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BBEJIEHUE

Hacrosimas XXII MexayHaponuast koHpepeHuus «B3anMozieiicTBIEe HOHOB ¢ IOBEPXHOCTBIOY»
(BUII-22) mpoBomutcs ¢ 20 mo 24 asrycra 2015 roma B Mockse. Temartnka koHpepeHunH
OXBaThIBaeT (hYHAAMCHTAJIBHBIC U NPHUKJIAAHBIE BOIPOCH B3aMMOACHCTBUS HOHOB C MOBEPXHOCTHIO.
Jlokuaibl 00beIUHEHBI B 6 CEKIMi, pabOTaIOIIMX [TOCIIEI0BATEIBHO:

1. PacnibuieHne, CTpyKTypa MOBEPXHOCTH, JECOPOLIHS;

2. PaccesHue 1 NPOHUKHOBEHHE HOHOB;

3.OMuccHs HOHOB, OJIEKTPOHOB, (OTOHOB M PEHTTCHOBCKOTO U3IYYeHHs IIPU HOHHOH
6GoMOapaAUpPOBKE;

4. IMniaHTaIMs MOHOB N MOJM(UKALNS TIOBEPXHOCTH;

5. IoHHO-MHAYIMPOBAHHbIC MPOLECCHI B TOHKHUX IUICHKAaX M HAHOCTPYKTYPaX;

6. B3anMmoelicTBHE IIa3MBbI C IIOBEPXHOCTBIO — (QH3HKA U TEXHOJIOTHU.

Opranuzatopamu  koHdepenunu BUII-22  sBustorcs  Poccmiickast  Axamemuss  Hayk,
HarnmonanbHbIi UCCIENOBATENbCKUIT  slepHbli  yHuBepcuter  “MUON”, MocKoBCKHit
rOCyIapCTBeHHBIH  yHuBepcuTeT, CankT-IleTepOyprckuif  NMONHTEXHHYECKHH  YHUBEPCHTET,
MoCKOBCKHIT aBHAIIMOHHBII HHCTUTYT, SIpocinaBckuii ¢rman GpU3NKO-TeXHOIOTHIECKOT0 HHCTUTYTA
PAH, UHCTHTYT IPOGIIEM TEXHOIOTHH MHUKPOIJICKTPOHUKH U 0CO00YHCTHIX MaTepranoB PAH.

Hemuoro o6 wucropun. Koudepenuuss BUIT Geper cBoe Hauwano B 1971 romy. B 1O Bpems
HCCIICIOBAHNMS B3aMMOJICHCTBHSA HOHOB C TIOBEPXHOCTHIO HHTCHCHBHO Pa3BHBANICH BO BCEM MHUpE, B
Tom umciae B Coserckom Coroze. Ilo mammmarmse mpodeccopa .M. dorens B XapbkoBe ObuI
opraHu3oBaH Bcecolo3Hblil cUMIIO3uYM (€ro OTKpBITHE N10Ka3aHo Ha doTorpadun).

BUII-1, XapbkoB, 1971. OTKpbITHE CHMIO3HYMa.
From left to right: O.B Firsov, V.E.Yurasova, Ya.M.Vogel, I I.Zalyubovsky, P.V.Pavlov

Ha cummosmyme OBLIO peHIeHO PEryISpHO HPOBOAUTH KOH(EPEHIHH IO 3TO TeMaTHKe U
[pUIJIaNIaTh Ha HUX MHOCTPAHHBIX y4eHbIX. S|.M.doreis npeuioxkui MHe IIOMOYb BBIIOIHHUTE 3TO
perrenue. OTO ymaiock, 1 KOH(MEPEHLHs 0 B3aUMOCHCTBUIO HOHOB ¢ moBepxHocThio BUII-2 Gbuta
nposezieHa B 1972 roxy B Mockse, noxa npexacenarensctBoMm O.b.®dupcoBa, ¢ yyacTueM yueHBIX U3
T'ZIP, ¥Orocnasuu, bonrapuu, Beurpuu u Ionpmm.

OcHoBHEIM HOBIIECTBOM KoH(epenrmu BMII-2 Obito w3manwe m0 Havama KOH(EpEHIUH
PACIIMPEHHBIX TE3UCOB - 10 4 CTPAHMIBI KaXK/bIi (M IO 6 CTpaHHI] 1 NPUITIAIIEHHBIX JOKJIaI0B),
SIBIISIFOLIMXCS, TI0 CYLIECTBY, HEOOJIBUIMMH CTaThsIMU. DTO ObUT EPBbIN OMBIT T KOH(EPEHIUH, KaKk
B Hamleif cTpaHe, Tak U 3a pyOexoM, KOTOPBIH TaBal BO3MOXKHOCTb paHHEH ITyONuKaruy 1 oberdan
paboTy yJacTHHMKOB KOH(epeHIun. M3anne MatepnanoB kKoH(EPEHIMH Tepesl ee HadalloM CTallo ¢
TeX MOp XOpOoLIei Tpaauuen.



Jpyrum HopuiectBoM BUII-2 Obu10 nojyueHHe paspelieHUss OT BBILECTOSIIMX HHCTAHLUH
MpUIIANaTh Ha KOH(EPEHIMI0 HHOCTPAHHBIX YYCHBIX HE TOJIBKO M3 OJIIDKHErOo, HO U M3 JalbHEro
3apyOexpsi. B pesynbrate, B pabore koHpepenuuu BUII-3, kotopas mpoxomamna B Kuese,
yuacteoBasi I".Benep (CIHA), A.Bypur (Iomnanaus), Jx. Komuturon (BenukoOpurtanusi).

B nanpHeiinmiem koHdepeHumu mpoBoamiuck B MockBe, XapbpkoBe, MuHcke, 3BEHHUropoze,
SpocnaBne. ®ortorpadus y4acTHUKOB mocieaHei, SlpocnmaBckoi koHpepenumit (BUII-21),
IIPUBOJUTCS Jajee.

Kondepenus BUII sBisnach MIKONOW Ui MHOTUX CTYJIEHTOB, aCIIMPAHTOB, MOJIOJIBIX YYEHBIX,
KOTOpBIE ceidac 3aHMMArOT KJIIOYEBBIE TO3UIUU B Halleil HayKe.

Oxoino nonyBeka koHdepenius BUII coxpansercs U Oepe)xkHO MOANEPKUBACTCS MHOIMMH €
OpraHu3aTopaMu, B TOM YMCJIE M TE€MH, KOTOPbIE CTOSIM y €€ UCTOKOB. K HUM B mepByio odepenb
otHocstes: akanemuk PAH B.b.Kanomues, akanemuk HAH Ykpaunsl B.T.Uepenun, akagemuk HAH
Benapycu B.A.JIabyHoB, npodeccopa B.I'. TenskoBckuii, .1 .11kap6an, B.A.Kypnaes, A.1.TutoB 1
ap. Ocobo crenyer oTMeTUTh poib akagemuka FO.A. PrpkoBa, koTopslii 0611 npeacenatenem ¢ 10-i
110 21-10 KOH(EPEHIUIO U ABJIACTCS MPEACEIATENIeM HAaCTOSIIEH.

Kongepenius «B3auMozeiicTBe HOHOB C MOBEPXHOCThIO» TPH3HAETCS OJHOW M3 BEAYLIMX B
cBOeit 001acTH HayKH. 3a BpeMs CyIIECTBOBaHHS KOH(EPEHINH TPUTTIALIEHHBIMHU JOKJIQTYMKaMU Ha
Hell SIBJSUTUCH U3BECTHBIC POCCHICKUE yIEHbIE B 00JIACTH B3aUMOJCHCTBHS HOHOB C TIOBEPXHOCTHIO M
HMOHHO-ITy4€BOM MOAM(DHKALMKY MAaTEpPUAIOB M OCHOBHBIC CHELHUATUCTHI U3 pecryOiuk COBETCKOro
Coro3a ¥ CcTpaH JanbHero 3apyoexps. B pabore KOH(pEpEeHIMI NPUHUMAIN y4acTHE BBHIJAIOLINECS
yu€Hble W3 CTpaH JainbHero 3apyoOexss: P.bapamxuona, P.bepum, TI'.bern, M.Buneiim,
X.Bponrepcma, I'.Benep, P.Be66, I'.Bunrep, [Ix.Bunbsimc, H.Bunorpax, A.Byxep, XK-IL.Iosxk,
B.Ecaynos, B.3urnep, I1.3urmynn, Il.3eiinmanc Ban Owmmuxoen, K.Kumypa, A.Kneiin,
Jix Komnmuron, T.Mwumenu, A.Huxay3, K.Hopmnynn, b.Paymentax, H.Tonk, M.TowmrcoH,
®.Dnopec, B. Xaitnana, M.Iumounckuid, I'.Iusetw, 3.1pydek, B.Okmraiin, S.5IMa3aku u MHOTHE
JIpyTHe.

IMone3yrock cayuaeM BBIPa3UTh I'TyOOKYIO OIaroJapHOCTh POCCUMCKHM M HHOCTPAHHBIM 4JIEHAM
HaIInX KOMHTETOB U COBETOB 3a OOJBIIYIO M PA3HOOOPA3HYIO IIOMOIIb B OPraHU3alNH KOH(EPeHINH
u ocobenHo — Jlxony Kommurony, KOTOpBIf BEIy9MJI PYCCKHH SI3BIK, Y9acTBOBAJI IIOYTH BO BCEX
koHdepentmsax BUII, momoran B ux opranusanuy, GMHAHCUPOBAHUM U U3JAaHUH TPYIOB B XKypHaie
Vacuum. HeoueHumyio nomoms B opraHuzaiuum MHOrux kKoHpepenumii BUII u B BbIOOpE
MIPUTIIANICHHBIX JOKJIaTIMKOB OKa3biBal Takxke [lerep 3urmymn.

XapaktepHoit 0oco0eHHOCThIO KOH(pepeHimii BUIT sBisercs GOJbIIoe KOJHYECTBO COBMECTHBIX
JOKJIaJ0OB POCCHHCKMX M HMHOCTPAHHBIX YYEHBIX, YTO CBHACTEIBCTBYET O MEXKIYHAPOIHOM
HHTETPaLH POCCHICKON HAYKHU MPH PELICHUH aKTyaJbHBIX HAYYHBIX M IPUKIIAJHBIX 3a/a9.
TenmeHmedr MOCTHEIHAX KOH(MEPEHIMH SIBISETCS yBENWYEHHE 9YHCIa IIOUCKOBBIX paborT,
HaIpaBJICHHBIX Ha PELICHUE 3a/iad, KOTOPhIe CO3/Al0T HayYHYI0 6a3y IUIsl CTPEMUTENIBHO BXOISAIIUX B
JKM3Hb HOBBIX TEXHOJIOIMil B CaMbIX MPOrPECCHBHBIX OONACTAX HAYKH U TEXHHUKH: MHKPO-, HAHO- U
OMOTEXHOJIOTHSAX, ONTOAICKTPOHMKE, MEJULMHE, SACPHOM, TEPMOSIEPHOW M  BOJOPOAHOU
9HEPreTHKE.

Wurepec k xoudepenimn BUII yBenmmumBarotcs w3 roga B rox. B arom romy B anpec
Oprrkomurera MocTynuiIo okojo 250 paciMpeHHbIX TE3UCOB HAYYHBIX JOKIaZ0B Oojee ueM u3 20-tu
CTpaH MHpa. DTH MaTeprajIbl OMyOJMKOBAHbI B HACTOSIIMX TPYIaX KOH(PEPEHINH.

Paya OTMETHTH HE TOJIBKO MIUPOTY KPyra YIaCTHHUKOB, HO U BEICOKOE KaueCTBO IPUCIAHHBIX TE3HCOB.
B pamkax KoH(epeHIHH, IOMIMO PETYJISIPHBIX YCTHBIX U CTEHIOBBIX TOKJIAJO0B OYIyT MPEe/ICTaBICHEI
0030pHbIE JIEKI[HY, IOCBSIICHHBIE MEPEJOBBIM pPe3ylbTaTaM Hay4HBIX MCCJIEIOBaHUHA B obnacTu
B3aHMOJEHCTBHUS HOHOB C IOBEPXHOCTHIO U B HEKOTOPBIX CMEKHBIX 00TACTSIX 3HAHHI.

Hapnetoch, 4To ApyXKeCTBEHHOEe OOLIEHHE YJYaCTHHKOB B XOAe paboThl KoH(pepeHIUH OymeT
CIIOCOOCTBOBATH €€ YCIeXy U JalbHeHIIeMy COTpYIHHYECTBY YICHBIX.

B.E. FOpacosa



EDITORIAL

The 22* International Conference on Jon-Surface Interactions (ISI-22) will be held
from 20™ till 24" of August 2015, in Moscow. The Conference covers both basic and
applied issues of ion-surface interaction in its six sections:

1. Sputtering, surface structure, desorption;

2. Ion scattering and ion penetration;

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

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

6. Plasma- surface interaction: physics and technology.

The ISI-22 is organized by the Russian Academy of Sciences, National research
nuclear university «MEPhI» (Moscow Engineering Physics Institute), Moscow state
university, Moscow aviation institute, Yaroslavl branch institute of physics and
technology of the RAS, and Institute of microelectronics technology and high-purity
materials of the RAS.

Some words on history of the Conference on lon-Surface Interactions.

The ISI Conference traces its roots to 1971. At that time, accelerated ion-surface
interaction (ISI) research was booming worldwide, including the Soviet Union. On the
initiative of Prof. Ya.M.Fogel, an All-Union ISI symposium was set up in Kharkov (see
above a photo of its opening), on which it was decided to hold ISI Conferences on a
regular basis and invite colleagues from foreign countries. Ya. M. Vogel asked me to
help to execute this decision. It worked well, and conference on interaction of ions with
surface ISI-2 was held in 1972 in Moscow, under the chairmanship of O.B. Firsov,
with participation scientists from GDR, Yugoslavia, Bulgaria, Hungary and Poland.

The principal novelty of the ISI-2 was publishing of extended abstracts, 4 pages
each (or 6 pages for invited talk) before the conference. That was the first experience of
the kind both in USSR and in the world, giving a chance for early publication and
making work of the attendees easier. Since that time, publication of the Conference
Proceedings before the meeting became a good tradition.

Another novelty at the ISI-2 was an attempt to get permission to invite researchers
from West countries. It went to success, and at the ISI-3 in Kiev, G.Wehner (USA),
A.Boers (Netherlands), and J.Colligon (UK) was participated.

Further conferences were held in Moscow, Kharkov, Minsk, Zvenigorod, Yaroslavl’.
Group of participants of Yaroslavl’ conference (ISI-21) on photo below is shown.

The ISI Conference was a school for many students, post-graduates, and young
researchers who hold key positions in our field of science now.



About half a century the ISI conference remains and is carefully supported by its
organizers. First and foremost, these are B.B.Kadomtsev (RAS Member),
V.T.Cherepin (Ukrainian NAS Member), V.A.Labunov (Belarus NAS Member),
Professors V.G.Telkovsky, I.I.Shkarban, V.A Kurnaev, A.I.Titov. Of special note is the
role of Academician Yu.A.Ryzhov, who chaired the IO‘h, all later Conferences, and the
current one.

The ISI - conference admits to one of leaders in the area of science.

Principal Russian researchers and specialists from the USSR republics were invited
by organizers who focused on ion-surface interaction and ion beam modification of
materials. The forum was attended by prominent foreign countries researchers:
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.Itoh, K.Kimura,
AKlein, 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.Zeijlmans van
Emmichoven, J.Ziegler, and many others.

Taking this opportunity, I want profoundly thank the Russian and foreign members
of our committees and councils. I would like to say a few special words here about
John Colligon, who has mastered the Russian language, has participated in many ISI
Conferences, helped with organization, funding, and publication of papers in Vacuum.
The invaluable help in the organizing of the many ISI conferences and in a choice of
the invited speakers was rendered also by Peter Sigmund.

A prominent feature of the Conference is the large number of collaborative
presentations made by Russian and foreign researchers. This is an evidence of
international integration science in solving of urgent basic and applied issues.

The tendency of the recent 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.

Popularity of ISI conference increases from year to year. This time, the Organizing
Committee received about 250 extended abstracts from over 25 countries. The
materials are published in this Conference Proceedings.

It is pleasure to mark both the variety of attendees and high quality of the extended
abstracts received. Invited lectures covering state-of-the-art results of research in ion-
surface interaction and in some related areas will be delivered during the Conference
apart of regular oral and poster presentations.

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

V.E.Yurasova
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OPTAHUBAIIMOHHBII KOMUTET

1O.A.PeixoB
M.H.Crpuxanos
B.E.IOpacoBa
A.N.TutoB

B.A Kypnaes
A.D.Barkua
E.J{.MapenkoB

— npeaceaarensb, akaaeMuk PAH

— compeacenatens, HUAY MUDU

— 3am. mpezacenarenst, MI'Y

— 3am. npencenatens, CIIGITTY
—3am. mpenceaarens, HUAY MUOU
— 3am. npencenarens, UIITM PAH

— yueHslii cekperaps, HUAY MUOU

Ynenoi opeKomumema:

B.1.bauypun
JL.B.Berpamb6ekoB
A M.bopucos
F0.M.I'acniapsin
E.1O.3p1x0Ba
B.A.lBanoB
I1.A.Kapaces
JI.M.KoBpmXHBIX
J1.C.Kommuron
I'.B.Kopuuu
A.H.IletpoBckwmii
A.A.TTucapes
A.A.CemeHoB
W.N.1IkapOan

—SADTHU

- H1AY MUOU
- MAH

— HUAY MUOU
-MIy

—H1O® PAH

— CIIerny
—H1OD PAH

— YauBepcuteT Xaaepcuiba
—-3HTY

— HUAY MUOU
— HUAY MDA
-MAU

-MAU
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Yu.A.Ryzhov
M.N.Strikhanov
V.E.Yurasova
A.LTitov

V.A Kurnaev
A.F.Vyatkin

E.D.Marenkov
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— Chairperson, Academician of RAS

— Cochar, National Research Nuclear University «MEPhI»

— Vice chairperson, Moscow State University

— Vice chairperson, St. Petersburg State Polytechnic University

— Vice chairperson, National Research Nuclear University « MEPhI»

— Vice chairperson, Institute of Microelectronics Technology and
High Purity Materials RAS

— Scientific secretary, National Research Nuclear University
«MEPhI»

Members of organizing committee

V.I. Bachurin

L.B. Begrambekov

A.M. Borisov
J.S. Colligon
Yu.M.Gasparyan
V.A.lvanov

P.A. Karaseov
G.V. Kornich
L.M. Kovrizhnikh
AN.Petrovskii
A.A. Pisarev
A.A.Semyonov
L.I. Shkarban
E.Yu.Zykova.

— Yaroslavl branch of Institute of Physics and Technology RAS
— National Research Nuclear University «MEPhD»
—Moscow Aviation Institute

—The University of Huddersfield

— National Research Nuclear University « MEPhI»
— General Physics Institute of RAS

— St. Petersburg State Polytechnic University

— Zaporozhye National Technical University

— General Physics Institute of RAS

— National Research Nuclear University « MEPhI»
— National Research Nuclear University « MEPhI»
— Moscow Aviation Institute

— Moscow Aviation Institute

— Moscow State University
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®.®.Komapos (benapycs), V.X.Pacynes (Y3bekucran), A.1. Tutos (Poccus),
P. Xyxcrpa (Hunepnanmst), 5. fImazaku (Snorms)
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INTERACTION OF SLOW HIGHLY CHARGED IONS WITH ULTRATHIN
CARBON NANOMEMBRANES AND GRAPHENE

F. Aumayr’, E. Gruber”, R. A. Wilhelm*, R. Heller* and S. Facsko

“Institute of Applied Physics, TU Wien, Wiedner Hauptstr. 8-10/E134, 1040 Vienna, Austria
e-mail:aumayr@iap.tuwien.ac.at
# Institute of lon Beam Physics and Materials Research, Helmholtz-Zentrum Dresden-
Rossendorf, Bautzner Landstr. 400, 01328 Dresden, Germany

The interaction of slow highly charged ions (HCIs) with solid surfaces — and here in
particular the formation of permanent surface nanostructures by impact of individual ions -
has been a hot topic in the last decade [1]. We have recently discovered that the impact of
individual HCls is able to create permanent nano-sized hillocks on the surface of a CaF;
single crystal [2]. The experimentally observed threshold of the projectile's potential energy
necessary for hillock formation could be successfully linked to a solid-liquid phase transition
(nano-melting) [1 - 3]. Meanwhile a variety of materials has been found, which are
susceptible to nano-structuring by the impact of slow HCI [1]. The nature, appearance and
stability of the created structures, however, depend heavily on the properties of the target
material and the involved interaction processes (determined by the potential and kinetic
energy of the projectiles) [3]. Not in all cases nano-hillocks are formed on the surface but also
nano-craters or -holes have been found, e.g. on KBr [4] or PMMA [5].

In this contribution we present investigations in which freestanding 1nm thick carbon
nanomembranes (CNMs) and graphene sheets are irradiated with individual slow highly
charged ions. CNMs are engineered two-dimensional carbon nanolayers, which are produced
by cross-linking of an aromatic self-assembled monolayer of biphenyl units with low-energy
electrons as described in [6]. The substrate is then subsequently removed and the resulting

nanomembrane is transferred onto a TEM grid.

We analyse the charge state and energy loss of projectiles transmitted through the CNMs
[7] as well as present transmission electron microscope (TEM) and helium ion microscope
(H1M) images of nano-pores produced by impact of individual HCls [8].

17



Fig. 1. TEM image of 2 nano-pores in a carbon nanomembrane induced by impact of two
Xe™ ions (Exin = 40 keV, Epor = 38.5 keV) [8].

CNM s are irradiated with slow highly charged Xe% ions of various charge states (20 < q
< 40) and Kinetic energies (4 keV < E < 180 keV) at the two source facility of HZDR. After
irradiation the CNMs are inspected by high resolution imaging techniques, e.g. transmission
electron microscopy (TEM), secondary electron microscopy (SEM), atomic force microscopy
(AFM) and He-ion microscopy (HIM) [8]. Above a charge state of 25+ we find nanopores at
positions, where the membrane suspends over holes in the TEM grid (fig. 1). Slow HCI are
able to produce nanosized pores from 30 nm down to only 3 nm, without creating further
visible damage, because of their very localized energy deposition. The number density
corresponds well with the incident ion fluence, indicating that every pore is produced by a
single ion impact. For a fixed impact energy, the pore diameter increases with the potential
energy of the HCI, indicating that bond breaking due to electron exchange and emission
processes is the main mechanism for nanopore formation.

The extremely small thickness of this special target offers us a second opportunity - the
observation of the projectile right after the interaction process in terms of its energy loss and
charge exchange. For this purpose we designed an electrostatic analyser that allows us to
determine both quantities experimentally. The measurements show the unexpected result of
two distinct exit charge distributions: on the one hand (a) ions with very high charge states
(close to the initial one) that loose nearly no kinetic energy and on the other hand (b) very low
charged ions that loose a significant amount of kinetic energy (see fig. 2). The energy loss for
ions exhibiting large charge loss shows a quadratic dependency on the incident charge state
indicating that equilibrium stopping force values do not apply in this case [7].

18



- 200
200 s Qo — 29
100 v Qexit = 25 Qexiy = 5
150 4
z 0 .
=
g 100 800 900 1000 1100 1200
O
Qexit =9
o0 I-
0 .

1000 2000 3000 4000 5000
spectrometer voltage (V)

Fig. 2. Charge state and energy loss spectrum of 1050 eV/amu Xe*** ions after passing a 1
nm thick carbon nanomembrane. All charge states below q = 30 (but larger than q = 4) are
visible, whereas two distinct distributions can be observed. The high exit charge state

distribution is magnified in the inset. [7]
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Fig. 3. Small impact parameter collisions between projectile ions and atoms of the
nanomembrane lead to large charge capture, large energy loss and scattering of the projectile
ions, while in collisions with large impact parameters only a few charges are captured and
stabilized by the projectile ion, which passes the target with almost no kinetic energy loss and
in straight forward direction.
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In addition angle resolved transmission measurements point to a significant contribution
of elastic energy loss. The fact that the two distributions are well separated may result from a
strongly impact parameter dependent charge exchange. For close collisions (fig. 3), where
also nuclear energy transfer occurs, the ion and the target atom (or target molecule) form a
quasi-molecule due to the strong overlap of their corresponding electronic wave functions.
This overlap leads to a strong level shift and therefore a direct capture of target electrons into

inner shells of the ion.

For large impact parameters (> 2 A) the nuclear charge of the carbon atoms is sufficiently
screened and no nuclear energy transfer occurs. Electrons may only be transferred to the ion
via classical over barrier transport [9], because no overlap of the electron densities of the
molecule and the ion occurs. Charge exchanges for impact parameter larger than those needed
for a sufficient level shift are therefore limited to small Aq (fig. 3). For slow highly charged
ions interacting with very thin target materials the processes can hence be described better in a
picture of ion-molecule interaction rather than ion-solid interaction. The concept of stopping
force as the mean energy loss per unit length fails in a thin membrane, because no averaging
over impact parameters appears anymore (for more details see [7]). Similar investigations on

graphene have recently started.
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Fundamentals of soft matter desorption, molecular analysis and
depth-profiling using massive keV clusters

A. Delcorte, E. Pospisilova, C. Poleunis and V. Cristaudo
Institute of Condensed Matter and Nanosciences — Bio & Soft Matter (IMCN/BSMA), Université Catholique de
Louvain, 1 Croix du Sud, B-1348 Louvain-la-Neuve, Belgium

1. Introduction: Massive clusters in surface analysis

Massive cluster beams were initially proposed as a tool for organic surface analysis in
the 1990s, when Mahoney et al. used massive supersonic water/glycerol clusters to produce
secondary ion mass spectra of peptides [1]. In parallel, Beuhler and Friedman were
conducting pioneering studies of sputtering with smaller water clusters [2] and Yamada was
developing Ar cluster ion beams for materials modification and smoothing [3].  The nano-
and microdroplet approach pioneered with massive cluster impact, recently generated a range
of new methods such as desorption electrospray ionization (DESI) [4], desorption ionization
by charge exchange (DICE) [5] and electrospray droplet impact (EDI) [6], which proved to be
outstanding for organic molecule ionization. In SIMS, large Ar clusters have induced a
breakthrough for molecular depth profiling of organic thin films [7,8]. The experimental
aspects of the cluster secondary ion mass spectrometry of organics and polymers have been
reviewed up to 2013 [9]. To shed light on the physical processes of cluster bombardment of
surfaces, theoretical studies using molecular dynamics (MD) simulations were conducted in
several research groups [10,11]. The principle and concept of the sputtering yield
enhancement by clusters was first explained by the MD simulations of Postawa et al. [12]. In
general, clusters transfer their energy to the topmost layers of the target, inducing the
formation of a crater and the emission of large numbers of atoms and/or molecules via
collective emission mechanisms. This is in sharp contrast with keV atoms such as Ga or Ar,
which implant deeper in the solid, inducing stochastic collision cascades that are rather
inefficient for sputtering and molecular desorption. Concerning massive solvent clusters, the
fragmentation of fast water nanodroplets on inorganic substrates were also explained by MD
[13]. In this article, we report some of the fundamental results of massive cluster
bombardment of organic surfaces recently obtained in Louvain.

2. Universal sputtering curves

The MD simulation code used in this study is the SPUT code specifically developed by
the group of B.J. Garrison at Penn State University for sputtering applications [15]. In this
report, three polymeric samples are considered. They were coarse-grained, made of united
atoms of CH, (14 amu) and CHj (15 amu), in order to reduce computational expense.
Samples 1 and 3 are amorphous polyethylene (PE) solids, with molecules of 1388 Da and 282
Da, respectively [14]. Sample 2 is a crystalline PE sample with aligned (“infinite”) chains
arranged horizontally in the linear zig-zag configuration [15].

The sputter yields are represented in Fig. 1 for samples 1-2 and for a collection of
clusters, in terms of scaled sputtered mass versus scaled energy (the scaling is in function of
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the projectile total mass). The data for sample 1 are for a series of clusters including Bis.s,
coronene, Cgo, Ay, (CxHy)n and Ausgo clusters. The sputtered masses reported for sample 2
are for Ceo, Ary and Auag bombardment. The projectile incidence is normal (0°) in these
simulations. The lines represent a fit of the experimental data for the Ar cluster bombardment
of a series of molecular samples, for 45° incidence (adapted from [16]).
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Fig. 1. Calculated dependence of the sputtered mass per projectile mass unit on the kinetic energy per
mass unit (or projectile velocity, top x-axis) for sample 1 (hydrocarbon clusters: small diamonds; Ary,:
open circles; Bis: full triangles; Ausgo: large full diamond) and sample 2 (Ary: full circles; Auggo: crossed
squares). The lines correspond to Seah'’s empirical equations fit to the experimental data of the Ar,
sputtering of samples Irganox 1010 (dashed-dotted dark green line), HTM-1 (light green line), and
polycarbonate (dashed blue line) (See [16] for details). Inset: Impact of 10 keV Arigq in sample 1.

First, the sputtering data of all the projectiles and energies tend to gather on a single
curve for each sample and the two curves so defined are separated by almost one order of
magnitude in intensity, at least in the higher energy range. The evolutions are linear beyond 2
eV and branch into a non-linear section below 1 eV. For sample 1, the yields calculated for
Ar, clusters appear slightly larger than for the other clusters. The experimental trends that are
the closest to the calculated sputtered masses of the amorphous PE oligomers correspond to
Irganox 1010 and for the PE crystal (sample 2), to polycarbonate (PC). However, the
experimental sputtered mass of PC remains ~2.5 times larger than the calculation for sample
2. The simulation results thus indicate that sample 2 is a limit case for the modelling of
organic materials, with extremely low sputtering yields. The structure of the model PE, a
perfect crystal with close-packed, “infinite” chains, has maximum covalent and van der Waals
cohesion and requires two bond-scissions for any emission to take place. Experimentally, a
recent investigation by Cumpson et al. identified several polymers with significantly lower
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sputter yields than PC upon 4 keV Arigo bombardment, such as poly(ethylene terephthalate)
and polyether ether ketone, which are both semi-crystalline polymers [17]. The experimental
sputtering yields of inorganic materials such as Si, SiO, and Au were also compiled by Seah
in [16]. The data show that they can be several orders of magnitude smaller than those of
organic materials like Irganox 1010 and HTM-1.

The Ar, simulation results tend to diverge from the experimental data in the non-linear
section below 1 eV, though the experiments also display a non-linear evolution at low energy.
In order to check the effect of the incidence angle, the Ar cluster bombardment series was
computed again with an incidence of 45°, similar to the experiment. The results, shown in
Fig. 2, demonstrate that the discrepancy with the experiment at low energy per amu in Fig. 1
was indeed an effect of the different incidence in the experiments and simulations. Hence, the
sputtering yields and their dependence on the scaled energy, with a broad linear region at high
energy and a non-linear part at low energy, are correctly predicted using the coarse-grained
MD model. In particular, sample 1 can be used as a generic model for the sputtering of kDa
molecular targets where structural effects (entanglement, cristallinity) do not prevail.
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Fig. 2. Scaled sputtered mass for sample 1
bombarded by Ar, clusters with 0° (crosses) and
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Fig.3. Fraction of the mass sputtered as intact
molecules upon Ar cluster bombardment of

s ¢ sample 1 (0° and 45° incidence) and sample 3.
Seah’s empirical equations for Irganox 1010.

The detailed analysis of the MD shows that, at high energy per amu (> 0.1-1 eV), the
situation is that of fast microscopic cluster impact, with velocities and timescales that are
mismatched with the properties of the target in terms of molecular motion. For instance, the
projectile velocity is one to several orders of magnitude larger than the velocity of sound in
the polymeric solid (~2 km/s). In the region below 0.1 eV, the motion of the projectile
becomes more compatible with the physical properties of the solid. The interaction is slower
and macroscopic-like and the target molecules collectively adapt and relocate as the projectile
penetrates the solid. In relation with previous studies and the MEDF model [18], energy
dissipation in the zone below the top ~3 nm appears to be wasted for sputtering. Because
large clusters with low energies dissipate their energy deeper via plastic deformation of the
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substrate, this may explain why the total sputtering yield decreases non-linearly with
decreasing energy per amu under 0.1 eV.

3. Fragmentation and intact molecular emission

Figure 3 shows the fraction of molecules sputtered intact in function of the scaled
projectile energy, for sample 1 and sample 3 (a polymer made of only 10 repeat units;
mass=282 Da). For sample 1, this fraction, around 0.5-0.6 beyond 2 eV, increases below that
energy and becomes close or equal to 1 for projectiles such as 10 keV Ariggo (0.25 eV/amu).
These observations are explained by the reduction of the number of bond scissions caused in
the polymer by projectiles with decreasing energy per unit mass. The collected data show that
there are no bond scissions, i.e. no damage left in the target, below the energy of ~0.1
eV/amu. For sample 3, a molecular solid constituted by smaller chains, the trend is similar
but the fraction of intact molecules at high energy per atom is consistently larger (0.7) than for
sample 3. The small molecules of sample 3 can be more easily desorbed without
fragmentation.

Figure 4 shows the experimental energy dependence of the emission of ionized
fragments, intact molecules and dimers from a molecular film of benzoxazine of several pm
of thickness. Secondary ion mass spectra were acquired with 10 keV Ar, primary ions as the
analysis beam, using different cluster sizes (Aroo", Ariseo’, Arzooo”, Arsoo’). The decreasing
fragmentation when going to low energy per amu is confirmed by the relative decrease of the
C,H ion intensity and by the concomitant increase of the molecular ion and dimer ion
intensities. Larger and more complex fragments exhibit an intermediate behavior, non-
monotonic and with a maximum for a certain value of energy.
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Fig. 4. Experimental dependence of the normalized intensity (ion intensity divided by total spectrum
intensity) of selected secondary ions from benzoxazine coatings bombarded by 10 Ar," clusters
(Ar700", Arisoo’s Arsono’s Arsone’), @s a function of the energy per amu in the projectile. (a) C,H and
CgHsOy7'; (b) quasi-molecular and dimer ions.
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4. Ultra-shallow molecular depth-profiling

Owing to the limited fragmentation and damage induced by massive noble gas clusters
in organic surfaces, they are now used for molecular depth-profiling of sensitive organic
samples (dynamic ToF-SIMS). Figure 5 shows an example of molecular depth profiling of a
polyethylene sample treated in the post-discharge of an atmospheric RF plasma torch, in
which deuterated water was flooded for surface modification [19]. Deuterated water (D,0)
was used in the experiment to discriminate the influence of the injected water from the
environmental humidity, owing to the isotopic resolution of SIMS. For the sputtering, 10 keV
Arspe” ions (2 eV/atom) were selected in order to induce minimal damage in the sample.
Sputtering phases were alternated with surface analysis using 30 keV Bis" ions (dual beam
mode depth-profiling). The low Ar cluster currents and fluences used for sputtering
correspond to an extremely mild erosion of the sample with an estimated total erosion depth
of ~12 nm for the depth-profile of Fig. 5a (the estimate was obtained from the measurement
of the crater depth for a pristine PE depth-profiled with a total fluence of 4 x 10 ions cm™,
with a larger beam current and a smaller surface area). The evolution of the Bi* signal,
indicating the implantation of the Bis" clusters used for analysis, confirms the estimated
sputter depth. Fig. 5¢c shows the saturation of the Bi* intensity roughly after the first half of
depth profile, corresponding to a depth of ~6 nm, which is in broad agreement with the
calculated implantation depth of keV Bis clusters in a polymeric material [20].
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Fig. 5. Shallow molecular depth-profiling of D,O plasma-treated LDPE. Evolution as a function of the
Ar cluster fluence of (a) the Intensity of the C,D,Hs., fragments (0 < x < 5); (b) the deuteration ratio Rp;
(c) the Bi" signal intensity.

In Fig. 5a, the deuteration of the polymer surface is indicated by the depth-profiles of
the C,DyH," ions, representative of the PE repeat unit. In particular, the fast decay of the
characteristic ions of the deuterated monomer, with a rate proportional to their deuteration
degree (from 1 to 5 D atoms), provides insights into the depth distribution of the H-D
exchange reactions induced in the polymer by the plasma treatment. The concomitant
variation of the C,Hs" signal is probably due to surface oxidation (matrix effect) or structural
changes (low molecular weight species). To circumvent this effect, normalization was
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achieved by introducing the deuteration ratio Rp, i.e. the sum of the deuterated monomer ions
divided by the sum of all the monomer ions (including C,Hs"). Fig. 5b shows the initial
variation of Rp, which represents the actual variation of the deuteration extent in the top ~3
nm of the surface. With an erosion depth as small as a few nanometers, the experiment of Fig.
5 brings molecular analysis in the range of ultra-shallow depth profiling.

5. Conclusion

Massive cluster bombardment of organic solids creates nanometer scale hemispherical
craters, with the emission of molecular fragments and intact molecules (for MW < 3-5 kDa).
MD simulations results confirm that the sputtering yields of various clusters fit on “universal
curves” when scaled by the projectile mass. Increasing the projectile mass/size for a given
total energy leads to a decrease of the sputtering and molecular fragmentation, via a reduction
of the bond scissions correlated to the decrease of the energy per atom of the projectile. In
addition, the energy transfer rate is slower and the energy placed in the surface diffuses in the
bulk and induces more plastic deformation and less emission. Because of the negligible
fragmentation and damage induced in the surface, analysis of large unfragmented molecules
and molecular depth-profiling of sensitive organic materials, with nanometric vertical
resolution, are now possible using large gas clusters with adequate mass and energy.
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When swift heavy ions penetrate solids the ions excite solid electrons. The energy of the
excited electrons is gradually transferred to the lattice and eventually cylindrical damage
regions, so-called ion tracks, may be created when the electronic energy loss is larger than a
material dependent threshold value [1, 2]. There are several models proposed for the
mechanism of the track formation [2 - 6]. Among these models, the inelastic thermal spike (i-
TS) model seems most plausible because it explains the electronic energy loss threshold for
the track formation and the evolution of the track radius with the electronic energy loss [2, 6].
In the thermal spike model, ion tracks are assumed to be formed if the atomic temperature
rises beyond melting or boiling points. There has been, however, no direct measurement of
the temperature during the track formation. Because the thermal spike is formed in a
localized region of nanometer scale and continues only on a picosecond time scale,
conventional techniques are not applicable to such a measurement. To this end, a new
temperature measurement technique applicable to highly localized regions (several nm) in a
short time period (~10ps) should be developed. Based on the MD calculations [7] that
determine the surface desorption energy of gold nanoparticles, we measured the Au
nanoparticle desorption in the surrounding of swift heavy ion impact to estimate temperature.
The radius in which the nanoparticles are expelled will be compared to the i-TS model
calculations [6].

Self-supporting amorphous SiO: (a-SiOz, thickness 20 nm) and amorphous SiN (a-SiN,
thickness 30 nm) films were purchased from Structure Probe, Inc. and Silson Ltd, respectively.
A small amount of gold was vapor deposited on one side of the films at room temperature.
The gold-deposited films were irradiated with 1.11 MeV Cgo?* ions and 420 MeV Au ions at
normal incidence to a fluence of ~ 5 x 10 ions/cm?. In the irradiation of 420 MeV Au ions,
a carbon foil (20 pg/cm?) was placed in front of the samples to acquire an equilibrium charge

state. This carbon foil was also used as a collector foil, i.e. used to capture particles emitted
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Fig. 1 TEM bright field images of gold-deposited a-SiO> films: (a) The as-deposited
sample, (b) the samples after irradiation with 420 MeV Au ions on the rear surface.
The ion tracks are seen as bright spots. The gold nanoparticles disappeared from the
vicinity of the ion track. The inset of Fig. 1(b) shows a TEM image of a collector foil.

from the target during irradiation. The irradiation was performed either on the gold-deposited
surface (will be referred to as a “front surface irradiation”) or on the rear surface (“rear
surface irradiation”) at normal incidence. In the rear surface irradiation, a self-supporting a-
SiO film was placed just behind the sample (facing to the gold-deposited surface) to collect
gold nanoparticles emitted from the film during the irradiation. Both the irradiated samples
and the collector foils were observed using TEM (JEOL JEM-2200FS) equipped with a field
emission gun operating at 200 kV.

Figure 1(a) shows an example of the TEM bright field images of the gold-deposited a-
SiO; film observed before irradiation. There are many gold nanoparticles formed by the gold
vapor deposition. The areal density, N, of these nanoparticles was measured to be 1.9 x10%
particles/cm?.  The size distribution of these nanoparticles was derived from the observed
TEM images. The distribution shows a Gaussian-like well-defined peak with a peak radius of
1.0 nm and a width of 0.9 nm. A similar size distribution with a peak radius of 2.2 nm and a
width of 1.6 nm was also observed for the gold nanoparticles deposited on the a-SiN films.
The size difference between a-SiO2 and a-SiN is attributed to the smaller diffusivity of gold
adatoms on a-SiO; surfaces compared to a-SiN.

Figures 1(b) shows an example of TEM bright field images of the gold-deposited a-SiO2
film observed after the rear surface irradiation with 420 MeV Au ions. lon tracks are clearly
seen as bright spots with a diameter of about 2 nm. Looking at the vicinity of the ion track

closely (Fig. 1(b)), the gold nanoparticles seem to disappear from the surrounding area of the
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ion tracks. Such disappearance of the gold nanoparticles was also observed for the front
surface irradiation. The distance between the ion track and the closest gold nanoparticle was
measured for each ion track. The observed closest distance represents the radius of the region
where nanoparticles disappeared. The distributions of the measured closest distances for the
samples irradiated on the front surface (solid circles) and the rear surface (open circles) are
shown in Fig. 2. The average of the closest distance is 6.3 £ 0.6 and 7.2 + 0.7 nm for the front
and rear surface irradiations, respectively. This indicates that 2.4 and 3.1 nanoparticles, on
average, are removed by single Au ion impact. The probability that there is accidentally no
nanoparticles in the corresponding area without irradiation is calculated to be 0.09 (= exp(-
2.4)) and 0.045 (= exp(-3.1)), respectively, using a Poisson law. These small probabilities
confirm that the nanoparticles are really removed by the Au ion impact.

The collector foils were also observed using TEM. An example of the TEM images is
shown in the inset of Fig. 1(b). Very precisely circular gold particles with a radius close to
those of the deposited gold nanoparticles were observed, indicating that gold nanoparticles

were desorbed as liquid droplets without fragmentation from the surface of a-SiOz by the ion

irradiation.
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Fig. 2 Distributions of the distance between the ion track and the closest gold nanoparticle
which is a measure of the nanoparticle cleared region. The results for the irradiation of a-
SiOz with 420 MeV Au ions on the front surface (solid circles) and on the rear surface
(open circles) are shown.
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If the density of the nanoparticles is infinitely large, the measured closest distance Rm
between the track center and the surrounding nanoparticles is equal to the radius of the
nanoparticle cleared region, Rc. The actual density is, however, finite. As a result, the
measured closest distance is larger than Rc. The relation between Ry and R¢ can be derived
using a Poisson law [8].

R, =R, +Merfc(m R.). @
2N
Using Eqg. (1), Rc was estimated from the observed R and N. The obtained result is Rc = 5.1
+ 0.6 and 6.0 £ 0.7 nm for front and rear irradiations, respectively.

Similar desorption of gold nanoparticles from substrate surfaces induced by ion
irradiation was observed for various ions using the collector method [9 - 13], although the
information of the nanoparticle cleared region cannot be obtained from those results. Anders
et al studied the desorption mechanism of nanoparticles using MD simulations [7]. They
simulated the motion of hemispherical gold nanoparticles (radius 3.6 nm) placed on a surface
when the gold atoms are energized. The simulation was performed for various initial kinetic
energies given to the gold atoms ranging from 0.13 to 1.03 eV/atom. They found that the
nanoparticles are desorbed within a short time period of several ps without fragmentation
when the initial kinetic energy exceeds a threshold energy, Eq = 0.4 eV/atom. This threshold
energy is in good agreement with the melting energy of gold which is 0.4 eV/atom if the
irradiation is performed at 300 K. Their detailed investigation showed that the desorption is
induced by melting of nanoparticles. This is in accordance with the present observation that
the gold nanoparticles were desorbed as liquid droplets without fragmentation. In view of
their result, present observation indicates that the temperature rises beyond the melting point
of gold in the region closer than Rc around each ion impact position.

The evolution of the temperature distribution around the impact position was calculated
using the i-TS model. In the i-TS model, the energy lost by the projected ion is sheared
between electrons and then gradually transferred to atoms by the electron-phonon interaction.
The electron-phonon coupling parameter is related to the electron-phonon mean free path A.
For a-SiOy, this parameter is well established (A = 3 nm) [14]. The evolution of the
temperature distribution around the ion impact position was calculated using the i-TS model
and shown in Fig. 3. The induced local heating continues for more than several ps. The
calculated radius of the region where the energy per atom exceeds the threshold energy for

desorption (Eq = 0.4 eV/atom) is 7.0nm, which is roughly in agreement with the observed R,
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indicating that the i-TS model reproduces the temperature distribution during the track
formation.

Finally the difference in Rc between the front and rear surface irradiations is discussed. A
possible origin of the observed difference is the effect of 5-rays produced by the projectile
ions. The &-rays carry away the deposited energy and do not contribute to heating the place of
production but do contribute in the deeper region. As a result, the deposited energy is smaller
than the energy loss in the entrance region and increases with depth. The evolution of the
deposited energy along the ion path was calculated using Monte Carlo simulations [15]. In
the present case (420 MeV on a-SiOy), the deposited energy increases with depth and reaches
an equilibrium value at 15 nm. The deposited energy at the entrance surface is about 87% of
the equilibrium one. Using the i-TS model with this value, the radii of the region where the
energy per atom exceeds Eq were calculated to be 6.4 nm and 7.0 nm at the entrance and exit
surfaces, respectively. These are in reasonable agreement with the observed results, 5.1 + 0.6
and 6.0 + 0.7 nm. The results for a-SiN films and Ceo-ion irradiation will be presented at the

conference.
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Fig. 3 Result of the calculation of the i-TS model for a-SiO; irradiated with 420 MeV Au
ions. The energy deposited on the target atoms is shown as a function of time at different
radial distances from the projectile trajectory. The horizontal line indicates the threshold
energy for desorption of gold nanoparticles.
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New phenomena in 2D-layer irradiation with low energy ions

Thomas Michely

I1. Physikalisches Institut, Universitat zu Kéln, Germany

By combining ion beam experiments and atomistic simulations we study the production
of defects in graphene on Ir(111) under grazing incidence of low energy Xe ions. We
demonstrate that the ions are channeled in between graphene (Gr) and the substrate, giving
rise to chains of vacancy clusters with their edges bending down toward the substrate. These
clusters self-organize to a Gr nanomesh via thermally activated diffusion as their formation
energy varies within the graphene moiré supercell [1].

Moreover, we investigate the annealing behavior of normal incidence irradiation damage.
We find that upon annealing nanoplatelets form at the Gr/Ir(111) interface resulting from
material trapped underneath the Gr sheet. Making use of the nanoplatelet formation
phenomenon, we measure the trapping yield as a function of ion energy and species. Thereby,
complementary to the sputtering yield, the trapping yield is established as a quantity
characterizing the response of supported 2D materials to ion exposure [2]. Our findings shed
light on the microscopic mechanisms of defect production in supported 2D materials under
ion irradiation and pave the way toward precise control of such systems by ion beam
engineering.

Figure 1a shows a topographic image of the fully Gr covered Ir(111) surface after ion
bombardment. The typical moiré superstructure of graphene/Ir(111) is visible as a hexagonal
lattice of depressions (lattice constant of 2.53 nm). It is due to the different registry of the
carbon atoms with respect to the substrate inside the incommensurate supercell [10.32 x 10.32
graphene cells on 9.32 x 9.32 Ir(111) cells]. In the TOP region, the carbon ring is centered
above an atom of the metal surface, whereas in the HCP (FCC) region, the center of the ring
is situated above a 3-fold hollow site of hcp (fcc) type (see inset of Figure la for an
atomically resolved image). This varying geometry also leads to differences in binding
between the carbon layer and the metal substrate (weaker in the TOP regions, stronger in the
HCP/FCC regions), resulting in electron density modulations which are visible in the STM
topographs. The defect patterns visible in Figure 1a are caused by irradiation with 5 keV Xe+
ions impinging 75° off normal. The projection of the primary beam is along the close-packed
[110];~direction of the iridium substrate as indicated by the white arrows. This is also along
the [1120]g-direction of the graphene layer due to the epitaxial arrangement and

consequently also parallel to the close-packed direction of the moiré pattern. Individual defect
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patterns (i.e., structures caused by just one ion) can be distinguished. Each one is marked with

an arrow in Figure la. The majority of the defect patterns extend in the direction of the

incident ions, and a single pattern consists of a chain of depressions, often accompanied by

bright protrusions. We tentatively interpret the depressions as holes in the graphene layer. Due

to the stochastic nature of damage formation by ion irradiation the quantities characterizing an

individual pattern show a broad distribution around their mean values. We defined several

measures to characterize the damage patterns; see Table 1. The longest patterns observed have

up to nine depressions and extend
over more than 20 nm. For a
fraction of fyor = 0.81 = 0.02 of
patterns the holes are accompanied
by bright protrusions of ~0.2 nm in
height.

To understand the damage
formation in detail, we carried out
simulations at  the

MD

approximation. An example of the

atomistic
classical level of
irradiation simulations is presented
in Figure 1b, which shows a time-
lapse side view of an impact that
caused the formation of N = 4 holes
and extends over d = 10.4 nm. The
image illustrates the Xe ion path
(impinging from the left) with red
spheres at a time interval of At = 2
ps, revealing an oscillatory motion
at the graphene/metal interface: The
ion first penetrates the graphene
layer after which it is repeatedly
reflected at the metal surface and
the carbon sheet. The impacts on
carbon

graphene  result in

sputtering, causing a track of holes

STM topography

MD top view MD side view

ion energy [keV]
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Figure 1: experiment and MD. (a) STM image of the fully graphene
covered Ir(111) surface after room t simulation emperature irradiation
with 5 keV Xe+ ions at 75° off normal, fluence F = 0.8 x 107
monolayer equivalents (MLE). Individual defect patterns are marked by
arrows pointing along the direction of the impinging ions. A preexisting
substrate step is visible in the upper left corner. Inset: Atomically
resolved image of the moiré pattern where HCP, FCC, and TOP denote
regions of high symmetry. Image width: 53 nm (inset: 6.5 nm). (b)
Snapshot from an MD simulation showing the side view of a single 5
keV Xe* ion impinging on graphene/Pt(111) at 75° off normal (Xe is
impinging from the left). The size of the simulated layer is 8.7 nm x 22
nm. The time-lapse motion of the ion (red circle) is shown in steps of 2
fs (position of graphene and iridium atoms at simulation time of 170 fs).
(c) Top view of the same simulated impact at 1000 fs. For clarity the
image shows the resulting graphene layer and metal adatoms (blue
spheres) only. The quantities | (length of defect pattern), o (deviation of
chain from close-packed row), d (distance between two holes), and N
(number of holes) are indicated. (d) Evolution of ion energy during the
simulation as the ion travels over the lateral coordinate x for the event
shown in b and c.
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in the graphene layer, clearly visible in

Table 1. Quantitative Characterization of the Defect

the top view of the last frame of the | Paters”

simulation (Figure 1c). The simulated . “ l"\ ':' |ﬁ.<
and the experimental impact patterns f'fl.I:::. " “” | -I‘.'J'
show qualitative agreement which  (deg) 13 89 02 64

. ) Comparison of experimental (exp.) and simulation (sim.) results for
justifies our assumption that the average values of several measures for the defect patterns induced
. R R by ion irradiation, along with their respective standard deviations
depressions observed in experiment | (s): average number N of holes that can be associated with a single
. . impact, average length | of the damage patterns defined as the
are indeed holes in the graphene layer. | distance between the first and the last hole of a chain I, average

. . . . distance d between two holes, and average angle o of the line
As is obvious from the plot in Figure | joining the first and the last hole with respect to the close-packed

. 11201 direction.
1d, the Xe ion loses remarkably more -

energy upon encounter of graphene as compared with the collisional contact with the Ir(111)
surface. This difference originates from a much larger ion to target atom mass ratio for Xe to
graphene compared with Xe to the substrate. The averaged results of the simulations are
presented along the experimental ones in Table 1, showing a good quantitative agreement
without using any fitting parameters. We point out that the experimental and theoretical value
for the distance between two holes d is in line with a simple geometrical model of the
oscillation period which yields d = 2h tan 75° = 2.53 nm, using h = 0.338 nm for the height of
the graphene sheet above the metal.

The guided motion of the ion in the interface region is analogous to subsurface
channeling observed earlier for the case of pristine crystal surfaces [3] For the given ion
energy and angle, the projectile penetrates the topmost crystal layer and is guided in between
this layer and the one underneath parallel to the surface. Consequently the ion is trapped
between the layers until it can dechannel after a comparably unlikely scattering event. Our
experiments reveal that such a channeling process is also possible at the interface of two
different materials. The Ir atoms form perfect strings with respect to the ion beam direction
and possess wider shadow cones, causing better overlap as compared to the C atoms. In
addition to interface channeling we also observed some cases of subsurface channeling; that
is, the ion prenetrates the Gr layer and the topmost Ir layer and conducts a channeling motion
underneath the Ir(111) surface layer.

Besides supporting our interpretation of the experimental results, the MD simulations also
lead to insight not directly accessible via experiment: We find that 34% of the ions are
reflected into vacuum upon their first impact to graphene, but still leave significant damage
behind. Of the penetrating ions, 41% end up between the graphene and the substrate, while

13.5% are buried in the metal and 45.5% escape into vacuum, penetrating the graphene a
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second time. The probability for the ion to penetrate the graphene sheet from below is
significant (22% per impact). In consequence, only an ion encountering a lucky streak can
travel in the interface considerably further than average, explaining the broad distribution of
the relevant quantities. Regarding the sputtering yield of metal atoms, it is decreased in the
presence of graphene from Y, = 8.3 for the pristine surfaces (200 simulations on a Pt target
without the graphene layer were conducted in order to obtain this value) to Y, = 0.65. The
sputtering yield for carbon is Y¢ = 17.0. For the example shown in Figure 1, 27 carbon atoms
but zero Pt atoms were sputtered. We also determined the adatom vyield by carrying out a
subset of simulations over an extended time (20 ps). The adatom yield thus determined is Yaq
= 33. It varies significantly between different impacts and is highest for the 19% of events
where subsurface channeling takes place.

The strongly varying potential energy landscape for vacancies opens a path for ion beam
structuring of graphene on Ir(111): For the right combination of vacancy defect creation,
migration, and annihilation it should be possible to enable vacancy relaxation within one
moiré cell, while at the same time avoiding complete defect annealing by staying below the
onset of intercell diffusion of vacancy agglomerates. Thereby one could create a graphene

sheet with an ordered array of holes,
constituting a graphene nanomesh at a 2.53
nm scale. For an ideal nanomesh, one
vacancy aggregate has to be present in every
single moiré cell. In addition, secondary
effects like Ir sputtering have to be
suppressed. These conditions can be met by
reducing the ion energy (E = 0.5 keV) while
at the same time increasing ion fluence
substantially. The sample topography for F =
0.02 MLE and after annealing to 850 K is
shown in Figure 2a. The holes are arranged in

a partially occupied honeycomb lattice. We

superimposed a hexagonal lattice associated i) i

Figure 2. Graphene nanomesh. (a) Fully graphene covered
with the TOP regions of the moiré. Therefore | Ir(111) surface (topographic contrast) after irradiation with
. . 0.5 keV Xe* ions at room temperature under 75° off
it is obvious that the holes are never located | normal, fluence F = 0.02 MLE, Tanneal = 850 K. The
image shows a dense arrangement of defects in
in the TOP regions but prefer the HCP/FCC | honeycomb order. A hexagonal lattice is superimposed.
(b) Graphene nanomesh (topographic contrast) obtained
regions. This preference is also predicted by | bvafurther increased fluence F = 0.05 MLE.
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DFT calculations [1]. The
fraction of defective moiré cells
amounts to p = 0.3. For further
increased fluences F = 0.05
MLE (see Figure 2b), the defect
pattern  exhibits a denser
arrangement, showing a single
component in the Fourier
transform (not shown). The
BN R e A T | WS -
Figure 3. Dependence of trapping yield on ion energy: STM topographs of
. . Gr/Ir(111) after Xe" ion irradiation under normal incidence with increasing
confirms that the positions of the | energies of (a) 0.1 keV, (b) 0.3 keV, (c) 1 keV, (d) 3 keV, and (€) 5 keV,
fluence F = 0.03 MLE, and Tanneal = 1000 K. All image sizes are 80 nm x

holes are correlated. 80 nm. (f, g) Close-up of (a) and (e), respectively. Image sizes are 40 nm x
20 nm.

presence of sharp reflexes

We now change to normal
incidence sputtering. After room temperature irradiation and subsequent annealing to 1000 K
we find bulges of well defined height in the Gr sheet. Apparently trapped material forms
nanoplatelets of monolayer height underneath the sheet. We measured the trapping yield as
function of ion energy (compare Figure 3) and species [2] and discuss the nature of the
trapped material.

Contributions to this work by C. Herbig, A. V. Krasheninnikov, S. Standop, O. Lehtinen,
G. Lewes-Malandrakis, F. Craes, J. Kotakoski, C. Busse, E.H. Ahlgren, and W. Jolie are
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TECHNOLOGICAL APPLICATIONS OF PLASMA SURFACE INTERACTIONS
A. Pisarev

National Research Nuclear University “MEPhI”, Moscow, Russia,
e-mail: pisarev@plasma.mephi.ru

Introduction

Plasma is the forth state of matter, which is characterized by a high intrinsic temperature.
Interaction of this substance with matter leads to serious consequences both for the matter and
the plasma. Many effects of plasma-surface interactions are used for practical purposes, and
this brief review gives some examples. We will concentrate on applications of low
temperature plasma, which is characterized by the electron temperature below 10° K.

Various types of discharges are used in technological processes: arc, magnetron, glow,
spark, barrier, corona, RF, jets, and high frequency microwave discharge.

Plasma particles (electrons, ions, atoms, and molecules) as well as light radiation by
plasma interact with solid surface leading to many effects. Among them are: sputtering of
atoms of the material, desorption of the adsorbate, activated chemical reactions on the surface
emission of electrons, implantation of ions an atoms, radiation of light, transformations of the
material structure, chemical reactions, melting, re-deposition of sputtered atoms, charging of

the material. Below we consider examples of these effects used in industry.

Charging.

Charging of material due to plasma surface interactions is commonly observed if the
material is insulated or if the conductivity of the material is low. Charging can arise due to
income of ions or electrons and due to electron emission under impact of particles and light
from plasma. Corona discharge at atmospheric pressure is mainly used for charging in
technological processes. Corona appears between “sharp” and “flat” electrodes at relatively
high voltage applied.

A classic example of using this effect is photocopying where a cylindrical drum with
photoconducting coating is charged by a negative corona wire as the first step of the
photocopying process. Another example is collection of dust in chemical, metallurgical, and
electro and heat producing plants, which are environmentally unfriendly. The dust containing
exhaust is directed through plasma created by corona where dust particles become negatively

charged and attract to positively charged electrodes being collected in this way.
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Sputtering

Sputtering of plasma facing materials takes place due to ion bombardment, which leads to
emission of mainly neutral atoms due to kinetic collisions (so called physical sputtering). A
particular case of sputtering is chemical or reactive sputtering that involves chemical reactions
between plasma particles and solid. A sufficient energy above the sputtering threshold is
necessary for physical sputtering, which is of the order of tens to hundreds eV.

Sputtering is used to remove thin surface layers and etching of the surface. Typical
examples can be found in the semiconductor industry where sputtering is used for plasma
ashing to remove the photo resist layer from a wafer after etching, for the stress relief etching
of wafers after cutting and grinding process, for recess etching in through-silicon-via
technology where chips are vertically stacked together to produce 3-D integrated circuits, for
chip decapsulation for quality control and fault analysis, and others. In these applications
various reactive plasmas and ion sources are used to minimize damage of delicate parts of
treated objects.

Sputtering is used also to remove thin layers of metals before deposition of coatings. This
is necessary sometimes to remove a layer damaged during previous steps of the technological
chain or to increase the roughness of the surface for better adhesion, etc.

Sputtering is used also in many surface diagnostic devices. Sputtering leads to emission of
particles, which can be detected by various means giving information on surface composition.
Typical example is secondary ion mass spectrometry where plasma ion source is used for
sputtering of analyzed samples and secondary ions are analyzed by a mass spectrometer.
Another example is sputtering by glow discharge or spark with subsequent optical analyses of
exited states of emitted particles.

The most common example of sputtering application is sputter deposition. Atoms
sputtered from a target material are deposited on a substrate creating various functional
coatings. The “working horse” for sputter deposition in industry is the magnetron discharge,
which is characterized by high rate of deposition, well controlled process and film
characteristics, and good cost efficiency. The latter is very important for industrial
applications. The simplest magnetron is formed by a flat cathode with a ring magnet beneath.
Electrons move along long trajectory in strong and strongly non-uniform magnetic field
leading to high efficiency of ionization. Various types of magnetron discharge schemes have
been developed. These are balanced, unbalanced, dual, inversed, hollow electrode, profiled
electrode, cylindrical, back-to-back and other magnetron schemes. Magnetrons are usually fed

by DC or RF AC voltage. Last years, high current and high power impulse magnetrons have
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been developed, which give unique opportunities for deposition. Various materials including
pure metals, metal alloys, steels, chemical compositions of metals (like nitrides, carbides,
oxides, borides, etc), carbon based structures, and ceramics can be deposited. Magnetron
sputter deposition is widely used to improve wear resistance of cutting tools and machine
parts, to decrease corrosion in building industry, automobile industry, aviation, medicine, etc,
to create decorative and functional optic coatings for many applications, to deposit thin layers
in semiconductor industry, to create permeation barrier coatings for food packaging and other
applications, etc. Industrial magnetrons are different in shapes and dimensions, which vary
from several centimeters to several meters. Largest magnetron systems are used for deposition
of functional and decorative coatings on building glasses with the surface of about 20m’, and
lines for deposition of such coatings are 150-200 m long.

Besides magnetrons, other discharges are used for sputter deposition. Arc discharge is one
of them. Arc is a high power, high current, low voltage discharge. Advantages of arc-PVD
are: high level of ionization (30-100%), high velocity of ions (10 km/s), very high rate of
deposition (102-107 wsec). Disadvantages of arc-PVD are: high temperature of the substrate
and large amount of macro-particles or droplets on the substrate surface. To remove droplets
the filtered arc is used, where droplets and neutral particles are magnetically separated. This

inevitably reduces the deposition rate.

Decomposition and desorption

Plasma particles and radiation can lead to decomposition and desorption of the adsorbate
and thin layers on the surface. This effect can be due to either direct excitation of adsorbed
molecules by plasma particles and light or heating of the surface by intensive plasma flux on
the surface. Practically any plasma can be used for this purpose both in vacuum and at
atmospheric pressure.

This effect leads to cleaning and activation of the surface and it is widely used as a
preliminary technological step that leads to better adhesion of subsequently deposited layers.
Cleaning is the obligatory step before deposition of any coatings. This effect can lead to
decomposition and removal of thin polymer layers deposited on the surface. For example, in
the semiconductor industry, activation and cleaning by plasma are used for wafer cleaning
and organic contamination removal, for better bonding of thin films to silicon wafers (for
example metal oxide removal for metal-metal bonding), enhanced wetability for improving
liquid flow over wafer surfaces, photo resist etching by production of volatile molecules or

production of radicals ready to subsequent chemical reactions, etc. Sterilization by corona and
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barrier discharge is widely used in medicine and for disinfection and cleaning water. Increase
of wetability by plasma provides a surface that is more receptive to inks, coatings, or
adhesives. This is used before deposition of various layers for various purposes, e.g. before
painting of automobile and aircraft parts, for pretreatment of rolled polymer films before

metallization, etc.

Melting

If the energy flux coming to a surface from plasma is very high, the surface melts.
Melting happens sometimes in magnetron discharges due to micro arcs, and this is an
example of the negative effect as the melted drops are deposited on the substrate worsening
films characteristics. At the same time, plasma melting has many useful applications.

Typical instrument for melting is the electric arc at atmospheric pressure. The arc is used
for mass production of high quality steels and alloys in large electric arc furnaces.

Arc discharge is also used to generate the plasma torch, which is a discharge between two
coaxial cylindrical electrodes and the gas blown through the nozzle at atmospheric pressure.
Melting in the plasma torch has many applications. It is used for high quality cutting and
welding of metals, particularly in production of hulls of ships. It is used for powder deposition
of metals and ceramics for production of protective coatings and repairmen of metal parts of
machines. In this process, a powder of powder suspension is introduced in the torch chamber
leading to melting (or increasing of the temperature) of powder particles, which get a high
speed in the plasma jet and reliably stick to the substrate.

Rather new application of plasma melting is waste processing by using large high power
plasma torches. Any wastes can be utilized: toxic compounds brake down to elemental
constituents, organic materials gasify or melt, inorganic materials melt and immobilized in a
rock-like vitrified mass. Examples of utilized wastes are: heavy metals, radioactive wastes,
industrial sludge, municipal solid waste, liquid/solid organic wastes, asbestos, chemical
wastes, medical wastes, microbiological agents, plastics, used tires, petroleum residues,
solvents, pesticides, etc. This process is used for plasma vitrification for hazardous

(radioactive e.g.) waste disposal by producing glass ingots immobilizing heavy metals.

Implantation

Plasma ions and neutral atoms have rather high energy and easily penetrate through the

plasma-facing surface being implanted within the near surface layers and deeper in the bulk.
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They can also diffuse deeper in the bulk leading thus to modification of the material both near
the surface and in the bulk. This effect is often used for giving the metal new properties.

For a long time ion guns have been used for implantation of dopants in semiconductor
industry. Ion implantation is often used in sputter deposition techniques by biasing the sample
to extract plasma ions, which change the structure of deposited films making it dense.
Recently, a technique of plasma immersion ion implantation has been developed. A sample is
immersed in RF plasma, and high voltage is applied to the sample, which accelerates plasma
ions to the sample. The bias is applied in the pulse mode to restore plasma neutrality between
the pulses.

An example of implantation of hot atoms and ions is plasma nitriding. Hot nitrogen atoms
and fast nitrogen ions penetrate into metal and create a very high concentration of nitrogen
leading to formation of nitride layer, which is very hard, wear resistant, and corrosion
resistant. This technology has been developed to substitute traditional technologies of
nitriding in gas and molten salts. It is now effectively used in production automobiles,

aircrafts, hydraulic, oil and gas, machining tools, weapon, and many others.

Light emission

Light emission under plasma impact takes place due to excitation of atoms on the plasma-
facing surface with subsequent relaxation of atoms with emission of light. Depending on the
excitation energy brought by plasma and emitting atoms, one can obtain emission in UV to X-
ray range.

Typical example of usage of light emission effect is the fluorescent lamp. Rare gas
plasma with mercury vapors radiates UV, which excites atoms of luminophor on the wall of
plasma containing tube, which in turn emits lights. Plasma displays work similarly: the
discharge takes place in small cells, which radiate either red or yellow or green light

depending on type of luminophor; and three cells are combined in a pixel.

Conclusion

All processes of plasma surface interactions we know are used for technological
applications. The field of possible application of this knowledge is very broad, and activity in

the field of industrial technologies based on plasma-surface interactions is very intensive.
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LOW-ENERGY INTERACTION OF METAL CLUSTER IONS WITH SURFACES
M. Hanif and V.N. Popok
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Ion-beam treatment of materials is one of the widely applied methods for a number of
research and industrial purposes. Along with traditional monatomic species, atomic or
molecular clusters (aggregates of atoms or molecules) have attracted significant attention
during the last two decades [1-3]. One of advantages of cluster beam technique is in
possibility to control cluster sizes from a few up to many thousands of constituents. This
paves a way for investigation of fundamental physical aspects of the transition from the
atomic scale to bulk material [4]. On the other hand, finite size effects in supported
(deposited) clusters, which are often called nanoparticles (NP), lead to specific properties
providing a significant impact over a range of fields such as electronics and optics, biology
and medicine, catalysis and other nanotechnology-related branches [1, 5-8]. Increase of
cluster kinetic energy provides a possibility to apply this technique for shallow doping,
sputtering and polishing [2, 3, 8, 9]. In the recent years, clusters of inert gases and fullerenes
have become a powerful tool in secondary ion mass spectrometry [10].

In this paper, however, we would like to focus on the low-energy deposition of metal
clusters, so-called soft landing. In this regime, the kinetic energy per cluster atom or molecule
should be much below the binding (cohesive) energy of the cluster constituents. The soft
landing does not lead to cluster fragmentation, i.e. the cluster preserves its composition.
However, the shape can be slightly distorted compared to that in the gas phase due to the
physisorption and formation of van der Waals bonds with surface atoms (see schematic
picture in Fig. 1). Study of soft landed clusters is driven by the efforts to utilise the above-
mentioned unique properties of supported metal NPs for applications. A number of studies
were carried out and it was shown that surface diffusion of clusters must be considered [11].
Since the activation barrier strongly depends on the cluster-surface bonding, cluster mobility
is favored on weakly interacting materials, such as graphite or amorphous carbon. If the
lattice mismatch between the cluster and the substrate is significant, vibrational coupling
between these can overcome the small energy barrier of the surface potential, thus, leading to
Brownian-like motion of the cluster [12]. Particles moving on the surface can meet and
interact yielding two main possible scenarios: coalescence and agglomeration. Coalescence

leads to merging of two (or more) clusters and the formation of a single larger particle with

47



potentially different shape. This is preferable regime for small clusters. In the case of metal
clusters consisting of hundreds or thousands of atoms the tendency is to agglomerate and form
islands [12, 13]. Clusters are also tended to be immobilized at natural defect on the surfaces.

One of the very well-known phenomena is collection of NPs at step edges of graphite [14].

Fig. 1. Schematic picture of cluster deposition.

Despite of a significant number of publications on cluster soft-landing many fundamental
physical questions still have to be answered. In the current work we study soft-landing of
size-selected silver clusters on a few different substrates to resolve some issues related to
surface arrangement of clusters which are of practical importance for a number of
applications.

In the experiments, magnetron sputtering cluster apparatus (MaSCA) shown in Fig. 2 is
used. The setup consists of several vacuum chambers. For cluster production a commercial
source, NC200U from Oxford Applied Research, is connected to the source chamber. In the
source, target material is sputtered into an aggregation region where clusters are formed and
then expanded into the source chamber. More details about the process of magnetron
sputtering can be found elsewhere [15]. Thereafter, the clusters are collimated into a beam by
a skimmer. After the skimmer, the cluster beam enters the ion optics. By Einzel lens and two
pairs of deflectors the beam parameters are adjusted to enter the electrostatic quadrupole mass
selector (EQMS) where clusters are size selected. EQMS consists of four equally distance
hyperbolic electrodes surrounded by a grounded shield. These electrodes are divided into two
pairs which can be biased (Ugp) with opposite polarity, thus, bending the beam of charged
clusters of desire masses for 90° into the deposition chamber. For details of the procedure see
[15]. To measure intensity of the beam, Faraday cups are used. All chambers are evacuated by
turbomolecular pumps (from 230 to 1250 I/s) backed by rotary vane pumps. Using differential

pumping a background pressure of 1.0x10” mbar is reached in the deposition chamber.
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Fig. 2. Schematic drawing of MaSCA.

A silver target of 99.99% purity (from Goodfellow Ltd) is used for cluster production.
Size-selected Ag, clusters are deposited on clean Si(100), highly ordered pyrolytic graphite
(HOPG), quartz and quartz spin-coated by 50 nm thick films of polymethylmethacrilate
(PMMA) at room temperature. Deposition time is typically varied between 15-30 min to get
considerable surface coverage. Cluster kinetic energy is kept in so-called thermal regime
providing good conditions for soft-landing from the gas phase where the clusters are assumed
to be close to spherical shape. Supported NPs are studied by atomic force microscopy (AFM)
in tapping mode using Ntegra Aura nanolaboratory from NT-MDT. Samples with clusters
deposited on quartz and PMMA/quartz substrates are also investigated by optical
transmittance spectroscopy using Perkin Elmer High Performance Lambda 1050 spectrometer
in the interval of wavelengths A = 300-750 nm.

The clusters inside the source are formed in different sizes from a few up to many
thousands of atoms; significant fraction of clusters is ionized. The cluster sizes can be tuned
by varying the discharge power, flows of sputtering (Ar) and aggregation (He) gases as well
as aggregation length in the source. The size (mass) selection is defined by the geometry of
EQMS and to the large extent by voltages applied to the electrodes. Relatively low voltages
allow selection of smaller in size (light mass) clusters while with the voltage increase larger
(heavier) particles can be selected. Size of the particles is estimated from AFM measurements.
Earlier experiments [15] showed that shape of the deposited metal clusters is only slightly
deviate from the spherical; the particles became a bit flattened on Si. Thus, the measured
height is assumed to be almost equal to NP diameter. In the series of depositions the

following EQMS voltages Ugp = £100, £300, £500, £900, £1400, and #2000 V are applied.
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Fig. 3. AFM image of silver clusters on silicon deposited at Ugp = +300 V and histogram of
height distribution.
The AFM study shows that the clusters are located on the surface randomly and they do not
agglomerate even for coverages close to a monolayer of clusters. This indicates low diffusion
mobility of silver clusters on Si at room temperature. An example of AFM image and
corresponding height histogram for Upp = 300 V are shown in Fig. 3. Mean heights and

standard deviations for silver clusters deposited in this series of experiments are presented in

Fig. 4. The fit curve demonstrates proportionality of cluster size to which is expected
from the theory behind mass selection in EQMS (see for details [15]).

AFM image of clusters deposited on HOPG surface is shown in Fig. 5. Comparison of
mean cluster height on HOPG, which is found to be 12.7+1.7 nm, with that on Si, 12.8+1.5
nm, for the same Upp shows very good agreement. This allows concluding that the clusters

are soft landed on HOPG without significant shape corrugation. However, one can clearly see
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Fig. 4. Mean cluster heights (with standard ~ Fig. 5. AFM image of silver clusters deposited
deviations) for different voltages at EQMS. on HOPG at Ugpp = £300 V.
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Fig. 6. Normalized optical absorption spectra for bare quartz and quartz coated by PMMA
with deposited size-selected (at Ugp = #300 V) silver clusters.

from the AFM image a tendency for clusters to collect at surface defects especially at the
steps that is indicated by rows of clusters. In the case of deposition on quartz substrates at Ugp
= +300 V mean cluster height is measured to be 12.0+1.9 nm which can be an indication that
the clusters are more flattened on quartz compared to Si or HOPG but this issue requires
further investigation. The surface location of NPs is random similar to the case of silicon. For
the clusters deposited on PMMA mean height is found to be very similar to the case of quartz.
The clusters are randomly spread and not making any agglomerates.

The samples with clusters deposited on bare quartz and quartz coated by PMMA (i.e.
transparent in visible interval substrates) are also studied using optical spectroscopy. The
spectra are shown in Fig. 6. Presence of an absorption band at wavelength 4 = 400 nm, which
is related to localized surface plasmon resonance (LSPR) on silver NPs [16], can be seen. The
other less pronounced band at around 500 nm is most probably related to LSPR of interacting
NPs similar to the case described in [17]. Intensity of this band is found to be strongly
dependent on cluster surface coverage. With coverage decrease, i.e. increase of interparticle
distance, the band has tendency to disappear, thus, supporting our suggestion on the band
nature.

Good size selection and possibility to control cluster coverage by tuning the deposition
time make the cluster beam technique very attractive towards practical applications. One of
the directions can be formation of cluster-based plasmonic systems which are used as optical
transducers for biosensors. This possibility has been recently demonstrated for protein

detection [18].
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High resolution surface patterning with the Helium Ion Microscope
G.Hlawacek*
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In the past years Helium Ion Microscopy (HIM) [1] has become a mature imaging and
nano-modification technique. The method is best known for its high resolution imaging capa-
bilities. In addition it provides excellent charge compensation capabilities and a high surface
sensitivity [2]. With the introduction of Ne as an working gas for the used Gas Field Ion
Source (GFIS) also fast and high resolution nanomachining has become possible. In the fol-
lowing I would like to give a brief introduction of the technique. Subsequently, I will present

examples of materials modification with a highly focused Helium or Neon beam.

Introduction

HIM utilize a GFIS source to create a subnanometer beam of He or Ne ions. Field ionization
of the imaging gas occurs at the apex of a metal tip. Using field evaporation this tip can be
shaped in a way that only three atoms can be found at the tip apex (see fig. 1). For high reso-
lution imaging the ion current originating from on of the three apex atoms is used to scan the
sample surface in a way similar to a scanning electron microscope or focused ion beam.

Thanks to the unique properties of the beam, a spot size of 0.4 nm can be realized on the sam-

+35 keV

He'c i
Figure 1: Sketch of the gas field ion source (left) and a scanning field ion micro-
scope image of the actual trimer (right) used for the beam formation. Each blob cor-
responds to a single tungsten atom at the apex of the emitter. The brightest of the
three central atoms (trimer) is selected by means of an aperture in the optical
column for beam formation.
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Figure 2: Comparison of different charged particle beam profiles. The interaction volume

relevant for secondary electron generation is minimal for the case of a 30 keV He beam.
ple surface. For the case of He, the small cross section for nuclear scattering leads to a
minimal beam broadening within the first few nanometers (see fig. 2). The secondary elec-
trons generated within this region are therefore originating from a very small volume with a
diameter on the order of 1 nm and a depth of less than 3 nm. Consequently a very high lateral
resolution (0.4 nm) can be achieved.
In the Helium ion Microscope charge compensation is very effectively performed using an
electron flood gun. Energy, fluence and timing parameters with respect to the primary ion
beam can be optimized to achieve high resolution images of insulating inorganic and organic
samples. A preceding preparation step to coat the sample with a conductive material such as
gold, carbon or chromium can be omitted. Consequently, smallest features can be resolved as
they will not be obscured by the conductive coating otherwise needed. In fig. 3 and fig. 4 ex-
amples for successful charge compensation are shown. A high resolution image of a diatomen
is presented in fig. 3. A low magnification image is presented as an inset in fig. 3. A low mag-
nification image of a ZnO aerogel is presented in fig. 4. Both samples have no additional con-
ductive coating and represent complicated three dimensional structures. Such structures are
difficult to coat and due their open structure present an additional challenge for charge
compensation. Please note the remarkable depth of focus (DOF) in the HIM images. As a
consequence of the small beam opening angle (~0.8mrad) the DOF is usually larger than the
FOV in HIM.
Using Neon one can easily mill structures with size's of only a few nanometers. Please note
that compared to a classical Ga Liquid Metal Ion Source (LMIS) Focused Ion Beam (FIB),

the cut quality is better and no metal implantation occurs during the final steps of e.g. cross
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Figure 3: Detail of an uncoated Diatomen. Figure 4: ZnO Aerogel. The image is aquired
The charge compensation available in the using charge compensation. Please note the
HIM allows to image the sample without any large DOF in the image. (Sample courtesy of
additional coating applied. The inset presents C. Ziegler, Physical Chemistry, TU Dresden,
a low magnification overview of the structure. Germany)

(Sample courtesy of A. Jantschke, Bioanalyti-

cal Chemistry, TU Dresden, Germany)

section polishing (see fig. 4). The first observation is related to the much smaller wings of the
beam cross sectional profile for a GFIS source. The second is a big benefit for TEM or cross
section preparation as it will allow for further quantitative materials composition analysis
without the negative effects of a Ga staining.

In many cases materials modification can already occur at very small fluences. I will present
first results of a study in which we use the nanometer sized beam of the the HIM to structure
ferromagnetic stripes in an otherwise paramagnetic substrate of FegAlsy. The necessary Neon
fluences are only a few 10™ cm™ In fact these fluences are below or comparable to fluences
necessary to obtain a high magnification image of good quality. While no damage can be
detected using He as an imaging gas or a SEM, Kerr Microscopy reveals the created magnetic
pattern. Please take into consideration that the material has been specifically chosen to be
sensitive to a very low density of point defects. From a microscopy point of view He fluences
up to a few 1x10' cm™ are considered save for nearly all materials [3].

On the other end of the applicable fluence range are results of noble gas implantation (He) at
fluences as high 10* m™ into different materials. We used a variety of materials relevant for
nuclear applications and implanted He at different fluences and temperatures. These experi-
ments allow to in-situ follow the formation of nano-bubbles, surface blisters and subsequent

nanostructure formation (see fig. 6). From the morphology of the formed micro-blister one
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200 nm

Figure 5: HIM image of Ga FIB and Ne HIM cross sections. The right part of the cut has
been repolished with Ne in the HIM. The topmost carbon layer is clearly visible in the Ne
polished part. (right) Detail of the Ne polished part revealing the interface between the first
and second layer of the sample.

can deduce information on the properties of the nano- and micro-bubbles responsible for the
formation of the surface structure. In fig. 5 results of such experiments performed on pure
metals are presented. In the left panel an overview of the energy depended morphology
formed in Au(111) is presented. At 15 keV no blister is formed and only a rough surface due
nano-bubble cracking is visible. Increasing the helium energy to 25 keV and 35 keV results in
the formation of a blister. With increasing energy the blisters form at higher fluences and
reach a larger volume before cracking open. This is related to the depth of He implantation
and bubble formation. The so formed blister can be analyzed in various ways. In particular we
estimated the pressure inside the nano- and micro-bubbles formed in single crystalline gold to
be on the order of a few GPa and several hundred MPa, respectively[4]. The morphology and
size of the blisters and the surface structures formed in a later stage depend on materials
properties and are in sensitive to temperature changes. In the right panel of fig. 5 the final
morphology of an Iron blister is presented after the implantation of 5x10? cm™ He atoms at
525 K. The temperature enhanced diffusion results in the formation of rectangular nanopores.
As is evident from the presented HIM image the shape and orientation of these pores is

controlled by the crystallographic orientation of the surrounding material.
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Figure 6: (left) Morphologies formed in single crystalline Gold dfter irradiation with He at
different energies and fluences. The dark bands in particularly visible in the case of 35 keV
and 7.8x10" cm? are a result of channeling through the blister[5]—[7]. The implantation has
been performed at room temperature. (right) Surface structure of He micro blister formed at
525 K using a helium fluence of 5x10°m?.
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Low energy ion irradiation of semiconductor surfaces induces the formation of periodic
surface patterns under particular conditions. These nanostructured surfaces exhibit periodici-
ties in the range of a few tens to hundreds of nanometers and are promising templates for
producing nanostructured thin films [1]. During ion irradiation the surfaces are driven out of
equilibrium by continuous creation of displacements in the sub-surface region. At room tem-
perature (RT) the accumulation of created displacements leads to amorphization of the irradi-
ated semiconductor surfaces. Under these conditions periodic ripple patterns with wave vec-
tor parallel to the ion beam direction are observed frequently for ion irradiation at incidence
angles between 50° and 70° to the surface normal [2]. At normal incidence dot or hole pat-
terns with hexagonal symmetry are observed for specific semiconductors, i.e. GaSb [3], InSb,
GaP, or for special irradiation conditions, e.g. Ga* or Bis" irradiation of Ge [4, 5].

In Fig. 1 different patterns on ion irradiated Ge (001) surfaces are shown. Although the
Ge (001) surface is thermodynamically stable at all temperature used in the experiments, ion
irradiation induces a surface instability which is counterbalanced by surface smoothing via
different relaxation mechanisms, e.g. surface diffusion, ion enhanced surface diffusion, sur-

face viscous flow, etc. As a result a wavelength selection in the surface roughness manifests

itself as a periodic surface pattern. For off-normal angle of incidence ripple patterns are

Fig. 1 AFM images of Ge surface after ion irradiation with different ion species and irradiation
conditions: a) 500 eV Ar" at 67° incidence from the surface normal and RT, b) 5 keV Ga" at
normal incidence and RT, c) 20 keV Bi* at normal incidence and 300°C, d) 1 keV Ar" at nor-
mal incidence and 280°C.
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formed (Fig. 1a)), whereas at normal incidence hexagonally arranged holes (Fig. 2b)),
mounds (Fig. 2c)) or checkerboard patterns of holes and mounds (Fig. 1d) may appear. The
details of the patterns and their evolution with ion fluence are determined by the mass and
energy of the ions, the ion flux and fluence, as well as the sample temperature.

At higher temperatures than RT, however, point defects created by the displacements in
the ion collision cascade can diffuse longer distances, thus, vacancies and interstitial recom-
bine or diffuse to the surface more effectively. Eventually, at temperatures higher than the
recrystallization temperature, defects in the sub-surface region are annealed or diffuse to the
surface before a second ion creates new defects in the same area and the surface remains
crystalline. However, the average density of surface vacancies and ad-atoms is much higher
than the corresponding densities in thermal equilibrium resulting in a much higher entropy. In
this regime, ion irradiation creates an excess of vacancies on the crystalline surface due to
sputtering. Thus, the surfaces morphology is determined primarily by vacancy kinetics alt-
hough the kinetics of ad-atoms also play an important role.

In this contribution we present investigations of the evolution of Ge surfaces with dif-
ferent surface orientation irradiated at temperatures above the recrystallization temperature.
The irradiations were done with 1 keV Ar" ions at normal incidence at temperatures above
250°C which has been established to be the temperature at which the Ge surface remains
crystalline even after prolonged irradiation. The samples were cut from epi-ready Ge wafers
with (001) and (111) surface orientation. Irradiations were performed in a UHV chamber with
a base pressure in the range of 10® mbar with a beam from a Kaufman ion source. During
irradiation the chamber is flooded with Ar up to a pressure of 3x10™ mbar. The flux was
1.7x10" cms™ and the applied fluence was in the range of 10*” — 10*° cm™.

In Fig. 2 atomic force microscope (AFM) images of the Ge (001) and Ge (111) surface
after irradiation at 320°C are shown. On Ge (001) a checkerboard pattern oriented in the
<100> direction is visible with a periodicity of 2~50 nm. On the other hand, on Ge (111) pat-
terns with a three fold symmetry evolve with a periodicity of 150 nm.

Fig. 2 Atomic force microscopy images of ion induced patterns on cr-ystalline Ge (001)
(left) and Ge(111) (right) surface.
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The formation of these patterns on crystalline surfaces can be understood in analogy to
the formation of 3D structures in homoepitaxy. In molecular beam epitaxy (MBE) the contin-
uous deposition of atoms can lead to growth of self-organized 3D nanostructures [5]. One of
the possible surface instability, which is responsible for the formation of islands or mounds is
caused by the Ehrlich-Schwoebel (ES) barrier, i.e. an additional diffusion barrier for ad-
atoms to cross terrace steps. Due to this effect the arriving atoms are trapped on a terraces and
can again nucleate to form new terraces.

The same mechanism is also active on ion irradiated surfaces when the temperatures is
above the recrystallization temperature. In this case bulk defects are dynamically annealed
and amorphization is prevented. Now, ion sputtering is creating vacancies on the crystalline
surface and the surfaces morphology is determined by vacancy kinetics. The diffusion of va-
cancies is also biased by the ES barrier like the diffusion of ad-atoms. Consequently, the 3D
growth turns into 3D erosion. The resulting structures are inverse pyramids which are grow-
ing into the surface. The symmetry of these patterns is given by the crystal symmetry. In Fig.
3 zooms of AFM images and the 2D slope distributions of the surface patterns on Ge (001)
and Ge (111) are shown, respectively. The detailed facet analysis of the patterns by the 2D
slope distribution reveals that on Ge (001) {105} facets with a polar angle of 11° exhibiting a
four-fold symmetry are formed, whereas on Ge (111) {356} facets with a polar angle of 15°
are formed with a three-fold symmetry. These facets are not know to be thermodynamically
stable facets in growth conditions. The {105} facets have only been observed in heteroepi-
taxy, where they are stabilize by strain due to the lattice mismatch. In the case of ion erosion
no strain is expected [8]. Hence, it can be concluded that these are non-equilibrium facets
which are determined by the kinetics of vacancies induce by ion irradiation.

For the description of the pattern formation and evolution in reverse epitaxy a continuum

equation can be used which combines the effects of ion irradiation and effective diffusion

a) Ge (001) b) Ge(11 1}
- 2D slope distr. 2D slope distr.

'y

- SN

Fig. 3 Zoom ins of AFM images of patterns on a) Ge (001) and b) Ge (111) together with 2D
slope distributions of larger areas of the corresponding patterns.
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Fig. 4 Results of the numerical integration of a continuum equation for reverse epitaxy in-
duced by ion irradiation for a) Ge (001) and b) Ge(111).

currents due to the ES barrier on the crystalline surface. For normal incidence irradiation it is
know that smoothing mechanisms dominate thus we can omit an instability term induced by
the curvature dependent sputtering or ion induced mass redistribution [9]. By choosing the
adequate ES barrier induced surface currents and including also a conserved Kardar-Parisi-
Zhang term a remarkable qualitative agreement to the experiments is achieved for both sur-
face orientations. Ge (001) and Ge (111), respectively (see Fig. 4) [7].
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Swift heavy ions with energies in the MeV to GeV range induce sputtering mainly by
inelastic effects and not by elastic collision cascades. Electronic sputtering shows a strong
dependence on material properties which is also known from damage processes occurring in
bulk materials when the enormous local energy deposition leads to the formation of severe
damage along the ion trajectories. Such tracks consist of narrow, extended cylindrical zones
with a high concentration of defects or even complete amorphization. The track diameter is
typically 5-20 nm while their length depends on the ion energy and may range hundreds of
um for GeV ions. To date there exists a large data set for ion-track characterizations in a large
number of different materials. Given by the short time scale and nanometer size, many details
of the track formation are not well understood. However, model calculations based on a two-
temperature inelastic thermal spike model have shown quite good agreement with a variety of
track phenomena.

In contrast, electronic surface sputtering is much less intensively investigated and
experimental data are still rather limited. Part of the problem is due to the difficulty to
measure absolute sputtering yields and angular distributions, requiring different techniques
than for nuclear sputtering or for the damage analysis of bulk material.

This contribution presents an overview of observed electronic sputtering phenomena
revealing several peculiar signatures which differ considerably from elastic sputtering in the
nuclear stopping regime. A prominent characteristic is the strong dependence on the metallic
or insulating character of the target. Sputtering yields of insulators can be by several orders of
magnitude larger than yields of metallic targets. The structure of the target has a strong
influence on electronic sputtering, e.g., the yield of an amorphous material is larger than that
of a crystal. Moreover, the sputtering yield strongly depends on the energy, energy loss, and
charge state of the projectile. Electronic sputtering occurs above a material dependent energy
loss threshold, and there is strong evidence that for a given material the sputtering threshold is

in general larger than the critical energy loss required for track formation.
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Most measurements of the total number of sputtered particles (including ions and neutrals)
and their angular distribution were performed by using the catcher technique in combination
with elastic recoil detection analysis (ERDA) (Fig. 1). For various ionic crystals such as LiF
and CaF, as target material, the sputtering yields vary by more than four orders of magnitude
and show an unexpected angular distribution namely a sharp jet-like component, which is
symmetric around the surface normal and superimposed on a cosine distribution (Fig. 2) [1,2].
Transmission electron microscopy (TEM) investigations suggests that the jet-like component
is correlated with the ejection of nanocrystals of similar size (up to 10 nm), whereas outside
the jet-like component, the size distribution of the particles is broad. Supported by thermal
spike calculations, it seems that the projectiles create hot zones of molten or even vaporized

material which are responsible for the correlated ejection of the large number of surface

atoms.

L or F differential Yield (sr'%)

-80 -40 0 40 80
ion beam - angle 8

Figurel: The catcher technique uses a target holder with an arc-shaped catcher mounted
perpendicular to the incident ion beam(left). After the sputtering experiment, the catcher foil
is dismounted and analyzed by means of ERDA (center) yielding differential sputtering yields
as a function of the azimuthal angle 6. The angular distribution (right) of Li (full red symbols)
and F (open blue symbols) sputtered from the (100) surface of a single LiF crystal irradiated
with 210-MeV Au ions (under 20° beam incidence with respect to the surface normal) shows
stoichiometric sputtering and a broad cosine-shaped distribution (bold green line)
superimposed by a jet-like component (dashed lines).
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Self-organization of nanopatterns on solid surfaces by ion irradiation is a well-established
technique to create regular and ordered structures like ripples or dots [1-3]. Characteristics of
patterns can be controlled selecting different ion species as well as by varying their energy,
fluence, incidence angle or the sample temperature during irradiation. To date, mostly
monatomic ions with masses between 40 (Ar) and 131 amu (Xe) were used for self-organized

nanopatterning or contrary for surface smoothing. A comprehensive review is given, for
example in [4].
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Fig. 1. Mass spectra obtained in the CANION 31Mplus ion column at 30 kV acceleration
voltage. The voltage applied to the Wien filter was 25 V. (a) Pure Bi LMIS and (b)
GaBi LMAIS.

Here, self-organization of periodic patterns by bombardment with polyatomic/cluster ion
species with masses of up to ~835 amu is studied — a regime not explored so far. Each impact
of a very heavy polyatomic projectile deposits within femtoseconds an extremely high energy
density into a local, near-surface volume. The achieved energy density exceeds that of
irradiation with monatomic ions of medium mass considerably, it is of the order of
femtosecond laser irradiation or swift heavy ion bombardment. Therefore, compared to
former ion-induced pattern formation, different pattern based on different mechanisms can be
expected.
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A new quality of pattern on Ge [5], Si [6] and GaAs [7] surfaces are obtained by Biy, Bis,
Bis and Auy, Aug ion irradiation. Polyatomic ions are provided by liquid metal (alloy) ion
sources (LM(A)IS) in a mass-separating 30 kV focused ion beam (FIB) system, demonstrated
in Fig. 1. Results are compared to monatomic Bi and Au ion irradiation using otherwise
equivalent irradiation parameters. For this, SEM and AFM were applied to investigate the
pattern formation in dependence on ion species, energy per projectile atom, fluence, incidence
angle and target temperature. Finally, a consistent, qualitative model for the surface evolution
relating on energy density deposition sufficient for localized, transient nano melt pool
formation is discussed.

Irradiations were performed in a CANION 31Mplus FIB column (Orsay Physics)
operating with Bi, BiGa or AuSi LM(A)IS [8, 9]. lon species were selected using an
integrated Wien filter with a high mass resolution of m/Am =~ 35. Using the maximum
acceleration voltage ion energies of 30 and 60 keV for single and double charged ions were
realized, which corresponds to 7.5 — 30 keV per projectile for clusters sizes from 4 to 1.
Fluences ranged up to 10" cm. lon incidence was varied between normal (0°) and gracing
incidence (85°). For normal ion incidence the substrate temperature was additionally varied
from RT to 600 °C.

(a)] Bi, (20 keV/at) |(b)] Bi, (15 keV/at) |(c)] Bi, (10 keV/at) |(d)] Bi, (7.5 keV/at)

Fig 2. SEM images of Ge surfaces after irradiation at RT with 10" cm™ polyatomic Bi ions
(a)-(d) and monatomic Bi ions (e)-(h).

Monatomic high fluence irradiation of Ge with heavy ions results in the formation of

porous surface structures due to point defect related mechanisms [10]. For polyatomic ion
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irradiation und normal incidence regular, hexagonal dot patterns with an inter-dot distance of
40 to 60 nm and a dot diameter of 30 to 50 nm have been observed. Moreover, the aspect ratio
obtained by AFM measurements depends on the energy density deposited in Ge. For the Bis
ions (20 keV/at) the highest aspect ratio of nearly one has been observed. Formation of
ordered patterns starts at fluences of 10™° cm, which is one order of magnitude lower than for
comparable patterns evolving under monatomic ion irradiation [2, 3]. To demonstrate the
different behavior more in detail projectiles of the same energy per atom are compared in Fig.
2. For polyatomic ion irradiation with 20 -10 keV/at ordered dot structures were found. For
lower energies due to the low penetration depth surface smoothing dominates. Monatomic
irradiation results in sponge or a disordered surface pattern at decreased energy [11].

The simultaneous impact of several ions in one point causes pattern which differs
dramatically from single ion impacts. According to first analysis, the energy density deposited
per polyatomic ion impact on a fs time scale must exceed a threshold value to form this new
kind of surface pattern. The experimentally found threshold energy deposited per Ge atom

coincides with the energy per Ge atom required for melting (see deposited energies in Fig. 3).

eV/at

00.£7°'F40.Lt1°'f70.E4°'P10.E8°'T50.E1°'_

3 x 20 keV 2x 15 keV 3x10 keV

8-40 48 8-4048-8-404238-8-40 428
x (nm) x (nm) X (nm) x (nm)

-20

Fig. 3. Energy densities of (a)-(d) monatomic and (e)-(h) polyatomic Bi ion impacts into Ge
having the same kinetic energy per projectile atom obtained by 3D TRIM [12]
simulations. Material inside the thick white lines received enough energy or more to
heat Ge up to the melting temperature and to overcome the heat of fusion of a-Ge. The
molten volume is remarkably increasing changing from monatomic to polyatomic ion
impacts. Material marked by the red area received up to three times of the energy
needed for melting.
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Local melting is assumed to occur, if the energy E, which is deposited by an ion into its
collision cascade volume V, exceeds the latent heat of fusion Ly, plus the energy needed to
heat up the material in the collision cascade volume from the substrate temperature T to the
melting temperature Tr, [13]:

E
Np-V Zlym+co (Tn—Ts)

It can be predicted from this equation that local melting also occurs for monatomic heavy
ion irradiation, if the substrate is additionally heated. For examination of this prediction Bi*
irradiation was carried out at increased sample temperatures. As demonstrated in Fig. 4, e.g.
for 30 keV Bi" irradiation of hot Ge: (1) from RT to 320 °C sponge-like structures occurred,
(2) in the range from 360 to 400 °C well-ordered, self-organized dot pattern were obtained,
and (3) at higher temperatures >400 °C surface smoothing was observed. Origin of these
different morphologies is various dominating driving mechanisms for the surface evolution: at
low temperatures vacancy clustering and void formation drives the opening of porous surfaces
structures, at highest temperatures diffusion smoothes the surface. In between there is an ion
energy dependent temperature regime, where local melting and resolidification destabilize the

surface and facilitate the formation of ordered dot patterns [14].
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Fig. 4. Surface pattern after monatomic 30 keV Bi" ion irradiation of hot Ge (F = 10"" cm™).
The substrate temperature increases from 160 over 340 to 500 °C from left to right.
A systematic study of the morphology evolution of the Bi-Ge system in dependence on
ion energy and temperature finally facilitates the transfer of this findings to different ion-
target material combinations, which is demonstrated for the Au-Ge and Bi-Si systems.
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ION INDUCED NANOPATTERNING OF METALS
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Irradiation of surfaces with low energy ions is generally accompanied by ion sputtering and it
leads to changes in the surface topography — i.e. an initially flat surface becomes rough in the
ion erosion process. Although this is considered undesirable for many applications, specific
choice of irradiation conditions can lead to the formation of well-ordered periodic surface
nanopatterns (ripples, mounds, pits..., see figure 1). The length scale of the ion-induced
patterns is typically in the order of few tens of nanometers and can be tuned by changing the
irradiation conditions.

In this talk | focus on a specific group of materials - metals. Their distinct property is the fact
that their crystalline structure remains intact during the ion irradiation. This is typically not
the case for semiconductors and insulators which become amorphized when irradiated with
ions. From the pattern formation point of view the behavior of metals is also very different
than that of amorphous materials. As an illustration, the ripple patterns which form on
amorphous surfaces by oblique ion incidence are typically oriented perpendicularly to the ion
beam while the ripples on metals are more commonly parallel to the ion beam. However,
despite these obvious differences the physical reasons of the specific patterning behavior of
metals are still not well understood.

We performed an extensive phenomenological study of the pattern formation on Ni surfaces
irradiated with a few keV Ar ions. We used Ni thin films prepared by molecular beam epitaxy
(MBE) and by a proper choice of substrate we were able to prepare both single-crystalline
(SC) Ni(001) and polycrystalline (PC) Ni films.

Our experimental results motivated us to revisit the existing theory and investigate in detail
the physical mechanisms which lead to the pattern formation on metals. In the following we

summarize the most important experimental and theoretical results of this work.

The most general observation about the pattern formation on metallic surfaces is the
characteristic dependence of the pattern symmetry on the angle of ion incidence. For low
angles of incidence (below ~50°, measured from the surface normal) an isotropic pattern

forms on the surface (figure 1a shows a mound pattern on a Ni(001) surface). With increasing
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angle of incidence this pattern gradually looses the symmetry and transforms into a ripple
pattern which is parallel to the ion beam (figure 1b shows ripples on a Ni(001) surface). We
investigated the evolution of the pattern (by gradually increasing the ion fluence) and we
found that the pattern periodicity and root mean square (RMS) roughness of the surface
gradually increases throughout the patterning process following a power law. We observed
similar behavior on both SC and PC surfaces.

In agreement with previous investigations we found that the ripples perpendicular to the ion
beam, which are often observed on amorphous surfaces, do not form on metals. This is in
contradiction to the conventional theory (so called Bradley-Harper theory) which generally
predicts the formation of both ripple modes depending on the particular angle of incidence.
Moreover, previous studies showed that the pattern formation on SC metals is strongly
temperature dependent, to an extent which is not compatible with the mentioned theory.
Multiple additional discrepancies convinced us that the existing theory is not capable of
describing the real situation and that we need to search for a different physical mechanism in

order to explain the observed behavior.

i

Flgufe 1 Scannmg tunnelmg mlcrographs of the l&?(OOl) sun‘ace irradiated with an Ar i |on
beam at different conditions. Insets show corresponding computer simulations of the surface
morphology obtained by our numerical model (with the same scale).

In order to understand the mechanism we propose, let us first focus on the SC surface and, in
particular, on the isotropic roughness that forms at low angles of incidence. On the SC
surface, this roughness has a form of mounds (figure 1a). The formation of these mounds is
not directly related to the ion erosion but it is rather a diffusive process. The ion irradiation
leads to the formation of a large number of surface defects which are mobile at room
temperature and can diffuse. So called Ehrlich-Schwoebel barrier prevents diffusing defects
from crossing the descending atomic steps which leads to a net upstream current and causes a
diffusive morphological instability. This instability is well-known from the process of
epitaxial growth where it also leads to the formation of mounds.
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The remaining question is, what mechanism causes the transition from the isotropic
morphology to the ripple pattern when the angle of incidence increases. If a rough surface is
exposed to the oblique ion irradiation, the upstream slopes are exposed to a higher ion flux
than the downstream slopes which introduces non-linear effects to the evolution.
Additionally, the erosion rate also depends on the local angle of incidence and it is thus not
constant on the surface. We show that these non-linear effects can, on their own, fully account
for the angular dependence of the pattern morphology.

In simple words, the ion irradiation leads to the formation of isotropic mounds via the
diffusive ES instability (figure 1a). If the angle of ion incidence is high enough the pattern
becomes “stretched” in the direction parallel to the ion beam via the action of the non-linear
terms. For grazing incidence, the mounds turn into a well-ordered ripple pattern (figure 1b).

In order to confirm this hypothesis we implemented a computer model and performed a large
number of computer simulation of the pattern formation. The simulations confirmed that the
model excellently reproduces the experimental behavior. The results of the corresponding
simulations are presented in insets of figure 1.

So far we only discussed the pattern formation on the SC Ni(001) surface. The single-
crystalline structure is required for the Ehrlich-Schwoebel instability to be active and to lead
to the roughness formation. This instability is thus not active on a polycrystalline Ni surface.
However, we found that a completely different roughening mechanism is active on the
polycrystalline surface: each crystalline grain has a random orientation and some of the grains
are thus aligned with the direction of the ion beam. The ions then pass or “channel” between
the rows of atoms in these grains and cause much less damage. As a results, these “aligned”
grains are eroded slower than the rest and they stick out from the surface.

The same non-linear terms are then responsible for the pattern elongation at oblique angles
and lead to the ripple formation at grazing incidence.

In other words, for both SC and PC surfaces the pattern formation relies on their crystalline
structure (both Ehrlich-Schwoebel instability and the channeling effect are only relevant for
crystalline materials). The shared part of the pattern formation mechanism are the non-linear
effects which lead to the pattern elongation at oblique incidence. However, the roughening
mechanisms are substantially different for SC and PC metals.

An important parameter in the ion-irradiation process is the ion energy but its role in the

pattern formation is not clear. If we analyze the input parameters of our model, we come to a
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conclusion that ion energy should not have a direct influence on the basic pattern properties,
such as wavelength and RMS roughness of the ion induced pattern.

We investigated this dependence for the SC Ni(001) surface and the experimental data
confirmed this prediction and we found that the basic pattern parameters do not depend on the
ion energy. However, by detailed investigation of the morphology we discovered
characteristic changes of the pattern profile and pattern “quality” related to ion energy.
Figures 1b and ¢ show ripple patterns created by grazing incidence ion irradiation with 5 keV
and 1 keV ions respectively. For 5 keV, the ripple pattern is much better ordered and the
ripple profile reveals “convex” crests while for 1 keVV bombardment the ripple pattern is more
disordered and the ripples have rather a form of “concave” trenches.

In order to understand these observations, we performed molecular dynamics (MD)
simulations of the impacts of ions with different energies on the Ni(001) surface. These
simulations revealed that the ion energy has an impact on the mutual balance between the
population of adatoms and surface vacancies. The slightly different diffusion dynamics of
these two species then leads to the changes in the characteristic pattern profile - vacancies
tend to form “hollow” pits while adatoms are prone to formation of “convex” mounds. The
transition from an isotropic diffusive pattern at low angles of incidence to the ripple pattern at
grazing incidence is then governed by the same non-linear terms but the characteristic pattern
profile is preserved. By implementing this dependence into our computer model and managed
to reproduce the observed pattern morphologies (insets of figure 1b and c).

In conclusion, we studied the ion-induced pattern formation on metallic surfaces. We
investigated the role of the crystalline structure in the pattern formation and we concluded that
it is a critical parameter in this process. We formulated a novel theory which explains the
pattern formation on both SC and PC metals and we confirmed its validity by extensive
computer simulations.

In this talk we will also try to pinpoint the gaps in the present understanding of the ion-
induced pattern formation phenomenon on a general surface and we will discuss the possible

applicability of our model to other systems than metals.
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The phenomenon of selective (or preferential) sputtering plays an important role in a surface
analysis and modification of multicomponent materials. Preferential sputtering of Cu from the
CuszAu alloy under low energy ion irradiation observed by Gillam [1] for the first time. It was
found also in this research that preferential emission of Cu atoms leads to the formation of an
altered layer which composition is different from the bulk and the thickness of this layer is
comparable to the penetration depth of bombarding ions.

In the middle of 70-th of the last century, when surface sensitive techniques of analysis such
as auger spectroscopy and others began to develop actively, fundamental aspects of Gillam’s
experiments was recognized. At this time, extensive studies of processes responsible for the
formation of the altered layer have been initiated. Experimental and theoretical studies of Ni-
based alloys [2-4] demonstrated that depth profiles of alloy components, formed under low
energy ion bombardment at elevated temperatures in subsurface layers, are nonmonotonic. It
was found by using Auger electron spectroscopy that due to Gibbsian segregation Cu
enriched the topmost surface layer of the CuNi alloy under steady state sputtering with 5 kev
Ar*ions [2]. And as Cu atoms were sputtered preferentially, Gibbsian segregation tries to fill
in Cu losses, caused by sputtering, depleting the second and deeper subsurface layers. Thus,
in these researches was obviously demonstrated that Gibbsian segregation together with the
effect of preferential sputtering determine the altered layer composition.

As for alloys sputtered at room temperatures, where Gibbsian segregation hardly occurs, it
was found that the angular distributions of sputtered components are different [5-6]. To
explain this difference, the hypothesis about an influence of radiation-induced Gibbsian
segregation on surface composition was suggested [6]. On the other hand it has been
theoretically demonstrated that if a concentration gradient exists, the angular distribution of
the component, which is depleted in the topmost layer, will be more forward peaked, while
the angular distribution of the other component, enriched in the topmost layer, will be more
wide [7]. Thus, the main features of sputtering of multicomponent materials have been

revealed in these and further researches. Nevertheless an answer to a key question: "what is
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for ion irradiated samples the relation between the composition of the volume and that of the
surface ?" is still open up till now.

Therefore, an attempt to clear up this question is made in the present work.

lon bombardment of the alloys and a further in situ analysis of their surface composition by
using low energy ion scattering (LEIS) were carried out in the spectrometer Qtac100
(IONTOF company). The samples of polycrystalline NisPd, NiPd, NiPds and NiMoRe (86-
10.5-3.5 at %) alloys with a purity 99.99 at.% were cut out as a plate 12x12 mm and
thickness — 2 mm. One of the top sides of samples was mechanically polished.

A background pressure in the target chamber was low 10™° mbar range. During the LEIS
experiments the pressure increases to 10 — 10 mbar due to the noble gas influx from the ion
source. The samples were bombarded with a mass-separated beam of 3 keV and with 2 keV
Ar” ions at incident angles of 0° and 60°, respectively. The ion beam is rastered over 1.5x1.5
mmZ A sputter fluence of 10" ions/cm? was chosen to ensure a steady state. A 5 keV Ne*
beam was used for surface composition analysis of the samples. The parameters of this ion
beam are listed in Table 1. The fraction of a monolayer that is removed during the analysis
from the sample by sputtering, was estimated assuming a sputter yield of 0.1 atoms/He-ion
and 1 atom/ion for Ne.

Table 1. Parameters of LEIS analysis of NiPd alloys. Results of surface composition

measurements of NiPd alloys after

lon *He [PNe*

Energy (keV) 3 5 bombardment by Ar* ions are
Target current (NA) 3651 05 presented in Fig. 2. It is seen from
IAnalyzed area (mm2) 1x1|1x1| Fig. 2 that the experimental results
Measurement time (s) 24 20 could be well approximated by a
Applied ion dose density (10~ cm-2) | 54 | 0,6 | linear dependence. Such behaviour
/Approximate sputter damage (%) 05 | 06 | of the dependence clearly indicates

that the topmost layer composition corresponds to that of he bulk composition of the samples.
Also, it confirms the absence of matrix effects [8].

Probably, the sputtering process develops in this case, according to the following scenario.
Because the binding energy of Pd atoms is less than the relevant values for Ni atoms, in a
steady state palladium is preferentially sputtered from the upper layer of NixPd, alloys.
During operation of atomic collision cascade, the resulting Pd deficit is compensated in this
layer due to radiation-induced Gibbsian segregation. As a result, the second layer is depleted

with Pd and enriched with Ni. Hence, as the composition of the first layer corresponds to the
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bulk one and the partial sputtering yield rate of Pd - Ypq — is greater than Yy, this layer
enriches the sputtered flux with palladium. At the same time, the shortage of Ni in sputtered

flux is compensated by emission of atoms from the second layer, which is enriched with Ni.
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Fig.2,a. Typical 5 keV 20Ne+ spectrum of the NiPd sample after sputtering. The peaks are

widely separated and have simple background, allowing straight-forward quantification.

120000 T T - : .
3keV Ar sputtering at 0°
o 5keV Ne scattering
1000004 ~ ) - - -linear fit ]
N N'Pd5 expected values from stoichiometry
~ 800004 N 2 keV Ar sputtering at 59° |
(é N o 5keV Ne scattering
£ 60000 . NiPd i
T o
c N
= N
g .
s 40000 ~ R i
u- N
* _NiPd
20000 A [ i
N
0 N

0 20000 40000 60000 80000 100000 120000
Ni signal (cts/nC)

Fig. 2,b. 5 keV ®Ne+ spectroscopy after 3 keV Ar sputtering of NiPd alloys.

Thus it is obvious that in the absence of thermally activated Gibbsian segregation composition

of ion irradiated surface is determined by the ratio of two factors: the ratio of partial
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sputtering yield of components - Y and Yg, which determine the rate of composition change
in the topmost layer, as well as the rate of radiation-induced Gibbsian segregation. In the
system of ion beam-NiPd alloy as are the processes of self-organization directed to keep
sputtered flux stoichiometry. To understand is whether surface composition in steady state
conditions always corresponds to the bulk composition; we carried out experiments on LEIS
analysis of the NiMoRe alloy.

Results of this research are shown in Table 2.

Sputter fluence Element LEIS signal (cts/nC) | Atomic fraction
(at %)
5E16 Ar ions/cm2
Ni 80133 81
Mo 17655 15
Re 6460 4
1.7E17 Ar ions/cm2
Ni 81850 83
Mo 15129 13
Re 6435 4

Surface composition determined by comparison to reference samples (pure Ni/Mo/Re foils)
via 5 keV 20Ne+ analysis.
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MOLECULAR DYNAMICS SIMULATION OF BIMETAL ATOMIC CLUSTERS
UNDER LOW ENERGY AR ION BOMBARDMENT
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The evolution of bimetal atomic clusters under low energy Ar ion
bombardment is simulated using the classical molecular dynamics. Clusters
of Ni-Al and Cu-Au are applied as targets. The energy of bombardment is
varied from 1 eV to 800 eV. Interatomic interactions were described by the
manybody Ackland potential. The potential energy, temperature
dependences and mass transfer characteristics were calculated in the work.

Bimetal atomic clusters have become the object of many theoretical and experimental
studies in recent decades [1,2]. The result of the size effects of small clusters compared with
bulk samples of macroscopic size is the distinction of their structures and thermal
dependences [3]. Also the properties of bimetal clusters cannot be described in general by
averaging the properties of their components [4], as evident from the results below. The
object of the primary interest is controlled modification the structure of the clusters’ surface,
which defines their reactivity and, in particular, the catalytic properties [5]. In this work
intensification of mass transfer processes in bimetal clusters as well as accompanied changing
of their potential energy and temperature under low energy ion bombardment are simulated.

We selected two pairs of elements to obtain the model clusters: nickel-aluminum and
copper-gold. The choice is due to the different heat of mixing (AH{"}jg}), that allows to
identify specific patterns of mixing in nanostructures by interacting with the incident atomic
particles. For the pair Ni-Al AH{TQ} = 22k3/mol, whereas for the pair Cu-Au

AH{"X;} = 9kJ+mol. These values indicate the greater propensity of the first pair of elements

to mutual mixing within the cluster.
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The model clusters used in the calculations were obtained by the arrangement of two
equal initial clusters consisting of 39 and 195 atoms at a distance of 2 A between the nearest
surface atoms. As a result of the interaction between atoms, the clusters merged, forming a
unified cluster. The clusters of 78 and 390 atoms for each pair of elements were formed.
Bimetal clusters were bombarded by argon ions placed in the arbitrary point in space at the
distance of 6-7 A from the target surface. The initial velocity vector of the ion was directed to
the mass center of the cluster. The evolution of the system "atomic clusters - bombarding ion"
has being simulated during 5 ps. An initial ion energy in different experiments varied from 1
eV to 800 eV. For each initial energy 500 impacts were performed with different initial

coordinates of Ar ions [6].

The simulation was performed in a framework of classical molecular dynamics (MD).
The interatomic interactions of metal atoms were described by the Ackland potential [7]
where the total energy of a system of N atoms is represented in the form:
1 N N N }/Z
Elolal =§ £ j;‘iV(Rij)_Z(Zqﬁ(Rij)) (1)

For a short distance interaction (up to 1.2 — 1.4 A) the Ackland potential is attached to
the repulsive Born-Mayer potential [8]. To describe the interaction between argon ions and

metal atoms, we used the universal Ziegler—Biersack—Littmark (ZBL) repulsive potential [9].

In fig. 1 the relative potential energies and temperatures of clusters are shown. The final
potential energy after 5 ps of Ar ion-cluster interaction is presented as a fraction of the initial
potential energy. It is evident that the changes in the potential energy and the temperature,
which is characterized by the average kinetic energy, are in antiphase with a little shift. For
smaller clusters there is a minimum of energy, which is 94.3% for the Ni-Al cluster and
94.5% for the Cu-Au cluster when the impact energy is 130 eV. Accordingly, near these
conditions, the clusters reach the maximum temperature: 1265 K for Ni-AL and 702 K for
Cu-Au. Lower heat of mixing for Ni-Al cluster contributes to the higher temperature of this
pair of elements. For comparison, the 78 atoms cluster of copper-bismuth heats up to 472 K
under the same conditions of bombardment. The heat of mixing for copper-bismuth pair is
15kJ /mol . The substantial difference in the potential energy between initial and terminal
state for Cu-Au cluster of 390 atoms takes place because of its high sputtering yield since an

essential sputtering yield results in the lower total potential energy of the cluster.
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Fig.1 —Potential energy and temperature for clusters consisting of (a) 78, (b) 390 atoms vs
initial energy of impact ions.

In addition we investigated the sputtering yields and the changes of the kinetic energy
of the parts of the cluster (Fig. 2). For Cu-Au clusters, the number of sputtered Cu atoms is
much larger than the number of sputtered Au atoms. This agrees with the sputtering theory
and the experimental results [10]. For the Ni-Al alloy the sputtering of Ni atoms prevails. This
disagrees with the experimental data obtained for bulk matter. The explanation of this is the
greater transparency of the Al atomic structure through which Ar ion penetrates freely and
interacts with Ni part of the cluster more intensively. It should be noted that in all experiments

sputtering occurs predominantly from the surface layer of atoms in a cluster.
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Fig.2 — Sputtering yield and maximal kinetic energy of the cluster parts for the clusters: 78 at.

Ni-Al (a), 78 at. Cu-Au (b), 390 at. Ni-Al (c), 390 at. Cu-Au (d) vs initial ion energy.

In summary, we studied the evolution of bimetal clusters under low energy argon ion
bombardment using Ackland potential to describe the interaction between the metal atoms.
The differences of sputtering and mixing properties of bombarded Ni-Al and Cu-Au clusters of
two sizes are calculated. VVarious mechanisms of energy transfer from the bombarding ion to

bimetal clusters of different types and sizes are investigated.
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ERO-PSI CODE FOR NUMERICAL SIMULATION OF EXPERIMENTS ON
TUNGSTEN SPUTTERING IN LINEAR PLASMA DEVICE PSI-2
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Plasma-wall interaction is one of the recognized issues for thermonuclear reactor
performance and seems to be a key direction in fusion researches in the framework of the
ITER project [1]. Tungsten (W) has been chosen as a main material for construction of ITER
divertor due to its low sputtering at edge plasma temperatures, large melting temperature, and

small uptake of tritium.

Although experiments at existing tokamaks come closest to the conditions in a fusion
reactor, well-defined and reproducible material exposures in smaller scale laboratory
experiments, such as linear plasma devices, can provide answers to many particular questions
of plasma-material interaction. Examples of such linear machines are PISCES-B [2] or PSI-2
[3]. Many of the exposure parameters in these facilities are close to those in tokamak edge
plasmas. At the same time, linear devices are simpler to operate and, therefore, allow
controlling experimental conditions of plasma-surface interactions in more details than in

tokamaks.

Despite experimental results obtained at linear devices are somewhat easier to analyze
than that from tokamaks, numerical simulations are still needed to account for a variety of
effects taken place in these experiments. 3D Monte-Carlo code ERO [4] is one of the
recognized tools for predictive modeling of plasma impurities transport in ITER. The ERO
code calculates transport of impurities in background plasma using Monte-Carlo approach.
Background plasma parameters are taken as an input and are supposed to not change during
simulations. During the calculation a wide range of processes are considered: sputtering of
target material under plasma flux; transport and electron-impact ionization of neutral
sputtered particles; ions’ transport in the electric and magnetic field of the installation and
their interaction with the wall and target. Elastic collisions of traced particles with background

plasma can also be simulated if needed.

Although ERO code already has been used for modeling of linear devices, some
additional modifications were needed to apply it for PSI-2 simulation. These changes mainly

concern geometry of the installation and plasma parameters. Particularly, new target geometry
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and configuration of magnetic and electric fields were implemented. The capability of
determining any profile of plasma parameters (density and temperature) and any kind of

energetic and angular distributions were also adjusted.

For testing of this new version of the code we used the results of experiment on
tungsten-plasma interaction held on PSI-2 installation. In this experiment a rectangular
tugsten target 80x100 mm was exposed to the argon plasma flux. The target was under
electric potential -100 V relative to the walls of the installation. A Langmuir probe was used
to measure plasma temperature and density radial profiles (see fig.1). These measurements
showed that both of these profiles have a hole in the center, caused with specific form of the

plasma source (a “ring” form).
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Fig. 1. Radial profiles of plasma density and temperature

It’s important to note that the probe was inserted at approximately 20 cm from the target
along the installation z-axis, so the real plasma parameters can differ from what was measured

with the probe.

A QMB sensor with diameter of 8 cm was inserted at 345 mm along the z-axis and 151
mm in radial direction from the target (see fig.2). This sensor registered the amount of
particles hit it. The aim of experiment was to estimate the amount of tungsten atoms,
sputtered from the target due to plasma radiation, depending on plasma parameters. Such
experiment can help to understand how effective can be the plasma sputtering process for

applying thin coatings.
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This experiment was also simulated with the ERO-PSI code. For the accurate
calculation one needs some information about angular and energy distributions of sputtered
particles. Such distributions, giving a good agreement with experiments for plasma of similar
parameters, were already found in our previous work [5]. Those simulations showed us, that
the best agreement with the experiment is reached with Thompson energy distribution of
sputtered particles:

_a(a-1EE}"
C(E+E)" ()]

E

Here o >1 - parameter of distribution, E, - is a binding energy between sputtered atoms
and the surface. The most effective angular distribution turned out to be a cosine one together
with the Thompson distribution parameter o =30.

A numerical simulation for QMB sensor experiment was held for these parameters. The
results of this simulation are in a good agreement with experimental data.

More in-depth study showed that the majority of atoms hitting the sensor are neutrals.
There was a vanishing amount of ionized particles. The main reason for this is that after
ionization atoms started to move along the magnetic field lines, while the QMB sensor was
notably shifted in radial direction from the target.

Strong influence on the results of the simulation provides the energy distribution of

sputtered atoms, since the energy with which they were sputtered from the target surface
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determines the probability of ionization, which in turn determines the probability hitting the

sensor.

Thus, by varying the parameters of the calculation, it is possible to alter the number of
atoms arriving onto the sensor. This allows us to make the necessary amendments to the

experimental program and to increase the effectiveness of the research.
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THE EFFECT OF THERMAL ANNEALING IN DIFFERENT ATMOSPHERE ON
TUNGSTEN (W) DEPOSITED IN 6H-SiC
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Silicon carbide (SiC) is used in high temperature gas cooled reactors (HTGRsS), electronic
devices, fusion reactors etc. [1-3]. This is owing to its high thermal stability, high thermal
conductivity, electric field strength, resistance against aggressive chemicals and abrasion
[3-5]. In HTGRs, SiC is used for fuel kernel encapsulation in tri-structural isotropic (TRISO)
particles. In these TRISO particles SiC is the main diffusion barrier to radioactive fission
products (FPs) [6, 7]. Failure of the TRISO particle in retaining FPs will lead to release of the
FPs into the primary circuit thus causing danger to personnel and environment. There are
certain factors which contribute to the failure of the SiC in retaining radioactive FPs [7, 8].
They include; the corrosion of the SiC by FPs such as palladium (Pa) and zirconium (Zr) and
the gas build up leading to a rise in pressure that may exerts strong tensile stress in the SiC
[8-11]. These SiC fallbacks may be improved by improving the physical, mechanical,
thermal and chemical properties of SiC. This can be achieved by adding a coating layer on
the SiC layer of the TRISO particle [12, 13]. The use of tungsten as the suggested coating
material has good advantages such as a low sputtering yield, inherent heat resistance, high
thermal conductivity, excellent corrosion and abrasion resistance [3]. The enhancement of the
shielding effect of SiC will play a remarkable role in terms of improving the SiC layer
strength which might allow for higher burnup and enrichment without causing harm in
respect to TRISO particle failure [7]. In this study we report on the effect of thermal

annealing in different atmosphere on Tungsten (W) deposited in 6H-SiC.

The effect of heat treatment of W/SIC structure in different annealing atmosphere (vacuum,
argon gas and nitrogen gas) is an important aspect which has not been studied in details by
researchers over time. Thin layer of W was deposited on SiC, this is expected to react fast

and not require extremely high temperatures.
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The starting material was hexagonal 6H-SiC from Intrinsic Semiconductors. 105 nm W
(99.9% purity) was deposited on SiC wafers by sputter deposition. Some of the deposited
samples were subsequently annealed in vacuum, argon (Ar) and hydrogen (H) atmosphere at
600 °C, 700 °C, 800 °C, 900 °C and 1000 °C for 60 minutes.

All the samples were analysed using Rutherford backscattering spectrometry (RBS) before
and after annealing to obtain the elemental composition, thickness of W and to determine
reaction zone compositions. He" ions were used at the energy of 1.6 MeV with a scattering
angle of 165°. XRD analysis was performed using a Bruker D8 Advanced XRD system with
a CuK, X-ray radiation source to identify the phase formation and orientation after heat
treatment of the samples. Field-emission scanning electron microscopy (FESEM) with a
Zeiss Ultra 55 high resolution field emission microscope and Atomic force microscopy
(AFM) were used to study the material surface morphology. RBS results all indicate that the
reaction of W with SiC begins at temperate of 700 °C. These results are in agreement with
the published [14-16]. These RBS results were further confirmed with XRD analyses. XRD
results indicated the formation of silicides at 700°C. At temperatures above 700 °C both
silicides and carbides were observed. Similar results have been reported [14, 15, 17]. Fig.1
shows the SEM micrographs of the as-deposited as compared to the samples annealed at
700 °C in different atmosphere. the as-deposited sample was fairly smooth Vacuum
annealing caused sharp needle like crystals on top of the flat W surface-Fig.1(b) The samples
annealed at 700 °C in argon showed W recrystallizing to form aggregates of different sizes
crystal size Fig. 1(c), while the hydrogen annealed sample forms small W granules which are
uniformly distributed on the substrate surface. The sharp needle like crystals on the vacuum

annealed sample might be due to oxidation.
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Figure 1: SEM images of W in SiC before and after annealing: (a) as deposited (b) in
vacuum at 700 °C (c) with Ar gas at 700 °C (d) with H, gas at 700 C.

Figure 2: SEM images after annealing: (a) in Ar gas at 800 C (b) in vacuum gas at 800 °C
(c) in vacuum at 1000 °C (d) with H, gas at 1000 “C.
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Annealing at 800 °C and above on hydrogen increased the size of the W granules; at 1000 °C
the W granules start to agglomerate into clusters.

The samples annealed in vacuum at 800 °C (figure 2(b)) and above start to form W granules
which agglomerated into island clusters. At 1000 °C etching on the W deposited surface took
place. For the argon annealed sample etching is observed to be taking place at 800 °C, leaving
large distantly spaced crystal islands of W on the surface. This change in the nature of the
surface was confirmed with AFM, which showed an increase in surface roughness with
increasing annealing temperature. These results indicate that annealing using different

atmospheres give rise to different structural changes at different annealing temperatures.
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The new non-destructive method ”Positron Probe” has been developed to indicate the

presence and parameters of double electric layer (DEL) in adhesion contact “polymer-metal”.

B coBpeMeHHBIX TEXHOJOTHAX HCIONB30BAaHUE aJIre3MBOB UIPAET BAXKHEHIIYIO pOIIb. JTO
HPHUBOJUT K HEOOXOAMMOCTH TIOBBINICHHS YPOBHS (DyHIaMEHTABHBIX IPEACTaBICHHIT O
(opMHPOBaHMN 1 MEXaHWIECKHX CBOICTBAX a[r€3HOHHBIX COCANHEHMIT, 0COOCHHO TAaKMX Kak
"nonumep-merat” [1]. B HacTosimiee Bpems He CYIIECTBYET €JUHOIl TEOPHM aare3uH.
Hapsiny ¢ amcopOLuOHHON, XHMHYECKOH, MeXaHHIeCKOH, nubdy3noHHONH Teopusmu ObLia
BBIIBUHYTA JICKTPOHHAsI TEOPHs aaresuu [2]. B ee 0CHOBE JIEXKHUT MPEACTABICHHE O TOM, YTO
€CITM aJre3uB M CyOCTpaT 00IafaoT PasandHON CTPYKTYpOH JNIEKTPOHHBIX 30H, TO ITIPH HX
KOHTaKTe€ MOXKET IPOHUCXOAUTH IIEPEHOC 3apsia C BHIpaBHHUBaHHEM ypoBHei depmu, dro
TPUBOJUT K (OPMHUPOBAHMIO Ha Mex(}a3HOW TpaHUIIE I BOWHOTO BIEKTPUYECKOTO CIIOS
(A2C). TIlpu 3TOM OJEKTPOCTATHYECKUE CHJIBI MOTYT BHOCHTb B  aAre3HOHHOC
B3aUMOJICHCTBUE CYLIECTBEHHbIH BKIaA. OIHAKO OOHApyKEHHE BIEKTPUYECKOTro 3apsia
TpeOyeT NpeBapHTEIbHOIO Pa3pyIICHHs aJIre3MOHHOr0 KOHTaKTa. [loaToMy Bompoc o ToMm,
cymectByeT a1 JI9C B HCXOZHOM KOHTAKTe, WM 3apsAbl Ha IOBEPXHOCTH BO3ZHUKAIOT B
pe3yibTaTe pa3pyIIeHHs KOHTAKTa, OCTAeTCs TUCKYyCCHOHHBIM. CyIeCTBeHHBIM HEIOCTaTKOM
MeTofia TepMocTUMyiupoBaHHOW jenomsipusanun  (TCJI)  siBisieTcss  HexenarenbHast
Hpolenypa Harpea o0paslia, 4To MOXeT IPHBOJUTH K ASCTPYKIMH Hoiumepa [3].

C menbl0 NpeoioJeHMs BBIIEYKa3aHHBIX TpyxHocTedl mins upeHtuduxammu JOC B
JIaHHOH paboTe MpEIokKEHO HCIOIb30BaHUE OPHIMHAIBHOIO SAEPHO-()H3UIECKOro MeToaa

9IEKTPOH-TIO3UTPOHHON anHurHwinun (All). Mes MeToaa B MPOXOXKICHUH MPOHUKAIOIIETO
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IIOTOKA IHO3UTPOHOB 4epe3 30HY aAT€3HOHHOTO KOHTaKTa M PErHCTPallii TraMMa-KBaHTOB,
UCIIyCKAaeMBIX IIPH AHHUTWIILHU SJICKTPOH-TIO3UTPOHHBIX Hap. Ilo3uTpoHsl, HMeromue
MOJIOXKUTENBHBIH 3aps]l 1 Malylo Maccy, IIpU IPOXOXKICHHU Yepe3 30HY KOHTAaKTa JOJKHBI
B3aHMO/ICHCTBOBATH C YJIEKTPHYESCKUM I0JIeM (€CiIi OHO CYIIECTBYET) Ha IPaHHLE pa3Jiena.

B kadecTBe HCTOYHMKA MO3UTPOHOB Mcroib3oBaics m3oron Na-22. Cpenwsis sHeprus
ucmyckaeMsix 1o3uTpoHoB 0.3 M»dB.C  mempio obecreunTs HPOXOXKICHHE IIOTOKA
MO3UTPOHOB Yepe3 a/re3HOHHBIN KOHTAKT, MCCIIEIOBAaHHbBIE CHCTEMBI IPEACTaBIUIH COOOMH
TOHKYIO [OJMMEPHYIO IUICHKY Ha MaCCHBHOW MeTaJuln4eckoii moioxke (Puc.l).

OnrumanbHas T OJIIIIUHa TIJICHKH

et (e e+ j@t  jor
BeIOMpanach TAakUM 00pa3oM, 4YTOOBI
. ! TIPUMEPHO TIOJIOBUHA MOTOKA
nommep £

T MO3UTPOHOB M3 HCToYHHKa Na-22

meTann -
4 3 NOTJIONIANach U aHHHT MIHPOBala B
1a 16 IUICHKE, a OCTalbHble MO3HTPOHEI

Puc.1.

_ MPOXOJUIHN CKBO3b IUIEHKY u
Cxema NPOXOKAEHNA NOTOKA NONTPOHOB YEPe3 aAre3noHHLIA

KOHTaKT. 1a — 8 otcyTeTeue [3C, 16 - npu Hanwawn 03C AHHHUTHIHPOBAIH B MAaCCHBHOM

METaJUIMYEeCKOii motoxke. B pesynbrare skcnepumenransHas kpusas YKAU C(0)
npecTaBisier coboil CyMMy KpuBBIX [uist Matepraia mieHkd (Cp) u noamnoxku (Cr) ©
C(6) = PrCp(6) + (1 - P) Cm(6)

rae P - [0S MO3UTPOHOB, aHHUTHIMPYIOIINX B IUICHKE. Bennmunny Ps MOXKHO paccuuTaTs,
HCTIONBb3YS U3BECTHBI MacCOBBIH KOI((GHULIUEHT MOTJIOMIEHHSI TO3UTPOHOB 0=39%cm?r . Jlns
HCCIICOBAHHBIX O00pa3lOB ONTHMAaNbHAs TOJIIMHA IONUMEpHOH IuieHKH ~50+100MKM.
DKCHEPHMEHTAIBHO H3MEpPEHHasi [I0Js TMO3MTPOHOB, AHHUTMWIMPYIOIIMX B IOKpHITHH Pt
(akcm.) onpenensiercs u3 cymmaproit kpuBoid YKAU st cucremsl "mienka-noioxka” C(0)
u kpuBbix YKAU st nmomumepa Cp(0) u meramta Cm(0). IlpeasapurensHO H3MeEpSUINCH
kpuBbie YKAUW oTaenbHO Ui HOJIMMEpa, M3 KOTOPOTO COCTOMT IUICHKA, M OTACIBHO Ul
MeTautdeckoii noaoxku. @opma kpubix YKAU mus metamios Crm(0) u mommumepos Cy(6)
3HAYHUTENIBHO OTIIMYAOTCS 110 (hopMe. DTO 3HAYMTENIBHO 00JIeryaeT MpOLEecC KOMITBIOTEPHOMI
ONTHMHM3ALMK UL ONPe/IeNICHHs BKIaga Pr B cyMMapHOii sKkcrepuMeHTanbHO kpusoit C(0).
IMoy4yeHHOE 3Ha4YCHNE BKIIaa IICHKU Pf(9KCIL.) comocTaBisiocs ¢ teoperudeckum Pr(teop.),
pAacCUMTAHHBIM HCXOAs W3 TOJILMHBI IUICHKH, HM3BECTHOTO MAacCoBOro Kod(uimeHra
nornomwennst no3uTpoHoB w3 Na-22 a=39c¢M’r’ ¢ yd4eroM BEpOSTHOCTH OTPAKEHHs

112 .
HO3UTPOHOB OT IoBepxHocTH Metama P+=0.593z"“ (z - aromHbIit HOMep MeTallIa).
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Eciu Ha rpaHnume pasgena “TUICHKA-NOJUIOKKA" OTCYTCTBYET 3JIEKTPHYECKOE II0Je
(Pucla), nmomknHO cobGmomarbest paBeHCTBO Pr(dkcr.)=Pg(teop.). Ecim xe B 30He
a/IFe3MOHHOTr0 KOHTAKTa IPUCYTCTBYeET 3nektpuueckoe noiue (Puc.16), o6ycnosnensoe IC,
U TIPU 3TOM BEKTOP HAINPSDKEHHOCTH 1071 E B 30HE KOHTaKTa HalpaBlIeH NPOTUB JBHKCHUS
MOTOKa MO3MTPOHOB (MJICHKA 3apshHKCHA OTPHIATENBHO, IMOJJIOKKA MONOXHTENBHO), YacTh
MO3UTPOHOB 3 IINPOKOTO SHEPreTHIECKOro CHEKTpa Mo3uTpoHOB Na-22, NMEIOIIHX SHEPTHIO
MEHBIILYIO, YeM Pa3HHIa MOTEHIMAIOB E B 30He KOHTaKTa, 3aTOPMO3HUTCS U OyAeT OTpaXkeHa B
wieHKy. [Ipyd 5TOM J0isi TO3MTPOHOB, aHHUTWIMPYIOIIMX B IUIeHKe |t (3KCIL), okaxercs
Gosnbiie pacuerHoid Py(treop.). B ciywae, eciu HanmpsDKEHHOCTh MOJS COBNALaeT C
HaIpaBJICHUEM I10TOKA ITO3UTPOHOB, OHU OYAYT JIMIIb YCKOPSTHCS M CBOOOJHO HMPOHUKATh B
MOJUIOKKY B corylacuu ¢ Puc.la. Pa3paGoTaHHBI TOAXOJ, HA3BaHHBIN ''TO3ZUTPOHHBIM
30H10M" OBUT IPUMEHEH K H3yYCHHIO a/IM€3MOHHBIX Map "SMOKCHIHAS CMOJA Ha HHUKEICBOH
nomnoxke” (IC-Ni) u "conomumep BuHUIHACHOTOPHAA C TETPA)TOPITHIICHOM HA MOIOKKE
cramp-3"  (Cd-Fe). Oxasamocs, wuyro gmst  cucremel  OC-Ni:  Pg(reop.)=0.51,
P#(okcr.)=0.80£0.01; st cucrembr CO -Fe: Pt(teop.)=0.30, P¢(3kcm.)=0.42+0.01.
[Mosy4yeHHbIe JJAHHBIE COOTBETCTBYIOT MH(OPMALMK O 3HAKE KOHTAKTHOTO 3apsKCHHS STHUX
ke o0pas3noB, HmoyydeHHo# ¢ nmomompio Merona TCJI, u moarBepxknaror Hammuue J[OC B
aJre3MOHHOM KOHTaKTe "Meraui-noaumep”. Bennunny norenuumana [9C Uy MOXKHO OLIEHUTH
Ha OCHOBaHHH M3BECTHOH (POPMBI SHEPreTHIECKOTO CHEKTpa HO3UTPOHOB ucTouHnka Na-22 u
JIOJIM OTPAKEHHBIX JICKTPUYCCKUM MOJEM IO3UTPOHOB, MMEIOIIUX SHepruio MeHbine U,
ompeneieHnyo kak pasumiy | (3xcrm.)-lf(teop.). B uccrnenoBanubix cucremax: mst IC-Ni
U,=15+10xB, mus cucremsl CD -Fe U,=45+10kB. Dt Benmunasl U, ONHM3KH K 3HAYEHUIO
NPOOHBHBIX HAIMPSDKEHUH, COOTBETCTBYIONINX aAre3MOHHBIM COCJUHEHHUSM TaHHOTO THIIA U
JIaHHBIX, TOJy4eHHBIX paHee metojgoMm TC/I.

TakuM oOpasoM, mpeaaraeMblii HepaspyIIAlOIMH METOA “‘HNO3MTPOHHOrO 30HIA”
1o3BoJIsieT uaeHTHGuuUpoBaTh Hannuue JAOC Ha rpaHune aAre3MOHHOrO0 KOHTaKTa MeTasll-
nonuMep (MM APYruX aire3HOHHBIX Iap), a TAKKe OLEHUTh PAA €ro JHEPreTHYECKUX
[1apaMeTpoB, KOTOPHIC IPABWIBHO OTPAKAKOT BEIMYMHY BKJIaJa 3JICKTPOCTATHYECKON

KOMITIOHCHTBI B aIrC3HOHHOC BSaHMOHBﬁCTBI/IC.
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MOJEJb SMUCCHUN TUMEPOB, SMUTHPOBAHHBIX U3 METAJLTIA B
PEXKUME HEJIMHEWHBIX KACKAJIOB CTOJIKHOBEHUH

THE MODEL OF DIMERS EMITTED FROM METALS IN THE NON-LINEAR
SPUTTERING MODE

C.D. BCJ'II:IXI*, A.B. Toncmry30132’3, A.A. Jlosoan*
S. F. Belykh'*, A. B. Tolstogouzov??, and A. A. Lozovan*

Y MATH - Poccuiickuii 20CY0apCmeeH bl MEeXHOI02uYecKuli yHusepcumem umeru K.O.
LHuonxosckozo, 109538, yu. oarbuna, 45, Mockea, Poccus, e-mail:serolg@rambler.ru
2 Centre for Physics and Technological Research (CeFITec), Dept. de Fisica da Faculdade de
Ciencias e Tecnologia (FCT) Universidade Nova de Lisboa, Campus de Caparica 2829-516
Caparica, Portugal
® Pasanckuii 2ocydapemeennbviil paouomexnuyeckuti yuusepcumem, 390005, yu. ['aeapuna,
59/1, Pazanw, Poccus

In the present work, the model of the dimer emission produced under the bombardment of
metals with the keV- energy polyatomic projectiles has proposed. In the frame of this model,
the analytical formulas for a calculation of kinetic-energy spectra of neutral and positively
charged dimers emitted in the non-linear sputtering mode have obtained. A comparison of
calculated spectra with corresponding spectra measured during sputtering of metals in non-

linear collision cascade mode show a good agreement.

ATOMHbBIE H MHOTOATOMHbIE HOHBI C SHEPTHE ~ HECKOJIBKHX KB HHHULMUPYET pasinyHbie
PEXKUMBI PaCTBUIEHHS TTOBEPXHOCTH MeTaiuioB [1]. Ipu GoMGapIupoBKe aTOMHBIME HOHAMH
WHTEHCHBHOCTH W JHEPreTHYECKHE CIEKTPhl 3MUTHPOBAHHBIX HEHTPaIbHBIX aTOMOB
KOJIMYECTBEHHO OIMCBHIBAIOTCS TeopHeil pacmbuUieHus 3urmyHaa [2], ocHOBaHHOW Ha
NPEATNOIOKEHUN O MAJIOH TUIOTHOCTH JIBUKYIIUXCSA aTOMOB B 00bEME KacKajia CTOJIKHOBEHHI
(«<IMHEHHBIA PEKHUM pPACHBUICHHUS»), U  COINIACYIOTCS C PE3yIbTaTaMH KOMIIBKOTEPHOTO
Mozenuposanust [3]. Pacnpenesnenue no 3HepruM aTOMOB B JIMHEHHOM PEXKHME PACIIbUICHHUS
(dopmymna 3urmynna-Tommcona [1]) wcronb30BaHO B MOJENHM 3MHCCHH  MOJEKYII,
00pa3syoIINXCs 32 CYeT acCcolManny aToMoB [4,5], rie mokasaHo, 4TO, B COOTBETCTBHH C
ONBITHBIMA [IAHHBIMH, PACCUUTAHHBIE YHEPIETHUYECKUE CIEKTPHI JBYXATOMHBIX MOJEKYJI
(anMepoB) CMEILIEHBI OTHOCHTENBHO CIIEKTPOB ATOMOB B 00JIaCTh MEHBLINX SHEPTHHA.

Mo cpaBHEHUIO ¢ AaTOMHBIMU HOHAMH, 6OMOAPIUPOBKA METAJIIOB MHOTOATOMHBIMH HOHAMHU
C TOM e CKOPOCTbIO MHHIUHPYET CYIIECTBEHHO 0OJIe BBICOKYIO IUIOTHOCTh JBUKYLIMXCS
aTOMOB B 00beMe KacKa/a (KHEIMHENHBINA PEKUM PACIIBUIEHHS»), YTO HA OIBITE MPOSBIAETCS
B HEAJINTHBHOM YBEJIHYEHHUH BHIXOAA ATOMHBIX YaCTHI[ M aHOMAJIbHO BBICOKOM

HEAJJUTUBHOM YBCJIHWYCHHUU BbIXOJa KIACTEPHBIX YaCTHUIL [6-10] HpH nepexone ot
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JIMHEHHOTO K HENMHEHHOMY pEXHMY pacIHbUICHHS ODHEPreTHYeCKHe CIEKTPHl aTOMOB
CY)KAITCs, @ HX MAakCHMMyMbl CMEIIAIOTCS B 00JacTh Manbix sHepruit [11,12], Torma kax
CIICKTPbI JUMEPOB, HAIPOTHB, PACIONArAIOTCs OTHOCHTEIBHO CIIEKTPOB aToOMOB B 00nacTu
OonbIMX 3HEpruil. XapaKTepUCTUKM YACTHIL, SMUTHPOBAHHBIX B HEIMHEHHOM peXHME
PpacmbUICHHUS], HE OMUCHIBAIOTCS TCOPHEH TMHEHHBIX KackanoB [2]: B aTOM ciydae «paboTaioT»
JPyrue MEXaHU3MBI SMHCCHH M (POPMUPOBAHHUS 3apsAOBOTO COCTOSHMS YacTUI. ITOmbITKH
o0bsicHeHHsT d(exTa HeaJJUTUBHOTO YCHIICHHsS MNpeaIoxeHsl B paborax [13,14], rme
HNHTEHCUBHOCTh BBIXOJla PACIBUICHHBIX aTOMOB TPAKTYeTCsl KaK CyMMa BKJIAJIOB, BHOCHMBIX
JIMHEHHBIM KacKaJIOM CTOJIKHOBEHHH U TEIUIOBBIM ITIMKOM. 10/ TEINIOBBIM MIKOM IIOHHUMAETCst
JIOKajbHas 007acTh BOJNM3M IOBEPXHOCTH MeETalla C BBICOKOH IIJIOTHOCTBIO SHEPIHH,
dopMEpyeMas Ha MO3IHHX CTagMsx oSBomomud Kackama (t~107'c), korma smeprus
60MOapANPYOIIEro HOHA, PAaCIpPEE/sIsCh MEKAY aToMaMH B 9TOH 00JacTH, MPHBOAUT K
YPOBHIO  BO3OYxAEHMIO  (CpemHsst  9HEprus, INPUXOJINAasCs HAa  OJAWH  aToM),
COOTBETCTBYIOLIEMY «TeMiepatype» To. CormacHo Mozenu «reroBoro muka» [13], mpu To <
Ter (Ter - KpUTHYECKas TOYKA BEIECTBA MHILECHH), JOIOJIHUTEIIBHAS SMUCCHS IPOMCXOIHT 32
CYET WCIHApeHHs] aTOMOB M3 00iacTh nuka. B mMomenn «cBoGojHOro raszoBoro moroka» [14]
Ipearnosaraercs, 4ro mpu To >T¢, BEIECTBO B 0ObeME TEIUIOBOIO IMKA IPETepIeBacT
(ha3oBbIil mepexo/ U MPEeBpaliaeTcs B IUIOTHBIN Hap (COCTOALIMIA, B OCHOBHOM, M3 aTOMOB),
KOTOPBIA 1OJ [JEiCTBMEM BBICOKOTO ABJCHHS pACIIMPSETCS B BaKyyM, YBEIHUHBAs
MHTEHCHBHOCTh BBIXOJa P acmbUIeHHbIX aromoB. Otmerum, uroB [14] mocrymmpyercs
JBIDKCHHE aTOMOB 0€3 CTOJKHOBCHMII Ha OTJETE OT MHIICHH, YTO HE COOTBETCTBYET
YCIIOBUSIM PACIbUICHUS] METALIOB IpH To > T¢ U, Ooee TOro, HCKIIOYaeT U3 PacCMOTPEHHUS
nporieccsl  KoHaeHcanun atomoB  [15,16]. Tlpenmornaras CTOJKHOBEHHS aTOMOB W
KOHJICHCAIIMIO 4acTH aTOMOB B JMMEphl M KJIAcTepbl HA HAa4YallbHOW CTaWM DaCIIMPEHHS
[OTOKA Mapa aToMoB MeTaiuia, B [15] mpeioxkeHa MoOjiesb SMHUCCHH, B KOTOPOii IOJTy4YeHa
(dopMyna s pacyera BHEPreTHYECKUX CreKTpoB aromoB. B [15] mokasano, uro
pAcCYUTAHHBIE CIEKTPHI AaTOMOB XOPOIIO COIIACYIOTCS C M3MEPEHHBIMH CIIEKTPAMH aTOMOB
WHZMS 1 MHEPTHBIX Ta30B, SMHTHPOBAHHBIX B HEJIMHEHHOM pexuMe pachbuieHus (mpu To >
Tc, ) U3 MHIWS ¥ 3aMOPOXKCHHBIX HHEPTHBIX I'a30B.

CoBpeMeHHbIe aHAINTHYECKHE METOIbI M TEXHOJIOTHH, HAIleIICHHbIe Ha CO3JaHHE HOBBIX
MaTepHaoB, Bce 60Jiee OPUEHTHPYETCs Ha HCIIOIb30BaHUH MHOTOATOMHBIX HOHOB B Ka4eCTBE
60MOapANPYIOIMX YaCTHL. DTO CTUMYIHMPYET HCCIIEI0BaHHE MEXaHM3MOB SMHCCHH YaCTHIL,

SMUTHPYEMBIX B HEJIHHEHHOM pexuMe pacnbiieHus. Bmecte ¢ Tem, Bompoc o npupoje
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00pa3oBaHMsl AUMEPOB M KIACTEPOB B HEIMHEIHOM PEXHUME PACHBUICHHS METAIUIOB JI0 CHX
II0p OCTAETCs OTKPLITHIM.

B Hacrosmell pabore Ha OCHOBE aHANM3a YCJOBHH, BO3HUKAIOUIMX IIPHU PAaCHbUICHUH
IOBEPXHOCTH METAJIJIOB MHOIOATOMHBIMU MOHAMHU, NIPEJIOKEHA MOJIEb DMUCCUU JTUMEPOB, B
paMKax KOTOpOW MOJIy4YeHbl aHAJUTH4YeCKue (GOPMYINBI Ul pacyeTa pacHpeleNieHui 1o
KHHETHYCCKHM JHEPTUsIM HEHTPAIbHBIX M TOJOXKHUTEIBHO 3apsDKCHHBIX — JHUMEpOB,
SMHUTHPOBAHHBIX B HEIMHEHHOM pexuMe pacmbuieHus metauioB (mpu To >Tc). CpaBHeHue
PACCUUTAHHBIX SHEPreTUYECKUX CHEKTPOB HEHTPaNbHBIX M IIOJIOKUTEIBHO 3apsKEHHBIX
JUMEPOB C  COOTBETCTBYIOUIUMHU DPACIPEACICHUSAMH, HU3MEPEHHBIMH IIPU PaCIbUICHUHU
METAUIOB B PEXKUME HEIMHEHHBIX KacKaJoB CTOJKHOBEHHWH, IIOKa3aJl0 MX XOpolee
COOTBETCTBHE.

Pabota BeImosHEHa mpu (UHAHCOBOM Mojnepkke MHUHHCTEpCTBAa 00pa30BaHUS U HAYKU
P® B pamkax BbmonHeHHs [OCyZapcTBEHHOTO 3afaHusi MPOBEJCHUS  HAy4HO-
HCCIIeIOBaTENbCKUX paboT (ko mpoekra 3087).
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THE EFFECT OF THE ION ETCHING OF SPUTTERED BI: YIG FILMS ON THEIR
SURFACE MORPHOLOGY AND MAGNETO-OPTICAL PROPERTIES
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Faculty of Physics, Department of Experimental Physics, Crimean Federal V. I. Vernadsky
University, 95007, Simferopol, Russia, v.n.berzhansky@gmail.com

2Faculty of Physics, Department of Photonics and Microwave Physics, Lomonosov Moscow
State University, 119991, Moscow, Russia, v.i.belotelov@ya.ru

*Magneto-optics, plasmonics and nanophotonics Laborotory, Russian Quantum Center,
143025, Skolkovo, Moscow Region, Russia, v.i.belotelov@ya.ru

“NT-MDT Co., 124482, Zelenograd, Moscow, Russia, vysokih@ntmdt.ru

To create a thin-film multilayer structures of one-dimensional magnetophotonic crystals (1D-
MPC) [1, 2] or the similar one [3] with high optical and magneto-optical (MO) characteristics
for visible spectrum region it is necessary to satisfy a number of requirements to the
parameters of functional layers of these structures. In particular, the surface roughness of the
magneto-active layers must not exceed a few nanometers. Earlier we have been reported
about effects of ion-beam pre-treatment of gadolinium-gallium garnet (GGG) substrates [4]
and the heating rate during crystallization process [5] on optical and MO properties of
magneto-active Bi-substituted iron garnet (Bi: YIG) films of nanoscale thickness. The
properties of the films were measured by optical and magneto-optical spectroscopy, scanning

electron and atomic force microscopy (AFM) (see Figs. 1, a-c).
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Fig. 1. The AFM-images of Bi: YIG films deposited on GGG substrates: a — amorphous as-sputtered
film; b, c - the films crystallized at heating rate 40 and 2 °/min correspondingly. Film thickness is 150
nm, and all films were crystallized during 20 min at temperature 650 ° [4].
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It was shown that the highest value of specific Faraday rotation @ = - 7.8 °/um at 4 = 655 nm
in the films of composition BigYo2FesO1, was obtained at deposition on GGG substrates
which were pre-annealed in the air and pre-treated by low energy oxygen plasma. The average
roughness (AR) and root mean square (RMS) of such films was not exceed 2 — 3 nm.
Traditionally microcavity 1D-MPC is realized as Bi-substituted rare-earth iron garnet film
placed between two dielectric Bragg mirrors. Earlier [2] to obtain 1D-MPCs with high MO
characteristics we have proposed the microcavity 1D-MPCs of general formula
Substrate/(TiO2/Si02)"/M1/M2/(SiO/TiO,)™. Here M1 is sub-layer with low Bi content, M2
is the main magneto-active layer with high Bi content and m is the number of pairs of oxide
dielectric mirrors. The reason for use a double magneto-active layer M1/M2 is the
technological difficulties related to deposition and crystallization of garnet films with high Bi
content on SiO; films. In contrast with crystallization on garnet substrates (epitaxial growth)
crystallization of Bi: YIG films on SiO, once occurs by the mechanism of spontaneous
crystallization [6]. In this case, AR and RMS can reach a few tens of nanometers.

Using our previously results, in this work an attempt was made to synthesize Bi: YIG films
with low values of AR and RMS and high MO responses on non-garnet amorphous substrates
of fused quartz and SiO; films. To reduce film roughness, the ion etching of crystallized
Bi: YIG films was used.

Bi: YIG films have been prepared by reactive ion-beam sputtering in argon-oxygen mixture
on the fused quartz substrates and SiO; films as described elsewhere [2-4]. The films in
double magneto-active layers were sputtered and crystallized separately at optimal
crystallization temperature 700 °C in the air at atmospheric pressure. M1 magneto-active sub-
layer have a composition BiyY05Gd; sFes2Alg 012 and the main magneto-active layer have a
composition Bi,3sDyo 7Fes2GagsO12. Thicknesses of M1 and M2 magneto-active layers are 57
and 95 nm, correspondingly. The Faraday hysteresis loops of the films were measured using
Faraday magneto-polarimeter at the wavelength 655 nm. The atomic force microscopy was
used to study the influence of the ion etching on the roughness of the films. The ion etching
was carried out in argon-oxygen mixture at ion energies of 1.0 and 0.5 keV and different
exposure time.

The AFM images of the film surfaces after various stages of growth and processing are
present in Fig. 2, and the roughness and Faraday rotation angle (FR) data of the films — in
Table 1. On the following pictures one can see the obvious difference of morphology and

roughness parameters of the films after each technological operation. AR and RMS of as-
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sputtered amorphous M1 films do not exceed 0.4 and 0.5 nm, respectively (Fig. 2, a). These
values increase to 1.3 and 1.6 nm, respectively, after M1 film crystallization (Fig. 2, b).

The dramatic rise of the roughness occurs when the sputtered main amorphous M2 film was
crystallized on top of the M1 film (Fig. 2, ¢). AR and RMS of a double magneto-active layer
M1/M2 reach the values more than 12 and 15 nm, crystallite density increased significantly.
The roughness reduction by adjusting of the heating rate during crystallization process was

not achieved.

Fig. 2. The AFM images of the film surfaces after various stages of growth and processing: a — as-
sputtered amorphous M1 film; b — crystallized M1 film; ¢ — M2 film sputtered and crystallized on top
of M1 film; d — M1/M2 film after ion etching in argon-oxygen mixture at ion energy 0.5 keV, the
angle of incident ions is 30 ° and the etching time is 5 min. The scan area is 10x10 um.

The ion etching has a specific effect on the film surface. At ion energy of 1 keV the ion
etching rate was approximately 10 nm/min, the degree of surface damage was very
significant, peak-to-peak value reach 120 nm, crystallite density decreased. The decrease of
the ion energy up to 0.5 keV significantly reduced the parameters of the roughness: peak-to-
peak value was reduced to 89.1 nm, AR and RMS —to 8.9 and 11.6 nm, correspondingly. The
value of FR at ion etching depended only on the film thickness. In such a way, the effect of

polishing ion etching was achieved.

99



The observed images caused by evolution of the film surface morphology under ion
bombardment. It is known that when the low energy ion beams are used to bombard
materials, the surface often develops a periodic pattern or “ripple” structure and different
types of patterns are observed to develop under different conditions [7]. A patterns may
follow the crystallographic directions of the surface, or be situated along the ion beam
direction. Their formation is the expression of a dynamic balance among fundamental surface
kinetic processes.

In addition, in our opinion, the great importance to achieve a polishing etching of such films

has a degree of uniformity of the ion beam over the cross section.

Table 1. The roughness and Faraday rotation angle data of the films after various stages of

growth and processing

Image Peak-to-peak value, nm | AR, nm RMS, nm FR, deg.
a 4.2 0.37 0.47 0
b 8.6 131 1.62 0.02
c 88.4 12.46 15.32 0.30
d 89.1 8.9 11.6 0.23

Perhaps, over significant polishing effect will be observe at lower ion energy. Therefore, the
experiments of ion etching of Bi: YIG films in order to determine the conditions to further

reducing their roughness will be continued.
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OILIEHKA PACNIBIJIEHUSA OBPAIIIEHHBIX K IJIASME MTOBEPXHOCTEM C
HUCIIOJIb30BAHUEM MOJEJIM PACHPEJEJIEHUSA IPUCTEHOYHOI'O
TAJIEHUS TOTEHIUAJIA C YYETOM BTOPUYHOM SJIEKTPOHHOMN
9MUCCHUHU B HAKJIOHHOM MATHUTHOM ITOJIE

PLASMA-FACING SURFACE SPUTTERING ESTIMATION USING A MODEL OF
THE ELECTRIC POTENTIAL DISTRIBUTION IN THE PRESENCE OF
SECONDARY ELECTRON EMISSION IN OBLIQUE MAGNETIC FIELD

N.E. boponkuna, 11.B. I1BeTkoB
L.E. Borodkina, 1.V. Tsvetkov

Hayuonanvuwiii uccredosamenvckuil soepuiii ynusepcumem MUDU, Kawupckoe wi., 31,
Mockea, Poccusi, e-mail :borodkinaie @ gmail .com

In this work the useful analytical approximation for the electric potential
profile in the presence of the secondary electron emission in the oblique
magnetic field is suggested. It is in good agreement with respective
simulation performed with the combined PIC and Monte Carlo code
ELECTRAN. The influence of the magnetic field inclination angle on the
angle and energy distributions of ions reaching the wall and thus on the
effective sputtering is analyzed for various first wall materials.

B pamkax peanusauuu mexayHapojsoro npoekra ITER B Hacrosimee Bpemst Ooiblioe
BHUMAaHHE y/ISCTCS H3YUCHUIO MPOLIECCOB B MPHCTCHOYHOM 001aCTH TUIa3MBl, CYIIECTBEHHO
BIIMSTIOIINX KaK Ha BpeMsl yJepKaHHs IIa3Mbl, TaK M Ha MapaMeTphl yAep KHBAaeMOi IIa3Mbl.
Jlns MozienMpoBaHUs JIMHAMUKM 3apsDKEHHBIX YaCTHI[, a TAKKe IPOLECCOB 3axBaTa M
OTpa)kKeHHsI H30TOIOB BOJOPOJA, IIPOLECCOB PACIBUICHHST OOPAIEHHBIX K IIa3Me JJIEMEHTOB
(OIID) HeoOXoAMMO KOPPEKTHOE OIUCAHHE MPHCTEHOYHOH o0JlacTH, B TOM 4HCIe
pacrpesie/icHnst  [OTCHIMANa SJICKTPUYECKOro mousisi. TakKe XOpOmIO H3BECTHO, YTO
BTOpHYHAs DJIEKTpOoHHas dMuccusi (BDD) cuibHO BIMSET HA HPOIECCH B3aHMOACHCTBHS
IIa3MBbI C TIOBEPXHOCTBIO. DKCIIEPUMEHTBI [IOKa3bIBAIOT, 4T0 BDD yMeHbIIaeT mpucTeHouHOe
majeHue mnoteHnuana [1], 4To B CBOIO OdYepenb, YMCHbBIIACT JHEPTHIO MAafAMOIIHX Ha
MOBEPXHOCTh HOHOB, a CJIC/IOBATEIBHO, YMEHBIIACTCS PACIBIICHHE U KOJINYECTBO IpUMeceii B
mrazme. C Apyroit CTOpOHbI BO3BpAIICHHE YaCTH BTOPHYHBIX 3JIEKTPOHOB HA MOBEPXHOCThH
BCIICJICTBUE JIAPMOPOBCKOI'O BpAIICHWS B HAKIOHHOM MarHATHOM IIOJI€ YMEHBINAeT
s¢dextuBHbi  Beixox BDD. B nmanHoi pabGoTte wucciemoBano BimsHMe BDD  Ha
pacmpezieNieHie HOTeHIHaIa YIEKTPHIECKOTo moust 0koxo OIID mpy HaKIOHHOM MarHUTHOM
II0JIE C YYeTOM BBINICONHCAHHEIX IporeccoB. IIpoBenena onenka pacmbiienns OIID mnpu

Pa3IMYHBIX yIiIaX HAKJIOHA MArHUTHOTO IOJIA IIpU Hanuauu BOO.
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B ycraHOBKax THIIA TOKaMaK MarHUTHOE IOJIe OOBIYHO ITOYTH Iapa/UIeIbHO MEepBOU
CTEHKE, HO C pa3JMYHBIMU IOBEPXHOCTAMHU JIUMHTEPOB, 3€pKal H JHBEPTOpPAa MOMKET
COCTaBJIATh pasHble yriabl. IIpy HAKIOHHOM K IOBEPXHOCTM MAarHUTHOM IIOJE€ B
pHIoBepxHOCTHOM citoe OI1D MOXKHO BBIIENUTH TPU obnacTy [2]: mia3MeHHBIH Mpeacioi,
MarHuTHbIA mpencnoit u  JlebaeBckuit  cnoil. Pacuér pacnpeneneHust MOTEHIMANa
DJIEKTPUYECKOTO MOJIS B IPHIOBEPXHOCTHOM CJIO€ B MPUCYTCTBHH HAKIOHHOTO MArHUTHOTO
0JIs1, KaK MPaBUJIO, SIBISETCS JMOCTATOYHO CIIOKHOW YMCICHHON 3amadeil. Panee [3] Hamm
ObIIM MOJYYeHBI IPOCTHIC IS MCIONB30BAHHUA ANMPOKCHMAIMOHHBIE (OPMYINBI, KOTOpHIE
MOCIY>KHJIX OCHOBOH Ui ydera BiImsHHS BOD Ha pacmpeneneHus nmorteHnuana. JlaHHbIE

(dopmyibl B MarauTHOM nipezcioe (1) u B Jlebaesckom cioe (2) umeror Buj:

EJiEJmpv
=, EXP(————) 1
R &
e y = % - 9TO Oe3pa3MepHBIil MOTEHINAI, é:rl— 9TO PACCTOSIHHE OT CTEHKH,
e d

BBIPAXKECHHOE B paanycax I[eGa;I, (o — NOTCHIIMAJI HAa BXOJC B MarHUTHBIN npencnoﬁ, o — 3TO
yroia HaxkiIOHa MAr"HdTHOrO  mMmoJisd, OTCUHTBHIBAEMBII  OT HOpMaJIM K IOBCPXHOCTH,

Wops =N cos(c) - BeNMYMHA NaJEHMs NOTEHLMAIAa B MATHATHOM INpeacioe, p =R /r, -
JAPMOPOBCKHII pagMyc HOHA CO CKOpOCTBIO 3Byka Cs, BBIpaKGHHBI B pagumycax J[lebas,

-1, WVw _\Vnps+Q
oge = P

) - KoopaumHaTa rpaHHIbl JlebaeBCKOro cios M MarHUTHOTO

Tpe/Cios, v, :%- In(Zn 1’:1/; %

w
i e

]' BCIMYHHA IJ1aBarouIecro IoTeHIuana,

COOTBETCTBYIOWICTO PABCHCTBY MOTOKOB MOHOB U 3JICKTPOHOB HA MTOBCPXHOCTb.

() =vy +Q-Q-exp(-a-&) @
a= \/_Anmps *Wimps —\/ZeXp(\UW)+4~COSa~\/1—(WW _‘Vmps) +Cy
WYw = Wimps

1
Q= /20K (y,) +4-C050- VL= (W Vi) +Cy

Cy=—Anps  Yips —6-COS0L

In(cos @)

- 9TO pa3HHUlla KOHHCHTpaHHi’I HWOHOB MW DJJIEKTPOHOB Ha TIpaHHULIE
(p-sina)

AnmpS =

MarHHTHOTO MPeCIos i JIeGaeBCKOro CIosi, TO €CTh IPH Y = Ymps.
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Korga wmarHuTHOE TmoONE TOYTH TapajiyiCJIbHO  IMOBEPXHOCTHU ((1 > (X*, e

* —arccos (2;4"” )L+ %)) o' =85.25°,86.646° ona Mi= (L, 2)m,; npu T, =T)

JleGaeBckuii cioit mcuesaer [4], W Bce majgeHHWe MOTEHIMAIA POMCXOMUT B MATHHTHOM
npezcioe. Toraa pacnpezeneHye noTeHIHana OMUChIBAETCS CIESIYIOIMM BbIPaKEHUEM:

2-&

3-p‘sin((x)) @)

v=y, exp(-

Tloxa3aHo, 4YTO ONHCHIBAGMBIC IPHBEICHHBIMH AHAIUTHYCCKHMH BBIPAKECHUSIMI
MOTEHI[HAJIBl XOPOLIO COIJIACYIOTCS € PacHpeleICHUsIMI MOTCHINANA, MOTyIeHHBIMH HPH
petiennn ypasuernit MI'/] [2, 4] u npu moaenupoBannu ¢ momornsio PIC-koga SPICE2 [5]
JUISL BCEX YITIOB HAKJIOHA MarHUTHOTO ot 6e3 yuera BOD (puc.l 0=80°). [Ipu yBemmueHnn
yrila HakKJIOHa MarHUTHOTO IOJI 3HAU€HHE ILIABAIOLIETO MOTCHIHANa H3MEHSeTcs crabo,
nepepacnpeseneHie NOTeHIHaNa IPOUCXOJUT TaK, YTO IaJeHHE MOTEHIHAla B MarHHTHOM
npejciaoe M JUIMHA MarHUTHOTO  IIpeACIosl  yBenaumuuBaroTcs. CpaBHEHHE — YIVIOBBIX
pacmpezieleHHi MaJalolUX Ha MOBEPXHOCTh HMOHOB, PACCUMTAHHBIX 110 pa3pabOTaHHOM
Moyt 1 ¢ ioMorisio PIC-kooB [5, 6], Takke mokasano Xxopoliiee COBNaIeHHE.

Kak mnokazano B pabote [7], BropuuHas 9JIEKTPOHHAsI SMHCCHS HE BIUSICT HA BEIMYHHY
MajieHus MOTEHINANa B MAarHUTHOM MPENCIOC Wmps. Jad ommcanms BnusHus BOD mHa
pacrpezesienue noTeHnuaia B J[e6acBCKOM ciioe HCIob30BaHo ypaBHeHue [Tyaccona us [8],
MOAU(DUINPOBAHHOE C YyIETOM HAIHYMS JIIEKTPHUECKOTO IO Ha TPAaHUIE C MATHUTHBIM
npencnoeM (1) ¥ BO3BpaIleHUsI YaCTH BTOPUYHBIX DJIEKTPOHOB Ha ITOBEPXHOCTH BCIIEICTBHE

JIAPMOPOBCKOTO BPAILCHHUS:

2
r : .

[—d\vj =2-1- W) 1 m-(1L+7) (exp(y)—cosa) [+

dg 1-T(w ) cosa | 2M;-(-y,, +5,)

. 4 m, 1+ T(y) \/7143 (‘Vmp\ m @)

cosa 2 1-T'(y) 1-T(W ps)

/ 2Av-v,,,)
+2-(1+1)cosalf ,[1- ——" 1 |- A ,
( ‘C) QU 141 nmpszps
exp(y,) = 4mm, (1+7) ' 1 Y ©)
Mi 1_r(w;nps)

rne t=T1/T,, & SHEprus BTOPUYHBIX OJIEKTPOHOB, [, — Kodhduuuenr BID,
I'(y)=T,exp(a(y—wv,,)), a= M, v(a,i u3z [7] onuceiBaeT  M3MEHeHHE
mpx_\vw (VB)

KOHLEHTPALMU BTOPUYHBIX DJIEKTPOHOB B I[e6aeBc1<0M CJIOC 3a CHCET BO3BpaAlllCHUSA HUX Ha
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MOBEPXHOCTh H3-3a JIADMOPOBCKOTO BpamieHHs. ['paHudHOe ycnoBhe (5) Ha IOBEPXHOCTH
MOJy4eHO U3 YCJIOBHs pAaBEHCTBA IIOTOKOB MOHOB M 3JIGKTPOHOB. Pacmpenenenus
MOTEHIHAIa, BEIYUCICHHBIE 110 (4-5) XOpOLIO COTrIacyIoTCs ¢ pe3ylnbTaTaMU MOJESINPOBAHUS
¢ nomoupto kombuHupoBanHoro PIC u Mownre-Kapino koma [9]. Paccumtansl yriossie u
SHEPreTHYecKue pactpeseneHns nagaromux Ha OIID HOHOB MpH pasHBIX yriaX HaKIOHA
MAarHUTHOTO IO ¢ ydeToM BOD.

Vcrione3yst HOJNydeHHBIE YITOBBIE M OJHEPIreTHYECKHE PACIpPENelIeHHs, ObLIN
BbIYMCIICHBl KO3 duimentsl pacnbuieHnss OIID mpu pasHBIX yriax HakJIOHa MarHUTHOTO
nons. Pacdersl mpoBonwiamch A pasnuyHbIX MaTepuanoB OIID. Pesyabratsl pacueToB
KO3()(UIHEHTA PACIIbUICHUS TOBEPXHOCTH MO3BOJIMIM CAENATh BBIBOJ, YTO C TOUKH 3PCHHUS
POCTa PACHBUICHHS KPUTHYHBIMU SIBISIOTCS 00JIACTH MOBEPXHOCTH, ¢ KOTOPBIMU MarHUTHOE

roJie coctaBisieT yriisl ~ 80° (puc.2).

0 pepeg—y—r—1——1
05 - 3 4
et -1
-
=15
.
T
25
3
=35 i i 4. i o T N .
0 BD 100 150 200 260 300 350 yirg § M ‘?,\, Zoti L
Puc. 1. PacnipeneneHus MOTEHIHAIOB! Puc.2. 3aBUCUMOCTB pacIbUICHHS OePIILIHS U
ANIPOKCHMAIMOHHAs MOJAEIb — 1, cTaThs [2] — yriepozia Haerarommmu noamu D' u Be* or
2, kox SPICE2 — 3, crarest [4] —4 yria Hakiona Marautaoro nois (Te=T;=203B,
— 14 -3 K
(Te=T=30 5B, n=10" cm®, B=3.2 T, a = 80°) n=3-10%cm®, B=4.1Tu, '¢=0.45)

1. S. Takamura, S. Mizoshita and N. Ohno, Phys. Plasma 3(12) (1996) 4310.

2. R.Chodura, Phys. Fluids 25 (1982) 1628.

3. |. Borodkina et al., 41" EPS Conf. On Plasma Physics (Berlin) 2014.

4. P.C. Stangeby, 2012, Nucl. Fusion 52 083012.

5. R. Dejarnac, M. Komm, J. Stockel, R. Panek, J. Nucl. Mater. 31-34 (2008) 382.

6. G. Kawamura, A. Fukujama, Y.Tomita, J. Nucl. Mater. 390-391 (2009) 172.

7. K.Sato, H.Katayama, J. Nucl. Mater. 220-222 (1995) 501-505.

8. 1.V.Tsvetkov, T. Tanabe, J. Nucl. Mater. 266-269 (1999) 714-720.

9. K. Inai, K. Ohya, G. Kawamura, Y. Tomita, Contrib. Plasma Phys. 50 (2010) 3-5, 458-463.

105



BBICOKOAO3HOE PACHBUIEHME MW 3PO3UA HNOBEPXHOCTH
BOJIb®PAMA MO/ BO3JAEMCTBUEM IIOTOKOB MOHOB He M Ar C
HIMPOKHUM SHEPITETUYECKUM CIIEKTPOM B YCJOBUAX
MNOBBILIEHHBIX TEMIIEPATYP (100-5000C)

HIGH-DOSE SPUTTERING AND EROSION OF TUNGSTEN SURFACE AT
HIGHER TEMPERATURES (100-500°C) UNDER IRRADIATION BY FLOW OF
He and Ar IONS WITH A WIDE ENERGY SPECTRUM

H.B.Bosnkos, /I.A. Cadonon
N.V.Volkov, D.A.Safonov

HUSTY MUDU, 115409, Kamupckoe mocce 31, Mocksa, Poccust, e-mail: nvvolkov@mail.ru;
NRNU MEPhI, 115409, Kashirskoe sh. 31, Moscow, Russia, e-mail: nvvolkov@mail.ru

Study of the sputtering coefficient change, the surface topography
development of a polycrystalline W samples, its alloys and other metals (Be,
Cu, Mo) under irradiation by ion beams of 1H*, 4He", 40Ar" with wide
energy spectrum in the temperature range T=100-500 °C and radiation doses
® = (0.1 - 20)x10* ion/cm?

1. BBeaenmue.

B skcnepuMeHTanbHON TeXHUKE NMPHU U3YUYCHUU MOCIESICTBHIH HOHHOTO BO3ACHCTBHUA HU
B MOHHOW TEXHOJIOTMH HpU 00paboTKe NMOBEPXHOCTEH MaTepHalioB B Psje CIydacB Ba)KHO
3HaTh 3aKOHOMEPHOCTH HM3MEHEHHWs TONOrpaduu IOBEPXHOCTH MaTepHajoB OT YCIIOBHM
00JTy4eHHs — SHEPTUX U ATOMHON MacChl HOHOB, O3Bl M TeMIepaTypsl o0aydeHus [1-5].

C  menbl0  BBIIBICGHHS ~ OCOOGHHOCTEH  M3MEHEHHMS  penbea  IMOBEPXHOCTH
HOJIMKpHUCTAIINYecKnX 00pasuos W, ero cruiasos u psiga merawios (Be, Cu, Mo) B ycnoBusix
BO3/ICHCTBUS HA HUX [TOTOKOB HOHOB C IIMPOKHM SHEPreTHdecknuM crekrtpom (og =10-40%,
<E> = 8-10 3B, rae og = AE/<E>, AE — mupyHa SHEpPreTHYeCKOro pacipe/eNieHus Ha ero
noiyBeicote, <E> — cpenHsist 3HEprus HOHOB B IIy4Ke) HPOBEICHO MCCIICI0BAaHHE U3MEHEHHE
ko3 puLIeHTa pacrbUIeHUs], pa3BUTHs peibeda moBepxHOCcTH (Tomorpaduu) MHOx
o6ayuenuem myukamu nonoB 1H', 4He*, 40Ar" B muamasone Temmeparyp T=100-500 °C u
1103 06myuenns @ = (0,1-20)x10" non/em®,

2. MeToauKa 3KCIepUMEHTOB.

O6yydenve  TONTMIHEPreTHYECKHMH — omHOoKommoHenTHeIME  H', He™ Ar' m
nByxkomroHeHTHbIMH H' + He" (C pi: Cher = 1 1), He™ + Ar™ (Ces:C ar+ = 1 : 1) myuxamu
HOHOB BBINONHEHO Ha ycranoBke “BOKAJI” [6,7], hopmupyrolmeil y4oK HOHOB C MIHPOKAM
HEIPEPBIBHBIM I'ayCCONO00HBIM SHEPTETHIECKIM CIICKTPOM.

DHeprusi HOHOB B MOJIMPHEPIETHYECKOM IIyYKe HaxoauTcs B uHTepBasie £ = 1-15 k3B
IpH BeJMYHHE X cpeaueit snepriun <E> = 10 k9B (OTHONICHNME NIMPHHBI YHEPrETHYECKOTO
pacnipenenenusi- AE, H3MepeHHOro Ha TOJYBBICOTE K CpeAHeMy 3HaveHuo- <E> cocrasiser
BenmuuuHy nopsiaka o = AE/<E> = 40-50 %).

Kak cnemyer M3 BBINOJIHEHHBIX W3MEPEHHUH, 3HEPreTUYECKUH CIIEKTP HOHOB OT
KaXJOoH KaMepbl C XOpOLIMM MPHONIKEHHEM OINUChIBAaeTC pacnpeneneHneM [ aycca,
[I09TOMY CYMMAapHBII SHEPIreTHICCKHIl CIIEKTP MOXHO HPE/ACTABUTH B QHAJUTHYECKOM BHIE
KaK CyMMY CIIEKTPOB, (POPMUPYEMBIX OT KaKI0H pa3psiqHOil KaMepbl HOHHOTO HCTOYHHKA!

i 3
(;lé - $ 14 nAERL exp[— 05072 (Eng ~E)? ] &N
n=

rae |, — noHHSIH TOK my4Kka, popMupyemslit oT N-ii pa3psaHOil kKamepsl, N=1, 2, 3;
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AE;, — mupHiHa SHEPreTHYECKOro CIEKTPa Ha MOTYBBICOTE PACHPEICIICHHS;

Eno — cpenHsist 9HEprus HOHOB B Iy4Ke, IOTy4aeMbIX OT N-H paspsiAHOH KaMepbl.

Tok mydka HOHOB H*, He* cocrasisin Besmuudy j = 10-15 MKA/eM, JlaBneHue
OCTaTOYHBIX Tra30B B o0jacTu oOpasla HAXOQWIOCh Ha YPOBHE p = (1—6)><10'5 a.
Temmeparypa 00pasmoB B Ipolecce OOMyYeHHS KOHTPOIMPOBAIACH TEPMOIApOi U
cocrasisuia 6e3 nogorpesa menee 100 °C u ¢ nogorpesom 500+10°C.

Jlns uccnenoBanuit ObuTH BBIOpaHs! 00pasisl W U ero CIaBoB:

W(1) — ropstuenipeccoBantbiii, npyTkoBbii (10x10x2 mMm);

W(2) — cruta W-1%Re (J7x2 mm);

W(3) - W mokpsirie (rommuHOW 1 MM) Ha Mo -HOUIOKKE, IIOJTYy4EeHHOE METOJOM
ra3o()asHOro OCaXICHUS.

Meramnsl Texundeckoi ynctotsl Be, Fe, Cu, MO ucrnosap30Baiich 1yisi KOHTPOJIS Iporecca
PpacCIbUICHUSL.

W3mepenne BeanurH K03 (HUIMEHTOB PaCHbUICHHs SP MPOBEACHO TpeMs MeTogamy [7]:

*  BECOBOH METOJI- IO 1oTepe Beca o0pasla,

® METOJOM CTYIEHBKH (BBICOTA CTYIICHBKM HA FPAHMLEC PACIBUICHHONW M 3alUIICHHON
obracreif)- MO BeNMYHHE PACMBUICHHOTO MaTepHaa, KOTOPBI OMPEACIISeTcs Kak
00beM MaTepuana, yIalCHHBIH C TOBEPXHOCTH MHUIICHH B IIPOLIECCE PACIIBUICHNS,;

* MeromoM (OTOMETPHPOBAHMS — MO HM3MEHEHHIO [PO3PAYHOCTH CTEKIISIHHOTO
KOJUICKTOpA B PE3yJIbTaTe OCAXK/ICHUS HA HETO PACIBIICHHBIX AaTOMOB MHUIICHH.
IMorpemHocTs n3Mepenuii He npesbimaer =30 — 50%.

HccnenoBanue penbedpa MOBEPXHOCTH  0Opas3lOB  BEINOJHEHO C  [TOMOIIBIO
npodunorpados-npodunomerpos I1I1-210 u a-Step (mopor 4YyBCTBUTENBHOCTH 5 HM) H
pacTpPOBBIX 3JIEKTPOHHBIX M HOHHBIX MHUKpockornoB POM-100, “OXFORD-LINK” (UK),
Strata-235 u Qvarta-3D.

V3mepenne mepoxoBaTocTH IpoBogwiIock Ha npodmiomerpe T R-200, B coorBeTcTBHH C
I'OCT 2789-73.

3. DKcnepuMeHTAIbHBIE Pe3YJIbTATBI H HX 00CY:KIeHHe.

Pacnvinenue obpasyos soavghpama. B tabn.l npencraBieHbl JaHHBIC H3MEPEHHBIX
BeNMYUH KO3 (uLmeHToB pacneuieHus SP obpasios W u MaccuBHbIX 00pasuos Be, Mo npu
o6yaernn nonudHepreTHdeckumu oxuo- (H', He™ u Ar’) u 1ByX-KOMIOHEHTHBIMH TTy9IKAMH
noroB H" +He™ n He" + Ar* 110 103 @ = (1-2)x10'® non/em? u Temneparypax <100 °C u 500
°C. VI3 monydYeHHBIX AAHHBIX CIEAYET, YTO MaKCHMAIbHOE 3HAaYeHHE SP COOTBETCTBYIOT
o6myuennio nonamu Ar* (4,0+1,0 at./uon), a MunuMansHOe — H* ((8,5+1,O)><1O'4 ar./von; T =
500 °C). BiustHue Temreparypbl 00JIyYeH s Ha BEIUYHHBI SP HAXOATCS B TIPeIeax OMUGOK
HU3MEPEHUH.

B ciyuae o6mydeHust 00pa3uoB W [BYXKOMIIOHEHTHBIM IIy4KOM HOHOB, BEINYHHEI
KOA()(UIIEHTOB PACHBUICHHUS CYLICCTBCHHO 3aBUCST OT AaTOMHOI Macchl (IPHBEACHHOI
MACChI) HOHOB B MYUKe Mupuen = 0,5 (My + Mp): H' = 1 a.e.m = Sp = (9,0%1,0) x10™* at/uow;
H* + He" - 2,5 a.e.m. = Sp = (1,7°0,2) x10 ar/uon; He' — 4 a.e.m. = Sp = (2,0+1,0) x102
ar/uon; He* + Ar' — 22 a.e.m. = Sp = 2,0°1,0 at/uon; Ar' — 40 a.e.m. = Sp = 4,0"1,0 at/uoH.
AHayornyHas 3aBUCHMOCTb HAaOMIOaeTCsl M VISl APYTHX MaTepPHAIOB

Dopmuposanue monoepagpuu nosepxwocmu. Ha puc.l npexncraBnenst dororpadun
noBepxHocTH 06pasuos W(1) mocne o6ydenns myukamu nonos HY, H +He", He"™+Ar" (C. :
Cher =11 1; Ches : Care = 1 : 1) co cpenneii sneprueit <E> = 10 k3B 10 10361 (1-2)><1018
non/cm? |, Temmeparypa oGnyuenns <100 °C, KOTOpbIe IOKA3BIBAIOT CYIIECTBEHHOE
H3MeHeHHe penbeda MOBEPXHOCTH TPH OTHOBPEeMEHHOM obmydennn momamu H'+He' |
He'+Ar",

Hanpuwmep, obnyuenne myaxom H'+ He® (puc.16) mpusoaut x oGpasoBaHuio Ha
MIOBEPXHOCTH BOJIb()pamMa «BBICTYIIOB» M «BIIAJHH» C XapakTepHbiMu pasmepamu 0,1 — 0,5
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MKM (XaO0THYECKHU PACIIOJI0KEHHBIX), [PAaHUIIBI OT/JCIBHBIX KPHCTAJUIUTOB HE MPOSIBISFOTCS.
Tabmuma 1.
Koa¢pduuuents! pacubuienus (Sp, ar./uon) o6pa3uoB npu 00IydeHHN ITyYKOM HOHOB
H*, He" u Ar’ ¢ mmpoKuM SHepreTHUecKHM CTEKTpoM (CpejHss SHEpTHs HOHOB B
myuke <E> =10 xaB)

Muiens Be Mo w
Temnepa- <100 500 <100 500 <100 500
Typa, °C
Hownst
H* (10'05) |(13°05) | (37°05) |(4110) |(90°,0) |(85,0)
%102 x10° %10 x10° x10™ x10*
He* (9,0+1,0) | (10,0¢1,0) | (20+1,0) | (1,4+05) | (20+1,0) |(3,0+1,0)
x1072 x107 x10? x107 x107 x107
H'+He" | (50%1,0) | (55%1,0) |(L1°0,3) | (1,1%0,3) | (1,7°0,2) | (1.5%0,2)
x1072 x102 x1072 x107 x107 x1072
Art 4,0+1,0 | 3,8+1,0 40+1,0 | 70410 | 40+10 | 4,0+10
He'+ Art | 20+1,0 - 2,0+1,0 | 40410 |20+10 |20+10

B cnyuae o6iyderns oGpasnos W JBYXKOMIIOHEHTHEIM ITydkoM HOHOB He'+Ar*
(puc.16) dopmupyercst Goee CIOKHBINA penbed MOBEPXHOCTH, KOTOPBI MOXKHO YCIOBHO
pa3sfeanTh Ha BE cocTaBistonue. IlepBas KommoHeHTa (opMHpoBaHHs —penbeda
o0ycinosiena obpaszosaruem Menkux nop (0,1 — 1 MkM), KOTOpBIE C POCTOM 03bI OOIYUEHHS
@ > 1x10"™ non/em® oBbemuHsIOTCS. Bropast xoMroneHTa — 00pa3oBaHUE NEPUOAUYECKH
PACIIOIOKEHHBIX K PYITHBIX «BBICTYIIOB» M «BIAJHH» C pa3MepaMH MEKIy «IpeOHsIMH» 5 —
10 MKM, XapakTepHbIMH ISl CPEJHHX pa3MEPOB KPHCTAUIMTOB (TPAHHIBI OTAEIBHBIX
KPHCTAJUIUTOB HE BBISBISIOTCS).

WO

ey
3079410 4w 0084 1D 1 G M O

a—H",6- H +He", B—He" + Ar*
Puc.1. ®ororpadpun nmosepxsHocTn 06pasuos W(1), 06iydeHHBIX Iy4KOM HOHOB CO CpEIHEH
smeprueii <E> = 10 k3B g0 xo3sl (1-2)x10'® mom/em® (M306paxeHHe MOIYYEHO BO
BTOPHYHBIX HOHAX HA PACTPOBOM HOHHOM MHKPOCKOIIE)

Obcyoicoenue  pesyromamog.  Kak — IOKas3blBAlOT — HPOBEACHHBIC  OLECHKH
sHeproBeinenenust Fq B Tene W-Mumenn moj oGaydeHHEM IMydKaMH HOHOB C INMPOKHM
SHEPreTHICCKUM CIEKTPOM 3HAYHTEIBHOE YBENHIeHHEe Fq B BEPXHEX MOHOCIOSX BO3MOXHO
npu yrinax Beime 40 — 60°, mosTOMy IS HCKIIFOUEHHS BIMAHHUA YIJIOBBIX 3aBUCHMOCTEH Sp
HEOOXOAMMO IPOBOAMTH OKCIEPHMEHTH [0 PACHbUICHHIO MPHY TIiaX, OIM3KUX K
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HOpPMAaJIbHOMY MaJIeHHIO [IydKa HOHOB M HE3HAYHTENIBHON IIEPOXOBATOCTH MOBEPXHOCTH [8-
10].

ITpu 3TOM 3HEpro.biencHue Fq B IPUIIOBEPXHOCTHOM ClI0e <X> HMEET CYLICCTBEHHO
Oosee HU3KHME 3HAYCHUS II0 CPABHCHHIO C OOJy4CHHEM IIy4KOM HOHOB C Y3KHM
9HEPreTHYECKUM CIIEKTPOM (MOHOSHEpPreTHIecKnM mydukom). [locieiHee Mo3BOISIeT CIUTATh,
YTO MpPH OOJIYYCHHH IIyYKaMH 3apsDKCHHBIX YaCTHI[ C MIMPOKAM 3HEPreTHYSCKHM CIICKTPOM
BEIMYMHA SP JODKHA OBITh HIDKE IO CPABHCHHIO C OOJyYCHHEM MOHOPHEPIeTHYCCKHM
my4koM. OIHaKo B 9KCNEPHMEHTax 3TO Il POSIBISIETCSs B cMelieHun 3aBucumoctu SP(E) B
ob6iactp OOJBIIMX JHEPrHi NpH OOJIYYCHHH MATEPHAIOB JIETKMMH HOHAMH BCIICACTBHE
0COBEHHOCTEH pa3BUTHS KACKaI0B CMELICHHIA.

Kak ciemyer W3 aHamM3a COCTOSHMS ~ MAaTepuajioB, MOJ  OOIydeHHEM
MOJIMPHEPTeTHYCCKHM ITYyYKOM HOHOB B IPUIIOBEPXHOCTHOM cioe (opmupyercs nedexTHas
CTPYKTYypa B BHJIE MEJIKHX I10p M KaHaJI0B (Iporecc 6ianucTepooOpa3oBanHus He HAOIIOAACTCS).

JUIst OLEHKH MOCNECTBUI PaJAHallHOHHOrO BO3/EHCTBHUS IyYKOB HOHOB C IIHPOKHM
SHEPreTUYECKUM CIIEKTPOM CACIAHO MPE/NONIOKEHHE O TOMUHUPYIOIIEH POl 00pa3oBaHus
ne(eKTOB M HMX pacHpeie]eHUH B TNPHIOBEPXHOCTHOM ciioe. I[IpH 3TOM OCHOBHBIM
[1apaMeTpoM, OIHCBHIBAIOLINM IIPOLECC 00pa30BaHUs M HAKOIUICHHsS Je(EKTOB, MOXKET OBITH
KackagHas (YHKOWS, KOTOpas, B OOLIEM BHAE, 3aBHCHT OT yIPYTHX H HEYIPYrux
B3aMMO/ICHCTBHI IBIKYIIEHCS YaCTHIIBI C aTOMaMu MaTteprana mummenn [11,12].

3. 3akJi04enue.

OrnpesernieHbl BennunHbl K03 GuuneHToB pacubiieHus W, ero CIUiaBoB | psiia YHUCTHIX
nonukpucraumdecknx merawos (Be, Ti, Fe, Cu, Mo) mpu obiyueHnu OgHO- M IBYX-
KOMIIOHGHTHBIME Tydkamu uoHoB H', He', Ar" ¢ mmpokum (rayccomomoGHbIM)
SHEPreTHYECKUM CIIEKTpoM (Temrieparypa o6myuenns <100 °C u 500°C).

BolsiBiicHa 3aKOHOMEPHOCTH yBeinueHust kod¢duimenra pacnsuienuss W ¢ pocrom
HPUBEICHHOI Macchl HOHOB B IIy4Ke Mupuses=(Z M;)/j, Tie Mj aTomHast Macca j- HOHA B Iy4dKe
(mst ABYXKOMIIOHEHTHOTO Iy4Ka Mupugex = (M1+M2)/2).

VYcraHOBIEGHO, YTO NpH pacHbUieHHH o6pa3noB W M ero CIjiaBoB NMy4YKOM HOHOB C
mMpokuM 3HepretuueckuM criektpom H'+He®, He™+Ar® co cpemmeii smeprueii 10 k5B
¢dopmupyercst  pasBuThiii  penbed MOBEepXHOCTH  (MOPHCTHINA), KOTOPBIH  00YyCIIOBICH
[PHUCYTCTBUEM BHEJPEHHBIX Ta30BBIX aTOMOB B MPHIOBEPXHOCTHOM CJIO€ MarepHaia
(remneparypa o6mnyuenus g0 100°C).
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MOJEJNPOBAHUE TUHAMMKH HAJIETAIOIIET O KJIACTEPA Cus HA
MOBEPXHOCTH Cu(100) C MOHOATOMHOMU CTYIEHBIO

SIMULATING THE DYNAMICS OF INCIDENT Cuz CLUSTER ON THE
Cu(100) SURFACE WITH MONATOMIC STEP

E.B. [lyna, I'.B. Kopuuu
E.V.Duda, G.V.Kornich

3anopooicckuii nayuonanbublil mexHuyeckuil ynusepcumem, 3anopodicve, Ykpauna,
e-mail: duda.evgen@yandex.ru

The results of the simulation of the dynamics of a cluster of Cuz on the
Cu(100) surface near the step thick of one atomic layer presented. The
simulation was performed by the method of temperature-accelerated
molecular dynamics.

HccnenoBainick penakcanus u TepMmudeckas quddysus kiacrepa CuUs, HaleTaromero Ha
nosepxHocTh Cu(100) BOMM3M CTYIIEHH, TONIIMHON OJMH ATOMHBIN CJIOH, a TaAKXKe JHHAMUKA
ATOMHBIX TEPEX0/IOB, HE MPHUBOMSAIINX K MEPEMEIICHHIO KiacTepa, 3a BpeMeHa 10 1 MKC.
MozenupoBaHue  BBIIOJHSJIOCH METOJOM  TEMIEPAaTypHO-YCKOPEHHOH — MOJEKYJIIpHOM

JMHAMUKH [1], SHepruM aToMHBIX TIepexoA0B onpeaeisiuck metogom NEB [2].

Kracrep, ciydaitHeM 00pa3oM OpHCHTHPOBAHHBIA B MPOCTPAHCTBE, HAaleTal Ha
MHUIIEHb HOPMAIBHO K ee moBepxHocTH ¢ 3Heprueid 0.6 — 3 3B. PaBHOBecHast Temmeparypa
MOJUIOKKKA MojnenupoBanack B uHTepBane 500 — 700 K . JlampHeiimee MonenupoBaHue
MIPOBOJIMIIOCH C KJIACTEPaMH, KOTOPhIE OCTABAIUCH €JMHBIM IIEJIBIM IIOCIIE B3aUMOJICUCTBUS C
MIOBEPXHOCTHIO. TakOBBIMHM CUHTAINCH TAKXKE TAKHE PACHPEIEICHUs] aTOMOB Ha IMOIJIOXKKE
[OCJIe CTOJKHOBCHHs, KOTOPBIE MOIJIH OOBEIHHHTHCSA B KiIacTep B Pe3ysbTare OAHOIO

ATOMHOI'0 Iepexoaa.

PaccrosiHue OT KiacTepa [0 CTYNEHH ONpeeNsuioch, Kak mokasaHo Ha puc.l. Touka, oT
KOTOPOW H3MEpSIETCSl PACCTOSHHUE N0 CTYNEHH, SBISIETCS LEHTPOM KBaJpaTa, BEPILIMHBI
KOTOPOTO PACIOJI0KEHBI Ha [IEHTPAaX Macc M300paXCHHBIX KIIacTEepoB. B cirydae, ecin atoMbl
pacroNIOXKeHbl  BIOJNb OJHOM MPSMOif, pACCTOSIHME [0 C TYNEHH OHPEACIsIoch OT

LUECHTPAJIBHOT'O aTOMa.

KnaCTep nepeMenacTes U3 OAHOIro IPUBCACHHOI'O Ha pHC. 1 nosoxenus B JApyroe B
pe3yabTaTe TEPMUYCCKU AKTUBUPOBAHHBIX IICPECKOKOB OAHOI0 U3 €ro AaroMoB, HYTO

reOMeTpPHYECKH SKBUBAIEHTHO TIOBOPOTY Ki1actepa Ha 90°.
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Puc. 1. Onpeneneﬂne PacCTOAHUA MEXKAY KJIACTEPOM H CTYIICHBIO.

Ha npuBeseHnbix Hibke rpadukax (puc. 2) i orapudM CpeiHEro BPEMEHH, KOTOPOe
Kiacrep mpedbIBaeT B OJHOM MOJOXKCHUH MEXIY ABYMs MOCIEI0BATEIbHBIME OBOPOTaMH,
00paTHO MPOIOPLUOHANCH T eMIIepaType MOUIOKKH, KaK U C JIE0BAI0 OKHIATh B CIlydae

TEPMOAKTUBUPOBAHHOTO ITPOLIECCa.

a5 4nt a5 ing
4 4
3,5 3,5
3 3
2,5 2,5 .
2 2
/T K! ¢ /T K!
15 > 15 >
0,0014 0,0016 0,0018 0,002 0,0014 0,0016 0,0018 0,002
(a) ®)

Puc. 2. 3aBUCHMOCTH JIorapud)Ma CPEHEro BpeMEeHH, IPOXOSIIET0 MeXILy ABYMs
0C/IeI0BATENBHBIMH TOBOPOTAMH KJIACTEPA, OT TEMIIEPATYPBI MOUIOKKH IIPU PACCTOSHUSX 110
crynenn: (a) R=2; (6) R=1.5 moCTOSHHBIX pemeTKH.
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Ha puc. 3 mpencraBieHa 3aBUCHMOCTh BPEMEHH, MPOXOJSIIEIO MEKIY IBYMsI
HOCJIE/I0BATENBHBIMU [IOBOPOTAMHU KJIACTEPA, OT PACCTOSHUS O CTYICHH, BBIPOXKCHHOM B
MOCTOSIHHBIX PEIICTKH, MPH PaBHOBECHOW Temmeparype momioxku 600 K. W3 muarpammer
BHHO, YTO IIPH PACCTOSHHAX OOJBILIE [BYX IOCTOSHHBIX PEIICTKH, BpALICHHE Kiactepa

mepecTaeT 3aBUCETh OT IPUCYTCTBHUS OAHOATOMHOI CTYIECHH.

15 2 25 3 35 4

PaccrogHue, n. p.

Bpems, nc
® N & = S

Puc. 3. 3aBUCHMOCTb CPEAHEro BPEMEHH, IPOXOIAIIEr0 MEXK/LY IBYMs [IOCIEA0BATEIbHBIMHI
MOBOPOTAaMH KJIacTepa, OT PACCTOSHMS 10 CTYIEHHU mpu Temmeparype 600 K.

Takum 00pa3oM, Ha OCHOBE TEMIIEPATYPHO-YCKOPEHHOM MOJIEKYJIApHON auHamuku [1]
MOCTPOEHA  BBIYUCIMTENbHAS CUCTEMA, IO3BOJIAIONIA  MOJAENUPOBATb HE  TOJIBKO
CTOJIKHOBUTENIbHYIO YaCTb B3aUMOJCHCTBUS OSHEPreTHUECKOrO0 aTOMHOIO KJacTepa ¢
MOBEPXHOCTBIO MHUIIEHH, HO U TEPMHYECKYIO PEIAKCALMI0 CHCTEMBI C MOCIELYIOMUM

PaccMOTpPEHUEM €€ TCpMOﬁKTHBHpOBaHHOf[ OBOJIFOLIUH.

1. M. R. Sorensen, A. F. Voter, Journal of Chemical Physics, 2000, 112, Ne21, 9599.

2. G. Henkelman, H. Jonsson, Journal of Chemical Physics, 2000, 113, Ne22, 9978.
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SPUTTERING OF METAL CLUSTERS ON HYDROCARBON SURFACES:
A COMPARATIVE MOLECULAR DYNAMICS STUDY

0.A. Yermolenko®, G.V. Kornich, S.G. Buga®
! zaporozhye National Technical University, Zaporozhye, Ukraine,
oleksandr.yermolenko@gmail.com
2 Federal State Budgetary Institution “Technological Institute for Superhard and Novel
Carbon Materials”, Troitsk, Moscow, Russia

Molecular dynamics simulations of the bombardment of metal clusters on a
polyethylene surface by low-energy ions were performed. Substrates were cut from an
orthorhombic polyethylene crystal with chain folds. The unit cell of the original polyethylene
crystal was 7.417 A x 4.945 A x 2,547 A in size and consisted of 12 atoms. The polyethylene
chains were truncated at the bottom of the crystal, whilst the top surface was capped by chain
folds, each consisting of five CH, segments. The model of the target also had an energy
dissipation area and a layer of fixed atoms at the bottom of it. The polyethylene substrate
obtained in this fashion contained 24138 atoms, the surface of the substrate was a (001) plane
of the original polyethylene crystal capped with chain folds.

Configurations of metal clusters on the polyethylene surface were obtained in two
stages. At the first stage we obtained the configurations of free copper and gold clusters
during an iterative optimization process. At the second stage there was a free deposition of the
obtained clusters on the surface followed by the annealing of the whole structure. In this
fashion targets with deposited copper and gold clusters of 13, 27, 39 and 75 atoms were
prepared. Side view of the sample with Cus; cluster is presented in Fig. 1.

The AIREBO potential [1] was used to model interaction between C and H atoms in
polyethylene. The interaction between copper and gold atoms was described by many body
potential [2]. Pairwise Lennard-Jones potential was used for metal-carbon and metal-
hydrogen interactions. Interactions of bombarding ions with target atoms as well as energetic
collisions between metal atoms on short distances were described by the purely repulsive
pairwise Ziegler-Biersack-Littmark potential. The implementations of the above mentioned
interatomic potentials that were used in simulations can be found at the homepage of the
Molecular Dynamics Toolkit software package [3].

The bombardments of the target by argon and xenon ions with the energies of 100, 200
and 400 eV were simulated. The bombardments were performed along the surface normal, i.e.
along polyethylene chains. Simulations were performed for each combination of the
bombarding ion energy and the deposited cluster size. The cluster and a target area around it

were exposed to the bombardment. The outer boundaries of the area were determined by a
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condition according to which the bombarding ion at its initial position above the target is up
to 5.5 A distant from the nearest atom of the cluster in the horizontal plane. To get an efficient
coverage of the target area, the impact points of ion were selected from the base-2
Niederreiter two-dimensional pseudo-random sequence, which is discussed in [4] and
implemented in the GNU Scientific Library [5]. Simulation of the each impact event lasted for
10 ps simulation time.

Fig. 1. Side view of the sample with Cuys cluster. An arrow near the projectile shows
the direction of the bombardment. Grayed zone represents energy dissipation area.

Figures 2 and 3 present the sputtering yields for fragments of copper clusters only for
impacts in which the bombarding ion at its initial position above the target is up to 1.243 A

(for Ar) and 1.425 A (for Xe) distant from the nearest cluster atom in the horizontal plane.

0.2
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Fig. 2. The sputtering yield of copper cluster fragments formed during Ar bombardment
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Fig. 3. The sputtering yield of copper cluster fragments formed during Xe bombardment

During those impacts ion interacts intensively with a cluster before reaching the surface.
Single atoms of copper predominate among the sputtered fragments in terms of number of
units. The bombarding with xenon instead of argon increases yields of monomers and dimers
slightly and intensifies sputtering of heavy cluster fragments.

Figures 4 and 5 present the sputtering yields for fragments of gold clusters only for
impacts in which the bombarding ion at its initial position above the target is up to 1.397 A
(for Ar) and 1.582 A (for Xe) distant from the nearest cluster atom in the horizontal plane, i.e.

interacts actively with a cluster before reaching the surface.
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Fig. 4. The sputtering yield of gold cluster fragments formed during Ar bombardment
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Fig. 5. The sputtering yield of gold cluster fragments formed during Xe bombardment

The bombardment of gold clusters gives lower yields of cluster fragments, yield has a
lower variety in terms of produced cluster fragment sizes, but the main scenarios are similar
to those found at the bombardment of copper clusters.

For the current number of simulations performed we observed only intact Cuys cluster
ejection from the substrate surface after some Ar impacts during bombardments without
active interaction between cluster and the bombarding ion prior to its collision with the
Substrate.

Sputtering yields contain compounds composed of atoms of the substrate. The atomic
hydrogen prevails in terms of a number of units in the yield of such compounds. The yield
also contains a considerable amount of acetylene, methylene, ethenyl, methine and other
hydrocarbon radicals. Sputtering yields of atoms of the substrate is noticeably lower in a case
of xenon bombardment.
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YI'JIOBBIE PACIIPEAEJIEHUA YACTHL,
PACHBIVIEHHBIX KJIACTEPHBIMA HOHAMHU U3 METAJIJIOB

ANGULAR DISTRIBUTIONS OF PARTICLES
SPUTTERED FROM METALS WITH GAS CLUSTER IONS
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Presented are experimentally measured angular distributions of atoms,
sputtered by noble gas cluster ion beams from metal targets. It is found that
the type of the distribution is defined by the elastic properties of the target.
A new mechanism of sputtering with cluster ions is suggested.

B mocnennme pecatwneruss B 0oOJNACTH B3aMMOJCHCTBHS YCKOPCHHBIX HOHOB C
MOBEPXHOCTBIO TBEPAOrO Tella AaKTUBHO pa3BUBACTCS HANpaBICHUE, CBS3aHHOE C
KIacTepHbIMH HOHamMHM. OHM YK€ HalUUIM TPUMEHEHHE B KauyecTBE HHCTPYMEHTa
Moau(UKALMK IOBEPXHOCTH M HCCICJOBAHMS €€ CBOMCTB B PAasiIMYHBIX OTPACIX
NPOM3BOJCTBA U HAy4HbIX HccienoBanuii [1, 2]. Tem He MeHee, MPOLECCHI, IPOUCXOISIIKE
[IPH CTOJIKHOBEHNH KJIACTEPHOTO HOHA C MHILICHBIO, BO MHOTOM OCTAIOTCSI HEM3Y4CHHBIMH. B
YaCTHOCTH, YIJIOBBIE PACIPENENICHHS PACIBUICHHOIO BEIECTBA U3BECTHEI TOIBKO IS CIIydas
obydenns mMeau U 30i0ta. [lokasaHo, 4To B 3TOM Cilydae HaOIIFOJArOTCS TaK Ha3bIBaGMbIE
JaTepaibHbIe YIIOBbIe pactpeneneHus [3, 4]. Tem He MeHee, OTCYTCTBYIOT CHCTEMATHYECKHE
HCCJICNOBAHMS YIVIOBBIX PACIpPENCNICHHH PACIBUICHHOTO BEIECTBA, KOTOPBIE MOINIM OBl

IPHBECTH K HOHUMAaHUIO IPOLIECCOB, IPOUCXOAAIINX IPU PACIIBLICHUH KIACTEPaMH.

B noxmage mpencTaBieHBl Pe3yNbTaThl AKCIEPUMEHTOB IO HAOIIOJECHHIO YITIOBBIX
pacrpee/eHnii BelecTBa, PacbUICHHOrO U3 MONUKpucTauindeckux meramios (Cu, In, Mo,
W) kiactepHbIMH HOHAMH 61aropoHbIx ra3oB. OOIydeHne MPOM3BOAMIOCH HA YCKOPUTEIE
ra3oBbIX KiacTepHsix noHOB MI'Y [5]. Dueprusi knactepHbIX HOHOB cocraBisuia 10 k3B.
Houbl ¢ pasmepamu MeHee 80 aTOMOB/3apsi OTKIOHSUIMCH OT MHIICHH C IIOMOLIBIO
MOCTOSIHHOIO MarHuTa, YCTAQHOBJIEHHOTO MNepe] KoJumMmupymouei cucremoi. OcraTouHoe
naBicHue B Kamepe coctapmsio 2-10° Topp. JluaMerp Myuka Ha MMIICHH ONpEIEISICH
nmuadparmoit U passuics 1,3 mMm. OOiydeHHe MPOBOAMIOCH C 03aMH MPUOIHU3HTETHHO
10" em Jnis  u3MepeHHsT  YIJIOBBIX — paclpelesieHHMH — paclbUIEHHOTO — BEIIeCTBa

HCIIOJIB30BAIaCh KOJUIEKTOpHAas MCTOIUKA. HOJ’IyI_II/I.HI/[HI[pI/I'{eCKPIﬁ KOJUIEKTOD,
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U3TOTOBIICHHBI W3 aTIOMHHHEBOH ()OJNBTM BBICOKOH YHCTOTEHI, yCTAQHABIHMBAICS IeEpexn
ob6pasuom. ITydok HOHOB NPOXOAMI Yepe3 OTBEPCTHE B LIEHTPE KOJUIEKTOpAa M IOMajal Ha
obpaszen. Pagnmyc kosutektopa coctaBimsin 15 Mm. Cxema 3KCIEpUMEHTa NMPEACTAaBICHA Ha
puc. 1. TommuHa clI0s pACNBUIGHHOTO BELIECTBA, OCAXKACHHOIO HAa  KOJUIGKTOP,

AHAIM3UPOBAIIOCH C TIOMOIIBIO pe3ephopaoBckoro obparHoro paccesiaus (POP).

o0nacTb
Il < MarHMTHOTO TIONA

MaJjbl€ KIaCTepPhI

KIacTepel nuadparma

KOJUIEKTOpP

MHIICHBb

Puc. 1. Cxema skcriepuMeHTa.

VYrioBoe pacmpeneneHne, MONYYCHHOS NP PACHbUICHHH Mexu (pHC. 2, a), XOPOILIO
coryiacyercsi ¢ JAaHHbIMH Jiuteparypbl. OHO SIBISICTCS JIaTepabHBIM U MMEET MaKCHMYM,
HaOmroqaeMblil moj yriaoM smuccud 68°. B ciydae pacmbuieHHss MoiuOIeHa XapakTep
YIJIOBOTO PAaCIpeaesICH s PACIIBUICHHOTO BELIECTBA CYIIECTBCHHO H3MEHIIICS. 3HAUNTEIbHASL
4acTh SMHUTHUPOBAHHBIX aTOMOB ObUIa HAampaBleHA BIOIb HOPMAIH OT  IOBEPXHOCTH
(puc. 2,6). C  yBenuueHHeM yria BBUIETA OT HOPMAald HAOIIOAAI0Ch HEMOHOTOHHOE

YMeHbIIeHHEe K09 dUIIeHTa pacCIbUICHHS.

Jlns ommcaHHWs IIOMYyYCHHBIX pPE3YNbTATOB XOPOLIYIO AaNIPOKCUMAIUIO yITIOBOH

3aBHCHMOCTH KO3()(DHITHEHTA PaCIbUICHUS JaI0T (GOPMYIIBI
n
Y(g)=YOCOS (g_gmax) (1)
Tt J'IaTepaJ'IBHOfI COCT&BHHIOHICﬁ pacrpeaeiICeHuss SMUTUPOBAHHBIX YaCTUIl U

Y,(6)=Y,,cos" 0 2

JITst HaHpaBJ’IeHHOﬁ BI0JIb HOpMaJIn COCTaBJ’I}IIOIJ_IeI\/'I. HpI/I 3TOM MOKAa3aTeJIM CTENEHU N U1 M, a

TaKXX€ COOTHOLICHUE KOBCl)(i)HLH/IeHTOB Yo u Ydo OIPEACIIAIOTCS PACIIbUIIEMbIM MaTEPHUAIOM.
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Puc. 2. Vruosble pacmpeneneHus atomoB Mmexn (a), moiubaena (6)u  wuuans (),

PacCnbUICHHBIX TIPUA 60M6ap1[npos}<e KJIaCTEpHBIMHA MOHAMHU aproHa.

IMockonbky wHaMi (puc. 2,B ), KaKk W Meab, HPOJEMOHCTPUPOBAN JIATEPaIbHBIM
XapakTep YIJIOBOIO pacIpefeNieHus, OBUIO TPEANOJIOKEHO, YTO XapakTep YIJIOBOTO
pacrpesie/ieHusl  ONpeJeseTcsl MOAyJleM YIPYrocTd Marepuana wmumeHd. CornaacHo
NPEJUIOKCHHOM MOJIEIH, H @ PaHHeH CTaJuy CTOJIKHOBEHUs OJNMDKAHIINe K IIOBEPXHOCTH
MHILIEHH aTOMBI KJacTepa 3aMeUISIOTCS, B3aMMOJAEHCTBYS C aToMaMM MHIIEHH. B To ke
BpeMsi, Ha HHX JAEHCTBYIOT aTOMBI CIELYIONIIMX CIOeB KiacTepa. B pesympTaTe, Kimactep
OKa3bpIBaeT Ha IOBEPXHOCTH JAaBICHHE B HANPABICHHU CBOETO IOBIDKeHHS. Ha cremyromeit
CTaguy B3aUMOJCHCTBUS CIabOCBS3aHHBIA KiacTep paspymaercs (aroMusupyercs),
mepecTaBasl OKa3blBaTh [ABICHHE Ha MHUIIEHb. [IpH ITOM aTOMBl MHIICHH B OOJNACTH
CTOJIKHOBCHUS O00JIaJaloT 3HAYUTENBHON OJHEpruel, HEeIOCTaTOYHOM, OXHAKO, YTOOBI

TIOKUHYTH TEJIO. Hauunaercs peitakcanuys CxxaTusi MUILICHHU. Bosnukaromas cuia HampaBJICHa
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OT MOBEPXHOCTH UM IPONOPLIHOHATIbHA MOJAYJIO YHpyroctu kpucramia. Ilpu pacrnbuieHnn
BEILIECTB, OO0JANAIONIMX BBICOKUM 3HAUYEHHEM MOJIYJSl YIPYTOCTH, B €IMYMHBI 3TOM CHIIBI
JIOCTATOYHO ISl TOTO, YTOOBI COOOIIMTh aTOMaM MUILIEHU SHEPrUi0, HEOOXOIUMYIO JUIS MX

OMHCCHH.

Ilpn oToM, mOCKONBKY Iepefadya HMITyJdbca OT  KJIACTEPHOTO HOHA K MUIICHH
OIIpeeIAeTCs] COOTHOIICHHEM MacC aTOMOB KacTepa M aTOMOB MUIIEHH, OTHOCHTENIbHAs
BEJIMYMHA JIATEPAJbHONW COCTABIIAIOIIEH M HANpaBIEHHOI BIOJIb HOPMAIM COCTABISAOLIEH

YIJ0BOro pacrpeaeiCHUs 3aBUCAT TaK)KE U OT aTOMHBIX MacC BEIIECCTBA KIacTe€pa U MUILICHHU.

DKCMEePUMEHTBI 110 PACIIbUICHHIO KaaMmus (Malblii MOJyJb YNPYrOCTH, JIaTepalbHOE
YIIIOBOE pacrpe/ienieHne) 1 Bosibhpama (BBICOKHI MOAYJIb YIIPYTOCTH, 3HAYUTEIbHbIN BBIXOJ
B/IOJb  HOPMaJH) [MOATBEPMIM  NpPEIIIOIOKEeHHs Moxeiad. Hekoropsie — cBoiicTBa

HCMOOJIb30BAHHBIX B OKCIICPUMEHTAX METAJIJIOB IIPUBECICHBI B Tabu. 1.

Moz{ym) Artomuas | Dueprus
E TOCTH Macca CBA3M
BemectBo Him%) (a.e.m.) (»B)
Cu 1,37 64 3,49
Mo 2,725 96 6,82
In 0,411 115 2,6
Cd 1,16 112 1,16
W 3,23 184 8,66

Tabmuma. 4.1. HexoTopsle XapakTepHUCTUKH MCIIONB30BAHHBIX B  JKCIIEPUMEHTAX
MaTepHasos.

Takum 00pa3oM, HPOAEMOHCTPHPOBAHO, YTO XapaKTep YIVIOBBIX paclpeeneHui
PACIBUICHHOTO BELIECTBA HPH OOIYyYEHHH METaJUIOB KIACTEPHBIMH HOHAMH OINPENeIIeTCs
YIOPYTHMH CBOMCTBAMH MHUIICHH. [Ipe/Ulo)keH MeXaHH3M pACIbUICHUS, OOBSICHSIONIHIL

3aKOHOMEPHOCTH TaKUX YIJIOBBIX pacnpez{eneHuﬁ.

PaGora BbINONHEHA IIpu TIOOOCPIKKE MI/IHI/ICTepCTBa 06paSOBaHI/ISI U HayKH, MIPOEKT

Ne 14.578.21.0064.
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SIMULATION OF SPUTTERING OF SURFACE METAL NANOCLUSTERS
UNDER LOW ENERGY ION BOMBARDMENT

G. V. Kornich
Zaporozhye National Technical University, Zhukovski Str. 64, 69063, Zaporozhye,

Ukraine, gkornich@zntu.edu.ua

Molecular Dynamics (MD) simulations have been performed for sputtering copper
clusters on a (0001) graphite surface by Cu and Cu, particles with energies up to the 200
eV/atom. Distributions of backscattered and sputtered atoms have been studied. The
enhancement of cluster sputtering at low energy Cu, dimer bombardment as compared to two

Cu monomers at the same velocity reached up to 40% for large clusters.

In their work [1] Andersen and Bay demonstrated strong sputtering enhancement of
heavy metal targets under bombardment by dimer projectiles as compared to monomers at the
same energy per impact atom. Higher sputtering yields were observed than predicted by the
linear cascade collision theory [2]. This was explained by nonlinearities in overlapping
cascades induced by atoms of the impinging dimer. At lower energies no enhancements were
observed. For the last decade there were a great number of publications about similar
enhancement in sputtering for polyatomic impact particles in comparison with sputtering by
independent impacts of the equal number of single atoms with the same velocity [3-5]. One of
the promising applications of energetic multiatomic particles is the interaction of beams of
such particles with nanoclusters located on solid surfaces. Initial results of sputtering of

surface copper nanoclusters by low energy Cu and Cu particles were observed in [6].

In this work a (0001) graphite substrate with Cu clusters on a top was modeled by two
atomic layers consisting of 792 - 2940 carbon atoms/layer for Cu clusters consisted of 13-195
atoms. The Cu-Cu interaction is simulated using potential [7] attached to a repulsive Born-
Mayer potential [8] at higher energies. The C-C interactions are described by the Tersoff
potential [9] which is connected with the repulsive ZBL potential [10]. The Cu-C interactions
are described by a LJ potential [11] connected to the ZBL potential. Simulated time of
development of one collision cascade was 4 ps. Initial impact energies were 50 -200 eV/atom.

Simulations show that the probability to stay in the Cu cluster (it was simulated ~0.05-
0.4 for different cases) is obviously higher for atoms of bombarding Cu2 than for impinging

Cu monomers in the cases of low energies and large clusters while the probabilities are
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similar in other cases. Opposite situation takes place at bombardment of Cuas cluster by 200
eV/atom Cu and Cu; particles. If a Cu, dimer approaches the cluster so that the Cu-Cu dimer
dumbbell is aligned along the substrate normal this can initiate collective motion of atoms in a
cluster similarly to the “clearing the way” effect [14]. As a consequence the penetration into
the cluster is deeper and therefore the probability to stay in the cluster increases with the
condition that the cluster is large enough. If a dimer impinges close to the lateral cluster

border one of the two impact dimer atoms can interact preferentially with substrate atoms.

Using a MD code with the same Cu-Cu atomic potential sputtering for bombardment at
normal incidence (6 = 0) of a Cu(100) surface by Cu, and Cu projectiles with initial energies
of 50-200 eV/atom was simulated. The results show practical no sputtering enhancement for
Cu, bombardment (Ycuwot = 2*Ycutr) for the cases of 100 and 200 eV/atom. However
tendency with increasing of impact energy (including 50 eV/atom) is that for Cu,
bombardment the composition of the sputtered flux shows increase in sputtered Cu, dimers
and a corresponding decrease in sputtered Cu monomers. The increased emission of sputtered

dimers indicates a weak nonlinear effect which arises even at near threshold impact energies.

For comparison the estimation of the effective average sputtering yield for a continual
semi-sphere were performed using the results of the linear cascade theory. The effective
average sputtering yield for a semi-sphere taking into account a 1/ cos(0) angular dependence
of the sputtering yield was found to be Yeff,semi-sphere =~ 2:Y(0 = 0), where Y (6 =0) is the
sputtering yield at the normal bombardment of a flat surface. Thus we would expect that the
sputtering yield for clusters is about twice the MD vyield we obtained for a flat surface. In
reality MD simulated total sputtering yields of the surface clusters noticeably more than in
two times larger as compared to the sputtering yields for the flat surface excluding only the
energy of 200 eV/atom for small and middle size clusters (13-39 atoms). Obviously larger
yields at the near by sputtering threshold energies of 50 and 100 eV/atom are explained by
space-restricted environment of cascade development in clusters with limited energy sink
through the cluster-substrate border interface as compared to sputtering of the flat surface
with semi-infinite space energy sink. The yield of the flat surface increases with impact
energy faster as compared to the yield of surface clusters due to limited number of cluster

atoms which potentially could be sputtered as compared to infinite flat surface.

An enhancement of the sputtering, which occurs due to the inter-cascade collision
nonlinearities, initiated by the Cu, dimer impacts, is identified, using comparison of dimer

sputtering yield with twice the yield at Cu monomer bombardment (2Ycy). Twice the yield for
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sputtered monomers 2Y cysingle Under Cu monomer bombardment practically coincides with
the monomer yield Ycuzsingle Under dimer bombardment at the same energy per atom. Good
coincidence of the 2Y cygsingle and Y cuzsingle Values confirms the validity of the linear sputtering.
Results show that linear mechanisms create the majority of sputtered single atoms though the
tendency of enhanced increase of the single-atom sputtering yield for impact Cu, dimers is
observed for large clusters. The exclusivity of the Cuss cluster with respect to the single-atom

yield under Cu, impacts is connected with a surface cluster border effect.

The Ycuror total yield is larger than twice total yield (2Ycytr) for Cu impacts. The
results show that the main reason for the enhancement of the yield under Cu, impacts is a
strong increase of the sputtering of many-atomic cluster fragments (mainly Cu,) for Cu,
dimer bombardment. The difference of the sputtering values of many-atomic cluster
fragments for Cu and Cu, impacts is the result of nonlinearities in overlapping collision
sequences created by the impinging dimer atoms. The difference of impact energy loss
directly in clusters for Cu, and Cu impacts is more for large clusters and high energy but it is
could not be the main reason of increasing of many-atomic cluster fragments at Cu,
bombardment because in the cases where this difference is minimal considerable contribution
of many-atomic fragments to the total yield takes place. Focusing of bombarding energy in
two impact centers (for Cu, projectiles) promotes to the sputtering of two- and more atomic
fragments preferentially near the lateral border of surface clusters. Obviously, more such

impact possibilities exist in large clusters.
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Thin film sputtering of niobium nitride is analyzed. Time history of
chemical structure of a niobium nitride film by sputtering with Ar” is shown
with the help of XPS.

HHTepec K HHOOMIO W €ro pas3iIUYHBIM COCJWHEHMSIM BbI3BAaH YHHKAIBHBIMH
CBEPXIPOBOJSIINMH CBONCTBAMH dTHX coeinHenuil. Hampumep, Ha ocHOBE IUIEHOK HUTpPHAA
HHOOUS CO3/1aHbI OTHO(DOTOHHBIE IETEKTOPBI C BBICOKHM BPEMEHHbBIM pasperieHueM. OnuH u3
METOJIOB HCCICAOBAHMS TaKUX IUIEHOK — 3TO METOA PEHTTCHOBCKON (POTO3NEKTPOHHOM
criekrpockonud (POIC) ¢ moCI0WHBIM HOHHBIM TIPO(QUIHPOBAHUEM.

B narHOM paboTe HCCIEAOBAINCH IUIEHKHM HM TPHAA HUOOWS Ha KPEMHHEBOW IOJUIOKKE,
HOJlyYeHHbIC METOOM ~ MarHeTPOHHOTO  HambuleHWs . TommuHa Hameul  EHHOTO CIIOS
BappupoBaiack or 5 1o 10 Hm. Cpa3sy mocie BBIIPY3KH W3 BAaKyyMHOM KaMepbl MHIICHH
HIOKPBIBAJINCH 3AIUTHBIM CJIOEM , KOTOPBIH MPENSTCTBOBANI OKHCICHUIO . DTOT CJIOH IO JHOCTHIO
CHUMAJICS TIEPEJl MCCIIEIOBAHUEM B YIIBTPa3ByKOBOW BaHHE C M30MPONAHONIOM. Takum oOpazom
MHUIIICHb KOHTAKTHPOBAJIA C BO3YXOM H OKHCIISUIACh BCETO HECKOJIBKO MUHYT.

CTpyKTypa TOHKMX IUIEHOK HUTpuIa HUOOMs HccleoBanack B paboTe  METOAOM
PEHTTeHOBCKO# (poTOdMeKTpOH HO#t criektpockormin (POOC) ¢ OMOMIBIO MOIYJIsT 3MEKTPOHHO -
HOHHOH creKTpockonun Ha 0Oase rwiargopmsr Hanodad 25 (HT-MT).B anammtHueckoit
KaMepe IOCTHTANICS CBEPXBEICOKII Ge3MacsHbIii BakyyM ropska 107 ITa. Criekrps! cHEMAITHCH
9JIEKTPOCTATHIECKUM TIoNyceprudecknuM  3Heproa Hammaropom SPECS  Phoibos  225.
KanmbpoBka sHeproananu3aTopa BBITONHSIACH C HCIONB30BaHUEM 00pa3ioB u3 Cu, Agu Au.
DHepreTuyeckoe paszpelenre crnekrpomerpa no suaun  Ag 3d5/2 cocrasnsuio 0,78 5B st
HEMOHOXPOMATHYECKOTO PEHTTEHOBCKOro m3imydeHnss Mg Ko. B anamuti geckoii kamepe
ycranoBnena nonnast mymka SPECS IQE 12/38, kotopast mmeet cuctemy arbdepeHnanbHoi
OTKA4YKH U CHCTEMy Hamycka aproHa Mapku 5.5. IToCioifHOE TpaBieHHE BBINOIHIOCH C
OMOIIBHO IyuKa HOHOB Ar" ¢ pa3séprioii 4,0x4,0 MM i sHeprueii 1 k3B, MaarOMKX MO YIIIOM

55° K HOpMaIM K HOBEPXHOCTHU 00pa3lia, TOK My4YKa COCTaBILUT IpH 3ToM 1 MKA. J[muTensHOCTh
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OZTHOI'O IIMKJIa PACIIBUICHUS COCTaBJISLT a 20 MHUHYT. TTocne Kaxaoro MOuKJia paclbUICHUS

CHHMAaNHCh (POTO3NIEKTPOHHBIE CrIeKTpbl. [InéHKa GblIa OIHOCTBIO pacibUIeHa 3a 3 yaca.

B Tabmuue 1 mpuBeneHbl OTHOCHUTEIbHbIE KOHLEHTPALMM PACCUUTAHHBIE C IOMOIIBIO

CTaHJAPTHOTO aHalM3a (POTOICKTPOHHBIX CIIEKTPOB, CHATBIC IPH PA3IHYHBIX 3Tamax

HOHHOI'O TPaBJICHUA.

Tabmuua 1.
c, %
3JIEMEHT 110 rnocJe rocie nocie rocie rocie
pacnbuieHus | 1 rukia 2 nuKiIa 3 muikia 4 nukia 5 ukia

C 19 6 5 4 5 6

N 14 26 25 26 24 18

Nb 38 58 59 59 50 34

0o 30 10 12 11 11 13

Si - - - - 9 29

Jnst XMMHYECKOTro aHanu3a IVIEHKH HHUTpUIa HHOOust Obuia BeiOpana smaust Nb 3d. Ora

JIMHUS UMEET NAYIUIETHYIO CTPYKTYpPY W MOXKET COIACPKATh OKOJIO [ €CATU ITUKOB. MeTO,I[

PAa3IOKEHNUS CIIOXKHBIX JIMHUH  (POTOIIEKTPOHHOIO CIIEKTpa OIHUCaH

B TE3uUCax aBTOPOB

((MOI[I/Id)PIKaLII/Iﬂ OKCHUIHBIX IUIEHOK HUOOUS CJ1a00TOYHBIMH HOHHBIMHU ITy4KaMu » HaCTOﬂIHBﬁ

KOH(EPEHIINH.

0.8

o
~

VHTEHCUBHOCTD, OTH. €]I.

o o
) w

o

o
)

e
&)

I
~

DHeprus cBs3y, 5B

Puc. 1. ®oroanekrponnsie crekrpsl. Jlunust Nb 3d; mumens 1o pacnsuieHus. TOYkaMu OTMEYEHBI
pe3yJIbTaThl SKCIEPUMEHTA, CIUIOMIHON 4EpHON TUHHEH — pe3ynbTaT pacuéra, MyHKTUPHBIMU

JIMHUASAMM — OYTUICTBI pa3IN4HbIX COCIMHEHUI HUOOUS

Ha puc . 1 npencrasneno pasnokernu juaud Nb 3d crexrtpa, cHsTOrO OT MHIIEHH 10

pacnsuienus, Ha aymiers ceszanHbie ¢ ND2Os, NbOz, NbNO, NbN,. O6o3HaueHus Nb*, Nb*?,
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Nb*®  1OKa3BIBAIOT CTENCHL OKMCIEHMS HMOOUS M COOTBETCTBYET PAsIHUHBIM  (Pa3OBEIM
COCTOSIHUEM HUTpUJAa HHOOMs . DHEPrust CBA3M OTHX [IMKOB  CBSI3aHBl OTHOLICHHEM
BE, =1.0012-i. ITapameTpsl BCeX MMKOB OCTAaBalMCh HEH3MECHHBIMH MPU HHTEPIPETAIHH
CIIEKTPOB, MOIYYEHHBIX IMOCIE PasJIMYHbIX LHMKIOB pachbiieHns. Ha puc. 2 mnokasaHbl

TOYKaMHU SKCIICPUMEHTAIIbHBIC JaHHBIC 1 CIJIONTHOW JTMHHUEH PE3yJIbTAaThL paC‘IéTOB.
1

=4 ]
B} 0.5 Y
= = b
E 0.8 5045 z
i 4
506 5 04
S 5035
S04 3
£ 5 03
-:: 02F -:: 0.25
214 212 210 208 206 204 202 401 400 399 398 397 396 395
Dueprus cBsi3u, 3B Dueprus cBsi3u, 3B
a) 0)

Puc. 2. ®orosnekrponnbie crekrpsl: a) i uaus Nb 3d, 6) munus N 1s. Toukamu — 3KCIEpHMEHT,
CIUTOIIHO 4€pHOH TMHHEl pe3yabTar pacuéra. L{nppamu 0603HaYESHBI LUKIIBI PACTIBUICHUS

B rtabmuie 2 mokasadsl pe3yibTathl 06paboTku muHEd Nb 3d criekTpoB, CHsITBIE mOcie

Pas3InYHbIX OUKIIOB PACIIBIIICHUS.

Tabmauua 2.
¢, %
110 moce mocie nocie nocine moce
pacmbuteHnst | 1 mukia 2 npKia 3 nukia 4 nukna 5 nukia
Nb*! 1 20 23 25 44 38
Nb*™ 32 53 51 51 34 4
Nb™ 20 7 7 6 5 6
NbNO 11 8 7 7 5 3
NbO, 10 7 7 7 7 8
Nb,0s 25 5 4 4 4 5

AHainu3 pe3yabTaToB pacd€roB (cM. Tabul. 2) M03BONISLET YTBEPXKIATh, YTO

*  CBEpXy HUTPHAHOW IUIEHKU HaXOMMJICS OKCHIHBIN ciioit HruoOust u3 Nb,Os u NbOy;

* nebonbioe komnuecTBo NDNO pacpezesnieHo 1o Beeil ToNIuHE UIEHKY;

* HaJIMYME OKCHIOB HHUOOHS IIOCIE KaXIOrOo LHKJIA PACIBUICHHS MOXHO OOBSCHUTH
HOHHBIM IIEPEMEIINBAHUEM;

* I[IPOMCXOAWT MPEHMYIIECTBEHHOE pACIBUICHHE a30Ta, 3TO NPHBOAMT K TOMY 4YTO
CTCNCHb OKHCIICHWS YMCHBIIACTCS W H3MEHseTcss (pa30BOC COCTOSHHE HUTPHIA
HUOOWUS,

* MOXHO BBUJICIUTh KBA3UCTALMOHApHYIO a3y, NMpPH KOTOPOM XHMHUECKHIl COCTaB

TUIEHKH HUTpHUAA HUOOMSI HE U3MEHSETCS B TE€YEHUE 3 LUKJIOB paCIIbIIICHUS.
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CPEJJTHUE KOHCTAHTBI CKOPOCTHU PACIIAIA U DOHEPT YN
BO3BYKJIEHHUA KJIACTEPOB METAJLJIOB, PACIIBIIEHHHBIX HOHAMM SFs*
U MHEPTHBIX T'A30B
AVERAGE DECAY RATE CONSTANTS AND EXCITATION ENERGIES OF
METAL CLUSTERS SPUTTERED BY SFs" AND INERT GAS IONS
C.E.Makcumos®, H.X.Jixemunes’, C.d.Kopanenko', B.I/I.TyFyLLICBl'Z, O.@.Tyx(baTynnnﬂl,
1L T. Xoxuen*

S.E.Maksimov*, N.Kh.Dzhemilev?, S.F.Kovalenko?, V.I. Tugushev*?, O.F.Tukfatullin®,
Sh.T.Khojiev*

1I/I)Ltcmumym UOHHO-NIA3MEHHBIX U Jld3epHblX mexHonozutl Axademuu Hayk PecnyOauku

Vsbexucman;100125, yn. Jopmon Hynu 33, Tawwxenm, V36exucman maksimov_s@yahoo.com

206veounénmbiii uncmumym evicokux memnepamyp PAH, 125412, yn. Hocopekas, 0.13,

cemp.2, Mockesa, Poccus

The results of the comparative SIMS study of fragmentation processes of metal clusters
sputtered by atomic Xe* and molecular SFs" ions are presented. It is shown that the decay rate
constants, and, hence, the excitation energies of the clusters of the same stoichiometry does

not depend on the type of bombarding ions.

B mnocnemHuMe TOOBI HCCIENOBAHMS B3aMMOJACHCTBUS HOHOB C IOBEPXHOCTHIO
HampapJeHbl HAa BBUICHCHHE 3aKOHOMEPHOCTEH HEeMMHEHHBIX d()(MEKTOB pacIbUICHUS MOA
JIECTBHEM MOJICKYJSIPHBIX M KIacTepHbIX HOHOB [1]. OmHAKO O HACTOSIIEr0 BPEMEHH
OTCYTCTBYIOT DKCIIEPUMEHTAIBHBIC JAHHBIC O Tpoleccax (hparMeHTal[Md METacTaOUIBHBIX
KJIaCTepOB, PACTBUICHHBIX MOJIHATOMHBIMH ITydKamu. HaMu MpoBeleHO CpaBHHTENHHOE
u3ydenne MeTonoM BUMC MOHOMONEKYIAPHEIX PacTanioB psjia KiIacTepos MeTamtoB Cuy',
Agn', Au,", Nby" 1 Ta,", pacmsiieHHBIX pu 60MGAapIHPOBKE ATOMApHBIME HOHaMu Xe' u
MOJIEKyNIApHLIME MoHaMu SFs’, MMelomuX NMpHOIH3NTENEHO OJMHAKOBEIE MacChl. BhiGop
00OBEKTOB HCCIIEIOBAHMS CBA3aH C TEM, YTO MPOLECCHl IMUCCUH KJIACTEPOB IIPU PACTIBUICHUH

Nb, Tau Ag nonamu Xe" u SFs* 6bu1u usydens! namu panee [2].

DKCIIEpPUMEHTbl ObUIM BBIOJIHEHBI 110 MeTOoAuKe [2] HAa BTOPUYHO-HOHHOM Macc-
CIIEKTPOMETpe C ABOMHON (OKycHpoBKOi 00paTHOi Teomerpun [3]. IlepBudHbBIE HOHBI
TEHEPUPOBATIMCH B HOHHOM HCTOYHHKE C 3JIEKTPOHHBIM YIapOM C aKCHATbHO-CHMMETPUYHBIM
MaruuTHbIM mosieM. Monnsie Toku coctasisiii ~1,2 MkA st SFs™ 1 ~0,7 MxA st Xe* npu

mwioTHoCTH ToKa ~3-5%10% Alcm?. OHeprus NepBUYHBIX HOHOB coctaBmsiia 10 k3B, yron
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Gombapmuposku — 45°. Bce M3MepeHMs MPOM3BOIMIACH IPH KOMHATHOH TeMIEpaType
nosepxnocteii uepes 15-20 MuHYT TmOcie Hayana pacnbuleHds uonamu SFs', 4TO
COOTBETCTBOBAJIO YCTAHOBJICHUIO CTALHOHAPHBIX YCJIOBHH YMUCCHU BCEX BUJIOB BTOPUYHBIX
HOHOB.

HccenenoBanue mporeccoB (GpparMeHTaluH PacHbICHHBIX KIACTEPOB ObLIO BBIIOIHEHO
1o craHaapTHoit Metoauke [3,4] B GecroneBbix 30Hax mpubopa. BenencTsue pacnpenencHus
II0 SHEePrHsAM BO30YKICHHS pacbUICHHBIC KIACTEPhl PACIaaloTCsl HAa BCEM IIyTH OT MUIICHH
no ngerekropa [3-7]. Meroanka nccienoBaHHil (parMeHTAlMyd OCHOBaHAa Ha TOM, YTO B
npubdope [3] UMEOTCst 30HBI, B KOTOPBIX BO3MOXHA PETHCTPALHs PACIIal0B BTOPUYHBIX HOHOB
B pa3IMYHbIX BPEMEHHbBIX JHana3oHax. B mepBoii GecroneBoii 30He Sy - IPOCTPAHCTBE MEXKIY
KpaeM HMMEPCHOHHOTO OOBEKTHMBa M TOPLOM MATHUTHOTO AaHAJIM3aTOpa — MPOHUCXOAAT
pacmagel KIacTepoB Bo BpeMenHoM amamasone 10°-10° ¢ mocme smmccmu. Bo  BTOpOi
6ecroneBoit 30He Sy - MPOCTPAHCTBE MEKIY BBIXOJHON TPAHHUIICH MOJIS MacC-aHaINu3aTopa u
BXOJHOH TIpaHMIIHl MO YHEProaHaIH3aTOpa — MPOUCXOAUT (parMeHTAIHs KIACTEPOB BO
BpeMeHHOM juanasone 10°-10 c.

Ecnn peakumio pacmajza npeactaButh B Buae My > mE + mg, rme M, - macca
MaTepUHCKOr0o HOHA M M H Mo - MAacchl 3apsDKEHHOIO U HEHTPalIbHOIO OCKOJKOB
COOTBETCTBEHHO, TO KHHETUUECKast SJHEPIHs 00pa3yIoIIerocs B 30He Sy 3apsHKEHHOTO OCKOJIKA
pasma Ep = (ME/ME)*eU,, tne Up - mampsikeHue ycKOpeHHs, TIPHIOKEHHOE K 06pasiy.
OckonouHble HOHBI, 00pa3oBaBIIMECSs B IepBOM OecrmomeBoil 30HE S;, MOXKHO
3aperHCTPUPOBATh ITyTEM JONOIHHTENFHOW HACTPOHKH Macc-aHAJIM3aToOpa Ha MpPOIyCKaHUE
HOHOB ¢ Kaxcyeiics Maccoii M*=( m¥)?/M¥) [3,4].

MeroaMKa OLEHKH CPEIHMX KOHCTaHTBI CKOPOCTH K — MOHOMOJICKYJISIHOI
(parMeHTalMH PACIBUICHHBIX KJIACTepoB [5-7] OCHOBaHa Ha CpaBHEHHHM KOJIHYECTBA
pacmazioB 3a BpeMeHa mnpoiera Aty m At GecriosieBbIX 30H Macc-criektpoMerpa Sy M Sy B
MIPEANONIOKEHUH, YTO KOJMYECTBO MeTacTaOmibHbIX KiactepoB ANi u ANy, crnocoOHbIX
(hparMeHTHPOBATh 33 5TH BpPEMEHa, NPONOPLUHOHANBEHO HcxoaHoMy urcity Ni u Np HOHOB Ha
BXO/I¢ B JaHHBIE 30HEL

3aKkoH pacraja UMeeT BUJ

N = No exp(-kAt), (1)
rae kK — koHcTanTa ckopoctH pacnana, N — 4nuciio MeTacTaGHIbHBIX HOHOB, HE HCIIBITABIINX
pacmaza mo mpomecTBHHM BpeMeHH Af, Ng — HCXOAHOE YHMCIO METacTaOMIBHBIX HOHOB.

Omnpenenus u3 sxcriepumenta AN; it mepBoit 6ecrioneBoit 3085 1 AN, 111 BTOpO#, 10 HX
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OTHOLICHUIO HAXOUM CPEIHIOI0 KOHCTAHTY CKOPOCTH paclaja U3 ypaBHEHU:

AN*1/ AN, = exp K(to-t1)[1- exp(-kAty)]/[1- exp(-KAt)], (2)
rae ti u tp - BpeMeHa JojieTa [0 COOTBETCTBYIOLIMX 30H, ONpEJCIACMbIC M3 I'€OMETPHU
npudopa.

CpenHre KOHCTAaHTBI CKOPOCTH pacmagoB K M COOTBETCTBYIOIIME CPEAHHE BpeMeHa
skn3an 1=1/K st psima Hanbosiee NHTEHCHBHBIX KaHAJIOB PACHaf0B HEKOTOPBIX KIACTEPHBIX
HOHOB METAJLIOB, paccunTaHHble 1o Gpopmyinam (1) u (2), npencrasiens: B Tabmume 1.

Tabmmua 1. KoHcTaHThl cKOpoCTH pacmaga K m cpemHne BpeMeHa KH3HH T KJIACTEPOB METAIIOB,
pacIbUICHHBIX HOHAMHU SFs" u Xe*.

SF5+ Xe+

Hon Pacnap K, z, K, z,
10°ct | 10%c | 10%¢* | 10°%¢
Ags' | Ags'+Ag, | 781 | 12,8 | 86,6 11,6 10,85

Ak, %

Adn Agrt | Ags'+Ag. | 705 | 142 | 610 | 164 | 13,52
Aus' | Aus*+Au, | 67,8 | 148 | 598 | 167 | 11,69

.| Au" | Aus+Au | 541 | 185 | 540 | 185 | 013
A Aui* | Aus'+Au, | 60,1 | 1667 | 550 | 18,2 | 846
Aus" | Auf+Au | 563 | 17,8 | 473 | 21,2 | 16,00

.| cuf | cuf+cu | 988 | 101 | 1006 | 99 1,79
Cti Cus* | Cus"+Cu | 934 | 107 | 963 | 104 | 3,00
Nbs* | Nb/+Nb | 1902 | 53 | 1872 | 53 1,57

" Nbs* | Nb;*+Nb | 1247 | 80 | 1266 | 7,9 1,53

Nbg* Nbs" +Nb | 119,1 8,4 118,5 8,4 0,47
Nbyo* Nbe"+Nb | 116,7 8,6 123,0 8,1 5,44
Tas" Ta," + Ta 193,9 51 201,1 5,0 3,72%
Ta," | Tas' Tas + Ta 166,4 6,0 172,8 58 3,83%
Ta;" Tag" + Ta 181,9 55 161,2 6,2 11,37%

Kak BuiHO W3 NONy4YEeHHBIX pe3yIbTaTOB, YHCICHHBIC 3HAYCHUS KOHCTAHT CKOPOCTH
pacnaja ¥ BpeMEH JKH3HH KIACTEPOB Pa3IMYHBIX METAIIOB, PACIBUICHHBIX MOJEKYIISIPHBIMU
vonamu SFs' ¥ aromapHbiMM uoHamu X€', COBMajalOT B MpejeNax TOYHOCTH
9KCHEPUMEHTAIBHOH METOJUKH. DTO CBUIETEIBCTBYET O TOM, YTO BHYTPEHHHE SHEPIUH
KO/1e6aTeIbHOrO BO30YK/ACHHS NAHHBIX KJIACTEPOB B HAIlEM CIydyae HE 3aBUCAT OT YHCIA
aTOMOB B IIEPBUYHOM OOMOApAUPYIOIIEM HOHE.

YucneHHble OILICHKH 3H€prl/lﬁ B036y)KZ[eHI/ISI Eexcit. KJIaCTEPOB BO3MOXKHBI B paMKax
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teopun Paiica-Pamcrieprepa-Kaccenss (PPK) [8] ¢ yu érom HalieHHBIX 3HAYEHHI KOHCTaHT
CKOPOCTH pacraza:

Eexcit= Ea(n) / [1 = (Knfvo)™™], ®
rue V0=1013 ¢! - wacToTHBIH ¢axrop, E ¢ — sHeprus amcconmanuu, N — YHUCIO YaCTUI B
kjactepe, S=3N-6 — YHCII0 TapMOHMYECKHX OCLMJUIITOPOB B HEM. DHEPru¥l IHMCCOLUALUHN

N
Tabnuua 2. CpexHue SHEPruy B30y KIACHUS PaCIbIICHHBIX pactbueHHbIX kiactepos Nby™ 1

+ +
knacrepos Nby 1 Tay Ta," 6buM onpejieNeHbl patee B

Hou Pacnapn ELE"GB Eexcit, 2B EGXC“;/;TOM' [4]. PesynbraTsl olieHOK cpenHuX
Nbs" | Nbs"+Nb | 5,69 5,76 1,15 SHCPrHil  BO3OYXICHHMS  psila
Nbs" | Nb;"+Nb | 584 | 631 0,79 wnacrepos  Nby"  m Tay',
Nbe" | Nbg"+Nb | 5,87 6,54 0,73 (bparMeHTUPYIOIINX B YKa3aHHBIX
Nbio" | Nbg"+ Nb 6,88 7,93 0,79 BPEMEHHBIX 30HAaX, MPUBEICHBI B
Tas Tas +Ta 7,02 7,10 1,42 Tabmuue 2. B mpenenax
Tas" | Tas'+Ta 5,52 5,68 0,95 TOYHOCTH ~ DKCTIEPUMEHTA  3TH
Ta, | Tas' +Ta 8,34 8,78 1,25 9HEPrUM HE 3aBHCAT OT 4YHCTIA

YacTull B IEPBUYHOM HOHE.

TakuMm 00pa3oM, BBINOJHEHHbIE MCCIEIOBAHUSA TIO3BOJIIOT CAENaTh BBIBOJ 00
OTCYTCTBUM BJIUAHUA 4YHUCJIa aTOMOB B IICPBUYHOM 60M6apZ[prIOII_IeM MOHE Ha MPOLECCCHI
q)paTMeHTaHI/II/I, H, CI€NO0BATCIbHO, Ha JHEPTHU B036y)KZIeHI/ISI PacCIbUICHHBIX KIIACTEPHBIX
qacTul, I10 KpaﬁHeﬁ MEpE, B U3YYECHHOM [AUAIIa30HE 3HCpFI/II‘/'I 1 1pu CPaBHUTCIBHO MaJIbIX
Maccax 60MOapANPYIOUIMX MOJUATOMHBIX YaCTHIL.

Pa60Ta BBIINIOJIHEHA IIPU (l)HHaHCOBOﬁ NOACPIKKE Komurera o KOOpAWHALUU PAa3BUTUA
Hayku U TexHosoruil npu Kabunere Munuctpos Pecry6nuku V3oekucran (KoHTpakT Ned2-
DA-D157).
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PA3MEPBI KJTACTEPOB ITPM1 HOHHOM PACIIBIVIEHHU TBEPJOT'O
TEJIA C YYETOM INPOLHECCA ®PAI'MEHTALIUN
CLUSTER SIZES IN ION SPUTTERING OF A SOLIDS WITH FRAGMENTATION
PROCESSES

B. 1. Marsees, C. H. Kanyctun
V.1. Matveev, S. N. Kapystin

Kageopa meopemuueckoii pusuxu, UEHuT CADY, r. ApxaHnreibck, 1p. JlJomoHocoBa 4,
mezon98@mail.ru;

A theory of ion sputtering of solids in form of exited clusters and their following
fragmentation is developed. This theory is based on simple physical suggestions and
being in a not bad correspondence with the experiment. The results are presented in
convenient in use formulas. The calculations of a complete yield of clusters of silver
and indium serve as an example.

I/I3BGCTHO, YTO IOJHOE KOJMYECTBECHHOC U ACTAJIbHOEC OIMMUCAHUE MPOLECCOB MOHHOIO
pacnbUICHUA BO3MOXHO JIUIIb YMCJICHHBIMHA METOAaMHU MOHeKyHSIpHOﬁ JWUHAMUKU. O,HHaI(O,
J10 TIPOBEACHUSA TaKUX PACYETOB C ICIBIH Hpe[IBapI/ITeJILHOﬁ OLCHKU CUTyallul U ONHCAHUA
(usnuecknx MexaHU3MOB (OPMHPOBAHUS IMPOJYKTOB HOHHOTO pACIbUICHHS B BHUIE
KJIACTEPOB CIeAyeT IPUMEHsTh [1] mpocTeie MoxenbHbIC pacyeTsl. B naHHOM craThe pa3BuUTa
TEOpUst paclbUICHHUSA B BHIE BO36y)KI[eHHBIX KJIaCTEPOB, KOTOPBIE PEIAKCUPYHOT 10
CTaﬁl/lJ]bHOFO COCTOSIHUA IIYTEM HCIYCKaHUA OAMHOYHBIX aTOMOB, OCHOBAaHHAasA Ha IMPOCTHIX
(i)H3l/I'—[eCKI/IX NPEANOJIOKECHUAX U HAXOIAIIasCsd B HEIUIOXOM COINIaCHHU € OKCIEPUMEHTOM.
HOJ’Iy'—ICHbI TIPOCTBIC BBIPAKCHUA AJIA IIOJIHBIX BBIXOJ0B CTaOMJIBHBIX KI1aCTepOB.

Hamre pacemorpenne ucnons3dyer dusuueckue uaen pabot [2] u [3], mostomy, kak B
[1], 6ymem cuntats, 4TO 3a BpeMsi MEHbIIEE, YeM IIEPHYA KOICOaHNs. aTOMa PELICTKH, HOH U
6I)ICTpLIe aTOMBI OTHAA4YH, HOPETEPHEBAIOT OOJIBILIOE YHCIIO CTOJ'IKHOBGHI/II7L B pe3yibpTaTte

KOTOpPBIX aTOMBbl MHUINECHH IOJYYAOT HECKOTOPBIC HMITYJIBChI qi , Tae i- HOMEp aToMma.

CrienaeM  ecTecTBEHHOE TPEANOJIO0KEHUE OTHOCUTEIIBHO pPaCIpEeaACICHUI 3HAYCHUH qi,

(i=1,2,...,N): cuntaem Bce (; HE3aBUCHMBIMH, a BCE HANPABICHHS (; PABHOBEPOSTHBIMH.

[Janee, kak u B [1], 115 0pocToThl OyIeM CUUTATh, YTO XOTSI BCE (|; HAIPABICHbI COBEPLICHHO

Xa0TUYHO, HO MO JUIMHE BCE OIMHAKOBEI, T.¢€. | (; |= g, wma Beex i1 =1,2,..., N . Bergemum 610K

N
u3 N artomoB. LleHTp Macc Onoka HONYYHI HUMIYIbC P = Zqi, BEPOSITHOCTH Pa3IMYHBIX
&

3HAYCHHI WMITyJbca IeHTpa mMacc Omoka P mpu N =1 jmerko BBIYHMCIIOTCS W PaBHBI (CM.

dopmymny (3) crateu [1]):
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d*p 1 expl - p’
87 (Ng?/6)* 4(Ng?/6) |

dw, (p) = (0]

DTO pacrpesesieHUe He COACPKUT 3aBUCUMOCTH OT YIVIOB BBUIETA KIIACTEPa U IIO3TOMY
[0CJIe MHTEIPUPOBAHMUS MO YIIaM BbUIETA KJacTepa HeTPYAHO nonyduts (cM. Gopmyy (4)
cratbu [1]) pacnpemeneHne 1O 3HEprUsM BbUICTEBIIMX KiacTepoB. OHako s
nanbHeiinero, Ham ynoOHee mepenmcarh (1) B BuE pacmpenencHHs MO BHYTPEHHUM

sHeprusaM. JleficTBUTENbHO, KaX/blii aToM GloKa MoMyumn sHepruio & = (%/(2m), Tak 4TO
N
— Nn? -
Bech Onok momyumn sHepruio Ne = NQ°/(2m) u ummymsc p = 2qi, TaK 4TO pa3HUIA
£

Ng?/(2m) - p?/(2Nm) = E,,, 5To BHyTpeHHsiA Heprusi. Takum o6pa3oM, pacrpezeseHue 1o

BHYTPEHHEW 3HEPTUM UMEET B

du, _ o (ANGI@M) -Ey) | ( HNG*/@m) - E,) o
dE;, 87 (&3)** 2e ’

rae Q - TenecHslil yron Beuiera kiactepa. CumraeM, uto LEHTp Macc Guoka u3 N
aTOMOB HAaXOJMTCS B NOTEHLMANbHOI siMe riyOuuoi U, , KOTOpyio MbI OyneM HasbIBaTh

BHCpFI/ICI‘/’I CBsA3M KiacTepa C MHUIICHBIO. Biok 3 N atomoB Moxer BBUICTETH, €CIH €ro

KMHETHYECKOH SHEPIUU IBMKEHHS KaK LEJIOro XBAaTHT HA NpeooNeHne SHepruu cBsasu U, .
IosToMy, BHyTpeHHss dHeprus HaxouTes B gnanasone 0 < E, < Ng?/(2m)-U,,.
Cornacno [1], sneprust cBsasu knactepa U ¢ MHIICHBIO MPONOPUHOHAIBHA TUIOMIAIH

MOBEPXHOCTH S, MO KOTOpoil 010k 3 N aTOMOB CONpPHUKAcCaeTCsl C OCTAIBHBIM TBEPBIM

N?

TEJIOM, U paBHa :

2

U, =S, = Nzh, ®3)
rie 6e3pa3MepHbIi apameTp h xapakTepusyer cTeneHb "U3phITOCTH" OBEPXHOCTH J10
BeuteTa Kiactepa, nmpudeM O0<h<1, mpm h=0 knacrep g0 pacmbUICHHsS JIEKAT Ha
MOBEPXHOCTH MuLIeHH, pr h =1 Kimactep 10 pacbUICHHUS OJHOCTHIO MOTPYKEH B MUIIICHB,
O He 3aBucuT 0T N M HMEET CMBICI SHEPrUH CBSI3M HA OJMH aTOM B KJIACTEPE MOJIHOCTHIO

MOTPY>KEHHOM B MHIIICHb.
Temepp, 4TOOBI ONPEAETHTH BEPOSITHOCTD TOIYYCHHsI BHYTPEHHEH dHEPIUH Ha KaKOM-
00 WHTEepBalle 3HAYEHHH, HYKHO MPOUHTETPHPOBATh BhIpaxkenue (2) Ha 5TOM HHTEpBae.
Jlnst mpocTOThl OyaeM CYMTaTh, YTO SHEPIUsl HCIIAPEHHSI OJHOrO aToMa paBHa O - DHEPrHU

cybiMMannn Ui pacnsuisieMoro Bemiecta. UHrerpupyst Boipaxerue (2) or 0 1o O, Mb

132



HOJIy4HM BEPOSITHOCTB TOTO, YTO y KJIACTepa He XBATHT SHEPIHH JUIs pa3Bajia U OH OKaKeTCs
crabmibHbIM. [lasiee OyzneM cunTath, 4TO BO3OYXKIEHHBIN KJIACTEP BCEraa pelakcHUpyeT 10
CTa0MIBHOTO COCTOSIHMSI IIyTE€M HCITyCKaHMsl TOJIBKO OJJHOATOMHBIX (parmentos. Torna,
HHTETPHpPYs 0T & 10 2 J , HOIy4YHUM BEPOSITHOCTh HCTIAPEHHUSI OTHOTO atoMa, 0T 2 & 103 0 -
IByX artomoB. IlozicraBisisi B BeIpakeHHe (2) B KadecTBe INPEIENOB HHTEIPHPOBAHHS
HIOPOrOBbIE 3HAYCHHS SHEPIUH, HEOOXOAUMBIM /ISl HCIIAPEHHs N IITYK aTOMOB M3 KJacTepa,

TIOJTYYUM BEPOSATHOCTH TOI'O, UTO N-atoMHBIi KJIaCTEp, UCIIAPUT N MOHOMEPOB:

n+1s AW,
;= . 4
Wy j:é aE,. dE,, 4)

B pesynbrare obpasyercst crabuibHBIA KiaacTep ¢ yucnoM atomoB N —n. OTmernm,
yro Tpu wuHTerpuposaHmu 1o OE;, HEOOXOMMMO MCKIIOYATH CIy4ad OTPHIATETHHEIX
3HAYCHHI IOKOPCHHOIO BBIPAXCHMsSI B IpaBoil wactu (2). Takum 0Opa3oM BEPOSTHOCTH
o6pa3oBaHus CTaOMIBHOTO KiiacTepa W3 N aTOMOB paBHa CyMMe BEPOSITHOCTEH ITOTY4HTh
n3HaY aJbHO cTaOwibHBIH N aTOMHBIA Knactep M BeposTHOCTeH monyduTh N aTromHbIe
OCTaTKM OT UCHapEeHUs O0osIee TSHKEIbIX KIIACTEPOB!

Wy =W+ W, W2 s W W N ©)

rae N, - HeKOTOphlii MakcHUMalbHbI pasMep BO30OYXKIEHHOH 30HEL JlomonHUM
sepaxkenne (5). Kaxnoe cnaraemoe nomuoxum Ha MuOxkuTenb No/(N +N), nokassisarommii
BO3MOHOE KOJIMUECTBO Ki1acTepos pasmepa N +n, nomemaromuxcs B N, -aToMHOH 30He.

~ No—N N
Wy = —w 6
N n; (N +n) N+n ( )

Ha SKCIIEPUMEHTE 00BIYHO HU3MEPAIOT OTHOCUTCJIBHBIE 3HAUCHHUS BBIXOJa KJIIACTCPOB

Yy, mo ompenenermio Y, =Wy /W n=s (MoxHO BBIGpath mo6oe N =5, HO Ham ymoGHee
N =5), aHajJOrHYHO HOPMHPYIOTCS OSKCIEPUMEHTAIbHBIE JaHHBE. [Ipu NpoBeIEHUH
pacyeToB SHEPrHIO CYOIMMALMU BLIOMPAIM B COOTBETCTBUM C [4], TaK YTO €IMHCTBEHHBLIMU
BApbUPYEMBIMH NapamMeTpamu B (6) SBISIOTCS MMITYJIbC ( W COIAEPIKALIMNCS B BHIPAKEHUH
(3) MuOxmTEnb h. VX 3HaYeHHE yKa3bIBAIOTCS B MOANKCH K pUCYHKY. 3Hadyenue ke No = 500
- MakCHMAIIbHOTO pa3Mepa BO30YKIEHHOH 30HbI (TOYHEe, yuCia aToMOB B Hell) ObUIO
BBIOPAHO Tak, 4TOOBI PE3yJbTAThl PACUETA B PACCMATPUBAEMBIX HA PUCYHKAX JMAIa30HAX HE
U3MEHSUIUCh TIpU yaBoeHuH 3HaueHusi No. J[Isi MPOBEPKH HCIONBb30BAIUCH PE3YIBTAThI

OKCIEPUMEHTA 10 PaCHbIJICHUIO cepe6pa U UHOUA. Pe3yJ’II)TaTI)I TIpEACTaBJIICHBI Ha PUCYHKE 1.
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Puc 1. CpaBHeHHE OTHOCHTENBHOTO BBIXOAQ METAIMYECKHX KIacTepoB (BCe 3apsioBbie
COCTOSIHUSA) B MOJEPHM3MPOBAHHOW Mozenu (Oenble OTMETKM) ¢ JaHHBIMH  OKCIIEPHMEHTA
(HeffTpabHBIEC KJIaCTEpHI, YEPHBIM OTMETKH), MyHKTHp - CTemneHoi 3akon A. Wucher’a. cresa -
Gombapnuposka Xe — Ag [6], 15 keV, =120, h=0.12; cnpasa - Gombapauposka Xe — In [7], 15
keV, =186, h=0.885.

TIpumenuMocTh MoOJENM ObUla paclIMpeHa MpU I[OMOIIM BBEJICHMS IIONPAaBOK Ha
(parMeHTaLHMI0 TEPeBO30YKACHHBIX KaJICTEPOB, pa3Mep BO30YXKICHHOW 30HBI, M Tenepb
konebnercss B npenenax 4 < N <45. Mogenb B 5TOM JAMana3oHE I OKA3bIBAET XOPOLIYIO
CXOJIMMOCTh C DKCIEPUMEHTOM W cTeneHbM 3akonoM A. Wucher’a. 3a mpemenamu 3Toro
JMara3oHa, 10 HAIUM HPEICTABICHUSAM, ACHCTBYIOT NPyrHe MEXaHH3Mbl pactblieHus. Kak
0Ka3aJoCch, B XOJI€ JAIBHCHIIMX TMPOBEPOK HAlIl IOAXOJ DIPUMEHHM HE TOJBKO ISt
METaJUIOB, HO M IS MOJIyHPOBOJHUKOB, YIIepoJa, ¥ Jae HEKOTOPBIX CIOMKHBIX BELIECTB,
HAIpUMep, KBapia, eCIH MPU WX PACIbUICHUH IPOUCXOANT BHIOHBAHIE LETBHON MOJICKYJIBI, C
COOTBETCTBYIOLIEH SHEPruei cyOIMMaryu.

Pabora BomonHena B pamkax KI'3 MunmcrepctBa obpazoBanus u Hayku PO (Ne

3.1726.2014/K).
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AHM30TPOIINS PACTIBIJIEHUSI MOHOKPUCTAJLIIA CATI®OUPA
ANISOTROPY OF SAPPHIRE SINGLE CRYSTAL SPUTTERING

K.®.Munneb6aes, K.A.Tonnun, B.E.lOpacosa
K.F.Minnebaev, K.A.Tolpin, V.E.Yurasova

Mockogckuii 2ocydapemeennwiii ynugepcumem,119991 Mockea, Poccus
Moscow State University, 119991, Moscow, Russia. E-mail: ktolpin@mail.ru

A spatial distribution of particles emitted from the face (0001) of a sapphire single crystal with a
trigonal lattice (a-Al,O3) has been studied for the first time. We have obtained anisotropic patterns of the
predominant exit of sputtered particles (the patterns of spots) in some crystallographic directions. The
sputtered particles have been observed to exit mainly along the sides of an irregular hexagon with the spots
at its vertices. The densest spots are located on a continuous strip under the polar angles 6 ~ 60 and 45° (to
the normal to the surface) and the pale spots of the deposit are observed at the angles of 0, 27, 75 and 90°.
The spots under all these angles appear as a result of either focused collisions (direct and assisted focusing)
or channeling. The analysis of a composition of sputtered substance showed that the picture of spots
consists of Al,O;with a certain additional amount of Al in the densest spots.

BBEJIEHUE

HonHOe paciblIeHHe BELIeCTBa MPEACTaBIsET COO0M CIOKHBII MPOLECC H COMPOBOKIACTCS MHOTUMH
JIOTIOJTHUTEIIBHBIMHA SIBJICHUSIMH, 3aTPYAHAIOIMIUMHU €r0 U3y4YCHHUE. HCCMOTpﬂ Ha TO, 4TO K HACTOALIEMY
BPEMEHHU HAKOIUICH OOLIMPHBII MaTepHall 10 HCCIIeJOBAaHHIO pacibuieHus [1], eme HeT MOIHON SICHOCTH B
TIOHUMAaHHUH €TO0 MEXaHHu3Ma. OCOGyK) PpoOJIb MJIA U3YyYCHHUS NPOIECCA PACTIBIICHUS ChIrPATIN SKCIICPUMEHTHI
C MOHOKDHCTaJUIaMM, Ha4aTble BHepBble [.BeHepoM, KOTOpBIf  OOHApy:KMI — aHH30TPOIHOE
MPOCTPAHCTBEHHOE PACIPE/ACICHHE PACIBUICHHBIX YaCTHI] M3 MOHOKPHCTAaIa MEIW NpH dHeprusx Ep
oburyuaronmx nono xo 300 3B [2]. TIpu Goiuee Bbicokux Eo Benep yxe He HaOmo[al aHH30TPOIHH
pacnbUICHUsT U NPEANOJIOXUII, 4TO B OTOM Cilydyae ﬂCﬁCTByCT HpHHﬂTBIﬁ TOTZIa MEXaHU3M HCIIapEHUsA
aTOMOB M3 PAaCIUIABJICHHBIX MOHHOW GOMOApAMPOBKOIl y4aCTKOB IIOBEPXHOCTH. DTO MPEAIOIOKEHHE HE
MOJATBEPAHIOCh, MOCKOIbKY B pabore [3] 6buto 0OHapy:KEHO NPEHMYIIECTBEHHOE PAaCIbLICHHE
MOHOKPHCTAJUIOB B IUIOTHOYNAKOBAHHBIX HANpPABICHUAX IpH OOMOapAHpOBKe MOHAMH € dHEpruei 1o 5
k9B. B mansreiimem stot ekt 6bu1 momyuen npu Ey = 50 k3B [4] u cotan k9B [5]. Anmsorponust
pacblICHHs MOHOKPHUCTAILIOB ObLta 00bsicHeHa 3 eKTHBHOI nepepadel UMITyIbca OT MafalOUIMX HOHOB
aToMaM MHIICHH IyTeM (OKYCHPOBAaHHBIX COyAapeHHil (IpsiMasi M JONOJIHUTENbHAs (OKYCHPOBKa), a
TaKXKe IMHCCHEH YacTHUIl I10 O TKPBITBIM KaHaJlaM KpHCTaJTJ'lPl'—IeCKOﬁ peLIeTKA. MaKC]’lMyMLI pacrblIeHUus
(kapTuHbl TATEH) HAONIONATIUCH TAKKE Ui KPUCTALIOB ¢ 00beMHO wueHnTpupoBanuoi (OLIK) [6] u
reKkcaroHanbHoi miotHoynakoBauHoi ([T1V) [7,8] pemerkoii, a Takxke 171t GMHAPHBIX coeauHeHN [6].

TlpeacraBisiio  MHTepec — HCCIENOBATh  AHM30TPONMIO  HPOCTPAHCTBEHHOIO  PACIpPEIENICHHUS
PACHbUICHHBIX YacTHI[ ISl KpHCTamia Oolee CIOKHOH CTPYKTypbl, HAalmpuMep, TPUTOHAIbHOH. B
HacTosiieil padoTe Takoe KccnenoBanue OblI0 mposeaeHo s rpann (0001) moHokpucramna candupa (o-
Al,03), UMeromero MMUPOKOe MPAKTUYECKOE IIPUMEHEHHE.

Kpucramngeckyto cTpykTypy canupa TpHroHaIbHOW Moau(UKaiuu (mapaMeTpsl KPUCTaIMYeCKOi
pemerku: a = 4.76 A, ¢ = 12.99 A) Moxmno npeactaButh kak Hanoxenne 18yx ITIY pemeTok: HueanbHoi

— st O 1 HecKoIbKO AeopMupoBaHHOH ¢ mycrotamu — st Al [9], kak mokasano Ha puc. 1.
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Puc. 1. Kpucrannuyeckast cTpyktypa candupa
TPUTOHANBHON o - Moaupukauuu. a) I'paHb
(0001). 6) O6bemuoe mpexacrasinenue. (), ()
— atomsl O, cion 1 u 4; (@), (2), () — aTombI
Al, ciion 2, 3u 5.

VuuThiBas yKa3aHHYI0 OCOOCHHOCTb CTpoeHMs camndupa, B Hacrosmedl padoTe mOAPOOHO
HCCIIE/I0BANIACh KapTHHA MATEH pacrisuienHs kpuctamia ¢ ITIY perreTkoit, a uMenHo munka (a = 2.66A, ¢ =
4.95R).

METO/JUKA SKCIHEPUMEHTA

OKcrepuMeHT MPOBOAUICA HA BBICOKOBAKYYMHOH yCTaHOBKE C MCTOYHHMKOM HOHOB AppeHHe. ITyuok
noHoB Ar’ ¢ sneprueii o= 10 k3B ()oKycHpOBaCS OAHHOUYHOM 3JIEKTPOCTATHYECKON JTHH30M, IIPOXOIHI
CKBO3b OTBEpPCTHE B KBAPIIEBOM DKpaHe U momaznan Ha obpaserl. Ilepes o6pa3inom momentancs CTeKIHHbII
IUIOCKUH MM IHIMHAPUYECKHI KOJUIEKTOP, Ha KOTOPBIH OCaXKIaINCh YACTUIBI PACIIBLUICHHOTO BELIECTBA.

AHamu3 XHMHYECKOTO COCTaBa KapTUH pacnbpUICHUs IIPOBOJAWICA METOIOM peHTFCHOBCKOﬁ

sueproaucnepcuonnoii cnekrpockonuu (IJIC) na npudope Hitachi S-3400N Variable Pressure SEM.

PE3VJIBTATBI U OBCYXJEHUA
Kapmuna namen pacnwinenus zpanu (0001) yunka

KapTtuna ocajka Ha IIOCKOM CTEK/ISSHHOM KOJUIGKTOpe, OOpa3oBaHHAas B Pe3yJIbTaTe pacIbLICHUS
6a3MCHON IUIOCKOCTH MOHOKPHCTA/lIa IHHKA IpeJCTaBiIeHa Ha puc. 2a. YeTko BHAHA CHCTEMa ISITCH B
BEpIINHAX HECKOJIBKUX KOHLIEHTPHYESCKHUX LIECTHYTOJIbHUKOB, OTpaXarolias cummerputo rpanu (0001) Zn.
HauGomnee MHTCHCHBHBIC MATHA PACTIONOKEHE! TIPH MOJAPHBIX yriax Beixona 6 = 32° n 51° B miockocTax

{1120} ¥ COOTBETCTBYIOT HAmNpaBJCHUAM BBIXOAA <2203> U <4403 >, TIOKa3aHHBIM Ha puc.26. Onu

HOSIBIISIIOTCSL GJ1aroapst apHbIM COYJapeHHSAM BOJIM3U OBEPXHOCTH 110 MEXAaHU3MY HPSIMOIO BHIOHBAHUS.
Kpome Toro, Buana wacte nsatHa npu 0 = 0° (manpasnenue Boixoma [0001]), Bo3HMKarOmero 3a cyer
JIONOJIHUTENbHOM (POKYCHPOBKH, a TakKe MaKCMMyM pachbuleHus npu O = 27° (HanpaBjieHHs BbIXOJA

<1123 > B miockocTsax {1010}). Bee HaGmonaemble mATHA Ocajka JEKaT HA LIECTHYTONBHBIX MONOCAX,

TIOSIBJIAIOIIUXCS BCJICACTBUE ABHIXKCHUS PACIIBUIAEMBIX YaCTHUIl IO OTKPBITBIM KaHaJlaM Kpl/[CTaHﬂl/I'—leCKOﬁ

PCUICTKHA.

[4d03] (1123)0001]  [3203]

Puc. 2. a) KapruHa msATE€H pacrbUICHUS
rpanu (0001) uunka. Ar', Eo= 10 B, j =
0.5 MA/eM®, t = 1 wac.6) Cxema I'TIY
pereTKu LMHKa u HarpasieHui
TIPEUMYIIECTBEHHOI'O pacibUICHUS.

LA (1) ~
[1130] [1270]

a) 6)
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Hanpasnenus npeumywecmeennozo pacnwinenus zpanu (0001) cangpupa

IIpocTpancTBEHHBIE pacTIpeIeIeHNs] YaCTHII, PACIIBUIEHHBIX ¢ 0a3MCHOMN MIOCKOCTH MOHOKPHCTANA O~
Al,O; TpUroHaNbHOH CHCTEMBI, IOKa3aHO Ha pHC. 3a. BBIXOA pACHBUICHHBIX YaCTHI[ [POMCXOIHUT B
OCHOBHOM IO CTOPOHAM HEPaBHOCTOPOHHETO HIECTHYTOIbHHKA C IMATHAMH Ha ero BepmmuHax. Hambomee
IJIOTHBIE IISTHA PACIIOJOKEHBI HA CIUIOWIHOI mnosoce npu 6 ~ 60°; OHHM COOTBETCTBYIOT HAIpPABIEHHIO
<4403> nns kpucramios ¢ TV pemrerkoif. MeHee MHTEHCHBHBIE MATHA HAXOAATCS B LEHTPANbHOI
TpeyrosbHoi o6nactu npu 0 ~ 0, 27 u 45°. TlsatHO npu 0 ~ 45° COOTBETCTBYET HANIPABIEHHIO < 2203 > utst

kpuctamios ¢ I'TIY pemeTkoii.

[

a) 0) B)
Puc. 3. Kapruna nsren pacnsurenns rpanu (0001) candupa: a) Ha miockoM koiiekrope, Ar', E,= 10 k3B,
j=0.5 MA/cM?, t = 9 wac.; 6) Ha wHIHHAPHYEcKOM KomiekTope, Art, Eq= 10 kB, j = 0.35 mA/em?, t = 8 uac.
B) DnemeHT rpanu (1120) TPUIOHANBHOW pEWIETKH candupa M NPEHMYILIECTBEHHBIC HATIPABICHHSL
pacnbutenus. [Tonoxenus atomos: O B nepBom cioe (@) u aromos Al Bo BTopom (@) 1 B TpeTheM (@) cioe.

JUi1st TOro, 4To0B! YBUACTH MIPEUMYLICCTBEHHOE PACIBUICHHE YAaCTHUL IIPU OONBIINX YIJIaX BBIXOJA, ObLT
HCIIONIb30BaH IMIMHAPHYECKHUI CTEKISHHBIH KOJIEKTOp, OKpysKaroumii obpasen. IlomyueHHas kapTHHA
HATEH IIpe/CTaBieHa Ha puc. 30 BMECTe CO CXEMOH NpPEMMYIICCTBEHHBIX H alPaBICHHI PACIBLICHUS
kpucraia (puc. 38). Ha puc. 36 BujeH psj nsTeH, pacronokenusix yepes 30 wim 60° apyr ot apyra no
a3UMyTaILHOMY YIUIy TIPH MOJIAPHBIX yriax Bbixoaa 0 ~ 90, 75, 60 u 45°. ITatua nipu 6 ~ 90° o6pasyrorest
Gmaromapst pacrbUICHHIO WYaCTHI B IUIOTHOYNAKOBAHHBIX HAMPABICHUAX <1120> MO MEXaHH3MY
JIONOJHATENBHON (OKycupoBKu. Pacnbuienne vactun nox yrmom 0 ~ 75° IpoMCXORMT BClEACTBHE
[PEHMYINECTBEHHOH dMHCCHH aToMOB Al 10 OTKpBITHIM KaHajgaM KpPHCTAUIMYECKOH PEIIeTKH,
OTpaHHYEHHBIM LENoYKaMu aToMoB O B IUTOTHOYNAKOBaHHBIX HANPABICHUAX <1010 >. [Ipu yruax 0 ~ 45°
u 60° snekar nATHA, KOTOpBIE OBUIM M Ha IUIOCKOM Koiuiektope. IlstHa npu 0 ~ 60, 45 u 27°
XapaKTepu3yeTcs ONaronpusATHBIMH YCIOBUSMH MeEpeladd HMMITylbca OOMYydYaroIMMH HOHAMH aToMaM

MUIIECHHU, HECMOTPSL Ha HEpaBHOMEpHOE pacronoxkenne aroMoB Al n O Boib HUX.
Cocmag kapmun namen npu pacnvinenuu zpanu (0001) cangupa

Pe3ybTaT XMMHYECKOTO aHaIM3a COCTaBa KAPTHH MATEH M IONYNPO3PAauyHbIH HAMBIICHHBIH 0CamoK
(xak caM cangup) 1aetT OCHOBAHHE IIPEAIONIOKUTD, YTO B IPOLECCE PACHBLICHUS SMUTHPYIOT HE TOJIBKO
aromaphble dacTHIbl Al 1 O, HO ¥ MOJIEKYJIAPHBIC KOMIUIEKChI, 4TO XapaKTEPHO Il KPUCTAILIOB C HOHHO-
KOBaJICHTHOIT CBsi3bt0 [10]. ITpu 5TOM, B IUIOTHBIX MATHAX IPHCYTCTBYET H30bITOYHOE KomyecTBo Al, uTo,
MO-BHAMMOMY, CBSI3aHO ¢ pacrbiieHneM vactun Al, kak u3 candupa, Tak u u3 ocrpoBkoB Al Ha ero

nosepxuocry [11].
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3AKJIIOYEHUE

* BriepBbie HAOIIOaI0Ch YIIIOBOE paclpeielieHre YacTull, pactbuieHHbIX ¢ rpann (0001) candwupa (o-
Al,O3). KapTiHa pacnblieHHs Ha INIOCKOM KOJUIGKTOPE COCTOsUIA M3 HENPABUILHOIO IIECTUYTOJIBHUKA C
[ATHAMH Ha €ro BepUIMHAX MPH yriax Bbixoaa 6 ~ 60°, W LEHTPaIbHON TPEyroibHOM 06JIACTH ¢ IATHAMI
npu 0 ~ 0, 27 1 45°. Ha unnuHApHIecKOM KOJUIEKTOPE IIATHA pacTbLIeHus BUAHbL npu 6 ~ 90 u 75°.

* [Toka3aHo, 4TO GOJBIINHCTBO HANPABJICHHIT IIPEUMYIECTBEHHOTO pacibuieHns candupa (mpu 6 ~ 60,
45, 27°) xapakTepusyercsl OJaroNpUATHHIMH YCIOBHSMH TEPENAYN HMITYJbca OONYYAOUIMMH MOHAMI
aTOMaM MHILICHH, HECMOTpPs Ha HepaBHOMEepHOe pacnonoxerne aromoB Al u O Bronb Hux. [TstHa npu 6 ~
90° 06pasyroTcs 671arofaps SMUCCHH YacTHI B TVIOTHOYTIAKOBAHHBIX HATIPABIEHUAX <1120 >, IpH 6 ~ 75°—
BCIENCTBUE  Bbixoga aromMoB Al 1o kaHagam, OrpaHMYeHHBIM I[ enoukamu atomoB O B
HanpaBeHusx < 1123 >, a npn 0 ~ 0°— 3a cuer HomomHUTENBHO hoKycHpoBKH B Hanpasienun [0001].

* KapTuHbl HATEH pacHbUIeHHS candupa CPaBHUBAIMCH C MPOCTPAHCTBEHHBIM PACIpEACICHHEM
YACTHULL, PACHBUICHHBIX ¢ 0A3UCHON rPaHN MOHOKPHCTAILIA LIMHKA, OJIM3KOi 10 CBOEMY CTPOEHHIO K TaKOi
ske rpanu candupa. Jins Zn Habnrojanach KapTHHA OCaJKa, COCTOSIIAs M3 TPEX IMICCTHYTOJbHBIX
CIUIONIHBIX MONOC C MATHAMH B HATIPABICHHAX <1123>, <2203>, <4403>, U LEHTPATLHOrO MATHA B
nanpasiennn [0001].

e MeTofOM pPEHTIeHOBCKOM BHEProAMCIEPCHOHHON CIIEKTPOCKONMH H3Y4eH COCTaB  IISTEH,
obpasyromuxcst npu pacnbiieHnn rpaan (0001) AlO;. Chenano 3akiro4eHHEe O TOM, YTO B MPOIECCE
pacubUICHUs DMUTHPYIOT HE TOJIBKO aTOMapHBIC YaCTHIIBI AI u O, HO U MOJIEKYJISIPHBIE KOMILUIEKCHI, YTO
XapaKTepHO ISl KPHCTAJUIOB C HOHHO-KOBAJICHTHOH CBSA3BIO.

° HOHy‘{eHHBIC 3aKOHOMEPHOCTHU IIPEACTABIIAOT HWHTEPEC HE TOJIBKO [UIA IIOHMMAaHUS MEXaHu3Ma
pacnbitenus coenunernst Al,O3, HO M IS pa3sBUTHS METOOB aHAIN3a IOBEPXHOCTH HOHHBIMH IIyYKaMH, a

TAKXE€ JUIsl TCXHOJIOTUH U3TOTOBJICHUA TOHKUX IJICHOK.

Apropsl Guarogapstr POOU (rpant Ne 15-02-07819 A) 3a (uHAHCOBYIO MOALEPKKY pabOTHI, a

K.Il.CDopz[a 3a IIOMOIIb IIPU aHAIM3€ XUMHUYCCKOIr'0 COCTaBa IATECH paclblUICHUA cancimpa.
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BO3MOKHBIE MEXAHU3MbI PACIIBVIEHUSA ITPU BOMBAPINPOBKE
MOJUATOMHBIMUA HOHHBIMU ITYYKAMM (CUHEPTETUYECKH ITOJIXO/T)

POSSIBLE MECHANISMS OF SPUTTERING UNDER BOMBARDMENT BY
POLYATOMIC ION BEAMS (SYNERGETIC APPROACH)

B.JI.Oxcenrenanep, C.E.Maxcumos, H.}O.Typaes
B.L.Oksengendler, S.E.Maksimov, N.Yu.Turaev
Huemumym UOHHO-NAG3MEHHBIX U a3epHblX mexnonoeuu Axademuu Hayx Pecnybnuxu

V36exucman;100125, ya. Jopmon Huy/m 33, Tawkenm, Ysbexucman oksengendlerbl@yandex.ru

The phenomenon of sputtering of solids under the bombardment by polyatomic ions is
considered in the framework of synergetics. The total sputtering process is divided into three
stages using the idea of three successive regimes: the realization of the dynamic system, the
emergence of the statistical system and the achievement of the fully statistical system. On this
basis, allocated the appearance of the basic mechanisms is allocate: elastic process, mass

transport under the influence of shock waves and thermal spike.

PacnbuieHre TBEPIBIX TEN NPH MOHHOM GoMbapaupoBke [1], SBISISCH OJHUM M3 THIIOB
a¢dexToB paauanuonHoi ¢usnku (cM. [2]), meMOHCTpHpyeT XapakTepHOoe 6OraTcTBO
SIBIICHUH ¥, ONHOBPEMEHHO C OJTHM, OIpPEIeNEHHYI0 (parMeHTapHOCTh TEOPETHUECKOrO
aHaluM3a, CTposulerocs 1o Tuiy Mojenedl. Jlume B camoe mocnegHee  BpeMs
[PEANPUHUMAIOTCS  IONBITKM  OMHCAHWS. pajAMalMoOHHBIX siBaeHmi [3,4] B pamkax
YHUQUIMPOBAHHOIO IIOJXOAA Ha OCHOBE METOINOJIOTHH OTHOCHUTENILHO HOBOH HayKH,
HaspiBaeMol  cuHepreTukoil [5]. ITIpuMMeHMTENbHO K PpACIBUICHUIO I10J ACHCTBHEM
MOJICKYJISIDHBIX ~HOHOB TMOAOOHBIA YHU(DUIMPOBAHHBIA IMOAXOA OCOOCHHO —aKTyaseH,
MOCKOJIBKY B 3TOM 3((heKTe 0AHOBPEMEHHO MPOSBIAIOTCS PA3IMYHBIC MEXaHU3MBI YIIPyroe
CMEIICHHE, IEKTPOHHOE BO30YXICHHE, TEIIOBOH UK U yAapHbIe BOIHEI (cM. [6]).

PaccmorpuM 60MOapAMPOBKY IOBEPXHOCTH TBEPAOTO TeIa MOJICKYISIPHBIM HOHOM Ay,
rae N — 4uciao aTtoMoB B oOmywaromeil wactune. [lpu Biére An, B HPHIOBEPXHOCTHYIO
00nacTb HOH Ppe3Ko (KMTHOBEHHO») OCTaHABIMBAeTCS;, TAKYI0 OCTAHOBKY MOXHO
paccMaTpuBaTh KaK «MIHOBEGHHYIO» Ilepelauy MMITyJbca (i KaKIOMy M3 aTOMOB B HOHE,
KOTOpbIE MbI OyJeM MOJEIMpOBaTh HAOOPOM SHHIITEHHOBCKMX OCHMILIATOPOB. CornacHo
npezacraBieHms M 006 3ddexre Berpscku [7], mns BEpoATHOCTH CpbiBa j aTOMOB H3 N

ONpeICIACTCS KaK:
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3nece M a!\7p - IMITyJIbC OJTHOTO aTOMa B HOHE An, o H Wex — BOJTHOBBIC (DYHKIIMH B OCHOBHOM

U BO30YXKIEHHOM COCTOSIHUSIX aToMa, IpHHauIeKaBiero uoHy An Kaxamelii wu3
OTOPBABIIKXCS | ATOMOB SIBISIETCS POAOHAYAIBHUKOM KacKaja, OCTaBIIAsICs YacTh N-j aTOMOB
An TOPMO3BHUTCS KOJUIGKTHBHO U SIBIACTCS IIPUYHHOHN YAApHBIX BOIH U TepMomuka. OnHako N
aTOMOB KackaJia B pe3yJbTaTe IPOoLecca CTOXACTU3AMU MOTYT IPUBOJUTH K KOJICKTUBHBIM
adpexram. JIeHCTBUTENBPHO, PACCMOTPUM IOCIENOBATEIBHOCT COYAAPEHUH OJHOTO H3 |

aromos (Puc.1).

Ao

A(])o

Puc.1. JlokanbHast HEYCTOHYMBOCTh CHCTEMBI TIPH PACCESIHUM HA ChepUUSCKUX aToMax.

Bech mporecc nociaenoBaTebHBIX COYIAPEHUH MOXKET OBITh JINOO0 YCTOHYMBBIM, THOO
HEYCTOWYMBBIM B 3aBHCHUMOCTH OT TOrO, YOBIBAaIOT JMOO HApacTalOT OTKJIOHEHHs yria
paccestHust Ag i ABYX OJIM3KHX TP aGKTOPHUH, OTIMYAIOIIMXCS JIPYyr OT JApyra Ha Ao npu

nepBoM paccesinuu. [locie y-ro paccesinust umeem [3]:
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3nece p — muMHAa Tpobera MexkIy a KTaMH paccesHus, R — yIBOGHHBIH paxuyc

«paccenBarolero mapay». OyHKIMs pacieIeH!s KOPPEIILHil MMeeT BHI

K =exp(-y1In K)zexp(—%

cor

311ech KOPPEJIAINMOHHOE BPEMSt T, = , 0 — CCYEHHE PACCESHMUS HA YTON @,
[oNv In(% )}

N — mioTHOCTH pacceuBarOIMX LEHTPOB. OTMCTI/IM, 4yro N — IJIOTHOCTH aTOMOB B IUIOTHOM

) ®

Kackazie. s IpenesbHOro Cilydasi paclblIeHUs MONTHOCTBIO PACHABIINMCS MOJIEKYIISIPHBIM

noHoM (j=n) umeeM 7, ~ %/E—, T. €. BpeMs HACTYIUICHMS XaOTHM3al[i{l aHTHOATHO Kak
n
n

KHUHETHYECKOM OHEPruyd HOHa An, TakK M 4YHCIy aTOMOB B HOHE An. O‘{CBI/II[HO, YTO YHCIIO

AaTOMOB, YCIIEBIIUX BBUIETETH C IIOBEPXHOCTHU 110 MEXAHU3MY YIIPYTOro pacCEIHUA Ye| ~ Tcor-

ATOMBI, pacrbUICHHBIC [0 MCXaHHU3MY YIPYrOro PacCesHusl, YHOCST 3Hepruto Ein(j),
HPOMHOPLUOHANBHYIO jTcor. OcTanbHast yacTb sHeprun AE=Ean)— Eiin(j) Oyaer pacrtpaueHa na
KOJUICKTHBHBIE —mpouecchl. Jns OIEHKM HX pPOJIM MCIONb3yeM IPEICTABICHUS O
CTaTHCTHYECKOM U MOJHOCTBIO CTATUCTHYECKOM PEKMMAaX PaclbUICHHS, BBEAEHHBIX B HALICH
HemaBHell pabore [4]. Ucxons W3 MpeACTAaBICHHI O  CTATUCTHYECKOM —aHcamolle,
HACTYMAOIIEM [0 HCTEUYCHUH BPEMEHH Tcor, KOTOPBI MOXET OBITH OIMCAH B PAMKAaX IOAXOAA
@epMH M OTIMYAIOLMIEMCS OT  0o0Jee IO3HEr0 peXMMa TepMOIHKa (OMHCHIBAEMOro C
HOMOIIBI0 A()(PEKTHBHOMN TEMIIEPaTyPhI), UL YHCIIa PACIIBUICHHBIX aTOMOB MOXHO 3aIHCAaTh!

« 1 AE, (2aM AEY?Q

= —+—1In
stat nonel
3

E, 27 @

3neck Eq — sHeprus cMemeHns aroma MuieHu, QQ — 001acTb TBEPIOTO Tea, I/Ie BBIICISETCS
SHEPIHUs 3aTOPMO3HBIIIETOCS B MIPUIIOBEPXHOCTHOM oOnacti noHa A,. 13 (4) BuIHO, 9TO Ystat

yKe HelMHEHHO 3aBUCHT OT AE=Ep().

Janee, mocne MpoOLICCTBHM BpeMeHH mnopsaka mepuopa Ilyankape [8] mpomcxoaut
IIOJIHAsl CTOXACTH3AIMs CMCLIEHHBIX aTOMOB U yCTAHABIIMBACTCS IIOJTHOCTHIO CTATHCTHYCCKHI

aHCaM6HB, B pe3yJIbTaTE YE€Tr0 BO3MOYKHO OIMCAHHUE B paMKaX TCPMOIIUKA:

Q)

const
Yspike ~eXp| - AE
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3neck AE - ocTtaTok sHeprum Ea(n) 32 MHHYCOM dHEpruu, YHOCHMOH B IEpBOH M BTOpOI
CTaUAX PacHbUICHHS, PACCMOTPEHHBIX Bhle. OTMETUM, YTO pa3JeleHHe Ha CTaTHCTUIECKUE
U TIOJTHOCTBIO CTAaTHCTHYECKHE PEXUMBI YKe anmpoOHpoBaHO B 00macTy siaepHoit ¢usuku [9].
MblI nojaraeM, 4ro B 3KCHEPUMEHTAX 110 PACIBLICHHIO MOJIMATOMHBIMUA HOHAMU Pa3INYHbIE

pacrbuIeHHbIe (pakuun AeificTBuTeNbHO Habmogaores [6,10].

Pa6ota BrinonHeHa npu GpuHAHCOBOH Moepkke KoMurera o KoopAMHANK pa3BUTHUS
Hayku U TexHosornii npu Ka 6unere Munuctpo PecryOmukn VY36exucraH (KOHTPaKTBI

No®2-DA-D157 u NedD3-DA-D158).
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OB OCOBEHHOCTSIX PACIIPEJEJIEHUI TIEPE®OKYCHPOBAHHBIX
ATOMOB, SMUTUPOBAHHBIX C T'PAHHU (001) Ni, 1O YI'JIAM U QHEPTUHA
THE PECULIARITIES OF DISTRIBUTIONS OF OVERFOCUSED ATOMS EJECT-
ED FROM (001) Ni WITH ENERGY AND ANGULAR RESOLUTION

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

Qusuueckuii hakynromem MI'Y um. M.B. Jlomonocosa, Mockea, Poccus,
samoilov@polly.phys.msu.ru

The features of the azimuthal-angle overfocusing of atoms sputtered from the sur-
face of the Ni (001) face are studied by molecular dynamics computer simulation.
The signal of overfocused atoms is found to be multi-valued with respect to the
initial azimuthal angle oo due to different mechanisms of scattering. The overfo-
cused atoms form separate maxima and can be detected in experiments with angle

and energy resolution separately from the focused and the “own” atoms.

JIns HECUMMETPUYHBIX OTHOCHTEIBHO HampasieHust <100> HHTEpBaNIOB a3UMyTaIbHO-
ro yria ¢ GopMHpOBaHHE CUTHAIA PACIBUICHHBIX aTOMOB IIPH 3MHUCCHH aTOMOB C ITOBEPXHO-
CTH IIPOMCXOJIUT 3a CYET “COOCTBEHHBIX aTOMOB, Ha4aJbHBII yrojl BBUIETAa KOTOPBIX (g MPH-
HaJJIOKUT UHTEPBAITY YIJIOB ¢, H (POKYCHPOBKH “HECOOCTBEHHBIX aTOMOB: ()OKYCHPOBAHHBIX
aTOMOB, PacCEsSHHBIX Ha OJMKaifllieM aToMe JIMH3BI U3 ABYX OMMKaiIINX K SMUTHPYEMOMY
aTOMy aTOMOB INOBEPXHOCTH, U IepehOKyCHPOBAHHBIX aTOMOB, PACCESHHBIX HA [abHEM
arome JH3bL. D¢ dext nepedokycupoBku 66u1 06HApyxeH B [1, 2] u uccnenoBan B psiae pa-
6ot, manpumep, B [3]. B Hacrosmieii pabote Mccaen0BaHbl 0COGEHHOCTH (POKYCHPOBKH aTo-
MOB, pacnbuieHHbIX ¢ nosepxHoctr rpaneit (001) Ni, mo asumyraneHOMY yrity @ ¢ pasperue-
HHEM 110 HOJAPHOMY yriy U sHepruu. CTaBHIach 3ajjadya M3y4HTh BKJIAJ nepedoKycupoBaH-
HBIX aTOMOB B (DOPMHPOBAHHE PaCHpE/ie]IeHUH PACIIBIIICHHBIX aTOMOB IO YIJIaM U 3HEpruH.
Taxoke n 3ydasncsi BOIPOC O BBIACICHHH Iepe(hOKYCHPOBaHHBIX aTOMOB B OOIIEM CHIHaie
9SMHTHPOBAHHBIX aTOMOB.

B pacuerax aToM BBIOMBAIICS W3 y3j1a Ha NMOBEPXHOCTH C 3Heprueil Ky mox yrmamu Uy
(oTcumThIBAICA OT HOPMAJIHM K OBEPXHOCTH) U (o (o = 90° cOOTBETCTBOBAII HATIPABJICHHUIO HA
NMH3Y U3 ABYX OMKaiiimx atoMoB moBepxHocTH). HauansHas sHeprus Eo M3MEHsIach OT
0.5 3B o 100 »B. Illar mo £y coctasmsut 0.01 aB. Ilar mo ¢ 6601 paBen 0.5°, mar mo 1 —

€0sy cocrasisut 1/450. MomenupoBaicsi BBUIET aTOMOB, PACIPENEICHHBIX M0 HAYAIHHBIM
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Puc. 1. PaCHpCHCHCHHC TI0 HAYAJIbHOMY a3UMYTAJIBHOMY YTIIy (o U DHEPTUH E PpachublIICHHBIX aTOMOB
VIS TTONAPHEIX yrios BeiieTa O [56.3° 57.8°] m asumyTansabIx yrioos ¢ [82.5°, 85.5°]. B HmkHeit ua-
CTH PUCYHKa — (JOKyCHpOBAHHBIE aTOMBI, B BEpXHEH 4acTh — nepedokycupoBanHsie. B omnmumne or
MOZeNH 5 aTOMOB OTCYTCTBYIOT epe)OKyCHPOBAHHBIC ATOMBI C GOJBIIMMH SHEPTHAMH.

yrmaMm u sHeprun kak c0S99/Eq’. Bblia HCIOTb30BaHA MOJICTb MOJNCKYIAPHONH IMHAMEKH.
VUHTHIBAIOCH OJJHOBPEMEHHOE B3aHMOJCHCTBHE SMHUTHpyeMoro aroma ¢ 20 Ommkaiimumu
aroMaM# ToBepxXHOCTH. Takke 0 bUIO NMPOBEACHO CPaBHEHHE CO CIIyYaeM B3aMMOJCHCTBHS
SMUTHPYEMOro aToMa ¢ 4 OKaiIIMy aTOMaM¥ TIOBEPXHOCTH.

B auddepeHunanbHbIX pacpeIelICHHsIX PaclbUICHHBIX aTOMOB [0 YIJIaM M 9HEpruu
Obla OOHApy)KeHa MHOTO3HAYHOCTh CHUTHAIOB (DOKYCHPOBAHHBIX M Iepe()OKyCHPOBAHHBIX
aTOMOB, IO yriy BbuieTa (o. Ha puc. 1 mpescraBieHo pacnpesesneHue Mo HadalbHOMY a3u-
MyTaJILHOMY YIUIy (o ¥ 9HEprHU E pacbUICHHBIX aTOMOB, SMHTHPOBAHHBIX C MOBEPXHOCTH
rpanu (001) Ni, anst nonspueix yriaos Beuteta O [56.3% 57.8°] u asuMyTaibHBIX YIIOB @
[82.5° 85.5°]. Okasainoch, uto nepeoKyCHPOBAHHBIE ATOMBI OUEHb YyBCTBHTEIbHBI K BHIOO-
Py MOJIEIIH, Y4€ro Helb3si CKa3aTh 0 (POKYCHPOBAHHBIX aToMax. B monemu 21 atoma BbICOKO-
9HEpreTUyecKasl 4acTh pacrpeaeeHus nepeoKyCHpOBaHHBIX aTOMOB, HaGi01aeMas B MO-
Jienu 5 aTtoMoB, 3arubaeTcs B CTOPOHY HM3KMX 3HaueHuit sHepruu E u yrios ¢o, 6osnee Onu3-
KHX K HAIPABICHHIO HAa LEHTP JuH3bl. Takum o0pa3oMm, MOSABISETCS MHOTO3HAYHOCTH B pac-
IpezeneHny nepe)OKyCHPOBAaHHBIX aTOMOB I10 YIJTy (oo M BO3HHUKAET 00JIACTH HYJICBOTO CHT-
Haya, pa3Mep KOTOpOi YBEIHMYMBAeTCs NPH yMeHblIeHHH 3Hepruu E. B nerexrope c y3koit
yIJI0BOii aneprypoil npu sHeprun E < 6 3B nabmonatorcs nepedokycHpOBaHHbBIE aTOMBI,
OMHTHPOBAHHBIC [0 PA3HBIMU yIJaMH (o. [0Ka3aHO, 4TO 3Ta MHOTO3HAYHOCThH CBs3aHa C
JBYMsI Pa3MYHBIMH MEXaHU3MaMH paccCesiHusi mepeOKyCHPOBAHHBIX aTOMOB Ui pas3ind-
HBIX YIJI0B o. Jlits iepe)OKyCHPOBKH aTOMOB BEPXHEH BETBH CYIIECTBEHHBIM SIBIISICTCS pac-

cesiHHUE Ha OivokaiilieM aTtoMe JIMH3bI, a JUis 1epedOKYCHPOBKH aTOMOB HIDKHEH BETBH —
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Puc. 2. PacnipezienieHue pacibiieHHbIX aToMoB nipu smuccuu ¢ rparn (001) Ni ognospemenso mo 1 —
c0s® u suepruu E s unTepBana a3uMyTaabHbIX yrioB ¢ [76.5°, 79.5°]. Bepxuuii xpeGer 06pa3zoBan
B OCHOBHOM (DOKYCHPOBAHHBIMH aTOMaMH, HIKHHHI — TOJBKO MepedOKyCHPOBaHHBIMH aTOMaMH.

TAaKKE PACCESHHE HA aTOME, PACIIONIOKECHHOM 3a JIHH30M. TakuM 00pa3oM, B OCHOBE MHOTO-
3HAYHOCTH CHTHAJIA Nepe(OKYCHPOBAHHBIX aTOMOB 110 YTy (o JISKHT MHOTOKPATHOE paccesi-
HHE YMUTHPOBAHHOTO aTOMa HA aTOMaX [OBEPXHOCTH.

Okazaiock, 4TO B PACIpE/IC/eHUsAX ¢ OJHOBPEMEHHBIM Pa3pelIeHHeM M0 SHEPrHd U
HOJIIPHOMY YIIIy Uisl (PUKCHPOBAHHBIX MHTEPBAJIOB YIVIOB () OTYETIHMBO PAa3IMYAIOTCS O T-
JIeNbHBIE XPEOTHl — MAKCHMYMBI pacIpeieeHnii Juisi (JOKYCHPOBAHHBIX U IIepe(OKyCHPOBaH-
HbBIX atoMoB (puc. 2). MakcuMyM pacrpe/iesieHus nepedoKyCHpOBaHHBIX aTOMOB HaOJI0/a-
ercsi B 00JIaCTH YHEPrUU M TOJSIPHBIX YIVIOB, IIPH KOTOPBIX HET BbUIETA JPYrUX TPYIII aTo-
MoB. IlepedoxycupoBannsie aTomsl Ha 100% dopmupyroT Habm0gaeMslit curHai. Takum 06-
pa3oM, B AKCIIEPHMEHTAX C Pa3pelieHHeM I10 yIilaM H S9HEPTHH OKa3bIBACTCsl MPHHUMITHAIBHO
BO3MOJKHBIM BBIICIHTD OT/EIbHO CHTHAJ TOJIBKO Hepe(OKYCHPOBAHHBIX ATOMOB.

Pacnpez{eneHHe PaCIbUIEHHBIX aTOMOB I10 SJHEPIUH 11 Ct]PIKCP[pOBaHHBIX HUHTEPBAJIOB

6000 T n; T 6000
5000 § 5000 |-
4000 - 1 4000
3000 1 3000 [

¥, rel unite
¥, rel. units

E eV E eV

Puc. 3. PacmipeierieHust BCeX PacIbUICHHBIX aTOMOB (ClieBa) U TONBKO HepehOKYCHPOBAHHBIX PACIIbI-
JICHHBIX aToMOB (crpaBa) 1o suepruu E npu smuccun ¢ rpanu (001) Ni st moNsipHBIX yIiIoB BbLIETA
9 [56.3° 57.8°] n unTepBaNa a3suMyTaNbLHBIX YIIIOB ¢ [76.5°, 79.5°].
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1-cos8 1-cos8

Puc. 4. PacnipesieneHus BceX pacIbUICHHBIX aTOMOB (ClIeBa) M TOJIBKO MepeOKyCHPOBAHHBIX PaCIIb-
neHHbIX aToMoB (crpasa) mo 1 — cos® npu smuccun ¢ rpanu (001) Ni must sueprum E 3.0 £ 0.1 5B u
MHTEpBaJia a3MMyTaIbHBIX YIII0B ¢ [76.5° 79.5%].

HOJSIPHOTO U @3UMYTAJIBHOTO yriioB (puc. 3) COCTOUT U3 BKIAJOB (POKYCHPOBAHHBIX aTOMOB —
JIEBBI MaKCHMYM, Nepe(OKyCHPOBAHHBIX aTOMOB — MPaBblii MAakKCHMyM, M HEOOIBIIOTO
BKJIaJa “coOCTBEHHBIX” aTOMOB TipH dHeprusix E ot 0 1o 1.2 5B. IIpu 3TOM BBICOKOIHEPIeTH-
YeCKHH MakCHMyM B Paclpe/elieHHH SMHTHPOBAHHBIX aTOMOB IO 3HEPIUH C pa3peIIeHUEM
I10 MOJSIPHOMY H a3uMyTainbHOMY yriaM (cM. [4]), nabnrogaemsrit pu sHeprusix E > 20 5B Ha
puc. 2, o6pasyercsi HOKyCHPOBAHHBIMH, a HE Ieped)OKYCHPOBAaHHBIMU aTOMaMH.

AHaJIOrNYHO, paclpe/ie/icHHe PACIbUICHHBIX aTOMOB II0 MOJISIPHOMY YIITy Jutsi QUKCH-
POBAHHBIX 3HEPTHU M a3UMyTaJIbHOTro yria (puc. 4) COCTOMT M3 BKJIaI0B (DOKYCHPOBAHHBIX
aTOMOB — JICBBI MakCUMyM, Hepe()OKYCHPOBAHHBIX aTOMOB — IIPaBblii MAKCHMYM, U BKJIaja
“coOCTBEHHBIX” aTOMOB BOJIM3KM HOPMaH K roBepxHocTH, pu 1 — cosY ot 0 go 12/45. Pac-
Hpe/ieSIeHHe PACIBUICHHBIX aTOMOB I10 MOJISIPHOMY YTIIy JUISl TOTO XK€ MHTEepBaja a3uMyTallb-
HBIX YTJI0B, 63 pa3pelleHust 10 SHEPTHU UMEET OJUH MaKCUMYM, 00pa30BaHHBIH (HOKYCHPO-
BaHHBIMH H T1ePe(hOKyCHPOBAHHBIMH aTOMAMH.

PaGoTa BBINOJHEHA C MCIIOJIB30BAHUEM PECYPCOB CYNEPKOMITBIOTEPHOTO KOMILICKCA

MI'Y “Jlomonocos” [5].

1. V.N. Samoilov, O.S. Korsakova, E.L. Rodionova, A.M. Nikitin, V.. Bachurin, lon Beam Modifica-
tion of Materials, Eds. J.S. Williams et al., Amsterdam: Elsevier Science B.V., 1996, 710-714.

2. 0.C. Kopcakosa, B.A. Anenikesnd, B.H. Camoitnos, A.M. Hukutn, [ToBepxrnocts Ne 2 (1997) 77-
92.

3. B.H. Camoiinos, H.B. Hocos, IToBepxHocTs Ne 3 (2014) 81-92.

4. B.H. Camoiinos, K.B. Jlextsp, U3sectus PAH. Cepust ¢pus. 65 (2001) 1324-1327.

5. Bi.B. BoeBoaun, C.A. Xymaruii, C.11. Co6oses, A.C. Auronos, ILA. Bpeisranos, JI.A. Hukuren-
ko, K.C. Credanos, Ban.B. Boesoann, OtkpsiTsie cuctemsr Ne 7 (2012) 36-39.
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HNOHHO-UMMEPCHUOHHASA UMIIVTAHTAIIUA AJIIOMUHUSA B TUTAH
PLASMA IMMERSION ION IMPLANTATION of ALUMINIUM into TITANIUM

A.H. CYTbIFMHal, H.H. HuKuTeHKOBl, H.A. LLIynenosl, E.B. Kauu(apoxs1
A.N. Sutygina®, N.N. Nikitenkov*, I.A. Shulepov?, E.B. Kashkarov'

Hayuonansnwiii uccneoosamenvckuti Tomexuil nonumexnuyeckuil ynusepcumem, Jlenuna 30,
Tomck, Poccus, nikitenkov@tpu.ru

Results of investigation of the pulsed plasma-immersion ion implantation of aluminum
ions into titanium are presented. It is shown that the behavior of elemental and phase
composition of the surface layers, and their microscopic characteristics and mechanical
properties depending on the time of implantation is not monotonous, but it is subject to certain
laws. The possibility of the results interpreting in the concept of thermal spike generated on
the surface of clusters with more than 100 atoms is discussed.

Tutan ¥ crutaBel HA €r0 OCHOBE SIBJISIOTCS PactipoCTpaHCHHBIMU KOHCTPYKIIMOHHBIMHU

MaTepHajaMH, UCIOJIb3YyeMBIMH BO MHOTHX OOJIACTSIX, TAKMX KaK aBHAlWsi, KOCMOHABTHKA,
XMMHYECKasi IPOMBIIIICHHOCTh, MeAUIUHA U Jp. K HejoctaTkaM TUTaHA OTHOCATCS HH3Kast
H3HOCOCTOMKOCTh M KOPPO3HOHHAs CTOiKocTh. OIHUM M3 METO/IOB  yJIyYIICHHS
9KCIUTyaTallIOHHBIX CBOMCTB SBISIETCS IUIA3MEHHO-UMMEPCHOHHAS MOHHAsI HMIUIAHTALIMS.
DT0 CBA3aHO C TEM, YTO C HOMOIIBIO JAHHOTO METO/1a MOXKHO U3MEHATh (PU3MKO-XHMHYECKHE
CBOWCTBAa [OBEPXHOCTHBIX CIIOEB, CO3[aBaTh HOBbIC COCAMHEHHMS B TOM YHCIE,
MHTEPMETAUIN/bI, MOBBIIAININAE MPOYHOCTh M H3HOCOCTOMKOCTh KOHCTPYKIHOHHBIX
MaTepHaIoB.

B nanHoii pabote 00bekTOM HccienoBaHus Obul TUTaH Mapku BT1-0, B KoTOpBIH
MMIUIAHTUPOBATH aTIOMHHHIL. DTO OOYyCIOBICHO TEM, YTO HMHTEpMETAIUIHIHBIC (ha3bl Ha
ocHoBe Ti-Al MMEIOT BBICOKYI0 MEXaHMYECKYIO MPOYHOCTb, TBEPAOCTh, H3HOCOCTOMKOCTh U
KOPPO3HOHHYIO YCTOMYHBOCTD, U OHH, KaK MPABHJIO, ABISIOTCS TYromiaBkumu [1, 2].

Lesnbio paboThl SBISIOCH H3YYCHHE MUKPOCTPYKTYPBI M PACIIPE/ICICHHS 3JIEMEHTOB H
o0pa3oBaBiuxcs (a3 B MIOBEPXHOCTHBIX CIOSX 00pabaThiBaeMOro MaTepraia B 3aBUCUMOCTH
OT 1035l HMIUIAaHTHPYEMBIX HOHOB, a Takke HCCIENOBAaHHE MEXaHHYECKHX CBOICTB
HOJIy4YEHHBIX IIPY UMILIAHTALHU B IPUIIOBEPXHOCTHBIC CIIOH.

MarepuaJbl 1 METOABI HCCJIEA0BAHUS

B kauectBe MOAMDHIMPYEMbBIX MaTepHaioB (MHILECHEN) MCIOIB30BAICH THTaH MapKH
BT1-0. WMmiaHTHpyeMble [OBEPXHOCTH 0OpasuoB pasmepoM 25x25x1 wmm®  Gbuin
OTIIOJMPOBAHBI. B KauecTBe KaTo0B HCTOYHHUKA JYTOBOM M1a3Mbl (MMIUIAHTHPYEMBIX HOHOB)

UCIIOJB30BaNCs amoMuHuil. Tok ayroBoro paspsma coctaBmsin l.,,=90 A. Ammintyna
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HMITyJIbCOB HAIPSDKCHMS, M0/IaBaeMbIX Ha MHIIEHH cocrtaBisiia U=-2 kB orHOCHTENBHO
3emii (@HOZA JyrOBOTO HCHAPHTENs), JUIMTEIBHOCTh HMMITYJIbCA =/ MKC, YacToTa
crnenoBanust UMty a6coB v=100 ', IUIOTHOCTP HOHHOTO TOKa B uMIyibce Ji=6.5 MA v
M3MEpEHHasi MHPOMETPOM TEMIIepaTypa HMILUIAHTHPYEMOH IMOBEPXHOCTH 3a 5 MHHYT
06my4enus nogaumaercs ao 900 °C.

Pe3yabTaThl n 00CyKAeHHE

Ha puc. 1 noka3saus! koHueHTpanuonssie npopumm Al () u Ti (6) B 3aBucuMocTH OT
BPEMCHH MMIUIAHTALMH AIFOMUHKS B THTaHa. [Ipodmiu GbUIM MOIydYEHBI HA CHEKTPOMETPE
erontero paspsga GD-PROFILER 2, Ho mns ompenesneHus] BETHYHH KOHLECHTPALMH
OTKAIHOPOBaHbI 10 JaHHBIM O0XC-JIEKTPOHHOro crekrpomerpa «llIxyHa-2», Ha KOTOpoM
4acTh 00pa3OB TaKXkKe Oblia H3y4eHa.

U3 puc. la xopomio mpocMaTpuBaeTCs CIEAyIOIas TCHACHINS. YBEIHICHHE BPEMCHH
MMIUTQHTALMA [IPUBOUT K U3MCHEHHIO MPOGMIISI PACIIPEACIICHUS aIFOMHUHHUS, YTO TOBOPUT O
BHE/IPCHHH ¥ HAKOIUICHHUH aJFOMHHHS B TIPUIIOBEPXHOCTHOM citoe. V3 onrcaHHON TeHICHINN
BBINAAAIOT I poduan npu Bpemenax obmydenus 1,5 u 3,0 munyt. Takue jxe BHIIAJICHUS H3
3aBHCHMOCTH HaOJIOJAIOTCS M [PH KCCICJOBAaHHM JPYTMMH MerojaMu (CM. HIDKe):
MUKPOCKOIHNK TEPIECHIUKYIISIPHOTO Hutda MPUIIOBEPXHOCTHOIO cIiosi, () a30BOr0 aHainsa,
ko3 ¢uuuenta TpeHus. [losToMy crenyer roBOpuTh He 00 OIIMOKE SKCIEPUMEHTa HpH

TIPpOBEICHUU H3MepeHHI>'I, a 00 0COOEHHOCTSIX TEXHOJIOTHH HUMILUTaHTaOHuH.

C.% arom.

d, nm o 200 400 600 8009, nm

Puc.1. KonuenrpanuonHsie npoduin antomunus (a) 1 Turana (6) mociie UMILTAaHTAINN ATIOMHHUS B
tuTal. [{udpamu y KpUBBIX OKA3aHbl BpeMEHa UMIUIAHTALMK B MUHYTaX
@Da3oBblil COCTaB MOAU(PHUIIMPOBAHHON MMOBEPXHOCTH THTAaHA IMOCIE 3-X MHUHYT OOIy4YeHUS

TIOKa3aH Ha puc. 2. BI/II[HO, 9YTO Ha MNOBEPXHOCTHU q)OpMI/IpyIOTCﬂ HUHTEPMETAIINICCKUE
COCTUHCHUA. Haz[o HUMETh B BUZly, OJHAKO, YTO COCTaB COCI[I/IHGHI/Iﬁ MCHSECTCA B 3aBUCUMOCTH

OT BPEMEHH OOJTyqeHUSL.
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CoenuHeHus TizAl, AlsTiy, AlTiz

2000 TI%;?ITig (UKCHPYIOTCS YK€ IPH BPEMEHH HMMIUIAHTAL[MU
0,5 wumyr. Ilpm  yBennueHHWH  BpeMEHH
1500
HMMIUIaHTALUH HM3MEHSETCS HMHTEHCUBHOCTH
1000 JIMHUH, COOTBETCTBYIOIIMX OTUM (asam, 06e3
AlTiz -
i BCAKOI 3aKOHOMEPHOCTH.
500 AlgTi, |[AIgTI,
Mg Tl Ha HC. 3. TI0Ka3aHbI OTOTpaPUU
AlgTi, .Tlg.;«l p b rpag
\

S S

el ]

30 40 so0 60 7O 20

Puc. 2. ludpakrorpaMma UMIUIAHTHPOBAH-  IIOMyYCHHbIE HAa OJIEKTPOHHOM  MHKDPOCKOIIE.

HOM MOBEPXHOCTH TUTAHA ATFOMHUHUEM
3MHH.

HepHeHANKYIAPHBIX NUINGOB ¢ 00pa3loB TUTaHa,

Bepxuuii (cBetibiil) cioii — 3TO 3arBepieBLIas
SMOKCHUIHAS CMOJIA, TPOHMKINAS MEXAy oOpasuamu. TeMHBI CIOH — 3TO pe3yJibTar
UMIDTaHTaMu amomMuHua. Ha ncxoqHom obpasie nogqobHoro ciiost He Habmronaercs. BumHo,
YTO MPHU YBEITHYCHUU BPEMEHH MMIUIAHTALIME MOAU(UIMPOBAHHBII CIIOH paciIupsercs, 1 OT

HETO OTBETBJIAIOTCSA TEMHBIC «KOTPOCTKUY, TIO-BUAUMOMY, 9TO pe3yabTar

F D59 x30k 30um

Puc. 3. MukpocdoTorpadun nepneHauKyIIPHEIX IUTH(OB, IPHIOBEPXHOCTHOH 00nacTH
00pa3uoB TuTana: a) Bpemst umiuiantauu 0,5 MuH, 6) 3 MuH.
TEPMOCTUMYJIUPOBAHHOMN AU Py3nn 1o rpaHULaM 3EPEH.

Jli1st McceneioBaHus H3HOCOCTOMKOCTH MOAM(HIIMPOBAHHOM MOBEPXHOCTH OBUIH B3STHI
UCXOZHBIN 00pa3ser; U 00paslbl, MMIUIAHTHPOBAHHBIC THTAHOM, KOTOpbIE B JaJbHEHIIEM
00palarbIBaINCh Ha BbICOKOTeMIeparypHoM tpubomerpe «High Temperature Tribometer».
PesysnbTraTel m3MepeHnst KOd(QQUIIEHTa TPEHHS M IUIOMAIN TPEKOB M3HOCA, MOJYYCHHBIX C
MOMOMIBI0 TpexmepHOTo mpodumomerpa Micro Measure 3D Station, mpencraBieHsl B
Tabmuue 1.

V3 moiy4eHHBbIX JaHHBIX, IPEJICTAaBICHHBIX B Tabimue 1, BUIHO, YTO Ui 0OpasuoB,
BpeMsi 00pabOTKU KOTOPBIX cOCTaBWIO 1,5 U 2 MUH., KOODOUIMEHT TPEHHS yBEIHIUBACTCS.
st o6pasua, BpemMsi 06pabOTKH KOTOPOro 2 MHUH. IUIONIaAb TPeKa MW3HOCA OOIbIe, 4eM y
HCXOAHOTO 00pasla, U3 3TOro MOXHO CJENIaTh BBIBOJ, YTO M3HOCOCTOHKOCTH 3TOr0 0Opasua

MOHM3HIACE. Y APYTHX 00pa3oB HAOMIOAACTCS MOBBIICHIE H3HOCOCTOUKOCTH.
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Kak BHAHO M3 pPe3yJbTaTOB HCCIENOBAaHMS, COXPAHSAETCS TEHACHLUS W3MEHEHUs CBOMCTB
MIOBEPXHOCTH, HO OHa HEMOHOTOHHA. YKa3aHHbIE 3aKOHOMEPHOCTH MOTYT OBITH CBSI3aHBI C
TakUMH 3P EKTaMH, KaK HATHYUE B IIOTOKE METAIUTMYECKOH M1a3Mbl 3apsSHKCHHBIX

Tab6nuna 1. 3aBUCUMOCTH H3MEHEHHs KO DUIMEHTA TPEHUS ¥ CPETHEr0 apu(hMETHIECKOTO

3HAYCHHs IUIOLIAN TPEKa H3HOCA OT BPeMEHH 00paboTKH 00pa3IioB aTlOMUHHEM
JIUTeNnbHOCTD c;fp;[);ﬁomn obpasua, Kondbumert tpers ;3;30 ;;;1;(]2. :;:1;
M3HOCA, MKM
Ucxoaubiit 0,490 7952
0,5 0,469 4126
0,75 0,481 3752
1 0,472 4002
15 0,512 6705
2 0,677 10338
3 0,489 5309
6 0,497 6313

KJIaCTEPHON M MHKpOKAIeNbHOU (paknuy; dpdeKTaMu 3po3ud U POCTa MOBEPXHOCTH IPH
WUMIUTAHTAUMK (TEIUIOBBIC MHKH, IEePepaciibUICHHE CJIOEB, CO3JaHHBIX Ha IIPEIbIIYLINX
sranax) u aAp.JIoHATHO, YTO HA TEKyLIeM STale UCCIEOBaHMI STON TEXHOIOIUH HEBO3MOXKHO
OLICHUTH POJIb KAXKJOT0 U3 YKa3aHHbBIX 3 PEKTOB.

B nmokmage 00CYXIArOTCS BO3MOXKHBIE MCXAaHH3MBI B PAaMKaX KOTOPHIX BO3MOXKHO
0OBSICHCHHE TIOTY4YCHHBIX PE3YJIbTATOB.

3akaiouenne

IIpencraBieHHbIe B HACTOSMIEH CTaThe SKCIIEPHMEHTAIBHBIC PE3yIbTaThl C OJHOH CTOPOHEI
yKa3blBalOT ~Ha  OOJbIIME  IIEPCIEKTHBBI  IUIa3MEHHO-MMMEPCHOHHON  HMITYJIbCHOM
HUMIUIAHTAlMK B IUIaHE MOAMGHKALWH ITOBEPXHOCTH, C APYroil CTOPOHBI, YKa3bIBAIOT Ha
crnalyl0 M3Y4eHHOCTh (DM3MYECKUX IPOIECCOB, KAK B CaMOH IUIa3Me, Tak M npu eé
B3aUMOJICHCTBUM C IOBEPXHOCTHIO. [Ipexkne B cero, HEOOXOAMMBI HCCIEIOBAHUS COCTaBa

TUI1a3MbI HA TIPEAMET HAIUYUSA B Hel KIIaCTEPHBIX HOHOB C YUCJIOM aTOMOB 6omee 100.

1. TI'punGepr b.A., Usanos M.A.. Uurepmerammuast Ni3Al u TiAl: mukpocrpykrypa, aedopmanuoHHoe
nosezeeHue — Exatepun6ypr: M3nnso Ypo PAH — 2002 — 358 c.

2. Kypsuna H.A., boxxo W.A., Kamammnmuko M.IL., ®opryna C .B., batsipea B .A., Cremano WU.b.,
Ilapkees 1O.I1. // Y3B. Tomck. momurexH. yu-ta. 2004, T. 307, Ne 3, ¢. 30-35.
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Cexuus 2. Paccesinue 1 NPOHUKHOBEHUE HOHOB

Section 2. lon scattering and propagation






CLASSICAL AND QUANTUM RAINBOW CHANNELING OF CHARGED
PARTICLES IN VERY THIN SILICON CRYSTALS AND CARBON NANOTUBES

S. Petrovi¢, M.Cosi¢ and N.Neskovié

Laboratory of Physics, Vinca Institute of Nuclear Sciences, University of Belgrade, P. O. Box

522, 11001 Belgrade, Serbia, e-mail:petrovs@vinca.rs

In this work the rainbow channeling effects are presented in the following cases: (i) the
channeling of 2 MeV protons through the 55 nm thick straight and tilted (001) silicon crystals
— the classical angular rainbows [1], (ii) the channeling of 68 MeV protons and 481 nm thick
(001) silicon crystal — the classical spatial rainbows [2] and (iii) the channeling of 1 and 10
MeV positrons through 200 and 560 nm long (11, 9) single-wall carbon nanotubes
(SWCNTSs), respectively — the quantum angular rainbows [3].

The ion channeling is ion’s motion through the axial or planar crystal channels [4-6]. It
occurs when the incident ion has the small angle with respect to major crystallographic
directions or planes and is explained by the series of ion's correlated collisions with the atoms
of the strings defining the axial or planar crystal channels. When the incident ion beam is
tilted away from a major crystallographic direction, the angular distribution of channeled ions
exhibits a ring-like shape. This effect, named the doughnut effect, has been studied by many

researchers [7-9]. Recently, its origin has been revealed [1].

The rainbow, which is a consequence of sunlight scattering off water droplets, is one of
the most prominent physical phenomena widely known since the ancient times. If the process
of sunlight scattering is treated via the geometric optics, the rainbow effect is characterized by
the singular intensity of light at the rainbow angle [10, 11]. It has been established that the
rainbows also occur in the particle scattering. For example, they occur in atom or electron
scattering from crystal surfaces, nucleus-nucleus scattering and atom or ion collisions with
atoms or molecules. Neskovi¢ [12] showed that the rainbow effect occurred in the axial
channeling of high energy ions through a very thin crystal. The approach was via the ion-
molecule scattering theory assuming the momentum approximation. Petrovi¢ et al. [13]
formulated the theory of crystal rainbows, which generalized the model introduced by
Neskovi¢ [14]. This theory is based on analysis of the singularities of the mapping of the

impact parameter plane to the transmission angle plane determine by the channeling process:

153



Hx=9x(xovy0) and Hy=‘9y(xoryo)v (1)

where X, and Yy, 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) depends on the ion’s energy, crystal channel, its thickness, as well as, on the

crystal tilt angle ¢.

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

for channeling) the ion differential transmission cross section is given by:

1

)= 10,00y @

(X1 Yo

where J,(%,,Y,) =9, 6,0, 6, -9, 6,3, 6, is the Jacobian of the mapping (1). Thus, equation

X7 Yoy

‘]//(Xov yo) =0 (3)

gives the rainbow lines in the impact parameter plane. The images of these lines determined

by functions 6, (x,,Y,) and 6,(x,,Y,) are the rainbow lines in the transmission angle (TA)

plane.

Figure 1 show a sequence of the experimental angular distributions and the
corresponding rainbow lines in TA plane for 2 MeV protons transmitted through a 55 nm
thick (001) silicon crystal obtained by tilting the crystal away from the [001] direction for the
tilt angles @ equal to 0.00°, 0.06°, 0.12° and 0.15°. It is clear that the rainbows patterns are the
"skeletons” of the angular distributions and that the doughnut effect corresponds to the dark

side of the circular rainbow.

The rainbow patterns presented in Figure 1 were calculated assuming the ZBL proton-
silicon interaction potential [14]. In order to investigate dependence of the rainbow pattern on
the interatomic interaction potential, we also calculated the rainbows assuming the Moliere’s

proton-silicon interaction potential [15].

Figure 2 shows the rainbow patterns assuming the ZBL — red lines and Moliére’s -
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Figure 1. The experimental angular distributions of 2 MeV protons transmitted through a 55
nm thick (001) silicon crystal for the tilt angle equal to a) 0.00°, b) 0.06° c) 0.12° and d)
0.15. The red lines are the rainbow lines in the transmission angle plane.

blue lines proton-silicon interaction potentials. Comparing Figures 1 and 2(b) one can
conclude that the inner blue rainbow circular line (Moliere’s potential) and the outer red
rainbow lines (ZBL potential), are in good agreement with the experiment. This opens
possibility for determination of an accurate proton-silicon interatomic potential which is "in
between” the ZBL and Moliere’s potentials by using the crystal rainbow morphological
method [16].

In analogy with the expression (3) one can define spatial rainbow lines in the impact
parameter plane via expression: J ,(%,, Y,)= 0, where J (X, ¥,) =d, Xd, y-9, Xd, y. In the

case of the parabolic 2D ion-atom interaction potential (LHO), J (X,, Y,) =cos’ («t), where
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a) Red - ZBL potential b) Red - ZBL potential
Blue - Moliere potential Blue - Moliere potential
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Figure 2. The rainbow patterns in the a) impact and b) transmission angle planes for 2 MeV
protons transmitted through a 55 nm thick (001) silicon crystal for ¢ = 0.12° calculated by
the ZBL interaction potential — red lines — and the Moliére interaction potential — blue lines.

w is the angular frequency of the ion’s oscillatory motion. Therefore, the spatial rainbows are
the rainbow points correspondingtot=T/4+n T/2,n=0, 1, 2 ..., where T is period of the
ion’s oscillatory motion. These points are called first, second, third etc. superfocusing points.
This is illustrated in Figure 3 where the first superfocusing point is presented. In the case of
(001) silicon crystal and 2 MeV protons, assuming the Moliére’s proton-silicon interaction
potential, the evolution of the spatial rainbow lines around the superfocusing point is

presented in Figure 4 [2]. It should be noted that this evolution is independent on the ion’s
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Figure 3. Motion of the channeled ion Figure 4. The evolution of the rainbow
assuming parabolic (LHO) ion-atom line in the transverse position plane in the
interaction potential. The first vicinity of the superfocusing point for 2
superfocusing point is shown. MeV protons and the (001) silicon

crystal.
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energy (up to the scaling factor). We have shown that for 68 MeV protons and the (001)
silicon crystal it is possible to focus the beam within the region of the radius well below the
Bohr radius [17]. This provides the theoretical basis for development of a measurement
technique with the picometer resolution — the rainbow subatomic microscopy.

Quantum rainbow channeling has been studied for 1 and 10 MeV positrons transmitted
thought 200 and 560 nm long (11, 9) SWCNTS, respectively [3].

The quantum angular distributions were determined by solving (numerically)

a) b) ©)

Figure 5. a) Rainbow diagrams of 1 MeV positrons transmitted through a 200 nm long (11,
9) SWCN (full line) and of 10 MeV positrons transmitted through a 560 nm long (11, 9)
SWCN (dashed line), b) the quantum (full line) the corresponding classical angular
distribution (dashed line) for 1 MeV positrons transmitted through a 200 nm long (11, 9)
SWCN, c) the quantum (full line) the corresponding classical angular distribution (dashed
line) of 10 MeV positrons transmitted through a 560 nm long (11, 9) SWCN.

the corresponding time-dependent Schrédinger equation, assuming that the positron beam can
be represented via an ensemble of non-interacting Gaussian wave packets. In this approach
divergence of the initial beam is taken into account implicitly.

Figure 5(a) shows the classical rainbow diagram of 1 and 10 MeV positrons for 200
and 560 nm long (11, 9) SWCNs, respectively. It determines the positions of the classical
rainbow angles 1** and 1*'°, respectively. The quantum and the corresponding classical
angular distributions for 1 MeV positrons are shown in Figure 5(b). The strongest pair of the
quantum maxima being close to the pair of classical primary rainbow maxima, belongs to the
quantum primary rainbow and the two weaker pairs of maxima to the first and second primary
supernumerary rainbows. Figure 5(c) shows the quantum and the corresponding classical
angular distributions for 10 MeV positrons. The three pairs of maxima lie closer to each other

and to the classical primary rainbow maxima than the three pairs of maxima appearing for 1
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MeV positrons. The strongest pair of maxima, being close to the pair of classical primary
rainbow maxima belongs to the quantum primary rainbow and the two weaker pairs of
maxima to the supernumerary primary rainbows. Therefore, one can anticipate that for much
higher positron energies the supernumerary rainbows will be less pronounced, while the
quantum primary rainbow will practically coincide with the corresponding classical rainbow.
This represents an interesting example of quantum-classical smooth transition at the level of

ensembles of the particles (the positron angular distributions).
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Nowadays there is a big interest in production of low-dimensional high aspect ratio
nanostructures on semiconductor surfaces for their application in various fields of electronics
[1,2], photonics [3], solar cells [4], thermoelectrics [5]. Generally, the kind of lithographic-
based approaches are quite expensive and require sophisticated fabrication equipment.
Opposite to these techniques, the process of surface self-organization induced by ion
irradiation is another bottom-up approach to create surface nanostructures, currently
extensively studied [6]. The approach of ion beam induced surface nanopatterning relays on
the description provided originally by the Bradley-Harper (BH) model [7]. Simply, in the BH
mechanism, on the ion-beam irradiated surface two concurrent processes are considered i.e.
increase of surface roughness - due to local sputtering yield changes, versus smoothing - due
to the surface relaxation/diffusion. These processes lead to development of well-ordered
structures in form of ripples, in the case of oblique incidence or dots for normal ion
bombardment [8]. In addition, cone-like structures (pillars) were also observed for the binary
compounds like InP under normal incidence Ar ion beam irradiation [9]. A complete
microscopic growth mechanism of pillars on the ion irradiated Alll-BV surfaces under FIB
Ga'-beam was provided recently by J.H. Wu et al. [10]. They postulate that there is a
universal mechanism of pillar formation on Alll-BV substrates, based on sputtering and
redeposition [11]. This mechanism well explains the pillar formation despite of the fact that
well known Ga implantation into the irradiated sample was not taken into account.

In this paper, we present the formation of nanostructure patterns on InSb surfaces induced by
normal incidence irradiation with noble atom ions (Ar, Kr, Xe) and FIB Ga ion beams at room
temperature. The main goals of our studies are two folds. Firstly, we have examined the
influence of chemical nature of the projectile ions i.e. metal Ga vs. noble gas ions, on the
mechanism of pillar formation. Special attention was focused on the role of Ga implantation
on the pillar structure formation. Secondly, the projectile ion energy dependence of the pillar
sizes, heights and density was studied for both ion species for the first time. We have found

that the pillar sizes and heights increase with increasing projectile ion energy exhibiting a
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power-law dependence on projectile energy with the same exponent, for both kind of ion
species. Furthermore, it was found that for the same ion beam fluence and energy, the Kr and
Ga FIB induced pillar sizes are bigger then these developed under Ar and Xe irradiation.
TEM measurements exhibited a core/shell like structure of the formed pillars. The amorphous
shell part of the pillars is enriched in Indium as well as in the implanted Ga whereas the core
crystalline part of the pillar is composed of InSb.

In Fig. 1(a)-(f), SEM (top/side view) images of the developed surface nanostrutures on
InSb(001) under irradiation with 3 keV Ar, Kr, Xe ion beam at normal incidence and fluence
of 2.8 x 10'7[ions/cm?] are shown. There are developed cone-shape structures, with wider
bottom and sharper tips, of no regular in shape pillars pattern structures. In Fig 1(g)-(j), SEM
images of the morphology of InSb surface developed under Ga FIB irradiation with 3 and 23
keV energy at normal incidence and fluence of 2.8 x 107 [ions/cm?] is also shown. The
pillars exhibit a kind of multi-layered (see the top view) internal structure. Also the areas
between the pillars is not more smooth and terraces-like features with sharp edges can be

clearly seen, Fig. 1(i). As it is seen in the Fig. 1(g)-(j), there are tiny droplet-like structures at

Fig. 1. SEM images of ion-beam induced morphology of InSb(001) surface irradiated at
normal incidence, RT and ion beam fluence 2.8 = 10'7[ions/cm?] with Ar (a), (b), Kr (c),
(d), Xe (e), (f) and Ga FIB (g), (h) of E = 3 keV and Ga FIB (i), (j) of E = 23 keV. Upper row:
sample top view and lower row: sample side view (52° off normal). In the inserts: the images
of single pillar.

The detailed analysis of the dynamics of the structure development on InSb surface under 5
and 23 keV Ga FIB irradiation at normal incidence is presented in Fig.2. For the case of 5keV
Ga FIB continuous increase of the structure density up to a saturation level of ~12/um? at
threshold fluence of ~1.7%10" ions/cm? is observed. This monotonic increase of the structure
density at the beginning of ion irradiation, below the threshold fluence, is due to the
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continuous appearance of newly created dots. Above the threshold fluence only pillar pattern
exists. For the case of 23 keV Ga FIB only at very initial stages of irradiation dots are created
and already at low threshold fluence of about 5*10 ions/cm?, the pillar pattern is formed.
The pillar density saturates at about ~5/um?, much lower than it was for irradiation with 5 keV/
Ga FIB beam. In Fig. 2(b)-(c) the dependence of pillar size L (defined here as the base
diameter of the pillar) and their height, h, on the Ga ion beam fluence is shown, respectively.
Both, the height and the base diameter of the pillars increase almost linearly with the ion
fluence for both energies, however, for the case of irradiation with 23 keV the growth is much
faster (a higher growth rate). For the case of Ar irradiation of InSb, our previous studies [12]
showed that at the initial stages of irradiation with 4 keV ions, the density of developing dots
is of ~4/um?, very similar, within the error values, with the present value for 5 keV Ga FIB
experiment. It means that the Ga ions, despite of their implantation, do not create additional
nucleation centers (additional dots) and do not change significantly the growth dynamics of
the system.
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Fig. 2. Fluence dependence of Ga FIB fabricated pillars on InSb surface (normal incidence,
RT) with E = 5keV and E = 23keV: (a) pillar surface density, (b) pillar height, (c) pillar base
size.
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The pillar size L as a function of incident ion beam energy is presented in a log-log plot Fig.
3(a). It has been found that for both projectile species, the pillar size increase with increasing
projectile energy. Their size exhibits power-law dependence on the projectile energy, L~E?,
with similar exponent b for Ar and Ga FIB projectile (b = 0.48+/-0.26 and b = 0.365+/-0.093,
respectively). However, the size of Ga FIB induced pillars are of about 50% bigger then these
developed under Ar ions beam bombardment. Interestingly, both, the size and height of the
pillars developed with 3 keV Ar and Xe ions beam irradiation are smaller than the size and

height of pillars created with Kr and Ga ions with the same energy of 3 keV.
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Fig. 3. (a) Energy dependence of pillar size and (b) pillar height created by irradiation with Ar, Kr, Xe
and FIB Ga ion beam under normal incidence at RT and fluence 2.8 x 10 ions/cm?. The results of the
power law fit are indicated. In (a) the calculated by SRIM values of sputtering yield for Ar, Kr, Xe and

Ga projectile ions are also shown.

We have noticed that the projectile ion type (mass) dependence of the pillar sizes could results
from an increase in the redeposition of the sputtered atoms, likely due to projectile ion
dependence of the sputtering yield, Y, of InSb (Y = 3.6 for Ar/Xe and Y = 4.6 for Kr/Ga
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projectiles as calculated by SRIM [13] for E = 3 keV). Moreover, in Fig. 3(a) the calculated
by SRIM values of the sputtering yield of InSb sample versus Ar and Ga projectile ions
energy is also shown. The values show similar dependence on ion beam energy as it is
observed for the pillar size and height. With increasing energy, the sputtering yield increases,
thus, likely the redeposition of the sputtered material could increase. This can support the
assumption that the redeposition of sputtered material, is the main driving force of the pillar

creation for both kind of ion species i.e. noble gas ions (Ar, Kr, Xe) and Ga FIB ions [14].

The chemical composition and internal structure of the pillar fabricated with 5 keVV Ga FIB
was examined with TEM equipped with EDX detector. In Fig. 4(a) EDX composition map of
single examined pillar is shown. The core/shell like structure of the pillar with the tip (size of
~40nm) and shell (thickness of ~15nm) enriched in Indium as well as in the implanted Ga is
seen. This is more clearly visible in Fig. 4(b)-(c), which shows the EDX line scans along and
across the pillar. Particularly, as depicted in figure 7(c), significant amount of implanted Ga is

found in the pillar tip. This is evidence that the incident Ga ions incorporate into the

developing nanostructures.
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Fig. 4. Analysis of Ga FIB fabricated pillar at incident ion energy of 5 keV. (a) RGB EDX
composition map of the examined pillar (side view), line scan directions indicated. (b) EDX
line scan across the pillar (Line Scan 1), providing the examined elements netto counts. (c)
EDX line scan along the pillar (Line Scan 2). In/Sb stoichiometry change along and across the
pillar is visible. The Ga concentration increases on pillar sides and on the tip. InSh core
structure, Ga/lIn rich tip and rich shell is seen.

163



Acknowledgements

The authors gratefully acknowledge financial support from the Polish National Science
Center, grant no. DEC-2012/07/B/ST5/00906. Part of the research was carried out with
equipment purchased with financial support from the European Regional Development Fund
in the framework of the Polish Innovation Economy Operational Program (Contract No.
POIG.02.01.00-12-023/08).

References

[1] X.F. Duan, Y. Huang, Y. Cui, J.F. Wang, C.M. Lieber, Nature 409 (2001) 66.
[2] R. Intartaglia, et al., J. Appl. Phys. 103 (2008) 114516.

[3] R. Yan, D. Gargas, P.D. Yang, Nat. Photonics 3 (2009) 569.

[4] H. Cotal, et al., Energy Environ. Sci. 2 (2009) 174-192.

[5] T. Serin, et al., J. Electron. Mater. 39 (2010) 8.

[6] A. Jurgilaitis, et al., Nano Lett. 14 (2014) 541-546.

[7] R.M. Bradley, J.M.E. Harper, J. Vac. Sci. Technol. A 6 (1988) 2390.

[8] S. Facsko, T. Dekorsy, C. Koerdt, C. Trappe, H. Kurz, A. Vogt, H. L. Hartnagel, Science
285 (1999) 1551.

[9] S. Le Roy, E. Barthel, N. Brun, A. Lelarge, and E. Sondergard, J. Appl. Phys. 106 (2009)
094308.

[10] J.H. Wu, R.S. Goldman, Appl. Phys. Lett. 100 (2012) 053103.

[11] M. Kang, J.H. Wu; S. Huang; M.V. Warren; Y. Jiang; E.A. Robb; R.S. Goldman., Appl.
Phys. Lett. 101 (2012) 082101.

[12] F. Krok, J.J. Kolodziej, B. Such, P. Piatkowski, M. Szymonski, Nucl. Instrum. Methods
B 212 (2003) 264-269.

[13] J.F. Ziegler, SRIM-2003, Nucl. Instrum. Methods B 219-220 (2004) 1027.

[14] B. R. Jany, K. Szajna, M. Nikiel, D. Wrana, E. Trynkiewicz, R. Pedrys, F. Krok, Appl.
Surf. Sci. 327 (2015) 86.

164



CBSI3MAHHI)II7[ C MIOBEPXHOCTHBIM OKCHUJOM DDDEKT
JAJBHOAEUCTBUS TPU OBJIYYEHNUU NOBEPXHOCTHU TBEPABIX TEJI
HMOHAMMHU U CBETOM

SURFACE-OXIDE-RELATED LONG-RANGE EFFECT UNDER ION AND LIGHT
IRRADIATION OF SOLIDS

JLU. Terensbaym

Huoicecopoockuil cocyoapcmeennuiii ynueepcumem um. H.U. Jlobauesckozo,
np. F'azapuna, 2313, Huscnuit Hoszopoo, Poccus, e-mail: tetelbaum@phys.unn.ru

The long-range effect (LRE) at ion and light irradiation of solids is a
phenomenon of anomalously deep penetration of defect-depended properties
under action of ion or light beams on the surface. The main regularities and
suggested model of this effect are considered. The dominant role of surface
oxide in LRE is underlined. The report is based mainly on the previous and
new original results obtained by Nizhni Novgorod State University’s group.

Kraccnueckue npeacTaBieHus o pacipeelIeHuH PaaualHoOHHbIX Je()eKTOB IpU HOHHOH
UMIUIAHTAIMM [JaciT, 4TOo 0e3 ydeTa KAaHAIUPOBAHHS TOJNIIMHA CIOS, B KOTOPOM OHH
PACIIONOXKEHB], B OTCYTCTBHE OTXKHIA COOTBETCTBYeT 00JAacTH Ipodera HMOHOB. MexIy TeM,
yXKe Ha paHHEH CTaJuy HCCICIOBAaHMII 0 MOHHOM HMMIUIaHTamMH ObUI OOHApYXeH Tak
HaspBaeMblil  «adpexr panpHOmedcTBus» (D[I), 3aKiIrodYaArOLMICS B TOM, YTO IIPH
OIPE/ICICHHBIX YCIOBUSIX H3MEHEHHE CTPYKTYPhI U CBOMCTB TBEPABIX TeJl 0OHAPYKUBACTCA HA
I'TyOHHAX, KOTOpPBIE CYIIECTBEHHO, HA HECKOJIBKO MOPSAAKOB BEIMYUHBI, IPEBOCXOIAT IPOOETH
noHoB [1]. B nmanpHeiimem ObuIO ycTaHOBIEHO, 4TO D/l MPH MOHHOM OOJIYYCHHH SIBISCTCS
YaCTHBIM CilydaeM Oosiee o0miero )eHoMeHa — aHOMaJIbHO OOJBIIOTO PacIPOCTPAHEHHUS 30HbI
CTPYKTYpPHBIX U JPYTUX U3MEHEHUH NP Pa3IHYHBIX BO3ICHCTBHUAX Ha IIOBEPXHOCTH TBEPJOTO
Tena.

Janum kpatkuit 0630p opuruHaibHeIX paboT no D/1. Tepmun 3/1 B 1eHCTBUTENBHOCTH
oOobequHseT 3GQEKTbl, HMEIOLIHEe pasHyl0 MPUPOLY M  OOYCIOBICHHBIC Pa3HBIMH
MexaHu3Mamu. Tak, B Ciydae MOHHOro OOJIy4YeHUs HEOOXOAMMO pa3iuyaTh TIIyOoKoe
MIPOHUKHOBEHHE Je(eKTOB, HAOMIOAaeMoe NpH OOJIBIINX J103aX M CBSI3aHHOE B OCHOBHOM C
reHepanyeil U ABWXeHHeM aucnokaiwmit [2], m D/ mpu CpaBHHTENBHO MalbIX H03aX, KOTIa
OCHOBHBIM (paKTOPOM, OTBETCTBEHHBIM 3a 3TO SIBICHHUE, CIIyXKAT IPOIECCH], HHUI[MUPOBAHHEIC B
€cTeCTBEHHOM (JI0O MCKYCCTBEHHOM) OKHCIE Ha OOJy4aeMoil MOBEPXHOCTH. B manbHeiimem
tepmuHOoM D/I MBI OyzieM 0003HauaTh nociaeHui BU 3 dexra.

BonpImas cepust 9KCIEPUMEHTOB JUIS CITydasi OTHOCUTENIBHO MaJlbIX /103 Obljla BBINONHEHA
HaMH TP HOHHOM OOJIyYEHHH MeTaulndeckux (oibr M KpuctamioB kpemuus (cM. [3] u

CCBUIKH TaM). [1apauienbHO IPYION TOMCKHX y4eHbIX ObLIH BBIOJIHEHBI (yHIaMEHTAIbHbIC
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nccnenoBanus OJ[ B Meraulax HpH OOJNBIIMX 103aX. OTH HCCIETOBAaHUS OOOOIIECHBI B
MmoHorpadun [2]. Aropamu [2] npemnoxeHa MoZelNb, ONMPAMOIIAsACS HA MPEICTABICHHE O
MUrpalMy JMCIOKAMKA B IIyOb oOpasua or  oOmyuyeHHOM mnoBepxHocTu. Cremyer cpasy
OTMETHTh, YTO MEXAy OTOM M Hameil momenbio (0 Heil Oymer CKasaHO HMKe) HET
HPOTHBOPEYHUS. — IMPOCTO OHHM OTHOCSATCSL K PasHBIM SIBJICHHSM, XOTS U OOBEIUHEHBI OOIIMM
HazBaHUEM «DJI».

Pasuble acmextsl DJ1 HMCCIENOBAINCh M IPYTHMMH aBTOPAaMH, IPH 3TOM IIpeUIaraiuch
OOBSICHEHHs, MMEBIINE YePThl CXOACTBA M C HAIIMMH IPEACTABICHHSAMH, U C MOMCIISIMH,
IPECTABICHHBIMI TOMCKOH IIIKOJIOH.

Jist Toro Buzma 31, KOTOPBIH MBI B Cllydae HOHHOTO OOTyYEHHUs Ha3BAIH KMATOI03HBIMY,
MHOTO€ CTaJI0 SICHBIM IIOCJIE TO IO, KaK OBbUIM MOCTABJCHBI 3KCIICPUMEHTBI MO OOIYYCHHIO
MeTautdecKux (oubr u kpemuus ceetoM [4,5]. Okazanocs, 4To 3aKOHOMEPHOCTH W3MEHEHHUS
CBOWCTB MaTepHaoB MpU OOIyYeHHH CBETOM M HOHAMH B OCHOBHOM HICHTHYHBI (3a
HCKIIFOYCHHEM JOJITOBEYHOCTH M3MEHEHHH); OTCIOAA ¢ 6 ONbLION [0JIeif BEPOSITHOCTH MOXHO
yTBEepXKAaTh eaMHCTBO MexaHn3MoB OJI. (OO u3MeHEHHMH CBOMCTB Marepuaiga [pH
ucceoBaHusAX D/ MBI CyANIH B OCHOBHOM IO M3MCHEHUIO MHKPOTBEPAOCTH /H, H3MEPEHHOM
Ha CTOpOHE, HPOTHUBOIOJOKHON OO0IyYaeMoi, XOTsI ~ IPUMEHSIUCh W JPYTHe METOMBI
MATHOCTHKH).  KUIIOYEBHIM ~ MOMEHTOM  SBHJIOCH TO 00CTOATENBCTBO, 4TO D]
paccMaTpHBaeMOro BHA HE MpOSBISETCS B CIydae, KOria mepej obiydeHHeM ¢ oOpasioB
yaaneH ecrectBeHHblii okucen (EO). Ilo Mmepe yBenmueHHS BPEMEHH BBIICPXKKH 0Opa3LOB
nocne crpaiuBanus EO (1.e. mo mepe Hapactanust Hoporo EO mepen obryueHreMm) BenudnHa
M3MCHEHHUSI CBOICTB IIPH CBETOBOM HJIM HOHHOM 00Jy4eHHH yBenuunBaercs (puc.l).

Orcropa cienyet, uto D3]] 00ycioBieH MpoLeccaMy, NPOUCXOAAIIUMHU 0] AeHCTBHEM
obnyyenust B EO. D]/ umeer mMecTo W B 00pa3lax KPEMHHUsS CO CHELHAIbHO BBIPAILIEHHBIM
tepmuueckn SiOp, €ciiM ero TONI[MHA HE CIMIIKOM BeJlWKa. B 9ToM ciydae Ty ke poiib, 4TO
EO, urpaer TOHKHH CII0ii OKCH1a, HPUIIETAIOMINI K KPEMHUIO.

Humwxe wu3noxeHsl Haubonee BaKHbIE 3aKOHOMEpHOCTH /I, IOIydYeHHbIE B
JKCIIEPUMEHTAX MO 0OmydeHuto obpasios Si, GaAs (tommmuol 10 1 MM), METANIHYECKHX
tdomsr Cu, CuNi, Ni, Mo, mepmaiiost u ap. (tomuaoit 10-50 Mxm).

IMapagokcanbHO, 4TO HpH OOJIYYeHHH He(HIBTPOBAHHBIM CBETOM JIAMITBI HAKaJIHBAHUS

MHKPOTBEPAOCTb U3MEHACTCS TOJIBKO Ha HpOTHBOl’[OJ’IO)KHOﬁ CTOPOHE 06pa3ua. HpH HWOHHOM
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Puc. 1. 3aBUCHMOCTb OTHOCHTEIBHOTO HU3MEHEHUsI MUKPOTBepHOCTH GaAS 1pH 00.1y4eHHU CBETOM OT
BPEMEHH BbIZIEPKKH 00pasiia Ha Bo3ayxe nocie tpasiaenus B HF 1o o6iyuenus. ITo ocu opaunar
OTIJIOXKEHO OTHOLICHKE (B mporieHTax) Benuanubl AH/H st TpaBieHHOro o0pasua k BennanHe AHIH
UIsL KOHTPOJIBHOTO 06pasia.

o0JyyeHUH M3MEHEeHHe H TPOMCXOMUT ¢ 00CUX CTOPOH, HO C OOJyYCHHOI CTOPOHBI OHO
COCPEOTOYEHO B CJIO€ TOJIMMHOM mopsjaka npoOeroB HOHOB R, (u  o6yciosieHo
«KJIACCHYECKHM»  PA/[MALIMOHHBIM [IOBPEKICHHEM), TOrJa Kak C OOpaTHOi CTOPOHBI
MOJM(UIUPOBAHHBII CIIOI MMeeT TOJNIMHY, Oojiee YeM Ha MOPAAOK Hpesblmaouryio R, B
cmydae obmyuennst Si u GaAs cserom HK-mmamazona (Koraa CBET JIaMITbl HAaKaTHBAHUS
npoxoauT uepe3 GmwibTp — miactuny INAS), rirybokoe m3Menenue H MPOUCXOMHUT ¢ 0Oenx
CTOpOH 0oOpa3ma.

Pasnuune B JeHCTBHM CBEeTa M YCKOPEHHBIX HOHOB MPOSIBISETCS B JUIHTEILHOCTH
COXPAHEHUsI H3MEHEHHBIX CBOWCTB: IPH OOIyYEHHH CBETOM HM3MeHeHHe «kuBeT» ~30 MHUHYT,
TOrjZla Kak B CIy4ae HMOHHOrO OOJy4eHMs — HEONpEJeNICHHO JO0Jro, 1o KpaiiHeil mepe, B
TEYCHHE HECKONBKHX JIeT (OpH KOMHATHOW TeMmeparype). TepMOCTOMKOCTh M3MEHCHHH B
000HX CITy4asx HEBEIHKa U XapaKTepu3yercs sHeprueii aktusanuu nopsigka 0,1 — 0,2 3B.

BasxubiM hakropom st D] siBiasercs: Je(EeKTHOCTh MaTepHaa, B 4aCTHOCTH, TIOTHOCTD
qucnokanuid. IIpy oOmydeHHH CBETOM HMIM HMOHAMH O€3IHCIOKAIHMOHHOTO KpeMHHs OJ1
BBIP@)KEH HE3HAYHUTENIBHO.

Eme oxHa MHTpHUTYIOIas 0COOEHHOCTE COCTOUT B CIIOCOOHOCTH areHTa, BHI3BIBAIOIIETO
]I, NpOHHUKATh Yepe3 IPaHMLBl pasjielia Cpei, YyTo OOHAPYKEeHO (Kak Ui CBETOBOIO, TaK M
HOHHOTO IYYKOB) MPH 00JIy4YEHUH CTOIOK 00pa3uoB. Tak, npu 00JIy4eHUH CBETOM CTOINOK U3
HECKOJBKHX (onmbr Meau (Kakaas TOJIUMHOM B ACCSATKM MKM) OOHApy:KEHbl M3MEHEHHS B
(onbre, SKPaHUPOBAHHON OT MOMAJAHUS CBETA OJHOM, ABYMsS M Haxe Tpems (oibramu [6].
Ipu 5TOM, Kak MpaBHIIO, YCIOBHEM M3MEHEHHMIT sBisieTcst Hammure EO kak Ha camoit dossre,
TaK ¥ Ha BBIIIE JISKAMUX (oJbraXx. AHAJOTHIHBIE 3aKOHOMEPHOCTH MPOHUKHOBEHUS BIHMSHUS

00JIy4eHHs CBETOM 4Yepe3 rpaHuIbl Ten HaOmoxaiucs B cucreme Al ¢oibra — kpemuuii, a
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TaKoKe IIPH HOHHOM OOJIyYEeHHH CTONOK (hoJbr nepMaiios. VIHTepecHo, 4To B 9KpaHUPOBAHHBIX
o0pa3nax U3MEHEHHE MOXKET IIPEBBIIIATh TAKOBOE B HEMIOCPEICTBEHHO 00JIy4eHHOM 00pas3Lie.

PacnipoctpaHenue BiIMAHUS BO3IACHCTBUS 3a Hpeleibl o0NacTH BBIACICHHS SHEPrUM
HAOI0/]aeTCs HE TOJIKO BJIOJIb HOPMAJM K IIOBEPXHOCTH, HO U B JIATEPAIbHOM HAIPABICHUH.
JlalibHOCTD JIaTepPabHOTrO PACIPOCTPAHCHHS MPH 00aydeHnH Si CBETOM cocTaBisieT ~1 MM ¢
001 Ty4aeMoii CTOPOHBI M MOPsIIKA HECKOJIBKHX MM C OOpaTHOW CTOpOHBI 0bpasia. Ilocaenmss
BEIMYMHA CYIIECTBEHHO IIPEBOCXOJHT MAKCHMANBHYIO 3a()MKCHPOBAHHYIO IAlbHOCTD
pacrpocTpaHeHus B HOpMaJIbHOM HarpasieHun (~1 mm).

HenagHo B cucreme Si — ¢ropomract — pacrsop NaCl (CaCl,) — ¢roporutact — Si- mamu
00HApY’)KEHO TMIaHTCKOE JIaTepalibHOE JajibHoaeHcTBHE. OIBIT 3aKJI0YAJICS B CIELYIOLIEM.
JlBa oOpasiia KpeMHHs MOMEIIAINCh Ha (PTOPOILIACTOBYIO KPBIIIKY COCY/a, 3aMOJHEHHOTO
BozxueiM pactBopoMm NaCl (umu CaCly), koHTakTHpyROmMNM C HIDKHEH CTOPOHOM KPBIIIKH.
Paccrosiune Mmexay obpasmamu moxoqmwno 10 4 cm. OmuH u3 00pasioB (KIepemaTduK»)
obiywancst cBeToM, a Ha JpyroM (IPHEMHHKE»), HAaXOAMBIIEMCS B TCHH, H3MEpsIIach
MHKPOTBEPIOCTh 10 U Iocie 3Toil omeparmu. Okasanock, 4TO Ha BTOpoM oOpasue H
H3MEHSETCS TaK XKe, KaK ecy Obl OH caM IOJBEpraycs OOITydICHHIO B TOM )K€ PEXKHME, YTO U
«repenaTyuk». IIpu 9TOM 00s3aTeNIBHBIM YCIOBHEM Hanuuust 3¢ dexra sisercs Haauune EO
Ha TOM H JApyroMm o Opasmax. OddekrT OoTcyTcTByeT Kak B Cilydae CIMIIKOM Maoi

KOHIIEHTPALNH COJIH, TaK U CIUIIKOM Goubioii — Gonee 5 Bec.% (puc.2).

C, %

Puc. 2. 3aBUCHMOCTb OTHOCHTEIBHOTO U3MEHEHUS! MUKPOTBepaocTH AH/H kpucraia-
NPUEMHHKA [P 00JTy4CHNH CBETOM KpHCTaLIa-MepejaTyrka oT koHuenTpanun (sec.%) NaCl B
pacTBope.
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Bce aTH U psax ApYyrHX 3aKOHOMEPHOCTEH NPUBENH K MBICIH, YTO B CIIydae HOHHOTO
obnyuenus D/l M3yyaeMoro BHIa HE CBs3aH C BO3HHKHOBEHHEM YIPYIHX BOJH B KacKalax
ATOMHBIX CTOJIKHOBEHHMII, KaK 9TO HaMH MEPBOHAYAIBHO mpezmnonaranocs [7]. CpaBHUTENbHO
HEJaBHO HaMH ObLTa IpeUiokeHa KauecTBeHHas Mojeib D/I, 0ObICHSIONmas eclii He BCe, TO
GOJIBIIYI0 YaCTh OTMEUEHHBIX BbIlIe 3aKoHOMepHOCTe# [8]. CyTh ee COCTOHT B CieAyIOmeM.

B EO (a Taxke TOHKOM, MHPWJICTAIOIIEM K IOIYIPOBOJHUKY WIM METaLIy Cloe
HCKYCCTBEHHOTO OKCHJa) CYIIECTBYIOT JIOBYIIKH JUIS O3JIEKTPOHOB WM JbIpOK. OHH
pacripe/ie/ieHbl  HEOJHOPOAHO B  JIATEPAIbHOM M /WM HOPMAlbHOM K IIOBEPXHOCTH
HanpasieHusX. Hanbomee Bennka KOHIEHTpALUS JIOBYIICK HA IPAHHUIAX OKHCICHHOTO CJIOS —
y TOBEPXHOCTH 00pa3lia Uy Iepexosa OKCHA — TBepaoe Teio. IIpy BHemHEeM BO30YXACHHU
IPOHCXOAUT OCBOOOXKICHHE OJHUX JIOBYHIEK U 3allONHEHHE IPYTHX, YTO IPUBOJHT K
YCHJICHHIO BHYTPEHHHX OJeKTpuueckux mosieil (B HaHomacmrabe). C  yBeamueHHeM
JUIMTEIBHOCTH OOJTy4eHHs MPOMCXOAMT KBA3HIPOOOH Okcuaa (AMINEKTPHKA), CHIDKAOIIHIA
HANPsDKEHHOCTh OIS, KOTOPBI CMEHSIOTCS HOBOHM cTanuell IepepaclpenelieHHs 3apsija.
TToBTOpEHHE STHX LUKIOB MOPOXKIAST OCUMJULIIIH I10JIS, YaCTOTa KOTOPBIX, COITIACHO OIICHKE,
cocragnser 10M-10 ' (370 cootrerctryer KBU, MIM MHITHMETPOBOMY IHAMA30HY ITHH
BonH). Tak Kak HaHOOONAacTH OOJIBIIMHCTBA OKCHIOB OOJAJAIOT [bE303JICKTPUYCCKUMHU
CBOWCTBAaMH, yKa3aHHBIH MpoLecc MOpoxaaeT runep3sykoBsie Boiubl (I'B), KkoTopbie
IPOHUKAIOT B MONYNPOBOAHHK HJIM METall, TAE OHH BO3AEHCTBYIOT Ha CHCTEMY TOYEUHBIX
neeKToB, IOKaIM30BaHHEIX B arMocdepax KoTTpemna HDpOTSHKEHHBIX Ae(EKTOB THIIA
nmuciokauuit. [Tox BiamsHuem I'B mpomcxoaut sMuccust TOYEUHBIX IOedekToB B 00BEM, B
pe3yJbTaTe 4ero M3MEHSIOTCS CBOMCTBA, B YACTHOCTH MUKPOTBEPAOCTH TBepaoro Tena. Korma
BHEIHEE BO3ZCICTBHE INPEKPAIIaeTCs], MOABIIKHBIC TOUYCYHBIE HE(PEKTHl MOTYT CTeKaTh
06paTHO B aTMOC(EpSI, U TOT/a CBOHCTBA BOCCTAHABIMBAIOTCS, KAK 3TO HMEET MECTO B CIIydyae
obnyuenus cBetoM. Ho mpH JOCTaTOYHO MOLIHOM BO3/ACHCTBHHM, B YAaCTHOCTH, NPU HOHHOM
00JTy4eH!H, KOTJa KOHIIEHTPALHMsS 3MHUTUPOBAHHBIX TOYEUHBIX AC()EKTOB CTAHOBHUTCS CTONb
60IBIION, YTO OHH IHOIYYalOT BO3MOXKHOCTE OOBEAUHATHCA B Oolee KPyIHbIE, HEMOIBIKHEIC
IIpH KOMHATHOH TeMmepaType, HeheKThl, H3MEHEHHs CBOIICTB MOTYT COXPAHSThCS BECbMa
JIOJITO, IPAKTUYECKH IIOCTOSIHHO.

HeMOHOTOHHEBI XapakTep 3aBHCHMOCTH H3MEHEHHMII OT JUINTEIBHOCTH BO3ZEHCTBUS B
Cllydae CBETOBOIO OOIydYeHHMs, a TAKKe BIUSIHHE CIIEKTPAJbHOTO COCTaBa CBETA MBI CBS3BIBACM
¢ BO030yXJIeHHMEeM JByX BuAOB ['B, oOKka3pIBalolMX NPOTHBOIIOJOXKHOE JeiicTBHE, M C
U3MEHEHUEM TI'eHEPALMOHHBIX CBOMCTB OKCHJA B IIPOLECCE HENPEPHIBHOIO O0OIyueHHs

(«ycranocTs»). B ciiyuae nOHHOTO 0ONy4eHHs [030Basi 3aBHCHMOCTh M3MCHCHHI B OJHHX
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ciydasix — pactymas (kak 3To HMeeT MecTo npu obiydeHnn kpemHwusi) [3], a B apyrux (mpu
o0iydyeHnn Merauueckux (osbr) — HemoHoToHHas [5,7]. Xapakrep 3aBHCHMOCTH
onpezaensercs, no-BuauMomMy, cBoiictBamu EO, XOT MexaHU3MbI €€ He BIOJHE siCHbl. He
HalIllesI [IOKa Y/I0BJICTBOPUTEIBHOrO 00BACHEHH U TOT (akT, 4to DJ] Npu MOHHOM O0ITy4YeHHN
METaJUIOB 00/a/jaeT MOPOTOM 10 SHEPTHH HOHOB, KOTOPBIH MPAKTUYECKH OJMHAKOB JUIS BCEX
HCCIICI0BAHHBIX TTap HOH — MeTasLt i cocrasisier ~30 k3B [7].

deHOMEH, IOKa3aHHBIA Ha PHC.2, IO-BUIUMOMY CBSI3aH C BO3JEHCTBHEM HA «IIPUEMHUK»
I'B, reHepupyeMbIX B «IepeiaTuuKe» H PAaCHPOCTPAHSIOLIUXCS B PACTBOPE BIOJb TPAHHULBI C
¢dToporutactom  Onarojaps. HAIMYHIO OCOOBIM  00pa3oM  CTPYKTYpHUPOBAHHOIO  CIIOS,
conepsxartero nonbl Na* mwim Ca’. [JaHHbIi pe3ynbTaT, MOMUMO TIPOYEro, BaXKEH MOTOMY, 4TO

OH MO3BOJIAACT UCKITHOYUTHh MHOTHUEC AJIBTCPHATUBHBIC MOACIN 3,[[

Takum 06pasom, DI IpH HOHHOM U CBETOBOM OOJIyYEHHH HOCHUT HE HK30THYECCKHIL, a
JI0BOJIBHO 00mmmii xapakrep. CymectBoBanue DJ] He BHOCUT paJUKalIbHBIX U3MECHEHUH B
GOJIBILIMHCTBO NPUHSTHIX B (DPM3MKE HOHHOW MMIUIAHTALMH MPEICTABICHHUH, HO TEM HE MEHee
0 HEM Henb3s 3a0bIBaTh, OCOOGHHO B TeX Ciydasx, Korga TpeOyercsl JOKaIbHOCTb
BO3JICICTBHUS, HAIPUMED, PH JIUTOrpaduy, HOHHOM TpaBieHUH U T.1. 1 Gonee riaybokoro
n3yuenus D1 HeoOXOIMMO IPHBICUYCHHE apCeHala COBPEMEHHBIX (DM3MYECKUX U (DH3UKO-

XUMHYCCKHUX METOIOB.
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Following electronic dynamics in real time, watching the formation or breaking of
chemical bonds, the transfer of electrons from one constituent to another, or the ejection of
electrons from an atom, molecule, or solid surface has been a dream and challenge of time-
resolved quantum physics for a long time. The extent to which such ultrafast processes are
accessible to measurements at all has remained a matter of debate [1]. The typical time scale
of electronic dynamics in atoms and molecules is given by the atomic unit of time, 1 a.u. =
24.19as, where one attosecond equals 10™'® seconds. With the advent of ultrashort light pulses
with durations less than 100as the direct observation and control of electronic motion on this
extraordinarily short scales has become possible, enabling a whole new field of research

called attosecond physics or attoscience (see e.g. [2,3] for a review of the topic).

The foundation of attosecond physics is the ever increasing control over the ultrashort
light sources [4]. The two essential experimental “tools” are (phase-stabilized) few-cycle
infrared (IR) lasers with durations of a few femtoseconds and attosecond extreme-ultraviolet
(XUYV) pulses which are typically produced in a gaseous medium by a driving (few-cycle) IR
light field via high-order harmonic generation (HHG). In the case of phase-stabilized pulses,
not only the amplitude envelope and frequency of the light pulses, but also the electric field
itself, i.e., the carrier-envelope phase, can be controlled. Both the fundamental IR field and
the XUV pulses (see Fig. 1, left panel), the delay between which can be precisely varied, are
available to experiment. In principle, both pulses can be either used to initiate or read out the
ultrafast dynamics in the target system under scrutiny, i.e., they can serve as a pump or probe.
These new experimental possibilities in the generation of well characterized sub-femtosecond
laser pulses have opened up unpredicted opportunities for the real-time observation of

ultrafast electronic dynamics in matter.

In particular, the attosecond streaking technique [5-9] has developed into one of the most
important and versatile tools of attosecond science. Attosecond streaking is a pump-probe
approach in which the attosecond XUV pulse (with typical durations of 100 to 500 as) serves

as pump creating a photoelectron wavepacket while the CEP controlled moderately strong
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linearly polarized few-cycle IR pulse (with intensities of the order of 10! to 10'> W/cm?)
streaks, i.e., probes, the continuum wavepacket (Fig. 1). In analogy to conventional streaking
[10] that maps time onto distance, attosecond streaking maps time information onto energy,
thereby allowing to extract time-resolved information from the time-integral photoelectron
spectrum with attosecond precision [7-9]. Point of departure of the attosecond streaking
principle is that the momentum of the emitted photoelectron receives in the presence of a

strong IR field a ponderomotive shift [5,6]
Pi (=B, ~Au(®) M

given by the value of the vector potential A,R(z') at the instant of the arrival in the

continuum, 7, from which time on the liberated electron is accelerated by the electric field

(see Fig. 1, right panel). In Eq. (1) P, is the asymptotic momentum associated with the
energy of the photoelectron, E, = p; /2 in the absence of the streaking field. Following
Eq. (1) the momentum f, (z) and the energy E,(7)= P;(z)/2 in the presence of the IR field
become functions of 7 via A,R () allowing a mapping of the photoemission time 7 onto the

modulation of the linear momentum P, (z) or the energy, E, (), of the photoelectron (see

Fig. 2).
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Figure 1:  (left panel) Typical temporal profiles of the IR and XUV fields
employed in attosecond streaking. (right panel) Visualization of
the streaking principle [Eq. (1)] for an isotropic electron
momentum distribution.

First proof-of-principle implementations of the streaking technique were the direct time-

domain measurement of the life time of the Kr (3d!) hole by Auger decay of ~8 fs [11]
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complementing equivalent spectral information, as well as the measurement of the time-
dependent electric field of the IR light wave [12]. More recent and more advanced
applications addressed the delayed photoemission from core levels relative to conduction
band states of a tungsten surface due to the increased pathlength and inelastic scattering
processes [13]. Very recently, a time delay of atomic photoemission from the 2s shell relative
to the 2p shell of Neon as small as 21 attoseconds, i.c., less than one atomic time unit has

been extracted [14].

Electron momentum (a.u.)

Figure 2: Simulated atomic streaking spectrogram for the fields in Fig. 1.
For reference the vector potential Am (7) is also shown (red solid

line). Comparison with the shift of the spectrogram (white line)
yields the streaking time shift (see inset).

In the present communication we address the prototypical application of the streaking
technique, the attosecond chronoscopy of photoemission, i.e., the time-resolved study of the
photoelectric effect, one of the most fundamental processes in the interaction of light with
matter. Time and time delay as a quantum dynamical observable was originally introduced by
Eisenbud, Wigner, and Smith (EWS) [15-17] for resonant scattering. Photoemission
representing a half-scattering process allows the application of this concept. The

corresponding delay, t can be viewed as the finite response time in the formation of the

EWS 5
outgoing electronic wavepacket during the photoabsorption event. In this sense,
photoionization is not instantaneous, but the departure of the outgoing wavepacket is
temporally shifted relative to the arrival of the XUV pulse, typically by a few attoseconds
[14]. We will demonstrate that t, is an observable accessible by attosecond streaking. The
key is the determination of measurement-induced time shifts due to the presence of the IR

field which tends to taint the timing information [18].
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We will present accurate quantum-mechanical simulations of attosecond streaking
obtained by directly solving the time-dependent Schrodinger equation. We will summarize the
state-of-the art in the understanding of time-resolved photoemission from atoms, molecules,
and solids [1]. We first discuss atomic one- and two-electron systems [18-20] and address the
influence of electronic correlation and long-ranged Coulomb potentials on the time-resolved
photoemission processes [21]. Extension to molecules reveals the influence of the internal
geometric structure of the ionized complex on the formation of the outgoing wavepacket [22].
Photoemission from solid surfaces [13,23] serves as a prime example for decoherence due to
multiple scattering, connecting coherent quantum dynamics and classical transport [24,25].
The very recent extension to two-photon ionization reveals another novel observable: the time

elapsed between two photoabsorption (photoemission) events [26].

Finally, we will highlight unresolved and open questions and we point to future directions
aiming at the observation and control of electronic motion in more complex nanoscale

structures and in condensed matter.
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The emission angle and the transverse momentum distributions of projectile fragments
(PFs) produced in fragmentation of silicon on carbon and polyethylene targets at 684 A MeV
are measured. It is found that the average emission angle and transverse momentum increase
with the decrease of the charge of PFs for the same target, and no obvious dependence of
angular and transverse distribution on the mass of target nucleus is found for the same PF.
The cumulated squared transverse momentum distribution of PF can be well explained by a
single Rayleigh distribution. The temperature parameter of PF emission source do not depend

on the size of PF and mass of target for PF with charge 5<Z<14.
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PABHOBECHAS TOJIIIHUHA YIJIEPOJIA NMPHU B3AMMOJEWCTBUA
C IIYYKAMMU A30TA U HEOHA
EQUILIBRIUM THICKNESS OF CABON INTERACTING WITH
NITROGEN AND NEON BEAMS

10.A.Bbenkosa, H.B.HoBukos, S1.A.Temiosa
Yu. A.Belkova, N.V.Novikov, Ya A.Teplova

Hayu4Ho-Hcce1oBaTeNnbCKUi HHCTUTYT saepHoi ¢usuku uM. J[.B.Crobenbubina,
MockoBckuii ['ocynapcTBeHnslii Y HuBepcurer uM. M.B.JIomoHOCOBa,

119992 Mocksa, Poccus, teplova@annal9.sinp.msu.ru

A method, proposed for theoretical description of ion penetration through solid matter,
allows to calculate equilibrium and preequilibrium charge distributions of ions. This method is
based on empirical evaluation of charge-exchange cross sections, taking density effect into
account. For nitrogen and neon ions, passing through carbon films we calculate the value of
target thickness where equilibrium charge distribution is reached. The calculation results are

compared with experimental data.

IlpennoxxeH TEOPETHYECKMH METOJ| OIMCAHUS IPOLIECCOB, BO3HUKAIOLIMX IPU
MIPOXOXKJIECHUH MOHOB Y€pe3 TBEPOE BEIIECTBO, KOTOPBII MO3BOJISAET HONYYUTh PABHOBECHBIE U
HEpPaBHOBECHBIC 3apSAZOBBIC PACIPE/ICIICHUSI HOHOB, a TAK)KE OLCHUTh BEIMYMHY PABHOBECHOM
TOJIIMHBl MHIIEHH 7, TIOCIE MPOXOKACHHS KOTOPOW B PE3yNbTAaTe MPOLECCOB Mepe3apsaku
YCTaHABIUBACTCS 3apsIOBOC PaBHOBECHE. MeTOJ OCHOBAaH Ha HMIHPUYECKOI OLCHKE CEUCHHI
nepe3apsiaky ¢ y4eToM 3¢ dexTa IIOTHOCTH BelecTBa MULIeHH [1].

3apsAoBBI  COCTAaB MOHHOTO IIy4Ka, INPOXOASAILIEr0o CJIOH BeIlecTBa TOJIIMHOW f,
OITHCBIBACTCS CUCTEMOH Iu(depeHInaIbHbIX ypaBHEHUIH:

dd, (t)
it =}jd>k(t)akq—d>q(t)20qk, 2<1>q(t)=1, @

rae (Dq(t)- HEPaBHOBECHBIC 3apsIoBBIC (HpaKiHy, Oy~ cevenus mepesapsiakn. Ilpn t = T
YCTaHABIUBACTCS 3apsOBOEC pAaBHOBECHE. BeNMUMHBI 3apsaoBBIX (PaKIHi CTAHOBATCS

nocrosHubivMa.  Cpenmnii 3apsin Q(t) u uwmpusa 3apsimoBoro pacnpenenenus  D(t),

OITUCBIBAIOTCA KaK
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QW =Ya@,®: [DOF= Y [a-QWI @, . @
q q
v npu t —7T JOCTHraIOT CBOMX PABHOBECHBIX 3Hauenmii ( u d coorercrBenHo [2] .

HpI/I HaJIMYUU TOJIBKO JIBYX 3apsiIOBBIX (t]paKL[I/Iﬁ B IIYYKE€ HOHOB BO3MOXXHO aHaJIUTHYECKOE

petenne cuctemsl (1) [3]

Q)=+ (g -)-expl -A1] - ®
rae Qo — HadaiubHbIA 3apsiy noHa. OJMH W3 METOHOB OIPEJCIICHHs PAaBHOBECHOW TOJILHMHbI
MHuIIeHH T COCTOUT B TOM, 4TOOBI HAWTH TOMIHUHY t, IpK KOTOpOH 6(t) OyJieT MaJIo OTIINYAThCS
0T (. MOXHO CUHTATH PABHOBECHE YCTAHOBHMBIUMMCS IDH YCIOBHH OTKIOHEHHS CPEIHEro
3apsija ot aHe Gonee, uem Ha 3% [4], Torma:

Q(t)-q|/q-0.03 mpu  t=Ty @)
Y PAaBHOBECHYIO TOJILIMHY MHIICHHU Tq MOXKHO OINPEIEIUTh U3 COOTHOLICHHS
1 ‘ Ao _a ‘
y = —In—— (®)

B 003 q

Panee ObuI0 moka3aHo, uto BblpaxkeHus (3) u (5) MOXKHO HCIOJB30BaTh ISl OLEHOK Tq IPH
HalM4YMM B Iy4YKEe HOHOB TPEX M YETHIPEX 3apsJoBBIX KOMIOHEHT [5].B arom ciyuae
k03¢ duneHT  OyaeT 3aBHCETh HE TOJBKO OT CEUCHHI Mepe3apsiIKy, HO U OT .

Amnanorudso (4) MOXKHO 3aIicaTh PaBHOBECHYIO TOJNIIHMHY 3apsiAOBOTO PACIPEACTICHHUS

1o oTKJIoHeHuo napamerpa D(t) or paBHoBecHOrO 3HaYeHus d:

‘D(t)—d‘/d =003 npu t=Tqg . (6)

Pe3ynbTaThl pacueToB CpeJHETO HEPAaBHOBECHOTO 3apsia HOHOB HEoHa C (o oT 6 1010 B
YIJICpOHOM MMILCHH MNpPEACTaBiIeHbl Ha pHC.l Hapsay ¢ IKCHEpPUMEHTAaIbHBIMH JaHHBIMH,
HOJTy4eHHBIMU Ha ocHoBe [6]. CpaBHEHHE C DKCIIEPUMEHTAILHBIMH JIAHHBIMH T10Ka3bIBAET, YTO

IpeII0KSHHBI METOJI IT03BOJISET KAa4eCTBEHHO BEPHO OIHCATh 3aBHCHMOCTb CPEAHHX 3apsSIOB
HOHOB OT TOJIIMHBI MUIIeHU. B urore, otkinoneHne Q(t) oT SKCIEpUMEHTANBHBIX NAaHHBIX HE
npeBeicuT 5%. Ilpu yBemWMdYeHHH OSHEPrHM HOHOB 3apsOBOE PAaBHOBECHE HACTYyIAeT

CYLIECTBEHHO MEJUICHHEe. PasnmuyHbI XapakTep MOBEIEHUS KPUBBIX Ui (o >  u (o <

q 00BSICHIETCSE TE€M, YTO B IEPBOM Ciy4da€ HOH I AOCTHIKCHHUSA 3apsaJOBOT0 PAaBHOBECHUSA
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TEPSECT CBOU DJICKTPOHBI, @ BO BTOPOM — 3aXBaTbIBACT. Dra 0COOEHHOCTh CHIIbHEE BCETO

TPOABIIACTCA I 3ap91110130i/'l KOMITOHCHTEI C qO=Z, TIOCKOJIBKY CEYCHHUE NOTEPHU DJICKTPOHA U3

-
K- o6onoukn monoB Ne' (q=8) 3HauMTENBHO MEHbBIE CEYEHMsS MOTEPH dIEKTpoHa u3 L-

o6omnoukn Ne®™ (g<8).

E=2 MbB/nyxaon

E=1 MbB/uyxaon

1 10 2
1, prfem

Puc.1. HepaBHoBecHsi cpennuii 3apsy nonoB Ne¥ ¢ smeprueit 1 u 2 MaB/nykiion B
3aBUCHMOCTH OT  TONIMHBl MumieHd. CIUIOIIHBIE JMHAM — pe3yJbTaTbl pPacuyeTtoB B
npubmmkennn (3) ¢ CCYCHUAMH Tepe3apsiIKH, OMPEACICHHBIME COTIacHO MeToy [1]. 3nauenust
Qo yKazausl 1udpamu Bo3je juHMi. CHMBOIBI —dKCIEpUMEHTANbHbIE AanHbie [6], (+) - §o=8,

(®) - 90=9, (A) - o=10.

YKa3aHHbIE 0COOEHHOCTH YCTAHOBJICHHS CPEIHEr0 PABHOBECHOTO 3apsifa OTMEYAIOTCS H
11st HOHOB a3oTa [4]. Ha puc.2 npeacTaBieHbl pe3ysibTaThl PacueToB PABHOBECHON TOMMHEI Ty
YTIepOTHOI MHIIEHH B 3aBHCHMOCTH OT (o jut moroB N u Ne® . Amamms mokasesaer, uto

MIpU TIPOXOXKJEHUHM 4Yepe3 TBEPJOE BEIIECTBO 3aps0BOE pPaBHOBECHE JUIsI HOHOB C (o >

( HacTynaer MeJJICHHEee, YeM JIJIT HOHOB C (o < ( .

i Ne—~C '
< '
T 44 E=2MoBhnysoon
2 '
'
(g ~ '
N~C p e 3
N
24 E=0.33 MoBhnyicon . P .
i
.
0 r . . . .
2 4 6 8 10

4

Puc.2. PaBHoBecHas TonmuHa yriaepoiHoit mumenn ams uonoB NI um Ne™ B
3aBHCHMOCTH OT HayalbHOTO 3apsna MoHa. Kpuewle — pesymsrathl pacuetos (5), CHMBOIBI —

9KCIepUMEeHTalbHbIe JanHbie (m) [4] u (o) [6].
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CoorHomIeHHe MEXIy Tq U Tq ONpenelseT MocNea0BaTeIbHOCTh YCTAaHOBICHHS 3apsiI0BOrO
paBHOBecHs. B kadecTBe mpuMepa Ha pHC.3 NMPHUBEACHBI PE3yJbTAThl PACYECTOB ITHX BEIMYHH
st monos Ne™ B yriepoze. B obmactu smeprum, rae Ty < Tq (E<1.5M>5B/uykinon u E>2.8
M>bB/HykioH), WIMpHHAa HEPaBHOBECHOrO 3apsiioBoro pacmpenenenuss D(t) cuavana

yBenuuBaercst u pu t=Ty (6) mocturser d. 3arem ¢ yBennueHreM t IpOAOIKACTCS HM3MEHEHHE
a(t) 10 Tex nop, noka npu t=Ty (4) BenuuuHa é(t) He gocruruer § . B o6nactu snepruu 1.5
<E <2.8 M»sB/uyxkioH, rae Ty > Tq, mocnegoBaTeabHOCTs u3MeHsiercs. CHavyana Ben4HHa 6(t)
JOCTHIaeT CBOEro paBHOBECHOro sHaucHus ( (4) npu t=Tq , a HOTOM ycTaHaBIMBAaeTCS
paBHOBecHOe 3apsiioBoe pacnpexesnenue npu  t=Tg (6). OcoGenHocts B pacuerax Tg
Habmogaercs mpu E~2.2  MdB/HYKIOH, MOCKOIBKY qoza , U TpH YCTAaHOBICHUH

PaBHOBECHOTO 3apsAa0BOr0 pacnpeAeiICHUA B €IUYMHA CPEOHETO 3apsaa HE HU3MCHSICTCA, a

yBeIHM4MBaeTCs ToIbKo mupuna D(t).

T T
20 25 30
E, MsBnysaon

Puc.3 PaBHoBecHas TonmmHa yriepoamoii Mumenn s nonos Ne”'s saBucumocts ot
SHEPrHH MOHOB. Pe3ynbTaThl pacyeToB Ha ocHOBe pewienus cuctemsl (1): Tq (4) u Tq (6).
ITpoBeneHHblil aHaIM3 N3MEHEHUs 3aPSIOBBIX PACIPEAEICHHI 1 CPEIHEro 3apsaaa B IMyuKke
MOHOB a30Ta M HEOHA B 3aBHCHMOCTH OT TOJIIWHBI MHUIICHH MO3BOJIMI OLCHHTH PABHOBECHYIO
TOJILIMHY, HEOOXOAUMYIO Il HOPMHUPOBAHKS 3apSAOBOr0 paBHOBeCHs. IIpeIoKeHHBIH METOA
OLICHKM PAaBHOBECHOH TOJIIMHBI B IIMPOKOM [MAlla30HE SHEPrHH HOHA IOJIC3CH, MOCKOJIBKY
apaMerpbl TOPMOXKEHHsS HOHOB B TOHKHX IUICHKaX MOTYT CYIIECTBEHHO OTIHYATHCS OT

PaBHOBECHBIX, a SKCIICPUMEHTAJIbHBIC JaHHBIE O HEPABHOBECHBIX 3aps/iaX NOHOB OTrpaHUYICHBI.
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DOOKYCHPOBKA NP PACCEAHUN YACTHUIl HA ITIOBEPXHOCTH
FOCUSING OF PARTICLES SCATTERED AT A SOLID SURFACE

IL.IO. Ba6enko, A.H. 3unobes, A.I1. llleprun
P.Yu. Babenko, A.N. Zinoviev, A.P. Shergin

OTU um. A.®. Hodde, 194021, C.-ITerepbypr, Poccus, e-mail: babenko@npd.ioffe.ru

The goal of this work was modeling focusing effects in argon atom scattering at the
aluminum and germanium surfaces at glancing angles of 1 to 6°. It has been shown that at
angles of incidence less than 5°, the reflection coefficient is close to 100%, and the angular
distribution is strongly compressed due to the effects of surface channeling and scattering by
atomic chains. The simulation results are in good agreement with experiment and allow
obtaining a very precise value of the thermal vibrations amplitude of the surface atoms that is
0.123+0.007 A.

Lenbro HacTosieil paboThI SBISETCS. UCCIIEIOBaHUE IIPUMEHUMOCTH pa3paboTaHHON
Hamu niporpammsl [1] [uis onmcaHMss OZHOTO W3 MHTEPECHEHMIUMX SIBICHMIA, CBSI3aHHBIX C
MHOTOKDAaTHBIM PAacCesHHEM aTOMOB OT  IOBEPXHOCTH, a WMEHHO, 3(dekra HOHHOM
(hOKyCHPOBKH.

IIpu paccessHMH HMOHOB Ha IOBEPXHOCTH MOHOKPHCTAIIA, €CIH IMyHYOK MaJarolinux
MOHOB OPHUEHTHPOBAH MO OTHOIICHUIO K aTOMHOM LIEMOYKE ONpPEJeICHHBIM 00pa3oM, UMeeT
MECTO 3aXBaT YaCTHI[ B IOBEPXHOCTHBIN IIOTyKaHaT ([OBEPXHOCTHOE KaHAIMPOBAHHE).
ITOTOK paccesiHHBIX HMOHOB MOKET OBITH C)XAaT B IPOCTPAHCTBE 3HAYUTEIBHO CHJIBHEE, YeM
[IpH TIPOM3BOJIBHOI OPHEHTALNH ITy9Ka OTHOCHTEIBHO KPHCTA/UIMYECKOH MuIIeHH. Dpdert
CXKATHSI [IOTOKA PACCESHHBIX YaCTHIL IPH PACCESIHUM HOHOB MOHOKPHCTAILIAMH HAaOII0IICS B
padore [2] u momyuwn Hasanue sddexta HOHHON (HOKycHpOBKH. JlaHHOE sBIEHUE
UCIOJB3YeTCs JUIS M3YYeHHs TOBEPXHOCTHBIX CTPYKTYp, BO30YKICHHBIX COCTOSHHIA,
3¢ deKToB 3aps10BOro 0OMEHa U MOBEPXHOCTHOTO MAarHETU3MA.

B Hacrosmieil paboTe B OCHOBY MOJCIMPOBAHMS HOHHOTO PACCESHUS IIOBEPXHOCTHIO
KpUCTAJUIa [OJIOKEHA MpOrpaMMa, pacCMaTpUBarollas II0CJICA0BATEIBHOCT OWHAPHBIX
coymapenuit yactu B Bemtectse [1]. IIpuMeHsicst moTeHIuan, npeaioxeHHsi B pabore [3],

HaWIy4dlInum 06pa30M OI'II/ICBIBa}OH_H/Iﬁ OKCIIEPUMEHTAJIBHBIC JaHHBIC O PACCEIHNUN YaCTHII.
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ITo ompenenennio koddduuuent orpaxenust yacturl Rn=Nps/Np (rme Np - uncio
HaJeTalImX 4acTull, a Nps - YHCIIO PACCESIHHBIX YaCTHII) PEACTaBIsET COOON BEPOSTHOCTH
TOTrO, 4TO HaJlleTarolIas yactuia Oyaer paccesHa tBepabiM TesioM (0=sRys<1).

B kauecTBe HLTIOCTpAUK pabOTOCIOCOOHOCTH MPEUIOKEHHOM MPOrpaMMbl pacyeTa
Ha pHC. 1 MpUBeAeHB! 3aBHCUMOCTH K03 (UIMEHTa OTpaXKeHHs YacTULl Ry OT yriia majeHus
aromoB Ar ma mumenn u3 Al u Ge. Kpussie 1-3 paccunrans! 1mo Hamieil mporpamme st
KPUCTQUIMYECKUX MumieHedd, a iuHud 4,5 - no mnporpamme SRIM-2013 [4] s
AQHAJIOTMYHBIX aMopdHBIX MumeHed. Kak BHIHO M3 pHUCYHKA, U1 KPHCTALIMYECKHX
MHIIICHEH U YI0B mageHus 0.<5° koadduient otpaxkeHus yactun Ry 6JIM30K K eAMHULE,
T.e. SIPKO BbIpakeH 3((PeKT HOHHOM (POKYycHpOBKU. PacyeT mokasbiBaer, YTo AJsi aMOP(HBIX

MuieHei 3G HeKT HOHHON POKYCHPOBKH OTCYTCTBYET.

1.0

=z 0.5

0.0 I I I I
0 5 10 15 20

o, Tpan

Puc. 1. 3aBucumocts ko3 duiperTa oTpakeHus yactuil Ry oT yria najenust o npu 6oMO6apIupoBKe
myukom Ar ¢ sueprueit 5 k9B mumenei u3 Al u Ge. Kpussie: 1 — mumens Al(110), 2 — mummens
AIl(001), 3 — mummenn Ge(100), 4 — mumens Ge (amopduas), 5 — muniens Al (amopduas).

Ha puc. 2a moka3aHO pacnpezelicHHe HHTEHCHBHOCTH PACCESIHHBIX aTOMOB Al B
3aBUCHMOCTH OT a3UMYTaJbHOTO yrila paccesHus ¢p. HaOmromaercs Xxopoinee coriacue ¢
akcriepuMenToM [5]. VI3 pucyHKa BUIHO, Y4TO a3MMyTANIbHBIC YIJIbI PACCESHHS JIEKAT B OYCHD
y3kom guamazoHe +1.5°. 3aBucumocTh yria @ OT [PULIEIBHOTO Mapamerpay ,
OTCYHTHIBAEMOTO B HAINPABICHUH MEPICHIUKYISIPHO ATOMHO} IIETIOYKH, HMEET MaKCHMYMbI
npu yriiax ¢==1.32°. D10 NpUBOIUT K MOSBICHUIO [IMKOB, CBSI3aHHBIX C addexToM "pamyru”
npu p accestuuu. [Ipy KiaccHYecKoM PacCMOTPEHHM pacCesHWEe Ha yroii, OOoNbLIME ¢y, He
MIPOUCXOIMT. BenencTBre TEMIOBBIX KONEOaHUH aTOMOB MMIIEHM MMEET MECTO "pa3MbiTHe
Pay’»KHOrO MaKCHMyMa, YTO [O3BOJISCT U3 IKCIICPUMEHTA C BEICOKOH TOYHOCTBIO ONPEACIHUTE

aMILUTHTY/y TEIUIOBBIX KoJeOaHWil B HaIIpaBIeHUH BAOJb IOBEPXHOCTH. B HameM citydae oHa
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cocrapmna 0.123+0.007 A u xopomo coenajgaer ¢ naHHBIME paGoThl [6], Tae momyueHo
3nauenne 0.110+0.006 A st koneGanuii B MacCHBe MUILICHH.

Ha puc. 26 mpuBeneHO p acmpeeieHHe HHTCHCHBHOCTH PACCESIHHBIX aTOMOB Al B
3aBHCHMOCTH OT yria paccesHust 6. BHIHO, 4TO MBI MMeeM [ENO0 CO CiydaeM, ONH3KHUM K
3EepKaJIbHOMY OTPAXCHHIO. PacdyeTHOe pachpelesieHHe HMEET CXOXKYK MIHPHHY, HO
ACCHMETPHYHO U HECKOJIBKO CMelleHo BrpaBo. llIupuHa pacrnpelelieHHs Ha MOIYBBICOTE
~0.65° T.e. Mo yriy paccestHHMsI Tak)ke MMEET MeCTO (POKyCHPOBKA YacTHIl. DTO CBSI3aHO C
TEM, TPU MEHBIIMX YriIaX MMeeT MECTO OJOKMPOBKA PACCESHHS NMPH OTJIETE YACTUIL M Yrol
paccesiHUs c1abo 3aBHCHUT OT 3HAYCHHS MPUIEIBHOTO IapaMeTpa X B HAIPABICHHH BIOJb
AQTOMHOM IENOYKU. YTJIOBOE paclpeleNeHHe TaKkKe pasMbITO BCICACTBHE TEIUIOBBIX
konebannii. B 1aHHOM cilygyae OCHOBHOM BKJIAJ BHOCST KOJICOAHWS B HAIPaBICHUH,
HEPICHANKYIAPHOM IOBEPXHOCTH. [lONyYeHHOE H aMHM 3HAYCHHE aMIUIATYABI KoleOaHHi
cocrapnser 0.18+0.02 A, uto HeckobK0 GONbIIE JAHHBIX [T IEPBOTO CII0S U3 paboTh [6] —

0.146=0.006 A.

1.0 -1.325 10
5 G
=05 =051
s 5
z =z
0.0 0.0 ‘
1 4
@, Tpaj 0, rpax

Puc. 2. Pacnpe/iesienrie HHTEHCUBHOCTH PAacCESHHBIX aTOMOB Al B 3aBUCHMOCTH OT a3MMYTaJbHOTO
yriia paccestHust — PUC. 2a U OT yria paccesHus — puc. 20. Bombapanpyomme atomsr Ar ¢ sHeprueit

10 x5B nanaor na mumens w3 Al(111) Broms ocu (110) ¢ yriom nagenus 2.35°. Cruiomsas Junus —
9KCIIEpUMEHTaNbHbIC JaHHble pabotel [5]. IlyHKTHpHAs JMHWS — HAm pacdyer. YTVl PayXKHOTO
paccesHus MoKa3aHbl Ha puC. 2a CIITIOIIHBIMU BEPTUKAJIBHBIMU JINHUAMU.

Yron najieHus MokasaH Ha puc. 26 BEpTHKAIbHO JTHHHCH.

PacnpeneneHus HHTGHCHBHOCTEH pAacCeSHHBIX YacTHII B  3aBHCHMOCTH OT
a3UMYTaIBHOTO yIJa JUIS Pa3IMYHBIX YIJIOB majeHus GomGapiaupyromiero mydka o=1+6°
NoKa3aHbl Ha puc. 3a. BuiHo, 1 To 1y yrna majeHus o=1° pacmpenencHue MMeeT [Ba
MaKCHMyMa, COOTBETCTBYIOIIHE PaIyXKHBIM YIJaM PacCesHHs U MPOBAJ MHTCHCUBHOCTU B
neHTpe. Takke HaOmIOZAaeTCsl Pe3KHi CHal MHTEHCHBHOCTH IO KpasM cmpaBa U cieBa. C

YBEINYCHUEM YTJIa MaJICHNUSA HAYUHACT MPOABIATLECSI MaKCUMYM B LIEHTPE, MJIA yriia a=3° on
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nomuHupyeT. Ilpy mocienyromeM yBeIMYEHUH YIjia HaJeHHUs MydKa Mbl UMEEM IIUIOCKYHO
BEPILINHY pacHpeiesIeHUs] U HAaKJIOHHbIE Kpasi.

Ha puc. 30 npezacraBieHbl pacrpenescHusi HHTCHCHUBHOCTH PACCESHHBIX a TOMOB B
3aBHCHMOCTH OT yIJIa paccesiHus JUIsl IIECTH YIJIOB MaJieHHs IMyuka Ha MuiueHs. M3 pucynka
BHIHO, YTO JJIs1 YTJIOB MafeHus o=1+3° pacrnpe/ienieHie OYeHb y3K0e, a Jjajnee ¢ pOCTOM yria

TIaACHU CTAHOBUTCA IIUPE C 3aTSAHYTHIM ITIPABBIM KpaeM.

1 10" ¢
10°F a)
. L10°F
5 g
= =
S10°k s
=3 Z10°F
10% . . . " 1
-1.5 -5.0 -25 0.0 25 5.0 75 10 0
@, Tpajg 0, rpan

Puc. 3. PacnipesesneHne MHTEHCHBHOCTH PACCESHHBIX aTOMOB Al B 3aBHCHMOCTH OT a3HMYTaJIbHOT'O
yria paccestHust — puc. 3a U OT yrya paccesuus — puc. 36. Bombapaupyiomnme atomsr Ar ¢ sHeprueit

10 x3B nanator na mumens u3 Al(111) Broas ocu (ﬁO) ¢ yriaamu nageHust 1+6° (yrisl moxkasasst
PAJIOM € COOTBETCTBYIOLMMY KPUBBIMH). Pe3yJIbTaThl MOIyUY€eHBI ¢ HOMOLIBIO HAIIEH IIPOrPaMMBI.

Takum 06pa3oM, pacueTsl AEMOHCTPHPYIOT NMPHMEHUMOCTh Hamred moxenu [1] s
omucanus 3¢ dexra noHHOH hokycupoBku. Habmomaercst xopolee coriacue ¢ UMEIOIMMHUCS

OKCHEPUMEHTAJIbHBIMU JaHHBIMHU B TE€X CIIy4YasX, KOTJ1a CPABHEHHUEC BO3MOXKHO.
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Using computer modeling a statistical analysis of the ice sputtering models [1-3]
was conducted. The sputtering coefficients for the water ice at the temperature -125°C and
pressure 107 hPa by protons in the energy range from few eV to 10 keV were calculated
and compared with measurements. Also, the energy spectra of the scattered and sputtered
H0, H, and O by the incident H* and O" in the energy range 0.1 -10 keV were modeled
and compared with the measurements.

ITepepacnpesiesieHie aTOMOB M MOJIGKYJ] Ha IIOBEPXHOCTH KOCMHYECKHX Tell,
00JydaeMbIX IIOTOKAMH HOHOB, O3JIEKTPOHOB WM (OTOHOB, MOXET IPOUCXOIOHUTH B
pe3ynbTaTte MHOTHMX IIPOLIECCOB, TakKMX Kak (HU3udeckas M XHMHYECKas aacopOLus,
necopouus, nuddysus, pacnbuieHue, paauonu3 U Ap. OJHUM M3 OCHOBHBIX MPOLIECCOB
M3MEHEHHsT MOoBepxHOCcTell HeGecHbIX Ted CONHEYHOH CHCTEMBI, BKIIFOYAsl CITYyTHHKH
maHeT-ruranToB, JlyHy, nexsHsle o0bekTsl nmosica Koiinepa u obmaka Oopra, sBisieTcs
paguomu3 [1]. B Toxe Bpems, BaXHCHLIIMMH IIPOLECCAMH pPAjJMOIN3a JICISHBIX
MIOBEPXHOCTEH HEOECHBIX TN SIBILIFOTCS IPOLECCH PACIBUICHUS M PACCESHMS JISISTHOM
MOBEPXHOCTH IJIa3MOM W3 MarHuTocdepbl u/uik COTHEYHbIM BeTpoM [2-3].

C MOMOIIBIO KOMITBIOTEPHOTO MOJIEIMPOBAHUS IPOBEACH CTATUCTHYCCKUH aHAIH3
cyuiecTByOmmXx Mogeiei [4-6] must pacuera KO3(QHUIMEHTOB pAacIbUIEHUs Jibla IO/
BO3/ICHCTBHEM MNPOTOHOB B mHpuioxeHuu Kk Jlyne m cmyrtHukam lOmurepa, a Taroke
TIOJIy4eHBI YHCIICHHBIE 3HaueHUs K03 GHUITHeHTOB pacibuleHus Monekyl HyO, atomoB H 1

O B mmpokoM pguanazone sHeprum (20 sB — 100 x3B) Bo3meiicTByrOmIEro H OHA.
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Paccunransl kK03((HUMEHTE! pacTbuleHHs BoxaHoro mbxa (T = -125 C, nasmenne = 107
rlla) mox Bo3/eficTBHEM MIPOTOHOB B AMAIa30HE SHEPTHU OT HECKOJbKuX 3B 10 10 k3B u
[poBe/icHa  BepU(UKALWs — IONYYCHHBIX  PE3YJIbTaTOB C  OKCIIEPHMEHTAIBHBIMH
nannbiMu[6]. [TokasaHo, 4TO MakcUMaibHbI Ko3(duuueHt pacnbuienus pasen 0.9
H,O/uon mpu sHepruu HaneTaromux uonos H* 200 3B. MojenupoBanue 3aBUCHMOCTH
ko3 punenToB pacmeuteHuss Moneky1 HyO oT Temmeparypsl JIeZOBOi HMOBEPXHOCTH
nmokasano, yto B uHtepBane temneparyp 40-100K Bapuanmu BenuuuHbl KOd(GHUIMEHTA
pacIbUICHUsT OTCYTCTBYIOT B IpeJeNax MOrPEIHOCTH pacyeToB. C POCTOM TeMIlepaTypsl
[OBEPXHOCTH YBEJIMYMBACTCS U KO3 HUIMEHT pacibuieHns. B MakcnuMyme pacrpeeseHust
npu T = 40-100K koa¢pduument pacnbuierns Yuzo(E = 200 3B) = 0.9 H,O/uon, npu T =
200K - 1.1 H,Of/uon. PaccunTaHHBIE COOTHOLICHHSI KOI()GUIMEHTOB pACHbUICHUS
nsoronos H,D u 180,160 ¢ noBepxHocTH 1iisi crnyTHHKOB FOnurepa (EBpomna, [annmen,
Kasmticro) mox Bo3meiCTBHEM HOHOB H* B nuanazoue SHEPTHH OT HecKoImbkux 3B no 10
©B pasmsr (1.7 £ 0.3)*10° u 0.18 % 0,03 cooTBercTBenHO. [I0MyUEHHbIE COOTHOMICHHS
OTJIMYAIOTCS OT  MCXOJHBIX H30TONHBIX Ha MOBEPXHOCTH CHyTHHKOB IOmmrepal7].
VYCTaHOBIICHO, YTO 3TO OTIMYHE 3HAYMMOE M MOXKET IPUBOIUTH K IHEPepaclpeielcHUIO
M30TOIIOB Ha IOBEPXHOCTH criyTHHKOB FOmmTepa.

Paspaborana Mozenb niepepacipeeenus u3ortonos Bogopoaa (H,D) u kucnopona
(*®0,*°0) Bo BpemenH B mpolecce pacbLICHHs MOBEPXHOCTEH cryTHIKOB FOmuTepa mox
BO3/ICHICTBHEM MPOTOHOB B 3aBHCHMOCTH OT HX IUIOTHOCTH moToka[8]. Dto mo3Bommio
HPOCICANTh IWHAMHUKY (POPMHUPOBAHMS M HM3MEHCHHS M30TOIHOTO COCTaBa JICISHBIX
noBepxHoctedl. [loka3aHo, 4YTO M3MEHEHHE W30TONHOro cootHomeHus D/H Ha
[OBEPXHOCTH CIYTHHKOB lOmmrepa 3aBHCHT OT  BENMYHHBI IUIOTHOCTH IIOTOKA
00JIy4aroInuX HOHOB.

IIpoBeneHo MozenMpoOBaHUE CIEKTPa pacmbuIeHHbIX Moiekyl1 H,O, atomoB H u O
B auamasone sHepruii 0.1-10 k»B Haneraromux moHoB H* m OF, a Takke paccesHHBIX
aromoB H. Paccunransl koadpuumentsr paccesuus (ky= 0.14) u pacnbuienus (ky = 0.11)
st «tyrHoro» ciydas (E(HY) = 1 xoB, T = -125 C, gasnenue = 107 rlla) u nposeaena
BepU(UKALHS IIOTyIEHHBIX PE3yIbTAaTOB C 3KCIEPUMEHTAIbHBIMU JaHHbIME (puc.la,0)[9].
ITosydeHHbIe pe3ysbTaThl MOTYT OBITh HCHOJB30BAHBI UL MOJCIUPOBAHUS M3MCHCHHSI

cocTaBa 31(300(1]613])1 CIIyTHUKOB IOHI/ITepa u HyHLI B IIPOLECCE PACIIBUICHUS U PaCCEHUS.
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= EH =1koB, + ve )
—5— E(H naneraiou) = 1 k3B, pacnsinerie + paccestive (Sigmund)

—e— E(H Haneraioumx) = 1 k3B, pacninenve + paccesnue (Maxwell)
SUMM
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BHepruA pacnLINeHHLIX + paccesHeix H, 3B

Puc.la DHeprus pacmblICHHBIX M paccesiHHbIX H, C moBepxHoctu BogsHoro mbaa (T = -125 C,
JaBJICHUE = 107 rlla) mon BosnmeiicTerem uono H ¢ smeprueit 1 koB («IyHHBIH» Cityyaii).
Pacuersr mposenensr mo Sigmund u Maxwell, takxe mpusenena ux cymma (SUMM). Eth —
HIOPOroBasi SHEPrUsi PACIIbUICHHSL.

—— E(O waneTaiouvy) = 3 k9B, pacneinenve(Sigmund)
= Ef =338,

&
< E(O naneraous) = 3 k9B, pacnbinenme(Maxvell
Bt i P ¢ )
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Puc.16 Dueprus pacnbuieHHbIX H, € moBepxuocTH BomsHoro npaa (T = -125 C, naBneHue = 107
rla) non BosneiicTeiem uonoB O ¢ sueprueii 3 k3B. Pacuetsl caenans no Sigmund u Maxwell,
Taxke npuseaeHa ux cymma (SUMM). Eth — moporosas sHeprus pactsuieHuS.
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BJIASIHUE MOHHOM BOMBAPJIUPOBKH HA SJIEKTPOHHYIO CTPYKTYPY U
BAJIEHTHBIE COCTOSIHUSI YPAHA B KHCJIOPOJOCOAEPKALIIUX
COEJUHEHUSAX
INFLUENCE OF ION BOMBARDMENT ON THE ELECTRONIC STRUCTURE AND
THE VALENCE STATES OF URANIUM IN OXYGEN-CONTAINING COMPOUNDS

A.M.I/Ionosl, P.H.Momqnnbl‘z, A.@.PeubKHH3, C.F.HpOTacona1, H.C.Bopo61>£e'1aa1’4
Andrey M. Ionov?, Rais N. Mozhchil!2, Alexander F. Redkin?, Svetlana G. Protasoval,
Natalie S. Vorobyoval3

L Hucmumym @usuxu Teepooeo Tena PAH, Yeprozonoska, Mockoeckas obracmo, Poccust.
2 Hayuonanonuiii Hccnedosamenvckuil Aoeproiti Yuueepcumem Mockoeckuii HHowcenepHo-
Qusuueckuii uncmumym, Mockea, Poccusl.

5 HUncmumym sxcnepumenmansroti munepanocuu PAH, Yeprnozonoska, Poccus.

4. Mockosckuii 2ocyoapcmeennviil yHueepcumem um. M. B.Jlomonocosea, @DDXHU, Mockea,
Poccus.

The valence states and electronic structure of uranium compounds UO, U,Oz UO; and U-
pyrochlore as grown and ion-sputtered surfaces were characterized by X-ray Photoelectron
Spectroscopy (XPS). It was observed that the ion beam used in XPS analysis have caused partial
reduction of U®* and U to U** at the surfaces. For tetravalent compounds of U 4f XPS spectra did not
show any observable changes. The results of electron structure evolution under ion beam and
annealing are presented and discussed.

HccnenoBanus 3IEKTPOHHOH CTPYKTYpBI, JJIEMEHTHOIO COCTaBa M BaJEHTHOIO
COCTOSIHMSI ~ 3JIEMEHTOB, HPOBOJMMBIE  METOJOM  PEHTIEHOBCKOH  (hOTOINEKTPOHHOM
criekrpockonuu  (POIC)) mnpencraBiasiioT (yHIAMEHTANBHBI HHTEPEC C TOYKH 3pEHHUs
U3yueHHsl (QU3MKO-XMMHUYECKHX CBOMCTB COEJMHEHMH, MHHEpanoB, CIUIABOB M TI.
HccnenoBanus NpoBOAATCA B CBEPXBBICOKOM BaKyyMe U TO3TOMY TIOCIIE BBEAEHHS 00pa3IoB
Ha TIOBEPXHOCTH TPUCYTCTBYIOT 3arps3HEHHs, KOTOPbIE MOTYT HCKaXaTh DEalbHYIO
SIEKTPOHHYIO CTPYKTYpY MOBepXHOCTH. Kak TpaBmio, MOBEPXHOCTh OYMINAIOT B BaKyyMe
HarpeBOM, MEXaHHYeCKH M (4allle BCEro) METOAOM HOHHON GombGapaupoBku. Ciexyer
OTMETHTh, 4YTO TIOA BO3JCHCTBHEM HOHHOTO IydKa MOXET IPOMCXOJHTh YaCTHYHOE
paspylieHHe UM BOCCTAHOBIEHUE COCAWHEHMH, YTO MCKaKaeT 3JIEKTPOHHYIO CTPYKTYpYy U
peayibHBIE BAJICHTHBIE COCTOSHHUS COCTaBJIAIOIIMX COEJMHEHHME dJIEMEHTOB. B cBs3M ¢ aTHM,
NPE/ICTABNIANO HECOMHEHHBI  MHTEpeC BBIACHEHHME BIMSAHHA IIPOIECCOB  OYHCTKH
MOBEPXHOCTH C TIOMOMIBIO HOHHOH 60MOapIMPOBKH Ha 3IEKTPOHHYIO CTPYKTYPY COCAMHEHHMI
C TIepEMEHHOW BaJIeHTHOCTHIO. JIs SKCIIEpUMEHTOB O BUIM BBIOPAHBI 00pa3Ibl OKCHIHBIX
COEIMHEHMII ypaHa C pa3NM4HON BaJEHTHOCTBIO. IIpoBOAMINCH WCCTeNOBaHMS 00OpasIoB
BBEJCHHBIX C BO3/yXa, IOCI€ HOHHOTO TpaBJeHMs WM mocnenyomeil obpaboTke B
KHUCIIOPOIHOM aTMocdepe.

CymectByeT psjg paboOT, TNOCBANIEHHBIX H3Yy4YEHUIO BAJCHTHOCTH B OKCHJHBIX
coenmHenusx ypana [1-3]. Hanpumep, B pabore A.®.Penpkuna [1] ompenenena

npeobnanaromas GopMa ypaHa B mupoxsope. Tak jxe OblJIO MOKa3aHO, YTO pa3HMIA SHEPrHii
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cBsI3eil MEXKTy OCHOBHBIM (DOTOICKTPOHHBIM ITIHKOM ypaHa U €r0 CaTeJUINTaMU MOXeT OBITh
HCIIONIb30BaHAa KaK HMHAMKATOP OKCHAHOTO COCTOSIHHUs ypaHa. McciemoBaHusl BaJICHTHBIX
COCTOSIHMI TOKa3aly, YTO INPU OYMCTKE MOBEPXHOCTH HOHHOW OOMOApIMPOBKOH MOXKET
BO3HUKATh YaCTHYHOE BOCCTAHOBJIEHUE 00pa3La.

OOpasubl  uIs  UCCIEAOBaHMH  METOAOM  (DOTODJIEKTPOHHOM  CHIEKTPOCKOIUH
[PUTOTABINBAIICH METOJOM MEXaHHYECKOTO BIPECCOBBIBAHMS HA MOMIOXKKH A, a TakKe
3aKpeIUICHHEM Ha JBYCTOPOHHEM HpOBOAAMEM cKorde. DOTO3IEKTPOHHBIE CIEKTPHI
CHHMajHCh Ha JIeKTpoHHOM crektpomerpe KRATOS AXIS ULTRA DLD".
DKCIIEPUMEHTHI 110 HCCIIe0BAHUIO IIOBEPXHOCTH OKCHIHBIX COSIMHEHHUH ypaHa IIPOBOJHINCE
B cBepxBbIcokoM Bakyyme 5107 - 3.10° torr (AIK, (mono) 1486,69 5B, sueprernueckoe
paspewenne 0,48 eV).D meprum cBssu kanubpoBamucs mo muaun Ag 3dsp, u Cls.
JlononHuTENBHAS ~ OYHCTKA  IOBEPXHOCTH  COCJMHEHMH  NPOBOJMIACH  HOHHOM
60oMOapAMPOBKO MOBEPXHOCTH MOHAMHU aproHa, 3Heprus 4 k3B, Tunu4Hoe Bpems 00paboTKH
5 wmunyr (ymamwuics cioit okono 100 HM). B kadectBe wmccieayeMbix 00OpasioB
ucronb3oBaiuck okcuauble coequnenust UsOg, UsO7, UO2 gg, pupoansiii okcug, UO,. s
MHHHMH3AIUH SBICHUN 3apsIKH Ha BBICOKOOMHBIX 00pa3Iax KCHEPUMEHTHI IPOBOJHINCH
IpH BKJIIOYCHHOM HeWTpanu3arope 3apsaku. Ha oOpasnax, BBEJEGHHBIX € BO3AyXa, Kak
HPaBHIIO, TNPHCYTCTBYIOT CYIIECTBEHHBIC NOBEPXHOCTHBIC YIJICPOAHBIC M KHCIOPOJIHBIC

3arpsi3Henus (puc.l).
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Puc.1 O630pubie PODC criekTpsl MMPOXJIOPA U OKCUJIA YPAHA, C HOBEPXHOCTHBIMU 3arpsi3HEHUAMU.
IIpenBaputenbHble  MCCIEOBaHMS I0OKa3ajdd, 4YTO HOHHOE TPABIEHHE MOXKET

HPUBOAHMTH K M3MEHEHHIO BAJICHTHOTO COCTOSHMSI JUISL HEKOTOPBIX BBICHIMX OKCHIOB ypaHa.
Ha puc.2-3 upencrasnensr crnektpsl U4Af cocrosamit UsOg, , cpasy mnocie BBoja B
QHAIMTHYECKYIO KaMepy W II0CJIe MOHHOTO TPABJICHUS OKHCJA, NPEINPUHSTOrO C ILEJbI0
OYHCTKH TOBEPXHOCTH OT 3arps3HeHHil. BuaHo, 4to MoHHas GoMOAapAMpOBKa MPHBOIMT K
gactmyHOMy BoccraHoBieHnio UszOg (ucuesaer muk cocrosHuit U ¢ BaieHTHOCTBIO 6+,

S5+ & 4+ o
ocraetcs muk U cocTostHuit 1 BO3pacTacT MUK U COCTOSIHI/II/I).
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Puc. 2 O6pazen; U3Og BBEeICHHBIH ¢ BO31yXa. Puc. 3 O6paszenr U3Og mocine noHHOrO
TpaBJICHUS.
AHaJIOTUYHBIE PE3YJIBTAThI 10 YACTUYHOMY BOCCTAHOBIICHHIO BBICIINX OKCHJIOB ypaHa

OBLIH MOTyYCHBI TIPH HOHHOW O0MOapAMpoBKe NPHPOAHOTro okcraa ypana, UO2 g5,UO3, U3Oy.
UccnenoBanust  BIMSIHHS — MOHHOW — OOMOApIMpOBKM Ha  SJICKTPOHHYK  CTPYKTYpY
YETBIPEXBAJICHTHBIX OKCHAHBIX coeauHenuil ypana (UO,, NajpsCaos7Uo.134Nb20s g6F0.983)
MOKA3aio OTCYTCTBHE 3aMeTHBIX n3menenuit U4f cocrosamit.

IpencraBmsuio  MHTEPEC — MCCIIENOBAHWE  BO3MOXHOCTH  BOCCTAHOBJICHHMSI
[ePBOHAYAIIBHON DJIEKTPOHHOM CTPYKTYpbl OKCHIOB ypaHa. B  cBsf3u ¢ 9TuM Obuia
CKOHCTPYHMpPOBaHa II€4b JUIsl HArPEBa, BCTPOCHHAsI B KaMepy OBICTPOro BBOJA CIIEKTPOMETPA,
KOTOpasi 03BOJIsUIA HarpeBaTh 06pasus! 10 500°C (npy pasindHbIX AaBICHUSX KHCIOPOIA) U
HEPeHOCHUTH «iN Situ» B Kamepy aHaiu3a.

Bbn npoBeieHbl SKCIEPUMEHTHI 110 OTKHUTY okcuos ypana (T=500°C, p=300-400
Torr, t=24) nocie nonuoit 6ombapaupoBku. Kak Bugno us puc.4-11 nonnoe tpasnenue U307
HPUBOAMT K YAaCTHYHOMY BOCCTAHOBJICHHIO COCAMHEHHs W MOsBIeHHIO careinroB U4f
cocrosnuii, xapakrepubix amst U, OKur 06pasioB B KHCIOPOJE MPUBOIUT K JACTHIHOMY
HCYC3HOBEHMIO CATC/UINTOB YETHIPEXBAJICHTHOTO ypaHa ¥ BOCCTAHOBJICHHIO HCXOHOI
2UIeKTpoHHOM cTpyKTyphI 4f cocrostruii. [ToBropHas HOHHAsE 6OMOApPIMPOBKA MMOATBEPKIACT
YaCTHYHOE BOCCTAHOBIEHHE JO 4YETBIPEXBAJIECHTHOrO coctostHus U. AHaJornyHsie

pe3ysibTaThl ObLIH TIOJIyY€HBI JUIA APYTrUX BBICIIMX OKCHUAOB ypaHa.
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Puc.4 Tlpuponuslii okcun ypaHa BBeAeHHBIH ¢ Puc.5 IlpupomHblii OKCHA TMOCIE HOHHOTO
BO3JyXa. TpaBIICHHUSL.
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Puc.8 U307 BBeieHHBIIT ¢ BO31yXa. Puc.9 U307 nociie HOHHOTO TPaBJICHHSI.
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Puc.10 U307 oTosokéHHBIi B KHCIOpOZE. Puc.11 U3O; mnoBTOpHO TpaBICHHBII

OTXHra B KHCJIOPOAE.

TocJjie

Taxum 00pa3oM, POBEICHHbIE UCCIIEIOBAHU MTOKA3AJIH, YTO HOHHAs OoMOapaANpOBKa
(Ar") IpHBOAMT K YACTHYHOMY BOCCTAHOBIICHHIO BBICUIMX OKCHHBIX COCMHEHHil ypaHa
W3MEHEHHEM DJICKTPOHHOW CTPYKTYpBI, XapaKTepHOH Ui COeIUHEHUi u*, Crpykrypa
ypana (UO,

IpeTeprieBaia 3aMEeTHBIX H3MeHeHHH. OTXKUT B KUCIOPOIHOW aTMocdepe IpU TeMIepaType

YETHIPEXBAJICHTHBIX ~ COCAMHEHHIA Na1.08Cao.57U0.13aND205 96F0.983)  HE

500°C npuBOAMI K YaCTUYHOMY BOCCTAHOBJIEHHIO ODJIEKTPOHHON CTPYKTYpPBI BBICIIHX

okcuoB ypara (U30g,UsO7, UO3).

1. Alexander F. Redkin, Andrey M. lonov, Natalie P. Kotova N. P., Hydrothermal synthesis and
properties of pyrochlores, Physics and Chemistry of Minerals, Springer, V.40, 2013

2. Teterin YA, Kulakov VM, Baev AS, Nevzorov NB, Melnikov IV, Streltsov VA, Mashirov LG,
Suglobov DN, Zelenkov AG (1981) A Study of synthetic and natural uranium oxides by X-ray
photoelectron spectroscopy. Phys Chem Mineral 7: 151-158

3. Colella M, Lumpkin GR, Zhang Z, Buck EC, Smith KL (2005) Determination of the uranium
valence state in the brannerite structure using EELS, XPS, and EDX. Phys Chem Minerals 32: 52-64
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TEPMOJECOPBIMSA JEUTEPHS U3 PAIMAIIMOHHBIX ITEGEKTOB B
BOJIb®PAME

DEUTERIUM THERMAL DESORPTION FROM RADIATION DEFECTS IN
TUNGSTEN

C.A. Ps6ues, 0.M. I'acniapsin, M.C. 3ubpos, A.A. [Tucapes
S.A. Ryabtsev, Yu. M. Gasparyan, M.S. Zibrov, A.A. Pisarev

Hayuonansuwiii uccnedosamensckuil sioepuuiii ynugepcumem MUDHU (Mockosckuii
unorcenepno-puzuueckuti uncmumym), Kawupcroe wocce 31, 115409 Mockea, Poccus

Detrapping of deuterium ions from point defects created by pre-irradiation
in polycrystalline tungsten has been studied by thermal desorption
spectroscopy. Different fluences and ion energies were used to investigate
various types of defects. The heating rate # was also varied in different
experiments in the range of 0.15-4 K/s to determine detrapping energies
from the shift of peak positions.

I/I3y‘IeHI/I€ TIOBEACHUS U30TOIIOB BOAOPOJA IPEACTABISACT GOJIBIION HUHTEPEC B CBA3U C
pa3paboTKOil TePMOSIICPHBIX PeakTopoB. M3BECTHO, UTO OJHOI U3 MPOOJIEM C TOYKH 3PCHUS
6e3omacuoctit B ITER siBisiercss HakomsieHHE paaviOaKTHBHOTO TPUTHS B OOpALICHHBIX K
T1asMe M aTepuajiax. Hpezlnonarael‘cu, qTOo BOJ'IB(I)paM 6y}16T HCIIOJIB30BaH B Ka4d€CTBE
00pallleHHOr 0 K IU1a3Me MaTepuaia B JUBEPTOPHON 00JIaCTH, YeMy CIIOCOOCTBYIOT TaKHE €ro
CBOP‘ICTBa, Kak BBICOKaA TEMIIEpaTypa IUIABJICHUA, XOpOIIasd TCIIIONPOBOIHOCTH U HHM3KHI
koo dunment pacmsutenus [1]. Bonbdppam Takke MMeeT HH3KYIO PacTBOPHMOCTH IO
OTHOLICHHUIO K BOJOpPOAY, OAHAKO 3HAYUTCIIBHOC KOJHUYECTBO H30TOIIOB BOAOPOAa MOKET
YACPKUBATBCA B paJUuallHOHHBIX Z[e(fl:)eKTaX KpPICTa.TUIM‘IeCKOﬁ PEUICTKH. B cBs3u ¢ OTHM,
BaKHOM 3a)1aqef/'1 SIBJIACTCA  OIPEACIICHUE IapaMETPOB BSaHMO}IeﬁCTBHﬂ BoJlOpOZia C
nedexramu. Yacto mus MOJOOHBIX Lelell HMCIONMb3yeTcss METOX TepMOAECOPOLIMOHHOI

criekrpockonuu (TJIC).

Ha ceromusuiHuili AeHb MMEETCS PsJ AHHBIX, KACAIOIIMXCS YACPXKAHHS H30TOIOB
BOZIOPOZA B BOJb(paMe, OAHAKO HEKOTOpBIC (h)YHAAMECHTAIbHBIC €r0 aCHEKTHI 0 CHX HOp HE
n3ydeHsl. B wacTHOCTH, make Ui BakaHCHH JaHHBIE II0 SHEPIHH BBIXOZA BOZOPOJA H3
JIOBYIIKH B BOJb(paMe 3aMETHO PA3IMYaAlOTCs Y pasHbIx aBTopos (ot 1,34 mo 1,55 3B) [2-4].
JlaHHBle 3HaueHWs OBUIM IIOMYYEHB! C IIOMOINBIO IIOJATOHKM pPAacYeTHBIX CIEKTPOB
TepMmojecopbuun Aeiitepus U3 Boib()paMa I0A SKCIEpUMEHTalbHble. OIHAKO, MOXKHO
MOKa3aTh, 4TO, B CJIy4ac BBICOKOH CKOPOCTH DPEKOMOMHALMM NEHTEpHsS Ha MOBEPXHOCTH
MeTaJlla, CTAHOBHUTCS BO3MOXKHBIM OIpPEJICICHIE SHEPTHU BBIX0JA AeHTepust n3 1e()eKTOB MO

CMEILCHHIO MONOXKEHNSI MAKCHMyMa Jiecopouuu Tp B CEpUH DKCIEPUMEHTOB C PA3IUYHBIMU
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cKopocTssMu HarpeBa oOpasua f [5]. Toraa sueprus Beixona Eg: onmpenesnsiercst cieyromum

BBIpa)KeHHeM:
In L}Z =In ﬁ — ii (1)
Tm Edl k Tm

rae k — mocrosiunas BOIIBLIMaHa, A — KOHCTaHTa.

OnucaHHBIN BBIIIE METOA MPUMEHAJICA B TAaHHOW paboTe JUIS ONpeNeNeHHs SHEPTUH
BBIXOJIa Aeitepus u3 nepektoB B Boabdpame. 1 3TOro 65U10 NPOBEAEHO HECKOIBKO Cepuii
SKCIIEPUMEHTOB MO TEPMOJECOpOLU JeiTepust U3 BOJb(ppamMa C PasHBIMH CKOPOCTIMHU

Harpesa.

DKCIepUMEHTHl  TIPOBOMIINCh Ha ycraHoBke «MEJMOH» (HUSY MHOU). B
KadecTBe 00pasiia HCIOIb30BaIach MOJIMKPHUCTAIUTYIECcKast BoJIb(paMoBast (hoJIbra TONIHHOMH
25 MkM, oToXOKeHHas B BakyyMme npu Temreparype 1800 K B teuenne 30 MHHYT ¢ menbo
MHHHMH3AIUH CONCPIKaHUS B HEil NPOU3BOACTBEHHEIX Ne(ekToB. I CO3MaHUS TOYCUHBIX
nedexToB B 06pasla MCMONB30BAICA MAcC-CENapHpOBaHHbI Mydok HoHOB D' ¢ sHeprueit
10 3B, 06ayueH#e MPOBOAMIOCH A0 A03bI 3% 10%° D/v. JanbHeiimast mpouenypa OTIHIanach
JUIs  pasHbIX CEpUi SKCHEpUMEHTOB. B omHOW M3 cepuil mocie IpeaBapUTENbHOTO
(«moBpeskmaromero») obayueHust obpaser moasepraincs narpey 1o 550 K ¢ mociemyromeit
BBIIEP)KKOM IIPH ITOH TeMIepaType B TeUGHHE IISTH MHHYT IS yIOaJCHUS 3aXBa4EHHOTO
neiitepus. Ilpenmonaraercs, 4To HpH NaHHOH TeMiepaType OOBbEAMHEHHE BaKaHCHH B
KJIacTephl MaJio, T.€. B 00pasiie MPUCYTCTBYIOT PEUMYIIECTBEHHO TOYEYHbIE Pa{HalliOHHBIE
nedextst [2]. B gpyroii cepuu 3KCHEPUMEHTOB 00pa3ell HArpEeBaCs W SKCIIOHUPOBAIICS PH

temneparype 800 K mist Toro, 4To0bl 06ecednTh KIaCTEPU3ALHIO e(HEKTOB.

Tocne ynaneHus: 3aXxBadeHHOTO B PE3yJIbTAaTe MOBPEXKIAONICTO OOIYUCHHS JeHTepust
MPOU3BOJIIIOCH T. H. «HAMONHsIomee» oOiydenue. s storo oOpasern obirydancs macc-
CemapHpOBaHHBLIM MyYKOM HOHOB D3' ¢ smeprueii 2 ¥3B 10 103HI 1x10" D/m?. Tak kax
sHeprusi MoHoB cocrasisuia 0,67 k3B/D, uro Hipke mopora obpasosanus nap OpeHkens B
BOJIb()paMe, MOXKHO OXKHUJATh, YTO B IIPOLECCE HANOJIHSIONMIEr0 00JIyYeHHUs HOBbIC A(EKThI B
oOpasie He co3maBanuchk. [locie HamomHeHus oOpasua nedtepuem mposoawics TJC ¢
pasnuuHbIME ckopocTsimMu Harpesa: ot 0,15 K/c mo 4 K/c. Best BbileonucanHas npoueaypa
MIPOBOIMIIACH B OJTHOM KaMepe B CBEPXBBICOKOM BaKyyMe (10'9 Mb6ap), 6e3 BbIHOCA 06pasia Ha
armocdepy. Takum 06pa3oM, MOXKHO CUHTATh, YTO TOBEPXHOCTH 00pa3iia OCTABAIACH YHCTOM

B XO€ BCEX IKCIICPUMEHTOB.
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Puc. 1. Cnexrpsr T/IC neiitepus u3 Bosbppama, 061ydeHHOrO B Pa3THUHBIX YCIOBUSIX.

W3 mnpencraBieHHbIX Ha pHC. 1 CHEKTPOB BHAHO, 4YTO B Ciy4ae oOIydeHus
OTOKEHHOTO BOJIb(ppaMoBOro obpasua umoHamu ¢ sHeprueii 0,67 kaB/D, na TIC cnekrpe
(1Mpokast IyHKTHPHAS JIMHKS) IPUCYTCTBYET SANHCTBEHHBII MUK [P TEMIEpaType MopsaKa
400 K, cOOTBETCTBYIOIINI BBIXOAY OCHTEpHs M3 CCTECTBCHHBIX AC(PEKTOB (IMCIOKAIMIA,
IpaHuIL 3epeH) B 00beMe o0pasiia Wik U3 LIEHTPOB 3aXBara Ha MOBEPXHOCTH. IIpu 00mydeHnn
orosxokeHHOro obpasua 10 k3B/D nonamu, Ha TIC crnexrpe (CIUTOLIHAs JIMHKS) IPEBAIHPYET
NepBBIA MUK, OJHAKO BUAHO TaKoKe IUIEY0 MpH Temmeparype okoino 650 K, orBeuaromiee
BBIXOJLy JCHTEpHs U3 CO3/@HHBIX B [IPOLecCce 00JTyYEHHs TOUYCYHBIX 1e(EKTOB, a TAKKE IUIeY0
mpu 720 K , KOoTOpoe MOXET COOTBETCTBOBATH BBIXOAY [CHTEpHs M3 BaKaHCHOHHBIX
knactepoB. OcTajibHbIC ABa CINEKTPa OTBEYAIOT MPOLEAypaM, OMHCAHHBbIM paHee. CHEKTp,
N300paKCHHBIH IITPUXITYHKTUPHOI JMHHUEH, MOJMyYeH IS MOBPEKIAIOMIEro OOMydeHus ¢
mocnenyomei Beiaepkkoid npu 550 K u HamonHsomuM 00NydeHHeM — MpeBalHpyeT
BeIcOKOTeMIeparypHsiii (650 K) muk Beixoma n3 TO4 €4HBIX Ae()EKTOB CO Ci1ab0 3aMETHBIM
IUIEYOM BBIXOJa M3 KJIacTepOB. MENKHM IyHKTHPOM 00O3HAYEH CIIEKTp, COOTBETCTBYOLIHMI
9KCIIEPUMEHTANIBHOI Tporeaype ¢ Boyiepxkoil npu temmeparype 800 K u o6beanHeHneM
BaKaHCHIl B KJIACTepbl, 4TO MoOATBepkaaercs HaunuueM muka npu 720 K. Heobxoxumo
OTMETUTH, 4TO Ha nociegHux AByX TJIC crekTpax MUKH, OTBEYAIOIIUE BBIXOAY ACHTEpUs U3
ne(heKTOB, XOPOIIO  Pa3pelICHBl, YTO MAeMaeT HX YAOOHBIMH Ul HCIIONB30BAaHHUSA B

OKCIIEPUMEHTAX C pa3sjINYHbIMU CKOPOCTAMHU HArpeBa.
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Puc. 2. Cnexrpsl TIAC neiitepust u3 nedekToB 11 pa3HBIX CKOPOCTEi HarpeBa.

Ha puc. 2 npencraBiieHbl CHEKTpbl TepMoOAecOpOLMHU AciiTepust U3 AeGEKTOB Ui
Pa3HBIX CKOpOCTeil HarpeBa [ I CEpUH C BBLICPIKKOH IOCIIE MOBPEKNAIOMIETO 00IydIeHUS]
npu temmneparype 550 K. [l kaknoro 3Ha4eHHs ff ONPEAeIsuIoch IOJI0KEHHE BTOPOTO ITHKa
necopbunn Tm 1 crpowics rpaduk 3aBucumoctr ST, m’ or 1Ty B OJTyTOTapU(pMIIECKOM
macuirabe. [losydeHHas 3aBHCHMOCTB alIIPOKCHMHpPOBAiach HpsiMoll JmHuei (puc. 3), no
HAKJIOHY KOTOPOH ONpejessuIach SHeprHsi aKTHBALMK BBIXOJA BOAOPOJA M3 BAaKaHCUH (Miu
KJIaCTepOB BAaKaHCHil) B BOJb(pame. 3HAYCHHE DHEPTUH BHIXOAA JCUTEPHs M3 BAKAHCHH B

Bosb(pame cocraBiio Eq = 1,55 + 0,04 2B.

AHAIOTHYHBIM 00Pa30M JUTs IPYTHX CEPHil IKCIIEPHMEHTOB OBUIH HAWICHBI 3HAUCHUSI
SHEpruH BBIXOJA AeHTepus IByX Apyrux mnmkoB. IImk mpm temmeparype 700-750 K,
IIPEIIIOI0KUTEIPHO COOTBETCTBYIOIIMH BaKaHCHOHHBIM KiactepaMm: Eq = 1,96 = 0,09 2B
(n1s  cepum ¢ SKCHOHMpOBaHMEM MOBpexJAeHHOro obOpasua mnpu 800K ) wu
Hu3koTeMiiepatypubiii mmk BOmsu 400K: Eg = 0,96 + 0,02 2B (st cepum Ge3s

MOBPEKIAIOLIETO 00Ty YEHHS).

M. Fukumoto, H. Kashiwagi, Y. Ohtsuka et. al., J. Nucl. Mater. 390-391 (2009), 572-575.
H. Eleveld, A. van Veen, J. Nucl. Mater. 433 (1992), 191-194.

0.V. Ogorodnikova, J. Roth, M. Mayer, J. Appl. Phys. 103 (2008).

M. Poon, A.A. Haasz, J.W. Davis, J. Nucl. Mater. 390 (2008), 374.

M.C. 3ubpoB, A.C. Ily6mna, IO.M. Tacmapsin, A.A. TIIucapes. BAHT, Cep.
Tepmosinepusbiii cuntes, 2015, 1.38, Boim. 1, c. 32-41.
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PASSAGE OF PARTICLE THROUGH A CYLINDRICAL STRUCTURE
G. Filippov*

*Dept. of Math.&Phys, Cheboksary Polytechnic Institute (branch) of the
Moscow State Engineering University, P. Lumumba-str. 8, Cheboksary, RF
filippov38-gm@yandex.ru

The problems of electromagnetic phenomena arising during the passage of a particle

through the cylindrical structures are considered. The inevitability of usage the

quantum-mechanical theory is shown.
In consequence of rapid development of the modern technology (nano-electronics, photonics,
plasmonics) in the electrodynamics of condensed media a number of problems arisen, which
concern the systems with the complex structure as well as the small size. In particular, the great
attention is paid to the transport of particles in cylindrical structure (capillary, porous
membranes, nano-tubes). In the present work the some tasks in this framework are considered: i)
the image charge for the moving point charge in a tube, ii) the passage of particles through a
porous structure, iii) the possibility of a pore production in the ultrathin solid membrane by the
high charged atomic projectile, iv) the radiation phenomena at the passage of a charged projectile
in the cylinder-shaped dielectric as well as the dielectric tube..
The charge image sufficiently well describes the polarization field which occurs near a dielectric
or metal surface in the presence of external point charge. Usually, in classical electrodynamics,
this problem is solved without taking into account the spatial dispersion of polarization
properties of the solid near which surface the external point charge occurs. In this paper we try
to investigate which the significant corrections should be made if the medium obey the spatial
dispersion.
Consider the calculation of the interaction of a point charge with an uniform semi-infinite
dielectric medium with a flat surface, based on the concept of the field of surface elementary
excitations (field of surface plasmons). Chose the dielectric function of a semi-infinite

conducting medium with a plane boundary z = 0 in a simplest form ¢, =1-0(k, -K)a /&*

where ¢, - is the Fourier transform of the space-time-dependent dielectric function of the
medium, k — is a wave number, k. — is a maximal wave vector of elementary excitations of the
medium, w- is a frequency of the excitation, - its maximal value, O(x)- is a Heaviside’s
step function. Due to the spatial dispersion the restriction arises onto the wavelength of the

plasma oscillations to be not less the minimal value A, = 27/k_. Here the maximal wave vector
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k. has the order of the Fermi momentum divided by the Plank constant. In considered case the

potential of the polarization field takes the form

k,
< —k b+
" (220)=-7 [3,(qe g o

where r = /x? + y2 . The point charge Z is assumed placed on a distance b in vacuum over the

plane boundary on the z-axisatz>0 .

In the Figure.1 the image potential is shown in
coordinates x and z at y=0. The external unit point
charge is placed in the point z=b=1r=0.
Minimum of the image potential is found in the
point z=-b,r=0. In the neighborhood of the
minimum the potential has a more complex
behavior than it could be anticipated. In particular,

its first derivatives in the minimum does not equal

: ) L to zero. The non-usual behavior of the image
Figure 1. Charge image potential in the plane

(x, z) at y=0. External point unit charge placed potential in the vicinity of the origin of the charge
in the point (0, 0, 1. image is determined by the specific distribution of
the charge density in the mirror. The potential at z<0 is defined with the help of analytic
continuation of the expression (1). The derivatives of the potential at the minimum are different
in the perpendicular and parallel to the surface directions. The first is not zero but the second
equal to zero in the origin.  From the physical point of view the linear behavior of the potential
on the z-axis at the vicinity of the charge image is quite right and explains the attraction of the
external charge to the dielectric/metal surface at all b>0.
Let consider now a case of a dielectric/metal tube having the inner radius a and the outer b, b>a.
Some important electromagnetic properties of such a specimen were described in the work [1].
In this case we assume the external point charge Z is moving with the constant velocity v
parallel to the tube’s axis at the distance r, < a from the axis. We assume that only in the interval

(a,b) the dielectric function is differ from unity.

In following we use the approach which divides all the electromagnetic fields on two
independent classes — potential and vortex. This division is useful in the vacuum
electrodynamics (as clearly demonstrated in the book [2]), and may be just more important in the
condensed medium. It was used at calculations of the stopping power for the projectile moving

in the dielectric cylinder [3] and based on the two series of Maxwell’s equations, for the potential
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fields, and for the vortex fields. First we calculate the contribution of the potential fields to the
charge image. We show that the cut-off in the reciprocal space for the potential fields leads to the
cut-off in the angular momentum space.

Now we discuss some experimental results concerning the performance the pores in a some
nanometer-thin film with the help of beam of high charged particles [4]. The estimation of the
quantum-mechanical width of a free particle’s wave field gives o, = JL/k (here L —is a

distance of the free motion in vacuum, k — is the particle’s wave vector). For 40 MeV Xe**ion

which has passed in vacuum a distance 1 cm, we obtain 6. ~15nm. This size has the order of

magnitude the pore sizes which this ion performed in a carbon nano-membrane (CNM) — films
used by authors of the works [4,5] in their experiments. We suggest that the pores are created by
the simple perforation the film with the moving wave packet.

Let emphasize the next details: a)The size of a wave packet is much greater than the thickness of
a foil. b) In the first several tens of time units the packet don’ obtain the sufficient rearrangement
of its structure for to loss the phase coherence and therefore behave as a whole coherent wave
packet. His size considerably greater in comparison to the thickness of the foil. ¢) The mean
energy loss of the projectile (2.5 keV) is sufficient to perforate the part of the solid film having
the cross section comparable to the cross section of the packet.

Within the Born approximation the scattering amplitude reduces to the form
A=- (Uedv = - L e S U (R - X,)dV. @)
2 2 5 a

Here U (X - X, )is the potential of interaction between the projectile and the carbon atom placed
in the point X_; IZO, k are the wave vectors of the initial wave and the scattered one, ¢ is the
scattering angle. The potential U (X - X,) we suppose the Moliere form. In (2) we express the
amplitude through the Fourier component of the potential; it in a case of Moliere acquires the

form

3 42,7
A--D 12290, ®)

a2

2t 2 P+ () B)° %
Here aj, /3j are the Moliere coefficients and r;is the Thomas-Fermi screening radius. Due to
the strong ordering of atoms in the CNM the amplitude (3) has a resonance behavior with the

resonance proportional to the number of atoms covered by the wave packet. It is possible only
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for the quantum particle having the wave nature and impossible for the classical one. In
resonances the energy of the scattered wave proportional to the N® and could be significantly
large in comparison to the scattered flow in classical mechanics. We show that the effect of
resonance scattering helps to explain the experimental results.

In the work [6] it was found that at the penetration of the atomic beam through a thick porous
film the intensity of output is unusually high. We explain this effect with the wave nature of
quantum particles. As it was stressed in [7], the initial state of a projectile impinged the target is
the sufficiently large wave packet compared to the inter-particle distances in a solid. At this
initial stage we should use the wave properties of the projectile. We would like to show that the
high output may be the consequence of the quantum-mechanical properties of the initial beam.
We found the virtual levels in a case of a periodical structure stimulate the wave to crossing the
open parts of a screen.

The distance between the pores in [6] approximately four times exceeds the diameter of the pore,
which is 20 nm. The calculation which illustrates a possible explanation of the phenomenon,
uses a two-dimensional model. Let the projectile having the high total energy and the small
transversal energy. Let it impinged from vacuum in a half-infinite (in the longitudinal direction)
barrier structure with the barrier high U > 0and the potential well (U = 0) between the barriers.

In this case we could consider the inter-barrier area as a potential box. The wave functions for
the lowest levels should be of a sinus-form and correspond to energies (nsz/b)?/2m (here b

is the inter-barrier distance, n=1,2,...). For the particles which transversal energy less U , the
probability to be outside the holes is very small. Within the classical theory the same mechanism
of separation is absent. Due to the very high total energy the classical particles are found in holes
and out holes regions with the same density of probability. This circumstance is the main cause
for the exceeding the quantum-mechanical probability of passage through a porous foil under the
classical one. The explicit calculation performed for one potential well clearly demonstrate the
possibility of explanation the experimental results with the usage the quantum-mechanical
properties of particles.
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FRAGMENTATION CROSS SECTION OF 800 A MEV SILICON IONS ON
POLYETHYLENE TARGET
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Anagawa, Inage, Chiba 263-8555, Japan;
“The Research Institute of Nuclear Engineering, University of Fukui, Kanawa 1-2-4,
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The total charge-changing cross sections and the partial cross sections of projectile
fragment production of the fragmentation of silicon ions on polyethylene target at 800 A MeV
are measured using CR-39 plastic nuclear track detector. The total charge-changing cross
sections of silicon ions on polyethylene targets at 800 A MeV is 761+94mb, respectively,
which agree well with the prediction of Bradt-Peters semi-empirical formula using parameter
r;=1.31fm and b=0.94 within experimental errors and less than prediction of NUCFRG2
model. The partial cross sections for fragmentation of silicon ions polyethylene target at 800
A MeV are consistent with other results at close energy. The obvious even-odd effect is

observed in present investigation.
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Atomic and topographic corrugations of graphene on 6H-SiC(0001) derived from
Grazing Incidence Fast Atom Diffraction
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Z. Mut, P. Roncin, H. Khemliche!

! Institut des Sciences Moléculaires d'Orsay, CNRS/Université Paris-Sud, Orsay, France

2 Université de Cergy-Pontoise, 33 Boulevard du Port, F-95031 Cergy, France

The exceptional properties of graphene and the prospect to use it as the new material for
next generation micro- and nano-electronic devices are still waiting for major advances in the
production methods in terms of scaling and cost. Current efforts to develop an effective
process for producing large samples of high quality graphene could be made easier if
characterization  techniques,  which
provide reliable information on sensitive
properties such as geometric corrugation,
domain size, number of layers and their
relative orientation, were able to operate
in situ or if possible in real time during
the growth process. Supported graphene
most  often  exhibits a  Moiré
superstructure that originates from local
anchoring of the graphene layer onto the

substrate. The corresponding corrugation,

of geometric origin and which providesa  Fig. 1. Diffraction patterns measured with 300 eV

f f He along the armchair (left) and Zig-zag (right)
good estimate of the coupling strength directions. The bottom profile is the horizontal

between the carbon layer and the projection of the diffraction pattern. The insert
. illustrates the armchair direction (red dotted
substrate, has a strong influence on the  arows) and Zigzag direction (blue dashed

graphene properties. For instance the relationship between corrugation and thermal stability of
graphene/Re(0001) has been demonstrated [1]. Yet precisely quantifying the corrugation of
the Moiré has not become systematically accessible. As an illustration, figures of the
superstructure corrugation of graphene grown on Ru(0001) differ substantially whether you
consider density-functional-theory calculations [2], STM [3], XRD [4] or Helium Atom
Scattering (HAS) [5].
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Experiment

We have used another method, namely Grazing Incidence Fast Atom Diffraction (GIFAD
also called FAD [6 for a review]), to derive on equal footing both the atomic and the
geometric corrugations with high sensitivity. In terms of interactions, GIFAD is very similar
to the HAS technique used by Borca et al.[5]. However GIFAD uses helium atoms in the keV
energy range in a scattering geometry comparable to that of RHEED; the diffraction pattern is
recorded at once on a position sensitive detector and the image captured by a CCD camera.
More fundamental, due to grazing geometry, the scattering of the helium atom is spread over
all the carbon atoms encountered along it trajectory allowing a drastic increase of the Debye-
Waller coherence factor [7]. As a result, GIFAD was shown to be able to operate both at high
temperatures [8] and at [effective[normal energies much larger than those used in FAD. The
clear advantage of using incidence angle 6 such that the normal energies E, = E, sin’0 above
50-100 meV normal energies, is the helium projectile is hardly sensitive to the polarization

forces [ 9,10] allowing GIFAD to operate just like and AFM in the reciprocal space.

Figure 1 shows diffraction patterns measured with 300 eV He on a single layer graphene
grown on 6H-SiC(0001). The graphene honeycomb six fold symmetry was found to have
interesting geometric properties with respect to averaging. Along the zig-zag (right-hand side)
direction, the projectile is perpendicular to a C-C bond (blue arrows in insert of fig. 1)
allowing high contrast between middle and top of the C-C bond. In this direction, the data
(peak separation) indicate a period is 2.13 A as expected for graphene atomic structure and no
clear sign of any moiré structure except for the comparatively broad base of the diffraction
peaks. At variance, along the armchair direction (left-hand side in fig.1 and red arrows in
insert fig.1), only the topographic corrugation of the Moiré superstructure is observed. The
measured period is 16 A, it corresponds to the 13x13 phase of graphene, which is
commensurate with the (6(8 x 6[8)R30 of the SiC(0001) [11]. The fact that atomic and
topographic corrugation appear along separate direction is due to the hexagonal symmetry. If
the individual object (here the atoms) have a size that compares with the lattice parameter the
contrast (the corrugation) is much larger if these structure are packed along high density
direction (thicker arrows in fig.1) , here the Zigzag. The Moiré are also well aligned on a
hexagonal structure but rotated by 30° (fig. 2 and R30 index), this explains that they are not
clearly visible together in GIFAD.
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Theoretical Description.

We describe the He-surface interaction using a Lennard-Jones He-C pair-wise potential

that has been optimized [12] to reproduce HAS data on graphite. We have considered a

graphene layer frozen at its equilibrium position [13] and calculated the diffracted intensities

with a close coupling code described in [14]. Without any adjustment, the calculated

diffraction probabilities in the zig-zag direction are comparable to the measured values, thus

providing confidence on the validity of the He-C interaction potential.

The Moiré structure is introduced by modulating
the atom vertical positions on a 13x13 superlattice
according to a model-corrugation adjusted to the ab
initio data reported by Varchon et al. [15]. In this
case, the calculated diffraction probabilities along
the armchair direction do not reproduce the
experimental data. However a good agreement is
achieved if the Moiré corrugation from Varchon et
al. is scaled by a factor 0.66 [16]. Figure 3 shows
the atomic structure that best fits our diffraction
data, the corresponding geometric corrugation is

0.27 +0.03 A.

Y (Angstrom)

The calculation of the He-Graphene interaction

ppotential as a sum of effective binary Lennard-Jones He-

C pair-wise potential seems to produce good results. It is a

very handy solution

to described any topologic

configuration where no strong bonding of specific carbon

atoms are involved.

40

20

$so ):;.

TP S

10 15 20 25 30
X (Angstrom)

Fig. 2. Constant-height image of the
He-graphene potential-map
following optimized scaling of data
from Varchon et al [15] to the
experimental diffraction data. Here
again the blue dashed arrows
indicate the Zig-zag direction
whereas the white dotted ones stand
for the Armchair direction obviously
more favorable to observe Moiré..

These results demonstrate the ability of GIFAD for resolving the structure of epitaxial

graphene. The GIFAD sensitivity, together with its ability to operate at high temperatures

makes this technique a good candidate for real time monitoring of graphene growth.
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MHOT'OKPATHOE PACCESIHUE U HEYIIPYT'ME IOTEPU DHEPTHUU ITPH
CTOJIKHOBEHUMSX HOHOB C TIOBEPXHOCTBIO
MULTIPLE SCATTERING AND INELASTIC ENERGY LOSS
IN ION-SURFACE COLLISIONS

I1.1O. Ba6enko, A.H. 3unobes, A.I1. leprun
P.Yu. Babenko, A.N. Zinoviev, A.P. Shergin
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It has been shown that multiple scattering occurring at glancing angles of incidence
affects the magnitude of inelastic energy loss determined from the position of the quasi-single

scattering peak.

Kakx m3BecTHO, IpH pacCessHMM HOHOB OT HOBEPXHOCTH IO HEOONBIIMMH YIJIaMU
BBICOKA BEPOSITHOCTb IIOSIBIICHHS B IOTOKE OTPAKEHHBIX YACTHI — YACTHL], MCIBITABIIMX
MHOI'OKpAaTHBIC ~coygapeHuss ¢ aroMaMu MunieHd. C  I[OMOLIBIO  KOMIIBIOTEPHOI'O
MozenupoBaHust [1] m Oka3aHO, YTO y4eT MHOTOKPATHOTO PACCEsHUS IPH MajblX yrjiax
CKOJIBXCHHS BIIUSCT Ha 3HAUCHHE HEYIPYTroi MOTEPH SHEPTHH, ONPECIAeMOe U3 TON0KCHHS
[MKa KBAa3HMOAHOKPATHOTO paccesHus. B Hacrosiell paboTe MCCIEA0BAHO PaccesiHHe HOHOB
aproHa aJIOMHHHEBOH U F€pPMaHUEBOI MHUIICHBIO P CKONB3SIIHX YIJIax.

OmpeneneHre HEYNPYTHX IIOTEPh JHEPIUH M3 DHEPTETHUECKHX CIEKTPOB HOHOB,
HCIBITABIINX PACCESIHUE OT IIOBEPXHOCTH, TPEJCTaBIsieT co00il HeopauHapHY 3anady (B
OTJIMYHME OT MOHHO-aTOMHBIX CTOJIKHOBEHHMII B ra30BOM (pase), U STOT BOMPOC HE UCCIENOBAH
no koHmna. [lpuHsATO CuMTaTh, 4YTO HAOMIOMAEMBIi B CIEKTpPE MHK, OTBEYAIOLIMI
KBa3HOJHOKPATHOMY PACCESHHIO, SBIISIETCS CICACTBHEM CEPHHU IIOCICAOBATENBHBIX MapHBIX
COyIapeHHuil HAJETAIOIIEro aToMa C aToMaMu moBepxHocTd. OnHaKo, B 3TOH dyepene
CTOJIKHOBCHHH OJHO M3 HHX SIBISCTCS JKECTKHM H TEM CaMBIM OIIPEACISIeT KHHETHIECKYIO
SHEPrHI0 W TPACKTOPUIO IBIDKCHHS pPacceMBaeMOil d4acTHibl (M, COOTBETCTBEHHO,
HaOJII0JaeMbIil  yrosl paccesHust). VICXOIs W3 3TOro NpPHOIMKEHHMs, HEeympyras I[IOTeps
SHEPIUH OIpEeAeNsieTcs KaKk pasHHIa MEXAy SHEeprueil aToMa, HCIBITAaBIIEro O] HOKPaTHOE
paccesHHE Ha SKCHEPUMEHTAJIbHO HAONIOZAaeMbli yroJl W pPAacCUMTAHHOH M3 3aKOHOB
COXpaHEHHs, U M3MEPEHHOI SHEPrUeil MMHKa, OTBEYAIOIIEr0 KBa3HOAHOKPATHOMY PACCESHHIO.

OueBHIHO, YTO TaKOE MPUOMIKEHHE PaOdOTACT TEM JIydllle, 4YeM OOJIbLIe PA3INYAIOTCs MACChl
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aToOMOB HOHa-cHapsiaa u mumeHn (Mi< M) u yem Gonbiue yrox paccestuust. Ecim M Gonblue
M, "npuOnikeHne KBa3MOJHOKPATHOTO pacCesHHs HApyIIAeTCs, M ONMCAHHBIA BbILIE
Croco® OIpeAe/CHNs. HEYNPYroil MOTEpH SHEPTHUM MOXKET HPHUBECTH K 3HAYUTEIBHBIM
omunOkaM. ATPHOPH OYEBUJHO, YTO OoOJiee MPABHIBHBIM SBISIETCS CPaBHEHHE M3MEPEHHOM
SHEPrUH MOHA U SHEPTHH, PACCYUTAHHOI C YUETOM MHOTOKPATHBIX CTOJKHOBCHHi. Bbimre
[PHUBEACHHBIC COOOPAXCHUS MIPOMILTIOCTPUPOBAHBI IKCIIEPHUMEHTAIBHBIME PE3yJIbTaTaMH Ha
npuMepe paccesiHus HOHOB Ar Ha Munrersix u3 Al n Ge.

Ha puc. 1 nokasaHsl dkcriepuMeHTanbHele [2], paccuntannsle no Hameil mogeinu [1] n
U3 3aKOHOB COXPAHEHMS HEPTHHU MOJOXKEHHUs ITHKOB SHEPreTHYECKOTO CIEKTPa PaCCesTHHBIX
noHoB Ar' B 3aBucumocTH oT yria HaGmonenus 0 aisa mumenn u3 Al (puc. 1a) u Ge (puc.
16). U3 pucyHKa BHAHO, 4YTO OKCIEPHMCHTAIbHBIC TOYKH JIOKAT HIKE pacyera H
MOJCIUPOBAHHUS H3-32 HAIMYMs HEYNPYTMX IOTepb OHeprud. MoJenbHas KpuBas
YUUTHIBAIOMIAs MHOIOKPATHOCTh COYIAPCHMH JIOKHUT BbIIe (SHEPTHH MHMKOB OONBIIE), YeM
pacyeT B IPUOJIMKCHHUH TTAPHBIX COYJAPCHHIA.
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Puc. 1. SKCHCPHMCHTaHbHBIC U PACYETHBIC II0JIOKEHHUSA IIMKOB DOHEPreTUYECKOro CIIEKTpa B
3aBUCHMOCTH OT yriia HaGmogenus 0 st mumenn u3 Al — puc. la u Ge — puc. 16. Touknu (e) —
OKCIIEPUMCHTAJIBHBIC 3HAYCHHUS DHEPIUU IJIA PACCEIHHBIX U OHOB A|'+. Jluaum ¢ KpEeCTUKaMH (X) -
pacyer ¢ MOMOIBIO Haliel mporpammbl [1] BKIIOUAOIEN BKIIA] MHOIOKPATHOTO paccesHus. JIuauu
(—) - pacuer B npUOGIHKEHUH IAPHOTO B3AMMO/CHCTBHS Il OHOKPATHO PACCESHHBIX HOHOB Al

Vicriosnb3yst MOI0XKEHHS [IMKOB B SKCIICPUMCHTAIBHBIX CIIEKTPaX PaCCESHHBIX YaCTHUIL
U pacdyeTHBIC MOJIOKCHUS MOXKHO BBIUHCIHTh HEYNPYTHE IIOTEPH JHEPTUH B ATOMHBIX
CTONKHOBeHMsIX. Ha prc. 2 npuBeAcHbI BEINYUHBI HEYPYTHX MOTEPh SHEPTHU OT PACCTOSHUS
HanOONBINEro COMMKCHUS IS 00EUX MUIIeHeil. BHIHO, YTO BeMHYMHEI HEYNPYTUX IOTEPh
9HEPTHH B CiIy4yae yuyeTa MHOTOKPATHOCTH coynxapeHHit 6osbuie B 1.5+2 pa3sa, uem 6e3 yuera.
@aKT CTONb 3HAYMTENBHBIX BEIMYUH HEYHNPYIHX IOTEPh B CTOJIKHOBEHHSAX HOHOB C
MOBEPXHOCTHIO [0 CPAaBHCHHIO C HOHHO-aTOMHBIMH CTOJKHOBCHHS B Tra3oBoil (hase

TIPEACTABIIACTCA HEOKUAaHHBIM 1 TpeGyeT OTACIBHOI'O pPAaCCMOTPEHUA.
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Puc. 2. 3aBUCHMOCTh BEJIMUYMHBI HEYNPYTHX IOTEPh OJHEPIrMH OT PACCTOSHHUS HAMOONBIIErO
cOmmkenns st mutnenn u3 Al — puc. 2a u Ge — puc. 26. KpyKKd ¥ IIycTble KBaIpaTHKH — 3HAYCHUS
HEYNPYruX T[OTEPb DHEPIrUM, TMOJYYEHHBIE W3 pPasHHULBl B II0JOXKEHHUAX PACUETHBIX U
9KCIIEPUMEHTAIbHBIX MHKOB 0e3 yduera [2] M ¢ ydeToM MONMpaBOK Ha CABHT IHKA BCICACTBHE
MHOTOKPAaTHOCTH COYIapCHHMiA.

Jlis mapHbIX (OAHOKPATHBIX) COYAApPEHHH aTOMOB C YIIECTBYIOT OOLICIPHUHSTHIE
MOJIENI pacyera HEYNPYTHX IOTepb JHEprum: Mopaenb PupcoBa i MHOTOIICKTPOHHBIX
B3auMozencTytonmx aroMoB [3], moauduumposannas mozxens dupcosa [4,5] 1 Monens
OecHa-PoOrHCOHA ISl JIETKMX aTOMOB € HEOONBIIMM YHCIOM 3eKkTpoHoB [6]. Heympyrue
[OTepU SHEPrHH IIPU a TOMHBIX CTOJIKHOBEHHSX HOHOB CPEJHUX DHEPIHH H3MEpSIINCh B
paborax [2,7-12]. Kak mpaBuio, pacder MO BCEM MOJIEISIM IaeT 3aHWKEHHbIE 3HAYECHHUS
Heynpyroil morepu sHepruu. Hambonee Onm3kue K OKCIEPHMEHTAIBHBIM 3HAYCHUSIM
BEJIMYKMHBl HEYNPYTHX I0TEph AaeT MoauduuupoBaHHas Mmopeiabs dupcosa. Bece mopenn
MPABUIIBHO OTPAXKAIOT TEHACHIMIO POCTAa HEYMPYTHX MOTEPh C YMEHBUICHUEM PAaCCTOSHUS
HauOOJIBIIEr0 COMMKEHU o,

PacxojxaeHre MeXIy pacueroM IO BbINIE HA3BaHHBIM MOJICTSAM U IKCIICPUMEHTOM
CTAHOBUTCSI €IIe 3aMeTHee TpPH CONMKCHNH CTAIKUBAIONIMXCS YACTHI[ 10 MalbIX
MEXbSICPHBIX PACCTOSHHUN M3-32 IOAKIIOYCHUs IPYroro (OTIMYHOIO OT IPEJIOKEHHOTO
DupcoBbIM) MexaHH3Ma (HOPMHUPOBaHHS HEYNpyrux notepb. COriacHO M3BECTHOM MOJENN
@ano-JluxreHa [13], mpy HOCTIXKEHHH MajbIX MEXBSIACPHBIX PACCTOSHHUSAX IIPOMCXOIHUT
00pa3oBaHHe BaKaHCHil BO BHYTPEHHHX OJICKTPOHHBIX O000JOYKaX B3aMMOJCHCTBYIOLINX
aTOMOB M HX IOCICAYIOLIMil pacmajg MyTeM OXKe-Tiepexoja. BruieTeBInne 0)e-3IeKTPOHBI
YHOCSIT DHEPTHIO, YTO HPHBOAUT K POCTY HEYNPYTHX HOTeph dHepruu. IIpoBeneHHble HAMU
OLCHKH TOKA3bIBAIOT, YTO IMPH H3YYaEMbIX YCIOBHUSAX HE IOCTHTAIOTCS MEXKBSIICPHBIC
paccTosiHusl, KOT[a MPOMCXOAUT O00pa3OBaHHE BAKAHCHHA BO BHYTPEHHHX 3JIEKTPOHHBIX

o6Gosoukax [14].
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DU3NYECKUMH IPHYHHAMH CTOJb OOJBIINX BEJIMYHH IOTEPh B CTOJIKHOBEHUSIX HOHOB
C MOBEPXHOCTBIO MOTYT OBITh. HAJIMYHE HECKOJBKHX 3JIEMEHTapHBIX aKTOB COYAapeHUs B
KaXXJOM H3 KOTOPBIX YaCTHI[A TEPSACT SHEPrHio, OOJBIIOE PACCTOSHHE, KOTOPOE HacTULA
MIPOXOAUT BJOJIb MOBEpXHOCTH. Kak moka3sbiBaeT OlLEHKa, paccrosiHue L, koropoe arom Ar
MPOXOIUT BIOJb MOBEPXHOCTH MpH yrile magenns a=5° coctasmser ~45 A. B To xe Bpems
a5eKTpoHHbIe TToTepH 3Heprun AE/dX mpu mpoxokaeHHH aToMOB Ar ¢ HaYaIbHOW SHEPrUu
Eo=5 k3B B Al u Ge cornacto nporpamme SRIM-2013 [15] cocraBnstor BennuunHy 9.9 u
7.8 5B/A, cootsetcTBenHO. OTCIONA HEYIPYTHE IOTEPH SHEPTUH Is Mummenn u3 Al ~450 5B,
a st Ge ~350 5B. Dtu 3HaYeHHs COTNIACYIOTCSI ¢ BEIMYMHAMH, PHBEICHHBIMH Ha PUC. 22 U
206, ¥ TOATBEPXKIAIOT HANl BBIBOA O TOM, YTO HEYNpYTHe MOTEpH NpH paccesHun Ha Ge
OKa3bIBAIOTCSl MeHbIIe, YeM Ha Al.

Takum 00pa3oM, I10Ka3aHO, YTO y4ET MHOTOKPATHOTO PACCESHHS IPU MajbIX yriax
CKOJIB)KEHHs! CYIIECTBEHHO BIIMSAET HA 3HAUEHNWE HEYNPYTOH MOTEpPH SHEPTHUH, ONpeeNseMoe
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TPEXMEPHBIE D®®EKTbBI TP PEBOHAHCHOM 2JIEKTPOHHOM OBMEHE
MEXIY ATOMHBIMHU YACTULIAMA U HAHOCUCTEMAMHU
3D EFFECTS IN RESONANT CHARGE TRANSFER BETWEEN ATOMIC
PARTICLES AND NANOSYSTEMS

N.K. Taitnymun
L.LK. Gainullin

* Kagpeopa uzuueckoii anexmponuxu, Pusuueckuti paxynomem MI'Y um. M.B.Jlomonocosa,
199992, I'CII-1 Jlenunckue 2opwt 1, cmp. 2, Mockea, Poccus, e-mail:
lvan.Gainullin@physics.msu.ru

This work presents the results of ab initio real-3D calculations of resonant
charge transfer between (RCT) atomic particle and nanosystems. In previous
calculations at most pseudo-3D models with cylindrical symmetry have
been used. It has been shown that in the real-3D asymmetrical case the RCT
character significantly alters. In particular the system behavior becomes
"less reversible” and quantum vortices appears.

Pe3oHaHCHBIA 3JIEKTPOHHBIH OOMEH MEXIy aTOMHBIMU YacCTUIIAMH U MOBEPXHOCTBHIO
TBEPJbIX TeJ MPEJCTaBIsSIeT HHTEPEC KaK C (yHIaMEHTAIBHOM, Tak M C HPUKIAIHONW TOYEK
3penust. [l GpyHIaMEHTAIBHON HAYKH BOXHO W3y4eHHE BIMSHHS Ha DJEKTPOHHBIA 0OMEH
CKOPOCTH ¥ TPAEKTOPHH IIOJJIETa aTOMHOMN YaCTHIBI, COCTaBa W CTPYKTYpPBI [IOBEPXHOCTH. B
NPHKIAAHOW HAayKe OJICKTPOHHBI OOMEH YUYMTHIBACTCS IIPU JMArHOCTHKE COCTaBa M
CTPYKTYpBI TIOBEPXHOCTH C IOMOLIBIO HOHHBIX ITy4KOB. VI3ydeHneM 3JIeKTpOHHOro oOMeHa ¢
aTOMHBIX 4YaCTUIl C ITOBEPXHOCTBIO MHTEHCHBHO 3aHHMAIOTCS OKOJNO JBYX IECATHUICTUH.
PasBuTas Teopusi ¥ METOAMKH pacdera JAi0T XOpOIlee COBIAACHHE ¢ SKCIEPUMEHTaMH 110
JIIEKTPOHHOMY OOMEHY HOHOB ¢ MAacCHBHBIME MeTaumndeckumu obpasmamu (bulk metal, t.e.
HE HaHOCTPYKTYPUPOBAHHBIA METAILT). 3/1eCh MOXKHO BBIACIHUTH JBE OCHOBHBbIE Mozenu: 1)
UL CHCTEM B KOTOPBIX [BIDKGHHE (MOJENb JKejle) IIPOMCXOAUT —aguabaTnyeckoe
TYHHENHPOBAHUE 3JIEKTPOHA B INIyOb MeTa/lia; 2) JUIsl CHCTEM, B KOTOPBIX [BIXKCHHE
9JIeKTPOHA TIEPIIEHANKYISIPHO OBEPXHOCTH 3allpelieHo (3anpelueHHas 30Ha, L-gap), pacnazn
3JIEKTPOHA OCYLIECTBIISETCS O OBEPXHOCTH Yepe3 MHUMBIE M IIOBEPXHOCTHBIE COCTOSHUS, B

JITAaHHOM CJIy4yae BO3MOXKHO IPOSIBIICHUE HeaauOaTHiecKux 3 GeKToB.

B cmyuae, korga Ha NOBEPXHOCTb HEOAHOPOAHA, a COIEPXKUT HAHOCTPYKTYPHI MBI
UMeeM JIeN0 C DIEKTPOHHBIM 0OMEHOM C HaHOCHCTEMaMHM, KOTOPBIH H3ydeH CYIIECTBEHHO B
MeHblIeH creneHu. s GyHIaMEHTaIbHOI HAayKH DJIEKTPOHHBINH OOMEH ¢ HaHOCHCTEMaMH

TIPEACTABIISIET B CUITY IPOSBICHUS HeaL[I/IGaTPI'{eCKI/IX " KBaHTOBO-Pa3sMEPHBIX 3(}])CbeKTOB. C
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HpHKHaZ[HOﬁ TOYKHU 3pEHU Z[aHHBIﬁ IponecC UHTEPECEH IJIsI MUKPOIJICKTPOHUKHY, HANIBIIICHUS

TOHKHUX INUICHOK, CO31aHUs CEHCOPOB.

B nanHO# paboTe MPOBOAMTCS  YMCIEHHOE MOJEIUPOBAHME  PE30HAHCHOTO
9JIEKTPOHHOTO TYHHEIMPOBAHMS BHEIIHETO 3JIEKTPOHA OTPUIATEILHOIO MOHA BOAOPOAA HA
TOHKYIO OCTPOBKOBYIO TIeHKY Al (reoMeTpruecKoil MOZIENbio OCTPOBKOBOI IICHKH SIBIISICTCS
JIMCK), JUIst CiTydast Korma noH H™ 3adukcupoBaH Ha OmpeneneHHOM PAacCTOSHUM [0 IUICHKH.
BapbupyeMbIMH ITapaMeTpaMu SIBISIIOTCST PaJlyC OCTPOBKOBOH IUIEHKH R, paccrosHme OoT
HOHA 10 TOBEPXHOCTH IUICHKH Z U PACCTOSHUE OT HOHA 10 OCH CHMMETPUH OCTPOBKOBOM
mieHkn X. 3ajada MOeNbHas, HO Ba)KHA T pa3pabOTKH METOIONOTHN 1 aHAIIM3a PeabHBIX
skcriepuMeHToB. [looOHas 3amada pemranach paHee C TOMOIIBIO TCEBIOTPEXMEPHBIX
pacdetoB (U1 LMJIMHIPUYECKH-CUMMETPHYHBIX CHCTEM), II03TOMY aKLEHT CHeJaH Ha
3¢ (deKTh], KOTOpbIE BO3HUKAKOT HPU HAPYLUICHHH LIHMHIPHYECKOH CHMMETPUHM CHCTEMBL.

MeToanka TPEeXMEPHOT0 YHCISHHOTO MOJIEIHPOBaHKs onucana B pabote [1].

t=100 t = 80N

Pucynok 1. IImOTHOCT pacmpeneseHnsl BOMHOBOM (yHKIMM 3IICKTpoHa (Ha PHCYHKE ITOKa3aHa
u3010BepXHOCTh iist 3Hauenuss 0.0001) npu TyHHENTMPOBAHUM BHENIHETO 3JIeKTpoHa H' Ha TOHKYIO
OCTPOBKOBYIO TUICHKY TonmmHoi 15 at. en. m pagmycom 50 at. en. B mocliejoBaTeNbHBIC MOMEHTHI
BpemeH. u 50 ar. en. VoH Bogopoia pacHojioKeH Ha OCH CHMMETPHUH OCTPOBKOBOW IUICHKHM Ha

paccrosinuu 12 art. el1. oT GJIMKHEH rPaHuULIbL.
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Ha pucynke 1 moka3aHa IDIOTHOCTb pacIpe]eieHHs] BOTHOBOI (DYHKIMH 3JIEKTPOHA B
[oCIeJoBaTeIbHbIe MOMEHTBI BpPEMEHHM JUli CHMMETPHYHON 3azayd (MOH BOAOpoOAa
pACIIONIOKEH HA OCH CHMMETPHM OCTPOBKOBOM IUICHKH). BHjiHO, 4TO Ha mepBOM craguu
B3aUMOJICHCTBHUSI 3JICKTPOH TYHHEIUPYET BIOJb HOPMAlH K IMOBEPXHOCTH IUICHKH, IOCIE
TOTO, KaK BOJHOBOW MaKeT 3JICKTPOHA JOCTUraeT AaibHEil rpaHUIE TUICHKH (POPMHUPYIOTCS
MaKCHMYMBI PACIpPEICNICHNs] BOJIHOBOH (yHKIMM BIONb HOpMain K moBepxHoctH. Ha
CIIeyIOmell CTauy JJIEeKTPOH PAaCIpOCTPAHSACTCS NapajlIeNbHO IIOBEPXHOCTH IUICHKH H
(OpMHpPYIOTCS. MaKCHMyMBI 3JIGKTPOHHOH IUIOTHOCTH, LMJIHHIPHYECKH-CUMMETPHYHbBIC
OTHOCHUTEIBHO OCH OCTPOBKOBOI ITeHKH. Takxke ciieayeT oOpaTHTh BHUMAHHE, YTO MPOIece
3JIEKTPOHHOTO TYHHEJIMPOBAHMS C MOHA HA OCTPOBKOBYIO IUICHKY HOCHT OOpaTHMBbIi
XapakTep, T. €. B OMpPE/CICHHbIC MEPHOABI BPEMEHM SIICKTPOH TYHHEIHUPYEeT B OOpaTHOM

HaIpaBJICHNH C IUICHKN Ha HOH Bogopoza (cm. puc. 1 u puc. 4).

t=100 a.u. t=500a.u.

(

PucyHnok 2. IIOTHOCTE pacnpe/ielicHHs BOJTHOBON (QYHKIMH 3/1eKTpoHa (Ha PHCYHKE MOKa3aHa
u3010BepxHOCTh st 3HadeHust 0.0001) mpu TYHHEIHPOBAHMH BHELIHEro 3JIeKTpoHa H Ha TOHKYIO
OCTPOBKOBYIO IICHKY TonmuHo# 15 aT. ex. u paaumycom 50 at. e, B mocieoBaTeIbHbIe MOMEHTHI
Bpemer. u 50 ar. ex. Mo Bomopoja pacronoXeH Ha PAcCTOSIHMH 5 aT. €1 OT OCH C HMMETPHH

OCTPOBKOBOI IIGHKU M HA PACCTOSHUU 12 aT. eJ1. 0T OIMIKHEl IPaHUIIBI OCTPOBKOBOIL IICHKH.

Ha pucyHke 2 mnokaszaHa INIOTHOCTb PacHpe/e]IeHUs BOJHOBOW (PYHKIIMH 3JIEKTPOHA B
[OCIIeJOBaTeIbHbIC MOMEHTBI BPEMEHH JUIsi acCHMMETPUYHOM 3amaun (MOH BOAOpoOAa
PACIIONIOKEH HA PACCTOSIHUM 5 aT. e/l OT OCH CUMMETPHH OCTPOBKOBOM IUICHKH). BuHo, uto
Ha TEpBOil CTafAMM B3aMMOACHCTBUS JJICKTPOH TakKe TYHHEIMPYET BJOJIb HOPMAlH K

MOBEPXHOCTH IUICHKH U (OPMHPYIOTCS MAaKCHMYMBI pacIpeleNeHUs BOIHOBOW (yHKIUH
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a.u.

B/IOJIb HOPMAalIHd K TOBEPXHOCTH. Jlanee UMIMHAPUYECKAas CHMMETPHs paclpeieseHust
9JIEKTPOHHOM IUIOTHOCTH B IUICHKE HApYIUACTCs, a JIMHUM 3JIEKTPOHHOIO TOKa 00pasyoT
KkBaHTOBbIE BUxpH [2] (cM. puc. 3). Taxke cieiyeT OTMETUTh, YTO B aCHMMETPUYHOM CIIydyae

[POLIECC IEKTPOHHOIO TYHHEJIMPOBaHUs sIBISIETCs "MeHee o0paTumbIM” (cM. puc. 4).

t=RNNan = 180N

-40 -20 o 20 40 -40 -20 4] 20 40

X, au. X,au

Pucynox 3. VcpeaHeHHbIE MO HOPMAaIH K MOBEPXHOCTH OCTPOBKOBOH IUICHKH JIHHHH JIEKTPOHHOTO
TOKA B [10CIIEI0BATE/IbHBIC MOMEHTHI BpeMeHHU. FIOH BOIOpOJa pacioIoKeH Ha PacCTOSIHUNU 5 at. eJ] OT

OCH CUMMETPUH OCTp()BKOBOﬁ TUICHKHU U Ha paCcCTOSIHUU 12 ar. ex. ot GnmxHER TpaHULBbI IUNICHKH.

1,0+,
! 4 h \
} ] \ [P ~
0,84 \_\ , N ’ '_\'/ §_—.
« ' \ 3
Ny v
S 0,64 . .
=1
I
H
2 044
021 __ thin island film (symmetric case)
-+« thinisland film (asymmetric case)
0,0

T T T T T T T
0 500 1000 1500 2000 2500 3000 3500

Time, a.u.

PI/ICyHOK 4. 3aBUCUMOCTh BEPOATHOCTH HAXOXKACHHA DJICKTPOHA HAa MOHE BOAOPO1a OT BPEMEHU

JIs CP[MMeTpP['-IHOﬁ u aCHMMeTpH'—lHOﬁ 3a7a4u.

1. I.LK. Gainullin, M.A. Sonkin, Comp. phys. commun. 188 (2015) 68-75.
2. J.H. Macek, J.B. Sternberg, S.Y. Ovchinnikov, T-G Lee, D.R. Schultz, Phys. Rev. Lett. 102
(2009) 143201.
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TPEKOBBIE MATPHUIIbI PA3JIMYHBIX TUITOB JJIA TIOJTYYEHHWSA
HAHOCTPYTYP METOJOM TEMIIVIATHOI'O CUHTE3A

DIFFERENT TRACK MATRIXES FOR OBTAINING OF NANOMATERIALS
BY TEMPLATE SYNTHESIS

/ .H.Saropmmﬁl, B.B.KOpOTKOBl'Z, C.A.Bequn®?, )I.A.l'Iapcl)('él-lmsl’4
D.L.Zagorskiy", V.V.Korotkov*?, S.A.Bedin'?, D.A.Parfenov'*

1 @I'BYH Uncmumym xpucmannocpaguu um. A.B.ILy6nuxosa PAH, Mockea,
E-mail: dzagorskiy@gmail.com
2 Poccutickuti XuMuKo-mexnono2useckuil yHugepcumem um.,[{.1M.Menoeneesa; Mockea
3 @IBOY BIIO «Mockosckuii nedazozuseckuii 20¢cyoapcmeenHblll yHugepcumem, yii.
Manas [upozosckas 0.1, cmp.1, Mocksa,
4 Mockosckuii 2ocyoapemeennbiil yrusepcumem um. M.B.Jlomonocosa,( Puz®ax),
2.Mocksa

Hcropudecky MONUMEpHl  HMCIOJIb30BANINCH B KauecTBE JETEKTOPOB  H3JIyUeHHIH
Pa3IMYHBIX THIIOB. NpU OOJIyYeHHH OOpa30BBIBAMCH JICTKO TpPaBUMBIC Tpeku. Bckope,
OJJHAKO, HOIHMEPEI CTalM 00TydaTh CIIeNUANBHO IS HOIYYICHHUS TPEKOB C UX MOCIIEeIYIOMUM
BBITPABIMBAHAEM JUIS IMONYYEHHS CKBO3HBIX IIOPOBBIX KaHaIOB. IINEHKH C MHOXECTBOM
TAaKHX KaHAIOB (KaK MPaBHJIO OHH MACHTHYHBI U UMEIOT MUKPO- HJIM HAaHOpa3Mepbl) MOIyT
YCIIEIIHO HCIIONb30BaThCs B KadecTBe (MIIBTPOB. BriociencTsBun Takue CTPYKTypbl HAIUIH
[IPUMEHCHHE B Ka4eCTBE MATPHIL [l TeMIUIEHTHOro (TemiuiatHoro, template, marpuusoro)
cunresa [1]. CyTh METOZa COCTOMT B 3aIIOIHEHHUH MOP TPEOyEeMBIM MaTePHAIOM H ITOTy4YCHHN
pertik  (CIENKOB) MOPOBBIX KaHaJOB. [lociefHHe MOTYT 3aTeM HCIIONb30BATBCS KAk
«BHYTPH» MATEPHHCKOW MATPHUIIBI, TaK U MOCIE OTHEICHUS OT Heé. Marepuaibl, KOTOPbIMU
3aIIOJHAIOT IOPHI M CIIOCOOBI 3allONHEHHsI MOTYT OBITh CaMBIMH DPasHBIMH. B HacTosmmei
paboTe peub HASTO 3alONHEHHH IIOp METAUIAMM, IS 4ero HCIOIb30BAICS METOJ
rajbBaHMYECKOr0 OCaXK/ICHHs METa/lIa B IOPBI U3 PaCTBOPa COOTBETCTBYIOIIEH COMH.

Marpuusl. B paGore B kauecTBe MaTpuil HCIOJIB30BAINCH TOTOBbIE (IPOMBILLICHHbIE)
TpekoBeie MeMmOpanel (TM). Creayer, OAHAaKO, OTMETHTh, 4 TO NPOMBIILICHHBIE TM,
co3zaBaeMble CIIENUATBHO IS 3a1ad GHIBTPALUH, He SBISIOTCS JIyYIIMMU MaTPULIAMH IS
cunte3a. IlpombinutienHble TM  W3roTaBnuBaioTCs [uisi Lededl (QUIbTpaudM U HMEIOT
JIOCTATOYHO BBICOKYIO IUIOTHOCTB HOP, KOTOPbIE, KPOME TOI'O 110-pa3HOMY OPHEHTHPOBAHbI B
IPOCTPAHCTBE- BCE 1TO JAeNAeTCsl JUIS y BEIHUCHUS HMPOM3BOJHTENFHOCTH (HIbPAlUH HPH
OJHOBPEMEHHOM CHIDKEHUH BEPOSTHOCTH IIEPEKPHITUS Iop. BmecTe ¢ TeM, Ul MaTpHIHOTO
CHHTe3a TpeOyloTCsl HECKOIbKO HHBIE XapaKTepPUCTHKU-Manas IIOTHOCTh IOp M HX
OpHEHTAlMs Tapajuie]bHo APYT APYTY.

TlosToMy HaMH HCIOIB30BAINCH TAKXKE W CHEIHAIbHO IPUTOTOBICHHBIC MATPHIIBI -
o0IyueHHe IUIEHKH HPOBOAMIOCH CTPOTO IMEPIEHAUKYISIPHO MOBEPXHOCTH, a IUIOTHOCTD
00s1y4enus (M, COOTBETCTBEHHO, IOBEPXHOCTHAS [UIOTHOCTH MOP) OblIa HEGOIBILON —(IIH03HC
nopsiaka 10° -107. Micronb3oBaick TsaKEIbe yCKopeHHbsIe HOHBI- Xe, Ar, Kr ¢ sueprueii 1-2
M>sB nHa Hykimon. OGmydeHuwe mpoBoamioch Ha yckopurene B JISIP OUSU, r.JlyGna.
BapbupoBaHue ycCIOBHI TpaBIEHUsS, HPOBOAUMOIO B JTOM ClIydae IIOCIEC OOIydeHHus,
MO3BOJIMJIO U3MEHATh 3aJaHHBIM 00pa3oM IHMAMeTp IOp- OOBIYHO OHM BapbHPOBAINCH B
npenenax ot 80 um mo 500 HM.

ITosry4eHHbIe MATpULBI OBLIM HCIIONB30BAHBI IS IOIYYCHUS DPEIUIUK —HAHOIPOBOJIOK
(HIT)- u3 menmu, cepebpa M MarHUTHBIX METAUIOB - KOOanbTa, HHUKENS U JKene3a. Beut
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U3Y4eHBI OCOOCHHOCTHU IaIbBAHHYECKOTO IpoIiecca, IPOBOJIMOr0 B HAHOPa3MEPHBIX IT0pax
— OOHapyKeHO, 9YTO IPOIEeCcC TaIbBAHHYECKOTO 3aIlOJHCHUS II0p HMeeT HEeITHHEHHBII
xapakrep. Iloka3aHo, YTO NpU YMEHBIUICHHU IHAMETPOB IOpP OOJBIIYI0 pONb HIPAIOT
1 dy3uoHHbIe OrpaHudeHuss M (GakTop rasoBbiieieHUs (OCOOEHHO NPU  OCAKICHUM
XKENE3HBIX PEIUINK). MOKHO TPEANONOKHTh, YTO ONpPEJACHEHHYI pOJIb WIpaeT u
MOBEPXHOCTHAsI IIPOBOJAMMOCTb CTCHOK IIOP- HM3BECTHO, 4YTO OHAa HE SBISETCS
IDIICKTPHYIECKO# (KaK 00BEMHBIIN MONHMED).

Bo Bropoit wactu paboThl OBLIM U3Y4€HBl YCIOBHS MOJYYEHUs MaTpul cC
HELWINHIPHYCCKAMA IIOpaMHi- MaTpULl C KOHMYEeCKHMMH Iopamu. Hanpumep, eciu
YMEHBIIUTh CKOPOCTh TPABIICHHS «BIIIyOb» MOPHI, OXHOBPEMEHHO YBEINYHB IIONEPEUHYIO»
(TaHreHIMATbHYI0) COCTaBIAIOILYI0, TO NPOTPABIMBAHME NPUBEAET K (OPMHUPOBAHUIO
KOHHYECKOTo KaHajga. DTO MOXHO clelaTh, HalpuMep, I00aBHB CIUPT B HCHONIb3YEMbIH
TpaBuTeNb. MHTEpEcHO, YTO yroJ pacTBOpa IpU BEpIIMHE KOHyca 3aBHCHT OT YCIOBHI
TPaBICHHS. OH YBEIUYHBACTCS IIPU YMEHBIICHHU TEMIIEPAaTyphl H YBEIHUCHUH COJCPKAHUSL
crmpra [2].

Ot™MeTnM, 4To 3(HEKT yCUIICHUS! KOHYCHOCTH YBEIMYMBACTCS JUIs MATPULL, 00JIy4EHHBIX
JErKUMH HOHAMH (IT0 CPaBHEHHMIO C TEMH JKe MaTPHUIIAMH O0JIyYeHHBIMH TSOKEIBIMU HOHAMH).

3anojHeHHe MATPHI MeTAJJIOM IIPOBOJHIOCH B pAacTBOPAaX COOTBETCTBYIOIIHX
CEpPHOKHCIBIX coleil. B HeKoTOphIX pacTBOpax OBLIM NPUMEHEHBI DPa3lIHYHBbIC JOOABKU-
0oco0eHHO 3TO Kacajoch jkene3a. Poct HII w3 sxenme3a Obl1 Hambojee «Kampu3HbBIM» -
TpeOOBaJIOCh NPEJOTBPATUTh OKUCJICHHE HOHOB JKelie3a, IPENOTBPATHTh OOWIBHOE
BBIJICJICHHE BOAOPO/a Ha PACTyIIEH OBEPXHOCTH, MOAAEPKaTh HEOOXOJUMYIO BesmauHy pH
pactBopa. [Tonyuennsie HIT 00bIYHO BBIAEISIIMCH U3 POCTOBOI MaTpHUIIbl.

Poct munmaapuyeckux HII npoBoamiics o TpaAMILMOHHOM CXeMe: B Ka4ecTBe 1IabiIoHa
HCIIOJIB30BAJIAch MOJMMEPHAs MATPULIA CO CKBO3HBIMHU LIMIMHAPHYECKUMU Hopamu. Ha onny
U3 TIOBEPXHOCTEN HAHOCHIICSA KOHTAKTHBIN CIIOM (CITyKHUBIIMI KaToA0M), DIEKTPOOCAKICHUE
MeTaaIa IPOBOJHIOCH C IPOTHUBOINONOXKHON CTOpOoHBL. MukpodoTtorpadunu mOBEpPXHOCTH
POCTOBOII MaTpHIBI U MOTydYeHHBIX HunmuHApHdeckux HII m3 xobanabTa HpeAcTaBiIeHBH Ha
Puc.1

Puc. 1. COM-u300paxeHne MOBEPXHOCTH POCTOBOI MIOPOBO MATPHIIB (CI€Ba) U
OJIy4CHHBIX K0OaIbTOBBIX IumnHaprdeckux HII (crpasa).

Jnst monyvennst HII xonudeckoil (OpMBI HCIOIB30BAIMCh MATPHULBI ¢ KOHUYECKHMHU
nopamu. Crienuudeckoii 0COGEHHOCTBIO IpoIecca B 3TOM Cily4ae ObUIO TO , 9TO U
HAHECEHHE KOHTAKTHOTO C JIOS, M MPOLECC BIEKTPOOCAXKACHHS MPOBOJUINCH, C OIHOM
croponsl. Ilonyuenusie MuKkpodoTorpagur UCXOAHOH POCTOBOI MATPHUIBI ¢ KOHUYECKHMH
IOpaMH ¥ MEIHBIX OCTPHI-PEIUINK HpeacTaBlIeHs! Ha Puc.2.
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10 MEM 10 MxM
[t B —

Puc. 2.MuxpodoTtorpadus HOBEpXHOCTH POCTOBOH MOPOBOI MAaTPHIIBI C
KOHUYECKUMH TopaMu (ClIeBa) U MEIHBIX PEIUIMK-KOHMYECKHUX OCTpUii (Cripasa).

Ipumenenne HII.  Paznuunble HanpaBineHuss npuMeHeHus HII cBsa3anbl ¢ ux
ocobenHocTsiMU: 1) Pe3koe yBenu4eHus MIO@an HOBEPXHOCTH - MOXXET OBITh HCIIOJIb30BAHO
B KaTajlu3e W JUId YCHICHHs TeIUooTBoAa; 2) Hainume OCTpHil ¢ MaibIM pajuycom
KPUBHM3HBI - MOXKET OBITh HCIIONB30BAHO [UISl YCHJICHHS HANPSDKEHHOCTU nons u
[PUMEHATBCS JUISL YCWIICHHSI 3MUCCHH (MOHOB M SJICKTPOHOB) M Juisl € yIpaBieHHs, 3)
IMosiBnenne 0coOBIX (DU3UUECKHX CBOICTB, CBS3aHHBIX CYy BEIHYCHHEM AaCIIEKTHOTO
OTHOLICHUSI MO3BOJIET IMONy4YaTh HOBBIE MaTepuaibl , CO CBOHCTBAMM, OTJIHYHBIMU OT
CBOMCTB 00BEMHOT0 MaTepHaa.

K nocrnexnHeMy HampaBleHHIO OTHOCUTCS IOdydeHHMe W wucnosb3zoBanue HIT u3
MarHMTHbIX MaTepuanbl. [loka3aHo, 4YTO MOCIEAHME MMEIT CHIbHYIO aHU30TPOIUIO
MAarHUTHBIX CBOMCTB — BBI3BaHHYIO, OYECBH/HO, BBICOKHM AaCICKTHBIM OTHOIICHHEM H/HIN
MalgbiM  guameTpoM  Jlpyras  OCOOGHHOCTh -  HalMuHe T. H.  THUTAHTCKOTO
MarHeToConpoTHBIEHHs. [l BBIEYNOMSHYTBHIX NPUMEHEHUH BO3MOXHO IIOJY4EHHE KakK
HII u3 oxHoro metaiuia (KoOasbT, HUKEINb, JKele3a) Tak M uX coexuHeHni. [lomydenne Takux
HII tpedyeT 0coOBIX yCIIOBHH, BAPEUPYS KOTOPBIE MOXKHO YIPaBIATh cBoiicTBamu HIT.

Bnarogaproctu. Pabora mpoBommiace mpu moanaepxkke rpanta POOU 15-08-04949.
Asropsr  Gumaromapsr a.¢.-M.H. ILIO.Anens (JISIP OUSIH, r.JlyOHa) 3a mpoBeneHHe
00JIyYeHUs.

1.Martin C.R., 1994. Nanomaterials: A membrane —based synthetic approach. Science 266 1961-1065.
2.0leinikov V.A., Tolmachyova Yu.V., Berezkin V.V., Vilensky A.l., Mchedhshvili B.V., 1995. Radiation
Measurements 25 (N1-N4), 713-716.
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OINIPEJEJIEHUE NIOTEHIHUAJIA U3 JAHHBIX ITO OBPATHOMY
PE3EP®OPJOBCKOMY PACCEAHUIO U DJIEKTPOHHASI DOKPAHUPOBKA B
PEAKHUAX AJEPHOI'O CUHTE3A
POTENTIALS OBTAINED FROM RBS MEASUREMENTS AND
ELECTRON SCREENING IN NUCLEAR SYNTHESIS REACTIONS

A.H. 3unosses, /[.C. Meny3oBa
A.N. Zinoviev, D.S. Meluzova

OTU um. A.®. Hodde, 194021, C.-ITerepbypr, Poccus, e-mail: zinoviev@inprof.ioffe.ru

The paper suggests a technique for determining potentials for the He*- W, Ta systems from the
Rutherford backscattering measurements. The values obtained are presented. They have been
used to calculate the effect of electron screening in measuring nuclear synthesis cross-sections

under laboratory conditions.

1.BBenenne.

CeueHHsl sIGPHOrO CHHTe3a IpH HeOonpmMX OSHeprusix uoHoB 1-10 k9B
HPE/CTABISAIOT O OJBIIOH HMHTEpeC My IIOHMMAaHHs IIPOLECCOB JHEProBBIACICHUS U
00pa3oBaHus HEHTPUHO B CONHIIC M 3Be3[aX. Peakiuu Npu coyAapeHUsx B IU1a3Me COJHLA U
3B€3[ MPOHMCXOMAT MEXAY TONBIMH SAPAMH, BIMSHHC OJICKTPOHHOH OSKPaHUPOBKU
HE3HAYHUTENBHO ¥ JIETKO MOYKET OBITH yuTero [1].

Ilpy u3MepeHnH cedeHHH B JTaOOPATOPHBIX YCIOBUSIX COYIAPEHHSI IPOUCXOMAT C
ATOMHBIMH, MOJICKYJIIPHBIMU HIJIM TBEPAOTEIIBHBIMHI MHILEHSMH, U IIPUCYTCTBHE SJICKTPOHOB
CEpbE3HO BIMACT HAa BEJIMYUHY OJy4aeMbIX ceueHuil. IMeeTcss MHOXKECTBO paboT, Irle 3T0
SIBIICHAE W3y4aeTcs WM OIMCBHIBACTCS, HO CHX IOp SKCIICPUMEHTAIBHO OIpelensieMble
BEJIMYMHBI SKpaHUpPoBaHus B 1.5-2 pa3a mpeBOCXOIAT TCOPCTUUECCKUE OXKHUAAHHS.

B03MOXHOCTH HPSIMOTO ONpEEICHHs TOTCHIMAIA U3 SKCIEPUMEHTOB 110 PACCESHHUIO
[03BOJISIET YTOYHHUTH HAINM IIPEJCTABICHMS O [OBEJCHHH MOTEHIMaTa B obmactu cnabo
9KPaHUPOBAHHOTO KYJIOHOBCKOTO B3aUMOJAEHCTBHUS M 00ECIICUNTh SKCIIEPHUMEHTHI IO SICPHON
¢u3uke Oosee HaNEKHBIMH JAHHBIME UL OLCHKH 3((eKTa 3IeKTPOHHONW IKPAHUPOBKH IIPU
M3MEPEHHUHU CEUCHHH AEPHOrO CHHTE3a.

2. OnpejeJieHne NMOTEHNNAIA U3 IAHHBIX 10 00paTHOMY pe3epOpAOBCKOMY PACCESTHUIO.

B wHammx mpemgmectByommx paborax [2,3] MbI ommpannch Ha H3MEpEHHUs

3aBHCHMOCTH CEYEHHUS PacCesHUSA OT yTIJIa PacCessHHS U UCIONb30BaHue mpouenypsl Pupcosa.
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CymiecTByeT emie OJHa BO3MOXHOCTb. IIpHM MalbIX MEXbBS/CPHBIX PACCTOSHHAX
9KPaHUPOBAHHBII KyJIOHOBCKHII [TOTEHIIMAI, YaCTO Ha3blBaeMblii roTeHuranoM bopa, MoXHO
pasnoxutk B pag no R, T.e. UR)= a/R exp(-BR) = /R - off (a=21Z; B ar.en., ZyuZp -
3apsibl SEp MApTHEPOB coyxapenns). Ilpu paccesmun nox yriuamu 6, Gnmskumu kx 180°
(1060BBIC CTONKHOBEHMS), 3HAYCHNE MOTCHIIMANA B TOYKE OBOPOTA TpaekTopuu Ro cBs3aHO
C BHeprueil coyJapeHus B CUCTEME LeHTpa Macc Ecm cooTHOmIEHMEM:

U(Ro)=E cm 2sin(0/2)/(1+sin(6/2))+2 off (sin(6/2)-1) /(1+sin(6/2)) = Ecm  (1).

D70 MO3BOJISIET OLEHUTH 3HaYeHHe Ro 1o dopmyne: Ro= o/(Ecm + of). [lpn omimunn yria
Habmonenns 0 or 180 ° cooTBercTByIONIHE MOTPaBKH A R MOTYT GEITH J1€TKO BHIYHCICHBL:
Ro= a/(Eecm + of) {¥5+1/[2sin(0/2)]} )
INonpaskwu, npu yriax HaOIOJEHUs, OIU3KUX K 180°, maubl. Hanpumep, s uHTEpECyronero
Hac yria 0= 165° onn menee 0.4%. OTHOLIEHME CeueHHs paccesiHus Ha moTeHnuane bopa k

CEUCHHIO PACCESHHS Ha KyJIOHOBCKOM MOTEHIIMANIE MOXKET OBITh 3amucaHo B Buze [4]:
f = do/dQ/ (do/dQcoutomb ) = 1/(1+ af/ Ecm) 3)
B paccmarpuBaemom cirysae f He 3aBucut ot yruia paccesiust u f—1 npu Ecn —oo . Ot0
no3Bossiet onpenenuts (yHkumio f(Ecm) Becbma Touno. [Tockonbky 3HaueHue Eqn M3BecTHO
¢ ToyHOCTBIO, syumueri 0.5 %, ¢ Toii e Tou HocThio MOXHO onpexneants U(Rg). Mcnonssys
U3MEPEHHOE OTHOILICHHUE CEYCHMH, MBI MOXKEM MOIY4YNTh 3HaUCHHE Ro U3 BRIPAXKCHHUS:
Ro= fa/Eem Q)

Ommbka B onpeneneHnn Ry onpenensiercs omunOkoi n3mepennst Benuaunssl T u cocrasiser
00b19HO 3-5 %. I1py 3HAYNTENEHOM OTKIIOHEHMH MOTEHIMAIa OT KyJOHOBCKOTO 3HaueHHe Ro
MOJKET OBITh IIOJTy4EHO TOCTPOCHUEM HTEPALOHHOM IIPOLIELYPBI.

B pabore [5] ObuIH M3MepeHBI 3aBUCHMOCTH BEIUUYMHBI T JUIs CTONKHOBEHHI MOHOB
He® ¢ WO3; wu Ta,Os ot sHeprum coymapeHus B jauarnaszoHe sHepruii 73-4000 xoB. C
UCIIOJIb30BAHMEM B bIIIC MPUBEJCHHBIX (OPMyJ HaMH ObUIM MOTYy4YEHbl MOTCHIIHAIBI
B3aUMOJEHCTBHS Ui dTUX cucreM (cm. puc. 1). IIpu HCIONB30BAHMH YHHBEPCAJIBHBIX
koopmuHat U(X)/(Z1Z2) . X=R/ay, ar = 0.8853(Z; '/’+Zzl/2)"% 9TH JTaHHBIE XOPOIIO COTIIACYIOTCS
KaK MexIy cooif, TAK M ¢ TIONydeHHBIMH HAMH paHee JAHHBIMHU s cucTemsl He'- Au[3].
Hcnonp30BaHNE MPEIOKCHHOIO METOZA IIONYYCHHs MOTCHIMANA ITO3BOJIMIO PACIIMPUTH
obnacTs Maiblx paccrosHuit 10 0.005 at.en., rae M3BecTEH IOTEHIHMAN, ONpPENCICHHBIH M3
9KCIIepUMeHTa.  YJ00Hell  cpaBHMBaTh HE  CaMH  [OTCHUHMANbl, a  (yHKIHIO

B (x) = - In{U(X)x ar}/X, koTopasi nMeeT CMBICI [IapaMeTpa SIKPaHUPOBaHus (CM. puc. 2).
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[otenunansl B3auMoneiictsust (puc. 1) U 3HaYeHHs MapaMeTpa 9KpaHHPOBaHHS (PHC. 2) UL Pa3HBIX
cucreM. Ha puc. 2 mpuBesensl Takxke 3nayenus B (X) mis notenimanos Mombsepa [6], ZBL [7] u
NpeUIOKEHHOTO HaMu B pabore [8].
Kak BHIHO U3 PUC.2, HOBBIE JAHHBIE TIOATBEPYK/IAIOT HAIIM Pe3y IbTaThl s cucTemsl He'-Au,
HO XapakTepu3yrorcs 60npmumu omrbokamMu. OHM TaKKe OTAAIOT HPEAIOYTCHHE TOTSHIHALY
Monbepa U HalleMy NOTEHLHUAly IO CPAaBHEHMIO C HMIMPOKO HCIIONB3YEMBIM IOTEHIMAIOM
ZBL. Dro HeyIMBHTENBHO, TaK KaK IIpH OINpEACNICHWH IapaMeTpoB B Moxenn ZBL
UCIONIB30BAIUCH JaHHBIE MPH MEHBUIMX OJHEPrHAX COYAApEHHS U , COOTBETCTBEHHO,
OTBEYAIONIMX OOJBLIMM PACCTOSHHUAM HaWOOJNBIIETO COMMKEHHS 1O CPABHEHHUIO C HaIei
paboroii [8].
3. Baunsinue 3JIeKTPOHHOI YKPAHUPOBKH HA CeYeHMs PeaKIMii si/IepHOro CHHTe3a

Iomy4enHsle TaHHBIE MO3BOJIIOT TAKOKE OLCHUTH POCT CEUCHUS SACPHOTO CHHTE3a,
CBSI3aHHBIM C HAJIMYMEM ODKPAaHMPOBKM B MHOTeHIHane. Kak H3BECTHO, cedyeHHe sIepHOM

PEaKLUK ONpeIeNeTCsl BEPOSATHOCTHIO TYHHEIMPOBAHUS CKBO3b OTEHIMANIBHBIN Oapbep:
2"
7 =exp -Ef{zm[U(R)- EJM2dR |. (5)
Ry

Accenbaym u zap.[9] mokasanm, 4To I 3KPAHMPOBAHHOTO KYJIOHOBCKOTO NOTEHIHATA MBI
MOJKEM Pa3iIokuTh noteHuuan B psix npu Manbix R 1 U(R )= o/R exp(-pR) = a/R — af . Tem
CaMbIM, JUIsl BBIYHCIICHHS BEPOSTHOCTH IIPOXOXKICHHS YaCTULBI CKBO3b Gapbep MBI MOXEM
HCIOJIB30BaTh (hOPMyYJIBI ISl KYJIOHOBCKOTO NMOTEHIHANa, 3aMCHHB HAYallbHYI0 SHEPIHI0 Ha
E'= E+Ug (3mecs Ug = af). Kak o6cyskaanocs B mpepiayiueM pasjese, Beanunna 0=217,, a

3Ha4yeHue B= 1.45+0.13 Hamu ompeaesneHo U3 JaHHBIX 110 PACCESHHUIO.
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Ha puc. 3 NpuBeNeHB cedyeHHs SNEPHOTO CHHTe3a JUTA ciydas coymapenmii d'-d
peakuuii. B 1aHHOM cilyyae y4uTBIBaTh CYLIECTBOBAHHE JBYX KaHaioB paccesHust (1So u 2po
- MOJICKYJIAPHBIX OpOHTANeil), pealn3yeMbIX C PABHOW BEPOSATHOCTBIO M MMEIOIIKME Pa3HbIe
napamMeTphl SKpaHUPOBKH. [ToBe/IeHHe SIEKTPOHHBIX TEPMOB A MojeKysibl D;" u3BecTHO.
Ipumep Hamero pacuera acTpopusmueckoro ¢axropa S=c(E)EM mna peaxmum d*-d c
Y4YETOM O3JICKTPOHHON JKPaHMPOBKM MpuBEAcH Ha puc. 3. Mmeercst xopomree coriacue c

skcrepumertom [10].

—— our calculation
e I T bare nuclei

o experiment
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Puc. 3 3aBucnmocts actpodusnueckoro pakropa ot sueprun st d -d peaxuuii. LlITpuxoBoii TuHMIEH
II0Ka3aHO ToBeJieHHe S haKTopa I ciTydasi TOIbIX sIep.
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PACCESAHMUE 3APAKEHHBIX YACTHUI HA HEITOYKE ATOMOB YIJIEPOJA
SCATTERING OF CHARGED PARTICLES ON THE CHAIN OF CARBON ATOMS

A.B. llBanoB
A.V. lvanov

kageopa Obweii u Teopemuueckou Quzuxu, PI'BOY BIIO «YI'TTY um. U.A. Hxosnesa», yi.
K. Mapxca 0. 38, 2. Yebokcapul, Poccutickas @edepayus, e-mail: alexputen@mail.ru
In this paper we investigate the process of scattering of beam of charged

particles on a chain of carbon atoms in the quasi-classical approximation.

IIpoGnema B3auMMOJEHCTBHS OBICTPBIX 3apsDKEHHBIX YAaCTUIl C  KPHUCTaJUIAMH
NPEeCTaBIsIeT 3HAYMTENBHBIH HHTEpPeC ¢ Pa3NuyHBIX Todek 3penus. [Ipexae Bcero, mpu
HPOXOXKJICHUM YaCTHI] BBICOKHX BHEPrHH 4epe3 KPHUCTal IPOSBIAIOTCS KOTGPCHTHBIC U
uHTepdepeHonnbie 3G dexThl. B naHHO paboTe UCCIeayOTCS aHAIOTUYHBIC SBICHUS IPH
paccessHUM 3apsDKCHHBIX YacCTHI[ Ha aTOMaX, 00pasyloNMX OT/ACIbHYIO LEMOYKY aTOMOB,

PAaCIIOIOKEHHBIX BIOJIb OCH.

B paccmarpuBaemolf 3ajade IIpM  pacCessHUM Ha LEMOYKE aTOMOB JHEPrus
B3anMozencTBust dacTuusl ¢ uernoukoir U(r) mpexcraeiser coboif  cymmy  SHepruit

B3aMMOJICHCTBHS C ee OTIEIBHBIMI aToMaMK U(F —T,):

N
U(r) = Y u(r-r,) )
n=.
rage I, — KOOpAMHATa IONOXEHMS aToMa B Iemouke. B manHol paboTe B KadecTBe

IOoTCHIIMAaIa BSHHMOHeﬁCTBMH YHaCTHUIBI C aTOMOM LECITOYKH HUCIIOJIB30BAJICA 3KpaHPIpOBaHHI;II>’I

N 2,2, (r r
KYJIOHOBCKUH TOTCHIHA U(r)=#®(f), rae 3a (QyHKUHMIO QJ(*) [PUHEMAIIACh
r a a

annpokcuMarus Monbepa:
@,,(x)=0.35e% +0.55e 1% + 0.1,
rae x=r/a.

B kauecTBe moTeHIMaNa B3aUMOJCHCTBUS MEXAY aTOMaMH LEIOYKHA HCIIOJIb30BAJICSA

norexuan Mopse:
U(r)=D,(1-e?™)?_D,,

rae ro — PaBHOBECHOC COCTOSIHUE, De - F.TIy6PIHa TMOTCHINAILHOM SIMBI.
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Jlns MOIenMpoBaHMs JAHHOTO MPOLECCAa MCIONb30Bagach lernodyka u3 10 aTomos
yriepona. Tak Kak LENoyYKa JIEKHT BIOJNb OMHOM OCH, TO Ppacyer MPOM3BOAWICS ISt
JIBYMEPHOTO cilydas. MOIeIupyioTcsi Ba MydKa NPOTOHOB € OJMHAKOBBIM KOJHYECTBOM
4acTULl B KaxaoM (puc. 1).

—

.

LN N N NG N N N TN N N
YWt N B N N N N NS N WS

Puc. 1. Ilenouka u3 10 aToMOB yriepo/a u J{Ba HaJECTAIONIMX ITy4Ka IPOTOHOB.

Pacuer paccestHus gacTHL MpOBOJWIICS Kak B Kiaccuueckoi Mexanuke. IIpu momormu
KBa3HK/IACCHYECKOTO HPHOMIKEHUs] PACCUMTHIBAIOTCA aMIUIUTyAa H (asa Uil KaxgoH
YaCTULBI B ONPEENCHHBI MOMEHT BPeMEHH. AMIUIMTYJa B HEKOTOPBHII MOMEHT BPEMEHHU

PACCUUTHIBACTCS CIISIYIOIIM 00pa3oM:

A| - Vlll

il
V2|2

rue Vi, V, — CKOpOCTH 1 1 2 moTOKOB COOTBETCTBCHHO,
l;, |, —mupuna 1 1 2 NOTOKOB COOTBETCTBEHHO;

A, — aMIUTHTyZa B HAYaJIbHBIH MOMEHT BPEMEHH, JJIsI IPOCTOTHI IPUHUMAETCS paBHOH 1.

®daza JUTst Ka)l(}:[oﬁ JacCTHUIbl B Ol'[peI[eJ'IeHHLIﬁ MOMEHT BPEMEHHU PACCUHUTBHIBACTCA KaK

JIENCTBUE B KIIACCHYECKOH MEXaHHUKE:!
mv?
=[|—-=U(r,t) dt.
¢=l , Uy

BCHeI[CTBI/Ie paccesaHus IMyYKHU NEPECEKAIOTCA B HEKOTOPBIX TOYKAX IIPOCTPAHCTBA (pI/IC
2).
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Puc. 2. [lepeceueHne ABYX IIyYKOB IIPOTOHOB BCIICICTBHE PACCESHHUS.

B a1Hx Toukax IIPOUCXOOUT CJIIOKEHUE NBYX BOJTHOBBIX q)yHKLIPIP’I

U nporcxomut 160 ycuieHue, oo ymeHblieHue aMiuuty st (puc. 3) u ¢assr (puc. 4).

1.12

1.10 4

1.06

P =Ae" + Ae" = Ae¥.

0.035

Puc. 3. AMmuurTyna kpaiiseii Tpaekropuu 2 my4ka (CIUIONIHBIM IIOCIIE CIOKEHHUS ¢ 1 ImydKoM;

I
0.040

I
0.045

X, HM

ITYHKTHPHBIM JI0 CJIOJKEHHS).
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Puc. 4. ®a3a kpaiiHeit TpaekTOpUH 2 mMydKa (CIUIOLIHBIM ITOCIIE CIOKEHHS ¢ 1 MydKOM; MyHKTHPHBIM
10 CIIOKCHHUS).

PaccMoTpeHB! 1 1OTy4YeHb! JaHHBIE 11 ITy4YKOB C Pa3IMYHBIM Ha4aJIbHBIM SHEPTHAMU U
IpHLETbHBIMHE NTapaMeTpaMu. PaccunTansl aMmuTy sl U ¢assl 111 GPOHTOB MyYKOB B ONUH

TOT K€ MOMCHT BPEMECHU.
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ATOMHBIU, SJIEKTPOHHBIN U AJEPHBIN KOO®®UITUEHTHI
JUDDPY3UU KAHAJIMPOBAHHBIX YACTHI]
ATOMIC, ELECTRONIC AND NUCLEAR DIFFUSION COEFFICIENT OF
CHANNELED PARTICLES
B.I1. Komees!, 10.H. lItanos?, I.A. Moprys®, T.A. [lanuna®
V. P. Koshcheev!, Yu. N. Shtanov?, D. A. Morgun®, T.A. Panina’

"HUY MAMU, ¢unman «Crpenay, r. XKykosckuii, MockoBckoii 0611., Poccus
2dI'BOY BIIO «TiomeHckuii rocy1apcTBeHH bl HeTera3oBblil yHHBEPCUTETY,
¢unman Trom[HI'Y B r.Cypryre, 1. Cypryt, Poccus
*BY BO «CypryTtckuii rocyiapcTBeHHbIH yHUBEPCUTETY, T. CypryT, Poccus

E-mail: koshcheevl @yandex.ru

Simulation of deflection of electrons with energy of 855 MeV in the plane (111) chan-
nels bent crystal silicon is performed using a computer program TROPICS with the atomic

diffusion coefficient.

B [1,2] HaOmtonaiy OTKJIOHEHUE PENISITUBMCTCKUX 3JIEKTPOHOB M30THYTHIM KpHCTal-
nom kpeMHuus. KommbiotepHoe moaenupoBanue [3] ¢ saepusiM kodddunuentom auddy3un
[4] n snexTpoHHBIM [5] He onmchiBaeT skcrnepuMeHT [1]. B Hacrosueit pabote mocTpoeH
aTOMHBIN K02 dunuenT qupQy3un, ¢ IOMONIBI0 KOTOPOTO OMHCHIBAIOTCS Pe3yabTathl [ 1-2].

IToTeHuuanbHast SHEPrust B3aUMOICHCTBUS U(r) OBICTPOI YaCTHIBI C aTOMaMH KpH-
cTajuta MPeACTaBIsieT co00il CyMMy MOTEHINAIBHOM SHEPIUH B3aHMOACHCTBUSI OBICTPOil ya-

CTHLBI C sApaMU aTOMOB KpHCTaJlla Unucl(r) W TOTCHIMATHHOU OHEPrun B38.PIMOI[€I>’ICTBI/[H
OBICTPO#i YACTUIIBI C ATOMHBIMH JJIEKTPOHaMHu Kpuctamia U, (r):
=Y el .
U(r)=U,q(r)+U,(r) (1)
HOTCHLH/IaJ'[LHaﬂ OHEpPrus BSaHMO]IeﬁCTBHS{ GBICTpOﬁ YacTUlbl € siApaMU aTOMOB Kpu-

cTajuia UMECT BUI:

Z,Z,¢
Unucl(r)zz l Ze > (2)

rae Z,e, Z,e — 3apsiabl ObICTPOIl YaCTHIBI i aTOMOB KPUCTaJlIa COOTBETCTBEHHO; I
— BEKTOP, OMPEACISIOIINI ITOJ0XCHHE SIpa HAETAIOIIeH YacTUIBI, [, — BEKTOp, Ompe/e-

J'[SHOILH/Iﬁ TIOJIOKEHHUE N-TO Aapa Kpucrajuia. BeKTOp fﬂ MOXET OBITh TIPEACTABJICH KakK
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f,=r +d,, e =( Xnx,ayny,aznz) — BEKTOD, ONpPEAENAIONUNA MON0KEHUE N-TO y3i1a

KPUCTaJTMYECKO# pemerky; @, , a,, &, — MEPHOJIbl KPUCTAITHUECKOT PENIETKH B HANpaB-
aernn oceit OX, OY, OZ cooTBETCTBEHHO; Ny, Ny, N; — Lenble yncna; of, — BEKTOp CMellle-

HHUS N-TO aTOMa U3 y371a KPUCTAJUIMYECKOH PCIICTKH.
[MoTeHuMallbHAs SHEPIUs B3aUMO/ICHCTBHSI OBICTPON YaCTHUIIBI C ATOMHBIMH 3JICKTPO-

HaMu KpuUcTajuia UMECT BU:

— 3)

rae f, — BEKTOp, ONPE/ICIIIONINIT ITIOI0XKEHHE -0 IEKTPOHA N-r0 aToMa KPUCTAILIA,
)

pUYeM fnl =T + &ﬁ” s 5fnl — BEKTOP, ONPEEISIONINN CMEIeHHE j-I'0 JIEKTPOHA N-ro atoma

KpHUCTaJIIa.
MHOTroKpaTHOE paccessHue KaHaJIMPOBAHHBIX YACTHI[ Ha 3JIEKTPOHAX M S/Ipax aTOMOB
KPHCTaJIa OMUCBIBAOTCS C MOMOIIBIO KOMIOHEHT IN((DY3HOHHON MaTPUIIBI

Dy (xy) Dy (xy)
PY=| 5 (ey) b, (xy)

Tak kak [6-7] KoppemsuuoHHas (GyHKIHS (GIYKTYyaluil ClydailHON CHIIBI SBISICTCS

@

HeﬂbTa—KOppeﬂHpOBaHHOﬁ, TO 5TH KOMIIOHCHTBI UMCIOT BHU/I:

Dij(x’y)zjdtzai(ﬁ)zj(rz)v )
ooU(r)

rae éfi(F)=—T,i= i=(xy).

UYepra () osnauaer YCpeHEeHUE KakK Mo KBaJpaTy MOJYJISl BOJHOBOW (DYHKLHMIT aTo-

MOB KpHUCTa/Ula, TaK U 10 HE3aBUCUMbIM TEIUIOBBIM KOJICOAHUSIM aTOMOB KpucTawia [6-7].

Tlepenumem (5) ¢ nomomsto (1-3) B BUaE:
D; (X’ Y) = _[ dt, |_5Tinuu (Fl )51%' (Fz ) + ot (Fl )éT jEI (Fz ) +268™ (F] )Sfjel (Fz )] (6)

ITepBble nBa claraeMbIX OMUCHIBAIOT SIICPHBI H ANEKTPOHHBIN KOdQGUIHeHTH aud-

(y3un, a TpeThbe cllaraeMoe YUHTHIBACT BKJIAJ OT SKPAaHUPOBAHMUS SPa aTOMHBIMH DJIEKTPO-
Hamu. JIerko BHJETh, YTO TPEThE ClIAraeMOE MOXKET OBITh OTPHLATEIBHO, TaK Kak 3apsibl
3JIEKTPOHOB U sJjpa aTOMa MPOTHBOIOJIOKEHbI. B [7-8] nmoka3aHo, 4TO B HEMPEPHIBHOM IPHU-
OIIKCHUH SIICPHBII U DIEKTPOHHBIH K03 duiments auddysun B (6) COBIAIAIOT C SACPHBIM
ko3 dunenTom updysun [4] u snexrponssiM [5]. anee Oyaer mokasaHo, 4TO aTOMHbII

koddpduent mupdysuu (6) Oyzer mensie koddoummenrta nudoysuu [4] B odmactu Max-
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CHMAIIBHOM SIIGPHOM TUIOTHOCTH aTOMHOM nenouku. O/jHa U3 KOMIIOHEHT aTOMHOTO K03(hu-
muenTa 1u(@y3ud KaHaTHPOBAHHBIX YACTHI[ B OKPECTHOCTH H30JHMPOBAHHOII aTOMHOII Iie-
nouku umeer Buj ([6], cm., Takxe, [9-10]):

e r, =Jyx>+y%; <>T— YCPEIHEHHE 10 HE3aBHCHMBIM TEIUIOBBIM KOJICOAHUSIM

aTOMOB KpHCTAJLIa; V(rL) — HOTEHLHAJIbHAs] YHEPrHsl B3aWMOJCHCTBHS KaHAJIUPOBAHHOU
YaCTHIIBI C H30JIMPOBAHHON aTOMHOM LIENOYKH.

JIns moTeHIMana M30JMPOBAHHOTO ATOMa HCIOJNB30BATOCH NpubmmxeHue Jlowms-
Tepuepa [11]. [lns noctpoenus atomuoro kodddurmenta auddy3un HCIONb30BaINCh BbI-
YHCIIUTEIbHBIC MOIHOCTH BUACOKAPTHI ¢ moyiepkkoii Texuonorun CUDA [12]. Koaddurm-
ent nuddysun [4,5] u aromusli kodpdunuent nuddysun npencrasieHs! Ha puc. 1. Ha puc.
2 mpeacTaBIeHBl SKCIICPUMEHTANBHBIE [ 1] M pacyeTHBIC YIIIOBBIE PacHpEIeNICHHS MICKTPOHOB
¢ sHepruel 855 MoB, koTopsle OTKIOHSIHCE (111) MIOCKOCTHEIM KaHAIOM H30THYTOTO KpHU-
cTajula KpeMHHUs. BHHO, 4TO Xopollee coriacue Mex/1y pe3yabTaTaMH SKCIEPUMEHTa U MO-

JIeTMPOBAHUEM HAOJIOJaeTCs TIPH UCTIOIBb30BAHUN aTOMHOTO Koddduumenta quddysum.

6

10

10°

Coefficient diffusion, prad?/um
SH

10°

10"

102 I I I I I I I I I
0 0.1 02 03 04 0.5 0.6 0.7 0.8 0.9 1

x/d

Puc.1. Aromusiit kodbduiment quddysuu [6] (cruorHas THHUSA) 1 CyMMapHBIi KO3 HIH-
enT quddysun [4,5] (IlyHKTHUPHAS TUHUS) B OKPECTHOCTU aTOMHBIX <110> menodyex KpHcTaia Kpem-
HHs JUIS DJIEKTPOHOB C dHeprueit 855 MoB.
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Puc.2. YrioBoe pacnpeneneHie nydka OTPUIATENBHO 3apSHKEHHBIX YacTHUIl ¢ dHeprueit 855

M»B B (111) nockoctHoM KaHaste kpemuus. Ha pucynke skcrepumMent [1] obo3HaueH KpyKKaMH,
PE3yJIbTaThl KOMIIBIOTEPHOTO MOJIEIMPOBAHMS: CILIONIHAS JIMHUS C MCIOJIb30BAHHEM ATOMHOIO K03 (-
¢dumenTa auddysun [6] ¥ KPECTHKU — pacder ¢ MCMOIb30BAHHEM CyMMapHOro Ko duimenrta aud-
¢by3uu B npubmnkenun [4,5]. Paguyc m3rnba kpucramia 33.5 mm. Paspemienue aerekrupyromeii cu-
CTeMbI paBHsUIIOCH 30 MKpajI.

W =

S EZE =

=)

(8]
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SHEPTETUYECKHUE XAPAKTEPUCTUKH KAHAJIMPOBAHUSA ATOMAPHOI'O
ITYYKA B HAHOTPYBKAX
ENERGY CHARACTERISTICS OF THE ATOMIC BEAM CHANNELING IN
NANOTUBES
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In our work, we have attempted to examine the process of channeling atomic flux
consisting of 100 particles. Basic atoms that were considered is O, H with initial energy is
equal 5 eV. In the simulation, we used LAMMPS with developing interatomic potentials
ReaxFF. Currently, we investigated the losses of atomic flux energy in the CNT with different
geometry. We have found effects leading to deformation of the tube after a long channeling

(3-5 picoseconds).

BBenenmne.

Pa3nuuHble TUIBI HAaHOTPYOOK SIBISIIOTCS OOBEKTOM OyAymux TexHoiormil. Ilpempexaror
HCIIOJIL30BaHHE HAHOTPYOOK B KadeCTBE CBEPXUYyBCTBUTENBHBIX Ta30BBIX JaTYUKOB,
HCIIOJIB30BAHME HMX B CO3JAaHUM OyOyI[MX TOIUIMBHBIX JJIEMEHTOB U IIPUMEHEHHE B
(UIBTPYIONIMX YCTAHOBKax. B cOBpeMeHHBIX paboTax MO B3aMMOJCHCTBHIO YaCTHI] C
yriepoaabiMi HaHOTpyOKamu (OYHT) B OCHOBHOM paccMAaTpUBAETCsI KaHATHPOBAHUE HOHOB
U IPOTOHOB, a TAKOKe 3allONHEHHE METaHOM M BOJOpOAOM. B Hamiell paGoTe MBI mpoBemH
pacuéThl IO KaHATHPOBAHUIO ATOMApHOTO IIOTOKA YaCTHI] M3 aTOMOB BOZOPOJa H KUCIOpPOAa
B OYHT c xumpansHocteio (10,0) u (11,9). B paGore chemaH ykiIOH Ha HCCIICIOBaHHE
TpancnoptHeIXx cBoiictB OVHT u npoBeneHbl pacyérhl IO MCCIEAOBAHUIO SHEPIeTUUECKUX
XapaKTEepHCTUK NPH KaHAIUPOBAaHMH aTOMOB. Takke B Xole OJKCIEPUMEHTa HaMu O bl

oOHapysxeH 3P (EeKT 3aKyNOpKU KaHalla n3-3a B3aUMOJICHCTBHUS aTOMOB C aTOMaMH TPYOKH.
Moaeib.

Hcnonp3yemast MoJenb MOCTpoeHa Tak, 4yTo 100 aTOMOB paBHOMEPHO paclpeeicHb
BHyTpu OVHT nnuuoro oxomo 60 HM. B HavambHBII MOMEHT BpeMEHH KaXIOMy aTOMY
IPHCBAUBACTCS OJIHA U Ta XKe dHEPrus 5 oB ¢ 0ANHAKOBBIM I BCEX aTOMOB HallpaBJICHHEM

CKOPOCTH BIIOJIb OCHU pr6KH. B TeueHne HauaIbHOIO MOMEHTA BpEMCHH y HeKOTOpOﬁ qacTu
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ATOMOB MOSABJIAETCA MOMNOJIHUTEIbHASA JSHEPTUs, CBA3aHHaAsA C KOHCI)PITypaHHeﬁ Ha4aJIbHOTO

PACIIONIOKEHHsI aTOMOB XapaKTepH3yIoIIascsi OBICTPHIM OTTAJIKMBaHUEM OoT creHok OYHT

(puc. 1).

Puc. 1. Busyanusauus nonoxenus aromos BHyTpu YHT (10,0) B pasinuunbie MOMEHTBI BDEMEHH.
a) IlepBoHauanpHOE IMOJOXKEHHE aToMOB. 6) Pacmonoxenue aromoB nocie 2 ¢c. ATombl
COCPENOTOUMINCE Y OCH HAHOTPYOKH II0CIIe OTTaIKUBaHUs OT cTeHOK YHT.

PaccmarpuBaemoe Bpems KaHanupoBanus 6 mc. Illar npu MonenupoBaHUM st
Kaxa0ii urepaumu Obul B3aT paBHbIM 0.1 ¢c. Brnarogapsi MCHONB30BaHHIO ITOTEHIUATA

ReaxFF B yuet MexaTOMHOr0 B3auMOACHCTBH OblIa IPUHATA U TTOJISPU3ALIUSL ATOMOB.

Jlns MonenupoBanus npolecca KaHanupoaHus aroMoB BHyTpu OYHT ucnons3yercs
METOJl MOJISKYJISIPHOIM [IMHAMUKH peanu3oBaHHbli B mporpamme LAMMPS[1]. B kadectse
MOTEHIMAJa OIMCHIBAIOIIETO B3aUMOJICHCTBUS BCEX THUIIOB aTOMOB Hcnosb3yercs ReaxFF
[2,3], xoTopsiit 0GecieunBacT TOYHBIH CUET PUIMIECKOTO M XUMHIECKOTO TIOBEICHHUSI ATOMOB
¢ OYHT. B Teuenue Bcero nporecca kananuposanus tremneparypa OYHT mongnepxuBanacs
paBaoii 300 K. CyTh KOMIBIOTEPHOTO I3KCIEPUMEHTa 3akirouyaercs B ToM, uro OVHT
HAXOJUTCS B IEPHOJUIECKUX YCJIOBHUAX. TakuM oOpa3oM, 4TO aTOMBI IPOKAHAIHPOBAaB JO
KOHI[a TPyOKH, OKa3bIBarOTCSA y €€ Hayajla M caM IpOIlecC MOBTOPsETCs, MOKa TpyOka He
HauHeT aedopmupoBaTses. OOlee BpeMsi KaHAJIMPOBAHUS B TAKOM CIIy4ae COCTABIISICT OKOJIO

5-6 mc.

I[J'If[ OIMUCaHuA MOTCHIIHAJIBHOT'O B3aHMOHefICTBH}I aTOMOB HCIIOJIB30BaJICA IMOTCHIIAAIT

ReaxFF, cnocoOHblii 00pabaTeiBaTh THICSYM aTOMOB C KBAHTOBO-XHMHUYECKOH TOYHOCTHIO Ha
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JJUTEJIBHOM BPEMEHHOM maciirabe J10  HECKOJIBKUX HAHOCCEKYHI. Tlonnast OHEPrusa

B3aUMOJICHCTBUS MEXY aTOMAMH B TAKOM CJIy4dac OIMHMCBHIBACTCS CJICIYIOIUM 00pa3oM:

Em:.-maa = 5"mrr cERIM + Epcpa'rﬂcra ceAzH + Eyr.-msaa + E’r + EBE.H,_, p + EEC}'.-ranscxaa

TN€ E ypcense - OHEPIUs, 3aBUCAINAS OT THUIA CBA3M MEXIY aToMaMi, E.piocre comsen

SHEPIrys, 3aBHCSMIAsi OT KPAaTHOCTH CBA3M aToMa, OOBIYHO CaMO€ MaKCHMajbHOE 3HAaueHHUE
KpaTHOCTH paccMaTpuBaioT He 6obiue 4. [Ipu noacuere sueprunt Eypq,z., BEIOUpaETCs Takoe
e 3HadyeHHe, YTOOBI ObLI MONy4eH DPaBHOBECHBIH Yron Mexmy cBsazsMmu. [ ydera He
CBA3HBIX aTOMOB B morteHiuane ReaxFF yunTeiBaetcs m3BectHsle Ban-nep-BanbcoBckoe n

KynoHoOBCcKOe B3aUMOJICHUCTBUSI.
Pe3yabTaThl 1 MX 00CYKAEHHE

Cam mporecc MOJCIUPOBAHUS 3aBEepIIAJICs MOcie 3HauuTeNnbHoi nedopmanuu OYHT, yro
COOTBETCTBOBAJIO BPEMEHH KaHAJIMPOBaHWs paBHoro 6 mc. HawampHast sHeprust mms Bcex
THUIIOB aTOMOB 33/1aHa OJMHAKOBOW U paBHOM 5 3B. CoOTBETCTBYOMIAs CKOPOCTH JUIsl AaTOMOB

Bozopoxa paHa 0,309 A/dc, s atoMOB KHCIOpOAA COOTBETCTBYIOWIAs 3TOW JHEPTHU

ckopocts pasna 0,077 Aldc.
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Puc. 2. TucrorpaMmma pacrpejielieHust 0 CKOPOCTAM JUIs aTOMOB BOZOPOJA MPU KAHATMPOBAHUH B
VHT c¢ xupansHocthio (10,0). Ha rucrorpamMme mNpejCTaBICHBI PACIpPEACICHHE B paslIMYHbIC
momenTbl Bpemenu: uist 30 e (kpyxku), 1500 ¢e (crurommoi npet) u 6000 de (TpeyronbHUKH).
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Puc. 3. Fucrorpamma pacnpejelieHus 110 CKOPOCTSIM JUIsl ATOMOB KHCJI0POJa npy KaHaauposanuu 8 YHT
¢ xupaabHocrsio (10,0). Ha rucrorpaMme npeicraBieHbl pacnpejeiieHHe B pasidM4Hble MOMEHTbI
Bpemenn: 1us 30 e (kpy:xku), 1500 ¢e (cutounoii user) u 6000 e (TpeyrobHUKH).

PaccmaTprBaemble THIIBI TPYOOK OBUIM ITIOJOOPAHBI TaK YTOOBI CPABHUTH pacIpeielIeHHe 10
CKOpOCTSIM [l aTOMOB B TPyOKax C pas3iM4HbIM IO Juamerpy kanamy. Ha puc. 2 u 3
IpEJCTaBIeHbl TUCTOrPaMMBI pACIHpeleNeHus IO CKOPOCTSAM [IJIsI aTOMOB BOJOpoja H
KUCIIOpojia Ui pasinyHeix MomeHToB Bpemenn B OVYHT ¢ xupansnoctsio (10,0).
BrrsicHuIOCH, YTO IMpH KaHAIHPOBAHHU B MECTaX 0Opa30BaHUS CBSI3H aTOMOB KHCIOPOIA U
Bogopoza ¢ aromamu OYHT nocrenenso aromel OYHT HaunHAIOT IPUTATHBATECS, U TpyOKa
nedopmupyeres. HarmsaHo nponeMoHcTprpoBaHo noseneHue aromos B OYHT ¢ pasnuyHoit

XHAPAJIbHOCTBIO.
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AHAJIN3 COCTABA OKHCJIEHHBIX 1 BOCCTAHOBJIEHHBIX INIEHOK
OKCHJA I'PA®EHA C IOMOIIBIO OBPATHO PACCESIHHOI'O ITYYKA
HMOHOB
ANALYSIS OF OXIDIC AND REDUCED GRAPHENE FILMS BY USAGE OF
BACKSCATTERED ION BEAM

AL Moxgymm{l, E.B. Eroposl, B.A. CMI/IpHOBz
A.D. Mokrushin, E.V. Egorov?, V.A. Smirmov?

UIITM PAH, 142432, r. Yepuoronoska, PO, E-mail: mad@iptm.ru
2UIIX® PAH, 142432, 1. Yepuoronoska, PO

The change of atomic ratio O/C had been measured in graphene oxide film as a
result of the heat action. It was utilized a Rutherford backscattering method
(RBS) with H* and He" ion beams. The reduction process produces a substantial
decrease of ratio O/C. Additionally we estimated the conductivity of the pristine

and reduced grapheme oxide films.

Okcun rpadena (OI') mosnywanu MoauQpuUIMpOBaHHBIM MeToAOM Xammepca [1-4].
Croit BoaHoit cycrierzun Ol TonmmHo#i 1-2 MM, HAHECEHHBIH Ha IOCKYIO TBEPAOTEILHYIO
[IOBEPXHOCTh M BBICYIICHHBIM HPM KOMHATHOH TeMIepaType, NPUBOJUT K 0Opa30BaHHIO
wiedkn Ol tommuuoir 200-500 HM. OHa X apakTepH3yeTcsi MaKCHMalbHOW CTEIEHbIO
OKHCJICHHS, e¢ ye/IbHas IPOBOIUMOCTb He mpesbimaer Bemuauny 107 S/em [2]. B mpomecce
BoccranoBieHust OI' (3T0 MOXeT GbITh TEIUIOBOM MPOrpeB IPH TEMIEPAType OKOJIO 150°C,
ynbTpadroneToBoe 00IyYeHHE WM JACHCTBHE XMMHYECKHX PEAreHTOB) €ro MPOBOAMMOCTD
yBeIIMYMBAeTCsl U MoXer gocrurate Benmund 1 — 2 S/em [3]. Oxcupn rpadeHa He umeer
HOCTOSIHHOTO ~ COCTaBa; MPEXIE BCErO OH  3aBUCHT OT  CTENEHHM OKucieHus. Ilpu
MaKCHMaJIbHOU CTerneHHu okucieHus Opyrro-popmyna OI' moxer BapsupoBath oT Co0 110
COH, 1.e. Moxer ObITh npencrasiena Gopmynoit (C20)x(COH)y.1, Tae 0<x<1 [3]. Otcroma
clemyer, 4To s MakcuMmansHO okucieHHoro OI' aromHoe orHomrenme O/C mexur B
untepaie ot 0.5 o 1.0. Pesynbrarsl anmeMeHTHOTO aHanu3a mieHkn OI mociie ee mpocymuku
npu Temneparype 60°C maror st Bemuumnbl O/C 3HaucHue 0.64 [4]. TpuencHubIe B 3T0i
ke paboTe JaHHbIe 10 PEHTreHOBCKOM (oTodneKkTpoHHOM crekrpockonuu (POIC) mieHok
okcuia rpad)eHa, BBICAKEHHbBIX HA MOBEPXHOCTH KPUCTAUIMYECKOTO KPEMHHUS, TTOKa3aJlH, YTO

JIOJIS1 He OKUCJICHHBIX aTOMOB YIJIEPOZa COCTABISIET OKOJO 27% oT o0miero ux 4mcia. ITo
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3Haunut, 9ro orHomienne O/C s stux mwrenok OI moxer nocrurate 3HadeHust 0.73.
Pesynbratel pabotsr [5], rae takxe ucrnons3oBaics Meronq POIC, CBHACTEIBCTBYIOT O
pe3koM yMeHblueHun aromHoro otHowenus O/C mnocne nporpesa mmieHok O npu
temmeparype 160-180°C kak B BakyyMe, TaK M IpH HOPMAIbHBIX aTMOC(EPHBIX YCIOBHAX.
Hamu npoBoamnuchk usmepenus Benunuuasl O/C B IICHKaX MaKCHMAalbHO OKHCICHHOTO
(ocamok BogHO# cycnensuu OI mocie IpoCyIIKK MPH KOMHATHON TEMIIEPAType) U YaCTHIHO
BOCCTAQHOBJICHHOTO OKcHaa rpadena (rmocie TepMHYeCKO 0oOpabOTKM HpH TeMmrepaType
160°C B Teuenne Tpex uyacos). JIONONHHTENHHO OBUIM MPOBEICHB W3MEPEHHS YICTLHOMN
9JIEKTPOIPOBOJHOCTH U BOJNBTAMIIEPHBIX XapaKTEePUCTUK YACTHYHO BOCCTAHOBIJICHHBIX
mieHok OI'.

KonuuecTBeHHOE colepiKaHME AaTOMOB KHCIOPOAa M YIrIepoJa B HCCIEHyeMBIX
obpasuax Ompeensuiock METoIoM pesepdopaosckoro 06 pataoro paccesaust (POP) nonos
H+ umu He' ¢ ucxonmoii sneprueit oxono 1.5 MaB. 6epunnus. M3MepeHns sHepreTHIeCKUX
criektpoB  obpatHo paccesHnsx wonoB H * mHe ¥ mposommmucs ¢ mcmonb3oBaHmeM
noHHomyuykoBoro komiuiekca Cokon-3 HWIITM PAH, OCHOBOH KOTOPOrO —SIBJISICTCS
aNIeKTpocTaTHYecKuil yckoputenb ICY-2. Tok aHamuTHYecKoro mydka cocrasisii 10-15 HA
IIPH €ro CTaHAAPTHOM JuaMeTpe okoso 1 M. JIokanbHOE MOBBIIICHHE TEMIICPATYPHI B IISTHE
U3MEPEHUH HE MPEBBIIIAIO0 10°C. Jns YMEHbIICHHS BIUSHUS MOAJI0KKH 00pasiia Ha CHEKTp
00paTHO paccesiHHBIX HOHOB OHA HE JOJDKHA COJEPKAaTh HJIEMEHTHI ¢ OOIBIIUM MOPSIKOBBIM
HOMepoM. B Hamem cimydae 5To ObUIM IOIMPOBaHHBIE IUIACTHHKHA U3 OSpHILIHAL.
HccnenoBanuch qBa THIA IUIEHOK: 0CAI0K BOJHOM cycnien3uu Ol Ha OepHIUTHEBO TTOIOKKE
[OCJIe €CTECTBEHHOIO HCIApEHMsT BOJBI IIPM KOMHATHOM Temrmeparype (MakCHMalIbHO
okucieHHblid Ol) 1 ocTarouHasl IUIGHKA IOCJIE IPOBEACHHS TEPMHYECKOrO OTXKHIa.
OG6paboTKa 3KCrepuMeHTalbHbIX crektpoB POP mno crneuwmanbHoii mporpamme [6] naer
COZIep)KaHHe aTOMOB KHCJIOPOJA M yriiepoJia B UCCIICOBAHHBIX IUICHKaX. Jlanee Jierko Haitu
BenuuuHy otHouieHuss O/C, eciu NpPeAroNoXHTh, YTO B MPOLECCe BOCCTAHOBICHHS U
00JIy4eHUs HOHHBIM IyYKOM O0llee KOIMYEeCTBO aTOMOB YIJIEpOZa B HCCIIELyeMOoM oOpasle
ocraercst Hem3MeHHBIM. Ilomydennsle 3HadeHumst O/C mpuBeneHbl B Tabiuie Hapsgy C
OLICHKAMH yJEeIbHON 3IeKTPONPOBOJHOCTH IS OKUCICHHOTO U YaCTHYHO BOCCTAHOBICHHOTO

okcuja rpadeHa.

Obpasert ol/C 6, S/cm
MaxkcumansHo okucieHHbIH O 0.9 <10(-7)
Yactuuno BoccTaHoBIeHHBIH OI' 0.2 1-2
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BuzHo, uTo B pesyibrare TepMudeckoro Boccranosienus OI' aromuoe orHomerne O/C
CYIIECTBEHHO YMEHBIIACTCS, TOrJa KaKk IIPOBOJUMOCTb BO3PACTAET 110 KpaifHEel Mepe Ha ceMb
MOPSIKOB BEIMYMHBL B nponecce orkura rpadeHOBbIE IIIOCKOCTH, SIBIISIOIIHECS OCHOBHBIMH
CTPYKTYypHBIMH 9sieMeHTaMd OI, O4YHINAIOTCS OT  KHMCIOpoAcOoAepXalmx rpynn [2]  u
00ecreyrBarT XOPOIIYI0 MPOBOAUMOCTh METAJUINUECKOro Tuma. OO 3TOM CBHUAETEIbCTBYIOT
U BOJIBT-aMIICPHBIC XapPAaKTEPUCTUKH (CM. PHCYHOK), MOJYYCHHBIC HAMHU JUISL JBYX ILICHOK
qacTHYHO BoccraHOoBIeHHOro OI'. TONMMHBI INICHOK OTIMYAIOTCS NPUMEPHO B 1Ba pasa.
BunHo, uto 06e 3aBUCHMOCTH COOTBETCTBYIOT 3akOHY OMa ¢ BEIMYMHAMHU CONPOTHBIICHUH B
paiione 4 kxOM un 8 kOm. CrnexyeT OJUEPKHYTH, YTO JIMHEHHBIN XapaKkTep BOJIBT-aMIICPHBIX
XapaKTEpHCTUK COXpaHsETCs JUIMTENbHOE BpeMs IpH KOMHATHOM TeMmIeparype H

HOPMaJIbHBIX aTMOC(HEPHBIX YCIOBUSIX.
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PI/ICyHOK. BOHLT'aMHeprIC XapakTepUCTUKU JBYX INJICHOK YaCTUYHO BOCCTAHOBJIEHHOI'O OKCHIa
rpaduta. ToqmuHa MICHKH 2 IPIMEPHO BIBOE HIPEBOCXOANUT TONIIMHY IUICHKH 1.
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I'’TYBUHA BBIXOJA PACHBUIEHHBIX HACTHII TP HAKJIOHHOM
MMAJEHUU NEPBUYHOI'O ITYYKA
THE DEPTH OF THE OUTPUT FOR THE SPUTTERED PARTICLES AT AN
INCLINED INCIDENCE OF THE PRIMARY BEAM

A.H. IlycroBut
A.N. Pustovit

DenepanbHOe TOCYIapCTBEHHOE OI0KETHOE yUpexaeHne Hayku MHCTHTYT pobiieM
TEXHOJIOTMU MUKPOJIEKTPOHUKU M 0COOOUUCTBIX MaTepuanoB Poccuiickoil AkageMun Hayk
(UIITM PAH), 142432, YepHoronoska, MockoBckas o6nacts, Poccust,

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

This paper presents the analytical solution of the problem of calculation of the
partial depth output sputtered particles depending on the type of ions of the primary
beam and angle of incidence on a target containing impurity atoms.

HccnenoBanue mpolecca pacmbUICHHS MaTepHaloB HOHAMU  CPEIHHMX — SHEpPTHit
[PEACTaBIseT MHEPCIeKTUBHOE HAMpaBiIeHHE Ui OONacTeil CO3MaHMs M AHATHOCTHKU
MAaTepHAIOB C HOBBIMH CBOMCTBaMH, HEOOXOAMMBIMH B DasiIMYHBIX OONACTAX HAyKH U
TexHUKH. C TOYKH 3PEHHUSI PA3BUTHS TEOPHH MPOLIECCA PACTIBUICHNS ANAIA30H HCCIICI0BAHUM
JIOCTAaTOYHO IMPOKHil. OH BKIIOYAeT pacdyeThl MaplHaIbHBIX KOI()(OHIMEHTOB pacIbLICHUSL
MHOI'OKOMIIOHEHTHBIX MHILICHEH, NapIuaibHBIX TIIYOWH BBIXOAA pAaCHbUICHHBIX YacTHI],
SHEPreTUUYECKUIl CIEKTp M 3apsoBblil COCTaB MPOJYKTOB PacHbUIeHUs U T. 1. OnHUMH U3
HNHTEPECHEUINX BEIMYUH SBILSIIOTCS NMAplUaibHbIe TyOHHbBI BBIXOAA PACIBUICHHBIX YaCTHI]
U3 MHOTOKOMIIOHEHTHBIX ~MHIICHEH. OTH BEIMYHHBI ONPEIENSIOT  MOAN(MHKAIMIO
[IOBEPXHOCTHOTO CJIOSl MHILICHH B MPOLIECCE PACIIBUICHHS, a B Cllydae aHAIN3a MOBEPXHOCTH
METO/IaMH, B OCHOBE KOTOPBIX JISKHT PacHbUICHHE MOBEPXHOCTH aHAIH3UPYEMBIX 00pa3IoB,
OIPEACISIOT Pa3pelICHUE 10 TIIyOHHE Ul Pa3IMYHbIX KOMIOHCHT IPOAYKTOB PAaCIbUICHHS
[1].

B mociexnee aBaguaTHieTHE pacyeThl IapLMalbHBIX TIIyOMH BBIXOJA PACIBUICHHBIX
YaCTHIL[ NPOBOAMJINCH, B OCHOBHOM, C IOMOIIbIO KOMIIBIOTEPHOrO MOAeiupoBanus [1,2].
BbUIO yCTaHOBIIEHO, YTO GOJIBIIMHCTBO PacIblIeHHbIX YacTuly (Gosee 80 %) ucmyckaercs u3

MPUIIOBEPXHOCTHOTO CJIOSI TONMIHHO#M 0kos0 0,5 HM st sHepruii 6ombapauposku 10 90 kaB.
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JIpyruM BaskKHBIM PE3yJIbTaTOM BBHIIOJHEHHBIX PAacdeTOB SIBISETCS TO , UTO OoJee JIeTKHil
9JIEMEHT JBYXKOMIIOHEHTHOW MHIICHHM MOXKET HCIyCKaThCs CO 3HAYUTENBHO OOJbLICH
riyOHMHBI, 4eM TsDKenblii saeMeHT [3]. DTo MOXeT NpUBOIMTH K HM3MEHEHHIO COCTaBa
HPUITIOBEPXHOCTHOTO CJIOSI B IPOLIECCE PACTIBUICHUS MaTepHasa HOHHBIM ITy4YKOM.

Bmecte ¢ 3THM, HEOOXOAMMO OTMETHTh, YTO B JIUTEPAType MPAKTHYECKH OTCYTCTBYIOT
pabOThl, B KOTOPBIX TPUBOAATCS QHAIUTHYECKUE (POPMYJIBI ISl BEIYHCICHUS MapLHaIbHBIX
TIIyOUH BBIXOJA PAcIBUICHHBIX YacTHL. KpoMme TOro, MHTepeC NpeiCTaBISIOT 3aBHCHMOCTH
HapLUUaNbHBIX [TIyOMH BBIXOJA PAcHbUICHHBIX YacTHIl OT copTa OOMOapIupyeMbIX HOHOB U
yIJla UX [aJeHHs] Ha MUIICHb.

3amaueil HacTosIleH paboTHI sABISIETCS pa3paboTka (H3UUECKOM MOJENU M pacyera
HapluanbHBIX TIyOMH BBIXOJAa pACHBUICHHBIX YaCTHII B  3aBUCHMOCTH OT BHJIA
6oMbapaANpyEMBIX HOHOB U yIJla UX MaJCHHS Ha MUIICHD.

JUts pelieHust 3aa4l OrPaHUYMMCST PACCMOTPEHHEM CITydasi IIPSIMOTO BHIOMBAHMS aTOMOB
MHIICHH IepPBUYHBEIMH HOHAMHU 0e3 ydeTa BTOPHYHBIX KackajgoB. IIpoBemeM BBIUHCIICHHUE
MaKCHMaJbHOH ITyOMHBI BBIXOJA IPUMECHOH YacTHIBI, HPEIIONOKUB, 4TO € JHeprus Ha
MIOBEPXHOCTH oOpasua paBHa Hymo. KuHemarwdeckas cxema IS pacyeTa HaplHalIbHBIX
TIIyOWH BBIXOJa PacHbUICHHBIX YaCTHUII IIPEACTABICHA HA PUCYHKE.

I[TepBuunsbIii noH (Macca atoMa My, aTOMHBIM HOMepoM Z3) ¢ sHeprueii E nagaer B Touke B
my, E Ha MHILIECHb (Macca aTOMOB MHILICHH My U

aTOMHBIA HOMep Zp) mon yrioMm f3
p OTHOCHTEIFHO HOPMald K IMOBEPXHOCTH
o0pasma, coJepiKaIero aToMbl IPUMECH ¢

Macco M3 M aTOMHBIM HOMEpPOM Zg.

€ poiins nyts BD Ha riy6une h (ED) mo
HOPMaJIH OT MOBEPXHOCTH ~ MHILIEHA
[epBUYHBIA  HMOH B pe3yibTare
TPEIBILY X COyiapeHuit nMeeT

SHEPrUuro E1 u BeIOMBaeT B Touke D aTom

MIPpUMECH U3 IMOJIOKEHUSI PABHOBECHUS 1101

yl"IIOMe 2 OTHOCHUTCJIBHO HaIIpaBJICHUI

Puc.

CBOETO ABMKCHHSI, COOOIIast TPU ITOM
NIPUMECHOMY aTOMy KHHeTHuyecKyio sHepruio E y. IlpumecHslit atom, mpoiing myts DF,

JIOCTHIaeT MOBEPXHOCTH B Touke F u obinagaer koHe4HO#l HyneBoil sHeprueil. CBsi3b MEXIy
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(u3uYecKUME BENMYMHAMH YCTaHOBMM 10 (opMyiaM, mnpuBeneHHsIM B [4] Ge3 yudera
HEYIPYruX HOTePb SHEPIUH.

Cpennuii npober uona B wmumend Ri2(E,E1), paBHbiii orpesky BD Ha pucyhke, ¢
HavanbHOW E 110 o6nananus sueprueii Eq pasen:

E
R12(E,E1) = f N/Sn(E)dE =A1,[E?S-E;?'*] = h / cos B, @
Ex

rae: N — [UIOTHOCTB YKcia aTOMOB B MUILICHH, S — CTEIICHHOMN [OKa3aTellb B IOTCHIHAIIC
B3anmozeiicrust Jiunaxapaa-Hunbscena-1lapda, Sy(E) — ceyenue ynpyroro suepHoro
TOPMOYKeHHs HOHa, Kod(duumenT Ay, = 52 [2a (Mg + mz)s'l/m15/2m25/2'12122q2k5]2/S /
{4nNa® B, B,[4a%(2a + d) (1 + 3d/4a)] "}, %)
d — cpezHee MeXATOMHOE PaCcCTOSIHUE B TBepaoM Tene, a = 0.8853 ag / (2,23 + Z2,%/%)Y2 -
JUIMHA 3KPaHUPOBaHUs, ag — OOpOBCKuUil paauyc, By u B, — Oera-dyHkiuun,  — 3apsg
9JIEKTPOHA.

Cpennuii npober npumecHoro aroma B muieHn Rsz(Ey,0), paBusiii orpesky DF Ha
pHCYHKE, ¢ HadalbHOM Ey M KOHEYHOIi HyJIeBOIl SHEprUe paBeH:
Rs2(Ey, 0) =A3E,*=h/coso, ©)
re BeIpakeHHe Juisi kodddunnenTa Azy aHaTOTUYHO BBIPXKESHUIO s KoddduimeHta Ajp
(2) ¢ 3amenoii Z1, My Ha Z3 u M3.

Cas13b Mex 1y sHeprusimu Ex u Eq 3aiaercst ypasuenuem [4]: Ex = E; y cos? 6z, 4
e y = 4 mimy/(m;+my)? — nprBeneHHas Macca.

Vrast B, ¢ u 0, cBsi3aHbI ypaBHEHHEM: B + ¢ + 0, = . ()

Cucrema ypastenuii (1), (3) — (5) mo3BossieT ycTaHOBUTH 3aBUCUMOCTD TIIyOHHbI BHIXOA
PacCIbUICHHBIX 9acTHIl N OT mapamMeTpoB: MEpPBHYHOTO y4uka (M, Z u B), MaTepuaia MUIICHA
(m, Z) u pacusutsiemoit npumecu (M, Z).

ITocne0BaTeNbHO MCKITIOYAst METOIOM [OJCTAHOBKH U3 CHCTeMbl ypaBHeruit (1), (3) —
(5) Benmunusl ¢, E4 u E1 moyvaem cieyrolee paBeHCTBO:
1/ h = {1/ [Rps2 (E, 0) cos I} - {1/ [v** Ryaz (E, 0) cos(B + 0,) cos™0,)]} (6)
rae Rpiz (E, 0) u Rpzz (E, 0) nomuele cpenuue mnpoGern GoMGapaupyroLIero HoHa H
HPUMECHOTO aToMa ¢ HaualbHBIMH 3HeprusmMu E B MaTepuaie pacneuisieMoro oopasua.

Hcnons3yst paBercTBo (5) ypaBHeHwue (6) MOKHO MPEACTABUTH B CIACAYIOIEM BUJIE:

1/ h= {1/ [Rp2 (E, 0) cos ]} + {1/ [v** Rys2 (E, 0) cos ¢ cos**0,1} . %)
O6actb pacdyeros 1o ypaBHeHusiM (6) u (7) orpannyeHa yriamu:
o<mn/2, B+0,>n/2. 8)
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Vpasrenus (6) u (7) ompenensioT 3aBUCHMOCTb MAaKCHMAIBHOW IIyOMHBI BBIXOJa
[PUMECHOMN YaCTHIIBI OT ApaMeTPOB GOMOAPIUPYEMBIX HOHOB, MHUILIEHH M CaAMOM TIPUMECHOM
gacTuipbl. OYeBHUIHO, 4YTO Uil DyOMH MEHbIIMX N Takke BO3MOXEH BBIXOI BBIOHTBIX
BTOPHYHBIX YaCTHI] HA IIOBEPXHOCTh MULICHH Ul PACCMOTPEHHBIX ycinoBuii. Ho rpu aToM nx
9HEprHs He PaBHA HYIIIO.

Unens! B ypaBHenusx (6) u (7) Rpiz (E, 0) cos B, Rpz2 (E, 0) cos(B + 62) u Rpsz (E, 0) cos ¢
COOTBETCTBYIOT MPOEKIMSM MOJHBIX CPEIHHX MPOGEroB OGOMOApIMPYIOLIEr0 HOHA U
[PUMECHOTO aTOMa C HayalbHBIMK SHeprusMu E B MaTepualie pacmbuisemoro odpasia Ha
HaIIPaBJIEHUE [0 HOPMAJIK K TIOBEPXHOCTH MHILEHH.

Vpasuenust (6) u (7) mo3BOJSIOT paccuMTaTh IPOLECC CAMOPACIBUICHUS, T. €. CIlydai,

Korga MacCel 1 aTOMHBIC HOMEpa BCEX BOBJICUCHHBIX B MPOLICCC YaCTHUL COBIIAAAIOT.

[1] K. Burrmak, B ku. Pactsuienue mox aeiictBuemM 6ombapaupoBku yactuuamu. Bemyck |1, mox pexa. bepuma
P. u Burrmaxa K., M.: Mup, ¢.237, 1998.

[2] V.I. Shulga, W. Eckstein, Nucl. Inctr. and Meth. B., 145 (1998) 492.

[3] W. Eckstein, W. Méller, Nucl. Inctr. and Meth. B. 132, N 7-8 (1985) 727.

[4] A.H. ITycroeur, U3sectust PAH. Cep. dusugeckas. 2010, T. 74, Ne 2 (2010) 184.
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PACYET BEPOSITHOCTHU OBPA30BAHMUSI ITOP ITPU ITAJIEHUA
MHOT' O3APSAJTHOI'O HOHA HA YJIbTPATOHKYIO IVIEHKY

ESTIMATION OF PROBABILITY OF POROUS FORMATION AT MULTICHARGE
ION INCIDENCE ON THE ULTRATHIN FILM

T'.M. ®ununmnos*, B.A. AJ‘IeK(:aHI[poB#
G.M.Filippov*, V.A.Aleksandrov”

* YeGokcapekuii [Tonurexunuecknit MHeTuTyT (hrsman) MoCKOBCKOro yHHBEPCUTETA Ma-
mmmHocTpoeHust (MAMU), YeGokceapsr, yi. I1. Jlymymba, 8, PO
filippov38-gm@yandex.ru
#Uysamckuii ['ocynapctBennslit YauBepcutet, Yebokcapsl, MockoBckuit mp. 15, PO

PacueTsl, MPOBEICHHEIC B pAMKaX BOJHOBOH MEXaHHKH, TI03BOJISIIOT OOBSCHUTE HOBBIE

9KCIIEPHMEHTAIBHBIC JAHHBIE 110 0OPA30BAHHIO [IOP B yIBTPATOHKUX YIIEPOJHBIX

UICHKAaX JBIDKYIIIUMHCS AaTOMHBIMH HOHAMHU C OOJBIINM MOJIOKHUTEIBHBIM 3apSI0M.
HenaBHo mpoBe/ieHHbIE 3KcrepuMeHThl [1,2] mokasaiu, 4To MpH IpoJieTe MHOTO3apsIHBIX
HoHOB THma Xe'™° ¢ IHeprHsAMH TOpAIKA HECKOIBKHX IECATKOB KOB CKBO3B yIIepomHyio
IUICHKY TOJILMHOM mopsiika 1 HM MOryT o6pa30BaThCst MOPHI ¢ AUAMETPOM IOPSIKA OIHOTO-
JIBYX fiecsiTkoB HM. ITopbl cO3Mar0TCS OTAENBHBIME MOHAMH, IPUYEM HOTPEOHOCTH B MOCIIe-
JYIOIIEM OTXHUre He Bo3HHKaeT. CyliecTByeT HEKOTOPOE IIOPOroBOe 3HAYCHUE 3apsiga HOHa,
pH KOTOPOM Habiromaercst obpasoBanue mop. Mmeromieecs: oobsicHenue ssienus [1] ocHo-
BAHO Ha MPEAIOJIOKECHUH O BOSHHKHOBEHHH PUAOCPrOBCKUX COCTOSIHHI HOHOB, BO3HHKAO-
IIUX Ha dTare Mo/uleTa K INICHKE BCJISJCTBHE 3aXBaTa dJIEKTPOHOB M3 IUICHKH HA HEKOTOPHIE
BBICOKOJICXKAIIINE YPOBHH B II0JI¢ HOHA C 00pa30BaHMEM TaK HAa3bIBAEMOT'O «IIOJIOTO» aTOMA.
MexaHn3M JadbHEHIIEro nporecca 00pa3oBaHus 0P TOTO pa3Mepa, KOTOPEIiT HaOmoancs B
SKCIIEPUMEHTE, HACKOIBKO HaM H3BECTHO, HE MOJTBEPXKACH KOHKPETHBIMH pacyeTamu. B
JIaHHO# paboTe mpesaraeTcs Apyrast TEOpHs SBJICHHUS, OCHOBAaHHAs Ha BOJIHOBBIX CBOMCTBAX
YJaCTHLL.
3aMeTHM, 4TO pa3Mepsbl IOp, HalICHHBIX YKCIICPHMEHTATOPAMH, JOBOJIBHO ONU3KH K OLICHHU-
BacMBIM pPa3MepaM BOJHOBBIX ITAKCTOB MHOTO3apSIHBIX HOHOB KCEHOHA, IIONAJAIOIINX Ha

MHIICHb II0CNIe BBUIETAa U3 YCKOPUTENS. DTH Pa3Mepbl TEOPETHYECKH MOTYT OBITh OLIEHEHEI
(opmynoit 8 ;. =+ L/k , onpenensitoieii MUHUMAJIBHBIA pa3Mep BOJHOBOIO IaKkeTa YacTH-
IIB], MpoIIeuIell B BakyyMe paccrosinue L u obmajgaromed ummyiabcoM p =ik . Jlnst nona

Xe™ ¢ sueprueii 40 k3B, mpomenmero paccrosaue L =10 cm pacuer maet O, =15 HM.

min

Msbl momaraeM, 4TO IOPBI 0OpasyroTCs IMyTeM IPOCTOTO «IIPOJABIUBAHUS» YT JIEPOAHOH
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IUICHKH TOJIMHOH 1 HM IBWXKYIIMMCS BOJHOBBIM IAaKETOM. M Bl NPUBOIMM BBEIYHCIICHHS,
MOATBEPKAAIONINE TAHHYIO TOUKY 3PESHHUS.

IIpuBeneM HEKOTOpbIE COOOPaXKEHMs, MPOSICHAIONIME MPOLECcC 00pPa30BaHUS I OPbI JIBHKY-
IIMMCST BOJTHOBBIM ITaKETOM MHOT03apsiiHOrO MOHA. Besje, rae He yka3aHO sSBHO, HCIIONIBb3Y-
I0TCSI aTOMHbIC CAMHHIEL. HavanpHbI momepedHslil pa3Mep Hmakera MMeeT Mopsaok 15 Hw.
DTO0 pacCTOSHUE HAMHOTO MPEBBIIIACT TOIMINHY IUICHKH, paBHyto 1 um. KoandecTBo atomoB
YTJIepoia, CoJlepIKaIliXcs B INIOMann Oyaymne mopsl auaMerpoM 15 umM, mopsiaka 11000. M3
HHX TolbKO 380 aTOMOB HaXOUTCS HA OOKOBOM MOBEPXHOCTH [IMINHAPUISCKON HOPHI.
BounHoBoii naker nona Xe™® ¢ sueprueii 40 k9B zpmkercs co ckopoctbio 0,105 1 mpoxoxuT
MHMO KaXJI0T0 aToMa yriepoja 3a Bpems nopsjka 2600. B TeueHne kopoTkoro nepuosa B3a-
UMOZICHCTBHUS C IUICHKOI BOJHOBOW IAKET OCTACTCs B IOYTH HEBO3MYILCHHOM COCTOSHHH.
Oro Bpems cocrasisiet nopsiaka 0,2 ¢c.

IIpu BXxoAe B INICHKY ITaKeT CTaJIKHBAETCS C MOTEHIHAIBHBIM 0apbepoM, BBICOTY KOTOPOTO
MOJKHO OILICHHTh IIyTE€M YCPEAHEHHs MNOTeHuuama Momsep mo sdeiike Buraepa-3eiTia.
OlieHKa BBICOTHI Gapbepa naeT 3HaueHne nopsiaka U ~ 1.3 k3B. B pesyibTate oTpakeHus oT
Gapbepa BOJIHOBOM [TAKET OKA3bIBACT HA HJICKTPOHHYIO CHCTEMY IUICHKH HEKOTOPOE JaBJICHNUE,
KOTOPOTO HEAOCTATOYHO ULl BHITAJIKHBAHHS YaCTH IUICHKH C 00pa3oBaHueM mopsl. OTMeTnM,
YTO HAIMYHE YHOMSHYTOTO NABICHHS IPUCYIIE TOJBKO KBAaHTOBO-MEXaHHUECKOH HpHpoJe
SIBJICHUS. I HE MOXKET OBITh OOBSCHEHO B3aHMOJCHCTBHEM IUICHKH C JBIDKYIIUMCS KIaccHde-
CKHM TOYCYHBIM OOBEKTOM.

ITpy NMPOHMKHOBEHMH BIIIyOb IUICHKH IAKET CTAIKMBACTCS C PAJAMHU IUIOTHO YNAKOBAHHBIX
ATOMHBIX OCTOBOB, IJIC B3aMMOJICHCTBHE 3HAYUTEIBHO CHIbHEe. JlaBleHHe yCHINBaeTCs NpU
YBEJIMYEHHUHU 3apsjia HAJIETAIoIero uoHa. [Ipu 1octaToyHo OONBIION BEIMYHMHE 3apsia OKa-
3BIBACTCSI BO3MOKHBIM OTHOBPEMEHHOC BBITAJIKUBAHHUE U3 IUICHKH BCEX IUIOTHOYMAKOBAHHBIX
PSIOB aTOMOB, IIOKPHIBAEMBIX BOTHOBBIM ITAKETOM.

Kaxplif rpaHnuHBI aTOM B IUICHKE, OKA3aBIIMHCS B I10JIE BIMSHUS [1AKETa, CBA3aH C COCE/l-
HHM aTOMOM B OCTaJIbHOIl 9acTH IJICHKH. DHEprus CBsI3M MMeeT BelIWYuHy mopsaka 4.5 oB
(cm., Hampumep, B [5]). TlonHast sHeprusi CBSA3W BBIAGICHHONW YacTH IUICHKH OLICHHUBACTCSI
BenarHOM okosio 1700 3B. B To ke BpeMs 3 KCIEPUMEHTAIBLHOE 3HAUCHHE YHEPTeTHUESCKHX
MOTeph HOHA Xe*® B nenke cocrapnseT 2,5 xaB/um. OTcioa BHIHO, YTO SHEPTUH, TEPSIEMOM
MOHOM B IUICHKE, XBAaTaeT HA OTPBIB LIHJIMHAPHYCCKOI YaCTH IJICHKH ¢ 00pa30BaHHEM MOPBI.
OcTaBLIASICSE YaCTh YHEPIETUYECKUX TTOTEPh, MO-BUANMOMY, HACT Ha NPUJAHNE BHITAIKHBAC-
MOi1 yacTH HeKOTOpoi ckopocty. [locie BEITaNKMBAaHMS IHIMHAPHIECKOTO KJIacTepa BOJIHO-

BOU HaKeT TIPOXOAUT YE€PE3 IIICHKY 6e3 3HAUUTETBHOI0 U3MEHEHHS CBOETO COCTOSIHUS.
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Hamu Ob11 TIPOBEZICH YHCIICHHBIN pacyeT nponecca NpoxoKACHUS ITakeTa HOHa XC+35

4epe3 OJMHOYHBIH aTOM YIJiepojia B KIAacCHYECKOM (He-KBaHTOBOM) ciiydae. Bcemencrsue
TEIUIOBBIX KOJICOAaHHH aTOMOB yIjepoja B IUICHKE MOTEHIMal B3aUMOJCHCTBUS CTAHOBUTCS
s¢dexTuBHBIM TemmepaTypHbIM. Ha pucynke 1 mpuBeneHa cOOTBETCTBYIOLIAS MOTEHIIHANb-

Has SHEPrus BSaHMOHCﬁCTBHX.

400

U, a.e.

2004

0,0 0,5 1,0 15 2,0

r,a.e.

Puc. 1. IloTeHuManbHast SHEPTHs B3aUMOACHCTBYS aTOMa YIJepoja ¢ HOHOM X', I tpuxoBas
KpHBasi — Uil MOTEHIMala aroMa yriiepoga Mojbep, cIuloliHas KpuBas — st 3p(exTHBHOro
TemmepatypHoOro motenmuanta Momsep (20° C).

Cpennsisi cuna, ACHCTBYIOIas Ha OAMH aTOM yIJiepojia B IPOLIECCe PACCESIHHS, COTTIACHO
OLICHKE B paMKaX KJIACCHYECKOW MEXaHHKH, UMEET BEIWYHHY, HEJOCTATOYHYIO [UIs OTPBIBA
JIUCKa IMaMeTpoM 15 HM OT IUIeHKH ¢ 00pa30BaHHEM COOTBETCTBYOLIEH MOpbl. OHAKO BBHU-
Iy KOTEPEHTHOTO B3aHMMOJCHUCTBHS PA3INYHbIX YacTeHl BOIHOBOTO MAKETa C YIOPSAOYCHHON
CTPYKTYpO#l IUIEHKH uMeeT MecTo N- KpaTHOe yBElMYeHHEe aMIUIUTY] PACCESHHBIX BOJNH H
COOTBETCTBYIOILIEE NZ-KpaTHOC YBEIMYCHHE HHTCHCUBHOCTH OTPa)KEHHOTO MOTOKA BEPOSTHO-

ctu. JlanHoro 3(dexra OKa3pIBacTCsA JOCTATOUHO JUIst 00pa30BaHHs HOPBI.

1. R.Ritter, R.A.Wilhelm, M. Stoger-Pollach, R. Heller, A. Mucklich, U. Werner, H. Vieker, A. Beyer, S.
Facsko, A. Golzh&user, and F. Aumayr, Appl. Phys. Lett., 102 (2013) 063112.

2. R.Ritter etal., lon-Surface Interactions ( Proc. XXI Int.Conf. I1SI1-2013, August 22-26, Yaroslavl’, RF) 2
(2013) 55.

3. 1. Shin, S. Kang, J. Koo, H. Lee, Y. Kwon, J. Kim, Oak Ridge National Laboratory, Cohesion Energetics of
Carbon Allotropers: Quantum Monte Carlo Study, TN 37831, USA.
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Ceknus 3. IMuccHsi HOHOB, 3JICKTPOHOB, (POTOHOB M PEHTI¢HOBCKOI0
U3JIy4YeHHsl IPH HOHHOIT 6oMGapIHpoBKe

Section 3. Emission of ions, electrons, photons and X-rays under ion-surface
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Ambient Pressure MeV Secondary lon Mass Spectrometry.

Roger Webb, Julien Demarche, Vladimir Palitsin, Geoff Grime, Lidija Matjacic and
Brian Jones
Surrey lon Beam Centre,
University of Surrey,
Guildford, GU2 7XH, UK

Introduction

The Surrey lon Beam Centre (IBC) has set up fully a ambient MeV SIMS system
using a 2MV tandem accelerator to produce focused (submicron) MeV primary ions™
to perform surface analysis measurements with the time-of-flight secondary ion mass
spectrometry (ToF-SIMS) technique. Other AP mass spectrometry techniques, such as
matrix assisted laser desorption ionisation (AP-MALDI) or desorption electrospray
ionisation (DESI), have already clearly demonstrated the importance and usefulness
of this type of analysis without the problems associated with sample preparation for
analysis in vacuum. However, due to limitations associated with lateral resolutions in
MALDI and DESI (about 50 microns in the case of MALDI due to the matrix crystal
and laser spot size limitations), a highly focused MeV primary ion source — which is
capable of being focussed to better than 100nm™! - could potentially be a better
alternative for AP molecular imaging.

It is well known that MeV primary ions impacting a sample surface result in
desorption (or “electronic sputtering”) and ionisation of heavy (above 10’s of kDa)
molecules. During the past twenty years, researchers have analysed protein ions with
molecular weights as high as 45,000 Da? using the Plasma Desorption Mass
Spectrometry (PDMS - or Fission Fragment lonisation) technique. This technique
makes use of the high energy fission fragments from the radioactive source, 2°2Cf.
The large molecular masses and reduced fragmentation seen in electronic sputtering
can be attributed to the energy deposition mechanism: for the case of MeV primary
ions impinging on a solid almost the entirety of the PI’s kinetic energy transferred to
the top monolayers of the sample is through electronic stopping; whereas in the case
of a keV cluster impact, for example, the energy on the surface is deposited through
nuclear stopping. This MeV-induced desorption process is found to only be effective
(in terms of generating mass spectra) in insulators, making this technique well-suited
for analysis of large biomolecules without the added complication of being sensitive
to the substratel®. However it is not easy to focus high energy heavy ions produced as
fission fragments and hence this technique does not lend itself to imaging easily.

Results obtained by a group of researchers in Kyoto! suggest that MeV primary ions
from a Tandem accelerator can provide the necessary secondary ion yields for
imaging heavy (above 1000 Da) molecules at the much desired submicron lateral
resolutions, which would allow for single-cell molecular imaging. We have already
shown®™ high resolution images in vacuum using a 10 MeV O* beam and
demonstrated simultaneous collection of SIMS, RBS and PIXE images. These are
reproduced in figure 1.
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Figure 1: Simultaneous PIXE,
RBS and SIMS spectra
obtained from analysis using a
10MeV O*" beam on a Ta

2 mesh on carbon tape. Note
PIXE (Ta) that the SIMS is sensitive to

i the organic glue in the tape
but does not see the mesh and
RBS and PIXE are sensitive to
the conducting mesh but blind
to the glue. Taken from
reference 5.

SIMS (m/z = 73) SIMS (m/z = 180)

Initial Atmospheric Pressure Results

Figure 2 shows a picture of the arrangement of the ambient pressure MeV-SIMS
system that has been constructed at Surrey on the end of the external beam line.
Samples can be placed in front of the external beam. There is nothing in front of the
beam line so that samples of almost any size and shape can be accommodated.

Figure 2: External beam arrangement of the ambient pressure MeV-SIMS setup on
the Surrey external microbeam A 0.5m capillary links the ambient pressure mass
spectrometer on the left with the exit nozzle of the external beam on the right.

A liquid sample was prepared containing traces of cocaine. The sample was measured
in full ambient conditions along with a sample not containing cocaine. The spectra
were normalised and subtracted one from the other and the result is shown in figure 3
below. The spectrum shows an expected peak at mass 303 and other peaks are found
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at masses 122, 179 and 198 which are characteristic of fragments from cocaine. The
spectrum was obtained using an 8MeV O** external beam.

200
CHop O Cocaine doped sample
 OCH, {background subtracted)
)
cH (miz 198) S, X

150 4 L H
" N
= > CHy. o]
5 HE N\’i(ﬂ\

H - OCH:

E-] HQ’ H¥ 2 3
™ (miz 122a5) 8
< 100 HEAG e\ O.__Cahs
; S " N
8 N o0 H 0
5 [l
8 Cocaine - miz = 303

50 X &

0 Jan iR ‘II L .L balli) .,..|‘1. Idasaduy Jul“-l}llll TN II... L) .Al.u
100 150 200 250 300 350 400
m/z

Figure 3: Fully ambient mass spectrum from cocaine doped sample. The spectrum
has been background subtracted.

PTFE is readily sputtered in the presence of oxygen and hence in ambient conditions
the sputtering yield is high. Many complexes are formed and the mass spectrum is
very full with many peaks associated with the repeat components of the main polymer
chain. The spectrum in figure 4 was recorded using an 8.8MeV O*" beam and shows
the high number of high molecular mass components detected.
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Figure 4: Fully ambient mass spectrum of PTFE sample.
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Having successfully demonstrated that mass spectra can be achieved from a
single spot, above, the beam is focussed to ~4um and raster scanned across a sample
of PTEF with a copper grid over it. The copper grid is invisible to the MeV-SIMS
analysis as the sputtering yield from MeV ions in conductors is very small. However
the yield from the PTFE is high and is readily observed. The system has four X-ray
detectors which easily pick up the PIXE signal generated by the 8.8MeV O ions. By
combining the images we can see below - figure 5 - a fully ambient MeV-SIMS and
PIXE image. This is the first such image ever recorded.

a) Cu PIXE Map b) PTFE molecular map  ¢) Combined image

Figure 5: A fully ambient molecular image of PTFE under a portion of a copper grid.
The image was taken using an 8.8MeV O**"beam with spatial resolution ~4um.

Conclusions

We have demonstrated the collection of single mass spectra at fully ambient
conditions using an external MeV heavy ion beam. When coupled with heavy ion
PIXE the technique is potentially very powerful in obtaining full molecular and
elemental images without having to move to vacuum conditions.
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Grazing Incidence Fast Atom Diffraction (GIFAD) and Molecular Beam Epitaxy.
From picometer to micrometer sensitivity on cm scales.
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Diffraction of thermal energy helium atoms on surfaces was discovered almost hundred
years ago by Esterman and Stern before developing as a surface sensitive tool for surface
science. More recently, we have discovered a new diffraction regime were keV helium atoms
are used under grazing angle of incidence on crystalline surfaces [1-4] as a new technique to
probe the surfaces electronic density. We will present our latest achievements [3,4] obtained
inside a Molecular Beam Epitaxy (MBE) chamber installed at the INSP, Paris. First we will
briefly introduce the specificity of GIFAD and then two distinct mode of operation. First we
will illustrate the level of details that can be retrieved from the analysis of a well prepared

surface and, then we will describe results obtained during the growth process.

Figure 1. Schematic view of a GIFAD
experiment. The red ball would stand for a
helium atom travelling at high velocity
above the topmost layer of the surface. After
diffraction on the rows of atoms, the
diffraction pattern is recorded on an
imaging detector ~1 m

downstream.

GIFAD uses the same geometry as reflection high energy electron diffraction RHEED
commonly used in MBE Vessel and it produces somewhat comparable images made of
diffractions spots sitting on a Laue circle. However, in GIFAD only one Laue circle is usually

observed [5] indicating that the surface is seen as made of alignment of atoms (rows) rather
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than made of individual atoms. From the theoretical point of view this corresponds to the
axial channeling approximation [5] indicating that, when the beam is well aligned along a
crystal axis, with an angle @ with respect to the surface plane, then the diffraction image can
be understood as due to an effective helium atom impinging perpendicular to the surface with
an effective energy given by E,=E,.sin?6, i.e. to a momentum k, =k siné equal to the radius
of the Laue circle. This effective particle probes the electronic density profile averaged along
the direction of the beam and the intensity of the diffraction spot is therefore, in its simplest
form (namely the Hard Wall model), a squared Fourier-like transform of the corrugation

function; GIFAD is comparatively easy to interpret, at least qualitatively.

In terms of geometry, GIFAD can directly replace RHEED in a MBE vessel, however we
have chosen to install both techniques in order to better understand their respective
advantages. As a general remark, GIFAD is more demanding in terms of surface quality. At
the beginning of the day, RHEED would produce a very good diffraction diagram while

GIFAD would not. Most often, a gentle annealing is 1 i
— Spéculaire
enough to recover a diffraction pattern. This suggests E; 0.75
that GIFAD is very sensitive even to minor .2
concentration of various physic-sorbed or weakly & 0.25
[
chemisorbed species from the background pressure g
even at 10! mb pressure range. The first operation @ -0.25
o
mode of GIFAD is to provide high resolution g .
diffraction images of the surface (fig. 2). In this 2075 :
< sceau direct

mode, comparatively long exposure time up to a 1
-0.75 -05-025 0 025 05 075
minute are needed to allows good enough statistics. Angle azimutal I (°)

Figure 2. High resolution diffraction pattern recorded with 400 eV helium atoms on a GaAs (001)
surface at 530°C and aligned close to the [1-10] direction. The angle of incidence is such that the
equivalent energy is 58 meV.

With such high resolution images, it is already possible to extract the main feature of the
shape of the surface electronic density profile by comparison with models. More interesting,
in case a new presumably unknown system a diffraction chart were the incidence angle is
progressively varied can also be recorded semi automatically (in principle). Such image is
displayed in figure 3 showing a specific two link chain pattern repeated several times. We
have shown that such images can be qualitatively interpreted with simple ray tracing model
were diffraction is supposed to be dominated by the flat part of the He-surface potential

(believed to be proportional to the surface electronic density)
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Figure 3. Diffraction charts for 400eV *He atoms incident along the [1-10] direction of the (2 x 4)
phase of GaAs(001). The panels of the figure correspond to (a) theoretical S-matrix calculations and
(b) experimental data obtained by changing the incident angle. The azimuthal misalignment angle I’
(defined in fig.2) is such that the momentum component of the incident beam k, = —2Gy. The intensity
of the diffracted beams is displayed as function of the diffraction order (horizontal axis) and
momentum of the incident beam perpendicular to the surface k, (vertical axis). The momentum k, is
measured in A™'. On the right vertical axis we give the corresponding perpendicular energy E, =
k,”/2M. The dashed lines delimit the region between closed and open diffraction channels. The green
continuous lines show the position of the classical rainbow due to the shallow potential valley between
the two topmost arsenic dimers.
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A simplified version is exposed here relying on a paraxial ray tracing formula for the
phase difference for rays bouncing at different location M(Xm,Zm) and N(Xn,zn); 0m — o = jGx
(Xm — Xn) + 2.k, (Z(Xm) — Z(Xn)) Where G,=27/Ly the reciprocal lattice vector associated with

the lattice period Ly = 16A. On all diffraction orders, a high oscillation frequency close to
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£ s : Figure 4. Left; DFT
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N reconstructed  GaAs
6 Q surface and right,
86 ! simplified view
4 (IJ £ 10 15 derived from a ray

tracing analysis (see

X (Angstroms) text below)

0.9A" is observed in k, indicating that a corrugation amplitude of 3.6 A exists in the unit cell.
From one diffraction order to the next, maxima are changed into minima indicating that the
maxima and minima are shifted by L,/2. Another salient feature is that every fourth
diffraction order seems to be extinct whatever the incoming wavelength and this is only
achieved with two scattering point having the same z coordinates, but separated by Ly/4. Then
the distinct two link chain pattern is repeated every eight diffraction orders in k¢ and every

45A" in k, indicating a lower corrugation of 0.72A associated with scattering points
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separated by L,/8. Finally, altogether a simple solution to these constraints is proposed with

six scattering center in the insert of fig 4.

In practice though we have performed a state of the art DFT calculation of both the GaAs
B2(2 x 4) reconstruction and of the He-surface interaction energies (fig. 4) followed by an
exact quantum diffraction code. We were puzzled that both theory and experiment were
showing a very high level of details without being able to superimpose one to the other. It is
only after a slight shift of the energy scale by few meV that the fair agreement depicted in
figure 3 was achieved suggesting that the Van der Waals contribution was slightly
overestimated. In terms of interaction potential, the value for the depth of the attractive well
derived from our adjustment to experiment is perfectly in line with previous evaluations of -
8.7 meV [6]. An overall sensitivity in the pm range can be achieved in the vertical dimension
together with lateral resolution of 10 pm. Note that below 30 meV, it should be possible to
measure accurately this Van der Waals contribution by observing the bound state resonances
[7] as was actually done recently with GIFAD on LiF targets [1]. Note also that all these data
were recorded around 550°C whereas thermal energies helium scattering were usually
performed at liquid nitrogen temperatures. This is due to the grazing scattering geometry in
which the projectile is not reflected by a unique scatterer but undergoes a succession of
weaker elementary deflections providing a drastic reduction of the Debye-Waller factor. Since
helium atoms are reflected few A above the last atomic plane, GIFAD images have no

contribution from the under-layers allowing accurate determination of the top layer alone.

Figure 5. GIFAD intensity integrated
on the Laue circle during MBE homo-
eptitaxy of GaAs under 10° mb
exposure to As at 600°C. All
i parameter are kept constant and the

[010]
~1.0.50°

angle of incidence denoted here ®;,,
as well as the direction of observation
have been changed. As a main result,

the GIFAD oscillations are all in
phase. The growth rate was here
around 30 second for one layer but
could reach few layers per second, at
a price of a lower statistics.

0 50 100 150 200
time /s

Aside from very detailed diagnostic of the initial or final layer, Molecular Beam Epitaxy

requires an accurate control of the deposition rate. This is usually achieved at the single layer
level by counting the intensity oscillations of the RHEED signal. We have been able to

observe these oscillations with a high contrast ratio comparable to the best RHEED
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oscillations. One important difference being that, with GIFAD all diffraction order were

found to oscillate in phase whatever the direction of observation (e.g. along [110] or [010])

and whatever the projectile energy or angle of incidence. This specific feature simplifies the
interpretation; a maximum in the diffracted intensity actually corresponds to the completion
of a layer. This is a consequence of the absence of penetration; the observed oscillations are
simply due to the oscillations of the surface reflectivity which is governed by the presence of
topologic defect at the surface. Since ad-atoms produce a larger effect than voids, saw tooth
shape oscillations are observed, with an abrupt decrease and a slower increase. Conversely,
the diffuse intensity way above the Laue circle increases rapidly immediately after the
completion of a layer because comparatively more violent quasi binary collision depleting

elastic diffraction end up at these larger scattering angle.

Another characteristic of GIFAD is the well contrasted images associated with the

different surface reconstructions observed at various temperatures as illustrated in figure 6.

Figure 6. Images of the GaAs surface observed along the [1-10] direction. Each images corresponds
approximately to one °C variation between 470°C and 490°C showing three distinct patterns
associated with phase transitions at the surface; “surface reconstructions”.

If the growth process is started at a temperature close to that of a phase transition, the

growth can take place in a different reconstruction. This behavior is illustrated in fig. 7 below.
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Figure 7. Comparing the evolution with time of the diffracted intensities under growth conditions,
at 515°C and 465°C (left), it can be seen that, at 465°C the growth is associated with a phase
transition. This is also visible in a distinct shift of ~0.4 monolayer in the first GIFAD oscillation
(red curve on the right side) where the delay corresponds to incorporation of more arsenic.
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At 515°C diffraction pattern are identical before or during growth whereas at 465°C the
diffraction pattern during growth is different from both the initial and final reconstruction.
Without specific calibration this behavior is observed as a clear delay by almost half a

monolayer in the growth oscillation before the first layer is completed (fig.7 right hand side).

In conclusion, we have demonstrated that it is indeed possible to operate GIFAD in a
MBE environment at elevated temperature and that GIFAD provides valuable pieces of
information in statics conditions before or after growth as well as during growth. Since sub-
surface penetration cannot contribute to the diffraction signal, the images originate
exclusively from the topmost layer. Finally, we have shown that interpretation is
comparatively simpler than in RHEED, and that the topologic information can be inferred
with a high sensitivity. Since GIFAD has access to interaction energies much larger than the
Van der Waals ones, it is indeed sensitive to the electronic density. In this respect, GIFAD can
be seen as a helium tip, AFM operated in the reciprocal space and on area as large as few cm

times 0.1mm at once.
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Velocity correlated cluster emission: a new surface sputtering mechanism

by a large polyatomic projectile

E. Kolodney , E. Armon, A. Bekkerman, Y. Cohen, J. Bernstein and B. Tsipinyuk

Schulich Faculty of Chemistry, Technion—Israel Institute of Technology,
Haifa 32000, Israel

Sputtering processes of solid surfaces by ion beams and sputtering related phenomena
are of interest and importance in many fundamental and applied fields. These processes find
increasing use in modification and analysis of surfaces at the nanoscale. Special recent interest
include for example: impact induced formation of periodic erosion patterns (self-organized)
[1,2], enhanced sputtering of nanostructures associated with the explosive ejection of large
clusters [3], surface smoothing [4], mechanisms of microscopic to mesoscopic crater
formation [5, 6] etc . From the practical point of view, ion impact induced sputtering
constitutes the basis for leading nanoscale surface processing and patterning technigques such
as focused ion beam (FIB) and surface analysis techniques such as secondary ion mass
spectrometry (SIMS) used for molecularly resolved imaging or chemical depth profiling.
Revealing the different mechanisms underlying sputtering phenomena and gaining deeper
understanding of the physics involved is clearly of great importance. The main recent
interest regarding fundamental mechanistic aspects is related with differences between the
characteristics of sputtering induced by polyatomic/cluster projectiles as compared with that
induced by atomic projectiles [5, 6, 7-14]. This also reflects an increasing interest in new
cluster-surface impact phenomena in general [16]. For atomic ion projectiles, sputtering
theory can be considered as well established. A fairly good understanding of the underlying
mechanisms was gained, in terms of linear collision cascades or various thermal spike models.
The last one is mainly relevant under conditions where a relatively heavy ion is impacting a
dense target, resulting in strongly interacting collision cascades and fast evolution of near-
thermal conditions within the highly excited nano-volume. In contrast, mechanisms of particle

emission following bombardment with large polyatomic ions are generally poorly understood.
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We have recently reported [17] a direct experimental evidence for the emission of large
clusters (Ta,C, (n=1-10) and Ag, (n=1-9) ) with nearly the same velocity for all n values
following impact by a large polyatomic projectile (Cg, at 14 keV kinetic energy ). We have

rationalized our results in terms an outgoing, superhot, moving precursor, as the source of the
emitted clusters. In earlier measurements by Sun et al [12] a common velocity type emission
was observed for monomers and dimers only (Ag, Ag, sputtered off a silver target using a

Cg, projectile ion at 10-20 keV kinetic energy ) and explained in terms of an adiabatic free

jetlike expansion of the ejecta . Here we will describe our observation and the proposed

precursor induced mechanism, mainly in relation with Ta /TaC as a sputtering target. The
extension to other targets (with Cg, as the projectile ion) will be only briefly mentioned but
will be elaborated on in more detail in the talk itself.

A nanometrically thin tantalum carbide film was grown by an initial exposure to the Cg,
ion beam while following the competitive growth/erosion kinetics (e.g. gradual buildup of the
Ta,C, signal) until steady state saturation is achieved . The steady state film was composed

of densely packed face centered cubic TaC nanocrystallines with 3-4 nm typical size (lattice

spacing 0.257 nm) . Under these conditions the positive ions mass spectrum is dominated by
distinct groups of Ta,C;, cluster ions (n=1-10, 1<m 314) , each nearly symmetric around
the central (1:1) Ta,C; ion. The observed mass spectrum is very similar to the laser

desorption mass spectrum reported in the literature [ 18 ], typical of emission of face-centered

cubic (fcc) nano-crystals. A relatively sharp decrease in signal intensity is observed for n
values succeeding exceptionally stable cuboids (magic numbers) such as Ta,Cj, (2><2><2),
TasCs (2x2x3), and TasCq (3x3x2) with similar intensities for intermediate n values.
Due to the complete coverage of the Ta substrate with TaC crystallites, pure Ta® clusters
were detectable only up to n=3.

Fig.1a shows kinetic energy distributions (KEDs) of emitted Ta,C, (n=1-9) ions
following impact of 14 keV Cg, on the in situ grown (steady state coverage) tantalum carbide

film, along with a small representative section of the mass spectrum. It is observed that the

most probable energies (Emp ) are gradually shifted to higher values with increase in cluster

size, and that the distributions are getting broader with cluster size. A pure Ta* KED is also

given for comparison and shown to be the narrowest as compared with the Ta,C, KEDs. The
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apparent negative energy tail observed for the small clusters (n = 1, 2) points at some
contribution of metastability (unimolecular decomposition or thermally delayed electron

emission) along the flight path. For n >3 this contribution can be considered as negligible.
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] : Fig. 1 Kinetic energy distributions of Ta,C.
\ J1||| }|I (n = 1-10) cluster ions sputtered from pre-

. - grown tantalum carbide layer following impact
of fullerene negative ion projectile Cg (Eo =
14 keV). The inset shows a representative part
of the mass spectrum. (b) Kinetic energy
distributions of Ta; (n=1-9) cluster ions
Cs— Ta sputtered from a tantalum target following
impact of an atomic projectile Cs* (E, = 14
keV). (c) Kinetic energy distributions of Ta}
(n=1-5) cluster ions sputtered from a tantalum
target following impact of an atomic
projectiles Ar* (E, = 5 keV). Note the opposite
trend of most probable kinetic energies and
distributions  width for the atomic and
polyatomic primary ions: gradual shift to higher
energies and broadening with n for the Cg
projectile as opposed to the gradual shift to
lower energies and narrowing with n observed
for the Cs* and Ar* projectile. The Kinetic
energy distribution of thermally emitted K™
serves as a zero energy marker. .
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The trends observed of increasing Em, values and distributions width with n are in sharp
contrast to the behavior of KEDs consistently reported in the literature for both neutral and
ionized clusters emission using keV atomic projectiles [10,12,19] . In Fig.1b and 1c we show
measured KEDs of Ta, sputtered from a clean Ta target by 14 keV Cs* and 5 keV Ar* ions
, respectively . The observed broad high energy KEDs of the monomers and gradual
narrowing and shift to lower energies with n of the KEDs of the Ta clusters, are in good

agreement with all earlier literature reports using atomic projectile ions. We have found that
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the Ta,C, KEDs could be nicely reproduced by a shifted Maxwellians with a single pair of
fitting parameters : & = mV,2 /2 which is the kinetic energy of a TaC unit (mass m ) moving
with a center-of mass (CM) velocity Vew, and a temperature T. The best fitted values were
found to be kT=1.25+0.09 eV and & =1.1640.06 eV (corresponding Vew = 1074428 m sec™ ).

This implies a common Veu for all emitted clusters . We are thus led to assume that all
emitted clusters originates from some kind of a superhot precursor (with temperature T)
moving outward with a velocity Veu . This superhot precursor can be described as an ensemble
of tightly confined species ( composed of fragments of the topmost surface layers) which are
collectively ejected off the surface due to the extreme pressure/temperature conditions
developed at the sub-surface spike impact zone. This may be related with a similar behavior
observed in molecular dynamics simulations where correlated outward motion [13-15,19-24] ,
emission of large clusters [22,25] and microexplosion events [3,21] were observed.

The steady state Ta/ TaC target may be considered as somewhat special due to the fact that it
is an ultrathin nanocrystalline film (highly cohesive and with low thermal conductivity)
sputtered as stable cuboidic clusters . In order to extend the measurements to a bulk metal ,
we have also carried out measurements of KEDs of ionized silver clusters ( Ag, up ton=9)
sputtered off a silver target following Cg, ion impact. A similar nearly common velocity
behavior was observed in this case as well [ 17 ] . Results will be presented also for KEDs
measurements of Nb,Cr," cluster ions emitted off ultra-thin niobium carbide films (grown

in-situ) following impact of the Cg, ions.
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1. Introduction

The spatial distribution of several chemical compounds in biological tissues and cells can
be obtained with mass spectrometry imaging (MSI). Matrix-assisted laser
desorption/ionization mass spectrometry (MALDI-MS) is a soft ionization technique that uses
a matrix to enhance ionization efficiency, and it has been successfully applied in imaging of
biomolecules up to 100 kDa [1, 2]. In most cases, the spatial resolution of MALDI imaging
would be more than several tens of micrometers [3-5] because the laser spot-size that is
tailored to the cell level has a low sensitivity. MALDI is mainly used for mapping molecules
in tissue sections. Secondary ion mass spectrometry (SIMS) has also been applied in
molecular imaging of biological samples [6-8]. SIMS allows both elemental and molecular
analysis and has been a powerful tool for biological imaging without matrix. SIMS analysis
uses keV primary ion beams and provides good spatial resolution (< 1 um) with well-focused
ion beams. Recently, cluster ions, such as Au,”, Bi, ¥, and Ceo", were used as primary ions in
SIMS with the aim of increasing the secondary ion yield fragmented and molecular ions with
high mass [9,10]. In general, SIMS imaging has been used to visualize the distribution of
elements or molecules below 500 Da because of its low molecular ion yield. In a conventional
SIMS that uses an ion beam of keV-energy, elastic collisions occur between the projectiles in
the beam and the atoms in constituent molecules. The collisions break the molecules and
produce fragments, making acquisition of molecular information difficult. In contrast, ion
beams with MeV-energy excite electrons and enhance the ionization of high-mass molecules,
and a SIMS spectrum of ionized molecules can be obtained. In a previous study, we have
reported the development of MeV-secondary ion mass spectrometry (MeV-SIMS), which is a
new system for imaging mass spectrometry with MeV-energy heavy ion beams [11,12]. SIMS
spectra of biomolecules with suppressed fragmentation can be obtained in this technique. For

a peptide sample (1154 Da), we demonstrated an increase in molecular ion yield by a factor of
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more than 1000 over keV-energy ion irradiation. To achieve biomolecular imaging with high
spatial resolution, a high ion yield is required. Because of the maximum primary ion dose
density in static SIMS, which is called static limit and is typically 10™ ions/cm?, the number
of the detected ions per unit area is limited by the secondary ion yield [13]. For example, to
detect a signal from a molecular specie in a 1 pm? area, a secondary ion yield higher than 10
is required. Therefore, the secondary ion yield is directly related to the highest spatial
resolution achievable in SIMS imaging. In fact, with MeV-SIMS we successfully obtained
mass spectrometric images of deprotonated peptides (m/z 1153) [12, 14]. The MeV-SIMS
technique has the potential for providing high-resolution molecular images of cells [15, 16].

2. MeV-SIMS imaging system

Figure 1 shows a schematic diagram of MeV-SIMS instrument. SIMS imaging with 6
MeV Cu*" was performed using an instrument equipped with an orthogonal acceleration (oa)
time-of-flight (TOF) mass spectrometer, AccuTOF, JEOL, Japan [14, 17]. The primary beam
was collimated with aperture of 100 um or 20 um in front of sample. Secondary ions emitted
from the sample were fed into the quadrupole ion guide section. The secondary ions were
focused by the quadrupole ion guide with the radio frequency (RF) voltage applied. In the ion
guide, the ions were cooled by collisions with He atoms and were transported towards the
microchannel plate (MCP). The oa-TOF measurement was performed between the push-out
plate and the MCP. Figure 2 shows negative ion mass spectra from boronophenylalanine
(BPA) film. BPA solution was casted on a Si wafer and was dried. The two peaks in the

spectra correspond to '°B contained ®BPA and B contained !BPA. Mass resolution of

Aperture
(2100 pm or 20 pm) 6 MeV Cu“*
X-Y Axis
Movable Stage \ // Quadrupole lon Guide PUShIOU‘ Plate
\
oy 4 [/__ T+ —
T —— 2‘,_ MCP
20~ e
2000Pg|__Sample _0.2PaJ_103 Pa [ Seps T™P
-
T™MP
1 I
He Time of Flight Analyzer
Skimmer J— ] — e
(21mm or 3mm) —_— _ eflectron
= YV =1
~1x10° Pa

Figure 1: Schematic diagram of MeV-SIMS instrument
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AccuTOF is high enough to
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) Figure 2: Negative ion mass spectra from BPA film
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chamber allowed measurement of wet samples.

3. Biomaterial imaging

Figure 3 shows an optical microscope image of a sliced rat brain cerebellum and 100 x
100 pixels MeV-SIMS images of cholesterol (C,7H40), phosphatidylethanol (PE) 32:1
(Cs7H7108P), sphingomyerin (SM) 16:1 (CsgH77N,O6P), phosphatidylcholine (PC) 32:0

miz: 369.4 MC: 196
Optical microscope image of sliced cerebellar [cholesterol-OH]*

mfz: 713.5 MC:48 miz: 739.5 MC:33 miz: 772.5 MC:101 miz: 826.6 MC:1AT7
[PE 32:1+K) (SM 16:1+K]* [PC 32:0+K]* [PC 36:1+K]

Figure 3: Optical microscope image of a sliced rat brain cerebellum and 100 x 100 pixels
MeV-SIMS images of cholesterol (C,7H460), phosphatidylethanol (PE) 32:1 (Cs7H710gP),
sphingomyerin (SM) 16:1 (C39H77N206P), phosphatidylcholine (PC) 32:0 (C4oHgoNOsgP)
and PC 36:1 (CsHgsNOgP) of cerebellum.
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(CaoHgoNOgP) and PC 36:1 (CasHgsNOgP) of cerebellum. Sample preparation is described in
previous paper [18]. The cerebellum consists of three different regions, white matter, a
granular layer and a molecular layer. The three layers were easily identified in the optical
microscope image. The [cholesterol-OH]" signal was observed at m/z=369.4. The MeV-SIMS
image had a 4 mm x 4 mm field of view with a pixel size of 40 um. The ion flux in a pixel
was about 4 x 10° ions/em?. The ion flux was calculated from the beam current measured with
the Faraday cup. The MeV-SIMS images of cholesterol were clearly observed and represented
well the structure of the sliced cerebellum observed in the optical microscope image. This
image shows that cholesterol is localized in the white matter of the cerebellum. The [PE
32:1+K]*, [SM 16:1+K]", [PC 32:0+K]", and [PC 36:0+K]" signals were observed at m/z
values of 713.5, 739.5, 772.5, and 826.6, respectively. It is difficult to identify intact
molecules by only mass information of many fragments derived from molecules. However,
these images of intact molecular ions, not fragment ions, allow us to discuss about the
distribution of the molecule. PE, SM, and PC were different type of lipid, but PE 32:1, SM
16:1, and PC 32:0 had similar distribution in the cerebellum. They were localized at the
granular and molecular layers. In contrast, the distribution of PC 36:1 differed from PC 32:0

even though they were same type of lipids.

4. MeV-SIMS imaging with the EQ doublet

MeV-SIMS imaging using the EQ doublet was performed with the instrument depicted
schematically in Figure 4. The primary beam of 6 MeV Cu*" was focused with the developed
EQ doublet and was directed to the sample surface through a collimation aperture with a hole
of 100 um diameter which was inserted between the EQ doublet and the target. To get the
largest current density on the target, slitl and slit2 were fully opened (slitl: 5 mm x 5 mm,
slit2: 2 mm x 2 mm) for the measurement of the SIMS image. Using the quadrupole lens, the

current density increased by a factor of about 30 at the target under the condition of Q1 =

% mm.\’.‘/w mm
®

Deflector
Slitl Slit2 QlLens Q2 Lens target
lon Source (focusing Y direction)  (focusing X direction) 9 v
6 MeV Cu“* | l ( D [
| l ( (e( ()[u I X
§ 6.5m 80 mm 80 mm 273 mm
7m

Figure 4: Schematic representation of our EQ doublet forcusing system.
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4mm

Figure 5: (a) 100 x 100 pixels MeV-SIMS image of [cholesterol-OH]" (m/z = 369.3) of
cerebellum over a4 mm x 4 mm field of view with a pixel size of 40 um without EQ
doublet (c) 100 x 100 pixels MeV-SIMS image of [cholesterol-OH]" of cerebellum with
EQ doublet

1120 V and Q2 = 1430 V.

Figure 5 shows MeV-SIMS images of 100 x 100 pixels of cholesterol of cerebellum
with/without EQ doublet. The MeV-SIMS image had a 4 mm x 4 mm field of view with a
pixel size of 40 um. The MeV-SIMS images of cholesterol were clearly observed and
represented well the structure of the sliced cerebellum. The imaging measurement time
without EQ doublet was 170 min, while the imaging measurement time with EQ doublet was
300 s. This comparison shows that the EQ doublet reduced the measurement time of imaging
by a factor of about 30.

5. Summary

lon distributions of intact molecules of lipids were clearly observed with MeV-energy
heavy ion beam, despite the mass of the lipid being higher than 500 Da. The peaks of intact
molecular ions in the MeV-SIMS spectrum allowed us to assign the mass. Using an
electrostatic quadrupole lens to focus the MeV heavy ion beam, we obtained an MeV-SIMS
image of 100 x 100 pixels of [cholesterol-OH]" of cerebellum over a 4 mm x 4 mm field of
view with a pixel size of 40 um within 5 min, showing that the EQ doublet designed by our

research group reduces the current imaging measurement time by a factor of about 30.
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METAL-POLYMER NANOCOMPOSITES PRODUCED BY SUPERSONIC CLUSTER BEAM
IMPLANTATION WITH TUNABLE ELECTRICAL, OPTICAL AND MECHANICAL PROPERTIES
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CIMAINA and Department of Physics, University of Milano, Milano, Italy

Stretchable functional materials are enabling ingredients for the fabrication of wearable electronics, smart prosthetics
and soft robotics. These applications require the integration of electronic, optical and actuation capabilities on soft,
conformable and biocompatible polymeric substrates [1].

Recently we demonstrated that neutral metallic nanoparticles produced in the gas phase and aerodynamically
accelerated in a supersonic expansion can be implanted in a polymeric substrate to form a conductive nanocomposite
with superior resilience and interesting structural and functional properties [2-4]. This approach is called supersonic
cluster beam implantation (SCBI), a typical apparatus for supersonic cluster beam implantation is reported in Figure
1b, while Figure 1a shows a nanocomposite section analyzed with a transmission electron microscopy. The amount
of implanted clusters can be expressed in terms of the mean film thickness measured by the quartz microbalance, and

itis called ‘equivalent thickness’.

(b)

— _— ||.f . | ercdynamic focuser
180nm 5 3 W —
@ @l - rIo
bigh g M| 4 Fapunin chamses
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Wretat \

300nm

Watuum pure
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Figure 1: (a) TEM image of a thin section of PDMS implanted with an equivalent thickness of 30 nm. Nanoparticles
penetration depth is approximately 180 nm. (b) Typical SCBI apparatus. The mix of gas and clusters produced in a
cluster source attached to the expansion chamber is accelerated by a difference of pressure between the source and
the expansion chamber and collimated by the aerodynamic focuser. Then the nanoparticles enter the deposition
chamber and they are implanted in the polymeric substrate held on a movable sample holder allowing the deposition
on large areas though a rastering technique. (Adapted from references [5][6])

Although the Kinetic energy per atom in supersonically accelerated neutral clusters is four orders of magnitude lower
than in the case of metal ion implantation in polymers [10], clusters (made of several thousand atoms) have sufficient
inertia to penetrate inside the polymeric target. Due to the low energy of clusters, charging and carbonization of the
polymeric substrate are avoided [5,11]. Moreover we have demonstrated [7] that increasing the amount of clusters
embedded in the polymer, nanocomposite elasticity doesn’t change significantly (see Figure 2) and Young modulus

remains two orders of magnitude lower than ion implanted nanocomposites [9].
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Figure 2: Normalized Young modulus vs. Au volume concentration calculated nano-indentation AFM experiments
(blue dot). The black fitting curve is obtained by considering an analytical fitting function 1 + exp( -A(B - X)) .
(Adapted from reference [5]).

Here we present experimental and theoretical results about the production of devices based on metal/polymer
nanocomposites with electrical, optical and mechanical properties that can be precisely tuned by controlling the
fraction of metal clusters implanted in the polymeric matrix [5-8].

As far as electrical properties are concerned, performances of conductive PDMS/gold nanocomposite obtained by
SCBI against extensive uniaxial strain cycles, were tested [2]. Figure 3 shows the resulting R evolutions recorded
during different stretching cycles. During each cycle the nanocomposite electrical resistance grows, almost linearly,
when the strain is released, its initial resistance is recovered. Remarkably, as the number of strain cycles grows, the
resistance increase with strain remains monotonous also after 50000 cycles, keeping an almost triangular response.
Furthermore, the value of R;, for the nanocomposite has only a slow increase as the number of cycle increases and,
most remarkably, the value of Rg, progressively decreases. As shown in Figure 3b the value of Rq, becomes, after
50000 strain cycles, almost half the initial value. Those differences can be explained by the nanocomposite nature of
the conductive film: indeed resistance increase with strain application is due to the increase of the mean distance
between the metal nanoparticles in the nanocomposite, which is anyway reversed when the stress is released
(recovering the initial conductivity).

Moreover, repetition of uniaxial strain cycles allows the nanoparticles embedded in the nanocomposite to
progressively reorganize themselves, leading to a percolating network less affected by the strain and consequently to
the decrease of Rgn. Furthermore, the nanocomposite is not characterized by the supervening of an abrupt electrical
failure at a critical applied strain: for any tested film, the occurrence of an electrical failure is observed only when
the mechanical failure of the polymer film (i.e. its breakage) occurs.
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Figure 3: (a) Electrical resistance as a function of applied strain recorded on the Au/PDMS nanocomposite film
during cycle 2, 10, 100, 1000, 10000 and 50000 (maximum elongation 40%). (b) Electrical resistance at 0% strain
(Rin) and at 40% strain (Rfp) as a function of the number of stretching cycle to 40% strain. (Adapted from reference

[2D).

From the optical point of view, we developed an innovative technique which allows realizing stretchable reflective
gratings.

Transparent gratings were fabricated by making an elastomeric replica from a master consisting of a commercial
glass holographic diffraction grating. The transparent grating was then made reflective by implanting silver
nanoparticles by means of a supersonic cluster beam implantation (SCBI). Figure 4a reports the same single line
scan taken on the PDMS grating metallized by SCBI: an excellent reproduction of the bare profile is observed.

Due to the possibility of varying nanocomposite filling factor in a wide range without damaging the substrate, it is

possible to obtain highly reflective gratings (fig 4b, 4c), characterized by an excellent flexibility and resilience.

(a)

—— PDMS grating replica
—— Nanocomposite grating

{ ~70nm
ER M M r\ .
ip WV \/]_‘vr\d \J\/
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Figure 4: (a) AFM single profiles of the bare PDMS grating and the 60-nm Ag SCBI. (b) Picture of the stretchable
and deformable reflective diffraction grating. (c) PDMS grating withstanding arbitrary deformations without
deterioration (Adapted from reference [3]).
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These properties allow fitting the gratings upon surfaces of a given shape, thus making very simple and cheap
imposing optical power in addition to dispersion properties.

We have also shown [3] that stretchable diffraction gratings obtained by SCBI can easily withstand elongations up to
50% for thousands of cycles with no deterioration of their optical quality and dispersion performances. Moreover
grating response as a function of stretching is linear.

These properties are currently needed in a large number of optical devices, for example such gratings are suitable for
the fabrication of very simple and inexpensive scanning optical spectrometers. Indeed, the grating mounted on a
uniaxial stretcher can be exploited to fabricate a very simple and cheap “linear” alternative to traditional rotating
grating monochromators. We have demonstrated [4] that such monochromators can be used to fabricate
spectrometers able to span the entire visible range of wavelengths, which provide results in excellent agreement with
traditional spectrometers, and which maintain their optical performances for thousands of strain cycles.
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Figure 5: Absorption spectra for Rhodamine B dye in ethanol solution with a concentration of 3.2 x 10 M.
Extension and retraction spectra acquired with the photodiode are perfectly coincident (solid red and blue lines) and
comparable with the spectrum acquired with a commercial Jasco 7850 Uv-vis spectrophotometer (dashed-dotted
black line) (Adapted from reference [4]).
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lon Beam-Induced Luminescence (IBIL or IL) is a very sensitive technique for the analysis of
impurities and defect centers, such as those created by irradiation. In situ luminescence during
ion beam irradiations can be used to investigate the microscopic processes accompanying the
generation of damage and its kinetic evolution with the irradiation fluence. In this
contribution we will talk about the advantages of the IBIL technique compared to other
analysis techniques.

We will illustrate the power of ionoluminescence by showing some results obtained in
amorphous silica (a-SiO2). Silica is a material with a very wide range of applications in
Physics and Technology; in particular it is vastly used for optical and electrical devices. In
some of these applications this material is exposed to hostile environments (high levels of
radiation), for instance when it is used in devices in space platforms, in laser applications, and
also in nuclear fission and fusion facilities [1]. The extreme conditions of radiation in such
fusion reactors are expected to produce a high radiation-induced damage in structural and
functional materials. It is therefore essential to know the mechanisms of damage in silica to
understand its modifications at the molecular level.

We have compared the ionoluminescence in three different types of a-SiO,: KU1 and two
commercial types of silica fabricated by CRYSTRAN. These three materials contain a
different amount of OH impurities, giving rise to some differences in their luminescence
behavior. For all samples, the IBIL spectrum shows two main peaks at 460 and 650 nm which
have been associated with different defects in the material: Oxygen-Deficient Centers and
Non-Bridging Oxygen Hole Centers, respectively. We have observed that, at the beginning of

the irradiation, the red emission is much higher in the samples with high OH-content (KU1)
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than in the samples with low OH-content (UV Crystran and IR Crystran), while the blue
emission exhibits an opposite behavior (Figure 1).

a) Ku1 H 2Mev2010”em
H 2MeV3410“em’ [
B 24 MoV 2.110" em
Br™" 24 MeV 2310 em®

Normalized Intensity (a.u.)

0 L’ AN N o
200 300 400 500 00 700 800 900
(nm)
b) UV Crystran A H 2MevV2010”em
4 H 2Mev3210%em’[4

B 24 MeV 1910 em”
B 24 MeV 7.410" em”*

Normaiized Intensity (a.u.)
¥

A M
0 PP B i .
T ¥ ¥
200 300 400 500 600 00 80 800
(nm)
144 ¢) IR Crystran H 2MeV 2010" cm
H' 2MeV 3010 cm’ 4
124 8r" 24 MeV 1.7-10" em
3 8" 24 MeV 3810 em’
CRTY s
g 84
2 2
e
£h2
Bt i
g 1% g
5.8
ot e
g
24 & g
: §
o ——— 3
0 ¥ T T T T = 0
200 300 400 500 0 700 800 900

(nm)

Figure 1. Emission spectra obtained under irradiation with 2 MeV H" and 24 MeV Br**
beams at low (10*>-10"* cm) and high (10* cm™) fluence.

One of the advantages of the IL is that we can use different ions and energies, i.e. different
stopping powers for the analysis. Therefore, we have compared the IBIL produced by ions
with different stopping powers (dE/dx), and we observed that the kinetic evolution of the
ionoluminescence varies in function of this parameter (Figures 2 and 3). For low dE/dx, the
yield of both peaks increases monotonically with the dose. However, when we irradiate with
high dE/dx, the yield of the two main emissions first increases with the fluence and then it
reaches a maximum at a certain dose, where it starts to decrease. We have also studied the
dependence of the dose at which this maximum is produced with the stopping power of the

incident particle and we have compared our results to those obtained by other spectroscopy
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techniques used in silica by Awazu et al. [2], observing a good agreement between both

results.
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Figure 2. Evolution of the blue band height Figure 3. Evolution of the height of the red
(2.7 eV) with fluence for different irradiations ~ band at 1.9 eV as a function of fluence for
and samples. different irradiations and samples.

Many other interesting possibilities can be studied with IBIL: application to other materials,
low-temperature irradiations, irradiations at very low and very high energy to separate the
electronic and nuclear regimes, irradiating with sequential and simultaneous beams, etc. We
are currently investigating many of these possibilities. In summary, the novel results obtained
by comparing the IL behavior under light and heavy ions offer a useful tool to investigate

structural damage in materials.

[1] A. Morofio, E.R. Hodgson, J. Nucl. Mater. 258-263 (1998) 1889-1892.
[2] K. Awazu, S. Ishii, K. Shima, S. Roorda, J.L. Brebner, Phys. Rev. B 62 (2009) 3689-3698.
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HEYIIPYTHUE IPOIECCHI IIPH B3AMMOJIEACTBAA HOHOB C
MNOBEPXHOCTBIO ZrO,

INELASTIC PROCESSES IN ION INTERACTION WITH ZrO, SURFACE

B.B. XBocros, E.IO.3s1k0Ba
V.V.Khvostov, E.Yu.Zykova

Mockosckuli 2zocydapcmeeHHblil yHusepcumem, Mockea, 119991
Moscow State University, 119991, Moscow, Russia. E-mail: zykova@phys.msu.ru

Experimental studies of inelastic interaction of low-energy Ar* ions (100-2000 eV) with
ZrO, surface are presented. The studies were performed by means of Auger spectroscopy,
secondary ion mass spectroscopy and ion surface scattering. The oscillating dependence of the
surface stoichiometry change and Zr ion yield on the incident Ar ion energy was found. The Zr
ion yield and the scattered Ar ion intensity were oscillated in antiphase. The results are

interpreted in terms of the quasi-resonant charge-exchange model.

Beenenne

BzanmozelicTBHE MEIJICHHBIX HOHOB C IIOBEPXHOCTBIO CONPOBOXAAETCS HEYHPYTHMU
[poLecCaMy, NPHUBOISIIMMH K SMHCCHHM YacTHI B 3apshKEHHOM cocTosiHMM. B Hacrosmiee
BpeMsI JOCTUTHYT 3HAYUTEIbHBIN MpOrpecc B MOHMMAaHHM MEXaHU3MOB 3JIEKTPOHHOTO
oOMeHa MEXIy MaJafOlliM HOHOM U TIOBEPXHOCTHEO METAJUIOB M IOJIYNPOBOJHUKOB [1].
Wnaue neno obcrout aisi ciydasl B3aMMOJEHCTBHS MOHA C ITOBEPXHOCTHIO MOHHBIX U
MOHHO-KOBAJICHTHBIX KPHCTAJJIOB, B PE3YJlbTaTe KOTOPOTO IPOMCXOJUT HOHH3ALUS
BaJICHTHOM 30HbI KpHCTa/UIA , IPUBOAAILAS K (OPMHUPOBAHUIO B KPUCTAJUIE TOYEUHBIX
nedexroB. B paborax [2,3] O6bl1a monydeHa OCHUIUIMPYIOIIAst 3aBUCHMOCTh BEPOSTHOCTH
00pa3oBaHKs PAANALOHHBIX Je(GEKTOB B JUAJICKTPUYECKUX MaTepHalaX OT SHEPTHU
M1aJAI0IINX HOHOB.

B Hacrosimell paboTe SKCHEPHMEHTANIBHO HCCIENOBAIOCh HEYIPYroe B3amMOJeHCTBHE
HOHOB Ar C IOBEPXHOCTBIO OKcuaa ZrO; B 3aBUCHMOCTH OT HAaYaJIbHOM 3HEPTHH HOHOB.

Jnokcun tupkonus (ZrO;) obnazaer GONBLION JUAIEKTPHYECKON MPOHULAEMOCTHIO (€=
25) ¥ WMPOKOI 3alpPEIICeHHON 30HOH M OTHOCHTCS K TaK Ha3bIBAEMbIM aJbTCPHATHBHBIM HIIM
high-k —muanextpukam. B HacTosiiee Bpemst aqbTepHATHBHbBIC TUAICKTPHKA PACCMATPHBAIOTCS
kak 3ameHa SiO; B KPEeMHHEBBIX MHTErpajbHBIX CXEMaX, a TAKXXC MOTYT HCIIONb30BaThCS B
Ka4eCTBE HM30TOpa B 3allOMUHAIOIIEM KOHACHCATOPE SYCHKH MaMsITH ONEPAaTHBHBIX
3aIIOMUHAOIMX YCTPOHCTB [4] 1 B KadecTBe GIIOKMPYIOLIETO JUAIEKTPHKA BO (II3LI-2JIeMEHTaxX

nawmsitu [5].
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Meroanka IKCIIEPHMEHTA

Bce 9KCIeprMeHTHI NMPOBOJMIIKCH B YCIOBHSAX CBEPXBBICOKOIO BaKyyMa C J@BICHHEM
menee 107 Topp. Jlist npeBapuTeIBHOMN OUHCTKH IOBEpXHOCTH ZrO2 0Gpasell porpesaics B
tedyennn 1 waca atmocdepe O; mpu Temmeparype 950°C, a 3aTeM BHOCHICS B BaKyyMHYIO
kamepy ©0e3 koHTakta ¢ armoctepoit. OTCyTCTBHE 3arps3HEHMH Ha MOBEPXHOCTH
KOHTPOJIMPOBAIOCH METOIOM JICKTPOHHONH—0KE CIIEKTPOCKOINH.

JIns w3ydeHus W3MEHEeHWs cocTaBa TosepxHocTH ZrO; moj Bo3meficTBHeM HoHOB Ar’
HCIIOJIB30BAaCh METO/MKA JIEKTPOHHON-0Xke criektpockormu. [locie o6iaydenus mosoit D =
10" em? sanmceiBamics Oske-TMHHM METAma M KHCIOPoAa B AM(EpPEHLHAILHOM PEKHME.
[Mony4yeHHble  CreKTpbl  00pabaThiBAIMCh Ha  KOMIIBIOTEPE. O6paboTka  BKIKOYana
UHTETPUpOBaHME, YyjAadeHHe (OHA HEYNpyrnx  HOTeph M BBIYMCICHHE  IUIOLIAMH,
orpanmdeanoi Oxe-muanun metammwia (lye) u kucmopoga (lo). OTHOIIEHHE 3THX 3HAYCHHIA
(Imello) xapakTepu3yeT OTKIOHEHHE XMMHUYECKOTO COCTaBa OT CTEXHOMETPHH Ha MOBEPXHOCTH.
Uamepennoe otHomenue lyve/lo - HopmupoBanocs k Iwe/lo s HeoOMyUeHHOI TOBEPXHOCTH.

Vi3MepeHust BTOPHYHOM HOHHOM 3MHCCHH H PACCESHHBIX HOHOB MPOBOJMIIICH C MTOMOIIBI0
KBaJIPyIOJIBHOIO MacC-CIIEKTPOMETpa. YTOJI MEXIy HAIlPaBICHHEM HEPBUYHOIO IyYKa H OCBIO
Mmacc-crektpomerpa coctapisut 90. DHeprus mepBUYHBIX HOHOB BapbupoBanack or 100 no 2000
3B.

J1i1s1 9KCTIepHUMEHTOB HCTIONB30Baicst ZrO, KyOudeckoir MOAU(HUKALIMH, B KOTOPOH aTOMBI
LIUPKOHHUS 00pa3yl0T rpaHeleHTPUPOBAHHYI0 KyOnuecKyo pemerky (cM. puc.l) ¢ mocTosHHOM

PEUIETKUA 4.9 A, a aTOMBI KHCJIOpOJia 3aHUMAIOT TETPASAPUICCKUE ITyCTOTHI 3TOM PEUICTKH.

Puc.l. T'panenentpupoBanHas KyOuueckas

sueiika ZrO;

Pe3yabTaThl 1 00CyKIeHHE

Ha puc. 2 wu30o0paxkeHa  JHepreTH4eckas  3aBUCUMOCTb  OTKIOHCHUS OT
CTEXHOMETPHUYECKOTO COCTaBA MMOBEPXHOCTH IHOKCHIA IUPKOHHS MPU OOTyYEHHH €€ HOHAMH
Ar* ¢ sEeprusmu B auanasone ot 100 1o 2000 3B. Buiso, uto 061yUeHre HOBEPXHOCTH OKCHIA

LIUPKOHUA MOHAMU aproHa MNPUBOAUT K pPaspylUICHUIO B OCHOBHOM AHUOHHOU TIOAPCIICTKH. B
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narepsasie sHeprui 400-1100 5B 3aBHCHMOCT HOCHT SIBHO HEMOHOTOHHBIM XapakTep.

IMonoGHbIi pe3ynbrar ObUT Oy4eH paHee B [3] ais noBepxuocty kpucramia Al,Os.

054
044 Puc. 2. OTKJIOHEHHE OT CTEXHOMETPHYECKOTO
cocTaBa noBepxHOCTH ZrO; B 3aBUCUMOCTH OT

024 9HEPTHUH MaJIAI0NINX HOHOB A,

'r T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600 1800 2000
DHeprusi HoHOB AT, 5B

ITo nanHbIM paGots! [6] BameHTHast 30Ha ZrO, COCTOMT M3 TPeX MOA30H Pa3[EICHHBIX
HOHHOM mielnbio. BepxHsist mox30Ha 06pa3oBaHa 2P COCTOSHUAMHU KHCIO0poa 1 4d-COCTOSIHUSIME
LIUPKOHUSI, CPEAHSS MO/30Ha 00pa3oBaHa 2S-COCTOSHHSMHU KHCIOpO/a, HIKHSL Y3Kasl MO/30Ha
copMupoBaHa B OCHOBHOM 4pP-COCTOSIHMSIMH LIMPKOHHMs. 30HA IIPOBOAMMOCTH IIOCTPOCHA B
ocHoBHOM u3 4d-cocrosiHuit uupkonus. [llupuna 3anperenHoit 30Hb! cocraBisier 4.7 3B. Ha
puc. 3 mpuBeeHbI paccuMTaHHbIe B [6] mapiuanbHbie TIOTHOCTH COCTOSIHUNA [UTS HHUPKOHUS U
KHCJIOPOZiA, a TAK)XKe IOJHAsS IUIOTHOCTH COCTOsiHMiA. Ha prucyHKe Takke OTMEYCHO MOJIOKECHUE

BakaHTHOTO 3P- ypoBHs Ar (15.8 3B).

Zr Ad '\

’jL ) Puc. 3. IMapiuanbHble MIOTHOCTH COCTOSIHHS JUIS
Zr p ] LUPKOHHS 1 KHCIIOpOJa, a TaKXkKe IOJHas
IUIOTHOCTh COCTOSIHMIT (HIDKHIs KpuBasi) [6].
O 2p |1
E E

- 02« S\
Ar3pT|
A a

—-30 -2 —10 0
Dnepruz, 2B

AHanu3 30HHOM CTPYKTYpBI C yUETOM CIBHUIOB YPOBHEH, MPOHCXOAILEE C YMEHBILIEHUEM
pAcCTOSHUS MOHA JO MOBEPXHOCTH, IO3BOJAET CUMTATh, 4YTO IMepe3apsika, T. €. OOMeH
9JIEKTPOHOM, IIPOUCXOAUT NPEUMYIIECTBEHHO MEX Ty ypoBHEM 3P Ar 1 2P-ypOBHEM KUCIOPOAA,
B pe3ynbTaTe 4ero oOpasyercs AbIpKa B KHCIOPOJHOW HojpemeTke Kpucramia. Ilossienue
IIBIPKH IPHBOJUT K OCIAOICHHUIO CBS3U KHCIOPOJA C OKPYKAIOIIUMH €r0 aTOMaMH IUPKOHUS U,
HapsAy ¢ KUHETHYECKHM MEXaHH3MOM, MOXET IPUBOJIHUTH K IPEHMYIIECTBEHHOH aecopOnuu

KHcJiopoaa ¢ MOBEPXHOCTH. le/l OTJIETE OT MOBEPXHOCTHU PACHBIJICHHBIC HOHBI KUCJIOPOJa TaKXeE
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MOTYT JOHOJIHHTEIBHO TEPATh JJIEKTPOH B pPE3ylbTaTe JIEKTPOHHOIO OOMEHa € aTOMaMH
TBEPIOIro TeJia.

TeopeTHueckoe pacCMOTPEHHE TIPOLECCOB Mepe3apsIKH AaTOMHON YaCTHIIbI, BHITOJTHEHHOE
B paborax [7, 8] mokasano, 4TO BEpOSTHOCTb HEHTPANM3AMU HOHA M COOTBETCTBEHHO
nedekTooOpa3oBaHusl B KPUCTALIE SIBISETCS HEMOHOTOHHOH (yHKuIMeW oOpaTHOW CKOpPOCTH
MAfaIIero HOHAa. DTHM MOXKHO OOBSCHHTh HAOJIFOJaCMyH0 HEMOHOTOHHYK 3aBHCHMOCTB
M3MCHEHHMS COCTaBa [IOBEPXHOCTH OT YHCPIUH MaAIOIINX HOHOB aproHa.

Ha puc. 4 mpexncraBieHbl NOTydYCHHBIC OJHOBPEMEHHO 3aBHCHMOCTH HHTEHCHBHOCTH
paccesHHEIX mMoHOB Ar', Zr*, ZrO' . Buaso, 4TO 3aBHCHMOCTH BEIXOZa MOHOB Ar' m Zr"
OCUMIMPYIOT B mpoTuBodaze. BTo ke BpeMs H3MEHEHHE WHTCHCHBHOCTH BBIXOJA

MOJICKYJISIPHBIX HOHOB ZrO+ OT SHEPI'uM IaJarolux HOHOB HOCUT MOHOTOHHBIN Xapakrep.

Puc. 4. Dueprernueckas 3aBUCHMOCTh
WHTEHCUBHOCTEH paccesHus Ar u

pacnpuIeHHs HoHOB ZI™ u ZrO”* .

MHTEHCHBHOCTD, OTH.€/1.

T T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Sueprus nonos Ar, 5B

+

+
Ha6n10)1aeMasI YUCTKasA AaHTUKOPCIIANUSA BBIXOJO0B HWOHOB Ar’ u Zr moxer OBITh

00BsICHEHA SJIEKTPOHHBIM 06MGHOM, HUMEIONIMM MECTO MEXKAY HAJICTAOUIUM HWOHOM Ar u

aToMoM Zr Ha noBepxHocTH ZrOs.

Pa6ora noxuepxana PO®U (rpant Ne 15-02-07819 a).
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ENERGY LOSS EFFECT ON COLOR CENTER CREATION IN
LITHIUM FLUORIDE CRYSTALS UNDER IRRADIATION WITH SWIFT IONS

M.V. Sorokin', A. Dauletbekova?, K. Schwartz®,
M. Baizhumanov?, A. Alkilbekov?, M. Zdorovets*

! National Research Centre 'Kurchatov Institute', Moscow, Russia, m40@lab2.ru;
ZL.N. Gumilyov Eurasian National University, Astana, Kazakhstan;
® GSI Helmholtzzentrum fiir Schwerionenforschung, Darmstadt, Germany;
*Institute of Nuclear Physics, Ibragimov St. 1, Almaty, Kazakhstan.

High quality LiF crystals grown from the melt in an inert atmosphere were used for the
experiments. LiF platelets of 10x10 mm? and thickness of about 1 mm, cleaved along a (001)
plane were irradiated at the cyclotron DC-60 (Astana, Kazakhstan) with °C, N, “Ar, ®Kr
and *°Xe ions with different energies. The thickness of the samples for all irradiations was
larger than the ion range (R) [1]

Absorption spectra of irradiated LiF crystals were measured with a double beam UV-VIS
spectrometer SPECORD 250 Plus (Germany) in the spectral range 190-800 nm (6.5—

1.55 eV). The absorption spectra for 4.8-MeV *°C and 221-MeV **Xe ions are presented in
Figs. 1aand b.

¢ A\ . a)
0g[48MeV [ 3x10 | 2ol
LR ~ 10" ——
[
06k ! 1o — 1
\

Optical density
Optical density

Photon energy (eV) Photon energy (eV)

Figure 1. Absorption spectra of LiF irradiated with 4.8-MeV 12C (a) and 221-MeV 130Xe (b) ions
depending on fluence.

The average F-center volume concentration was estimated as N_ =n. /R, where n_
(cm™) can be evaluated using the Smakula-Dexter formula [2]:

nF[cm’2J=9.48><1O15 D: @
where D_ is the optical density at the absorption peak of F centers (5.0 eV). The

absorption peaks of complex F, centers (n=2, 3, 4) overlaps and their volume concentrations

for various projectiles were compared using the values of A_ /R, where
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4.13

A= [Dle)de @
177
is the integral absorption: where D(g) is the optical density in the scale of the photon energy

£ (eV).
On the Figs. 2 and 3 the values of N and A /R are plotted versus the average absorbed

energy density (E,,, = ®xE,, /R, eviem®).
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Figure 2. Accumulation of F centers under Figure 3. The concentration of single F centers
irradiation with light and heavy ions. (Np) and the value of A /R in LiF irradiated

with 12-MeV *C and 221-MeV **Xe ions versus
the absorbed energy.

For light ions (*2C, ¥N) the saturation of single F centers takes place at higher absorbed
energy (5%x10% eV/cm?®) than that for “°Ar, 8*Kr and **Xe ions (~10%® eV/cm?®). The saturation
concentration of F centers for *2C and *N (2x10% cm™) is twice of that for the heavier ions.
Further irradiation with light ions decreases concentration of F centers, presumably due to
aggregation, whereas for heavy ions the saturation concentration remains approximately the
same that can be explained by much stronger recombination losses within single tracks.

Assuming that the concentration of local recombination centers (namely of H centers and
their aggregates) is proportional to the local concentration of the accumulated F centers, one
can employ a simple model for generation of F centers depending on the local absorbed
energy g,

de?)
dg s
It gives the local F-center concentration c(;’, taking into account recombination processes:

-Kl-re)). c(0)=0 ®)

n 1
) = (L~ exp(- Krg.) @
Taking into account defect aggregation within the volume AV,., one can write [3]:
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¢ = cexp(- Av,c!) (5)
The quantitative plot of the local F-center concentration dependence on the absorbed

energy is shown in the Fig. 4. It demonstrates, that heavy ions may not ‘feel’ the maximum of
the dependence. In this case the F-center accumulation follows the absorbed energy (fluence)
and saturates as far as the tracks start to overlap [3, 4]. The light ions (**C, *N) should
generate defects more uniformly so that a certain absorbed energy corresponds to the maximal

feasible concentration of the F centers.

Figure 4. Schematic plot of the local F-center
accumulation with the absorbed energy. Dashed
curve represents the model, which does not take
into account recombination processes [3]. Heavy
ions should correspond to the almost saturated
domain.

Dass

Note that the Eq. (4) does not take into account gradual transformations of the interstitial
centers, for example formation of fluorine bubbles and dislocation loops under intensive
irradiation. So the saturation does not mean a cease of all radiolysis processes. However for

the study of the single F centers it can be a reasonable simplification.
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InGaAs/GaAs QUANTUM WELL MODIFICATION BY FOCUSED ION BEAM

10.B. KaHI/ITOHOB*, IL.1O. Illanoukus, }O.B. ITerpos, C.A. Jloutoc, C.A. Enucees,
10.I1. E¢umos, B.B. ITetpos, B.B. OBcsiHkuH
Yu.V. Kapitonov*, P.Yu. Shapochkin, Yu.V. Petrov, V.A. Lovcjus, S.A. Eliseev,
Yu.P. Efimov, V.V. Petrov and V.V. Ovsyankin

St.Petersburg State University, 198504 Ulyanovskaya, 1, St.Petersburg, Russia
* e-mail: kapiton22@gmail.com

We report a method of thin InGaAs/GaAs quantum wells (QWs)
modification by 35keV He" focused ion beam irradiation. This method
employs strong dependence of resonant reflection coefficient on the
inhomogeneous broadening determined by exciton scattering on the QW
structural defects introduced by ion beam. Lateral modulation of QWs is
also shown as a method of creation of resonant diffractive optics elements.

Single quantum well (QW) structures based on direct bandgap semiconductors attract
attention due to their narrow isolated optical resonances which are connected with direct
excitation of the 2D Wannier—Mott excitons. Progress in the Molecular Beam Epitaxy (MBE)
technology resulted in creation of structures with the exciton resonance width close to its
natural limit [1]. Such structures are considered to be one of a few real candidates for base

structures of the functional elements of systems for ultrafast parallel information

processing [2].

In [3], we have shown a pre-MBE method of producing resonant diffraction optical
elements on the basis of such structures by addressable spatial modulation of the exciton
resonance width. The modulation was achieved by growing the QWs on substrates
preliminary modified by irradiation of the substrate by 30 keV Ga'" Focused Ion Beam (FIB).
Technological drawbacks of this method are an uncontrollable contamination of the substrate
at the stage of surface modification and the low spatial resolution. As a promising alternative,
in this work we consider a post-MBE method of additional inhomogeneous broadening of
exciton resonance by irradiating ready QW with high-energy ions. For such irradiation we
have used a Helium Ion Microscope which could produce a 35 keV He" ions beam focused in
a 1 nm spot [4]. In this work we have carried out experiments with uniform irradiation and

periodical pattern formation by ion beam.

As the main method of studying excitonic properties of the uniformly irradiated QW,
we use a reflection spectroscopy in the Brewster configuration (light incident on the sample at

the Brewster angle with the polarization in the plane of incidence) [1]. In such geometry there
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is no non-resonant background reflection from the sample surface. Theoretical consideration

leads to the following expression for spectral behavior of the reflection coefficient Kr(®):

ra
(w—wo)” + Tg+Inp)”’

Kp(w)=

where I'r — radiative linewidth of the exciton resonance, I'ng — non-radiative
broadening, including additional inhomogeneous broadening caused by the ion beam

irradiation.

We have studied a sample P602 with 4.5 nm width In(1.5%)GaAs quantum well with
GaAs barriers. Distance from the QW to the sample surface was 60 nm. Irradiation of the
sample by the 35 keV He' ions was performed using the Helium Ion Microscope Zeiss
ORION supplied with the external scan generator Nanomaker. Areas of 300x150 pm were
uniformly irradiated at a current of 0.15 pA with a step of the filling raster being 50 nm. The
irradiation doses were several orders of magnitude lower that the milling or blistering doses

for GaAs, and were in the range of 10'° — 10'2 1/em?.

Figure 1 shows the reflectivity spectra Kr(w) at T = 9.5 K for the areas of the sample
with different irradiation doses and of the non-irradiated area. Resonance in the figure

corresponds to the heavy-hole exciton of the QW.

0.06 F —-—- No irradiation
— 110" 1em?
— 510" lem?
0.04 |- 110" 1en?
= 510" Hem?
= 110" 1em?
0.02 +
0.00 ' : ' e
1.507 1.508 1.509 1.510 1.511 1.512

w, eV
Fig.1. Reflection spectra of the uniformly irradiated areas.

Fitting of the experimental data using above formula shows that I'r remains around
50 peV for all irradiation doses which means that such low dose ion irradiation does not
noticeably affect the QW morphology and thus oscillator strengths of the exciton resonances.

Additional inhomogeneous broadening caused by ion beam introduced defects depends
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linearly on the dose with factor 2.2x10” peV-cm®. Practically total absence of any non-
resonant background scattering in the reflectivity spectra shows that the ion irradiation, in this
case, changes only resonant properties of the sample, leaving optical quality of its surface

intact.

The next step was the proof of the possibility of the spatial modulation of QW optical
properties using such ion beam irradiation. In order to do this the same sample was irradiated
with periodical array of stripes with 400 nm width. Array consisted from 375 stripes arranged

with 800 nm period. Stripes height was 150 pm. Irradiation dose was 5x10"" 1/cm?.

Periodical spatial modulation of the exciton resonance inhomogeneous broadening gives
rise to diffraction peaks in the angular distribution of the resonant coherent response. In the
case of the light incident at the Brewster angle the first order diffraction maximum was
observed at the normal to the sample surface which corresponds to the 800 nm grating period.
Figure 2 shows the spectrum of the diffraction efficiency Kp(w) of the first order diffraction
maximum. The spectrum shows resonant diffraction efficiency around 10~ and high contrast
between the resonant signal from the QW and the non-resonant background around 10°. So
again the surface of the sample remains intact, and the source of the diffraction is only the
spatial modulation of the exciton resonance inhomogeneous broadening. Rather high
diffraction efficiency is the evidence of a good contrast between irradiated and non-irradiated

stripes. This could be only in the case of the modulation resolution of about 200 nm or less.

1.2 F 800 nm  Dose: 5%10' 1/em?
”I.E 0‘8 _ i—I [ I
xﬂ
0.4 F \
Dose: 0
0‘0 I L 1 1 r 1 i 1 —
1.507 1.508 1.509 1.510 1.511 1.512

w, eV
Fig.2. Diffraction efficiency for the first order diffraction maximum.
The results obtained demonstrate the possibility of InGaAs/GaAs quantum well

modification using 35 keV He" focused ion beam. Low dose ion irradiation leads only to the
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additional inhomogeneous broadening of the exciton resonance in the QW. The non-resonant
properties of the sample (such as the sample surface roughness) and sample morphology
remain intact. The focused ion beam allows performing addressable modulation of QWs.
Such modulation could be used for creation of spectrally selective diffractive optical
elements. A simple element created using proposed method — the resonant diffraction grating,

is presented in this work. The resolution of the modulation is estimated as 200 nm or better.

The reported study was partially supported by RFBR, research project No. 14-02-31617
mol_a. This work has been carried out on the equipment of the SPbU Resource Centers

“Nanophotonics” (photon.spbu.ru) and “Nanotechnology” (nano.spbu.ru).
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MACC-CIHIEKTPBI KJTACTEPOB ITPU MOHHOM PACIIBIVIEHUN METAJUTA
MASS SPECTRA OF CLUSTERS AT ION SPUTTERING METAL
Makapos /I.H., Marsees B.1.
Makarov D.N., Matveev V.I.
CesepHblii (Apkrideckuii)henepanbublii yausepcutet um. M.B.JlomoHOCOBa,
163002, Ha6. CeBepnoii [IBunbl 17, r. Apxanrensck, Poccus
E-Mail: makarovd0608@yandex.ru
The analytical expressions are obtained for the calculation of the clusters mass
spectra at ion sputtering of metals taking into account the contribution of the fragmentation
processes.
1. BBeaeHue
I/I3BeCTHO, YTO B pacyd€Trax BBIXOJAO0OB CTaOMIILHBIX KJIaCTEpOB IIPU HWOHHOM
pactbUICHHH TBEpPAOTO TeNa HEOOXOAMMO YUYHUTHIBaTh HPOLECCH  (parMeHTanuu
B036y)KI[eHHLIX KJIaCTEPOB. B HaCTOSIHIeﬁ pa60Te TIOJTYYCHBI aHATIMTUYCCKUE BBIPAKCHUSA
JUIA TIOJTHOTO BBIXOJa CTaGPUII;HLIX KJIaCTEPOB C YUETOM BKJIaga IMPOLECCOB (bparMeHTaum/[
TI0CJIC BBIXOJa C MMOBECPXHOCTH TBépHOFO Tella. YUYUTBHIBAETCS CTATUCTKA TIpA SMUCCUN N -
aTOMHOI'0 KJacTe€pa Hu3 HeKOTOpOﬁ 30HBI BOSGy)KI[eHI/IH U HaxXOOUTCS CPEAHEE YUCIIO
CTa6I/IJIBHBIX KJIaCTEPOB. HOKa3aHO, 4YTO IpHU YYETE B MEXaHU3ME CbOpMP[pOBaHI/I}I N -

aTOMHOTO CTaOMJILHOTO KIIacTepa 3aBUCMMOCTH JHEPTHMM CBsA3u knactepa U B TBEpIOM
Tese oT N MOXHO TIOJTYYUTh OY€Hb XOPOIIEE COrIaCue C SKCIICPUMEHTOM.

2. CTaTHCTHKA MeXaHH3Ma (l)parMeHTauun KJ1acTepoB

B pabore [1] Ha OCHOBE CTATHCTHYECKOTO MTOAXO0/a IOIyYeHA BEPOSTHOCTD BBLIETA
N -aToMHOTO KJIacTepa B TEJIECHBIN yroia Q :
. Q ~ 3 3mU,
2ni7 (2 CE )

Wi )

o+ . —
rae T(v,x)= f x""e'dt - Henonuas I'-pynkims. CrnesyeT ckasath, 4To Bhipakenue (1)
X

OIpEZeNsieT BEpOSTHOCTh BbIxoga N aroMHOro kiacrepa (Kak CTabMIBHOTO, Tak H
HECTabMIIBHOT0), CUMTAETCs, YTO 30HAa BO30YXKICHUS B TBEPJOM Tele CTPOro paBHA
pasmepy camoro kiacrepa. KoHeWHO, Takoe pacCMOTpPEHHE HE COOTBETCTBYET
JIefICTBUTENBHOCTH, peaibHas 30HA BO30OYKACHHS B TBEPAOM TeEle MOXKET COAEpPKaTh
nopsaka 1000 aromoB wu Oombmie. [lo9TOMy paccMOTpUM IPOM3BOJBHYIO 30HY

B0o30ykaeHus c umcnom atomoB Ny >> N. Jamee, mcmoms3ys Belpaxkenue (1) u

U3BECTHYIO KOMOMHATOPHYIO CTAaTHUCTHKY, IOIyYHM, BEPOATHOCTh BbIXoAa N mryk, N -
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ATOMHBIX KJIaCTEPOB U3 30HBL NO .

N
No_p o |y
P, =Woa-w )N AN 2
Nn © N( - N) N . ( )
nif—%—n|!

N
BepositHocT (2) HE y4nTBIBaeT MEXaHM3M (pparMeHTauun kiacrepos. st Toro, 4yro0s
y4YecTb TAKOW MEXaHU3M OyJIeM CUMTATh, YTO MPOLECC paclaia HecTaOMIbHBIX KJIACTEPOB
uaéT B OCHOBHOM (TaKk OHO M €CTb) d4epe3 OJHOATOMHBIC pachaasl. Torma, ecian
UCIIOJIB30BaTh pe3yibTarel pabotsl [1], rae Obina HaiiieHa BEPOATHOCTh OCTATHCS B
CTaOMIBHOM COCTOSIHUM N -aTOMHOMY KJIacTepy, MHONyYUM BEpOSTHOCTH OCTAaThesl B

CTaOMIIBHOM COCTOSIHUHM KaKoMY-JT00 ogHOMY aroMmy N -aTOMHOrO Kiiacrepa

qZ
W, =exp(— z A} @
rie A - dHepreTHueckas TNIyOMHa MBI B KOTpOil Haxoaurtcst atoM, B [1] cuuramn, uro
A=45,Tme § -dHeprus cyOaMManuu atoMa, M - Macca aToma. B uTore, MOKHO TI0Ka3arTh,
qTO BepOﬂTHOCTL 06Hapy)KHTL n HITyK, N -aTOMHBIX CTa6PU'[BHBIX KﬂaCTepOB, ]'lpI/I

Boixofe N +K aToMHOro HecTabMIBLHOTO KiacTepa u3 30H6 N paBHA

No _p No ), n
n N +k N +k)!
Pith, =W o N+ ARt DL
nf—2—n| o
N +k

Jlanee Haiiném cpennee umucio <ni) > cTaOwibHbIX N -aTOMHBIX KJIACTEPOB, MpPHU

Boixofe (N +K)-aToMHOro HecTabUIBLHOTrO K1acTepa u3 30Hb N

N
. \ o1

<l >= SR = MW e LW e, DN 69)

=w" (1-w)* (Nt

THe ay NI IMockomeky N, >>1, Bepaxenne (5) ympomraercs u
HPUHIMAET BUI:
M) 5= N, N,
<Ny >= ay Wy WEXF’ = (L= oy Wy N <k -1 (6)

N
Beipaxenue (6) MOXHO elie yHmpoCTUTb, €CIIH CUMTATh, 4TO WN+k(ﬁ‘1) <<1(uro
+

COOTBETCTBYET HeﬁCTBHTeHLHOCTH JJIsT pacCMaTpuUBac€MbIX HaMH 3KCHepI/IMeHTOB), B
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pesynbTare
No

—, 7
e ¥

(N) o
<Ny >= oy, W,

JHanee Haiiném cpenHee KoamdecTBo <Ny > 00pa3oBaBIIMXCs CTAOMIBHBIX N aTOMHBIX

KJIIaCTEPOB U3 30HBI NO’ JUIA 3TOT0, O4YEBUIHO, HA0 BBIYUCIATE CYMMY

N,=N
<ny >= z <N > ®

B pesynbrare, npu ycioBHM CrpaBeqIMBOCTU Bbipaxenus (7) mist < nﬁ‘Njk > Ha

ocHoBe BeIpakeHus (1) Hamu mosTydeHa CIeayomas annpoKCHMAIHs [UsT CyMMBI (8) :

2N, |3

qZ

3muU, (1+0.07——
|
NaN |2 q

2 ©)

<nN >=

3. BriGop sHepruu cBsizu Kjaacrepa U, W cpaBHEHHE € IKCIIEPUMEHTOM

Cuienyer cka3ath, 4To B [1] cunraercs, 4to KiacTep HMeeT pa3Mep Takoil (Gpurypsl,
IJe TIoMab NoBepXHOCTH 3Toi durypsl S, ~N?° u Takumu durypamu moryT GbITh
map, Kyo u apyrue. KoHeyHo, Takoe NMpearnoaoKeHnue SBISETCS OLIEHOYHBIM, a PealbHOM
3aBUCHMOCTH IUIOLIAJM IIOBEPXHOCTH O T N MOXXHO Y3HAaTh TOJNBKO B KOHKPETHOM
9KCIIEPHUMEHTE, BEIb CTEICHb WU3PHITOCTH IOBEPXHOCTH OIPEAEISETCS  OOJBLIMM
KOJIMYECTBOM I[1aPAaMETPOB KaK CaMOil IIOBEPXHOCTH, TaK M 00Jy4acMbIM BEIIECTBOM.
OHeprust CBsA3M KiacTepa INpONOpUMOHanbHa muowand Sy . Ilpuuem, M oxkHO JMIIb
CKa3aTh, YTO B 0OIIEM Cilydae IUIOMmagb IIOBEPXHOCTH KiacTepa Kak GpyHkuus or N Oyzmer
MensiThes B mpesieniax Sy ~ N® (HeT CBA3M aTOMOB KiacTepa C MOBEPXHOCTBIO) /O
Sy ~ N (kaxaslii aTtom KjacTepa CBs3aH C IIOBEPXHOCTBIO). Ilo3ToMmy, BBIGOp
U, =& (N) (0 -sneprus cyonumarmu, f(N)- Hexotopas dyHkuus) Gyaem onpenensTh
U3 HAMITy4IIEero COBIA/ICHUS HAIIIMX PACUYETOB C SKCIICPUMEHTOM.

B kauecTBe CpaBHEHHs C DKCIEPUMEHTOM s ompenenenns U, paccMoTpuMm
pesynbTarel B [2,3]. Ha sxcniepuMenTe 0OBIMHO H3MEPSIIOT OTHOCHTENIBHBIC 3HAUCHHA Y
BBIXOJId KJACTEPOB C PpAa3jIMYHBIM 4YHCIOM artoMoB. [losToMy, Ui CcpaBHEHHS C
9KCIIEPMMEHTOM, CpEHee YHCIo KiacTepoB (8) ciepyer cHauana MOJENUTh HA CpejHee
qucio kinacrepos ¢ N =30 (tounee, MoxHO BbIOpaTh 000e N , HO Ham yno6ree N =30

), AHAJIOTUYHO HOPMHUPYIOTCA U OKCICPUMEHTAJIBHBIC JaHHBIC. Takum 06p330M, 1o
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onpezenenmo Y, =<ny >/ <n,, >. [Ipu npoBeseHNN PacyeToB SHEPIUIO CyOIIMAUH O
Mbl BBIOMpAIM B COOTBETCTBHH C [4], Tak 4dYTO € JAMHCTBEHHBIMH BapbUPYEMbIMU
napamerpamu B (8) sBnsAroTcs ummynbe ( M Gynknusa U . JIns HantydImero coriacus ¢
skciepmentom  [3] Obura BeiOpana ¢ymkmus U, = 5(1+0.38In(N)), moaronounsiii
mapamerp (=88, a N, =1000 (xoTs pe3ymbTaThl pacuéTa OTHOCHTEIHHOTO MapaMeTpa
Yy, HaunnHas ¢ N; > 200 He MeHANHCH C POCTOM NO). Crnenyer ckas3arb, 4TO 4acTo
HCIIOJIB3YIOT SMITMPUYECKHii cTerneHHoil 3akon Yy, = N ™*( rae napamerp a ompezensercs
B OKCIIEPMEHTE, 3TOT 3aKOH HopmupoBan Ha N =1). Jlns mpoBeneHHs CPaBEeHHS C
skcriepMenToM B [3] mapamerp B cTerneHHOM 3akoHe ObLT TaM ke Haiinen u a =3.9. Ha
HPEJICTaBIEHHOM puc.l He MILTIOCTpUpPYEM cTeneHHoit 3akon Y = N “#9/307%°, mockombky

OH MPAKTUYCCKHA TOYHO COBIIAJ C HAIIUM paC‘IéTOM.

T T T T T TTT T T T T T TTT

IOSF - 1
V b
-

o 1000 . - 1
o] LN
- - -
g --.l
s 10k " 3
E ""'\
-

0.1F i, |

1 A " I R - | 1 A " Il PR - |
0.001| 2 5 10 20 50 100

cluster size
OTHOCHTENbHBI BBIXOJ KIACTEPOB HPU PACHBUICHHH MOBEPXHOCTH IMOIMKPUCTAIINYECKOro cepebpa
nonamu Xe"* ¢ sneprueii 15 keV: orMerku B Biie 6esioro pomGa - pesyIIbTaT HAIIEro pacera o Gopmye
(8) mpu UN = (5(1+ 038|n(N)), q= 88, a NO =1000 , 4€pHBIC KBAAPAThl - 3KCHEPUMEHTAIbHbIC
JiaHHbIe (TOJIBKO HelTpanbHble Kiacrepsr) [3].
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N3YYEHUE SMHUCCHUHU OTPULHATEJIbHO-UOHHBIX KJIACTEPOB 3C-SiC
TP BOMBAPJIMPOBKE HOHAMM Cs*
THE INVESTIGATION OF EMISSION OF NEGATIV-ION CLUSTERS 3C-SiC
UNDER CESIUM Cs* ION BORBARDMENT

B.T. Atabaes, P. Jl)xa60apranos, b. A. 3usieB
B.G. Atabaev, R. Dzabbarganov, B.A. Ziyaev

Hncmumym uonno-nnasmennvix u nazepnvix mexuonoeuit AH PY Tawxenm, Y36exucman

It is shown that the emission of negative-ion clusters exponential depends on the current
density and energy of bombarding ions in the threshold area of sputtering. The dependences
of cluster ions yields on the temperature of silicon carbide (SiC) surface at bombardment by
Cs ions has been investigated. It is shown that formation of negative-ion clusters exponential
depends on a cesium coverage of a substrate (with the maximal yields at 500°C). It is confirm

the mechanism of a direct emission of clusters with the subsequent their ionization.

Pe3ysbTaThl SKCIEPUMEHTOB Ha puc.l MOKa3bIBAIOT, YTO YBEIMYCHHE IUIOTHOCTH TOKA
HEPBUYHOTO My4YKa HOHOB LIE3Ws MOBBIIIAET OTHOCHTEIIBHBIH BBIXOJ KJIACTEPHBIX HOHOB Sip,
Cm u SinCp, npudem ¢ yBeramueHHeM N u M 3TOT 3bdeKT mposBisieTcs Ooiiee YETKO.
BoMbapaupoBKa MHUILEHH HOHAMH LIE3Hsl TIPH JIMHEHHOM POCTe IUIOTHOCTH TOKA aHOMAJIBHO
WIN 9KCIIOHEHIMAIbHO YCHUIMBAET BBIXOA Pa3M4HbIX OTPHLATEIbHBIX KJIACTEPHBIX HOHOB,
9TO HPUBOIAWUT K YBEIMYCHHIO TOJM KIACTCPHBIX HOHOB B MAacC-CIIGKTPE OTPULATEIBHO-
HOHHOTO pacmbuieHus. B Macc-CrieKTpe MpOJIYKTOB PACHBUICHHS B BHJAE OTPHLATEIBHBIX
MOHOB Hapsly C arOMapHbIMH HMOHAMH, COCTaBIsiolMX Marepuan muuenn C u Si
PErUCTPUPYETCST 3aMETHOE KOJIMYECTBO MHOTOATOMHBIX I'OMOSICPHBIX KIIACTEPHBIX HOHOB
Cn(2+11) u Si(n=2+5). Takxe H apsily C HEKOTOPHIM KOJIMYECTBOM AaTOMAPHBIX HOHOB
OCHOBHOTO ~ COCIMHEHHMsT OOHApYKMBAIOTCS TAaK HAa3blBaeMble KOMIUICKCHBIC —HOHBI,
00pa3oBaHHbIC M3 COCTABIIIOIIMX MaTepHaa MUIICHH aTOMOB B Pa3jIMYHBIX KOMOMHAIMSAX
wonbl, tHma (SimCp), tme 1<m<5, 1<n<7. UHTEeHCHBHOCTb KJIACTEPHBIX HOHOB  Sip
MOHOTOHHO MAJIaeT C YBEeJIMYEHUEM UKC/Ia aTOMOB B KiacTepe Npubiusutensho kak /1"
rae m=3-4, a pacripesie/ieHne OTHOCHTENBHOTO cojepkanust KnactepoB C, M KOMILUIGKCHBIX
HUOHOB Sio{, SiZC' ,SizCzi, Si2C3', SizC47, SizCsr, Si3C7, Si3C37, Si3C47, Si4O’, Si4C4r coaepxar

OCHWJIIALUIO.
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Puc.1. 3aBHCHMOCTB SMUCCHH OTPHIATENBHBIX
KJIACTEPHBIX HOHOB Sim™ 1 SimCh™ OT IWIOTHOCTH TOKA

Pe3ynbTaThl HMCCICHOBAHHS HYHEPreTHYECKOH 3aBUCHMOCTH BBIXOJA BTOPHYHBIX
OTPHIIATENIBHO 3apsKEHHBIX MOHOB mHpu OombapampoBke uoHamu 1uesust E ,=0,1-3,0xB
KkapOua KpeMHHUs IPUBEJICHBI Ha PHC.2.

B ycnoBusix pacnbiieHuss SiC pH HU3KHX SHEPrHsX B MAcc-CIEKTPax BTOPHYHBIX
HOHOB OOHAPYXHBAIOTCSI T€ MHOTOATOMHBIC HOHBI, KOTOPBIC COOTBETCTBYIOT KOH(MUIypaLHu
aToMOB B Kkpucrammmueckoit ctpykrype (SiC), (SiCy), (SiCs), (SiC4)’, u T.n. Buano, uro
9MHCCHSI  OTPHILATEIbHO-HOHHBIX ~ KJIACTEPOB  HKCIOHCHIMANBHO  3aBHCHT 9HEPTHH
60MOapIMPYIOMKX HOHOB B IIOPOTOBOIf OONACTM PACHBUICHUS, 4YTO YKa3blBaeT Ha
PEKOMOMHAIIMOHHBIN MEXaHH3M SHEPTeTHIECKOTO MOPOTa PacIbUICHNS KJIACTEPOB.

Ha puc.3 npuBezeHbl pe3ysibTaThl HCCIIEIOBAHUS 3aBUCHMOCTH BBIXOJA KJIACTEPHBIX HOHOB
OT TeMIIepaTyphl TIOBEPXHOCTH Kapouna kpemuus 3C-SiC mpu 6omGapauposke uonamu Cs”
[P TOCTOSIHHOM SHEPruM M IUIOTHOCTH TOKa. IIpum pocTe Temmeparypbl MHOIOKKH
npoucxoaut audpdysus HMIUIAHTHPOBAHHOTO K3 HMOHHOTO ITydka aTOMOB Le3Wsl Ha
HOBEPXHOCTb C MOCIEAYIOIMM AecopOlLyeil B BaKyyM IIPH MOBBIIICHHBIX TEMIIEPaTypax.
BunHo, 4to 00OpazoBaHHME OTPHUIIATEIHHO-MOHHBIX KJIACTEPOB KCIOHEHIHMAIBHO 3aBHUCHUT OT

CTECIIEHU LE3UEBOI'0 IOKPBITHUS ITOAJIOKKH C MAKCUMAJIBHBIM BBIXOJIOM IIPU 500 C.
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10T 3KCIIepPIMeHTaHLHBIﬁ (paKT TIOATBEPIKAACT MEXAaHU3M HpHMOﬁ OMHCCUHU

KJ1acTepoB € HOCHG}IyIOH.ICﬁ WX MOHHM3AIMEH KaK [eJI0ro Hal TIOBEPXHOCTBIO.

" | oTH

‘ -SG5

) f sic”
10" |- SiC3
sic;

SiCq

sic7
siCg

10 _ >
1.0 2.0 3.0 Ep, koB

)

Puc.2. 3aBHCHMOCTH SMUCCHH OTPHIATENBHBIX KIACTEPHBIX HOHOB Sim” 1 SICyy” OT sHepruu
nepBudHBIX HOoHOB CS* mpu Gombapauposke SiC.

ITonraromMHBIE MOHBI BHUIA Cn u Sim, KOTOpBIC IIEPBOHAYATIBHO HE MNPUCYTCTBYIOT B

KpUCTAJUIC , HAYMHAIOT ITOABJISAIOTCS B CIICKTPE C YBEIMYCHUEM SHEPIUM IEPBHYHBIX MOHOB-
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OHH (bOpMI/Ipy}OTCH Ha MOBEPXHOCTHU B MNPOLECCE P aCIIbUICHUS. 910 YKa3bIBa€T Ha TO, 4YTO
MaccC-CIIEKTP MHOIOaTOMHBIX HOHOB HU3KUX SHEPIUAX NEPBUYHBIX 60M6ap)1npy}oumx HOHOB

HMEET OIPE/ICNICHHYIO CBS3b C KOH(QUrYpalMii aTOMOB B KPUCTAJIIMYECKOM pelIeTKe.

| oTH.

Cs* — SiC

C;
102 —
Sit

(sicy

Siz

101

200 400 600 800 1000 T.00

Puc.3. 3aBHCHMOCTb SMHCCHH OTPHIATENBHBIX KIACTEPHBIX MOHOB Sim  H SinC, OT Temmeparypsl
MHuIIeHH pu GomGapauposke SiC nonamu Cs*.

Beixomsl Cn , M3MepeHHbIe Kak (YHKUHH OT SHEPrHH IEPBHYHBIX HOHOB HMMEIOT
O/IMHAKOBBI XapakTep, YTO M KpUBas BHEPreTHYECKON 3aBUCUMOCTH Ko3(duimenTa
pacmbUIeHHsT KapOuaa KPeMHHs MOHAMH Le3Us, BBIYMCICHHAS IIPU IOMOLIM (POPMYJIbI,
npemwioxenHoi [luzoit puc.2. Takum obpasom mpu GombapaupoBke SiC moHamu ue3us
CPEAHMX SHEPTHil MPOMCXOAUT MPEHMYILICCTBCHHOE PACIHBUICHHE JICTKOH KOMIIOHEHTSI, TO
ecTb OTHOMICHHE KOA(pdHIMEHTOB pachbuieHHs Y /Ys; BBINIE, YeM OTHOLICHHE AaTOMHBIX
JoJieil Ha TiTyOnHE 3apOXKICHHS PACIIBIICHHBIX YaCTHIL.

AHanu3 Macc-CIeKTPOB KJIACTEPHOro pacmbeuieHus mieHkd SiC mpu GomOapaupoBke
WOHAMH Le3Hs [O03BOJIMJ BBIJCINTH JBA OCHOBHBIX IIpoliecca SMHccHH Kiactepos. Ilepsas
rpymmna — oOpa3oBaHHE JUMEPOB CyOpEIIeTOK KPEMHMS M YIJIepoJa 3a CYeT IeHepaluu
BakaHcuil. Bropas — smuccus kmacTepoB KapOHuaa KPeMHHs KakK IENOro Mmpu 00pa3oBaHHU
KJIMHOB CMEIICHHS.

B mepBoMm ciyuae obpazoBanue aumepoB cyopemetok Si; u C; MPOHCXOAUT 3a cYeT
BaKaHCHII yriepoga U KpemHHs. Ecim  npeo6iiagaroT BakaHCHH y TIJIEPOAa, TO
[PEHMYIIECTBEHHO 00pa3yroTcs auMepbl KpeMHus. 1 Hao60poT — 1py reHepari BakaHCHI
KPEMHHsI SMUTHPYIOTCSI IUMepbl yriiepona. KitacrepHoe pacrbuieHHE [IPH 3TOM 3aBHCHT OT

KOHKypeHIUH 00pa3oBanust Kactepos Sip 1 Cr 3a cueT BaKaHCHIA.
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IDPPEKT ITUMEPU3AIIMU ATOMOB CEJIEHA 1 IUHKA HA IIOBEPXHOCTH
TBEPJOI'O PACTBOPA (Ge,)1-x(ZnSe)x
THE EFFECT OF Se AND Zn ATOMS DIMERIZATION ON
(Ge2)1-x(ZnSe)x SOLID SOLUTION SURFACE
B.T. Artabaes, P. [l)xa606apranos, b. A. 3usie
B.G. Atabaev, R. Dzabbarganov, B.A. Ziyaev

Hncmumym uonno-nnasmennvix u nazepnvix mexuonoeuit AH PY Tawxenm, Y36exucman

Using secondary ion emission method the effect of Se and Zn atoms dimerization on
(Gez)1-x(ZnSe)x solid solution surface are investigated. It is shown the dimerization of
surface atoms of Se and Zn originates from two dimentional structure of Se and Zn layers,
but dimerization of germanium atoms originates from position in bulk structure of solid

solution.

Hamu wuccrneoBaH aToMapHbIi M KJIACTEPHBI COCTAB MOBEPXHOCTH TBEPIOTO
pactBopa 3amereHus (Ge;)1-X(ZnSe)X, uMeroero 0GbeMHYI0 CTPYKTYPY TETPa3ApUYECKUX
CBsi3e JMMEpOB repMaHus M CBsi3eld repMaHUi-repMaHuid, TeépMaHuil-CeJIeH U repMaHHi-
LMHK, BIMSIOLIET0 Ha 3JIeKTpopu3nyeckre U (OTOIIEKTPUYECKHE CBONCTBA HCCIESAYEMOTO
Mmarepuana. Ha puc.l.m pHBENEHBI JKCIEPUMEHTAIBHBIE pPE3yJBTaThl MAacC-CIIEKTPOB
BTOPHYHON oOTpularensHo- wonHoW osmuccuu (Gez)1-x(ZnSe)x  mpu GomOapaupoBke
nepeuaHBIME HoHamu CS'c sHeprueit 2 kIB.

H3yueHne HOHHOTO PACIBUIEHHs TOBEPXHOCTH TBEPIBIX pacTBopoB (Gez)1-X(ZnSe)x
HpeJcTaBisieT GOJIBIION HHTEPEC C TOUYKH 3PEHHs KaK MeXaHH3Ma 00pa3oBaHMsI KJIacTepa, Tak
¥ MOHOOOpa3oBaHWsA Mpu pacnbuieHud. O4YeHb HWHTEPECHDBI, HANpUMep, OWHAPHBIE
coeuHeHnst THa G, i ZNSe, B KOTOPBIX PACIBUICHHE U HOHU3ALMS IIPOMCXOAT O Gosiee
CIOXKHOMY MEXaHW3My, 4YeM [pH pAClbUICHHH OJHOKOMIIOHEHTHBIX METaVIOB U
HOJIYIIPOBOJHUKOB. B 0 T€pBBIX, BEpOATHOCTH OOPA30BAHUsS OTPHULATENBHBIX HOHOB
ompereNsercss  POJAOM  XMMUYECKOH  CBSI3H, BO  BTOPBIX, [PH  PaclbUICHHH
MHOTOKOMITOHEHTHBIX MUILIEHEH CYLIECTBYET TaK Ha3bIBAeMbIil dP(HEKT NPEUMYLIECTBEHHOTO
WJIM CEJIEKTHBHOTO PACTIBIICHUS OJHON U3 KOMIIOHEHT.

B cBs3M CO CKa3aHHBIM BBILIC, HAMH HCCIENOBAIACh OMHCCHS OTPHLATENBHO-
3apsDKSHHBIX KJIACTEPHBIX HOHOB IIPH PACIBUICHHH MOBEPXHOCTH TBepaoro pacreopa (Gey)l-

X(ZnSe)x wmomamu weswmst. V3ydeHsl ClieqyiOmMe AacleKThl SMUCCHH KJIaCTepOB: Macc -
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CIIEKTPBI OTPULATEIILHO- HOHHOM cocTaBistroniel pacnsuieHns (Ge)1-X(ZnSe)x; pacnsuieHus
OTHOCHTEIBHOTO COIEPIKAHMSI PACIBUICHHBIX MOJIEKYJl HOHOB B 3aBHCHMOCTH OT  4HCNIa
COCTaBJISIIOLIMX, OOPA3yIOIIMX KIACTEPbl M BBIXOJA KIACTEPHBIX HOHOB OT TEMIICPATYPbI
PpacIbUISIEMON MHUILCHH.

Pe3ynbTaThl SKCIEPHMEHTOB TTOKa3alH, YTO Macc-CleKTPhl BTOPHYHOM OTPHIATENBHO-
nonHoit smuccun (Gey)1-X(ZnSe)x mocratouHo cioxHsie: O4eHb CBOCOOPA3CH M CIOXKCH
Macc- CIIEKTpP HPOJYKTOB PAaCIbUICHHS B BHAE OTpUuarensHbX HoHOB (Puc.l a,6). Hapsiny ¢
OIHOATOMHBIMH MOHAMH, COCTABIISIOLIMX MaTepuan MuieHn Gey, Zny, Sep , B Macc- CreKTpe

COJICPKUTCSL TTMKU FOMOTE€HHBIX KJIACTepHBbIX HOHOB Ge, (N=2-3), Zn, (n=2) Se, (n=2).

120

17
100 of

Ge72 Se78

80
H1 C2H226 GeI

60 C2HE-CI35—Zn65—Ge

40 Hegp 2144 Ge321

ez

56136622

2oi

Puc.l. Macc- CHeKTp OTpHUATENbHO- HOHHOrO pacmsuieHns o6pasuoB (Gey)1-X(ZnSe)x mpum
GoMOapAMpPOBKE MIOBEPXHOCTH HOHAMH LIe3Hs ¢ SHeprueil 2 K9B: a) mpu KOMHATHOI Temreparype; 6)
npu Temmneparype 400°C.
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Kakmas ©3 IepedyMCIEeHHBIX BBINIE TPyHOIl MHOTOAaTOMHBIX HOHOB oOnamaer
crienu(pUUECKUM paclpesielleHHeM OTHOCHTEIBPHOTO COJEPXKaHUA B 3aBUCHMOCTH OT  N.
WHTEHCHBHOCTD KJIACTEPHBIX HOHOB G€, MOHOTOHHO ITaflacT C YBEJIMYCHHEM YHCIIa aTOMOB B
KJacTepe.

Pe3ynbTaThl HCCIENOBAaHUS 3aBHCHMOCTH BBIXOJAa BTOPHYHBIX OTPHIATEIBHO-
3apsDKCHHBIX  KJIACTEPHBIX HMOHOB OT  Temmeparypsl moBepxHocTn (Gez)1-X(ZnSe)x mnpu
OoMOapAUpOBKEe MOHAMH IIe3Us INpeACTaBleHbl Ha puc.l 6. BuaHo, 4To HOHHO- HOHHAs
SMHCCH OOHapy)XHBaeT OOJBIIYI0 3aBUCHMOCTb OT  TEMIIEpaTypbl MHIIEHH. MOXHO
TIPEUIOKHUTE ciefyromee oOobiacHeHne. C pocTOM TeMIlepaTypbl MUIIEHH Ha NOBEPXHOCTH
HPOUCXOIUT PsIJL ABJIEHUIA:

a) TEpMOJEcOpOLMs JIETKOCBA3aHHBIX YAaCTUI[ M3 (PU3HYECKH aJcOPOMPOBAHHBIX
COCTOSIHUH , a IpH 6oJee BEICOKUX TEMIIEpaTypax U U3 XeMOCOPOHPOBaHHBIX;

0) mucconmarys, IMOO TEPMHUYECKOE PA3IOKCHHE XMMHYECKMX COCAMHCHHIl H
OKHCIIOB, 00pa30BaHHBIX HA PACIBUIIEMOH IIOBEPXHOCTH.

Ipu 6ombGapaupoBKe HCCIeyeMOl MHUIICHH HOHAMH IIEJTOYHBIX METAJUIOB MPOLECC
npHoOpeTaeT CHOXKHBINA Xxapakrep. Ilo cyTH B 3TOM ciydae NPOMCXOAUT MeJIEHHOE
o6pa3oBaHue TUICHKH IIEIOYHOT0 METala caMiM 60OMOapUpPYIOIIM ITy9KOM HOHOB I€3Hs.
C mMOBBbIIIEHWEM TeMIEPaTypbl HAYMHAETCS JECOpOIMs IIEJOYHOrO MeTaia Le3us,
HAXOJIIET0Csl Ha MOBEPXHOCTH MHIIEHH. BcelencTBue 3TOro pesko U3MEHseTcs padoTa
BbIXOZa OOMOapaupyeMoll IOBEpXHOCTH, YTO B CBOIO OYepelb IPHBOAUT K YMEHBIICHHUIO
BBIXOJIa BTOPHYHBIX OTPUIIATEILHBIX HOHOB.

Kak TepmomecopOuust , Tak U TepMOpa3IOKCHHE BHOCAT OIPENENICHHBIH BKIAJ B
M3MEHCHNE MHTEHCHBHOCTH TOW WM MHOH KOMITOHEHTBI Macc- CIIEKTpa W, CIIE0BATENIbHO, B
TeMIEpaTypHyIO 3aBUCHMOCTh Macc- crekTpa. HecMmoTpst Ha 3To, coOrylacHO [IMHAMMKE
U3MEHEHUsI BbIXoga |, BTOPHYHBIX OTPHLATENBHO- 3apSDKCHHBIX KIACTEPHBIX HOHOB C
YBEJIMUEHHEM TEeMIIepaTyphl paclbulieMoro obpasua, B JaHHOM Clydae HaOIogaercs
3aBUCHMOCTb |n OT M3MeHeHuil paboThl Beixona A @ MOBEPXHOCTH pacHbuIieMOro oOpasia.
3aKOHOMEPHOCTH BBICOKOTEMIIEPATyPHOTO PACIIBUICHUS], KOTOPBIE JOJDKHEI IIPOSIBIATHCS IPH
pacmeuteHnn TBepmoro pactBopa (Gez)1-x(ZnSe)X OymyT BBIIBICHBI MPU HCCIICIOBAHHA
TEMIIepaTypHOH 3aBHCHMOCTH BBIXOJd HEHTpaIbHOM KOMIOHEHTHI pactbuieHus (Gep)l-
x(ZnSe)x.

VI3noxxeHHbIe BBINIE PE3yNIbTAaThl IOKA3bIBAIOT, YTO MH(pOPMALMS HpEACTaBIsIeMAast
MOJIMATOMHBIMH MOHAMH, MOJKET CIY)KHTb Il PU OHpEJENEHHBIX YCIOBHAX PAaCIbLICHHUS

METOZIOM IOIy4eHus] HHPOPMAIUH O JUMEPU3ALUU aTOMOB U CTPYKType IIOBEPXHOCTH.
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MHBAPUAHTHOE IOI'PYKEHUE. TOYHOE U MAJIOYTJIOBOE PEINEHUS
JJUISI @ YHKIIUU, ONTPEJEJISIIOIUX CUTHAJIBI QJIEKTPOHHOU
CIHEKTPOCKOIINH

INVARIANT IMBEDDING METHOD. THE SMALL ANGLE APPROXIMATION
AND THE EXACT NUMERICAL SOLUTIONS FOR ELECTRON SPECTROSCOPY
ANALYSIS.

B.I1. Adanacees, I1.C. Kamwis
V.P. Afanas’ev, P.S. Kaplya

Hayuonanvnuiii Uccredosamenvckuii Yuusepcumem «MOH», Kpacnokazapmennas yi., 0.14,

111250, Mocksa, Poccus, e-mail: pavel@kaplya.com ;

Small angle and exact numerical solutions for electron reflection,
transmission functions and photoelectron and Auger electron flux density
functions are presented. Analytical formulas are compared to exact
numerical solution and Monte-Carlo simulations and calculations using
transport approximation.

Ha ¢one mporpecca B aneMeHTHON 6a3e pUOOpOB 3eKTpoHHO# criektpockornuu (IC)
OpocaeTcs B TIia3a 3aMETHOE OTCTaBaHHE B COBEPLICHCTBOBAHHMU METOAMK PacIIM(POBKU
YIIIOBBIX M dHEpreTHYeckux crekrpoB DC ¢ Lebio MOTydYeHHs HaJexHOH HHpopMaruu o6
uccienyeMbix o0bekTax. basoBbie MeTonbl aHanu3a curnanoB JC Obuti co3nansl B 80e rospt
MPOIUIOTO BEKa M OCHOBAaHBI HAa METOJaX HMHTAI[MOHHOI'O MOJEIHMPOBAHUS IPOIECCOB B
HpUOIKESHHH TAPHBIX COyIapeHuit Witk MojenupoBanuu Merogom Monre-Kapno (MK) [1] u
AQHAJIMTUYECKUX II0JXOJ0B B paMKax TpaHCIOpTHOro mnpubimkenus [1]. Tpaguuwonuo, B
3a/1a4aX MHOTOKPATHOT'O 3JIEKTPOHHOI'O PacCesHUs € yCIIEXOM UCIIO0Nb30BaIock ManoyrioBoe
Ipubmmwxenne (MII) [2, 3]. Lenp Hactosimeir paboTsl coctouT B «peabmimuranmm» MII,
JIEMOHCTpAIMU BBICOKOH dbdexTuBHOCTH MII B coueTaHmnm ¢ MeTOIOM CHEpUISCKUX
rapMoHUK B pemenun 3agad OC. byoyT npencTaBieHBl aHAIUTUYCCKHE pELICHHS,
OITHCHIBAIOIHE YIJIOBBIC W DHEPreTHUECKUE CIIEKTPHl B PEHTTEHOBCKOU (DOTODIEKTPOHHOM
criekrpockoruu  (PODC), anekrponnoit  Oxe-crexrpockormu  (DOC),  CHEKTPOCKOMHN
XapaKTEPUCTHYECKUX MOTepPh dHepruu 351eKTpoHoB (XI1D) u CreKTPOCKONNH MHKOB YIIPYro-
OTP@KCHHBIX OJIEKTPOHOB. ArnpoOamys MONTydYeHHBIX (OPMyJ BBIIOJHEHA Ha OCHOBE
CpaBHEHHsS C TOYHBIMU YHCICHHBIMU DEIICHHAMM YpaBHeHMH u pesynpTaTamu MK

MOJCITAPOBAHUA.

Bynem nckats ¢yHkuuu otpaxeHus R, mpomyckanus T, QYHKIHIO IIIOTHOCTH IOTOKA
¢doroonexTpoHoB Q u Oxke -dJeKTPOHOB A B BHAE pa3IOKEHHS II0 a3UMYyTaJIbHBIM

TapMOHHUKaM U KPAaTHOCTAM HEYIIPYI'Oro pacCesHUs.
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F (T A 1,10 - ;) = 22 R (g, )exp[-im(@ - 0 )] % (A)

F=RT,QA

@

rne t= % — TOJIIHUHA UCCIIEAYEMOTO CJIOA B JUIMHAX IOJHOIO np06era, A - noTeps
tot

SHEpruM, 0 =arccosy, — MOJSAPHbIA YroJ, ONPEAENSIOMMI HANPABICHUE 30HAMPOBAHMS
MUILEHH TI0 OTHOLICHUIO K HOPMAIli MULIEHH Z, HATIPABJICHHOH BriyOb C1ost, O =arccosy —

Yroi BH3HMPOBaHHA HOTOKA DJIEKTPOHOB, (¢ — a3UMYTalbHBIH yrol MeXAy HalpaBlIeHUs

30HAUPOBAHHS U PACCESHHS.

Jlns peuieHus TpaHU4HOM 3amaun Juis QyHkumit R, T, Q, A ypaBHeHue mnepeHoca
pelraeTcss METOJIOM HHBApUAHTHOIO IOTPYXKECHHUs. MaJoyriioBoe peiieHue Juis (yHKIui

OyneM HCKaTh B BHJE Pa3IoiKeHHs [0 monuHoMam Jlexanapa

R (o) = 32 ()R ()R (1) ®

B paGore mnpencraBnensl ypaBHeHus Mt ¢yHkimii R, T, Q, A, ux pemeHus B

MaJIOYTJIOBOM l'lpI/I6J'll/Dl(eHl/Il/l HMEIOT BU.

- hyHKLWs IPOITyCKaHHUsI
k
Tk (r)=u(ﬂt) lexp(—ﬂt) (3)
u

- (DYHKIHS OTpasKeHHS

R =w°[—log(1—}»xI )—{E1
W+,

ol

R, =M (1-2)" Y[k,(l—kx.)(ﬁ+uio) a_y(k,(lﬂ)r] . @)

w+w, k! (1-2x )

- (DyHKIMA IUIOTHOCTH OTOKA (POTOIIEKTPOHOB

AF (1-n ) 1-h \ & 1-2x ) 1
=u—— 1-exp| -t— —\| = 5
Qs “1-xx|(1-xx,) p(T u )2(1 u )n!} ©
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- (DYHKIMS IUTOTHOCTHU MOTOKA Oke-3IIEKTPOHOB

k n

A 1-A -2\ 1-2x ) 1
e va el l e e D et e ®)

' 1-hx | 1-2x & w n!

O, o,
rne h=——>3%— — anpbeno OJHOKPATHOIO pACCEAHMsA, A, = ————— — anpbeno
Oyt @ foogt g
o
(horopoxaeHus, }“«A ——"  _  ambeno peHTreHoBCKOil ~ Oxe-amuccuy, X, —
O‘el + g

KO UIMEHTB pa3ioxkeHuss JUGQEPeHIMATbHOIO YIOPYroro paccesHus B pSAA 1O

nonuHoMam Jlexanapa, F, — xo3duumeHTsl pasnoxeHus IudHepeHInaNnbHOr0 CeUeHUs

(oTopoxkaeHus B pax 1o noauHoMaM Jlexanapa.

45r

traight line approximation
mall-angle approximation
Numerical solution

350 ---mm Transport approximation

0 L L L L L L L L L

-80 -60 -40 -20 0 20 40 60 80

Puc. 1. YrnoBsle pacnipeneneHus GOTOIMHUCCHU OT NOITyOECKOHEUHOTO CJIOS 30J10Ta

Au 4D3/2. Yron 3ouauposanus — 30°
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Puc. 2. To xe aus kpemuus Si 251/2. Yron 3onmuposanus — 30°
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Ha puc. 1 u puc. 2 npeacTaBlIeHbl YIIOBbIE PACIpPEIENCHHs] MUKOB (hOTOIIEKTPOHOB
IMUTHPOBaHHBIX ¢ ypoBHs 4D3/2 3010t n yposus 2S1/2 kpemuus. O6a rpaduka yka3biBarOT
Ha HEJOIYCTUMO BBICOKYIO IOIPELIHOCTh HPUOIIKEHHs «IpsAMo-Brepen» wium Strait line
approximation. Jlus 3o0moTa GoJie KayeCTBEHHbIH pe3yJbTaT [aeT TPAHCIOPTHOE
HPUOIIMKEHHE, JUISl M aIOYTJIOBOTO HPUOIMKEHHSI HEOOXOUMO BBOAUTH KOPPEKTHPYIOLIHIL

CbaKTOp Qeff f HpeI[CTaBHH}OHlI/II;'I TIOCTOSTHHYO, HE 3aBUCAIIYIO OT yIJia pacCEIHUA BEJINUNHY.

C yMeHbIIEHHEM aTOMHOTO HOMEpa 3JIeMEHTa ONIMOKa, BOSHHKAIOMAs B pacueTax Ha OCHOBE
TPAHCIIOPTHOTO NMPUOIVDKEHHs], HAYNHAET PACTH, YTO MIUTIOCTPUPYET YIJIOBOE paclpeeeHue
(oToseKTpoHOB ¢ ypoBHst 2S1/2 kpemuust. OTMETHM, YTO OMINOKA, JaBaeMasi TPAHCIIOPTHBIM

IpHOMIKEHUEM, HE KOPPEKTUPYETCS MOCTOSHHBIM MHOMKHTEIEM Qeﬁ. Ho mnst «rerkux»

snementoB (Z < 20) npexpacHble pe3ysbTaThl 1aeT MaIOYII0BOe NpUOIMkeHue (cM. puc. 2).
MBI 37€Ch HMEEM CHTYAlMIO, OMHCaHHYI B paboTe [4], W MOCBALICHHYIO OTPaXCHHIO
SJIEKTPOHOB OT ~ TBEPJOrO Tena: i Tskenbix onementos Z > 30 wucronb3opanue
TPAHCMOPTHOTO HpHOIKeHust [1]  1aeT  y[OBIETBOPHTENBHBIC —PE3YJbTAThl, KadecTBO
KOTOPBIX pe3ko majgaer ¢ ymenpwenueM Z , o mist Z < 30 manoyrinosoe npubimkenue

TIPEKPACHO OMUCBIBAET IIPOLECC OTPAKEHUS DJIEKTPOHOB.

HeycTpaHHMBIM HEOCTATKOM TPAHCIIOPTHOTO MPUOJIMKEHHS, B CYIIECTBYIOIIEH Ha
CETO/HSIIHUHA JieHb penakiyu [1], sBiseTcss HEBO3MOKHOCTL €r0 MCIOJB30BAHMUS IS CIIOEB
KOHEYHOM Touuusl. Manoyrinosoe npubimkenne (cM. (1)-(6)) He umeer orpaHuueHuil Mo
TOJILLMHE CJIOS, C YMEHBIICHHEM TOJIUMHBI PE3KO MaJaeT MOIPeLIHOCTb BBIYHCICHHI B

MaJIoyTIJIOBOM IPHOIMKEHHUH.

B pa6orte, Hapsiny ¢ POOC mpuiioxeHusMH, 00CY>KIalTCs BOMPOCH! HHTEPIPETALMH
curHaioB XIID wu Osxe-cHeKTpocKonuu. B MaloyrioBoM NPHOIMKEHUH IMOCTPOCHO
obobwenne ¢ynkunn ayncmura u CayHaepceHa, o600IIeHHE, MTO3BOJISIONIEE OIMHCHIBATH

«addexT moBopora Tena sprocTu» [5].

1. C.J. Powell, A. Jablonsky, J. Electron.Spectrosc. Relat.Phenom. 178-179 (2010) 331.

2. S. Goudsmit, J.L. Saunderson, Phys.Rev. 58 (1940) 36.

3. W. Scott, Rew. of Modern Phys. 35 (1963) 231.

4. G.D. Archard, J.Appl.Phys. 32 (1961) 1505.

5. A.l. Kuzovlev, V.A.Kurnaev, V.S.Remizovich, N.N. Trifonov, Nucl.Instr. and
Meth. 135 (1998) 5.
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BOCCTAHOBJIEHHME JIU®®EPEHIIAAJIBHBIX CEHEHUI HEYIIPYTOI'O
PACCESIHUS HA OCHOBE CIIEKTPOB XAPAKTEPUCTUYECKHUX ITIOTEPH
3HEPI'MHU JIEKTPOHOB, CIIEKTPOB PEHTTEHOBCKOM
®OTOIJEKTPOHHOI SMUCCHUM U OKE-CIIEKTPOB

DIFFERENTIAL INVERSE INELASTIC MEAN FREE PATH RECONSTRUCTION
METHODS FROM ELECTRON ENERGY LOSS (EELS), PHOTOEMISSION (PES)
AND AUGER SPECTRA

B.IL A(_’paHacr,eBl, I1.C. Kamsth, A.C. FpmeBl, J.C. E(IbpeMeHKOZ, 10.0. AHL[peeBal
V.P. Afanas’ev’, P.S. Kaplya®, A.S. Gryazev?, D.S. Efremenko?, Y.O. Andreyeva®

Y Hayuonansnwiii Uccnedosamenscxuii Yuusepcumem «MOU», Kpacnokasapmennas yn.,
0.14, 111250, Mocksa, Poccus, e-mail: pavel@kaplya.com

2 German Aerospace Centre (DLR e.V.), Remote Sensing Technology Institute (IMF),
Oberpfaffenhofen, 82234 Wessling, Germany

Method of the differential inverse inelastic mean free path reconstruction
from the Photoemission, Auger, Reflected and Transmitted Electron Energy
Loss spectra is presented. Reconstruction algorithm is based on the fitting
procedure. Calculations based on obtained data are compared to the
experimental data for different spectroscopy methods.

enrpanpHoil mpo0ieMoil KOJMYECTBEHHOI 3JIEKTPOHHOW CHEKTPOCKOIUM SIBIISETCS
OTCYTCTBHE HaJEKHBIX JAHHBIX 1O TH((hepeHIIHAIBHBIM 10 YHEPTHU CCYCHHUSAM HEYIPYTOoro
paccesHus. Y CIOXKHACT MpodaeMy HEOOXOAUMOCTh PACCMOTPEHHUS HOBEPXHOCTH MHIICHH KaK
CIIONCTO HEOJHOPOJHOTO O0BEKTa C pa3NMYHBIME 3aKOHAMU IOTEPh DJHEPTHU B
[PHIIOBEPXHOCTHBIX CIOSX Xing(A) M yJaJCHHOM OT MOBEPXHOCTH OJHOPOJHOM MacCHBE

MHUIIEHH Xing(A).

3ajjaua BOCCTAHOBJICHHS CEUYEHHM Xing(A) M Xins(A) OTHOCHTCS K KJacCy HEKOPPEKTHBIX
3ajay Marematuueckoil ¢usuku. [{ns perrenus oOpaTHOW 3agavyd: BOCCTAHOBIICHHS
i GepeHIaTbHOr0 CeYeHMsT U3 CIIEKTPa MHOTOKPATHOro paccestrust Tyraapmowm [1, 2]
co3qaHa MpoLeaypa BBIUMTAHWS IHKA YIPYro-OTPOKEHHBIX OSJICKTPOHOB U3 CIEKTpa
Xapaxrepuctuueckux [loreps Dueprum (XIID) 371€KTPOHOB C HOCIEAYONMIEH HOPMHUPOBKOM
Ha IUIOLIa/b 110X ynpyruM nukoM. B monenu Tyraapna [1, 2] npeneGperaercst paznudnem B
BUJIC CCUCHWH B IMOBEPXHOCTHBIX CJOSX M OXHOPOJAHOM MacCHBE MHMILICHH. BrlmonHenue
JIAHHOM TPOLIeypbl NPUBOAUT K TMOSBICHHIO OTPULATEIBHBIX, HE MMCIOMIUX (PU3HYECKOTO
cMbIca obacTeii B ceueHun Xin(A). Bepuepowm [3] B paseutue uneii [1] cozmaercs metoauka,
ucrosb3ytomas aABa XI1D crnektpa, H3MEPEHHBIX B PA3IMYHBIX F€OMETPHSX, U TTO3BOJISIONIAS
BoccTaHaBMuBaTh © Xing(A), # Xins(A). B mammx paborax [4,5] passura Mmerommka,

TIO3BOJIAOIIAasA 06p363TbIBaTI) CHUCTEMBI, BKIIFOYAKOIIUE IPONU3BOJILHOE YUCIIO X112 CIICKTPOB.
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Taroke MOKa3aHa OYEHb HH3Kas OOYCIIOBICHHOCTh 3a1adyd, 4TO HE IIO3BOJLIET IIOJNyYaTh
OJIHO3HAYHbBIE JIAHHBIC O CEYeHHsX Xing(A) M Xins(A). Huskast 0OyCIIOBICHHOCTH 3a/a4u O
BOCCTAHOBJICHUHM CEYEHMH 3acTaBiseT Bo3Bpauwarbes Kk cxeme T yraappa [1, 2], Bbrumciss

«CpejiHee 110 MUILIEHH» CeYCHHUE Xin(A).

Haubonee HameXHBIM METOAOM pelIeHHs OOpaTHBIX 3ajay, MOJOOHBIX TOH, YTO
Ipe/ICTaBlIeHa BhIIIIe, siBIsieTcs mporeaypa moxoopa (fitting) [6]. Merox moxbopa e Tpebyer
BBINOJHEHHUS] HUKAKNX ITOJTOTOBUTEIIBHBIX IIPOLE/AYP: BHIYMTAHUS [THKOB, C(OPMHUPOBAHHBIX
TEMH SJICKTPOHAMH, YTO HE HCIBITAIM HEYNPYIHX PACCEsHHM, MPOBEACHHS HOPMHPOBOK
n.1.1. OrpOMHBIM [IPEUMYIIECTBOM METO/A [0A00pa SBISIETCS BO3MOXXHOCTh MCIIOJIb30BAHUS
CHTHaJla MHOTOKPATHOTO HEYNPYroro pacCesHHs, BO3HHKAMOIIEr0 B 000 M3 pasiMyHBIX

Pa3HOBUIHOCTEH  JNIEKTPOHHOW  CHEKTpOocKomuu. Mbl  OyaeM  MCIOJb30BAaTh IS

BOCCTaHOBJIEHHs cedueHuit Xing(A) M Xins(A) crextpsr XIID R ( Z,A, 9, Q), OsKe-3MHUCCUH
A(Z, A, Qq, Q), POSC Q(Z, A, QO,Q) U CIIEKTPbI, H3MEPEHHbIE B TEOMETPHH KHa POCTPEN»
T(2,A,2,9Q).

IIpouenypy noxbopa Mbl OyeM CTPOMTH Ha OCHOBE TOYHOT'O PELLICHHS YIIPYroi 3a1a4n.

DHepreTHYecKUil CIEKTp, OINKMCHIBAEMBIH  (DYHKIMAMU Q(Z,A, QO,Q), A(Z,A, QO,Q),

R(Z, A, QO,Q) nT (Z,A, QO,Q) B IIMPOKOM HMHTEPBAJC HOTEPh YHEPIHH IPEJCTABISICM B

BHUJIE Pa3JIOXKEHHs B PAJL 110 KPATHOCTAM HEYIPYTOro pacCesHUs:

F(2,A9,Q)= FO(Z,QO,Q)é(A)+2Fk (2,90, Q) (A) "

F=RT,QA
e Z — TOJNIMHA CIOA, T= / , Qo =(00,9), Q=(0,¢) - HauambHBIi yrox
'tot
11aJa0LLIEro MOToKa 4acTHll (OTOHOB WM SIEKTPOHOB) H YIOJl BbLIETA H1EKTPOHOB;

4 (8) = (4); xikn+1(A)=zxim(A—e)xin(e)de @

HopmupoBanHOe Ha eAUHHITY CEUCHHE OJHOKPATHOTO paccesHus X (A) =Wy, (A) /o,
ompezesseT YHePreTUIeCKuii CIIeKTp, HaOII0JaeMblii ocIe aKTa OJHOKPATHOTO HEYIPYToro
paccesnns, a K-kpatHas cmeprka X (A) OIpeNeseT CHEKTp IOTEPU DHEPTUU A,

¢bukcupyemsiii mocie K mocie1oBatenbHbIX aKTOB HEYIIPYTOTo PacCesHHs.
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Vparenust (1)  ONMCBIBAIOT ~ SHEPreTHYECKHE  CIEKTPbl,  C(HOPMHPOBAHHBIC

PEHTITCHOBCKUMH q)OTOaHCKTpOHaMI/I, O)Ke-SJ'IeKTpOHaMH U OTPAXKECHHBIMU DJICKTPOHAMH.

Pa3nuuust B ypaBHEHUSIX ONpeNeIAIOTCS BHUAOM (PyHKIMHA Qk(Z,QO,Q), A((Z,QO,Q) u

Ry (Z, Q, Q)| Te (Z, Qo, Q); (yHKIMI, KOTOpBIE SBIISIOTCS PELICHUEM YIIPYroi 3aa4H.

B pa6orax [7, 8] 6puta HamucaHa cucTeMa YpaBHEHWH Ui (yHKIIHIA Q(A,MO,M,(p) u
R(A, g, 14, () — HEOOXOMMMAs s pacueTa Q, (MO, u, q):

1 1_}\ k-1
EQK _(T)QH =9 M, T +A, - TR +A-Q ®xy +)»ZQk_m ®(X€,I ®Rm) (3)

b !

rae (p,',u, ’c), 0, — auddepeHnnanbHOE U IONTHOE CEYEHHs YIPYTOro paccesHus,
Xy =0, /0,; ,(E,A), 0, - muddepeHumansHoe M NOIHOE CeYeHHS HEYIPYTOTo

paccesus X, =, /0,; O,

in — TOJNHOE ceueHHe (POTOMOHM3AUMM, ArCCOSW — IOJAPHBIH

—e
yroui, OTCYUTHIBAEMBIN OT HOpMaJIHi K IIOBEPXHOCTU MUIICHH, ¢ — a3HMyTaHLHLIfI yI‘OJ'I;
A= O—el /(Uin + 0‘el )’ }\’y =0y /(Gin + Gy )

f (1o, ) = iZBiR (), cost =, - J(1-u*)(1-u3)-cosq;

F (it 9) =0, o f (g ).
F (M, [T ) — (GyHKUMS HCTOYHUKOB (hOTO3IIEKTPOHOB [9].

B ypasuenuu (3) Mbl BBenu 0603HaueHNE:

e Y T
X4 @Ry = [ [ (ot 9= )Ry (v ) d
00

15 koo punmentos R ,W, Q) B pYHKIMH OTPAXKEHUS DIEKTPOHOB:
k (Mot Yy p p

0

+AR, ® x, ®R, + AR, ® x,, ®R, (4
1 1

L=
w Uy

11
(HHT) Re (U, @) = AX (g, g, —, @) + A%, @ R, + AR, @K,

=
+}‘-2 R ®Xy ®R, +(l_7‘)( )Rk,l(uo,mp)
<
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3anuureM ypaBHeHHe Ul QYHKINH poIrycKanus, st K>0:

1
;TTk )+, (r)=ka(Mlo)-ng
1-% n
+TTK_1(17)+)\-TK (t)@x, +x; Lk(uloj-x;l(@Rn_k (%) ®)

n-1
+7\2Tk (1)®x%; ®R 4 (1) + AT, (t)®x; ®R, (1)

VYpaBHeHHe Ul IUIOTHOCTH IOTOKa OjKe-DIEKTPOHOB HMEET BHJ aHAJOTHYHBIH
ypaBHeHuto (3), ¢ TOW nMIIb pasHULEH, 4YTO0 (YHKIMS HCTOYHUKOB (OrKe-3IEeKTPOHOB

(D(u, Wo P ) cepryecKr CUMMETPHYHA:

(D(M,MO,(P) = GxeeA/4n; }\'yA = OxeeA / (Oin + eg); (6)

1 1-A

= Ao, u,w)—%/%_l(uo,u,m) =dohut

‘ ‘ )
2n 0 ’

N ) S
+;\";'A‘{_£Rk (M M@ )Tu:d(p +h A( ®Xel +}\'m2 A(—m ®Xel ® Rm

B nmammoit pabore mpexncraBieH HamOonee d(P(EKTHBHBIM METOJ BOCCTAHOBIICHUS
CeUeHHIl HEYNPYTroro paccesiHus, OCHOBAaHHKIH Ha mpoleype nmoaoopa. C MoMOIIB0 JTaHHOTO
METO/{a MOXKHO BOCCTAHABIIMBATh HEYIIPYTUe CeUeHUs Xin(A) U3 paszimunbx crexrpos (POOC,
XIID u gp.). Ilpencrasnennsiii B paborax [1, 2] merox npuMBoauT K OCOGEHHOCTSIM, HE
uMeronmM (Gu3ndeckoro cmbicia. Manoxennas B pabore [3] meroquka obnazaer Iwioxoi
00YCIIOBIEHHOCTBIO.

B pabore Oymer mNpoaHANM3UPOBAHO BIHSHHE PA3IMYHBIX (PAKTOPOB HA BHL

BOCCTaHABJIUBACMBIX CIICKTPOB.
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CHEKTPBI PEHTTEHOBCKOM ®OTO3JEKTPOHHON SMUCCHUM Be 1 W
BERYLLIUM Be AND TUNGSTEN W PHOTOEMISSION SPECTRA

B.I1. Adanacses, I1.C. Kamst, A.C. I'pszes, H.B. JlanyHos
V.P. Afanas’ev, P.S. Kaplya, A.S. Gryazev, N.V. Lyapunov

Hayuonanvnuiii Uccredosamenvckuii Yuusepcumem «MOH», Kpacnokazapmennas yi., 0.14,

Mockea, Poccus, e-mail: pavel@kaplya.com ;

Photoelectron spectra (PES) of layered inhomogeneous sample are studied.
The impact of substrate on the over layer film’s signal formation is
analyzed.

PentrenoBckast () OTOINIEKTPOHHAsT CIIEKTPOCKOMIHMS SIBIISICTCS CETOAHS Hauboree
HOMYJISIPHBIM METOAOM aHamM3a MOBEepXHOCTH TBepAbix Tten [1]. HamGoaee mmpoxoe
HCIIOJIL30BaHKUE ULl KOJMYCCTBEHHOT'O OIPEIENICHUs] KOMIIOHEHTHOTO COCTaBa MaTEepUaloB
MOJNYYWJI METOJ, OCHOBAHHBIH Ha OIpENCICHHH IUIOMAAeH MHKOB C(HOPMUPOBAHHBIX
(hOTOAIEKTPOHAMH, HE HCIBITABIIMMU HEYNpPYTHE COYAApEHHs OT MOMEHTA DPOXKACHHS [0
BbIxoZa B BakyyM. Kak mnokasano Tyraapiowm [2], miomaas moj HHKOM He Beeraa
O/IHO3HAYHO COOTBETCTBYET KOJMYECTBY OIPEEIAEMOro M aTepuaia B HMPUIOBEPXHOCTHBIX
cnosix. OIHO3HAYHO BOCCTAHOBHTH IIOCIHOHHBIH NpodMIs MaTepHana IO CUTHAILY
PEHTI€HOBCKOI! () OTOINIEKTPOHHOI OMHCCHH MOXKHO, TOJBKO aHAIM3HPYsS JOCTATOYHO
LIMPOKHUI HHTEPBAN IIOTEPh SHEPTHH, IPUMBIKAIONINI K MUKY. BHIMOIHUTE MOKOOHBIH aHaH3
BO3MOXHO, €CIIH M3BECTHBI () (epeHIMaIbHBIC CeUCHUs HEYTIPYTHX MOTEPb SHEPTHH Xin(A)
UL KOMIIOHEHT, 00pa3ylolux Hcciaeayemblii Mmartepuan. OcoOblii MHTepec B 3amadax
B3aUMOZICHCTBUS BBHICOKOTEMIICPATYypHOH IUIa3Mbl C OOPAIICHHBIMH K HHM MaTepHalaMu

npeAcTaBisoT oepuwuinii Be u Boasdpam W.

B paborte cTpoMTCS METOJMKAa BOCCTAHOBICHHS CCUYCHHN W3 DKCICPUMEHTAIbHBIX
JIAHHBIX, IPEJICTABISIIONINX COOOM CHIHAal MHOTOKPATHOTO HEYHNPYTOro pacCesHus,
nocrpoeHHass Ha ocHoBe Meroxa nonbopa (fitting). s xomdoprHOro BBHINOIHEHHS
HpoLeyphl 110100pa, BHIYUCICHHE YHEPreTHIECKUX CIeKTpoB Xapakrepuctuueckux Iloreps
Oueprun  snektponoB  (XIID wm REELS, TEELS), sHeprernueckux CIEKTpOB
Pentrenosekoit ®orosnekrpontoil Dmuccnn (POIC) u.T.4., HEOOXOAUMO BBIIONHSATH 32
JIONM CeKyHABL. [l peleHus yKa3saHHOH mpoOieMbl B paboTe CTPOSTCS BBIYHCIHTEIBHBIC
CXEMBl, OCHOBAaHHBIC HA YHCJICHHBIX PEIICHUSX YPaBHEHMI, NPEACTaBIAIOIMX COOOM

PpEeHICHUA T'PaHUYHBIX 3a4a4 JUIsl YPaBHEHUS IIEPEHOCA.
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PentrenoBckast GoTo31eKTPOHHASI IMUCCHSA CJIOMCTO HEOTHOPOIHBIX MHIIEHEeH

Opnuoit M3 mpoGiieM, BO3HHKAIONIUX INPU MOCTPOCHHH HPOLEAYPhl BOCCTAHOBICHHS
ceueHuil Xin(A), sBIsIeTCS HEOOXOAMMOCTh MPECTABICHUS OJHOPOIHBIX OOpa3LOB B BHE
MHOT'OCJIOMHBIX CTPYKTYP € Pa3IMYHbIMH 3aKOHAMH IOTEPh HEPIUU B IPHUIIOBEPXHOCTHBIX
CIOSIX Xins(A) ¥ yIaJCHHOM OT MOBEPXHOCTH OJHOPOTHOM MaccHBe 00pasiia Xing(A).

Onucanue crnektpoB POOC BbimodHseTcs B JABYXCioiHOW Moxenu. Ilockombky
TOJII[MHA KCIIOJIb3YEeMbIX O00pa3lOB 3HAYMTENHHO IPEBBIIACT BEIMYMHY CPEIHEH JUIMHBI

npoGera DJICKTPOHA MEXKAY ABYMs I1OCIEA0BATCIIBHBIMU HEYIIPYTUMHU PACCEAHUAMH, CHUTACM

7 /] 7
Q,Q, AT
g

tomuny bulk-ciios GeckoHeuHOI.

€5

O

Puc. 1. ®opmuposanue PODC criekTpa, yuuThIBaIoONIEe pa3ininie B 3aKOHAX MOTEPh SHEPTHH B
MPHUTIOBEPXHOCTHOM clioe Xins(A) u oHOpoaHOM MaccuBe MumenH Xing(A). He yunteisaetcs Bkian
(HOTOIIEKTPOHOB, OTPAXKEHHBIX OT CJIOS Zs, B KOTOPOM CIPABEJIMB 3aKOH IIOTEPb SHEPI UK Xins(A).

B cootBerctBHM ¢ puc.l, mpeHeOperas mpoleccaMHd OTPaXEHUs OT  CHOs Zs,
sneprerudeckuii PODC criekTp MOKHO onucaTh GopMyIIon:

Q(1or 1, A) = Qg (25,1, 1, 9, A) +

2n 0 A
+[do/ fdwfde- Qg (1o, 0~ @' A=e )Ty (26,09 ¢) +
Zorr _01 Z 2x 1 A (1)
+[do'fdu'[de [do’ fdu"[de"-Qs (z5, 0", ¢~ ", A~¢'):

0 -1 0 0 0 0

‘R, (M”,M’,CP”—CP’,S’ —S”)TS (ZS’M,’M’(P,&,, —8)

DHEPreTHYECKUI CIEKTP, OMUCHIBAEMBbIH (QYHKIHIMH Q(Z,A,QO,Q), A(z,A,9,9),

R(Z, A, QO,Q) nT (Z,A, QO,Q) B IIMPOKOM MHTEPBAJIE MOTEPh SHEPIUU INPEICTABIAEM B

BUJIE PA3JIOKEHNA B PAAJL 110 KPATHOCTSM HEYNPYTOro PacCesHUs:
F(z,A,9,Q)=F(2,Q,2)3(A)+ 2 Fo (2,90, Q)% (A)
F=RT,QA )

@

rae z — rommmHa cnos, Qo =(0y,¢p), 2=(0,¢) — HavanbHBIA yroa MagaroLEro

notoka 4acTHI] (POTOHOB MM 3JIEKTPOHOB) M yroJl BbUIETA 3IEKTPOHOB; W'= ddS( ');
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() = 3 (8): 25 (8) = [ (A= (6)ce ®

0
HopmupoBaHHOe Ha eOWHHIly CEYCHHE OJHOKDATHOIO HEYNPYTOro PpacCesHUs

xin(A)=(mn(A)/ Oj, ONpENesieT JHEPreTHYECKUi CIEeKTp, HaOJIroJaeMblii MOcie akra

OJIHOKPAaTHOTO HEYNPYroro paccesnus, a K-kpatHas ceeprka X (A) OHpE/EIACT CHEKTP
norepu dHepruu A, ¢uxcupyemsiii mociae K OCIHENOBATENbHBIX AKTOB HEYNPYroro
paccestaust. C touku 3perns Gopmyunsi (1), byHkimu Q(Z,A, QD,Q) cuHaekcamu S u B

PA3IUYAIOTCS TOJIBKO CEUCHUSMH HEYNPYroro paccessHus — Xins(A) # Xing(A). Koo duupmentst

Qk(Z,QO,Q) s GyHKUMA ¢ MHAGKcaMH S W B aOCONIOTHO OJMHAKOBBI U SIBISIOTCS

PELICHUSMHU ypaBHEHUS UL HOJ'IyGCCKOHe'{HOI‘/‘I MUIICHHU.

1-A k-1
ka—uQ“—ako)» f+h, - fOR +A- Qk®xel+x2Qk_m®(xel®Rm), 4)
u

WJIA YPaBHCHUA 1 CJIOA KOHEUHOH TOJIIIMHBI

1-2
%JQK ( ; )Q“—ékok f+h,-fOR +A- Qk®xel+x2ka (x, ®R, ). ()

YpaBHeHus [uis onpeneneHus (QyHKIMN T(Z,p.', u, q)',A), R(Z,u',p,, cp',A), CXEMBI HX
TOYHOT'O PELICHUs U PEIICHHUs, HaliICHHbIC B MAJIOYIJIOBOM NPHUOJIMKEHNH, TIPEICTABICHBI B

pabore [3].

10

_xlnB(A)

1015 == %)

\\
\
102 P4 NN

%,
5
WAl

10°

10 = =

10

A, 3B
Puc. 2. Cedenust HEynPYroro paccessHust Xins(A) u Xing(A).

Pemenus ypauennii (4) u (5) MBI OIpeenuM Kak B MaJIOyTJIOBOM MPUOIIKEHHH, TAK

U TOYHBIM YUCJICHHBIM METOJO0M. BepI/IHJII/Iﬁ Be u BO.TII;(I)paM W umeror PE3KO pa3INIHbIC
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aToMHbIe HOMepa (Zge = 4, Zw = 74), HO ceYeHHe YIPYroro pacCesiHusl MPOMOPIIHOHATBEHO z?
o3ToMy B paboTe OyzmeT ompeneieHo BiIMsHUE (akTopa OOPAaTHOrO paccestHUs Ha
(dopMHupoBaHHE BKJIaJa MPOLECCOB BO30YXKICHHS MOBEPXHOCTHBIX IIa3MOHOB. dDaktop
00paTHOro paccestHus OIpeAeNseT nocueanee ciuaraemoe B opmysie (1), miu ueHTpanbHbIR
rpad Ha puc. 1l (Qs-Rg-Ts). Pe3ynabTaTsl BOCCTAHOBICHHS HEYNPYTHX CEUCHHH OCpUILTHS
MpeiCTaBieHsl Ha puc. 2. Mcmonbp30BaHHWe CedyeHWi, MPEACTABICHHBIX HAa PHC.2 W
koopdummenros  Qy,  ompemerNeHHBIX Ha  OcHOBe  (opmyisl (4), TPUBOAMT K
YIOBJICTBOPUTEIIBHOMY COOTBETCTBHIO OKCIIEPUMEHTANIBHBIX [4] ¥ pacy€THBIX [JaHHBIX,
IIPEeJCTAaBICHHBIX Ha pHC. 3.

12000 : T T T T T T T
O DKCIepHMEHT

10000 — Pacuér |

8000

6000

4000

VIHTEHCHBHOCTH |, OTH.€]1

2000 =

1%80 1290 1300 1310 1320 1330 1340 1350 1360 1370 80
E,oB

Puc. 3. POOC crektp Be (sxcmepument — [4]).

Hannune skcnepHMeHTaNbHO anpoOHpoBaHHOH Meromuku pacdera PODC cnekTpos,
(hopMHpYeMBIX  CIIOMCTO  HEOJHOPOIHBIMH  O0pa3laMH, OTKPHIBAET  BO3MOXKHOCTb
TEOPETHYECKOT0 HCCIEIOBAaHUS PEHTIEHOBCKON (DOTOOMHCCHH CIIOHNCTO HEOIHOPOIHBIX
CTPYKTYp, TaKMX Kak Oepuuinii-Boimbpam. Cxema pacuera CIIEKTPOB, CO3JaBaEMbIX
MmuteHsmu tuna Be/W, noxpoGHo npezcrasiena Ha puc. 1. POIC uccnenoBanue, cpaBHEHHE
pacueTHBIX M OYKCIEPUMEHTAIbHO H3MEPEHHBIX CIEKTPOB ISl MOJOOHBIX MHOTOCIOHHBIX
CTPYKTYp MO3BOJUT OTBETHTb, HANpHMeEp, Ha BOMpOC BuusHUS uHTepdeiicoB Be/W na

TIPOHECCHI B036y)K[[CHI/I$I TIOBEPXHOCTHBIX IIa3MOHOB.

1. C.J. Powell, A. Jablonsky, J. Electron.Spectrosc.Relat.Phenom. 178-179 (2010) 331.

2. S. Tougaard, J.Vac.Sci.Technol. A14 (1996) 1415.

3. V.P. Afanas’ev, D.S. Efremenko, A.V. Lubenchenko, Light Scattering Reviews 8,
Springer (2013) 363-424.

4. C.Wagner, W. Riggs, L. Davis, J. Moulder, Handbook of X-ray Photoelectron
Spectroscopy, Perkin-Elmer Corporation, Physical Electronics Division, USA, 1979.
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O MEXAHM3MAX BbIBUBAHUSI BO3BYKIEHHBIX ATOMOB UTTPUSI ITPH
MOHHOU BOMBAP/IUPOBKE UTTPUS U ATIOMO-UTTPUEBBIX TPAHATOB

ON THE MECHANISMS OF SPUTTERING OF EXCITED YTTRIUM ATOMS
UNDER ION BOMBARDMENT OF YTTRIUM AND YTTRIUM-ALUMINUM
GARNET

N.A. AdanacbseBa, B.B. Bookos, B.B. I'punbina, 1.C. 3enenuna, .M. OkceHok,
JI.A. Peoxos, JI.1. llleBueHKO
I.A. Afanas’eva, V.V. Bobkov, V.V. Gritsyna, |.S. Zelenina, I.I. Okseniuk, D.A. Ryzhov,
D.I. Shevchenko

TTHUJT U1, Xapvkosckuil HayuonanvHulli yHueepcumem um. B.H. Kapasuna,
np-km Kypuamosa 31, 61108 Xaperos, Yxkpauna, e-mail: vbobkov@mail.ru

The analysis of the emission spectra of excited yttrium atoms sputtered from
the surface of the metal yttrium and its compounds by keV energies ions
was done. The existence of different mechanisms of formation of yttrium
excited atoms was established. Possibility of mechanisms realization
essentially depends on the physic-chemical parameters of the irradiated
solids and spectroscopic parameters of the excited state of the ejected
yttrium atom.

Honnas 6omOapaupoBKa MHOBEPXHOCTH TBEPAOrO TeNa COIPOBOXKIACTCS OTIETOM
YacTHLl B BO30YXJCHHOM COCTOSIHHU C IOCJCAYIOIIUM HCIYyCKaHHEM DJIEKTPOMArHUTHOIO
U3IydeHust. DTO SBICHUE MOIYYMIIO Ha3BaHUe HOHHO-POTOHHON 3muccuun (UDD) U mmpoko
M3y4yaeTcss Kak JUISl PACIIMPeHHs O0a30BBIX MNPEJCTABICHHH 00 OCHOBHBIX MEXaHHM3Max
B3aMMOJICHCTBUSI MOHHBIX IYy4YKOB C TBEPABIM TEJIOM, TaK M C LENbI0 DasBUTHA
QHAJINTHYECKUX METOJOB HCCICNOBAaHMS TBEpAbIX Tel. B paborax mocmeaHux et
OTMEYaeTcs], 4YTO BEPOSTHOCTh (POPMHPOBAHUS BO3OYKIECHHBIX COCTOSIHHI y BBIOUTBIX YaCTHI]
CYILLIECTBEHHBIM 00pa30M 3aBHCHT OT (PU3HKO-XHMHYECKHX MapamMeTpoB TBepioro rena [1-4]

1 OT THUIIA JIEKTPOHHON 000JI0YKH BO30YKICHHOTO coCTOsIHUA [5-6] oTiieraromieii yacTHIIbL.

B mponoimkeHue 3THUX HCCleNOBaHHII B paboTe ompenereHbl OCHOBHBIC MapaMeTpbl
H®D (crieKTpalbHBI COCTaB, KBAaHTOBBIA BBIXOA M IPOCTPAHCTBEHHOE pacIpe/ielieHre
M3ITy9CHUs] BBIOUTHIX BO30Y)KICHHBIX ATOMOB WTTPHS), BO3HUKAIOIICH HpH GOMOapanpOBKe
woHaMu Ar’ TIOBEpXHOCTH WTTpHS W aNOMO-UTTpHEBBIX TpaHaTos (AWI). U3 amammsa
OKCHEePUMEHTANbHBIX PEe3yJIbTaTOB CHENAHBl BBIBOABI O  MEXaHU3MaX (HOPMHPOBAHUS
BO30Y’K/ICHHBIX COCTOSHUI aTOMa UTTPHS H BIUSHUU Ha BEPOSTHOCTh UX (POPMUPOBAHHS KaK
(DU3MKO-XMMHYECKUX  [apaMeTpoB TBEpAOro Teia (JNEKTPOHHAs  CTPYKTypa, —THIL
KPUCTAJUIMYECKOI PEIIETKH), TaK M TUIIA IEKTPOHHOM 000I0UKH BO30YKIEHHOTO COCTOSHUS

OTJICTAIOLICIO aTOMa UTTPHUA.
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HccenenoBanust NPOBOAWINCH HA DKCIEPHMEHTAIBHONW yCTAHOBKE, KOTOPasi II03BOJSIET
TIOJTyHaTh BIIENEHHBIH 10 MaccaM Ty4ok HoHOB Ar’ ¢ sneprueii 20 k3B ¥ IIIOTHOCTHIO TOKa
15 MxA-cm> W3nyuenue BO30YyKIAECHHBIX YacTHLl PETHMCTPUPOBAIOCH U aHAIM3UPOBAIOCH C
HOMOIIBI0  (DOTOIEKTPUUECKON CHCTEMBI, paboTaoliell B peXHUME CcueTa OTJEIbHBIX
UMITy;15coB. OCh BXOJHOTO OTBEPCTHSI MOHOXPOMATOpa pacroJiaraiach TakuM o0Opa3oM, 4To
PETHCTPUPOBATIOCH H3TYYCHHE TOJBKO OTJICTAIOIIMX OT IMOBEPXHOCTH dacTul. CHEKTpsI

U3JTy4YSHUS UCCIICNOBAINCH B 00nacTh uinH BoiH 250.0+800.0 HM.

B cnektpe m3mydeHus 9acTul, BHIONTHIX n3 AW, HaOmo#anuch JIMHUHA, HCITyLICHHBIC
BO30Y)X/ICHHBIMH aTOMaMH alIOMHHMS, aTOMaMM M HOHaMH HTTpusa. HyxkHO oTMeTnTh
CYILLIECTBEHHOE OTJIMYHE STUX CIICKTPOB B CPABHEHHHU C PaHEE MCCIICAOBAHHBIMHU CIIEKTPaMU
U3IydYeHust BO30YK/ICHHBIX YaCTHLI, BBIOMTHIX U3 xKene30-uTTpueBbix rpanatos (OKUI) [3]. B
criexktpax JKUI' HaOmoqar0TCsl MHTCHCUBHBIC JIMHUM CIIEKTPA JKeJie3a U OTCYTCTBYIOT JIHHHI
criektpoB aromoB (Y 1) u wmonoB (Y |l) wrrpms. B cmekrpe dacTum, BBIOMTHIX U3
METaUIMIECKOr0 UTTPHs, IPUCYTCTBYIOT JIMHUK ciekTpoB Y | u Y Il, HOo pacnpenenenne
HMHTEHCUBHOCTH B J3THX CHEKTpax pasHoe st ciaydas AUD u Y. Jlns muHmit ciekrpa Y |,
UCIYILEHHBIX aTOMAaMH HTTPUsI, BO30YKICHHBIX B HU3KOJIEKAIIKE BO30YKICHHBIC COCTOSHUS
2% uz % ¢ 9HEPrusiMu BO30YKaeHUS Eyos5 < 2.0 9B, Habmrogaercst 3HaunTenpHoe B 2 — 3
pasa yBelMueHHE 3HAueHUs KBaHTOBOro Bbixoja miast AUIT B cpaBHenuu ¢ Y. J{na nunumit
cnekrpa Y |, 00ycnoBIEHHBIX MEPEeX0AaMH M3 BBICOKOJISKAIMX COCTOSHHNA aTOMa UTTPHS,
[PaKTUYECKU HE HAOIIONACTCS OTINYMIl B 3HAYCHUH KBAHTOBOIO BbIXoAa juis ciydas AU n
Y. ins GonpmmHCTBA TMHKEA criiektpa Y |, ucmynieHHbIX BO30YXICHHBIMH HOHAMU UTTPHS,
HaOIIOJaeTCsl yBENMYCHNE 3HAYCHUH KBaHTOBOro BhIxoda it AUIT B cpaBHeHMH cC
MeTtauHueckuM HTTpueM. Kpome Ttoro, B cnekrpax AUl u Y mpUCyTCTBYIOT psii KaHTOB

o 2 2
OpamKeBoii cucteMsl mosioc Mosekyisl YO, nepexox “I1 — “X, ocHoBHOe cocrosiHue [7].

VHTepecHO cpaBHEHHE Pe3yIbTaTOB HAIIMX MCCICAOBAHMIT C JaHHBIME paboThI [5], rae
HCCIIEIOBANICS CHEKTP M3ITy4eHHsT BO30YXKICHHBIX aTOMOB HUTTPUsI, BEIOUTHIX Iy4KOM HOHOB
Xe" (smeprus 40 k3B, mmoTHOCTH Toka 500 MKA-CM'Z) C HOBEPXHOCTH METAIIMYECKOr0
urrpust. Ha puc.l npexcraBieHsl rpa ki 3aBUCUMOCTH OTHOLICHHS 3HAQYCHHUsI KBAHTOBOT'O
BBIXOJIa },, ONPENEIEHHOro B Hamieil padore, k Benuuune (I-1), B3srToit u3 [5], or sHepruum
BO30YK/ICHHOTO COCTOSIHHSI COOTBETCTBYIOIIEr0 Hepexoa. Ml HTEeHCHBHOCTh CIHEKTpaIbHON
JIMHUK | SABIISETCS SHEPreTHYeCKOH BEIMYMHON M CBSI3aHA CO 3HAYCHHEM Y, COOTHOLICHHEM

| = y(hc/A). VI3 npuBeneHHBIX PHCYHKOB BHIHO, YTO UISL HU3KOBO30YXKICHHBIX COCTOSHHI
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HaOojaeTcs peskoe Bospacranue oTHoureHus y/(1-4) Kak Ui METaUIMIeCcKOro UTTPHst, TaK

u s AUT.

25 a) 25{ = 6)

< 1]
=.15] = < s
o< = .
1,0 = = 1,0
05 = . -~ 05 T -~
. " E
. K . Pl
0.0 0,0
20 25 3.0 35 20 25 3,0 3,5
o0 9B
3036 8036

Puc.1. 3aBucumocts otHomeHus ¥,/(IA) 0T sHepruu Bo30ykKACHHS BEPXHETO YPOBHS IIEPEX0a.
a) MeTayutHueckuit nTTpuii; 6) AU

Jl1si OLEHKH CKOPOCTH BBIOMTBIX BO30YXKICHHBIX aTOMOB MTTPHsI OBUIO HCCIIEIOBAHO
[POCTPAHCTBEHHOE DACIpPE/CIICHHE HM3JIyYeHHsl JUIsl psifla CHIbHBIX JIMHME crektpa Y |
corjacHo Merojuke onucanHo B [8]. Okasamoch, 4TO juisi GOJNBLIMHCTBA JIMHUI,
00yCIIOBJIEHHBIX IIEPEXOJaMH U3  BBICOKOBO3OYKIEHHBIX  cOCTOSHUH  (Egoss > 2 3B),
3aucumocth Inl = f(I) moker ObITh anmpoKCHMHpOBaHA ABYMsI OTpE3KaMH MPSIMOU C
pa3IMYHBIMM HAKJIOHAMH, TO €CTh MPOSBIIETCS IBYXCKOPOCTHOW COCTaB OTJICTAROLIMX
BO30Y)X/ICHHBIX aTOMOB WTTpPHs. Pacder MOKas3blBaeT, YTO TPYINa «MEJICHHBIX» YaCTHI[
HMeeT KHHETHYECKYI0 dHepruio E ., mopsiaka 100 — 300 5B, «OpicTppIM» YacTHLAM HPHCYIIA
sHeprus Eqy > 4 k3B. Ha puc.2a npusesner tunmunsiii Bua 3asucumocts Inl = () muist muanm
24128 um Y | st pByx mumenein (AW u Y). CyluecTBeHHO WHOM BHJ| 3aBUCHMOCTH
Inl =f(I) wabmiomaercst mms swaum A668.7 HM Y |, 0OyCIOBIEHHOH MEpexXomoM U3
HM3K0BO3GYKIeHHOTO Z *F° cocTostamst (Egoss = 1.86 9B) (prc.26). 3HaueHne KHHETHYECKOI
SHEPruu aTOMOB UTTPUsI B HU3KOBO30YKACHHBIX COCTOSHUSX Z %GOy z 4F° nopsiaKa noieit 5B

kak it AUT, Tak 1 amst uTTpus.

) 0 668.7 mm Y |
6 4128um Y | %, )
Cely 4

5 —o— AUl
— 4 _ 3
£33 =

2 . 2

o0 098 oo
1
0 14
1 2 3 0 1 2 3 4 5 6
1, Mm I, MM

Puc.2. [IpocTpaHCTBEHHOE pacTpe/ieieHne U3Tydenus s aunuii cnekrpa Y | st AU un Y:
a) 412.8 um; 6) 668.7 um
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O6001mast BEIMICH3I0KEHHOE, MOXKHO IIPEACTaBUTh JEHCTBHE CIESTYIOIINX MEXaHU3MOB
(hopMHpoBaHUs BO30YKISHHBIX COCTOSIHUM aTOMOB UTTPHS IIPH HOHHOW OoMbapaupoBke Y U
AWT. Ussecrro [9], uro npu GombGapaupoBKe TBepIbIX Tel MoHamu ¢ 3Heprueit 5 — 30 k3B
HPOTEKAIOT YHPYTHe MPOLECCHI, IIPUBOALIME K OTIETY OT MOBEPXHOCTH YACTULl MULICHH WM
my4yka. ODTO KpaTHbIC CTOJKHOBCHHS HAJETAIOIIETO HOHA C OAHON WM HECKOJIBKMMHU
YaCTHI[AMM MHIICHM ¥ pPa3BUTHE B MpEAeNax TBEPAOrO Tela KacKaja JIMHEHHBIX
cronkHOBeHHi. Hamuaue AByX CKOPOCTHBIX IPYIIT BEIOUTBIX BO30YKICHHBIX aTOMOB MTTPHS
CBHIETENIBCTBYET O NPOSIBJICHUN ~ YKAa3aHHBIX BBIIIE MEXaHM3MOB HX BBHIOMBAHUSL.
Bo30ysk/ieHNe T akue 9acTHIBI MOJYyYaloT 32 CYET SJIEKTPOHHOTO OOMEHa MEXIy TBEpIBIM
tesnioM (Y, AUT) u omieratoumm atomoMm Y. OTCYTCTBUE U3ITydeHUsE BO30YKACHHBIX YaCTHUILL
UTTpUsl, BBIOWTHIX u3 skene30-uTtpueBbix (XKUI) rpanaroB u Hamuuue GOratoro crekrpa
M3IIy4YEHUs] YaCTUIl UTTPHs, BEIOUTHIX n3 AU MOXHO OOBSCHHTH PasindMeM B IUIOTHOCTH
9NEKTPOHHBIX coctosiauit mist KU u AUT [4].

Usnydyenne odeHp MemIeHHbIX aTOMOB HTTPHS (Egw <1 3B) B HH3KOBO30YXKIEHHBIX

0

cocrosrmsax Z°G® u z“F° MoXHO OGBACHHTH pasBanoM BO3GYNKICHHOH Momexymsl YO.

Hamiane MoJIeKyIAPHBIX TOJIOC B CIEKTPaX M3TyYeHHs YaCTHII, BHIGHTHIX TydKoM HOHOB Ar”
¢ moBepxHocTd Y U AUD B Hamreil paboTe, CBUICTEIBCTBYET O HAIMYHH HA ITOBEPXHOCTH
OKHCIIOB. B 3KCriepUMeHTaIbHBIX YCIOBHAX aBTOPOB paboTsl [5] nosepxHocts Y cBOOOAHA OT
okucnoB. CyLieCTBeHHBIH BKIA[ W3Iy4eHHs aTOMOB WTTpus B coctosumsix z °G° u z *F°
oowsicasier  Bum  3aBucumoctd  i/(1-2) = f(Eps5), TpuBenennoit wa puc.l uw 2, u
CBUIETENBCTBYET O MPOSBICHUH MEXaHM3Ma 00pa3oBaHus BO30YKIEHHBIX ATOMOB HTTPHUS 3a
cuer pasBana BO30YXIEHHON Monekyidbl YO B HEYCTONYHBOM D JEKTPOHHOM COCTOSIHHH,
KpUBas MOTEHIUAILHOW SHEPIUH KOTOPOrO0 HE MMEET MHHHUMYyMa. JTO MOATBEPXKIACTCS

o 20 40
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OCOBEHHOCTH KPUCTAJIVIMYECKOI'O COCTOSAHUA KBASUABYMEPHBIX
CJIOEB TPA®UTA
CRYSTALLINE STATE FEATURES OF QUASI TWO-DIMENSIONAL GRAPHITE
LAYERS

I1.A. BopI/ICOBCKI/Iﬁl, E.H. Moocl, A.N. Py[[eHKOZ, KT PycaKOBa2
P.A. Borisovsky®, E.N. Moos®, A.l. Rudenko? Ja.P. Rusakova?

1 . .
Psizanckuil 2ocyoapcmeennvlil ynugepcumem umenu C.A. Ecenuna

2 . . .
Pazanckuii 2ocyoapcmeennblii paduomexnuyecKutl yuugepcumen

The pentagonal lateral faces as soon as the hexagonal shape faces after microsplit are
observed. These intermediate states should be attributed to a new class of similar full-

erene mesoscopic structures (6 and 5 symmetry order face alternation).

I'padeH - oanH U3 MOMYJSIPHBIX OOBEKTOB ISl THATHOCTHKU METOJOM BTOPUYHOU
Mmacc - crekrpomerpur [1]. OpHako v cciiefoBaHne CTPYKTYPBI H30JMPOBAHHBIX MOHOCIOCB
rpadura 0OHapyXHBAaeT paHee HEU3BECTHBIC MOIMMOP(HBIC MOJU(UKALINY, YTO U MPEIOTNpE-
JICITUIIO HAIIPABICHHOCTh JaHHOW PabOTHI MO BBISBICHHIO CTPYKTYPHBIX OCOOCHHOCTEH IaH-
Horo obbekTa. [IpefcTaBIeHHOE 34€Ch UCCICAOBAHNE MO3BOJIMIO YTOUYHUTH HEKOTOPBIE €r0
XapaKTEPHCTHKH, YTO PACIIUPSIET BOZMOXKHOCTH HOBBIX HHTEPIPETALNH MEXaHU3Ma BTOPHY-
HOI SMHCCHH ¥ IIPOLIECCOB PACIIBUICHNUS TaKOI'0 POJa YIIEPOAHBIX CTPYKTYP.

VYriepon o6afaeT pa3IMYHBIME MOTUMOPGHBEIME MOAU(UKAIMAMU: ajMa3 ¢ Kyonde-
CKOIf KPHCTAITNYECKOI penIeTKo|, rpaduT ¢ rekcaroHaIbHOM PelIeTKOH, KOTOphIe H3y4eHbI
CPaBHHTEIBHO JaBHO. BriepBble eTajbHOE ONMUCAHHWE KPUCTAUIMYECKOTO COCTOSIHUS JJIeK-
TPOHHBIX CBOMCTB YITIEPOJHBIX [UICHOK, HAa3BaHHBIX rpad)eHOM, IpeacTaBieHo B paborax [1-
4]. Dtu pe3ynbTaThl IPUBJICKIN BHUMAaHUE HCCIIEN0BATENCH, @ CaMn OOBEKTHI CTaIN IMpeaMe-
TOM M3y4eHUH MHOTUX HAyYHBIX LEHTPOB. [IHTCHCHBHEIEC HCCIENOBAHUS MOJOOHBIX CHCTEM
00yCIIOBIICHBI HE TOJIBKO X OTPOMHO HAaYYHOM, HO M PAKTHYECKON 3HAYMMOCTBIO.

CyIecTBOBaHHE Pa3IHYHBIX THIIOB CBSI3eH B pelreTke rpaduTa BefeT K 0coboMy co-
yeTaHuo ero cBoiicts [2]. Ha mepBom stame jaHHO# paboThl 3ajjauya COCTOSUIA B MOHCKE
HanboJiee IPOCTOro U anpoOUPOBaHHOTO 3QPEKTHBHOIO METO/A MOIYUCHHS H30JIMPOBAHHBIX
OZHOCJIOMHBIX (IBYMEPHBIX) IUICHOK rpaduTa JUIs HCCICAOBAHHUS B yCIOBHSX JIAGOPATOPHBIX

OKCIHECPUMECHTOB.
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3amaua Hacrosmell paboTHI COCTOSsIIA B IIOUCKE IIPOCTON METOMUKH H3YYSHUS HX II0-
BEPXHOCTH, KOTOpasi MPEACTaBIIsIa COOOH COueTaHHE METOJOB ONTHYECKOH MHKPOCKOINH,
JU(PaKIUN MEUICHHBIX 3JIE€KTPOHOB U Oxke-CHeKTpalibHOro aHanusa. O0pasipsl moTy4anuch
METO/IOM MHKpOpacCIIeIUieH st (BIepBbIe 3TOT crocod anpobuposan B paborax HoBocenosa—
Teitma [2, 3] npu nonydeHuu rpadeHa - MOHOCIOWHOW CHCTEMbI rpaduTa) W3 BBICOKO-
OPHEHTHPOBAHHOTO MUPOIMTHYECKOrO rpaduTa (MCXOAHBIM CIYXHJI €ro KPYIHBIH OIIOK).
Habitonenue CTpyKTyphl IIOBEPXHOCTH B ONTHYECKOM MHKPOCKOIIE IIPOBOIMIN HEHNOCPEen-
CTBEHHO Ha JIeHTe, 6e3 IepeHeceH s Ha Kakue-Inbo moutoxkkn (cBoGogubIe mieHku). [locne
OTCJIOGHHS OT KPYIHOTo Oyoka rpadura Ha JIEHTE OCTAalOTCs OTJENbHBIE KPUCTAIUIMYECKHE
00pa3oBaHus, KOTOPbIC HMEIOT YETKHE BEPXHHE I'PAHH FEKCArOHAIbHONW (HOPMBI U XapaKTep-
HbI# Gieck (puc. 1, 2). [Ipu 3TOM GbUI OTyYeH HEOKHUAAHHBIN Pe3yJbTaT: nepectpoeHue §o-
KyCHOTO PacCTOSIHUSI MHKPOCKOIIA OOHAPYXKMIIO Ha OOKOBBIX TPAHAX UL O0BEMHBIX KPHCTAI-

JIMKOB TPaHU ISTHYToJbHOH (opMbl (MOZOOHAs CTPYKTypa XapakTepHa JUls YIJIEpOXHBIX

CTPYKTyp THIa (ysiepena).

Puc. 1. Kpucrammku rpadura, ocraBmuecs Ha Puc. 2. Ha nente HabmoaloTes oTeIbHbIe KPH-
MOBEPXHOCTH KIICHKOIl JIGHTHI, MMEIOT pa3iuy- CTaIMYecKHe 0Opa3oBaHMs, MMEIOIIHE UYeTKHE
HYIO IIPO3PAauyHOCTb. TpaHu.

Muorna B oOcienyeMsix o0pa3nax HaOMOAANNCh OOBEKThI MOHOCIOWHOM TOJIIUHEI -
MOYTH MPO3PAYHbIA KPUCTAIIMK, KOTOPBIA CHIIBHO OTJIMYAETCs OT 00Jiee 00BEeMHBIX KpUCTAII-
JIOB.

CTpyKTypa MOBEPXHOCTH TAKUX XK€ 00pa3LOB U3ydanach METOAOM AU(BPaKLHU MEI-

JICHHBIX JJIEKTPOHOB C IMOMOLIBIO HETHIPEXCETOYHOI'0 SHEPIreTUYECKOro aHaIu3aTopa TOpMoO-
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3sIer0 THNA. Pa3Mepsl HccieyeMoi OBEPXHOCTH - OJHA M3 OCHOBHBIX XapaKTEPHCTUK Me-
TOJIa - ONPeJENsAET JIOKAIBHOCTh YIIOPAIOYEHHBIX Y4aCTKOB HCCIIEAYEMOi TOBEPXHOCTH.
INepBuuHbIe 31eKTPOHBI ¢ dHEprueii E, = 5+500 3B ¢ qmuHo# BonwHbI ne-bpoits, mpo-
HuKaoT Ha riyouny h = 0.5+1 um (t.e. 1-2 aromubIx cios). Jnamerp myuka cocrasisi ~ 1
MM TIpH TOKE ~10° A. ODKCHEPUMEHTHl MPOBOAMWIIM B METAJUIMYECKOW BAaKyyMHOW Kamepe
opu  pabodeM JaBIeHUH pg=2-10'8 I1a, xoTopoe 0OecrneunBanoCh HOHHBIM H COPOIIMOHHBIM
HACOCAMH C OXJIAXKJICHHEM JKHAKAM a30ToM. Mcciemyembre 00pasibl KpEImINCh K Iporpesa-

E€MOMY MOJ'IPIGZ(CHOBOMY 6HOKy C IIOMOLIBIO TAHTAJIOBOI'O MMPUKUMHOI'O KOJIbLIA.

Puc. 3. MudpakunonHas xapruHa oT pasynops- Puc. 4. JluppakiuoHHas KapTUHA, CBHUACTEIb-
JIOUEHHBIX KPUCTAUIMKOB Cpa3y IIOCJIE pac- CTBYIOIIAs O CTPYKTYPHO YHOPSIOYEHHBIX KpH-
CIIOCHUS. CTAJUIUKAX.

Ha nndpaxuuoHHo# kapTuHE HaOMIOAAMMCh IN(PAKIHOHHBIE PE(IIEKCh, CBUACTEIb-
CTBYIOIIHE O CTPYKTYPHO YHOPSIOYEHHBIX IUICHKAX, C pa3MEPaMH COM3MEPHMBIMH C 30HOM
KOrepeHTHOCTH 1 He npeBbimarot 0,1-1 Mxm (puc. 4).

CocTosiHEE aTOMOB YIJIEpoja Ha IIOBEPXHOCTH H3y4aloCh METOJOM SIICKTPOHHOI
OsKke-CIIEKTPOCKOIIUH: KaMepa OCHAIIEeHA aHaNIW3aTOpPOM THIIA IMIHHAPUYECKOrOo 3epKala
(paspemenne He xyxke 0,5%) ¢ KoakCHaIbHON HIEKTPOHHOH BCTPOCHHOM ITyIIKOH Ul BO3-
Oyxnaerns OrKe-3NIEKTPOHOB TPH YCKOPSIOIIEM HANPSHKEHNN TTIEPBUYHBIX 3T€KTPOHOB Uye=
2 kB u toke smuccun |,= 4 MKA.

Dopma HabmoaeMbIx THHA OjKe-TIepex010B CBUACTEIBCTBYET O CBOOOJHOM COCTO-
SIHUM aTOMOB yIyiepozia Ha rnoBepxHoctu (puc. 5). Ha puc. 6 npuBeneHbl STaOHHbBIE CIIEKTPBI

OsKe-2JIeKTPOHOB [JIsI PA3IMIHBIX COCTOSHMI aTOMOB yIIepoa.
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Puc. 6. Crektpsl OxXe-21eKTPOHOB JUIs
Puic. 5. Osxe-criextp nosepxnoctu rpadura PasNMYHBIX COCTOSHMH aTOMOB YIJepoja
110CIIe MUKPOMEXaHHYECKOTO PACCIOCHHUS. Ha nosepxuocTH: C Ha MO-TIOMIORKKE

(Bepxnsisi kpuBasi); C O Ha Mo-noanoxke
(cpemusisi kpuBast); rpaguT (HWKHAA KpH-
Bast)

Ha GokOBBIX TpaHsIX 00BEMHBIX KPUCTAUIUTOB IIOCJIE OTCIOEHHS OT KPYIHOro OJj0Ka
rpaduTa HabIOHAIOTCS OOKOBBIE TPAHU MATUYTOIBHOW (POPMBI, B TO BpeMsi KaK BEPXHHE HUX
TpaHU NIPEACTaBICHBI MECTHYTOIBHOI (hopMOl. DTO oIpesenseT paHee HCH3BECTHBIC IIOIH-
MopdHbIe MOAH(bHKALMH, KOTOPBIE SBIISIOTCS IPOMEXYTOYHBIMU MEKIY COCTOSIHHEM Tpade-
Ha U MUKPO(QPArMEHTHBIM IpauTOM. DTH MPOMEXYTOUHBIE COCTOSHHS CIEXyeT OTHECTH K
HOBOMY KJIACCY ME30CKOINMYECKHX (yIuIepeHonojo0HbIX CTpYKTYp (uepenoBaHue rpaeii
cummeTpus 6 u 5 nopsakos).

B pabote nokaszaHa KpUTHYHOCTb TEXHOJIOIMHM MUKPOPACCIOCHHS BEICOKOOPUEHTHPO-
BaHHOrO nuporpadura, KOTopas HE MO3BOJISICT PACCYUTHIBATE B HACTOSIECC BPEMs Ha Mep-
CIICKTHBY €r0 OCBOCHHS B POMBILIICHHOM Maciitade. Ckopee BCero, AaHHBI HAHOTEXHOJIO-
THYECKUH METOJ{ OKa)XeTCsl IPUTOAHBIM IS CCIe0BaHNi HAHOOOBEKTOB Ha OCHOBE aTOMOB
yriepona.

IIpencraBieHHbIe pe3yIbTaThl UCCIEIOBAHUS SBIIOTCS, 10 MHEHHIO aBTOPOB, IIPEX-
BapsoLIel Gojee TINATEIBHOE CONOCTABICHHE AlbTEPHATHBHBIX METOROB (HOPMHPOBAHMS
KBa3U/BYMEPHBIX I'Pa(UTOBBIX CIIOCB C HA/EKION Gosiee KOPPEKTHOrO U3YUCHHUS UX CBOMCTB

n HepCHeKTI/IBOI‘;I TIPUKIIaIHBIX BO3MOYKHOCTEH.

[1] Jaehyun han, Yunwon Son, Jun-Young Lee, et al. In Abstr. Book of SIMS -19 Inter. Conf. 2013 Korea.
[2] A.H. I'eiim, YOH, 181 (2011) 1284,

[3] K.C. HoBocenos, YOH, 181 (2011) 1299.

[4] T1.B.Copokun, JI.A. YepHosatonckuii, YOH, 183 (2011) 113.
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MOJEJIMPOBAHUME BJIMAHMWA BHEIHHEI'O QJIEKTPUYECKOI'O ITOJISA HA
3APSAJOBOE U DQHEPTETHYECKOE COCTOSAHUE ATOMA, OTJIETAIOIIETO
OT NOBEPXHOCTH TBEPJIOI'O TEJIA
SIMULATION OF THE EXTERNAL ELECTRIC FIELD ON THE CHARGE AND
ENERGY STATE OF AN ATOM, LEAVING THE SURFACE OF A SOLID

A.®. Bnagumupos
A.F. Vladimirov

DedepanvHoe 2ocydapcmeernoe 10X CemHoe 00PA308AMENbHOE YUPENHCOCHUE BbICULE20
npogheccuonanbHo20 0opazosanun «Pazanckuil 20cy0apcmeentbiil azpomexHon02UecKuil
yuusepcumem umenu I1.4. Kocmoiuesa», yn. Kocmwiuesa, 1, Pazans 390044, Poccus
e-mail: vlaf@inbox.ru

A simulation is made for the charge and energy state of an atom, leaving the
surface of the metal, taking into account the effect of a constant external
electric field E. Probabilities of electron states of the atom are subject to a
modified system of Kolmogorov’s equations. A model of the surface
potential in the Schrodinger’s equation is a rectangular wall with cash
potential of the electric field. The potential of the atom is the delta-function.

B I[aHHOI;'I pa60Te MOICITUPYIOTCA 3apsOBBIE U JHEPIrETUYCCKUE COCTOAHHUA aToMa,
OTJICTAKOLICTO OT IIOBEPXHOCTH MeE€TallIia, C y‘{éTOM BIIMSIHUA IIOCTOSAHHOI'O BHCIOHEIO
QJICKTPUUCCKOTO  IMOJIA E. HpI/I O9TOM BEPOATHOCTHU DJICKTPOHHBIX COCTOSIHMM aToMa
MOAYMHEHbl MOAM(UIMPOBAHHONW cHcTeMe ypaBHeHHiI Kommoroposa ¢ aprymeHTOM X —
PacCTOAHUEM OT IIOBEPXHOCTH OO aToMa. I/ICHOHL3yeTCS{ HpOCTefIIlIaH aJcKBaTHas MOJICITb
NoT€HOHaJIa IMOBEPXHOCTHU B OJHOIJICKTPOHHOM YpPaBHCHUU I_Hpéz[MHrepa — NpsAMOYTOJIbHAasA
CTC€HKa C HAJIOKCHHBIM IIOTCHHOHAIIOM J3JICKTPUYCCKOr'O IO, U JJig IMOTECHIMAlla aToMa —
nenbra-pyHKims Jupaxa.

IIpogomkum pa3BuTHE HAECH TNPUMEHEHHsS TEOPUHM MAapKOBCKHUX MPOLIECCOB IS

MOJICITHPOBAHMUS COCTOSIHHI OTJIETAIONIETO OT MoBepxHOcTH aroma [1]. BHecéMm m3MeHeHus B

XapaKTEPUCTHKY COCTOSIHUI aToMa. OCHOBHOE COCTOSIHHE aTOMa 0003HAYHM CHMBOJIOM S, a
BO30YXKIEHHBIE COCTOSAHMA — cumBoiamu S, S,,---, S,. MoHHOE cocTosiHME 0003HAUMM
cumBonioM S ,. Bo3MoxkHble BO30YXKIEHHBIE COCTOSHHS HMOHAa MOXHO 0003HAYHTH
cumBonamu S ,,S ,,--+, S, (B mamHOW paboTe MX Hey uMTEIBaeM). BeposTHocTH 3THX

COCTOSIHUH ¢ TeUCHHEM BpeMeHH t moaunHeHsl cucteMe ypaBHeHui Konmoroposa:

deiit(t)= —kilﬂik(t) Pi(t)‘*zl/lki(t):k(t)i i=-10%-n;

(ki) (ki)
PL(t)+P(t)+...+P,(t)=1,

(0]
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rae A/Ik (t) — UHTEHCUBHOCTDH BEPOSATHOCTU IEPEXOJa aTOMa U3 COCTOSIHUSA Si B COCTOSTHHE Sk .

. d d dx d
VuréM, 4T0 — = —— —v(x)~—, rue V(X) — CKOPOCTh aTOMa Ha PACCTOSHHH X OT

dt dx dt dx

noepxHoctd. CunrtaeM BpeMsi t NPHUHIMIHAIBHO BBIPAKCHHBIM Yepe3 PacCTOSHHE X .
IpencraBum A,Ik(t(x))=cikklk(x), II€ ¢; — CKOPOCTb JJIEKTPOHA B HpoLEcce, /lik(x) -
WHTECHCHBHOCTDb BEPOSITHOCTH yYacTHsi 3JEKTPOHA B Iporecce s paccrosius X. U3 (1)
nojyyaeM MOAMGMHIMPOBAHHYIO CHUCTeMy ypaBHeHHi KoJIMOroposa, OIMOJIHEHHYIO

YPaBHEHHEM JIBMKEHUs aTOMa MacCod M, BO BHELIHEM JJIEKTPHYECKOM II0JIE E(X) (nanee

nosie E cunTaeM ocTOsSHHEIM):

V(X)dF:;)EX) =~ " cik;’ik(x)]Pi(X)*‘ n Cki/i‘ki (XPk (X)v i= _11 Orlv"'!n;
K=-1 K=-1
(k=i) (k=i)
PL(X)+ P (x)+...+ P, (x)=1, )
v(x) %=E~F{ (x),

IZie € — 3JIeMEHTAPHBbIIf 3aps]] aTOMa B HOHHOM COCTOSIHHH.

DIIEKTPOH JBMXKETCS B 10JIe COBOKyNHOro norexnuana (Puc.l). Bo-nepssix, 310 noie
TOBEPXHOCTHOrO TpsMOyrombioro motenmuana crenkn V. (€)= x-60(8), tne 6(£) -
GyHKIMSA ~ eAMHMYHOTO — CKayka. Bo -BTOpBIX, 3TO TOTEHIMAl  BHENIHErO  MOJA
Vexmm'(§)=eE§ -6(&). B -tpetbux, oTO TOME TMOTeHIMATA aTOMa Va(‘(§)=—a-6(§—x),
MOJIETUPYEMOr0 MOCPEICTBOM JenbTa-(pyHkuuu Jupaka, rae « =1-a, | — noreniman

MOHM3alMU aTOMa, & XapaKTEpUu3yeT pa3Mep aToMa.

€ ‘} amom eA
Mmemann ___— memann amom
a) 6)
x+e|E|E-a-a(x) 2-€lE|E-a-0(¢x)
\ /2
0 x 2 0 A4 4

Puc.1. CoBOKymHBIH HOTEHLHAI,

CIIO)KEHHBIM M3 TIOTEHIMAIILHOM CTEHKH MmeTajia,

MOTCHIMAaJla BHEIIHEro O3JICKTPUYECKOTO0 TI0JII M IOTCHIMala aroMa: a) BHCITHECE

snektprdeckoe moie E>0, 6) BHemmee anexTpudeckoe mome E<O.

Hmeem ypasHenue LlIpénunrepa 1t BOIHOBOU QyHKINH 1
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—g—md"?+x-9(§)+eE§-e(§)—a~6(§— X)) = en (&), ®

rae M —mMacca dNIeKTpoHa, /i — mocrosiHHas [Tnanka.

Pemennst atoro ypasHenus npm ycinoBun 0 <& < ) CIIMBAIOTCA I 3HAYCHMI
aprymenta £ =0 IIpU YCIOBHH HENPEpPHIBHOCTH BOIHOBON (YHKIMH M €€ HPOM3BOIHOM,
£ =X mpu ycIoBMM HENPEPHIBHOCTH BOJHOBOH (YHKIMM M M3BECTHOIO CKadka e€

NPOM3BOJHON, & —> +00 MNpPHU YCIOBHM CTpeMJIeHHs BONHOBOW (yHkimu k 0. BemuduHsl

_ , [ ,

/l(x)=‘1//(x] f ‘1/)(5] d& — MHTEHCHBHOCTH BEpOSITHOCTH JJIEKTPOHHBIX IPOLIECCOB IIPU
X

3Ha4YeHUN aprymenTa & =X (Ha atome) U npu (HUKCUPOBAHHBIX 3HAYCHUSX SHEPTHU & —

HAaXOAMM C TOMOINBIO BOJNHOBOIH (yHKImH. IIpH 3TOM OMNOPHBIM SBIACTCS pEIICHHE

ypaBrenus (3) ans 3HadeHnit £ >0 0Oe3 yyacTus moTeHIManga aToma. Jletanu momydeHus
»TOrO pemenus uepraem us [2, ¢.156-157]: (&)= C,Ai(£)+C,Bi(&), e AI(&) u Bi(¢) -
dynxiuu Ditpu nepsoro u BToporo pona, & = =n& + x° /n°, 3uak nepen ko>ddurmentom 7
COOTBETCTBYeT 3Haky E, x? =2m(x—e)/h2, 173 =2me\E\/h2, C,,C, - mpou3BOIbHEIC
nocrosiuHbie. Ecmn & >0, 1o ¢yHKmuu Diipu BIpaxaroTcs depe3 MoAu(HINPOBAHHEIC
dyncmun Beccens Ai(E) =3 E(1y,5(2)-1,5(2), Bi(&)=y3E(15(2)+1,,5(2)), Tre
Z= (2/3)@’3/2, " UMEOT ACHMIITOTHKY Ai (é‘) ~ (2\/;)_14““4 exp(_ z),
Bi(gf)z (\/;)_1@“”4 exp(z) npu ycnosuu & —> +o. [Tostomy B o6mem pemennn C, =0 npu

yclnoBusiX, uto £ = X U BHelHee aJektpuyeckoe nose E>0 (Puc.la).

Ecmn £ <0, 10 ¢byHkuun  Diipu  BeIpaxaroTcst uepe3  (yHkumu  beccens

Aig)=3"

3/2

(‘]71/3(2)*“]1/3(2))' Bi(é)= 371‘5‘(‘]—1/3(2)_Jl/S(Z))' rae Z=(2/3}§‘ » B

z

. Lo -1/4 . . rRY
umeror acummrotaky Ai(&) = (\/;) lq ! 4SIn(Z +x14), Bi(g)=~ (\/;) || e cos(z +/4)
pu ycnoBuu & — +00. DTO pealnsyerTcs, eci BHelHee dnekTpuueckoe none E<O (Puc.106).
OlIeHEHO BIMSHHE TIOBBILICHHS M IIOHIDKCHHS YPOBHEH aToMa BO BHEIIHEM

DJIEKTPUYECKOM II0JIE Ha BEPOSATHOCTH HOHMU3AIUMM aromMa Hu HeﬁTpaﬂH3aHHH HWOHa, Ha

BEPOATHOCTDH 13036y>1<)1em/m u )IeBOSGy)K}I[eHI/Iﬂ aTroMa.

1. A.®. Bragumupos //B3aumoeiicTBre HOHOB ¢ ToBepxHOCThI0. BUTT-2013. Tom 1. C.426-429.
2. B.®. 3aiines, A.Jl. Ilomsuus, CHOpaBOYHHK 110 OOBIKHOBEHHBIM AU((epeHIHATbHBIM
ypaBuenusm, M.: @usmarnut, 2001. 576 c.
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AHAJIMTHYECKHE OCOBEHHOCTHU METOJA BUMC
IPU UCCJIEJOBAHUU COCTABA KBAPIIEBBIX KOHIIEHTPATOB

ANALYTICAL FEATURES OF THE METHOD SIMS
IN THE STUDY OF THE COMPOSITION OF QUARTZ CONCENTRATES
C.C. Bonkos!, T.W. Kuraesa®
S.S.Volkov, T.I.Kitaeva

1 .
Pazanckoe gvlcuiee 6030yuHo-0ecanmuoe yuunuue (60eHHbll uHCMuntym)
umenu eenepana apmuu B.@. Mapeenosa, 2. Pazans, Poccus, volkovstst@mail.ru
2Pasanckuii 20Cy0apcmeen bl paduomexHuyeckuil ynusepcumem, 2. Pazans, Poccus

The paper shows the possibility of studying the ion yield components of dielectric
samples (objects), commensurate with the ion beam and forth in ultrapure materials.

Ilenbio maHHOH pa®OTHI SBISIOCH HCCIENOBaHHE OCOOCHHOCTEH HMOHHOIO BBIXOZA C
[OBEPXHOCTH IMIJICKTPUYECKUX MATEPHAIOB ¥ HCHOIb30BAHME HX JUISL MOJIYYCHHS
HHGOPMAIMU O  PACIBUIICMON IHOBEPXHOCTH. VI3BECTHO, 9YTO 3apsiKa IHIIEKTPHYECKHX
MaTepuaoB 0] AeHCTBHEM HOHHOIO ITy4YKa NMPUBOIHUT K HCKAXKECHUSIM IIOJOXKEHHMIT IIMKOB B
CIIEKTPE Macc, BEJINYHMH MUKOB B Mpe/eIax MOPSIKOB, K 3alllyMIICHHIO CIICKTPa U K MOJIHOM
ero notepe. Hapsimy ¢ 3TuM umeercs mMpokas HEOOXOMMOCTb B aHAIIM3aX JUAICKTPUYECKUX
MmarepuanoB. Hamu o ObeKTOM HccinenoBaHuid ObUT BHIOPAH KBapLEBbIH KOHIIEHTPAT, MOCIE
Pa3HBIX TEXHOJOIHYeCKHX 00paboToK. TexHOIOorndecKas Ieib 3aKII09aaach B ONPEACICHUN
MOJIC3HOCTH KBapLEBOTO II€CKA T'EOJIOTMYECKOIl JIMH3BI, PACIIONOKEHHOH Ha TEpPUTOPUH
Psi3aHCKOl 0011acTH, B Ka4eCTBE CHIPBSI IJIs IPOMBILLUICHHOTO IIPOU3BOICTBA 3IEKTPOHHOTO
kpemHuus. Mccenenosansl aBa THna oopasunos. O6pasern; N 1 - kBapLeBbIil KOHIIGHTPAT IIOCIE
OKOHYATEJIbHOW OYMCTKH, B OJHOM M3 PEXHMOB, cojepxamuii ceeribie (mpumepHo 90%) u
TeMHble yacTuibsl. O6paszenr N 2 - kBapueBblii KOHIIEHTPAT HAa OAHOW M3 CTaAWil OYHCTKH,
cojiepKalllMii  CBETNbIC, TEMHbIE M pbDKME 4YacTHubl. YacTHIl  Pa3sHOrO  IBeTa
QHAJN3UPOBAINCH OTICIBHO.

AHanM3 MPOBOAWICS METOAOM BTOPUYHO-HOHHON Macc-CIIeKTPOMETPHH  Ha
MOJICPHU3UPOBAHHOM KBaJPYIOJIGHOM Macc-CIEeKTPaIbHOM MUKpoaHanu3arope "IlumosHuk"
YAD.0ILS3- 0.0001 - 008, paszpaboranHoM B HaydHO-HCCIIEI0BATETECKOM TEXHOIOTHIECKOM
uHCcTHTyTe T.Psi3anu [1]. B ero cocraB BXoquiu Jyoruia3MaTpoHHasi HOHHAS IyIIKa C Macc-
ceraparopoM T una (uibtpa BuHa, KBajpyHOJbHBI Macc-aHAIN3aTOp BTOPUYHBIX HMOHOB,
ABTOMAaTH3MPOBAHHAs CUCTEMA yIIPABICHUS U 00pabOTKH HH(POPMALNH, PAJUOICKTPOHHAS U
BaKyyMHas alaparypa.

B kadecTBe HOHHOTO MHKPO30HIA HCIIONB30BAM ITy4OK IIOJOXKHTEIBHBIX HOHOB

MOJIEKYJISIPHOTO KHciopoza (n3oton ¢ maccoit 16) ¢ sueprueit 10 k3B u Tokom Ha o0pasie
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200-250 HA. /lmamerp mOHHOTrO 30HAa ObUT OKOJIO 30 MKM IUIOTHOCTH MOHHOTO TOKAa IPH
pa3BepTke Iyuka B pacTp ¢ Iuiomagsio 100x 100 MM’ He Memee 200 MkA/emZ
Pasperaronias crocoOHOCTh KBaJpPyIMOJbHOIO Macc-aHayiu3aropa Obuta He Xyxke 1M Ha
yposre 0.1 |, rae | - MakcumanbHasi HHTEHCHBHOCTD aHAIU3HPYEMOro Macc-uka. Bakyym B
aHATUTHYECKOH Kamepe (MCTOYHNKE BTOPHUHBIX HOHOB) GbuT He Xyxke 10 ™8 TTa.

MeTtomoM BTOpUYHO-HOHHOM Macc-criektpockoruu (BUMC). Mertox BUMC ocuoBau
Ha 30HAMPOBAHHH HCCIIEIyEMOr0 MaTepHaia HOHHBIM ITy4KOM (B BaKyyMe) M PErHCTpaLfn
BTOPHYHBIX HOHOB, BEIOMBAaEMBIX C UCCIIEIYEMOro Marepuaia. B momydaemoMm macc-crekrpe
coziepkuTcs MHGOpPMALKsI O BCEX MMEIOIMXCS B MaTepHalle aTOMHBIX MHKPOIIPUMECSX C
konuenTparuamu 10 10 7% — 107° %. HeGonpmas (20-50 aToMHBIX c10eB) MyGHHA aHAIHM3a
MO3BOJIACT ~ MOJy4aTh MHGPOPMAIMIO HEMOCPEACTBEHHO O TOBEpXHOCTH. Jluamerp
3oHAMpYyomIero mydka 1 — 50 MKM JaeT BO3MOXXHOCTh aHAJIM3MPOBATH Maible OOBEKTHI U
MHKPOUYACTHIBI IPUMEPHO TAKOTO ke Pa3mepa. Bbicokas 4yBCTBUTEIBHOCTH allapaTyphbl U
METOJa II03BOJSIET ONPENeNiATh B TaKMX MalbIX OOBEKTaX Masble KOJIMYECTBA
MHKponpuMecei ¢ konmenTpammsavu 10 10 ™4 — 10 ~® %, Bosmoxuo Taioke onpenenenne
MHKpoInpuMeceil "B 00beme" YacTHIBI HIM YacTH OOBEMHOro obpasua IOcie T PaBICHUS
HOHHBIM IIyYKOM, Pa3BEPHYTOM B pacTp. PeUM IOCIOHHOrO aHain3a MO3BOJISIET CYIUTH O
pacnpesieNieHuy TOl WM MHOM InpuMecH no riryOuHe oOpasua. Bo3MoxeH mocnoiHblit
aHaJIN3 OJHOBPEMEHHO I10 IIECTH KaHAJaM T.€. [0 MICCTH Pa3HbIM mpuMecsM. MccnenoBanue
00pa3sioB MPOBOJWIOCHE B PAa3HBIX PEXHUMax pabOTBl YCTAaHOBKM, @ HMEHHO B PEKHMax
MOJIy4YEHUs H300paKeHMsI B MOMIOMIEHHBIX JIEKTPOHAX; PETHCTPALIMH MACC-CIIEKTPA; PEIKUME
nocinoiHoro ananu3a. Ilocie pasjeneHus 1o OBETY YaCTUIEl KOHIEHTPATa ObLIM IIOMEIICHEI
("mpokatansl™) B 0c0G0 YHCTYIO (CyMMapHOe KoHuecTBo npumMeceii 10 ~° % ar.) mHmnesyio
¢donbry. Takoe NpUroToBIEHHE OOPA3LOB IMO3BOJAIO CO3JaTh YCIOBHS I CTCKaHWS
HABEJICHHOTO OJICKTPUYECKOTrO 3apsija, BO3HHKAIOLIErO0 IIPHU PACMBUICHUH IOBEPXHOCTH
0o0pa3loB HOHHBIM IIyykKOM. 3areM oOpasel MoMeuiajics B BaKyyMHYIO Kamepy st
uccienosanus merogomM BUMC.

TlepBerit pexxuM pabOTHI Macc-CHEKTPOMETPa, a MMEHHO IOIyYeHHE H300paXKeHUs B
HOTJIOLICHHBIX JIEKTPOHAX, OBLI HCIIONB30BaH IS IOMCKA MECTa aHAIM3a, TaK KaK BBUIY
YaCTUYHOW 3apsIKH aHAIU3HPYEMBIX YacTHUIl TpeOoBamach TII aTenbHas HacTpoiika. Ilocie
BHIOOpAa MecTa aHaIM3a NPOBOAMIACH PETHCTPAIlMsA MAacc-CIIEKTpa CIEAYIOIHM 00pa3oM.
CHavasia HOBEpXHOCTh UCCIIEAYEMBIX 00pa3LOB OUHIIANIN HOHHBIM ITy4dKkoM B pactpe 100x100
MKM B TeyeHue 2 MuHYT. Jlanee B "rouke” 40 MKM B pe)xMMe HAKOIUICHHS U YCPEIHCHUS

uHbGOpPMAMU 33 TPH MOJHBIX LHUKIA Pa3BEePTKU PETHCTPUPOBAICA MAacC-CIIEKTP
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MOJIOXKUTENBHBIX BTOPHYHBIX HOHOB B JHama3oHe MaccoBbIx umcen 1-100 a.e.m. Macc-
CIIEKTp 3aIHCHIBAIM B POKIME PerucTpauun B auanasone 1-10° uvm/c, kommdecTso oTcueros
nHa 1 a.e.m. - 10, Bpems unTerpupoBanus Ha omuH otcuer - 0.2c. CpemHss craTHCTHYECKAsT
omnbKa MPH PErHCTPALMK MAcc-IMKOB COCTABIsUIa B AManasoHax: cebiie 10 Teic. uMu/c -
menee 3%,1-10 teic. umm/c — 5-7%, 100-1000 umn/c — 10-15%, amxe 100umm/c — 20-30%.
Jlns xaxaoro obpasia npoBoawiy 3-4 mogoOHBIX H3MEPEHUSI.

Macc-CHeKTpsl B COBEPIICHHO OJMHAKOBBIX YCIOBHSIX PETHCTPUPOBAINCH IS TPeX
TOYeK obOpa3ua. 3aTeM MpOBOMIACH PACIIM(POBKA MACC-CIEKTPOB € MOMOLIBIO CHELHAIbHO
IPOrpaMMBI pacIn(pPOBKH.

PacmndpoBka HeoOXxoauMa 1 00pa3LOB CIOXHOTO COCTaBa M3-3a HHTEP(EPEHLUH
(Hamo)xeHMsT) MacC-IIMKOB, TaK KaK B CIICKTPE MAcC KPOME MPOCTHIX HOHOB MPHCYTCTBYIOT
x1acTeps! Tima Me™ a Taroke Tma M O™ (M3-32 HANMUHS TIEPBIYHEIX HOHOB KHCIOPOTa).
Hanpumep, non xenesa Fe *, umerommii maccy 56 a.e.M. HHTephepHpYeT ¢ KIacTepHBIM
aToMHBIM HOHOM Si'y ¢ Toif ke Maccoif, a Takke HoHoM CaO" (KBaAPYTONLHEIM QHUIHTPOM
Macc 3TH TPH MOHA HE MOTYT OBITh pa3sjeieHsbl). HajloxeHus B Macc-CIeKTpe OYeHb BaKHas
npobiema, KOTOpass MOXeT OBITh pelieHa o00paboTKOW MHKOB —Macc-CIeKTpa ¢
ucnons3oBanreM DBM, no3Bossiionieil pa3fenuTh BKIIa] pa3IMyHbIX HOHOB B HHTCHCHBHOCTD
9KCMEPUMEHTAIBHOTO MHKA. AJTOPHUTM paciIn(pOBKH Macc-CIHEKTPOB BTOPUYHBIX HOHOB
CTPOUTCS Ha MPE/NONIOXCHUH O TOM, YTO COOTHOLICHHE ITMKOB MacC-CIIEKTPa COOTBETCTBYET
[PUPOAHONH  PACHPOCTPAHEHHOCTH  H30TONOB  BJIEMEHTOB.  DTO  IIPEAIIOIOKCHHE
HECNPABEIMBO JIMIIb B P CAKHX CIydasX, HAlpUMep, NPH HCKYCCTBEHHOM HAKOIUICHHU
PaIMOaKTUBHBIX HM30TONOB. [ pacmm(ppOBKH MOJYYEHHBIX MacC-CIIEKTPOB HaMM ObLia
HCIIONIB30BaHAa MPOrpaMMa pacIiM(pPOBKH, OCHOBAaHHAs Ha PEIICHUH CHCTEMbI JIMHEHHBIX
YPaBHEHHMi 10 METOJy HAaMMEHBIINX KBaJAPaTOB C HEOTPHIATENbHBIM pelleHHeM. ['aBHOE
OTJIMYME JAHHOTO IIOJXOAA OT OCTAIBHBIX - OTO AKTUBHOE Y4YacTHE B pAacLIM(ppOBKE
HCCIIe10BaTEINs, KOTOPBIil caM 3aaeT U KOPPEKTUPYET HaOOp BO3MOXKHBIX HOHOB, IOOUBAsCH
yIAydlIeHHs KadecTBa pacmM(POBKH. OKCHEPHMEHTAJIbHBI MAacC-CIEKTP MOABEPraiu
CTaHJAPTHBIM MPOIEAypaM CIVIAXKHBAHUS H TOCIE NpeoOpa3oBaHHs B UHCIOBOM MacCHB
3arpy’kau 3arpyaiu B namsts OBM.

TMocnoiiHplii aHanU3 IO3BOISIET IIPOCISIUTh 33 H3MEHEHHEM KOHIECHTPAluH C
IIyOMHOM 10 IIECTH HpHMECsM OJHOBpeMeHHo. [lyisi ananm3a ObuM BhIOpaHBl Hambornee
XapakTepHble MpuMecH. JJIsi Ka4eCTBEHHOrO IPOBEACHUS IOCIOWHOrO aHanu3a, a MMEHHO
YMEHBILCHNUS BIMAHUS IEPEMEIIMBAHUS CIIOCB 00pa3lia MOHHBIM ITyYKOM, MOHHBIH ITy4OK

[IPH IIOCJIOHHOM aHAIH3¢ Pa3BOPAYMBAIOT B PACTP, HO MOJIC3HBII CHUIHAT OTOMPAIOT TOJIBKO C
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LEHTPAIBHOM YacTH pacTpa, OJJIEKTPUYSCKH 3aKPbIBask CHCTEMY PEruCTPalid IpH
MPOXOXKJICHNM ITyYKOM Hepu(epuiHOi YacTh pacTpa. YCIOBHEM IIOCIOHHOrO aHaimsa C
XOpOIIMM paspelleHHeM [0 T[IIyOMHE WIM C MHUHHMAJbHBIM IEPEeMEIIMBAaHHEM CIOEB
SIBISIETCSL COOTHOILEHUE LEeHTpalbHOW W nepudepuiinon muomaneit 1/5 - 1/10, ecnu peus
UJIET O TUIOCKOW MOBEPXHOCTH 00pasia. B naHHOM cityyae mOCIONHbINA aHAIN3 IPOBOAMIICS B
pactpe 300x300 mxM, TOK 0Opasua 60611 150 HA, snekTpoHHas quadparma cocrasisiia 10 %.

KonnuectBennblii aHanuz MerogqoM BUMC sBisiercss OYeHb CEepbe3HOM mpoliemoit
BCJICJICTBUE 3HAYNTEIILHOM CIIOKHOCTH SIBJICHUSI BTOPHYHO-HOHHOI SIMHCCHH, €€ 3aBHCHMOCTH
OT pa3ianyHbIX (haxTopoB. IIONBITKH peann3anuy OE33TAIOHHOIO KOJIMYECTBEHHOTO a HaIu3a
C/IEP/KHBAIOTCS OT CYTCTBMEM TEOPETUYECKHX Mojesied BTOPUYHO-HOHHOH IMHCCHH,
MOJNHOCTBIO TOBEACHHBIX N0 NPAaKTUUECKOrO HCIOIb30BaHUS. ENMHCTBEHHO NpUEMIIEMBIM
CII0cOOOM KOIHMYECTBEHHOTO aHAIN3a CIIOXKHBIX MHOTOKOMIIOHEHTHBIX CHCTEM SIBJISETCS
METOJl HCIOIb30BaHUS CTAaHIAPTHBIX OOPa3sloB MM METOJ BHYTPEHHEro craHpapra. Ecmm
paccMaTpHBaTh YacTUIBI KOHIICHTpaTa B BH/E KBapua (OCHOBA MJIM MaTPUIA) M IPUMECEii, TO
UL ONpENeNICHUs KOHIEHTpAalUHM IpHMeced B KBaPIEBOM KOHLEHTPAaTe BO3MOXKHO
UCIIOJIB30BAHME  MPOTPaMMBI  BBIYMCIICHUS  KOHIGHTPAUWMH IpHMeced B KPEMHHH,
pa3pabOTaHHOI HaMH paHee C HCIOJIB30BAHHEM HOHHO-UMIUIAHTUPOBAHHBEIX CTAaHIAPTHBIX
oOpa3oB. Pacuer KoHUEHTpauu mpuMmeced B oOpaslax NpPOBOAMICA TaKkKe C
ucrnonb3oBanueM OBM mo panee pa3paboTaHHOW B Hamield J1abopaTopuu METOIMKE,
3aKTI0YAOIIEHCS B UCIIONB30BAHUN BHYTPEHHETO CTAHIapTa, UCIONIB30BAHUN CTaHIApPTHBIX
00pa3IoB U COOTBETCTBYIOMIECH IPOrPaMMBI pacueTa KOHICHTPALHH.

B pesynbrate aHanu3a mpuMecei MeTauIoB C aTOMHBIM BECOM, a TOYHEe C MacCOBBIM
gucnoM > 100 a.e.M. He ObUIO0 OOHApYKeHO. Macc-CIeKTphl MIPO3pAvHbIX CBETIIBIX YaCTHI]
obpasa N1 mpeacTaBisoT co0Oi JOCTATOYHO YHMCTYIO JABYOKHCh KpPEeMHHS. B TeMHBIX
yacTuiax OOHapykeHbl J ononHuTensHo Ti, Fe, Mn, a konuenrpaius Al, Ca, Mg, Na, K
ropasio Bblle, YeM B cBemIbIX. [lociolHbli aHamu3 o0Ooux 0OpasloB MOKa3ai
IPEUMYIIECTBEHHO IIOBEPXHOCTHBII XapaKTep 3arps3HEHUI B CBETNIBIX IECYMHKAX, KOTOPHIE
B pe3ylnbTaTe CHATUS IIOBEPXHOCTHOTO CIJIOS XHMHYECKIMH METOJaMH MOTYT OBITh
3HAYUTENHHO OYUIIECHBI OT IIPUMECEeil U PacCMaTPHBAThHCS KAK CHIPbE IS MOJIyIEHUS YUCTOTO

KpEMHUSL.

1. Volkov S.S., Kratenko V.1., Protopopov O.D., Tolstogousov A.B. Quadrupole lon
Microprobe. // Proc. Int. Conf. SIMS - VIII (Amsterdam), 1991. P. 145-149.
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O BJIMSIHUU MACCBI U30TOIIA UCITAPSIEMOI'O HOHA HA ITPOLECC
MNOJEBOI'O UCITAPEHHUSI MOHOB ITPU BBICOKHX TEMITIEPATYPAX
SMUTTEPA

ABOUT THE EFFECT OF ISOTOPE MASS OF EVAPORATED ION ON A FIELD
EVAPORATION OF IONS AT HIGH TEMPERATURES OF AN EMITTER

O.J1. T'ony6es, H.M. Brnamenkon
O.L. Golubev, N.M. Blashenkov
Jlabopamopus pusuxu 21emMeHmapHbIx CmpyKmyp Ha HOBepXHOCMU,
Qusuko-mexnuveckuti uncmumym um. A.@. Hogpgpe PAH,
194021 yn. [onumexnuueckas, 0. 26,Cankm-Ilemep6ype, Poccus,
O.Golubev@mail.ioffe.ru

SIBIICHKE MOJICBOTO MCIIAPEHHUsI COCTOUT B MCIIAPEHHUN ITOBEPXHOCTHBIX aTOMOB B BHJIE
[OJIOKUTENBHBIX HOHOB II0J BO3/CHCTBHEM TOJBKO CHJIBHOIO OJICKTPUYECKOrO IO
HAIPSHKCHHOCTHIO F TOps/IKa HECKOIBKUX JECATKOB BOJILT Ha HanomeTp ( 00bruno F ~ 10-60
V/nm), u3BecTHO 3TO sBieHME A0BONbHO HaBHO [1]. Mcmonb3yercs mogoGHOe siBieHUE
OOBIYHO KaK METOJ IMOJyYeHHsI WealbHOH aTOMapHO-IVIAJKOH MOBEPXHOCTH SMHUTTEpA B
[0JIeBOIi MOHHONW MHKDOCKOIHMH, a TaKkKe W Kak MeTOJ DJIEMEHTHOTO aHajih3a COCTaBa
[IOBEPXHOCTH IIOJICBOTO SMUTTEPA B aTOMHBIX 30HAaX [2]. BBUIO  NpOBEIEHO  MHOKECTBO
HKCIIEPHMMEHTOB [0 ITIOJIEBOMY HCIAPEHHIO PAa3MYHBIX METAJUIOB, CIUIABOB M PA3IHYHBIX
CIIOKHBIX COCIAMHEHHI, OBUIO MOKa3aHO, YTO IIPH pAa3HBIX MOJSX BO3MOXHO IOSIBICHHE
HOHOB Pa3HOM 3apsiIHOCTH M COCTaBa, aTOMApHbIX, MOJICKYJISIPHBIX, KOMIUIEKCHBIX. OIHaKO
HHKTO U HHKOTJa He HaOJII01all Kakoi-nbo 3aBHCHMOCTH MPOLIECCa MOJIEBOTO HCMAPEHHUSI OT
Macchl HCIApseMOro H30TONMa, M JTO ECTECTBEHHO, MOCKOJBKY KaK XOPOLIO —H3BECTHO
JNEKTPOCTATHYECKOE TMOJIe Aucrepcueii mo macce He obmamaer [3]. Takum o6pasom,
ONpe/e/IeHHbIM BBIBOAOM M3 BCEX MPEABIIYIHX paboT ObUIO YTBEPIKIEHHE, 4YTO
NEfCTBUTENBHO IIPOLECC MOJEBOTO HCHApeHWs HHUKaK HE CBS3aH C BEJIMYMHOW Macchl
UcrapsieMoro usororna uoHa. OIHaKO BCe POBEICHHBIC PAHEE SKCIIEPUMEHTBI OTHOCHIINCH K
[OJICBOMY HCIIAPEHHI0 TOJBKO IPU KPHOTeHHBIX Temieparypax 1 < 77 K mpu Kotopsix
UCIIOJIB3YIOTCSA OYeHb CUIbHBIe wHcmapsiomue monst F = 40 - 60 V/nm, xoraa BHeuiHee

9IIEKTPHYECKOe II0JIe CHUMAeT NOTEHIHAIbHBIH Oapbep A MCIApEHHs HOHOB MPaKTHYECKH
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J0 HyJisl, TIPpU 3TOM CaMBI€ TYTOIJIaBKHE METAUIbI MOIYT HCHapsATbCSI C OIPOMHBIMU
CKOPOCTAMHU XK€ IIPU I'€IUEBBIX TEMIIEpATypax U B IIPOLECCE HCHAPEHUA HaOJIFOIAt0TCS

TOJIKO HOHBI HAaH0O0JIee BHICOKUX 3aps0B.

OJHAKO eCIH HCIONB30BaTh IIOJICBOE HCHAPEHHE IPH JOCTATOYHO BBICOKHX
Temmepatypax T 3MHTTEpa, TO CHTyal[usi CTAHOBHTCS IPUHIMNKAIBHO MHOW. Hamm Obun
BBINOJNIHEH pPsif pabOoT MO HM3YYCHHIO IIOJEBOrO MCIAPCHHS psfid METAJUIOB, CIUIABOB U
coeauHeHuit npu Beicokux T > 1000 K [4-6]. OcHOBHBIMH OCOGEHHOCTSIMH IIOJIEBOTO
ucnapeHus npu Beicokux T ObLIO pe3Kkoe MOHMKEHHE 3apsia UcapseMoro HoHa ¢ pocrom T
BCJIE/ICTBUE 3HAYUTEIBHOTO CHIDKCHHS BEIMYMH HCHAPSIOMIUX II0JICH, a TaKKe IMOsBICHHE
3aMETHOI BEIMYMHBI OHEPrHM AaKTHBALMM IPOLECCa HCHApPEHHs] BMECTO HYJEBBIX
HPAKTUYECKU 3HAYCHUH B Cllydae MCmapeHus npu kpuoreHHsix T. VIHTepecHBIM SIBICHHEM,
KOTOpOE HaOII0aI0Ch IIPH UCTIAPEHUH NP BBICOKHX T ObU10 HaOmoneHue Toro Qakra, 4To B
pse cilydaeB M30TONHBIA COCTAaB MOHHOTO TOKAa HE COOTBETCTBOBAN CTaHAAPTHOMY
M30TOITHOMY OTHOLICHHIO ISl IPHPOAHOTO Bonmb(dpama. J{iist n3ydeHns m0og00HOTO SIBICHUS
ObIM TIPOBENCHBI ONPEACNICHHBIE OKCIICPHMEHTHI. JKCIICPHMEHTHl IIPOBOJHINCH C
smurrepamu u3 W, KOTOpbIi HMMeeT ynoOHbIH HabOp M30TONOB Pa3IMYHOH Macchl Ha
YCTaHOBKE CTaTHYECKOTO IOJICBOrO0 MArHUTHOIO MAacc-CHEKTPOMETpa, KOTOPbI obmaian
yMepeHHBIM pa3peuieHreM 1o maccam (M / Am) = 200, ogHako Takoe paspelieHre Mo3BOIIsII0
YBEPEHHO pa3peliaTh YEThIpe U30TONa BoJb(pama - 182yy 183y, 184y gy My (umeercs eme
oxuH moton °W, Ho ero comepykanne maino, okomo 0,6%). Bakyym B mpuGope Gbul He
cimkoM Bhicokum P ~ 10 Top, omHako 5TO He MMeNO IPUHUMIMANLHOIO 3HAUCHHS B

cllyyae IPOBEJICHNH SKCIIEPHUMEHTOB TIPH BBICOKHX TeMmriepaTypax smutrepa T > 2000 K.

B ciydyae moseBoro ucmapeHusi Opu KOMHAaTHOW T Ha chekTpax HaOJIoJalnch B
OCHOBHOM TONBKO MOHEL W', poct T SMHTTepa NPUBOIMI K 3aMETHOMY TOSBICHHIO HOHOB
W*2 pu T > 2000 K ocHoBHoif cursan aot yxe uonst W', coBcem ncuesator noust W' n
TIOSBIIAIOTCA ORHO3apsAAHbIe HOHEI W' , KOTOPBIX MPUMEPHO Ha TOPSAOK MEHBITE, TeM
IByX3apsiaHbIX.  [IpeBanmpoBaHHe — [BYX3apsAHBIX ~ HOHOB  IIOHSTHO,  IIOCKOJBKY
9KCHEPHMEHTAIBHO OLPEACICHHAsT HaMH SHEPrHsl aKTHBALMH MCIIAPCHHS IS ABYX3apsIHBIX
HOHOB COCTABIISICT B 9TUX ycnoBusax Q. = 1,98 + 0,19 eV, a ju1st ofHO3apsAHBIX 9Ta BEIUIHHA
Menbie Q1 = 2,7 £ 0,27 eV [5] npu 5ToM BeNHYNHBI HCHAPAIOLIKX [IOJISH JIEKAT B HHTEPBAJEe
F =20 - 30 V/nm. [{yst T0ro, 4to0bI IPOBECTH KOPPEKTHO W3OTOIHbBINA aHAIN3 HOHHOTO TOKA
TIOJICBOTO U CIIAPEHHS JUIs OJIHO M ABYX3apsJHBIX MOHOB, HEOOXOAUMO HAOPATh JIOCTATOYHO

60J'II>IHyl0 CTaTUCTUKY, YTOOBI MCKJIIOYUTH BIIHSHUE cnyqaﬁﬂoro OTKJIOHCHUA aTOMapHOTO
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cOCTaBa OMHUTTEPA OT CTaHAAPTHOTO M30TOMHOTO OTHOLICHUS. Macc-CIeKTpHl HOHHOTO TOKa
II0JICBOTO HCTIAPEHHs [T BCEX M30TOIOB ABYX3apsuubIX HoHos W'2 npu temmeparypax T =
2000 — 2600 K u npu ucnapstronux nossix F ~ 25 - 40 V/nm. Bcera 1eMOHCTPUPOBAIIH, YTO
Ha0II0/jaeMoe pacIpe/ie/ieHle U30TOIOB 110 MaccaM B OOIIEM HOHHOM TOKE OYEHb XOPOLIO
COOTBETCTBYECT CTaHAAPTHOMY H30TONMHOMY OTHOLICHHIO [UIi NPHPOAHOTO Bosb(pama.
OpnHako IS ciiydasi OJHO3APSAHBIX HOHOB KapTHHA HAGIFOACTCs NMPHHIMIINAIBHO ApyTas,
XOTSL ¥ OJTHO3apsIAHbIE U J[BYX3apsIHbIC HOHBI HAOIIIOJAaIOTCs B O0IEM HOHOM TOKE C OJHOTO
U TOTO )K€ SMHTTEpa U IPH OJHUX M TeX )K€ YCIOBHUSX, TOJIBKO cHCTeMa cOopa IeTeKTopa
HOHOB HACTPAaWBACTCSI HA Pa3HBIE MACCHI, IIOCKOJIBKY PErUCTPHPYET OTHOIICHHE MacChl HOHA
K ero 3apsy. Macc-CHeKTpbl MOJIEBOTO HCIApeHMs Ul OJHO3apAIHBIX HMOHOB BCEraa
I0Ka3bIBATH, YTO IS HOHOB CAMOIO TSKEIOro M3orToma ‘W' pemnumma mabmiozaemoro
curHana ObLta HPUMEPHO HA MOPSIOK MEHBIIE TOif, KOTOpas COOTBETCTBYET CTaHAAPTHOMY
M30TOIMHOMY OTHOIICHHIO. Takoe MOBEACHHE — MOHIDKCHHE CHTHAla Ha MOPSIOK WIM BO
MHOTHE Pashl JUIS TSDKEIOTO HM30TONA MoHa “*W' maGmiozaercst Juis MHOTHX SMHTTEDOB H
Juist Beex u3ydeHHbIX T amurrepa B auanazone 2000 < T < 2600 K. Pe3yibrar 9TOT sBISETCS
C Hamieil TOYKM 3pEHHs, CTATUCTHYECKH OCTOBEPHBIM, IMOCKOJBKY HaXe HPH KaxIoH
ompeneeHHoi T IMUTTEepa HOHHBIH TOK HAOIIOANCS IPH CKOPOCTH Mcnapenus nopsiaka 30 -
40 uMIYyJBCOB B CEKyHJIY B TCUCHHE HECKOJBKHMX JCCATKOB MHMHYT M TPU 3TOM KaXKIbIi

HMITYJIBC COAEPIKaI HECKOJIBKO COTEH HOHOB.

Kaxum e 00pa3oM MOXHO OOBACHUTH MOTOOHBIH «HM30TONMHBIH 3((EKT MOoIeBOro
UCHAapEeHUs», KOTOPBI HaOJIIoaeTcsl TONBKO IS OJHO3apsTHEIX HOHOB M He HaOIIomaeTcs
JUIS IBYX3apsUHBIX OZHOTO M TOTO k¢ m3oToma ~°W. Ha Haml B3sj, OPHYMHA MOXKET
coctosaTh B cienyromeM. [Ipu Takux Beicoknx T M OTHOCHTENIBHO HMOHMXEHHBIX F moner W
UCIApSIIOTCs, KaK YK€ OTMEeyaioch, uepe3 3aMmerTHblil 6apbep Qn [5], koTopslii oTHIONL He
paBeH MPaKTHYECKH HYINIO, KaK B Cly4ac KPUOTCHHOTO HCIAPCHMSI MPH OYCHb CHIBHBIX
HOJISIX. ATOMBI SMHTTEPA IOKU/IAIOT TIOBEPXHOCTh B BUJEC OJHO U ABYX3apsAHBIX HOHOB, IIPU
9TOM Cy/1b0a ITHX HOHOB MOXET OBITh Pa3HOil. JIByX3apsAHbIC HOHBI OBICTPO MOKHIAIOT 30HY
HCIIApEHHs - 30HY CHIJIBHOTO IIOJNS B Y3KOH 00IacTH HEHNOCPEACTBCHHO BOIH3U dMHTTEpa
tommuHod ~ 0,1 NM ¥ momazaloT Ha KOJUIEKTOp, TOTAA KAaK HOHBI OJHO3apsIHBIE M OTYT
TaKKe MONacTh HEMOCPEICTBEHHO HA KOJUIEKTOP, @ MOI'YT 1 HOHH30BAThCs 10 ABYX3apsIHBIX
HOHOB, HAaxXO[sICb B 30HC HOHHU3ALMU BOJNW3M IMOBEPXHOCTH OCTPHSA-IMHUTTEpa. Tak Kak
npunoxkeHnoe U, a taxoke F u T 11 Mcnapenus BceX M30TONOB OJMHAKOBBI, TO OJJMHAKOBBI H
9HEPIUH, C KOTOPHIMU HOHBI HcHapsroTest. OHAKO CKOPOCTH ABHKCHHSI HOHOB Pa3HBIX Macc

IIpH 3TOM €CTECTBECHHO PAa3HBIE U CAMBIC TSKEJIBIE HOHBI IBMXXYTCSA C CaMbIMU MaJlbIMU

324



CKOPOCTSIMU. Bcenencreue 3TOTO, TSOKEIBIE HOHBI GoJbiee BpEMs HaXoOATCA B 30HE
HWOHHU3AIlMH, a CJICA0BATCIBbHO, HUMCIOT GOHLHIyFO BEPOATHOCTL €LIC pa3 HOHU30BATHCA U
NPEBPATUTHCA B ABYX3apsAAHBIC HOHBI, MO3TOMY A CaMOIO TAXKEJIOr0 H30TOIa 186W u
HaOIo1aeTCs YMEHBLICHUE Ha TIOPSA 0K KOoJIn4yecTBa OAHO3aPAAHBIX HMOHOB.
COOTBCTCTByIOIHCI‘O YBCJIMYCHUA KOJIUYCCTBA ABYX3apsAAHBIX HOHOB IIPU 3TOM IPAKTHYCCKU
HC Ha6ﬂ}0£[aeTC$I, IIOCKOJIBKY CaMHuX OJHO3apsAAHBIX HOHOB 06pa3yeTc;[ TIPUMEPHO Ha
TIOpAIOK MEHBIIE, YEM NBYX3apsAHBIX. Takum 06pa30M, JUISL OTHO3apsAAHBIX NOHOB B ClTydyae
TI0JIEBOT'O UCIIAPEHHUs IIPHU BBICOKUX TEMIIEpATypax MOKHO HaﬁJ'IFOJIaTB «U30TOIHBIN Sq)(i)CKT
TI0JIEBOI'O0 HUCHAPCHUA» - 3aBUCHUMOCTH BEJIMYHMHBI MOHHOI'O0 TOKa IIOJIEBOI'O HUCHAPEHUSA OT
MaccChl U30TOIIa MOHA, XO0TA caMa I10 cebe macca HucnapseMoro B BUAC HOHa aToMa Ha porecce

UCTIap€HUS BUAUMO HE BIIUACT.

OnHako B 3aKIIIOYCHHH HEOOXOAUMO OTMETHTH, YTO CHTyalls HE BBITTILAUT CTONb
OJIHO3HAYHOM, TIOCKOJIBKY MAacC-CIEKTPbl IOJEBOr0 HCIAPEHUs MPU 3TOM YBEPEHHO
IIOKa3bIBAIOT H eIlle OJHO OTIMYHE H30TOIHOIO COCTaBa HAOIIOAAeMOro TOKa OJHO3APSIHBIX
MOHOB OT ~ CTAHJAPTHOrO H30TOIHOO OTHOLIGHWS —  HOHOB CcpeiHeil Macchl W'
HaOmojaeTcss Ha000pOT NPUMEPHO B MOJTOpa-J(Ba paza OOJBIIE, YEM 3TO COOTBETCTBYET
CTaHJAPTHOMY M30TOIIHOMY OTHOIIEHHUIO. ABTOPHI IIOKa HE MOTYT OOBSCHHTH IOJOOHOE
9KCIEPUMEHTAJIBHO HaOI0/1aeMoe SIBJICHHE M IO9TOMY HPHMXOIMTCS CIENaTh M elle OAUH
BBIBOJI, YTO IIOJHOH (hM3UUECKOH SCHOCTH IO MOBOAY HNPHYMH BIMSAHHSA MAacChl H30TONA HA

TIpOLECC MMOJIEBOIO UCITAPEHUS HOHOB ITIOKa HET U JTaTTbHEHIINE UCCIICIOBAHUS HCOGXOI[HMBI.

PabGora wactHuHO moxnepxkana rpantoM POOU Ne 14-08-00317-a B wactn
MOJICpHU3ALMN CHCTEMBI cOOpa ¥ OOpabOTKM HaHHBIX IOJIEBOTO MAarHHTHOTO Macc-

CIIEKTPOMETpa.
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Atom Probe Tomography by atomistic simulations
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1 Introduction

Atom probe tomography (APT) is one of the modern atomic structure analysis technique which
allows to obtain the unique information not accessible by any other experimental methods. APT
is based on the controlled evaporation of atoms ionized by a high electric field from the studied
specimen held at cryogenic temperature. The evaporated ions are accelerated by the applied
electric field towards a detector, where their impact time and position are recorded. To en-
sure high detector efficiency, it is preferred that only a single ion at a time is evaporated in
a controlled manner. This is achieved by pulsing either the applied voltage [1] or the sample
temperature by means of laser irradiation [2]. In spite of many obvious advantages the tech-
nique has known limitations, e.g. multiple simultaneous evaporations and evaporation of dimers
and other complex structures still occur [3]. APT aims to reconstruct the studied samples with
atomic resolution. Although many advances were reached in increasing detector efficiency and
accuracy, the algorithms for lattice rectification and compensation for undetected atoms [6], and
improved crystallographic structure analysis [7], there are still several obstacles in the way of
achieving atomic resolution reconstruction. We analyze these limitations by applying the hy-
brid electrodynamic-molecular dynamic code, recently developed in our group [8]. Moreover,
to deal with cryogenic temperatures with introduce additional Monte Carlo step, to select the

atoms for evaporating event.

2 Methods

The HELMOD code [8] is developed on the base of the classical Molecular Dynamics (MD)
code PARCAS [9]. In HELMOD the electric field effects are included via interactions with
charged surface atoms in addition to the standard interatomic forces of classical MD. The par-
tial charge is induced on surface atoms by an external electric field as a result of interaction
of conduction electron density with the local field. The local field around a surface atom is
known from the concurrent solution of the Laplace’s equation with the mixed boundary con-
ditions (Dirichlet at the conducting surface and Neumann in the vacuum). Thus the charge on
a surface atom can change dynamically depending on the position of the atom with respect to
other atoms. The Lorenz force acting on the charged surface atoms by the field as well as the
screened Coulomb forces acting between the atoms are used to modify the classical MD algo-
rithm. Currently we do not account for interaction of detached ionized atoms with the external
field as these events are rare and do not change the external field in any significant manner.

Since regular temperatures of APT experiments are cryogenic, it is not feasible to simulate the
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evaporation process directly with HELMOD. Moreover, in the present form HELMOD does not
consider the ionization process itself. To cope with these limitations we include a concurrent
Kinetic Monte Carlo step, which is used to select an atom to evaporate at random. After evapo-
ration event took place, surface is relax according to the regular MD algorithm. In this way, the
temperature effects are taken into account only via the KMC steps, since the probability P; of
an atom 7 to be removed by evaporation is proportional to the Boltzmann factor:

P; o vexp(—Q;/kgT) (1)

Here v is the attempt frequency, (); is the evaporation activation energy for the i’th atom, kg
is the Boltzmann constant and 7" is the sample temperature. This scheme follows the principle
of the KMC approach of selecting events stochastically according to their known rates [10-12].
The attempt frequency v = 1 for simplicity as we do not aim to provide an actual time scale of
the studied process.

The evaporation activation energy is then given by [13]
o 1 o
Qi= |8+ 51 =) (1 - 61+ 5}/2)*1)] K. @

where
6i =1- F/ch,zV (3)

In the probability calculation, the atom is currently always assumed to be ionized into its most
likely state: single ionization for Cu and double ionization for Fe [14]. The work functions are
constant: ¢, = 4.5eV and ¢, = 5.0eV for FCC Fe [15, 16]. Once an atom has been selected
for evaporation, it is removed from the MD system, and its trajectory in the electric field is
independently calculated using the velocity Verlet integration scheme [17]. The interaction

between an ion and the charged surface atoms is not included in this calculation.

For the reconstruction we employ the model suggested by Bas et al., which is based on point
projection to calculate the original position of atoms [18].

3 Results

We have studied three cases with a flat homogeneous surface, the surface with a pit and a Fe
inclusion. The latter followed the FCC structure of copper since it was relatively small. Fig.
1 shows the simulated impact positions on a detector for cases a)-c). It is seen that for case
a) with just a smooth surface, the pattern is fairly regular and reflects the underlying crystal
structure, although discrepancies are clearly visible. The detector images for both cases with
a pit (case b) and with a Fe inclusion (case c) look similar, as only few atoms are detected in
the center where the pit or inclusion is located. The electric field inside the pit is weaker than

at the top surface, and, thus, few atoms are evaporated from inside the pit. In the case of the
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Figure 1: Simulated detector hits in the case of a) flat Cu surface b) flat Cu surface with a pit
and c) flat Cu surface with an Fe inclusion. The total number of evaporation events in all three
cases is 2400, corresponding to 3 atomic monolayers in the simulation cell.

13GV/m

Figure 2: (Color online) An Fe protrusion is formed when the Cu surrounding an Fe inclusion is
evaporated before the Fe. The electric field is then distorted and enhanced around the protrusion.

inclusion, Fe has a higher evaporation field than the surrounding Cu matrix (F., ¢y ~ 30GV/m
for Cu and Fi, yo =~ 33GV /m for Fe), and, thus, the Cu is preferentially evaporated around the
inclusion, leaving a Fe protrusion behind (fig. 2). This protrusion distorts the electric field in
such a way that trajectories of the atoms evaporating from the protrusion point away from the
center, resulting in a similar detection pattern as in the case of a pit. It can, thus, be difficult to
distinguish these two cases from each other based on detector data, even though the underlying
structures are very different. The relaxation process along with the local enhancement of the
field at the protrusion, promote the Fe atoms to be displaced upward, increasing the size of the

protrusion and enlarging further the enhancement of the electric field around it.
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4 Conclusions

We present a new method to simulate APT processes, based on concurrent electrodynamic-
molecular dynamic simulations with the addition of a KMC step to handle evaporation of ions
at cryogenic temperatures. The method combines the accuracy of molecular dynamics with
the computational efficiency of a Monte Carlo algorithm, and thus enables simulating the pro-
cesses occurring in APT. We show that the presence of inclusions can lead to inaccuracy in the

reconstruction algorithms due to the different response to electric field of different species.
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SHEPI'OAUCHEPCHOHHBIE 3ABUCUMOCTH HCTUHHO-BTOPUYHbIX
3JIEKTPOHOB UMIIJIAHTUPOBAHHOI'O KPEMHU S
ENERGY DISPERSION DEPENDENCES OF TRUE SECONDARY ELECTRONS
AFTER IMPLANTATION

N.A. 3ensuep, E.H. Mooc, O.B. CaBymikua
I.LA. Zeltser, E.N. Moos, O.V. Savushkin

PI'Y um. C.A. Ecenuna, Ceobooa 46, 390000 Psazans, Poccus;
E-mail: e_moos@mail.ru

A possibility of the secondary electron energy spectra interpretation excited by mono-
chromatic X-ray probe with their registration by the spherical mirror analyzer with
perfect angular focus type on single-crystal samples is examined. The extremum ener-
gy displacement as soon as the height and view of energy distribution for the different
kinds Si samples after implantation, annealing, and amorphization process are found.

The possibilities of attracting models Friedel oscillations are considered.

HanexxHast HHTepIpeTanis YHEPreTHUECKUX CIEKTPOB AMUCCHU BTOPUYHEIX JIEKTPO-
HOB TpeOyeT BBINOIHEHHS PAfa TPeOOBaHMII 0 MOHOKHHETHYHOCTH BO30YXKJAIOIIEro 30HIa
U paspeniaronieil cocoOHOCTU JHEProaHaaM3aTOpa aHAIHTHYECKOIO CHTHANa JIIEKTPOHOB
SMHUTHPOBAHHBIX C MOBEpXHOCTH 00pasua [1]. KapauHaneHbIM penieHHeM, 110 MHEHHIO aBTO-
POB NPEJCTABIAEMOM 37€Ch PabOTHI, B MEPBOil YaCTH CACTAHHOIO 3aMEYaHHs SBJIACTCS MpU-
MEHEHHME B KaueCcTBE 30H/a PEHTICHOBCKOIO M3JIyY€HMs, MPOLIEALIEr0 MHOTOKPATHYIO MMO-
ClIeJOBAaTENbHYI0 MOHOXPOMATH3AIMIO, HAaIpHUMep, IOCPEICTBOM OPErroBCKOrO OTPaKEHHs
Ha MOHOKpHCTa/lIaX. BTopoe 3aMeuanue ycTpaHseTcs IpIMEHEHHEM aHAIN3aTopa THIA cde-
PHYECKOT0 3epKaja ¢ HAeaIbHOH YIIIOBOI (OKYyCHPOBKOH, OCh KOTOPOrO COBMEIIEHA C HOP-
Mabi0 K MOBEPXHOCTH Hcciegyemoro oosekra (cMm. puc.l), a Gokyc coBmemnieH ¢ 061acTbio
PEHTI€HOBCKOTO NH(PAKIHOHHOTO OTpaXKeHHs. B 3TOM ciydae mpolie TrapaHTHPOBAaTh
HAaUMEHBIINE MCKAKCHUs (OPMBI M CIBUTH B SHEPreTHYECKOM CIIEKTPE JJICKTPOHOB, a, Clle-
JI0BATENIbHO HHTEPIPETUPOBATH IMHCCHOHHBIE sIBICHHUS [2] .

MeTo1Ka 2KCIIEPHMEHTA COCTOsIa B M3MEPEHUH SHEPIE€THYECKOIO CIIEKTPa 3JIEKTPo-

HOB Pa3IMYHOTO BH/A 00OPa3loB KPEMHUs], BBIACICHHN HAa PETUCTPHPYEMOM CIEKTpE Xapak-
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TEPHOM YHEPreTHYeCKON IPYIIIBI HIEKTPOHOB (OTMEYCHHBIX Ha PHCYHKaX Kak 1, 2, 3), oxHa
13 KOTOPBIX COOTBETCTBOBAJIA DHEPIHU HaOI0aeMoro skcTpeMyma. [Ipu 3ToM oxHOBpeMeH-
HO M3MepsIach YIIoBasi 3aBHCHMOCTb BBIXOJIa BBIEJICHHBIX IPYII IE€KTPOHOB M PEHTTEHOB-
CKOT'O OTPAXXCHHS B YCIOBHAX JU(PPAKIUN PEHTTCHOBCKUX Jy4eil. CilydaliHble OIPEIIHOCTH,
CBSI3aHHBIC CO CTATHCTUKOH CYeTa PEeHTI€HOBCKHX (POTOHOB M BO30YKIAEMBIX UMU DJICKTPO-
HOB, HECYIIHX OCHOBHYIO HH(OPMAIIMIO O CTPYKType KPHCTallla, ONTHMH3UPOBaINCh. Kpu-
Bole au¢pakiuonHoro (111) orpakeHHs M KpHBBIE BBIXOJA JJICKTPOHOB, 3HEPIeTHYCCKHI
CIIEKTp 2JIEKTPOHOB m3Mepsiich (puc.l) B aByxkpucranbHoii cxeme (1, -1) ¢ acummerpud-
HbIM otpaxkeHreM (111) or kpemHHEBOrO KpucTaiuia - MOHOXpomaropa (hakTop acCHMMETpHI
B = 0.03). Ucrounnk - Cu Ky u3nydenne, sueprus - 8046 5B, mupnHa BbIIETCHHOH XapaKTepPHCTH-
4eckoil JmHUK — 2,5 9B. Bpemst Habopa HMITYJIbCOB B TOUKE IIPH PETHCTPALHH YHEPTETHUECKHUX CIIEK-

TpoB - 5¢.

Puc.l. PenTrenoonrtuueckas cxema. AHanmu3aTop THIa cepuyeckoro sepKana ¢ aeanbHoOn yr-
noBoii Gokycuposkoii: PT - penrrenosckas Tpy6ka, D — meneBoe yctpoiictBo, M — MoHO-
xpomatop, DD - nerekTop 271eKTpoHOB, DP -IeTeKTOp PEHTIeHOBCKOTO H3ITyYeHHs.

OO0pasLbl NPeACTaBIsIM cCOO0H MOHOKPHUCTAILIBI COBEpLIEHHOro Kpuctamia Si (puc.2), ¢
amopuoii wienkoi SiO, Ha noepxuocTu (puc.3), JIErMPOBAHHOTO, a TAKKEe 00Pa3LOB MOCIE U M-
IUTAHTAIMOHHOTO JIETMPOBAHKs HOHaMU B u oToxokeHHbIX mpu Temnepatypax 300°C (puc.4) u 600°C

(puc.5) .

200] N wmn.

Puc.2.9HepreTHIeCKUil CIIEKTP IEKTPOHOB COBEPLICHHOrO KpUCTaiia Si; HaNpsuKeHUe Ha aHald-
3arope: 1-U,=3B,2-U,=5B,3-U,=10B.
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0 uU,.B 100

Puc.3 DHepreTHYecKuii CIIEKTpP 3IEKTPOHOB OT Kpuctamia Si ¢ amopdHoii mwieHkoil SiO; TonmuHoN
180 um; Hanpspkenue Ha ananusarope: 1 -U,=3,5B,2-U,=8,6 B,3-U,=20B.

1000 [N,umn.

o U,.B 100

Puc.4 DHepreTHuecKHii CIIEKTp 3JIEKTPOHOB OT KpHcTamia Si, IernpoBaHHOro MOHaMu B, sneprueii
100 k3B, 1030ii 100 MKkKn/cM? 1 OTOKKEHHOTO npu 300°C B TeueHne 20 MUHYT; HANIPSDKEHHE HA aHa-
nmmsarope: 1-U,=35B,2-U,=7B,3-U,=20B.

500:.\'. HM {

2 Ua, BJ
0 100!

Puc.5 DHepreTHueckuii CIEKTP dICKTPOHOB OT KpHCTaIa Si, JerHpoBaHHOTO MOHaMH B, sHeprueit
100 k3B, 1030ii 100 MkKn/cM? 1 OTONKKEHHOTO npu 600°C B Teuenue 20 MUHYT; HATIPSKEHHE HA aHa-
m3arope: 1-U,=158B,2-U,=35B,3-U,=7B,4-U,=20B.

DHEepPreTHYecKHe CIEKTPbI, MPEICTABICHHbIC HA PUC.2-5 00HAPYKHUBAIOT PA3IHIHYIO
MHTEHCHBHOCTD [IOTOKA BTOPHYHBIX 3JIEKTPOHOB (Pa3IMYaIONIyIOCS Ha MOPSIIOK BEJINYKHBI) U
MECTOIIOJIOKEHNE IKCTPEMYMOB UX Ha HepreTnyeckoil mkaine. Hanpumep, rpymnma skcrpe-
MyM B 9HEPrOpacIpe/ie/ieHHH dJICKTPOHOB COBEPIICHHOro KpUcTauia (rpymmna 2) perucTpu-
pyercs Ha 5 9B, nerupoBanHOro Gopom mocie omkura 7 9B,y kpucramwia Si ¢ amopduoit

wienkoit SiO; Tonumuoit 180 HM MakCHMyM HHTEHCHBHOCTH MPUXOAUTCs Ha 8,6 3B.
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B mokmane npeanpuHATa TOMBITKA CBA3aTh HAOMIOJaeMble 3aKOHOMEPHOCTH C OCITHII-
st Ppuzens [3], npeanonararomeit cTpaTHQUKALMIO IEKTPOHHON IIOTHOCTH BOIN3U
IpaHuUIlbl TOBEPXHOCTH TBEPIOrO Teja. B paccMoTpeHuu ObLIM BKIIIOUEHBI cepusi MoAeneit
pa3IMYHON CKOPOCTH M3MEHEHHs MOTEHUMaIbHON (QYHKUMH B pamkax mozenu «XKeme» [4]:
OT BapHaHTa PE3KOro Kpasi ero M3MEHEHHUs 10 IIaBHOIO — COOTBETCTBYIOLIETO YCIOBUIO He-
[PEPBIBHOCTH BOJIHOBOH (ByHKIMHU M €€ IIPOM3BOAHON (KpaeBbIX YCIOBHI TIIaAKOCTH ypaBHE-
Hus Lpenunrepa). I[Tpu TakoM pacCMOTPEHHH MPUMEHsIICs makeT «Bonbdpam MaremaTika»
(BM), B K0TOpOM (hOPMUPOBAJICS MACCHB BOJIHOBBIX (DYHKIMH W UX IUIOTHOCTEH MUIs SHEPruii
or 0 10 1 (puc. 6). ITpu 5TOM POU3BOAHIOCH BBIPABHUBAHHE BOJIHOBBIX (DYHKIMH [0 aMILIH-
TyZie BJAJIM OT TOYKH IIOBOPOTA U I10J1arajnoch, YTO (PyHKIHU HOpMUpOBaHHbIE. C IOMOIIBIO

BM mnpousBoaniock cymmupoBanue miotHocteit st 100 anexkrporos (puc. 6).

Puc.6. DIeKTpOHHAs IIOTHOCTH HOCE CITMBAHUS C YUETOM YCIOBHS IJIaJKOCTH BOJHOBOH (DYHKIHHU K
ee IIPOU3BO/IHOM (a) U CYyMMHpPOBAHHE 110 CTa 3JIeKTpoHaMm (0).

AHanM3 pacCYMTaHHOM AIIEKTPOHHOW IUIOTHOCTH YKa3bIBaeT Ha HAIMYME 3HAYUTEIb-
HBIX octmuinmil ¢ koddpumuentom M = 47% (nmpoueHTHOE OTHOIIEHHE CAMOTO GOJIBLIO-
TO OCHWUISIIAOHHOTO BBIOPOCA K CPeIHEN DIICKTPOHHON IIOTHOCTH B TOJIIE METalIa) IUIs
pe3koro m3MeHeHUs! d()(GEKTHBHOrO MOTECHLIHMANA Ha TpaHuue. IIpu MOBBILICHHH CTENCHH

TJIAJIKOCTH POJIb OCHMIUISLIMI CYIIECTBEHHO HUBEIUPYETCS.

[1] U.A. Bensuep, E.H. Mooc, U3s. PAH. cep.¢us. (2008) 926.

[2] C.B.Tapuios, E.H. Mooc, Pagnotexunka i snekrponnka. 55 (2010) 1.
[3] J. Fridel, Ann. Phys. 1 (1976) 217.

[4] P.E. Bacbkos, E.H. Mooc, ®TT. 37 (1985) 647.
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MHNPUMEHEHHWE ABTOKOJIEBATEJIBHOI'O ITYYKOBO-IIJIABMEHHOI'O
PA3PANA NJI1 UMITJIAHTAIIUY NOHOB B ITBVIEBBIE YACTHIIbI

THE USE OF AUTO-OSCILLATING BEAM-PLASMA DISCHARGE FOR ION
IMPLANTAING IN THE DUST PARTICLES
0O.A. Kosaip, 1.B. Busranos.

Hayuonanohotii ucciedosamensekuil sioephwitl yusepcumem <MUOU», . Mocksa, Poccust,
helgakoval@gmail.com;

The use of high voltage auto-oscillatory pulse, generated in the collector circuit of the
beam-plasma system PR-2, to control the surface potential of the dust particles, and hence the
energy of ion implantation is discussed in this paper. A distinctive feature of the proposed
method is the use only of a relatively low voltage and DC power sources. The evolution of the
plasma-surface charge exchange instability in the collector chain is accompanied by pulsed
injection of high energy electrons. Due to their spatial and temporal compression it is possible
to charge dust particles very rapidly. So, we try to transform the collector plate high-voltage

pulses into the potential pulses of macro particles.

V3ydeHne CBOMCTB MBUICBOM IDIa3Mbl IPEJCTAaBIseT OONBIION HAydHBIH U
npakTHdeckuit narepec [1]. B 0OBIYHBIX ra30BBIX pa3psgax MbUIEBBIC YaCTUIBI IIPHOOPETAIOT
HE OYeHb BHICOKHI IUIABAIOIINH ITOTEHINAN, ONPEeAe/sIeMbIi INIOTHOCTHIO H KOMIIOHEHTHBIM
COCTaBOM 3apSDKEHHBIX YAaCTHILl, UX 3HEPreTHMYECKHMMH PACIpENEICHUSIMH, TEMIEPATYpoi U
MPOBOJSAIMMU M SMUCCHOHHBIMH CBOMCTBaMHU ITOBEPXHOCTH, €€ reomerpuei. [loreHiman
nopsika 10B U1 MBIIEBBIX YACTHI[ MHKPOHHOTO pasMepa COOTBETCTBYET 3apsixy okomo 10
e. Tak B skcriepuMenTe [2] HabmoanIcs 3apsan 10 10° 3JIEKTPOHOB HA YAaCTHIE C PAJAUYCOM
120pm. TlomydeHuio 3HAUUTENBHO O0JIEee BEICOKHX 3apsIOB U MOTEHIIHAIOB IBIIEBBIX YaCTHIl
yIeIseTCsl MOBBINIEHHOS BHHMAHHUE, IT OCKOJIBKY 9TO OTKPBIBACT IIEPCIICKTHBEI IIPOBEICHUS
NMMEPCHOHHOH HOHHOM WMIUIAHTALlWM B IUICBBIC YaCTHULBI IS MOJYYEHUS THCIIEPCHBIX
KOMITO3UTHBIX MaTepPHaJIOB ¢ HOBHIMU YHUKAJIbHBIMU CBOMCTBAMHU.

B OonpmMHCTBE paboOT CBEPXBBICOKYIO 3apsIKy MAaKpOYacTHI[ IIBITAIOTCS
OCYIIECTBUTH 3a CUET NPHMEHEHHs TONONTHUTENbHOH BEICOKOBOJIBTHOM 2JIEKTPOHHON ITyLIKU
C YCKOPSIIOLIMM HampshKeHHeM B JecsaTku KB. B paborax [3,4] npu sHepruu mepBHYHOTO
JJIEKTpOHHOrO Imyuka W,=25 k3B, I,=1 MA 1guameTp 3JIeKTPOHHOro IydYka B OONAcTH
MHXKEKIUH YacTHI] IBUTH COCTaBIUI 21,=0.3 cM. B skcrepuMeHTax HCIIONB30BAHBI YaCTUIBI
Al,O3 a ¢ TunnaseM quamerpoM oT 100 10 200 MKM. 3apsi ONpeAeisuIcs M0 TPACKTOPUSIM

IBIKEHUs yacThll. [1o orieHKaM nproOpeTeHHBII 3apsiaa MbUIeBoi YacTHIbl 0ko1o 100 MKM B
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JMaMeTpe ToclHe ITOTIOMIEHHS SMEKTPOHOB MydKa COOTBETCTBYeT 3apsamy 2x10° sapsmos
9JIEKTPOHA HA MHKPOH, YTO IPEBOCXOMUT Pe3yJbTaThl HMPEbIIYIIHX dKCIepuMeHToB. Ho
MOTEHIHAJl TIOBEPXHOCTH YAaCTHI(Bl OCTAETCS MOYTH HA JBA MOPSIKAa MEHbIIE MaKCHMAaIbHO
BO3MOKHOTO IIPH 3a/IJAHHON SHEPIUM ITydKa.

ITpoGnempl mOTydYEeHHS BBICOKOTO IIOTGHIHMATa IBUICBOM YaCTHLBI CBS3aHBI C
OBICTPBIM PA3NETOM YaCTHI[ U3 OOJIACTH B3aMMOJCUCTBHA C IIyUKOM, C Pa3psAKOH 3a cuer
pocTa MOHHOTO TOKAa M BTOPUYHOH DIEKTPOHHOH SMHCCHH C XOJOJHOHW IIOBEPXHOCTH H
TEPMOIMUCCHOHHOTO TOKAa IpU MOBBILICHUM TeMIepaTypbl Makpodactul. IlompoGnee
MEXaHH3MBI 3apsIKH, OPaHHYCHUE MaKCHMAJILHOTO 3apsiia IBUIEBOM YacTHIBI M YCIIOBHS
MPOYHOCTH PacCMATpUBAIOTCS B paborax [5,6,7]. B uyacTHOCTH, M3 HHX CJIEAYeT BBIBOX O
HEOOXOAUMOCTH YBEIUUCHHS IIIOTHOCTH OBICTPBHIX JIEKTPOHOB I10 OTHOLICHUIO K IIOTHOCTH
IUTa3MBI TS yBeIHYEHNUs TOTEHIHANA IOBEPXHOCTH. Ilepexon K UMITyIbCHBIM 3I€KTPOHHBIM
y4KaM MOT OblI OBITH 3 (HEKTUBHBIM CIOCOOOM OBICTPOTO M POrPAMMHPYEMOTO YBETHYCHHS
MTHOBEHHOTO 3apsi/ia MbUIEBBIX YaCTHII.

B nmoxmame  oOcyknmaeTcs — BO3MOXHOCTh  JIONIOJHHUTEIBHOH — MMITYJIbCHOM
BBICOKOBOJIBTHOH 3apsIKU TNBUICBBIX YaCTHI], BBOJHMBIX B CHJIBHOHEPABHOBECHYIO IUIa3My
CTAaLMOHAPHOI'0 My4YKOBO-IIa3MeHHoro paspsza (ITIP) ¢ moMouipio X0J0AHOIMUCCHOHHOTO
KOJIIGKTOpA-aHTUKATO/a, pPabOTAIOIIEro B  PEKHME TEHEpalluH  3JIEKTPOMArHUTHBIX
aBTOKOJNIeOaHui. B paborax [8-9] moka3aHO, YTO NMpH Pa3BUTHU BTOPHYHO-IMHUCCHOHHOM
HEYCTOWYMBOCTH B LeNH KoylekTopHoW mactuHbl IIIIP Moryr pa3BuBaThbesi O4YeHb
BBICOKOBOJIBTHBIE M KOPOTKUE HMITYJIbCHI, HAa OJUH-ABA MOPSIKA IPEBBIIIAIONINE, IOCTOSIHHOE
HaIpsDKeHHE Ha ITyIIKe ¥ KoJulekTope. IIpy 9TOM OTpHIaTeNbHO CMEIeHHAs KOJUICKTOpHAs
IUIACTHHA CTAHOBHUTCS HMMITYJIECHBIM OMHTTEPOM BTOPHYHBIX JIEKTPOHOB, YCKOPSIEMBIX B
71e0aCBCKOM  ClIoe  O00BEMHOTO 3apsja HaBCTpedy IIEPBUYHOMY IIyuKy, oOecreunBas
JIOTIOJTHUTEINIBHYIO 3apsIKy MaKpoyacTull. Bo3MoxHOCTH JIOTIOJTHUTEIBHOM 3apsIIKH
IBUIEBBIX YACTUIl AHAIM3HPOBANUCH Ui OKCIIEPHMEHTAIBHOH IyYKOBO-IUIA3MEHHOM
ycranoBku [IP-2. Ee cxema mpezncraBiena Ha puc. 1. OHa mpeacTaBiseT co0Oil OTKPBITYIO
annabaTHUecKyIo JOBYNIKY [8] ¢ MpoOOYHEIM oTHOLIEHHEM 1.55.

Panee B sxcnepuMenTax Ha yctaHoBke [1P-2 6bLI0 IOKa3aHO, YTO IPH ONpPeIeICHHBIX
YCIOBHSIX KOJUIEKTOPHAS L[ETIh CTAHOBUTCSL TEHEPATOPOM PEJIaKCAIIOHHBIX BEICOKOBOJIBTHBIX
umiynscoB. dopMa M aMIUIMTYZa HMITYJIbCOB CHJIBHO 3aBHCHT OT IapaMeTpPOB paspsiia,
MOCTOSIHHOTO CMEIIECHHSI M BEJIMYMHBI MHIYKTHBHOCTH Lemu. Ha puc.2 nokasaHa ¢dopma
HMITyJIbCa, TTOJY4YEHHOIO IPH IOCTOSHHOM CMEIIEHHH Ha KoiulekTope Beero 100 B. M3menss

napameTpsl TITIP 1 KOJUIEKTOPHO# Lienu, MOXKHO IMOJYYUTh 3HAYMTENLHO Oosee ObICTpbIe
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(prHTI)I BINIOTE 10 HAHOCCKYHIHOI'0 AualmasoHa. HpPI OTOM YMEHBHIACTCS aMIUIUTyJa

HMITYJbCOB, HO YBCJIMYUBACTCA 4aCTOTA CJICAOBAHUS.

0 VBV AL
U.B
-25000 4
50000 4
750001 Lume
T T T T T
40 -20 0 2 0
Puc. 1. [IpuHuunuansHas cxema ycraHoBku [1P-2:1- Pric. 2. TIpHMep BEICOKOBOBTHOTO
MarHMTHBIE KaTYIIKH, 2-KaToJ, 3-aHox,4-cucremMa MMIy/IBCa, (POPMUPYEMOTO B
>
ra3oHamycka, S-auadparma, 6-KBaApyNoIbHBIH MacC-  aBTOKONEOATENBHOM PEKUME Ha yCTAHOBKE
CHEKTPOMETp, 7-IIa3MEHHBII LIHYP, 8-0AUHOYHbIH I1P-2

30HI .HCHFMIOpa, 9-cucTeMa aBTOMaTHYECKOTO
TIO3UIMOHNPOBAHNS, IO—KOHHCKTOp—aHT"KaTOJI.

ITockolbKy MIOTHOCTH SMHCCHOHHOTO TOKA C KOJUICKTOPHOMH IIACTHHBI OrpaHHYCHa,
YBEIIMYCHHE [IIOTHOCTH OBICTPBIX 3JICKTPOHOB B 00JIACTH HH)KCKIUY MBUICBBIX YACTUIl MOXET
OBITH JIOCTHTHYTO 33 CYET MArHHTHOW KOMIIPECCHH 3MHUTHPYEMBIX MOTOKOB. IIpu 3TOM
9 (eKTHBHAS MarHWTHAs KOMIIPECCHS IIPEIONaracT WHXKCKIMIO OBICTPBIX 3JICKTPOHOB
BIOJNb MarHUTHOro moms. Tak Kak yCKOPEHHE BTOPUYHO-IMICCHOHHBIX 3IIEKTPOHOB
IPOMICXOJUT B OYCHb TOHKOM JBOWHOM CJIO€, CIEQyeT IIPUMEHATh BOTHYTYIO (opmy
9MHCCHOHHOW MOBEPXHOCTH, HOPMAaNbHYI0 K MarHuTHOMy momto. CKOpOCTh 3apsiaku
IIBUICBBIX 9ACTH MOXKET OBITH 3HAYUTENIBHO YBEIHMYCHA, € CIH JOIOJHUTENBHO K MarHUTHOW
KOMIIPECCHU JOCTHIaeTcss M BPEMEHHOE TPYNIHPOBAHME OSMUTHPYEMBIX  IUIACTUHOM
3JIEKTPOHOB. Jlis  rpynnupoBaHus — OnarompusiTHa  yKpyduBamomasics — dopma
BBICOKOBOJIFTHOTO MMILYJIbCA, 00sI3aHHAST YMCHBLICHHIO EMKOCTH 1e0aeBCKOTr0 CIIOSL C POCTOM
HAIPSDKCHHUS.

Jlnst TpaHchOpManMy IOTEHIMAla KOJUICKTOpAa B IIOTCHIUAT IIBUIEBBIX YaCTHIL
[POAHAM3UPOBAHBl JIBa NpENETbHBIX Ciydas. IIepBbIi COOTBETCTBYET PEXHMYy, Korma B
005aCTH KOMIIpecCHH OOBEMHBIH 3apsi[ OBICTPBIX JJIEKTPOHOB OTHOCHTENBHO Mal U HE

BIIMSIET Ha JIOKAJIbHBIA TOTEHIMAN TJIa3MBbl. HpOPlCXOﬂI/IT 3apAaKa OTACJIBHBIX MBUICBBIX
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9aCTHI] OTHOCHTENBHO IIa3MBI, KOTOPAst OCTAETCs MOJ] HOTEHIIHAIOM, OJTM3KUM K TTOTEHIHATY
"semnn". Kaknas mpileBas 4yacTULIa YCKOPSET HMOHBI M3 OKpYKarollel miasmel. Bropoit
COOTBETCTBYET 00pa3oBaHMIO B OONACTU KOMIIPECCHH  BBICOKOBOJBTHOIO BHPTYaJbHOTO
karoza. B 3ToM cilydae MMIIaHTalus MMPOMCXOIUT 3a CYET YCKOPEHMS MOHOB Ha IPaHULE

BHPTYyaJIbHOT'O Katoaa, o6meﬁ JUTSE OOJTBIIIOTO KOJIMYECTBA MBLICBBIX YACTHII.

W3ydancs mpomecc TpaHCIOPTHPOBKM ITydKa dYepe3 MArHHTHYIO IPOOKY METOIaMU
4HCIICHHOro MopenupoBaHus B cpene Comsol multiphysics mis moncka BO3MOXHOCTH
YBEIUYECHHs IUIOTHOCTH OBICTPOrO KOMIIOHEHTa 3JIEKTPOHHOIO IIyYKa, IMHUTHPYEMOIO
KOJUIEKTOPOM, ¢ HOMOIIBI0 MarHUTHON ¥ OayumucTudeckoil kommpeccuu [11,12]. B ciyuae
IUIOCKOH KOJUICKTOPHOM IUIaTHHBI HAOMIONAIOCh IMPOXOXICHHE B 00JAacTh MarHUTHOU
NpoOKM TONBKO IPHOCEBBIX OIEKTPOHOB M OTpakeHHe mepupepuiiubix. Paspaborana
oporpamMma OIpefeleHHs HpOoQuiIs 3MHCCHOHHOI IIOBEPXHOCTH, OpPTOTOHAIBHOH K
MarHUTHBIM CHJIOBBIM JIMHUSIM IpH  3aJaHHOM KOH(UIYpalMH MArHUTHOTO IIOJ.
MogenupoBaHue 3MHCCHH JJIEKTPOHOB C DPACUETHOHl BOTHYTOH IOBEPXHOCTH IOKA3aio
3HAYUTENBHOE YIyUIIeHHE IIPOXOXKICHUS KPAEBBIX dIEKTPOHOB. PacueTsl MoKa3bIBaloOT, 9T
JUIst OGECTIeUeH s KOMIPECCHH MCXONHOTO mydka mopsaka 10° HeoGXOZMMO yMeHbIIaTh
JIAPMOPOBCKHII paJiyC U, COOTBETCTBEHHO, yBEIMYMBATH MArHUTHOE IIOJIC JIO BEJMYHHEI
nopsimka  1T. Pa3pabotaH COOTBETCTBYIOIIMH KOJUISKTOPHBIH y3ed H  paccuMTaHa

CBEPXIPOBOAALLIAS MArHUTHAA CUCTEMA.
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HNCCIEJOBAHHUE MOBEPXHOCTH CIIJIABA HAKOITMTEJIA BOJOPOJA HA
OCHOBE MATHUSI METOJIOM BUMC

THE STUDY OF THE SURFACE OF ALLOY FOR HYDROGEN STORAGE BASED
ON THE MAGNESIUM BY SIMS
B.A. JlutBunos, J[.W. llleBuenko, U.1. Okcentok, B.B. bookos
V.A. Litvinov, D.I. Shevchenko, I.I. Okseniuk, V.V. Bobkov

ITHUJT U1, Xapvrosckuil HayuoxanbHulli yHueepcumem um. B.H. Kapasuna,
np-km Kypuamosa 31, 61108 Xaperos, Yxkpauna, e-mail: vbobkov@mail.ru

The results of SIMS study of Mg;Ni surface are presented. It is shown that the
surface of the sample in the ordinary experimental conditions is covered by a layer
of complex chemical compounds. Thus, when considering problems of hydrogen
accumulation in the bulk it is necessary to consider along with the process of
dissociative adsorption the process of penetration through the layer of chemical
compounds on the surface and in the subsurface region as a result of serial
formation and decay of a number of chemical bonds

MHOTrOYHCIICHHbIE  JKCIICPHUMEHTAIIBHBIC ~ HCCICOBAHMS  CIUIAaBOB  HAKOMHTEJeH
BOZIOPO/A, CMOCOOHBIX O00OpAaTMMO MOIJIONIATh 3HAYMTENbHBIC KOJIHMYECTBA BOJOPOJA,
[POBE/ICHHBIE paHEE C LENbI0 ONTHMHU3ALUM KX CBOMCTB, B OCHOBHOM CBSI3aHBI C
MoauduKaIyeil UX KOMIIOHCHTHOTO COcTaBa. Bmecte ¢ TeM, psij acHeKTOB, B YaCTHOCTH,
POJIb OBEPXHOCTH MATEPHAIOB H3y4YCHBI B 3HAYUTEIHHO MCHBIICH CTEMeHH. [10BEpXHOCTH
UTpaeT ONpeNelsIONlyl0 POib IPH B3aUMOJEHCTBHH TBEPAOrO Tela C ra3oBoil (a3oi u
OKa3pIBaCT BIMSHHE HAa BeCh KOMIUIGKC MpOONEM, CBS3aHHBIX C  KHHETHYECKHMHU
XapaKTEePHCTHKAMH MPOIIECCOB Ta30MOIVIONICHHS U Ta30BblACICHUS. BaxHBIM NpH U3y4eHHN
COPOLIOHHO-1eCOPOLMOHHBIX MPOLECCOB BOJOPOZA NPEACTABIACTCS 3HAHHE XUMHYECKOTO
cocraBa MOBEPXHOCTH (COCTaBa BHELIHMX MOHOCJIOEB), IOCKOJIBKY MOBEPXHOCTH JI00OTr0
METAJUIMYECKOr0 MaTepuaga B 3aBHCHMOCTH OT JKCICPUMEHTAJIbHBIX YCIOBHH IIOKPBITA
XUMHYECKIMH COEIMHCHUSAMH, KOTOPbIE B 3HAUUTEIBHOI CTENEHH ONPEeNsioT HapaMeTphl
B3aUMOJCHCTBUSI C ra30Boi (ha3oil. Uncrast ’e MOBEPXHOCTh MOXKET OBITH HOIy4YEHA TOJIBKO B
pe3yibTaTe CIEeNUaNbHBIX, 9acTO TPYJHO peann3yeMbix Mepompustiid. Hacrosmas paGora
MOCBSIIIIEHAa HMEHHO 3TO MpobieMe — HCCIIeIOBAHHIO COCTaBa XMMHYECKUX COCANHEHUH Ha
MOBEPXHOCTH THApuaooOpasytomero craBa MQ@oNi B pasiMyHBIX 3KCHEPUMEHTAIbHBIX
YCIIOBHSIX.

CrutaBel M@+Ni, Bkmowass MHorogasHble CIUIaBbI Ha OCHOBE MarHusi, SBISIFOTCS
00BEKTOM HHTEHCHBHBIX MCCIICIOBAHHUIA, 4TO 00YCIOBICHO IPUEMIIEMOIl BOZOPOLOECMKOCTBIO
U OTHOCUTENIBHOI HEIIeBU3HONH. B oTnmume oT psna MHTEPMETANIMYCCKUX COCTUHEHHI,

cmraB MQyNi ob6patumo B3auMozeiicTByeT ¢ BogopomoM npu Temmeparype 470 -500K 6e3
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JIMCTIPOIIOPLIMOHUPOBaHUsl ¢  obpasoBaHueM TepHapHoro ruapuma MoNiHy  [4-7].
CraHfapTHOE W3MEHEHHME OSHTAaJbMKM STOM peakuuu cocraBuser 65 x/Dx/mons H o,
pasHoBecHoe nasienue npesbimaer 0,1 MITa yxe npu 540 K [8]. Tlpouecc ruapupoBanus
cucteMbl MNi - Hy xapakTepusyercs 3aMeTHBIM T'HCTEpPE3HUCOM, KOTOPBIH 00ycliaBinBaeT
pasHble TeMmIepaTypHbIe 3aBUCHMOCTH JAaBieHHH a 6copounn u aecopbrmu [9]. Kuneruka
MOTJIONICHHUS U BBIACICHHE BOJOpoaa cruiaBoM MQoNi cpaBHHMa ¢ HH3KOTEMIEPATyPHBIMU
METaUIOTHAPHAHBIMU CHCTEMaMH, a BOJOPOJCOPOLMOHHAS eMKOCTh pocturaeT 3,7 Bec. %,
YTO CYINECTBEHHO OOJbllle, YeM JUI KJIACCHYECKHX THAPHAOB HHTEPMETALIMYECKHX
coenuHenuii Tuna LaNis u TiFe, X0Ts 1 BIBOE HM)XE EMKOCTH THIPHUJIA MarHHus.

O6pasip! crtaa Mg2Ni, 061yuanuck mydkom HoHoB Ar' ¢ sHeprueii 8 k3B npu ananmse
HOJIOKUTENBHBIX U 16 k3B npu aHann3e OTpULATENbHBIX BTOPHYHBIX HOHOB, IIOTHOCTh TOKA
coctasmsina 1,5 MkA-cm™2, uto COOTBETCTBYET AUHamMu4deckoMy pesxxumy BUMC. OctaTouHslii
BaKyyM B KaMepe MHILICHU ~4-10" Ia. Iepen wm3MepeHHsMH 00pa3lbl OTKUTAIUCH B
ocTato4HOM Bakyyme mpu temmeparype ~800K ¢ 1esblo 4aCcTHYHONW OYMCTKH IOBEPXHOCTH
OT XUMHYeCKHX coequHeHuil. CoctaB ra3oBoii (a3pl KOHTPOIHPOBAIICS C IIOMOIIBIO Ia30BOTO
Macc-CIeKTPOMETpa.

AHaiu3 pe3ysbTaToOB IOKa3bIBACT, YTO B MACC-CHEKTPE MOJOKUTEIbHBIX BTOPHYHBIX
MOHOB, PACIBUICHBIX ¢ MOBEPXHOCTH cutaBa MgoNi, HapsLy ¢ SMHCCHSAMH MaTPHUYHBIX HOHOB
Mg+ u Ni*, ux okucioB u THJPOOKHCIIOB, HMEETCs OOJBIIOE KOJUYECTBO SMHCCHH,
CBA3AaHHBIX C WHTepMeTaTHdeckumu womamu MgNi', a Taike wnx okucmamm u
rugpookuctamu MgNi(OyHm)". Hamimane Takux BTOPHYHBIX HOHOB CBHJIETEHCTBYET O TOM,
YTO aTOMBI KHCJIOpOJa M BOJOPOZA HE IPOCTO 00pa3yloT JOKAIbHBIE XUMUYCCKHE CBS3U C
KOHKPETHBIMH aTOMaM{ MAarHWs M JIM HUKENs B y3JaX PEIIeTKH, HO HHTETPHPOBAHBEI B
ONpPE/ICTICHHYI0 XMMHUYECKYI0 CTPYKTYpy, KOTOpasi XapaKTepH3yeTcss XUMHYECKOH CBS3bIO
OZHOBPEMEHHO U C aTOMaMU MarHus U C aTOMaMH HHUKEIL. B Macc-CHeKTpe OTpHIaTenbHbIX
BTOPUYHBIX ~ HOHOB B  OCHOBHOM  IIPHCYTCTBYIOT ~ OMHCCHH,  CBSI3aHHBIE  C
JIEKTPOOTPHULIATEIBHBIMY IPUMECSIMI — YIJIEPOJOM M KHCIOPOIOM. B wactHoCTH, HMeeTcs
60IIBII0E KOTHIECTBO YMUCCHI HOHOB OKHCIIOB H THAPOOKHCIIOB.

B pabore n3MepeHBI TeMIepaTypHBIE 3aBUCHMOCTH HHTEHCHBHOCTH SMHCCHI psina
BTOPHYHBIX (IIOJIOXKUTENBHBIX M OTPULATEIbHBIX) HMOHOB, @ TAKXKE 3aBUCHMOCTH OT
HapLUHaJIbHOrO JaBJIeHUs] BOJOpoAa B kamepe muiueHu. Ha puc. 1, 2 mpuBeneHsl HpUMeEphI
TaKUX 3aBUCUMOCTEH. AHalM3 IOKa3bIBAET, YTO Y BEIMYCHHE TEMIIEpaTypbl o0pasia, Kak
[PABUIIO, IPUBOJUT K HEKOTOPOMY YMCHBIICHHIO HHTCHCUBHOCTH SMUCCHIT HOHOB OKHCIIOB U

TUAPOOKHUCIIOB. YBenuueHne TapouajJbHOroO  JaBJICHHUSA BOAOpOJAa B HCCICAOBAHHOM
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JAuara3oHe HE MNPUBOAUT K CYHIECTBEHHBIM HW3MEHCHUSAM WHTEHCUBHOCTEH 3MHCCHU.

AHaJIOTUYHBII XapaKTep TEMIIEPATYPHBIX 3aBUCUMOCTEH Ha6J’I}OI[aeTC$[ U JIs1 OTPULATEIIbHBIX

HWOHOB.
. 1, rel. units
1, rel. units
a b
100 4 104
° d
o—
104 e . °
.\ 1] ® ZAMgssNi+
L]
14 A e ENTG
0,14 “gENIO”
0,14 [ ]
o “Mg*Nio,
2400 58y
Mg™NiO,
0,014 9 2
0,014
T T T T T T
200 400 600 800 200 400 600 800
T, K T K
Puc. 1. TemnepaTypHble 3 aBUCUMOCTH HMHTEHCHUBHOCTEH OSMHUCCHH TIOJIOKHTEIBHBIX

BTOpHUHBIX HOHOB: @ - *Ni*, ®NiO", ®NiOH", *®Ni0,", ®®NiO,H"; b - *Mg **Ni*, *Mg *Ni0*, **Mg
BNiO,", *Mg *®*NiOs" pacmsutensix ¢ mosepxHOCTH crtaBa M@Ni MpH 0CTATOYHOM MApIHATEHOM
JIaBJICHHH BOJIOPOZIA

Kak mnpuusto cunrate [10], mpomecc HakoIuieHHss BOZOpOJa B MeTallaX H
MHTEPMCTAUINYECKAX ~COCAMHCHMSX BKIIOYACT HECKOJIBKO CTAJMi: AMCCOLMATHBHYIO
aJicopOIMIo MONEKyJT M3 Ta30BOM (a3bl Ha NMOBEPXHOCTH, MEPEXOJ| aTOMOB BOJOPOJA U3
ajcopOupoBanHoro B abcopbOupoBaHHOe coctosiHHe (pacTBopeHue), auddysus B oObeM
MaTepuaia, oOpasoBaHue ruapUAHBIX (a3. OfHAKO HACTOSIIME HUCCIENOBAHUS TTOKa3bIBAIOT,
YTO NPHBEJICHHOE OIMCAHKE SIBISCTCS HECKOJIBKO YNPOIICHHBIM. AHAIN3 H3MEPEHHBIX Macc-
CIICKTPOB BTOPHYHBIX HOHOB IIO3BOJISIET YTBEPXKIATh, YTO JaXE MOCIC OTXKUIAa B BAKYyMe U
[OCNIe JUTUTEIBHON OYHCTKH MEPBUYHBIM ITy4KOM MOBEPXHOCTH 0Opa3I[0B MOKPHITA CIOEM
THIPHAOB, OKCUJIOB, KapOHIOB, THAPOOKHCIIOB H IPYIHX XUMHYECKHX COCANHEHUH CI0KHOTO
cocrtaBa. B ciydae TexHHYeckHX OOpasIoB, ¢ KOTOPHIMH, KaK IIPAaBHIO, HMEIOT IEN0

TMPAaKTHUKH, CUTyalUus C TOBEPXHOCTHIO OTHOCUTEJIBHO €€ YUCTOThI €IIC 6oJiee CIIoKHasl.
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1, rel. units I, rel. units

104 .
'\.*‘\.___. g 100 KA/A/A/A/A OH

24MgssNiH4
:: :Iﬁj ZAMgﬁsNiO'

v 104 ° H

aw—j: “Mg*Nio," . c
0,14 ° “Mg*Nio," o
14
0,01 T T T T " r - - T y
0,000 0,005 0,010 0015 0,020 0,025 0,000 0,005 0010 0015 0020 0,025
p(H,), Pa p(H,), Pa

Puc. 2. 3aBHCHMOCTH HHTEHCHBHOCTEH OSMHCCHH MOJOXKUTCIBHBIX BTOPHYHBIX HOHOB,
CoJlepIKalllMX MarHuii U HUKens (a) u orpunarensusix noHos O, H', OH', C°, CH™ (b), pacusuienbix ¢
noBepxHocTn craBa M@oNi 0T mapumanbHOro JaBlieHHs BOJOPOJA B KaMepe MHIICHH IIpH
Temmneparype T=293K

Taxum 06pa3oM, eCTh OCHOBAHMSI [0JIAraTh, YTO MOJICKYJIBI BOJOPO/IA aAcOpOUPYIOTCs
HE Ha YHCTOU IIOBEPXHOCTH MaTephala C IOCISIYIONIMM PAacTBOpPEHHEM B oObeMe, a Ha
[IOBEPXHOCTH IIOKPBITON CIIOEM XHMHYECKHX COCAMHEHHMil. V1 TONBKO MOCie MPeomosIeHHs
TaKOTO CJIOS B pe3ylbTaTe IIOCIENOBATEILHOTO OOpa3oBaHHS psfa IPOMEXKYTOUHBIX
XHMUYECKUX CBs3€H aToMbl BOAOPOJAa C YYETOM TIPAJAUEHTa KOHIEHTPALMH [OCTHIAIOT
COOCTBEHHO peuieTku U abcopOupyroTcs. B pesymbrare 1 Meer MecTo eme OJHa
HEMaJlOB)KHAs CTaJMs MPOIECcca HAKOILUICHHS BOJOPOJA — CTaius 0oOpa3oBaHHUs M paclana

BOJIOPOJICOICPIKAIIUX COSUHEHHI Ha TOBEPXHOCTH U B IIPUIIOBEPXHOCTHON 00IaCTH.
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TEMIEPATYPHASI 3BABUCUMOCTb SMUCCHUHU BTOPUYHBIX HOHOB
N3 MOHOKPUCTAJIJIA MEJIU

TEMPERATURE DEPENDECE OF SECONDARY ION EMISSON FROM COPPER
SINGLE CRYSTAL

K.®.Munnebaes, A.A.Xaiinapos, B.E.}JOpacosa
K.F.Minnebaev, A.A.Khaidarov, V.E.Yurasova

Mockosckuii 2ocydapcmeennvlii ynusepcumem, Mockea, 119991

Moscow State University, 119991, Moscow, Russia. E-mail:minnebaev@mail.ru

The energy spectra of secondary ions ®*Cu’, emitted from the (100) face of Cu single crystal in the close-
packed <110> directions, as well as between them, have been studied and shown to be differ, both in shape
and position, depending on the temperature of the target. We have established that, if a sample has not been
heated, the most probable energy of the ions (Emax) and the width (h) of energy spectra increase with the
growth of the polar angle 6 of emission. However, for a sample heated to several hundred degrees Celsius
the opposite behavior have been obtained, i.e. Emax decreases with the growth of 6. We discuss the observed
trends which need to be taken into account, both when describing the process theoretically, and when
applying it to practical use in mass-spectrometry of secondary ions.
BBEJIEHUE

B nocneaue rojisl Bee Golibliiee BHUMAHUS YACISETCS IPOIIECCY BTOPHIHOM HOoHHON smuccun (BUD)
[1-3], KOTOpBIﬁ JICKHUT B OCHOBE OIHOrO0 H3 CaMbIX YYBCTBHTCJIBHBIX METOJOB aHalIn3a CoCTaBa
MOBEPXHOCTH — BTOPMYHOM HOHHOW Macc-criektpomerpun (BUMC) [4]. Jlnst moHuMaHWs MEXaHW3MOB
BUD u COBEPIICHCTBOBAHUA METOAA BUMC H606XOZII/IMO HUMETHh JONMOJTHUTEIBHBIC 3KCIICPUMCEHTAIBHBIC
JJAaHHBIE O 3aKOHOMepHOCTﬂX MOHHOﬁ OMHCCHUHU BTOpl/I'—leIX HMOHOB, U B YaCTHOCTH, 06 3Hepre'mqecxux
crektpax (DC) BTOpHYHBIX HMOHOB. B Hacrosimieii pabore BrepBble SKCIEPUMEHTAIBHO HCCIEIOBaHA

TEMIIepaTypHas 3aBUCUMOCTb (hOpMBI U 11os1okeHust DC BTOPUYHBIX HOHOB, BhIXosiumX ¢ rpanu (100) Cu B

Ppa3Iu4YHBIX KpP[CTaJIJIOI‘pad)PI'—IeCKHX HaIpaBJICHUAX.

METOJIUKA SKCIIEPUMEHTA
HccnenoBanuss NPOBOJWIMCE HAa YCTAHOBKE C IOABIKHBIM  180-rpayCHBIM JHEpPreTHYECKUM
AHAIIN3aTOPOM, COCIMHCHHBIM C KBAaJAPYNOJIbHBIM MAaCC-CIIEKTPOMETPOM. Ocrarounoe JaBJICHUC B KaMeEpe
o6pasua cocrasnsio 107 MGap. ONHOBPEMEHHO H3MEPSINCH YIIOBBIE H SHEPIETHUCCKHE PACTIPEACICHHS
BTOPHYHBIX HOHOB IpH pa3Hoil Temneparype T munrern. O6ayuenue rpanu (001) Cu mpoBoAMIOCE HOHAMHE

Ar* ¢ oneprueit Eo= 10 k9B npu majieHun no HopMaiu k noepxuoctu (o = 0°).

PE3VJIbTATBI U OBCYXXIEHHE

1. Asumymansroe pacnpedenenue 6mopudHsIX UOHOE
Pacnpenenenue noHos *Cu’ no asumyTansHOMy yriy ¢ HX Bhixoaa ¢ rpanu (100) Cu npeacrasieno Ha
puc.l. B npenMyIiecTBeHHbIX HanpasieHusx pacnbiienns (110) nabmonatorcs nuku BUD. Ipu Harpese
BBICOTA MHMKOB 3HAYMTEIHHO YMEHBIIAETCS, a WX IIMPUHA 1O YIIy BBIXOAA @ pacreT. B TO ke Bpems,
OMHCCHs 9acTUL MeX Iy Hanpasiaenusmu (110) Menstercs Mano ¢ HarpeBoM o6pasua (cM. ganee).

Iomen
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[ [\ Puc.1. AsumyTanbHoe pacnpeaeneHne Uisi HOHOB ~~CU’, BBIXO/SIIHX
/ ¢ rpanu (100) Cu npu nonsipHom yrie nadmoaenus 0 = 45°% (1) ans

05 ’ ‘
M He HarpeToii mumeny, (2) aus mumenu npu T = 600°C.

0 20 40 60 80 100 120 140 160 180
P rpan

342



2.0cobennocmu 3C emopuunvix UOHOG SCu* ona 0bpazyoe b6e3 nazpesa

DHEePreTHYeCKHii CIEKTP BTOPUYHBIX HOHOB, sMmuTHpyembix ¢ rpanu (100) Cu as HeHarpersix
MHUIICHEH IOKa3aH Ha puc.2a, U3 KOTOPOIo CIEAyeT, YTO MAKCUMyM Ena DC HOHOB 8Cu* cmemaercs B
CTOPOHY 00.1buiux SHEPTUi E1 ¢ yBENIMYCHUEM MOJIAPHOTO YIlla SMUCCHH 0, OTCUUTHIBAEMOTO OT HOPMAIH K
MOBEPXHOCTH.. Takasi 3aBUCHMOCTb HabIII0JalIach paHee JUls [OJIHKPHCTAILIOB M 00CyX/anack Hamu B [5].
OC HecKONbKO paznuyaetcs B Hanpasienusx (110) u Mex /1y HUMH, Kak Moka3zaHo Ha puc.26. B mocnenmem
ClTydae CIIEKTP CTAHOBUTCS HEMHOTO IINPE, Eax CABUIAeTCS B CTOPOHY 60MbIINX E1, a 0O BEIXO]] HOHOB
8Cu"  meckombko Bo3pacTaeT. OTHOCHTENBHOC YBENHUYCHHE BBIXOJA BTOPHUHBIX HOHOB ~MEXKIY
nanpasnenusmu (110) IPUBOIAT K TOMy, UTO 075 3aPAJCEHHBIX YACMUY PASHUYA 6 IMUCCUU HACTUY 6
HANPAGLeHUAX NIOMHOU YNAKOSKU U MedICOY HUMU OKA3bIEACMCA MeHblLe, YeM OJia HellmPanbHbIX Yacmuy.

Vsmenenue Emax 1 mupuusl h Ha monosuse Beicotsl IC nonos “Cu’ ¢ yrmom 0 mokasano Ha puc.2B.

Buano, uto Ema 1 h, BO3pAcCTarOT C YBEIIMYCHHUEM YTIJIa SMUCCUH.

Ilomwen

1.0 ~ EaB

Iothen
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a) 0) B)
Puc.2. C nonos “Cu*, smurupyembix ¢ rparu (100) Cu npu T = 20°C B manpasnenusx (110): a) Ipu 6 =
30° 45°65°u 75°, kpussie 1, 2, 3 u 4, coorserctBeHHO. 6) [Ipu 6 = 45° (1) — B Hanpasnenusx (110), (2) —
MEXIy HUMH. B) YTi0Bast 3aBUCUMOCTS: (1) Emax 1 (2) mmpuast h DC BTOPUYHBIX HOHOB.

63,
3. 3C emopuunsix uonos *Cu” npu nazpese monoxpucmanna

Jlas HarpeTsix oOpa3LiOB I pH BO3pacTaHHU O MPOMCXOANT CMeleHHE Ema B CTOPOHY Menbuiux Ei
(puc.3a), T.e. HaGnonaeTCs KapTHHA, NPOTHBOIOJNOXKHAS TOMY, 4TO ObUIO JuIs oOpasna 0e3 Harpesa.
DHepreTHUeCKHe CIEKTPBI pasnuyaeTcs B Hanpasiaennsx (110) u Mexay HuMH, Kak BUAHO Ha puc.30. s
BBIX0JIa HOHOB Byt MEX/y HalpaBIEHUAMU (110) MIPOUCXOAUT MEHbBILEE U3MEHEHHE Emax U h, yem 6b110
17151 HeHarpeToit muwenu. JleiicrBurenso, npu usmenenuu I ot 0 10 600°C Emax cMelIaeTcs B CTOPOHY
MeHpHX £; B Hanpasiaennsx (110) Ha 6 5B, a mesxy Hanpasnennsmu (110) — Beero Ha 3 5B. Ananornunas
KapTHHA TOJIydYeHa JUIs TeMIepaTypHOil 3aBHCHMOCTH 3KCTPEMYMOB a3MMYTalbHOTO pachpeeneHus (CM.
puc.1). HaGmonaemoe pasnnune temneparypuoii sasucumoctu JC B nanpasinenusx (110) u mexay Humu
OOBACHSETCS pAsHHULEH B MeXaHM3MaX paclbuleHHs MOHOKpuctaila CU B HampasieHusix (110)
(bokycconsl) u MexIy HUMHU (KaHAIMPOBAHHE M MOBEPXHOCTHOE pachbLieHHe). SICHO, uTo moBbimenue T’
NPUBOAMT K OONbIIEMy HapyLIeHHIO (OKYCHPOBKM COYIApEHMH M MEHbILIC BIMSET HA IPOLECCHI
KaHAJIMPOBAHUs M MOBEPXHOCTHOTO pacmbuieHus. M3 puc. 3B ciemyer, 4To 3aBUCHMOCTH Ena(0) 1 h(B)
HMEIOT 00paTHBII X0, [0 CPABHEHHIO C TEM, YTO OBLIO UTs 00pasiia 6e3 Harpesa (puc. 2B).

Cwmemenne ¢ yriaom osmuccun 0 makcumyma OC  HOHOB BCu* ams HeckombKuX TeMIeparyp
moHokpucraia Cu nokasano Ha puc.4. Buano, kak npu usmeneHud I’ X0 KPUBBIX Ema(0) mocrenenno

MCHSCTCS Ha HpOTI/IBOHOHO)KHI)Iﬁ — OT BO3pacTaHus ¢ 0, 10 HEM3MEHHOCTH 110 0, a 3aTeM — 10 majeHus ¢ 0.
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Ilommen E.B
1.0 [lomen
107 o~ .

0 10 20 30 40 10 20 30 40 30 40 50 60 70 80
E0oB EoB 0.rpan
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Puc.3. 3C nonos *Cu*, smutnpyemsix ¢ rpamu (100) meau npu 7 = 600°C B Hanpasienmsix (110): a) npu
6 = 35° 45°, 55° u 65° s kpussix 1, 2, 3 u 4, coorsercTBenHO. 6) Ipu 6 = 45% (1) — B HanpaBIeHUSX
(110), (2) — Mexy HuMH. B) Yraoas 3aBHCHMOCTS: (1) Emax i (2) mmpusa h OC propuumsix nonos Cu’.

12 Puc.4. M3MeHeHue ¢ TeMIepaTypoil MOHOKPHCTALIA
MeJIM 3aBUCUMOCTH Enmax 0T 0 ipu 7' = 20, 160, 350 u
600 °C st kpuBbIX 1, 2, 3 1 4, COOTBETCTBEHHO.

30 ) 4.(1 ) :‘fn o0 q 0 8
O.rpaa
IMonyueHHble 3aBUCMMOCTH MOXHO OOBSICHUTB, NPUBJIEKAas COBPEMEHHbIE TeopeTHyecKkne Moaeau BID
[1-3,6], B koTOpBIX paccmaTpuBaeTcsi GOPMUPOBAHHE KOHEYHOTO 3apsIOBOTO COCTOSHHS BTOPHYHOIO HOHA
B pE3yabTaTC PE30HAHCHBIX DJICKTPOHHBIX MIEPEXOI0B (3JTCKTp0HHOFO TyHHCJ’lI/IpOBaHI/Iﬂ) MEXAY BaJICHTHBIM
ypoBHeM oTieraromero aroMa Eq(z) u KoHTHHYYMOM cocTosiHuiT TBepioro Tena. IIpu 9TOM, B €pOSTHOCTD
nonm3anuu P’ paciblIeHHOTo aToMa onpejensercs cooTHomennem:  P* = exp{-2A(zo)/ v V1} 1),
rae Vi — neprneHauKyIspHas K HOBEPXHOCTH 00pa3iia KOMIIOHEHTa CKOPOCTH YACTHIIbL, Zg - PACCTOSHUE OT
MOBEPXHOCTH METallIa 10 TOYKH, B KOTOpoil E,(z) mepecekaer yposens ®epmu Eyf, y - obparnas xmmHa
3aTyXaHHs JIEKTPOHHBIX BOJIHOBBIX (hyHKIMii BHe MeTama (y ~ 0,5-1,0 A'l, Ao~ 15B).

M3 (1) crmemyer, 4To 4eM MEHBIIE CKOPOCTH BTOpHMYHOH wacthipl (Gombmre 1/Vi), Tem Mmembmre P,
MOCKOJIbKY TaKas YacTHIla HAXOIUTCA JIONbIIE y MOBEPXHOCTH H OOJbIIE HEUTpANU3yeTcs, 0COOEHHO MpH
Gombmux 0. B pesynbrare, B 3apsDKEHHOM COCTOSHHMH OKa3bIBAalOTCSL Oosiee OBICTPbIE YACTHIBI, 4TO
MPUBOINT K CIOBUTY Ema B CTOPOHY O Ombimx sSHepruil Ei u yBenudeHwto mmpuasl h OC, kak u
HaGmoxanoch Ha puc.2a,B. IIpH 5TOM, M CHBIUMH CABHT FEmgp NPOMCXOZMT AIs BbIXoma “Cu’ mexay
nanpasnenusvu (110), 4em B HampaBlEHMAX IUIOTHOH ymakoBKH (puc.26), MOCKONBKY B 3TOM Ciydae
Gouble cpeHsis sHeprust (M V1) YaCTHULBL U, CIEJOBATEILHO, MEHBIIE BEPOSTHOCTh HEUTPAIU3ALIIH.

Wsmenennss BUD mnpu mnoBbeimieHHOW 7 MOXHO pacCUUTaTh, YYHUTBIBAS OUHAMUKY 91eKMPOHHOU
memnepamyper T, B 00IacTH Kackaga COyIapeHHil M HCIONB3Ys Clelyroliee BbipaxeHue [6,7] s
pacmpeesieHUEeM BIIEKTPOHOB 110 SHEPTUSIM: Ne(E) ~ exp{-[(E-Ef)/Te]+1} (2).

Habmromaemble B HacTosmiel paboTe 3aKOHOMEPHOCTH [Is HArpeToil MHIIEHH KayeCTBEHHO
OOBSCHAIOTCS CleqyIomuM 00pa3oM. IIpu NOBBINIEHHH TeMIeparypsl oOpaslia OTTOK 3HEPrHU H3
Pa3orperoil NMEKTPOHHOH CHCTEeMbI B (OHOHHYIO (MOHHYIO) YMEHBIACTCS, OXJIAKACHHE AJIEKTPOHHOM
CHCTEMbl CTAHOBHMTCS MEHBIIE, MPOLECC Nepe3apsAAKd MeXIy BO30YKIEHHON JJIEKTPOHHON CHCTEMOH M

TIOBEPXHOCTHIO 06pa3ua uaet uareHcuBHee. Hanbomee 6HaFOHpI/IﬂTHHC YCIOBUSA U TIEPE3APAIKN UMCIOTCS
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JUIsL TEX YaCTHI], KOTOPbIE OKAa3bIBAIOTCS OJIMKE K MOBEPXHOCTU (T.€. BHIXOAAT MOJ MAlbIMU yriamu ) u
JIOJIBILIE HAXO/STCS Y MOBEPXHOCTH (T.C. MMEIOT MEHBIIYI0 CKOPOCTb). I103TOMY 1IpH HAarpeBe MHUUICHU Emax
CABHUTaeTCs B CTOPOHY MeHbIIMX E7 ipu pocte 6 (puc. 3a), a BennunHa Emax BO3pACTaeT ¢ yMCHBIICHHEM 0
(puc.3B). Jliust Bcero criekTpa TeMIepaTyp MOHOKPHUCTAJIA HaOII01aeTCs CIACAyoIee n3MeHEeHne Emax (0):
npu T = 20°C Enmax yBenuuuBaetcs ¢ 0, npu ne6osbuom Harpese oopasua (7 = 160°C) 3aBUcUMOCTb Emay OT

0 orcyrerByer, a pu T = 600°C  Epax yMeHbIIaeTest ¢ poctom 0 (puc.4).
3AKJIIOYEHUE

* O6HapyXeHO pa3Hoe H3MeHeHHe cosuea IC ¢ sHeprueii £1 BTOPHIHBIX HOHOB S3Cu*, BBIXOIAIINX © rpaHu
(001) Cu 1 wupuner h DC Ha M0IOBUHE BHICOTHI JIJIsS XOJIOJAHOTO U HAMPETOTO MOHOKPUCTAILIA.

e [lpu T = 20°C nauGonee BeposATHas SHEPrUs Ema DC HOHOB 3Cu* cMemaetcs B CTOPOHY O01bUIUX
9Hepruil £1¢ pocToM yriia smuccuu 0, i 3aBUCUMOCTH Emax(0) u h(0) umeror Bospacrarorumii xapakrep. [Ipu
MOBBIIIEHHON TemrepaType o6pasua (7 > 300°C) nabmonaercs obpatHas KapTHHa: Ena OC cMemaercs B
cropony menvuwiux Ei ¢ yBenmuenueM 0, a 3aBucumoctu Ema(0) n h(0) yosiBator ¢ 6.

* DHEpPreTHYECKUE CHIEKTPBI M3MEHSIOTCS ¢ T MUIIEHH TI0-pasHoMy B Hampasienusix (110) 1 MexTy HUMH.
Jlns HArpeToil MUIICHH NpPH BEIXOZE HOHOB “°Cu” Mexkay Hanpasienusimu (110) mpoucxoaut MeHbliee
u3MeHeHne Emg w0 mupuusl h OC, ueM mpu sMuccuu B HanpasieHusx (110) u uem ObUIO [T XOJNOJHON
MHIICHU. AHAJIOTUYHOE SBJICHHE HAONIONAaeTCs I TEMIEpaTypHOH 3aBUCUMOCTH SKCTPEMyMOB
A3MUMYTAJIBHOTO PACIIPECACIICHUSA. Takas 3aKOHOMEPHOCTH 00BsICHAETCS OONBIINM BIIMSHHEM Harpesa
MOHOKpHCTA/Ia Ha MEXaHW3M paciblUleHus B HampabieHusax (110) (GpOKyccoHbI), 4eM Ha MeXaHW3MBI
BBIX0/[a MEXK Iy HUMHU (KaHAJTHPOBAHHUE M MTOBEPXHOCTHBIH MEXaHH3M).

o JIyist MCCIIEA0BAHHBIX TEMIIEPATYp MOHOKpPHCTAIA HaOII0qaeTesl ciieyioniee n3MeHeHne Ema (0): npu T’
= 20°C Emax yBenuuuBaercs ¢ 0, npu HeGonbmom Harpese obpasua (7 = 160°C) 3aBucUMOCTb Emax 0T 0
otcyTeTByer, a pu 7> 300°C mponcxoaut ee 0GpaTHBIN X0, T.e. YMEHbLICHHE Emay ¢ pocToM 6.

* HaGurogaeMble 3aBUCHMOCTU OOBSCHEHBI C MOMOLIBI0 00beJuHEeHHOIT Moean BUD npu ydere quHaMuKH

3JIEKTPOHHOI TeMIIepaTyphl B KacKaJe COyIapeHui.

Agropsl 6iarogapsr POOU (rpant Ne 15-02-07819 A) 3a momuepxky paborsl, 1 F0.B.MapreiHeHKo — 32
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BTOPUYHASI HOHHASI SMUCCHUSA MOHOKPUCTAJLJIA GaAs ITPH
BOMBAPJUPOBKE KJIACTEPHBIMH NIOHAMM Bi,*
SECONDARY ION EMISSION OF GaAs SINGLE CRYSTAL UNDER
BOMBARDMENT BY Bin" CLUSTER PROJECTILES

C.H. Mopo3os, ¥V.X. Pacynes
S.N. Morozov, U.Kh. Rasulev

Hucmumym uonHo-niazmeHHoIx u nazeprvix mexvoaoeuti AH PY3, 100125 Tawkenm,
Vs6exucman, e-mail: morozov@aie.uz rasulev@aie.uz

The spectra of secondary ion emission in sputtering of GaAs single crystal by Bip"
(m=1-5) cluster ions within the energy range E, = 3 — 12 keV have been studied. The
preferential yield of the cluster ions Ga," with the number of the constituent atoms n more
than 20 has been observed. This yield has increased significantly non-additively with the raise
in the number of atoms in cluster projectile. A quasi-thermal component in the energy
distribution of secondary Ga* and Ga," ions indicates that a thermal spike mode appears under

bombardment by cluster ions.

IIpu 60MOapaAUPOBKE MOBEPXHOCTH TBEPIOrO TeNa KIACTEPHBIMH HOHAMHU HAOIII01aeTCst
pAN XapakTEepHBIX OCOOCHHOCTEH PACHbUICHUS] M BTOPUYHON HMOHHOH SMHCCHH, TaKHe Kak
CYILECTBEHHBIH HeaJIITHBHBIA POCT BBIX0O/[a BTOPHYHBIX YaCTUIl OCOOEHHO MOJIEKYIISPHBIX H
o0pa3oBaHUE PeKHMa OBEPXHOCTHBIX TEIUIOBBIX MHKOB. MICIIonb30BaHNe KIACTEPHBIX HOHOB
B KauecTBe NepBUUHBIX 111 SIMS BEI3BIBaeT HHTEpeC B CBA3HU C NEPCHEKTHBAMU YIIyUIICHUS
XapaKTepUCTHK [JaHHOIO MeToja JUIL aHalmu3a IIOJIyNPOBOIHHKOB M OPraHUYECKHX
Mmatepuaios o cxeme “cluster-SIMS ” u “cluster-SIMS-molecule”[1-3]. Bonbmioit mporpecc,
JOCTHTHYTHIH B IPaKTHYECKOM HPHMEHEHHH KIAacTepHBIX HOHOB B SIMS, cma6o
Hojkpersiercss  (QyHIaMEHTAIbHBIMM ~ HCCICJOBAaHHAMU  OCOOCHHOCTEH  BTOPHYHO-
SMHCCHOHHBIX IIPOIECCOB HPH OOMOAapAMPOBKE KIACTEPHBIMH HOHAMHU KIB-HBIX 3HEpruil.
IIpeanonaraercs, YT0 OCHOBHOM MPUUMHON HEAJAUTHBHOTO BO3/EHCTBUS KIACTEPHBIX HOHOB
SBJIeTCS 0Opa3oBaHME IUIOTHBIX HEIMHEHHBIX KAcKaJOB CTOJKHOBEHHH. I[lmoTHOCT H
HEMHEITHOCTh KAacKaJoB PEe3KO BO3pAcTaeT ¢ POCTOM JHEprHH OOMOapAMPYIONIMX HOHOB, C
YBEJIUYECHHEM MAcChl U YHCJIa aTOMOB B KJIacTepe, a Tak jkKe Macchl aTOMOB MuIIeHH. OHAKO
3HAYUTEIbHAs HEAUIMTHBHOCTh BBIXOA BTOPMYHONW HOHHOI SMHCCHM HaOmojgaeTcs B

obnactu k3B-HBIX JHepruil GOMOAPAMPYIOMIMX HOHOB U CIa00 3aBUCUT OT Macc aTOMOB
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MHIIEHA U MOHOB [2-7]. MOXHO NpPEeIIIonoXuTh, 4To 3 EKT HeaUIUTUBHOTO BO3ICHCTBHS
aTOMOB B OOMOapIupyolieM KiacTepe CBs3aH He TOJBKO C IUIOTHOCTBIO M HEIUHEHHOCTBIO
oOpa3sylolierocss Kackaja CTOJIKHOBEHMH, HO HMMEET U JAPYrMe MEXaHM3Mbl, OOLIMMH
OCHOBaMH KOTOPBIX SIBJISETCS OZHOBPEMEHHOCTb BO3JEHCTBHSA COCTABIAIOIIMX KIIACTEPHBII
MOH aTOMOB Ha HAaHOPa3MEpPHBIil y4acTOK MOBEPXHOCTH.

B nmanHO# paboTe WCCieOBaHA 3MHCCHS BTOPHYHBIX HOHOB IpH OOMOapAHpOBKe
MoHOKpHcTamia GaAs kiacTepHsIME HoHaMu Bin " (M=1-5) B auanasone suepruit 2-12 x3B.

Hcnonp3oBanack 9KCIIEpUMEHTalbHAs YCTaHOBKA, HMEIOIIAsi B CBOEM COCTaBe
HCTOYHHK KIACTEPHBIX HOHOB, MAarHUTHBIN CelmapaTop NEpBUYHBIX HOHOB WM MarHUTHBIH
aHAJIM3aTOp BTOPHYHBIX MOHOB Ha Oase Mmacc-cnekrpomerpa MU 1201 [3]. Knacrepusie
HoHbI Bim" 06pa3oBEIBaIMCH IPU HCTEYEHUH NIAPOB BUCMYTA M3 COILIA THaMeTpoM 50 MKM ¢
Hocneayoeil HX HOHU3anuei d1eKkTpoHaMu. bombapanposka GaAS MHUIICHH KIIaCTEPHBIMHI
MOHAaMH TMPOM3BOAMIACH MO yriaoMm 45°, a c60p BTOPMYHBIX MOHOB OCYIIECTBISJICS MO
HOPMAITH K TIOBEPXHOCTH. [LTOTHOCTH TOKa TIepPBHYHBIX MOHOB Bin', Ha Mumenw cocrasnsia
0,05 - 5 MxA/cm? st pasubix M. Ha crauu u3sMepenuii Bakyym Gsu He xyxe 3 *10°° Ila.

B Macc-criekTpax BTOPUYHOW HOHHOM OMHCCHM apCeHH] TaJJIMCBOW MHILCHH
npeobiiajanu aToOMapHble M KJIACTEpPHBIE HOHBI TajluIMsA. ODTO OOCTOSATENBCTBO CBSI3aHO C
MaJbIMH TOTCHIMANaMH HOHM3AllMM TaJUIMEBBIX HOHOB M COOTBETCTBEHHO BBICOKOIT
9} (EeKTUBHOCTHIO MOHM3ALMK HPH PACIHBUICHHH. Macc-CHEKTpbl BTOPHUYHBIX KIACTEPHBIX
noHoB Ga,’, M3MepeHHbIE IpH OGOMOGAPIUPOBKE MOHOKpHCTAILIMYECKOd GaAS MuIICHH
KIACTEepHBIMH HOHAaMH Bin' (M=1-4) ¢ smepruamu E,= 1,5 x>B Ha atoM B KiacTepe H

HOPMHpPOBAHHBIC H @ TOK IEPBHYHBIX HOHOB, mpuBexeHsl Ha puc.l. Kak u B [2-7]

——Bi" ] Bi, > GaAs
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Puc.1 Macc-crieKTpbl BTOpHUHBIX HOHOB Ga," Puc. 2 KoadduumenTs HeaTATUBHOCTH
npu 6ombapauposke GaAS K1acTepHbIMH BBIX0/1a HOHOB Ga,' B 3aBHCHMOCTH OT
nonamu Bip," (M=1-4). KOJINYECTBA COCTABIISIOLINX UX aTOMOB N.
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.

normalized yield of Ga” ions

HAOIIOaeTCsl HEAUIATHBHBIN POCT BBIXOJa BTOPUYHBIX KJIACTEPHBIX HOHOB C yBEIHMYEHHEM
YHCIa aTOMOB B OOMOAapIUpYIOIIMX HOHAX, OCOOCHHO 3aMETHBIN NP yBEIMYECHHH 4YHCIa
aTOMOB BO BTOPHYHBIX KJIACTEPHBIX HOHaxX. Ha pmc.2 mpuBemeHsl rpaguku 3aBUCHMOCTH
K09 HULIHEHTOB HEAJUTHBHOCTH BBIX0O/a BTOPHIHBIX HOHOB ONPEIEIISIEMBIX U3 BBIPAKCHHS
- Kpm = MYom/MYam, t4€ Yom # Ynm —BBIXOIbl BTOPHYHBIX KIACTEPHBIX HOHOB,
coziepKamux N aToMoB, IPH GOMOAPAUPOBKE KIACTEPHBIMU HOHAMH, COMCPIKAIIUME M 1 M’
aTOMOB, C OJJHHAKOBOH 3Heprueil Ha aToM. HaGmomaembie K03 OHUIMEHTHI HEa MU THBHOCTH
K1z mocruraror 3nauenuii 20 — 25 (n = 8 — 12), uro cymecrseHHo (npumepHo B 3 — 4 pasa)
MEHBIIIE, YeM aHAIOTHYHbIE KO3 uImenTsl npu pactsuiennn Au, Ta, Nb, u V mumieneii,
koTopble jocturanud 3HadeHnit 50 — 150 mpu n = 8 — 12 [4-7]. Koadduuuenrst
HEAJIUTUBHOCTH TA/UTHs OMHM3KH IO BEJIUYMHE K COOTBETCTBYIOIIMM KOd(DGHIMEHTaM s
uHAueBON MuiieHd [8], 4TO OOBSICHSETCS ONM30CTHIO XaPAKTEPHCTHK ITHX DJIEMEHTOB
npunagnexamwmx |11 B rpynmne. Kak u ast uccnenoBanusix panee merawio V, Nb, Ta, Au,
In [8], B dHepreTyecKux CHEKTPaXx BTOPHUYHBIX ATOMAPHBIX HOHOB TalIHs OOHApYKEHA
KBa3UTEILIOBAsi KOMIIOHEHTA, KOTOpas Pe3KO BO3pacrajia ¢ POCTOM KOJMYECTBa aTOMOB B
6ombapaupytonieM noHe. OIHAKO B OTJIMYHE OT METAUIOB V TIPYNNBI HPH PACIBUICHUN
GaAs KBa3HTEIUIOBash KOMIIOHEHTAa IPHCYTCTBYeT M B JHEPreTHYECKUX CIEKTPaX HOHOB
numepoB Ga,". M3BecTHO, UTO MeTaIbl C JOCTpaMBaIOIIeiicss P - 0GONOYKOi YaCTHUHO
HCHAPSIOTCSL B BUIEC MOJICKYJ, COCPKAIINX HECKOJIbKO ATOMOB. JHEPreTHYCCKHE CIIEKTPBI

+
BTOPUYHBIX HOHOB Ga TIPUBEJACHBI HA pPUC. 3. Kak BHUIHO, IIPpU YBEIUYCHUHU KOJIUYECCTBA

T _V T T
104Bj *-->GaAs *** - 1 Bi, -->GaAs
m X —s—Bi
\ 7] |
0,84 9 v
64 ]
0,64 4>
)
= )
044 1 % 5
0.2+ 1 H 1
0,04 4 3 4
T T T T T T T
-10 0 10 20 2 3 4 5 6
relative enerav. eV F keV/
Puc. 3 DHepreTHyeckue CeKTPbl BTOPUUHBIX Puc. 4 I'paduxn 3nauennii ITIITIM noHoB
nonoB Ga'" npu Gombapruposke GaAs MuLIeHNH Ga’ B 3aBHCHMOCTH OT KOJIMYECTBA ATOMOB B
KJIACTEPHBIMH HOHAMH BHCMYTA. GombapaupyomemM none (M) u sxHeprun Eo.

aToMOB B 6OMGAPIUPYIOIMX KJIACTEPHBIX HMoHAX Bim® sHepreTmueckoe pacmperencHue

BTOPUYHBIX HOHOB TpchtbopMpreTc;[ U TIOABJIACTCA KBa3UTCIIIOBAasA KOMIIOHCHTA.

348



MakcuMyM ~ SHepropacTipe/iefieHus aTOMapHBIX HOHOB Ga’ mipum  6oMGapaMpoBKe
MOHOMEpaMH pacloiokeH B obmactu 2,1 - 2,5 3B, a majeHne UHTEHCHBHOCTH C SHEprueu
OTHOCHUTENIbHO MeJuleHHoe. Ilpu OoMOapaupoBKe HOHAMHU Bi," - Bis* kBasuremioBas
KOMIIOHEHTA B BBIX0JIE€ aTOMapHbIX HoHOB Ga' mocturaer 35 - 75 %. BBIX0 KBa3UTEIIOBBIX
aTOMApHBIX MOHOB, NPHBEICHHBINH K TOKY HMEPBUYHBIX HOHOB, PE3KO BO3PACTAET C POCTOM
SHeprux 6OMOAPIUPYIOIUX HOHOB U KOJIHYIECTBA COCTABIIAIOMINX UX ATOMOB.

JIns cpaBHEHHS SHEPTEeTHUECKAX PacTIpeNeNleH il pacTblIeHHBIX HoHOB Ga' m3Mepena
IOJIHAsl LIMPUHA JHEPreTUYECKHX CIIEKTPOB Ha MOJIyBBICOTE MAaKCHMyMa pacIpeieseHUs
ITIIIIM. Ha puc. 4 npusenens! rpapuky 3Hauenuii I1I1ITIM B 3aBUCHMOCTH OT KOJIHYECTBa
aroMoB B OoMmOapaupytomem uoHe (M) u sHepruu E,. Kak Bugno u3 rpadpukos ITIITIM
YMEHBIIAETCs] C POCTOM KOJMYECTBA 2 TOMOB B OOMOapAupYIONIIEM HOHE H YBEIUYCHHEM
KuHeTHueckoi sHepruu. Ywmenpmenue IIHITIM c¢ poctom E, mpu OomOGapaupoBke
aToMapHBIM HOHOM Bi* roBOpHT 0 HanudHe HEGOMBIIOr0 BKIAAa KBA3HTETUIOBBIX HOHOB H B
sroM ciyudae. Msmepenue ITHIIIM ans nonos mpumeceii (Na*, Al*, K*, Cs*, Biy") moxasamm,
YTO HIMPHHA JHEPreTHYeCKOro PACHpENeIeHUs] 3THX HOHOB NPAKTHYECKH HE 3aBHCHUT OT
KOJIMYECTBA aTOMOB B GOMOapAUpyrolIeM KIaCTEPHOM HOHE.

3HauUTENbHBIA BBIXO/ KIACTEPHBIX HMOHOB TAJUIMS C KOJIMYECTBOM COCTABILIIOIIMX HX
aTomoB N = 20 n Gosee XxapakTepeH s KIACTEPHON SMHCCHU U3 METAJUTMYECKOTO Tajlius.
B03MOXXHO, 9TO CBUAETENBCTBYET O IMPEHMYLIECTBEHHOM PACIIONOXKEHUH aTOMOB TajlIHs B
MOBEPXHOCTHOM Cl0oe¢ MHIIeHH U (opmupoBaHur 3D OCTPOBKOBOH CTPYKTYpHI rajumus Ha

noBepxHocTH GaAS.

[1] M.J.Van Stipdonk in: John C. Vickerman, David Brigs (Eds.). TOF-SIMS: Surface Analysis by Mass
Spectrometry, IM Publication and Surface Spectra, Huddersfield, 2001. p. 309.

[2] C.H.Mopo3sos, ¥Y.X. Pacyznes, U3s. PAH. Cep. ¢u3. 2002. T. 66. Ne 4. C. 522.

[3] Sh. Akhunov, S.N. Morozov, U.Kh. Rasulev, Nucl. Instr. And Meth. B. 203 (2003) 146.

[4] S.N.Morozov, U.Kh. Rasulev, Nucl. Instr. and Meth. B 203 (2003) 192.

[5] S.N.Morozov, U. Kh.Rasulev, Appl. Surf. Sci. 231-232 (2004) 78.

[6] S.N.Morozov, U.Kh.Rasulev, Nucl. Instr. and Meth. B. 2007. V. 258. P. 238.

[7] C.H.Mopo3sos, Y.X. Pacyzes, U3s. PAH. Cep. dpuz. T 70 Ne 8 (2006) 1192.

[8] C.H.Mopo3os, V.X.Pacynes, JKT® PAH. 2009. T. 79. Ne 7. C. 115.
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BTOPUYHASA HOHHAS, MOHHO-2JIEKTPOHHASA 1 HTOHHO-®OTOHHAS
3MHUCCHUA TPU BOMBAPJIAPOBKE UTTPUS KJTACTEPHBIMA HOHAMM Bi,*
SECONDARY ION, ION-ELECTRON AND ION-PHOTON EMISSION UNDER
BOMBARDMENT OF YTTRIUM BY Bin" CLUSTER PROJECTILES

C.H. Mopo3os
S.N. Morozov

Hucmumym uonHo-niazmeHHbIx u nazeprvix mexvoaoeuti AH PY3, 100125 Tawkenm,

Vs6exucman, e-mail: morozov@aie.uz

Secondary ion, ion-electron and ion-photon emission in sputtering of Y target by Bip"
(m=1-7) cluster ions within the energy range E, = 3 — 12 keV have been studied. The yield of
secondary ions Y,OnH/" has increased significantly non-additively with the raise in the
number of atoms in cluster projectile. Some non-additive component in the ion-electron
emission was observed under bombardment by Bis" — Bi;" cluster projectiles, which can be
associated with thermal spikes mode. Non-additive rise of the yield of ion-photon emission

with number of atoms in the cluster projectile was observed.

Bomb6apaupoBKa TBEPAOro Teja KJIACTCPHBIMH HOHAMH NPHBOAHUT K PE3KOMY POCTY
IUIOTHOCTH BBIAGNICHHUS OHEPrMM U OOpa30BaHHMIO HEIMHEHHBIX KAacKaJOB BBICOKOM
mnotHocT. Ilpu 3ToM HabiofaeTcss HeaJUIMTHBHOE YCUICHHE BBIXOZIA BTOPHYHBIX MOHOB,
0COOCHHO KJIACTEPHBIX M MOJICKYIAPHBIX, a TaKXKe YBEIMYCHHE BBIXOAA YaCTHI[ C
KBAa3UTEIUIOBBIMU DHEPTUSIMHU CBA3aHHOE C 00pPa30BaHUEM PEXHMa TEILUIOBBIX MHUKOB. OJHHM
U3 TPOSBICHHH PpEeXKHMAa TEIUIOBBIX IIMKOB MOXET OBITH [JOMOJHUTEIBHAS JMUCCHS
BTOPUYHBIX YaCTHI] - KBA3UTCILUIOBBIX HOHOB, 3JIEKTPOHOB, BO30YXKICHHBIX aTOMOB. DMUCCHS
kBasuTemioseix uoHos V', Nb*, Ta', Au*, Auy’, In*, In,*, In;* maGmonanace pamee npu
KiacTepHoit 6ombapanpoBke Metawios [1-4]. Jinst Goiee MOIHOTO BBISBICHUS OCOOCHHOCTEH
oOpa3oBaHMsl IUIOTHBIX HENMHEHHBIX KackaJoB IpH  KJIACTepHOH OGoMOapampoBke
1e1eco00pasHO Hapsiy C MCCIEOBAaHHEM BBIXOJla BTOPHMYHONW MOHHON 3MHCCHH IPOBECTH
M3MEPEHUs HMOHHO-JJICKTPOHHON OSMHCCHH M BBIXOJa BO30OYKICHHBIX uacTuil. Vcciemys
3aBHCHMOCTb BBIXOJA DJJIEKTPOHHOH SMHCCHM OT DBHEPIMM M THIA OoMOapAHpYOIMX
KJIACTEPHBIX HOHOB MOXHO BBISIBUTH BKJIQJ] PE)KHMa TEIIOBBIX [IMKOB B HOHHO-JICKTPOHHYIO
amHuccHio. Mcenenyst BBIXOX BO30YXKIEHHBIX YacTHI] IO BBIXOAY MOHHO-()OTOHHOM IMHUCCHU

(UDD) MOXKHO clienarh BaXKHbIC BBIBOJBI O BO30YK/ICHHH HOHHOM U 3JIEKTPOHHON MO/ICUCTEM
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B IUIOTHBIX KacKaJaX CTOJIKHOBeHHMil. COIIOCTaBILSIS Pe3yJIbTAThl HCCIEAOBAHUH BTOPHYHO-
HOHHOI{, MOHHO-2JIEKTPOHHOH W HMOHHO-(DOTOHHOII SMHCCHH MOXXHO BBISBHTH OCOOCHHOCTH
SMUCCHOHHBIX MPOLIECCOB CBSI3aHHBIX ¢ OOMOAPAMPOBKOI KIACTEPHBIMU HOHAMH.

B pabote mpoBesieHbI CpaBHUTENBHBIE SKCHEPHMEHTAIBHBIC HCCIICIOBAHHS CIIEKTPOB
BTOPUYHONW HOHHOW 3MMCCHH, BBIXOJAa HOHHO-JICKTPOHHOM SMHUCCHM M HHTETPaJbHOTO
BEIXOma MDD mpu GombGapauposke Y MMIICHH KIACTEPHBIMH HoHamu Bin" (m=1-7) B
Jiarna3oHe 3Hepruii 2-12 k3B.

Jlnst  M3MepeHus.  CHEKTPOB  BTOPMYHOW HMOHHOW OMHCCHM  HCIIOJNB30BaJach
9KCIepPUMEHTAIbHAsl YCTaHOBKA, MMEIOIasi B CBOEM COCTaBe MCTOYHMK KIIACTEPHBIX HOHOB
Bim® (M=1-7), MarHuTHBIA cemapaTop NEPBHYHBIX HMOHOB M MArHHTHBIA aHATH3ATOP
BTOPUYHBIX HOHOB. Kiacteprbie uonbl Bim' 06pasyroTcs MyTeM pachbUIeHHS BHCMYTa MPH
GomOapaupoBke moHamu Bi* ¢ smeprmeit 4 x»>B. BoM6apaupoBKa HTTPHEBOI M MIICHH
NpOU3BOMIACK TIOA yrioM 45°, a c60p BTOPMYHBIX MOHOB OCYHIECTBISICA N0 HOPMAIU K
noBepxHOCTH. [ITIOTHOCTH TOKA MEPBHYHBIX HOHOB Bim', Ha Mumenn coctasnsma 0, 5 - 5
HA/eM® juts pasHbix M. Jlns u3MepeHus KOS(QHIMEHTOR HOHHO-3IEKTPOHHON SMHUCCHH
HCIIONIB30BAIAaCh CHCTEMa PErUCTPALHH, COCTOSINAs M3 MHUIICHH U KOJJIEKTOpa BTOPHUYHBIX
gactul. M3mepeHue uHTEerpanbHbIXx KoddouuuentoB VDD npou3BogMioch MyTeM
PETUCTpaly U3JTy4YEHUs PACIBbUICHHBIX YaCTUIl M3 OpeoJia HaJ| MOBEPXHOCTbIO MHILICHU C
nomouipio Y EMI 6256 B, uMeroiiero MHOTOLIEIOYHON KaTOA ¢ KBAapIEBBIM OKHOM, 4YTO
MI03BOJISIO PETUCTPUPOBATh M3iyueHue B auanazone 250 — 700 M.

B cnekTpax BTOPHUYHOW MOHHOH SMHCCHU NPU OOMOApIUPOBKE MUTTPHEBOW MHIICHH
KITaCTEPHBIMH HOHAMH Bin' TpHCYTCTByeT MHOKECTBO NMHHME pa3sHOH HWHTEHCHBHOCTH
npuHanexammx uouaM Y,', YoOnH\". Ha puc 1 npuBeneHs rpaduky 3aBHCHMOCTH BEIXOMIA
Hanbojiee MHTCHCHBHBIX BTOPUYHBIX HOHOB OT KOJIMYECTBA aTOMOB B OOMOapaupyromux
KJIaCTepHBIX HOHAX MpH dHepruu 3 k9B Ha atom it m = 1-3 u 9 k9B s m=7.

Ha puc 2 mnpueneHsl Ko3(Q(GUUNECHT HEaAAUTHBHOCTH B bIXOJa BTOPHUYHBIX HOHOB
Beranciennbie o Gopmyne: Knm = M’Yn/MYy, tae Yim u Y — BBIXOABI BTOPUYHBIX HOHOB
pu 6oMOapAUPOBKE KIACTEPHBIMU MOHAMH, COACPKAIIMMH M X M’ aTOMOB ¢ OAUHAKOBOH
sHeprueil Ha atoM — 3 K3B. Koapduumentsr HeanmutuBHOcTH K31 Xapakrepusyromie
JIOTIOJIHUTENBHBIA MPHPOCT BBIXOJAa BTOPHYHBIX HOHOB IIPH Ilepexoje OT OoMOapaupoBKU
aTomapHbIM HoHoM Bi* k kiactepromy Biz" mocturaror 200 a1 MONEKYJAPHBIX MOHOB
Y7010Hn". U3MepeHa 3aBHCHMOCTH SHEPreTHUECKOTO PAcTpeeseHUs aTOMAPHBIX HOHOB Y
OT KOJIMYECTBa aTOMOB B GoMOapaupyromux kiacrtepax. Habmonaniuce HEOOIYHO MIMPOKUE

MHKM aTOMAPHBIX HOHOB Y, 4TO BHAMMO, CBA3aHO C 00pa3OBAaHHMEM H PACIAJOM THIPATOB
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Boixog HoHOB Y OnH" oT KonHuecTBa aToMoB B KoaddumeHTs Hea U THBHOCTH BBIXO/1a
Gombapaupyomux kacrepax Bin', mpu sueprum BTOpHUHBIX HOHOB Y ,OnH," mpu sneprun 3 xoB
3 x7B Ha arom a1 M = 1-3 u 9 k3B ju1a m=7. Ha aToM B GoMGapaupyionux Knactepax Bim .

YH,". B ortamune ot panee uccrnenoBannsix metamoB - V, Nb, Ta, Au, In, korga Bxian
KBa3HUTEIUIOBHIX MOHOB B BBEIXOJE AaTOMapHBIX HOHOB IIPU KJIAacTepHOH OoMOapampoBke
nocturan 70 - 90 % [1-4], w1 Y MumeHu HeGONbLIOW BKIA[ KBa3sHTEIUIOBBIX HOHOB
IpPOSABIIANCA JIHIIb IPH 60MGAPIUPOBKE KiIacTepHbIMH HoHaMu Bi;*. BepoaTHo, 310 cBA3aHo ¢
OTHOCHTEIIBHO HU3KOH INIOTHOCTBIO HTTPHS, YTO 3aTPYAHSET 0OPa30BaHUE TEIUIOBBIX THKOB.

W3mepensl KO3 UIMEHTH HMOHHO-3JIEKTPOHHOW 53MHUCCHM TIpH  O0MOapaupoBKe
HTTpUEBOil MUIIEHH KIacTepHsIMA HoHamu Bin* (M=1-7). Ha puc 3 npencrariens! rpaduku
3aBHCHMOCTH KOI()()HIMEHTOB HOHHO-DJIEKTPOHHOW 3MHCCHUHM OT KOJIHMYECTBA aTOMOB B
OoMOapAMpYIOMMX HOHAX W UX DHEPrHHU, NPUBEACHHBIE K OJHOMY aTOMy B KJIacTepe.
Habnronaercst HeaaIMTUBHBIN POCT BBIXOJA JICKTPOHOB HA OJHMH aToM B GoMOapaupyromem
KJacTepe Bim", 0coGeHHO 3aMeTHbIH L1st M = 7. DTOT HeaJUTHBHBII POCT MEHee BBIPaXKEH,
4eM B aHAJIOTMYHBIX M3MEpeHHsX Mt Th u Tm - mumreneit [5], rae cuimbHee mposiBIsIocHh
BIIHSHUE PEXHMa TEIIOBOTO MHKA.

V3mepen uHTerpansHslii Bexoq V@D npu 60MbapaupoBke Y MHIICHH KIACTEPHBIMU
noHamu Bin' (M=1-7) B nmamasome sHepruii 1 -12 xoB. Ha6momaercs poct Beixoma UDD
NP YBEIIMYEHNH KOJINYECTBA AaTOMOB B OOMOAPAMPYIOMINX KIACTEPHBIX HOHAX U MX SHEPrHU.
Jls BBISIBJIGHMS. HEAIIUTUBHOCTH pocTa Bbixona MDD oT KomuuyecTBa aToMOB B KIAcTepe,
BEJIMYMHBI HHTErPATBHBIX K03 duuuentoB DD u sxeprust 60MOApAUPYIOMMX HOHOB ObUTH
HOPMHpPOBaHbI Ha KOJHYECTBO aTOMOB B OoMmOapaupyrommx noHax. [TomydyeHHbIE TakuM
obpa3oM pesyabTaThl mOpuBeAeHbl Ha puc 4. HaGmrogaercss 3HAYMTENBHBIH  POCT
COOTBETCTBYIOIIMX MapUHaIbHBIX K0d(duineHtoB Yippe/M ¢ yBeIMYCHHEM KOIHYECTBA

aTOMOB M B 60M68.pZ[PIpy}OIlII/IX HOHaX, a TakKXKe€ C pOCTOM UX KUHETHYECKOH OHEPIruu.
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KoadduimeHT HOHHO-31eKTPOHHOM IMHUCCHH, Wurerpanbuelii Beixon MDD nmpuBeeHHbIH K
NpUBE/ICHHBIE K OJIHOMY aToMy B Bin' kiactepe oziHOMY atomy B Bin' Knactepe

HeannnTuBHBEI pocT HHTErpaNbHBIX KOI()OUIMEHTOB HOHHO-(OTOHHONH SMHCCHH C
YBEINYCHHEM KOJIMYECTBA ATOMOB M 3HEPrUM OOMOAPAMPYIONINX HOHOB MPEIIONOKHUTEIBHO
CBsI3aH C HEaUIUTUBHOCTBIO KO3 (UIMEHTA PACTIBIICHUSL.

W3 cpaBHeHMS BBIXO/1a BO30YKIECHHBIX aTOMOB M 3JIEKTPOHOB OT KOJIHYECTBA aTOMOB H
SHepruy OOMOApIUPYIOMUX KIACTEPOB MOXKHO HPEIINONOKUT, YTO B CIydae DIEKTPOHHOH
SMHUCCHU BKJIAJ B IPHpAIEHHE BBIXO0/A JAlOT TEILIOBBIE YIEKTPOHBI U3 30HBI TEIIOBOTO MHKA,
a B Cllyyae HOHHO-()OTOHHOHM SMHCCHU HEaUINTHBHOCTb PACIBUICHUS M JOIOJIHHTEIBHOE
BO30Y’K/ICHHE B IIPHCYTCTBUH PEKUMA TEIUIOBBIX ITHKOB.

Pabora  BemmonHena mpu  ¢uHaHCOBOW  moxmepxkke — DoHma  HOIICPIKKH

¢dyHnamenTansHbix uccienosannii AH PY3, rpaut OIIOU O -8-14.
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HCCJIEJOBAHUE U3MEHEHMS SJIEKTPOHHOM CTPYKTYPBI CILTABA HA
OCHOBE Nb-Zr ITPH NEPEXOJE B UHTEPMETAJIVIMYECKUE COEJUHEHUE

STUDY THE ELECTRONIC STRUCTURE OF ALLOYS BASED ON Nb-Zr AT
TRANSITION IN INTERMETALLIC COMPOUNDS

H.A.Hypmaros', E.C.BpraHIOBZ, H.Tamumos’, X.M.CaTTOpOBl, I/I.X.XaMI/IZ[)KOHOBl
N.A.Nurmatov’, Y.S.Ergashov?, N.Talipovl, Kh.M.Sattorov’, I.Kh.Khamidjonov1

Y Dusuneckuii ¢arynomem, Hayuonanvuoii ynusepcumem Ysoexucmana,
ya.Yuusepcumemcxas 4, 100174, Tawxenm, Vs6exucman, €-mail: yergashev@mail.ru
*Tawwenmekuii 2ocydapemeennvlii mexuuueckuil yuugepcumen, yi.Yuugepcumenmckas 2,
100095, Tawkenm, Y3bexucman

In this paper we investigate the features of the electronic structure of high-melting
alloys in the transition from a state of solid solution in the intermetallic compounds and the

comparative results for an alloy of niobium-zirconium obtained by ion implantation.

HccnenoBanns BKIaga KaKJOro KOMIOHEHTa B U3MEHCHHE JICKTPOHHON CTPYKTYDHI,
9MHUCCHOHHO-3aJICOPOLIMOHHBIX I KAaTaJUTHYECKUX CBOWCTB METAUIMYECKUX CIUIABOB,
co3maHue 0co00 YHCTBIX TBEpAbIX pAacTBOPOB, a TaKKe ONpEeNelCHHE peaabHOM
KOHIIGHTPAllMX JIETHPYIOIUX JJIEMEHTOB M HX pAcHpeleNeHUs B IOBEPXHOCTHOM CIIOE
KPHCTAJUIOB NPECTABISIOT OOJIBUIYIO TPAKTUYECKYIO IEHHOCTb.

Henbto naHHO pabOTHI SABISETCS:

Ormpenenenne TeMIeparypbl 00pa3oBaHms HHTEPMETAILTHYECKOTo coeaunenus tuma ZrNb,
JUISL CILUTABOB, ITOTYyYEHHBIX HU3KOYHEPTeTHIECKO HOHHOI MMIUIaHTAIMeH aTOMOB IUPKOHUS
Ha MOHOKPHCTA/UIMYECKHE 00paslpl HHOOWS, M CIUIABOB, IIOJTYYCHHBIX O CTAHAAPTHOM
TEXHOJIOTHH, OLpelelneHre (HOTONICKTPOHHON pabOThl BBIXOJA ITUX COSIMHEHHS, H3ydeHHE
O0COOCHHOCTEH  DJIEKTPOHHOH CTPYKTypbl —00pa30BaBIIErocs COCAWHCHUs, AWHAMUKH
YBEJIMYCHHS TOBEPXHOCTHOI KOHIIEHTPAIMK aTOMOB JIETKOIIABKOTO KOMIIOHEHTA; H3y4eHHE
MeXaHH3Ma O00pa30BaHMS MHTEPMETAUIMYECKOTO COCAMHEHHMS B JABYX THIIAX CIUIABOB
M3TOTOBJICHHBIMH Pa3HYHBIMH CIHOCO0aMH — MO CTaHJAPTHOH IPOMBIIUICHHOH TEXHOJIOTHI
1 HOHHO# MMIUTAHTAIMX KOMIIOHCHTA CILIABA.

MeTonuka  U3MEPEHHWS ~ CHEKTPATbHOM  3aBHCHMOCTH  KBaHTOBOTO  BBIXOJA
(oToOoMHCCHH, KOHTPOIS IIOBEPXHOCTH BBICOKOTEMIICPATYPHOH 0XKe-CIIEKTPOCKONUH |

pacnpenenerne HOTOIEKTPOHOB MO HAYAILHBIME HEPIUAM onucana B [1].
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Meroauka OSKCHEpPUMEHTa. B MaHHIYIATOpP SKCIEPUMEHTAIBHOW  YCTAHOBKH
cmouTHpoBaHbl 00pasusl Nb(100), Zr u cruas Nb-Zr(1%). McTo4HHKOM HOHOB NPH HOHHOM
JITUPOBAaHUM  CIYXMJ  LUPKOHMH  TOJNY4YEHHbIH  HomuaHbIM  crmocobom.  Ilocne
BBICOKOTEMIIEPATYPHBIX IIPOrPEBOB HCCIEIYEMbIX O0pa3LOB ObUIM CHSTHI OXE-CIIEKTPhI U
CNICKTpalbHBIC 3aBHCHMOCTH KBaHTOBOro Bbixona (orosmuccun (KB®) u pacmpenenchue
(hoToanexTponoB o HayasbHbM dHeprusiMm N(E) mpu suepruun dortonos 8,4 u 10 3B.

Pesynbrarsl skcriepuMeHTa. B unTepBane sHeprum QoroHoB 4-52 3B cHuManuch
criektpainbHble  3aBucuMoctd KB®  u  mMeromom m3orepmuueckux KpuBbix  Daynepa
omnpezenena Qoroaekrponnas pabora Beixoga (OPB) Nb(100), Zr u crurasa Nb-Zr npu
KOHIIeHTpauuu ZI B moBepXHOCTHOM cioe ~3%. OPB cruiaBa pasua 4,03+0,02 3B kortopast
Osuska no cpasHeHuto @PB nonukpucrammyeckoro HIOOUs. YBeInUeHUEe KOHLIEHTpaluu Zr
10 35% u BbIIIE, T.€ IOCIIE TOTO KaK MPOUCXOINT CABHUT Oxe-muka Zf, OPB yBenuunBamacs
10 4,2+0,02 5B ®PB Nb(100) u Zr coorBercTBerHO paBna 3,97+0,02 5B u 3,95+0,02 3B.

Ha puc.l npusenenst kpusbie N(E) npu sueprum ¢oronoB 10 3B mmst Nb(100) mpu
pa3MYHBIX KOHLCHTPALMAX LHPKOHHS B II OBEPXHOCTHOM CJIO€ KPUCTAUIA W YHUCTOTO
LMpPKOHUS, a Takke cruasa Nb-Zr monyueHHo# noHHBIM sierupoBannem. st craBa Nb-
Zr(3%) momydeHHbIX HOHHBIM serupoBanueM IpH E ;=3 k3B (no3a D=5-10" non-cem?)
pacnpenenernu N(E) xopowo cosnanaer co cruiaom NDZr 1osy4eHHbIX [0 TPaAMLHOHHBIM
texuosorusam (kpuBas 3). Makcumymsl mipu 1,1 3B, -1,5 3B, -2,4 5B Ha KpuBOii 2 HE MEHSIET
CBOEr0 JHEPreTHYECKOro mojoxeHus u mpu hv=8,4 5B, 4Yro CBHIETEIBCTBYET O
[PHUHAUICKHOCTH STHX MAaKCHMYMOB K OCOOCHHOCTSIM B INIOTHOCTH SJICKTPOHHBIX COCTOSHHIA
[2]. KpuBas 2 u 3 mno ¢opme coemamaer N(E) mms Nb(100) (puc.l. xpuas 1) 3a
HCKIFOYeHHeM MakcuMmyMma 1ipu -1,1 5B Himke ypoBHst @epMu. DTO 00YCIOBICHO TeM, YTO
IpU  BBICOKOTEMIIEPATYPHOH PEKPUCTANIN3ALNM  HMOJIMKPHCTATINYECKOTO HHOOMS Ha
[OBEPXHOCTh BBIXOIAT HpeumyuiectBenHo (70%) kpucrammmku ¢ Hanpasierunem (100). B
KpHBOil 2 UMeroTCs MakcuMyMbl B obmactu 0-2,5 9B, rmy6okuit Munumym mpu ~3,5 3B u
HHU3KOPHEPreTH4ecKo MakcuMmyM npu 4,5 3B Hiwke ypoBHs Depmu. Bee 3Tu 0codeHHOCTH
Habmomaercs u qust HuoOwst (100). DtH MakCHMyMbI OGYCIOBICHBI C 3JIEKTPOHHON
CTpyKTypoii HuoOus. Makcumym mnpu -1,1 3B, mo Bceit BuauMocTH, OOYCIOBICH
[PHCYTCTBHEM aTOMOB LIUPKOHHS B TIOBEPXHOCTHOM CJIOE CILIaBa.

Camoe CyIIeCTBEHHOE M3MEHEHHE MPOMCXOJHUT NPU KOHLEHTparuu atoMoB Zr 35% u 60%,
T.e. TOCJIe TOro Kak obpas3oBanack HoBasi (a3a. Ecmu coBmeruatrs kpusble 2 u 3 Ha puc.l
HPUHAUICKAIIUM Pa3HBIM (a30BBIM COCTOSHHUSIM IOBEPXHOCTHOTO CIJIOS, TO CTAHOBHUTCS

Gonee 3aMETHBIM TOT (AaKT, YTO B HU3KODHEPIeTUUECKOH YaCTH CIIEKTPOB OTHOCHTEIHHOE
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YHCIIO HJIEKTPOHOB, SMUTUPYEMBIX C IIOBEPXHOCTH COSIMHEHHS, CTAHOBUTCS MEHBIIE, YEM B
cllydae HHOOUS ¢ MaJIbIM COJEp)KaHUEM aTOMOB LIUPKOHHMS. DTO CBS3aHO, 110 BCEil BUIMMOCTH
TEM, YTO IUIOTHOCTH O3JIEKTPOHHBIX COCTOSHHMH 3alOJHEHHOH 30HBI 00pa30BaBLIErOCs
HHTEPMETAJUIMYECKOr0 COSIMHEHUE MEHbLIIE YeM y HUoOus BOu3M ypoBHs Pepmu. [Tuk «A»
M 4acTU4YHO MUK «B» B KpuBBIX 2,3 CBs3aH C MPHCYTCTBHEM aTOMOB ILIUPKOHHS, YTO IPU
YBEJIMYCHHH KOHIICHTpAUy ZI' 3aMETHO yBEINYMIACh aMIUIMTya nuka -1,1 5B Ha xpusoii 4
a Tarke uMeercsi MakcumyM B obnactu 3Heprun 0,9-1,1 3B Hmxke ypoBHs Depmu B CrieKTpe
qucToro Lupkonus (kpusas 5). Eciim Mbl moBbiiaeM temieparypy kpucramia g0 1600 K u
caumaeM N(E), To momyunm kpuByro Onuskyro 1o ¢opme K KkpuBoii 2. IloBbiueHue
Temmepatypsl Bbiie 4eM 1600 K npuoaut k peskomy msmeHeHuto popmbl kpuoil N(E).
IMo-BUAMMOMY, NPH STHX YCIOBHSX paspylIacTCsi MPOMEXyTouHas (aza U MPOUCXOAHUT
CHIIBHOE HCTIapEHHE aTOMOB ZI.

tN(E),
OT.€H.

[N

\ ! \ | E 0B
-6 -4 -2 0o "

Puc.1. Kpussie N(E) npu suepruu ¢poronos 10 3B:
1 - must auctoro Nb(100); 2 - Nb(100)-Zr(3%); 3 - Nb(100)-Zr(3%) momy4eHHBIX HOHHBIM
nerupoBanuem; 4 - Nb(100)-Zr(35%); 5 — st uncroro Zr.

3akmoucHIe
1. B cruraBax MOJIyYCHHBIX CTaHAAPTHON TEXHOJIOTHEH ¢ HeGonbmmM conepxanueM (~3%)
mupkorus npu T=1350-1600 K noBepxHOCTHas! KOHIIEHTpAUUs UPKOHUS KocTuraer ~35% u

obpasyercsi mHTepMeTauindeckue coexunerust ZrNb; a B ciydyae cCIuiaBa IOJIYYEHHBIX
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HOHHBIM JlerupoBaHueM 1npu Ep=3ksB o6oraienne MOBEpXHOCTH aTOMaMu ZI He
HaOII0IaeTCs.

2. TlnotHocTh 35eKkTpoHHBIX coctosituii ZrNby, mpu 0-2,5 3B umxke yposus ®epmu
3HAYUTEIILHO MEHbILIE, YeM YHCTOr0 HHOOHS 1 TBepaoro pacrsopa Zr-Nb.

3. ®PB st IByX THIOB CIUTABOB MPH MAITBIX KOHIEHTPAUMIX ZI' MPAKTHICCKH COBIAIACT.
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BTOPUYHO-3JIEKTPOHHBIE, SMUCCHOHHBIE U 3APSIIOBBIE XAPAKTEPUCTUKN
HMOHHO-OBJIYYEHHOI'O CAITI®UPA

SECONDARY ELECTRONIC, EMISSION AND CHARGE CHARACTERISTICS OF
ION-IRRADIATED SAPPHIRE
O.1. Payl, AA. TaTaanueBZ, B.B. XBoctos’, B.E.IOpacosa
E.I. Rau’, A.A. Tatarintsev?, V.V. Khvostov*, B.E. IOpacosa®

! Mocroscruii 2ocyoapemeennviil ynugepcumem, 119991, Mocksa, Poccus
Moscow State University, 119991, Moscow, Russia. E-mail: rau@phys.msu.ru
% Pusuko-mexnonozueckuil uncmumym PAH, 117218, Mockea, Poccus.
Institute of Physics and Technology of RAS, 117218, Moscow, Russia.

Kinetic characteristics under irradiation by electrons (with energies from 0.5 to 15 keV and a current
density 10° - 107 A/sm?) for the initial surface and for the surface after ion bombardment of sapphire
single crystal has been studied. It was found that the time-depending and the charge characteristics for
initial and for irradiated by Ar" ions sapphire surface differ in magnitude by almost two orders. The
interpretation of the observed effect has been proposed.

BBEJEHUE

Bropuunas nonnas smuccust (BUD) monokpucramwia candupa (Al,03) 06CTOATENBHO U3yUeHA KaK
SKCHEPUMEHTANBHO, TAK M TEOPETHYECKH. B mocneanee Bpems I10TydYeHbl HHTEPECHBIE Pe3yNbTaThl JUISL
9HEPreTHYECKUX CIEKTPOB BTOPHYHBIX HOHOB. DTO OTHOCHTCS, Hampumep, K p abore [1], rae Obumn
O6HapyKeHbl MMKY HA SHEPIeTHUEeCKUX criekTpax HoHo Al" n O, sMutnpyemsix ¢ mosepxuoctu (0001)
candupa npu ee 00Iyd4CHHH HOHAMHU aproHa, YTO BAXKHO, KaK ISl HIOHMMaHHUs MexaHu3ma BUD, tak u
JUISL TIPAKTHYECKHMX MPHIOKEHHH. BropuuHoil snextponHoi smuccuu (BDD) m3 candupa Ttakke
MOCBSAIIEHO OomblIoe 4Mcio padoT, B TOM uucie, ¢ yuéroM dSbdekta 3apsakd  AHdICKTPUKA
JJIEKTPOHHBIMU ITyYKaMu ¢ dHeprueil Eg ot coten 3B no mecartko k9B [2, 3, 4]. Ho noutu He usyueH
Bonpoc 0 B3O candupa u Apyrux IUAIEKTPHKOB, TMOABEPTHYTHIX IIPEIBAPUTEIBHOMY HOHHOMY
obnyuenuto. Crennduke BTOPHYHO-DIEKTPOHHBIX M 3apsAJOBBIX XapaKTEPUCTHK TAaKHX 00pasloB

MOCBSIICHO HACTOSIIICE COOOIIECHHE.

METO/IMKA DKCITEPUMEHTA

HccnenoBanue BTOPUYHO-3JIEKTPOHHBIX YMUCCHOHHBIX XapaKTEPUCTUK MPOBOJIUIOCH B PACTPOBOM
9NIEKTPOHHOM MuKpockorie LEO-1455, cHaGXEHHOM KOMIUIEKCHBIM HM3MEPHUTEIIBHBIM YCTPOHCTBOM,
IMO3BOJAIOIMUM CHUMAaTh OAHOBPEMEHHO TOK BTOPHUYHBIX 3JJICKTPOHOB, IMOTCHLHAT 3apsAAKhd H TOK
cmereHnst [3]. OCHOBHBIE 2JIEMEHTBI 9TOI CXeMBI IIpeJICTaBIeHbI Ha puc. 1.

MomokpucTamIs candupa obydamics nonamu Ar® ¢ sueprusmu 1 u 10 k9B B Bakyyme mops/ka
10 Top npu Toke myuka 10 MkA B TeueHue 180 MuH.

Ha u300pakeHHAX MOBEPXHOCTH HCCISAOBAHHOTO 00pasia, MOMYYeHHBIX B ATOMHO-CHIOBOM
MHKPOCKOIIE, OTYETIUBO MPOSIBISUICS HOPOKIEHHDBIH HOHHBIM O0JIy4eHHEM MHUKpPOpeibed MOBEPXHOCTH
candupa — pe3yabTaT HOHHOTO TpaBIeHUs. MUKPO HEOTHOPOTHOCTH Pa3MEPOM B CAMHHIIBI U JICCATKH HM
ObLIN JOBOJBHO OJZHOPOAHO pacHpeaeseHsl Mo HoBepxHocTH. Takoi MHKpopenbed) MOXKET BIHATH Ha

BTOPUYHO-3JICKTPOHHYIO SMHUCCHIO.
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Puc. 1. Cxema yCTaHOBKM JUISI MCCICAOBAHUS 3apsIKu
JIMANEKTPUKOB: 1 — 3MeKTpoHHEI 30HT, 2 — obpaser, 3-
MOJTOXKKA, 4 — SKPaHUPYIOLIHi AepKaTenb, 6 — CieKTpoMeTp,
7 — nuadparma, 8 — peructpupyromas miactuna, 9 — 610k
obpaborku curHama, 10 — KONIEKTOp SMHTHPOBAHHBIX
anekTpoHoB, 11 — manoammepmerp, 12 — nerexrop Toka
cMeleHnst (aKKyMyJIMpOBaHHOTO 3apsija), 13 — perucrparop
PEHTICHOBCKOIO H KATOIOJIOMHHHCLEHTHOTO H3iy4eHus, 14
— ummHap dapagest.

PE3YJIbTATBI 1 OBCYXJIEHU

Brauane oTMeTHM, YTO OCHOBHBIMHU LICHTPaMH 3axBarta d11ekTpoHOB B Al,O3 siBiIstoTCsl BakaHCHH
kucnopoaa (rmyOuna stux noByiek 3-4 5B) u B MeHbIueil cTenenu Bo3MosxkHble nmpumecn SiO,, CaO,
Fe,0;. KoHuentpauus noBymek B HeoGmyuéHmoMm camupe mocturaer N = 10Y oM’ IIPU CEYCHUH
3axsara 10™° cm?.

Ha puc. 2 nokasana jKCrnepuMeEHTaIbHas 3aBUCUMOCTh Kod(hduuuenrta BID o(t) u Benuuunsl
lLsp(t) mms HeoGmyuennoro u oGmyuéHHOro MoHamu candupa. BuaHo, 4To gaxke mMpHM Maibix a03ax
SIEKTPOHHOTO OGNyueHHs, ¢ IUIOTHOCTBIO TOoKa 30Hma jo = 107 Alem?, mpouecc yCTaHOBICHHS
PaBHOBECHOTO COCTOSIHHMSI, Korjpa KpuBble 3aBucumoctd o(t) m l.p(t) mpuxoasT B HachimeHue,
[POMCXOAUT JOBOJIBbHO ObicTpo (kpuBbie 1 u 1'), B OTIM4ME OT TOro, 4YTO HAGIIOJAETCS VIS
TIpe/IBapUTETEHO 06MydeHHOro HoHamMu Ar yuacTkax cargupa (kpuBsie 2 U 2, COOTBETCTBEHHO). B
HOCJIEAHEM Clly4ae IIPU IUIOTHOCTH TOKa jo = 10°Alem? ko3 dupent BOD nocruraer 3navenns ¢ = 0.9
(0.1 or Toka lp yXomuT Ha yTeuKy 3apsja, MO3TOMY 3aKOH coxpaHeHust ToKoB lo=l,+I cobmromaercs) 3a
oueHb Kopotkoe Bpemsi t < 1 cek (kpusas 3).

B 10 ke Bpems, NpH MaibIX A03aX U IUIOTHOCTSX OJICKTPOHHOTO TOKA, MHIIEHbH 3apspKaeTcs
HE3HAYNTEIBHO, U TOJIBKO MPH GOJIBIINX IIOTHOCTSX TOKa (jo= 10°A/em?) 00/ yueHHBII HOHAMH y4acTOK
carndupa OTHOCHTENBHO OBICTPO 3apsikaercs 10 -Vs = 1.75 kB. 3arem Tpelyercst [utuTenbHoe BpeMs (10
2000 cekyH) /ISl OJTHOW PaBHOBECHOM 3apsiiku 0Opasma 1o noteHnuata ~ -3.5 kB (cm. 3aBucumocti
Ha puc.3). Jlo 3Toi e BeIHYMHbI 3apsiKaeTcsl 1 HeoOaydEHHbI candup, HO 3a Gojiee KOPOTKOE BPeMsL.

TTomumo Gosee MeaIeHHOTO (Ha MOPSAKH BEIHYHHBI, CM. pHc. 2 1 puc. 3) pocTa motenuuana Vs(t)
110 CPAaBHEHHUIO K o(t), HabrogaeTCs emeé 0JIHO HEOOBIYHOE ABJIEHHE. A HMEHHO — OOJIBIIOE 3aMa3(bIBAHUE
Hayajga pocTa OTpHIaTe]bHoro noreHimana — Vs(f) mis HeobumyuéHHoro camdupa, JaxeB cCiydae
BBICOKOH IUIOTHOCTH TOKa JJIEKTPOHOB. DTO cieayeT u3 puc.3(a), rae kpuBas 3 CHATA NPH KOHTAaKTe
00JIy4eHHOr0 HMOHAMH IIITHA C «3eMJIei» C LENbI0 OpraHU3al[Md YTEYKH IO MOBEPXHOCTH. Buiano
0XKHIAaEMOe CHIDKEHHE MOTCHIMana 3apsAkd (M3-3a YaCTHYHOH MeTa/iH3allii MOBEPXHOCTH) MPH

COXpaHCHUH 3aKOHOMEPHOCTH, npﬂcymeﬁ 3aBHCHUMOCTH 2.
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PHC.s. 3aBHCHMOCTH MOTCHIHAa IMTOBEPXHOCTH Vs Cal'[q]l/[pa OT BPEMCHH Oﬁﬂy‘{CHHﬂ DJICKTPOHAMH I
Heob1ydyeHHol noepxHocTu (1) 1 o6myuenHoit (2, 3) Honamu Ar’. DHEprus IeKTPOHHOTO 06JTyUEHHS
Ey=5x9B (a) u Eg= 15 k3B (0).

Emg ofHO KapAHHAIBHOE PA3IMIie B IMHAMUKE 3apsKu 00Ty4€HHOr0 1 HeoOmyuéHHOro candupa
HPOSIBISCTCS P DHEPIHU MEPBUYHBIX IEKTPOHOB Eo=15 k3B. Heobuyuénuslii candup npu manoi
IUIOTHOCTH TOKa Jo = 107 Alem? (lo = 10 HA) 3apsbkaeTcsi HE3HAYUTEIBHO B TCICHUE OYCHB JUTUTEIBHOTO
Bpemenn (t > 5000 cek, Ha puc. 46 He MOKA3aHO), B TO BPeMst Kak 00JIy4EHHBIH HOHAMH y4aCTOK IIPH 3TOM
K€ IUIOTHOCTH TOKA 3apsDKaeTcs 10 OYEHb BBICOKOTO PaBHOBECHOTO MOTCHIHANa, papHoro V s= -12.5 kB.
Jlns 3apsaku HeoOmydEHHOro ydacTka A0 YKa3aHHOTO IOTCHIMANA, 3a TO e BpeMs OOIydeHHs,
TpeGyercs Goblias Ha ABa MOPsAKa IUIOTHOCTH ToKa!

l/lTaK, TTapaMeTpbl KUHETHKH 3aPAKHA DJICKTPOHAMH IJISI MPEABAPUTEIIBHO O6Hy‘ICHHOTO HOHaAMH
Ar* 1 HeoGmydYEHHOTO candupa PasIHYaroTCA OYeHb CHITBHO. PACCMOTPHM BO3MOXKHBIE TPHYUHBI STOTO
¢denomena. IlepBoe MPEANMONOKEHHE — YACTHYHAS METAIM3ALHs I[TOBEPXHOCTH IPH 001 y4SHHH
[OJIOXKUTEIBHBIME HOHAMH JMAJICKTpUKa. Takast BO3MOXKHOCTb Oblia paccMoTpeHa B pabore [1]. Onnako
9T0T (et HezHaunteneH. JIEHCTBUTENBHO, NPH METAUTH3ALMK MOBEPXHOCTH (HE 3a3eMJICHHOI)
0XKHIAETCsl, C OJ[HOIM CTOPOHBI, HEKOTOPBIl POCT MmoTeHuuana 3apsiaxku [3], Ho ¢ Jpyroil cTOpOHSI, HpH
3a3eMJICHHN OOJy4EHHOrO0 y4acTKa candupa, BCIEACTBHE YaCTHYHOTO CTOKA SIICKTPOHOB Ha 3EMIIIO,
Haﬁﬂ}OﬂaeTCﬂ JALIb HE3HAYUTEIbHOC CHH)KCHUE IIOTCHLHaJa 3apsiKH, HO HE HCYE3HOBEHUE, 4YTO

JIEMOHCTPHpYET KpHBas 3 Ha puc. 3a.
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Haubonee BepoATHyI0 NpPHYMHY pasauMuus ClelyeT HCKaTh, Ha Hall B3I, B crenuduxe
MeXaHu3Ma 3apAJKM JUDJIEKTPHKA DIEKTPOHHBIMH IIyYKaMM CPEIHUX DHEPrui, 00yCIOBIEHHOMN
BO3HHUKHOBEHHEM JIBYXCIIOMHBIX 3aps/I0B Ha NIOBEPXHOCTH B HEOOIYUYEHHOM HOHAMHU JHUAJIEKTpHKE. B TO
JKe BpeMs, Ha Tpe/BapuTeNbHO obmydennoM ArT  jwmonextpuke (OpMHpYeTCs TOHKHH  CloOi
OTPHUIIATEJILHOTO 3aps/ia Ha MOBEPXHOCTH, YTO ONpEJIesAeT, BO3ZMOXKHO, 00CykKaaeMblii 31eck dddexr.

Vka3aHHast MOJIENb 3apSAKH OATBEPIKICHA YKCIIEPUMEHTATBHO [3], XOTst MMEIOTCS pa3HOUYTEHHUS B

OIIpEJICIICHHN BPEMEHH 3apsIIKH, KOTOpbIe ObLIH 00CysKaeHSI B [4].

3AKJIIOYEHUE

Habmonaemoe B HacTosimeil paboTe sABIEHHE — 3HAYNTENBHOE PaA3THYUE NApaMeTPOB KHHETHKH
3apAJIKM DIEKTPOHAMU JUIsl TIPEABAPUTENBHO 06JIyueHHoro uonamu Ar’ u HeoGiyuéHHoro candupa
MOKHO OOBSICHUTH CIEAYIOIMM 00pa3zoM.

1. TIpu 0oGiydYeHHH DIICKTPOHAMH KJIACCHYECKOTO NHAJICKTPHKA, KAKUM SIBIsieTCs candup, Ha ero
MOBEPXHOCTH 00pa3yercst IMOJOKHTEIBHBIN CII0M 3apsiaa TommuHONH okomo 10 HM, paBHOW TiyGHHE
BBIXOJ[a BTOPHYHBIX JJIEKTPOHOB. [10J[ CII0EM MOJOXKHTENBHOTO 3apsija 3a CYET 3aXBaTa Ha JIOBYIIKAX
MIEPBUYHBIX DJIEKTPOHOB oOpasyeTcst Oosiee MPOTSIKEHHBIH CJIOH OTPULATEIBHOTO 3apsijia TONIIMHOM,
paBHOH Ti1yOuHe npolera nepBUYHbBIX 31eKTpoHOB (10 0.5 MkM mpu Eg=5 k3B u 10 2.5 mxm npu Eq=15
k3B). B mepBbIii MOMEHT B peMeHH OOTy4eHHs! IOTOXKHTEIbHBIN 3apsi OBICTPO cTabMIH3HpyeTcs, a
OTpMHaTeﬂbelﬁ HaKaIUIMBAeTCs B TeueHue 6ojiee JUIMTEIIbHOTO BPEMEHU — BCJIICACTBUC MaKCBEJUTOBCKOM
peNaKkcaliu JJIEKTPOHOB B 00beMe MHMIIEHH. B HTOre, BTOpHYHASI JIEKTPOHHAS SMHCCHS HOCTHIraeT
MaKCHMaJIbHOTO 3Ha4YeHus ¢ = 1 3a BpeMsi, HAMHOI'O MEHbIIIEEe (Ha OJIMH-/1Ba IOPsAJKa I10 BCJ'[I/ILII/IHC), 4yeM
BpEMsI [IOJIHO} 3apSIKU 10 PaBHOBECHOTO 3Ha4YeHHs V.

2. Cutyanusi KapAHHAIBHO MEHSETCS NMPH DICKTPOHHON 3apsijKke MPEeABAPHTENBHO 00IyYeHHOTO
nonamu candupa. Ipu o6ayuenud uoHamu Ar’ M3 TOHKOrO MOBEPXHOCTHOTO CJIOS MPOMUCXOJUT
necopbims TonoxkuTenbHbX HoHOB Al” u O'. B pesynbTate, Ha MOBEpXHOCTH o6pasyeTcst TOHKHMil
OTPULIATENBHBIA CIIOH 3apsiga 3a CcYéT aKKyMyJSIUMH Ha JIOBYIIKAX OCTATOYHBIX (M30BITOYHBIX)
9JIEKTPOHOB. JTOT CJIOH B HAa4YaIbHBIC MOMEHTHI BPEMEHH SJICKTPOHHOTO OOIYYCHHSI KOMIICHCHPYETCS
TEHEPUPOBAHHBIM ITOJIOKUTEIIBHBIM 3apsioM, O6pa30BaHHbIM 3a Cuér yxo4a BTOPHUYHBIX JJIEKTPOHOB.
CooTBeTcTBYyIOIHE 00pa30BaHHe YKe TPEXCIOHHOI (- + -) KOHQHTypaliH 3aps/I0B BIMSIOT HA BEIHIUHY
BOD u morennmana 3apsaaku, uYTO, BEPOATHO M OOBACHAET HaOIIOJaeMble B HacTosmeld pabGore
CYLIECTBCHHBIE PA3IIMYHsl B XapaKTEPUCTHKAX 00TydEHHOTO M HeoOIy4EHHOTO carndupa.

Apropsl  Gnaromapsit  POOU  (mpoext 15-02-07819A) 3a (uHAHCOBYHO NOMACPKKY U
K.®.Munnebaesa 3a npegocTaBieHne 001y4eHHOr0 HOHaMH carndupa.
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PROPERTIES OF POLARIZATION RADIATION FROM CHARGED PARTICLES
BEAM BRUSHING SURFACE OF A SOLID

A.A. Tishchenko, D.Yu. Sergeeva and M.N. Strikhanov

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

Transition radiation (TR) and Diffraction radiation (DR) can be interpreted as a result of
action of a charged particle upon a target. These types of radiation have similar nature and
arise due to the dynamic polarization of the target material by the Coulomb field of the
charged particles. TR is generated when the beam crosses the media surface; DR is generated
when the beam moves above the inhomogeneous medium, e.g. above the side of a slab.

The Coulomb field of a charged particle becomes considerably weaker at the distance
: yPA/27x, vy is Lorenz factor, A is the wavelength, g =v/c, v is the speed of a particle. It
leads to arising of the radiation when the particle moves at the distance h < yBA/27 from a
target surface. The more close to the surface the particle is, the more intensive the radiation
becomes. That is why in practice the situation occurs when one part of the beam moves above
the target surface while another part moves under the target surface, in other words the beam
brushes the surface of a solid. Besides, when the distribution of particles in the beam is the
Gaussian, there are always the "tales” of the beam on the other side of the target surface. The
other reason is the divergence of charged particle beams [1], resulting in increase of the beam
volume, which in its turn can lead to the situation when part of the beam would touch the
surface. Often such close interaction leads to heating of the surface even in case of electron
beams [2], not to mention of the ion beams.

In this paper we consider the properties of the polarization radiation arising when the
beam brushing the target (see Fig. 1). This radiation should have the characteristics both of
TR and DR [3].

h \Y

a

Fig. 1 Beam of charged particles brushes the surface of a solid, generating the polarization

radiation
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Let the beam consist of N particles with charge Ze moving with a constant velocity
Y =(v, 0,0) at a distance h from the surface of the slab of the sizes a, infinite and half-
infinite in x-, y-, z- directions correspondingly; o, is transversal size of the beam. For h<0
and |h|>> o, the radiation is TR [4, 5, 6]; for h >0 and |h| >> o, the radiation is DR [4, 7, 8].

In X-Ray frequency range the dielectric permittivity of the medium, where the absorption
can be neglected, has the form:

£=l—w2/w§, ®>>m,, (1)

where w, is the plasma frequency: w, = J4mn,Z,e*/m, n, is the atom number density, Z_,

is the number of the atomic element in the periodic table.
The field of radiation can be found by the method of polarization currents [1]. The
Coulomb field of each particle polarizes the target and due to it the radiation is generated. The
polarization current density has the form:
. w
ro)=—->\¢&lw)-1)E,(r,w). 2
i(ro)=—(e()-1)E(r.0) @
Here E; (r, w) is the Coulomb field of the bunch. Its Fourier image can be written as:
N ieZ q-vo/c®
E,(q0)=-Y —————e " "d(w-qv). 3
o(q ‘”) leZﬂZ 7 - ?/c? (w q ) ®
The polarization currents described by Eq. (2) generate the field of radiation. Knowing
the field it is easy to find the distribution of radiation energy per solid angle and frequency:
dW (n,w) Z%° (es(w)—l)zwzsinZ (pa/2)

dQdhw hc 273 c? @

G, 4

where @ = w/v-k,, K =na)jc is the wave-vector of radiation in vacuum, and G is form-
factor depending on the characteristics of the beam:

G =NG, +N(N -1)G,. (5)
For beams consisting of ions with charge Ze the radiation is Z? more intensive than for
electron beams. This fact is trivial from theoretical point of view, but can have prominent

experimental effect. For Gaussian distribution G, and G, are obtained in form:

coh

G, =[C,-ReC, ][1-@(h/e; )]
+%e2hﬂe"z"lZ [1— @ (h/o, + po, )] + %e’z"ﬂe”z‘"Z [1+ @ (h/o, - po, )] - (6)

-Re[e““"kz”e‘ﬁ"kif"f/‘(cl-cz)(l-cp(h/az+(p ik!)o, /2))]
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*

G = %e" \e-“ﬂe”ff’z/“ [1+@(h/a, - po,[2)]C;-e"e™ /* [1-® (W0, + po, /2)]C; +

col

@
se il 1 (h/o, -k 0,/2)] [Co G ][
@ A+ p?—(AN) - p?(n))’ w 1 o
where C1=Czp2 oF K ' A=Cﬁ}/2 e, +ke, | =E[afk§+ax27]

2 A2_ 02 (A 1\2 202 i (AR )0’ 2 x o
C2=— C;)z P ( n) +nzp + |( n)nzp’ ,02 Z[U +ky2, cD(X):%fe—tdt
T

c'p p* +K = 2ipk] R 2%
An’ Y 1

- is the Laplace function, C3=n’g< d )'0_ ’+|nz _0Ap _+|,ez ,* - means conjugate
c p+ik; c p+ik,

x1 !y

1
complex value; n' = g(w)'E(n n,.e(w)-1 nf) is the unit wave vector of the radiation in

the medium.
It is seen from Eqgs. (6) and (7) that form-factor is determined both by the properties of

the beam: the parameters of the beam: energy of the particles y, the size o,, o, o,, and by
the properties of the target, e(w). It is the incoherent form-factor that changes the

distribution of radiation in comparison with conventional DR or TR.
In this paper we consider only polarization radiation mechanism. Of course, along with

that bremsstrahlung occurs. However, in the frequencies region w, < < yw, bremsstrahlung

is suppressed due to influence of polarization of the medium [9], so that the polarization
radiation prevails [10].
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JIOMUHECHEHUMSA BUIJIEMHUTA Zn,SiO~Mn B ATOMAPHBIX ITYUYKAX O,
H, O+H
LUMINESCENCE FROM WILLEMITE Zn,SiOs~Mn SURFACE UNDER O, H, O+H
ATOMIC BEAMS

IO.I/I.TIO]:)I/IH1| C.X.LUI/II‘&J‘IyFOBZ, B.[[.Xopy)KHI‘/'Il, B.IL.I'pankun 3, A.C.[[ontl, Ban Slomun*
Yu.l.Tyurin', S. Kh. Shigalugov?, V.D.Khoruzhii*, V.P.Grankin® A.S.Dolgov*, Van Yaomin®

! Tomckmii mONHTeXHIYeCKHUiT ynuBepcutert, 634050, npocnekr Jlenuna, nom 30, r. Tomck, Poccens, 2
Hopunbcxnii nugycrpuansusiii uactutyt 663310, yn. 50ner Okta6pst, 7, Kpacnosipeknii kpai, T.
Hopunbck, Poccns,® IIpra30BCKMii roCyJapCTBEHHBII TeXHIYeCKHiT yHHBepenTeT, 87500 yir.
YuuBepcurerckas, 7, r.Mapuynons, YkpanHa

Study of changes in brightness of luminescence in the modulation of the flux density of the
atomic O, H beam to determine the in situ recombination rate and the heat of desorption of
atoms from the surface of willemite. The high sensitivity of fluorescent techniques to fine
details of the mechanisms of interaction of atomic particles on the surface of solids, their
informative and easy observation of the luminescence response is marked.

BzaumozeiictBue CBOGOIHBIX aTOMOB C IOBEPXHOCTBIO KOHICHCHPOBAHHBIX CPEJ
CONPOBOKAACTCS WX JIIOMHHECILEHTHBIM CBCYCHHEM  — DAJHKaI0 PEeKOMOWHAILIMOHHAS
momunectenus (PPJI), uro mo3BossieT necnenoBath in Situ, 6e3 BHECCHHMsST BO3MYIICHHI B
CHCTEMY, HWHTEPECHBIE JETAH ATOMHO-MOJEKYISPHBIX  MPOIECCOB HA I OBEPXHOCTH B
HEPaBHOBECHBIX U HECTAIIHOHAPHBIX YCIIOBHSIX.

PekoMOMHAIIMSI aTOMOB ~ KHCJIOpPOJa Ha TMOBEPXHOCTH BuiutemMuta Zn,SiOs—Mn
CONPOBOK/IAETCS €ro JIOMHHECHEHTHBIM CBedeHneM. JI FOMHHECUeHIHs BO30yXKaaeTcst B
akrax yjaapHou (Mexanusm Pupuna-Unu (PU)) u auddysuonHoit (Mexanusm JIsHrmiopa -
Xunmensyna (JIX)) pexomOumammn atoMoB R Ha MOBepXHOCTHBIX meHTpax L, BOMHM3M
LIEHTPOB cBedeHns Mny)

R+RL—2>RYL, 2RL—KRIL+L,

v 2+ 244* 240* 2+
RL+Mng) = R,L+(Mn“)g,, (Mn™")g, — Mngj +hv,
rIe 3BE3I0YKON 0003HAUCHO BO30Y)KICHHOE COCTOSIHHE MOBEPXHOCTHOTO IIEHTPA CBEUCHUSI

Mné[j ; hv — ucmyckaemplil KBaHT JFOMUHECIIEHTHOTO U3IIYYEHHUS]; Vo — OTHECEHHAS! K €AMHHLIE

BPEMEHHU BEPOSTHOCTH yAApHOU pekoMbuHammu; K — koHcTaHTa ckopoctu peakimu JIX.

VIHTEHCHBHOCTH JTIOMHUHECIICHIMH | IPOTIOpIHOHATEHA CKOPOCTH PEKOMOUHAIINH aTOMOB
2
I =mv,N; +mkN;,
rae M, M1 — kBanToBble BhIXoAbl PPJIo B peakumsax PU u JIX; v, =0,]; 02 — ceueHune

peakiuu ynapHOW pEeKOMOHMHAIMK, | — IUIOTHOCTH IOTOKAa CBOOOMHBIX atomoB; Nj —

KOHIECHTpaus a)ICOpGHpOBaHHLIX aTOMOB Ha NOBEPXHOCTH.

365



OmpenenuTh  3allOJHCHHE  IHOBEPXHOCTH aTroMaMH kuciaopopa Ni ¥ IOIyduTh
3aBuCHMOCTH | 0T N IO3BOJISIET MMITYJIECHOE BO3ACHCTBHE IOBEPXHOCTH HOPMHPOBAaHHBIM
MIOTOKOM aTOMOB C IIOMOIIbI0 AaTOMHOT'0 aTTCHI0ATOPA WJIM ITyTeM M3MEHeHHs MouHoctn BY
paspsina [1-2]. Tlpu Moayisuuu IUIOTHOCTH IIOTOKA aTOMOB | Ha Aj uHTEHCHBHOCTH PPJI
M3MCHSICTCS Ha BETHYUHY

Al =10,AN; (])
OmpeseasieMyI0 U3MCHEHHEM CKOPOCTH PEKOMOMHAIIMH aTOMOB TOJN KO MO MexaHu3Mmy PU,
TaK KaK BO BPEMsI HMITyJIbCHOTO 30HIUPOBaHMS (~2C) KOHLEHTpALUs aTOMOB Ha IIOBEPXHOCTH
HCCIIeyeMoro odpasma ocTaeTcs MOCTOSHHO. KOHIeHTpanys aToMOB B MOMEHT BpeMEHH
W TpU 3aJaHHO Temmeparype obpa3ua 7 Ha IOBEpXHOCTH, COOTBETCTBYIOIIAs
CTallMOHAPHOMY YPOBHIO BO30YKIEHHUS 00pa3lia paBHa:
Nyt T, ) = AT )
No,Aj

OKcriepuMeHTanbHass 3aBUCUMOCTE | oT Ni BO  BCeM HCCIIEOBaHHOM HHTEpBaje
koHueHTpauuid Ny juHeitHa, n Bkimag Mexanmsma JIX B oOmiyio uHTeHCHBHOCTH PPJI He
npeseimaer 10%. B ocuoBHOM PPJIp BO30Oyxmaercst mo ymapHOMYy M exaHmsmy PU.
IpekpaiieHne MOJA4YM  aTOMOB  CONPOBOXKIACTCS  CKAYKOOOPa3HBIM  yMEHBIICHHEM
MHTCHCHBHOCTH Ha BeinuuHy lp.  3aryxaHue cBedeHus lj M yMeHbLICHHE KOHI[CHTpAIHs
aroMoB Ha moBepxHOCTH Ni BO BpeMsi «TEMHOBOI» May3bl —BBIKJIFOYCHHE aTOMOB HaJ
00pa31oM IPOHCXOAUT 10 3aKOHY

. 16-10°
(1+6,9-107°t)2"

N,(0)

2 1
KkBaHTcM €, N,(t)=—F—"——.
) 1+69-10°t

il

Jl1s ompeneneHus SHEPTUH aKTHBALMU PEKOMOMHAIIMN aTOMOB KHCIIOPOJa Ha BHJUIEMHTE
1o MexanusMmy JIX mocie ycTaHOBIICHHS OJMHAKOBBIX 3allOJHEHUH NMOBEPXHOCTU aTOMaMHU
npu T Beikitogany paspsig (aromer O) ¥ IPOBOAMIM UMITYJIBCHBIH HAarpeB 0 TEMIEPaTyphl
Ti,. IHTCHCHBHOCTB CBEYCHHMS B MAKCUMYME IIPU 9TOM paBHA

L™ =y (T)K(TONS (T,)-

IMonyuennass sHeprus akrusaruu 1(Ti)K(Ti) okazanacek pasoii 0,34 5B u onpenens-
€TCs TOJIBKO CKOPOCThIO pEKOMOMHAIMM aToMOB 1o MexaHusmy JIX. U3 3aBucumoctu
CTAlMOHAPHONW MHTEHCUBHOCTH lp OT TeMmeparypbl, C y4eTOM HaWJIEHHOTO OTHOLICHUS
N1 (Ti)/N1(Ty)

lp =m0, (T) Ny (T)
ylaercss ONpENeNUTh OJHEPrHi0 aKTUBAMU YyHapHOM pekomOuHarmuu aromoB O Ha

MOBEPXHOCTH ZN,Si04—MnN. DHeprust akTHBauK Takke okaszanach pasuoii 0,34 5B. Pasmbie
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3HAYEHHS YHEPTUH aKTHBALMK CBUETEIBCTBYIOT O TOM, YTO CTaAUs PEKOMOMHAIIUN aTOMOB
O sIBIseTCS IUMUTHPYIOIIEH TIPH yAapHOM U npu AU((Yy3HOHHOM MeXaHH3MaX Peakluu U
CBf3aHAa C OOLIMM KaHAIOM CTa0MJIM3alMd BHOBb OOpa30BaHHOH  KoyeOaTenbHO-
BO30YX/JeHHOH Monekynsl O) —L Ha mnosepxHocTH ZN,SiO4~Mn B aHrapMoHMYHOM
nporiecce MHOrO(OHOHHOI! peslakcaliu.

Pesynbrarsl pacuera kuHeTnueckux kpuBbix PPJI no mexaunsmy PU u JIX, u3menenus 3a-
HOJIHEHHS TIOBEPXHOCTH aTOMaMH M MOJIEKYJIAMH KHCIIOPOJA BBITIOTHEHBl YHCICHHBIMU
METO/IaMH TIPH CIEAYIOIMX 3HAYECHUSX NApaAMETPOB: Op = 31018 exp(-0,1 »B/KT) oM, o=
610 %exp(-0,34 sB/KT) cM? o3 = 7-10%%exp(-0,4 >B/KT) cm? — ceueHms ancopOLuu H
PEKOMOMHAIIMY aTOMOB, a/ICOPOLIUU MOJNIEKYI;, v , = 1OSexp(—0,95 sB/KT) ¢, v, = 106exp(—
0,6 B/KT) ¢! — BeposiTHOCTH HEcOpGLIm aToma n Monekybr, K = 510 cm? ¢! — koHcTanTa
CKOPOCTH BO30YXJCHUS IIEHTpa cBeueHus M n*: T =10° ¢t T, = 10% ¢t - CKOpOCTH
penakcaiuu Oy — L npu renepanun GOHOHOB 1 HepaBHOBECHOH aecopOuuu O) — L.

B3anMomeiCTBUM aTOMOB BOZOPOZA € MOBEPXHOCTBIO KPHCTAIOPOCcHOpPOB TaKKe
COIPOBOXKIACTCS NX HEPaBHOBECHBIM  CBEYEHHEM—PAJUKAIO PEeKOMOWHAIIMOHHAS
momunecueHuust (PPJIy).  VIHTCHCHBHOCTH JIIOMMHECLCHLMH OINPEACISETCS CKOPOCTBIO

pekoMOMHAMY aTOMOB 110 MexaHu3mam PU u JIX
H 2
I=1,+1,, 1,=n0,jN;, I, =mkN;.
Jlnst o6pasia Zn,Si0s—Mn B unTepsane 293-350 K 1 mIoTHOCTE# IIOTOKOB aTOMOB
Bomopoma j = 10" em” ¢ saBucumocts | = I(N1) cTporo mumeiina i He m3Mensercs ¢ T i j:

TNy = At k(2] .
j "

n 02 n

[1pu Temueparype obpasua Zn,SiOs,~Mn Beiwe 420 K cootnotenue mexay | u N i Al
nepecraet ObITh iHEHHBIM. B 3aBucumoct | = [(N1) ymaercs sxcrepuMeHTaTBHO BBIICIHTD
nBe cocrapisroux. [pu «Beikimouenun» atomos (j = 0) unrencusaocts PPJI ymenbinaercs

CKAauKOM Ha BenmuuHy |, =no, N, 10 3uauenus |, =1 kN, a 3amomHeHHe MOBEPXHOCTH

b
aromamu Nj Mo-nipexHEMY OMpeseNsaeTcs ¢ MOMOIIbI0 30Haupytomei nutH N, = Al /mo, |,
DKcriepUMeHTalbHas 3aBUCUMOCTD Ijl’ 2 ot Ny, Al crporo nuneiina, a cocrasnstonias lp = | —
|5 muneitno nsmenstercs ¢ Ny, Al. IIpu Her3MeHHOM o6wieM JaBiieHn atoMoB U Mosekya (0,1
TOpp) BKJIJ MexaHu3ma JIX yBelIM4uBaeTcsi C POCTOM IUIOTHOCTH [IOTOKA aTOMOB BOJOPOJIA.

PesynbraTtel uncieHHBIX pacueToB HMHTeHCUBHOCTH PPJly M M3MeHEHHs 3alOoIHEHHS

noBepxuoctd aromamu (N1) u momekymamu (N) Bomopoma c 0 BpeMeHEM ITO3BOJHIH
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pasnenuth BKaaael MexaHusmoB PU u JIX B nonnyro unHTeHcHBHOCTH PPJIy. ITomyueHst
Clle/yIolIHe 3HaueHus napaMerpos; o1 = 5-107%exp(=0,1 sB/KT), o2 =4-10"exp(-0,1 sB/KT),
O3 = 10’Zoexp(—0,2 9B/KT) — ceueHus a AcopOUMH U PEKOMOMHALMU aTOMOB, & JACOPOLUU
MOJIEKYJI, oM’ v71=1012exp(—0,6 9B/KT), v, =1086xp(—0,3 9B/KT) — OoTHEeCeHHbIE K €AUHULIC
BPEMEHH BEpOSTHOCTH ECOPOLIMN aToMa 1 Monekylsl, ¢ k = 1,4-10%exp(-0,14 »B/KT), ks
= 10'1leXp(—0,5 aB/KT), km = 5-10" — xoHCTaHTHI CKOpPOCTH peaKiuif, eMe;T1 =108 ctur,
=10°%¢? - CKOPOCTH MHOTO(OHOHHOM peIaKCalliy U HepaBHOBECHOM necopOrmu[3].

Hanyck Ha noBepxHocTh ZN,SiOs~Mn, skcrionupyronierocss B myuke O+0O,  BTOporo
nyuka H , ¥3 He3aBHCHMMOrO HCTOYHMKAa COHPOBOXKAACTCS OBICTPBIM  YBEJIMYCHHEM
nuHTeHcuBHOCTH PPJI cBedeHns mnoBepxHocTH oOpasua Gonee yeM Ha HOPsoK. Makcumym
CIIEKTPa CBEYEHHs B 3aBUCHMOCTHU OT TEMIIEPATYpPhI UCIBITHIBACT CABHUT U3 obsacTi 525 HM B
obnacte 630 HM. Ilocne HOCTHKEHUSI MAKCHMyMa MHTEHCMBHOCTH B KMHETHYECKOI KPUBOIt
PPJIy:0 HabMOmaeTcs craj CBEYCHHs, YTO CBA3AHO C OJIOKUPOBKO# moBepXHOCTH ZNSiOs—
Mn npoaykramu peakuuu — BO3MOKHO Mosiekynamu Oo.

Monynsnust INTOTHOCTH TOTOKa aToMOB O B IlydKe COIPOBOXKAAETCS COOTBETCTBYIOIIHM
pETaKCAllMOHHBIM ~ OTKIMKOM  W3MCHEHWS HMHTCHCHBHOCTH CBEUCHHS IOBEPXHOCTH
Zn,Si04:Mn (2% Mout), 4TO TOBOPHT O TPEUMYIIECTBEHHOM BO30YKICHUH CBEUEHHUS B aKTaX
yaapHoro BzamMozencTust atoMoB O ¢ aaCOPOLHOHHBIM CIOEM ITOBEPXHOCTU M MO3BOJISCT
BOCCTAQHOBHTbH 3aBHCHMOCTb MHTCHCHBHOCTH CBEYCHHS OT IUIOTHOCTH IOTOKa aTtomMoB O B
ckpemeHHbIx myukax O+O+H,. VBennueHue MHTCHCHBHOCTH CBCYCHHS  IIPH HAIHYHU

nyuka H , cBs3aHo ¢ Tem, uro amrapmonusm cesseil OHY wuH ,0' cymecrsenno

NPEBOCXOAMT ~ aHrapMoHm3M cBsisu O}, a TakKe C  TeM, YTO MHOTOKBAHTOBBI

aHTapMoHMYecKui mepexon B O, MPOMCXOAMT 6rarofaps 3aBHCHMOCTH KBaJpYHOJNBEHOTO
v \2

MOMEHTA CBSI3H OT MEXbAEpHBIX KoopauHat - I, a B OH' mH,0" wu3-3a 3aBHCHMOCTH

JIMIOJILHOIO MOMEHTa CBs3el oT I . BsaumopeiicTBue MnéfJ LIEHTpa C O; NIPOUCXOUT I10

MexaHu3My KBaapymoib-3apsad, ¢ OH' u H,0' mo mexamusmy mumonb-3apsn [3].0TmeTum
JyBCTBHTEIBHOCTh JTIOMHHECHCHTHBIX METOJOB K TOHKHAM JETalsiM  MEXaHH3MOB
TETCPOTCHHBIX PEAKIHil Ha I OBEPXHOCTH TBEPBIX TEl, UX HH(POPMATHBHOCTH U HPOCTOTY
PETHCTPaliH JIIOMHHECIICHTHOTO OTKJINKA Ha U3MCHEHHUE YCIOBHH IPOTEKAHHS PEaKIIUH.

1. I'paskusn B. I1., I'pankuna H.J{., Kmumos O.B., Tiopun IO.U., XK. ¢u3. Xumuu,70,
(1996),1878.

2.Yu.l. Tyurin, S.Kh. Shigalugov, V.D. Khoruzhii, Bulletin of the Russian Academy of
Sciences: Physics, 74,(2010), 175.

3. Cteipos,B.B., Tiopun 0.1, HepaBHoBecHbIE XeMO3((HEKThI Ha TTOBEPXHOCTU TBEPJIBIX TEI.
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