The accuracy of thickness determination depends on many factors, such as surface
roughness and energy analyzer resolution, and was found to be ~0.5 nm under our experimental

conditions.

This work was supported by the Russian Science Foundation under grant Ne 17-12-01575.
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HUCITOJIb30BAHUE ®OPMAJIU3IMA MAPKOBCKHX ITPOLIHECCOB JJIsA
OIIUCAHMS PACHIPEJIEJTEHUHA BBICTPBIX MHOTI'O3APSIITHBIX HOHOB
1O 3APAJJAM U DHEPT UM
USING THE FORMALISM OF MARKOV PROCESSES TO DESCRIBE
THE DISTRIBUTIONS OF FAST MULTIPLY CHARGED IONS
ON CHARGES AND ENERGY

H.B.Hosuxos, f.A.Temnosa
N.V.Novikov, Ya A.Teplova

Hayuno-uccnenoBarenbCkuii HHCTUTYT sinepHo# ¢usuku uM. [|.B.CxkobenbiipiHa,
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A theoretical model is presented the description the evolution of the charge-energy
distribution of ions passing through the matter as a Markov process in which the
probability of transitions between the elements of the phase space is proportional to
the inelastic collision cross sections and inelastic energy losses.

3aps0Bble U SHEPreTUUECKHE pPAcHpeesIeHUs MOHOB B COBPEMEHHBIX TEOPETUUYECKHX
MOJIEISIX pacCMaTpUBAJIUCh HE3aBUCUMO JApyr oT apyra. OTYacTH 3TO CBA3aHO C TEM, 4YTO
U3MEPEHUs] OTePb SHEPIHM OBICTPHIX MOHOB B TBEPJBIX MUILEHSX NMPOBOAMIMCH B JUANa3oHe
DHEPrUU MOHOB U TOJIIUHBI MUILIEHHU, KOTOPBIE COOTBETCTBYIOT PABHOBECHOMY PacCIpEIEICHHUIO
MOHOB T10 3apsjiaM, a TaKKe TOMY, UTO METO/Ibl pacyeTa HeYNpyrux NoTepb SHEPrUH i HOHOB
C HEpaBHOBECHBIM 3apsJOBbIM paclpeesieHUeM B HacTosllee BpeMsl OTCYTCTBYyIOT. B
nporpamme SRIM HOHBI BceX 3apsi/ioB TEPSIIOT OJAMHAKOBYIO SHEPIUI0, KOTOPas COOTBETCTBYET
IIOTEPHU PHEPTHH HOHOB C PABHOBECHBIM 3apsiioM. B 3Tol Mozieu BCE MOHBI UMEIOT OMHAKOBBIE
3apsbl, 1 HEPABHOMEPHOCTh pacIpeeIeHHs HOHOB TI0 3apsiiaM B JMara3oHe pa30poca 1norepb
SHEPruM HE YUUTHIBAETCS, a paclpesesieHHe M0 3HEpruu MOXHO onucath ¢yHkiueil [aycca.
Tem He MeHee, HEpAaBHOBECHBIE 3apsJIOBBIE PACIPENEICHUS MOHOB B IOBEPXHOCTHBIX CIOSX
MUIIIEHH MOTYT CYIIECTBEHHO OTJIMYAThCA OT PaBHOBECHBIX. KpoMe TOro, oTiinums B CpeqHHUX
3apsgax HMOHOB B 0O0JacTsSX SHEpPruu OOJbllle U MEHbIIE CpeIHEed SHEepPruu MOTyT CTaTh
HUCTOYHUKOM aCUMMETPUU B paCOpelesieHHH HOHOB 1o sHepruu. CrenoBaTenbHO, AJs
yAYYIIEHUs] MOACTUPOBaHUS TPAHCIIOPTAa MOHOB B BEIIECTBE TPeOyeTCsl YTOUYHEHUE U Pa3BUTHE

HMCIOMIUXCA TCOPETUUCCKUX MoOZgeTIeH.
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B Hactosmeit pabore mpemiaraeTcss MOJENb, KOTOpas YYHUTHIBAET KOPPESALHUIO
3apsIIOBOTO PACTIPEAEIICHUSI U HEYIPYTHX MOTEPh YHEPTUU MOHOB B ra3axX M TBEPIBIX MUIICHSX.
N3menenue pacripesiesieHusi MOHOB 1O 3apsi/laM U SHEPrUu MPU YBEIMUYECHUH TOJIIUHBI MUILICHU
X OMHCHIBAETCS CUCTeMOH auddepeHnanbHbIX YPaBHEHUN MTepe3apsiiKu, MOAU(PUIIUPOBAHHOM €
Y4€TOM MOTEPh SHEPIUU UOHOB [1]:

dG,, =Y G (% E) 0,4(E.Z.Z) -G (%,E,) D oy (E.Z,Z,) (1)

dx & et

dE,,
— =8 (B0 Z.2,%),

rmue Gq (X, Eq) KOJIMYECTBO MOHOB C 3apsaaMu (| B dHEprue Eq , Z — 3aps sAapa UOHOB, Z,—
3apsAn SAApa aTOMOB MHUIIICHH, Gq’q.(E,Z,Zt) — CCUCHHMS IOTEPH M 3axBaTa AJICKTPOHOB [2],
Sqq(Ej»Z,Z,,X) noTepu >Heprum MOHOB B CTOJKHOBEHHMAX C H3MEHEHHEM 3aps/IOB HOHOB C (|
na ¢’ [1]. B pacuerax komuuectsa nono G. (X', E,) npu yBennyenuu TONMHEBI MUIIEHH OT X

0 X'= X+ AX HCMIONb3YIOTCS BETUYUHBI IOTEPb YHEPTHH, CEUCHUH MOHM3AIMHA aTOMa MUIIEHU
s Q'=(, ceueHuit nepe3apsaku aid g'# (.

B3aumocBssi3b pacnpezneneHuss HOHOB ¢ 3apsajamMu ( U 3Hepruei E ¢ pacnpenenenusmu o
3apsiaaMm (’ ¥ dHeprud E’ mocie mpoxoskIeHWs MOHAMHU MHUILIEHU TOJIIMHOM AX IOKa3aHa Ha
pucynke 1. Ilorepu sHeprum B CTOJIKHOBEHHSX O€3 M3MEHEHHUs 3apsiiOB MOHOB COCTABIISIFOT
oomee 80 — 85% mHeymnpyrux mnoTeph HHepruu [3] W TPEACTABISIOTCS B BHUJIE CYMMBI

quq (E,Z,Z,,x) = Sn(E,Z,Zt)+Sq(E,Z,ZI,X), rne S,(E,Z,Z,) — ynpyrue morepu SHEpTUH
uonoB [4],a S,(E,Z,Z,,X) — nmorepu 5HEpruu MOHOB B MPOLECCAX HOHM3AIUU U BO30YHKIEHUS

aToMa MHUIICHHU B npubmmkenun 3¢dextuBHoro 3apsaa [1]. B o1HOM CTOIKHOBEHHH C aTOMOM
VOHBl TEPSAIOT JHEPIHI0 MPONOPLHUOHAIBHO IEPENAHHOMY HMILYJbCY, BEJIMYMHA KOTOPOTO
CBA3aHa C NpULEIbHBIM mapamerpoM. Ilpu ycpeanenun audQepeHnnanbHOro CeYeHHs
B3aMMOJICHCTBUS IO YTJIy paccestHUs 3TO MPUBOJIUT K pa3dpocy MOTepb SHEPTUU U MOSBICHUIO B

pacmpeneneHnn npu  X'=X+AX wnoHoB ¢ oHepruen E,—8E, w E +0E, (puc.l). B
NPUOIMKEHUU TOHKOTO €Ot AX MOMKHO CYMTaTh, YTO pa3dpoc morepb dHepruu O, mpu
X'= X+ AX OmHUCHIBAETCs pacnpeneneHuem ['aycca, a KOIMYECTBO MOHOB ¢ dHepruel E, —6E, u
E, +OE, coBmaznaer.

[Ipomecchl nepe3apsaaku MPUBOIAT K MOsBJIEHUIO B pacnpeneneann G, (X', E') noHos ¢

sapsanamu '=(q+1 u Q'=(+ 2, sHEPrus KOTOPHIX B OOIIEM Cllydae MOXET OTaudarhcs. M3 3a
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OTNIMYMI B BEJIIMYMHE CEUEHUN MOTEePH M 3axBaTa dJIEKTPOHOB pacIpeleeHHe IO 3apsiam

acumMeTpuyHo (puc.l). B oOnactu sHeprum, rie BEpOSTHOCTb MOHAM TOTEPSATH 3JIEKTPOHBI

Oonbie BeposTHOCTH UX 3axBata (o, (B, Z,Z,) > o, ,(E,Z,Z,)), cpennuii 3apsj nonos a npu

NPOXOXKICHHUU CI0s AX yBenauuuBaetcs (> (). st Heynpyrux morepb 3HEpPruu B Mpolieccax
nepe3apsIKid HOHOB, KaK MPABUIIO, BBIMOIHICTCS COOTHOIICHUE SQ+1(E,Z,Zt) > Sqfl(E,Z,Zt) ,

KOTOpOC 00BsACHSETCS AOIOJHUTCIBbHBIMU IIOTEPAMU OSHEPIHUH, CBA3aHHBIMU C IIEPEXOJ0OM

QJICKTpOHAa U3 HOTGHHH&HBHOﬁ sSMbl B KOHTHHYYM. KpOMe TOro, H3 COOTHOIICHUA

0., (E.2,2) 0., (E,Z,Z,)<1 [5] cnenyer, wro S.,,(E,Z,Z,)<S.,(E,Z,Z). B

q+l

pesynbrare, M SHEPrUHM MOHOB mocne norepu E ., u 3axBara E,, omnoro m nsyx E, .,

snekTpoHoB monyqaem: E , <E , <E,,.

¥

g+1

Xt+tAx X

~. i
b‘l E, E
Puc.1 Cxema, neMoHCTpHpyIOIlas H3MEHEHHE paclpelneieHnid MO SHepruu (Ha HIDKHEH IKaie) u
3apsizaM (Ha JIeBOM IIKajie) MpH NPOXOXKICHUHM HOHAMM MHIIEHH TONIMHOM Ax. UepHbIM LBETOM
MOKAa3aHO paclpesiesieHre MOHOB ¢ 3Heprued Eg m 3apsimamu ( mpu TommuHe muimienn X. Bxmag ot
PasHBIX HEYNPYTHX MPOLECCOB B paclpeAesIeHus Mo 3apsaaM M SHEPIUy MOHOB IPH TOJIIMHE MUIIEHU

X+AX BBIJICJICH IIBETOM: CEPhIM — OT MPOIIECCOB MOHM3ALNU U BO30YKICHHUS aTOMa MHILIEHHU, O€IBIM — OT
MPOLECCOB MEepe3apsaKU.

Pacnipenienenue 1o sHepruu Ha HUKHEW IIKaje pUCYyHKa | MpH TONIIMHE MHUIIEHH X'= X+ AX.
JIEMOHCTPHUPYET, YTO IMPOLECCHI MEPE3apsAKU MPUBOJAT K YBEJIMYECHHIO KOJUYECTBA MOHOB C

suepruedi E > E . B pacnpenenennu no sHEPruu NOSBISETCS aCUHMMETPHS, & CPEIHSAS SHEPTHH

noHoB E BO3pPacCTacrT. KpOMe TOTO, B obiactu SHEpPTIrUun E<E , HAXOIATCA MPCUMYIICCTBCHHO

HOHBI ¢ 3apsijgamMu ('=(, a npu E > E noHBI ¢ 3apsaaMu B auanazoHe (—2<('<q+2. Tak
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kak norepu smepruu S, . (E;,Z,Z,X) 3aBuCAT OT 3apsI0B MOHOB (', TO ACUMMETpHUs B

pacrpe/ieliecHi MOHOB IO SHEPIMH JOJDKHA YCHIIMBATBhCS IO MEpe 3aMeJICHHS HOHOB B
BeriecTBe. DTOT 3PPEKT paHbIlle HE YIUTHIBAJICS, HO OH BaXKEH JUISI MOACIUPOBAHUS TPAHCIIOPTA
HMOHOB B BEIICCTBE.

OCOOCHHOCTh HOBOTO METO/A OIHMCaHUS 3apsIOBO-PHEPTETHUECKOTO paCIpeIeICHUs

MOHOB 3aKJIK0YaeTCs B TOM, YTO KONM4eCTBO MOHOB G (X',E') mpu HeGONMbUIOM M3MEHEHMH
TOJIIMHBI MUIIEHA AX 3aBHCHUT TOJIBKO OT KOJIMYECTBA MOHOB Ha npenbiaymeM mare G (X, E).

B MaremaTHke Takue IPOLECCHI, KOTOPbIE OCHOBAHBI HAa BBIYHUCICHUM BEPOSTHOCTU U3MEHEHUS
KOJIMYECTBA YaCTUL] B IIPOCTPAHCTBE HECKOJBKHUX IapaMETPOB, HA3bIBAlOT MAapKOBCKUMH. DTOT
dopManu3M yCIENIHO HCHOJB3YETCs, HAmpuMmep, Ui pEIIeHUs TPaHCIOPTHOTO YypaBHEHUS,
KOTOPOE ONMUCBIBAET 3aBUCUMOCTh KOOPAVHAT M UMITYJIbCOB YACTHI] OT BPEMEHU.

B nanHoil pabGote a1 MOJENUpPOBaHMS HEPABHOBECHBIX pacIpelesieHul HOHOB IO
3apsiiaM M SHEpPruM C Y4YeTOM HMX KOppessLuU IpeJylaraeTcsi HCHOJIb30BaTh (HopMalu3M
MapkoBckoro mporecca, B KOTOPOM JHEPIrus U 3apsibl MOHOB PAaCCMaTPUBAIOTCS B KA4eCTBE
JBYMEPHOIO IIPOCTPAHCTBA, & TOJIIMHA MHIIECHH CUUTAETCA IepeMeHHOM. [IpemnokeHHbI
METOJl YYMTHIBAET KOPPEJSLUU IPOLIECCOB IEpPEe3apsAKd W HOHM3ALUMM aTOMOB MMILEHU U
ONMCHIBAET BIIMSHHUE IIOTEPb DSHEPIUM HOHOB Ha IIPOLIECC YCTAHOBJICHHUS DPABHOBECHOIO
3apsA0BOrO PACIpENeIICHUs, a TAKXKE aCHMMETPHIO B PACIPENEICHUY HOHOB 110 SHEPIUH HM3-3a

pasiinydus B MMOTEPAX SHCPIrU HOHOB C pa3HBIMU 3apsiaMU.

1. H.B. HoBukos, S.A. Temnosa, [ToBepxuocts Ned (2019) 26.

2. N.V. Novikov, Ya.A. Teplova, Physics Letter. A. 378 (2014) 1286.

3. Yu.A. Belkova, N.V. Novikov, Ya.A. Teplova, Nucl. Instr. Meth. Phys. Res. B 343 (2015) 110.
4. J.F. Ziegler SRIM: the Stopping and Range of lons in Matter (www.srim.org)
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BKJUIAZL 9JIEMEHTAPHBIX TPOIECCOB IIPU ATOMHBIX CTOJIKHOBEHUAX
B 9JIEKTPOHHBIE TOPMO3HBIE CIIOCOBHOCTH
CONTRIBUTION OF ELEMENTARY PROCESSES IN ATOMIC COLLISIONS IN
THE ELECTRONIC STOPPING POWER

A.H.3unoBbes, I1.JO. badenko
AN. Zinoviev, P.Yu. Babenko

OTU um. A.®@. Hoghghe, 194021 Iorumexnuueckas ya. 26, C.-Ilemepodype, Poccus
e-mail: babenko@npd.ioffe.ru

The contribution of the processes of ionization, excitation, charge exchange, and
stripping in the collisions of particles to the electronic stopping powers for p-He and p-Ar
systems is analyzed. The significant role of energy transfer to electrons formed during
ionization of collision partners is shown. The quantitative agreement of measurements of
cross sections of electronic energy losses with independent measurements of cross sections of
elementary processes has been achieved.

ConocraBieHUe  U3MEPEHUH  AJIEKTPOHHBIX  TOPMO3HBIX  CIIOCOOHOCTEH ¢
9KCIEPUMEHTAJIbHBIMU JIAHHBIMM O CEUYEHMSIX DJIEMEHTapHBbIX IIPOLECCOB IO3BOJISET
YCTAaHOBUTh BKJIaJ] B CEYEHHE TOPMO3HBIX IIOTEph  pa3IMYHBIX IPOLIECCOB U
COBEpILEHCTBOBATh TEOPETHUECKUE MOJIEIN TOPMOKEHHUS YaCTHI] B BELIIECTBE.

[Ipu CTONKHOBEHMSIX MPOTOHOB C MULIEHSIMH IIPOMCXOJUT MOHMU3ALMS U BO30YyXKIEHHE
aTOMOB MUIIEHH, MOXKET BHOCHUTH BKJIAJl MHOTOKpaTHas MOHM3AIMs, a TAKKEe MPOUCXOAUT
nepesapsijika IpOTOHOB ¢ 00pa30BaHUEM HEHTpabHBIX aTOMOB B OCHOBHOM U BO30YX/1€HHOM
COCTOSIHUU. B paBHOBECHOM Iyuke MOsBIAETCS (Ppakius HEUTpaJIbHBIX aTOMOB Bojopoaa. B
CBOIO OYepelb aTOMbl BOJOPOJAa MOT'YT MOHM30BAaTh MUIIEHb, MOTYT MOTEPSTH 3JIEKTPOH B
peakuuu OOAMPKM WIM NPOU30HAET HOHM3alMs U BO30YXKIEHHE O000MX MapTHEPOB
COyZapeHusl.

IIpy wnOHM3aLMM AaTOMOB DSHEPIUs 3aTpayuBacTCs HE TOJNBKO Ha IPEOJOJIEHHE
NOTEHIMala NOHU3AIMH, HO YaCcTh YHEPIMH YHOCHUT MOSIBUBIIMKCS 3JIEKTPOH, IO3TOMY CBSA3b
BEJIMYMHBI CEYCHHUS AIEKTPOHHBIX TOPMO3HBIX MOTeph Q ¢ cedeHusIMH N-KpaTHON MOHU3AINH

On MOXCT OBITH 3aITKCcaHa CIICAyrouM O6p830M

Q=) o i(lwwe) ,
n i=1

rac |k — INOTCHIKAJI k-KpaTHOﬁ MOHH3all1H, We — CpCaAHAA DOHCPIUA, YHOCUMaAs 3JICKTPOHOM. B
cirydac MHOFOKpaTHOﬁ HOHU3AIUN HYKHO CyMMHUPOBATH COOTBCTCTBYIOIINC MOHU3AIIMOHHBIC

MOoTCHUUAJIbl U YUUTHIBATh CyMMapHBIﬁ BKJIa[] 3Heprm‘/'1 BCCX YAAIISIEMBIX JJICKTPOHOB.
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Puc.1. 3aBucumocTH cpeHUX SHEPTUil BEIOUTHIX AIIEKTPOHOB OT HA4aIbHOW SHEPTUH MaJal0IIHX
Y4acTHLL.

Ha puc. 1 npuBeneHbl 3aBUCHMOCTH CPEAHHX JHEPIHil BBHIOMTHIX AIIEKTPOHOB OT
HavaJbHOW 3Hepruu naxaromux yactuil [1-3]. OOpamaer Ha ceOs BHUMaHKE, YTO TOBEICHUE
KPHUBBIX JUIA JABYX Pa3IMYHBIX MHIIEHeH mogoono. Habmromaemas 3aBUCMMOCTh MOXKET OBITH
00BsICHEHA MOJICTIBIO AMHAMUYECKOW MOHHM3AIUK [4] P MEIJICHHBIX CTOJKHOBEHHSIX, a MPU
sHeprusix cBbime 100 k3B wumeercs Hemioxoe coryiacue ¢ pe3ylbTaTaMH pacyeToB B
bopHoBckoM tipubIKeHun [5]. YueT sHeprum, yHOCUMOHN BBIOUTBHIMH JJICKTPOHAMH BEChMa
BakeH. B kadyecTBe mpumepa mpuBeneMm ciydaii coymapenuid p-Ar, 300 xoB. Ilorenuuman
MOHU3AlMN aproHa cocrtasiser 15.8 3B, a Bkiaa sHeprun yHeceHHOW anekTpoHoM - 40 3B,
T.€. B HECKOJIBKO pa3 OoJbIle.

B cirygae Bo30yXIeHHS WM TIEpe3apsIKA YIUTHIBACTCS Pa3HOCTh 3HAYEHUH YHEPTHU
HAYaJIbHOTO M KOHEYHOTO COCTOSTHUH.

Msbl npoBenM KOMOWIALMIO JAQHHBIX HM3MEpPEHMH CEeYeHMH HMHTEpecyroIuX Hac
nporeccoB. KoHueHTpanuss aroMOB BOAOpOJa B IydKe, HMPOXOAALIEM CKBO3b JOCTaTOYHO
TOJICTYIO MHIICHb, OIPENENSETCS COOTHOIICHHEM CEUSHHS Tepe3apsIKd Oq M CEUYCHUS
OOIMPKHU Ogt, IPH ITOM JOJIST HEWTpabHOU (Ppakiuu B MydKe: Ng = Ocx / (Ocx + Ost), @ J0us
3apsHKEHHOU (pakiuu OyIeT COCTaBIATh Ny = Ogt/ (Gcx 1 Ost).

B paccmarpuBaembIX cilydasx B Iy4YKe MOXKET MOSBHUTHCS HeOousblIas Qpakuus
oTpunarensHbIX HOHOB H'. B cityuae cronkHoBenwuii p-He ona He mpesbimmaet 1%, a B ciydae
p-Ar — 4%. YtoObl HE YCIIOKHATH PacCMOTpPEHHE B JIaHHOM paloTte, Mbl HE OyneM ynensiTh

BHUMAHHE NPUCYTCTBUIO B ITYYKE OTPHULATCIIBHBIX NOHOB.
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Puc.2. 3apsnoBsie Gppakuuu B mydke Ais ciaydaeB pP-He u p-Ar.

Ha puc 2 mnpuBeneHO COMOCTaBICHHWE MaHHBIX MPAMBIX H3MepeHuil [6] cocraBa
3apsAA0BBIX (PpakUui B MydKe U JAHHBIX, PACCUMTAHHBIX C HCIOJb30BAHUEM IMPHUBEICHHBIX
Bbllie  Qopmyn. M3MeHeHue 3apsnoBOro cocraBa IMydka AJii U3YUYEHHBIX CIIy4aeB HOCHUT
CYIISCTBEHHO pa3HBIH XapakTep, W 3TOT (aKT JODKEH YYUTHIBATHCSA IMPH TMOCTPOSCHUU
TEOPETUYECKUX MoJeNel. BBeneHne yHUBEPCAJbHBIX 3aBHUCUMOCTEM Uil  OINHCAHUA
3apsAA0BOM (paKIUK B IyYKe HE BCETJa YMECTHO.

[Ipy mMoHM3aIMKM aTOMOB MHILIEHU JOJI BBIXOAAa MHOTO3aPSAHBIX MOHOB HECKOIBKO
MEHSETCSI TIPU PA3IMYHON HAa4YaJIbHOW SHEPTHH MPOTOHA, a MPHU OOJBIIUX DHEPTHUAX XOPOIIO
COIJIACYETCs C BBIXOJOM MHOTO3aPSIHBIX MOHOB IPU O0OMOapIMpOBKE AIIEKTPOHAMU C TOH JKe
CKOpPOCTBIO coyaapenus [7, 8]. Beixon AByKpaTHO HOHM30BAHHBIX YaCTHUIl OOBIYHO COCTABIISET
HECKOJIBKO TMpoLieHTOB. [Ipu pacuere BKiIaja B ceueHHE TOPMO3HBIX MMOTeph Q ATOrO mporecca
Onmarozmapsi CyMMHUPOBAHHIO MOTEHIIMAJIOB MOHM3AIMKM U SHEPTUH, YHECEHHOM 3IEKTPOHAMH,
yBenmmuuBaeTcs 110 6.4% B ciyuae p-He u 1o 23% B cirygae p-Ar.

CeueHre TmPOIIECCOB BO30YKICHHUS B PacCMarpyMBaEMbIX CIIydasX 3aMETHO MEHBIIIEe
cedueHuidd uoHm3anuu. [loTeHnman BO30YKIEHHS TaKXKe CYIIECTBEHHO MEHbINE BETUYMHBI
lk+W,, [MoaTomy Bkiag BO3OYKIEHUS B TOPMO3HBIE CIHOCOOHOCTH B paccMaTpUBAEMBIX
CITy4asix HE MPEBBIIIAET HECKOJIBKUX MPOIEHTOB.

Ha puc. 3 mpencraBieHpl OTHOCHTEIbHBIE BKJIQJBI MPOIECCOB MOHU3AINHM aTOMOB
MUIIEHU MPU MPOTOHHOM yziape (B 3TOH KOMIIOHEHTE YYTEH BKJaJ MHOTOKPaTHOW MOHU3AIUU
U BO30YXIEHHUS MHUIICHH), BKJIAJ MPOILECCOB TMepe3apsJKid W BKIAJ HOHU3AIMU TPHU
CTOJIKHOBEHHH C aTOMaMH MHIIICHH TIEPEe3apsAUBITUXCS aTOMOB ITy4Ka (B 9TOM CITy4dae TaKkKe
YYTEH TPOIeCC OOMUPKH W IMPOIECC MOHU3AIMU MUIIEHH), a TaK)Ke BKJIAa BO30OYKICHHS

obomx MapTHEPOB COyAapCHUA.
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Puc.3. Bxiiag pa3ingHBIX 3JIeMEHTapHBIX MTPOIECCOB B CEUEHUSI TOPMO3HBIX criocoOHocTel Q st
cucrem p-He u p-Ar

Kak BupaHo w3 puc. 3, cymiecTByroImue [TaHHbIE OO0 3JIEKTPOHHBIX TOPMO3HBIX
CHOCOOHOCTSAX XOPOIIO ONHUCHIBAIOTCS C IIOMOLIBIO CEYEHUH BIIEMEHTapHBIX IPOLIECCOB,
HOJIY4YEHHBIX U3 HE3aBUCUMBIX U3MEPEHUH.

Bknaa npoueccoB Bo30yXIeHHMsI B pacCMaTpUBAEMBIX Cllydasx OKasajicsi MeHee 5%,
XOTS 4aCTO MPEJAIOJaraeTcsi, 4To BKJIAJl POIIECCOB BO30YXKICHHS U HOHU3AIMKH cpaBHUM [9].
VY4er nporeccoB MHOTOKPAaTHON MOHHU3AIMK CYIIECTBEHEH  BHOCHUT ITOTPABKY Ha ypoBHE 6%
B ciiyuyae p-He u 23% B citydae p-Ar.

Bkimag nmpouecca mepesapskh B JJIEKTPOHHBIE  TOPMO3HBIE  CIIOCOOHOCTH
OTHOCHUTEJIbHO HEBEJIUK U B 3HAUUTENBHOM CTENEHU ONpeAeseTcs Majloil BEeITWYHMHON
ne(eKTa pe30HaHCa, T.€. Pa3HOCTBIO SJHEPTUil HAYAIBHOTO U KOHEYHOT'O COCTOSTHHSL.

BaxHyto poib B morepe 3HEpru UrparoT BHIOUTHIE JIEKTPOHBI, @ YUeT UX CPEeIHUX

3Hepl"HI>i IMPUBOAUT K CYIICCTBCHHOMY BO3pPAaCTAHHUIO TOPMO3HBIX IMOTCPb.
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DETERMINATION OF RADIATION DEFECTS QUANTITY IN METALS UNDER
IRRADIATION BY HEAVY CARBON IONS

A. Prima, R. Zyryanova, N. Pereday, V. Medvedsky
Tomsk Polytechnic University, Russia, Lenin str., 30, 634050

AKTHUBHOE pa3BUTHE B 001aCTH KOCMHUYECKHUX UCCIIEAOBAHUN, aTOMHOM MPOMBIIIIICHHOCTH
U TEPMOSIEPHOTO CHHTE3a TpeOyeT MaTepuabl, yCTOMUMBBIE K HHTEHCUBHOMY OOJIy4YEHHUIO.
Jns pa3paOOTKM HOBBIX TEXHOJOTHM IPOU3BOJCTBA TaKUX MAaTEepHAOB HEOOXOAUM
ONEPAaTUBHBIN METOJ MCCIEAOBAHUS PAJUALMOHHON CTOMKOCTH MAaTEPHUasOB, IMO3BOJISIOLIUN
IPOBOJMTH UCILITAHUS B YCIOBUSX MHTEHCHBHOTO obmydenus. IIpu peaxuun nenenns 2°U B
AJIEPHOM peakTope 00pa3yloTcs BTOPUYHbBIE HEHTPOHBI, SHEPTUs KOTOpbix coctasiseT 0,1-17
M>5B (cMm. puc. 1). Haubonee BeposTHas HEPrusi, COOTBETCTBYIOIIAs MaKCUMyMYy CIIEKTpa

HEWTPOHOB neneHus, cocranisieT 0,71 MaB [1].
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Pucynok 1. @yHKIUS IIIOTHOCTH BEPOSATHOCTHU SHEPTETHUECKOT0 CIIEKTPAa HEUTPOHOB

nenenns >°U [1] u IMUTAIMOHHKIH CIIEKTP Pa3HBIX HOHOB

OOsyuyeHne KOHCTPYKIIMOHHBIX MAaTepUaloB OBICTPHIMM HeHTpoHamHu (0OJydeHHE B
SJIEPHBIX PEAKTOpax) M HOHAMHU (MMHTAIIMOHHOE OOJyueHue) oOpa3yeT aHaJOTHYHBIE
IpOIIeCcChl CTPYKTYPHBIX U3MeHeHUH (Ha0yxaHue, 00pa3oBaHue cerperauii 1 BTOpUYHbIX (a3)
[2]. Ucnonk3oBaHue reHepaTopa MOIIHBIX MOHHBIX mydkoB (MMUII) ¢ sHeprueit noHos, He
npeBbrmarome 300 k3B, oOecreunBaeTr BO3MOXKHOCTh HWMHUTAIIMOHHOTO — OOTydeHUS
KOHCTPYKIIMOHHBIX MaTe€pHaliOB, UCIOJIb3YEMBIX B TEIUIOBBIACISIIONIUX 3JIEMEHTAxX SAEPHOTO
peakTopa M IpYrMX dJE€MEHTax ropsueid 3oHbl. Ha pucyHke 1 mokasaH MMHUTAalMOHHBIN
(HEHTPOHHBIH) CHEKTP MOHOB, TeHepupyeMbIXx yckopureneM TEMII-6 [3], paccuuranublii B

MOJIEJIH JIByX9aCTUYHOTO YIIPYroro crojikuoBenus nona C* u atoma Fe.
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DKcnepuMeHThl TpoBoak Ha yckoputene TEMII-6 mpu pabore moHHOTO nuoda B
pexume poxycupokr MUII cobctBeHHBIM 3apsaiom [3]. [Ipu 3ToM B pe3ynbrare nepe3apsaku

MOHOB (OPMUPOBAJICS KOMOWHUPOBAHHBIHM IMy4OK YCKOPEHHBIX aTOMOB M HOHOB.
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Pucynoxk 2. Cxema reneparuu MUIT (1-anox, 2-katol, 3 — MOHHBIN ITy4OK) U U3MEPEHHUS €0

IUIOTHOCTH SHEPruu (4-MuieHs, 5-okHo u3 BaF,, 6- Temosusop)

3KCH€pI/IMCHTI)I OBLLJIM BBIITOJHEHBI Ha MHIICHHU, pa3MCPhbL KOTOpOfI 3HA4YUTCIBbHO MCHBIIIC
nonepeuHbix pazmepoB MMUIL. DOrto obecneunBano ee OJHOPOJHOE OOJyueHUE U
IpeI0TBPAIIAJIO IOTEPH TEIUIOBOM SHEPTUH U3 HarPeTOW 00JIaCTH 33 CYET TEIUIONPOBOTHOCTH.
OKCIIepUMEHTAJIbHbIE JIaHHBIE TI03BOJIIIOT PACCUMTATh KOJMYECTBO paJUallMOHHBIX

neeKTOB B MHUILIEHH MOCIE 00IYUEeHHUs, HCIIOB3YsI CIEIyOIee COOTHOIICHHUE:

E
N=.
o ®

rae E — 3Hepr1/1;1 B MUIIICHH ITIOCJIC O6J'Iy‘-IeHI/I$[; Ed — 3Hepr1/151 CMCIICHUA aTOMaA.
E=(1-H) ¢ p-A-S-(Ty =Ty, [l )

rae T1 —TemnepaTypa MULIEHHU nociie o0inydeHusi; To — UCXoHAs TeMIlepaTypa MHUILIEHH;
H — nmonst morepp sHepruum Ha QopMupoBaHue (POHOHOB; Cy —yleibHAs TEIUIOEMKOCTh
MaTepualia MUIIEHH; p — ITIOTHOCTh MaTepuaia; A — TONIMHA MAIICHH; S — IJIONIa (b MUTICHH.

B pacuerax no cootHorrenuto (1) npunumanu Eq ans Cu, Ti u Zn 30 eV [4-6], s Fe Eq
= 40 eV [5]. KonnuecTBO paguialiiOHHBIX ASPEKTOB AJIs JATYHU PACCUUTHIBAIHU, KakK IS
CYMMBI aTOMOB MEJTU U I[MHKA B COOTBETCTBYIOIIEH nponopiuu (64% Cu+36% Zn).

Ha pucynke 3 mpuBeneHbl pe3yibTaThl SKCIIEPUMEHTAIBHOTO ONPEICICHUsT KOJTHYeCTBa

paauaIMoHHBIX AePEKTOB B MUIIEHHU TTociie oomydeHust MUIL.

187



()]

£y
T
1

w
T
()
-
1

Brass e Y

s 5%

KonunyectBo aedrekrtoB (1017)

1 1

(=]

o

o
N

4 6
Jueprus (I:x)
Pucynok 3. 3aBUCHMOCTb KOJIMYECTBA PAAHALMOHHBIX 1€()EKTOB B Pa3HBIX MUIIICHSX OT

IIOTJIOILICHHON YHEPTUH B MUILICHU

BrImosHeHHBIC MCCIIEAOBAHUS TTOKA3alH, YTO 3aBUCUMOCTh KOJIMYECTBA PaJHANMOHHBIX
negekToB B MHIIEHH OT IutoTHOCTH SHepruum MMUII ommcweiBaercss nuHeiHON (yHKIMEH
No=Kg-Esum, tme Kg — koadduuueHT, paBHBI KOJMYECTBY paIHAIlMOHHBIX JIe(EKTOB,
dbopMUpyeMBIX B MUIIIEHH HOHHBIM ITydkoM ¢ sHeprueit 1 k. Torna ycpeaHeHHOE KOTHUECTBO

paJMalMOHHBIX 1e(EKTOB B KACKa/Ie CMEIICHUH MOXKHO PacCUUTaTh 110 COOTHOILICHHIO:

N =G 3)
rne Eion — cpenHsis sHeprust yCKOPEHHBIX aTOMOB (MJIM MOHOB) B ITy4Ke.
OKcIepUMEHTaIbHbIE JaHHBIE IO KOJHYECTBY pPaJUAIlMOHHBIX Je(EKTOB B KacKaje

cmeniennii Nexp nona C* ¢ sHeprueii 235 k3B npesicTaBieHs! B Ta0IHIIE.

Ta6n1/1ua. Komuuecto paarualilnOHHBIX ,Z[e(l)eKTOB B KaCKaJc

Marepuan ITorepu sHEeprun KonngecTBo eeKTOB B Kackajie
MULIEHH On. Topmoxenue | @oHoHbl | Nsrim NnBa Ncor Nexp
Ti 84% 12% 657 2050 4600 | 3704
Fe 81% 16% 684 2110 3462 2594
Zn 77% 19% 1111 3090 4500
JlaTyHb 77% 19% 1167 3346 4768 | 3360
Cu 78% 19% 1198 3490 4918 | 3380

Kpome skcriepuMeHTanbHBIX HCClIeA0BaHUN (POPMUPOBAHUS PaJUALMOHHBIX JE(PEKTOB
npu 00Ty4eHUN MUILIEHHU MBI BHIIOJIHUIN MOAeIrpoBaHue no nporpamme SRIM. Pesynbrats
pacuera KOJIMYECTBA PaJHAllMOHHBIX jJedekToB B Kackame cmemieHuil (Nsriv) mona C* ¢
sHeprueit 250 k3B npencraBieHs! B TabnuLe.

MopenupoBanue mo mporpamme SRIM mokazano, 4TO OCHOBHAs 4acTh KMHETHYECKOU

SHEPruy MOHA MPU TOPMOKEHUH B METAJNIMYECKOW MHIIEHU pacXoiyeTcsi Ha BO30YXIeHue
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3eKTPOHHOU nojcucTeMbl. KonruecTBo painalnoHHbIX AeEKTOB B KacKaJIe CMEIICHUI HOHA
IIpY 3TOM B 2.5-5 pa3 MeHbIIIE€ YKCIEPUMEHTAIbHBIX 3HAYCHUH. ITO MOJATBEPKIAET BHICOKYIO
KOHIIGHTPALUIO YCKOpeHHbIX aToMoB B MUII, hopMupyemom GOKyCHPYIOIIUM JAUOIOM.

Jliis pacueta Konm4decTBa Ae(eKToB B Kackaie yckopeHHoro aromMa B SRIM ucrnonb3oBanu
MeTo] iepBuuHO BeIOMTOro aroma (IIBA). PaccuuTsiBanu koiamuecTBO Ae(PEeKTOB B Kackaje
CMEIICHHI B MEIHOM MHIIIEHH IPH TOPMOKEHUH MeaTHOoro noHa ¢ sueprucii 250 kaB (Nmgsa),
Elatt 3amaBanu paBHoit Eqg 17151 MaTepuana MuiieHu. AHaJIOTUYHBIE pacuyeThl ObUIH BBITOJIHEHBI
JUIS APYTUX MUILIEHEH, CM. TabHILy.

MonenupoBaHue KOJIWYECTBA PaJUAlMOHHBIX NedEKTOB B Kackajae cmemeHuit B SRIM
MeronoM [IBA mnokazanmo xopouiee COBMNAJEHHE C SKCIEPUMEHTAIbHBIMHM JIAHHBIMU JJIs
MEJHOM U JTaTyHHOU MUIIEHEH, OJJHAKO JJI JPYTMX MULLEHENH TPU MOJACIMPOBAHUH MTOTYUHIH
3aHW)KCHHBIC JIaHHbIC: HepkaBetomas craib (-23%) u turan (-80%).

Pesynbratel monenupoBanus B SRIM Takxke HMCHOIb30BaNM JUIsl OLEHKHM KOJIMYECTBA
paaraluoHHbIX 1eeKToB B kKackaje aroMa yriiepoaa (Neor). DHEPrHIO, TEPIEMYIO AaTOMOM TPH
3JIEKTPOHHOM TOPMO>KEHUH, YUUTHIBAIU Mpu GopMupoBanuu nedekros, cMm. Tabmuny. [lpu

3TOM MOJICITHPOBAHUE ITOKA3AJI0 3aBBIICHHBIC 3HAYCHUS Ha 25-46% 17151 BCEeX MUIIICHEH.

Hccnenoanue Ob110 ogaepkano rpantom PODU Ne 17-08-00067

Crnincok nurepaTypbl

1. M. Aziz, M.O. Shaker, A. Aboanber, E. Massoud, and M. Slama., Journal of Nuclear
and Radiation Physics. 6 (1&2). pp. 31-41

2. C. Abromeit, Journal of Nuclear Materials 216 (1994) 78-96.

3. X.P. Zhu, L. Ding, Q. Zhang, Yu. Isakova, A. Prima, A. Pushkarev, M.K. Lei., Laser
and Particle beams, 36 (4) (2018) pp. 470-476.

4. M.J. Caturla, T.D. de la Rubia, M.V.R.K. Corzine, M.R. James, G.A. Greene, Journal
of Nuclear Materials 296 (2001) pp. 90-100.

5. Standard E521, ASTM Annual Book of Standards (1989).

6. C.H.M. Broeders, A.Yu. Konobeyev, Journal of Nuclear Materials 328 (2004) pp. 197—

214

J. Ziegler - SRIM & TRIM. URL.: http://www.srim.org/

~

189


http://www.srim.org/

ONPEJEJIEHUE YI'JIOBBIX PACIIPEJIEJEHUHA SJIEKTPOHOB M JIET KX
HMOHOB, YIIPYTI'O OTPA’KEHHBIX OT MHOI'OKOMITIOHEHTHBIX OBPA3LIOB

DETERMINATION OF ANGULAR DISTRIBUTIONS OF ELECTRONS AND
LIGHT IONS ELASTICALLY REFLECTED FROM MULTICOMPONENT
SAMPLES

B.IL. A(baHaCLeBl, JLA. BprI/ICTpOBl, I1.C. Kannﬂz, O.IO.PI/I,Z[BCJ‘II:l'g
V.P. Afanas’ev', D.A. Burmistrov', P.S. Kaplya®, O.Yu. Ridzel"*
! National Research University «Moscow Power Engineering Institutey», 111250 Moscow,
Russia, e-mail: v.af@mail.ru;
2 Yandex, Moscow, Russia, e-mail: Pavel@Kaplya.com

3 Institut fiir Angewandte Physik, Vienna University of Technology, Wiedner Hauptstrasse 8-
10, A 1040 Vienna, Austria

In this work, the impact of multiple elastic scattering on the intensity and angular
distribution of the elastic peaks made up by the electrons elastically scattered from
multicomponent targets is analysed. The situations when processes of multiple
elastic scattering play an essential role are discussed

XXI Bek 03HAaMEHOBAJICS CO3J]aHUEM amlnapaTyphl, MO3BOJIUBIICH YCIEIIHO ONPEIENIITh
MUKA DJIEKTPOHOB, YIPYro-OTPaXKEHHBIX OT pPAa3JIUYHBIX AaTOMOB MHOTOKOMIIOHEHTHOTO
obOpasiia ¢ paspemicHueM yaoBieTBopstonieM kputeputo Penes [1]. C  mosiBieHuem
Cnekrpockonuu  IlukoB  VYmpyro Ortpaxkennbix InekrpoHoB (CIIYOD) Bo3Hukia
NOTPEOHOCTh CO3/1aHUS METOIUKH 00pabOTKH SKCIIEPUMEHTAIILHO H3MEPEHHBIX CIIEKTPOB IS
NOJYYEeHUs] KOJMYECTBEHHOM MH(POpPMALMU O MOCIOHHOM COCTaBE MCCIETyEeMOW MMIICHH.
3T0 MpHBENO K HEOOXOANMOCTH PEIICHHUs psja 3a1a4: 1. 3anavya BeranTanus (hoHa, N3BECTHAS
HAM M3 PEHTTCHOBCKOW (oTo3MeKTpoHHOM crekTpockonuu (PDDC) [2], 2. mpobiema
BIUSHUS MHOTOKPATHBIX YIPYTUX paccessHUH Ha YIIUPEHHE U CMEUIEHHE MUKa YIpPyro
OTPaXXEHHBIX ATEKTPOHOB [3], 3. MOCIEMOBATEIBHBIN yUET BIUSHUS MHOTOKPATHBIX YIPYTHX
paccessHuil Ha mHTeHcUBHOCTh curHana CIIYOD. Ecnu oTBeThl Ha mepBbIe JBa BOIpOCa
HAIlUTK CBOE OTpakeHHe B paborax [2, 3], To pemieHuro 3-ei 3aa4u MOCBSIICHA HACTOSIAS

pabora.

PaccMoTpuM  IByXKOMIOHEHTHYIO MMIIEHb, 00O0OIIeHHe Ha Oojbllee YHCIIO0
KOMITOHEHT, KaK 3TO Oy/eT BUIHO U3 KOHTEKCTa, HE MPEJICTaBUT TpyAa. Perenne rpaHuuHON
3aJauM JJI YpaBHEHHsI MIEpEeHOca JIEKTPOHOB B IBYXKOMIIOHEHTHOU cpezie OyAeM CTOUTh Ha
OCHOBe Merofa uHBapuaHTHoro mnorpyxkenus (MUIID) [4]. Yopoctuts MUII ypaBHeHUS

yaaeTcst 61aroapst «CHIBHOM BBITIHYTOCTH) CEUEHHUS YIPYroro paccesHus oy (y):

@ (0) >> @, () . 1)
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YPaBHeHI/Ie, KOTOPOE€ OIMMCBhIBACT IJIOTHOCTH ITOTOKA S3JICKTPOHOB, KOTOPBIC HU3MCHUIIN
HUCXOOAIIEC ABHMKXCHHE B MHUIICHM HAa BOCXOAALICC OTPA3HMBIINCH OT HCpBOfI KOMITIOHCHTbI

w Ry, (1,, 1) , 3amcaHHOe B MaJIOYTJIOBOM HPHOIIMKEHHN nMeeT BuA (M. [4])

-1
bt ) Ryt WX 10K @
0

R (Ho’ n) =

Mo

VYpaBHeHue i1 cyMMapHoi GyHkuuu otpaxenus R, =R, +R,,

-1
Ro (1o, 1) = -2 AX (g, 1) + 2 [ Ry (1o, )X(', )y
Mo+ 0

X, (cosy) =, (cosy)/ o, - nHIUKaTpUCa paccesHus Ha | 0if KOMIIOHEHTE COeANHEHUS,

X2 — MHJAMKATpHUCa paccesiHUs Ha 2 O KOMIOHEHTE COCJAMHEHUS, Gg| - MHTErPAIbHOE CEUCHUE

,6,% + 0,0, X +EX o,0
YIPYroro paccesHus, X =—- X+ 050X _ X+ 5% , A = 11 - BEPOSITHOCTD
o,0; + 0,0, 1+& o,0; +0,06, + 0,
yOpYyroro  paccessHWss ~ Ha  TEPBOM  KOMIIOHCHTE  COCHMHCHUS,  AHAIOTUYHO
&35, .
A, = - BEPOSTHOCTH YIPYrOro paccesiHhs Ha BTOPOM KOMIIOHEHTE
0,0, + 0,0, + 0,
0,0, + 0,0,

COEIUHEHUT A =

= }\,1 + }\,2 - BCPOATHOCTb HIIN aHB6CI[O OJHOKpPATHOI'O
o,0, +0a,0, +G;,

yUpYroro —paccesHms, Ox - J0us K-Oif KOMIIOHEHTEI B COEIMHeHHH. » oy =1,
k
a,c
_ 22
A, A, = =£ ©)
A0,

COOTBETCTBEHHO A, =A&, A, =A/(1+E), &, =AE/(1+§)

Bynem perniath ypaBHeHue (2) METOJOM UTEpAIIHii:

RS (o, 1) =~ 2, (g 1) - 4)
Ho + 1

[TonyueHHass B MpeHEOPEIKSHUN TPOLECCAMH OJTHOKPATHOTO paccestHusi Gopmyna (4)
TPaZULIMOHHO HCIOJB3YETCS IJs ONPEACICHUS OTHOCUTEJIBHON KOHIIEHTPAlMM KOMIIOHEHT

MHUIICHU B IEPBOM NMPUOIIKeHNH [5].

Pemas YpaBHCHHC (2) METOJ0OM I/ITCpaI_II/Iﬁ W BBITIOJIHASA aHAJIUTHYCCKOC MMPOJOJIZKCHUC B

uHTerpanax B 00actsb (0, 1) ucmons3ys npeiCTaBICHHYIO B paboTe [4] METOMKY MOJTydaeM
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uo“ }\,
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Rou (Ho’ )=

=

}\"2 I !!l A ! " ! 14
?Idu fxi(uo,u)X(u,u)duX(u,uH (5)
-1 -1

7\,k 1 _
—— | X (Mo, OX(, ) dp + ..
_k+l-[ 0

Peanuzamnusi pacuetoB Ha oOCHOBE (5) BBINOJHSIETCS C MCIOJb30BAaHUEM METO/a

chepuieckux rapMoHuK [4].

| 1\2 113 I\k
Rl = o M—X{%x#(kx) BCONNCY +..}:

W+ AX 2 3 k
0 Lx [ ' (6)
=P A axy =B jna-ax)
Ho +1 AX Ho +H X +EX,
_ Mo 2 n B g g 7
Rz (g, 1) H0+H§ 5 B (w) I(MO)XJ+§X; n( X'). (7)

|
I'me X' - K03(1)(1)I/II_II/ICHTLI Pa3JI0KCHUA NWHAUKATPUCHI PACCCAHHA B PAJ I10 ITOJIMHOMaM

Jlexxanpa.
AHanoruyHo
0 |
_ UM 2l +1 &, [
Rz (., 1) =— > 5 )R (o) =27 I =2X7) (8)
[ X +EX,
25—
— B npubimxeHnN OJTHOKPATHOTO COyAapCHUS
- --C y4eTOM MHOTOKpaTHBIX YIIPYTHX pacCesHUi

e el
S sk PR B
= s
= i
1) sl
- e
< e i

L L

05— e g
0 | | | | | | | 1 L |
0 1 2 3 4 5 6 73 8 9 10

Puc.1 OtHoueHus miomiaaei o/ NuKkaMyu BEIYUCIICHHbBIE B TPUOIMKEHUN OAHOKPATHOTO
R 1 =,
paccesiHus: Ry, / Ry, - cIutommHas JIMHuS, U ¢ y4€TOM MHOTOKpATHBIX ynpyrux paccesiHuii: Ry, / Ry, -

ITyHKTHP, KaK (QyHKIHS mapamerpa &.
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I'paduk, mpeacTaBiaeHHBINH Ha pHC.| MO3BOJISIET IO OTHOIICHHUIO TUIOMIAICH MO MUKAMHU

cOpMHPOBAHHBIMU YIIPYTO-OTPaKEHHBIMU JJICKTPOHAMH oIpeaenuTh napamerp & (cum. (3)).
®opmyna (3), eciiu U3BECTHBI IOJHBIE CEUEHUS YIPYIOro paccesHUs KOMIIOHEHT MMILIEHH,

IIO3BOJJISACT BBIYHMCINTL HCKOMOC COOTHOIICHUC KOHLIGHTpaI_[I/Iﬁ HCCHCI[yeMOfI MUIIICHU.

a l/ a ,. Berducienns ciemaHbl [UIs MOJENH, B KOTOPOi YNpPYroe paccesHHe CYUTaeTCs

MPOUCXOJAIIEeM Ha OOpaTHO KBaJIpaTHYHOM IMOTCHIIMATE, C IapamMeTpaMu PACCESTHHS Aj.
Puc. 1 yka3piBaeT Ha HEOOXOAUMOCTh yueTa 3(h(PEeKTOB MHOTOKPATHOTO YIIPYroro paccesHus,

npeHe6pe>KeHI/Ie KOTOPBIMHU MOXKET IIPUBCCTH K 3HAYUTEILHOMN MCTO,Z[H‘ICCKOﬁ IOTPCIIHOCTHU B

OnpeaACIICHNY KOMIIOHCHTHOI'O COCTaBa UCCICAYEMOI'O 06pa3ua.

— OyHKIUS OTpaXKEHUS 36RH(u)

- - -@ynkuus otpaxeHust R C( W
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Puc.2 YrnoBele pacnpeienieHus 3JEKTPOHOB OTPAXKEHHBIX OT sSep yriepoJia u siaep Bogopoaa B C-H
MUIICHA
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YUCJIEHHBIE HUCCJIEJOBAHUA ITIOPOI'OB PACIIBIVIEHUA METAJLJIOB
IPU BOMBAPJIUPOBKE NOHAMHU HU3KUX SHEPT U

NUMERICAL STUDY OF THE SPRAYING THRESHOLDS FOR METALS UNDER
BOMBARDING BY THE LOW ENERGY IONS

B.B.Esctudees, H.B.Koctuna
V.V.Evstifeev, N.V.Kostina

Kageopa «Duzuray, [lenzenckuii 20cyoapcmeentblil yHusepcument,
Kpacnas,40, Ilensza, Poccus, e-mail: physics@pnzgu.ru

Possibility for determination of the spraying thresholds for metals under bombarding by the
low energy ions has been discussed. The interaction potential Vs, reestablished by the

MOLCAO method for the “K—V” system, has been used under numerical simulation.

Panee [1,2] MeTo10M MOJICKYJISIPHOW JMHAMUKH M3YYeHbI 3aKOHOMEPHOCTH Iepelaun
¥ HAKOIUICHHS SHEPIMH B YHIPYTrux B3aumozeiicTsusax nonos Nb* (£,=0,1+3 x3B) ¢ aromamu
noBepxHocTHOM rpanu (100) MoHOkpucTamia HUOOUS. YCTAHOBJIEHO, YTO HaKOIUIEHUE
SHEpPruM OTIA4M NMPOUCXOAUT B 00JacTH Hanboliee IVIOTHON yaKOBKM aTOMOB B OCHOBHOM B
HeckoJbKuX (N=1-3) BHEIIHMX aTOMHBIX CJIOSIX KPUCTAJUIA, YTO SBISIETCS OTBETCTBEHHBIM 32
MecTa 3apOXKJICHHUS «0YaroB» PacIbUICHHS, a CaM METOJ] pacdeTa MOXKET OBITh HCIIOJIb30BaH B
KadecTBE IMPOTHO3a pE3ylIbTaTOB pACHBUICHUS pAa3IMYHBIX MaTepHajoB IPH HOHHOU
6ombapaupoBke. B pacderax B3aumojeiicTBUE MOHA ¢ aTOMaMH KpHCTaljia OMUCHIBAJIOCH C
nomolkko noteHuuana Lurnepa-bup3saka-JIurrmapka (LIBJI) ¢ paguycom obpesanus r = 2,5
A. TIpu >ToM ObLIO MOKa3aHO, YTO HEHTPHl HOHOB C 3Heprueil £y<100 5B He m0X0AsT 10
TpaHUIBI pa3jena «MeTauI-Bakyym» (Z = 0), pa3BopaurBaIOTCs B CTOPOHY BaKyyMa M yXOJST
OT MOBEPXHOCTH. DTO CBUAETEIBCTBYET O TOM, YTO HUKAKOTO MPOHUKHOBEHHS HOHOB BHYTPb
KPUCTAJNTNYECKOM PEeIIeTKH He IPOUCXOIUT.

HccnenoBanue auana3zoHa HavanbHbIX SHepruil Ey=10+100 3B na npeamer nepenauun
00OMOApAMPYIONIMM HOHOM YaCTH CBOEH DHEPTHH MOBEPXHOCTHBIM aTOMaM TBEPIOTO Teia
MOYET OBITh MCIIOJI30BAHO ISl ONPEIEICHUS IOPOrOB PACHBIICHUS PA3IMYHBIX MaTepPHAJIOB.
(3a mopor pacrnbpUieHHs MPUHUMAETCS Ta MUHHUMAaJIbHAs >HEprusi 6oMOapIupyrolero uoHa

Eo=E;op, TIPH KOTOPOM HAUYMHAETCA PACHBUICHHE BEIIECTBA (KOY(QQHIMEHT pPACIBUICHHS

Sp70)).
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B nanHOM coOOIIEHNN TIpeIIararoTCsl TAKOTO POJ/ia KOMITBIOTEPHBIC pacyeThl TOPOTOB
pacibUICHHs] Pa3HBIX METAIOB C MCIIOB30BaHHEM MOTEeHIMana Vs, MOJIydeHHOTO B paboTe
[3] mns cucrembl Kanuii-BaHAJWH KBAaHTOBO-MEXAHMUYSCKHUM METOJOM MOJICKYIISIPHBIX
opOuTanel, MOCTPOCHHBIX B BUJIE JIMHEHHOW KOMOWHAIIMM aTOMHBIX opOurtanei (MeTon
MOJIKAO). ITotenmuan Vs BeIOpaH AJi pelIeHus TaHHOW 3aa4u MOTOMY, YTO OH OKa3aJics

OoJiee JAIbHOICHCTBYIOIINUM, YeM ToTeHIHaIbl bopHa-Maiiepa u LIBJI.

Eciy mpeanonokuTh, 4T0 MaKCUMAaJIbHAsL SHEPTus oTAauu E|, IOIy4eHHAs aTOMOM
MHUIIIEHH OT HWOHa B TMpollecce OOMOApAMPOBKH, paBHAa SHEPrHM CBs3U FE.; MeTtaa u
J0CTAaTOYHA JUIs €r0 PACIBUICHHS], TO paccuuTaB K. 1Uis pa3HbIX Ep, MOXKHO HaiTH U mOpOr
pacmubUIeHHs] JaHHOTO MeTaiuta. JlJis 3Tol menu HeoOXO0AUMMO 3HAHUE BEITUYHHBI SHEPTUU E,

U BHUIA 3aBHCHUMOCTHU E(T;ax (EO) kak (yHKIUU oT Ep. Ta mMuHMManbHas sHeprus Eo, Uit

KoTopoit E; " =E,

., » 1 OYZIET ABIATHCS IOPOTOM PACHBIICHUS Eyop.
[IpaBOMOYHOCTH UCIIOJIB30BAHUS MOTEHIMANA Vs B TaHHOW padoTe MOATBEPKIAETCA
+
YIOBJIETBOPUTEIBHBIM COTJIACHEM pacCUUTaHHbIX Tuctorpamm (1) paccesnuss monoB K
BAaHAJIMCBOW MHUIICHBIO I HaudajdbHbIX J3Hepruii Ep, 3B: a—60, 6-80 m B-100 c
+ _gKgO
aKcrepuMeHTabHbIME criekTpamu (2) K'—V (yron magenuss ¢=55° u yron paccesHus

y=70°), MOJy4YeHHBIMH HAMHU paHee Il TeX >X€ SHEPruil W reoMeTpuu paccesHus. Ha

PUCYHKE ITPUBCACHBI 5TH PE3YJIbTATHI.

NerJE a lerJE o Na/E B
1.12 1 1.30 1 E.74 1
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v B O W R O
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OCOBEHHOCTH ITPOXOKJAEHUSA KBAHTOBbBIX YACTHI]
YEPE3 IIOPUCTBIE CTPYKTYPbI
PROPAGATION OF QUANTUM PARTICLES THROUGH THE PORES

I''M. CDI/IJII/IHHOBl, A.C. CaGI/IpOBZ, B.A. AJIeKcaHI[pOBZ , A.B. Crenanos®
G.M. Filippov, A.S.Sabirov, V.A. Aleksandrov, A.V.Stepanov
1‘1yeamcr<uﬁ 20cyoapcmeenblil nedazoeudeckuil ynueepcumem umenu M.A. Hxoenesa,
Yebokcapwvi, PO

2 . .
Yysauickuil 2ocyoapcmaennwlil yuueepcumem umenu M.H. Yivanosa, Yeboxcapol, PO
3 .

Yyeauickas 20cy0apcmeennas celbCKoxo3aucmeennas akademus, Yebokcapvi, PO

B nacrosmeit pabore paccMaTpuBaeTCs NMPOHUKHOBEHHE IMOTOKAa KBAHTOBBIX YaCTHI
yepe3 IOPUCTYIO CTPYKTYpPY Ha OCHOBE 3aKOHOB KBaHTOBOM MexaHukd. CnenuanbHOe
BHUMAaHME YJEISIETCS BO3MOXKHOCTU 00pa3oBaHUs BHUXpEH B IOTOKE BEPOATHOCTH IpU
IIPOXOXKJICHUM KaK 4Yepe3 OTACIbHYI0 IIOpY B  MHIIEHH, TaK U BO3MOXXHOE BIIMSHHE
UHTEPPEPEHIIMOHHBIX SBICHUIN MPU MPOXOXKACHUM MOTOKA Yepe3 CHUCTEMY YIOPSIOYCHHBIX

nop. Bo3aMoXHOCTh BUXpeoOpa3oBaHus CIICAYET U3 MPEICTABICHUS POTOPA BEKTOPA TOKA | B

BHAC BCKTOPHOI'O IIPOU3BCACHUA

. 2h
rot j =—[Vy, xVy,],

m
B KOTOpOM \j]l u \Vz — COOTBCETCTBCHHO BCIICCTBCHHAA U MHUMAs 4aCTb BOJIHOBOH (1)yHKIII/II/I,
M u /i — Macca yacTuIbl U nocTostHHas [1nanka.

PaccMoTpuM  [IBH>KEHHME  KBAaHTOBO-MEXAHMYECKOM  YacTHIbl  BJIOJb OCH  Z
NEPNCHAUKYIIAPHO TOHKOM IIVNICHKE, B KOTOpOﬁ HUMCIOTCA OoAHA WJIM HCCKOJIBKO KPYTJIBIX ITOP
pammyca R . Takxke paccmarpuBaics ciydail maJeHus] BOJIHOBOTO MakeTa Ha IIeNb B TOHKON
meHke. [lneHka monenupoBanack Kak HMPOCTPAHCTBEHHBINM CIOW TOJIIMHBI &, B KOTOPOM

3aJjaH MOCTOSHHBIN noreHuuan BenuuuHel U, . Ilnockocte XOy NpoXoAuT yepes cepeiuHy
CJI0s1, TIPUYEM LIEHTPBI IIOp CUMMETPUYHO pacroioxkeHsl Ha ocu Y. HaganpHoe cocrosiHue

JaCTHULBI 3a4aC€TCA B BUAC IHPOKOIO B IMOIICPEYHOM HAIIPABJIICHUWU ITAKETA, OIMMKMCBIBACMOI'O

BOJIHOBOH (pyHKIMEH BUIa

i x2 2 z-12.)°
P=eplp.2)er =2 5 _2}:; - 2620)

2
X y z

OBosIfOLIMsE  BOJIHOBOIO  IAKETa HAXOAWIACh METOJOM 4YHCIEHHOTO pELIeHHUs
TPEXMEPHOro HecTanuoHapHoro ypaBHeHusi Illpenunrepa. BaxxHoe 3HaueHue umMmeeT

MNPUMCHCHUC TAKHUX METOJO0B, KOTOPLIC HdaBaid OBI AOCTAaTOYHO TOYHOC PCIICHHUC VI npu
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00JbIIMX 3HAYEHUSIX BpeMeHH. OTMETUM, YTO OOBIYHBIE UTEPALMOHHBIE METO/IbI, TAKUE KaK
meton Kpanka-Hukoncona, HakarmiMBalOT CYIIECTBEHHYIO IIOTPEIIHOCTh B pacyerax
HBOJIIOIIMY BOJIHOBOW (DyHKIMU. B mocienHee BpeMsi MOTYyYWIH Pa3BUTHE HOBBIC MOJXOJIBI K
yrcneHHomy pemieHuto YIII mpu Gonpmmx Bpemenax [1,2]. CpaBHenue 3¢ (deKTHBHOCTH
pPa3IMYHBIX METOJIOB JaHo B pabore [3]. B manHoit pabore mis uncinenHoro pemenus Y1
UCIIONIb30BAJICSI METOJ pAacHUICIUICHUS! oIepaTopa 3BOJIOLUUU. DTOT METOJ IPEANoiaracT
MOIIAarOBOE BBIMIOJIHEHUE OIepaTopa SBOJIIONUN U OCHOBaH Ha ¢opmyne Tporrepa [4] mns
OIEPATOPHOU IKCIIOHEHTHI
exp (— T(A-l- é»z exp (— A/ 2) exp (—r B) exp (— A/ 2)+ 6(7°). (1)
[Ipencrasnenue (1) mMeeT norpemHocTs mopsaka t°. CylIeCTBYIOT aHAJIOTUYHBIE
dbopMyIbl OoJiee BBICOKOTO IMOpSIKA TOYHOCTH [5], OZHAKO B 3TOM Cllydae BO3pacTaeT
TPYJOEMKOCTh BbIuMCIeHHH. B pabGotax [6,7] aHaNMM3UpPYyrOTCS MOTPEHTHOCTH MOJOOHBIX
pa3I0XKEHUI ONEepPaTOPHOM SKCIIOHEHTHI.
C yuerom (1), pa3nenvB KWHETUYECKYIO M TIOTEHIMAIBHYIO SHEPrUU B TaMUJIbTOHHUAHE,

3BOJIFOITUIO Bod JJIsI 10CTATOYHO MAJIOro mara 1o BpeMeHI/I T MOXHO HpCIICTaBI/ITB B BUJIC
y(r, t+7) =exp ik /a) w(r, t) =
i i i
—o0| T ool 2V loo Byt +or) .
4m fi 4dm

Brraucnenue ﬂeﬁCTBHH OIICPATOPHBIX SKCIIOHCHT, BXOJIAIINX B 3TO BBIPAXXCHHC, y,Z[O6HO

MPOBOJUTH ITyTEM MEPEX0/Ia B UMITYJILCHOE TIpeacTaBiieHne BD
w(r,t) = jd3k (K, t)exp(ikr).

Torna nmeem
iht

e’@(%Arj“’(r’t) = exp(mAr) Td?’k vk, Hyexp(ikr) =

~ [a% (kDo (ink? /am) e ikn)

Jns  mepexoa B HUMIYJIbCHOE IPEJCTaBI€HHWE M BO3BpAIIEHUS OOpaTHO B
KOOPJIMHATHOE MCIOIB30BaNIOCh AUCKpeTHOE npeodpazoBanue Pypoe (AI1D) ¢ npumeHeHnem
anroputMoB ObicTporo mnpeoOpazoBanust Dypoe (BIID). IIpu sTOM 3BOIIOIUS BOIHOBOM
GyHKIIMHM paccMaTpUBajach Ha TPEXMEPHOM MPSIMOYTroJIbHOM 001acTH, JOCTATOYHO OOJIBILION,
4TOOBI B3aMMOACHCTBUE BOJHOBOTO MAKETa CO CTPYKTYpaMH IJICHKU MPOUCXOMIIO TAIEKO OT

T'paHuIy obmactu peuicHusd VIII. I[J'ISI noaaBJICHUA He(bI/IBI/ILIeCKOFO OTpaXXCHUA Ha TpaHUILIC
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00J1aCTH HMCIOJIB30BAJICSI METOJ TMOTJIOMIAIONIUX TPAaHMI], KOTOPBIH COCTOMT B J0OABICHUU

MHHUMOTI'O JOIIOJHHUTECIBHOI'O IIOTECHIHAIa B HEKOTOPOM d-cioe BOIN3H I'paHUIbI CETKH.

40/
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_20|
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20
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-40}

-100
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20}
of
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100 100

Puc. 1. DBomonus BOIHOBOTO TAKeTa, MAIAIOIIETO Ha TUIOCKYIO IIIENb.

Ms1 ynensieM 0co00e BHUMaHHE OTIMYHIO 3aKOHOMEPHOCTEH MOTOKa BEPOSTHOCTH OT
MOTOKAa WACATbHOM JKUAKOCTH B TUIpoauHamuke. I[IpomsBoamsiocs mnpenBapuTeabHOE
UCCJIEIOBAaHUE BO3MOXHOCTH BO3HUKHOBEHUS CHEIM(PHUECKOr0 KBAHTOBOTO TPEHUS U
COOTBETCTBYIOIIEH BSI3KOCTH B NMOTOKe BeposATHOCTU. Ha puc. 1 mokaszaHbl AeTanu pacueTHbIX
JAHHBIX ISl Pa3JIMYHBIX 3TAaNoOB MPOHUKHOBEHUS KBAHTOBOM YaCTHUIbI Yepe3 MOpy. 3aMETHBI

XAPaKTCPHBIC BOJIHOBBIC ITPOLICCCHI THUIIA I[I/I(i)paKI_[I/II/I u I/IHTep(I)CpeHLII/II/I. B OTpa)KaeMOﬁ OoT
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MIOPUCTOM  CTPYKTYpbl 4YacTH BOJIHOBOI'O IIaK€Ta OTMEYAETCSd HAJIWYUE BHUXPEBBIX
o0Opa3oBaHmii, yero 6e3 npoBeneHus MOJIPOOHBIX PACUETOB TPYAHO ObUIO OKUIATh.

Ha puc. 2 noka3zanbl pe3yabTaThl CpaBHEHHSI TPOHUKHOBEHUS Yepe3 MOPUCTYIO TUICHKY
KaK Ui KJIaCCUYECKOM YacTHUIIbl, TaK U JJI1 BOJHOBOI'O [1aKETa B IKBUBAJIEHTHOW ITOCTAaHOBKE

3agaun. B BEIOpaHHOM Juana3zoHe SHEpruil 3aMeTHOW pa3HUIlbl HE ObLIO OOHAPYKEHO.

0.7}
0.6}
0.5}
0.4}
0.3}
0.2}

01}

5 10 15 20 25 30
d, at.ea.

Puc. 2. 3aBucuMOCTb 10K TOTOKA BEPOSITHOCTH, IPOLIEIIIEr0 Yepe3 MIEib B IUNICHKE OT €€
mpuHbl 0. TOYKHM — KBAHTOBBIN pacyeT, CIUTOIIHAS JTMHHS — KITACCHIECKHIA.

COBH&I{CHI/IG KIIACCHUYCCKUX M KBAHTOBO-MCXAHHMYCCKHX OLCHOK Ha pHC. 2 TOBOPUT
TOJILKO 00 AKKYPAaTHOCTH HPOU3BCACHHBIX OLCHOK, OAHAKO HE OTMCHACT 3HAYUTCIBHOI'O
OTJIMYMSI KBAaHTOBO-MEXAHMYECKOTO IMOBEIEHUS IOTOKa OT Kiaccudeckoro. IloHsaTHO, 4TO
KJacCUYecKas MEXaHWKa HE B COCTOSIHMM OOBSCHUTH TOTO YIOPSIOYEHHs TOTOKOB
BEPOSITHOCTH, KOTOPOE NPEACTaBIeHO Ha puc. l. B panpHelmeM npu aHanmse
KOA(p(UIIMEHTOB MPOXOXKJIEHUS YacTULl Yepe3 MOPHUCTbIe CTPYKTYphl Mbl IOCTapaemcs
crienManbHO o0palaTh BHUMaHUE HA SIBICHUS, KOT/Ia KJIaCCUYecKasi U KBaHTOBAas TEOPUH IO-

pa3dHOMY OLICHUBAKOT 3HAUCHUSA JAHHBIX KOC—)(I)(I)I/ILII/ICHTOB.
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SHEPI'ETUYECKHUE PACITPEJAEJIEHUA ITPU MAJIOYT'JIOBOM PACCESAHUN
MOHOB C IOBEPXHOCTHM InP(001)<110> U <110>
ENERGY DISTRIBUTION OF SCATTERING IONS FROM InP(001)<110>
AND <110> SURFACES AT GRAZING INCIDENCE

M.K Kapumos, I1I.P.Cagynnaes, M.Y.OtaboeB, K.V.Ora6oesa, ¥.O.Kytnues.
M.K.Karimov, Sh.R.Sadullaev, M.U.Otaboev, K.U.Otaboeva, U.O.Kutliev.

Vpeenueckuit I'ocyoapcmeennwiti Ynusepcumem, Y3oexucman, karimov_m_k@mail.ru
Urganch State University, Uzbekistan, karimov_m_k@mail.ru

Abstract

The energy distribution of scattering Ne+ ions from the InP (001)<110> and <110> at
the grazing incidence have been investigated by the method computer simulation. The
computational results show that in the energy spectrum the characteristic peaks
corresponding to scattering of ions by the surface atomic chains and semichannels are
observed. The situation and intensity of these peaks depend on the geometrical shape of the
surface semichannels.

Brenenmne

B IMMOCJICAHCC BPCMs Q)YHHaMeHTaHBHBIe HCCIICAOBaHUA IIPOLCCCOB, IIPOUCXOAAIINX,
IIpu BSaHMO,Z[CP'ICTBHH ATOMHBIX YaCTHIL] C IOBEPXHOCTBIO TBEPAOIO TEJIa, MMOJIYIHUIIN HIUPOKOEC
pa3sBUTHC B MHPOBOM maciraoe. AKTyaJ’IBHOCTB TaKHNXx I/ICCJ’IGI[OBaHI/Iﬁ 06YCJ'IOBJ'IGH8.I
Pa3sBUTUEM U BHCAPCHUCM B IMPAKTHUKY HOBBIX ITPOTrPECCUBHBIX TGXHOJ’IOFI/IfI, HCIIOJIB3YIOMIUX
METOABI HMOHHOI'O HAaIIbIJIICHUA, HOHHOU HUMIUIaHTAIIUU U MOHGKYHﬂpHOfI SIIUTAaKCHUH,
HpO6J’IeMOI71 HepBOﬁ CTCHKHU YIPABJISACMBIX TCPMOAACPHBIX PEAKTOPOB U MOHHBIX I[BPIFaTeJ'IefI,
MOJIYYCHHUEM HOBBLIX MATCPUAJIOB C 3aJaHHBIMHU CBOﬁCTBaMH, Tpe6y'IOI_I_II/IX B(I)(peKTI/IBHLIX
MCTOJOB KOHTPOJIA, B YaCTHOCTH, METOJ0B, OCHOBAHHBIX Ha AMAIrHOCTUKC ITOBCPXHOCTH
HOHHBIMU ITYYKaMH. HCCJ’I@I{OBaHI/Ie BSaHMOI[CfICTBI/IS{ HOHOB C IMOBCPXHOCTBIO SABJIACTCSA
OJHUM U3 OCHOBHBIX HaHpaBJ’IeHI/Iﬁ (1)I/I3I/I‘IGCKOI7I OJICKTPOHUKHU.

B MNOCJICAHUC TOAbl 3HAYUTCIBHO BO3pPOC HMHTCPEC YYCHBIX K HUCCICAOBAHUAM
CTPYKTYp C TOHWKEHHOW pPa3MEPHOCTHIO, KOTOPHIE CIOCOOHBI MPOSABIATH Psil HEOOBIYHBIX
CBOMCTB, HE CBOWCTBEHHBIX JJII MCXOJHOTO IOJIYMPOBOJAHUKOBOTO Kpucrtamia. [logoOHas
MO,Z[I/I(I)I/IKaI_II/ISI CTPYKTYPHBIX TIapaMCTPOB IMOBCPXHOCTU TNPUBOAHUT K 3HAYUTCIBbHBIM
U3MCHCHHUSAM (I)I/I3I/I‘-ICCKI/IX U XUMHWYECKHX CBOMNCTB HCXOJHOI'0 MaTtcpuala. I[OCTI/IFHYT B
ITOCJIETHHAE T'OJIbI IPOTPECC B U3YUYEHUH CBOMCTB MOJYNPOBOAHUKOB I'PYIIIIBI A’B’.

OcoOeHHO OOJbLION MHTEpPEC YYEHBIX HAINpaBiI€H B CTOPOHY IOJYMPOBOAHHUKA

dochuna uanus (InP), mockosbKy sHEpreTHUecKre rnapaMeTpbl €ro MOHOKPUCTAITMYECKON
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¢da3pl oueHb OJNM3KH K MapamMeTpaM MOHOKPHCTAJUIMYECKOTO KPEMHHS, U Ha OCHOBE €ro
JIETKO M3TOTABJIMBATH MPUOOPHI MHTETPAILHOM ONTOAJIEKTPOHUKH COBMECTUMBIE C KPEMHUEM,
B YaCTHOCTH, PE3MCTUBHBIC OIITOIAPHI.

Hamu OBIT CMOJENMPOBAH TIPOLECC MAJOYTJIOBOTO paccessHus HoHOB Ne' ¢
noBepxHoctu MoHoKpuctaia INP (001)<110> u <110> ¢ HayanbHO YHEprueh 5 K3B.

Mertona uccjief0BaHus U pe3yJibTaThl

W3BecTHO, YTO CIEKTPOCKONMSI HOHHOTO PAcCestHUA AAET BaXKHYIO MH(POPMALUIO O
MOBEPXHOCTU TBEPAOTO Tena. OOCykaaercss MPUMEHUMOCTh METO/Ia TAPHBIX CTOJIKHOBEHUN K
CTOJIKHOBEHHUSIM Ha IMOBEPXHOCTH KpucTaiia. [Ipy MaibIX 3HAYEHUAX HHEPruil MOHHO-
ATOMHBIE CTOJIKHOBEHMsS Ha IIOBEPXHOCTH TBEPAOrO Tejla MOKHO paccMaTpuBaTh Kak
U30JIMPOBaHHbIE MapHbIE CTOJKHOBEHHUS M MX IIOCIEI0BAaTEIbHOCTH. OTOT  BBIBOJ
OCHOBBIBA€TCSI Ha PACCMOTPEHUU BPEMEHHM B3aMMOJCHCTBHUS MaNalolIero MOHA M aroma
KpUCTallJIa, a TaKKe OHEpPrui, XapakTepHBIX M TaKux  CTOIKHOBeHWi. Tak kak
OTTAJIKMBAIOIIAS  COCTABJIAIONIAs] TMOTEHIMaja OBICTPO YMEHBIIACTCS C YBEIHMYCHHEM
MEXaTOMHOTO PAaCCTOSIHUS, TO BpEMsl B3aUMOJICHCTBUS Ul TAKUX CTOJIKHOBEHUI COCTaBISET
Benuumbl nopsiaka 107°-10%°, uro ropasmo Membuie meproxa KoneGaHHil peLISTKH,
cocraBisiouero npumepro 1073 [ToaTomy, korma sHeprus, mnepeaaBaeMas B IPOLIECCE
CTOJIKHOBEHUSI, MPEBBIIIACT SHEPTUIO CBA3M aToMa MuiieHu (5-203B), 3TOT aToM MOKHO
CUMTATh U30JIMPOBAHHBIM OT PEIIETKH.

[IpuBOATCS OCHOBHBIE COOTHOILICHUS DJIEMEHTApPHOIO aKTa B3aHMMOAEUCTBUS ABYX
YacTHUI] C MOMOIIBI0 METO/a MapHBIX CTONKHOBeHWi. Ecnmm wactuiia maccel Mj ¢ aTOMHBIM
HOMEpoM Z;, oOjajmaromias CKOpOCThi0 Vo (M KuHeTHuYecKoW »sHeprueit Ep), ympyro
CTAJIKUBACTCS C TIOKOSIIIUMCST aTOMOM MHIIIEHH Maccod My M aTOMHBIM HOMEpoM Zp, TO
HECJIO)KHO II0Ka3aTh, YTO HaJETalollas 4yacTHIla pacCceuBaeTcsi B J1aOOpaTOpHOW cucreme
KOOpJMHAT Ha yroJ 01 Mo OTHOLIEHHIO K HAlpaBJICHUIO €€ NMepBOHAYAIbHOTO ABMKeHus. [Ipu
TOM arOM MHIIEHH B pe3yabTaTe CTOJIKHOBEHHS HAUWHAET JBHUTaThCS B HAIpPaBIICHUH,
COCTaBJISIOLIEM yrojl 0, ¢ mepBOHAaYaJbHBIM HANpaBiIeHHEM HajeTaromeld yacTuibl. CBs3b

9TUX MapaMCTPOB ONPCACIACTCA CIICAYIOINMU COOTHOIICHUSAMMU.
E, = L+ 1) 2E,(cos 6, £ /(Tr) —sin2@,)?
_2 2 ) 2
E, =0+ u) “E,(cosb, =/(f) —sin“é6,)

21.]'[5[ OITMICAHMS MOH-aTOMHBIX CTOJIKHOBEHUM HCIIOIL30BAINCH IIOTCHIIHUAIbI Bnp3a1<a-

[urnepa-Jlurt™mapka [1]:
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ZlZZe2 r r
Vg =——((0,1818exp(—3,2—) + 0,5099exp (—0,9423 —) +
r a a

+0,2802exp (—0,4029 g) +0,02817 exp(—0,2616 1))
a

0,23 :
e, a=0,8853a9(Z:°3+2,°%) - hyHKUMS SKpaHUPOBAHMS.

UYro xe Kacaercs HEeylnpyrou IOTEpPH 3HEPIMM aTOMHOW YaCTHULbI B 3JIEMEHTapHOM
aKTe CTOJKHOBEHHUS, TO OHa ompexaessercs Qopmynoil PupcoBa, MoauGUINPOBAHHON

Kummnesckum [1]:

7 1/2 1/2 1/6 1/6
031022, +2, )2 42,") 465V (D)

0 0,674/Z,1, ) E,
1/6 1/6
a (2, +Z,)

&(Eo,P) = )

rne, ar= 0,468A, v u E, - oTHocHuTenbHas CKOPOCTb U SHEPTHs aToMa, Zj- U Zp —3apsia
CTAJIKMBAIOIINXCS HOHOB ¥ aTOMOB, V - ¢M/C, E(- 3B, 1pin- B aHrcTpeMax.

[MonynpoBonuukoBbie coeauneHus tuma INP(001) wuMeT KpHCTAUIMYECKYHO
CTPYKTYPY C TETPadIpUYECKUMH CBS3SIMH (LMHKOBOI oOMaHku ZNnS). Ha MOBEpXHOCTH ATHX
MOJTYIIPOBOJTHUKOB  O0Pa3yrOTCSl IMOJIyKaHAIbl, KOTOPBIE OTJIMYAIOTCS TEeOMETPUUCCKUMU
napaMeTpamMu M COpTaMu aTOMOB. ATOMBI UHAMS U (ocdopa pacioIOkKeHbI MOCIOHHO, TO
€CTh, Ha TOBEPXHOCTH MOTYT HAXOJUTHCSI AaTOMBI TOJILKO MHAUS U TOJIBKO (hocdopa.

Ha puc.l. m300paskeH >HepreTMUecKHil crekTp paccesHHbIx Ne' wmoHoB ¢ InP
(001)<110> u <110> mnpu GomOGapaupoBke ¢ dHeprueii Eq= 5 k3B, Korga MoBepXHOCTB

3aBepIIACTCS aTOMAaMHM MHAMS. B CIIEKTpe BUAHBI OTYETIIMBBIE NHUKH PACCESIHHBIX MOHOB C
MOBEPXHOCTHBIX aTOMHBIX IIEMOYEK (BBICOKOIHEPreTUYECKON 4acTu CHEeKTpa) U MOoyKaHasa
(HHM3KOPHepreTuyeckoil yactu crekrpa). OTMeTHM, 4To 00€ MUK HAOIIOAAI0TCA B CBA3M C
MHOT'OKPAaTHBIMU CTOJIKHOBEHHMSIMU B TBEPJOM TeJl€, KOrJa B IIEPBOM COYAAPEHUI HOH HEOHA
IIepeIaeT YacTb CBOEH KMHETHYECKOW SJHEPTUH ATOMY MUIIICHH.

Ha puc.2. IpecTaBieH dHepreTudeckuii crektp paccesuasix Ne' monos ¢ InP (001)<110> u
<110> mpu GomOGapaupoBKe C dHeprueii Eq= 5 KoB, Korja NMOBEPXHOCTH 3aBEpHIAETCS
atomamu (Qocdopa. Bunno, B ciaydae OomOapaupoBku HampasieHun <110> mmpuna
MOJIYKaHAJIBHOT'O IHKa, IIHpE, YeM <110> . DT0 CBA3aHO C Y3KHM pa3MepoM IIOJIyKaHala,

o0pa3oBaHHOTO B HarpasieHnn <110> .
CpaBHEHHsI OTHUX DOHEPreTHYECKHX CIEKTPOB IMOKAa3bIBalOT, dYTO COPT aToMma,
PACIOI0KEHHOTO TIEPBOM CJIO€ M pa3Mep MOoJTyKaHajla BIUSIOT HA HHTEHCHBHOCTD M SHEPTHIO

paCcCCAHHBIX YaCTHII.
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s PUCYHKOB BUOHO, YTO oboux ClIy4dasx, HHTCHCUBHOCTD ITMKa paCCCAHHBIX HOHOB C

IMOJIyKaHalia OoplIIe YEM, MHTCHCUBHOCTDb PACCECAHHBIX HMOHOB C IMOBEPXHOCTHBIX aTOMHBIX

IerOYeK.
. 704 —— w=s50 I
o \{1:50 —_ —=70 |
. > = 60 e g
5 50_ - \P—Y \P:QO 1
= L p=9° £ 501 E=5wB AT
340- E,=5 7B £ 40 InP (001)<-110> 1 1
A =
§ 30] InP (001)<110> § 201
= g
E, 20 % 204
5] =
= 10_ o] |
§ =~ 10
04 0-
4375 4500 4625 4750 4875 5000 4400 4500 4600 4700 4800 4900 5000
Oneprus, 2B OHeprus, 5B

Puc.1. Dueprernueckuii criektp paccesabix noroB Ne* ¢ InP(001)<110> n <110> npu y=5°,7°,9° ¢ sneprueii
Eo= 5 k3B, xorna noBepxXHOCTh 3aBepIIacTCs aTOMaMH HHIHUS.

1409 x50 704 ——y=5°

s 1204 — "W w=70 f
;’. p=g° 5 601 p=90 n
£ 1004 E,=5x3B E 504 E,=5x3B '\ I
2 g mPon<iie> 0] 1P ©@0D<-110> N \NE
3 3
2 60- % 304
= =~
‘&:’ Q
5 40 5 20+
= =
= 204 = 10+

0 AP 0+

4500 4600 4700 4800 4900 5000 4500 4600 4700 4800 4900 5000

Oueprus, 3B Oneprus, 5B

Pric.2. Duepreriueckuii criekTp paccesiHubix noroB Ne' ¢ InP(001)<110> u <i10> npn w=5%7%9° ¢ sneprueii
Eo= 5 x3B, Korza moBepxHOCTh 3aBepiiaetcsi aromamu docdopa.

BriBoabI

+
PaccunraHbl SHEpreTHYEeCcKre pacipeaeIeHus] MaJIoyIJIoBOro paccesiHus HoHOB Ne™ ¢
OBEPXHOCTHIO MoHOKpHcTamia INP(001) B manpasnennsx <110> u <110>. [Toka3zaHo, uTo B

OHCPIrCTHYCCKOM paclupeacsICHUNU MOKHO 4YCETKO pas3AC/IMTb BKJIAA pacCeIHHud HOHOB
HpHHOBGpXHOCTHOfI O6J'IaCTI/I, KOTOPBIC O6p3.3y}OT HECKOJIBKO HTHUCKPCTHBIX IIMKOB B

HHSKOBHepFeTI/I‘—IeCKOﬁ YacCTH CIICKTpa.

Jlurepartypa
1. E.S. Parilis, L.M. Kishinevsky, N.Yu. Turaev, B.E. Baklitzky, F.F. Umarov, V.Kh. Verleger, S.L. Nizhnaya
and 1.S. Bitensky, Atomic Collisions on Solid Surfaces (NorthHolland, Amsterdam, 1993).
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CWJIA B3AUMOJIEMCTBHSA JIBYX ATOMOB C YYETOM IPUHITATIA TTAYJIA
POWER OF INTERACTION OF TWO ATOMS TAKING INTO ACCOUNT THE
PAULI PRINCIPLE

B. IT. Komiees?, 1O. H. llItanos?
V.P. Koshcheev?, Yu.N. Shtanov?

YHUY MAU, punuan « Cmpenay, XKyroscxuii, Mock. o6n., Poccus koshcheevl @yandex.ru
2 Tiomenckuii unoycmpuansvhuiii yuusepcumem, gunuan THY 6 2. Cypeym, Cypeym, Poccus

(Dypbe-KOMHOHCHTa HOTGHHH&J’ILHOﬁ OHCPIUH BSaHMOI[efICTBI/ISI JABYX aTOMOB IIpCha-
CTaBJieHa B BUJE MHOTOYICHA YETBEPTOM CTENEHU OT aTOMHOro ¢opm-paxropa. Yuc-
JIEHHBIA PacUcT BBIIIOJIHEH B HpI/I6J'II/I}KeHI/II/I OKPaHUPOBAHHOI'O KYJIOHOBCKOTI'O IIOTCHIIH-
ana. Ilokaszano, yto yder npunuuna [laynum npuBoauT K MOTEHUMAIBLHOMY Oapbepy U
HOHOHHHTGHBHOﬁ o0Jactu MPUTAKCHUA IBYX aTOMOB. HOKaBaHO, YTO JaHHas MOJACJIb
KauCCTBCHHO OIMMCBIBACT PC3YJIbTAThI OKCIICPUMEHTA, B KOTOPOM C IOMOIIBIO aTOMHOI'O
CHUJIOBOT'O MHUKPOCKOIIa ObLIa HU3MCPCHA, B 4aCTHOCTHU, CHJIA B3aHMOﬂeﬁCTBHﬂ MCKIY
ABYMS aTOMaMM KCCHOHA B 3aBUCUMOCTH OT PACCTOAHUA MCIKIAY HUMU.

The Fourier component of the potential energy of the interaction of two atoms is repre-
sented as a fourth-degree polynomial in the atomic form factor. The numerical calcula-
tion is performed in the approximation of the screened Coulomb potential. It is shown
that the Pauli principle leads to a potential barrier and an additional region of attraction
of two atoms. It was shown that this model qualitatively describes the results of an ex-
periment in which, using an atomic force microscope, the interaction force between two
xenon atoms was measured, depending on the distance between them.

B [1] ¢ momo1p0 aTOMHOTO CHJIOBOT'O MHKpOCKOMa (CM., Hanpumep, [2]) Oblia u3mMe-
peHa, B 4YaCTHOCTH, CHJIa B3aUMOJAEHUCTBUSI MEXIY JIBYMS aTOMaMHU KCEHOHA B 3aBUCUMOCTHU
0T paccTossHus Mexy HUMH. [1o pe3ynbpTaram skcriepuMeHTa Oblila BOCCTAaHOBJIEHA MOTEHIH-
aJbHAsl SHEPTUsl B3aUMOJEHUCTBHS, KOTOPYIO aBTOPHI CPABHUIIN C pacueTaMu, BBIIIOJTHEHHBIMU
B paMKax TeOpHM (YHKIIMOHaJIa MJIOTHOCTH (cM., Hanpumep, [3]). HexaBHo ObI0 MoKa3aHo
[4], uTo mprMeHeHHEe MeToIa GYHKITMOHAJIA MJIOTHOCTH MPUBOAUT K HEOTHO3HAYHBIM PE3yTh-
tatam. B [5] Obu10 mokazano, yTo @ypbe-KOMIIOHEHTA MOTEHIIMATBHON SHEPTUN B3aUMOICH-
CTBHSI JIByX aTOMOB MOXXET OBITh NpE/CTaBleHa B BUIE€ MHOIOWIEHA YETBEPTOU CTENEHHU OT
atomHoro (opm-dakropa. JlanpHeiee pa3BUTHE MOAX0a [S5] MPEACTaBICHO B HACTOSIICH
pabote. B [5] npuniun [laynu 6611 yuTeH A Qypbe-KOMIIOHEHTHI MOTEHIIMAILHOW 3HEPTUN
B3aUMOJIeHCTBHS 000MX aTOMOB C ITOMOIIIBIO IBYX JIOMOJHUTEIBHBIX COMHOXKHUTEIECH

0= (2 -Rw)[z,-5 0] - BB

k2 1 ZZ

rae F, (k) — arommubrii popm-akrop; F (0)=Z,.
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YucneHHbIH pacueT BbIOIHEH Amst cnyvast Z, =2, =7 .

o () (2 {1_F<k)}“, o

k? z

ATtomHbBIH (opM-haKkTop B NPUOTHIKEHUU 3KPAaHUPOBAHHOTO KYJIOHOBCKOIO MOTEHIMA-

Jia 3aIllMIIIEM B BUJIC

Zu°
F(k)=—"—, 3
)= 3)
rae 4 =1/a;a— uvHa S5KpaHUPOBaHHMS.
Pe3ynbTar BHIUKMCIECHUS MIMEET BH /I
7 2
U(r):%[—(M)Q’HS(M)Z—WM +48}exp(—ﬂr). (4)

®opmyna (4) onUCHIBAET MOTCHIIMAIBHYIO SHEPTUI0 B3aUMOJICHCTBUSI C YYETOM MPUHIIUIA
[Taynu ans aByx aromoB. Cuia B3auMOJIeiCTBUS onpeensiercs popmymon
ou (r
Fo- U0
or
Jns cnyyas, koraa Z, = Z, = Z cuiia B3aUMOJCHCTBHS UIMEET BUJT
2
(Ze) 4 3 2
(r):_W (pr) =17 (pr)” +72(pr)” —48ur —48 |exp(—ur). (5)
Ha puc. 1 npencrasiena noteHuanbHas sHEprusl (IITPUXIYHKTUPHAS JTUHUS) U CUJIa
B3aMMOJICHCTBHYS (CIUTONIHAS JTMHUS) IBYX aTOMOB B 3aBUCUMOCTHU OT PACCTOSIHUS MEXKIY HU-

mu. Ha puc. 2 mpencraBieHsl pe3ynbTaThl SKcriepuMenTa [1] (CruloniHas IMHus) U CUia B3a-

uMoJielcTBUS (MYHKTHUPHAs IMHUS) JUIsl IByX aTOMOB KCeHOHa. B pacuere nnmHa skpaHupo-

Banus a~ 0.4 A. Pesynbrarsl pacuera F (r) BoimonneHs! o gopmyie (5) 1 yMeHbIIeHbI B 12

pa3. Ha puc. 3 npencraBiieHa OTEHIMATbHAS SHEPTHSI B3aUMOJICHCTBHUS IBYX aTOMOB KCEHO-
Ha [1] (crutouHast MMHUA) U pe3ynbTaT pacyera no gopmyne (4) (ITPUXTYHKTUPHAS JTUHUS).

Pesynbratel pacdera U (r)Obiin ymeHblieHsl B 9 pa3. BuaHo, 4T0 daHHas MOJETb Kade-

CTBCHHO OITMCBIBACT PC3YJIbTATHI OKCIICPUMCHTA [1]
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Puc.1a. IlotenuuanbHas sHeprus (IITPUXITYHKTHUPHAS JIMHUSA) U CHJIa B3aMMOJAEWCTBUS (CIIONIHAS
JIUHYS) ABYX aTOMOB B 3aBUCUMOCTH OT PACCTOSIHUSA MEX]Ty HUMHU.
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Puc.2. Ha pucyHke npeacTaBieHbl pe3yibTaThl dKcriepruMenTa [ 1] (CruionHas JuHus) U pacdeTa CHUITbI
B3aUMOJICHCTBUS (IIYHKTHpHAs JIMHUS) AJIsl JBYX aTOMOB KCEHOHa. B pacuere anmHa 3KpaHUpOBaHUS

a~0.4 A. Pesynbrare pacuera F (') Beimonnenst no ¢popmyse (5) u ymeHbmens! B 12 pas.
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Puc.3. [loTeHnmanpHas SHEpTHS B3aHMOICHCTBHUS JBYX aTOMOB KceHOHa [ 1] (CIutoniHas TuHUS) U pe-
3ynbTar pacdera mo Gopmyne (4) (IWITPUXIMYHKTHpHAS JWHUA). B pacdere ImHAa 3KpaHUPOBaHUS

a~0.4 A. Pesynbrarsl pacuera U (I') Obutn ymMeHbIIEHBI B 9 pas.

1. Kawai S., Foster A.S., Bjorkman T., Nowakowska S., Bjork J., Canova F.F., Gade L.H., Jung T.A.,
Meyer E. // Nature communications. 2016. V.7. P. 11559.

2. Cappella B. // Micron. 2017. V. 93. P. 20.

3. Cappsl A.M., Cappet M.®. // ®TT. 2012. T. 54. B. 6. C. 1237.

4. Medvedev M.G., Bushmarinov I.S., Sun J., Perdew J.P., Lyssenko K.A. // Science. 2017. V. 355. N
6320. P. 49.

5. Komees B.I1., IItanos I0.H. // ITucema B JKT®. 2018. T.44. Ne13. C. 28.
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ESTIMATES OF He" SCATTERED FROM THE SURFACE SURVIVAL
PROBABILITY USING BINARY COLLISIONS CODES
N.V. Mamedov!, V.A. Kurnaev?, D.N. Sinelnikov:, .M. Mamedov?

! National Research Nuclear University "MEPhI", Kashirskoye sh., 31, Moscow, Russia,
NVMamedov@mephi.ru
2 National Research University "MSTU. N. Uh. Bauman", 2-nd Baumanskaya str., 5, bld. 1.
Moscow, Russia

Low-energy (1-20 keV) ion scattering spectroscopy is the widespread method of
surface analysis [1,2]. The surface layer composition can be reconstructed from narrow peaks
in the energy spectra of the scattered inert gas ions and recoil ions [3]. The main advantage of
the surface analysis using inert gas ions is the high sensitivity to the first layer of surface
atoms. This is due to the low initial energy of the ions (and therefore small ion penetration
depth) and the high neutralization probability of the reflected ions, which increases with the
penetration depth of the incident particle into the solid [3]. However, for quantitative surface
analysis, it is extremely important to determine the neutralization probability (or the

probability of ion survival), since this method usually detects reflected ions only.

Simple method for estimating the survival probability of helium ions reflected from the
various metal surfaces is presented in this paper. The method is based on binary collisions
code simulations, in particular SCATTER [4] and TRIM [5] codes have been used in the
present study. The fraction of energy lost by particles reflected from the surface layer upon a
single collision is negligible, as a consequence these particles contribute to a narrow peak in
the energy spectrum. Particles reflected from the deeper layers have wider energy spectrum
widens with maximum shifted to the low-energy region. Energy spectra of He particles
reflected from thin layers of different materials were simulated with TRIM and SCATTER
codes. Modeling was carried out for a gradually increasing sample thickness, starting from
one atomic layer and adding one more on every consequent iteration. This procedure
continued until the simulated spectra agreed with the experimental spectra taken from [6-10].
The agreement was determined based on the maximum spectrum position, the spectrum width
at half-height and the spectrum shape. For example, the experimental energy spectra of
reflected helium ions He" and neutrals (1 keV) from polycrystalline gold are shown in figure
1 [6]. These spectra are qualitatively compared with the energy spectra simulated using TRIM
code (figure 2). It was assumed that all helium particles reflected from the 3A gold layer are
charged, whereas particles reflected from the 1000A layer can come out for the material both
as neutrals and ions, the ratio between the latter two has to be determined from the
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comparison of the simulations and experimental data. The best match between the simulations
and experiment was obtained for the one atomic layer thickness of gold. Thus, it can be

concluded that virtually all the particles getting into the bulk come out in the neutral state.

P 1 1 L

2507 1 keVHe - Au - 500 | TRIM
[ -3A Ssurface
_ L 4004 | C11000A S ..
:‘ —
e} R
s r © 300
4 B O 200 1
504 —— total spectrum (Exp.) 100 A
ion spectrum (Exp.)
S I e e 0 ‘
860 880 900 920 940 960 800 840 880 920 960 1000
final energy (eV) Final energy (eV)
Figure 1. Experimental energy spectrum of Figure 2. Energy spectra obtained by TRIM
reflected helium ions and neutrals (1 keV) code for different gold thicknesses (3 u
from polycrystalline gold (at a perpendicular 1000A). He/Au 1 keV, at a perpendicular
incidence angle a=0°, scattering angle incidence angle a=0°, scattering angle 6=129°

0=129°) [6]

Therefore, it is possible to estimate the survival probability of helium ions reflected
from gold as the ratio of the surface to the volume reflection, which equals the ratio of areas
underneath the corresponding curves in Fig. 2:
P* =N*/(N* + N°)~Ssurpace/Svorume | where N* is the yield of backscattered ions in the
given scattering angle, N° — the yield of backscattered neutrals in the given scattering angle,
Saurface — the area underneath the surface reflected particle spectrum, Syoume — the area
underneath the bulk reflected particle spectrum. The ratio of these areas depends on the
effective penetration depth of ions into the sample, which itself is a function of the ion
velocity and incidence angle. However, for the sake of simplicity we assume that for the case
of a perpendicular incidence of ions with the several keV energy the ratio dependence on the
penetration depth can be neglected.

The energy spectra of the reflected helium particles with other surfaces (Au, Cu, Al)
have beed simulated and compared with experimental data [6-10] in a similar way. The results
of estimating the ion fraction probability (for different surfaces) are shown in table 1:

Table 1 The results of estimating the ion fraction probability

Literature, particle, incident surface, initial energy, incident TRIM SCATTER
angle, scattering angle

4,3%+0,7% | 6,1%+1,7%

o] o]
Article [6], He —Au, EO:11<3B, =0, 6=129
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+ 0 o] 0 0 0 0
Atticle [7], He —Cu, E =210B, a=0 , 6=136 6,4%1,1% | 6,6%+1,5%

+ 0 (o] 0 0 0 0
Atticle [8], He —Al, E =3B, a=0 , 6=142 9,3%%2% | 6,9%%2,5%

+ 0 o] 0 0 0 V]
Atticle [9], He —Al, E =1xoB, a=0 , 6=136 4,2%£1,5% | 3,5%1,5%

+ 0 (o] 0 0 0 0
Aticle [9], He —Cu, E =1xoB, a=0 , 6=136 3% +1,1% | 4,3%1,5%

The values obtained in the TRIM and SCATTER codes coincided within the error
margins. The error was determined from the difference between the widths at half maximum
of the energy spectra with similar thicknesses of the films.

Independently of the nature of the neutralization process (resonant or Auger), we
assume that the probability of an electronic transition (from metal to incident ion) is
proportional to the time spent by the ion near the surface [11]. The inverse transition of an
electron from an atomic particle to the surface can be neglected. Hence from [3] the survival

probability (ion fraction probability) IS defined as:

P*~exp (— f:r; dt/t(t)) ~exp(v,/v,), where t is the transition rate (the

characteristic time of electron transfer from the metal to the incoming He" ion), v, —the
characteristic velocity of this process, commonly used in the context of neutralization, as the
integral of the transition rate from zero distance to infinity (unique constant for each
combination of incident ion and surface), v. - the perpendicular velocity, i.e. the component
of the ion velocity perpendicular to the surface on the way in or out.

Simulations of He" scattering from the aluminum surface for the incidence energies in
the range of 0.5 — 5 keV was carried out using the procedure described above. The values P*
obtained from the simulation, are shown in semi-logarithmic scale in Fig. 3 as a function of
vy,

One can see that in the range from 1,2x107 to 5,5x10°® s/m (1 — 4 keV) the values of
P* obtained from the simulation agree with the experimental data within the error margins for
Al and are 2 times less for Cu. The angular slope coefficients of the lines (namely, the
characteristic velocity values v;) also agree within the error margins with the experimentally
obtained in values [10]. The linear dependence of the logarithm of survival probability was

also reproduced.
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e = Al [10] Figure 3.
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Linear fit [10] ;
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P*is low Application area
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article [10].
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graph of the survival probability
of He" ions reflected from Al

on 1/v,.
data from the

The values of the characteristic rate of transition of an electron from a metal to an

incident ion are presented in the table 2:

Al, [10]: v =3,3x10°m/s

Cu, [10]: v¢ =1,9x10° m/s

TRIM: SCATTER:

Ve =(3,5+0,3)x10° Ve =(3,0+1,2)x10° m/s

m/s

TRIM:
Ve =(1,8+0,3)x10° m/s

SCATTER:
Ve =(1,6+0,3)x10°
m/s

For the energies below 1 keV, due to the low penetration depth, virtually all the

particles are reflected from the first atomic layers, hence the value of P+ is overestimated. For

the high energies (above 5 keV) particles pass through the first layers freely and thus the

number of the particles backscattered from the first atomic layer becomes comparable to the

ionized fraction of the particles backscattered from the bulk. Therefore in the high energy

limit the value of P* determined by this method is greatly underestimated.

1. D.O. Boerma; Nucl. Instr. And Meth. in Phys. Res. B 183, (2001), p73-87;
Kurnaev V. A., Mashkova E. S., Molchanov V. A. Reflection of light ions from the solid surface,

n

M. Energoatomizdat, (1985), 192p (in Russian)

http://www.srim.org

RROoO~NO AW

= o

1986

211

Brongersma H.H. et al. // Surface Science Reports, 2007, v. 62, p. 63—109
N.N. Trifonov, et al. // Vacuum 56, (2000), p. 253-255

Draxler M.et al. / Nucl. Instr. And Meth. in Phys. Res. B 232, (2005), 266-271
Markin S.N.et al. / Nucl. Instr. And Meth. in Phys. Res. B 267, (2009), 634-637
Brongersma H.H. et al./Appl. Surf. Sci. 75, (1994), 133
M. Draxler et al. / Nucl. Instr. and Meth. in Phys. Res. B 230 (2005) 290297

M. Sasaki et al. / Nucl. Instr. and Meth. in Phys. Res. B 190 (2002) 127-130

D.P. Woodruff, T.A. Delchar. Modern techniques of surface science/ Cambridge university Press,



http://www.srim.org/

HCCJEIOBAHME MMOBPEXKJIEHUN B MOHOKPUCTAJLJIAX Y3Fes0;,,
OBJIYYEHHbBIX BbICTPBIMH TAKEJIBIMHW NOHAMH, METOJ1OM
PAMAHOBCKOM CIIEKTPOCKOIIAH

INVESTIGATION OF DAMAGES IN Y3Fe;01; SINGLE CRYSTALS IRRADIATED
WITH SWIFT HEAVY IONS USING RAMAN SPECTROSCOPY

AK. M}Qannl’z‘3, M.M. Caf/i(bynHH3’4, B.A. CKypaTOB1’3’4, A. Sluce Ban ByypeHS,
K.I'. O’Konnenr
A.K. Mutalit?®, M.M. Saifulin®*, V.A. Skuratov'**, A. Janse van Vuuren®, J.H. O’Connell®
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The Raman spectroscopy method was used to study the radiation damage formed along the
path of swift heavy ions in a yttrium iron garnet (YsFesO1,, YIG). YIG single crystals have been
irradiated with swift Xe and Bi ions with energies of 167 and 715 MeV, respectively. Irradiation
was carried out at room temperature in the range of fluences from 10 to 10 ions /cm? The
results obtained in this work is compared with previously obtained direct data (transmission
electron microscopy) and indirect methods (Rutherford backscattering spectroscopy, X-ray
diffraction).

Meto/; CeKTPOCKONMHM KOMOMHAIIMOHHOTO paccestHus ObLT MCHONB30BaH I U3ydEHHs
paZuaoOHHBIX TIOBPESXKACHUH, (HOPMHUPYEMBIX BIOJb IMpoOera OBICTPBIX TSDKENBIX HOHOB B
xenezouttpueBoM rpanare (YsFesO1p, YIG). Monokpucramisl YIG obnydanuch nonamMu Xe u
Bi ¢ sueprusimu 167 u 715 M»aB coorBeTcTBeHHO. OONMydeHHe MPOBOIUIOCH MPU KOMHATHOI
TeMIeparype B JAuana3oHe (IIOEHCOB OT 10" mo 10 wuow/em®. Anamus CIIEKTPOB
KOMOMHAIIMOHHOTO PaCCesTHUS TIoKa3all, YTo MPH 3HAYEHUAX (IiroeHca OoJiblie 10" now/cm? s
noHoB Xe u Bi mpoucxoaut nosiHas amopduzaiys o0IydeHHOTO MPUIOBEPXHOCTHOTO CJIOS, YTO
MO3BOJIMJIO KOCBEHHO OLEHHUTH 3(P(PEKTUBHBIA paanyc MOBPEXICHHUS OT OJHOTO MOHa (paguyc
JaTeHTHOro Tpeka). M3mepenue TtommmHbl amopdHoro ciod B YIG mnocne oGmyueHHs
BBICOKOIHEpPreTHYeCKMMU HoHamMu Xe u Bi 1amo BO3MOXKHOCTH OIIGHHUTH MOPOT 00pa3oBaHMUs
JATEHTHBIX TpekoB. Kpome 3Toro, OBUIM 3aperucTpUpOBaHBI CABHTH TIOJOKEHHS ITHKOB B
PamaHOBCKHX CHEKTpax B 3aBUCHMOCTH OT INTyOMHBI IPOHUKHOBEHHUSI MOHOB, YTO YKa3bIBaeT Ha
NOSIBJICHWE BHYTPEHHHUX MEXaHMUYECKUX HANpsXKeHUH B KpHUCTaiaX Iociie OOIydeHus.
[TpuBOmUTCST CpaBHEHHUE PE3YJIbTATOB, TOIYYCHHBIX B JaHHOW paboOTe, ¢ paHee MOTYyYCHHBIMU
JAHHBIMH TIPSIMBIMH (ITPOCBEUMBAIONIAS IIEKTPOHHAS MHKPOCKOTHS) U KOCBEHHBIMH METOJIAMH

(cmiekTpockomus 00paTHOTo pe3epdOpPAOBCKOTO pacCesiHusI, pEHTTeHOBCKas Tu(paKius).
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N3YYEHUE BJIUAHUA TAPAMETPOB OKCO®OJIMNALINA TPA®UTA HA
COCTAB MYJIbTUTPA®EHA METOJOM PE3EP®OPJOBCKOI'O OBPATHOI'O
PACCEsAHMUSI.

STUDY OF INFLUENCE OF GRAPHITE EXFOLATION PARAMETERS ON THE
MULTIGRAPHENE COMPOSITION BY THE RUTHERFORD
BACKSCATERRING SPECTROSCOPY

H.I" CaBunckuii, H.C. Menecos. E.O. Ilapmmn, B.W. bauypun, A.b. Uypuios
N.G. Savinski, N.S. Melesov, E.O. Parshin, V. I. Bachurin, A.B. Churilov

Apocnasckuiti Qunuan PedepanvHoco 20CY0apCmeeHH020 DI00NCEMHO20 YUPeHCOeHUL HAYKU
Qu3zuxo-mexuonocuueckozo uncmumyma umenu K.A. Banuesa Poccuiickot akademuu HayK

150007, yn. Vuusepcumemckas, 0. 21, 2. Apocnasnw, Poccus, e-mail: vibachurin@mail.ru

RBS was used to study the influence of the electrochemical exfoliation of graphite conditions on the
multigraphen composition. It was established that in the process of exfoliation a significant oxidation
of a sample of multigrafen is observed.

YHUKaJIbHBIE 3JEKTPOHHBIE, MEXaHUYECKUE, ONTUYECKUE, TeIIo(u3nIecKue CBONCTBA
rpadeHa J1enarT ero KaHauJaToM HOMEp OAMH Ui CIEYIoLleld reHepaluy 3J1eKTPOHHBIX,
ONTONIEKTPOHHBIX MNpHOOpoB u ceHcopuku [1]. Cpeau MHOrOYHMCIEHHBIX CIIOCOOOB
nojay4deHuss rpadeHa, MeETOABl AKCPOJIMANMK  OTIMYAIOT HU3Kash CTOMMOCTh U
TEXHOJIOTUYECKasi MPOCTOTa mpolecca. DKCHOIUAUU 3TO CIOXKHBIA MPOLIECC, B TEUEHUE
KOTOPOI'0 B IPOCTPAHCTBO MEKAY I'pad)eHOBBIMU 0a3aibHBIMU IJIOCKOCTSMU JUPHYHAUPYIOT
YaCTUIIBI U3 BHELIHEH cpeibl, BHYTPU MPOXOJUT LEIbINA P PU3NKO-XUMHUYECKUX IPOIIECCOB,
pe3yabTaTOM KOTOPOTO, ABISETCA OTCIOCHUE I'PapEeHOBBIX YACTHUI] OT MAaCCHBHOIO 00pasua.
Xumuueckas skconuanus, oObIYHO, acCCOLMUpyeMas C METOJOM XaMmMepca sl CUHTEe3a
okcunoB rpadena [2], nocTaTouHO TMOKUIT TEXHONOTHYECKUI METOJ C XOPOIIMM BBIXOJIOM.
OpnHako MOJy4yeHHBIH MPOAYKT 10 CBOMM CBOMCTBaM JajeK OT rpadeHa Tak KaK COJIEP)KUT
3HAUUTENBbHOE KOJMYECTBO JAE€(PEKTOB B BHJAE KHUCIOpOAHBIX rpynm. Jlaxke mocie
BOCCTAHOBJICHMSI, KHCIIOPOJHBIE TPYIIBl HE YAAISIOTCA IMOJHOCTBIO. DJIEKTPOXUMHUYECKas
sKcoIMalMs PacCMaTPUBAETCs, CETOJHS, KaK MEpCIEeKTUBHAs CTpaTerusi IPOU3BOICTBA
rpadeHa B NPOMBIIUIEHHBIX MacmTabax € BBICOKOM 3(PPEKTUBHOCTHIO M HHM3KOH IICHOM.
CymHocThI0 MeTofa sBiseTcs nud@y3usi HOHOB U3 PACTBOPA B MEXKCIIOIHOE MPOCTPAHCTBO
rpaUTOBBIX CIIOEB TMOJ JAEHCTBHEM OJIIEKTpUYECKOro mois. M KaTOAHBIM W aHOAHBIN
NOTEHIMAJ CIIOCOOHBI MPOJABHUraTh «TOCTEBBIE» HWOHBI, KOTOphle B JalbHEHIIEeM
OCYIIECTBIISIIOT CTPYKTYpHBIE JedopMaliuu B rpa@UTOBBIX pabounx anekTponax . Karnonnas
WMHTEPKAJIALKSA, B OCHOBHOM, INPOXOJUT B Cpelleé OPraHWKH W HE IO3BOJISIET MPOBOJIUTH

nponecc B OKHUCIUTCIBHBIX YCIOBHAX W MTO3TOMY, KOHEYHBIN MMPOAYKT rpa(peH HC BKJIFOYACT
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KHCJIOPOJHBIX TpyIl. B OOIBITMHCTBE ciydaeB MOJYyYHUBIIHICS TpadeH mpencTaBiseT coooi
MyJIbTUTpadeH ¢ HECKOJIBKUMH CIIOSIMU, KOTOpBIe TPEOYIOT AJisi pa3[esieHus ClioeB Y3 Wiu
CBY o00paboTku. AHHOHHAS WHTEPKAISLMSA TPOBOAMUTCS IMPEUMYIIECTBEHHO B BOJHBIX
pacTBOpax M 3aHMMAET 3HAUUTEIbHO MEHbIIEE BPEMs 10 CPAaBHEHUIO C KaTMOHHOW (MeHee |
yaca).

B nanHoit pabote 3kchoauaiuio MpoBOAWIN B IBYXJICKTPOIHON sueiike. B kadecTe
aHo/a WCIoNb30Bajgach rpaduroBas (onbpra (MHOTIAa CBEpHyTass B TPYOKy), a B KadecTBe
KaTOJI0OB MeTaJUIMYeCKhe (oNbru miIaTHMHBI WIM HepkaBeromed cramu. Kommepueckas
rpaputoBas Qomnbra «I'padnexkcy (mpomsBoactBa P®D) 0.5 MM TommmHON, uMeroUIas
coxepxanue yrieponaa 99.5%, cepor <0.12, xnopa < 50ppm, ucrnonb3oBaiachk MOCIE CYIIKH
npu 100° C B Teuenue 5 wacos. Jlisl NPUTOTOBICHHUS PAaGOYMX PACTBOPOB SIIECKTPOIHTOB
UCIOJIb30BAIM  JICMOHW30BaHHYIO BOJYy, B KOTOPOW pacTBOpPsUIM Cynb(paT aMMOHHS
kBamuurkanmnu «OCY» B HEoOXOAMMOW KOHIEHTpAIMH, MEPEMEIINBAHUEM O IOJHOTO
pacTBOpeHHs Ha MarHuTHOM wMmemanke. [locme mNpUroTOBIEHHS pPacTBOpa IIEKTPOIUTA
rpadUTOBBIN aHOJ W MIATHHOBBIN KAaTOA MOMEMIAINCh B PAaCTBOP AeKTponuTa. B Tabnuie 1
NIPUBEJICHBI YCIOBUS MIPOBEACHUS poliecca. B mpomecce skcdonmmanum BeIAESIAIOTCS My3bIpU
rasa Ha 00OMX JIEKTPOJax, B PACTBOP MEPEXOAAT YacTHIbl MynabTHrpadena. [lo oxkonuanun
mpolecca cycrnensusi mynbTurpadgena ¢unbtpyercs uepes 2 MM [ITDD dunstp, o6unbHO
POMBIBA€TCA BOJOW [UIsl yJaJleHUsT OCTAaTKOB DJJIEKTPOJNMTA, W 3aTeM OJUH pa3

u3onpornanoyoM. Cymika B cymmibHOM mkade 24 gaca mpu 60°C.

Tabmuual YciaoBust mpoBeAeHus mpolecca JIEKTPOXUMUIECKOH dKConuanuu rpaguroBoit Gposbru

Konuenrpanus, | Hanpsbxenue,

Ne Obpazer; | YcioBus MPOBEACHUS YKCPOIHALUN
(NH4)2S04 B
1 Ex G1 | Karox Pt, Anon I'paduroBas ¢onbra 3.0M 10
2 Ex G2 | Karox Pt, Ao I'paduroBas domnbra 0.1IM 10
3.0M

Karon Pt, Anox I'paduroBas ¢omsbra. ] ]
3 Ex.G3 Ascorbic Acid 10
Ackopbunoast kuciota (0.01M)

0/01M

4 G Folga Hcxonnas rpapurtoBas ¢oibra - -

DJeMeHTHBIH  cocTaB  00pa3loB  MynbTHUTpadeHa  MPOBOAMICS  METOJIOM
pesepdopaoBckoro oopatnoro paccesaus (POP). B kagecTBe 00pa3iioB UCIOIB30BAIMCH TPH
TabJIETKH U3 CIIPECCOBAHHOTO MyJNbTUTpadeHa u TuiacTuHa rpaduTa, Kak dTaloH. M3mepeHnus

npoBoauIKHCh Ha ycTaHoBke K2MV (HVEE). HWcnons3osamuchk noHbl He' ¢ aHeprueit
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1,0 MeV. Ilagenune noHHoro Jry4a Ha oOpaser] ObIJI0 HOpMaJIbHBIM. Peructpanust paccestHHbIX
HMOHOB OCYIIECTBIIsUIAach o yrioM 0 = 150° ¢ moMoIpio moaynpoBOJHUKOBOTO AETEKTOpa C
MOBEPXHOCTHBIM OapbepoM, HMeromero paspemenue 13 k3B. TenecHslid yron neTekTopa
paBen 3,415 mcp. Jlo3a oOmydeHmsi BO BCEX JKCIEpUMEHTax cocTtaBisuia 54 MxKn, mpu
BEJIMYMHE MOHHOTO Toka Ha oOpasie 40 HA. Ob6pabotka crnektpoB POP ocymecTBisiiachk ¢
nomoinbio nporpammel SIMNRA.

Ha pucynke 1 mnpuBomarcs CHEKTpbl Al BceX 4YeThIpéX o00pasuoB. KpacHbimu
BEPTHKAIBHBIMU MapKepPaMH C TOIIUCIMU XUMUYECKHX 3JIEMEHTOB Ha rpaduke 0003Ha4YEHO

MMOJIOKCHUEC TOBCPXHOCTHBIX CUTHAJIOB OT COOTBCTCTBYIOIINX 3JICMCHTOB!

35 -
30 - Na S K Fe
o 254
o
>
T 204 —— Graphene 1
= —— Graphene 2
E 15 Graphene 3
'E_ —— Graphite
10 4
g
D I : I ' I = I : I e L-\
200 300 400 500 600 700 800
E, keV

Puc. 2. Cpasuenue cnektpoB POP Tpéx oOpasnoB mynbturpadena u rpadura.

Pe3ynbpTaThl KONMMYECTBEHHOT'O aHAIM3a cocTaBa 00pa3oB MeronoM POP cBeneHb! B
Tabnuiy 2.

AHanmM3 TPOBEACHHBIX M3MEPEHUM TIO3BOJIIET CHAENaTh CIENyIoUMe BBIBOABI.  Jlms
MCXOJTHOM TpaduTOBOM (POJIBIU COACpPKaHMUE YIIIEpOaa K KUCIOpOoay cocTamisieT 142, Torma
KaK 1ocJe nposeneHus skchonuanuu mno ycnoBusm 1 (obpasen 1) - 4.83. D1o xapakrepusyer
nporecc 3KchoNMalid KaK OKUCIHUTETbHBIA. Tem He MeHee, MoMydwBIIMicS rpadeH
JNIEKOPUPOBAH KUCIOPOAHBIMH TpyMNIamMu, Oyarogaps MOJOXKHUTEIBPHOMY TMOTCHITHATY,
WCIIOJIB3YEMOMY IS KHUCIBIX DJJIEKTPOJIMTOB, Hampumep cepHou kucinotsl [3]. Tak ke

OKHCJIHUTCIBHBIC TPOLECCHI COIIPOBOKAAOT BKC(I)OJ'II/IaLII/IIO B pacTBOpax Cy.]'IL(pOHI/ICBBIX COHCﬁ,
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UCTIONIB3YEMBIX KaK DJIEKTPOIHMTHL. BO BpeMsi 3JIEKTPOXUMHUYECKOW IUCCOLUAIIMHA BOJIBI
TEHEPUPYETCS BEChMa CHJIBHBIA OKHCIISFOIINI areHT THAPOKCUII-ParKal OH" (SHE - 2.8V)
[2]. IloaTOMy, OY€Hb ’K€NaT€IbHO  YOAIUTh 3TOT PAAUKAT M 3HAYUTEIBHO YIIYYIIUTh
KauecTBO KOHEYHOTO mpoaykTa [3]. Bropoii o6paszen umeer cootnomenne C/O paBHoe 6.32.
[lpr yMEHBIICHUH KOHIIGHTPAIUM HCXOMHOTrO aekrponurta 10 C 3M mo 0.1M  mpormece
OKHCIICHHSI 3aMeUISIeTCsl, HO MPH 3TOM 3HAYUTEIHLHO YMEHBIIAETCS IPOU3BOAMTEIBHOCTh
nporecca dKkchonmanud. B TperbeM ciydae, B Xonae OKC(HOIMAIMH UCIIOIb30BaICS
KJIACCHYECKHUI BOCCTAHOBUTENH - ackopOuHoBas kuciota. CootHomenne C/O 15.2 B aTom
cllydae BBIIIE, HO, TEM HE MEHEe, MPOIECC OKUCIICHUS UAET 3HAUUTEIBHO U B 3TOM cilydyae. B
JabHEeHIeM Heo0X0MMO HCCIIeIOBATh Mpoliecc dKchonmmranuu rpaduToBoi Gobru ¢ 1eNnbo

YMCHBIICHUS HCTATUBHOTO IIPOLECCAa OKUCIICHUS I‘pa(bI/ITa.

Tabmuua 2 Pe3ynbTaTbl 3I€MEHTHOTO aHaiu3a o0pasloB 3KC(HOIUHMPOBAHHOTO Tpadurta

metoaoM Pezepdopaosckoro obpatHoro paccesuus (RBS).

No Conepixanue, at. %

) C ) Na S K Fe
1 80.7 16.7 1.9 0.08 0.36 0.06
2 84.7 13.4 11 0.27 0.04 0.48
3 92.7 6.1 0 1.1 0 0.15
4 99.1 0.7 0 0.12 0 0.01

B nanHoii pabote npoBeaeHo uccienopanue MerogomM POP BinusiHue ycnoBuii npouecca
AIIEKTPOXUMHUYECKOH 3KCPonmaluy rpagura Ha COCTaB MyJIbTUrpadeHa. Y CTAaHOBJIEHO, YTO B
nporiecce 3KCPoIMaluu HAOMI0IaeTCsd 3HAaYMTENbHOE OKUCIIEHHE o0pasla MylbTuUrpadesa.
Hcnonp30BaHWE aHTHOKCHUJAHTA BOCCTAHOBHUTENS aCKOPOMHOBOW KHCJIOTHI IO3BOJIHIIO
YMEHBIINUTh OKUCIIEHNE IKC(OINUPOBAHHOTO TpadeHa.

Pabora BeImonHeHa B pamkax ['ocymapcTBeHHOro 3amanus SpocnaBckoro @uinana
®uzuko-TexHonornyeckoro uHcTUTyTa UMeHn K.A. Bamuesa PAH Munobpuayku P® mo
teme Ne 0066-2019-0003 w©a oOopymoBanuu lLleHTpa KOJUIGKTHBHOTO TIOJB30BaHUS

«J/lmarHocTuka MUKpO- U HAHOCTPYKTYP».
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EFFECT OF ANGULAR-DEPENDENT ELECTRONIC ENERGY LOSS ON
STOPPING MEASUREMENTS IN REFLECTION

A. Schinner, V.1. Shulga?, P. Sigmund®

! Department of Experimental Physics, Johannes Kepler University, 3030 Linz, Austria;
2 Skobeltsin Institute of Nuclear Physics, Lomonosov Moscow State University;
119992 Moscow, Russia, e-mail: vish008@yandex.ru;
3Department of Physics, Chemistry and Pharmacy, University of Southern Denmark,
5230 Odense M, Denmark

Accepted theory and simulation codes of ion penetration and ion-beam-induced
radiation effects rely on a scheme introduced by Lindhard et al. (LSS) more than fifty years
ago [1]. In this model, interactions are classified into nuclear collisions obeying the laws of
classical elastic scattering, whereas electronic energy loss enters as a continuous friction
force. This model has been very successful in both fundamental and applied ion beam

physics.

Electronic energy transfer in atomic collisions depends on the scattering angle via the
impact parameter. This feature is ignored in the LSS description. It has been shown recently
that this causes significant errors in stopping cross sections extracted from transmission
experiments, especially at beam velocities around and below the Bohr speed [2]. This analysis

relied on impact-parameter-dependent energy loss computed by the PASS code [3].

Stimulated by experiments of Bauer and coworkers [4] we studied the influence of
impact-parameter-dependent electronic energy loss on energy spectra of reflected ions. This
was done by modifying the OKSANA code [5]. For H in Ag we find deviations between
reflected-ion spectra when simulated with the standard version and the expanded version
which assumes impact-parameter-dependent stopping. This implies that the stopping cross
section is underestimated if impact-parameter dependence is neglected in the analysis. This
effect is noticeable from 10 keV/u downward, and below 1 keV/u the shapes of the two

spectra differ drastically.

We discuss implications on related topics and other ion-target combinations.

1 J. Lindhard, M. Scharff and H.E. Schiett, Mat. Fys. Medd. Dan. Vid. Selsk. 33 no 14 (1963).
2. P. Sigmund and A Schinner, Nucl. Instr. Meth. Phys. Res. B 410 (2017) 78; 440 (2019) 41.
3. P. Sigmund and A. Schinner, Eur. Phys. J. D 12 (2000) 425.

4. D. Goebl, K, Khalal-Kouache, D. Roth, E. Steinbauer, P. Bauer, Phys. Rev. A 88 (2013)
032901.

5. V.I. Shulga, Appl. Surf. Sci. 439 (2018) 456.
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MOJAEJIMPOBAHUE PACCESAHUSA MOJIEKYJI BOAOPOJA HA I'PA®EHE
MODELING OF SCATTERING OF HYDROGEN MOLECULES ON GRAPHENE

.. }IgraQOBl, BI. CTeJ‘IBMaXl, AA. I[}Kypaxanmz.2
.D. Yadgarov', V.G. Stelmakh', A.A. Dzhurakhalov?

! Hncmumym uonno-niazmeHHwIx u nazepuovix mexnono2uii AH PY3, yu. JJypmon Hynu 33,
2. Tawkenm, ¥3oexucman, e-mail: ishmuminyadgarov@gmail.com;
2 University of Antwerp, Middelheimlaan 1, B-2020, Antwerp, Belgium

By computer modeling using molecular dynamics collision of hydrogen molecules
with a kinetic energy of 20 eV with a graphene at grazing incidence angle of 5°
and 10° are studied. The angular distribution of scattered hydrogen molecules were
found and discussed.

I'paden  mpencraBiasier  co0oil  JIBYMEpPHYIO  T€KCaroHajJbHYIO  YIJICPOIHYIO
KpUCTAITMYECKYI0 peméTky (puc. 1). CHayania KOMIBIOTEPHBIM MOJEIUPOBAHUEM METOJIOM
MUHUMU3ALWN  DHEPruM ObUIM  CMOJAENMPOBAHBI MOJEKyla Bojopoga U rpadeH
IPSMOYTOJIBHOM popMBI, cocTosmmii n3 112 aToMoB yriepona, mpu4éM Ha IPaHUYHBIC aTOMBI
HAKJIaJIIBATMCH TIEPUOAMYECKIE YCIOBUS BJIOJb IUIOCKOCTH 3TOW CTPYKTYpHL. J[iist onmcanus
MEXAaTOMHOTO B3aWMOJEHCTBHS MCHOJIB30BAICA MOTEHIMAN bpeHHepa BTOPOTo MOKOJIECHUS
(REBO), xoTOpBIii XOPOIIIO OMUCHIBAET YrIIEPOIHBIE CTPYKTYPhI U MOJIEKYay Bomopoza [1].
Jlanee KOMIBIOTEPHBIM MOJICIMPOBAHUEM C HCIOJIB30BAHUEM MOJEKYJISPHOW TUHAMUKH
W3YYaIUCh TPOIIECCHI CTOJKHOBCHHSI MOJICKYJI BOJIOpO/Ia ¢ KuHeTtndeckoi sueprueii 20 3B ¢
rpadeHom. Yron maaeHUs MOJIEKYN BOJOpPOJAA, OTCUMTHIBAEMBIH OT IUIOCKOCTU Tpadena,
3anaBascs B 5° u 10°, HampaBieHHUs] CKOPOCTU MaJCHHS BBIOMPATOCHh TNOO BIIONb «ZigZagm-
HarpaBJIeHus 00 BIOJb «armchairy-Hanpasienus rpadena (cm. puc. 1). Jlns kaxmoro yria
W HarpaBJIeHus najaeHus: 6puto MoaenupoBano 100 ciyyaeB majeHus, MpUYeM KaKAbIid pas
3a/laBajach CIy4allHBIM 00pa3oM Kak TOYKa MaJCHUS, TaK U OPUEHTAIUs OCH Majarolei

MOJICKYJIbI OTHOCUTCIIEHO rpacbeHa.

BBenem «aOCTpakTHYIO» JI€TEKTOPHYIO IIJIACTUHKY, PACHOJIOXKEHHYIO MapajiiesIbHO
rpadeny, JUisl MpeACTaBIIEHUs YIJIOBBIX paclpeiesieHull paccesHHbIX Ha rpadeHe Mojexyl
BoZopoaa. Ha 3Toil muracTuHKE ompeneiauM ABE TOYKH: TOUYKY, HaJ KOTOPOM paccenBaeTcs
MoJteKyJia (OKa3aHo KPECTHKOM Ha PUC. 2 U 3) M YCIOBHYIO TOUKY — cpeHeapuMeTndecKas
TOYKAa BCEX 3apETMCTPUPOBAHHBIX PACCESHHBIX MOJIEKYN (IIOKa3aHO CEPbIM TPEYTrOJIbLHUKOM
Ha puc. 2 u 3). OTMETUM YTO, PACCTOSHUE MEXK/Y JBYMS 3TUMH TOYKAMH PA3HOE VIS PA3HBIX
YIJIOB CKONB3AIIEr0 MAACHUs W JUIS Pa3HOrO HampaBieHus mnaneHus. Ha puc. 3 stn
paccTosiHUS NPUBEJAEHBI OJUHAKOBBIMU JJII BCEX PACCMOTPEHHBIX HAMHU CIydasMU IIyTEM

u3MeHeHus Macmraba. W3 puc. 3 BuzmaTh, uYTO MpH CKOJb3sIieM yrie mnazxeHus 10°
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paccerBaeMble MOJIEKYJIBI BOJIOpOJA JIOKaTcs OoJjiee KydHo, yeM npu yriae 5°. C apyroi
CTOPOHBI IIPH CKOJIB3SILIEM YIJIe HaJeHus 5° pacceMBaeMble MOJIEKYJIBI 00pa3yl0T KapTHHKY
BBITSIHYTOM Tapabosbl, YTO OCOOEHHO 3aMETHO Ui «armchair»-HampaBiICHUs JIBUKCHUS

nagaromurx MOJICKYJI.

1

- -

Puc. 1 VYyactok rpadena, mokazanHelid B TuiaHe. [lyHkTtmpHas crpenka 1 ykaspiBaeT «armchairy-
HarnpagJyieHHe TpadeHa, CIUIONIHAsL CTpeKa 2 - «zigzagy»-HallpaBJIeHHE.

detecting area

+ ”
detector

graphene

Puc. 2 Cxema, TIOACHSIONIAS POJIb «a0CTPaKTHOM» eTEKTOPHOM TIacTHHKH (moMedueno detector), mis
MIPEJICTaBICHUSI YTIIOBBIX PACIpeeICHUN pacCessHHBIX Ha Tpad)eHe MOJIEKYJ BOAOPOIa.
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Puc. 3 Crnenpl Ha «aOCTpakTHON» NETEKTOPHOW IJIACTHHE, OCTABJICHHBIC pacCEesSHHBIMH Ha TpadeHe
MOJIEKyJIaMU BOJIOpOJia C TepBOHAaYaIbHON KnHeTndeckoil sHepruerr 20 sB. Kpectukamn ormedeHo
MECTO paccesiHue Haja rpad)eHOM, CepbIM TPEYTrOJbHHUKOM IOKa3aHa cpeHeaprdMeTHdecKkas TOYKa
BCEX 3apPETHCTPUPOBAHHBIX PACCESIHHBIX MOJIEKYJI ISl TaHHOTO ciiydasi. OCTpHe Ceporo TpeyroibHUKa
TaKKe yKa3bIBaeT HAINPaBJICHHE JIBIKCHUS MaJaBIIMX MOJIEKYJ BOJIOPOJA IO paccesiHus Ha rpadeHe.
Cinyuan @) u b) cooTBeTcTBYeT CKONB3sIIEMY yrity majaeHus 5°, cmydau C) u d) - 10°; «armchair»-
HaIlpaBJIeHHe ABWKEHMS TaJar0IInX MOJIEKYJ Bojopoaa — 310 a) u b), zigzagy»-HampasieHue - 3TO C)

ud).

1. D.W. Brenner, O.A. Shenderova, J.A. Harrison, S.J. Stuart, B. Ni, S.B. Sinnot, Phys:
Condens. Matter. 14. (2002) 783.
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REFLECTION OF HYDROGEN ISOTOPES AND HELIUM ATOMS
FROM BERYLLIUM, CARBON AND TUNGSTEN SURFACE

AN. Zinoviev, P.Yu. Babenko, D.S. Meluzova, A.P. Shergin

loffe Institute, 26 Politekhnicheskaya, St Petersburg 194021, Russian Federation
e-mail: dmeluzova@gmail.com

The reflection coefficients in the scattering of hydrogen isotopes and helium atoms on
amorphous beryllium, carbon, and tungsten targets, that are of interest for thermonuclear
plasma physics, were calculated. The results demonstrate good agreement with the available
experimental data.

ITER is planned to work on deuterium-tritium plasma. We chose the scattering of
deuterium atoms from tungsten as the main object of our research. As known, tungsten was
chosen as the divertor material in the ITER tokamak-reactor. Carbon and beryllium are
considered as promising materials for the first wall of the reactor. The 100 eV to 10 keV
energy range of incident particles was chosen here for studying because these are typical
energies of plasma particles. To investigate the isotope effect, we calculated the reflection
coefficients of hydrogen, deuterium and tritium atoms scattered from tungsten. Helium atoms
are products of the thermonuclear reaction, therefore scattering coefficient of helium atoms on
Be, C and W targets were calculated.

The experimental data on reflection coefficients for C and W is extremely limited
[1, 2], while that for Be is not available. Computer modeling is widely used to study the
scattering of atomic particles from the surface of materials [3]. The most commonly used code
SRIM [4] is based on the binary collision approximation (hereinafter referred to as BCA)
which was proposed in [5]. In BCA, scattering of an incident particle from the nearest solid
atom is considered, and the particle trajectory is approximated by its asymptotes in the
incoming and outgoing parts of the particle trajectory. In our papers [6, 7], the BCA method
was used to calculate the reflection coefficients and angular distributions for the scattering of
deuterium atoms from various faces of crystalline tungsten using the repulsive potential. The
presence of a well in the potential causes the attraction of particles at large internuclear
distances. This attraction that influences the reflection coefficients has not been considered
previously.

A more accurate method for obtaining reflection coefficients is based on the particle
trajectory calculations [8]. This method is free from simplifying approximations used in BCA

and makes it possible to take into account simultaneous interactions of the incident particle
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with the set of target atoms. The calculations using this method are time-consuming. We
calculated reflection coefficients using both BCA and trajectory calculations methods.

Thermal vibrations of the lattice atoms were taken into account. Vibrations of the
atoms were assumed to be independent, and a shift in the coordinates along three directions
was chosen randomly under the assumption of a Gaussian distribution with vibration
magnitudes of 0.05 A for W, 0.07 A for C and 0.09 A for Be. Values of the electronic
stopping given in the NDS database [9] were used.

40+ 7?;{ Fig. 1. Comparison of the potential calculated by DFT
— . — Zinoviev method [10] with the ZBL potential [11] and Zinoviev's
. formula [12] for the D-W case. The DFT method
< 20f predicts the existence of an attractive well in the
% potential. U, is well depth.
N tUs | The calculations of the potential for the H-W, C,
0 2 4 6 8

R, Angstrom Be systems performed by the DFT method [10]
showed the presence of a well in the potential,
which leads to attraction of particles at large distances (see Fig. 1). The repulsive part of this
potential is consistent with the Zinoviev’s formula [12]. The repulsive part of the ZBL
potential decreases slower with the increase of internuclear distances than our DFT potential
and Zinoviev potential. Both the repulsive part of potentials and the presence of a well
influence scattering cross sections and reflection coefficients.

The depth of the potential well can be related to the molecular bond dissociation
energies. The values of the molecular bond dissociation energies for C-H and Be-H molecules
are Uo=3.50+0.03 eV and Uo=2.34+0.022 eV, respectively [13]. In [14], internuclear distances
of diatomic molecules are presented. They are 1.1198 A for H-C system and 1.3431 A for H-
Be. The positions of the minima in the dependence of the potential on the internuclear
distance, calculated by the DFT method, coincided with these data. The accuracy of Uy
calculation using DFT method is estimated to be about 1 eV. Therefore, for the attractive part
of the potential, we normalized the results obtained by the DFT method to the experimental
Uo. We have not found any experimental data on the dissociation energy for the case of D-W
in the literature. Our DFT results (4.6 eV) are in good agreement with the value Uy=4.55 eV
calculated in [15].

We have calculated the reflection coefficients Ry for scattering of deuterium from amorphous
tungsten at initial energy 0.4 keV via the repulsive ZBL potential and our DFT potential

involving the attractive well. Fig. 2 shows that at small glancing angles o the difference
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between the results for different potentials is remarkable. The values obtained with the
recommended potential are consistent with experimental results [1]. At small glancing angles,
experimental data are absent. Data obtained using BCA and trajectory methods are in good

agreement.

1.0F D\j D-W
—o— BCA, ZBL potential
—v— BCA, DFT potential

V.
L \ Trajectory, DFT potential
v ® experiment
N o

0.75

0.50

D-C
Experiment
= 04keV
o lkeV
A 3keV
< 10keV
Our code
—+—0.4keV

05+r \9Q3\ ° —r—lkeV
Z ———V——y— —a—3keV
o~ 0.25 —o—10keV
O L L Il Il 0 Aj
0 20 40 60 80 80
o, degree a, degree

Fig.2. Reflection coefficients for D atoms
scattered from amorphous W calculated by our
program code using the ZBL and DFT
potentials. For comparison, experimental data
[1] are shown.

Fig.3. Reflection coefficients for D atoms
scattered from amorphous C in comparison
with experimental data [2].

More extended experimental data exists for the D-C case [2]. Fig. 3 shows that there is

a good agreement between the experiment and our results obtained using the recommended
potential. Therefore, we can conclude that reliable data on reflection coefficients for

amorphous targets can be obtained by considering the presence of the attractive well in the

potential using the BCA method.
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Fig.4. Reflection coefficients for He atoms
scattered from amorphous Be versus parameter
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the incident particle energies.
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Fig. 6 shows data on the reflection coefficients for the H-W and D-W cases. The data for H-W
and D-W are very close because the same potential was used. Scattering cross-sections for
these cases are very close too. The difference appears because of a difference in their
electronic stopping at considered energies. Data for D-Be is shown in Fig. 7.

0

1 10
08 H-W - closed points ' D-Be
FN D-W - open points
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I 10 r 0.2
e | 0.4
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Fig.6. Reflection coefficients for H and D Fig.7. Reflection coefficients for D atoms
atoms scattered from amorphous W. The scattered from amorphous Be. The numbers at
numbers at the curves are the incident particle the curves are the incident particle energies.
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