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BBEJEHUE

XXV MexnayHapoaHas KoHpepeHIus «B3anmoeiicTBie HOHOB ¢ TOBepXHOCThIO» (BUII-25)
npoBoautrcs B Spocnane ¢ 23 mo 27 asrycra 2021 roga B SIpociaBCKOM TroCyAapCTBEHHOM
yHusepcutere uM. ILT". JlemunoBa.

TemaTnka TpPaAMLMOHHO OXBaThIBaCT ()YHAAMCHTAIbHBIC U IPHUKJIAAHBIE BOMPOCH
B3aUMOJICHCTBUSI HOHOB C IOBEPXHOCTBIO.

Jlokmasiel 0ObeIMHEHBI B 6 CEKIHiA, pabOTAIOMNX MOCTEA0BATEIBHO:

1. PactibuieHne, CTpyKTypa HOBEPXHOCTH, I€COPOLINS;

2. PaccesiHre 1 YMHCCHS HOHOB, JICKTPOHOB, (DOTOHOB M PEHTTCHOBCKUX JTy4eH IIPH HOHHOI
6oMbapIpoBKe;

3. MmutaHTanus MOHOB ¥ MOAM(HKAIHS TOBEPXHOCTH;

4. VloHHO-MHIYIMPOBAHHBIE MIPOIECCHI B TOHKHX IUIEHKAX U HAHOCTPYKTYpax;

5. B3aumoeicTBHE TI1a3Mbl C TIOBEPXHOCTHIO — (PU3UKA U TEXHOJIOTHSL.

6. lonnoe obmyueHne B GHOIOTUY U MEIUIIMHE.

IMocnenHss cexiys MosBUIACh Ha KOH(EPEHIINN BIEPBBIE U, KaK OXKMAAETCs, TO3BOJIUT Ooiee
MopOOHO 0OCYANTH HOBBIE PE3YNIbTaThl B TUX MHTEPECHBIX HAmNpaBleHHsAX. B pamkax cekrmii
MIOMUMO PETyJIAPHBIX YCTHBIX M CTEHIOBBIX JOKJIAI0B OyTyT MPEACTaBICHBI 0030pHbIE JIEKINH,
HOCBSILECHHBIE MEPEIOBBIM PE3yJIbTaTaM HAYYHBIX MCCICIOBAHMII B 00JAaCTH B3aUMOICHCTBHS
HOHOB C TIOBEPXHOCTBIO U B HEKOTOPBIX CMEXKHBIX 00JIACTAX 3HAHUH.

Opranmszatopamu  koHpepeniun BUII-25  sBinstorest  Poccuiickas  Axamemust Hayk,
SlpocnaBckuii  TOCyIapcTBEHHBIH  yHmMBepcuteT,  SpocmaBckmit  dumman  Qusmko-
TexHojornyeckoro  uHcTUTyra PAH, HauumoHansHblf — HcCClleOBAaTeNbCKUM  sIEpHBII
yausepcuter «MUDW», MockoBcknii rocyaapcTBeHHbIH yHUBepcuTeT, CankT-IleTepOyprekuit
TOJTUTEXHIIECKNH YHUBEPCHTET.

Konbepenius «B3anMoeiicTBIie HOHOB C MOBEPXHOCTHIO» SIBISICTCSI OJHOI M3 BEAyNIHX B
cBoeil obmacti Hayku. Brepmele ona mpornnia B 1971 romy B XapbpkoBe IO HHHIHATHBE
mpodeccopa S.M.Dorensi; panee kondepeniun npoBommwinck B Mockse, Kuese, MuHcke,
3Benuropoze, JApocnasie. Ha nmporsokennn Bcero BpemeHH koHdeperuus BUIT coxpansinacs u
OepexKHO MOICPIKUBATACH €€ OPraHU3aTOPAMH, B TOM YHCIIE TEMH, KTO CTOsUT y €€ HCTOKoB. K
HHUM B IIepByI0 ouepens otHocsaTes: 10.A. Peokos, B.E. IOpacosa, S1.M. ®orens, O.b. @upcos,
b.b. Kamomues, B.T.Yepenun, B.A.Jlabynos, B.I'.TenskoBckuii, N.M.11Ikap6an, B.A KypHnaes,
A.N.TutoB u ap.

B xondepenimun BUIT TpaauliMOHHO YYacTBYIOT BeAylIHe CHCHUATUCTBI U3 MHOTUX CTPaH.
3a BpeMs CyIIECTBOBAHHA KOH(EpEHIMM MPUIIAMEHHBIMU TOKIaJINKaMH ObLIN 3apyOeiHbIC
yueHble ¢ MHpOBbIM HMeHeM: P.bapamxuona, P.bepum, I'.bern, M.buneiim, X.Bponrepcma,
I'.Benep, P.Be60, I'.Bunrep, Ix.Bunssimc, H.Bunorpan, A.Byxep, XK-Il.['osx, B.Ecaynos,
B.3urnep, I1.3urmynn, Il.3eiinmanc Ban OmmuxoseH, K.Kumypa, A.Kneiin, lx.Kosmros,
T.Mumenu, A.Huxay3, K.Hopmiyna, B.Paymen6ax, H.Tomk, M.Tommcon, @.dnopec,
B.Xaitnann, M.1lumonckui, I'.11usern, 3.11pyoek, B.Okmraiin, 5.5Ima3aku 1 MHOTHE ApYTHE.

OT nuIa OpraHu3aTopoB KOH(PEPEHINH BBIPAXKAIO TIyOOKYI0 0JIarofapHOCTh POCCHUCKHM H
MHOCTPaHHBIM wieHaM OpraHu3aioHHOTO ¥ [IporpaMMHOrO KOMHTETOB U MEXIyHapOIHOTO
coBeTa 3a OOJBIIYIO TIOMOLIb B OPTaHNU3aluH KOH(pEpEHIHH.

Unrepec x xoHdpepennun BUIT e ymensmraercst u3 roga B rof. IlosBiseTcss MHOTO HOBBIX
YYaCTHHKOB U3 PasHbIX ropoloB Poccuu m 3apyOeHBIX CTpaH, Cpely KOTOPBIX IpeobiialaroT
MOJIOJIbIE YYACTHUKH. LIeNblil psii MOJOABIX YYaCTHUKOB BBICTYIIUT B TOM TOAY C YCTHBIMH
JIOKJIQIAMH.



B agpec Oprkomurera B 3ToM rojy nocrynuio 6oiee 200 pacuIMpeHHBIX TE€3UCOB HAYYHBIX
noknanos (Oonee yem u3 20-TM CTpaH MHUpA), KOTOpbIE OMyOJIMKOBAHBI B HACTOSILUX TPYAax
koHpepenunn. Ilocne 3aBepiieHHs KOH(EPEHUUM IpearonaraeTcs IMyOIMKals MaTepuaoB
MpeJICTaBICHHBIX JOKIAZ0B B BUE cTareil B )xypHaiax "[loepxHocts", "UsBectust PAH, cepus
¢msnueckas" u Vacuum. Crateu i1 ImyOnmkamuu OymayT OTOOpaHBI M paclpesielieHbl I10
XypHanam [IporpaMMHBIM KOMHTETOM I10CJIE PELIEH3MPOBAHUS BO BpeMs pabOThI KOH(EPEHIHH.

B cBoGogHOE OT paboTHl KOH(pEPEHIMH BpeMsl OyIyT OpraHH30BaHBI IEMINe SKCKYPCHH MO
ropojly, a Takxe 3KCKypcuu B TOJIrCKMH MOHACTBIph U B HMCTOPUKO-KYJIBTYPHBIH KOMILIEKC
«Bsarckoex.

Opranmsatopsl BUII-25 HameroTcs, 4To Ipy)KECTBEHHOE OOIICHHE YYACTHHUKOB B XOJE
paboThl KOH(epeHIUH OyAeT CcrIoco0CTBOBATH e ycHeXy M JalbHEHIIeMy COTPYIHHYCCTBY
YUY€HBIX.

1O0.M. I'acniapsin, npencenarens [Iporpammuoro komutera BUIT-25.



INTRODUCTION

The 25th International Conference on Ion-Surface Interactions (ISI-25) will be held from 23rd
to 27th of August 2021, in the P.G. Demidov Yaroslavl State University.

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

1. Sputtering, surface structure, desorption;

2. lIon scattering, emission of ions, electrons, photons, and X-rays under ion-surface
interaction;

3. Ion implantation, surface modification and surface analysis;
4. Ton-induced processes in thin films and nanostructures;

5. Plasma- surface interaction: physics and technology.

6. Ion irradiation in biology and medicine

The sixth section is organized for the first time to provide a more detailed discussion of this
interesting topic. In the frame of each section, regular oral and poster presentation together with
review talks will be presented.

The ISI-25 is organized by the Russian Academy of Sciences, Yaroslavl state university, and
Yaroslavl branch of Institute of Physics and Technology RAS, National research nuclear
university MEPhI (Moscow Engineering Physics Institute), Moscow state university, and St.
Petersburg State Polytechnic University.

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

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

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

On behalf of the organizers of the conference, I would like to express my deep gratitude to
foreign members of the Organizing and Program Committees and the International Advisory
board for their great help in organizing the conferences.

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

This time, the Organizing Committee received more than 200 extended abstracts from over 20
countries. The materials are published in this Conference Proceedings. After the conference,
selected papers of the Conference will be published as special issues of the “Bulletin of the
Russian Academy of Sciences, Physics”, “Journal of Surface Investigation”, and “Vacuum”.

Guided walking tours around the city, as well as excursions to the Tolgsky monastery and the
historical and cultural complex "Vyatskoye" will be organized in the time free of scientific
sections.



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

Yury Gasparyan,
Chair of ISI-25 Programme committee
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MEDICAL APPLICATIONS OF ION BEAMS
Professor John Colligon

University of Huddersfield Huddersfield, HD1 3DH,UK
e-mail: J.Colligon@hud.ac.uk

The talk will cover first some older applications of ion beams including Special coating
methods and medical applications followed by more recent therapeutic and surgery
applications; a field in which a rapid development of a link between ion beams and the
domain of medicine has taken place during the years 2000-2021. The link was first
established when X-rays, discovered by Wilhelm Rontgen in 1895, were used to treat and
diagnose disease. Less than a year after their discovery by Rontgen, great opportunities to
utilise them as a medical tool were suggested. E.H Grubber, Dr P.H. Pratt [1] and Dr. L.
Freund [2] tried to use them as a therapeutic tool. Later it was supposed that systematic
irradiation could be used for help treatment of malignant tumours and cancer. Even earlier,
power of X-rays as a diagnostic tool has been established, as reported, for example in [2].
Development of these both major pathways lead to the establishing in the 1970’s of the
present X-ray Computed Tomography (CT) technique; which now is known as CT scanning,
which made it possible to construct three-dimensional images of the human body for the first
time. The therapeutic potential of the depth-dose characteristics of protons was first
recognized in a report by Wilson in 1946 [3]. The first patient was treated with protons in
1954 employing the synchrocyclotron at the University of California, Berkley [4].
Since then, and until about 1990, a number of research accelerators at physics laboratories
around the world were adapted for treating cancer patients with protons and, to a small extent,
with heavier particles. The chief advantage of proton therapy over other types of external
beam radiotherapy is that the dose of protons is deposited over a narrow range of depth, which
results in minimal entry, exit, or scattered radiation dose to healthy nearby tissues.

The primary goal of radiotherapy is to deliver a large radiation dose to cancer cells
whilst sparing surrounding healthy tissue. Recent developments have shown that through
delivery of ultrahigh dose rates to cancerous tissue healthy tissue toxicity can be reduced,
thereby improving the therapeutic ratio. In 2005, Denker, Homeyer, Kluge and Opitz-
Coutureau looked at the use of high energy ions for Industrial and medical research [5]. Later,
17 October 2020 Hao Gao, Bowen Lin, Yuting Lin, Shujun Fu, Katja Langen, and Jeffery
Bradley published a paper on Flash radiotherapy [6] in which they developed a joint Dose and
Dose-Rate Optimization method for FLASH Proton Radio-Therapy: SDDRO. Distinguished

17



from earlier methods, SDDRO accounts for dose rate constraint and optimizes Dose Rate
distribution in terms of a mathematical formulation.

FLASH radiotherapy and SDDRO will be discussed as it can potentially reduce normal
tissue toxicity while preserving tumoricidal effectiveness to improve the therapeutic ratio. The
key of FLASH for sparing normal tissues is to irradiate tissues with an ultra-high dose rate
(i.e., >40 Gy/s), for which proton radiation therapy can be used.

Representative prostate, lung, brain, head-and-neck, breast, liver and pancreas cases
were studied by Hao Gao et al. to validate MMPEL (Minimum-MU-per-energy-layer) for
reduced dose delivery time to 53%, 67%, 67%, 53%, 54%, 32%, and 14% respectively while
maintaining a similar plan quality. Accepting a slightly degraded plan quality that still met all
physician planning constraints, the treatment time could be further reduced to 26%, 35%,
41%, 34%, 32%, 16%, and 11% respectively, i.e.. MMPEL accelerated the PBS plan delivery
by 2-10 times.

The presentation will conclude with a selection of the latest medical achievements.

1. Grubber E.H., Priority in the therapeutic use of X-rays. Radiology 21(2), (1933) 156-162.
2. Meggitt G. Taming the Rays. Lulu Publishing (Lulu.com) 2008, - 319 p.

3. Wilson R.R. Radiological use of fast protons. Radiology. 47(5) (1946) 487-491.

4. Lawrence J.H., Tobias C.A., Born J.L., Mc Combs R.K., Roberts J.E., Anger H.O., Low-
Beer B.V., Huggins C.B. Pituitary irradiation with high-energy proton beams: a preliminary
report. Cancer Res. 18(2) (1958) 121-134.

5. Denker A., Homeyer H., Kluge H., Opitz-Coutureau J., Industrial and medical applications
of high-energy ions. Nucl. Instr. Meth. Phys. Res. B 240 (2004) 61-68.

6. Hao Gao, Bowen Lin, Yuting Lin, Shujun Fu, K. Langen, and J. Bradley, Medical Physics,
47, (2020) p.6388-6395.
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ELECTRONIC STOPPING BELOW 10 keV/u

P. Sigmund®, A. Schinner’, and V. I. Shulga®

a: Department of Physics, Chemistry and Pharmacy, University of Southern
Denmark, Odense, Denmark, mail: sigmund @ sdu.dk

b: Department of Experimental Physics, Johannes Kepler University, Linz, Austria

c: Skobeltsin Institute of Nuclear Physics, Lomonosov Moscow State University,
Moscow, Russia

1 Introduction

Increasing experimental evidence has piled up over the past decade, that electronic stopping at ve-
locities below the Bragg peak does not necessarily obey the simple square-root dependence on the
beam energy, which was quantified by Lindhard and Scharff [1] with numerous modifications by
others. Threshold effects have been looked for through all the years, and surprising examples have
been reported [2, 3], but recent experimental data for several materials and energies down to below
1 keV/u [4] indicate that deviations from simple friction-like stopping are the rule rather than the
exception.

Velocity-dependent stopping has commonly been ascribed also to Firsov [5]. This is well justified
as far as moderately high velocities are concerned, but unlike the Lindhard picture, which treats
the target material as a free-electron gas, Firsov expressed electronic energy loss as a function of the
closest distance of approach R,,;, in an elastic collision between an ion and a target atom. This implies
that with decreasing energy, R, increases and electronic energy transfer decreases. Conversely, at
high energies, the projectile moves close to uniformly, and R,,;, is close to the impact parameter p.
In this limit, Firsov’s formula leads to strictly velocity-proportional stopping. In the field of particle
stopping this transition between threshold and friction-like behavior is unique to the Firsov formula,
and its significance has, by and large, gone unnoticed.

Evaluation of the two versions of Firsov’s formula for a couple of ion-target combinations reveals
dramatic differences in the resulting stopping cross sections in the 1 keV/u regime. Once this is
recognized, the question arises whether this has consequences on other theoretical approaches to
electronic energy loss. The simple answer is, that corrections are to be expected at low beam energies
in any theory that does not incorporate the masses of target and ion as input parameters.

In the present study we incorporate R, into the PASS code [6, 7] and study consequences on
stopping cross sections with a view to existing experimental data. The results are encouraging [8], and
as an additional benefit we can estimate the magnitude of the expected isotope effect, a phenomenon
that is most often considered alien to electronic stopping.
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2 Procedure

Our starting point is the mean electronic energy loss T'(p, E') per collision versus impact parameter
p at initial energy £, given by the PASS code [9]. The scattering between projectile and target atom
is taken into account by replacing p by the closest distance of approach Ry, (p.E). This step is the
inverse of the substitution leading to velocity-proportional stopping in the Firsov formula. Figure 1
shows a sketch of the trajectory of the scattered ion (blue line), the model trajectory (red line) and the
unperturbed orbit (black line).

2 ”
) P

Rmin

Figure 1: Deflection of a projectile 1 on a (stationary) target atom 2. Thin black line: Incident direction.
p=impact parameter. Thick blue line: Trajectory. Rpyin=closest distance of approach. Red line: Model trajec-
tory determining the energy loss.

In addition to the changed orbit we also take into account the variation of the kinetic energy during
the collision in the field of the target nucleus by setting the kinetic energy F; at closest approach to
Ey, = E — V(Rui), where V(R) denotes the interatomic potential. Altogether, this leads to the
stopping cross section

Sti(E) = / 2 dp T (rusn(p, E), Er). )

We find it instructive to study the two corrections separately. Therefore we denote the replacement of
p by Rpuin as RMI1, whereas the combination of RM1 and the replacement of E by F; is denoted as
RM2. Uncorrected quantities get the label RMO.

3 Applications

3.1 Stopping cross sections

Figures 2 and 3 show stopping cross sections computed by the scheme described above for H-Au
and H-Ni compared with theoretical predictions and measured values reported in the literature. Key
features of the input are the following:

¢ Outer-shell electrons are treated as a free electron gas characterized by the Lindhard function
[19], unaffected by the RM correction.
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Figure 2: Electronic stopping cross sections of H in Au. RMO, RMI and RM2: Present work. Theoretical
predictions from refs. [10-12]. Experimental results from refs. [13—15]. Experimental data not quoted explicitly
are extracted from ref. [4].

* The number of outer-shell electrons per target atom is set equal to the chemical valence.
* Impact-parameter-dependent electronic energy loss is determined according to ref. [9].

« Elastic scattering is defined by the Moliére potential with Lindhard screening radius.

For H in Au we find a very pronounced difference between the standard PASS value RMO and the
two RM-corrected values. At low energies, from 5 keV/u down, data from refs. [14, 15] agree well
with the RM predictions, whereas data from [13] lie close to the uncorrected PASS values. These data
are found by means of different techniques. In the transmission technique, which uderlies ref. [13],
particles undergoing substantial angular deflection are not recorded [20]. Conversely, in the reflection
technique underlying refs. [14,15], at least one, and typically more large-angle scattering events have
taken place with sizable reduction in electronic energy loss.

The main difference in the case of H-Ni is the drastic reduction in the RM-correction. This is
due to the large number of valence electrons which are not affected by this correction. We also see a
noticeable difference in the overall magnitude between our results and the measurements. This must
be a consequence of standard PASS input such as oscillator-strength spectra.

As expected, theoretical predictions from several sources lie above most experimental data and
even above uncorrected PASS data. An exception is the prediction of Zeb et al. [12] which approaches
zero even more rapidly than RM2. However, these data represent only the contribution of the outer-
most target shell, whereas contributions from the core are assumed negligible. This assumption is in
contrast to PASS, which predicts a significant contribution of the core electrons even below 1 keV/u.

Similar results have been found for 25 materials, amongst those Ag, Cu and Si [8] as well as
several insulators.

3.2 Reflected-ion spectra

Experimental data quoted in Figures 2 and 3 from [14, 15, 18] and similar data for other materials
have been extracted from measurements of ions reflected from a massive target. The analysis involves
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Figure 3: Same as Fig. 2 for H in Ni. Theoretical predictions from ref. [16]. Experimental results from
refs. [13,17,18].

Monte Carlo simulations with the electronic stopping cross section serving as a trial function.

We have performed similar simulations with the OKSANA code [22, 23] with the models for
electronic stopping and nuclear scattering described above. No data fitting is involved, but unlike
calculations, measured spectra are relative, so the comparison involves an unknown factor, which we
determine by matching the peak value.

Figure 4 shows the spectrum for 5 keV D in Ag. Near-perfect agreement is seen in the spectral
range from the peak upward with the RM2-calculated spectrum. whereas both RM1 and RMO cannot
be matched to the peak.

3000
2000 |- =
@ L 4
= i |
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0 L L | L | n | n ]

0.2 0.4 0.6 0.8 1.0

E/E,

Figure 4: Spectra of reflected ions for D in Ag. Experimental data from [21]. Entrance and exit angle 0 and
129°, respectively; Ny = 8 x 10° runs. Sampling interval 129 + 2 deg.
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3.3 Isotope effect

Figure 5 shows calculated stopping cross sections for D and H ions in Si, compared with measure-
ments by Konac et al. [24]. As expected, both calculations and measurements show a clear positive
isotope effect, i.e., a higher stopping cross section for deuterons over the entire energy range covered
by measurements. Actually, the authors of [24] assert this difference to be a consequence of inaccu-
rate corrections for multiple scattering and nuclear stopping. We cannot reject this assertion which, at
the time, presumably appeared more credible than the claim of an isotope effect in the absence of an
explicit threoretical prediction'. However, as is seen in the insert, both the trend and the magnitude
of the measured isotope ratio, defined by
S(D — Si) — S(H — Si)

X= S(D —Si) + S(H = Si)’ @

are quite well represented by the calculated curve for RM2. We note that experimental results in the
original source are represented by an analytic fitting formula. This is evidently the reason for the
smoothness of the data, but the particular choice of the fitting curve must also be the reason for the
oscillatory behavior.
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Figure 5: Stopping cross section of D (blue) and H (red) in Si. Measurements from Konac et al. [24]. S,
denotes the nuclear stopping cross section. Insert: Isotope ratio X defined in eq.(2) for RM1 and RM2 and the
experimental data.

4 Summary

¢ Eletronic stopping is strongly coupled to elastic scattering in the threshold regime. Conse-
quences are pronounced deviations from velocity-proportional stopping and a noticeable iso-
tope effect.

!Actually, an isotope effect was predicted one year later [25] on the basis of the Born approximation, as discussed
elsewhere [8].
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 The influence of elastic scattering is most pronounced in materials with a low number of valence
electrons.

¢ We have incorporated this effect into the PASS code by analogy with the Firsov energy-loss
formula.

» Within the level of accuracy of the PASS code and experimental scatter in low-energy stopping,
we find good agreement.
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Ion beam induced magic vacancy cluster meshes in 2D materials
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Apart from the field of electronic applications more fundamental issues may be solved by
2D materials. One key property of graphene (Gr) and other 2D materials is the possibility of
hosting nanopores in the lattice while offering atomic thickness. Theoretical [1-3] and
experimental [4-9] investigations predict substantial impact of graphene on filter membranes,
as it provides high permeance, high selectivity, while being chemically, mechanically and
thermally stable. Additionally, Gr layers are ultimately thin while hosting a dense array of
nanometer-sized pores, resulting in yet unreached permeance. Depending on the pore size, a
large variety of separation processes are applicable, e.g. atoms and molecules from gas-
mixtures, molecules or ions from solutions and extraction of macro molecules such as DNA.
We refer to recent review articles for additional information on the different types and
possibilities on the production of such state-of-the-art filter membranes based on graphene

[10, 11].

In order to create such perforations, surface science tools have proven to be very helpful.
For example, low-energy ion irradiation of metal supported Gr at elevated temperatures has
led to the formation of a nanomesh, a Gr layer hosting a dense array of nanopores ordered
with the Gr/Ir(111) moiré [12]. The nanopores have diameters in the range of 1 nm, which is a
critical pore size necessary for molecular sieving processes [10]. The implementation of such
filter membranes would be a milestone for water purification purposes. The formation
mechanism is based on the Gr/Ir(111) potential landscape through the formation of a moiré
superstructure. Compared to standard perforation techniques such as etching or bottom-up
synthesis [4, 10] the moiré based GNMs yield well-ordered and homogeneously distributed

pore lattices.

In previous work it was shown that room temperature sputtering of Gr on Ir(111) with
low energy noble gas ions and subsequent annealing to a temperature in the order of 1000 K
or direct sputtering at an elevated temperature may give rise to an array of small vacancy

clusters [12-15]. Partial order was found to be imprinted by the moiré formed by Gr with the
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surface lattice of Ir. The partial order
results as vacancy clusters avoid areas in
the moiré, at which the Gr edge bonds with
the substrate are unfavorable due to the
relative positioning of the Gr C-atoms and
the surface Ir atoms [12]. Vacancies in h-
BN monolayers on Ir(111) display a
similar tendency of ordering, when created
by
subsequently annealed [16].

room temperature irradiation and

Here we take a close look to these two

systems for vacancy cluster self-

organization in  order obtain an
understanding of vacancy cluster array
formation during high temperature ion
irradiation. We establish that not only for
Gr, but also for h-BN on Ir(111), vacancy
cluster arrays form upon high temperature
sputtering. The vacancy cluster array in h-
BN displays a superior order compared to
the one in Gr. For these two systems
ordered vacancy cluster arrays form up to
extremely high temperatures, close to the
onset of their decomposition. The arrays
have a pitch of 3 nm or less and the

average vacancy cluster size is of the order
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FIG. 1. Negative (a),(b) and positive (c),(d) bias contrast
STM topographs with associated height profiles of
unirradiated (a),(c) and irradiated h-BN/Ir(111) (b),(d).
Irradiation with a fluence of 1.2 - 10! ions/m? 500 eV He" at
1200 K. Insets in (a) and (b) are magnified views with the
moiré unit cell highlighted by the black rthombus. The vertical
arrow in the line profiles of (b) and (d) indicates a valley
without a vacancy cluster. Unirradiated (e) and irradiated (f)
sample LEED patterns at 68 eV. Yellow or blue circle enclose
a first order h-BN or Ir(111) reflection, respectively. Image
sizes are 45 nm - 45 nm for (a)-(d), and 11 nm - 11 nm for
insets in (a),(b). Positive and negative sample bias voltages
used for tunneling are indicated in (a)-(d).

of 10 vacancies. The most surprising feature of these arrays is the fact that upon continued

irradiation the vacancy cluster growth ceases and the vacancy cluster size stagnates.

Apparently clusters are unable to grow beyond a magic size. The excess vacancies are instead

expelled from the mesh and anneal at domain boundaries or defects. We uncover the

mechanisms behind this unusual behavior and explain how to optimize cluster arrays and how

they depend on parameters like temperature, ion fluence, ion energy or ion species. Finally, it
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is demonstrated that vacancy cluster membranes can in fact be detached from their metallic

host holding the promise of application.

Vacancy cluster arrays in h-BN and Gr on Ir(111): In this section we first introduce the
qualitative features of vacancy cluster arrays created by high temperature 0.5 keV He"
irradiation in h-BN or Gr on Ir(111), prior to analyzing the conditions for their formation and
optimization. The STM topograph in Fig. 1(a) shows a pristine h-BN layer on Ir(111) at
negative tunneling bias, where the moiré super cell with the periodicity of 2.9 nm is visible
through a regular array of depressions (valleys). The moiré unit cell is indicated in the inset as
a rhombus with the valley in its center. The valley atoms are chemisorbed to Ir(111), while
the h-BN in the surrounding mesa is physisorbed to Ir [17]. After irradiation with an ion
fluence of 1.2 - 10" ions/m? 500 eV He" at 1200 K a vacancy cluster formed in almost every
valley, while the mesa is free of vacancy clusters as shown in Fig. 1(b). In the chosen negative
bias contrast the apparent depth increases from about 20 pm for a valley to about 40 pm for a
valley containing a vacancy cluster as obvious from the comparison of the line profiles for
unirradiated and irradiated samples in Figs. 1(a) and (b). Identification of vacancy clusters is
more reliable at positive sample bias, where valleys without vacancy clusters appear as
protrusion [compare topograph of unirradiated sample in Fig. 1(c)] with a height of about 25
pm. After irradiation [Fig. 1(d)] a vacancy cluster appears as a dark spot of depth of about 40
pm in the center of a bright protrusion, making its identification unambiguous. The shapes of
the vacancy islands are compact, circular to elongated. Due to their smallness, their
convolution with the tip shape, and the contrast being determined also by electronic effects
rather than geometry, it is neither possible to give a reliable estimate for their shape nor their
depth. We note that bright bumps after irradiation - like the one at the bottom of Fig. 1(b),
left, - result from the deformation of the Ir lattice by He bubbles in the Ir crystal that formed
by implanted He [18]. Bright bumps may also form due to He accumulated in blisters between
Ir and the h-BN or Gr sheet, as we will see below. In LEED of the pristine h-BN layer besides
the first order h-BN [encircled yellow in Fig. 1(e)] and Ir (encircled blue) also up to two
orders of surrounding moiré reflections are visible, of which the number decreases to one
upon irradiation [compare Fig. 1(f)]. Consistent with the real space view, the moiré is

preserved, though its perfection has decreased.

A similar self-organization process takes place for ion irradiation of Gr on Ir(111) which
forms a moiré with a periodicity of 2.5nm and a unit cell as depicted in the inset Fig. 2(a).

After irradiation with an ion fluence of 1.2 - 10" ions/m? 500 eV He" at 1150 K small
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vacancy clusters formed in the majority of T

Q) T QR
the moiré unit cells. A characteristic ~ [F5 i }:._ :.: '::, : 8_".:::“ :'3‘ ‘B zg
separation of 2.5nm between vacancy ?:‘ ,‘.::‘E‘:::‘:b-';f“j-; 33 & -90UE P
clusters [compare line profile of Fig. 2(b)] :' f:'zcié?.‘”& ‘5; ?: X{om)
and some regularity in the arrangement of l;g-} 3‘;‘, _¢":.~ e p '
the vacancy clusters is apparent, but they "::If?,(‘:f‘i
are less accurately positioned as for h- .Q:‘:::;;E."! ]

BN/II‘(I 1 1) and do not form a two FIG. 2. (a) STM topograph and (b) associated height profile

. . . . of Gr/Ir(111) irradiated with a fluence of 1.2 - 10" ions/m?

dimensional lattice. The reason for this 500 ev He' at 1150 K. Inset in (a) displays the moiré

. . . pattern of pristine Gr/Ir(111), a moiré unit cell is indicated

zwitter appearance of order and disorder is by the black rhombus. Dashed line in thombus divides unit

. cell in two triangles of which the centers are preferential

that there are two preferential vacancy  sites for vacancy clusters. (c) LEED of sample shown in (a)

Lo . . ., . at 70 eV. Yellow or blue circle enclose a first order Gr or

cluster binding sites in each moiré unit cell,  Ir(111) spot, respectively. Image size is 45 nm - 45 nm and

11 nm ‘11 nm for inset.
rather than one, as for h-BN Ir(111) [12].

These preferential binding sites are at the centers of the two triangles created by the dashed
line in the unit cell thombus depicted in the inset of Fig. 2(a) [hep- and fce-regions in the
terminology of ref. 12]. Vacancy clusters are absent in the bright areas at the corners of the
moiré unit cell [top-regions]. The profile in Fig. 2(a) shows that vacancy clusters are
associated with depressions of up to 90 pm depth. In LEED of the irradiated sample, besides
the first order Gr [encircled yellow in Fig. 2(c)] and Ir (encircled blue) spots, also up to two
orders of surrounding moiré reflections are visible. Apparently after irradiation the sample

still displays a very well ordered moiré.

Evolution with ion fluence: Besides preferential nucleation of vacancy clusters at specific
locations in the moiré, a second remarkable feature of these vacancy cluster arrays becomes
obvious when analyzing their evolution with ion fluence. We start with the h-BN/Ir(111) case.
Fig. 3(a) displays a gradual increase in the vacancy cluster number density » (full red dots)
with ion fluence, until » saturates approaching unity. The insets of Fig. 3(b) and (c) show the
vacancy clusters in the arrays for unsaturated n after a fluence of 0.32 - 10'? ions/m? 500 eV
He" and saturated n after a fluence of 1.2 - 10'° ions/m?, respectively. At the time when 7 is
saturated, instead of leading to vacancy cluster growth, additional vacancies are expelled from
the array. They anneal at domain boundaries of the h-BN layer. Fig. 3(a) plots as full blue
squares the extra layer area removed by this vacancy annealing at domains boundaries. On the
6-fold symmetric Ir(111) surface layer a 3-fold symmetric monolayer of h-BN nucleates in

two domains, which merge forming domain boundaries. Under the growth conditions used,
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FIG. 3. (a) Dependence of vacancy cluster number density » and removed area in h-BN on Ir(111) on 500 eV He+ ion
fluence at 1200 K. Full red dots and left axis: » in clusters per moiré cell; full blue squares and right y-axis: removed area
(excluding cluster area). Lines to guide the eye. (b),(c) STM topographs taken after ion uences as indicated in (a). (d) Sames
as (a), but for Gr on Ir(111) and at 1150K irradiation temperature. (e),(f) STM topographs taken after ion fluences as
indicated in (d). Insets in STM topographs are magnified views. Removed areas in (c) and (f) are shaded blue. Topograph
sizes are 350 nm - 350 nm and for insets 15 nm - 22 nm.

domains display lateral dimensions in the order of 0.5 pm. Fig. 3(b) is an STM topograph
before the vacancies are expelled to domain boundaries (full h-BN coverage) and Fig. 3(c) an
STM topograph, where vacancies are expelled to the domain boundaries. For better visibility
the removed area is shaded blue in Fig. 3(c). Consistent with the STM topographs we assume
the vacancy clusters size to stagnate in size. Thus the slope of the removed area vs. fluence
when the 7 is saturated gives the global erosion yield Yin.sn = 0.25, i.e. 0.25 B- or N-atoms are
removed per impinging He" ion. Extrapolating the slope to zero area enables an estimate of
the atoms contained in the vacancy clusters. With the known yield one obtains an average

vacancy cluster size of 15 atoms.

A similar dependence on ion fluence is found for ion irradiation of Gr on Ir(111). Fig. 3(d)
presents the quantitative analysis and Figs. 3(e) and (f) two representative topographs before
and after saturation of n. Distinct from the h-BN case, Gr is a single crystal on Ir(111) and has
no domain boundaries, i.e. no preformed defect sites for excess vacancy annealing. As visible
in Figs. 3(f), nearly all large vacancy islands are located where the Ir substrate has step edges.
At these locations Gr is strained and contains a large concentration of point defects [19].
Thus, the large vacancy islands accepting all excess vacancies expelled from the vacancy
cluster arrays presumably nucleated heterogeneously at defects. The Gr sputtering yield on
Ir(111) for 500eV He" is Yar = 0.33, which allows to estimate the average cluster size in the

array to consist of 12 vacancies. We note that in Figs. 3(c) and (f) pronounced bright bumps
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are visible. They are due to accumulation of He in blisters between the 2D layer and the

Ir(111) substrate and not of significance here [compare ref. 16].
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lonised cluster beams have been produced and employed for thin film deposition and
surface processing for half a century. In the last two decades, kiloelectronvolt cluster ions have
also proved to be outstanding for surface characterization by secondary ion mass spectrometry
(SIMS), because their sputter and ion yields are enhanced in a non-linear fashion with respect
to monoatomic projectiles, with a resulting step change of sensitivity for analysis and imaging.
In particular, large gas cluster ion beams, or GCIB, have now become a reference in organic
surface and thin film analysis using SIMS and X-ray photoelectron spectroscopy (XPS). The
reason is that they induce soft molecular desorption and offer the opportunity to conduct
damageless depth-profiling and 3D molecular imaging of the most sensitive organic electronics
and biological samples, with a nanoscale depth resolution.

In line with these developments, the present report focuses on noble gas cluster ions and
their interaction with surfaces [1]. Beyond state-of-the-art 2D and 3D molecular imaging using
such cluster ions, the scope of the presentation encompasses two novel aspects. The first one
concerns the recent application of cluster fragment ion backscattering to locally retrieve
physical surface properties, a technique here coined gas cluster ion scattering spectrometry, or
GCISS. The second part focuses on the fabrication of new biosurface and thin film architectures
using large cluster ion beams. In this case, Ar clusters serve as tools to transfer biomolecules in
vacuo from a target reservoir to any collector substrate, in a new variant of soft-landing

experiments.

1. Nanophysics with large cluster ions

In addition to 2D and 3D imaging by mass spectrometry, the possibility of inferring local
physical information from the interaction of large clusters with surfaces is tempting. Mochiji et
al. studied the distributions of small Arn* clusters appearing in the secondary ion mass spectra
of metallic surfaces as a result of the backscattering of the 5 keV Arisoo* projectile fragments
[2]. They demonstrated that the intensity ratio 1(Arz*)/ZI1(Ar*) (n>2) could be correlated to the
impulsive stress caused by the impact of the cluster at the metal surface, which depends only
on the projectile velocity, the Young moduli of the cluster and of the metal, and their densities
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(assuming an initially elastic interaction). Therefore, their analysis gives access to the local
Young’s modulus of any metal sample surface. This pioneering experiment showed that
physical properties of the surface were within reach of ion beams.

Applying a similar methodology as the one described above, we measured the intensity
variations of the backscattered Arn* clusters as a function of temperature for several amorphous
polymer surfaces including polyisobutylene, polybutadiene, polystyrene (PS) and polymethyl
methacrylate (PMMA) [3]. The clusters used in this study were 10 keV Arsooo*, that is the same
E/n as the work of the Japanese team. For all the investigated polymers, our results show a
clear transition of the Ar cluster fragment ratio I(Arz*)/ZI(Arn*) (n=2-3) when the temperature
is scanned from -120°C to +125 °C (the exact limits depend on the studied polymer). The case
of low-molecular weight homodisperse PS (MW:4000) is illustrated in Fig. 1a, with a transition
temperature of 65°C. The observed transition generally spans over a few tens of degrees and
the temperature of the inflection point of the curves is always slightly lower than the bulk glass
transition temperature (Tg) measured for the considered polymer (83°C for the PS of Fig.1a).
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Fig. 1. Nanophysics with backscattered
Ar cluster ions. Temperature dependence
of the backscattered Ar cluster fragment
ratio I(Ar2")/ZI(Ary") (n=2-3) (a) for
homodisperse PS oligomers (MW: 4000)
and (b) for uncured (orange), partly cured
(blue) and fully cured (red) benzoxazine
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Another  example involving
benzoxazine thermoset thin films is
presented in Fig. 1b, where the same
Ar cluster breaking ratio is plotted as
a function of temperature for uncured
(~0% polymerization, orange), partly cured (~60% polymerisation, light blue) and fully cured
(~100% polymerisation, red) samples [4]. These molecules polymerise via the benzoxazine ring
opening so that 4 reactive sites per molecule are able to bridge with neighbouring benzoxazines,
eventually leading to a dense crosslinked network. The protocol used for the experiment is the
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same as in Poleunis et al.[3] The initial benzoxazine molecular sample, might be slightly
polymerised already (the reaction may already start at room temperature, though very slowly),
so that the surface transition observed around 80°C might be intermediate between a melting
and a glass transition. After curing, the transition temperature increases significantly, and
monotonically with the polymerisation degree. Finally, a second thermal cycle with the partly
cured sample shows a shift of the transition towards higher temperature, indicating that the
temperature cycle used to measure the first transition allowed the polymerisation reactions to
proceed further, leading to a more crosslinked network with a higher transition temperature.
This experiment illustrates the interest and the limits of the procedure for dynamic systems that
evolve with temperature and time. Indeed, the stabilisation times required for a precise
temperature control may allow the systems to change during the measurement. Optimising the
design of the heating/sample holder system and the measurement protocol should help reduce
this effect.

The imaging possibilities provided by backscattered Ar cluster fragment ions are illustrated
in Fig. 1c. For this experiment, a drop of polystyrene was cast from a toluene solution on a
polyethylene (PE) film. Polyethylene is rubbery, above its Tg, while polystyrene is glassy,
below its Tg, at room temperature (20°C, first image row). Chemical contrast at the edge of the
droplet is indicated by the most characteristic ions of the two hydrocarbon polymers (CsH7* for
PE and C7H7* for PS, first image column). When the temperature is lowered to -150°C (second
image row), the chemical contrast remains essentially unchanged, but the image of the Ar
cluster breaking ratio changes drastically (second image column). The PE region becomes much
brighter, demonstrating a change of the polymer surface properties. The polymer transition
temperature is indeed between -110 and -125°C, so that it is definitely glassy at -150°C. This
pronounced change and the very weak contrast of the PS vs PE regions at -150°C demonstrates
the sensitivity of the Ar cluster ion fragmentation with respect to the surface physics or
mechanics. The possibility of adding relevant physical information to the local chemical and
molecular analysis by SIMS is exciting. One important feature of this protocol is that the
correlated physical and chemical information may be resolved in 2 dimensions, such as AFM,
via 2D ion beam imaging but also along the 3 dimension (um lateral resolution; nm vertical
resolution) through molecular depth profiles, providing access to buried structures (multilayers,
composites, nano-objects).

Mechanistically, it can be intuitively understood that harder, more cohesive and more
crystalline material surfaces induce more fragmentation of the impinging clusters, which is

confirmed by MD simulations. In the experiments involving Ar cluster ions and polymers, it is
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interesting to note that the Ar cluster fragment ratio I(Arz*)/Z1(Ara*) (n=2-3) always varies in a
similar range of values (from 0.2 to 0.6, Fig. 1 and Poleunis et al. [3]), indicating a relative
insensitivity to the polymer specific chemistry, polarity, etc., and therefore, unbiased sensitivity

to mechanical and structural effects.

2. Intact molecular transfer and novel biosurfaces

In some instances, solvent-free approaches for (ultra)thin molecular film and biosurface
formation represent an interesting alternative to solution processing, which suffers several
limitations: (i) adsorption may affect biological activity; (ii) drying may alter the protein
distribution at interfaces because of capillary forces; (iii) the control of spatial molecular
distribution rests on patterning strategies to locally prevent adsorption; (iv) adsorption
competition between several proteins is difficult to control; (v) biomolecule adsorption is often
limited to a monolayer coverage, and sandwich or multilayers, whether fully organic or hybrid,
difficult to achieve. For non-volatile biomacromolecules such as proteins, which cannot be
sublimated without integrity loss, soft-landing was proposed, i.e. deposition of molecular or
cluster ions from the gas phase with a small translational kinetic energy precluding the
fragmentation of the incident species (a fraction of eV/atom). Soft-landing was pioneered by
the group of Cooks [5] and developed into a multitude of approaches and applications of
preparatory mass spectrometry, mainly by Laskin and co-workers [6]. Soft- and/or reactive-
landing (involving higher translational energies and reaction with the surface) have been
achieved using a variety of ion sources and, for large (bio)molecules, essentially by electrospray
(ESI) and matrix-assisted laser ablation (MALDI).

Recently, Lorenz et al. reported a detailed investigation of the angular dependence of the
emission of antioxidant molecular ions (Irganox 1010, MW:1176) sputtered by 10 keV Arzo00*
clusters, using a specially designed sample holder with a collector plate [7]. By analysing the
material deposited on the collector, they demonstrated that the emission angle was very off-
normal and forward directed, as soon as the incidence angle exceeded 15° away from the
normal. This is in general agreement with experiments and MD simulations of large Ar cluster
induced sputtering of molecular surfaces [1]. The same study also showed that the SIMS spectra
measured on the target and the collector were identical, suggesting that the material transferred
to the collector was essentially intact. Encouraged by these results, we devised a molecular
transfer experiment in our ToF-SIMS instrument, using a custom-made sample holder (Fig. 2).
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Fig. 2. Molecular transfer using
Ar clusters. Mass spectra of the
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After successful preliminary attempts with PS oligomer samples (MW:2000), angiotensin
(MW:1046) was successfully transferred from a dried droplet target (22 pm-thick) to a clean
silicon wafer using Ara* clusters (1500 <n < 5000), as shown in Fig. 2a. The ToF-SIMS spectra
recorded on the collector with 30 keV Bis* primary ions are similar to the ones recorded on a
freshly spin-coated thin film of angiotensin. Figure 2b indicates that insulin (MW:5808) can
also be found intact after transfer onto the collector, as demonstrated by the presence of the
molecular ion in the mass spectrum obtained with 10 keV Arzooo* projectiles. Nevertheless, the
molecular peak is rather small in comparison with a reference sample, suggesting that even
milder transfer conditions might be desirable. For lysozyme (MW:14K) transferred with 10 keV
Arsoo0*, we couldn’t detect any molecular ions from either the target or the collector, only
fragments, an indication of the limits of the SIMS analysis for massive molecules, even with
GCIB as primary ions. In that case, SDS-PAGE electrophoresis allowed to confirm the presence
of intact lysozyme on the collector. Moreover, enzymatic activity assays demonstrated the
preservation of their bio-activity (and thus of their three-dimensional structure) [8].

In the aforementioned transfer experiments, the quantity of molecular material is directly
proportional to the primary ion dose and, therefore, it can be precisely controlled from the
submonolayer to the multilayer regime. Strategies are also envisioned to obtain more uniform
thicknesses over the collector. These promising experiments suggest the possibility of well
controlled protein transfer irrespective of the substrate nature and open the door to the design
of more complex multilayered architectures.

Finally, MD simulations help us analyse the first requirement for successful transfer and
mass spectrometry of large (bio)molecules, that is, the conditions in which such molecules can
be desorbed intact from surfaces. Recently, we conducted simulations with a large polystyrene
molecule (MW: 60K) as target, comparable in size to proteins like bovine serum albumin. The

main results obtained in these studies are summarized in Table 1. The simulations indicate that
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Table 1. Desorption of kilodalton molecules from gold and polymericsubstrates bombarded by both molecules can be desorbed

large clusters (MD simulati

imulation results). . .
o) |y e G ReehenE without fragmentation ~from
il e R hard and soft substrates

SidEhit,AS" 60 NO Fragmentation provided that the energy per

10
2 E 5" 60 YES Washing/Lifting
2
2
2

SIENERE . S el atom does not exceed a few eV.
Polyethylene substrate
(Ao |

Sidehit, 45 60 fim/wash. seefie-() However, desorption is not
side hit, 75° Washing

= o : successful from a soft substrate

10 keV Arsoo ' P with normal incidence, only
Side hit, 45° ° .

with oblique incidence (45°-
75°).

Mechanistically, the

- = e emission is the result of the
combined action of the expanding rim pushing the molecule outward and the side jetting Ar
atoms which entrain the molecule in their flux (“washing” mechanism) (See the movie snapshot
from the MD). For 75° incidence, the 60 kDa polystyrene molecule unfolds along the flat
polyethylene surface, and though its upward momentum finally leads to desorption, it is not
clear that the same would happen from a more corrugated surface. Overall, emission is easier
from a hard substrate, because at the considered cluster energy per atom, it deforms mainly
elastically and backscatters much of the deposited energy, helping the desorption process, while
a soft substrate consumes a lot of the projectile energy in plastic deformation. This is, however,

the case encountered in molecular transfer from a relatively thick organic target.
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Sputtering, i.e. erosion of atoms from a surface due to individual ions, is the most fundamental
ion-surface interaction. Even though the effect of crystal orientation on sputtering yields has of
course been studied [1], a systematic study of sputtering over many different crystal orientations
has been missing until recently. In Ref. [2] we developed new experimental and simulation
techniques to obtain detailed knowledge of crystal-orientation dependent sputtering. This
extended abstract is a summary of some key aspects of that work.

Sputter simulation programs like SDTrimSP assume an amorphous target i.e. the crystal lattice
structure is completely ignored [3,4]. Often, the sputter yield of, e.g. a polycrystalline sample,
is compared to simulations and the texture of the sample is not taken into account [5], even
though it is well established that polycrystalline samples often have a preferred crystal orienta-
tion at the surface [6,7].

Former studies spent a lot of effort to investigate the sputter yield on single crystals and gener-
ated data around some specific crystal orientations [8-11]. To go beyond this standard approach,
in this work [2] we utilized the recent developments of the electron backscatter diffraction
(EBSD) technology that now allows measuring and generating orientation maps of a polycrys-
talline sample in a reasonable time. Tens of thousands of single crystal grains were sputtered,
and the sputter yields were evaluated to create an erosion map in an inverse pole figure (IPF),
which represents all possible crystal orientations. To understand the origin of the variation with
crystal direction, we developed new molecular dynamics and binary collision approximation
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Figure 1. (a) Experimental and (b) simulated sputtering yields for 30 keV Ga sputtering of W
for different crystal orientations. All investigations (including BCA, not shown here) show the
same behavior to the crystal orientations. The <100> and <111> crystal orientations have the
lowest sputter yield and the high index surfaces have higher values. Note that there was no
fitting of the
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simulation approaches that also allow simulating yields over all directions. The experimental
sputter yields are in quantitative agreement to the simulations for all crystal orientations. The
results show that sputter rate can vary by more than a factor of five in common metals, and that
there is no wide range of crystal directions that would give the same sputter yield as an amor-
phous material.

Experimental method

For obtaining the experimental data, hot rolled polycrystalline W samples of the purity of 99.97
wt% (Plansee SE, Austria) were recrystallized at 2000K for 30 minutes under vacuum pressure
below 1*107 mbar. The samples were ground and electro-polished to achieve at surfaces with
height differences between the grains of less than 50 nm. The samples were sputtered with a
Ga focused ion beam in an electron scanning microscope (FEI, Helios Nanolab 600). An EBSD
detector (Oxford Instr., Symmetry) is attached to this microscope for measuring orientation
maps of the sputtered areas. Using one machine avoids systematical errors, e.g. mounting the
sample under a certain angle.

For the sputter experiment, a 30 keV scanning Ga+ ion beam was used to sputter around 1 um
deep into the tungsten sample for getting reliable height data with a confocal laser scanning
microscope (CLSM). The grains with the lowest sputter yield have an erosion of around 200
nm and grains with the highest sputter yield have an erosion of around 1500 nm. Afterwards,
EBSD measurements were performed for getting the crystal orientation. The EBSD measure-
ment is sensitive to the crystal lattice of the first 20 nm of the surface layer, which means that
the crystal lattice is still intact.

The data of the orientation map and the height data were merged with a Python tool which is
introduced in [12]. The height data were calculated to sputter yields with flux, sputter time and
the size of sputtered area. The flux of the ion beam was measured with a Faraday cup in the
scanning electron microscope (SEM). The focused ion beam (FIB) has the advantage that the
sputtered area is well defined. Due to the well defined reference level outside of the sputtered
area, the sputtered depth of each grain is known. Finally, sputter yields of ten thousands single
crystals were evaluated and visualized in an IPF, such as that shown in Figure 1(a).

Simulation method

Independently of the experiment, we also developed a new MD simulation approach to obtain
sputtering yields for arbitrary crystal orientations. In principle, MD simulations of the full de-
velopment of collision cascades could provide the crystal direction dependence of sputtering.
However, each full MD simulation is time-consuming, and to get a statistically reliable value
for the sputtering yield in a single direction, thousands of impacts are needed. These calcula-
tions are computationally prohibitive for full MD simulations. Therefore, MD simulations were
performed on two levels. First the MD simulation program MDRANGE, which is based on the
recoil interaction approximation (RIA), was used [13, 14]. With MDRANGE the crystal direc-
tion dependence of the energy to recoils in the top 2 nm of the surface of tungsten was simulated
for all crystal directions. Second, full MD cascade simulations were performed of 8 crystal
directions to correlate energy to recoils with the sputtering yield. This is shown in Figure 2, and
shows that there is a linear dependence of sputtering yield to energy to recoils within the statis-
tical uncertainty.
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lowest sputter yield. These
crystal orientations fulfill the channeling conditions in a BCC metal [16]. A detailed analysis
showed that the crystal direction dependence is not due to conventional ion channeling, since
this effect requires focusing of the ions in the channel. Analysis of the W sputtering showed
that most sputtering comes from the first couple of monolayers [2], where the channeling fo-
cusing effect has not yet taken place. Instead, the strong dependence of the sputtering yields
can be understood to be due to the crystal direction dependence of the energy deposition to the
top surface layers (Figure 2). This result directly follows Sigmunds theory of sputtering [4],
which states that sputtering yield is proportional to surface energy deposition. However, linear
collision sequences were found to enhance the sputtering yield in W crystals when compared
to amorphous material [2], an effect that does not follow from the Sigmund theory.
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In separate full MD simulations, the sputtering yield from amorphous W was found to be
4.040.2, and the average over all directions in polycrystalline W 4.8+0.2, showing that indeed
polycrystalline and amorphous W do not have even the same average sputtering yield. The BCA
simulations gave the same result [2].

Conclusions

New experimental and simulation approaches were developed [2] for determining the crystal
grain-orientation dependence of sputtering. Because of automated data collection processes, a
huge amount of experimental data on sputtering could be collected, which, in turn, allows using
filter techniques and new analysis methods to be applied on the dataset. This includes the opti-
mization of the data due to the impact angle of the ions. The newly developed approaches con-
sistently showed that for the system studied (30 keV Ga irradiation of W), the low-index sur-
faces have more than a factor of 5 lower sputter yield than the high-index surfaces. Moreover,
they showed that there is no continuous wide range of crystal directions that would correspond
to the random material assumed in common Monte Carlo binary collision approximation codes.
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lon beam sputtering is a deposition technique, which provides unique opportunities to
control the sputtering and deposition processes, and to study the correlations between them.
Previous comprehensive investigations of the ion beam sputter deposition (IBSD) process were
carried out for amorphous monoatomic and binary oxide films [1]. Among others, it could be
shown that the process provides an intrinsic ion-assist, which can be used to tune several thin
film properties.

In the present work, these investigations are extended to a new material system, gallium
oxide (Ga203). This material is of high technological interest because of its interesting
properties, such as a wide bandgap and a high breakdown field strength, which enable its use,
for instance, in ultra-high-power electronics [2]. To fully exploit the potential of Ga203 thin
films, high crystalline quality is needed, which can be achieved only through a better
fundamental understanding and control of the deposition process. Other groups demonstrated
for different monoatomic and binary materials that IBSD is capable to grow epitaxial films with
high crystalline quality. However, these studies disregarded, for instance, one of the previously
identified major process parameters, namely the sputtering geometry.

The present work is aimed at a systematic study of ion beam sputter deposition of Ga;03
films by investigating the fundamental correlations between process parameters, properties of

secondary (sputtered and scattered) particle species, and thin film properties.
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Figure 1. Schematic drawings of an IBSD setup [1]: (a) thin film deposition on multiple
substrates at different emission angles, (b) energy-selective mass spectrometry (ESMS) of

secondary particle species.
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Figure 1 shows the experimental setup. It allows adjusting geometrical parameters (ion
incidence angle, polar emission angle) and ion beam parameters (ion energy, ion species). These
parameters affect the angular and energy distributions of the sputtered target and scattered
primary particles, which have a direct impact on thin film properties [1]. Figure 1a illustrates
the setup configuration for film deposition, and Figure 1b the configuration for energy-selective
mass spectrometry of sputtered and scattered particle species.

The ion beam source is based on a radio-frequency (RF) discharge with a three-grid multi-
aperture extraction system with an open diameter of 16 mm. Oxygen was used as process gas
(and source of primary ions) with a volumetric flow rate of 7 sccm. The base pressure was 2x10
5 Pa, and the typical working pressure was about 8x10° Pa. The RF-power in all experiments
was set to 130 W. The Ga»0s target was ceramic (Testbourne Ltd, diameter 4 inches, thickness
6 mm, purity 99.99%), produced from powder by sintering.

An energy-selective mass spectrometer (ESMS) Hiden EQP300 was used to measure the
distributions of the energy-to-charge number E/z at different mass-to-charge numbers M/z for
several secondary ion species, namely O.*, O*, and Ga*.

For a ceramic target, another challenge appears — the bombarded surface is getting charged
positively by the incoming ions. A sheath is formed, which only fast ions can escape.
Additionally, it imposes an extra energy to the secondary ions (but not to the secondary
neutrals). However, too energetic ions could affect the film quality in an unwanted manner.
Hence, two additional elements were used to compensate the surface charge: a tungsten wire
neutralizer, which served as a source of electrons, and a beam switch pulsing unit for the
potentials of extraction grids. The optimal parameters for the neutralizer were voltage of 12.5
V with a current of 4.2 A, and for the beam switch — pulse frequency of 18 kHz with a duty
cycle of 20%.

Figures 2-4 show energy distributions of O.*, O*, and Ga* ions in dependence on ion
incidence angle o for a fixed primary ion energy of Eijon =500 eV (subplots a-c), and in
dependency on primary ion energy for a fixed ion incidence angle of o = 30° (subplots d-f).

The data show, that the shape of the energy distributions of O," ions does not significantly
change in dependence on sputtering geometry (Figures 2a-c), while getting broader with an
increase of the primary ion energy (Figures 2d-f).

The energy distributions of O* ions (Figure 3), in addition to the dependence on primary
ion energy, reveal the formation of a minor high-energy tail for larger emission angles § or, in
other words, for smaller scattering angles y = 180° - a.— 3, which serves as a more representative

quantity for the description of geometric effects [1].
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Figure 2. Energy distributions of O2* ions in dependence on ion incidence angle o for fixed

primary ion energy of Eijon = 500 eV (a-c), and in dependence on primary ion energy Eion for a
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Figure 3. Energy distributions of O* ions in dependence on ion incidence angle o for fixed

primary ion energy of Ejon = 500 eV (a-c), and in dependency on primary ion energy Eion for a

fixed ion incidence angle of o = 30°. Different line colors correspond to different polar emission

angles f3.
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Figure 4. Energy distributions of Ga* ions in dependence on ion incidence angle a for fixed
primary ion energy of Eion = 500 eV (a-c), and in dependency on primary ion energy for a fixed
ion incidence angle o = 30°. Different line colors correspond to different polar emission angles
B.

The distributions of sputtered Ga* ions (Figure 4) also show the prominent dependence on
the primary ion energy: not only the shape is broadened, but the absolute ion flux is increased.

The observations in the current work agree with the overall picture of the process for a
variety of materials [1].

The demonstrated changes of the properties of the secondary particles emphasize the
importance of sputtering geometry and the energy of primary ion species and will serve as

markers for the growth of Ga203 thin films optimized towards the desired properties.
1. C. Bundesmann, H. Neumann, J. Appl. Phys. 124 (2018) 231102.

2.S.J. Pearton, J. Yang, P. H. Cary, F. Ren, J. Kim, M. J. Tadjer, and M. A. Mastro, Appl.
Phys. Rev. 5 (2018) 011301.
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Nano-hillock formation on CaF: due to cluster-ion irradiation

G.L. Szabo!, M. Lehner?, L. Bischoff?, W. Pilz?, U. Kentsch?, F. Aumayr?,
N. Klingner?, R.A. Wilhelm!

1 TU Wien, Institute of Applied Physics, 1040 Vienna, Austria,
e-mail: gszabo@iap.tuwien.ac.at;
2Helmholtz-Zentrum Dresden-Rossendorf, Institute of lon Beam Physics and Materials
Research, 01328 Dresden, Germany

Slow highly charged ions (HCIs) and swift heavy ions (SHIs) are known to induce nano-
structuring on semi-conductors and insulators due to electronic excitations in the target’s
electronic system. The bandgap of such materials results in an electronic confinement,
preventing the energy depositioned in the target from dissipating. Subsequent electron-
phonon-coupling starts a rapid thermal expansion and further quenching of the irradiated area,
forming protruding nano-hillocks on the surface [1-5]. This process is shown in figure 1 on

the left side.

We present here a direct way to generate nano-hillocks by irradiating a CaF2 (111) surface
with slow heavy cluster ions, triggering the hillock formation by deposition of the ions’
kinetic energy into a small volume directly into the targets’ lattice, which can be seen
schematically in figure 1 on the right side. CaF2, an earth-alkalide halide, was repeatedly

former study new study
highly charged ion irradiation cluster irradiation
direct
. detour __ >
via electron exitation way
highly charged ion for:::Z:t:iZn Aut hillook
[ ] formation
e =4
\es 3
el &
s © Yo 4z
impactand  electronic ellasitioi- nano-melting impact and nano-melting
o phonon N .
excitation ~ confinement R lattice heating
coupling
- > , >
time time

Figure 1 Schematic of processes inducing nano-hillock formation, describing the indirect process via
electron-phonon coupling on the left side and the direct process via direct knock-on on the right side.
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investigated regarding nano-structuring with SHIs [4,5] and HCls [1-3] and therefore provides
a data set to draw direct comparison with our new study.

The samples were investigated with AFM in tapping mode under ambient conditions,
revealing atomically flat surfaces with mono-atomic steps that are a result from the production
process. Some areas were also found to have clustered islands that appear to be remaining
contaminations on the surface. The irradiations were performed at the lon Beam Center of the
Helmholtz-Zentrum Dresden-Rossendorf (HZDR) utilizing a liquid metal alloy ion source [6]
with Aus2Siis as source material. Gold clusters Aua with sizes a = 1-10 were extracted and
accelerated to 30 keV. To differentiate a possible nano-hillock formation from contamination,
different fluencies were used for irradiation, ranging from 1*10% up to 1.3*10%2 ions/cm?. For
better reproducibility of the analysis, the irradiations were performed on two different samples
on different areas, where the irradiated surface is comparable to the pristine one on each
sample. AFM tapping mode measurement under ambient conditions was performed after
irradiation at the TU Wien.

Hillock-like nanostructures, using a Cypher AFM with Olympus Micro Cantilever OMLC-
AC240TS-R3 tips (tip constant 2N/m) and a nominal tip radius of 7-12 nm, are comparable

. height profile [tote1] ’ height profile oot

Figure 2 AFM tapping mode image of irradiated CaF2, including height profiles of nano-hillocks for
irradiation with Au;* and Aug.10* ion cluster.
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to those found in [1,2]. Figure 2 shows topographic AFM images of a CaF2 (111) surface
irradiated with Aus* (a) and Aug-10* (b), both with fluencies of about 1*10% ions/cm?. With
increasing fluence the number of nano-hillocks increases, pinpointing the origin of those
structures to the cluster-ion irradiation. To get sufficient statistics, about 100-150 hillocks per
measurement were analysed regarding their height and volume. The areal density of nano-
hillocks generated was found to be in the range of 20% of the applied fluence, which may
result from systematic uncertainties in fluence determination in a FIB with very low fluencies

compared to typical FIB experiments.

As it can be seen in figure 2, the height of nano-hillocks was found to be in the range of

1-2 nm. For Auzi* the mean height is 1 nm, while the mean height for Aug-10* is about 2 nm,
indicating an increase in hillock height with increasing cluster size. Comparing the results for
Aurt, Auz*, Aus*, Aus.7* and Aue-10* an increase in cluster-height is observed. Assuming that
the kinetic energy is distributed evenly to the atoms forming the cluster-ion after break-up,
each atom has a specific stopping power that is related to its initial kinetic energy. Thus,

larger clusters obtain lower stopping per atom but higher overall stopping per cluster.

To draw a comparison with existing results [1,2], first the creation of nano-hillocks induced
by HCls is discussed. An impinging HCI deposits a certain amount of energy into the target,
which is a sum of electronic stopping, nuclear stopping and potential energy. While the first
two parts are only dependent of the initial kinetic energy, the latter one depends on the charge
state of the HCI. The nuclear stopping resembles the direct transfer of energy to the targets
lattice system, which is a direct excitation of phonons. Contrary to this, the electronic
stopping and the potential energy induce an excitation of the electronic system of the target.
For HCls, the electronic stopping was found to be negligible [1], therefore the potential
energy is responsible for the formation of nano-hillocks on a CaF2 (111) surface. When the
HCI approaches the targets surface, an electron transfer from the target into the highly excited
states of the ion starts, inducing a strong electronic excitation at the region of impact. Via
electron-phonon-coupling, subsequent lattice heating, a rapid thermal expansion and further
quenching of the target’s material is induced, which is explained within the thermal spike
model [7].

We propose, that for the irradiation with cluster-ions, the energy transfer solely takes place by
direct knock-on processes and hence leading to an excitation of phonons in the target or direct
atom displacements. The subsequent process of formation of nano-hillocks is assumed to be
comparable to that found for nano-hillocks formed by irradiation with HCls, namely the rapid
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thermal expansion and quenching of the target material around the area of impact. The
process of nano-hillock formation induced by cluster-ions is surface sensitive, i.e., it occurs
only in the topmost layers of the target as the atoms in the cluster are effectively stopped in a
few nanometres. It can be seen in figure 2 that the more atoms a cluster contains, the higher
the nano-hillock gets. We assume that this is due to cluster-ions containing less atoms have a
higher penetration depth into the target, triggering the phonon excitations at a deeper level and
hence the thermal expansion takes place farther away of the targets surface. Figure 3 shows
that the less kinetic energy per atom a cluster-ion obtained, the lower the interaction

length/depth and the higher is the surface sensitivity becomes.

We see that it is not only possible to create nano-hillocks using cluster-ions, but that the
height of the hillocks can be tuned by varying the size of the impinging cluster. Since we
don’t rely on a high bandgap target material for nano-structure formation, hillocks may be
produced even on metallic surfaces, which are inert to SHIs and HCls.

Aut Au,* Au3+ Aue+ Auyp*

(@) @
30 keV 30 keV 30 keV 30 keV 30 keV
30 keV/atom 15 keV/atom 10 keV/atom 5 keV/atom 3 keV/atom
T
!

. '\\

energy deposition

Figure 3 Schematic of the formation of nano-hillocks depending on the cluster-size and the kinetic energy
per atom.

[1] EI-Said A, Heller R, Meissl W, Ritter R, Facsko S, Lemell C, Solleder B, Gebeshuber | C,
Betz G, Toulemonde M, Méller W, Burgdorfer J and Aumayr F Phys. Rev. Lett. 100, 237601
(2008)

[2] El-Said A, Meissl W, Simon M C, Crespo-Lépez-Urrutia J R, Gebeshuber | C, Lang M,
Winter H, Ullrich J and Aumayr F Nucl. Instr. and Meth. B 256, 346 (2007)

[3] EI-Said A, Wilhelm R A, Heller R, Sorokin M, Facsko S and Aumayr F Phys. Rev. Lett.
117, 126101 (2016)

52



[4] Gruber E, Salou P, Bergen L, El-Kharrazi M, Lattouf E, Grygiel C,Wang Y, Benyagoub
A, Levavasseur D, Rangama J, Lebius H, Band-d’Etat B, Schleberger M and Aumayr F

J. Phys.: Condens. Matter 28 405001 (2016)

[5] Toulemonde M, Benyagoub A, Trautmann C, Khhalfaoui N, Boccanfuso M, Dufour C,
Gourbilleau F, Grob J J, Stoquert J P, Constantini J M, Haas F, Jacquet E, Voss K O and
Meftah A Phys. Rev. B 85 054112 (2012)

[6] Bischoff L, Mazarov P, Bruchhaus L and Gierak J Appl. Phys. Rev. 3 021101 (2016)

[7] Dufour C, Khomrenkov V, Wang Y Y, Wang Z G and Aumayr F J. Phys.: Condens.
Matter 29 095001 (2017)

53



SPUTTERING OF Ni-BASED ALLOYS WITH GAS CLUSTER IONS
A.E. leshkin®, VV.S. Chernysh!, D.S. Kireev!, E.A. Skryleva?, B.R. Senatulin?

Faculty of Physics, Lomonosov Moscow State University,
Leninskie gory, 1, Moscow 119991, Russia
E-mail: ieshkin@physics.msu.ru
2NUST “MISIS ™, Leninskiy prospect, 4, Moscow 119049, Poccus

Gas cluster ion beams (GCIB) are widely used for surface modification (smoothing,
etching, nanopattern formation) and analysis (as the probing or the profiling beam). In both
cases, most often one has to deal with multicomponent targets. Nevertheless, the features of
multicomponent targets sputtering with gas cluster ions are almost unknown [1]. In this work
we present a study of GCIB interaction with the surfaces of Ni-based alloys Ni,Pdy (1 <X,y <
5) and NiMoRe (86:10:4). Unlike compounds with fixed ratio of components, the used alloys
are solid solutions and permit substantial changing of the components ratio. This fact makes it
possible to exclude the influence of the processes caused by formation of regions with
different physical properties.

The samples were irradiated using PHI 5000 VersaProbe Il by ULVAC-PHI. Argon
cluster ions Ar,+ had the average size n=2500 and energy 20 keV. Samples could be tilted so
that GCIB was directed onto a sample surface normally or at 55° off-normal. The beam was
scanned over 2x2 mm. During the irradiation process the surface composition was controlled
by X-ray photoelectron spectroscopy (XPS) with monochromatized Al Ko line (hv = 1486.6
eV) probe with spot diameter 200 um. The photoelectron detector was placed at 45° from the
surface normal for 55° GCIB and at 66° for normal GCIB. The XPS lines used for surface
composition evaluation are shown in Table I. The pressure inside the sample chamber was
less than 107 Pa before irradiation and less than 10 Pa with the GCIB on. The surface
topography was controlled before and after irradiation by means of scanning electron
microscopy (SEM) and atomic force microscopy (AFM).

Atomic mass, M Surface binding energy, U XPS line
(a.m.u.) (eV)
Ni 59 4,44 2p3/2/ 3p
Pd 106 3,89 3d
Mo 96 6,82 3d
Re 186 8,03 4f

Table I. Parameters of the alloys components.
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XPS measurements showed that in the process of sputtering the surface became
enriched with Ni in case of NixPdy and with Mo and Re in case of NiMoRe. The dynamics of
Ni surface concentrations on two of the used samples is shown in Fig. 1a. The curves can be
approximated with exponents; the dose of reaching the steady state surface concentration was
much higher for NiMoRe.

90 4 a b 80 .
NiMoRe 701
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S g 50l
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pd Tni= 1)
401 20

304 104
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Fig. 1. (a) — The dynamics of Ni surface concentration for NiPd and NiMoRe under GCIB
irradiation. (b) — Pd surface concentration for Ni.Pd, alloys with various bulk Pd concentration. The
dashed line corresponds to the absence of preferential sputtering, the solid line corresponds to the ratio
of Pd and Ni sputtering yields of 1.6 in Eq. (1).

Determining sputtering yields of an alloy component as Y," =Y, /c’, where Y; and ¢}
are partial sputtering yield and surface concentration of the i-th alloy component,

correspondingly, for the steady state regime (Y, / Yz =C, / Cg) one has [2]:
YalYg =(calcg)/(chlcs). €

The latter equation allows of calculating the surface concentrations of alloy components
for a known ration of sputtering yields. The corresponding curve calculated for NiyPdy
sputtering for a constant ratio Yp, /Yy =1.6 is presented in Fig. 1b. The same figure shows
the experimental values of Pd surface concentration after reaching the steady state for GCIB
irradiation and for irradiation with atomic Ar* ions with the energy of 3 keV. Ar
bombardment results in only a weak surface enrichment with Ni (compare with LEIS
investigation [3]), while Araseo” results in a strong surface enrichment with atoms of the same
type. The effect can be attributed to the preferential sputtering of Pd. We should underline that
the experiments with off-normal and with normal GCIB incidence both gave close results,
though a pronounced ripple-like surface relief was developed in the first case (Fig. 2), and no
surface relief was developed in the second case.
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Fig. 2. Surface topography of NiPd after inclined
irradiation with gas cluster ions. The arrow shows the
ion beam direction.

The principal parameters determining the process of preferential sputtering of the
components are their mass ratio Ma/Mg and the ratio of their surface binding energies Ua/Ug
[4]. For NixPdy alloys, the surface was enriched with Ni, which is the lighter component and
at the same time is the component with the higher surface binding energy. This effect is
expected from the point of view of the sputtering models based on evaporation (the
component having lower surface energy is evaporated more easily, it is Pd in our case) and
form the point of view of the models based on the sputtering from shock waves (the atoms at
the shock wave front have the same velocity, so the heavier component would gain higher
energy and easier overcome the surface barrier, again Pd). But for NiMoRe, the surface was
enriched with Mo and Re, which are the heavier components with higher surface binding
energies. It means that the role of surface binding energy is more important for the
preferential sputtering.

The analytical depth of the XPS lines was in the range 1.0 — 2.0 nm (for normal electron
emission). As the topmost surface composition is determined primarily by the process of
preferential sputtering, to understand the role of segregation and diffusion, more detailed
information about the depth distribution of the components is needed, which will be the
direction of our future work. Nevertheless, on this stage already we used two XPS lines of Ni
for the normal GCIB incidence (without surface relief development): Ni 2ps, with the
analytical depth ~1 nm and Ni 3p with the depth ~2 nm. Both for NiPd and for NiMoRe the
concentration of Ni evaluated by the two lines differed by 6 — 10 %: in depth the
concentration was closer to the bulk one.

The work was supported by Russian Science Foundation, project Ne 21-19-00310,
https://rscf.ru/project/21-19-00310/
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MOJAEJIMPOBAHUE HOHHOI'O OBJIYYEHUSA KPUCTAJIJIMYECKUX U
AMOP®HBIX MAUIIEHENA — MATEPHUAJIOB TEPBOM CTEHKU TOKAMAKA-
PEAKTOPA
SIMULATION OF ION IRRADIATION OF CRYSTALLINE AND AMORPHOUS
TARGETS - TOKAMAK-REACTOR FIRST WALL MATERIALS

J. C. Meay3oBa*, I1. }O. badenko, A. H. 3unoBbes, A. I1. llleprun
D.S. Meluzova, P.Yu. Babenko, A.N. Zinoviev, A.P. Shergin,
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This is an overview of a series of studies concerning various processes which occur during
atomic bombardment of crystalline and amorphous solids. These studies were focused on Be,
C, W targets as these are the plasma-facing materials in the ITER tokamak-reactor and other
tokamaks. The emphasis was made on atom-target combinations which lack reliable
experimental data. Values of reflection and sputtering coefficients, linear energy losses and
ranges of atoms in solids were obtained via computer simulation performed using an original

code. The influence of interaction potential on simulation results was also studied.

Pa6ora Tokamaka-peakropa UTOP mmanmpyercst ma D-T mmasme. IlepcnexTuBHbie
Matepuansl nepBoit cTeHkn u ausepTtopa (Be, C, W) OyayT moaBeprathcsi HHTEGHCHBHOMY
00JIy4ECHHIO IIOTOKOM HEHTPAIbHBIX aTOMOB, NMOKHIAIOMNUX I1a3My. OUEBUIHO, YTO SIBICHUE
OTpaXXEHUsI AaTOMOB OT IOBEPXHOCTCH B TOKaMaKe-peakTope OyIeT UrpaTh BaKHYIO pOJb B
JIOCTIKECHNM KJIIOYEBBIX ITapaMETPOB IIa3Mbl M ONpEJCTICHUMH TEIIOBOW HArpy3Kd Ha
MaTepHanbl. OKCICpHMEHTAlIbHBIC [aHHbIE 0O Koddounmentam oTpaxeHus oT Be
orcyTtcTByroT, a s C m W kpaiine orpanndens! [1,2]. Taxke OTCyTCTBYIOT JOCTOBEpHBIE
JIaHHBIE O TIpo0erax IEpednCICHHBIX aTOMOB B aMOP(GHOM Boib(pame. 3HaHHE HPOOETOB
aTOMOB TpeOyeTcst Ulsl OLEHKU 00pa3oBaHus AC(EKTOB B TOKAMaKe-pEaKTOPE ¥ HAKOIIICHHUS
U30TOIOB BOJOPO/ia B MaTepuaie. [IoMuMo H30TOOB BOJOPO/Ia MHTEPEC MPEJICTABIIAIOT TAKKE
atomel He — mpomyktel TepmosaepHoi peakuun. KommploTepHOE MOAEIHPOBAaHUE
TIEpPEYHCIICHHBIX TPOIIECCOB MO3BOJISET BOCIIOIHUTE yKa3aHHbIE MpoOenbl. OTMETHM, 9TO IS
JIOCTOBEPHOTO 4YHCJICHHOTO HCCIEAOBaHUA MOTPeOOBANIOCh YTOYHEHHME psiia HapaMeTpoB,

ONMCHIBAIOIINX B3aUMO/ICHCTBHE ATOMOB C TBépZ[LIM TEJIOM.
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MojennpoBaHue HPOBOJUIOCH C TIOMOIIBIO OPUTHHAIBHOIO KOJa, OCHOBAHHOIO Ha
metonax BCA u tpaekropuii. OTHUM U3 OCHOBHBIX ITAPAMETPOB, BEIOOP KOTOPOTO BIUSET HA
pe3ysbTaT MOJEIHPOBAHMS, SBISETCS IOTEHIHAN B3aHMMOJEHCTBHS HAJETAIOMIEro aToMa C
aToMamMH MunieHH. B pa6ote [3] ObUIO MPOJEMOHCTPUPOBAHO, YTO HCIIOIB30BAHUE TCOPUH
¢dynknmonana mwrotHocty (DFT) st onpeneneHns NoTeHIMa a B3anMOISHCTBUS aTOMOB TaéT
pe3yJIbTaT, KOTOPBIH JIydIlle COTIacyeTcst ¢ SKCICPUMEHTAIbHBIMU JAAaHHBIMH, YEM IIMPOKO-
ucnosip3yembiit morenmman ZBL (puc. 1). C ucmonb3oBanuem DFT 6Obutn paszpaGorans
OpHI'MHATBHBIC TIOTEHIHANBI B3aUMOIeHCTBUS Il koMOuHaruii atomoB H u He ¢ Be, C, W.
JIns naHHBIX MOTEHIMAJIOB B3aUMOJCHCTBUS MOJNOXKEHHE M TTyOHHA MOTCHIMAIBHOU SIMBI,
HaJIMYHe KOTOPOil B moTeHnmaie npeackasssaet DFT, cornacyrores ¢ 9KCriepiMeHTaIbHBIMH

u paC'—léTHBIMH napaMeTpaMu COOTBETCTBYIOIIUX JABYXaTOMHBIX MOJICKYJI.

50 Puc. 1. CpaBHeHHe MOTCHIIMANA,
~— DFT nojy4yeHsoro  merogoM  DFT, c

407 ZBL noteHnuaaom ZBL [4] mwis komMOuHAINH

30k D-W. Uy - mnpuriaruBamoouias sMa B
2 MOTEHIMaNe, MpPeJCKa3aHHas METOJOM
z 20+ DFT.
> 1ot

0 ’ tu,
-10 L L L L
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OO6HapyKEHO HEOXXHJAHHO CHIBHOE BIMSHHE SMbl B IOTEHIMANAX HA OTPAXKECHHE
aTOMOB OT ITOBEPXHOCTH aMOP(HBIX MHILCHEH, KOTOPOE MPOSIBIACTCS IPU SHEPTUSX MOPsIKA
coTeH 3B mns yrnos ckonbxenus <20° (puc. 2): XOpOIIO BUAHO U3MEHEHHE OT NMPAKTUIECKH
CTONIPOLIEHTHOTO OTPaXXEHHsI K 3aMETHOMY IIOTJIOIICHUIO YAacTHUIl ITOBEPXHOCTEHIO. [lpm
SHEprusx CBHIIIE 2 K3B 3T0 pasnmume HesHaunmTensHO. Ha puc. 3 mokazaHo cpaBHEHHE
3HaYCHMIT MPOOETOB aTOMOB B BOJIb()paMe, PACCUMTAHHBIX C HCIIOIb30BAHHEM ITOTCHIINAIOB C
sSMOM u Oe3. 3HaueHus: mpoOeroB, MONydeHHbIe ¢ ucnoib3oBaHuem DFT morennuana,
IPEBBIIIAIOT 3HAYEHUs, MOTydYeHHble ¢ moTeHnuanoM ZBL. C pocrom sHeprum BIUsHHUE
IOTeHNMana ocilabeBaeT. BinusHue NoTeHIMana B3aUMOAEHCTBHSA IpPU HHU3KUX DHEPrHAX
MOXXHO OOBSCHUTH MpeoONafaHueM SICPHBIX TOPMO3HBIX CIOCOOHOCTEH, 3aBHUCSIIMX OT
NIOTEHIINAJIA, HAJl 2JIEKTPOHHBIMH B JAHHOM 3HEPIE€THYECKOM JUAIa30He.

Jlnst  mpoBepkM INIPUMEHMMOCTU IOTEHLHUAIOB C SIMOM Ul MOJEIMPOBAHHS
B3aMMOJICHCTBUSL aTOMOB C M3y4acMbIMH MHMIICHAMH OBUIO MPOBEACHO CpAaBHEHUE
pPacCUMTaHHBIX KO3()(PUINCHTOB OTPaKEHHSI C CYLIECTBYIOUIUMHU 3KCIECPHMEHTAIbHBIMU

IaHHBIMU Ut komOuHarmu D-C, a Taxke ObIT IPOBEAEH JOIOIHUTEIBHBIH pacuéT mpoberos
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IUISL XOpOIIO u3ydeHHo# komOuHanuu H-Si. Oba cpaBHEHHs1 OXBATHIBAIOT AMANA30H SHEPrHH,
B KOTOPOM HPOSIBISETCS BIMSHUE OTEHIIHMAIBHOI sSIMBI Ha pe3yiibTat. B obonx ciydasx Ob110
IIPOJEMOHCTPHPOBAHO XOPOIIIee COTTacCHe ¢ pe3yIbTaTaMy dKCIIEPUMEHTOB. JlaHHas TpoBepKa
Jlajia OCHOBAaHHWE JJIsl WcCmonb3oBaHus mnoTeHuuana DFT s pacuéra koadduimeHToB
oTpaxkeHus u npoderos aromo H, D, T, He npu 6ombaprupoBke amopdHbIx mueneit Be, C,
W B mmpokoM 3HepreruueckoMm auanazone 100 3B + 10 k3B, koTopblii cooTBeTCTBYET
TUNUYHBIM JHEPTUsAM 4acTull mia3mbl. CpaBHEHHE C pe3ylbTaTaMM HE3aBHCHUMBIX PacuéToB
KOO (QUITHEHTOB OTPaKEHUS, KOTOPOE BO3MOXHO IIpU »HEprusix >1 xoB, korga BeIOOp
MOTeHIMAaNa CIa00 BIMSET Ha pe3yNbTaT, IIOKA3aJlI0 YAOBIETBOPUTEIBHOE COIJIACHE C
NOTyYeHHBIMH 3HAa4YeHWsSIMH. B Xozme MonenupoBaHUs TIpoOETrOB TakKe IOTyYeHBI
pacnpenenenus mnpoberoB no riayoune st komOunaimid H-Si m D-W, u monydeHHble
pacnpeneneHus OINUCAHBl XapaKTePUCTUKAMH, MO3BOJIIOIIUMU HOCTPOHUTH pacIpeaesICHUs!

mpo0OeroB Mo riryouHe, He mpuderas K pacyéTam.

DFT 10000

1000 £

x, A

0.0F

y 0.1 1 10 160
10 100 E. keV
o, degree

Puc. 2. Kosdpduunentsr orpaxenus paznmunbix Puc. 3. CpaBHeHHE PacyETHBIX 3aBHCHMOCTEH
n30TONOB Bojopona ¢ sHepruei 100 3B or cpeamero mpoGera OT SHEPrHH HAJIETAIOIINX
MmunieHn u3 Be B 3aBucHMOCTH OT yria majeHuss wactun it komOmuamuii H-W, D-W, He-W,
(OTCYET OT MOBEPXHOCTH) IPH HCIOJIB30BAHMH  IOJYYSHHBIX C MCIIONB30BAaHUEM IMOTEHIMAJIOB
norennmanos DFT n ZBL. DFT (cninomnsie nmuann) u ZBL (urpuxossie).

JanpHeliniee u3ydyenue npoxoxaeHus atomoB H, D, T uepe3 amopdHble MuIICHH
II03BOJIMIIO CHIeNIaTh BHIBOJBI, KacAIONIHECs pacIipelesICHUs] SHEPTOBBIIEICHHS 110 TTyOHHe B
MaTepuasax TOKaMaka-peakTopa. bblIo [POAEMOHCTPUPOBAHO, UTO TIPH  3HEPrUAX
Haneraromux 9actull S 100 k9B MakcHMyM 3HEpProBBIACICHUS IPHXOIUTCS Ha 00J1aCTh BOJIM3H
MIOBEPXHOCTH, a MPU OOJBIIMX SHEPTHAX B PACIpEeIeNICHUH BbIIEIsIeTCs MUK bparra. AHamm3
pacnpesneneHus SHEproBIIEIEeHHsT B MaTepHanax IepBOH CTEHKH IIPU OOIYYEHHH ITyYKOM
YacTHIL C SHEPTUAMH, COOTBETCTBYIOIUMH THIIMYHOMY cHeKTpy aToMoB D u T, nokuaarommx

wia3My (pacd€T CrIeKkTpa aHaJOru4Ho [S5]), Mmokas3aa MaKCHUMYyM JHEPrOBBIICIICHUS BOIU3H
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HOBEPXHOCTH, KaK U B Clly4ac MOHOIHEPIeTHYECKHX ITy4KOB. IIpy 3TOM 0TMEUYEHO, 4TO aTOMBI
T NpOHHUKAIOT B MaTepHAI IIy0OKe, 4eM aTOMbI D, 4TO MOXET MPUBOJUTH K UX HAKOILICHHIO.

TTomuMo BccIe0BaHUS TPOXOXKICHUSI aTOMOB Uepe3 aMOp(HbIEC MHUIIIEHH TakXke OBbLIO
IIPOBEICHO MOJEINPOBAHUE MHTEPECHOTO YACTHOTO CITydas MPOXOXKICHUSI aTOMHBIX YaCTHIL
yepe3 KpUCTAJUI — SBJICHNS KaHAIUPOBaHUS. B Xome aHanm3a 3BOJIIOMMH IIPOCTPAHCTBEHHOTO
pacnpenesneHus my4ka atoMoB D, 3axBaueHHbIX B kaHai kpuctamia W(100) 66110 00HApY)KEHO
obpa3zoBaHHe YETKOH CTPYKTYpbI IPOCTPAHCTBEHHOTO pACHpEICNCHUs U e COXpaHeHUe
BIUIOTH A0 NTyOUHBI, cocTaBisroniei 10 90% ot npodera vactuiy (puc. 4).

Puc. 4. 3aBUCHMOCTh
MPOCTPAHCTBEHHOTO  PACIIPe/eICHHUs
YaCTHIl, 3aXBAYEHHBIX B KaHajl, OT
MPOIIEHHOTO PacCTOSIHKS Ha IIyOHHE
3000 A nns komGunanuu D-W(100),
HauasbHas sHeprus 100 k3B. Ha ocsx
— paccrosuue B A. IeroBas mkana
MOKa3bIBAET  KOJMYECTBO  YACTHII,
3aperMCTPUPOBAHHBIX B KaXkKJOi
TOYKE HpOCTpaHCTBA. I[IyHKTHpPHBIi
KBaapaT — obmactb  OOIydeHHsI
IIyYKOM D, COOTBETCTBYIOLIAs
OJIHOMY KaHaJTy KpHCTaJlIa.

Jl1ss MOAENMpOBaHUS PACHBUICHHS MHIICHH M3 aMOp(HOro Bomb(pama JIETKUMH
HOHaMHU ObUT pa3paboTaH CIELMATbHBIA KO/, OCHOBAHHBIM Ha MPHHIHIIAX MOJICKYJSIPHOI
JIMHAMMKH U ONTHMH3UPOBAHHBIH 10/ crienuduKy nocrapieHHoi 3anaun. C 1esbio CpaBHEHUS
C CyIICCTBYIOIMMH 3KCIEPUMCHTAIBHBIMU JIAHHBIMU M IPOBEPKU IIPABHIIBHOCTH pacuéra
ObLTH paccurTaHbl KO3(GHUIHEHTHI paciblUieHus Boabdpama noHamu Ne. OCHOBHOU 3a/1aveii
Obu1  pacuéT KOP(QGUIUEHTOB pacHbUIeHHs Boibdpama OepwuimeM, IO KOTOPBIM
9KCIICPUMEHTAIBHBIC J[aHHBIC OTCYTCTBYIOT. Jliss 00enx KOMOHMHAUMil OBbUIM IOXydYCHBI
3aBHCHMOCTH KO3 (DHUIMEHTA OTPAXKEHHUS OT SHEPIMH HAJICTAIONINX YACTHI] M OT YIJIa IaJICHHS.
B cimyuae Ne mpoJeMOHCTPHPOBAaHO cOIJIacHe C 3KCIICPUMEHTalIbHBIMH IaHHBIMH. Taroke
pa3paboTaHa MOJENb AHATUTHYECKOro pacuéra Kod(hGHIMEHTOB paclbUICHHS BOJIb(ppama
NErKUMH HOHAMH, KOTOpas OOBSCHSET YHHBEPCAIBHOCTh 3aBHCHMOCTEH KOI((HIHEHTOB

pacnblUICHUs OT SHEPIrUH B Hle’IOpOFOBOﬁ obJacTH.

[1] V.V.Bandurko, N.N.Koborov, V.A . Kurnaev, V.M.Sotnikov, O.V.Zabeyda, J. Nucl. Mat. 176-177 (1990) 630.
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[3] A.Zinoviev, K.Nordlund, Nucl. Instrum. Methods Phys. Res. B. 406 (2017) 511.
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[5] V.I.Afanasyev, M.I.Mironov, V.G.Nesenevich, M.P.Petrov, S.Ya.Petrov, Plasma Phys. Control. Fusion 55
(2013) 045008.
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PACIIBIJIEHHME KPEMHUSA ATOMHBIMHA U KJIACTEPHBIMUA HOHAMM
BUCMYTA: BIUAHUE KOJIMYECTBA ATOMOB B BOMBAP/IUPYIOIIIEM
HWOHE U UX DHEPTUU HA KOO OPUILUEHT PACIIBIVIEHUSA

A.B. Toncrorysos'?, IT.A. Maxapos?, C.U. T'yces!
A. Tolstoguzov3, P. Mazarov*, S.1. Gusev!

1 Pasanckuil 2ocydapemeennbiii paduomexnuveckuil ynusepcumenm um. B.@. Ymxuna, 390005 Pasans, Poccus,
E-mail: a.tolstoguzov@fct.unl.pt
2 Centre for Physics and Technological Research, Universidade Nova de Lishoa, 2829-516 Caparica, Portugal
3 School of Physics and Technology, Wuhan University, 430072 Wuhan, China
4 Raith GmbH, 44263 Dortmund, Germany

An influence of the specific kinetic energy Esp and nuclearity n of Bin* (n=1-4)
projectiles on the sputter yield of Si was studied by the volume loss method. It was
found that the specific sputter yield Ysp exhibited non-additive increase with an
increasing of n u Esp. For Bin* projectiles at Es=10 keV.at the non-additivity factor
k was equal to 0.41+0.08. The efficiency of energy transfer from projectiles to target
atoms was in 2.8 times as much for Bis* projectiles as compared with Bi* ones.
Bomb6apanpoBka TBEpABIX Tel KJIACTCPHBIMH (MHOTOATOMHBIMU) HOHAMH C JHEprHeH B
Juaria’oHe €IUHHI U ICCATKOB KB HHHULHUUPYET (bOpMMpOBaHI/le HEJIMHEHHBIX KackaaoB
CTOHKHOBBHHﬁ, B KOTOPBIX IO CpaBHEHUIO C JIMHEHHBIMH KackKaJlaMH, BO3HHUKAIOIIUMHU IIpHU
60oMOapAMpOBKe aTOMHBIMU HOHAMHU C TOH K€ SHepruel, mpoucxoaut Oomnee 3¢ QeKTHBHBIH
9HEProoOMeH MeXIy O00MOApIHPYIONIMMH YaCTHUIIAMH M aTOMaM{ MHUILICHHU (CM., HapHMep,
[1-4] u ccpuikn B 3THX paboTax). DTO NPUBOAUT K HEA/UIMTHBHOMY YBEIHYCHHIO BBIXOJA
PaCnbUICHHBIX aTOMHBIX U KJIACTCPHBIX MOHOB, 3aBUCALICMY OT JHCPTUU U 4YHCJIa aTOMOB B
60M6ap;mpy}01.ueM HOHE, a TAKXKE OT YKCila aTOMOB B paClbIEHHOM KJIACTEPHOM HOHE.
OGCy)KlIeHI/[}O MCXaHHU3MOB, OTBETCTBCHHBIX 3a (I)OpMI/IpoBaHI/IC 3apsA0BOI0 COCTOSTHUSA
(BEpOATHOCTH MOHU3AIMHI ) PACTIBUICHHBIX YaCTHUI] IPU O0MOapANPOBKE KIIACTEPHBIMUA HOHAMH,
HOCBSILIEHO MHOTO paboT [1-4], KOTOpbie B OCHOBHOM 0a3MpyOTCs Ha pe3yJibTarax H3MEpeHHi
MacC-CIICKTPOB U SHEPICTUYCCKUX pacnpeneneHI/Iﬁ BTOPHYHBIX HOHOB. BwMmecre ¢ TEM, BBIXOJQ
BTOPHUYHBIX MOHOB 3aBUCUT HC TOJIBKO OT BCPOATHOCTU MOHHU3ALUNH, HO U OT K03(b(bI/II_II/[eHTa
pacnbuICHUA.

I/I3MepeHnﬁ K03(1)(1)I/IHPI6HTOB pacnblICHUs KIIACTEPHBIMH MOHAMH, a TEM Ooitee JaHHBIX O
CpaBHUTENBHON 3((HEKTHBHOCTH pACMHBUICHHS ATOMHBIMA M KIACTEPHBIMA HOHAMH B
OJIMHAKOBBIX 3KCIIEPHMEHTAIBHBIX YCIOBHAX, 3HAUMTENbHO MeHbine [5-7]. Koadduiment
pacmbUIeHHsT MOXKHO pacCudTaTh, W3MEpUB OOBEM pACHBUICHHOTO BEIIECTBA U J03Yy
6ombapaupyronmx oo (Volume Loss Method (VLM) [8]). B stom meroze cepbesHbie
TpCGOBaHHFI NPEABABIAOTCA K KOJIOHHE NEPBUYHOI'O HMOHHOI'O ITy4Ka (HOHHOﬁ HyIJ.IKC),

KOTOpasi JOJDKHA TEHEpHpPOBaTh OCTPOCHOKYCHPOBAHHBIE M MacC-CEHapHPOBAHHbBIC ITyYKH
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aTOMHBIX M KJIaCTEPHBIX HOHOB C OJMHAKOBOH YZHENIbHON KMHETH4ecKoi sHeprueil Esp, T.c.
9Hepruel, npuxozsmieiics Ha ouH aToM B OGomOapaupyromeM HoHe. Brimomnenue storo
TpeOoBaHUsT HEOOXOANMO TSl HAZEKHOTO pa3/ieleHus BKIAI0B B KOI(P(UIIMEHT pacIbUICHUS
OT HEPTHH U OT YHCIIa aTOMOB N B 60MOapAMPYIOIIEM HOHE.

Henpto manHON paboThl ObUTO M3MepeHHE KOI(DPUIMEHTOB PACIBUICHUS KPEMHUS TPH
GomOGapupoBKe aTOMHbIMU Bi* 1 kiactepHbiMu HoHaMu BicMyTa Bin® (n=2-4) ¢ oxunakoBoit
ynensHOi 3Heprueil. Kpome Toro, Hac wuHTepecoBalM 3aBHCHMOCTH KO3()(HIMEHTOB
pAacIbUICHHs OT yACTbHOW SHEPIHH, KOTOPbIE MOTYT CIyKHMTh IOKa3areneM 3¢ dekTHBHOCTH
Hepeayu SHEPTHU OT ATOMOB, BXOSIIUX B COCTAB KJIACTEPHBIX HOHOB, K aTOMaM MHUILCHH.

Pacnitenue nonuposanHoi miactuHbl Si (100) mpoBoanIocs Ha KOMMEPYECKOM HOHHO-
aygeBom srorpage VELION (Raith Nanofabrication, Germany) [9, 10]. Macc-
CcemnapupoBaHHbIC IMy4YKH aTOMHBIX Bi* U kimacrepHbsix HoHOB BHcMyTa Bin* (n = 2-4) [11]
HAaIPaBISUTHCh 10 HOPMAJU K OBEPXHOCTH MHUIICHHM. Y CKOPSIIOIIEE HAIPSUKEHUE H3MEHSUIOChH
B nuana3one 10-40 kB ¢ marom B 10 kB, npu aTOM quiametp mydka Ha MUILEHHU U1l BCEX TUIIOB
nonoB He mpesbiman 100 M (FWHM), a wonHbli TOK GbLT B mpenenax 19-950 mA B
3aBHCHMOCTH OT HEPTUH H YHCIIa aTOMOB B KJIIACTEPHOM HOHE.

Bcero 6buto mpuroroBieHo 14 KpaTepoB ISl pasiHYHBIX OOMOApIHPYIOUIMX HOHOB
BucmyTa ¢ sHeprusimu 10, 20, 30 u 40 k9B coorBercTBeHHO. ['TyOnHa KpaTepoB omnpeaensiiach
¢ momompl KoHTakTHOro mnpodumomerpa Veeco DEKTAK 150 ¢ BepTHKambHBIM
paspemmerneM 0.1 HM. M3MepeHust IpOBOAMINCE B 3-X TOUKaxX, IPOU3BOJIBHO BHIOPAHHBIX Ha
JIHEe KaXaoro kparepa. J{yisi KpaTepoB, NpUrotoBieHHble mpu Esp=10 xoB/atom, T.e. mpu
yckopsiforux  Hanpspkerusix 10, 20, 30 u 40 xB mgns wonoB Bi*, Bi2*, Bis* u Bis*
COOTBETCTBEHHO, CpeiHss IiayOuna cocraBmsuia 27, 76, 87.5 u 107 um. IlorpemHocts
n3MepeHuit He npebinana + 0.5 HM.

Tonueiit ko3dduument pacubuieHust Y (Sputter yield), T.e. KONMYECTBO paclbUICHHBIX
aTOMOB MHUIICHH, IPUXOAMINXCS HA OJHH O0MOApANPYIONMil HOH, BEIYUCISIICS O GopMmye
(8]

VN

v=—, @

Fion

rae V - 00beM paclbUIEHHOTO BELIECTBA, PABHbIA MPOU3BEIEHUIO TUIOMAAM HA TIyOUHY
kparepa, N — aromuas miornocts mumenu (Nsi = 5.0x10%? ar/em®), Fion — monmas mosa
60MOapAUPYIOLINX HOHOB, KOTOpast ONPeaessiIach KaK

Fion _%’ (2)

rae | — noHHBIH TOK HAa MUIIEHH, { — BpeMst 00ITyueH s, € — 3JIeMEHTapHbIN 3apsl.
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Iomumo mosnHOro Ko3(dduiMeHTa pacmbuieHHss Y, Mbl OMNPEASISUIM  yIEIbHbIN
koaurment Ysp (Specific sputter yield), pasusiit Y/n, T.e. B popmyne (1) BMecTo momnHO#
HOHHOW 03Bl HCIOJBb30BaIach MONHAs x03a OomOapaupyromux aromMoB Fat = n-Fion. C
(u3nuecKoi TOUKHM 3peHus Ysp IOKa3bIBACT CKOJIBKO aTOMOB MHIICHH PACIbUISETCS HA OJUH
aTOM, BXOJSIIUIA B COCTAB KIIACTEPHOTO MOHA.

Ta6anua. MoHHbIe 1 aTOMHBIC 103kl GoMOapaupyoux noHoB Bin* (n=1-4) ¢ yaensHON
sHeprueii 10 ka3B/atom 1 ko3 uumenTsl pacnbuieHus Si, paccuntanusie 10 Merony VLM
u B nporpamme TRIM, a Taxoke pakrop HeamuuBHOCTH K

lon E, Fion, Dlon, Fal, Dat, Y YTRIM k Ysp
keV | x10™ ion | x10'ion/cm? | x10% at | x10 at/cm?

Bi* | 10 3.39 5.02 3.39 5.02 27 | 241 - 2.7

Bi," | 20 3.40 6.43 6.8 12.86 59 | 482 122295

Biz" | 30 2.90 3.98 8.7 11.94 11.0| 723 | 152 | 3.7

Bi," | 40 3.16 3.51 12.64 14.04 152964 | 158 | 3.8

B TaGHHHe TIPEACTABIICHBI SKCIIEPUMEHTAJIbHBIC TaHHBIC HOHHBIX 1 aTOMHBIX 103 JJIs Bin+

(n =1-4) ¢ sueprueit Esp=10 ksB/atom u 3nadenust Y u Ysp, nosydennsie merogqom VLM c
norperrHocThio + 0.2. [lomumo mosnubIx 103 Fion # Fat B Tabnuie npusenenst 10361 Dion 1 Dat,
HOPMHPOBAHHbIC HA IUIOLIA/b KPAaTEPOB pAaclbUICHHUsS. MBI TaKKe HPOBEIU BBIYUCICHUS

K03 (GUIIMEHTOB  pacHbUICHUS KpPEeMHHS C

nomomto Simple Sputter Yield Calculator %4‘07 B, -

(SSYC) [12] u B mporpamme TRIM (Transport g; 351

of lons in Matter) [13]. Jus 10 k3B Bi*/Si %3_07

ObLIM IOTyueHbl 3HaueHus Y paBHble 2.46 %

(SSYC) u 2.41 (TRIM), koTOpble XOpOIIO # 25

COTJIACYIOTCSI c 9KCTIEPUMEHTAILHBIM 20l ; ] "

n
Puc. 1. Y nenpusliit ko3(pUIHEHT pacnblIeHHs
i TRIM  He TO03BONAIOT BBIYMCIMTL  Si wmomamm Biy* ¢ Egp=10 xoB/atom B
3aBHCHMOCTH OT 4Hcia aToMoB N. TaHresc
yIila HAKJIOHA AIIPOKCHMHPYIOWIEH MpsSMOit

snayenueM 2.7 + 0.2. Ormerum, uro Hu SSYC,

K03 PHUILMEHTBI PACTIBLICHHS IS KIACTEPHBIX
MOHOB, MOJTOMY JUIs HUX B Tabnuiy Obumm  pasen 0.41:0.08.
n06aBieHbl 3HaueHUs. YTRIM, TIOJYYECHHBIC [YTEM YMHOXXEHHS PAaCUETHOro KodduimeHta
pacrbUIeHHs Ul aTOMHBIX HOHOB Ha N, T.€. B MPEAINOI0KEHHN 00 aJIATHBHOM BO3PAaCTaHUH
ko3 duIenHTa pacbUIeHUs IPH GOMOAPAUPOBKE KIIACTEPHBIMA HOHAMH.

B kauectBe (pakTOpa HEAAAUTUBHOCTH K MBI HCIIOJIB30BAM 3HAYEHHME TAHTEHCA yIia
HAKJIOHA TPSIMOW JIMHUHM, allIPOKCUMHUPYIOLIEH 3aBUCUMOCTh Ysp(N) MpH  OJMHAKOBOI
yaenbHoi sHepruu Esp. Y3 puc. 1 ciexyer, uro st Bin* (n=1-4) npu Es=10 xaB/atom, sToT

(axrop pasen 0.41+0.08.
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Ha puc. 2 npeacTaBiieHbl 3aBUCUMOCTH yIEIbHBIX KOI(D(GUIHEHTOB PACIBUICHHS KPEMHHS
nonamu Bin* (n=1-3) ot Esp BMecTe C TMHEHHBIME alMPOKCUMAIIUSIME ATHX 3aBHCHMOCTel. Tam
ke nipuseieH rpaduk Y(E), nonyuenusiii B mporpamme TRIM nuist monos Bi* ¢ sueprusimu 10-
40 ©B. C yBenuueHHeM N TAHIEHCHl YIJIOB HAKJIOHA aNIPOKCUMHPYIOWUX IPSMBIX
Bospacrarotr ¢ 0.09£0.01 (Bi*) mo 0.25+0.02 (Bis*), T.e. B 2.8 pasa. D10 ykaspiBaeT Ha
noBbIlIeHNe (G (EKTHBHOCTH TIepeiaur YHEPTUH ATOMAM MHULICHH TIPH YBEIHIEHHH .

Ilo HaleMy MHCHHUIO, HCAAJUTHUBHOC YBCINYCHUC

. B’ ~ Si
kodduimenta pacneuieHust Si ¢ poctom N u Egp "

s 59
HPOMCXOAUT B OCHOBHOM 3a cdeT (OPMHPOBAHHUS B =

g

= 4
HPHUIOBEPXHOCTHON OOJIACTH  MUIIEHH TEIUIOBBIX g

2 .1
IINKOB, OTBETCTBEHHBIX 3a Oonee dS(pQeKkTHBHOE g

g

4
nepepacnpeesIeHue SHEPT UK MKy JBIKYIUMUCS 1 @ 2
HEMOJBWKHBIMU aTOMaMH MUIIEHU (HEIUHEHHbIH 1

PeXHUM paclbUIeHHs), 4YeM Ipu OombGapaupoBke Energy E,, (kev/at)

Puc. 2. YpenbHsie kodpdHIMEHTHI

pacnbutenus Si nonamu Bin* (n=1-3) B

Ham ynanoce skcnepuMeHTalbHO 1MOKAa3aTh, YTO HPU saucumoctnt  Esp. Jlma Bi* Taroke
MpHUBE/ICHbI AaHHbIe pacyeTa B TRIM.

AQTOMHBIMU MOHAMHU (JINHEWHBIH PEXKUM PACTIBUICHHS).

OJIHOM M TOM e yJIeJIbHON SHEPTUH yBEINYEHUE YHCIIa

aTOMOB B OOMOapMpPYIOIIEM HOHE BEIET K HEea[IMTUBHOMY pocTy Ysp (puc. 1) 3a cuer Oonee
9 GeKTHBHON nepeaayn YHEPruu 0T OOMOapIMPYIOIIUMX HOHOB BUCMYTa K aTOMaM KPEMHHUS
(puc. 2).

A.B. Toncrory3oB u C.J. I'yceB BbIpaxaroT GrarogapHOCTh MUHHCTEPCTBY HAYKH H
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SURFACE MODIFICATIONS OF W-BASED MATERIALS UNDER HELIUM AND
DEUTERIUM ION IMPLANTATION

0. V. Ogorodnikova!, N.S. Klimov?, Yu.M. Gasparyan?, Z. R. Harutyunyan?, V.S. Efimov?,
D. Kovalenko?, K. Gutarov!?, A.G. Poskakalov?, M. M. Kharkov?, A.V. Kaziev*

INational Research Nuclear University ‘MEPHI’ (Moscow Engineering Physics Institute),
Kashirskoe sh. 31, 115409 Moscow, Russia
2State Research Centre of Russian Federation Troitsk Institute for Innovation and Fusion
Research, ul. Pushkovykh, vladenie 12, Troitsk, 108840 Moscow, Russia

In a thermonuclear reactor, materials will be irradiated with hydrogen isotopes and
helium (He), neutrons, and heat fluxes. Tungsten (W) and dense nano-structured tungsten
(CMSII) coatings are used as plasma-facing materials in current tokamaks and suggested to be
used for future fusion devices. In this regard, the study of the accumulation of He and
deuterium (D) in W-based materials and corresponding surface modifications under normal
operation conditions and transient events appears necessary for assessment of safety of fusion
reactor due to the radioactivity of tritium and material performance and for the plasma fuel
balance. Therefore, in this work, irradiation of W-based materials with D and He ions in
stationary regime and in quasi-stationary high-current plasma gun QSPA-T below and above
the melting threshold has been performed. In QSPA-T, a pulse duration was 1 ms and number
of pulses was varied from one to thirty. In stationary plasma loads, ion energy was varied
from 20 to 3 keV, temperature 300-1200 K and flux/fluence 10'7-10%* at/m2s/10%°-10% at/m2.

Material modification was investigated using an electron microscope equipped with a
focused ion beam for in-situ cross sectioning and an x-ray diffractometer. The D and He
retention in irradiated samples was measured by a method of thermal desorption spectroscopy
using high resolution quadrupole mass-spectrometer to separate signals of He and D2. The D
retention in polycrystalline W (PCW) decreases with increasing the temperature at low
fluence to 10?2 D/m2 and always decreases with increasing the temperature in the case of
CMSII-W coating (Fig. 1a). The D retention in PCW initially increases and then decreases
with increasing the temperature at high fluence (Fig. 1a). In low-temperature range, blisters in
W occurs (Fig. 1b). However, He retention in W does not significantly depend on temperature
at ion energy above 400 eV and low fluences up to 102> He/m2, while increases with
increasing the temperature at ion energy below 80 eV and high fluences (Fig. 2a). The most
destructive surface modifications caused by D (blistering, Fig. 1b) and He (nano-tendrils, or

‘fuzz’, Fig. 2b) occurs at low and high temperatures, respectively.
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Fig. 1. a) The D retention in W coating (CMSII) and polycrystalline W (PCW) as a function of the
temperature. b) SEM images of blisters. The arrows indicate the conditions of blister formation.
Large-scale surface modifications occur at low temperature under D irradiation
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Fig. 2. a) The He retention in W coating (CMSII) and polycrystalline W (PCW) as a function of the
temperature. The vertical line indicates experiments made at IPP, Garching and at MEPhI, Moscow. b)
The high resolution SEM image of He-induced W ‘fuzz’. The arrow indicates the conditions of fuzz
formation.
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Critical He retention for ‘fuzz’ grow in W-base materials is >2x10%° He/m? and temperature
above 900 K. After exposure to the plasma gun, the W fibers in fuzz is enlarged and an open
porosity is formed by interconnecting bubbles in ‘fuzz’ with an increase in the number of

pulses (Fig. 3). He retention decreases only by a factor of three.
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Fig. 3. SEM image of the surface of W; before (a) and after D plasma gun exposure at T<Tn with ten
(b) and thirty (c) pulses. Wy means W with He-induced ‘fuzz’.
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Fig. 4. SEM images of the surface of PCW before (a) and after D plasma gun exposure at ten (b) and
thirty (c) pulses at T>Tp.

Fig. 4 shows some example of SEM images of the surface of PCW before and after D
plasma gun exposure at ten and thirty pulses at temperature above the W melting temperature.
Higher D retention was observed in this case compared to stationary plasma loads.

The combination of heat flux and D ions leads to various surface modifications, which
are discussed in this paper. The correlation between the retention of D and He and the
modification of the surface under different experimental conditions is discussed. The results
obtained give possibility to assess the particle retention in divertor areas subjected to high
thermal loads at different operation regimes and give recommendations for the development
of tungsten-based materials with improved properties in relation to hydrogen embrittlement
and helium swelling.
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BJIMSTHUE OBPABOTKU KJIACTEPHBIMU HOHAMMU API'OHA HA
MOP®OJIOTUIO NIOBEPXHOCTU HUTPUJIA AIIOMUHUSA
INFLUENCE OF TREATMENT WITH ARGON CLUSTER IONS ON THE
SURFACE MORPHOLOGY OF ALUMINUM NITRIDE

.B. Huxomaes™?, H.T. Kop06el7mmKOBl, TLB. Feitnr?, B.1. CprHI/IH3'4
L.V. Nikolaev'?, N.G. Korobeishchikov!, P.V. Geydt?, V.. Strunin®*

Y Omoen npuxnaonoii gusuxu, Hosocubupckuii zocydapcmeennsiii yrusepcumen, 630090,
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3 Kageopa sxcnepumenmanvrou ¢guzuku u  paduogpusuxu, OMCKUil 20cyoapcmeeHHblll
yhusepcumem um. D.M. J[Jocmoesckoeo, 644077, np. Mupa, 55-4, . Omck, Poccus
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Mapxca, 15, . Omck, Poccus

In this paper, the surface modification of aluminium nitride thin films at various

parameters of argon cluster ions. It demonstrated that the cluster ions with both

high and low energies per atom have a high efficiency of surface smoothing. A

comparison of the surface roughness parameters obtained by atomic force

microscopy is presented.

Hutpun ATIOMUHUS (AIN) obOaaer 3aMevaTelIbHbIMUA MEXAHUYECKUMHU,
MEKTPOPU3UUECKUMHA M TEPMOXUMHUYECCKUMHU CBoHcTBaMH. C IMOMOIIBI MarHETPOHHOIO
pacnbUICHUsT BBIpAlUBaIOT IUIEHKHA HUTpUAa aJlfOMHHHS C Pa3JIMIHbIM COCTaBOM H
MHKPOCTPYKTYpPOii, 6iaromapsi 4eM Takue IUIEHKHA MOJTYYHIA HIHPOKOE PAaCIpPOCTPAHCHHE B
KauecTBe pe30HaTopa, IMbE30dJIEMEHTa, M30JATOpa C  BBICOKOM  HUAJIEKTPHUCCKOM
[POHUIIAEMOCTBIO W MHKpodJieKTpoMexanudeckoir cucrembl (MOMC) [1-4]. Braronmaps
CBOAM IIb€30- U MHUPOIJICKTPUUYCCKUM CBOIICTBaM HUTPpUJ AITIOMHHHA HCIIOJIB3YCTCA B
OINTOMEXaHUYCCKUX H DJIEKTPOAKYCTHYECKUX yCTpOﬁCTBaX, CI)OHOHHI:IX Kpucrajuiax H
HenuHelHoi ontuke [5-9].

KnactepHsle WOHBI MOTYT HCHONB30BaThCsl s d(QGEKTUBHOW MoOIH(pUKALNN
TMOBEPXHOCTU PA3JIMYHBIX MaTECPHUAJIOB, 6nar0nap;{ KOJUICKTUBHOMY BSaHMOHCﬁCTBHIO COTCH-
ThICAY CJ'[66OCB$[33HHBIX aTOMOB KJlaCT€pa € aTOMaMH MHUIICHU [10] C TIIOMOIINIBKO MOHHO-
KJ'IaCTepHOﬁ 06p360TKH MOXHO CTpaBJIUBaATh n CriIa)xuBaTh TIOBEPXHOCTHb J10
CyOHaHOMETPOBOTO ypoBHsI miepoxoBaroctd [11-14], mpum 3TOM KIacTepHBIE HOHBI
MOBPEXKIAIOT IPUIIOBEPXHOCTHBIM CIIOH TITyOHHOMN BCETro eANHMUIIBI HaHOMeTpoB [13].

B nauHOii paboTe 00pasubl MOMMKPHCTAIMYECKOW ToHKOM mwénku  AIN
06pa6aTBIBaHI/ICB HECenmapupoOBaHHbBIM HMOHHO-KJIaCTEPHBIM IIy9YKOM aproHa Ha

skcnepuMenTansHoM crerzie KIIMYC, kpatkoe onucanne KOToporo npeacTasieHo B [15].
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[TepBoHauaabHO IUIEHKH HUTPUJAA ATIOMHHHS TONIIMHOH | MKM ObLIM HaHECEHBI Ha
MO/UIOKKY M3 CHTalla C TMOMOLIBIO METOJa MAarHeTPOHHOTO PACMbUICHUS MHUIICHH H3
ATIOMHHHSA 4uCTOTOH 99,99% B a30THO-aproHOBOH cpeie HpH TOCTOSHHOH MOIIHOCTH
marueTpona — 600 Bt. TemnepaTtypa Mook moaaepkuBanack Ha yposae 350°C.

Panee Hamm ObLIO MOKa3aHO, YTO KJIAaCTEPHBIE HOHBI C BBICOKOH 3Heprueil aroma B
kiacrepe E/N = 105 sB/arom (re KuHeTHYECKasi SHEPrHsi M CPEJHUI pa3Mep KIIACTEPHBIX
HOHOB paBHBI 22 k9B u 210 aTomoB/KIacTep, COOTBETCTBEHHO) WHTEHCHBHO DACHBUISIOT
MaTepuana W, NpU TaKuX JHEPrusx, npuoiamsurensHo 1 atom kiacrtepa BbiOMBaeT 1 atom
muuierd. [Ipu HeckonbkuX 3B/aToM B Kiactepe OCHOBHAS 4acTh HaYaIbHOW KHHETHYECKOH
SHepruu E yHOCHTCS paccesHHBIMU aTOMaMH KJIACTEPOB M PACIBUICHHE YMEHBIIAETCS TTOYTH
Ha TpU MoOpsaka, T.e. B cpeaHeM Toibko 1000 aTomMoB KkiacTepoB BbiOMBaeT 1 atom c
noBepxHoctH MuiieHu [16]. Micxonst u3 sroro, mis o6paborku ToHkKMX Mmi€HOK AIN Gbutu
BbIOpaHBl JiBA pexuMa: BbICOKO3HepreTuueckuii pesxxum 1 (E/N =105 sB/atom) u
Hu3KooHepreTuyecknii pexum 2 (E/N =103B/atom). I[InéHkn HUTpHAQ AIIOMUHHS
00pabaTeIBAINCh MPH HOPMATBHOM MaJCHUH KJIACTEPHBIX HMOHOB K NMOBEPXHOCTH MUIIEHH.
[InoTHOCTH TOKa KJIACTEPHBIX MOHOB Ha MumeHu coctasmsuia 0,35 u 0,5 MKA/cM? TSt
pexuMOB 00paboTKH 1 1 2, COOTBETCTBEHHO.

C mnomouipio aromuo-cuiaoBoro Mukpockona NTEGRA Prima HD (NT-MDT)
nposoamics axamu3 Mopdomornu mosepxHocTH AIN. Pasmep o6mactu ckaHHpOBaHHUS
COCTABIISLI 2X2 MKM C MpoCTpaHCTBeHHBIM pasperuneruem 1024x1024 mukceneii. Ha pucynke
1 moxa3zansl ACM-u300pa’keHHs] UCXOAHOH MOBEPXHOCTH HONHKPHCTAIMYECKOH IUIEHKU

AIN 1 noBepxHocTeii rociie 06pabOTKU KIAaCTEPHBIMH HOHAMH B Pa3HBIX PESXKUMAX.

Z,nm
30,

2 . o .
Puc. 1. ACM-u300pakeHusi 2X2 MKM~ NOBEPXHOCTH TOHKO# MONMKpucTaunyeckoi mienku AIN: a)
UCXOJIHAs TOBEPXHOCTb, ©) TI0CJIE BBICOKOIHEPreTHUECKOro pexuma o0paboTkH, B) mocie
HHM3KO?HEPreTUUECKOTO PEKHMa 00pabOTKH.

Ha ucxoanoit mosepxuoctu AIN nabmomaercs cronbuaras mukpocrpykrypa (Puc. 1a).
IIpm MarHeTpOHHOM pAacCNBUICHHMM Ha MEJIKHX PaBHOOCHBIX 3€pHAX, PACIOJIOKEHHBIX Ha
HOBEPXHOCTH, PACTYT MOHOKPHUCTAJUIMTBI M C YBEIMYCHUEM TOJIIMHBI IUIEHKH NMPUOOPETAIOT
CTOJIOYATYIO MUKPOCTPYKTYPY € OCBIO, TIEPIICHIMKYIISIPHON K MOBEpXHOCTH MueHn [17, 18].

JlarepanbHblii pazMep CTONOYATHIX MUKPOKPHUCTAUIUTOB HAXOAUTCS B auanasoHe 250-550
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oM. B pexume  00paboTku  TOHKOM  EHKM  nonukpuctamuuyeckoir  AIN
BBICOKOIHEPTETHYHBIMH KJIACTEPHBIMI HOHAMH MaKCHMAJIBHBIH MEPEeraj BBICOT HOBEPXHOCTH
Rt ymenpmmics co 168 M mo 50 HM, a cpeiHeKBaJpaTH4Has IIEPOXOBATOCTh Rg
yMeHbIImIack 6onee ueM B 3,5 pasa — ¢ 28,7 um 10 8 uM (Puc. 16). B pesynbrate o6padoTku
¢ Hus3koil sHeprueii Ha atom E/N = 10 sB/atom (E=10 k3B u N=1000 aromos/knacrep)
MaKCHMaJIbHBIIl ~ Ilepenaj BbICOT HoBepxHocTH R; ymenpmmics g0 30 HM, a
CpPeIHEKBaIpaTHYHAs IIEPOX0OBATOCTh Ry ymeHbmaeTcs 10 4,5 HM, 9TO B 6,4 paza MEHbIIE OT
ucxoxaHoro 3HadeHus (Puc.18).

CpaBHHBass peXHUMBI 00pabOTKH, CIEAyeT OTMETUTh, YTO INIyOMHA PpAaCHBUICHUS
cocrapisia okoio 100 u 30 HM mocie IepBOro U BTOPOro PEKHMMOB, COOTBETCTBEHHO. B To
K€ BpeMsl, [I0CJIe BTOPOr0 PeXMMa CPeAHEKBaApaTH4Hasl IIEPOXoBaTocTh B 1,8 pasa MeHblue
110 CPaBHEHHMIO C TIEPBBIM PEXKHUMOM. MOXHO C/IeNaTh BBIBOA, YTO PacHbUICHHE U TPaBICHHE
HOBEPXHOCTH KJIACTCPHBIMM HOHAMH HE SIBISIOTCS OCHOBHBIMH (DaKTOpaMH CIJIa)KHMBaHUS
oOpabaTsiBaeMOil TOBEPXHOCTH. MOKHO HPEIIIOI0KUTh, YTO KJIACTephl C MaJIOH dHEprHeH
aTOMOB TPATAT OCHOBOIO JOJIO SHEPTUM Ha MHTEHCHBHOE JIATEPaJIbHOE CMEIICHHE aTOMOB B
IPUIIOBEPXHOCTHOM CJIO€ MHIIeHH. TakuM 00pa3oM, HH3KOOHEPIeTHYECKHH PEeXUM
o6paborku obecnieunBaer Gosee 3¢ dexTrBHOE criaxuBanue nosepxHoctr AIN mpu manoit

TTyOUHE TPABIEHUS MUIICHH.
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OCOBEHHOCTHU PACHBIJIEHUS KNIACTEPHBIMU HOHAMMU ITIOBEPXHOCTHU
I'NrPOCKOINUYHBIX BOPATHBIX MOHOKPUCTAJLJIOB
PECULARIARITIES OF CLUSTER ION SPUTTERING OF HYGROSCOPIC
BORATE SINGLE CRYSTAL SURFACES

HI. Kopo6eix’1g;m<031, .B. HmconaeBl, B.B. Skosner®
N.G. Korobeishchikov?, I.V. Nikolaev!, V.V. Y akovlev?

L Omoen npuxaaonou gusuku, Hosocubupcxuii cocyoapcmeennulii ynusepcumem, 630090, yu.
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It was found that the bombardment of the hygroscopic surface of borate single
crystals by cluster ions leads to the formation of anomalous craters up to hundreds
of nm in diameter. It was suggested that the mechanism of crater formation is
associated with the presence of adsorbed water molecules in the near-surface layer
and is similar to the well-known blistering mechanism.

la3oBble KiacTepHble HOHHbIE mHydkn (gas cluster ion beam, GCIB) o6nagaror
COUYCTaHHEM YHMKAJbHBIX CBOMCTB Ui 0OpaGOTKM IOBEPXHOCTH PA3JIMYHBIX MaTEPHAIIOB!
CrIIQKMBAHMS, TPABICHUS M MOAM(DHUKALNK IOBEPXHOCTEH N3 Pa3IMYHBIX MAaTEPHAIOB C
HU3KHM YPOBHEM IIOBPEXK/CHHH IOANOBEPXHOCTHOH crTpykTypsl [1, 2]. Bmaropmaps
BO3MOYKHOCTH HE3aBHCHMO PETyJIHPOBATh pa3Mepbl KIACTEPOB M YCKOPSIOIIMH MOTEHIHAI,
MOXHO C(HOPMHPOBATH HMHTCHCHBHBIN IIOTOK BELIECTBA C OYCHb HHU3KOW KHHETHYECKOM
SHEprueil Ha atoM B Kilactepe (€AMHUIIBI 3JIEKTPOH-BOJIBT), CPABHUMOW C 3HEprueil cBsizu
aToMoB-MuIeHei. [ ONTHYECKHX MaTepHaaoB 00pabOTKa ra3oBBIX KIACTEPHBIX HOHOB
HNOTEHIMAJIBHO II03BOJIACT IIOIYYHTh WJICAIBHYIO ONTHYECKYIO IIOBEPXHOCTh, TO €CTb
aTOMapHO-TJIQJIKYyl0 C MHHUMAIbHBIM  IOANOBEPXHOCTHBIM  IOBPEXKICHHBIM  CIIOEM
(subsurface damage, SSD) [3-5].

B nannoii paboTe NpuBEACHBI Pe3yIbTAThl MCCIENOBAHHUS PACIBUICHHS MOBEPXHOCTH
HeJMHENHBIX MOHOKpHCTa/uIoB Tpubopara nutus (LiB305, LBO) u Gera-Gopara Gapust
(BaB,O4, BBO). J[lanubie KpuCTAUIBI OONANAIOT  MPEBOCXOAHBIMH  ONTHYECKHUMH
XapaKTepUCTUKaMK (LIMPOKHH AWana3oH IPO3PAavYHOCTH, BBICOKHH IOPOT JIa3ePHOTO
nospexaenust (laser induce damage threshold, LIDT) u ap.) ¥ mmpoko HCIOIB3YIOTCS ISt
YaCTOTHOTO MPeoOpa3oBaHHs MOIIHOTO Ja3epHOro wusiaydeHust [6, 7]. VMcnomb3oBamich
00pasIbl MOHOKPHCTAUIOB, MCXOJHAs IOBEPXHOCTh KOTOPBIX OBLIa IIPEABAPUTENBHO
MEXaHUYECKU OTIOJNMPOBAHA alMa3HOW CyCIIEH3WEeH Ha BOJHOH OCHOBE C pa3MepaMH
abpasuBa MeHee | MkM. B pesynbrate cpemHeKkBagpaTHYHAas IIEPOXOBATOCTh HCXOMHOM

nosepxHoctu Ry < 0.4 nM. O6paboTKa MOHOKPHCTAIIOB KJIAaCTepaMy aproHa NpoBOAUIACH HA
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skcnepumenTansioM crenge KIIMYC, omucannom B [8]. st GpopMupoBaHust KIacrepoB
HCIOJIB30BAICS Ta3000pa3Hblil aproH BbICOKOH 4nctoThl (Ar> 99.999%). Jlns obecredeHus
BBICOKOH 3({eKTHBHOCTH 00pabOTKH, HCIONB30BANICS HECENAPHPOBAHHBIA IO pa3Mepam
(MaccaM) KJIaCTEpOB HOHHO-KJIACTEPHBIN My4OK. B JaHHBIX yCIOBUSX KCIIEPUMEHTA CPEAHUIT
3apsi Iydka KJIACTePHBIX HOHOB cocTaBisuio okonmo +1 [9]. Jlns anamusza Mopdosoruu
MOBEPXHOCTH O0OpPa3LOB MCHOIB30BAICSH aTOMHO-CHIOBOW Mukpockon (ACM) MHTETPA
Ilpuma HD NT-MDT. UH3mepeHus mNOpoBOIWINCH B IOIYKOHTAKTHOM pEXHME C
MPOCTPaHCTBeHHbIM pasperuenneM 1024x 024 mukcerneil mpu pa3iuyYHBIX pasMepax 00JIacTH

2
Koaddunuentsl pacnbuieHHss ¥ CKOPOCTH

ckanupoBanusi: 0T X2 no 10&100 mxm
TPaBJICHUS] U3MEPSUTUCH TYTEM U3MEPEHUs TITyOHHBI TPABICHUS — CTYIICHBKU, (OPMHPYEMOit
MaCKHPOBAaHUEM YaCTH MOBEPXHOCTH 00pa3ia.

OobpaboTka 00pa3lOB TPOBOAWIOCH B IBYX pPEXHAMAaxX, IapaMeTpbl KOTOPBIX
npuBeneHsl B Tabnuie 1. B 06oux pexumax 103a KIACTEPHBIX HOHOB U INIOTHOCTh HOHHOTO
TOKa OBUIM TPUMEPHO OAWHAKOBBIMH: F = 7,5%10% KJIaCTEPHBIX HOHOB/CM’ 1 i=0,1
MKA/cM?, cooTBeTcTBeHHO. Kak M OKuzanock, KOO (GHIIMEHT pacIBUICHUS Ha aToM B
kiacrtepe Y/N B BBICOKOIHEPTETHYECKOM pPeXMME | MOYTH Ha JIBa MOpsaKa OOJbILIE, YeM B
pexume 2. B mepBoM pexume ObUT0 06ecrieueHo 3)(HEeKTUBHOE PACTIBIICHHE TOBEPXHOCTH U

JOCTUTHYTA 3HAYMTENbHAs NIyOWHa TpaBileHUs. B To Bpems kak riyOuHa TpaBieHHs ObLIa

MHHUMAJIBHOU B HHU3KOOHEPTETUICCKOM PEIKUME 2.

Tadauna 1. OcHOBHBIE TapaMeTPhl PEKIMOB 00PaOOTKH.

Homep Cpenunii Kunernmuec | Oneprus Ha I'mybuna K02 duIIeHT
pexuma pa3mep Kast aToM B TpasineHus, | pacrsuieHus Y/N,
knacrepos N, | sueprus E, | knacrepe E/N, HM arom/aToM B
aToM/KIacTep k3B 3B/atom KJacTepe
1 210 22 105 38 2.7
2 1000 10 10 2 0.03

Ha puc.l npeacrasnens Ttumuuabie ACM-H300pakKeHUss HCXOTHOW TMOBEPXHOCTH
mMonokpucraiia BBO u mocie 06paboTku kiacrepHsIMH HOHamu B pexume 1. Vcxonnas
MOBEPXHOCTh HMMEET XapaKTEPHbIH BHJ IOCIE MEXAaHHYECKOH HOJMPOBKU: HaOI0gaeTcs
MHOYKECTBO CIIy4ailHO PACIIOJIOKEHHBIX MEJIKHX 0OpO3/1 MaKCHMAaJIbHOW IIyOHHOM eIUHMLEI
HaHoMeTpoB. [locie 0OpaboTku KiacTepaMu Ha Bcex oOpasuax kpucramwioB LBO m BBO

OBLIO 06Hapy>i<eHo 3HAYUTCIIBHOC KOJUYCCTBO AHOMAJIBHBIX THUTAaHTCKHUX KpaTrepoB
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IHAMETPOM OT JECSTKOB JO COTEH HAaHOMETPOB, YTO 0oJice YeM Ha MOPSIOK MPEBOCXOIUT
InaMerp OOBIYHBIX YOAapHBIX KparepoB oT KiactepoB [1, 2]. B To ke Bpems, riryOuna
KpaTepoB COCTABISCT EIUHUIBI HAaHOMETpOB. Kpome 3TOro, aHoMmajibHbIE KpaTepbl
0OHapyKEHBI TIPH OOJBIINX 103aX O0IyICHHUS (>1013 KHaCT.I/IOHOB/CMz), TOTJa KaK OOBIYHBIC

YAapHBIE KpaTEPhI HaGJ’IIOHa}OTCFI TOJIBKO IIPH MaJIbIX J03aX.

——
N (50

:IU\ l?,‘ ‘_9_ -

o.s : ]

Puc. 1. ACM u3o6paxeHns moBepxHOCTH MOHOKpHcTamioB BBO: a) — no o6paborku, 6) u B)

nocie 06paboTku B pexxumax 1 u 2 npu pazmepe obsiacTi CKaHUPOBAHMS 2 X2 MKM.

VYcranoBneHo, u4To (OpPMHpOBaHHE JaHHBIX AaHOMAIBHBIX KpaTepoB CBA3aHO C
HaJIMYHEM IIPUMECH BOJbI B TOHKOM IIPUIIOBEPXHOCTHOM CJIO€ MaTepHanoB. MOHOKpPHCTAIbI
LBO u BBO sBisieTcs rUrpoCKONUYHBIMH, aKTUBHO IMOIJIOLIAIOT BOIY HPH MEXaHHYECKOM
obpaborke moepxHocTi [10]. KomiekrHBHOE B3aMMOJICHCTBHE IAJAIOMIMX KJIACTEPOB
MPUBOANUT K BBHICOKOMY JIOKQIBHOMY JHEProBbIAEICHHIO [1, 2]. DTO MPHBOANT K HEPEXOLY
abcopOMpOBaHHOW BOABI B Ta3000pa3sHOE COCTOSIHME M HAKOIUICHHIO BOASHBIX IApoB B

MOJNOBEPXHOCTHBIX MOJOCTAX (OImcTepax).
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HMCCIEJIOBAHUME PAZBUTHUSA TOIIOI'PA®UU HA TIOBEPXHOCTHU KPEMHUMA,
OBJYYAEMOI HOHHBIM ITYYKOM T AJIJTAS

STUDY OF THE DEVELOPMENT OF TOPOGRAPHY ON SILICON SURFACE
IRRADIATED BY A GALLIUM ION BEAM

B.U. bauypuH, JI.A. Ma3zaneukuii, /1.0. ITyxos, M.A. CmupHoBa, A.b. Uypuios, A.C. Pynpbrii

V.l. Bachurin, L.A. Mazaletsky, D.E. Pukhov, M.A. Smirnova, A.B. Churilov, A.S. Rudy

SIpocnaBckuii Gprman Ouznko-TexHoornyeckoro nuctutyra uM. K.A. Banuesa PAH,

Spocnasib, Poceust, e-mail: vibachurin@mail.ru

The results of an electron microscopic study of the topography of a silicon surface
irradiated with a gallium ion beam with an energy of 30 keV at incidence angles from 0° to
50° and an irradiation dose of 2-10" - 4-10" ion / cm?. It was found that a structure in the
form of ripples is formed on the surface in the vicinity of the angle of incidence 30°. The
features of the development of topography can be explained by the angular dependences of

the sputtering of silicon by galliumions

®oxycupoBannele HoHHble mydkn (DPUII) ramwmms, npuMmeHsBIIHEecs paHee IPH
MOJArOTOBKE O00pa3loB I MPOCBEUMBAIOIIECH 3IEKTPOHHOW MHKPOCKOIIMH, B IOCIIEIHEE
BpeMs IIMPOKO HCIONB3YIOTCA IS ()OPMHPOBAHHS PA3IMUYHBIX CTPYKTYp HAHOMETPOBOTO
MaciTaba Ha HOBepXHOCTH TBepabIX Tex [1]. [IpenmymectBamu merona U o cpaBHEeHHIO
C IPYTUMH MeToAaMU (OPMUPOBAHHS CTPYKTYP SBIISIOTCS BBICOKAst CKOPOCTH ()OPMHUPOBAHUS
TOMOJIOTHYECKOTO PHCYHKA, BO3MOKHOCTE 00PaOOTKH Pa3IMYHBIX MAaTEPHAOB; JOKAIBHOCTh
U u30uparenbHOCTh mpolecca TpasieHus. OJHAKO, HECMOTPS Ha IEPCYUCICHHbBIC
JIOCTOMHCTBA, (OPMHUPOBAaHNE HAHOPA3MEPHEIX CTPYKTYp MeTogoM OUII conpspkeHo ¢ psiaoM
npo0OJieM, B TOM YHCIE CO cnaboil M3yueHHOCThIO mpoueccoB pacmbuieHus OUIT ramms. K
HACTOSIIIEMY BPEMEHHM MMEETCS HE3HAUHTEIbHOE KOJNUYECTBO paldOT, MOCBSAIMICHHBIX
uccieioBauio pacnbuieHust MarepuanoB OUIT rammms. B panHol paboTe mnpHBeIeHBI

pe3yNbTaThl AKCHEPUMECHTAIBHOIO HM3y4eHHUs IpoleccoB (opMUpOBaHHs Tomorpaduu Ha
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HOBEPXHOCTH KPEeMHUsI IpH ee OOMOapANpPOBKE My4KOM HOHOB TajlInsl PH PA3IMYHbIX J03aX

06J'Iy‘IeHPI$I M yriiax naacHus HOHOB.

DkcrepuMeHTHl 10 pacibuieHnio Si (100) myukom noHos Ga' ¢ smeprueii 30 xoB
npoBoauinuch Ha ycraHoBke Quanta 200i. Jlo3a oOinydeHus: U3MEHsIIACh OT 10" o 5-10%
I/IOH/CMZ, yruisl majgenus cocramsuti ot 0° 1o 60°. Mcmonp3oBanuch mydkd quamerpom 80 HM,
300 HM U 4 MKM. B mepBEIX IBYX ciydasx Iyd4oK pasBopaumBaics B pactp 2P0 MkMm 2
HEepeKpbITHe Iyuyka Mpu cKaHupoBaHMM cocTaBisuio  50%. Ilpu wucmomb3oBaHUM
pachoKycHpoBaHHOTO ITydka pa3mep pactpos - 200200 MKM?, nepexpeiTue — 95%. Bpems
OCTAHOBKH ITydka B Touke coctaBisuio 0.1 mkc. Vcnomb3oBanach crpaterust CKaHMPOBAHUS
“cepmaHTHH”. AHaIM3 TONOTpaHU MOBEPXHOCTU OCYLIECTBILICS METOJOM CKaHUPYIOIIeH
9JIEKTPOHHOM MHKPOCKOIMM Ha ycraHoBkax Quanta 200i (in-situ) m Supra 40 (ex-situ).
DHeprust 3MeKTpOHHOro mydka cocraimsuia 10 wim 20 k3B, yrom mamenus — 0° u 70°.
HeobxoxuMocTs ncronb3oBaHus 00OHMX CIOCOOOB HCClEIOBaHMS Tonorpaduu BEI3BaHA
pe3ynbTaTaMy, MPE/ICTaBICHHBIME B paboTe [2], B KOTOPO# MOKa3aHO, 4TO MPU U3BICYCHUH HA
armMocdepy 00pa3ioB Si, copepKaluX B MPUITOBEPXHOCTHOM CJI0€ aTOMbI AQ, KOTOpbIE He
00pasyior ¢ Si XUMHYECKHX COSMHEHHH, B IIPOLIECCe OKUCICHUS Si IIPOMCXOIUT BbITECHEHHE

aToOMOB Ag Ha IMOBEPXHOCTD.

AHanu3 TONy4eHHBIX PE3yJIbTaTOB IIO3BOJICT CHENaTh CIEAYIOMHUE BEIBOABL Bo-
HepBbIX, H300paXkeHHs: TONOrpaduu MOBEPXHOCTH, MONyYeHHbIe iN-situ ¥ ex-situ mpu
O/IMHAKOBBIX YCJIOBHUSX aHAIN3a WICHTUYHBI, a PA3IMYUEC COCTOHUT JIMIIL B BO3MOXHOCTH
nosrydeHuss Oojiee BBICOKOTO KOHTpacta Ha MuKpockorme Supra 40. Bo-Bropsix, mpu
HCTIOJTb30BAHMH HOHHBIX MyukoB Ga pasiuuHON cTeneHM (JOKYCHPOBKM H, KaK CIEICTBHE,
pa3HOro AMaMeTpa, oOpasyroIIuicsa pesbed IOBEPXHOCTH OKa3bIBAaeTCsS OJMHAKOBBIM IIPU
0 HUX U TeX JKe J03aX OONy4yeHWs W yIriax HajeHus MOoHOB. B Hacrosmieil pabore
[PEICTABICHBl PE3yJIbTaThl HCCICAOBaHMIl Tomorpaduu IOBEPXHOCTH Si, 0OIyd4EeHHOro

pachOoKyCcHpOBaHHBIM HOHHBIM ITYUKOM, Ha ycTaHoBke Supra40.

YcTaHOBIIEHO, YTO IIPHU pacHbUIeHHH 00pa3na mpy yriax nagexus ot 0 o 20°, HaunHas
C I03Bl OOJTydeHHUs 2:10" nou/em® ua MIOBEPXHOCTH (OPMHpPYETCS 3epHHUCTas CTPYKTypa C
pa3MepoM 3epHa ~35 HM. C JabHEHIINM pOCTOM 03Bl OOTYYEeHNs KapTHHA MPAaKTHIECKH HE
usmensiercst. [Ipu yrie nagenust 25° npu no3ax 1o 4 10" nou/em? HaGmonaercs YBEIMUYEHUE
pa3Mmepa 3epeH B HalpaBICHHH, HEPHCHIUKYIIPHOM IUIOCKOCTH MajeHus mydka (puc. | a).
Bmiots 10 103 001ydeHust 2-10" nou/em? Ha MOBEPXHOCTU (HOPMHUPYETCSI CTPYKTYpa B BUJIE

CETOK, B HCKOTOPBIX y3JIax KOTOpOﬁ MOXHO 06Hapy)KI/ITI) karm Ga pasMepoM 10 HECKOJIBKUX
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necstkoB HM (puc. 1 6). [Ipu no3ax o6iryueHus NPEBBILAIOIMX 2 10*® non/em® TIPOUCXOIUT

CrIIKHBaHKE penbeda, HO Mo-NpekHeMy HabmonaoTes kamm Ga.

Puc. 1. U306paskeHust moBepxXHOCTH Si, 0OIYHUEHHOTO IIPU YIiIe MaICHHs] HOHHOTO Iy4Ka 25° ¢
nosamu: &) 4-10" u b) 6-10"7 nou/cm®
B nuanmaszonme yrimoB magenus 30+2° Ha MOBEPXHOCTU IIPOUCXOAUT YCTOHUHBOE
(dopMupoBaHUE TIEPHOAMYECKOrO BONHOOOpasHoro pemseda (BP), mnepmenmuxymspHOro
IUIOCKOCTH TIaJICHHs TIepBUYHOTO myuka. O6paszoBanue BP naumnaercst ¢ no3sr (4 - 6)><1O17
non/cm®. Ha pHcC. 2 IpeacTaBIeHb! H300pakeHUs (C pa3INYHbIM yBEINUCHHUEM) IOBEPXHOCTU
Si, 06sTy4eHHO# O/ YTIIOM MaJeHUs] HOHHOTO Iy4ka 30°c 10301 10% pon/em®. Jimina BorHbL

BP cocrasnser 400+50 HMm.

; 1 2
Puc. 2. U3oGpaxenne BP Ha nosepxuoct Si. Yron manenus 30°, 1o3a o6yderns 10" non/cv?.
Crperka ykasblBaeT HAIpaBieHHe HOHHOTO Iy4YKa.

Ha puc. 3 a) nokasano n3o0paxeHne moBepxHOCTH Si, 001y4eHHOM 1o yrioMm 35°. BuaHo,
YTO Ha 3HAYUTENBHOM YAaCTH IUIOIAJM pAcTpa paClbUICHHS HAlpaBiIeHHE BOJH He
TNCPICHAUKYIAPHO MIOCKOCTH MAACHUS ITy4YKa. HpI/l yriax nmaacHusa HOHHOI'O ITy4YKa 6OJ'II>IHPIX
40° pasBuTHe Tomorpaduy B HCCIEIOBAHHOM JAMana3oHe 103 oOmydeHus B Bujxe BP moxnO

HaOJII0aTh TOJIBKO B MOrPAaHHYHBIX 00J1aCTsAX pacTpoB pacibuieHus (puc. 3 b).
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Puc. 3. DIEeKTPOHHO-MUKPOCKOIIMYECKUE N300PaKEHHs TOBEPXHOCTH Si, 00JIyYEHHBIC MOJ] yIIIaMH
35° (a) 1 40° (b) ¢ no30ii 2-10™ nor/cm?. CTperka yKka3blBaeT HANPABIEHHE HOHHOTO MYUKa.

OcobenHoct (opmupoBanust Tonorpadgur Ha MOBepXHOCTH Si, GomOapaUpyeMmoii
HOHHBIM mydkoM Ga’, MOryT OBITH OOBACHEHBI YIJOBBIMH 3aBHCHMOCTSIMH COCTaBA
TIOBEPXHOCTHOTO ciosi. B paboTe [3] mokaszaHo, 4TO NpH U3MEHEHUN YTJIa TTajIeHus HOHOB oT 0
g0 20° wHTerpambHas KoHUeHTpaums Ga B mHpHIoBepXHOCTHOM cioe (okomo 30%)
MPaKTHYeCKn He m3MeHsercsa. Ilpm 3Tom Ha moBepxHOCTH OHa cocTaBisgeT ~ 60%. Ilpu
OOJBIINX yIiax NajeHHs HaOIomaeTcs JTOBOJBHO Pe3Koe yMeHbIIeHHe cojepxanns Ga B
MPUMOBEPXHOCTHOM  cioe. OTINYUTETbHOH OCOOEHHOCTHIO —MMILIAHTHpOBaHHOrO Ga
SIBIISIETCSL TO, 4TO aToMbl Ga He 00pa3yloT XMMUYECKUX COeAMHeHHui ¢ Si, a CymecTByIOT B
BHUJIE PACTBOPEHHBIX B CJIO€ MPELUIHUTATOB Pa3MEPOM B HECKOJILKO HM, PacIOJIOKEHHBIX Ha
roybnre 10 — 20 HM TmpH HOpPMATbHOM TaJeHWM HOHHOTO mydka [2]. Koaddumment
pacnbutenust Ga moutH B 1Ba pasa Gousblue, 4eM Si. ITO MOXET NPUBOAUTH K 00pa30BAHUIO
HEOJHOPOJHOCTEH Ha pAacHbUIIEMOH MOBEPXHOCTH M (DOPMHUPOBAHHIO  PA3IHYHBIX

TonorpaGuYecKuX CTPYKTYp MPHU PA3IUYHBIX YIIIaX IaJCHHs.

PaGora BbImonHEHa B paMkax IocygapcrBeHHoro 3amanus SpocnaBckoro ®uimana
Ousuko-TexHonorndyeckoro uHcTUTYTa MeHu K.A. Banuesa PAH MunucrepcrtBa Hayku U
obpasoBanust P® Ne 0066-2019-0003 Ha oGopynoBaHuu lLleHTpa KOJUIEKTHBHOTO

M0JIb30BAaHMS Hay4HBIM 000pynoBaHUEM «J[arHoCTHKa MUKPO- M HAHOCTPYKTYD)
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2. M. Rommel, G. Spoldi, V. Yanev et.d. J. Vac. Sci. Technal. B 28 (2010) 595

3. V.I. Bachurin, I.V. Zhuravlev, D.E. Pukhov et. al., J. Surf. Invest. 8 (2020) 34

77



PACHBIJIEHUE U ®OPMUPOBAHUE ITOPUCTOI'O CJ105 B TPA®UTE IIPU
BBICOKOTEMIIEPATYPHOM HOHHOM OBJIYYEHUU
SPUTTERING AND POROUS LAYER FORMATION IN GRAPHITE UNDER HIGH
TEMPERATURE ION IRRADIATION

IMynraxos H.A.%, Berpam6ekos JI.B.%, lonranos I'.JI.2 I'pynun A.B.!
Puntakov N.A., Begrambekov L.B.%, Dolganov G.D.2, Grunin A.V.!

! Hayuonansnwlii uccredosamenvckuii soephuiii ynusepcumem « MUDHU»
2Hayuonanshwiii ucciedosamenvekuii yenmp «Kypuamosckuii uncmuntymy
The paper investigates the features of sputtering, formation and development of a near-
surface porous layer in fine-grained isotropic graphite depending on the irradiation current density,
irradiation fluence, temperature and thickness of the irradiating sample. The samples were
irradiated with accelerated ions of deuterium, hydrogen, and helium plasma. The influence of the

growth of the porous layer on the rate of sputtering of the surface is discussed.

DKCIIEPUMEHTBI, BBIIIOJHCHHBIE B TEPMOSIIEPHBIX YCTAHOBKAX M IUIa3MEHHBIX Mymikax [1]
¥ MOHHO-JTy4eBbIX YCTAaHOBKAX [2], BBIIBUIN 3HAUMTEIBHOE YBEIHYCHHbIE CKOPOCTH PaCIbUICHHUS
rpaduTa Mpu BHICOKOTEMIIEPATyPHOM O0JIyYeHHN HOHAMH H30TOIIOB BOIOPOAA ¥ reius. B Hammx
OpenplAylux  paborax ObUIO  IOKa3aHO, YTO  BBICOKOTEMIIEPATYpPHOC  HHTECHCHBHOC
(j>10'8 non/cm’c) obyueHue HOHaMU IeHTepHs C SHeprusMu 14 kK3B/HOH NPUBOUT K PA3BUTHIO
HPHUIOBEPXHOCTHOrO MOPUCTOro ciiosi. B pabore mccinemayroTesi 0COOEHHOCTH pacIbUICHUS |
Moau(GHKALUKM CTPYKTypbl Trpadura B 3aBUCUMOCTH OT IApaMeTPOB HHTEHCHBHOTO,
BBICOKOTEMIIEPATYPHOTO PACIbIIICHUS HOHAMH AeHTepus, BOJOPO/IA U TeIHs.

DKcrnepuMenTsI mpoBoauitkch B ycranoBkax COIITMAT u JIEKOP [3,4], no3sonsrommu
00Ty4yaTh MOBEPXHOCTH TBEPABIX TEI YCKOPCHHBIMH HOHAMH IUIa3Mbl. YCIIOBHUsS OOIy4eHUs
BapbUPOBAIUCH B CICIYIOIIUX MPEaeax: SHEPrus HOHOB — 14 k3B/HOH, MIOTHOCTH TOKA HOHOB!
1,4x10% — 1,4x10 non/cm?c, m0361 0Omyuenus: 4,2x102° — 8,9x10%! won/cM?: TemmepaTyphl
o6pasuos: 750, 1750 u 2050°C. O6pa3iubl H3rOTaBIUBAIUCH H3 H30TPOITHOIO MEJIKO3EPHHCTOTO
rpadura (mwiotHocTs 1,8240,02 r/cm®) [5]. VIOHHBIH TyYOK, BHITATMBAEMBI U3 MIa3MBbl, BKIIOYAT
86% D2*, ocransroe — nonst D* 1 D3*. B pacuérax npuHUMAIOCh, YTO HOHHBIH ITYYOK MOJHOCTHIO
cocrouT U3 HoHOB D2*. To e npu paboTe ¢ BOZOPOAHOIT MIIa3MOH.

PasHuuma Mexay YpOBHEM [HA Kparepa, o0pasyemMoro Ha OOJIy4aeMOM Y4YacTKe
HOBEPXHOCTH, W HeoOMyd4EéHHOW obnacTeio oOpasua 10 W mociae obOmydeHus (manee Lsurf)
U3MepsIach KOHTaKTHBIM NpoduiioMeTpoM. M3Mepsuiack Macca pacrbUISEMOr0 MaTephaia |
BBIYUCIIAIACH TONIIMHA PACTIBUIEHHOTO cios (anee Lmass) MPH TOM TIPEINONIONKEHHUH, HYTO
IUIOTHOCTh YJAJIEHHOTO CJI0s OblLIa TOM JKe, YTO M IJIOTHOCTH Ipadura HcCIemryeMoro obpasia.

\Y%45¢ TIpu paCCMOTPECHUHN 0COOEHHOCTEN U3MEHEHHS TOJIIIUHBI ITOPUCTOT'O CJI0S MCIIOJIbB30Bajlach
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Benn4nHA Lsurf. - Lmass, TaKk Kak MEXAy HHUMH IPEANONAraloCch ONPEAENEHHOE COOTBETCTBHE.

Hcrunnas TonmuHa DOPUCTOTO CI0SI PACCMAaTPUBACTCSI HIKE.

CpaBHeHHe Bean4uH fanee Lmass 1 Lsurf BBISBHIIO pa3BUTHE HOPUCTOCTH ITOBEPXHOCTH H

HPHUIOBEPXHOCTHOH obnactu (puc. 1), mpH Bcex mapamerpax OOIy4eHUs IpU TeMIepaTypax oT

750 no 2050°C. I'my6OuHa pacmbuIsieMOro ydacTka oOpasiia OTHOCHTENIBHO HEoOJydaBIIencs
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TonwumHa pacnbiNEHHOTO crnost (MKM)
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[osa o6yqeHus (norHx102'/cm?)
Puc. 1. 3aBucumMocth Lmass 1 Lsurt OT
110361 00JTy4eHHsI 00pa3LOB HOHAMH
JIefTeprst P Pa3HbIX TeMIIepaTypax
(E= 14 x3B/uoH,
j=1.4x10% non/cm?).

View field: 198 pm
SEM MAG: 1.40 kx_ Date(m/dly): 01/01/10

Puc. 2. ITopsl B mopuctom cioe
o6pasua (j= 1.4x10*® non/cm?c,
T=2050°C, ®=8.9x10% uon/cm?)

noBepxHoctd (Lsuf) BO BCEM auamasoHe 103 HOHOB
JeiiTepusi OKa3blBacTCs MEHbLIE IIIyOMHBI Kparepa
(Lmass), ykassiBas Ha pa3BUTHE MOPHUCTOTO CJIOS, IO-

muhby3un

BAaKaHCUH W3 30HBI TOPMOXEHHUSI HOHOB B FJ’Iy6I/IHy

BHIMMOMY, 3a CUér panualOHHBIX
o6pasia n 06paTHOro TPaHCIOPTA aTOMOB. YIJIepoja K
noBepxHocTH. [lopsl B mopucroMm cinoe aiauHo0 B 100
MKM ¥ Oosee, IPEBBIAOIINE TOJIIMHY 30HBI
TOPMOXEHHS HA HECKOJIBKO IOPSAAKOB BEITHUIHHEI,
mokazanel Ha puc. 2. Bemuuusbl Lsuf, Lmass

u (Lsurf - Lmass) M,  COOTBETCTBEHHO,  CKOPOCTb

pacmbuieHHss rpadura, a TaKXKe CKOPOCTh pocTa
MOPUCTOTO  CJIOSL  YBEJIMYHMBAIOTCS C AKTHBU3ALMEH
MO/IBMYKHOCTH BAaKaHCHIA C MOBBIIICHHEM TEMIIEPaTyPHI.
Ha onpenenénHom srarne oO0IydeHUs] pasHHUIA MEKILY
Lmass ¥u  Lswf  (TOMIIMHA  TOPHCTOrO  CJIOS)
crabuM3upyercs. DTO MPOUCXOIUT HPH BHIOIHEHUH
yenoBust  d(Nrasp + Npor)/dt = dNLsurt/dt, Tme: Nrasp —
KOJIMYECTBO PACTIBUIIEMBIX aTOMOB ITOBEPXHOCTH, Npor —
KOJIMYECTBO aTOMOB MOPHCTOTO CJIOS, JOCTHTAOLINX
MOBEPXHOCTh M pachbuisieMbiX, Nisuf — KOJIHYECTBO
aTOMOB B cioe Lsurf..

Pe3yJ’[BTaTBI H3MEPEHUS JI030BOM 3aBUCUMOCTH

BeMUYHH Lmass u Lsurf. IIpU pasjInu4YHbIX IUIOTHOCTAX TOKOB HOHOB IMO3BOJIUIIN COCTaBUTH

MPEAIIOIIOKEHU O XapaKTePe BIUAHUA MIIOTHOCTH 06nyqa}01uy1x HOHHBIX ITOTOKOB Ha IPOIIECCHI

B MPHUIIOBEPXHOCTHBIX Ciosx rpadura. I[lpu cpaBuurensHo nuskoit (1,4x10% uon/cmc)

[UTOTHOCTH TOKAa HOHOB OOJbIIAs YacTh PaIUAlMOHHBIX Ae(PEKTOB, OOpa3OBaHHBIX B 30HE

TOPMOXKECHMUA, peKOMGI/IHI/IpyCT. COXpaHHeTCi{ BBICOKAas OHEPrus MEKaTOMHBIX cBsI3el M

CPaBHUTENIBHO HU3Kas CKOPOCTh pachbuieHMs. IIpn MHTEHCHBHOM OOIydYEeHMH PEKOMOMHAIs

(DPGHKGJ'IGBCKHX map MEXy3€JIbHbIX aTOMOB M paJdallMOHHBIX BaKaHCUI YK€ HE crocobHa
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Z 70 KOMITIEHCHPOBATh Pa3pyINaroNiee BO3AEHCTBIE HOHHOTO
=
& 60 % 16410 voner’C, Ly [yyka Ha CTPYKT KPUCTAUIMYECKHX 3EPEH 30HBI
g o)
g 1.6x10" HOHIOMZC, L e
o 504 - 10'® now/cmZe t
2 O e TOPMOXKEHHMs. BbICOKas KOHIIEHTPALMS U T10IBHIKHOCTD
[} ®  1,6x10"" MOH/ICMC, Lyaee|
:‘% 404 O 3710 uonlem?e, Ly, o
¢ ] i i L a0 o, PaIMalOHHBIX BAaKaHCHIl CIIOCOOCTBYIOT DPa3BUTHIO
é ‘
g [
820 - Z MOBEPXHOCTHOM  TOPUCTOCTH M (POPMUPOBAHHIO
2 ;
g 5

w0l . o . .
5 ° o MOPHUCTOTO CIIOS B TIPUIIOBEPXHOCTHOMN 06s1acTu. Pactér
o 0 o
K] :

0 1 2 3 4 5 6 7 8

2 ) KaK KOHLCHTpalusa c1a00CBsI3aHHBIX aTOMOB, BKJIIOYast
[fosa obnyuyenus (x10%° noH./cm?)

Puc. 3. ﬂ03OBa;[ 3aBUCUMOCTD AaTOMBbI IOPUCTOr'0 CJI0A, AOCTUTAlOIINEC MOBEPXHOCTH,

BEIMMYUH Lmass ¥ Lsurf 11pn
pa3JTI/IqH0i/’T IINIOTHOCTH TOKa NOHOB
Hz2* (E=14 x3B/uon, T=1750°C)

TaK U CKOPOCTb PacClblICHUA.

ConocraBiieHHe — Xapaktepa — MOAM(UKALN

CTPYKTYpBI OOpaTHOH CTOPOHBI 00pa3LOB B Hpolecce
00my4yeHns ¢ M3MEHEHUAMH KO>()(HIIMEHTa pacTblIeHUs MO3BONSAIOT ONpPEIETNTh HUCTHHHYIO
TITyOMHY HOPHCTOTO CIIOS ¥ BIMSIHHE TIPOLIECCOB B ITyOuHE 00pasiia Ha CKOPOCTh PACTIBITICHHUS €ro
nosepxuocty. IIpu no3e 2,66x10%° yon/cm?c K03(hPUIMEHTH! pachbLIeHHs 00pa3LoB TOIIMHONK
ot 4,0 1o 1,6 MM omuHakoBsl (puc. 4). Ha oOpartHoii cTopoHe mocie obydeHuii He OTMeaeTCst

HUKAKUX HM3MEHEHUH. MOXKHO 3aKIIOYUTh, YTO TOJIOHWHBI TaKHX 06pa3u03 HC CKa3bIBAJIMCh Ha

PasBUTUE HOPUCTOI'0O CJIOA MPU 9TOU J103€ 0611}/'-161-11451.

IS

-

= [losa obnyuenns 1,33x10%° non/cm®
[losa obnyveHns 2,66x10%° non/cm?

KoadbduumeHT pacneinequs (C/H)
-

o
@

10 15 20 25 30 35 40 45

W3MeHeHHe CTPYKTYPHI M pebeha o6paTHO CTOPOHET
00pa3oB TOMIMMHON 1.5 MM W TOHbLIE NpPU [J03€
obnyuenus  2,66x10%° yon/cM?>  GBUIO  3aMETHO
HEBOOPYXEHHBIM B3TJIAIOM, MOKA3HIBAS, YTO TOMIIMHA

TOPUCTOTO CJIOS IPU TaKOH 03¢ 00IyUeHUsI HE MEHBLIE

TonwwHa obpasua (Mm)

Puc. 4. Koo duiueHTsl pacnbuieHus
00pasIoB pa3HOil TONIIMHBI HOHAMH
D,* (j=1.4x10% at/cm?c, T=2050°C)

1,5 mm. Ilpu Toit xe no3e oOiydeHHs, Ha oOpaTHOU
cTopoHe obOpasma TommuHOW 0,8 MM OBITM BHIHBI

MHOTOYHUCJICHHBIEC TMOpPbI pasMepamMu 10 50 MKkM U

CKBO3HOE OTBEPCTHE JUAMETpoM okojo 300 mxm. TMocne o6iyuenus n030i 1,33x10% uon/cm?
HOBOOOpa30BaHUs OTMEYAIHCh Ha 0OpaTHOH cTopoHe oOpasua TommuHOM 1 MMm. CkBO3HOE
otBepcrie quamerpoM 100 MKM HOsIBUIOCH Ha oOpasue Tonmutoi 0,7 MM H YBETHYHBAIOCH B
pasMepax ¢ yMEHbIIEHHEM TONIIHMHBI obpa3na. HecMoTps Ha 310, K03(h(UIMEHT pacHblIeHUsS
MIPOJIOJDKAIT yBENUUUBaThes (puc. 4). BeposiTHO, 3TO CBSI3aHO C T€M, 4TO, 110 MEpPE YMEHBLICHUS
TOJIIMHBI 00PA3I0B, YMEHBIIAICS OTOK aTOMOB U3 MOPUCTOTO CJI0s1, TOPMO3SIIHI pa3pyIIeHHe
CTPYKTYpBhI IOBEPXHOCTH, HapacTaga amopdu3anus MOBEPXHOCTHBIX CJIOEB M yMEHbIIANach
9HEPIHst CBS3H aTOMOB YTJIEpPO/ia C IIOBEPXHOCTHIO.

3aKOHOMEPHOCTH DACIbBUICHUs M MOAM(UKALIN

Puc. 5 mno3Bossier CpaBHUTH

TOBEPXHOCTHOT'O CJIOA rpaqua IIpU OAMHAKOBBIX YCIIOBHAX OGJ’Iy‘{eHI/IH ITOTOKaMH MOHOB I'CJINA U
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netitepust. BunHo, 4T0 CKOPOCTH pacHbUICHUS rpaduTa HOHAMH I'elns OKa3bIBaeTCs OOMbIIeH, YeM
noHamu aeirepus (1,13 u 0,96 at/uon). O6ayueHHEe HOHAMH TSI IPHUBOJHUIO K OOJIbLICH

HOBerHOCTHOﬁ IIOPUCTOCTH. Oro MOXKET

1000+
0OBACHATBECS IPUMEPHO, B MOJNTOpa pas3a OONBLINM,

800 COrJacHO pacuéraM, BHIIOJHEHHBIM B TRIM,

6004 KOJIMYEeCTBAM BAaKaHCHH, CO3/laBaeMbIX B Trpadute

~
S
=]

HOHAMM TIe€jiud MO0 CPaBHCHUIO C HMOHAMH MOJICKYJI

2001 neittepust. bonpinas moBepXHOCTHAs MOPUCTOCTD, MO-

TonwwuHa pacnbInNéHHOro cnosi (MkM)

(g o
"{ il BUIUMOMY, SABJISIOTCA NIpUYNHON MEHBIICTO

0 2 4 3 8 10 12

[Llosa obnyuenmst (orx 102! /cm?) yBenuueHus: kodddunmenta pacmbuieHust rpadura

o

Puc. 5. Jlososast 3aBHCHMOCTD Lmass 1 [Py TejMeBOM OOIyYEHHH, YeM NpU JeiTepueBoM,
Lsurf 00pa3ioB npu 001y4eHHH
nonamu D2* (j=1,4x10%8 non/cm?c) n | OTHOCHTEJIBHO k09 unmenTon pacrbUIeHNAs

uonamu He (j= 1,210 non/cm’c) MOTOKAMH HMOHOB YMEPEHHOW HMHTEHCUBHOCTH IPU
(E=14 xaB/non, T=2050°C).

KOMHATHOH Temmneparype. IIpu oOmydyeHun moHamu
JeTepus 9TO yBeINYeHNE IPHUMEPHO B 96 pa3 1 ToIbKo B 28 pa3 npH 00Iy4eHHH HOHAMH TeITHsL.

B o0oux ciyyasx pacnbuieHHe rpaduTa COPOBOXKAACTCS Pa3BUTHUEM IMOPHCTHIX CIOEB,
KOTOpbIE C yBEIMYEHHEM J03bl OOIydYCHHs IPOXOJAT yepe3 Te e ITambl pasBuTus. [lpu
00JIy4eHHH HOHAMH TSl B IOPUCTOM CJI0€ HaXOAUTCSI MEHBIIIE AaTOMOB YIJIEPO/a. CTEIICHb €To
MOPUCTOCTH BBIIIE, YeM IIPH OOJIy4CHHH HOHAMHU BOZAOPOJA.

3axuroyenue. VceneoBanbl 0COOEHHOCTH 3po3un M MoauduKanmu rpapuTa Impu
MHTEHCHBHOM BBICOKOTEMITEPATYPHOM 00JTydIEHNH TOTOKaMU HOHOB BOAOPO/IA, TeNUs U ACHTEPHst

IMopucTslii cinoit — cymecTBeHHBIH (aKTOp yBEIMUEHUsI CKOPOCTH pacibuieHus. Bennunna
Kod(dureHTa pacHblUIeHNsT rpapuTa MOHAMH TeNds M ACHTEpHs BO BCEX HCCIIEIOBAHHBIX
pexuMax oOMydeHHs HOHAMU JSHTepus M TeNus B IECATKH Pa3 IpeBbImaeT Kod(pQUIHEHTHI
pACIIBUICHHS TIPU YMEPEHHBIX TEMIIEpaTypax U IUIOTHOCTSX TOKA M COMPOBOXKAACTCS Pa3BUTHEM
MOPHCTOCTH NOBEPXHOCTH M MPUITOBEPXHOCTHOTO MOPHCTOTO CIOSL.

TomnmuHa HOPUCTOTO CIIOS yBEIMYMBANACH C POCTOM TEMIIEPATYpPbl M IFIOTHOCTH TOKa
HOHOB M JOCTUrajga, Kak MHUHHMYM, 1,5 MM @pHM IUIOTHOCTH TOKa MOHOB JAEHTEpus
1,4x108 pon/cm?c u Temmepatype rpapura 2050°C. CTerneHb MOBEPXHOCTHOH MOPUCTOCTH
rpaduta npu 00Ty4EHUH HOHAMU I'eJIns 0Ka3asach BbILIE, YeM IIPH 00IyYeHHH MOHAMU BOAOPOAA.
To-BuauMoMy, 3TO SIBIAETCS NPUYMHON MEHBIIETO yBETHYEHUS KO HUIMEHTa pacIblICHUs
rpaduTa IpH reIMeBOM OONy4YEHHH, YeM IpH NeHTepHeBOM, OTHOCHUTENBHO KOd(QUIMEHTOB

pacnbUICHUS IIOTOKaAMHA HOHOB yMGPEHHOﬁ HUHTCHCUBHOCTH IIPU KOMHATHOM TEMIICpaType.

[1] Apxunos H.1. Capporos B.M., Bapcyk B.A., Kunryxun A.M., Kimmos H.C., Kypkun C.M., IToaxoBbIpoB
B.JI.: Bonpocst aroMHo# Hayku 1 TexHUKH. Cepust: TepmosiaepHsiit cunte3 2009, 4, crp. 3-13.

[2] H. Zhang, F.W. Meyer, H.M. Meyer Ill, M.J. Lance. Vacuum, 2015, 82 (11), pp. 1285-1290)

[3] Azizov E, Barsuk V, Begrambekov L, 2015 Journal of Nuclear Materials 463, 792

[4] Puntakov N.A. Begrambekov L.B, Grunin A.V, Dolganov G.D. J. of Physics: Conf. Ser. 2019, 1396 (1), 012035.
[5] SGL Carbon: Sigraphine R6510 Datasheet
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TEMIIEPATYPHBIE 3ABUCUMOCTH OTPUHATEJIBbHO-UOHHOI'O
KJIACTEPHOI'O PACIIBIJIEHUSI KPEMHUSL
TEMPERATURE DEPENDENCIES OF NEGATIVE ION SILICON CLUSTER
SPUTTERING

B.I'. Ata6aeB?, P. JIxa66apranos?, ®.P. IO3ukaepal, M.A. Ilepmyxamenosal, A.C.Xanmaros!
B.G. Atabaev', R. Dzabbarganov?, F.R. Yuzikaeva!, M.A. Permukhamedova?,
A.S.Khalmatov!

* Uncmumym uonno-naasmennvix u aazepnvix mexnonoeuii AH PY, dypmon ityau 33,
Tawxkenm, Y36exucman, e-mail: atabaev.bg@gmail.com

Using ultra high vacuum secondary ion mass-spectrometry temperature
dependencies of negative ion cluster sputtering of Si (111) crystal under cesium
ion bombardment. Temperature threshold of silicon dimer and trimmer are
measured and model of sputtering of dimer-adsorbed atom of superstructure 7x7-
Si (111) are developed.

CTOJIKHOBHTEIBHOE aTOMAapHOE PACHbLICHHE KPEeMHUs HE 3aBHCHT OT TEMIIepaTypBbl,
OJIHAKO B ClIy4ae KJIACTEPHOTO PaclbUICHHs 00pa3oBaHue Je(eKTOB Ha PEKOHCTPYHPOBAHHOM
TIOBEPXHOCTH KPEMHUs IIPU BBICOKHMX TeMIepaTypax BIMSET Ha YHCIO aJCOpOMPOBAHHBIX
MOHOMEPOB U CIa00CBA3aHHBIX C PEIIeTKON JUMEPOB U TpuMMepoB. [looToMy HaMu MeTOIOM
CBEPXBBICOKOBAKYYMHOM BTOPHYHO-MOHHOMN Macc-CHEKTPOMETPUH HCCIICZI0BAHBI
TEeMIepaTypHble  3aBUCHMOCTH  OTPHIATEIBHO-MOHHOTO  KJIACTEPHOTO  PACIBUICHUS
MOBEPXHOCTH MOHOKpUcTamia kpemHus Si (111) mpu GoMOapaMpoBKE HOHAMH LE3HA C
I ot sHepruedl Ep=3 x3B u miotHocThIO TOKA j=1
MKA/cM?.  AHaJIOTUMHO  DHEPTETHYECKHM
HOporaM KJIaCTEPHOTO PACTBUICHHS KPEMHUS,
HaMM  BIEPBBIE HCCIICOBAHbI  JIMANa30HBI
TEeMIepaTyp M MOpPOTH TEPMOCTUMYIHPO-
BaHHOTO PAaCHbUICHHS OTPULATEIBHBIX HOHOB
KJIaCTEPOB KPEMHHSA- AUMEPOB U TPHMMEPOB.

Ha puc.l mokazaHo, 4to TemreparypHas

3aBUCUMOCTh aToMapHOro OTPHUIIATECIIBHO-
HOHHOI'O pacnbuIeHuEe KpEMHUA HUMEET

3KCHOH€HHH&HBHBIﬁ XapakTep C pas3iIMdHbIMH

OHCPrusiMu AKTUBaLlUA B Juarna3soHe

temneparyp 200-400C u 500-700C. IlepBsrit

10 ‘ 260 ‘ 460 ’ 660 ‘ 860 t7C

Puc.1 TemneparypHbie 3aBUCHMOCTH

. TEeMIEPATYPHBIA TIOPOT YBEIMYECHHS] BBIXOJIA
KiactepHoro pacnsuienus Si(111) patyp P y it
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OoTpULIATEeIbHBIX HOHOB KpemHust 200C cBsisaH ¢ oOpa3oBaHUEM  JTUMEPOB U
a/copOMpOBaHHBIX aTOMOB KpeMHust cBepxpeuterku 7x7-Si (111). Kpome toro, yBenuuenue
BBIXO/Ia OTPHIATENILHBIX MOHOB KPEMHMs CBS3aHO C IOHIKEHHEM PabOThI BBIXOZAA 3a CUET
mud¢dy3un HMIIAHTHPOBAHHBIX aTOMOB Ie3ust K mHoBepxHocTH. OpHAKO BTOPOI
TemrepatypHblii mopor S500C cBsizaH ¢ TreHepanueil aJCcOpOMPOBaHHBIX aTOMOB U
UCcKIoueHHs S deKxTa HOHMKEHHs pabOThI BBIX0/Ia Ha 00pa30BaHKUE OTPHULATEIFHBIX HOHOB B
CBSI3U C UCTIapEHHEM aTOMOB Lie3us rnpu Temmeparype 400C.

AHJIOTMYHbIE JIBE 3KCIIOHEHIMAIbHbIE 3aBUCHUMOCTH B Juara3zone temmneparyp 200-
500C u 500-800C HaOmiomaroTcsi Ui OTPHLATEIBHO- HMOHHOTO PACIBLUICHUS IUMEPOB
KPEMHHSI.

Bropoii Temmnepatypubiii mopor 500C cBsizaH TONBKO € OOpa3oBaHHEM AHUMEp-
ancopOupoBaHHBI  artom  cepxpemietkn  7x7-Si (111) [1]. DkcroHeHIHAIBHBIE
TEMIIEpaTypHble 3aBUCUMOCTH OTPHULIATEIbHO-MOHHOTO PACHbUICHUS TPUMMEPOB HMEET
nuarna3onsl Temrepatyp u noporu 400-600C u 600-800C. O6pa3oBaHne TPIMMEPOB CBSI3aHO
C TIPUCOEAMHEHHEM aJaTOMOB K JUMepaM Ha IIOBEPXHOCTH WIH PEeKOMOMHAINH
PacIbBUICHHBIX MOHOMeEpa U JUMepa Haj MOBEPXHOCTHIO MOHOKPHCTAIIIA KPEMHHUSL.

Jlns  kjmacTepHOTO  pacmbUIeHHs —HaOiojaercs TeMmmepaTypHeld  mopor  600C
YMEHBIICHHUSI JHEPIrHU AaKTHBAIMM U MEXaHH3Ma TEPMOCTHMYIUPOBAHHOTO PACIBLICHHS,
CBSI3aHHOTO C ITepecTpoiiKoii cBepxpemrerku 7x7-Si (111).

IIpoBenemM cpaBHEHHE WHTEHCHBHOCTEH BTOPUYHOW HMOHHOW 5SMHCCUU W SHEPruit
AKTHBAIUH TEPMOCTUMYJIMPOBAHHOTO OTPULIATENEHO-HOHHOTO PacHIBUICHUS] aTOMOB, THMEPOB
Y TPUMMEPOB B PAa3JIMYHBIX JUANA30HAX TEMIICPATyp.

B nmanasome Temmeparyp g0 200C BTOpPHUYHO-MOHHAs DMHCCHS  COCTOHT
HPEUMYIIECTBEHHO M3 CIIa00r0 TeMIIepaTypHO-CTHMYIMPOBAHHOTO OTPHIIATEbHO-HOHHOTO
PACIBUICHHS AaTOMOB KPEMHHS, [IPUYEM KJIACTEPHOE PacbUICHHE He HAaOII0JaeTCs.

B nuanasone 200-400C BTOpUYHO-MOHHAs 3MHUCCUSI COCTOUT IMPEUMYILECTBEHHO M3
TEMIIEpaTypHO-CTHMYJIMPOBAHHOTO OTPULATEIBHO-HOHHOIO PACIBUICHHUSI aTOMOB U AUMEPOB
KpPEMHHSI, IPHYeM KIaCTepPHOE PacIblIEHHE IT0 MHTEHCHBHOCTH CPAaBHUBACTCS C AaTOMAPHBIM.

B nuanasone 400-600C BTOpUYHO-MOHHAs 3MHUCCUS COCTOMT IMPEUMYILECTBEHHO M3
pPaBHBIX II0 HHTEHCHBHOCTH TEMIICPaTypHO-CTUMYIHPOBAHHOTO OTPHLATEIHLHO-HOHHOTO
pacrbUICHUsS aTOMOB M JAWUMEPOB KPEMHHUsS, M Ha IOPAAOK MEHbIIEH HHTEHCHBHOCTH
TPUMMEPOB KPEMHHS.

B nmmamaszonme Ttemmeparyp 600-800C  BTOPMYHO-MOHHAs 3MHCCHS  COCTOUT

IPEUMYIIECTBEHHO U3 TEMIEpaTypHO-CTUMYIHPOBAHHOTO  OTPHLATEIbHO-HOHHOTO
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pacHbUICHUS aTOMOB M JUMEPOB KPEMHUs, pAclbUICHHE TPUMMEPOB O HHTCHCHBHOCTH
npuOIIKaeTcs K aToMapHoMy U quMepHoMy pu 800C.

Ipu noBbIICHMU TEMIEPaTyphl TOBEPXHOCTHBIC ATOMBI PEIICTKH KPEMHHS NEPEXOIAT
B a/IcOpOMpPOBaHHOE COCTOSIHUE U AUGGYHAUPYIOT MO MOBEPXHOCTH U OOpasyercs aumep-
azcopOrpOBaHHbIN aToM cBepxpemerka 7x7-Si(111).

B HacTosee BpeMsi HMCIOTCS /IBa OCHOBHBIX MEXaHH3Ma KIACTCPHOTO PACIIBUICHHS-
mpsiMasi MHUCCHSL KJIacTepa Kak IIeIOro M PEKOMOMHAINS pACHbUICHHBIX aTOMOB Haj
HOBEPXHOCThI0. Hamm sKkcriepuMeHTanbHble Ppe3y/lbTaThl TEMIICPATYPHOH 3aBHCHMOCTH
KIQCTEPHOTO  PACIBUICHHS  IOKAa3bIBAIOT  CYIICCTBEHHYIO  POJIb  aJCcOpPOMpPOBAHHBIX
I GYHIUPYIOIIX aTOMOB U MOBEPXHOCTHBIX JIe()eKTOB B 00pPa30BaHUMU CIA00CBA3aHHBIX C
PCILIETKOIf aTOMOB U KJIACTEPOB KPEMHHSI.

MonennpoBaHue MOJEKYISPHOH JOWHAMHKH II0OKa3aJo M  IIOJPOOHO  OmmHcaio
aTOMapHbI mporecc 00pa3oBaHus HEOOJIBUIMX KIACTEPOB BO BPEMs HU3KOIHEPIEeTHUECKOM
BUMC mnoBepXHOCTH KpeMHHs, CpaBHHBas OOMOAapIMPOBKY aTOMApPHBIMH KHCIOPOZOM H
KkpemuueM [2]. J[ByMs: OCHOBHBIMHM MEXaHU3MaMH pacrbuieHus spisitorest (1) popmupoBanue
KJacTepa U3 OTIENbHBIX aTOMOB BCEr0 HAa HECKONBKO aHICTpeM Hal AeeKTHOH
MOBEPXHOCTBIO Cpa3y ITI0CNIe PaclbUIeHHs M (2) pacHblIeHne clabOCBA3aHHBIX ()ParMeHTOB,
nexamux Ha AedeKTHOH moBepxHOCTH. Ha OCHOBaHMH pe3ynbTaToB I OONBIIMHCTBA
HaOJFOJaeMBIX 3/IECh CITyYaeB aBTOPHI 3aKITFOUHIIN, YTO MHOTUE U3 00JIee KPYIMHBIX KJIACTEPOB
(to ectb Si3 W BblE), BO3HUKAKIME B pE3yIbTaTe€ ONHUCAHHBIX MEXAHH3MOB,
(parMeHTHPYIOTCS BO BpeMsI SMHCCHH C MOBEPXHOCTH ¢ 00pa3oBaHHEM Ooiee CTaOMIBHBIX
numepoB Si MenbIiero pasmepa. KoadduurmenT Bbixoaa pacibuieHUs! IOYTH TOYHO COBIIAAET
C OTHOIIGHHEM AaTOMHBIX Macc. B o0oux caydasx aTOMapHBIH KpeMHHUH SBISETCS
JIOMUHUPYIOIINM PACIbUICHHBIM KOMIIOHEHTOM. PacrblieHne KJIacTepoB yBEIMYUBAIOTCA B
xone OomOapmupoBKH H3-32 0Oolice BBIPAKEHHOW MIEPOXOBATOCTH IOBEPXHOCTH U
HAKOIUICHHBIX MTOANOBEPXHOCTHBIX JIE()EKTOB.

OmucaHue ¥ TOSCHEHMS, NPEACTABICHHBIE B 3TOM CTaTbe, MOTYT JaTh
9KCIIEPUMEHTATOPaM JIOTOJIHUTEIbHYI0 HMH(POPMAIUI0 O MPOIleccax Ha aTOMHOM YPOBHE
KacKaJ[0B CTOJKHOBEHHIl KPEeMHHMs, IOCIEIyIoleM 00pa3oBaHUU AE(PEKTOB M PaCIbUICHUH
KJIaCTepOB. OJTH HJAEH, B CBOIO OYepeAb, MOTYT IIOMOYb B IIOCTAaHOBKE, IOCTPOCHHH H

MIPOBE/ICHNH OYIyIINX SKCIIEpUMEHTOB KpemHueBoii BUMC.

[1] S.J. Nimatov, |.A. Garafutdinova, B.G. Atabaev, D.S. Rumi,Surface Inv.,2001,16,775-779
[2] P.R. Barry, P. Philipp, T. Wirtz, J. Kieffer, J. of Mass Spectrometry, 2014, 49, 185-194.
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APPLICATION OF LIBS, LA-QMS, LA-TOF-MS FOR FUSION RELEVANT
MATERIALS ANALYSIS

N.E. Efimov?, D.N. Sinelnikov?, D.G. Bulgadaryan?, Y.M. Gasparyan?, E.D. Vovchenko?,
E.D. Marenkov?

! National Research Nuclear University MEPhI (Moscow Engineering Physics Institute),
115409 Kashirskoe shosse 31, Moscow, Russia, NEEfimov@mephi.ru.

One of the critical issues on the way to controlled nuclear fusion is related to plasma wall
interaction. Such interaction leads to co-deposition of hydrogen isotopes together with eroded
first wall materials. It is known that the deuterium-tritium (DT) mixture will be used in ITER
and future fusion devices as a fuel. So as the accumulation of radioactive tritium in the machines
is limited by the nuclear license, there is a need for some remote fuel retention monitoring
system. In current devices, the total fuel amount is determined from the gas balance (difference
between input and output flows) measurements and from a post mortem analysis of plasma-
facing components. One of the most promising techniques which can be applied in situ in
tokamaks is based on laser irradiation of the surface of interest followed by mass- or optical
spectroscopy. Such a technique was already applied in TEXTOR tokamak to the hydrogenic
carbon layers [1], and it is included in the task list of ITER with a high priority [2].

The efficiency and sensitivity of laser-based diagnostics to the deuterium retention
determination in vacuum conditions is under investigation in the “Large Mass-Monochromator
“MEPhI” (LMM) facility. Historically being the ion beam device [3,4] it was equipped with an
Nd:YAG laser (Wavelength: 1064 nm, Pulse length: 10 ns, Energy: up to 100 mJ), optical
spectrometer Avantes AvaSpec-2048 with a vacuum optical feedthrough, and recently with a
time-of-flight spectrometer (fig. 1). The laser beam was focused on the target by the lens
system, so the minimal diameter of the beam spot was about 300 microns (fig 2.). The laser
energy reaching the target was varied in the range of 0.1 - 40 mJ by rotating a polarization cube
calibrated with a pyroelectric sensor.

There is an opportunity for simultaneous analysis of the laser plasma plume by the laser
assisted quadrupole mass-spectrometry (LA-QMS), optical spectroscopy (it is possible to
measure either time-integrated overview spectrum in the range 200-1100 nm or a time-resolved
separate lines with a monochromator and a photoelectron multiplier) and laser assisted time-of-
flight mass-spectrometry (LA-ToF-MS). Several types of samples were used in a preliminary
experiment. Lithium was used for calibration of an optical system for conventional laser

induced breakdown spectroscopy (LIBS) since laser irradiation of this material provides very
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Figure 1. The scheme of the “Large Mass- Figure 2. SEM image of a typical crater
Monochromator “MEPhI” facility. on W after the laser pulse.

intensive emission lines [5]. Optical spectra obtained with the Avantes AvaSpec-2048 under
atmospheric pressure and in vacuum are shown in figure 3. It is quite common that line’s
intensity in vacuum is significantly lower (due to plasma expansion), so usually, LIBS is
utilized in argon atmosphere. It is also noticeable, that Li Il lines appear only in vacuum.
Relative intensities of several Li | lines may provide information on the electron temperature.
In case of ultimate laser beam energy density (42 mJ/cm? on the target) estimations based on
the Ornstein method show the temperature of several eV order (in LTE approach). Figure 4
shows the dependence of several Li lines intensities on the energy of the incident laser beam.
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Figure 3. Spectra of laser induced plasma from the  Figure 4. Dependencies of line’s intensity on
Li target in atmospheric conditions (red colour, the laser pulse energy for Li sample in
intensity axis is on the left) and in vacuum (black vacuum.
colour, the axis is on the right).
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The decrease in the intensity of the lines of excited lithium atoms depends nonlinearly on the
power. At the same time, the decrease in the ionized lithium intensity is steeper and the
corresponding lines are disappearing little bit earlier, than Li I. Overall, it is seen, that the signal-
to-noise ratio is less than 10, which can be partially caused by the Bremsstrahlung and the
recombination radiation, whose effect can be reduced by triggering the spectrometer with a
slight delay relatively to the laser shot.

Similar study was provided in the LA-QMS configuration with a significantly reduced
chamber pumping out (from ~700 to 10 I/s) for a better sensitivity. Co-deposited W-D and Ti-
D films (described in [6]) with a known amount of D were used in these experiments. The
dependence of the deuterium desorption on the laser pulse energy is shown on figure 5. The
highest intensity is observed for Ti sample, which can be explained by chemical interaction
with hydrogen and, therefore, its much higher concentration (up to 1:1) [6]. In this way, while
for conventional LIBS the highest sensitivity can be observed with Li samples, in case of LA-
QMS it can be achieved with a hydrogenated Ti. It is noticeable, that in case of LA-QMS the
highest signal-to-noise ratio is one order higher, so the useful signal is observed at lower pulse
power. However, the sensitivity of QMS is inversely proportional to the chamber volume, so in
tokamaks its might be insufficient due to gorgeous sizes.

Another opportunity of laser plasma plume mass analysis is related to the time-of-flight
technique, which is more widespread compared to LA-QMS and even commercialized. As a
rule, ToF spectrometer is connected in series with some particle energy/pulse separator, because
the energy spectra of ions, emitted from the laser plume are rather broad. In case of LMM it
can be done in two ways: by using the long ion guide of the magnetic separator (~2.7 m from a
target to a detector) or by combining the electrostatic energy analyzer and the vacuum tube with
a detector. Thus, a LA-ToF mass spectrum of ions from the laser plasma plume on W fuzz
(produced in NAGDIS-II in helium plasma [7]) is shown on figure 6. In this case the magnetic
separator was used to cut off the influence of the velocity distribution on the identification of
peaks. The helium and the tungsten peaks are of interest in this case. The presence of C, O and
Ca s to be analyzed. It is noticeable that we can see W**, but no W* is observed. This is one of
the disadvantages of the technique: we can see particles with similar pulse/charge ratio for a
certain value of magnetic field.

Thus, several laser-based techniques, which might be promising for hydrogen retention
control in nuclear fusion facilities, were implemented and calibrated in the LMM. Whereas LA-
ToF-MS might provide a better sensitivity and higher mass resolution to hydrogen isotopes,
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W-D films.

the flexibility of the LIBS method allows an easier integration into a diagnostic equipment. In
current work the comparison of the above techniques would be presented with the identical

fusion relevant materials.
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ANGLE OF INCIDENCE DEPENDENCE OF THE SPUTTERING YIELD
AT ION BOMBARDMENT OF SOLIDS

L. Forlano! and A. I. Tolmachev?
tUniversity of Calabria, Cosenza, Italy

2Russian New University, Moscow, Russia

During last decades, a large amount of experimental data on sputtering by energetic particle
bombardment was accumulated [1, 2]. Most experiments deal with measurements of the energy
dependence of sputtering yield for different ion-target combinations. The sputtering yield Y
depends also on the angle of incidence 6, of bombarding ions. The function Y(8,) is called
the angle of incidence dependence of sputtering yield. In the case of heavy ions, sputtering yield
increases from its value at normal incidence Y (0°) to the maximum value, and then it de-
creases to the value Y(90°) at grazing incidence. The program SRIM gives finite values of
Y(90°), but in ref. [3] the author obtained zero values of Y (90°) after simulation of silicon
and germanium sputtering by ions of noble gases. In the present work, we considered the prob-
lem by the method of computer simulation and theoretically.

Computer simulation is performed by the program PAOLA [4]. Before each elastic col-

lision, the code generates three random numbers Ry, R, , Rz in the range between 0 and 1.
These numbers define the particle path length between two collisions, A = A1y log(1/R1),

the polar scattering angle w in the center-of-mass system,

20049 R,—1 .
OS @ = T 2R’ @)

and the azimuthal scattering angle ¥ = 2mR5 , where A, represents the mean free path
lengthand & is the reduced energy. The scattering angles of impinging particle (2; and recoil

atom (2, in the laboratory system obey the relations

0 A+ cosw 4 M, @
cos = s =—,
! vV 1+4+24cosw + A? M,
1—cosw
cos ), = — 3)
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where M; and M, represent mases of ion and target atom respectively. If E is the projectile

energy before collision, then the projectile and the recoil atom energies after collision are
Ey =E (1 - ycos?f,), (4)
E, =y E cos?0,, (5

with y = 4A/(1 + A)2. Itshould be noted that equations (1)-(5) have universal character

and they can be applied both for light ions (A < 1) and for heavy ions (A > 1) .

In the program PAOLA every recoil atom is characterized by two natural numbers: the
number of cascade generation and the ordinal number within given generation. Registration of
the cascade statistics includes several stages. (a) The bombarding ion enters the target and sets
to motion primary knock-on atoms (PKA) which represent the cascade of first generation. The
code memorizes coordinates and velocities of all PKA. During its motion, the ion either comes
to rest, or leaves the target and is treated as a reflected ion. (b) We consider motion of each
PKA and its collisions with target atoms. These collisions set in motion secondary knock-on
atoms (SKA) which represent the cascade of second generation. The code memorizes coordi-
nates and velocities of all SKA. (c) In a similar way, we consider the cascades of the third,
fourth and other generations. The cascade vanishes when the particle leaves the target or when
its energy reduces to the cut-off energy.

Theoretical part of the work is based on the system of two equations of transfer (for

scattered ions and cascade atoms) for the Mellin transforms of the distribution functions. We
solved the system of equations by the method of discrete streams, dividing the interval of vari-
ation of directional cosine in the collision integral into N equal parts, and considered the un-
known values of distribution functionsin N + 1 discrete points [5]. To calculate the unknown
values, we expanded solution in a series of decreasing exponential functions and solved the
problem of eigenvalues and eigenvectors of a quadratic matrix. The constants of expansion
were obtained from the boundary conditions, and inverse Mellin transformation gave the final
result. We performed numerical solution of the problem using increasing number of discrete
streams, with maximum value being equal to N = 500. The method was verified by a series of
test problems with the analytical solutions known in advance, and by computer simulation pro-
gram PAOLA.

Figures 1 and 2 present the angle of incidence dependence of sputtering yield Y (6,) as
a function of ion mass and ion energy. All curves are normalized to their values at normal

incidence. We can see, that the ratio of sputtering yields at grazing and normal incidence,
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Y(90%)/Y(0°), decreases with decreasing ion mass, and decreases also with increasing ratio
of the ion energy E, to the cut-off energy E,;, . Sputtering yield at the limiting grazing
incidence angle Y(90°) is always finite, in contradiction with [3]. Divergence between theo-

retical and computer simulation results does not exceed 2% and it is visually indistinguishable.

Y(8,)/Y(0°) Y(6,)/Y(0°)
5 r 12 -
10
4
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2
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2
0 1 1 J 0 1 1 J
0 30 60 920 0 30 60 20
angle of ion incidence angle of ion incidence

Figure 1. Dependence of the sputtering yield Y on the angle of ion incidence 6, for different
mass ratios A=1 (line 1), 5 (2), 10 (3), 15 (4). Ey/Emin = 1000.

Figure 2. Dependence of the sputtering yield Y on the angle of ion incidence 6, for different
ion to cut-off energy ratios E,/Eni» = 100 (line 1), 200 (2), 1000 (3). A =10.
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BJIUSTHUE YJIbTPA®UOJIETOBOI'O U3JIYYEHUSA HA COJAEPXKAHUE U
JECOPBIHIO TEMTEPUS U3 COOCAKIEHHBIX TUTUEBBIX CJIOEB
THE INFLUENCE OF ULTRAVIOLET RADIATION ON THE CONTENT AND
DESORPTION OF DEUTERIUM FROM CO-DEPOSITED LITHIUM FILMS

A.K. Xomsikos, C.A. Kpar, A.C. [IpumBunsH,
E.A. ®edénosa, 10.M. 'acnapsin, A.A. Iucapes
A.K. Homiakov, S.A. Krat, A.S. Prishvitsyn,
E.A. Fefelova, Y.M. Gasparyan, A.A. Pisarev

Kagheopa uszuxu naazmel, Hayuonanvuwlii uccie0o8amenbckuil A0epHblil yHusepcumen
MUDU, Mockea, Poccust;

The influence of ultraviolet irradiation of co-deposited lithium layers on the content and
desorption of deuterium from them is considered. It was found that exposure to ultraviolet
radiation suppresses desorption at high temperatures, facilitates desorption at low
temperatures. Effects are considered that can form the basis for the development of methods
for determining the places of accumulation of lithium hydride in tokamaks with lithium walls,
as well as facilitating the removal of heavy hydrogen isotopes from the walls of installations.

B nmanHO# paboTe paccMOTpPEHO BIHsSHHE OOJIYYEHHs yIbTPadHOIECTOBBIM H3IyYeHHEM
COOCaXJCHHBIX JINTUCBBIX CJIIOCB Ha COACPKAHUC U nec0p6umo HeﬁTepHﬂ W3 HHUX. bbutn
MIPOM3BENICHBI HKCIIEPUMEHTBI 110 ONPEACIEHHIO BPEMEHH CIEKTPAIbHBIX CBOMCTB KPUCTAIIIOB
rugpua utus pazmepamu 100 MxM. Bbuio ycraHoBieHO, 4TO BO3zeiCTBHE yibTpaduoiera
Ha COOCAXJCHHBIC CJION IIPU BBICOKHUX TEMIIEpaTypax IMPUBOAUT K ITOAABICHUIO z[ecop6u1/m
WM CMCIICHHIO ITMKa ﬂ€C0p6Lll/lld B 0Oojee HHU3KOTEMIICPATYPHYIO obnacte M objeryaer
JIecOpOLUIO IPU HU3KHX TeMmepaTrypax. [lomumo 3Toro, ObUIO ONpeneneHo, 4To 00IydeHue
HE IPUBOAUT K BBIXOOY z[eﬁTeppm 13 COOCAXJCHHBIX CIIOEB IIPU KOMHATHOM TEMIIEpaType.
PaccmoTpenbl 2 ¢ekThi, KOTOpbIe MOTYT Jie4b B OCHOBY CO3[aHHS METOJHK OIpPEIeICHHS
MECT HAKOIUICHHUA I'MJpH/ia JIMTHS B TOKaMaKax C JIMTUEBBIMU CTCHKaMH, a TaKXE YAaJICHUS

TSDKCJIBIX U30TOIIOB BOAOPOJAA U3 CTCHOK YCTAHOBOK IIPU JOCTATOYHO HU3KUX TEMIICpATypax.

OpmHOMt W3 TJIAaBHBIX IpoOJIeM TEPMOSICPHBIX YCTaHOBOK SBJIAETCS HAKOIUICHHE
paIMoOaKTHBHOTO HM30TONA BOJAOPOJA B CTEHKaX Kamepbl. OJHMM W3 OCHOBHBIX CIIOCOOOB
HaKOIUIEHHs TPUTHSL ABJISIETCSI COOCAXICHUE TPUTHUS C PACIIBIICHHBIM IJ1a3MOH MaTepuanom
nepBol CTeHKU. [l TOKaMaKkoB, B KOTOPBIX IJIAHUPYETCs UCIOIb30BAHUE JKUIKOTO JIUTUS B
KauecTBe MaTepuaja CTEHKH, MpoliieMa HAaKOIUIEHHs HM30TOMOB BOIOPOJAA MMEET OCOOCHHO

BaXHO€ 3HAQYCHUEC BBHUAY TOIr0, 4TO 06pa3013a1me B IIPOLICCCE HAKOIUICHUA TBepﬂOﬁ
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FI/I,I[pI/IﬂHOﬁ (1)3,351 MOXET NPUBECTH K BBIXOAY H3 CTPOsL OTACIBHBIX yacTeu YCTaHOBKH,

PpacCUUTaHHBIX HA ITIOCTOAHHOE TEUYCHUEC JINTHUS.

OpHOM M3 MHTEPECHBIX OCOOEHHOCTEH THIpHIA JHTHSA SBISETCS H3MEHEHHE IBETa
KPUCTAIUIOB IOX BO3ACHCTBHEM ymbTpadHOIeTOBOro m3mydeHus [4], B mporecce dero
HPOUCXOIHUT BBIXOJI BOJOPOJA U3 KPUCTAUIMUECKOH PEIIETKU B MEKy3€/IbHOE IPOCTPAHCTBO,
YTO B CBOIO OYEpE/b MPUBOJUT K 00Pa30BaHMIO M MOCIEMYIONIEMY HAKOIIIIEHUIO KPHUCTAJIIIOB
METAUTMYECKOTO JIUTUsL B 00beMe KpucTaiuia ruapuaa [5]. Ha ocHoBaHuM naHHOTO CBOMCTBA
rHApHAA JIMTHS M OBUIO  IOCTPOEHO  NPEIOKEHHE  PACCMOTPETh  00IydeHHe
yIbTPaHOTIETOBBIM H3ITyYEeHHEM KaK CIIocoO 0OHapYKeHHs MECT HaKOILUICHHs U OOJerdeHus
yIaJeHus TSOKEIbIX M30TOIOB BOJOPOAA M3 MEPEOCAKACHHBIX M3 ILUIA3Mbl JUTHH-TPHTHEBBIX

CJIOEB IIPpU CPABHUTCIIBHO HEeOOJIBIINX TeMIIepaTypax.

Ha mnepBoM »3Tame 5KCIEPHUMEHTOB IPOBOAMIOCH OOIydYCHHE YIbTPA(UONCTOBBIM
M3JIy4eHHEM MOPOIIKa THAPHAA JIUTHS (XapaKTepHbId JTMHEHHbIH pasMep yactuil - 100 Mxm).
B mnponecce BO3meHCTBUSI CHUMAIUCh CHEKTPhl PAcCEIHHOTO HA IMOBEPXHOCTH THAPHIA
yIbTPadHOIETOBOrO U3IIYyYEHHs], a TAKXKE IPOBOMIACH (POTOCHEMKA OBEPXHOCTH THJPHIA B
3aBHCHMOCTH OT JUIMTEIbHOCTH oOiyueHus. Ha ocHOBaHMM NOJTyYEHHBIX PE3yJIbTaTOB OBLIO
YCTaHOBJIEHO, YTO H3MEHEHHE CIEKTPaIbHBIX CBOHCTB NPOMCXOAMT AN YaCTHI[ THAPHIA
pasmMepamu 100 MKM, a TaKKe YTO IOJHOE H3MEHEHHE CIEKTPAIbHBIX CBOWCTB H

COOTBETCTBCHHO LBETA KpHUCTAJJIa IPOUCXOAUT 3a 5 MHHYT.

Ha BropoMm sTame ObLIO paccCMOTPEHO BIHMSHUE YIbTPA(HOICTOBOrO W3JIyYCHHs Ha
COOCXK/ICHHBIC TUIeHKH. JlaHHble TUTHIT-AeliTepueBble ciaou ¢ TomuuHoi 100 — 500 HM ObuH
nostyueHsl Ha ycranoBke MP-2 [1-3] mocpescTBoOM pachbuieHHs KUKOTO JUTHEBOTO KAaTOAa
JeiitepueBoil  mIa3sMoll  MarHeTpoHHOro  paspsjga. Ilocme  HambuieHHs  oOpasIibl
BBIICPKUBAINCE IO BO3ICHCTBHEM YIBTPA(QUONETOBOrO H3IydCHHS B TEYCHHE wHaca.
CozeprkaHue fAeHTEepUs B IIOTYyYCHHBIX TAaKUM OOpa3oM IUICHKaX H3MEpsIoch METOJOM
tepmoziecopbrontoit  crekrpockormu (T/IC), yTo mpoBoaMIOCk cpa3y IIocie mporecca
coocakzieHus1, 6e3 BbIBoJa Ha atMoctepy. B mporecce TIC anannza temmeparypa IUICHKH
nocrurana 1300 K. ITomumo motoka pecopOuuu NpH NPOBEICHHHM aHAIM3a H3MEPsIach

CKOPOCTB UCTIAPCHUA CaMOI'0 COOCAXKIACHHOTO CJI0S IIPHU IMTOMOIIN KBAPLEBBIX MUKPOBECOB.
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Puc.1. CpaBnenue criektpos T/[C-aHanm3a cooca)I€HHBIX CI0eB ToNImHOi 500 HM, mocie
MIPOBEJICHUS OOTyUeHHs U HEeT

Ha ocnHoBanuu skcrnepuMeHTanbHbIX JaHHBIX T/IC-CIIeKTpoOB OBLIO YCTaHOBJIEHO, YTO
coJiepXKaHNe JISHTepHsi B COOCAKJICHHBIX CIIOSIX TIOCINIC HANBUICHHS COCTaBisieT mopsaka 30
aTOMHBIX NIPOLIEHTOB; IOCIE YJIbTPA(hHOIETOBOrO 00IydeHHsT 00pa3ylOTCs JOMOIHUTEIbHbIC
Hu3KoTemIepatyphbie nuku jaecopouun (~500K); mponamaror wiv caBurarorcs B 00JacTh
GoJtee HU3KHUX TEMIIEPaTyp BBICOKOTEMIIEpATypHBbIe IIMKH AecopOrmu; ik 700K (pasnoxenue
LiD) coxpausiercs. Takxe OBUIO YCTAaHOBICHO, YTO HMHTETPAIBHBIC 3HAYCHHS IOTOKOB
neiitepust U3 06pasuos B mpouecce TJC ananui3a He 3aBHCAT OT BO3ICHCTBUS H3TyUCHUS, HA
OCHOBAaHMM 4Y€ro MOXHO CJenaThb BBIBOJ, YTO NPH KOMHATHOW TeMIepaType
yabTpaHoJIETOBOE H3JIY4YCHHE HE IPHUBOAUT K BBIXOAY JEHTEpUs M3 COOCAKACHHBIX
JIMTHEBBIX CIIOEB. [I3MEHEHNE 1IBETa COOCAXKACHHBIX CIIOEB MO BO3ACHCTBHEM Y H3ITydeHUs

OBLI0 3a()HKCHPOBAHO 3PUTENBHO.
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OILIEHKA PACIIBLIEHUSA JIEKTPOJIOB B MUHUATIOPHOM JIMHEAHOM
YCKOPUTEJIE
ESTIMATION OF THE ELECTRODES SPUTTERING OF THE MINIATURE LINER
ACCELERATOR
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In this paper estimation of the electrodes sputtering of the miniature linear accelerator
(MLA) are presented. Also, the experimental area of the deposited metal layer on the
insulator surface MLA are shown. The experimenta dates are in good qualitatively
agreement with the simulated ones.

Pa3zpaboTka HOBBIX M HCCIEJOBaHHE CYNIECTBYIOIINX KOHCTPYKIMII MHHHATIOPHBIX
JIMHEWHBIX yCKOpUTeNeH (MM ra30HAIOIHEHHBIX HEHTPOHHBIX TPYOOK), SBJISIOTCS aKTyaJlbHOM
3ajauel Mpu CO3AaHMUH MOPTATHBHBIX HMITYJIbCHBIX HEHTPOHHBIX T€HEPATOPOB, IPUMEHSIEMBIX B
Pa3IMYHBIX 00NACTSX HAYKH M TeXHUKH [1].

OOmuii BUA 3amassHHOTO MHHUATIOPHOTO IHHEHHOro yckopurens (MJIY) npencrasnen Ha
pucynke 1. MJIY cOCTOMT M3 IICHHHHTOBCKOTO HOHHOIO HCTOYHHUKA [2], HOHHO-ONTHYECKOH
cucTeMbl (B HameM ciaydae (OKYCHPYIOIIETO M YCKOPSIOLIEro 3JeKTPOJOB) W MumieHu [3].
Vcexopsromuii 371eKTpoa U HeHTPOHOOpa3yIolas MHIIEHb HAXOAATCS 1OJ BBICOKHM (~ -100kB
OTHOCUTEIBHO KaTOJOB MOHHOTO MCTOYHHKA) OTPUIATEIbHBIM MOTEHIIMAIOM U TaJlbBAHHYECKU
pa3Bs3aHbl OT MOHHOTO MCTOYHHUKA C HOMOIIBIO BBICOKOBOIBLTHOrO m3omnsropa.llox netictBuem
MOTEHIMaIa YCKOPSIOIIETO 3JIEKTPOJa MOHBI IKCTPArUPYIOTCS (BBITSATHBAIOTCSA) U3 IUIa3MBI
MEHHUHTOBCKOTO paspsiia M Jajee YCKOPSIOTCS Ha HeiTpoHoOpasyromyro wMuiieHs. [Ipu
CTOJIKHOBEHHH IIydKa HOHOB JEHTEpUsl U TPUTHUS C TaKUMU JK€ aTOMaMH, KOTOpBIE YkKe
HaXoJATCd B MHUILEHH, NPOMCXOAUT sJIEpHAs peakuus D" + T — 4He™ (3,5MsB) + n
(14,1M>B) ¢ BbIIETOM HEHTPOHOB B 47.

OnHa U3 OCHOBHBIX NIPUYUH CHIDKEHUS NIeKTpUueckoil mpoynoctu MJIY —3To n3MeHeHHe
MIOBEPXHOCTHOH IPOBOJMMOCTH BBICOKOBOJIBETHOTO H30JIITOPa, B TOM HUHCIE BCIEACTBUE
3amblICHNS €r0 BHYTPEHHEH IOBEPXHOCTH B IPOIECCE JUTUTENbHOM paboTsl. [1py HambuieHNN Ha
U30JIATOPE ONPEAEIEHHON TONIIUHEI IMPOBOASIIETO CIOSI MEXKIY YCKOPSIOIIMM SIEKTPOJOM U
(hOKYCHPYIOIIMM DJIEKTPOJaMH IIPOBOLUPYETCS BBICOKOBOJIBTHBIH IPOOOH, NPHBOIIMIMI K

BBIXOLY U3 cTpost MJIY[4].

95



B nanHO# paboTe NMpHUBOIMTCS OIEHKA pacibUieHHs 3nekTpogoB MJIY u ux BiusHHEe Ha
3aNbUIAEMYIO  00JIACTh BBICOKOBOJILTHOTO M30JATOpa. AKTYalbHOCTh PabOTHl 00yCIOBIEeHA
HEeoOXOAMMOCTBIO TIOBbIIEHHs! pecypca MJIY 3a cuer yBenudeHHs DNEKTPUYECKOH MPOYHOCTU
BBICOKOIIOTHOTO ~ M30JITOpa  IITEM CHMJKGHMS CKOPOCTH  3allbUICHHSl M30]IATOpa B
MEX3IIEKTPOTHOM 3a30pe.

Puc. 1 O6mumii Buj
MHHHATIOPHOTO JIMHEHOTO
YCKOpPHUTEIISl ¢ IEHHUHIOBCKUM
MOHHBIM HCTOYHHKOM.

1 — ITeHHMHTOBCKHIT HOHHBII
HUCTOYHHK,

2 — ®oKyCHPYIOLIHIT dIEKTPOS,
3 — BbICOKOBOJIBTHBIH H30JISTOP,
4 — Y cKopsIoLHii 2JIeKTPOI,

5 — HeitrpoHoGpa3syromiast
MHILCHb.

1 2 3 4 5
A

deposition area

B mnporpamme «COMSOL Multiphysics» pacCUMTHIBANNCH NEKTPUUESCKUE IMOJS JUIs
JaHHOH KoHpurypanuunonHo-ontuyeckoit cucremsl (MOC), a 3aTeM npoBOAUICS TPASKTOPHBIH
aHalM3 KOPIYCKYJISIPHBIX [OTOKOB, JKCTParMPyeMbIX M3 HMCTOYHMKAa HOHOB. B kauectse
HCXOJHBIX JAHHBIX MOJCIMPOBAHUS HOHHOTO ITydKa BBICTYNAJd SMUTTaHC B IUIOCKOCTH
BBIXOJHO# anepTypsl (okycupyiouiero snekrpoga MOC [5], MeToanka BBIYKMCIEHHS KOTOPOTO
onucana B pabore [6]. IIpy MOZEIMPOBAHHM YUYHMTBIBAIACH PE3OHAHCHAs —Iepe3apsiaKa
MOJIEKYJIIPHOIO MOHA Ha MOJICKYJIIPHOM HEHTpaiie ¢ 00pa3oBaHHEM OBICTPOrO MOJICKYJISIPHOTO
HeliTpasa M MeJUIEHHOTO MoJeKyispHoro uona Hy + HY = HY + HF, a Taxxke mepesapsjka c
noceyIomel Tuccoluanuelt MoJeKyIApHOro HeliTpana Ha atombiHy + HY = 2HY + H3[7]. B
KaueCTBE XapaKTEPHCTUKM MPOLIECCOB B3aMMOJICHCTBHS YaCTHUIL BBICTYTIAIHM CCYEHUS YKa3aHHBIX
MPOLIECCOB, AINMPOKCHMALMK 3aBUCHMOCTEH KOTOPBIX OT CKOPOCTH MpPEJACTaBIeHbl B [7].
Jasnenne B MOC BBHAy OTCYTCTBHS OTKAuku HpHHUManoch paBHeiM SMTopp, uTO
COOTBETCTBYET paboueMy JaBJICHUI0 HOHHOTO HCTOYHHKA [2].

Ha pucynke 2 mpexacraBieH pe3ynbTaT MOAEIHPOBAHUS TPACKTOPHH KOPIYCKYJISPHBIX
notokoB B MOC.AHanu3 npeiCcTaBIeHHOTO PUCYHKA MO3BOJISIET 3aKIIOUHUTh, YTO (HPOpMHUpPyeMBIii
Ha BbIXoZe U3 ¢okycupyromero sekrpona VMOC nepBUYHBIH IMYYOK MOHOB OyaeT MPOXOIUTHh
yepe3 anepTypy yckopsiomero snekrpoga MOC npaktudecku OECIpensITCTBEHHO, TEM CaMbIM,
He NpUBOAS K ero pacmbuieHnio. OjHako 00pa3oBaHHBIC BCICACTBHE IEPe3apsiiku HOHOB
MEepPBUYHOTO ITyuKa HEHTpambl OGOMOApAupyIOT KPOMKY M BHYTPEHHIOK IOBEPXHOCTh
YCKOPSIIOIIEr0  3JIeKTpoJa (CM. pHCYHOK20), a TakkKe BHYTP HEIOIO IOBEPXHOCTh

(oxycupyroero 31eKkTpoaa (HO ¢ MEHbLIEH HHTEHCHBHOCTBIO).
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focusing electrode accelerating insulator

/ )| 2 electrode 3
= [ o
~
a)| =
20 40 60 80 100 keV

PucyHok 2 — PacueTHble TpaeKTOpHH HOHHOTO Imyuka (1) u «xonoaHbix» noHoB (2) B MOC (a), a Takxke
pacyeTHbIe TpaeKTOpuM HeiTpainos (3) Ha GoHe ocHOBHOrO HOHHOTO Imy4yka B MOC (6)

Jns  pasnuuMs  KOPHYCKYJISPHBIX — IIOTOKOB, IAJAIOIIMX HAa  COOTBETCTBYIOLINE
MOBEPXHOCTH, BHYTPCHHSISI [TOBEPXHOCTh (DOKYCHPYIOLIEr0 3JIEKTPOAa, KPOMKA M BHYTPEHHSIS
MOBEPXHOCTh YCKOPSIIOIETO IEKTPOoAa ObLIM pa3OnThI Ha onpeienéHHble 00macTH. JIist ka0
obnactu moctpoens! BeruucieHHsie B «COMSOL Multiphysics» yrioBoe u smeprernyeckoe
pacripe/ielieHue TAJAaloIINX HEHTpaaoB Tepe3apsKi M pacCesHHBIX HOHOB. B kauecTBe
mpuMepa, Ha pHCyHKe 3a u 3 6 mOoKasaHbl JaHHBIC pacHpeneieHHUs] HEHTPAIOB Mepe3apsiKy,
MafaloMuX Ha pa3andHbIe 00JaCTH KPOMKH YCKOPSIOIIEro 3/1eKTposa (puc. 3B).

JUi1s OLIEHKHU CTEHEHHM PaclbUIeHUs 31eKTpoaoB MJIY u onpeneneHns 0061acTH HabUICHAS
MPOBOJISIIIETO CJI0SI Ha BHICOKOBOJIBTHBIA H30JISTOP MPOBOIMIOCH MOACIHPOBAHNE PACIIBIICHUS
MOBEPXHOCTU HepxaBerowlell cramu (Matepuan sjaektponoB MOC MIIY) aromamu neiitepust B
nporpammubix nakerax SCATTER [8], SRIM [9] u SDTrimSP [10]. B pauusix mporpammax
MO/JICTIMPOBAINCH SHEPIeTHYECKUE U YIJIOBBIE CIIEKTPBI OTPAXXCHHBIX U PACIBUICHHBIX YaCTHII.
Ilpu osToM s KakIOi 00NAcTH JNEKTPOAOB YUYMTHIBAIOCH Ha4albHBIC YIJIOBBIC U
SHEpPreTHYECKNe pacipeeNieH s MaJaloluX HOHOB U HelfTpanos aeritepus. [TomydenHsle B xone
MOJICIIMPOBAHUsl JaHHBIC 3arpyxaiuch «obparo» B «COMSOL Multiphysics» mist pacuera
JIBHKEHHS PACHIBUIEHHBIX M OTPaXKEHHBIX yacTull B MJTY.

B kauecTBe mpumMepa Ha pUCYHKE 4 IIpe/ICTaBIICHBI PacIpe/eeH s PaCbUICHHBIX aTOMOB
Fe, nonaBmmx Ha BHICOKOBOJBTHBIN H30maTop MJIY. IlokazaHbl 00acTH HANbUICHHS YaCTHII,
paCIBUICHHBIX C BHYTPEHHEH ITOBEPXHOCTH (HOKYCHpYIOIIero sjekTpona (d),BHyTpeHHeil
nosepxuoctd (D) U kpoMku yckopsiromero aiektpoaa (C). Ha pucyHke Takke MpeacTaBIeHO
JKCIIEPUMEHTAIBHO TOJNydeHHoe (IyTeM Ouu(poBKH (oTon3odpaxeHus) pacrupenerneHne

HAMbUIEHHOTO ciost mocie 170 yacoB pabotsr MJTY.
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Kax BHUIHO,KCIICPUMCHTAIIBHBIC TAHHBIC W IIPOMOIACINPOBAHHOC PACHPEACIICHUC JINIIb
Ka4€CTBEHHO COBNAAAKOT — TOYHO OIpEAciIeHa OGIJ.Iaﬂ IJI0L@Ab HanbuisieMoro ciios. OgHako

MaKCUMyM IIPOMOACIITMPOBAHHOTO PACHPCACICHUSA HAIBUIACMBIX YaCTHL] CHUJIBHCC CMCIICH B
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obnacte 3a (okycupyromMM 3ieKTposoM. IIpomojenupoBaHHOE paclpelelieHHe HMeeT JBa
SIPKO BBIPQ)KCHHBIX ITHKA, B TO BpeMs KaK JKCIIEPHMEHTAIbHOE PACIpeleleHHe IIHPOKOe U
JIOTIOJIHUTEIbHBIE TIMKH CIUTBI C OCHOBHBIM. OCHOBHOH BKJaa B IPOMOJIEIUPOBAHHOE
pacmpeneneHHe JAlOT YACTHIBI, PACHBUICHHBIE C CEpPeIMHBl BHYTPEHHEH ITOBEPXHOCTU
YCKOPSIFOIIETO 3JIeKTpoAa. YacTHIBI, pAcTbUICHHBIE C KPOMKH YCKOPSIOIIEro 3JIEKTPoJa,
HEpenbUISIOTCS B 001acTh MeXAy (HOKYCHPYIOIINM M YCKOPSIOLIUM 3JIeKTpoaoM. Pacrbuienue
BHYTPEHHEH MOBEPXHOCTH (HOKYCHPYIOIIETO dIEKTPOoJa IPUBOAUT K 00pa30BaHMIO HAIBUIAEMOI

00J1aCTh 32 YCKOPSIIOIIUM JICKTPOIOM.
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OBJIYYEHUE MATHHUS HOHAMH APTOHA C SHEPTHEM 5 k3B,
MOJIYYEHHOI'O MHTEHCUBHOM IJTACTHYECKOM JE®OPMALIMEI

IRRADIATION OF MAGNESIUM BY ARGON IONS WITH ENERGY 5 keV,
PROCESSED BY SEVERE PLASTIC DEFORMATION

P.X. Xucamos?, P.P. Tumupses?, C.H. Ceprees?, E.A. Kopsuukosa?, K.C. Hazapos!, P.V.
[asxmeros?, I.®. Kopsuukosal, P.P. Mymokos'?
R.Kh.Khisamov?, R.R. Timiryaev!?, S.N. Sergeev?, E.A. Korznikova?, K.S. Nazarov', R.U.
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The effect of severe plastic deformation and subsequent annealing of magnesium on the
surface topography under ion irradiation have been investigated. It is shown, in the result of
irradiation by argon ions with an energy of 5 keV, craters and cones are formed on the surface
of magnesium samples. Influence of the samples microstructure on the surface topography

formed as a result of ion irradiation have been analyzed.

I'a3opa3psiiHble YCTPOMCTBA C TICIOIIMM pPA3psAAOM IIMPOKO PACIPOCTPAHEHBI B
npaktuke. OJJHUM U3 BaXHEHIINX aeraineil Takux NpuOOpOB SBISCTCS XOJIOAHBIH KaTox — OT
€ro HOHHO-DJIEKTPOHHBIX CBOHUCTB 3aBHCHT 3 ()eKTHBHOCTH PabOTHI ycTpocTBa. B ycmoBusx
TJICIOIIETO pa3psija MMOBEPXHOCTh KaTOJa IOABEPraeTcs PO3UH 3a Cu4eT OoMOapAMpOBKH
noHaMH pabouero rasa. Ha moBepXHOCTH MOXET pa3BHUBATHCS Pa3InYHbIN pesbed), KOTOPBIi
MOXKET OKa3plBaTh BIUsHHE HA 3(GQPEKTHBHOCTh pabOThI KAaTOAA, H, COOTBETCTBEHHO,
rasopaspsiiHoro  ycrpoiicra. OOpasoBaHue penbeda Ha HOBEPXHOCTH 3aBUCHUT  OT
BHYTPEHHElHl CTpYKTyphl MaTepuana. B dacTHOCTH, CHIKEHHE pa3Mepa 3epeH B MeTajlle
MyTeM HMHTCHCHBHOW IUIACTHYECKOH aedopManim MOXET NPHUBOAUTH K CYLIECTBEHHBIM
M3MCHEHHSAM MOpP(OJIOruM IOBEPXHOCTH NpU HOHHON OomOGapiaupoBke [1]. Opmako mwist
KaTOJHBIX MAaTepuaoB TIa30paspsAHBIX YCTPOWCTB, HAmpHMEp, MarHus, MHCCICIOBAaHUE
BIMSIHUSL CHIDKEHHS pa3Mepa 3epeH Ha penbed, oOpasylomuiicss Ha ero MOBEpXHOCTH IPH
HOHHOM 60MOapMpOBKE HE IPOBOJUIOCH. B CBSA3M € 3THM IiE/IbIO JAHHOH paboThI ABIAIOCH
BBUIBJICHHE BIIMSIHUSL Pa3MYHOrO CPEJHEr0 pa3Mepa 3€peH B MarHdWH, IMOJTy4EeHHOTO
MHTCHCHBHOH IUIACTHYECKOH JedopMaluu U IOCIEAYIOLIMMU OTXKHUIaMH, Ha pelbed,
obpa3syromuiicss Ha ero MOBEPXHOCTH IPH MOHHOM 00Ny4yeHnH. B kadectBe marepuana s

HCCIIeIOBAaHNI BBIOpANM MarHWeBBIH crutaB Mapku MA2-1. Jlns cHIDKEHHs pa3Mepa 3epeH
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HCIIONB30BAIN HHTEHCUBHYIO IUIACTUYECKYIO 1e(hOPMALIMIO METOJIOM KPYUECHHUS 110]] BBICOKUM
JaBlieHHeM. B kauecTBe HAKOBAJICH MCIIONB30BAIN HAKOBAIbHI Bpu/ukMeHa ¢ yriryOieHusIMu
B LeHTpe Kaxaoil HakoBambuu 0.25 mMm u guamerpom 12 mm. Jledopmarmio KpyueHuem
npoBoauin tipu gasienun 5 I'TIA Ha 10 o6oporoB HakoBaiupHH [1]. Jljist cpaBHUTENBHBIX
HCCIIeIOBAHNUI UCTTOIBb30BaN AeopMupoBanHbie 00pasiibl, oToxokénnsie mpu 300 u 400°C B
teueHue 15 muHyT. MoHHOE 00ay4YeHHEe NpPOBOAMIM C MOMOUIBIO MPEIU3MOHHOW HOHHO-
nosiMpoBaibHOM cuctembl Gatan model 691. MuieHsIMu CITy>KHITH 00pa3iibl AHAMETPOM 4 MM
u TomuuHoH 0.5 MM. IToBepxHOCTH 00pa3sLoOB MpeABAPUTENHLHO MOABEPTald MEXaHHIECKOH
nospoBke. OOyuyeHHEe NPOBOAMIM HOHAMM aproHa ¢ sHeprueil 5 k3B mno Hopmamu K
miockoctn o6pasia. dmoeHc o6mydenus cocrasmi nopsiaka 101%-102° non/cm?. TloBepxHOCTH
00pa3loB [0 M TIOCI€ HMOHHOTO OOJyYEeHUs MCCIENOBAIM C IIOMOLIBIO PacTPOBOTO
anekTpoHHOro mMukpockona (POM) Mira 3 LHM (Tescan, Yexust). Cpenuuii pasmep 3epeH
onpenenuan merogom EBSD ananmsa.

Ha POM wusobpaxenusnx nehopMHpOBAHHOTO 00pasia He MPOSBISICTCS 3ePEHHAs UITH
(parMeHTUpOBaHHAs CTPYKTypa. [1o-BUANMOMY, 3TO CBA3aHO C CYIIECTBEHHBIM HakjernoM. B
pesynbrare nocienyromero orxura npu 300 u 400°C 3epeHHast CTPyKTypa ¢ BHICOKOH JoJel
0OJIBLICYTIIOBBIX TPAaHMIL 3epeH MposiBuIack. CpenHuii pa3mep 3epeH B o0pasiax cocraBui 4
u 10 MkwM, coorBercTBeHHO. B pabote [2,3], 6but nccnenoBau cruias AZ31, KoTopslit GIIH30K
0 XHMHYECKOMY COCTaBY K HCCICIyeMOMYy B JaHHOW pabore cmmaBy MAZ2-1. Ilocne
QHAJIOTMYHOM 11 HamIei paboTs! fehopMaLny aBTOPBI ONPEICIHIINA CPEIHUH pa3Mep 3epeH B
criaBe AZ31 paBabiM 1 MkM. [IprMeM 3Ty BeTMYnHY ISl HALIETO CITydast.

B pesynabrate HOHHOTO OOJMyYeHHs Ha IOBEPXHOCTH OOpasloB C pPasHYHBIM
pa3MepoM 3epeH oOpasoBaiicst kparep riyouHoil mopsaka 100 mxm u aunamerpom 500-600
MkM (3oHa | Ha pucyHke 1) U yuacTok B BHje Kouiblia mMpruHOi 300 MKM, pacriooxKeHHbIH
BOKpYr kparepa (3oHa 2). B menTtpe kparepa Ha Bcex oOpa3lax HaOJIIONAIOTCS SIMKH
TpaBJIEHUS], TOKPBIBAIOIIKE BCIO ero noBepxHocTsb (Puc.1.6,1,3). Ha penkux yuacTkax B siMKax
TpaBJIE€HUs] BHYTPU Kparepa HaONIONAIOTCS KOHYCBHI BBICOTOW MOPSJKA €IWHMI] MHKPOH.
KoHycsl BcTpedaroTcsi Kak OTAEABHO CTOSIINE, TaK M CKOIUICHHMSIMH. B To ke Bpems Ha
obpasuax co cpeHUM pasmepoM 3epeH 4 u 10 MKkM mnosiBuiics penbed) NOXOXHH Ha penbed,
BBI3BAHHBIIl TEpENnajoM BHICOT MEXJIY 3E€pPHAMM, KOTODBIH pa3BUBACTCS IIPU HOHHOM
obmyuennu (Puc.1.1,3).

Ha nedopMupoBaHHBIX 00pa3nax Ha KOJBLEBOM y4YacTKe BOKPYr Kparepa
00HapyKUBAIOTCSI KOHYCBHI BBICOTOW TMOpSIKA HECKOJIBKUX COTEH HAHOMETPOB C PanyCcoM

3akpyrienns npu Bepumnte Meree 50 um (Puc.1.8). KoHychl pacmosiokeHsl BILIOTHYIO IPYT €
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JIPyroM, UX KOHLEHTpAIUs COCTaBiseT okono 50 koHycos/MkM?. Ha o6pasiax co cpemHum
pazmepom 3epeH 4 u 10 MKM oOpa3oBaiicsi peibed) C MEpenagoM BBICOT MEXIY 3epHAMH
(Puc.l.e,u). Ha moBepXHOCTH 3epeH ATHX OOpa3lOB Tak jXe, KaK M Ha OBEPXHOCTH
neopMUpOBaHHOTO 00pa3na, 00pa3oBaMCh KOHYCHI C NPHOMM3HTEIBHO TaKHMMH Ke
TEOMETPUYECKHUMH pa3MepaMH M KOHLEHTparmed. IIpy 3TOM KOHYCHl pa3BHINCh BHE

3aBHCHMOCTH OT KPHCTaJLIOrpadyecKoil OPUEHTALINH 3EPEH.

Puc.l. POM wuszobpaxenns B SE pexume cmiaBa Maraus MAZ2-1 ¢ pasMyHBIM CTPYKTYPHBIM
COCTOSIHHEM B pe3yJibTare 00JIy4eHHsi HOHAMHM aproHa ¢ dHeprueil 5 k9B mpu HOpMaNbHOM MaJleHnH
HOHOB ¢ (uoeHcoM nopska 10'°-10% non/cm?: (a,6,8) nedopMupoBaHHbIil oGpasen (cpeaHuii pazsmep
seper 1 Mkm), (r,a,e) aepopmupoBanubii 00pazen+300°C (4 mkm), (,3,4) ae(pOPMHUPOBAHHBIH
06pazen+400°C (10 Mxm). Yron cbeMkH 45 rpaaycoB

Kak H3BECTHO, KOHYCBI ITOABJIAIOTCS IIPHU OTHOCUTEIIBHO BBICOKHX 103aX 06J'Iy‘{EHH$[, n

ux o6pa3013aH14e 3aBUCUT OT MPUPOABI METalia, COCTOAHHUA €ro IMOBEPXHOCTH,
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Kpucraiorpahu4eckoil OpUEHTALMH 3epeH Ha MOBepXHOCTH. OJHOI N3 OCHOBHBIX NPUYHH
00pa3oBaHUsl KOHYCOB SIBISIOTCS HOHHO-MHIyIMpOBaHHBIE JedexTel. braromaps Ttakum
JgeekTaM Ha IMOBEPXHOCTH MOTYT (POPMHPOBATHCS JIOKAIbHBIC YYaCTKH C OTHOCHTEIBHO
HHU3KUM KO3()(UIIMEHTOM pacHblICHHUs, IPHBOAAIINE K Pa3BUTHIO, BHAYalle, MUKPOBBICTYIIOB
HaJl IOBEPXHOCTHIO, a 3aTeM, K 00pa3oBanHuio KOHycoB [4,5]. ViMeeTcs mpeamnonokeHue, uro
HOBEPXHOCTb, KOTOpas MOXET OBICTPO HAKAIUIMBAaTh BBICOKYIO KOHI[CHTPALUIO HOHHO-
MH/IyLIUPOBAHHBIX Je(eKTOB (T.€., CKOPOCTh 00pa30BaHMs Ae(EKTOB BBIIIE, YeM CKOPOCTh MX
OTKHUTa) crocoOHa 0Opa3oBEIBaTh Ha cebe KOHYCHl. Takoil ciydail, Harmpumep, MPOHCXOJUT
Ha 3C€pHAX C ONpEACICHHON KPHCTAILIOrpaguyueckoil OpHeHTAlnel, KOHYChl Ha KOTOPBIX
00pa3yloTcs 1o Beeii ero nopepxuoctu [6]. B Hamem ciydae, Kak ciIeiyeT U3 IONYYSHHBIX
pe3ynbTaToB, HEe OOHApY)KMBAaeTCs 3aBUCHMOCTh OOpa30BaHMS HOHHO-HHIYIHPOBAHHBIX
neeKToB M KOHYCOB OT KpHCTaiorpadudeckoil opuentanuu 3eper (3ona 2 Ha POM
n3obpaxeHnsnx). OTCyTCTBHE BBICOKOW KOHIIGHTpAallMH KOHycoB B Kkparepe (3oHa 1)
€CTECTBEHHO CBs3aTh C Ooyiee BBICOKOH 10301 OONydYEeHHsS M, BO3MOXHO, MOBBIIICHHOMN
TEMIIEpaTypoii, MO CPABHEHUIO C yJaCTKOM C KOHYCaMHu B 30HE 2, pHBE/MIeH K Jerpagannu

KOHYCOB.

Ilposedennvie uccredoganusi gvinonneHvt 6 pamxax npoekma PH® 18-12-00440 u
yacmuyHo noooepicansvl  eocyoapcmeennvim  3a0anuem HIICM  PAH. Onexmponno-
MUKpOCKonudeckue ucciedoganus nposeoenvt Ha obopyoosanuu LKIT “Cmpyxmypuvie u

usuro-mexanuyeckue ucciedosanus mamepuanoey UIICM PAH.

[1] P.X. Xucamos, P.P. Tumupsies, .M. Cadapos, P.P. Myimokos. [Tucema o marepuanax. 10 (2020). 223.

[2] Y. Huang, R.B. Figueiredo, T. Baudin, A-L. Helbert, F. Brisset, T.G. Langdon. J. Mater. Sci. 47 (2012) 7796
[3] L-R.C. Malheiros, R.B. Figueiredo, T.G. Langdon. J. Mater. Res. Technol. 4 (2015) 14.

[4] L.B. Begrambekov, A.M. Zakharov, V.G. Telkovsky. NIMB. 115 (1996) 456.

[5] B.M. EmenbsiHoB. KBanToBas snekrponnka. 28 (1999) 2.

[6] J.L. Whitton, O. Holck, G. Carter, M.J. Nobes. Nucl. Inst. Meth. 170 (1980) 371.
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BJIMSAHUE CYBMUKPOKPUCTAJUVIMYECKOM CTPYKTYPbI HUKEJISI HA
OBPA30BAHME KOHYCOB HA ITIOBEPXHOCTH TP MOHHOM OBJIYYEHHUHA
N UX TEPMUYECKASA CTABUJIBHOCTD

THE EFFECT OF NICKEL SUBMICROCRYSTALLINE STRUCTURE ON THE
CONES FORMATION ON THE SURFACE UNDER ION IRRADIATION AND
THEIR THERMAL STABILITY

P.X. Xucamos?, A.M. Bopucos?, M.A. Opuunnukos®, E.C. Mamkosa®, P.P. Myntokos!
R.Kh.Khisamov?, A.M. Borisov?, M.A. Ovchinnikov?, E.S. Mashkova®, R.R. Mulyukov*
L Unemumym npobrem ceepxnaacmuunocmu memanios PAH, yn. Xarnmypuna 39, Va,
Poccus, E-mail: r.khisamov@mail.ru
2 Mockosckuii asuayuonnwiti uncmumym (HUY), Bonokonamckoe wiocce 4, Mocksa, Poccusi;

8 Hayuno uccredosamensckuii uncmumym soeproii usuxu um. JI.B. Ckobenvyvina (MI'Y),
Jenunckue 2opwr 1, cmp.2, Mockea, Poccus

Submicrocrystalline structure effect on the cones formation on the surface of
nickel under high fluence irradiation by argon ions with the energy 30 keV have
been investigated. In the result of ion irradiation cones dominate on the
submicrocrystalline sample, while etching pits dominate on the microcrystalline
and coarse-grained samples. Significant degradation of the cones during heating
occurs at temperatures of at least 500 °C.

H3BecTHO, YTO HOHHOE OOIyYEHHE METAIUIOB MPUBOAUT K OONBIIOMY Pa3HOOOpa3uio
MOP(]OTOrHYEeCKUX 3JIEMEHTOB: TIIEpenaay BBICOT MEXJIy 3€pHaMu, SMKaM TPaBJICHHS,
KOHycaM U ps0M Ha MOBEPXHOCTH caMuX 3epeH, cM.Hampumep [1,2]. B nacrosmeit pabore
HCCIIC0BAIN BIMSHUE CyOMHKPOKPUCTAINUECKOIT CTPYKTYphl Ha 00pa3oBaHHE KOHYCOB Ha
MOBEPXHOCTH HUKEJIS IIPH HOHHOM OOJIyYEHHH U UX TEPMHYECKYIO CTaOMIbHOCTh. B kayecTse
Marepuana ISt HCCIeJOBaHMI BBIOpaIM HUKEITh YHCTOTOM 99.99%.
CyOMHKpPOKPHCTAILTHYECKYIO CTPYKTYpy B 00paslax MOJTy4ald HHTEHCHBHOM IIACTHYCCKOH
JgedopManueil METOJOM KPY4YCHMS I10J BBICOKUM paBlieHHeM. JlIsi 3TOro HCIONB30BaIU
HAaKOBaJbHM bBpumkmeHa ¢ yriyOneHHsIMH B LEHTpe Kaxaod HakoBaibHM 0.25 MM
muamerpoMm 12 mm. Jledbopmanuio kpydeHuem mnpoBowiu npu gasieruun 5 I'TIA na 10
o6oporoB HakoBainpHH [3]. HMonHoe o6iyueHue 0Opa3loOB MPOBOJMIM Ha Macc-
MoHOoxpomatope ~ HHUMS® MIY  [4]. MumensmMd  Coyxuad — o0pasupl ¢
CYOMHKPOKPHCTAJUTHYECKON CTPYKTYpOif, a Takke s CpaBHEHHsS 00paslbl ¢ MHKPO H
KPYIMHOKPUCTAIUIMYECKOH CTPYKTYpoil. MHKPOKPUCTAIINYECKYIO CTPYKTYpy B oOpasiax
HOJTy4yaad OTXKUTOM o0pasnoB mocie Aedopmanuu npu Temmeparype 500°C B teuenue 30

MHHYT. B xauectBe KPYINHOKPUCTAINIMYECKOT'O 06pa3ua HCIOJIb30BAJIM  UCXOIOHBIC (/:lO
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nedopManuu) oOpas3Lbl HHKENs, oTOiOKeHHbIe npu Temmneparype 800°C. OOpasubl umenu
¢dopmy mucka amamerpom 12 MM u TommuuOMK 0.5 MM. TloBepxHOCTH 06pa3IoOB MOBEPraIH
MEXaHUYECKOW IOJIMPOBKE, YJIbTPA3BYKOBOM O4MCTKE B 3TaHose. OOiyyeHue MuUllIeHeH
NPOBOIMIN MOHAMH aproHa c¢ sHeprueit 30 k3B npu HOpPMaNbHOM NAJEHUU C IUIOTHOCTBIO

toka 0.3 MA/cm? ®moenc o6myuenus cocrapui 2-108uon/cm?

. Bo Bpems oOmydenuns
Temreparypa o0pasnoB He npesbimana 5S0°C. [yis onpeneneHus TepPMHUYECKOI CTaOUITBHOCTH
KOHYCOB, 00pa30BaBIIMXCS HAa MOBEPXHOCTH B PE3yJbTaTe HOHHOTO OOIy4YeHHMs, OOpa3Lbl
HarpeBanu B Bakyyme npu temmeparype 500 u 800°C B Teuenue 15 munyt. Mopdoioruro
MIOBEPXHOCTH OOpasloB [0 M IIOCIE HOHHOIO OOIydYeHHWs, a Takke IIociIe Harpesa
HCCIIEIOBAITH C IOMOIBIO CKAHUPYIOIIETo IeKTpoHHOro Mukpockona Mira 3 LHM (Tescan,
Yexwus).

B pesyibrare MHTEHCHBHOW IUIACTHYECKOH AeOpMAIliii METOJOM KPYUYCHHUs MOM
BBICOKHM JaBJICHHEM B oOpasiax HHKens c(hOpMHPOBAIaCh CYOMHKPOKPHUCTAIINYCKAS
CTPYKTypa co cpesHuM pasmepoM 3epeH 300 HM. AHaIU3 CHeKTpa Pa3opHEeHTHPOBOK I'PAHUIL
3epeH METOJOM IM(paKuuu 0OpaTHO-OTPAKEHHBIX JJICKTPOHOB MOKa3al, 4to Ooinee 75%
IpaHHI] 3ePeH SBIIAIOTCSA OOJBIICYTIIOBBIMU (YroJl Pa3oOpUEHTHPOBKH MEXY 3epHaMu Ooiee
12 rpamycoB), 4TO CBHIETEIBCTBYET O C(HOPMHPOBABIICHCS NPEHUMYIIECTBEHHO 3€pEeHHOU
crpykrype. OTKUT CyOMHUKPOKPUCTALTMYECKUX 00pa3noB npu Temneparype 500°C npusern k
(OpMUPOBAHHIO MUKPOKPHCTAILIHYECKOH CTPYKTYpPBI CO CPEJHHM Pa3MepoM 3epeH 4 MKM.
CpenHuii pa3mep 3epeH B HCXOIHBIX (10 IedopMarun) KpyImHOKPUCTANINYECKUX 00pasLoB
cocTaBisul 30 MKM.

B pesynbraTe HMOHHOTO OONy4YEHMS KPYIMHOKPUCTAUIMYECKOro obpaslia Ha ero
HoBepxHOCTH oOpa3zoBaics penbed ¢ mepemagoM BbicOT Mexay 3epHamu (Puc.la,6). Ha
MOBEPXHOCTH OOJIBLIMHCTBA 3epeH HaOMIOmaloTcst sIMKKM TpaBiaeHus. OfHAKO, €CTh M TaKue
3epHa, HAa MOBEPXHOCTH KOTOPBIX SMKH TpaBJCHHUSA OTCYTCTBYIOT. Ilpu naeranbHOM
pPAcCMOTPEHUH SIMOK TPABIEHHS, PACIOJIOKEHHBIX Ha IOBEPXHOCTU 3C€PEH, KOHYCHl He
oOHapyxuBaroTCa. B TO jxe BpeMsi Ha sIMKaX, KOTOPbIE pacIojioXKeHbl BOIM3HM I'PaHUI] 3€PEH,
MOSBUJINCH  KOHYChl  BBICOTOH oOkono 1-2  Mkm. OOpa3oBaHME KOHYCOB MOXKHO
OXapaKTepu30BaTh KakK CiIydaliHOe, MOCKOJIbKY OHHU IOSBHIIMCH HE BO BCEX MecTax BOIM3H
rpaHuIl 3epeH. BeanunHa KOHIEHTpaluK KOHYcoB He npesbimaet 107 konyc/Mxm?,

Tlocne woHHOTO O0NMy4eHHsT MHKpOKpHCTaLUTHYecKoro obpasua (Puc.l1B,r) Ha ero
MOBEPXHOCTH TaK jke, KaKk M Ha KPYMHOKPHCTaIMueCcKoM obpasiie oOpasoBaics penbed c
HepenagoM BBICOT MEX/y 3€pHAMH, C SIMKaMH TPABJICHHUS Ha MOBEPXHOCTHU 3epeH. Takxke Ha

SIMKaX TpaBJICHUSA, KOTOPBIC PaCIIOJIOKEHbBI BOJIN3HU TpaHull 3€pE€H INOSABHUIUCH KOHYCBI. Nx
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BBICOTA COIIOCTABMMA C HEPENaJOM BBICOT MEXIY 3€pHAMH M JOCTHIAaeT OKOJIO 1 MKM.
KosnnuecTBo KOHYCOB, 00pa30BaBIINXCS BOJIM3M TPAHHUIl 36PEH Ha MHKPOKPHUCTAIIMYECKOM
oOpaslie BBIIIC 10 CPAaBHEHHIO C KPYIMHOKPUCTALIMYECKMM oOpasuoM. KoHueHTpauuns

koHycoB coctapiser 101+102 koryc/mMrm?,

Puc.1. POM-u3o0paxenuns: 00pa3ioB HUKENs B pe3yibrare oOiaydeHus noHamu aprona 30 k3B mnpu
HOPMAJIHOM T1aJIeHHH OHOB ¢ (imoencoM 2*10 non/cM?: (a,6) KpyHMHOKpHCTAITMYECKHH (CpeaHuit
pa3mep 3epeH 30 MKM), (B,r) MHKPOKPHCTAIUINYECKUH (4 MKM), U (1,&) CyOMHKPOKPHCTAIIINYECKUIT
(300 HM). Yrou ceeMkn 45 rpaxycos

Honnoe o6iydyeHne cyOMHKPOKPHCTAJUIMYECKOrO 00pasla NpPUBENO K IMOSBICHHIO
OONBLION KOHIEHTPALMH SMOK TpaBiieHus Ha ero mosepxHoctd (Puc.lme). Buyrpu smok
00pa3oBaIKCch KOHYChl. BbICOTa KOHYCOB JAOCTHIaeT OKOJIO 1 MKM, pafuyc 3aKpyIJICHUs IpU
BepumHe cocraBiusger - 30-50 mM. KoHychl pacmpeneneHbl 10 HOBEPXHOCTH JOBOJIBHO

PaBHOMEPHO, MX KOHIIEHTPAIHs cOoCTaBmIa 1 KoHyc/MKkM?.
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Puc.2. POM un306paxeHns: CyOMUKPOKPUCTATITMYECKOTO HUKEIS ociie 00ayueHust noHamu aprosa 30
k3B npu HOpManbHOM najeHuu uoHOB ¢ Qumoencom 2*10% won/cm? u mocnenyromEro Harpesa B
TeyeHue 15 muHyT B Bakyyme: a) 500°C, 6) 800°C. Yron cremku 45 rpamycos
Jlnst OLeHKH TepMOCTabMIIBHOCTH KOHYCOB CyOMHKPOKpHCTaJUIM4eCKHe OOpasIbl ¢
KOHYyCaMH Ha MX IIOBEPXHOCTH IOJABEpraiu HarpeBy. B pesymbrate narpesa mpu 500 °C
MOBEPXHOCTh 00pa3sia W3MEHWIACh HE3HAUMTENbHO - KOHYChI MO BBICOTE OCTaMCh
NpUOIM3UTENBHO HA TOM )K€ YPOBHE, HO 3aTyMMINCh HPH BEPIIMHE M YBEIUYHIUCH IO
mmpuHe (Puc.2a). HekoTopble KOHyChl HMEIOT 3aTHYThIH BuA. OIHAKO MMOC/IEYIONI HarpeB
npu 800 °C mpuBen K CyLICCTBEHHBIM H3MeHeHusiM moBepxHoctu (Puc. 26). Benenctue
PEKPUCTAIUIN3ALNH ITPOU30IIENT POCT 3epeH — pa3Mep 3epeH B cpenHeM Beipoc a0 10 mxm. Ha
MOBEPXHOCTH 3€PeH CHOPMUPOBAINCH BBICTYNAOIIHE OYropkH, KOTOpbIC, CKOpPEEe BCETo, 10
OTKHUTa SABJISUIUCH KOHYCaMH.
B menoM  MOXHO  3aKJIIOYMTh, YTO MOHHO-MHJYIMpPOBaHHAs CyOMHUKpOHHas
KOHycooOpasHnasi Mopdoorusi siBisieTcsi 0ojiee TEPMOCTOMKOM, 4eM HCXOAHas OObeMHast
CyOMHKpOHHAs! CTPYKTYpa HMKEJs, TOJABEPTHYTOrO IUIACTUYECKOH AeopMalliy, y4UThIBas,

YTO 3HAUMTENBHBIN POCT 3epHA HAUMHACTCS NIPU TemIeparypax Boime 200°C.

IIpoBeneHHBIC HCCIEIOBaHUS BBIIONHEHB! B paMKax rocyaapcTBeHHoro 3aganus UIICM
PAH. DnekTpoHHO-MHKPOCKOIIMYECKUE HCCICIOBaHUS MPOBeneHbl Ha obopymoBanun LIKIT

“CTpyKTypHBIe H (HPH3UKO-MEXaHWYeCKHe nccienoanus Matepuanos» UIICM PAH.

1. Jix.JI. BuTToH. DKCIEpUMEHTAIBHOE N3YYCHHE BOJTIOLUN TOBEPXHOCTH 10| ACHCTBHEM HOHHOM
6ombapaupoBku. B kH.: OyHIaMeHTaIbHbIC U IPUKIIAJHbIC aCIEKThI PACIbUICHHS TBEPABIX TEl:
C6. crareit 1986 — 1987rr.: Ilep. ¢ anrin./ Coct. E.C.Mamkosa. — M: Mup, 1989. C. 161 — 185.

2. G. Carter. The Physics and applications of ion beam erosion // J.Phys.D: Appl. Phys. 2001. V.34.
P.R1-R22.

3. P.X. Xucamos, P.P. Tumupsies, I.M. Cadapos, P.P. Mymtokos. ITucema o matepuainax. 2020.
T.10. C.223.

4. E.S. Mashkova, V.A. Molchanov. Medium-Energy lon Reflection from Solids. Amsterdam:
North-Holland. 1985. 444 p.
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BJMSIHUE T'EJIUSI HA HAKOILUIEHUE JEATEPUA B COOCAKIEHHBIX
BOJIb®PAMOBBIX IUIEHKAX

INFLUENCE OF HELIUM ON THE DEUTERIUM ACCUMULATION IN CO-
DEPOSITED TUNGSTEN FILMS

C.A. Kpar!, E.A. ®edenoral, A.C. Ilpumsuupint, F0.M. T'acnapsnt, A.A. ITucapes®
S.A. Krat}, E.A. Fefelova!, A.S. Prishvitsyn!, Yu.M. Gasparyan!, A.A. Pisarev*

1 Hayuonanwvnwiii Uccredosamenvcruii Adepuviii Ynusepcumem MUDH, 115409,

Kawupcroe wocce, 31, Mockea, Poccus, e-mail: ya.lenalex@ya.ru

B UTDP B kayectBe TomiuBa OyIeT HMCIOIb30BAThCS NEHTEPUIi-TPUTHEBAsT CMECH,
HAaKOIUIEHHE DaJMOaKTUBHOIO TPUTUS B MaTepualaX CTEeHKH pPEeaKTopa IpeACTaBIseT
npo0IeMy ¢ TOUKH 3pEHMs paJualoHHON Oe3omacHocTH. OJHUM U3 OCHOBHBIX MEXaHH3MOB
HAKOIUIEHHs HM30TOINOB BOJOPOJAa B PEAKTOpEe SBIAETCS COOCAKAEHHE C MaTepHalaMH
obpateHHbIX K asme snemenToB (OI19) [1,2]. B UTOP B kadecTBe MaTepuana Haubolee
HArpy»K€HHOW O0O0JIacTH MEepBOi CTEHKH — AWBEpPTOpa, BbIOpaH Bombdpam. [loHmMmanue
HpoIlecCa COOCAXKICHUS H30TONOB BOAOPOAA C OTUM METAIOM HEOOXOAMMO  JUIs
KOJIMYIECTBEHHOHU OLEHKH yzaep:kaHus Tputus B OIID.

Ha cogmepxanue BOZOpPOAa B COOCKAEHHBIX CIIOAX BIMACT HAIMYUE U COCTaB
npuMmecel B BojopoAHON Iutazme. B pelitepuii-tputneBoit cmecu B UTOP pesynbrarom
TEpMOSIIEPHON peakuuH sBIsIeTcss oOpa3oBaHHe Tenus. B pesynpTaTe BHEIpEHHS TeNus
00pasyloTcst IONONHUTEIbHbIC Ae(EKTh, KOTOPbIe MOTYT OBITh 3allOJHEHbI BOAOpoaoM [3].
MOJKHO TPEANOI0KHUTh, YTO HAJTUYHE I'elUs IPUBEAET K M3MEHEHHUIO HAKOIUICHUS TPUTHS B
COOCXJICHHBIX CJ0siX. HeoOX0AMMO M3y4uTh BIMSHHE TeJNUS HAa COOCAKACHHE TPUTHA C
MaTepHalaMi CTEHKH KaMepbl I JalbHEHIICH OLCHKM yAepiKaHHs TPUTHUS B MaTepuaax
WTOP.

B pamxax ganHOI pabGOTBI MPOBOJWINCH CEPHH IKCIICPHMEHTOB IO COOCAXKICHHIO
nefitepusi ¢ BOJB(GPaMOM Ha 3KCIEpHUMEHTalbHOH ycraHoBke MP-2 [4]. Coocaxnenue
HPOBOAMIIOCH IYTEM PACIbUICHHS BOJIb(PAMOBOM MUILICHA B MarHETPOHHOM pa3psJie B CMECH
Ar-D2-He (B cooTHOomeHuu 1:1:X, rae X MOCTOSIHHOE B OJHOHM CEPUH IKCIIEPUMEHTOB, HO
pasHoe B pa3HbIX CepHsAX) NpH padoueM jnasienuu 6,2 ITa. OcTaToyHOE [aBIICHHE COCTABIANIO
3-10°° ITa. TunuuHas cKOpOCTh OcaxkaeHUs cocTaBisna 0,2 HM/C U KOHTPOJIMPOBANACH PU

MIOMOLIM KBapLEBOro MUKpoOaiaHca. TUNMHMYHAS TOJNIIMHA OCAXIEHHBIX IIEHOK COCTaBIISLIA
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100 HM. [laBneHue renus B ra3oBoii cMmecu BapbupoBanack oT 0% u 20% oT naBieHus
netitepust. OcaxxaeHne MPOBOAMIOCH B Auana3oHe TeMneparyp obpasua ot 300 K o 800 K u
PErucTpUpOBAIOCH TEPMONAPHBIM JATYMKOM, HPHUKPEIUIEHHOH K o6pasiy. IlpoBoawmics
aHANM3 MOJNYYEHHOH IUIEHKH METOoIOM TepMopecopbunonHoit crekrpockormu (THC),
obpasery iuHeiHO HarpeBaics co ckopoctbio 2 K/c 1o temmeparypsr 1250 K. [Totoku ra3os,
necopbupyromuxcst U3 00pasia, (GUKCHPOBAINCH KBaAPYMOJBHBIM MAacC-aHAJIN3aTOPOM
(KMA). Ilpu Ttakom anamm3e ¢Qukcupyercss OOIIMI CHUTHAI YETBEPTOM MacChl M HET
BO3MOXHOCTH BBIICIUTH CHTHAIIBI TeIHs U AeHTepHs. [l peeHns TeXHNIeCKOH CI0KHOCTH
pasfeneHusl MOTOKOB Teius U Aeiitepus ucnonb3oBaics BTopoii KMA, Meron paszaencHuUst
CHTHAJIOB Pa3HBIX I'a30B C OJJMHAKOBBIMH MaccaMH ONHUCaH B [5].

beuto oGHapyskeHo, urto mpucytctBue 5% He B pabouem rase mpuBoamio K OomblieMy
coJiepykaHuio D B coocaxIeHHBIX CIIOSIX MpH Temreparypax ocaxiaeHus ot 350 K no 800 K,
yeM Ul ClIo€B, OCaXACHHBIX 0Oe3 nobaBieHHs Tenus. TeMmepaTypHbIH —JIHana3oH
BBICBOOOX/ICHUS ACHTEpHs B ILIEJIOM HE M3MEHACTCA. DTO yKas3blBaeT HA TO, YTO HOBBIX
JIOBYIIIEK HE TIOSBIISCTCSA, HO MEHSETCSs MX OTHOCHTENBHOE COJEPXKaHHE T.K. M3MEHSIOTCA
ammnTyael ko T/IC  crektpoB. MOXHO — NPENIONOXKHTB, 4YTO TENUi  MOXET
CTUMYJIMPOBaTh HAKOIUICHHWE ACHUTEpHUs B COOCAXJCHHBIX Npu Temmneparypax no 700 K
BOJIb()PAMOBBIX IIJICHKAX.

Tak ke HccIeqoBaIOCh HAKOIUIEHHE ASHTEpHsS B COOCAKIECHHBIX BOIB(PPAMOBBIX CIOSX B
3aBUCUMOCTH OT KoHIeHTpanuu He B rasosoit cmecu. M3 THAC-cmektpa mis cinoés,
COOC@K/ICHHBIX B MPHCYTCTBHHU TelHs NPU OIM3KOM K KOMHATHOH TeMIreparype, BUAHO, 4TO
BBICBOOOX/ICHHE JIeHTepHsl HAUNHASTCsI ITPU Oosiee BEICOKMX TEMIIEpaTypax MO CPABHEHHIO CO
CIOSIMM, COOCXKACHHbIMM ©0e3 remus. JIs KOMHATHOH TeMHepaTypbl —OCaKICHHS
oOHapyxeHo, uTo cozepxkaHne D B coocakieHHONW IUIEHKE CHHXKAeTCs C  POCTOM

KOHIIeHTparuu He B ra3oBoii cmech.

1. Roth J. u p. Tritium inventory in ITER plasma-facing materials and tritium removal
procedures // Plasma Phys. Control. Fusion. 2008. T. 50, Ne 10.

2. Widdowson A. u ap. Overview of fuel inventory in JET with the ITER-like wall. IOP
Publishing.

3. Bernard E. u ap. Tritium retention in W plasma-facing materials: Impact of the
material structure and helium irradiation // Nucl. Mater. Energy. Elsevier, 2019. T. 19,
Ne August 2018. C. 403-410.

4. Krat S.A. u ap. A setup for study of co-deposited films // J. Instrum. 2020. T. 15, Ne 1.
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Davies S., Rees J.A., Seymour D.L. Threshold ionisation mass spectrometry (TIMS); A
complementary quantitative technique to conventional mass resolved mass
spectrometry // Vacuum. Elsevier Ltd, 2014. T. 101. C. 416-422.
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HccnenoBanue n MoJe/IMpoBaHUEe BbLI€CJEHHUS BOA0OPO/ia U3 TUTAHA U HUKEJISI B
pexkume JIMHEHHOr o Harpesa

Research and modeling of the release of hydrogen from titanium and nickel during
linear heating

Ma Csone, Ysxan Xynxy, Tropun FO.U.

Ma Xiaole, Zhang Hongru, Tyurin Y.I.

HanuonanbHelil uccnenoBarenbckuii TOMCKHA NONUTEXHUYECKUH YHUBEPCUTET,
Poccus, r. Tomck, np. Jlenuna, 30, 634050

E-mail: syaolel@tpu.ru
Abstract. The paper describes a model of the release of hydrogen from metals, taking
into account the diffusion transition of atoms from the bulk to the surface and the kinetic
processes of recombination of atoms into molecules under linear heating conditions. With the
help of Matlab, a numerical solution was obtained for a model of these processes and their

comparison with experimental results was carried out.

Beenenne. IToBenenne Bomopojga B MeTaulaX SBISIETCS Ba)KHOW TEXHUYECKOH U
Hay4HOIl 3aja4eil I MIMPOKOro Kpyra mpoOiaeM (YHIaMEHTaJbHOTO M IIPUKIIATHOTO
XapakTepa, TaKMX KaK BOJOPOJHOE OXPyHNYMBaHHE MaTEPHAJIOB, METAUIOTHAPUJIHBIC
HAKONHUTENU BOJOPOJA, BOJOPOJONPOHHIAEMOCTh MEeMOpaH, 3aIUTHbIE MOKphITUS [1, 2].
BoNBIIMHCTBO HHTEPECHBIX CBOMCTB CHCTEM METaJUI-BOLOPOJ CBSI3aHO C MAIBIMH Pa3MepaMH
atoma Bomopona (0,5A). Bomopoy, Kak caMbIii MaJeHBKHH M3 BCEX aTOMOB, o0ecIeurBaeT
(dopmMupoBaHHe B MeTalule BOJOPOAHON IOACHCTEMBI C HauOoJee IUIOTHOH YIaKOBKOM.
BaxHO M3yuaTh KMHETHYECKHUE ITPOLIECCHl B CUCTEMAaX METaJLI-BOJOpoa. B HacTosei pabore
OKCIIEPUMEHTAIBHO HCCIEOBAHO TEPMOCTHMYIUPOBAHHOE Ta30BBIAENCHHE BOAOPOAA M3
TUTaHa ¥ HUKEJS,, U IIPOBEICHO MOJAENUPOBAHUE MPOIECCOB BEIXOJA BOJOPOJA B BaKyyM H3
IPe/IBAPUTEIBHO HACHINIEHHBIX BOJOPOAOM IUIOCKHX METAUIMYECKHX 00pa3loB ¢
Pa3IMYHBIMU TONIIMHAMH IIPU TEPMHUYECKOM Harpese [3].

JKcnepHMEHTAIbHAasA 4YacTh. B pabore misi ucciemoBaHHi OBUIM MOATOTOBIICHBI
o0pa3nbl TUTaH U HHUKENb C PA3HBIMU TOJNIIMHAMH. IToBepxHocTH  00pa3soB ObLIM
MEXaHMYECKH OTHUIM(OBAHBI JII YHAICHHS IOBEPXHOCTHOM  OKCHAHON  IUICHKH.
Hccenenyemblii HUKENb OBUT HACBHIIEHBI BOZOPOAOM OIJIEKTPOXUMUYECKHM METOIOM IIpH
wioTHocTH Toka 120 MA/cm? B Teuenne 20 4acoB B OJHOMOJISSPHOM PacTBOPE CEPHOM
KHUCJIOTBI, THTaH HACBILIEH BOJOPOJIOM 3ICKTPOXMMHYECKUM METOJOM B OJHOMOJSIPHOM

pacTBOpe CEpHOH KHCIOTHI B TeueHme 6 uacoB mpu cuie Toka 200 MA/cm?. Ilocne
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HacbIEHU  METAJUIOB BOJAOPOAOM ObLTH H3MEPEHBI CIEKTPbl TEPMOCTUMYJIUPOBAHHOI'O

rasosbiaenenus (TCI'B) npu nuHeitnom Harpese co ckopoctsio 1 °C/e.
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Puc.  la.  DkcrnepuMeHTanbHBIE — pPE3yJbTaThl M PacuyeTHble  3aBUCUMOCTH  TIO
TEPMOCTHMYJIMPOBAHHOMY I'a30BBIICICHUIO BOIOPOA U3 INIACTHHOK THTAaHA Pa3IMYHOM TONMMUHOM (1
- d=0,17 MM, Tyax=607 °C; 2 - d=0,50 MM, Tyax=0638 °C; 1 - d=1,05 MM, Tyax=673 °C).

Puc. 16. 3aBucumocth TeMnepaTypsl Ty DOCTHXEHHS MAKCHUMyMa TEPMOCTHMYJIMPOBAHHOTO

Ta30BBIACIICHUSA OT TOJIIUHBI 06pa3ua THATaHa.
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Puc. 2a.  DkcnepuMeHTanbHblE — pe3yJNbTaThl U pacyeTHblE  3aBUCHMOCTU  II0
TEPMOCTUMYIIMPOBAHHOMY I'a30BBIICJIICHUIO BOAOPOAA U3 INIACTUHOK HUKEIIA paanquﬁ TOIIHIHHOI‘;l (1
- d=0,05 MM, Tyax=237 °C; 2 - d=0,10 MM, Tyax=285 °C; 1 - d=0,20 mm, Tyax=340 °C).

Puc. 26. 3aBucHMOCTH TEMIIEpaTypbl Tmzx JOCTHIKCHUA MakKCUMyMa TE€PMOCTHUMYJIHPOBaHHOI'O
Ta30BbIACICHUS OT TOJIWHBI 06pa3ua HUKECIIA.

OKCIepuMeHTalbHAs YCTAaHOBKAa [4] COCTOMT M3 BaKyyMHOIl CHCTeMBI, Ooxa
IIPOrpaMMHPYEMOro HarpeBa M HM3MEpHTEIBHOro on line komruiekca. BakyymHas cuctema
obecneunBaeT 0€3MAC/AHYI0 OTKauKy M IIOJNydeHME MpejenbHoro Bakyyma 107 Ila.

TemmepaTypa 00pasloB OIpeAensulach C MOMOIIBIO XPOMEIb-ATIOMENIEBON TEPMOIAPHI.
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CHeKTphl TEPMOCTHMYJIMPOBAHHOH JecopOuuu BoIopoja M3 00pasloB PErHCTPHPOBAIIHCH
KBaJpyNOJbHBIM Macc-criekTpoMeTpoM MX-7304.

Ha puc. la u puc. 2a moka3aHbl 9KCIICpHMEHTAIbHBIC H PACcUETHBIC 3aBHCHMOCTH IS
TEepPMOCTHUMYJIHPOBAHHOTO TA30BBIACICHUS BOAOPOAA M3 IUIACTUHOK THUTAaHA W HUKEIS
Pa3NIU4HON TONIIMHBI.

Monens. [Inddy3HOHHYI0 COCTABISIONIYI0 OIMUIIEM OJHOMEPHBIM YPaBHCHHEM
mudodysuu [3]:

o? n(x 1)

on(x,1)
E =DO)—5—

E
D(t) =D, CXP(—W)

T'me Tp - ucxomnas TeMmmepaTypa oOpasua, f - CKOpocTh HarpeBa (rpam/c), k -
nocrostHHas boibiMana, Dy - NpeadKCIOTCHIMANBHBIN (akTop, £, - SHEprus aKTUBALUH
T dys3nm.

Jlnst TMTaHa ¢ ydeToM mpoieccoB AUMQY3UH U PeKOMOMHALMK aTOMOB BOJIOPOJA Ha
MOBEPXHOCTH MOYXHO M03BOJISITH onrcanne KpuBbix TCI'B 1pu rpaHivHOM yCIIOBHH:

0% = ok~ )l (+2.0)
F Ol g T TSP )
Tne Epex - oHeprus aktuBauuu  aub@y3noHHOH  pekomOunanmu, Ko -

[PEIIKCIOTEHIMANbHBINA (aKkTop, n(+d/2, t) - KOHUEHTPALXs BOAOPO/a Ha TOBEPXHOCTH.
Ilpu monenupoBanuu AU Y3UOHHYIO PEKOMOMHALMIO BOAOPOAA HA MOBEPXHOCTH U

I[CCOpGLH/I}O 06pa3OBaHHOﬁ MOJIEKYJIBI BOAOpOJAa € ITOBEPXHOCTH!

on
+D— 3 —JuoxNy, Jy = vauc])n(+ )
b4 - +_

dN;

—— = —Jyo1N — 2KNZ(t)

dt

dN, 5

T KN{(t) — v_3N,(t)

N+N, + N, = N,
Ju, = v_3N,(t)
Tne  Vaup - cKOpocTh AP PY3HOHHOTO BBIXOJa BOAOPOAA M3 0ObEMA HA TIOBEPXHOCTb,
o) - cedeHHe 3axBaTa, N; - KOHIIEHTpAllMs aTOMOB BOJOpOJA Ha MOBEPXHOCTH, Nz -
KOHIIEHTPAIUs MOJIEKYJ BOAOPO/JA Ha TIOBEPXHOCTH, Ny - TIOJHOE YHUCIIO MECT aacopouuu, N

— KOHIEHTpanus CBOOOJHBIX MECT Ha ToBepxHocTH, K — ckopocTh anuddy3HoHHON
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(JIsurmiopa-XuHmienByna) pekoMOMHanuMM atoMoB H Ha moOBepXHOCTH, V.3 CKOpOCTB
JIecopOLMH MOJIEKYJIBI BOIOPO/IA C TOBEPXHOCTH.

Ilpu umcneHHOM pacyeTe MCHOJB3YETCS METOJ KOHEUHBIX pa3HOCTeH, pa3paboTaHa
nporpamma Ha ocHoBe MATLAB. IlomydeHHbIe pacueTHbIE pPe3yJbTaThl JUIi TUTaHA H
HUKeNsl npejcTaBieHsl Ha puc. 1 (a) m puc. 2 (a). Mcnone3yemble napamerpsl IpH

MOACIMPOBAHNH TPEACTABIICHBI B Ta6J'II/IL[C 1.

Ta6nuua 1. [lapamerpst aist onucanust kpuBbix TCI'B TuTana u HuKeNs

Ti Dy, 10*-cm?/c Eoup, 2B E. 3B Ko
10 0,55 3 8107
Dy, 103-cm¥/c Eoug, 9B E. B Ky, em?/c
7,2 0,5 0,32 107
Ni o1, cM? E;, B E; 9B V.s0, ¢!
2,3-10°13 0,35 0,41 2,5-108

3akiouenne.  IIpoBesieHBI IKCIEPUMEHTAIBHBIC HCCICHAOBAHUS M MOJICIHPOBAHUE
[POLIECCOB  TEPMOCTHMYJIHPOBAHHOIO Ta30BBIACICHHS BOJOPOAA U3 IPEABAPUTEIBHO
HACBIICHHBIX BOAOPOOM IUIOCKMX METAJUIMYECKUX 00pa3loB TUTaHA U HHUKels. Jlis TUTaHa
CTaAMsIMHU, JIMMUTUPYIOIIMMA BBIXON BOIOpona sBIsIOTCS auddysus u aubdysnonHas
peKOMOMHAIMS aTOMOB BOAOPOJA Ha IOBEpXHOCTH. JIs HHKEIs HPH MOJCIHPOBAHUU
yureHsl I y3HOHHBIE IPOLECCHl BBIXOJAA BOAOPOJAa HA MOBEPXHOCTh W KHHETHUYECKHE
HpOLeCCH  3aXBaTa, pPeKOMOMHALMM aTOMOB BOJOPOJA Ha IOBEPXHOCTH M AecopOuuu

06pa303aBLu14xc;[ MOJIEKYJT BOAOpOJa C MOBEPXHOCTHU B BAKYyM.

1. R.KirchheimA.Pundt 25-Hydrogen in Metals Physical Metallurgy (Fifth Edition) 2014, Pages 2597-2705

2. Mostafa Dehghani MobarakeaPooyaJafaribMohammadIranic Preparation of Pd-based membranes on Pd/TiO2
modified NaX/PSS substrate for hydrogen separation: Design and optimization Microporous and Mesoporous
Materials Volume 226, 15 May 2016, Pages 369-377

3. Tyurin, Y.I., Sypchenko, V.S., Nikitenkov, N.N., Zhang, H., Chernov, L.P.International Journal of Hydrogen
Energy ,2019, 44(36), pp. 20223-20238.

4.H.H. Huxutenkos, A. M. Xamxami, U. A. lllynenos, B. [I. Xopyxuii, 10. U. Tiopun, U. I1. Yepuos, E. H.
Kynpssuesa. [IpuGops! u TexHuka sxcnepumenta, 2009, Ne 6, ¢. 1-6.
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OBPA30BAHHUE KJIACTEPOB ITPU HOHHOM PACIIBIVIEHUU:
CUHEPTETUKA U KOMBUHATOPHBI MEXAHA3M
CLUSTER FORMATION UNDER ION SPUTTERING: SYNERGETICS AND
COMBINATORIC MECHANISM
C.E.Makcumos', B.JI.Okcenrenmiep!, X.b.Amypos!, H.IO.Typaes', IIL.T.Xoxues 2
S.E.Maksimov', B.L.Oksengendler', Kh.B.Ashurov!, N.Yu. Turaev', Sh.T. Khozhiev'?
! HUnemumym uonno-nnazmennvix u iazepuvix mexuonoauii um.Y.A. Apugposa Axademuu Hayx

Pecny6nuxu Y36exucman, yu,Jypmon Hynu, 33, Axademeopooox, 100125 Tawwenm,

e-mail: maksimov_s@yahoo.com
2 HUnemumym 6uoopeanuuecxoi xumuu umenu A.C.Cadvikosa Axademuu Hayx Pecnyonuxu

Vs6exucman,; npocnexkm Mupzo Yayebexa, 83, 100125 Tawxenm.

This work provides a qualitative theoretical description of the mechanism of formation of
heteronuclear clusters under ion sputtering within the framework of the synergetic concepts,

taking into account the combinatorial nature of the process.

Pa3BuTHe COBpPEMEHHBIX MOHHBIX TEXHOJIOTMH XapaKTepHu3yeTcst BcE Ooiee IIHMPOKHM
UCHOJIb30BAaHUEM ITYYKOB ITOJMATOMHBIX MOJICKYJSIPHBIX M KJIACTEPHBIX YaCTHI[ PA3IHYHOTO
pa3Mepa B CTeXHOMETPHIECKOTO COCTaBa B MHOTOYHCICHHBIX HPAKTUYCCKUX MPHIOKCHUSX.
VloHHOE pacmbUIeHHE HMEeT psJi NPeHMYINECTB MHepel APYTHMH CIIOCO0aMH T'eHepanuH
KJIACTEPOB, OJHAKO MPHPOJA IPOIECCOB MX 00pa3oBaHUS NpH HOHHON OoMOapanpoBke BCE
emé ocTaércss HESCHOW, a CYyMIECTBYIOIINE TEOPETHYECKHE MOJECIH OOBACHSIOT TOIBKO
OTJeNIbHbIE CTOPOHBI SIBJIICHHUSA. 3HAUUTEIbHBIM WHTEpPEC B ATOH 001acTH MpeicTaBiIseT
IIPEeUIOKEHHBIN B [1] KOMOMHATOPHEINH MEXaHU3M 00pa30BaHUS TeTEPOSICPHBIX KIACTEPHBIX
HOHOB, YYUTBHIBAIOIIMH, B YaCTHOCTH, IPOLECCHl HX MOHOMOJEKYJsipHOro pacmaga. C
HCTIONB30BaHHEM MEXaHH3Ma KOMOWHATOPHOTO CHHTe3a OBUIM KadeCTBEHHO OIFCAaHBI
poIecchl 06pa3oBaHmust MOJICKYJIAPHBIX KIacTepoB SinO2n+1 [1], ViOm™ [2], Sin™ [3] 1 SinOm™
[4], a Taxke ¢opmupoBaHue 3HEprocrnekTpoB SinO2n+1 [5], 4YTO CBHIETENBCTBYET O
HEepCIeKTUBHOCTH JaHHOTO MOJX0/a. BMecTe ¢ TeM, HEeCMOTps Ha YCIIEIIHOE UCHOJIb30BaHUE
KOMOMHATOPHOTO MEXaHU3Ma, 00IaCTh €ro MPUMEHHMOCTU OTPAHHYEHA JIHIIb 3aPsHKEHHBIMU
YacTHI[AMH; KpPOME TOTo, psi [ONYIICHWH, JIeXKAMUX B €ro OCHOBE, CYIIECTBEHHO
OTPaHMYMBACT €ro MPaKTHYECKOE IPUMEHEHHE.

Llensto HacTosiieid paboOTHI SIBIAETCA KAaueCTBEHHOE TEOPETHYECKOE OIMCaHUE

MeXaHU3Ma 00pa30BaHUs I'€TEPOS/CPHBIX KJIACTEPOB IPU MOHHOM PACIBUICHHM B paMKax
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CHHEPreTHYECKUX NPEICTaBICHHI [6], HO ¢ y46TOM KOMOMHATOPHOIO XapakTepa Ipolecca,
OTME4eHHOTo B [1].

Hcnonp3oBaHHEI B [6] MeTOA MacTep-ypaBHEHUS, CTOJIb YCIICIIHBIH B CIydae
HEOOJBIIOro YKCIa KOMIIOHEHTOB KBa3UXHMHUYECKOTO IPOLECcca, B TEXHUIECKOM OTHOIICHUH
PE3KO YCIOXKHSAETCSl NpH OOJBIIEM 4YHCIIe W3MEpeHHil. B Hamem citydae rereposiiepHBIX
KJIACTEPOB, TAe OyIyT Kak MUHUMYM Tpu kommnoHeHTa (X, Y u XY), 9Ta 3aj1aua penraema, HO
Ha JaHHBII MOMEHT /ISl CYLIECTBYIOUIMX OSKCIIEPUMEHTAIbHBIX JaHHBIX 3TO BpSAA JH
nenecoobpasHo. B 9TO  cBA3M  mpeAcTaBIsAeTCA  TOPa3l0  BaXHEE  PACCMOTPETH
IPUHIUIHATEHYI0 CXEMy COBOKYIHOCTH KBa3HXHMHUYECKUX peakiuil, mpuuéM B BecbMa
MOIIHOM H o0meM (opMan3Me TEPMOANHAMHKH HEOOPATHMBIX IIPOLECCOB OTKPBITBHIX
CHCTEM C BBIDAKCHHOW HEPaBHOBECHOCTBbIO, 4YTOOBI ~BBIABUTH IIyTH BO3MOXHOM
caMOOpraHm3anny (yMEHbIICHUST dHTpOmuU). st 3TOro u3ydvalT cheayiounme 0a30Bbie
JJIEMEHTHI CUCTEMBI:

- BCE IPOLECCHl OMHMCBHIBAIOTCS COBOKYIHOCTBIO XMMHUYECKMX PEaKLUid, MO KpaiiHell mepe
OJIHA U3 KOTOPBIX — aBTOKATAIUTHIECKAs;

- KpOMeE TOT0, 3Ta peaKIys JJOJDKHA ObITh HEOOPAaTUMOH (CYIIECTBEHHO HEPAaBHOBECHOM).
Belaenum cieyronue nojaoKeHus:

1) ITycTb umeeT MecTo i>>1 XUMUYECKUX PeaKIUid, MOJEIUPYIOLIUX MIPOLIECC.

2) ITycTb «y3KUM TOPIOM» SIBISICTCSl aBTOKATATUTHUECKAs PEAKIHs, IpHIEM HeoOpaTHMmas
(oOpaTHOI peakyu HeT):

X+Y 22X, (1)
npuuéM caMd X U Y - 3TO KOMIIOHEHTBI CHCTeMBI X, Ym. Jlaee, ecTh peakuuu 10 i=j U mocie
>j, 1.e. (1) — mpoMexKyTO4Has, HO camasi MEJICHHAs peaKLusl.

Hcnone3yercst yciaoBue yCTOMUMBOCTH XUMMYECKOH CHCTEMBI, Ii¢ UAET MHOXKECTBO

peakmuii (>>1). OHo umeet Bup [7]:

x

A @

i=1
31ech BENUYMHA 0,0 HA3bIBACTCSI M30OBITOYHOW NMPOAYKIHMEH SHTPOIMU HpH (IyKTyaluu B
cucreMe KoMmroHeHTa X [7], d»v — GIyKTyauuu CKOPOCTH BCEX peakiuil, A; — XUMHYECKOe
CPOJICTBO peakIyi. MBI OCTaBJIsIeM TOJIBKO OJHY PEaKIMI0 M3 BCEH MX MOCIIEI0BATEILHOCTH.
OTOro KocTaToqHoO [7], 9TOOHI 00mLIee SIBICHHE OBUIO CHHEPTeTHIECKHM.

IIpoananu3upyem 3Hak mnpaBoil yacté (2) mpu ¢uykryauun 60X KOMIIOHeHTa X B

peakiuu (1) (HeoOpaTuMblil aBTOKaTaM3). MMeem:
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VXFY A~ L 3)
X
Torna
Sv~(OX)XY: A= §{ln K} - Ysx 3)
X X
Taxum oOpazom
SvéA ~ —%(5){)2 <0 (O]

OTpHIATETbHOCTh O03HAYACT HEYCTOWYMBOCTH HMCXOJHOTO COCTOSHHUSI IO OTHOLICHHIO K
(irykTyaru KOMIoHeHTHI X, T.e. 6X. [loatomy u3 ycnosus (2)

0,0<0. 5)
D710 o03HayaeT, 4YTO M30BITOK IPUPOCTA OJHTPOIMU OTPHIATENCH, T.6. HMMEET MECTO
ynopsinodenue. [lanee, ynopsioueHue Bcerna BeJET K OTKIOHEHHIO OT IlyaccOHOBCKOTo
pacnpenenenus [7]. Takum oOpa3zom, eciam peakius (2) SIBISETCS «y3KHM TOpIIOM», a
ocTajbHble Gosiee OBICTPhIC PEeaKIMK 3aBUCHMBI, TO HAOIF0AAaEMBblil XapaKTep pacipeneIeHus
OyZer WMeTh BHJ, OTJIMYHBIA OT pactpenenenus I[lyaccoHa, 4TO Ui MHTEHCHBHOCTEH

BBIXOZ0OB PACIIBUICHHBIX I'CTECPOSAACPHBIX KJIACTECPOB Ha6J'IIOHaeTCH OKCIICPUMECHTAJIBHO.

[1] N. Kh. Dzhemilev, J. Surf. Invest. 6(4) (2012) 654.
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Invest. 8(2) (2014) 254.

[3] N.Kh. Dzhemilev, S.F. Kovalenko, S.E. Maksimov, O.F. Tukfatullin, Sh.T. Khozhiev, J. Surf.
Invest. 9(2) (2015) 400.
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Ultra-low impact energy sputtering using Dynamic Secondary lon Mass Spectrometry
* A. Merkulov

“IMEC, 75 K apeldreef,3001 Leuven, Belgium

Dynamic Secondary lon Mass Spectrometry (D-SIMS) is a mature surface analysis technique.
Its development was manly fueled by semiconductor industry, where it is one of the key
characterization tool for R&D and for failure analysis. Development of the ultra-shallow junction
formation technology for modern semi-conductor devices requires state-of-the-art SIMS equipment
and methodology capable of measuring in-depth distribution within the first few nanometers of the
surface. At such scale, the SIM S technique can be used to monitor in-depth distributions of dopants,
provided that SIMS profiles can be measured with depth resolution better than 1 nm/dec. This can
be achieved only by using ions with ultra-low energy impact energy(<150eV). In such case most of
the sputtering transient region spreads over the native oxide layer and therefore SIMS can offer
accurate and reproducible depth profiling in Si only if data quantification carefully takes into
account this oxide layer presence. The quantification formalism is established for steady state
sputtering condition in SIMS experiments. Resulting quantification is Si matrix density dependent,
because the relative sensitivity ratio to Si is aways used by SIMS formalist. The first nanometer
quantification when steady state sputtering is not reached is challenged using an empirical transient
function component accounting the sub-surface layer stoichiometry and surface oxidation ramp
depending on sputtering conditions.

In order to face with this analytical challenge, an EXLIE technique (Extra-Low-Impact-Energy) has
been developed which gives access to sub-nm depth resolution. EXLEI combines ultra-low (sub
200 eV) profiling energy and data-reduction agorithm. The data reduction model is based on the
existing knowledge of fundamental effects occurring in the beginning of sputtering and impacting
the measurements of near-surface dopant depth distribution. Improving the knowledge about native
oxide properties and low energy sputtering ions interaction with the surface in early state of
sputtering is mandatory even for empirical model refinement.

Latest developments in plasma ion sources (inductively coupled plasma - ICP, electron
cyclotron resonance - ECR) allows to form high density ion beam of gaseous species to cover a
multitude of SIMS analytical recipes for most of elements of periodic table. Most of the gases can
be ionized by high frequency ion source layout, creating an infinite SIMS recipes development
possibility. Whilst Oxygen is used with RF-plasma ion source the ion beam can filtered allowing to
sputter with O, O", or O," to create different recipes. The ion species distribution in the beam is
defined by plasma parameters and can be optimized to achieve different effects, notably surface
oxidation or surface charge effect dissipation. The ultra-low impact energy with Oxygen is however
limited application due to excessive surface oxidation and possible surface chemical processes not
well understood. Main accent of this research at ultra-low impact energy sputtering is a primary
species selection which might help to understand the surface chemistry in early state of sputtering.
Different gases and their combination in the sputtering beam are investigated (N2, O,, Xe, Ar) ina
sense to provide easy datainterpretation layout and produce a much-needed information on partialy
oxidized surface chemistry in the early state of Silicon sputtering.
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PACIIBIJIEHUE TIOBEPXHOCTH BOJIb®PAMA ITIOTOKOM OBPATHO
PACCESIHHBIX JIETKUX ATOMOB
SPUTTERING OF A TUNGSTEN SURFACE BY A STREAM OF
BACKSCATTERED LIGHT ATOMS

B.C. Muxaiisios, [I.C. Meay3oBa*, I1.1O. Badenko, A.H. 3unoBseB
V.S. Mikhailov, D.S. Meluzova, P.Yu. Babenko, A.N. Zinoviev

Ouznko-rexanaeckuit ”HCTUTYT uM. A.®D. Hodde PAH, 194021 Canxkr-IletepOypr, Poccus

*E-mail: dmeluzova@gmail.com

A model of knocking out surface atoms by a stream of backscattered particles is proposed,
which makes it possible to construct a scaling for sputtering threshold of tungsten due to
sputtering by various light ions. Sputtering yields and their angular dependences were

calculated for Ne-W and Be-W cases using molecular dynamics.

Jl1s aHanM3a JaHHBIX O PAcHbUICHUH BONb(pPaMa JIETKUMU aTOMaMH IPEeUI0KEHa MOJIEIb
BBIOMBAHUS MTOBEPXHOCTHBIX aTOMOB MOTOKOM 00paTHO paccesuubix 4actuil (BSS — Back
Scattering Sputtering). PaccMoTpuM paccesiHHe YacTHIBI Maccoil M| Ha YacTHIE BEpXHEro
ClIOSl TBEpHOTO Telna ¢ Maccoi Mz BBemem cucteMy KOOpAMHAT, HalpaBHB OCh X TIO
HAMPAaBJICHUIO MPOCKIMH CKOPOCTH HAJICTAOIIEH YaCTUIBI Ha IIOBEPXHOCTh TBEPAOTO Tela, a
0Cb z - IeprneHAnKyYIsIpHO. [Tydok yacTui obirydaeT MoKy Ha IOBEPXHOCTH € pa3MepaMu
dxd, Tne d — cpemHee paccTosHEE MEXITy aTOMAMH MOBEPXHOCTH, Jis coydas W d=2.48 A.
Beegem Bekrop R, coeamHsOmmii TOYKY BBUIETa YaCTHIBl W3 IPEAIOCIEIHErO CIIOS
(xoopauHarts! (0,0,0) n monoxeHue obaydaeMoro atoma Boibdpama (xi1, y1, d). Koopannara
X1 MeHsieTcs B npenenax (d-sinf-d/2, d-sinb+d/2), a koopauHara yi — B ipenenax (-d/2, d/2).

Bektop ckopoct V uMeeT KOMIOHEHTHI (v-sind, 0, v-cosf). HMcnonb3ys BeKkTOpHOE
IIPOM3BEJICHHE BEKTOPOB, NoTydyaeM nosokenue Bekropa N = [V x R], neprnenauxyispaoro
IUIOCKOCTH paccesHus. BenwumHa Bektopa N=v-Rsina, rme v u R — MOAyIH
COOTBETCTBYIOLIUX BEKTOPOB, @ O - YIOJ MEXAY BEKTOpaMH. 3HA4YCHHE IIPULIEIBHOTO
rapaMerpa P MOXHO OIPENeNHUTh U3 COOTHOWmEHHs p=R-sino=N/v. C IOMOLIbI0 U3BECTHBIX
(hopMyJ1 KITacCHYECKOH MEXaHHKH MOXKHO PAacCUUTaTh 3HAYCHUE YIJla PACCESIHHSA ), B CUCTEME
[IEHTpa Macc, COOTBETCTBYIOIEE PACCESHHIO NpH IMapamerpe yaapa p. Kak wu3BecTHO,
MOKOSIIAsiCs 10 CTOJIKHOBEHHUs 4acTHIA C Maccoil M> BbuIeTaeT mox yriaoMm 0,=(m/2-y/2) B

IUIOCKOCTH paccesiHus. BBenem HopMani3oBaHHbie BekTopa €= 1/v V, e2= 1/(pv)N u BekTop
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e3 =[e;xez]. YacTuna oTaauu mociie paccestHus UMeeT KOMIOHEHTY CKOPOCTH V2-cos02 BIOIb
BEKTOpA €] ¥ KOMIIOHEHTY V2-Sin02 BJI0Jb BeKTOpa €3. Takum 06pa3oM, KOMIIOHEHTa CKOPOCTH
YaCTHIBI OTAAYM BJOJIb OCH Z MOXET ObITh BBIYHCICHA 10 (opMmyie: v, = va-cosbrer, +
vZ~sin92~e32.
Hcnons3ys cooTHOomeHHs 0:,=(11/2-y/2), e1,~ cosb, momydaem

v2z = 2 -sin(y/2)-cosO+cos(y/2)-sin6-eay).
BenuumHa  v2  CBA3aHBI  CO  CKOPOCTBIO  COYAApeHHMst Vv COOTHOIICHHEM
va=2M1-v/(M1+Ma)-sin(y/2)
ITpu no6oBOM yzape yacTuna Maccoit M| mepenaeTt 4acTHIBI Maccoit M2 SHEPTHIO PaBHYIO

4M, M, 'n2(

X
—W S1 E) >ES, (1)

Een
rae x - yroa paccesuus B CIIM, Es — oHeprus cyomumainwu. [pu y=ym Ew=Es. dus
pacmbUICHHUS MaTepraia KOMIOHCHTA SHEPTHH, IepeJaHHas aToMy Bosib)pama BIOJIb OCH Z,
JIOJDKHA TPEBBINIATh SHEepruio cyommManun Es, paBHyIo 8.45 eV s Bonbdpama. Kak BugHO
u3 310l GopMyIIBI, IIPH JIOOOBOM COYIApEHHH JIeTKasl YacTULA NEPEefacT aToMy BoJb(ppama
Malyl0 4acTh CBOGH SHEPTHH, M MOPOTOBBIE SHEPIWH COCTABIAIOT 1 ciaydas Ne-W
Enw=24 eV, nna cinyuas Be-W Ex=48 eV. Takum 00pa3oM, paccuuTaB >HEPreTUYECKOE U
YIJIOBOE pacrpeeieHue 00PaTHO PacCesBIINXCS MIEPBUYHBIX YACTUIL H CKAHUPYS IIy4KOM IO
IUIOIAIKe YTOMSHYTOH paHee, MOXKHO OTOOpaTh UHCIO CIIy4aeB, KOTJa COyJapeHue
nepe/iaeT HEPrHI0 aTOMy MaTepuaia BIOIb OCH Z, TPEBHIMIAOIIYI0 SHEPTHIO CYyOIMMAaIiH.
Hopmupyst 4uMclio pacmbUICHHBIX AaTOMOB Ha YHCIIO HEPBOHAYAIBHO ITaJAfOIINX YaCTHIL,
noy4yaeM Ko PUIHEHT PacIbUICHUS.

YacTuus! ¢ 9HEprueil MeHbLIE TOpPora He BHOCST BKJIA[ B pactbuieHue. CpeqHsis SHeprus
00paTHO pacCEesHHBIX YACTHI[, BHOCSIIMX BKJIAJ B PacHbUICHHE, COCTAaBISET IpuMepHO 50-
60% or HavanpHOW DdHEPruM  OOMOApAMpYIONMX  YacTHI, 4YTO MNPHBOAWT K
COOTBETCTBYIOIIEMY CIBUTY ITOPOTa PACIIBLICHHUS.

VYuuteiBast TOT (pakT, YTO B pPACIHBUICHHE MOXET BHOCHTb BKJIAJ HECKOJBKO
MOBEPXHOCTHBIX CJIOEB BONb(paMa cienyeT y4decTb (aktop R/d, rme R — MpOEKTHBHBIH
mnpober, a d — cpegHee PacCTOSHHE MEXAy closMH Bonbgpama. Ha puc. 1 mpuseneno
COTIOCTABIIEHHE PACcUYETHOTO 3HauYeHMs Kod()(PHIMEHTa pacTIBUICHHS 10 YKa3aHHOW MOJEINH C
SKCHEPUMEHTOM H pacueroM MeronoM MJI. Mmeercs Hemnoxoe cormacue. IIpenmMymiecTBo
JIAHHOM MOJIENN — BO3MOXHOCTh OIICHKH KO3((pUIMEHTa pacibUIeHUs 0e3 TPYHOEeMKHX
pacuetoB. Mojenb HENpPUMEHHMMa IPHM PACIBUICHUHM Marepuala MOHAMH C MAaccoi,

CpaBHHMOﬁ C Maccoii aTOMOB MUIICHU, KOrga CyueCTBCHHA POJIb KaCKaJaHBIX IMPOIIECCOB, U
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pacnbUICHU OA MaJIbIMU yrjlaMH, KOrja HY>XHO YYHUTbIBaTb B3aUMO/ICHCTBHE HaJIETAIOIICH

YaCTHUIIBI C COBOKYITHOCTBIO aTOMOB MUIIICHH.

Ha puc. 1 npeacTaBieHs! 3aBHCHMOCTH K03()(GHUINEHTOB pacblUICHHS BOJIb(ppaMa HOHAMHI

D, He, Be, Ne. /lns Be ucnons3oBans! pacuetHsle gaHusle (MD), B OCTaIbHBIX CIydasx -

OKCIICpUMEHTAJIbHBIC. IlIxana 3Heprm71 HOpMHpOBaHa Ha BEJIMIMHBL HOpOFOBOﬁ OHEPIr'uHu. I[J'Iﬂ

HOPMHpPOBaHHs MO abCOMIOTHOM INKaTe HCToNb30BaH koddduuuent K= o(ym)/d* npu E/En

=4. 3pech o(ym) — CeueHHE paccessHUs HA yroi, Oompmmil ym. Koaddumuentr K moxHO

TPaKTOBATh KaK BEPOSATHOCTH BBIOMBAHHUS aTOMa Bom,(bpaMa IIOTOKOM OGpaTHO PpacCesIHHBIX

HacTHIL.

—=D

10°F

—=—He

107 F

Y/K

E/E,

Puc. 1. Tlosenenne koddduumenta
pacmbuieHHs.  BOIb(DpaMa  pasIMdHBIMU
JCTKMMH HMOHAaMH B  IIPHBEICHHBIX
KOOp/IMHATAX.

Kak BHIHO, M3 puCyHKa 2, MpEJIOKEHHAs MOJETIb HEIUIOXO OIMCBHIBACT IOBEICHUE

k03 uIeHTOB pachbUIeHUsT B MOpPOroBod oOmactu. OOpamaer Ha ceOs BHUMaHUE

TIPAaKTUYCCKH COBIIAICHUC KPHUBBIX MJIsI HOHOB Onm3kux Macc. Vmeercss BO3MOXKHOCTH

OKCTpAIlOJIMPOBaHUA JaHHBIX Ha HCU3YYCHHBIC ClTydau.

v MD
®  DKCIepHMEHT
—— Mozens BSS

ACAT
SRIM

SImamypa

10°

< MD
— Mozens BSS
— SImamypa
SDTrimSP
SRIM
*  MD LAMMPS

10 10°

Puc. 2. 3aBucuMocTtb KO3 PHULEEHTa pacibUIeHHs BOJIb(pama OT SHEPrun 60MOApIUPYIOLIMX HOHOB (a) HEOHa,

(b) 6epumunst. [Tomumo pesyibTaToB pacuéra MerogoM MD u ¢ momouisio Moenu BSS npuseieHb! pe3ynbrarhl

HE3aBUCUMBIX paC‘{éTOB u l/lSMCpEHHﬁ.
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TpeyronbHukaMu Ha pHC. 2 TI0Ka3aHbl PE3yJbTaThl HANIErO0 pacyeTa METOJOM
MonekynapHoit nuHamuku (MD). BuaHo xoporiee coriacue ¢ 3IKCIEPUMEHTANIbHBIMH
nmaHHBIMA s cnydas Ne-W. Taroke IpHBefieH pacdeT, ¢ HOMOIIbIO, IPEIOKEHHON HaMHU
Mozenu oOpatHoro pacnbuieHust (BSS). Pacuer mo ¢opmyme Smamypsr [1,2] maer
3aHIKEHHBIC 3Ha4YeHMs Kod(p(HIMEeHTa paclbUIeHHs W Hopora pacmbiieHus. [Iporpamma
ACAT [3] 3aHmkaet HOpOr pacHbUICHHUS U 3aBBILIACT BEIUYUHY KOI(DPHIIMEHTa pacbUICHUS
B obyiactu Masbix 3Hepruid. [Iporpamma SRIM [4] 3aBbiiaeT BeIMYMHY OPOra PacIbUICHHUS.

Tounble faHHBIE O pacHBUICHAH BOIb(paMa aTOMaMH OepUILINS MPEACTABIAIOT OONBIION
HHTEpeC ISl TEPMOSAEPHBIX HCCIENOBAaHMI, HO OKCIIEpPHMEHTAIbHBIC JaHHBIE O
KOO HIMEHTaX pPACIBUICHHsS B JIUTEpaType OTCYTCTBYIOT. PaccunmTaHHBIE HaMul IS
koMOuHaimu Be-W ko3 puuueHTs! pacnblIeHNs B 3aBUCHMOCTH OT SHEPTHU HAJICTAIOIIUX
YaCTHI] TIpe/ICTaBlIeHbI Ha puc. 1b. MMeeTcst xopoliee corjacue HaluX JaHHBIX C pacuéTaMu
METO/IOM MOJIEKYJISIpHOM auHamMuku nporpammoit LAMMPS u3 [5]. Takke npuBeieH pacuet
nporpammoit SDTrimSP u3 pa6otst [6].

Jdnst cucrembr Ne-W Hamm Taroke ObDIa pacCUMTaHa 3aBHCHMOCTH Kod(QHIMEeHTa
pacHbUIeHUs! OT yIila HafeHus pu 6oMOapJUpoBKe HOHAMH ¢ HadanbHOU 3Heprueit 200 eV u
1 keV. Hmeercs xopomee coriacue ¢ pacuyeTamMu OKIITaiiHa [7] ¢ HMCHONB30BaHHEM
nporpamMmbl TrimSP. AHajorHyHbIe 3aBUCHMOCTH MOJIYYEHBI TakXKe Ui OOMOApIHPOBKH
Boinb(pama OepmwuimeM. B manHOM ciydyae B nmTepaType JHaHHBIE JUIL CPAaBHEHHS
OTCYTCTBYIOT. 3aBHCHMOCTH I OOOMX HCCIEJOBaHHBIX CHCTEM HMMEET IHK, KOTOPBIH
TPUXOJNTCS HA BENUUYMHY yTia B nHTepBane 60-80° oT HOpMain, YTO HAXOJANTCS B COTTTACHH

C TEOPETUYECKUMHU NPE/ICTABICHUAMH O XapaKTepe JaHHOM 3aBucumMoctH [1,2].

1. Yamamura Y., Tawara H. // At. Data Nucl. Data Tables 1996. V. 62. P. 149.

2. Yamamura Y., Itikawa Y., Itoh N. Angular dependence of sputtering yields of monatomic
solids. IPPJ-AM report 26. Nagoya. 1983.

3. Nakamura H., Saito S., Ito A.M. // J. Adv. Simulat. Sci. Eng. 2016. V. 3. P. 165.

4. Ziegler J.F., Biersack J.P., SRIM - http://www.srim.org.

5. Yang X., Hassanein A. // Appl. Surf. Sci. 2014. V. 293. P. 187.

6. Brezinsek S. // J. Nucl. Mater. 2015. V. 463. P. 11-21.

7. Eckstein W. Sputtering, Reflection and Range Values for Plasma Edge Codes. IPP report
9/117. Garching. 1998.
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O®OPMUPOBAHHUE SGHEPTETUYECKOI'O PACIIPEJEJIEHUSA ATOMOB,
SMUTHUPOBAHHBIX C IOBEPXHOCTH Ni (100) U HABJTIOJAEMbIX
B MAJIOM TEJIECHOM YTJIE

THE FORMATION OF ENERGY DISTRIBUTION OF ATOMS EJECTED FROM
Ni (100) SURFACE AND OBSERVED IN SMALL SPATIAL ANGLE

AM. Mycun?, B.H. Camoiinos?

A.l. Musin?, V.N. Samoilov?

IMockosckuii 2ocydapemeennviti obaacmuotl ynusepcumem, Mockea, Poccust
2Qu3suueckuil Gaxynomem MI'Y um. M.B. Jlomonocosa, Mocksa, Poccus, e-mail:

samoilov@polly.phys.msu.ru

The formation of sputtered atoms signal during ejection from the surface of Ni
(100) face is investigated using our MD codes. Atoms are splitted into three
groups (proper, focused and overfocused). Atoms overfocused into selected
spatial angle have initial ejection energy between 13 and 21 eV and are divided
into two subgroups. The subgroups differ one from another in initial azimuthal

angle and mechanisms of surface atom scattering.

I'ny6Goxuit  dyHIaMeHTanbHBI aHAIM3 PACHbUICHUS MOHOKPUCTAIOB — TpedyeT
BBISICHEHUSI OCOOGHHOCTEH M MEXaHW3MOB (POPMHPOBAHMS PACHPEENCHUN PACIBUICHHBIX
aTOMOB MO yIJIaM U 3Hepruu. s 3TOro HEOOXOAMMO BBIICHUTDH "TPEIBICTOPUIO" KaXKIOTO
PACIBUICHHOTO aToOMa: ¢ Kakoil sHeprueil Eo oH ObUI 3MHTHPOBaH C IIOBEPXHOCTH, M IIOJ
KaKHMH HOJSIPHBIM J0 U a3UMyTalbHBIM (0 yriaMu. Ha ocHOBe DTHX JaHHBIX CTaHOBHTCS
BO3MOXKHBIM BBIICHUTb MEXaHH3MbI DAacCEsHHS AaTOMOB C DAa3JIMYHBIMU HadaJbHbIMU
napaMeTpaMH, pa3feluTh UX Ha TPYMIbl M ONPEACHUTh BKIAJ KaXIOW TPYHIBI aTOMOB B
MaKCHMYMBI YTJIOBBIX M DHEPTeTHYECKUX paclpeelIeHUH paclIbUICHHBIX aTOMOB.

Jnst  HECUMMETPUYHBIX ~ OTHOCHUTENbHO  HampaBmenusi  <010>  wuHTepBaioB
a3MMYTaJbHOTO yIia ¢ (OpMHUPOBAHUE CHTHAJIA PACIBUICHHBIX AaTOMOB IIPU 3MHCCHH aTOMOB
¢ mnosepxHoctn rpauu (100) mpomcxomuT 3a cuer rpymmsl cobcmeennbix  aTOMOB,
Ha4aJIbHBIA YTOJ BbUIETAa KOTOPBIX (P0 MPUHAJICKUT HHTEPBAIY YIJIOB @, H ()OKyCHPOBKU B
UHTEepBaJ YIJIOB @ "necobcmeennvix” atoMoB. "Hecobcmeennvie" aToMbl, B CBOIO OuYepellb,
pa3fensioTcs Ha Be TPYIMIIBL: (hoKycuposantvie aTOMBI, pacCessHHbIE Ha ONMIDKalIIeM aTtoMme

JIMH3BL M3 JBYX OMKalImx K OMHUTHPYEMOMY aTroMy aTOMOB MOBEPXHOCTH, U
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nepeghokycuposéannvie aTOMbl, pacCesHHbIE Ha JaJdbHEM aToMe JIMH3BL ODddekT
nepedoKyCHpOBKH, Ha OCHOBE KOTOPOTo OBIIO TpoM3BeleHA Takas KiaccHM(HKanus, Obii
obnapyxeH B [1, 2] u uccienosan B psine padot, Harpumep, B [3].

B paborax [4, 5] ObuIO0 IOKa3aHO, YTO B DKCIHEPUMEHTAX C BHICOKUM pa3pelleHHEM
OJIHOBPEMEHHO 110 yIJIaM M JHEPTrHU CTAHOBUTCS NPUHIMIINAIBHO BO3MOXKHBIM BBIICICHUE
JIBYX OT/EJIbHBIX MaKCUMYMOB, OJIMH M3 KOTOPBIX COOTBETCTBYET (DOKYCHPOBAHHBIM aTOMaM,
a apyroii — nepedokycupoBaHHbIM. JIS 3TUX JBYX TPy aTOMOB HEOOXOJIMMO BBISBHTDH
TaKWe pasTu4usi U OCOOCHHOCTH BBUIETA, KOTOpbIE MOTIYT MOBIMSATH Ha 0OOpa3oBaHHE
MaKCUMYMOB B Au((depeHIHaIbHbIX PACIPEICICHUAX aTOMOB 110 YIJIaM U 3HEPrHH, a TaKKe
HAWTH TaKHe MHTEPBAJIBI a3MMYyTaJIbHOTO U TOJSIPHOTO YIJIOB, IPH BBIOOPE KOTOPBIX JTaHHBIC
MaKCHMYMBI OyZyT pa3permarscs HamrydmuM oopazoM. C 3Toi 1enblo B HacToAmmeH pabore
HCCIICZI0BAHBI OCOOCHHOCTH (POPMUPOBAHHUS SHEPrETUUECKOTO PACIPEICICHHUs PACIIBUICHHBIX
aTOMOB, HaOJIIOJJAEMbIX B MAJIOM TEJICCHOM YTJIe.

B pacuerax aTom BBIOMBaNICS M3 y37a Ha MOBEPXHOCTH C 3Heprued Eo mox yrmamu 9o
(oTcuMTHIBANICA OT HOPMAIU K MOBEPXHOCTH) M @0 (Po = 90° COOTBETCTBYET HAINpPaBICHUIO
<010> ma nuMH3y M3 IBYX ONIDKaWIINX aToMoB mnoBepxHocTH). Hawambnas osHeprus Eo
usmensuach ot 0.5 3B 1o 100 3B ¢ mrarom 0.01 3B. Llar mo @o coctasmsin 0.5°, mar mo €0S Yo
cocraBisl  1/450. MopenupoBaicsi BbUIET aroMoOB ¢ (yHKIuell pacmpeneneHus 0o
HauanbHbIM yriaam u sHepruum Fo(Eo, €os 90) = cos So/E¢>. Beuia ucmonn3oBaHa MOJENb
KJIACCHYECKON MOJICKYJSIPHOI MHAMUKH. Y4YUTBIBAJIOCh OJHOBPEMEHHOE B3aMMOCIHCTBHE
smuTUpyemoro aroma ¢ 20 OnmkalIMMM atoMamMu ImoBepxHocTu. Ilocie BbuIeTa aTtom
UCTIBITBIBANI TIPETIOMJICHHE Ha IIOCKOM ITOTEHLHAaNbHOH Oaphepe BbicoTOH Ebn = 4.435 3B,
COOTBETCTBYIOLICH SHEPIUH CBSA3HM HUKEIS.

Hcnonp3ys HamuM aaropuTMbl, Mbl Pa3elMIM  BCE pacHbUICHHBIE AaTOMBI Ha
(okycupoBaHHble ¥ Tepe)OKYCHPOBAHHBIE W HAILIA TAKHE TEJIECHBIC YINIBI, B KOTOPBIX
HaOMIOMA0TCS aTtoMbl 00eux rpymm. s manmbHeiiniero, Gojee riy0oOKoro axammsa ObUT
BBIOpAaH OJMH M3 HHX, COOTBETCTBYIOLIMI MHTEepBanaM yrioB ¢ [76.5°, 79.5°] u & [49.9°,
51.5°].

Ha puc. 1 mnpexacraBnen rpaduk pacnpeneieHus 10 HadaiabHOH sHepruu Eo
SMUTHUPOBAHHBIX ATOMOB, HAONIOZAeMbIX B BBIOpaHHOM TenecHOM yrie. M3 rpaduka
OTYETIIMBO BH/IHO, YTO SHEPrHs (JOKYCHPOBAHHBIX aTOMOB IIPH BBUICTE U3 y3/1a COCTABIISIET ~
5-9 5B, a HavanbHas BHeprus InepedOKyCHpoBaHHbIX aroMoB Bbime (~ 13-21 3B).
TepedokycrpoBaHHBIE aTOMBI MOXKHO Pa3/JIENUTh Ha JIBE MOATPYIIIbI [0 HAYAIbHON SHEPTUH:

or 13 1o 173B uor 17 no 21 3B.
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Ha puc. 2 nokasaH BKJIaj 3THX IOATPYII epeOKyCHPOBAHHBIX aTOMOB B pacrpezee-

5000
(GoKycHpOBaHHbIE = =
nepedokycupoBaHHbie (X 5) ———
4000 t
'I
. 1
53000 !
A 1
= 1
E
o 1!
> 2000 | 1
7
:‘ !
1000 1 1
1
1 \
0 s
0 5 10 15 20 25 30

E(, 3B

Puc. 1. PacnpesesieHne OKyCHPOBAaHHBIX 1 Iepe(yOKyCHPOBAHHBIX ATOMOB, HAOIFOJAEMBIX
B MHTepBayie yriioB ¢ [76.5° 79.5°] u 9§ [49.9°, 51.5°], no HavanbHOii sHepruu Eo.
HME OMHTHPOBAaHHBIX aTroMOB 1o OSHepruu E. Jlnsg aHamu3a MeXaHH3MOB BBUIETA
(OKYCHPOBaHHBIX aTOMOB M aTOMOB IOATPYNH Iepe()OKYCHPOBAHHBIX ATOMOB OBUIH
HOCTPOCHBI PACIIPE/ICICHUs SMUTHPOBAHHBIX aToMoB 1o 1 — €0S o u @o (puc. 3). B
pacmpenenennn 1mo 1 — COS Yo (puc. 3 cieBa) pa3nMuarOTCs TPU MaKCHMyMa: JICBBIH,
COOTBETCTBYIOLIMH ()OKYCHPOBAHHBIM aTOMaM, BBUICTAIOI[MM OJIM3KO K HOPMalM K
noBepxHocTH (S0 < §) M 3a cueT MHpENOMICHHUs Ha IUIOCKOM ITOTEHIMATBHOM Oapbepe
HabmogaembIM B nHTEepBaie 9 [49.9°, 51.5°]; cpexuuii, cootBeTcTBYOMIHI (HOKYCHPOBAaHHBIM
CWIbHO  OnokupoBaHHBIM — atoMaM (Yo > 9); W [OpaBblil, COOTBETCTBYIOLIUI
nepedoKyCHpOBaHHBIM CHIIBHO OJIOKMpOBaHHBIM aToMaM (S0 > 9) obeux moarpymir. ITourn
BCC MEpe(OKYCHPOBAHHBIC ATOMBI BBUICTAIOT MOA yriaamu Yo =~ 70° U SBISIIOTCS CHIIBHO

6JIOKPIp0BaHHI>IMI/I.

}lanee ObLIO IIOKa3aHO, YTO ABC IMOAIPYIIIILI Hepeq)OKyCPIpOBaHHLIX aTOMOB OTJIMYarOT-

800 135B <E(<179B -----.
173B <Ej<219B = =
135B <Ej<213B
600 ’
1
5 1
5
E 400 | 1 |
> ]
> o
200 ’I |
__." - = '.‘
r"". .y - - “
g . 3
0 s
0 1 2 3 4 5 6 7 3

Puc. 2. Bxian noarpymn nepedoKycrpoBaHHBIX aTOMOB C Pa3INYHON HadallbHOM dHEprueit Eq
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B pacpeieieHne SMUTUPOBAHHBIX aTOMOB 110 SHepruu E, HabmozaeMbIX B MHTEpBale
yrioB ¢ [76.5°, 79.5°] u 9 [49.9°, 51.5°].

12 5

135B<E;<173B -----. 135B<E;<179B -----
10 [ 179B<E;<213B = = 4 175B <E;<219B = =
= Bce By —— 2 135B <E; <215B
o o
] 3
k= Q2 Y]
X X / B
= o [ I
fo 7 “‘
% 0 4 / \ D
0 0.2 0.4 0.6 0.8 1 90 105 120 135
1 —cos 6, ©, Tpa.

Puc. 3. Pacnpe/esnenns SMUTHPOBAHHBIX ATOMOB, HAOIIOIAEMBIX B HHTEPBAJIE YIIIOB @
[76.5°, 79.5°T u 9 [49.9°, 51.5°], mo 1 — cos 9o (ciieBa) u o (cripaBa).

cs IpYr OT Jpyra HauyalbHBIMHM a3MMyTaIbHBIMH YIJIaMH BbuieTa (o (puc. 3 crmpasa).
IlepetdokycupoBanHble aTOMBI ¢ HadadbHON dHeprueit Eo ot 17 mo 21 3B BbuteraroT mon
Ha4aJIbHBIMH a3MMYTAJIbHBIMHU YTJIAMH (0 OJIFDKE K JaibHEMy aToMy JIMH3bL Takum o6pasom,
OTH aTOMBI B IIPOLECCE YMUCCHUH Pa3BOPAYMBAIOTCS Ha OONBIIMH Yrod H TEpAIOT OOJNbIIe
9Hepruu. BusyanbHblil aHANU3 TPACKTOPHH OTHACIBHBIX aTOMOB 3TOWH MOATPYIIBI B MAKeTe
VMD noka3ai, 4To YHEprust TepseTcsl IPU PacCestHUM HE TOJNBKO HAa JaJbHEM aTOMe JIHMH3HI,
HO U Ha aTOMe, HaXOMsIIeMcsl HEOCPEACTBEHHO 3a JMH30i. [lepedokycupoBaHHbIE aTOMBI ¢
HauanbHOU dSHeprueit Eo ot 13 mo 17 5B BbuleTaroT moj HayadbHBIMUA a3UMYTAIbHBIMH
yriamMu @0 Ommke K HEHTpy JIMH3BL Ilo3TOMy 3TH aromMel B TIpoLiecce 3IMHCCHH
Pa3BOPAYMBAIOTCS HA MEHBIINI YO H TEPSIIOT MEHBILE SHEPTUH.

IepedoxycupoBanHble aTOMbl 00pPa3yIOT OT/EIbHbIE MAKCHMYMBI B 3HEPIeTHYECKOM
pacrpe/ielieHUd 3MHUTHPOBAHHBIX aTOMOB M MOTYT OBITH BBIJEIEHBI B IKCIHEPUMEHTaX C
paspelieHneM IO yriaM M DHEPrHH OTAEIbHO OT (DOKyCHPOBAaHHBIX H “‘COOCTBEHHBIX
aTOMOB.

Pabora BBIMONHEHAa C UCIONb30BaHHEM 00OpynoBaHUS LleHTpa KOJUIEKTHBHOTO
MOJB30BAaHMUSI CBEPXBBICOKONIPOU3BOJUTEILHBIMUA  BBIUHCINTENBHBIMU pecypcamun MIY

umenu M.B. JlomoHocoBa [6].

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

[2] O.C. Kopcakosa, B.A. Anemkesuy, B.H. Camoiinios, A.M. Hukurus, [Toepxuocts Ne 2 (1997) 77.

[3] B.H. Camoiinos, H.B. Hocos, IToBepxuocts Ne 3 (2014) 81.

[4] B.H. Camoitnos, A.W. Mycun, H.I'. Ananbea, U3Bectust PAH. Cep. ¢us. 80 (2016) 122.

[5] B.H. Camoiinos, A.U. Mycun, U3ssecrust PAH. Cep. du3. 82 (2018) 171.
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[6] VI. Voevodin, A. Antonov, D. Nikitenko, P. Shvets, S. Sobolev, I. Sidorov, K. Stefanov, Vad. Voevodin,
S. Zhumatiy, Supercomputing Frontiers and Innovations 6 (2019) 4.
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YI'JIOBASI 3BABUCUMOCTDb KOO®PUIUEHTA PACHBIJIEHUSI PEIHETKHA U3
HAPAJUIEJBHBIX HAJIUHIPUYECKUX CTEPKHEM
ANGULAR DEPENDENCE OF THE SPUTTERING COEFFICIENT OF A LATTICE
OF PARALLEL CYLINDRICAL RODS
Hapupanze A.b., Crpyyanun 1.B
Nadiradze A.B., Struchalin D.V.

Mocroeckuil aguayuoHHbIL UHCIMUMYM (HAYUOHANLHBLU UCCIEO08AMENbCKULL YHUBEPCUMEN?)
Moscow Aviation Institute (National Research University)

An analytical angular dependence for the sputtering coefficient of a lattice of parallel
cylindrical rods is presented. It is shown that up to the angle of grating closure, this
dependence coincides with the Zygmund theory, and at large angles of incidence it

reaches a maximum and falls to zero.

Ceruatsie moBepxHOCTH (CII) mIMPOKO MPHMEHSIOTCS B a9pPOKOCMHYECKOH TEXHHKE,
HalpuMep, B Ka4yeCTBE TCIUIOM30JIALMOHHBIX MAaTCPHAIOB WIM MaTepHaloB pPedeKTopoB
anTeHH. /g onpenenenus XapakTepucTuk pacmbiieHus CIT 0OBIYHO MPUMEHSIOT CIOXKHBIC
YHCIIEHHBIE METO/IBI. B TaHHOM JoKIIaze mpenaraeTcs mpocTeinas aHaauTHIecKas MOJIEb,
MO3BOJISTIONIAs OLEHHTH Kod(dumument pacneuierns CII mo moctymHol WHpOpMamum o
IUIOTHOCTH IUICTEHUs, He NpUOeras K IOCTPOCHUIO CIOXKHBIX I'€OMETPUYECKUX Mojeieil u
[POBEICHUIO YHCIICHHBIX PACcUCTOB.

PaccMoTpum BO3AEHCTBIE MOHOPHEPIETHYECKOTO OTOKA HOHOB Ha IIIOCKYIO PEIIETKY,
00pa30BaHHYI0 MHOXKECTBOM IIapaUICIbHBIX UMIMHIPHYECKUX CTEpXKHEH amamerpa d,

OTCTOSIIIUX JIPYT OT Ipyra Ha paccrostHuu b (puc. 1).

n
\ Q
\ 3ona pacnviieHua
/ 8 Q
I >
\ \&
\
3oHa 3kpanuposanua ;
b

Pucynox 1 — Pewiemka u3 napanieibHuix yuruHOPU4ecKux cmepoichett
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OCHOBHBIM T'€OMCTPHYECKAM IapaMETPOM TaKOil PELICTKH SBIACTCA «HHICKC»
d
PCLICTKH P = +, IPHICM b >d,0 <p < 1. [loBepxHOCTb, MPOXOAAIIAs YEPE3 BEPXHHE TOUKH

CTepXKHel (Mmoka3zaHa MyHKTHPOM), 00pa3yeT SKBHBAICHTHYIO MOBEPXHOCTh PEIICTKH Kak
€IMHOTO TEeOMETPUYECKOrO JIIEMEHTa, a IEPHeHAUKYIAp K DTOH INOBEPXHOCTU SBISETCS
BHEIIHEH HOPMalbl0 K IOBEPXHOCTH PEHIeTKH. BEeKTop CKOpOCTHM YacTull HAaXOAWUTCA B
IUIOCKOCTH, NEPIECHIUKYISIPHON OCSIM CTEepIKHE.

YacTuma, monagaomasi Ha HOBEPXHOCTh PEIISTKH 0] YIJIOM O K BEKTOpY BHEIIHEH
HOpMaJH, T100 MOMaAaeT B CTEP;KHHU, JTHOO0 IIPOXOIUT B IIENb MEXKAy HUMH. [1pu HOpMarsHOM
nagenun (6 = 0) BepOATHOCTh CTOJIKHOBEHMSI YACTUIBI CO CTEPXKHSIMU paBHa P, a
k03 dumeHT npomyckanus pewerka T = 1 — p.

ITo Mepe yBenmmueHUs 6 «BHIUMBIID 3230p MEXIY CTEPKHSAMHI YMEHBIIACTCS M B KAKOH-
TO MOMEHT IOJIHOCTBIO HpomnajgaeT. Yron 6, Opy KOTOPOM 3TO NPOUCXOIMT, HA3bIBAIOT

YIJIOM 3aKphITHs pemerkd. Cxema onpenenenus 0y, IpuBeaeHa Ha puc. 2.

n
N o
w” Pacnvinaeman
~ 7 noeepxnocmy
~ — \
=
“a’
/ o~
N
b/2 AN
| b =
~
~

Pucynok 2 — Cxema onpeodenenus yana 3akpulmus peutemxu

W3 pucyHka 2 cienyer, 4to

0yim = arccos (p).

Ipu panpHeiimeM yBenuueHUH O pelleTka MOTHOCTHIO HEMIPOHUIAeMa A IOTOKa, a
CTEPXKHHU YACTHYHO 3aTCHSIOT IPyYT Apyra. JIerko yOeauThCst, 4T0 3aBUCUMOCTH K03 duimenta
TIpOITyCKaHMs PCIICTKU OT yIJIa MaACHUSA YaCTUL] OIIPEACIIACTCA COOTHOLICHUEM:

—p-cos-! )
T(9)={1 p - cos 0,6<9um.

0, 9 > Qlim

Koo umpent pacnbuieHns pemeTky S onpenennM, Kak OTHONIEHHE MTOTOKa YaCTHII,
PACTIbLIEHHBIX C IOBEPXHOCTU CTEPIKHEN Npycpp,» K IOTOKY YACTHIL, MTAAONIAX HA TOBEPXHOCTH
pemeTku Ny :

N,
g — —pact.
Niag,
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IToToK naJarIKX YacTuiy
Nyap =nv - 1-b-cosh,
rJie NV — IUIOTHOCTH MOTOKA MaJafoluX YacTHLl; rae [ — [UIMHa CTep)KHEH.

IIpu 6 < 6y, 3aTCHEHHUSI CTEPIKHEN HE IIPOMCXOAUT Y [OTOK YACTHI] PACIIBUICHHUS
ks
— arz
Npacn. =nv-l- ;f_g Y(|<P|)COS <Pd(P,
2

TZIe ¢ — a3MMYTaJIbHbINH YoM TOYKU MaJCHHs YaCTHUIl Ha TOBEPXHOCTH CTEPXKHEil (cM. puc. 1);

Y(o|) — koadduument pacnbuieHns MaTepuaia CTepKHEH Py yrile NaJeHus, PAaBHOM | |.
Ilpu 6 = 6);;,, HaunMHaeTCs 3aTCHEHHWE CTep)KHEH M IIOTOK YaCTHI PacHbUICHUS

TIOCTETIEHHO yMeHbIaeTcsl. J{a MONMyueHns 3aBUCUMOCTH Npacn () BBesiem  dyHKimio

3aTCHEHHs TOTOKA PACIIBUICHHBIX YaCTHULL:
s
a3
®(a) = [ = *Y(lpl)cos pdo,
2
TOC YyroJ 3aTCHCHUA
2
a(0) = arccos (; cosf — 1), 0 = 0.

I'paduxu 3aBucumocty (6) aJis pa3inyuHbIX 3HAYECHUIN P IPUBEICHBI HA PUCYHKE 3.

180
150
120

a(6)
rpaa.
60

90

30

o
[} 10 20 30 40 50 60 70 80 90
6, rpaa.
—p=1 = -p=1/2 ---p=1/5

Pucynok 3 — 3asucumocms a(0) npu paznuunvix 3HAYEHUAX D

Ipu 6 = 6, HaxomuM, 4T0 Npyen (8) = nv -1 %(CDO - CD(a)), rae @, = d(n), a

K03 DUIIMEHT pacHIbUICHNS PEIIeTKN

p P9

5(6) = 2 cos8’ 0 < Ouim
P Po-P(a) 0>6, ’
2 cosg '~ = lim

COOTBETCTBEHHO, 1A Ge3pazMepHoro koddduuuenta pacusuienns S(8) = S(8)/S(0)
HOJTyYaem:

cos™6, 6 < O,

SO = {605_19 . (1 _ 5(0{)), 0=0im’

rae ®(a) = ®(a)/ D, — cTenens 3aTeHeHHs.
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Iockonsky Bun ¢ymxmuii ®(a) u S(8) s3aBucur or Buma ¢yskmuu Y (@), mis
NajbHelimero o6CyXkaeHus 3ajaguMcst 3aBucuMocThio Y (@) 1o dopmyne Basa [1] ¢
napametpamu a/a = 1.75 u f/a = 0.83, @,p = 60°, 7((papt) = 1.6. CooTBeTcTBYyIOLINE €1

sapucumoctu ®(a) u $(8) s pasnuuHbIX 3HAUEHHUIT P IPUBETICHBI HA PUCYHKE 4.

1,0 8
7
0,8 I
6 /i
1
0,6 s 5 Nt ':
_ /
3@ S0, Jo
04 3 A i
. 1
2 e TN
0,2 ’,/ === (1
1 ———-&‘/_/_\‘
0,0 0
) 30 60 90 120 150 180 0 10 20 30 40 50 60 70 80 90
o, rpag. 9, rpag.

Pucynox 4 — 3asucumocmu ®(a) u S(8) npu paznuunvix snavenusx p

AHanu3 TIOMyYeHHBIX KPUBBIX TMOKA3BIBAET, 4To TpH O < B, 3aBucHMOCTH S(6)
peuieTku CcooTBeTCTBYeT Teopun 3urmyHnma [2]. Ilpu 6 > 6);,,, HauMHAET CKa3bIBATHCS
3arenenue u Temn pocra S(0) nanaer. Ipu @ = 6y, 3Hauenue S(0) = 1/p. Maxcumym S(8)

nocTHTaeTcs ipu 8 > 6,5, TIpi cKomb3smIuX yrax mazenns S (6) 6GBICTPO MaaeT U J0CTHTaeT

w o
HyJIeBOro 3HaueHus mpu 6 = —. Jlnsg pemietok Manoil mioTHocTH (p < 1) makcuMaibHOE

>
3Havenne kodbowurmenta pacmsuienns max{S(6)} » 1. Kooddumment pacmsuieHHS
HETIPOHUIaeMOH penreTkd (p = 1) c1abo 3aBHCHUT OT yriia HafeHHs YacTHII.

Takum 00pa3oM, pacCMOTPEHHAs BBIIIC MOJAENb IIIMHAPOB IO3BOJNMIA HONYyYHTHh
AQHAINTHYECKOE COOTHOLIEHHE Ul YIJTIOBOH 3aBHCHMOCTH KOd((UIMEHTa paclbUICHHS H
BBIIBUTH HEKOTOPBIE BayKHBIE 3aKOHOMEPHOCTH.

TlomydeHHBIE pe3yNbTAaTHl  YIOBICTBOPUTENHEHO COTJACYIOTCS C  pe3yJibTaTaMu

YHCJIEHHBIX pacueToB peanbHbix CII [3].

[1] Qiangmin Wei, Kun-Dar Li, Jie Lian and LuminWang «Angular dependence of sputtering yield of amorphous
and polycrystalline materials», J. Phys. D: Appl. Phys. 41, 2008.

[2] PacribuieHne TBEpABIX TeJ1 HOHHOI GoMOapupoBKoit: DH3.paciIbIEHHE OHONIEMEHTHBIX TBEP/bIX Teil. Tep.
¢ anri/ITox pex. P.Bepuma - M.:Mup, 1984.

[3] banamos C.B. u ap. Pacuer XxapakTepuCTHK pacIIbUICHHS CETYATHIX TIOBEPXHOCTEN MU BO3IEHCTBHN HA HUX
TUIa3MEHHBIX CTPYH IEKTPOpaKeTHbIX aBurateneit // Tesucsl goknanoB XXI MexayHapoaHoit KoHpepeHHn no
BeruncinuTenbHON MeXaHUKE M COBPEMEHHBIM HMPUKJIAAHBIM MporpaMMHbIM cuctemam (BMCIIIIC'2019), 24-31

Mas 2019 r. Anymra, Kpsim, c. 718-720.
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PACIHBLIEHUE YJIbTPAMEJKO3EPHUCTO BOJIb®PAMA HOHAMM Ar*
HU3KHUX SHEPT UM

LOW-ENERGY ION SPUTTERING OF ULTRAFINE GRAINED TUNGSTEN BY
Ar* IONS

K.C. Hasapog?, P.X. Xucamos?, P.P. Tumupses®?, P.P. Mysokopl?3
K.S. Nazarov?, R.Kh. Khisamov?!, R.R. Timiryaev*?, R.R. Mulyukov'23

L Institute for Metals Superplasticity Problems of the Russian Academy of Sciences,
39 Khalturin st., Ufa, Russia, e-mail: ksnazarov@rambler.ru;
2 Ufa State Petroleum Technological University, 1 Kosmonavtov st., Ufa, Russia
3 Bashkir State University, 32 Validi st., Ufa, Russia

It has been shown that the relief on the ultrafine graine tungsten differs
substantially from the relief on the coarse-grained tungsten, formed in result ion
sputtering by argon ion. Sputtering of the surface of ultrafine-grained tungsten
occurs more evenly than coarse-grained tungsten. It is assumed that the forming
surface on ultrafine graine tungsten will be more resistant to sputtering than of the
coarse-graine counterparts.

AKTyalbHOCTb HCCIICZIOBAHMS PACIbUICHHS. BONb(pama CBs3aHAa C HCIOJIb30BAHHEM
9TOr0 MaTepuaia s U3TOTOBJICHMS OOpAIleHHBIX K IUIa3Me DJIEMEHTOB pa3pabaThiBaeMbIX
TEPMOSIZICPHBIX ~ peakTopoB. Takoe mpuUMeHeHHE Bosb(pama 0OyCIABIMBACTCS — €ro
(bu3MUYECKUMHI CBOMCTBAMU: HHU3KHH KOI(Q(GHUUMEHT pacIbUICHHS, BBICOKas TeMIeparypa
IUIABJICHUS. M BBICOKAs! TEILIONPOBOAHOCTh. OOpalieHHbIe K IIa3Me JJIEMEHTHI BCICICTBUE
60MOapAMPOBKH HOHAMHU MOJBEPIKEHBI IPO3UU U MOAUGDHKALMU MOBEPXHOCTH, YTO MOXKET
CHH3UTb pecypc peakropa. Opo3us OOpalleHHBIX K IUIa3Me SJIEMEHTOB, a TaKke
Pa3BHBAOIIMICS 3PO3MOHHBIN pesbed) M MonagaHne paclbUICHHBIX YaCTHI[ B IUIA3My MOTYT
CrocoOCTBOBATh YBEIMUYEHUIO M3JyYaTeNbHBIX IOTEPh M K YMCHBIICHUIO padoduero LuKia
paspsza. B To ke Bpems, M3BECTHO, YTO Ha IIPOLECC 3PO3UHM U Ha Pa3BHUBAOLIMIICS
9PO3HOHHBIN pefbe) CyNIECTBEHHOE BIIHSHUE OKa3bIBaCT 00bEMHAasi CTPYKTypa Marepuaa.
Taxke GopMUpOBaHHE HAHO- M YIBTPAMEIKO3EPHUCTOH CTPYKTYpPBI CIOCOGHO IMOBBICHTH
paMalMOHHYIO CTOMKOCTh MarepuanoB. OJHAKO Ui BOJb(ppama HCCIIETOBAHHN BIUSHUS
00BEMHOIT CTPYKTYpBI Ha MPOLIECC PACIBUICHHS M Pa3BUTHs SPO3HOHHOrO penbeda He ObUIo
HPOBEJICHO.

B mpencraBieHHON paboTe TPHUBEIEHBI PE3yJbTAaThl AKCIIEPHMEHTOB [0 HOHHOMY
PACIBUICHHIO  yJIbTPAMENKO3EPHUCTOr0  BOMb(pama, MOIYYSHHOTO ehOpPMALUOHHBIM
MeronoM. Llenbl0 JaHHBIX OJKCIEPHMEHTOB OBbUIO BBIABICHHE pa3iyuii B Pa3BUTUH
9PO3MOHHOrO  penbeha  BCICGACTBHE  HMOHHOH  OomOapampoBku  Boib(pama ¢

YJIBTPAMEIKO3EPHUCTOM U KPYTTHO3EPHUCTOM CTPYKTYPOH.
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B okcnepumenTtax Obul HCHoOnb30BaH Boib(ppam Mapku BA umcroroit 99,95%.
VY IIpTpaMenKo3epHUCTYIO CTPYKTYpY (opMHUpOBaNU ¢ MOMOIIBIO HHTEHCHBHON IIIACTHYECKON
geopMaluy METOJOM KPY4YCHMS IO BBICOKHM JABICHHEM Ha IUIOCKHX HAaKOBAJIbHSIX
bpumxmena. lnamerp HakoBaneH coctaBisul 10 MM, npukianeiBaeMoe napienue 6 I'Tla u
KOJIMYIECTBO 000POTOB HAKOBAIICH — 3 mpH cKopocTH 2 06/MuH. B pesynbrare Obita monyuena
(parMeHTHUpOBaHHAsE CTPYKTypa C pasMmepamu ¢(parmeHToB MeHee 1 MkMm. B kadectse
MaTepHana CpPaBHEHUS HCIIONIb30BAIM KPYIHO3EPHHUCTBI Bob(pam ToOif ke Mapku B
COCTOSIHHHM IIOCTaBKH, ¢ pazMepoM 3epHa okoio 200 mkm. HMoHHOe pachbuieHHE MPOBOJHIH
Ha HOHHO-TIoNMpoBabHON cucreme Gatan model 691. Mumensmu ciayxuau oOpa3Lbl
qnamerpoM 4 MM u tommuHOi 0,35 MM. TloBepXHOCTH 00pa3lOB MpPEABAPUTENBHO
MOZIBEpraii MEXaHUIEeCKOH MONNpPOBKe. PachbuieHNe MPOBOAMIN HOHAMH aprOHA C YHEpruel
5 k3B 1o HopManu K miockocTu obpasua. Pmoenc coctapisan nopsaka 101°-10% won/cm?.
IToBepxHOCTE 00pa3soB 10 ¥ TMOCIE MOHHOTO pPAacHbUICHHMS MCCIIEOBAIM C IMOMOIIBIO
CKaHUPYIOILIEro 3J1eKTpoHHOro Mukpockona (SEM) Tescan Mira 3 LHM.

W3 wm3o6paxkeHnit kpatepoB, oOpa3oBaBIIMXCA B PE3yJIbTaTeé HOHHOTO PACIBUICHHS,
BHJIHO, YTO IIOBEPXHOCTh YIbTpaMenKo3epHHCTOro Boibppama (Puc.l. a) pacmbumnack
0oJiee pABHOMEPHO YeM MOBEPXHOCTh KPYMHO3epHUCTOrO Boab(ppama (Puc. 1. 6).

Ilpu Gonbmem yeenuueHun (Puc. 1. B) Ha IOBEPXHOCTU YJIBTPAMEIKO3EPHUCTOTO
BOJNb(pamMa BHICH APO3HOHHBIN PEMbEe(HBI COCTOSIINIA M3 PAaBHOMEPHO paclpeeiIeHHbIC
MPaKTUYECKH OJHOPOAHBIX BBICTYIIOB MHKPOHHOW M CyOMHMKpOHHOH pasmepHoctu. Ha
KpynHo3epHHCTOM Bosbgpame (Puc. 1. r) BuIeH HEoTHOPOAHBIN penbed cocToAmMUA H3
BBICTYIIOB HMEIOIMH 3HAYMTENBHBIA pPa30dpoc pasMepHOCTEH: OT CyOMHKPOHHOH 10
HECKOJIbKUX JICCATKOB MUKPOH. 10 MHEHHIO aBTOPOB, (JOPMHUPOBAHHE TAKOTO 3PO3MOHHOTO
penbea Ha TOBEPXHOCTH YJIBTPAMENKO3EPHUCTOTO BOJb(ppaMa o0OYCIOBIEHO MaJbIM
pa3MepoM 3epeH, HEPaBHOBECHBIM COCTOSHHEM TI'DaHHUIl 3€PeH M OOJBINOH IIOTHOCTBIO
JTHHEWHBIX AepEeKTOB B MarepHane. 3HAYCHHE IUIOTHOCTH IHMCIOKALWI [UIST MaTepHaloB,

TO/IBEPTHYTHIX JeOpMaliMM MOsKeT cocTapiath 1011-102 cm2

, @ JUIl KPYITHO3EPHHCTOTO
OTOKEHHOTO MaTepHaja IIOTHOCTh TUCIOKAIMKA COCTABISIET OKOJIO 104 cm2. H3BecTHO, 4TO
JMHEHHbIE Ne()EeKThl SBIAIOTCS OCHOBHBIM CTOKOM TOYEYHBIX IE()EKTOB, B YACTHOCTH ITHM
oOyClIOBJICHA ~ pagMAlMOHHAs ~ CTOMKOCTH M YCTOMYMBOCTD K  PACIBUICHHIO
YJIBTPAMEIKO3EPHUCTBIX M HAHOCTPYKTYPHBIX MAaTE€PUAJIOB, MOJIYYEHHBIX C IOMOLIBIO

MHTEHCHBHOM IIACTHYECKO AehopMaIiy.
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Puc.1. SEM u3o6paxkeHne 3po3nOHHOTO penbedha Ha IOBEPXHOCTH BOJIb(ppama: ciepa —
YJIBTPAMENIKO3ePHHCTBII 00pa3el, CIpaBa — KPyIIHO3ePHHCTHIH oOpaser

®dopMupoBaHHe Ha HAYaIBHOM Tarie HOHHOTO PACIIBUICHHUS 3PO3HOHHOrO peibeda Ha
YIBTPAMENKO3EPHUCTOM BOJIb(hpaMe, COCTOSIIEr0 W3 PABHOMEPHO pPACHPEACICHHBIX U
OJIHOPO/IHBIX BBICTYIIOB CyOMHKPOHHON Pa3sMEpPHOCTH CHOCOOCTBYET OBICTPOMY JOCTHIKEHUIO
¥ TIOJIEPKaHHIO CTAl[MOHAPHOCTH IIPOLIecca HOHHOTO paciblieHns. OXumaercs, 4ro, B CBA3H
C TEOMETPHYCCKMMH OCOOCHHOCTAMHU O0Opa3oBaBILCHCS ITOBEPXHOCTH OHa Oyzner OGoiee
yCTOHYMBa K paclbuleHHIo. B To ke Bpems penbed, (OpMHPYIOMIMICS HAa HOBEPXHOCTH
KpYIHO3ePHHCTOrO  Bonb()paMa IO  Mepe  pacmbuieHuss  OyAeT — CrIocoOCTBOBATh
HECTALIMOHAPHOCTU MPOLIECCa PACHBUICHHUS U3-3a SIPKO BBIPAKCHHOH CEIEKTUBHOCTH
PAacIIbUICHHS 36PEH C PAa3IMYHON KpHCTAUIOrpahHIeckoil opueHTaruei.

Paboma svinonnena 6 pamkax cocyoapcmeerntozo 3adanus HIICM PAH.

OnekmpoHHOMUKPOCKOnUYeckue — UcCie008anus — vlnonnenst Ha  Oaze Llenmpa
KOMIEKMUBH020 NOb306anus nayunvim obopyoosanuem HIICM PAH «Cmpykmypuvle u

(]m3uko-MexaHuttecrme uccied06anus mamepuanosy.
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Onpene.ne}me HOBerl—[OCTHOﬁ JHeprum MEeKATOMHO# CBSI3H JJIS1 MOACSTHPOBAaHHUSA
pacnblieHHsi OMHAPHBIX MaTePHAJIOB HOHAMH rajuius merogom MonTe-Kapao
Determination of the surface binding energy for sputtering simulation of binary

materials by gallium ions using Monte Carlo method

O.B. Tlonopoxnuii, A.B. Pymsaues, H.W. boprapar
O.V. Podorozhniy, A.V. Rumyantsev, N.l. Borgardt

HauuonanbHhelit uccnenoparensckuit yausepeurer «MUD Ty, mnomans [okuna, nom 1,
124498, r. MockBa, r. 3eneHorpaj, Poccust, e-mail: lemi@miee.ru

Simulations of gallium focused ion beam bombardment of silicon carbide and

silicon dioxide are performed in binary collision approximation. The surface

binding energy model considering the tetrahedral bonding structure between target
atoms and the formation of gallium precipitates was implemented. Optimal values

of interatomic binding energies were found based on the experimental data.

Ipumenenne Merona (GpoKyCHpOBaHHOrO HOHHOrO mnyuka (PUII) it npeun3HOHHOro
(hOpMHpOBaHUSI MHKPO- W HAHOCTPYKTYp TpeOyeT [eTaJbHOI'0 H3YyYeHUs MEeXaHH3MOB
B3aUMOJICHCTBUSL YCKOPEHHBIX HOHOB ¢ aromamu BemectBa. OnmHuM U3 HaubOonee
3(1)(1)CKTI/IBHI>IX U HIMPOKO HCHOJb3YyEMBIX croco0oB JUIsT TaKUX I/ICCJ'ISHOBaHHﬁ SIBJIACTCS
KOMITBIOTEPHOE MOJACTIUPOBAHUE HA OCHOBE METO1a MOHTe'KapHO.

BaxHbIM mapaMeTpoM, BIHSIOIIMM HAa KOPPEKTHOCTb pPE3YJIbTaTOB HPOBOAMMBIX
pacqé‘ros, SABJIACTCA ITOBEPXHOCTHASA SHEPIUs CBA3H MEXKAY aTOMaMH. led MOJECIIMPOBaHUU €€
3HAYEHHUS OOBIYHO OIIPEACIAOTCA ManI/IHCI‘/’I, PasMEpHOCTH KOTOpOﬁ 3aBHCHT OT KOJIMYCCTBA
Y4acTBYIOIMX BO B3aUMOJEWUCTBMU COPTOB aTOMOB. Tak, MpH pacCMOTPEHHMHU DPACIIbUICHUS
MOHOAQTOMHBIX U 6I/IHapHBIX BCEIICCTB OHAa UMECT pasMEPHOCTb 2x2 1 3x3 COOTBETCTBEHHO.
le/l YBEJIMYCHUH YHCIa JJIEMEHTOB B MaTCPUAJIC MOAJIOKKH ONPEACIICHUE 3Hepr1/u>’1 CBA3H UX
aTOMOB MEXIY coboif u ¢ HUMIUTIAaHTUPOBAHHBIMHM HOHAaMH ITy4YKa CTAaHOBHUTCS BCE Ooitee
TPYAOCMKUM U CTAaHAAPTHBIC MOAXOAbI HE BCETAa MO3BOJIAIOT JOCTUYD YIOBJICTBOPUTCIBHOTO
pesynbrarta [1].

B lIaHHOﬁ pa60Te NPOBOAUIIOCH CHUCTEMATUYCCKOC HMCCIICAOBAaHUC BIIMSAHUA BBI60pa
3HAYEHUI MOBEPXHOCTHOM SHEPTUU CBS3M HA PE3yJbTaThbl MOJACIUPOBAHUS B3aUMOJACHCTBUS
noHoB rayutus Ga* ¢ sueprueii 30 k3B ¢ kapoumom kpemHust SiC U TEPMUYECKUM OKCHUIOM
KpEeMHUS SIOz Pe3ym,TaT1,1 pacueToB CpaBHUBAINCH C OKCIEPUMCHTAIIBHBIMUA JaHHBIMU,
HOJIy4eHHBIMH Ha 0CHOBe chopmupoBanHbix MeTogoM PUII yriny6iennii.

Jlisi KOPPEKTHOTO OIMCaHHsi paclbUIeHHs OMHApHOro BeuiectBa, Hamnpumep SiC,

HOHHBIM ITy9KOM, HeOOX0ANMO Bbrancienue suepruit cesiseit Uy, U, u Uy, aromos Si, C u

Ga. B wucnons3oBanHoM it pacueroB makere SDTrimSP [1] stu sHeprum Haxosrtcs Ha

OCHOBE, TaK Ha3bIBaeMOii, HelpepbIBHOM Mo1elH (continuous variation model — CVM):
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Usi =UsisCsi +UsicCc +Usi.0:Co @)
Uc =UcgCs +UccCc +Uc 6 Cos 2
Usa =UcasiCsi +YsacCc +UcasCoas 3
rne Cg, C., Cg,— xoHuentpamuu atomoB Si, C m Ga, Ugg, Uce u Ugg,
noBepxHOCTHBIE dHepruu cBs3u Si, C, Ga B XMMHUYECKH YHCTHIX BEIIECTBAX, a, HAIPUMEP,
Ug.c —9HEprus CBA3H aTOMOB KPEMHHsI, OKPYKEHHBIX aTOMaMH YIJIepo/a.

ITockoIbKy —paccMaTpuBacMble OWHApHBIE MaTepHAlbl HMEIOT TEeTPadJApUUYEcKyIo
CTPYKTYpY, JUIi HaxOXJCHHUS 3HAYCHUH MATPUIBl OSHEPrUi CBS3M HCIIOJIB30BAIOCH
obo0OmieHne paHee IPEUIOKEHHOW [T MOHOKPUCTAIIMYECKOTO KPEeMHHS JHCKPETHO-
nenpepsisaoii  (discrete-continuous variation model — DCVM) wmozxenu pacuera [2].
Db beKTHBHOCTD €¢ UCMOTb30BAHHS OTPEAEIACTCS ABYMs (hakTOpaMu: ClIabbIM XHMHYECKAM
B3aMMOJIC/iCTBHEM aTOMOB Iyuka M 00pasina, a Takke O0Opa30BaHHEM IPELUIHUTATOB
MUMIUTAHTHPOBAHHBIX aTOMOB MydYKa B MAaTpHIEC MO/UIOKKH. BBIMONHEHHE 3THX YCIOBHit
00ycllaBIMBaeTCd HU3KUM IPEJEIOM PAaCTBOPHUMOCTH TajUIMs B KPEMHHMH U B YIJIEpOXe, a
TAakKe BBIABICHHEM mpeuunutatoB Ga INpH HCCIEOBAaHHU CTPYKTYphl OOIY4EHHOTO
MaTepuana MeTOIOM IPOCBEYNBAIOILIE 2IeKTPOHHOM MUKpocKomuy [3].

U3 sKCHepUMEHTANIBHBIX JAHHBIX CJIEAYyeT, YTO NMPeoOIafaioiM THIIOM CBS3U KaK B
KPHCTa/UTAYECKOM, TaK M B aMOP(HU30BaHHOM INpH HOHHON GomOapampoBke SiC, sBisercs
B3aumozeiicteue mMexxay aromamd Si u C [4]. [laHHOE CBOWCTBO Marepuasa MO3BOJIAET B
Ka4yecTBE YIPOILAIOLIEro MPEAIOIokKeH s BBeCTH 3 dekTuHyro sHepruio U, a BIusHue
aromoB Ga, mpuBOjsliee K OCIAOJICHHIO B3auMoOIeHCTBUsI Mexay aromamu Si u C,

yuutbiBath (ynkiuei a(Cg;,C.). Cunras tarke, 4ro pacnblieHrne Ga IPOMCXOIUT TOIBKO
u3 npenunuraros, 1 U, U, Ug, monyunm

Ug =a(Cq,Cc)Uge, Ue =a(Cq,Cc)Ugic, Ug, =Ugacas ©)
rae npeanonaraercs, uro a(Cg;,C.) <1 umeer onunaxossiii Bug st Ug u U .
PackmansiBast pynkimio (Cg;,C.) B psin B okpectHocTH Toukn Cg =C. = C, =0.5 nmeem

a(Cq,Cc) =1-a, (C, - Cg) - (C, - Cc ),

r7ie Gbln BBE/IeHB! 0603HaueHus o = 0/dCq | , ¢ =0a/0C, |, , mpuuem uis NpOCTOTHI
JanbHEHIINX  BBIYMCICHMH INPUHUMATIOCh, YTO O =a.=a,. llocne nposeneHus

npeoOpa3oBaHuil ISl SHEPTHHU CBSA3M aTOMOB KPEMHUS M yTJIepoJia IIPH pacibUIeHUH KapOua

KPEMHHUS YCKOPECHHBIMA HOHAMM TaJUIASL MOXKHO IIOJIyYHUTh CJICAYIOIIME BRIPAXKCHUS
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Ug =UscCeic +(1_a1)USiCCGaY ®)

Ue =UgcCoic +(1- a1 )UsicCo (6)
rie Cq.=Cq+C, — cymmapuas xonuentpauus Si m C, C; - KoHLeHTpanus
MMILIAHTHPOBAHHOrO B Noanoxky Ga, a 0< ¢, <1 — mapamerp, xapakrepusyomuii pasmep
npeuunuratoB Ga, npuuéM ciydait @, =0 cooTBeTCTBYeT 00pa30BaHHMIO aTOMAMM TaJLTHs
otaenbHol (asbl, a o =1 — paBHOMEPHOMY HEPEMENIMBAHUIO ATOMOB T'aJlIMs U MUILIEHH.

B npemnoxeHHOM MOAXOZE MOIIEKAT onpenenenuio ase Benuunusl: Uge U o . s
HaXOXKJICHUS MX ONTHMAJIbHBIX 3HAYCHHI BBINONHSIIOCh MOeMpoBanue B nakere SDTrimSP
¢ BapbupoBanueM Ug. ue; B npenenax 0.5 - 10 3B u 0 - 1.0 coorBercTBerHO. s ka0
Hapbl 3HAYCHUH MEPEMECHHBIX PACCUMTHIBAIMCH KOI(GQUUUEHT pacnbuieHus Y U IHKOBas

KOHILIEHTPALUs Cea uMIUIaHTUpoBaHHOro  Ga,  KOTOpble  CPaBHMBAIUCH  C

OKCIICPUMEHTAIIbHBIMU JaHHBIMU IIPU IIOMOLIHA R'(i)aKTOpa, OonpeaeIsiEMOro BbIpaKCHUEM

(Y _Yexp )2 (CGa - CGa exp )
R= , 7
Yeip ! Céa exp ( )

2

rae Yo, =2.1[5], C

exp

=25at1.%.

Ga exp
ITo nomydyeHHbIM JaHHEIM B makere Matlab Gwita moctpoena nBymepHas KapTa
pacrpenienieHus BeNMUMHBI R, TpescraBineHHas Ha Puc.la. ITyHKTHPHBIME OKpPYKHOCTAMH
yKa3aHbl TONOXKEHHS MHHMMYMOB (yHKIMH R, a OnTHMambHbIE 3HAYCHHsS MapaMETPOB
npuBezeHsl B Tabnuue 1. Vim coorsercrBoBamy 3nauenns Y = 2.57, C;, =30.3 ar.%.

Tabauna 1. Pe3yabTaThl MOAEIHPOBAHHUS ¢ HCIO/IL30BAHMEM PA3JIMYHbIX MOJIe1eii

DCVM CVM
U, 5B a1 R U, 5B R
SiC 5 1 0.09 6 0.39
SiO2 3.5 0.85 0.026 3.65 0.068

Amnanornussie (5, 6) BblpaxeHus ObutH momydens! uist SiO2 u GbUT BHIMOIHEH MOMCK

ontuMabHbIX 3Hauenuit Ug, M @ ¢ ucnombsoBanumeM Y, =3.1, C =27ar% B

Ga exp
Beipakernu (7). IlomydeHHsle pe3ynbTaThl mpencraBieHsl Ha Puc.l16 u B Tabmuume 1.

Munumymy R coorBercrBoBany 3uadenus Y =3.28, C;, =31.1 ar.%
Jns cpaBuenust B tabnuue 1 npusenens! 3HaueHnst Ug . u Ug,, npuMeHsembie s

BeIuncieHni B pamkax CVM, HaiilieHHbIe Kak cpefHee apH(METHYECKOe PHEPruil CBA3M

XHMHYECKH YHCTBIX BEIIECTB. Bupno, uro g, SiO2 oba moaxoga MPaKTHYECKH
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9KBHBaJEHTHbI, a B ciydae SiC ucnonp3oBanue DCVM mnosBossier ysydmuTh pesylibrar
MozenupoBanus. [loiydeHHOe 3HaUeHre YHEPTHHU CBsi3u My Sin O OIH3K0 K HalIeHHOMY
Ha OCHOBE MOJIEIHPOBAHHS C MCIIOJIb30BAHHEM SMITHPUYECKOro mnoreHuuaia [6]. Otmerum,
YTO JIONOJHUTEIbHBIH pacuer ¢ ucroiab3oBaHueM CVM, B KOTOpOM BapbHpOBAaJIOCh TPH

napamerpa Ug.q, Ucc, Uge =Ucg, a dHeprus csasu Ga ¢ ApyruMy aToMaMu IIpUHUMAIach

paBHOﬁ HYJIIO, o0ecreyn1 JIMIIb HE3HAYUTEIIbHOS YMEHBIICHUE BECIMYUHBL R prues SiC no

CpPaBHEHHUIO C IPUBEICHHBIM B Tabmuue 3HaueHneM R =0.09.

1.0 1.0 1
@, 0.5 U05 10"
>
qQ
107
r 5 10 ©

Ugis Usio

Puc.1 JIBymepHble KapThl Baprauuii BenmuuHsl R B cirydae pacisuienust SiC (a) u SiOz (6).

Takum o06pazoMm, B paboTe MOKA3aHO, YTO IPEUIOKEHHAs MOeNb pacyera
MOBEPXHOCTHOM OJHEPTMM CBA3M aTOMOB [MO3BOJISIET JOCTHYb JIy4YLIMX PE3yJIbTaTOB
MOJIETMPOBAHUS PACTIBUIEHUs TaUIMEBBIM (OKYCHPOBAHHBIM HOHHBIM ITYYKOM OWHAPHBIX
marepuanoB, Takux kak SiC u SiO2, 1o cpaBHEHHIO €O CTaHAAPTHBIMH crocobamu,

peanu30BaHHBIME B IIporpaMMHoM nakere SDTrimSP.
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YriioBasi 3aBHCHMOCTb KO3 HIHEeHTA pacblIeHUs] AHOKCHIA KPEMHHUS PH
BO3/1eilicTBUN (POKYCHPOBAHHOTO MyYKAa HOHOB TaJLIHs
Sputtering yield angular dependence in gallium focused ion beam milling
of silicon dioxide

A.B. Pymsnues, H.W. boprapar, P.JI. Bonkos
A.V. Rumyantsev, N.I. Borgardt, R.L. Volkov

HanuonanbHelii uccnenoarenbekuit yausepeutrer « MU Ty, mnowmane [lokuna, tom 1,
124498, r. Mocksa, 1. 3enenorpan, Poccus, e-mail: lemi@miee.ru

Sputtering yield angular dependence of silicon dioxide is obtained experimentally
as well as adopting Monte Carlo simulations. The acquired data is utilized for the
ion beam induced topography simulation using the level set method. Good
agreement between simulated and experimentally fabricated structures is achieved.

®doxycupoBaHHbId HOHHBINA Tydok (DUII) sBisiercs XOpoIIo 3apeKOMEHIOBABIIAM
cebs METOJOM HAaHOCTPYKTYPHPOBAHMSI IOBEPXHOCTH pAa3IM4HbIX MartepuanoB. Ero
JajnpHeilnee pa3BUTHE  TPeOyeT YCOBEPIICHCTBOBAHMS IOAXOIOB I MOJEIHUPOBAHUS
3BOJIIOLMU penbeda oOpaslia nmpu BO3ICHCTBUM MOHOB M PACIIMPEHUS] Kpyra BELIECTB, IS
KOTOPBIX BO3MOXKHO Takoe MogjenupoBaHue. Xors OUII mmpoxo mnpuMeHsercs s
oOpaboTky OMHapHBIX MaTepuanoB, Takux kak SiC, SisNs m SiO2, MopenupoBaHHE HX
pACTIBUICHUS, OCIOXHSETCS OTCYTCTBHEM SKCHEPUMEHTAIBHBIX MAHHBIX 110 OCHOBHBIM
3aKOHOMEPHOCTSAM, HEOOXOIMMBIM UL pacyeTa.

Oco0OeHHbIH HHTEpEC IPEACTABISCT MOJCINPOBAHHIE PACIIBLUICHUS JUOKCHAA KPEMHUS
SiO2 B cBu ¢ npmaoxenusimMu OUIT i MoaupuKayy HHTErpanbHBIX MHKPOCXEM,
H3TOTOBJIEHHH HAaHOCTPYKTYpP M CO3MaHHU YCTPOHUCTB (hoTOHHKHU. [Ipu 3TOM M1 aieKBaTHOTO
MOJICTIMPOBAHMS YIIIyOJE€HNH C BBICOKMM AacIeKTHBIM OTHOIIEHHEM B pacdeTax JOJDKHEI
YUHUTHIBAThCS YIIIOBasi 3aBUCUMOCTh KO3((UIMEHTA pacHblIeHNs U 3P (EKT HepeocaskIeHHs.
O1n (GaKTOphl CYLIECTBEHHO 3aBUCAT OT MaTepHala MOIOKKH U YCIOKHSIOT MOTy4YCHUE
3aJaHHOTO MPOQUIIS penbeda.

B nmanHOil paboTe yrioBas 3aBUCHMOCTh Kod(duimenta pacusuieHust SiO; noHaMu
rammst ¢ sHeprueid 30 k3B Obula HalimeHa SKCIIEPUMEHTANTBPHO M ONpENeNicHa Ha OCHOBE
pacueroB MeTogoM MonTe-Kapio. IToka3aHo, 4To ucronp30BaHue MeToa (PyHKIUHA yPOBHS
JUISL MOJEIMPOBAHNUS BOJIIOLMH MOBEPXHOCTH C MOMOIIBIO BBISBICHHBIX 3aKOHOMEPHOCTEH
MO3BOJSIET  MOJYYMTH XOpolllee corjiackue Hpoduiel CeYeHMH IKCHEPUMEHTAIBHO

H3TOTOBJICHHBIX CTPYKTYP € pE€3yJIbTaTaMH MOACINPOBAHUA.
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DKCIIEpUMEHTBI TIPOBOJMIINCH Ha 3JIEKTPOHHO-HOHHOM MuKpockorne Helios Nanolab
650 mpu yckopsitomem Hanpsbkenund 30 kB u Toke myuka [ =900 mA. B kauectBe
TI0JUTOKKH MCIIOJIb30BAJICS TEPMHUYECKUH arokcu ] KpeMHns SiOa.

OmpeneneHne  yriioBOil  3aBUCHMOCTH — KO3(GQUIMEHTa pPacHbUICHUS  SBISCTCS
CTaHIApTHON IpOLEeRypoH, MoApoOHO omucaHoW ;i kpemHus B [1]. B mannoii paGote
OPUMEHSIICS BapHaHT moxaxoxa [l], B KOTOPOM CKaHHpOBAaHHE IyYKa BBIMONHSIOCH IO
[PSIMOYTOJILHOMY LIa0JIOHY pa3MepoM 3x3 MKM? M BapbUpOBAICS YroJl HaJeHHs IIydka.
Jl03a HOHOB IIPX HOPMAILHOM IAJEHHH COCTABJIAIA NPHOMM3UTENEHO Dy =5-10"7 em. Jlns
SKCHEPUMEHTOB C yIJIAMH T1aJICHHS, IpEeBbIIaommMu 60°, oOpaser] 3aKkperuisics Ha CTOJIHK C
HAKIOHEHHOW Ha 45° mnoBepxHocThio. Ha cdopmupoBaHHBIE yrIIyONCHUS OCAXKIAICS
3aIIUTHBIA CIOH, COCTOAMUI M3 HaHOYACTHI[ IUIATUHEI B amopdHoMm yriaepoxe (Pt+a-C), u
TPHTOTABIMBAIIACE WX TOTIEPETHbIE CedeHHs. 3HATEHN HX TIyONHE! [ (6), ONpe/eleHHble
METOJIOM PAcTPOBOW IJIEKTPOHHOH MHKpockomuu (POM), mepecyuThIBaIMCh B BEITUYUHBI

KO3 dHIeHTa PaCcIbUICHHSI ¢ HCIIOIb30BaHUEM (HOPMYJIBI Y(H): H (G)n / D(H), rae n —
aToMHas IUIOTHOCTh MaTepHana MNOMIOKKH W D(0)=D,cosf. ATOMHas IUIOTHOCTb

TepMudeckoro SiO; npuHUManack paBHoit 1 =6.9-10% cm>,

Honyuennas 3aBucumocTs Y (@) mnpencrasnena Ha Puc. 1. Iomst ommbox

COOTBETCTBYIOT MOTPEIIHOCTH B OIIPEACICHUHN YyTIIa, paBHOI‘;I 0.5°. yCTaHOBJ’IeHO, YTO IIpH

6--o - MoHTe-Kapno
o—a - 3KCMEPUMEHT
204

Y, aTOMbl/VUOH

Puc.l1  VYrmoBas 3aBucumocth  ko3pduimenra  pacmbuieHus — SiO;,  TONydeHHas

IKCIIEPUMEHTAIBHO (KBaJpaThl) M IyTEM MOJIEIHPOBaHHs MeTojoM MoHTe-Kapiio (KpyKKH).

yriax nageHus npumepHo ot 40° no 70° Ha o0irydaeMol IOBEPXHOCTH (OPMHPYETCS SIPKO

BBIP2KEHHBIH penbed B BUAE psOU.

141



Haiiziennble 3HaueHus Y (0) ObUIM HMCIIONB30BAHBI UL CPAaBHEHHA C PE3yNbTaTaMH

MOJICTIUPOBAHUS HOHHO#H OomObapmupoBku MerogoM Monrte-Kapno B mpubmmkenun
OMHAPHBIX CTOJIKHOBCHUH. BBIUncIeHHs IpOBOIMINCE ¢ Hcnonb3oBaHueM nakera SDTrimSP
[2], onmTMMHM3mpoBaHHOTO IUIs pacuera Ipouecca pacmbiieHus. V3 Puc. 1 BumHO, uTO
pacdeTHas KpHBas XOPOIIO COTTACYeTCsl ¢ IKCHEPHMEHTANBHBIMU JaHHBIMU, HECMOTPS Ha
(opMHpOBaHHE CAMOOPraHU3YIOIIErocs peibeda IMOBEPXHOCTH.

Jlnst TeCcTMpOBaHMS YITIOBOH 3aBUCUMOCTH KO3((HIMEHTa pPacHbUICHHS IUOKCHAA
KPEMHHS [UIS BCEX 3HAYEHHI ¢ BBHIIOJSHINCH YHUCICHHBIE pacdeTs! (JOPMUPOBAHUS CTPYKTYP
MetonoM GyHKIMi ypoBHs [3]. Ero riaBHbIM IpenMyInecTBOM SBIISICTCS aBTOMAaTHYECKas
[EPeCTPOiika MOBEPXHOCTH IPH BO3HHUKHOBCHHMH TONOJIOIHYCCKHX AC(EKTOB, HAIpPHMEp
CaMOIIePEeCeUCHHI, a HEIOCTATKOM — BBICOKHE TPeOOBaHHs K 00bEMY OMEPATUBHON MAMSITH.

OcHoBHOIT uneeil Meromna (QyHKIMI ypOBHS SBISETCS HESIBHOE 3a/laHUE H3ydaeMoil

MOBEPXHOCTH S(x, y,z) KaK HYJIEBOTO YPOBHS BCIIOMOTaTejbHOW (yHKIUH <I)(x, ¥, z,t),

BpEMCHHAas 3BOJIIOLUA KOTOpOﬁ OonpeaeiisAeTCd CueiualbHbIM YPaAaBHEHUEM

%w\,(;,g-‘vqxi,g‘ 0 )

rae r=(x, ¥, z) u ¥, (r,f)— CKOPOCTb K&KIOIO CErMEHTAa MOBEPXHOCTH B HAIpPaBICHUU

HopMasu. 3Ha4eHue V, (r,t) ONPENENsIOCh HA OCHOBE MOTOKOB MA/AOIIKMX U PACTIBIICHHbBIX

qactul. [l MX pacuera NPUMEHSUIOCH SIBHOE MPEJCTABICHHE IOBEPXHOCTH B BHIE
TPEYTOJIbHOM CETKH, CO3/1aBaeMOil METOIOM LIAralONIMX KyOOB Ha KaIOM BPEMCHHOM IIare.

Jlnst onucaHus IMOTOKA MaJAIOLINX HOHOB HCIIOIB30BATIOCH H3BECTHOC HPEICTABICHUC
IUTOTHOCTH TOKA IIy4Ka B BHAE CYMMBI IBYX TayCCOBBIX (GYHKIMH C DKCICPUMEHTAIBHO
HalJeHHBIMH MapaMeTpamMu o, =53HM, o, =136HM, w=0.08 [4]. [na ydera s>ddexra

TIEPEOCAXKACHUS YIJIIOBOE DACHPENENICHHE PACIBUICHHBIX aTOMOB [ (@) ONHMCBHIBAIOCH

3aKOHOM () ~cos" @, THIE€ q— Yrojl MEXIy pacCMaTpUBAEMbIM HAMPABJICHUEM U
HOpMaJIbo K oBepxHocTH. Criefyst [5], ObU10 BEIOpaHO 3HAUeHHE n =1.

Jlnist  cpaBHEHMS PpE3yJbTaTOB PAacyeTOB C  OKCICPHUMEHTAIbHBIMH  JaHHBIMU
MOJIENTMPOBAJINCH U CO3AaBANNCH CTPYKTYPHI C HanboJIee CI0XKHOH I BeIYHCIeHHH Gopmoii
[5, 6], moxyuaemoit 3a 1 UK CKaHWUpPOBaHUWS IMydka mo mabioHy. Pasmep yriyOnenuit u
OJIMHAKOBBII IIAr My4Ka B JBYX OPTOrOHAIbHBIX HAMPABIEHUAX cOCTAaBIN 1x] MkM? u 38.5
HM COOTBETCTBEHHO. 3HaYE€HUS! BpEMEHU oCTaHOBKHU paBHsiuch 0.8 mc u 1.0 mc. [Tonepeunbie

CEUCHUSI CTPYKTYp U3ydanuch MeTonoM POM npu yckopsromem Hanpsbkenud 1 xB.
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Puc.2 POM-u300pakeHHs MONEPEYHBIX CEYEHHH TECTOBBIX CTPYKTYD, M3TOTOBICHHBIX IPH

Bpemenu octanoBku myuka 0.8 mMc (a) u 1.0 Mc (0), ¢ HanOKEHHBIMU PACUETHBIME TPOPUIAMH.

POM-n300paskeHHsI TONEPEYHBIX CEUCHHH IONYYEHHBIX CTPYKTYp, WMEIOIIUX
XapaKTepHYI aCCHUMETPHYHYI0O (OpPMy, C HAJIOKCHHBIMH PACUYCTHBIMH HPOQUIIMU
npencTaBieHsl Ha Puc. 2a, 6, W IEMOHCTPHPYIOT XOpOIIEE COIJIaCHe pe3yJIbTaTaToB
MOJENUPOBAHUS U dKcnepuMeHTa. OTMETHM, YTO ACIEKTHOE OTHOLIEHHE PacCMaTPHBAEMBIX
YIIIyONeHUH oOcCTaeTcsi JOCTaTOYHO HHU3KHM, M, Kak cliefcTBhe, 3(QEeKThl pacHbUICHAS
MOBEPXHOCTH OTPaXCHHBIMH MOHAMH M BTOPMYHOTO pACHBUICHHS IEPEOCaXIEHHOTO
MaTtepuana JOCTaTOYHO Majbl, U (opMa CTPyKTYyp B OCHOBHOM OINpEAEHSCTCS YTJIOBOH
3aBHCHMOCTBIO KO ()HUIHEHTA PACIIBLICHUS.

Takum o6paszom, B paboTe TMOKa3aHO, YTO HAHJICHHAs YTJIOBas 3aBHCHMOCTB
ko3 duIenTa pacHblLIeHNs JUOKCHAA KPEMHHS II03BOJAET IOJMydYaTh KOJIMYECTBEHHOE
coriacue pe3yJbTaToB MOJEIMUPOBAHMS HBOJIOLMH €ro IMOBEPXHOCTH IIPU BO3JCHCTBUH

CbOKyCI/IPOBaHHOFO Mmy4YKa HOHOB raJiyivs ¢ OKCIICPUMECHTAJIbHBIMU JaHHBIMU.
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TepmMocTHMY/IMPOBAHHAS 1ecOPOLHS U3 THTAHA, CIIaBe HHPKOHUs Zr-1%Nb u
TOHKOIIeHOYHBIX cucTeMbl Ti/Zr-1%Nb
Thermally stimulated desorption from titanium, Zr-1% Nb zirconium alloy and
Ti/ Zr-1% Nb thin film system
B.C. Cpmuenko, H.H. Hukurenkos, 10.1. Tropun, Jle Uxan

V.S. Sypchenko, N.N. Nikitenkov, Yu.I. Tyurin, Le Zhang
Tomckuu nonumexnuyeckuti ynugepcumem, 63405, Poccus, 2. Tomck, np. Jlenuna, 30

E-mail: sypchenko@tpu.ru

The paper presents the research results on the interaction of hydrogen with commercially
pure titanium VT1-0, zirconium alloy and the Ti/Zr-1%Nb system. The Ti/Zr-1%Nb system was
obtained by plasma ion-immersion implantation of titanium into a Zr-1%Nb zirconium alloy. X-
ray diffraction patterns of Ti/Zr-1%Nb system before and after saturation with hydrogen are
presented. In the temperature spectra of thermally stimulated desorption, temperature peaks
corresponding to the decomposition of the titanium and zirconium hydrides after prolonged
saturation of the samples with hydrogen were found.

TurtaH W IUPKOHMI, a TaKKe WX CIUIABBl MIMPOKO HCIOJB3YIOTCS B KauyecTBE
KOHCTPYKLIMOHHBIX ~ MaTepHaJoB B  DPa3IUMYHBIX OTpacisiX IpoMblnuieHHocTdH  [1].
IlpoHHKHOBeHHE M HAKOIUIEHHE BOJOPOAA B H3JCIHAX OITUX METAUIOB HPUBOIUT K
U3MCHCHHUIO MX (PU3HKO-XMMHMYECKUX U IKCIUIyaTal[MOHHBIC CBOWCTBA M, B KOHCYHOM HTOTE,
BOJOPOJHAS XPYNKOCTh U paspymenue. CTeneHb TaKuX M3MEHEHHH 3aBHCHT OT COCTOSHHS
Bomopoga B Marepuane. OmnpezneneHHe KOJNMYECTBA, PpACHpENeNeHHs M COCTOSHHUE
HAKOIUICHHOTO BOAOPOJA IIPU Pa3MYHBIX METOAAX OYMCTKH HEOOXOJUMO I pPa3BUTHS
METOJIbl NPENOTBPALIEHHs] BOJOPOJHOIO OXpyNuMBaHus. B nmTepaType nmeercss MHOro
paboT, MOCBAIICHHBIX H3YYEHUIO NaHHOH mpobieme. B mHacrosiieit pabore mpencTaBieHbI
pe3ylIbTaThl 10 B3aHMOAEICTBHIO BOAOPOAA C THTAaHOM M CIUIABOM IIMPKOHUS, a TaKKe
B3aMMojieiicTBIs Booposa ¢ cuctemoit Ti/Zr-1%Nb.

MarepuasioM ucciieIoBaHus SABILUICS ciutaB mupkoHus D110 (Zr-1%Nb) u TexHIIecKH
gucTelii THTaH Mapkm BT1-0. JIna momywenmst cucremsl Ti/Zr-1%Nb, mnpousBoamnach
IUIa3MEHHass HOHHO-uMMepcuoHHas umiutantauus ([TMMM) turana B craB Zr-1%Nb Ha
ycranoBke  «Pamyra-cmexTp» — OTAeneHHs — OKCIepUMeHTansHOH  ¢usuku  Tomckoro
MONUTEXHHYECKOrO yHUBepcuTeTa [2]. PexxuM MMIDTaHTAanuMM THTaHA B CIUIAB LUPKOHHS H
HMOHHOW OYHCTKH Ipe/icTaBlieH B Tabnuie 1. [myOuHa NpoHNKHOBEHNS HOHOB THTaHA B CIIAaB
Zr-1%Nb  cocraBmsier ~ 130 aM  gns  3-5 muH.  HachkimeHwe o00pasioB  BOIOPOIOM
IPOU3BOAMIOCH DIEKTPOIUTHUECKIM METOJOM, B KaueCTBE IEKTPOIUTAa HCHONIb30BalcT 1M
BOJHBIN PACTBOP CepHOM KUCIOThI. Hachlmenne ocymiecTBIsIIOCh NP IIOTHOCTH TOKA j =

0,56 Alcm?.
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Ta6mmua 1. ITapameTps! ouncTky 06pasuos u ITMNN.

Ilapamerpst Tox B pa3psze, JlaBnenue, IMorennuan Ar, % N2, % Bpewms,
A Tla CMeIeHHs Ha MUH
obpasue, B
Honnas 50 (Trerommif) 0,15 1500 100 0 3
O4YHUCTKa
90407148 70 (yroBoii) 0,15 1500 100 0 5,15,30

BeIxox Bomopona HCCIEIOBANCS METOM TEPMOCTHMYJIHPOBAHHOTO TIa30BbIICICHUS
(TCI'B) (60mee usBectroro kak metox TCJI) (ckopocts Harpesa 1 °C/c) [1].

MaccoBoe copaepkaHue BOJOpOa M3MEpEHHble aHaiam3atopoM Bomopoxa RHEN 602.
Ompenenenue  $a3oBOro  cocraBa NPOH3BOAWIOCE € IIOMONIBIO  PEHTITEHOBCKOI'O
mudppakromerpa XRD-7000 ¢upmsr Shimadzu. Hcmonesoanocs otpaxenue 20, yron
najeHus Jtydeid Opul paBeH 5°. MICTOYHMKOM H3Iy4eHHUs CITyXKHIa MEAHAs TPyOKa ¢ JUTHHOM
BosiHbl 0,15418 uM. Ha TpyOky nopaBanock Hanpsbkenue 40 kB, BenuunHa Toka cocTaBisiia
30 MA.

B HenaHeit padote [1] uccnenoanuck 0COOCHHOCTH (HOPMHUPOBAHHS TEMIIEPATYPHOTO
CIIEKTpa BBEIXOJa BOJOpOJA IPH JMHEWHOM HarpeBe B BaKyyMme 0OpasI[OB METAIIOB Pa3HBIX
TPyNI  TepHoAMueckoil cucteMbl. Ha ocHoBe mpemnoxkeHHOH B 3TOH  pabote
(hCHOMEHOJIOTMYECKON MOJIENM YCKOPEHHOH MHIpallid BOJOpOJAa B YCIOBHSAX Harpesa
00pasioB ObLIO MPOBEACHO KOMIBIOTEPHOE MOICIUPOBaHHE (HOPMHUPOBAHUS CHEKTPOB
TCI'B, xotopoe mpuBesno K HICHTH(GHKAMU OTACIBHBIX OCOOCHHOCTEH (IIMKOB) B ITHX
criektpax. B wactroctn, jutst TJIC u3 Ti u Zr Obutn MaeHTHOUIMPOBAHBI IMKH, CBA3aHHBIC C
muddys3nell HeCBA3aHHOTO BOAOPOJAa W3 o0beMa oOpaslia M CBSI3aHHOTO B THAPUAAX
BOZOPOJA.

Ha puc. 1 mnpeacraBieHbl pEHTICHOrpaMMbl 00pasLOB [0 M MOCIE HACHIICHUS
BoJOpoaoM. KoHIleHTpanuu Bomopoaa B KaxJOM U3 00pasoB, H3MEPEHHBI aHAIU3aTOPOM
Bogopoga RHEN 602. Bunsno, uro nocne ITMMU TnTana 1o HaBogopaxuBaHUsI OOHAPYKEHBI
¢assl 0-Zr. Passl a-Ti 0OHApYKEHBI TONBKO IPH UMIUTAHTALNHK B TedeHnue 15 muH mpu 500 B.
Onnaxo, ¢asst TiH He 0OHapyX€HO HU B 3TOM, HU B JIPYTUX CIIydasx.

®a3pr 0-Ti He OOHApPYXKEHBI B APYrux 00pasiax, BO3MOXKHO, M3-3a TOTO, YTO THTaH
HAXOAUTCS B PAaCTBOPEHHOM COCTOSHHM WIH UYyBCTBUTEJIBHOCTh NPHOOpA HE MO3BOISCT
OIIPE/IENUTh TUTAH C MONYYCHHBIMH KOHIEHTPALMIMU B MOAN(DUIHPOBAHHBIX 00pa3siax mpu
JTAHHBIX PEKMMaX MMIUIAHTAIIMN, HECMOTPS Ha MAJIOYTJIOBOH PEKUM CHEMKH PEHTTEHOTPAMM
(MeTox ckonp3siero my4dka). [Tocie HachleHHsT BOZOPOAOM B HCXOIHOM obpasie Zr-1%Nb
u MoauduuupoBaHHOM B TedeHnue 5 muH mpu 1500 B oGnapyxenst dassl rumpuma 6-Zr.

KoHueHTpalys Bogopoa B JaHHBIX 00pa3iiax HanOoIIbIas.
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24 — nocne [TMWU npu cmemennn Ha obpasue 1500 B, B TeueHue Bpemenn, mun: 2 — 5,3 — 15, 4 — 30.

U3 puc. 2 BugHo, yto TCI'B TuTaHa XxapakrepeH nuk npu temmeparype 590 °C,
AQHAJIOTHYHO W IUIsl ciuiaBa LupkoHus Zr-1%Nb nabmiomaercst 2 muka B obnactu 685 °C,
00ycioBieHHbI Tuddy3ueit HecBsi3aHHOTO Bogopoaa, u 780 °C, CBA3aHHBIH C Pa3IoKEHUEM
rugpuna mupkoHus. Criektpe | ObUI MOIyYeH OJHOBPEMEHHBIM HAarpeBOM THTAaHA M CIIaBa
IIUPKOHMS, ¥ TEM CaMbIM IOJY4eHO JiBa MHUKa: npu Temreparype 590 °C (turaHa), u npu
temneparypax 780 °C (cruaBa mupkonus Zr-1%Nb), nmuxa, B obmactu 780 °C, XapakTepHOro
JUIsL THAPUA LUPKOHUS He HaOmopaercs. CToUT oOpaTuTh BHUMAHUE, YTO MHTCHCUBHOCTH
IIHKa BOAOPOJA U3 THAPHUA THTAHA BBIIIE YeM U3 [IUPKOHUS.

Ha puc. 3 npencrasnen nansasie no TCI'B o6pasnos cucremst Ti/Zr-1%Nb. TIpu Tex xe
CKOPOCTSIX HarpeBa MOJIOKCHHE MAKCHMAaIIbHONH HHTEHCHBHOCTH AU((Y3HOHHOrO TNHKa
BOJIOPOJIa CMEIIAIOTCS B 00acTh BeIcokHX Temmeparyp T = 760 °C mis tutana u T = 880 °C
JUIsL CIUIaBa LUPKOHUA. HachlleHne BOJOPOZOM IPOM3BOAMIOCH B TOM XK€ PEXKUME, YTO U
JIaHHBIC Ha PUCYHKE 1, HO IUIOLIAJbh UCCIEIYyEeMbIX 00pa3LoB Obuia OONBLIE, B CBA3U C ITUM
HMHTEHCHBHOCTB BBIXOZIa BOIOPOJa CPAaBHUBATH Ha PUCYHKaX 1 M 2 HE yMECTHO.
Conocrasnenns cnektpel TCI'B Bogoposa u3 thtana, mupkonus u cucteMsl Ti/Zr-1%Nb,
IPEJICTAaBICHHBIX HA pUCYHKaX | U 2, HaOrroJaeTcst NpUCyTCTBHE ocoOeHHOCTeH. Bo-niepBbIX,
3TO HaJM4He IIMPOKOW «IOJIOUKM» BBIXOJAa BOJOpOJA M3 I'MAPUIA THTaHA, I KOTOPOH
XapakTepeH nuanas3on Temneparyp 700-820 °C, a BTopast 0COOEHHOCTb — 9TO HAIM4IHE Y3KOrO
U MHTEHCHBHOTO NHKa IUPKOHHUS, pactoyioxeHHoro B obnactu 880 °C. B-TpeTbux, cpaBHHBas
HMHTCHCHBHOCTU NHKOB BHIHO, YTO IUPKOHHMII OoJiee MHTEHCHBHO IOTJIOIIAET BOJOPOJ IO

CPaBHEHUIO C TUTAHOM.

146



100 4

Y, oTH.eq.

404 /

200 300 400 500 600 700 800 900 1000 400 500 600 700 800 900 1000
TemnepatpyTa, °C TewmnepayTypa, °C

Puc. 2. Cnexrpsr TCI'B Bomopona nmomyuennsie Puc. 3. Cnextp TCI'B Bogopona u3 cucTeMbl
u3: 1— crumaBa Zr u Ti; 2 — Ti; 3 — crutasa Zr. Ti/Zr-1%Nb; 1 — wucxommbif; 2 — mocie
EKTPOTUTUYECKOTO HABOJOPOXKHBAHUS.
Ha puc. 4 npusenens! criektpsl TCI'B Bomoposma u3 obpasuoB cucremsl TiNx/Ti/Zr-

1%Nb ¢ pa3HBIMU KOHLICHTPALMSAMH BOAOPOJa. BHIHO, 4TO BO BCEX CIIEKTpax MPUCYTCTBYIOT
JIB€ 0COOCHHOCTH (CTYHNEHBKH WM ITHKH), OJHA MX KOTOPBHIX pacHolioxkeHa B obmactu 750—
800 °C, npyras — B obnactu 850—

100

900 °C. Takum obpasom, Ha

OCHOBAHHH ITOJIYYECHHBIX NaHHBIX

@
=}
N

0COOCHHOCTH OBLIH HACHTU(H-
LUPOBAHBI CICAYIOIUM 00pa3oM.

JleBas (750-800 °C) — pesynbTar

HuTencuBHOCTS, yon.en.

PpasIokKCHUA THApHUAa THUTaAHa,

npasast (850-900 °C) — pesynb-

TaT pasnoxxeHus ruIpuaa

T T T 1
400 500 600 700 800 900 1000
uupkoHus. V3 pucyHka BUAHO Temneparypa, T°C
TaroKe, U0 MHTCHCHBHOCTE  p,, 4 Cnekrpsl TCI'B Bogopona u3 00pasoB CHCTEMBI

JIMHHH, CBA3aHHON C THAPHIOM, TiNJ/Ti/Zr-1%Nb. Hymepauust KpuBbiX: 1 — HCXOJHBII.
HacplmeHnHbie BOZOPOAOM 10 KOHIEHTpanud, ppm: 2 — 77.0,
BO3pacTaeT OTHOCUTEIIBHO 3 — 141.7, 4 —294.2.

JIMHHUH, CBSI3aHHOU C TUAPUAOM LIUPKOHMUA, T. €. q)OpMPIpOBaHI/Ie ruipuaa TuTaHa MporuCXOoaUuT

¢ GoIbIIICH CKOPOCTHIO.
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©®OPMUPOBAHHUE I'/TAJKOI'O ITPOPUJIAA KPASA SIIMTAKCHAJIBHBIX
IJIEHOK ®EPPUT-TPAHATOB METOJOM MOHHOT' O TPABJIEHMS
THE FORMATION OF EDGE WITH SMOOTHED PROFILE FOR EPITAXIAL
FERRITE-GARNET FILMS USING THE METHOD OF IONIC ETCHING

O.A. Tomununa, B.H. bepxanckuii, C.B. Tomunun, A.A. CeipoB
O.A. Tomilina, V.N. Berzhansky, S.V. Tomilin, A.A. Syrov

Kagheopa sxcnepumenmanvuoii pusuxu, Puauko-mexnudeckuii UHCMuniym,
Kpvimckuii pedepanvreiii ynusepcumem um. B.M. Bepnadckozo,
npcen. Bepnaockoeo 4, o. Cumgpeponons, PO Pecnybauxa Kpoim, 295007,
e-mail: olga_tomilina@mail.ru;

The paper presents the results of investigation of the possibility of forming a
smooth edge profile of ferrite-garnet epitaxial films by ionic-plasma etching. It is
shown that when a nonmagnetic dielectric mask with big thickness is applied,
edge effects lead to the formation of an inhomogeneity of the plasma flow and the
formation of a smooth edge of the film near the mask. It is shown experimentally
that when the ferrite-garnet epitaxial film with a thickness of 160 nm is etching
using a mask with a thickness of 500 um it leads to the formation of a smooth

profile of the film edge about 10 pm wide.

st co3manusi BEICOKOYYBCTBUTEIBHBIX IaTYMKOB MarHUTHOro moinst (mopsiaka ¢To)
MOTYT TIPUMEHSTHCS  ONUTAKCHAIbHBIE IUIEHKM  (EeppUT-TPAHATOB, JICTHPOBAHHBIC
pEaKO3eMeIbHBIMH dJIeMEeHTaMH. Takue MIEHKH UMEI0T MOHOKPHCTAIIMYECKYIO CTPYKTYpy U
00J1a1a10T BBICOKOH CTENEHbIO CTPYKTYPHOTO COBEPIUCHCTBA. [IPUHIMII HCIIOJIB30BAHUS
TaKUX IUNIEHOK OCHOBaH Ha MarHUTOONTHYECKOM ddexre Papasies, Ipy 3TOM pacrpeieieHue
HAMarHW4YEeHHOCTH B IUIOCKOCTH IUIEHKH IIO3BOJISIET HE TONBKO (PUKCHPOBATH BEIHYMHY
MarHuTHOIO IIOJIs, HO M BU3YaJIM3UPOBaTh €ro pacupeneneHue. OQHUM U3 OrpaHUYUBAIOIINX
(haKkTOpOB, IMMUTHPYIOIIHX CKOPOCTh U 3(P(HEKTHBHOCTH TMHAMUYECKOTO IIepeMarHHuBaHHUs
TaKHX IUIEHOK, SIBIISIETCS 00pa3oBaHUE KPAaeBbIX JOMEHOB Ha OOKOBBIX TPaHsX IUNIEHKH. Taxue
KpacBble JIOMEHBl KaK OBl «IEIUIAIOTCA» 3a IMOBEPXHOCTHBIH Je(eKT KPHCTALTHYECKOH
pemérk (T.e. OOKOBYIO IpaHb IUIEHKHN). [IIs CHIDKEHNUS BIUSIHUS KPAaeBbIX JOMEHOB IIPOGUIb
Kpasi IJIEHKU CTaparoTCs CAeaaTh MAKCUMaIbHO CKPYTJIEHHBIM.

B nannoli pabore paccMaTpuBaeTcs BO3MOXKHOCTH CO3IaHMS TJIAAKOTO Mpoduiist Kpast
SMUTAKCHABHBIX IUIEHOK (peppUT-rpaHATOB METOJOM MOHHOTO TpaBieHus. IoHHoe
TpaBJIEHUE OCYIIECTBISIETCS Ha BakyyMHO#l ycraHoBke «MBY TM Ilnasma 06» (HUU TM,
3eneHorpan) B mwa3me Ar npu aasiennu 1 [1a (octarounoe naBieHne aTMOC(EPHBIX Ta30B HE
xyxe 5-1073 Ta). B n1anHOl ycTaHOBKe TUIa3Ma FeHepHpYETCs 3a CUET Tiieromero BU-paspsia

(13.6 MTI'u). TpaBneHne MOBEpXHOCTH 0Opasla MPOUCXOAUT 3a cuéT BU-cmerienus Ha
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NPEeIMETHBIN CTOJIMK OT He3aBHCHMOro rexeparopa (13.6 MI'm). OOwas cxema yCTaHOBKH
JUIsL. MOHHO-IIJIa3MEHHOTO TpaBJICHUs ITOKa3aHa Ha puc. l,a. Ilpy vOHHOM TpaBiicHMH Ha
MOBEPXHOCTD IUIEHKH HAKJIAIBIBACTCS «MAcCCHUBHas» 1o ToimuHe (mopsaka 500 MkMm) macka
13 HEMarHUTHOTO JMDJIEKTPHKa (KBapL, raJoJIMHUH-rajumeBblid rpanar). VoHbl aprona npu
B3aUMOJCICTBUM C IIOBEPXHOCTHIO IHAJICKTPHKA CO3JAI0T HABEJEHHBIN I10J0XKUTENIbHBIH
3apsl, Kak mokasaHo Ha puc. 1,b. KpaeBbie a¢ddexts Ha rpanune Macku (B TOM 4YUCIC H
MOJICBOE B3aMMO/ICHCTBHE MOHOB Ar' ¢ HaBEIEHHBIM MMOBEPXHOCTHBIM 3apsJOM) MPUBOIIT K
HCKPHBJICHHIO MOHHOTO IMOTOKAa M ()OPMHPOBAHHUIO I'paJeHTa CKOPOCTH TpaBieHHs. Takum
00pa3oM, BOIN3H IpaHUIIbI MACKH (pOPMHUPYETCs Kpaii MIEHKH € TIaKHM IPOpUIEM.
CneyeT OTMETHTb, YTO MCKPHBIICHHE JMHHUI HOHHOIO TOKA NMPUBOIHUT K YIIIOTHEHHUIO
IIa3Mbl BOJM3HM I'PaHUIBI MAcKH. B pesyibpTaTe 3TOro cpasy 3a mpesenaMH IJIajkoro Kpas
IVIEHKM BO3HHMKAeT YriayOleHHe B IOUIOKKE (IO OTHOIICHHIO K OCTaIBHOH 4YacTH

CTpaBJICHHOW MOBEPXHOCTH).
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Puc. 1 — Cxema dKcriepuMeHTa: a — IPUHIUIUAIBHAS CXeMa BaKyyMHOI YCTaHOBKH
«MBY TM Ilna3ma 06», b — cxema (hopMUpOBaHHS IIIAAKOTO TPO(UIIS Kpas TIEHKH.
Fig. 1 — The scheme of experiment: a — principial scheme of vacuum machine
“MVU TM Plasma 06”, b — scheme of formation of film edge with smoothed profile.

Ha pucyHke 2 mokaszaHbl CHUMKHM NpO(GHIS Kpas IUIEHKH, CACTAaHHBIE C IOMOIIBIO
mukpounnTepdepomerpa Jlunauka MUM-4, Ha puc. 2,a moka3aH CHUMOK B OeloM cBeTe, Ha
puc. 2,b — mpu MOHOXPOMATHYECKOM M3TyUeHUH C JUIMHOH BOJHBI A = 532 HM, Ha puc. 2,¢c —
YBEJIMYEHHBIH (parMeHT puc. 2,b. CIBUT MHTEPPEPCHIMOHHBIX MAKCUMyMOB OOYCJIOBJIEH
TEOMETPHUYECKOIT Pa3HOCTHIO X0/a OTPaXKEHHBIX JIyueil ¥ OJHO3HAYHO XapaKTEPU3YET BHICOTY
npo¢unst. Ha mHTEpdepeHIMOHHBIX CHUMKaX XOPOLIO BHIHO YIIyOJeHHe B MOIJIOKKE 3a
IpeieslaMy TIaKoro Kpasi IVIEHKH, oOpa3oBaBIIeecs 3a CYET UCKPHUBICHHS JIMHUM HOHHOTO

MOTOKA BOJIHM3H Kpas MackKu.
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Ha puc. 2,d mokazan HemOCPENCTBEHHO INIAAKUI NPOGHIb Kpasi INIEHKU, NOTyYESHHbIH
M3 aHalu3a MHTEP(PEPCHUMOHHON KapTHUHBI. BHUIHO, YTO NpH MCIONB30BAHMM MAcKH W3

rafoJMHUi-Ta/lIneBOro rpaHara ToamuHoH 500 MkM, 1 Ti€HKH —(eppuT-rpaHarta

TONIMHOM 160 HM MMpHHA II1aKOro Npod s TpaBiIeHHs cocTaBmiia nopsaka 10 MkM.

0 2 4 6 8 10 12

c d
Puc. 2 — PesynbTathl uccieioBaHus MpouIs Kpast IIEHKM MOCIIe HOHHOTO TPABJICHHS C

MOMOILIBI0 MUKpOHHTepdhepomerpa MUN-4: a — cHUMOK HHTEp(EPEHIIMOHHOM KapTHHBI B
Genom cBere, b — CHUMOK HHTEP(EPEHIIOHHON KapTHHBI IIPH MOHOXPOMAaTHYECKOM
H3JIy4eHUH C JUTMHOH BOJMHBI A = 532 HM, C — YBEIHUYCHHBII y4aCTOK CHHMKa Ha puC. b
(oT™MeueH KOHTYpoM), d — TpoduiIb Kpast TIEHKH.

Fig. 2 — The results of investigation of the film edge profile after ionic etching using the
micro-interferometer MII-4: a — picture of interference pattern in normal light, b — picture of
interference pattern in monochromatic irradiation with A = 532 nm, ¢ — zoom of area on

picture b, d — film edge profile.

Pabota BbInonHeHa npu GpuHaHcoBoi nopaepskke rpanta PH® Ne 19-72-20154.
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MOJEJHPOBAHHUE TEPMOCTHUMYJIMPOBAHHOT O F'A3OBBIIEJTEHUS
BOJOPOIA U3 Ti, Zr, Pd, Ni
SIMULATION OF THERMOSTIMULATED HYDROGEN RELEASE FROM
Ti, Zr, Pd, Ni

10.1. Tropun, H.H. Hukurenkos, B.C. Crimuenko, Ma Csione, Yxan XyHKy.
Y.I. Tyurin, N.N. Nikitenkov, V.S. Sypchenko, Xiaole Ma, Hongru Zhang.

HATL, Tomckuti norumexnuyeckuti yuusepcumen, np. Jlenuna, 30, Tomck, Poccus, 634050
zhanghongrul1993@gmail.com
INTS, Tomsk Polytechnic University, 30 Lenin Avenue, Tomsk, Russia, 634050
zhanghongrul993@gmail.com

Abstract. Thermo-stimulated hydrogen release (TSHR) at linear heating (1 °C s?)
from Ti, Zr, Pd, Ni with various thicknesses (0.05+1 mm) was investigated. The
models of hydrogen release were considering, taking into account the diffusion of
hydrogen atoms to the surface and the formation and desorption of hydrogen
molecules from the surface. Based on the models and experimental TSHR spectra,
a program for simulating the hydrogen release process was developed.

1. Benenme

IoBenenne BoxOpoJa B MeETaIax CTAaHOBUTCSA Bce Oosee  MHOTOILIAHOBOM
MEXIUCIHUIUTHHAPHO Mpo0ieMoii Ha CThIKe (PU3UKH W XHMHH TBEPOOro Teia. B acmekte
HPHUKIAIHBIX HCCICAOBAaHUNA NpH pa3paboTke Hakomureneidl Bojgopona [1] BakHO HM3Y4HTh
nporeccsl 1} (Hy3n0HHOTO BBIXOJa aTOMapHOTO BOJOPO/a Ha TIOBEPXHOCTb U KHHETHYECKHE
MeXaHU3Mbl (DOPMHUPOBAHHS M AeCOPOLMM MOJIEKYJ BOJOpOJAa C IMOBEPXHOCTH, BKIIOYAs
coBMecTHOe pemieHne IuGQY3HOHHBIX M KHHETUYECKHX ypaBHeHud [2-4]. B Hammx
HCCJICIOBAHUSX OCHOBHOE BHHMMAHHE YIENACTCS IPOLEcCy TEePMOCTUMYIHPOBAHHOTO
rasossiesnenust (TCI'B) Bopopoaa u3 Ti, Zr, Pd, Ni. Beuio npoBefeHo 3KcrepuMeHTaIbHOE
U3ydeHHE ¥ MOJIEIMPOBAHHE TpoleccoB AN((HY3HOHHOT0 BBIX0/a BOAOPO/A Ha OBEPXHOCTD
METAUTMYECKNX 00pa3loB M KHHETHYECKHX IIPOIECcOB (OPMHUPOBAHHS M JAecOpOLMHU C
MOBEPXHOCTH B BaKyyM MOJIEKYJSIPHOrO Bojaopoja. Vcmonp3oBamuch HpeaBapUTENbHO
HACBIIIEHHbIE BOJOPOJOM IUIOCKHE METaJUTMYeCKue 00pasibl Pa3IMYHON TONIMHBI HPH
JMHEIHOM TepMHYeCKOM HarpeBe. IIpoBeICHO COMOCTABICHHE PE3y/IbTATOB YHCICHHOTO U
AQHAJIMTUYECKOTO MOJICIIMPOBAHUS C IKCIIEPHMEHTOM.

2. MaTepuajbl H 3KCIIEPHMEHTBI

B pamkax cepud OKCHEPUMEHTOB HCIOAb30BaMCh MeTtawtsl Ti, Zr, Pd, Ni.
DNeKTpoNUTHYECKO! HackleHue nposouioch B 0,1-1,0 M pactBope H2SO4 B Teuenue 0.5-
72 4acoB npu mIoTHOCTH Toka 0,02- 0,2 A/cM? M HOPMATIBHEIX yCIOBHSIX.

Jias  wsydeHust mnpoueccoB au(@dY3MOHHOTO BBIXOZA BOAOPOJA M3  IUIOCKHX
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METAJUINYECKUX IUIACTHH OBUTH BBIIOJHEHBI SKCIEPUMEHTBHI 10 TEPMOCTHMYJIHPOBAHHOMY
razossizieneHnio (TCI'B) Bomoposa u3 06pasiioB pa3nuyHON TONIIMHBI B BAKYYM TIPH HarpeBe
co ckopocteio 1 rpam/c. Perucrpaumsi Bbixoma Bomopoma npu TCI'B ocymiectisiiach

KBaZpYyIOJIbHBIMH MaCC-CIIEKTPOMETPOM.
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Puc. 1. BKCHCPI/IMCHTEHLHLIC U pacYCTHBIC 3aBUCUMOCTHA TEPMO-CTUMYJIUPOBAHHOI'O Ta30BbIACICHUS
BOZIOPO/IaN3 IUIACTHHOK Ti 1 Zr pasnuuHoit Tomumusl. Karonuoe Haceimenwue: a) Ti: d = 0,17-1,05 mm,
t=6u, | =0.2A, HO+ HzSO4 (1IM); 6) Zr: d = 0,27 mm, t = 24 4, j = 100 MA/cm?, H,0+ H2SO4
(0,5M); d = 0,8 MM, t =21 u, j = 100 MmA/cm?, HO+ H2SO4 (1M). CkopocTs HarpeBa 1 rpajy/cek.

Ha puc. la npencrasnens! pesynsratel no TCI'B Bomoponda W3 MIACTUHKM THTaHA U
aNnnpoOKCUMAIMN 3KCIEPHUMEHTAIbHBIX KPUBBIX JUI O0pasioB pa3nuyHON TonuuHel [Ipu
JUIMTENBHOM (>24 yaca) KaTOJAHOM HachleHHH iacTuHku Ti B cnekrpe TCI'B mosiBisiercst
BTOPO# BBICOKOTEMIIEPATYPHBIH MUK, CBS3aHHBIN C 00pa30BaHMEM THAPHIHON (a3sl [4,5].

Ha puc. 16 mpexcrasnens! pesynstatsl mo TCI'B Bomopoma u3 umpkonus (2110) u
anmpoKCUMAIIMN 3KCTIEPUMEHTATBHBIX KPUBBIX JUIsl 00pa31oB pa3anyHON TOMIMHEL Bropoi,
BBICOKOTEMIICPATYPHBIl MUK, MOSABISAETCS y ZI Tpu IIuTenbHOM (>204ac) KaTomgHOM
HACBILIEHUH 00pasnoB ZI BOZOPOJOM M TAKXKe CBsSI3aHbI C 00Opa30BaHMEM U HAKOIUICHHEM
THIPUIHBIX (a3.

I'papuxkn TCI'B Bomopoma u3 Pd u Ni mnpencrasnenst na puc. 2. B obpasuax
nepexoAHbIX MeTawioB 4-6 mepuonoB VIIIB rpynmbl BogopoJ MOXKET HaKaITMBAaTBhCS B
3HAYMUTENIBHBIX KOJMYECTBAX B BHUJIEC TBEPBIX PACTBOPOB, HO BHICOKOTEMIIEPATYPHOIO IHKA
CBSI3aHHOTO C PAa3OXKEHHEM TUAPUAHBIX (a3 He HaOMIomaeTcs, Jake IPH 3HAYUTEIBHBIX

BpEMEHaX HACBILUICHUSA UX BOAOPOAOM.
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I DKCnepHMeHTaNbHbIi
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a) 0)
Puc. 2. DKcHepUMEHTaIbHBIE U PACYETHBIC 3aBUCUMOCTH TEPMO-CTHMYJIMPOBAHHOTO Ta30BbIICICHHS
Bogopoza u3 mractuok Pd i Ni pasmidmoit Tommuuust. Katognoe nacsimenue: a) Zr: d = 0,27 mm, t =
24 4, j = 100 MmA/cM?, Ho0+ H2S04 (0,5M); d = 0,8 Mm, t = 21 4, j = 100 MA/cMm?, H,0+ HpSO4 (1M);
6) Pd: d = 0,05 mm, t = 0,5 4, j = 100 MmA/cM?, HoO+ H2S04 (0,5M); d = 0,2 MM, t =20 4, j = 19
MA/cM?, H,0+ H2S04 (0,1M). Cxkopocts Harpesa 1 rpaj/cex.

3. MopenupoBanue npoueccos TCI'B
Judy3HoHHYIO COCTABISIOILYI0 OIMIIEM OJIHOMEPHBIM ypaBHeHHeM auddysun.

KOOpI[I/IHaTa X HallpaBJICHa MNEPHEHAUKYISIPHO OOKOBBIM TpaHsaM IIJIaCTHHBI, Ha4ajlo

koopauHat x = 0 B LeHTpe miactuHsl [4]:

an(x,t) %n(x,t) 3 E,
ot = D(t) Ox2 , D(t) = Doexp [— m]

Vder npoueccoB peKoMOMHALMM aTOMOB HA IOBEPXHOCTH B PEAKLUMSX [EPBOTO M
BTOPOTO MOps/IKa, Aecopoimy Mosekya H2 mo3Bossier KaqeCTBEHHO M KOIHIECTBEHHO BEPHO
onucats kpusble TCI'B st Ti, Zr (puc.1), Pd, Ni (prc.2) mpu rpaHHYHBIX YCIOBHSX:

. a - E,
Tinzr 40| =FKyexp ()N 3(0)

X=i5

3_11 — T _E_K’ 2 a
1D a"|x=ig = +K, eXP( kT) ng (i > t).
an — d
( +D $|x=i§ =+ ;,t)o‘lN
dN. d
Pd u Ni: 0 = Iu(E3, 0N — 2kNE (1)

dN
l d—tz = kN{(t) — v_3N,(t)
N+ N, + N, = N,

Hcmonb3yss MeTol KOHEUYHBIX pa3HOCTeH, Oblna pazpaboTaHa IporpaMMa Ha OCHOBE

MATLAB mis umutanuu storo auddy3nonHo-kuHeTn4eckoro mnporpecca. Ha puc. 1 u 2
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npeacTaBJICHbL

MOJEIUPOBAHUSA U DKCIIEPUMEHTA.

9KCIEpHMEHTalIbHAs (KpacHble) W pacyeTHas (YepHbIH) pe3ysbTaThl

Ta6nnua 1. [Tapametpsl B pe3ynbratax MoaeaupoBanus auddysun Bogopona B Ti u Zr.

O6pazent Ti 7r
on T Eg 274y
™ =FKpexp(——)N1(t);
I'pannanoe 9x |x=t% 0 ( kT) 1
on E.' d
yCIoBHE on i CEC) L. d
D Oxlyoyd +Ky exp < kT ) Ny (i 2’ f).
Ngry, oM 8-10% 1108
Edw}i °B 0,55 0,43
Do, cm?/c 10 3.7
Ko, em*/c 8109 28-10°
Ex’ 5B 3 33

Tab6nnua 2. [TapameTpsl B pe3ynbratax Moaenuposanus anddysun Bogopona B Pd u Ni.

O6pasen Do, 10-%cm?/c 010, CM? Ko, cM%c Vo, ¢
Pd 1,7 10 108 10°
Ni 7,2 2,3-10 108 2,5-108
Ny, eM™ Eqir, 5B Ei, 9B Ek, 9B Es, 9B
H-Pd 8-10% 0,23 0,38 0,47 0,25
H-Ni 1-10% 0,5 0,35 0,32 0,41
4. 3akaioueHue
IIpoBeneHO HKCIEPUMEHTAIBHOE HCCIENOBAHHE W MOJEIMPOBAHHE  IIPOLIECCOB

11 dy3nOHHOTO BEIXOJIa BOAOPO/A B BaKyyM M3 MPEABAPUTENBHO HACBHIIIEHHBIX BOJOPOJIOM
IUIOCKHX METaUIMYEeCKUX OOpa3LoB pPasiIUYHOH TONIIMHBI IIPH TEPMHUYECKOM JHUHEHHOM

Harpese. Meron IporpaMMUpyeEMOro TEPMOrasoBBIACICHUS BOAOpPOAa B  YCIIOBUAX

JIMHEHHOT0 HarpeBa IUIOCKHX METAUTMYECKHX 00pa3lloB pa3IMYHON TOJIIMHBI MPEJCTaBIsIeT
yIOOHBIIT METOX OMpEACICHUS] JHEPTUil AaKTHBAIMK, YaCTOTHBIX (DAKTOPOB, KOHCTAHT

CKOpPOCTH  KMHCTHYECKUX MPOLECCOB Ha IOBEPXHOCTH U  IPEAIKCIIOHCHUIHAIBHBIX

MHOXKHTENeH U SHepTUH aKTHBAHU AU (P Y3HOHHBIX IIPOIECCOB.
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Large substrate effect on the organic ion yields in SIMS analysis using Ar-GCIB

V. Cristaudo?, C. Poleunis!, P. Laha?, P. Eloy?, T. Hauffman?, H. Terryn?, A. Delcorte*

L Université catholique de Louvain, Institute of Condensed Matter and Nanosciences,
1 Place Louis Pasteur box L4.01.10, B-1348 Louvain-la-Neuve, Belgium
2Vrije Universiteit Brussel, Research group Electrochemical and Surface Engineering, Department of Materials
and Chemistry, 2 Pleinlaan, B-1050 Brussels, Belgium
vanina.cristaudo@vub.be

1. Abstract

This fundamental contribution on secondary ion mass spectrometry (SIMS) molecular
depth profiling investigates the variations of the secondary ion signals observed at the organic-
inorganic hybrid interface when using argon gas cluster ion beam (Ar-GCIB) as the analytical
beam. Depth profiling experiments were performed with a time-of-flight (ToF-)SIMS
spectrometer using different analysis beams: 30-keV Bis* versus 10-keVV Ar* with a cluster
size (n) of 800, 1500, 3000 and 5000 atoms, respectively. A 10-keV Arzooo* beam was used for
sputtering in all the experiments. Irganox 1010 and model polymers such as polystyrene (PS)
and poly (methyl methacrylate) (PMMA) oligomers were chosen. Silicon wafer and a polymer-
based substrate were employed to test materials with different stiffness, which is directly related
to their Young’s moduli, an important parameter in this study. Ar-GCIB depth profiles
systematically show ion signal enhancement of the characteristic fragments of PS and Irganox
1010 when approaching the interface with the silicon substrate, that can reach up to 60% for
[M1o10-H] in Irganox films deposited onto silicon wafers. This enhancement increases with
increasing n in both ion polarities. These results point out some ionization effects on the
observed signal enhancement at the interface. The experimental observations will be explained
on the basis of the physics of the impact of large argon clusters on different target materials and

the energy confinement of the ion projectile in the organic overlayers.

2. Introduction

In the past decade, large gas cluster ion beams (GCIBSs) using mostly Arzso-10000* clusters
rapidly became very popular in secondary ion mass spectrometry (SIMS) as a universal sputter
source for organic and polymer-based materials [1], in a large spectrum of applications ranging
from electronic devices [2] to biological analysis [3]. The great success of these sputter beams
is due to the minimal molecular degradation and fragmentation induced by the massive cluster
impact (closer to the concept of desorption) compared to that of smaller polyatomic projectiles
such as fullerene ions [4,5]. Furthermore, several groups have also reported considerable
benefits in the use of the Ar-GCIBs as analysis probe for biological imaging compared to the
more traditional bismuth cluster ion beams [6] due to a relative augmentation of the high-mass
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secondary ion yields. However, in conventional ToF-SIMS instrumentation, the application of
Ar-GCIBs as analysis beams is limited by the low mass resolution and mass accuracy that
prevents the identification of unknown peaks, as well as poor focusing properties and
sometimes, low ionization efficiency [6]. Recently, instrumental developments have led to the
construction of SIMS spectrometers where GCIB sources are operated either in quasi-
continuous mode to work in combination with an Orbitrap analyzer (3D OrbiSIMS) [7], or in
continuous mode bunching the secondary ion stream obtained with a high energy primary beam
(J105 Chemical Imager) [8], to achieve both high mass resolution and high spatial resolution
simultaneously. Therefore, we have entered in a golden age of SIMS where the GCIBs start to
provide new opportunities for molecular depth profiling and imaging of organic materials and
biological samples.

In this context, our contribution aims at clarifying the characteristic features of the depth
profiles when using Ar-GCIBs in a TOF.SIMS 5 instrument (IONTOF, Germany), especially
in the interfacial region. To achieve this goal, organic thin films were spin coated onto a harder
substrate, silicon. Irganox 1010 was chosen as the reference material because of its
fragmentation in the high m/z range, as well as the possibility to detect the molecular ion in both
negative and positive ion polarities. The results show that the effect of the silicon substrate on
the secondary ion intensities is larger when Ar-GCIBs are used for the analysis instead of the
usual analysis beams (Bin*). The comparison of different GCIB projectiles indicates that the
secondary ion intensities are also affected by the average energy per atom of the primary ions,
E/n. The possible causes of the observed effects, namely changes in the fragmentation,

sputtering, and/or ionization near the interface, are investigated in detail.

3. Methodology and major findings

In order to study the fragmentation, the signal enhancement for a given secondary ion
is described as the difference between the maximum of intensity (after normalization to 1)
shown at the interface between the organic overlayer and the substrate, and the intensity in the
bulk region of the depth profile (refer to Fig. 1). On the other hand, the position of the bump is
defined as the difference in sputter dose (ions/cm?) between the maxima of the given ion and
that of Si* in positive polarity or HSiOs™ in negative polarity. Positive Adose values indicate that
the bump is located before the maximum of the substrate signal, whereas negative values

indicate the opposite.
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Fig. 1. Definition of (a) ion signal enhancement for a given fragment, and (b) position of the bump.

Fig. 2 shows the ion signal enhancements and the positions of the maximum intensity
observed in the interfacial region for a series of characteristic ion fragments of an Irganox 1010
film on silicon in the positive polarity. One can observe that, for all the considered ions, the
intensity increases at the interface with the silicon substrate (see Fig. 2a: same in negative
polarity, not shown). In addition, the position of the bump becomes closer to the Si signal when
the m/z decreases (see green symbols in Fig. 2b). Finally, when considering different cluster
sizes for the Arn* analysis beam, the signal enhancements of all the reported ions increase as
E/n decreases or n increases. On the other hand, the position of the intensity rise at the interface
decreases as E/n decreases. These two trends are clearly observed also in the negative ion
polarity, suggesting that the ionization is not the predominant factor here (which determines
an enhancement in only one of the two polarities). Furthermore, the molecular ion C73H108012*

involves only an electron loss to be formed (thus, no bond cleavage is involved).
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Fig. 2. lon signal enhancement (a) and its location in relation to the substrate position (b) of
characteristic fragments of Irganox 1010 films at the interface with the silicon wafer observed in depth
profiling with four different 10-keV Ar,* analysis beams. In all the experiments, the sputtering was
performed by means of a 10-keV Arsgo* ion beam.
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Therefore, if fragmentation were the only factor to be accounted for the observed enhancement
effect at the interface, the ion CrsH108012* should not display any changes in ion yield.
However, this ion is showing a significant enhancement (0.28 with Arsoo*) similarly to the other
characteristic fragments considered in Fig. 2a, suggesting that ionization and/or sputtering

variations might play a role too.
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Fig. 3. a) lon signal enhancement shown by hydrocarbon ions of Irganox 1010 films on silicon wafer
observed in depth profiling with three different 10-keV Ar,* analysis beams. The aromatic ions are
reported in grey. The t-C4Hq" ion is a characteristic fragment of the Irganox 1010 molecule. b) Position
of the maxima of the hydrocarbon signals in relation to the silicon substrate, as a function of the cluster
size of the Ar,"™ analysis beam. In all the experiments, the sputtering was performed by means of a 10-
keV Arsgo* ion beam.

In the positive ion polarity, a series of hydrocarbon ions CxHy* have also been studied
as shown in Fig. 3 as a function of different Ar* cluster sizes. In each Cx (x = 1-8) series, the
more the ions are fragmented or dehydrogenated, the higher is the fraction of the ion produced
in the vicinity of the interface and the closer to the silicon substrate this ion will be generated.
It was evidenced by Cristaudo et al. by GCIB sputtering experiments [9] and Delcorte et al. by
MD simulations [10], respectively, that the kinetic energy of the Ara* cluster deposited in the
organic overlayer was partly confined at the interface with a harder substrate such as silicon
due to its much higher stopping power, resulting in a significant increase of the sputtering yield
in the interfacial region. In this region of the depth profile, dehydrogenated ions can be
produced in a more efficient way due to the transfer of a larger amount of kinetic and internal
energy (rotational and vibrational), which is directly released by fragmentation, resulting in an
increased ion signal enhancement as the H/C ratio decrease. Additionally, the fraction of the
ions produced at the interface as a function of the dehydrogenation should increase as one
approaches the interface from the organic overlayer, following the gradient of the energy
deposited by the ion projectile [11,12]. Finally, the ion signal enhancement increases when E/n
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decreases because of more efficient energy confinement at the interface with the silicon (see t-
CsHg"). This is shown in Fig. 3b where the more fragmented (dehydrogenated) ions are
generated in the very vicinity of the hard substrate. Therefore, from this figure is clear that the
fragmentation at the interface constitutes a crucial factor in determining the intensity
increase at the interface, as well as the maxima shifts.

In order to verify the hypothesis concerning the effect of the sputtering variation on the
signal enhancement at the interface (nanoconfinement effect [9]), Irganox 1010 films were
deposited on a soft PET substrate instead of silicon wafers. The fact that the effect is only
observed on hard substrates suggests that the sputtering must be playing an important
role in the observed phenomenon.

Fig. 4 shows the enhancement of the sputter yield volume in the ultrathin film regime
for Irganox 1010 overlayers on silicon wafer in two extreme sputtering conditions used in this
work — 10-keV Arisoo* (E/n = 12.5 eV/atom) and 10-keV Arsooo* (E/n = 2 eV/atom). The
experimental sputter yield enhancement factor is defined as (Y -1onm —Ybul)/Y-10nm and it
increases with decreasing E/n from 0.35 for Arisoo* to 0.55 for Arsooo*. This indicates that the
energy confinement at the interface between a soft material and a hard substrate such as
silicon becomes more efficient with decreasing E/n, explaining the effect of the E/n on the
ion signal enhancements and the relative locations of the bump with respect to the
substrate illustrated in Fig. 2 and Fig. 3, respectively for the characteristic fragments and the

small hydrocarbon ions Ci-s of Irganox 1010 on silicon.
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Fig. 4. Sputter yield volumes Y as a function of the thickness of Irganox 1010 films on silicon wafers for
two distinct sputtering conditions, i.e. 10-keV Arisoo* (open circles) and Arspe* (solid triangles). The
sputtered volume of the two thickest overlayers is based on profilometry data of the measured craters.
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4. Conclusions

This study demonstrates the systematic enhancement of the ion signals in the interfacial
region of the depth profiles of Irganox 1010 and PS 1k films when using large argon clusters
for analysis. Three different hypotheses are formulated to explain the observed phenomenon,
which advocate variations of sputtering and fragmentation at the organic-inorganic hybrid
interfaces, as well as ionization/matrix effects. First, our measurements indicate that the
sputtering yield increase in the ultrathin regime constitutes a major contribution in the observed
ion signal enhancements at the interface for Irganox 1010 films. It is also demonstrated that
more fragmented ions are generated closer to the hard substrate. Additionally, this fragmented
fraction increases with decreasing E/n as the energy confinement increases. Finally, the
sputtering and fragmentation changes are not the only variations that account for the ion
enhancements in the interfacial region since also ionization/matrix effects intervene, especially
in the negative polarity for the Irganox 1010 molecule.
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Solid surfaces exposed to ion bombardment or plasma radiation show complex structure
formation caused by processes on different time and length scales. In numerous applications,
continuum models have been shown to provide a realistic description of the complex
interaction on a macroscopic scale. In the development of the theory, the works of Sigmund,
Bradley and Harper, and Cuerno and Barabasi [1-3] are particularly noteworthy and have led
to a large number of further studies and extensions of the models. A large number of these
continuum models can be grouped under the term Kuramotov-Sivashinsky models [4-5]. In
their very general form, they simultaneously take into account processes of surface diffusion,
constant erosion, formation of highly symmetric patterns, motion of surface structures as a
consequence of obliquely incident ion beams, slope-dependent erosion, step morphology etc.,
and allow a far-reaching description of experimental results. At the same time, and this
makes these models very interesting, they are numerically very efficient and allow fast and
extensive parameter studies with high predictive power. However, continuum models require
knowledge of a large number of model parameters, which must be derived by a suitable
averaging procedure for known microscopic processes. This is mathematically very
challenging and analytical expressions are only available in a few cases. But modern high-
resolution techniques allow experimental studies of surface structures at the nanometer scale,
providing a wealth of information about the temporal dynamics of surface processes. And at
the same time, modern computers have opened up the possibility of applying statistical
techniques and machine learning methods to large amounts of data and in acceptable
computing time. In this talk, approaches will be presented that allow the unknown parameters
of general continuum models to be determined from experimental data. In the discussion, it is
assumed that detailed information on plasma or ion beam exposed surfaces is available, as it
can be obtained today with the highest quality using Atomic Force Microscopy (AFM)
measurements. In general, the problem is to find, for given experimental data, the set of model
parameters that minimizes a suitably defined error. For the case of detailed time series for the
surface profiles it is shown how this optimization problem leads to an Ordinary Least Squares

(OLS) problem (maximum likelihood problem). For its solution, different methods and
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approaches such as Ridge Regression and LASSO can be used [6-7]. However, this modeling
requires information from at least two consecutive snapshots of the sample surfaces. Only
then can the likelihood (or the Jacobian) of the model be calculated and conveniently
evaluated via the mentioned methods. This requirement is not always fulfilled and, in
addition, problems often arise with misalignment of the samples that have to be taken out of
apparatus between two measurements. Therefore, this practical problem and possible
correction methods will be addressed in this talk. If one has only one snapshot available, the
likelihood of the model can no longer be expressed analytically. In this case, completely
different methods have to be used. The possibilities for genetic algorithms [8-9] and neural
networks [10] are presented and discussed.
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I. Introduction to the HIRFL microbeam

When high energy heavy ions bombard into the condensed matter material, the projectile's
energy is transfered to the target's electrons and nuclei via comlumb interactions. For MeV to
GeV ions most of their energy is deposited within the radius of 1 nm around the ion trajectory
via electronic stopping power (dominant) and nuclear stopping power, which induces the
target atoms excited or ionized along the ion trajectory, and causes lattice damage in crystalls,
chain break or cross-linking in polymers, or forms nanoscale latent track in many materials.
Sucn kind of heavy ions from cosmic rays also produces single event effects (SEE) in
semiconductor devices, which is the main cause of malfunction and troubles of
microelectronics in spacecraft. In addition, the high energy heavy ions can induce complex

DNA damage in biological samples resulted in cell death and mutations.

A microbeam facility of MeV-GeV heavy ions collimates or focuses beam to micrometer
scale, and allows micro-irradiation and to study the spatial distribution of radiation effect in
heterogenous samples, which facilitates interdisciplinary ion beam application taking its
characteristic advantage. Based on the beam provided by the sector focusing cyclotron and
separated sector cyclotron of the Heavy lon Research Facility in Lanzhou, a focusing ion
microbeam facility was constructed in the Institute of Modern Physics of Chinese Academy
of Sciences at Lanzhoul. As shown in Figure 1, heavy ions with an energy range from
several MeV/u up to 80 MeV/u produced by the cyclotrons are collimated by a serries of
microslits and bended down to the basement vertically by 2x 45 bending magnets, and then
focused using high gradient quadrupole triplet (Q5-Q7) to form microbeam into air. The
curved beamline design can help form an effectively collimated beam object and isolate most
of the secondary radiation produced at the object slit from the experimenal platform. The
experiment platform consists of a vacuum chamber containing a channeltron detector and
vacuum microscopy, and an inverted fluorescence microscope (Olympus 1X-81) for in-air

irradiation and cell observation. The external microbeam's vertical endstation facilitates to
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irradiate living samples and observe sample with an off-the-shelf microscope, as well as

microelectronic devices with complicated peripherial connections.
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Figure 1. The schematic view of the Lanzhou single ion microbeam facility and the microscopic photo
of the etched single ion pattern written in PET polymer.
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The microbeam facility has successfully focused the GeV ions into a beam spot of several
micrometers. For example, beams with total energy of 0.4 GeV Nickel, 1.0 GeV Carbon or
2.2 GeV Krypton ion are frequently supplied at the Lanzhou microbeam, whose stop range
and linear energy transfer differ in about 100 times, with maximum stop range of 18.6 mm in
water for carbon beam. The data acquisition and beam control system was developed in house
using PXI modules from National Instruments, and the experimental system is capable of
energy spectrum measurement, single ion hit/ion counting, raster scanning, arbitrary pattern
irradiation and single event effect mapping. Single ion hit system have successfully realized
with 1 GeV 2C% beam and 2.2 GeV #Kr26* beam using the 10 kV electrostatic plate used as
beam switch. The multi-disciplinary micro beam experimental platform is also equipped with
a live cell imaging system with temperature control, microscopic imaging and positioning
systemll, The GeV single ion microbeam is routinely in operation for single ion hit for

polymers, single event mapping of electronics and living cell irradiation.

166



11. Application to Nanofabrication

When a specific ion beam produced by accelerator shoot into solid material, each
individual ion interaction with the target material in stochastic interaction process at atomic
scale. However, these ions deposits almost identical energy and induces same irradiation
defects at microscale after thousands of collides with the electrons on the ion trajectory.
Nanofabrication based on the high LET ion irradiation with nanoscale distribution of the
energy deposition is an emerging technique for production of nanochannel, nanopore and
nanowire structure. Their long penetration depth with few scattering and confined energy
deposition density is of great advantage for accurate geometry, ultra-high aspect-ratio
structure nanofabrication and low-cost mass production.
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Figure 2. The working principle of a magnetic gating nanochannel (left) and the SEU mapping using
the Lanzhou microbeam

Solid-state polymer nanochannels using single ion hit and latent track etching have been
fabricated at the Lanzhou microbeam facility. PET (polyethylene terephthalate) membrane is
irradiated with single Krypton or Nickel ions to create a single latent damage track through
the membrane, after UV sensitization and chemical etching, single asymmetric or symmetric
conical nanochannel is formed in the PET membrane. These polymer nanochannels have
exposed organic group at nanochannel  surface  which  facilitates the
modification/functionalization with organic or inorganic chemicals. Using the nanofluidics
composed of the PET nanochannel we discovered the electrical regulation of ionic
transportation dependent on cation valencel?. Through modification of DNA single strands
and magnetic nanoparticles onto the inner surface of a conical nanochannel by dehydration

condensation, a magnetic gating single nanochannels of sub-second response is also
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demonstrated®®. The ion transport study reported using PET nanochannels not only provide
insight into the surface charging control by inorganic ions and electrical field, but also
promotes the understanding of the functional mechanism of biological ion channel, the
nanochannel applications to ion separation, molcule sensing and recyclable desalination.

111. Application to single event effect study

The interaction of high energy heavy ions with semiconductor devices form a large
number of electron hole pairs due to high LET ionization, which instantaneously change the
local junction characteristics, generate transient current, distort the storage or working state,
and induce single event effect in the device. The single event effect induced by low flux
cosmic radiation, as the main factor causing the anomalies and failure of spacecraft, are of
particular concern to hte reliability of aerospace microelectronics and space exploration. High
energy ion microbeam is a powerful tools to study SEEs and to guide radiation hardening
design in the underground irradiation study using high energy accelerators. Compared with
broad beam irradiation which only gives the average SEE cross section of a whole device,
SEE mapping with a microbeam can provide the spatial SEE distribution and pisition the most
sensitive sub area of an integrated chipn containing sub functional areas and cell structures
such as the memory area, operation area, control area and address area etc. These
characteristic data is of great importance for SEE mechanism study as well as radiation
hardening.

The Lanzhou microbeam facility can perform SEE micro-analysis using beam with LET
of from 0.25 to 30 MeV/(g/cm?) and range of from 50 um to 10k um in silicon. The home
developed analysis system provides 4 analog inputs and 30 digital inputs/outputs with
maximum event sampling rate of 10 MHZ configured to acquire the SEE signals. The
microbeam first penetrates a 200-nm thick vacuum window and irradiate the device under test
in air. With the microscopic positioning and grating ruler monitor system the target DUT is
analyzed with single ions in micro-scale accuracy, and the analyzed area reaches centimeter
scale with the combination of beam scanning and motorized stage movement. Single event
upset, single event latchup, single event function interrupt and ion beam induced charge
collection analysis or imaging on FPGA, flash memory and diodes has been tested, and the
SEE spatial distribution and the radiation sensitive regions for different devices have been
obtained with 2.2 GeV Kr ionstl.
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Figure 3. Fast recruitment of XRCC1 to the microbeam hit position in living HT1080 cells.

1V. Application to biomedical study

DNA damage and repair induced by high LET ionizing radiation are of increasing
interests because of the clinical spread of radiotherapy using high energy carbon beams, and
also because of the cancer risk care in manned space exploration due to cosmic high energy
heavy ion rays. The GeV interdisciplinary microbeam at HIRFL laboratory in Lanzhou can
irradiate biological samples from living cell to mouse, address radiobiological questions
related to high LET ionizing radiation and promote the biomedical application of high energy
microbeam. In order to study the rapid response and repair process induced by ionizing
radiation in real time, we introduced the development of a live cell imaging (LCI) system at
the Lanzhou microbeam facility, which allows online fluorescence microscopy imaging
together with ion irradiation of living cells. It is found that the XRCC1 molecules were
recruited to the ion hit position within one second in the cells, and reached a maximum at
about 200 seconds post-irradiation, and then was followed by a slower release into the
nucleoplasm. The measured dual-exponential kinetics of XRCC1 protein are consistent with
the proposed consecutive reaction model and disclosed the transient process in the early DNA

damage response and repair cascade.
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Contemporary high technology electronics is oriented on possibilities use of multilayer
planar nanostructures [1]. These nanostructures are prepared in process of the planar layers
consecutive deposition. Every layer is characterized by own element composition, specific
crystallographic structure and must have the beforehand chosen thickness. After preparation
the structure can be exposed to diffusion or ion implantation treatment for the necessary
properties receipt. It is apparent that the parameter of depth element distribution is the chief
planar nanostructure characteristics. The depth element profile data can be obtained by the
analytical methods testing of the final technological product and these methods use on every
stage of the preparation process. At first glance, it would seem that the final product
diagnostics is enough procedure for the total characterization of planar nanostructures.
However, even combinated use of the analytical means does not always allow to obtain the
comprehensive interpretation of the similar objects internal constitution. Figure 1
demonstrates some peculiarities of the multimethods application approach. It shows
investigations results of the In-Al-As planar multilayer structure prepared on GaAs substrate
obtained by the Rutherford backscattering method (RBS), the X-ray fluorescence
spectrometry (XRF) and method of the X-ray diffractometry (XRD). RBS and XRD
measurements showed that the planar nanostructure constitutes the three layers sandwich with
some different elements concentration. Total thickness of the nanostructure construction on
GaAs substrate is equal to 0.35 um. X-ray fluorescence spectrum registered in the standard
XRF measurement conditions showed that the nanostructure contains As, Ga, Al and In atoms
as the host elements. The composite experimental data allowed to get the quality information,
only, about the depth elements distribution in this construction demonstrated the Al atoms
concentration increasing with the depth increasing. Furthermore, these investigations results
give grounds to suppose about absence of the epitaxy between substrate and coating. At the

same time, the more detailed information would be obtained in case of the analytical methods
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use on every stage of the planar nanostructure preparation. But the similar approach can not
be judged exhaustive one, too. Analytical methods must correlate with thickness of the
studied layer, does not bring structure distortions and shows the high diagnostic efficiency. In
principle, such measurements can be executed by use the RBS spectrometry [2]. Moreover,
PIXE measurements can be applied as the useful supplement characterized by high analytical
sensitivity [3]. However, this method in the conventional conditions application is not
correlated with tasks of the thin film element diagnostics. X-ray fluorescence spectrum
registered in this conditions is formed by the characteristical radiation yield by material layer,
which thockness is defined by the ion beam penetration depth. And the PIXE measurements
results are not free from the matrix effect. At the same time, the analytical tools dispose by
very effective experimental method, which allows to determinate the material elements
composition in surface layers with thickness 8-10 nanometers. This method is the X-ray
fluorescence spectrometry carried out in conditions of the total external reflection of exciting
beams (usually, MoKa. and AgKa) on studied surface (TXRF) [4]. TXRF measurements can
be beautiful supplement to the Rutherford backscattering diagnostics on every technological
stage of the multielements multilayers structures preparation. This method is the

nondestructive analytical procedure and it is free from the matrix effect.
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Figure 1. Testing results of multielements multilayers structure AsilngzAlos/AsiIngsAlos/
AlggAsiolno2/GaAs with layers thickness: 0.11 um/0.11 pum/ 0.12 pm/substrate executed after total
preparation by methods: XRD (a), RBS with channel step 1.9 keV/channel (b) and XRF with channel
step 20 eV/channel (c).

Main feature of TXRF spectrometry executed in the total external reflection conditions

is the feet that the yield of X-ray characteristic radiation is formed by very thin surface layer.
Its small thickness leads to decreasing of the background deposit in registered spectra.
Because of the background intensity defines the measurements contrast and level of the
spectrometry detection limit, TXRF method is characterized by very low magnitudes of this

parameter, which is on two order smaller as detection limits featured for the conventional
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XRF diagnostics. Figure 2 beautifully demonstrates this. Moreover, the matrix factor
influence absence on the registered spectrum allows to determinate the layer elements

composition by use the characteristic lines intensities, directly.
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Figure 2. The pattern of X-ray fluorescence analysis executed for the aqueous solution dry residue

contained Ca, Fe, Co, Zn, Zr atoms by the conventional XRF method (a), and use possibilities of
TXRF spectrometry (b). Channel step 26 eV/channel.
In conditions of the total external reflection of X-ray high energy exciting beam the

characteristic yield is formed by very thin surface layer. This fact allows to maintain that the
critical parameter of TXRF spectrometry is the radiation density of the exciting beam. This
parameter increasing can be achieved by banal augmentation of the radiation source power up
to the synchrotron use or by creation of the radiation concentration devices. The planar X-ray
waveguide-resonators (PXWR) elaboration was one most successful solution of this problem
[5]. The device is able to increase the radiation density in X-ray fluxes owing to greatest
distinction in widths of the X-ray source focus and the planar extended slit clearance of
PXWR. The waveguide-resonator including into the TXRF spectrometer optical scheme leads
to the detection limits reduction on two orders. Nevertheless, the high efficient possibilities of
the modified TXRF scheme can be realized in case of the studied speciment positioning
immediately near with PXWR output. It is connected with the fact that the PXWR forms X-
ray thread-like beams with nanosize width and visible angular divergence, which is near 0.1
degree. In result of this the beam radiation density formed by PXWR decreases with the
distance increasing from the PXWR output. When the distance is near 50 mm this parameter
exceeds the radiation density of beams formed by double slit-cut systems on ten times, only.

Figure 3 shows that in these conditions PXWR application is more effective in comparison
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with slit-cut systems use for the exciting beam formation. Moreover, further development of
TXRF spectrometry connected with PXWR specific construction application allowed to
decrease detection limits up to possibilities of mass-spectrometry [6].

PXWR

JSomm (+=80 nm) <

A "

S=1Sum S=15pm

50 mm
F »
[9)

——
Xeray yield
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Figure 3. Measurement geometries and TXRF spectra patterns for VV-Ta-C film coating on Al substrate
carried out at conditions of the hard X-ray exciting flux (MoKa) by the double slit-cut system (a) and
by PXWR simplest construction built on base quartz reflectors (b). BSW-24 (Mo) source regime U=25
keV, 1=10 mA, t=300 sec. Channels step 26 keV/channel.

TXRF measurements are featured by absence of the atmosphere evacuation necessary,

and all experiments are executed on air. TXRF investigations are usually carried out on the
specific technique, but, in principle, these measurements can be implemented by use the
conventional goniometer intended for X-ray diffractometry, which must be supplemented by
X-ray fluorescence recorder. So, we convince that the TXRF analysis can serve by beautiful
supplement for RBS study of multielement multilayer planar nanostructures in process of
means analytical control consecutive application at execution of every technological operation
of the planar nanostructure preparation.
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In this work, we study resonant charge transfer (RCT), which is important in diagnostics of
the surface composition by low energy ion scattering (LEIS-method). It should be noted that the
LEIS method has the best surface sensitivity [7-9]. In most experimental setups, positively charged
ions are detected; therefore, it is necessary to determine such characteristics as the probability of
neutralization and the scattering cross section, otherwise the analysis of the spectra of scattered

ions will give an inaccurate result in determining the surface composition.

From a practical point of view, consideration of adsorbate covered surfaces is of particular
interest. The high surface sensitivity of LEIS makes it possible to accurately determine the
concentration of adsorbates on the surface. However, the presence of adsorbates significantly
complicates the experimental and theoretical consideration of RCT in comparison with “clean”
surfaces.

The nature of the RCT between the atomic particle and the surface changes in the vicinity of
the adsorbate. A three-body process takes place [10]. In the case of adsorbed alkalis, the range of
action of adsorbates is quite large (10-15 A). The three-particle aspect (particle-adsorbate-metal)
leads to the existence of several quasi-stationary states, which are involved in the process of charge

transfer.

We consider a model system, consisting of an H- ion fixed near the Na* adsorbate atom on
the Ag (110) metal surface. Calculations are carried out for a clean surface and for a surface on
which there is an adsorbate located at a distance of 2.5 a.u. from the surface. Then two series of

calculations are compared each to other.

In this work, a three-dimensional implementation of the wave-packet propagation (WPP)
method is used. The essence of the WWP method is to find the evolution of the wave-packet of a
tunneling electron by numerically solving the nonstationary three-dimensional Schrddinger
equation.
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A moving atomic particle, metal surface and adsorbate are described by independent
pseudopotentials. Usually in theoretical studies, an atomic particle is considered as an atom or ion
with one active electron (for example, H® / H-, Li°/ Li*, Na*, K*) [13-15], which can be modeled
using an analytical pseudopotential (for example, the Jennings or Chulkov potential) [16, 17]. To

describe alkali adsorbate on metallic surface we use potential ref. [18].

The numerical solution of the Schrodinger equation gives the dependence of the wave
function of the tunneling electron on coordinates and time. By projecting the wave function onto
the ground state of an electron in an atom/ion, we obtain the survival amplitude of the wave-packet
in the initial state. The square of its modulus gives the probability of finding an electron on an ion

/ atom in the ground state (occupation of an ion / atom).

A(t) = (Yo (MY (r, 1)) )]

P@®) = A’ @

To study electron exchange, the following characteristics were calculated: the ion energy
level (E) and the ion level width (I'). The energy level is the potential energy of an electron located
on an ion / atom in the ground state. The level width characterizes the efficiency of the transition
of an electron from an ion or atom to the surface, i.e., the rate of decay of the ground state, and it
is inversely proportional to the lifetime of an electron in the ground state. These characteristics are

calculated using a survival amplitude of the wave-packet.

In the static study, when ion is fixed above the surface, the ion level width I'(z), which

characterizes RCT rate, is calculated from the following approximation:

A(®) = (Y| P(r,t)) ~ exp (—iEt)exp (—Tt) ®)

In this paper, to carry out a computational experiment, the Cauchy problem is solved for the
three-dimensional time-dependent Schrddinger equation (TDSE) with zero Dirichlet boundary
conditions. The initial wave function is specified as the wave function of the ground state of an
electron on an ion / atom. The ground state of the electron, as well as the eigenstates of the electron,
are determined by numerically solving the Schrodinger equation with a model pseudopotential. As
a result of the work, the regularities of the RCT process between the H- ion and the Ag (110)
surface covered with Na* adsorbate were theoretically studied. A system with a fixed ion position

was considered.

176



Figure 1 shows the time dependence of the occupation of the H- ion for a clean surface and
for a surface with an adsorbate. For a clean surface, this dependence has the expected exponential
decline. In the case of a adsorbate covered surface, one can note the presence of oscillations of the
occupation function P versus time. This character of the dependence, similar to the behavior of the
electron exchange between two atomic particles, is explained by the fact that the electron tunnels
both into the metal surface and back to the ion, intermediately "accumulating” on the adsorbate.

Figure 2 illustrates the efficiency of electron exchange as a function of the distance to the

a) b)

08

! i ! 0.0 L L

I
I
0 50 10 150 200 250 300 b ” o I w0

t t

Figure 1 Dependence of the occupation of the H- ion on time for various distances to the surface a) without an

adsorbate, b) with an adsorbate.

surface z in the case of a clean surface and a surface with an adsorbate. In this case, a local
maximum is observed. Its presence is explained by two circumstances. First, with a decrease in
the distance to the surface, the efficiency of electron exchange increases due to a decrease in the
potential barrier. Second, the closer the ion is to the adsorbate, the greater the oscillations of the
occupation function, which leads to a decrease in the efficiency value averaged over the interaction
time. In the vicinity of the adsorbate, the instantaneous value of the electron exchange efficiency
can be significantly higher than its average value due to a decrease in the potential barrier.
Nevertheless, on the contrary, its decrease can be observed due to the reverse tunneling of an

electron to an ion.
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Figure 2 Dependences of the ion level width " on the distance between the H- ion and the Ag (110) metal
surface in the case of a clean surface and a surface with Na* adsorbate.
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OLIEHEHHBIE JAHHBIE /151 CEUEHUIi IEPE3APSIIKI
EVALUATED CHARGE - CHANGING CROSS SECTION DATA
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Mockosckuii cocyoapcmeennuiii ynusepcumem um. M.B. Jlomonocosa,
HUUAD um. ]].B. Crobenvyvina, Mocksa, Poccusi.  nvnovikové5@mail.ru

A method based on experimental data, theoretical models, and the empirical
estimations of experimental parameters in the equilibrium charge distribution of ions
is proposed to evaluate charge changing cross sections. This method makes it
possible to obtain cross sections for loss and capture of one or several electrons in
gaseous and solid targets.

1. Beenenne

Bee ynpyrue u Heynmpyrue cedeHHs B3aMMOJCHCTBHUSI YacTHI[ C BELIECTBOM MOXKHO
pa3zenuTh Ha TPH KaTETOPUU — U3MEPEHHBIE C ONPEEICHHON TOYHOCTBIO, PE3yJIbTAaThl PacCYeTOB
Ha OCHOBE Pa3JIMYHBIX TEOPETHYECKUX MOJesel U olleHeHHble. Ha3HaueHne OleHeHHBIX JaHHbBIX
COCTOMT B TOM, YTOOBI COIJIACOBaTh MEXIY COOOH HMEIOIIHEcs] JKCIEePUMEHTAIbHBIE U
TEOPeTHYECKUE  Pe3yNbTaThl, HHTCPIOIMPOBATH HX B  00JIAcCTb  MapaMeTpoB, TaAe
9KCIIEPHMEHTAIbHBIX U TEOPETUYECKUX NaHHBIX HEJOCTATOYHO, PACIIUPUTDH JHATIA30H dHEPIHU U
0000IIUTE pe3yJIbTaThl Ha CIy4ail NPOU3BOIBHOI Iaphl “HOH — ATOM MHILICHH .

2. [lapamMeTpbI PABHOBECHOI'0 pacnpe/ieieHusi HOHOB M0 3apsiay
OCHOBHBIMHU XapaKTEePHCTUKAMH IS OMUCAHUS paclpeeSICH s HOHOB 10 3apsiy SBISIOTCS

ceuenus nepesapsaku o, . (E,Z,Z,) (9" # 0), e E — sneprus uoua, q u q’ — 3apsj1 HOHA JI0 U
1ocjie CTOJIKHOBEHUs, Z — 3apsin snapa WoHa, Zt — 3apan sapa aroma muiieHu. CedeHue
Goqk (E;Z,Z,) OTHOCHTCS K mpoueccy MOTEPH OJHOrO (k = 1) wm neckomekux (kK > 2)
9NIEKTPOHOB, a ceyenne o, (E,Z,Z;) x 3axBaty OaHOro (k = 1) nmm meckonpkux (K > 2)
9JIEKTPOHOB. [Ipn yBeIMYEHHM TOJNIIMHBI MHIIEHH IIPOIECCHl 3aXBaTa M MOTEPU DJIEKTPOHOB

HAYMHAIOT KOMIIEHCHPOBATh APYT APYyra, U yCTAHABIHBACTCSl PABHOBECHOE PacIpe/ielicHHe HOHOB

IO 3apsily, KOTOPOE XapaKTepU3yeTcs PaBHOBECHBIMH 3apsazoBbivu (pakuusmu F (E,Z,Z,).

BzanmocBs3p 3apsanoBbIX (pakimuid M ceueHHWi nepe3apsiKkd B PAaBHOBECHOM pacIpe/elIeHUH

MOHOB OIHUCBIBAETCSI CHCTEMOM OJJHOPO/HBIX ypaBHeHuit [1]:

> F.(E.Z,Z,) 06,4(E,Z,Z,)-F,(E.Z,Z,) ¥ 0,,(E,Z,Z)=0. 1)

q'#q q'#q

PaBHoBecHOE pacrpeacsI€HUC HOHOB 110 3apsaay XapaKTCepU3yeTCs CPEAHUM 3apsioM
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q(E.2,Z,) = Y.q F,(E.Z,Z,), @
q
M IIapaMeTpOM IIHPHUHBI PABHOBECHOTO 3apsiI0OBOTO paclpeesICHUs

[d(E.Z,Z)F =) (a-d(E.Z,Z2,)* F,(E Z,Z,). ©)

OMIUpPUYECKU METOJ MO3BOJSIET MOJMYYUTh IapaMeTpbl PaBHOBECHOTO 3aps0BOTO
pacrpeieneHust A MPOU3BOJIBbHOM Mapbl «MOH — aTOM MUIICHU» B IIUPOKOM AHAIA30HE SHEPTUH.
Meron OCHOBaH Ha MPEINOJOKEHHH, 4TO mapamerpbl (2), (3) sBISIOTCS HEHPEpbIBHBIMU U
IUIaBHBIMH  QYHKIMAMHA E, Z wm Zi, Bui KOTOpPBIX ONpERENseTCs Ha OCHOBAaHUH YCPEIHEHUS

OKCIIEPUMCHTAJIbHBIX JTaHHBIX. Haubosnee TouHBIMEH BBIPpXXCHUA IJIA CPECOHETO 3apsia MOHOB B

nuanazone 0<(/Z <1 cuuraloTcs COOTHOIICHHS [2], MONydYEeHHbIE OTIENBHO JUISL Ta30B

Ogss (B, Z,Z,) u B tBeproii Mumenn (., (E,Z,Z,). llorpeluHocTs 9KCIIEPUMEHTATILHOTO TApaMeTpa

d(E,Z,Z,) 3ametso Gombiue, yeM ((E,Z,Z,), 4To 00OBACHACTCS MOBBILICHHEM POJH 3apsLOBBIX

(bpakunﬁ MaJIol MHTEHCUBHOCTH W YBEJIIMUCHUEM HX TOTPEIIHOCTH. Z[.TI}I SMITUPUYECKOI0

onucanus mapamerpoB mmpusbl d(E,Z,Z,) B ra3zoo0pa3sHbIX W TBEpIAbIX MHILCHIX OBLIO
npemioxeno [3] ucnosnp3oBarek B Kauecte aprymenta ¢ynkumii d(E,Z,Z,) orHoenune a/ Z.B

5TOM ciydae oGmacts onpexenenns (yukumii d(q/Z) orpammdeHHa, 4TO YHOGHO IS
anMpOKCUMAIINHU YKCIIEPHMEHTAIbHBIX 3HAUCHUH B IIHPOKOI 00JIaCTH SHEPTUH.
3 OcHOBHBIE NIPUOIHIKEHHUS [IJIs1 IPOBeJICHUs OLEHKH CeydeHMi
AnmnpoKkcuManys 3aBHCHMOCTH CEUYCHHH IMOTEPH OJHOTrO 3JICKTPOHA M 3axBaTa OJHOIO
anektpona oqq+1(E,Z,Zt) B razax ot sHepruu MoHa E ocHOBaHa Ha SKCIIEPUMEHTAIBHBIX JAHHBIX,

TEOPETHYECKUX 3aKOHOMEPHOCTSIX M MpPUONMXKEHUH, B KOTOPOM cedeHue o, q.4(E,Z,Z,)

cuuTaercs HenpepsBHOW QyHkuuer or E, 0, Z u Zt u umeer He Oojee 0OJHOrO MakCUMyMa B
3aBHCHMOCTH OT SHEPIUH HOHA.

Ceuenue notepu omHoro snekrpona o, ., (E,Z,Z;) ¢ pocToM cKOPOCTH MOHA CHaYana

YBCIMYHUBACTCA H3-3a YBCIMYCHHUSA HMILYyJIbCa, IIEPEAaBa€MOIro aKTHUBHOMY OJJIEKTPOHY, a 3aTEM

yMeHbIIaeTest kak 1/E u3-3a cokpalienus Bpemenu Biaumoneiicteus. Ceuenue o, .,4(E,Z,Z,)

JIOCTUTaeT MaKCUMAaJIbHOIO 3HaueHus npu duepruu Eq = 50 |eq) MoB/uykion, rae €q — sHeprus
CBSI3M BAICHTHOTO JJICKTpOHAa B HMOHe. B obmactu smeprun E > Eq oTHOmieHue ceuyeHwmit

cq‘qﬂ(E,Z,Zt)/c (Eq,Z,Z[) OIKCHIBACTCS B IIEPBOM IOPSJKE TEOPHH BO3MYIICHHH U HE

q.q+1

3aBUCUT OT (|, Z u Zt.
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Ceuenne 3axBara OHOTO JJICKTPOHA MCIJICHHBIMH HOHAMH c1ab0 3aBUCHT OT OHEPrun

0,41(E,Z,2,) = const mpu E < 0.1 MsB/uyknon. B 1ol obnactu sHeprum, rie cKopocTb
CTOJIKHOBEHMSI O/NM3Ka K CKOPOCTH BAJICHTHBIX SJICKTPOHOB AaTOMa MHUILICHM, CHCTEMY U3
HAJICTAOIIET0 MOHA M arOMa MHMIICHH MOXKHO pacCMaTpUBaTh KaK MOJICKYIy C OOIIMMH
JNIEKTPOHAMHU B TOJIE€ ABYX KYJIOHOBCKHX LIEHTpOB. B oGmactu suepruu E > 0.3 MboB/uykmon
ceuenne o, 1(E,Z,Z,) GbICTPO yMEHBIIAETCS NIPH YBENUYEHHH E 1 €10 MOXKHO NpPE/CTaBUTh B
Buje crenenHol dynkuun o,.,(E,Z,Z,)c 1/E® npn E — oo, rae o > 0 — Ge3pasmepHsbIid
napametp. Pacuerst B OBK- npuOMmKeHny A1 MHOTO3apsIAHBIX HOHOB ¢ Z > 5 TalOT 3HAUCHUS
o(Z,) =45 s Zt <2, a(Z,) =35 s Zt=7, o(Z,) =3.0 wis Zt= 18 m a(Z,) ~2.85 wust Zt
>36.

Teneps, Koryia 3aBUCUMOCTD cedeHuii G, ., (E,Z,Z,) OT 5Heprun u3BeCTHA, UCTOb3yEM
cucreMy ypasHenuil (1) s Bblumcnenus 3apsnoBbix ¢pakuuu F, (E,Z,Z,). Pesynbratst

pacuera q(E,Z,Z,) u d(E,Z,Z,) MOTYT OTIHIHTCS OT SMITHPHUSCKHX 3HAUCHHIA agas (E,z2,2))

u d(qgasl Z). Bapuauwueii snauenuii o,.,(E,,Z,Z,) nocruraercs MUHMMAlbHAs Pa3sHOCTb
BBIUKMCIICHHBIX M IMIIUPHUIECKUX APAMETPOB!

| 4 (E.2,2)-4(E.2,2) [0, @)
| (@, /2)-d(E,Z,Z,) | —>0. ©)

Ormerum, uro ormiumus Bemuunn d(E,Z,Z,) u d(Qy /Z) Ha oToM STame OUEHKH MOTyT

nmocrurate 20 — 30%, 49TO CBSI3aHO C HEOOXOAMMOCTH JOMOJHHUTEIBHOTO ydeTa KPAaTHBIX
MIPOLIECCOB.

Z[.TUI BBIYMCIICHUSI CEUCHHI TIOTEpU U 3aXBaTa OAHOI'0 JJIEKTpOHA B TBEPALIX MHILICHAX

sol

Gq‘qil

(E,Z,Z,) ucnonb3yercst npuOIMKEHNE, B KOTOPOM OTJIMYHE CEUCHHIT Mepe3apsiiki B rasax
Y TBEPJIOH MHUILIEHHU CBOAUTCS K MaciITaGHOMY MHOXHUTEINIO [4]:

oqua(EZ,2) = o (E.2,2)x C,(E,Z,Z,), (6)

q,9+1

oa(EZ2,2,) = 6%, (E,Z,2)IC, ((E,Z,Z,). )

q.9-1

3asucumocts  Cy ((E,Z,Z;) or sHeprnu E yunTbIBacT HM3MEHEHME PONM  BO3OYXKICHHBIX

COCTOSTHMI MOHA M aTOMa MUILIEHH B TBEPABIX MUIICHAX 110 CPABHECHHUIO C Ir'a3aMH.
)Ianee Ha OCHOBC OKCICPUMCHTAJIBHBIX [JAaHHBIX CYHUTACTCA, YTO OCHOBHO# BKJaJa B

3apsA0BOC pacrpe€AcIC€HUE HOHOB JAal0T MPOLECChl NOTEPH M 3axBaTa OJHOI'O JJICKTPOHa, a
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KpaTHBIE HPOIECCH], KOTOpbIE OIMCHIBAIOTCA cedeHusMH o, (E,Z,Z,) ¢ k > 2, moxHO

a.9+k

paccmarpuBath Kak nonpasky. [Uis onucanus ceuennit o .., (E,Z,Z;) ¢ k = 2 ucnonssyercs

HpI/IGJ'II/I)KeHI/Ie, B KOTOPOM OTHOIUCHHE ceueHuit B Tponeccax MmoTepd U 3axBaTa HECKOJBKHUX
JJIEKTPOHOB HE 3aBHCHT OT 3apsijia HOHOB ( [5] 1 KoJnuecTBa akKTHBHBIX AJEKTPOHOB K:
gas
cSq,c|t(k+1) (Ev z ! Zt)
as
o™, (E,2,Z,)

a.qxk

W (E,Z,Z,) = ®)

GZ(,)LIu(kA)(E'Z’Zt)

W (E,2,2,) = o
Y onw(E.Z,2)

©)

Janee Bapuanueil BenmuuuH CH(E, 2,2)uW sol (E,Z,Z,) nocruraercs MUHUMaJIbHOE OTIIMYHE
a(E,Z,Z,) ot smmupuueckoro 3uavenns d, (E,Z,Z,) u d(E,Z,Z,) or d(qy, /Z):

| 0.(E2.2)-a(EZ.2) |0, (10)

| 4@ /2)-d(E,2,2) |- 0. (11)

MeTo/1 OLleHKH CeYeHHii Mepe3apsiki B TBEPAOH MHILEHH HCIIONB3YET TOJIBKO JBa BAPbHPYEMbIX
napamerpa, Cg,S(E,Z,Z‘) u W”'(E,Z,Zt), u mea coorHomenus (10) m (11) mis mx

onpezenenusi. Takoll MOAXOJ € OJMHAKOBBIM KOJIMYECTBOM HCIIOJIB3YyEMbIX COOTHOIUCHHI M
BapbUPYeMbIX [1apaMETPOB  OOECIEYHBAET OJHO3HAYHOCTH B  ANNPOKCHMAINM  CEYEHUH
HepesapsaK.
4. 3aki104yenue

JIis OLEHKH CeveHHi Mepe3apsiKi HOHOB MPEINIOKEH METOJ, KOTOPHI OCHOBaH Ha
9KCIICPUMEHTAIBHBIX  JAHHBIX, TEOPETHYCCKHX  MOJEISIX M OMIIHPUYECKOM  OLICHKE
9KCNEPUMEHTATBHBIX IapaMeTPOB CPEAHEro 3apsijia M IIMPHUHBI PacmpelelieHus 1Mo 3apsay B
PaBHOBECHOM 3apsiIOBOM pacrpenencHiy HOHOB. CeueHus Mepe3apsikd W CPEAHMH 3apsii s
noHoB ¢ 3apsaom sapa Z (5 < Z < 54) omuceBarorcst B obnactu sueprum ot 0.001 mo 50

M>B/HyKIIOH B ra3000pa3HbIX M TBEPJIbIX MUILICHSX.
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CHANGE IN CHARGING STATE OF INSULATORS IRRADIATED BY CHARGED
PARTICLES OF LOW AND MEDIUM ENERGY

E.Yu.Zykova, E.I.Rau, A.A.Tatarintsev, I.K.Gainullin,
K.E.Ozerova, V.V.Khvostov, K.F.Minnebaev

Faculty of Physics, Lomonosov Moscow State University, Moscow, Russia

e-mail: zykova@phys.msu.ru

In recent decades, ion-beam surface analysis methods are widely used for the diagnosis of
surface, thin films, micro- and nanostructures. Charging of insulators under ion irradiation
results in distortions and an energy shift of the spectral lines of analyzed charged particles, a
change in their intensity, as well as instability of the obtained spectra. All these effects make

both qualitative and quantitative analysis difficult.

1. Electron irradiation. It was found experimentally [1, 2] that the charged surface
potential of some dielectric samples (for example, crystalline sapphire) begins to grow not
immediately after electron irradiation switching on, but only after a certain critical irradiation
dose Decr.

In present work we have measured simultaneously the temporal dependences of
cathodoluminescence signal I;, and charged surface potential Vs. The experiments were carried
out in a setup installed in scanning electron microscope LEO-1455 [2].

Fig.1 shows the intensity of cathodoluminescence signal I, and surface potential of single
crystal Al203 (sapphire) as a function of electron irradiation time. The electron current density
Jjo=10"A cm™? electron energy E; = 5 keV. Curves 1 are plotted for initial Al20s, curves 2 - for

sapphire preirradiated by electrons with an energy of 1 keV and a dose of 2 «10%° cm-2,

ALO,, 5keV: 1 - initial, Figure 1. Dependences of
L4 2= prelminary electron:frradiation. 1* cathodoluminescence intensity Ic. and
surface potential Vs on electron irradiation
time (electron current density j =10-° A/cm?
and energy E =5 keV).

E

_: (1) - for virgin Al,O3 and

E, (2) — for Al,O; preirradiated by electrons
S with a dose of 2 x10?° cm? and energy of 1

keV.

0,0 0
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As seen from the Fig. 1, at the beginning of electron irradiation, an increase in
cathodoluminescence intensity (self-activation) is observed. After the I signal reaches its
maximum, the cathodoluminescence intensity drops. One can notice that onset of charged
surface potential is well correlated with the I signal kinetics both for virgin and
preirradiated sapphire samples.

We can see also that under 5 keV electron irradiation, charging of virgin Al2Os surface
starts after the time ter = 500 s, i.e. at the dose ® = j,t = 5-10% C/cm?. This fact can be
interpreted by taking into consideration a generation of radiation-induced defects. Since
initially perfect crystal has a very small number of defects (traps for electrons), the sample
does not charge. After formation of point defects in the surface region by continuous electron
irradiation, these defects trap primary electrons and charged surface potential started to
increase. The concentration of radiation defects generated during electron irradiation can be
deduced from the expression N,.qq(t) = fotjo Gdt, where G is a generation rate of radiation
defects.

According to [3] the number of electrons accumulated in volume unit n,.(t) can be
determined by a kinetic equation taking into account the trapping of primary electrons by the

defects created during electron irradiation:

D = 13 [Ny + Jy jo Gt =y | &)

where S is a cross section of free charge carriers trapping by defect levels, N;, — the total
number of initial (shallow and deep) traps in volume unit.

It should be notice here that critical dose ® = 5-10-3 C/cm? for 5 keV electron irradiation

is three times less than for primary electron energy of 15 keV. This fact can be explained by

the inverse proportionality between absorbed dose D., and the primary electron energy E,.

Indeed, the absorbed dose is defined as
jo ter E
Dy =272 [Gy] @

where j, is the current density of incident electron beam, e is the electron charge, p is the
1.5
material density, R, = cE"T — the penetration depth of primary electrons with energy E, in a

material with density of p, ¢ — constant. Substituting expression for R, into (2) we obtain that

critical absorbed dose is proportional inversely to EJ

Do = Jo _ter ) ©)

e cEJS
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2. lon irradiation. Our previous experiments [4] showed that under positive Ar* ion
bombardment the surface of insulators is charged to a very high positive potential. In addition,
we observed a significant increase in the yield of positive ions emitted from the surface. The
purpose of recent study was to investigate the reasons for such an ion emission enhancement
under medium energy ion irradiation of insulators charged to high potentials.

The experiments were carried out in a setup with a base pressure 10 Torr. Since the
experimental setup has already been well described elsewhere [4], here we summarize its
main features. 1-10 keV Ar* ion beam irradiates a bulk dielectric sample placed on a metal
substrate inside a grounded shield. The total current of both sputtered and reflected ions Ic is
measured by a hemispherical collector. The energy spectra of sputtered and reflected ions are
obtained in ion spectrometer equipped with MCP detector. The current from the metal
substrate I, represents the sum of the displacement and leakage currents. The charge
accumulated during the ion bombardment Q: was determined by integrating displacement
current over the irradiation time.

The experimental results for SiO2 single crystal are represented in Fig. 2 which shows the
temporal evolution of three main characteristics of ion charging: surface potential Vs,
emission current | and displacement current lo+L. The SiO2 sample was irradiated by Ar*ions
with the energy of 6 keV and current of 500 pA. One can see that surface potential
significantly increases and reaches its saturation of 4.5 keV. At the same time the ratio of
emission current I, of all positive ions emitted from the sample to primary Ar* ion current

tends to unity.

51 Si0,, Ar’, 6 keV Figure 2. Time evolution of SiO

surface potential Vs, emission current
I and displacement current Ip+L
normalized to primary Ar*ion current
1o =500 pA. lon irradiation energy is 6
keV.

In/[(!‘ Il + [)/[0

0 50 100 150 200
There can be at least three reasons for enhancement of positive ion emission. The first

reason is an increase of a number of backscattered positive primary ions. The second reason
could be an increase in secondary (sputtered) ion emission yield due to partial ionization of
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initially neutral emitted particles in positively charged sample layer or in the vacuum region.
And at last, the observed ion emission enhancement could be an instrumental artefact
associated with the emission of secondary electrons from metallic parts of spectrometer and
hemispherical collector by ions and atoms moving from the dielectric sample. These
secondary electrons are attracted by electric field of accumulated in the sample positive
charge. That can lead to increasing of the current measured by a hemispherical collector.

The energy spectra of ions emitted from the sample demonstrate two peaks which can be
qualitatively associated with the backscattered and secondary ions respectively.

Our estimations of the electric field induced by accumulated positive charges give the
magnitude ~10* V/cm. We carried out the numerical simulation which shows that under the
electric field of such an intensity the field ionization of neutrals in vacuum is not possible.
Therefore, we assume that an increase in secondary ion emission can be caused by the
selective emission of O* ions. It is known, that under low energy ion irradiation of solids, the
sputtering yield can approximated as y ~ E/U, where E is the energy of ions and U is the
cohesive energy of atoms in the crystal lattice [5].The electron exchange between implanted
Ar* ion and oxygen atom results in appearance of a hole at the 2p O level. The hole
localization at an O atom leads to a significant reduction of the cohesive energy in the lattice.
This can be the reason for the extra emission of oxygen ions sputtered from the surface due to
the momentum transfer mechanism.

Since Ar* ions are heavier than O* and Si* ions, the backscattered ion signal is not
expected to be high in the case of uncharged surface. However, it could grow up significantly
in the case of insulator surface charged to a high positive potential. Indeed, there is a lack of
electrons in positively charged surface region of a sample. It can lead to a decrease in
probability of primary ions neutralization due to various electron charge exchange processes
like Auger-neutralization and collisional neutralization.

E.l. Rau, A.A. Tatarintsev, E.Yu. Zykova. Nucl. Instrum. Meth. Phys. Res. B460 141, 2019.
E.l.Rau, A.A.Tatarintsev, E.Yu.Zykova, et al., Phys. Solid State 59 1526, 2017.

3. D.J. DiMaria, E. Cartier, D. Arnold. J. Appl. Phys. 73, 3367, 1993.

4. E.Rau, A. Tatarintsev, E. Zykova, et al., Vacuum 177 109373, 2020.

5. P. Sigmund, Physical Review, 184 383, 1969.
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BJIASSHAUE MHOT'OKPATHBIX PACCESIHUI HA TOYHOCTbD OIIPEIEJIEHUS
KOHIEHTPALIMU U30TOIIOB BOJAOPOJA NP UCITIOJIb30BAHUU ERBS
CIIEKTPOCKOIINHA
THE EFFECT OF MULTIPLE SCATTERING ON THE ACCURACY OF
DETERMINING THE CONCENTRATION OF HYDROGEN ISOTOPES USING
ERBS SPECTROSCOPY

B.II. Adanacses?, I1.C. Kans?, JL.T. Jlo6anopa®
V.P. Afanas’ev?, P.S. Kaplya?, L.G. Lobanova!

1 «HAY «MOH», yn. Kpacnokazapmennas 14, Mockea, Poccus, e-mail: vaf@vaf.su;
2 Hnoexc, yn. JIvea Toncmoeo 16, Mockea, Poccus
Abstract: A small-angle theory of elastic reflection of electrons from multicomponent
materials is constructed. A method for interpreting the signals of the Elastic Peak Electron
Spectroscopy (EPES) is developed, taking into account the multiple scattering effect.

Co3pganme amnmapaTypbl, I[O3BOJIMBINEH YCIEIIHO OINpPENeISITh IHUKH DJIEKTPOHOB,
KBAa3UYIPYro OTPA3UBLIUXCA OT pA3NMYHBIX SJAEP MHOrOKOMIIOHEHTHOro o0pasua c
JHEPreTHYECKHM  pa3pellieHHueM, YIOBIETBOpPSIOIEM KpuTepuio Penes, mnpuBeno K
BO3HMKHOBEHUIO HOBOI'O METO/Ia aHAJIM3a [MOBEPXHOCTU TBepAoro teina [1]. OTkpbulach HOBas
CocoOHOCTh DIeKTPOHHOH CHEKTPOCKOMHU — OMPEAEIISTh aTOMbI HCCIIEy MO MHUIICHH O
BEJINUYMHE AaTOMHOIO Beca. DBO3MOXHOCTH HOBOH  Pa3sHOBHIHOCTH  OJIEKTPOHHOU
Cnexrpockonnu  (3C), HasBanuoii Crexrpockonueit IlukoB VYmpyro OtpaxkeHHBIX
OnekrporoB (CITYOD), Obuin sIpKO IPOJEMOHCTpHpOBaHbl B padorax Maarten Vos [1,2],
KOTOpBI Ha3Bal JaHHYI0O Meroiuky asnekTpoHnbsiM Rutherford Back Scattering — ERBS.
CITYOD cusina ¢ OC 3amper Ha BO3MOXXHOCTH (pUKCAui B 00pasax M30TOMOB BOJAOPOAA U
renuss. C nosienenneM CIIYOD Bo3HHMKIA NOTPEOHOCTH CO3/IAHUSI METOIUKHA O0OpabOTKU
JKCIIEPUMEHTAIBHO U3MEPEHHBIX CIIEKTPOB JUISl MOTYUCHHUS! KONUYECTBEHHOH HHPOPMAIHH O
MOCJIOIHOM COCTaBE€ MCCIICAYEMON MUIICHH. JTO MPUBOIAUT K HEOOXOIMMOCTH PELICHHS Psia
3a7ad.

1. 3agaua omnpeneneHus IUIOMIAAM 1OJ TNHKOM, C(HOPMHPOBAHHBIM  YIIPYTrO
OTPaXCHHBIMH DJIEKTPOHAMHM, CBS3aHA C BBIYMTAHMS (POHA, CO3JAHHOTO HEYNPYro
paccesHHBIMU 3ieKTpoHamu. IToxoxast mpoOneMa BO3HHKAeT U B PEHTTEHOBCKOM
¢botoanexrponHoii ciekrpockornuu (POIC).

2. Vet BIUSHHSA MHOTOKPATHBIX YIIPYIHX PaccessHUil Ha YIIMPEHNE U CMEIICHHUE TTHKa

yupyro OTpPaXCHHBIX O3JICKTPOHOB B OJAHOKOMIIOHCHTHBIX 06pa3uax. B Clry4ac
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OJIHOKPaTHOI'O YIPYroro pacCesHMsl 3JIEKTPOHA Ha sJpe Ha yroial Yy MPOUCXOIUT
[OTEPs HEPTHH, CICAYIOLIAs U3 3aKOHOB COXPAHEHHUSI SHEPTUH 1 UMITYJIbCa:
AE:ZVmEO(l—cosy)z%"Eosingz (€H)]

I'me m u M — macchl a5eKTpoHa U spa, Ey — sHeprus HajeTaroliero sJiekrpoHa. M3
¢dopmyer (1) cnexyer, 4to, HapUMEp, NPH JABYKPATHOM PAcCessHUH Ha yTIIbI Y/ 2 DIIEKTPOH
HOMaJaeT B HHEProaHAIM3aTOp C MEHbIICH MOTEepel 9SHEPruM, 4YeM IMPU OJHOKPATHOM
paccessHUH Ha yros Y. TakuMm o0pa3oM, MHOTOKpAaTHOE yIpyroe paccessHue MPUBOAUT Kak K
YIINPEHHIO, TaK ¥ CMEILEHHIO HKa B 00/1aCTh MEHBIIHX 1OTepb dHepruu. [ToapoOHbIit anamm3
BJIMSHUS JaHHOTO ¢ dekTa Ha EPES curnan B 0THOKOMIIOHEHTHBIX MaTepHaiax MpeICcTaBiIeH
B pabore [3].

IocneoBatenbHOMY y4eTy BIMSHHMS MHOIOKPATHOIO YIPYroro paccesHHs Ha
uHTeHCHBHOCTH curHana CITYOD B MHOTOKOMIIOHEHTHBIX 0Opa3siax MOCBSIIEHA HACTOSIIAs

pabora. Heo6x01uMOCTb yueTa MHOTOKPaTHOTO PAaCcCEestHHs ILTIOCTPHPYET puc. 1.

0.6 -
- Li2CO3
o Vos
g 0.5 ---CaCO3
§ +Vos
0.4 - TiO2 |
e OVos
=030 - HfO2 |
[ Tl = Vos
o Teea
=02
2
o
S0.1¢
~
0
1 2 3 - 5 6 7 8 9

Number of Elastic Collisions

Puc.1 CymmapHast ”HTEHCHUBHOCTb JJIEKTPOHOB, YIPYTO OTPaKEHHBIX OT BCEX KOMIOHEHT
coenunennii Li2CO3, CaCO3, TiO2 u HfO2, siistromasicst pe3yibTaToM OHOKPATHOTO, IBYKPATHOTO
U T. A. IPOLECCOB YIIPYIoro pacCesHus. CIUTOIIHbIE JTMHUAN — pacdeT Ha OCHOBE TCOPHH,
NPE/ICTABICHHOMN B HACTOsIIEH paboTe, KPY>KKH, KpecTHKH 1 3Be3nouku — MC pacuer [2].

Fig.1 The total intensity of electrons elastically reflected from all components of Li2CO3, CaCO3,
TiO2 and HfO2 compounds, which is result of single, double and so on elastic scattering processes.
Solid lines — calculation based on the theory presented in this paper, circles, crosses and asterisks —
MC calculation [2].

OcoOblif  mHTEpec Jisi Hac OyAZyT TpPeACTaBIATh CHTyallUH, Koraa B
MHOTOKOMIIOHEHTHOIl MMIIEHH CEUEHUE YIPYroro paccesHus Ha OJHOH M3 KOMIIOHEHT

SHAYUTEIIBHO MPEBLILIACT CEUCHUE YIIPYT'Oro pacCeIHuA Ha nHTepecy}omeﬁ HacC KOMITOHEHTE.
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IIpuMepoM 37ech MOTYT CIyXKHTh YIJIEBOJOPOIHBIC 00paslbl, B KOTOPBIX, €CIH
ommpaTkcs Ha ceueHue Pesepdopra, cedeHHe ympyroro paccesHusi Ha yriaepoje B 36 pa3
[PEBBIIIACT YIPYroe ceyeHue BOomopoza. J{ys aHaiu3a BO3HHKIIEH CHUTYaldH PACCMOTPHM
CXEMBI JBHXCHHS YIIPYrO PAacCEsHHBIX 3JIEKTPOHOB, QOPMHUPYIOMINX YIPYTUid MK B CXeMax
OIHOKPATHOTO M IBYKPATHOTO YIIPYTOTO PACCESHMUSL.

BribepeM it KOHKPETHOTO aHaTi3a cuTyanuio Gopmuposanus EPES curnana B ciny4ae,
KOT/Ia IIOTOK JIEKTPOHOB (JOKYCHUPYETCsl B IHEPrOaHAIM3aToP 3a CYET OTPAKESHHST OT THKENOH
KOMITOHEHTBI. PacCMOTPHM BENHUYKMHY MOTEPH YHEPTHH IEKTPOHOB IPU PACCESTHUH Ha YTroi O

Ha C, Ha oTpe3ke ds:

dAE 2 ) 4 4 1
% = M—T:Eonc f: Wec(8) (1 —cos8)sindds = M_TZEOnCO'trC = ML:EO e )

IockoneKy ympyruii muK (OPMHUPYIOT SJIEKTPOHBI, CpeJHMII TpoOer KOTOPBIX He
npessimaetr IMFP, To moTepst sHEpruM 31€KTPOHOB, MHOTOKPAaTHO YNPYTO PAacCEesBIIMXCS Ha

C, cocTaBuT BCJIIUYHHY:

4m ., IMFP
AEyc =——E,
Mc lerc

©)

OLeHKH TOKa3bIBAIOT, YTO U1 cTanaapTHbIX ycinouid CITYOD skcniepumenToB A Eg-
COCTaBHT COTBIe HOIMHM JJIeKTpoHBonbra. DOKycHpoBKa IMOTOKa B JHEProaHAIN3aToOp C
paccessHHEM Ha BEPOSTHBIM Yroi YIpPYroro pacCesiHUsl HMPHUBOAUT K YMEHBIICHUIO HIIH

YBEHYEHHIO OTEPh SHEPTHHU Ha BOJIOPOJIE HA 3HAYCHHE:
AEy = fw—mEo f_ll sin @ dO(1 — cos 8)x.y (0) < 0.1 eV (4)
0

[pencraBineHHbIC OLCHKH IOKAa3bIBAIOT, YTO IPHU HAIMYMU TSDKEIOH KOMIIOHEHTHI B
MHOTOKOMITOHEHTHOH MHIIIEH! MBI HE CMOXEM YKCIIEPUMEHTAILHO 3aperuCTpUpoBaTh 3 Qext
cmemenust win ymmpenuss EPES mmka. OcHoBHON Lenmbio HacTosimieil paboTsl sIBISETCS
Ompe/ie/ICHHE BINSHUS MHOTOKPAaTHOTO YIIPYTOTO PaccessHUsl Ha OTHOLICHHE HMHTCHCUBHOCTEH

ITMKOB B MHOT'OKOMITOHCHTHBIX 06pa3uax.

1. Vos M. //Ultramicroscopy. 2002, v.92, p. 143.

2. Vos M., Marmitt G.G., Grande P.L. /Surface and Interface Analysis. 2016, v. 48, Ne 7, p. 415.

3. Afanas'ev V.P., Afanas'ev M.V., Lubenchenko A.V., Batrakov A.A., Efremenko D.S., Vos M.//Journal
of Electron Spectroscopy and Related Phenomena. 2010, v. 177, p. 35.
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COMPARISON OF THE SPATIAL DISTRIBUTION OF THE RADIATION OF
EXCITED PARTICLES SPUTTERED FROM THE GARNETS AND METALS
UNDER ION BOMBARDMENT

1.0. Afanasieva, M.O. Azarenkov, V.V. Bobkov, V.V. Gritsyna, I.I. Okseniuk,
D.l. Shevchenko

V. N. Karazin Kharkiv National University, 4 Svoboda Sq., 61022, Kharkiv, Ukraine,
e-mail: bobkov@karazin.ua

The development of modern science and technology makes high demands on functional
materials, a striking example of which is garnets, which are widely used as catalysts,
components of magnetic devices, lasers, etc. [1-2]. To use garnets in the above areas, it is
necessary to have information about radiation-induced processes occurring during the
interaction of particle beams, in particular, ions, with the surface of these materials. When
accelerated ions interact with the surface of a solid, a whole complex of processes is observed,
one of which is the emission of excited particles of a solid, followed by the emission of
electromagnetic radiation. Since the probability of the formation of an excited state in a
knocked-out particle depends both on the physicochemical parameters of the solid and on the
spectroscopic parameters of the excited state [3], the analysis of radiation provides information
on the main processes of interaction of ions with a solid.

The chemical formula for garnets is Y3MsO12, where M is a metal atom. The crystal
formula of the compound can be written as {Y3¥'""} {Me2"'}{Mes'V}O12, where three Y ions in
the (V1I1) dodecahedron are surrounded by eight oxygen ions, and the M atoms are surrounded
by four (in the tetrahedron - 1) and six (in the octahedron - V1) oxygen ions [4]. The properties
of garnets substantially depend on the properties of the M atom. For example, the lattice
parameter for yttrium iron (Y1G) garnet is 1.2376 nm and for yttrium aluminum (Y AG) garnets
it is 1.2008 nm, the melting points are 1828 K and 2203 K, the thermal conductivities are
8 W/sm-K and 0.13 W/sm:-K, respectively. In the work on purpose to elucidate the effect of the
garnet structure on the composition of flying-off excited particles, the spatial distribution of the
radiation of excited particles knocked out by argon ions with an energy of 20 keV from the
surface of garnet crystals of two types (YIG and YAG), as well as metals (Fe, Al, Y) included
in their composition, were studied.

Emission spectra in the wavelength range 250.0-800.0 nm were recorded and analyzed
using a detection system consisting of a MDR-3 monochromator and a photomultiplier PhMP-
106. The spectral sensitivity of the system was determined using a standard tungsten

incandescent lamp. A special nozzle on the inlet slit of the monochromator allowed to move a

190



slit of 0.1 mm wide along the image of the halo region above the surface of the target, that
permit to study the spatial distribution of the radiation of the flying-off particles.

The studies of the IFE spectra of garnets showed a significant difference in the spectral
composition of the radiation for the chosen garnets [5]. The spectrum of radiation observed
during ion bombardment of YIGs includes a large number of lines of the atomic spectrum of
iron (Fe 1). In the wavelength range of 400.0-600.0 nm for YIG, a continuous spectrum similar
to that previously studied for transition metals was observed. Yttrium lines are practically

absent in the spectrum (Fig. 1a). At the

——
Fel same time, the emission spectrum of excited
a, .
' | ) particles sputtered from the YAG surface
I YI-? i i X
[ — contained a large number of intense lines of

o
UUIMWM)& the atomic and ionic spectra of yttrium (Y 1,
f MAAMAY

AL et Y .II).(Fig. 1b) a-nd a number of intense
! N emissions of aluminum atoms (Al ). When

b comparing the emission spectra observed

l during the ion bombardment of YIG and Fe,

! which was part of it, it was found that a

number of very intense lines of the Fe |

spectrum were absent in the case of pure

T T T T
(=] = = (=]
9 o — o " . o
- N - = metal in comparison with YIG. There were
,nm

no lines of aluminum ions (Al II, Al Il1)
Fig.1. Fragments of the IPE spectra for (a) YIG

and (b) YAG.

observed for metallic aluminum in the YAG
emission spectrum [6]. In addition, two
lines of the spectrum Al | of AA 257.5 nm and 669.6 nm were absent in the YAG spectrum,
although they were observed for pure aluminum IFE spectra [7].

The analysis of the obtained experimental results allows us to draw a conclusion about
the influence of the structure of the studied material on the processes of formation of excited
particles. It is known that when a solid is bombarded with medium-energy ions, the excitation
of particles in the excited state can occur as a result of various processes, including multiple
collisions, the development of linear collisions, the break of chemical bonds [3], dense
nonlinear collisions [8] and etc. Information on the type of process resulting in sputtering of
particles can be got studying the energy spectra of these particles. To study the energy spectra,
we used a method based on measuring the spatial extension of the halo of excited particles

flying away from the surface of a solid body.

191



It follows from the obtained results that both the excited iron, aluminum, and yttrium
atoms, and the yttrium ions knocked out of garnets, belong to two velocity groups of particles
(Fig.2): slow (kinetic energy of the order of 100 eV) and fast (kinetic energy of several keV).
In addition, for some lines present in the spectra of garnets, it was possible to record the
radiation of very slow particles. For example, for the A385.9 nm Fe | line, the kinetic energy for

pure iron particles was 150 eV, while for YIGs they were in the range of 10-14 eV.
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Fig. 2. The typical view of the spatial distribution of excited particles radiation:
(a)A412.8nm Y I; (b) A 371.0nm Y II.

Based on the analysis of the results obtained in the studies of the spatial distribution of
excited particles knocked out from garnets and corresponding metals, the contribution of
various processes occurring during ion bombardment of garnets of different composition in the
yields of excited particles in different electronic states was established. The explanation of the
differences in spectral composition observed in the study of two types of garnets and the metals
being part of their composition, was given.
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PACYET SIIEPHBIX TOPMO3HbIX CHOCOBHOCTEM
B KBABUKJIACCUYECKOM NPUBJINXEHUU

CALCULATION OF NUCLEAR STOPPING
IN THE SEMICLASSICAL APPROXIMATION
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The paper presents the results of calculating nuclear stopping powers in the
semiclassical approximation. It was found that in the presence of a well in the
interatomic interaction potential, an additional maximum appears on the dependence
of nuclear stopping powers on the energy of the bombarding particles. When using
the universal potential without a well, this feature is absent.

3HaHue NoTeph SHEPTUH IIPH TOPMOKEHUH YaCTHUIL B BEIIECTBE HEOOXOAMMO Il HOHHOI
WUMIUTAHTAllMM, T[PH IPOM3BOJACTBE TOHKHX IUICHOK, IS Da3BUTHS METOAOB aHAIM3a
MOBEPXHOCTH, OYUCTKE TOBEPXHOCTH, IPH BO3JCHCTBIN Ha CTEHKU TEPMOSIICPHBIX YCTPOHCTB,
IPH MOBPEXKACHUH MAaTEPHAIIOB B SJIEPHBIX peakTopax. s OnucaHus TOPMOXKEHHUS YacTHI] B
BEIIECTBE UCHOJIb3YETCS MTOX0/I, KOTOPBIIl pa3InyaeT MOTEepH IHEPTHHU, CBI3AHHBIC C YIIPYTUM
paccessHMEM HaJIeTAIOIIeH YacTHIBI HA SApaX AaTOMOB MHMILNCHH (SJCPHBIE TOPMO3HBIC
ciocooHoctH, STC), m osnekrpoHHBIe TOpMO3HBIE cnocobHoct (DTC), cBs3aHHBIE C
BO30yXKIECHHEM M HMOHH3alMeil B3aMMOJICHCTBYIOMMX aTOMOB. JIisl JIErKHMX aTrOMOB IIPH
SHEPrusx Bbllle HeCKOIbKUX K3B nomunupyior OTC. B npucreHouHOH 11a3Me ToKkaMaka, rie
sHeprun vactun cocrasisiror 10-200 »B, nomunupyior SATC. [Tonumanue B3auMoneHCTBHS
YaCTHIL IIa3MBI C TIEPBOi CTEHKOH TOKaMaKa SIBJISIETCS] OHOM U3 OCHOBHBIX POOIIEM, KOTOPBIE
HE00X0MMO PELIUTb JUIsl YCIICIIHOH paboThl TOKaMaKa-peaKTopa.

B pacuerax u npu KOMIIBIOTEPHOM MOJIEIMPOBAHUH B3aUMOIEHCTBHS YaCTHI] C TBEPJIBIM
TENOM YacTo HCmoNb3yercs: "yHuBepcanbHblii" morenuman ZBL [1]. Tlpu Gosee ToOYHBIX
pacyeTax HCIOJIB3YIOTCS IOTCHLHANBI, IIOJy4YCHHBIC B HPUONMKEHUH (YHKLMOHAIA
wiotHoctH (DFT - morenuuanst) [2,3]. Ha puc. 1. npusenenst norenunans: ZBL u DFT st
cuctemMbl H-C B 3aBHCHMOCTH OT pacCTOSIHUSI MeXAy atomamu. B mortenumane DFT

HPHUCYTCTBYeET siMa rryonnoit Uo=3.5 3B.
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U(R), aB

Puc. 1. 3aBHCHMOCTD OTEHIHAIA B3AHMOACIICTBIS OT PACCTOSHUS MEXKLY aTOMaMH IS Tapbl
H-C. HItpuxoBas muHus — noreHuuan ZBL, crutorunas nuHus — norexuuan DFT. [ny6una simsl B
norennuaie oboznauena Uo.

HpMMeHI/IMOCTb KBA3UKJIACCUYECKOTO0 PACCMOTPEHHUS 3a]a4u CBOAUTCS K YCIOBHIO:

d(z5)
% «1

rze, A(x)=2nh/p(X) - neGpoiiieBckas JMHA BOJIHBI YaCTHIBI, X — KOOPIMHATA YaCTUIEL. Takum
00pa3oM, JUIMHA BOJHBI YACTHI(BI JOJDKHA MajJo0 MCHAThCA HA NPOTSDKEHUH PACCTOSHUM
HOPSIJIKA, XapaKTePHbIX I M3MEHEHUs MOTeHIMana. B HameM ciydae 3TO paccTosiHHE HpH
MaJIBIX SHEPTHAX COBNAMAET C PA3MEPOM TOTEHIMANBHOM aMbI @ ~ 1 A, Kpurepnii A/27 < 0.1a
BBITOJIHACTCS I aTOMa BOJIOPO/Ia BILIOTH Jio 3Hepruit E > 0.3 3B.

Ecnu BepHYTbCS K KPUTEPHIO MPUMEHUMOCTH KIACCHYECKUX PAcdeTOB, TO OOBIYHBIN
KPUTEpUil IPUMEHUMOCTH KBa3UKJIACCUKH T OMUcaHus paccesuus 00> 1 B ciydae pacuera
TpancnoptHoro ceuenus wiu STC cBomutcs k Oosee mpocToMy YCaoBuio {>>1, T.K. OCHOBHOM
Bki1an B ceuenne SITC BHOCAT yriabl mopsiaka O ~ 1.

CedeHne SIIEPHOTO TOPMOXKEHHS Sn BBIPAXKAETCS 4epe3 TpaHCHIOpTHoe cedeHue Qi
CIIEYIOIHM 00pa3oM:

5. _ g, 2MM,
T (M, + My)?

3neck M1 1 M2 — Macchl cTalkuBaronmxcs 4actul, Eo — sHeprus naneraronieit yactuis B JICK.

Ey
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Mortt 1 Mop [4] npeanoxunu juist TpaHCIIOPTHOTO CedeHust HOpMyIy:

41
Qur = 77 ) (+ 1) sin?(8 = 61,)

=0
3neck K — ummysisce B CLIM, £ - opOuTaisHOE KBAHTOBOE YKCIIO, S¢ - pa3a paccestHus.

da3a de B KBa3HKIACCHYCCKOM MPUOIMIKEHUH OLIpeseNsieTcsl BhpakeHueM [5]:

o 1\2
(+3) L
51:.[ Zﬂ[Ecms_U(r)]_r—z_k dr+i(l+z)—kro

To

roe [ — MeXbAJepHOE paccrosHuhe, M - mnpuBeaeHHas Macca (u=MiM2/{Mi1+Mz}),

Ecms — sneprust B CLIM, U — noTeHIian Me)xaToMHOTO B3aHMOACHCTBHSI.

3/1ech T0— KOPEHb ypaBHEHHSI:
2
(1+3)
2u[E s — U(ro)] — Yz T 0
0

PeSyJ'II)TaTI:I pacdeToB  AACPHBIX TOPMO3HBIX IIOTEPh B  KBAa3HKIACCHYCCKOM

IpUONIDKEHUH TIpUBeIeHs! Ha puc. 2. OHM XOPOIIO COTJACYIOTCSA C PacyeToM € HMOMOLIBIO

KJIACCHYECKOM MEXaHUKH, KOrJja NPUMEHUMO MOHATHE TPACKTOPHH.

1.0
H-C — Knaccuka, DFT

e Kga3zuknaccuka, DFT
- - - - Knaccuka, ZBL

n

S, 10™°-cM*-5B/atom

00
10" 10" 10°
E, »B

Puc. 2. 3aBHCUMOCTb CEUCHHS SAEPHOrO TOPMOXKEHHS OT SHEPIUU HAJIETAIONIEH YaCTULBI IS
napsl H-C. IlItpuxoBas muunst — "kinaccuka" n norenuuan ZBL, crutonnas auaust — "kiaccuka” u
norentman DFT, Touku — "kBasukiaccuka" u moreHuuan DFT.
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CoBrnazieHHe pe3yJIbTaTOB PAcyeToB MO KJIACCHYECKOH MeXaHHMKe M B KBa3HKJIACCHYECKOM
NpHOTMKEHHN CBS3aHO C TeM (paKTOM, YTO MPH pacyueTe TPAHCTIIOPTHOTO CEUEHHUs KPHTEpUi
HPUMEHMMOCTH € >> 1 BBINIONHAETCS BILIOTH JIO TETIOBBIX SHEPTHIA.

Jlyis Bcex cHCTeM C MOTEHLIUAIBHON sMoi B 3aBucuMocTH ceueHus: SITC HaOmomaeTcs

JIOTIOJIHUTENBHBIN [THK IPH HEOOJIBIINX SHEPrHsiX coynapeHus (puc. 3).

25

—=— O-Alx0.5
—o—0-Be
——C-0

S, 10™-cm*-5B/atom

n

O P PR PR n
10° 10" 107 10° 10°* 10°

Puc. 3. 3aBucumocts ceuenust ATC oT sHEPruM coymapeHus Ui pa3inyHbIX CHCTEM.

BuaHo, 4TO IIpU HAJTMYMH SIMBI B ITOTEHIHAJIE B3aUMOJCHCTBYSI B 3aBHCHMOCTH CEUCHUS
SIIEPHOTO TOPMOJKCHHSI MOSBIIACTCS MakCUMyM. TO €CTh HCHOJIB30BAaHHWE YHHBEPCAIHLHOTO
NOTEHIIMAJIA MOXKET NPHBOJMTH K CYLIECTBEHHBIM OIIMOKaM B ONpPEACICHUH TOPMO3HBIX
cnocoOHocTel wactun. Hanuywe JONMONHUTENBHOTO MAaKCHMyMa JOJDKHO 00S3aTelIbHO

YUUTBHIBATBCA IPU pacHETE TOPMO3HBIX IOTEPL YaCTHUL B l'lpldCTeHO'-lHOﬁ IJ1a3M€ TOKaMaka-

peakropa.
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PEAJIM3ALINSA HEPABHOBECHOI'O OXE - TIEPEXO/JA ITPU PACIIBIJIEHA M
MOBEPXHOCTEM KOPIY CKYJISIPHBIMHY 30HJIAMHM

IMPLEMENTATION OF NON-EQUILIBRIUM AUGER - TRANSITION DURING
SPRAYING OF SURFACES BY CORPUSCULAR PROBES
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TeopeTuyeckn OGOCHOBBIBAECTCS —MPEJTIONOKEHHE O  BO3MOKHOCTH  BO3GYHIEHUS
HepaBHOBeCHOTO Oyke — TIepexoja B pPaMKaX OJMHCCHOHHOH Ojke - CHeKTPOCKOTIHHL.
TIpoBe/IeHO BBIYMCIEHHE BEPOSTHOCTH HepaBHOBecHOro Ojke — MEPEXosIa, ero CKOPOCTH, a
Take CHAT OKe — CIEKTP C IEbI0 BHISBJCHHS B HEM JOKATBHBIX HEOTHOPOHOCTEH,
OTBEYAIONIMX MPOSBJIEHHIO HepaBHOBecHOTO Oke - SddekTa. PesynbTaThl MOKA3HIBAIOT, YTO
SMHCCHS HepaBHOBeCHOTO (e — DJNeKTpOHAa AaTOMHOH CTPYKTYpOH XapakTepusyeTcs
BpeMeneM penakcarmu T ~10c.

Theoretically, the assumption is based on the possibility of excitation of non-equilibrium
Auger - transition within the framework of emission Auger - spectroscopy. The probability of
the non-equilibrium Auger transition, its speed was calculated, and the Auger spectrum was
also removed in order to identify local inhomogeneities in it that correspond to the
manifestation of the non-equilibrium Auger effect. The results show that the emission of the
non-equilibrium Auger-electron by the atomic structure is characterized by a relaxation time
of 10,

Pacnbiienne JacTUIlaMU  KOPIYCKYJIAPHBIX  30HAOB  MHOI'OKOMIIOHEHTHBIX U
MHOFO(baSHle ﬂOBerHOCTeﬁ MpEeACTaBIACT GOJIBIION HHTEPEC KaK C TOYKHA 3pCHUA
TMOJIY4YCHUA 0oJiee TOJHOM KapTUHBI COCTOAHUS aTOMOB IIPUIIOBEPXHOCTHOTO CJIOsA, TaK U I
pelIenus psijia NPUKIAIHBIX 3a1a49 [1]. DTo crano Temoii 06CyKIeH!s HECKOJIBKIX JIOKIIaZI0B
MexayHapoHoit koHpepenunn «BUMC-18», « BUMC-19» [2]. AKTyaJibHOCTb HPOBOAMMBIX
HaMu HCCHe,ZlOBaHHfI 000CcHOBaHa TIOJTy4CHUEM L[OHOJ'IHI/IT@J'II:HOI‘/'I I/IH(i)OpMaLlI/IH u3 Oxe —
CHEKTPOB B IMPOLIECCE COBEPIICHCTBOBAHMS ONTUYECKUX YCTPOMCTB, B YACTHOCTH,
pasperaromieii cnocOOHOCTH aHaIM3aTOPOB B ONTHYECKHX YCTaHOBKax. JleHCTBUTENBHO,
aneprypa AC€TCKTOPOB U aHAIU3ATOPOB HACTPOCHA TAKHUM 06p3,30M, YTO 3HAYHUTCJIbHas 4acCTh
nHOOPMAIMN TepsAeTCs TPU PETUCTPAIMH CIIEKTPOB B paMKaxX MAMHCCHOHHOH Oxe —
criektpockonuu [3]. B wactHOCTH, Tepsiercss uHGOpMaIms 06 0COOEHHOCTAX BO30YXKIECHHBIX
ATOMHBIX CTPYKTYP, O HAJIMYHUHN KOTOPBIX CBUACTCIBCTBYIOT AOMOJHUTEIbHBIC aMIUIUTY/IHBIC
mukn B Oxe — CIICKTpAaX M KOTOPBIC HE PErUCTPUPYHOTCA H3-3a Y3KOI'O BbI6p3HHOF0

JI1ana3oHa 3Heprui.
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BrisBienne crienuduyecknx ocoOEHHOCTEH Ha SKCIEpHMEHTabHOM Oe — CIIeKTpe
SIBJISICTCS. TEM OCHOBAHHEM, Ha KOTOPOM IOCTPOEHA KOHIEHIus ucciegoBaHus. CylHocTb
TpeOOBaHMI CBOJUTCS K BBIICICHHIO U JICTAILHOMY HCCIICIOBAHUIO CIEKTPAIILHOTO yJacTKa,
OTBEUAIONIEr0 BCEM BO3HUKIINM B pesynpTaTte Oske — mporecca JJIeKTpoHaM. B xone
WCCIIEIOBAHUI ~ YCTAHOBIIGHBI  JIOKAJIBHBIE  HEOJHOPOJHOCTH B BO3pACTaroIIeM
npoaudepeHIIMPOBAaHHOM ~ y4acTKe CHEKTpa ¥ XapakTepHbIE aMIUIMTY[IHbIC IHKH,
XapaKTePU3YIOLIKE BKJIaJ HEPaBHOBECHBIX OKe — 3JIEKTPOHOB B PETUCTPHPYEMBIil CUTHAIL

Takum 00pa3oM, yBeNHMUCHHE CEIEKTHBHOCTH B Iponecce HHTeprperamuun Oxe —
CIEKTpa MPUBOJUT K OOHAPYKCHUIO IPUHIUIHAAILHO HOBBIX OCOOCHHOCTEH, 3aTParuBaloIIX
30HHYIO CTPYKTYpPY BAICHTHBIX COCTOSHHH aTOMHBIX 00OJOYEK M OCTOBHBIX YpOBHEit
HOBEPXHOCTH.

Puc. 1. neMOHCTpUpPYET JHEPreTHYECKYI0 CXEMY BO3HHKHOBEHUS HEPaBHOBECHOTO
Oske — mepexoja C ydJacTHEM OJIEKTPOHHOW Maphl, JoKaau3oBaHHOH Ha K-cimoe, a Tamoke

9IIEKTPOHHO-IBIPOYHOH maps! Ha L-cioe.

®-¢ @ 2Eo+EL

B i O - BaKaHCHA
R
\\
2p! *—o
2s? . ]L
hv

1s! 1o e K

Puc.1. 3Hep1‘em'-le(:l<aﬂ JAuarpaMma 3JIEKTPOHHOI'O oOMeHa ¢ y4JaCTHEM CBSA3aHHBIX U CBO60I[HI>IX
3JIEKTPOHOB

CKOpOCTh 9aCTHII 30HJa TIO TIOPSAKY BETMYHHBI CPABHHMA C dHEpruel cmssm 1sl-
3NIEKTPOHOB C SAPOM, UTO JeNaeT BO3MOXKHBIM BhiOMBaHue 1s'-snexTpona u o6pasoBamue
BakaHcun Ha K-crmoe (puc.l.). HepaBHOBecHbIT Ojke-miepexo] 3akiIO4YaeTcss B TOM, 4YTO
BaKaHCHs Ha L-coe 3amoiHsAETCs NMEKTPOHOM 30HJA, KOTOPBII HE PacTpaTHN SHEPTUI0 B
[PHUIOBEPXHOCTHBIX CJOsIX. JIaHHBIA 3JIEKTPOH IOJY4aeT SHEPrUIO, BBIACISIONUIYIOCS B
pe3ynbTaTe Mepexo/ia HeMmapHOTo HOCUTENs 3apsina 2p' —>1S!, u SMUTHpPYeT ¢ MOBEPXHOCTH.
IIpuHIUNHANBEHO Ba)KHO OTMETHUTb, YTO HEpaBHOBECHBIH Ohke - mepexo] HaloaaeTcs B TOM
CiTydae, €ClTH 3MeKTPOH 30H/A, 3aHABIING 2P°-COCTOSHME, HE WCIBITAT PACCESHHsS Ha y37Iax
KPUCTAUINYECKOH PEMETKN M 3JIEeKTPOHHBIX 000JI0YKaxX Jpyrux aromoB. Pa3BuBas 3Ty
KOHIIETIIIMIO, MOXKHO CJIeNaTh BBIBOJ, YTO aTOMHAs CHUCTeMa H30aBisieTcs OT M30BITOYHON
SHEPTUM 3a CUET U3JIydeHHS HepaBHOBeCHOro Oxe - 3JIEKTPOHA C SHEpruel BBINIE, YeM Y

YaCTHII, MOMAJAIOUIMX HA UCCIIEYEMYIO TOBEPXHOCTb.
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OneHHM YHCICHHO BO3MOKHOCTb peanu3allud HepaBHOBecHoro Oxxe — mepexoga. B
ciydae HOpMayubHOM Obke pEKOMOMHAIMHM BEPOSITHOCTE B IIEPBOM MOPSAKE TEOPUH

BO3MYILEHUH JIEKTPOHHO-3JIEKTPOHHOTO B3aUMOCHCTBHS BbIuucseTcs o opmyie [3]

Wa =2 a[5(E 1 - €0 = ZEpW o (v (B v )V (1)

rae M ¢j- MaTpuuHBIi 5I€MEHT KyJIOHOBCKOro B3ammogeicraus, p(k) =mVk-d®/ 8nh? -

MWIOTHOCTE  cocTosuuit, d® =sin 0d0de - smement Tenmecworo yrma, U (i) =e/(;-7) -
[OTCHINA B3aHMOMCICTBUS YaCTHIBI 30HAA H OJICKTPOHA B AaTOMHOM CTPYKType C
BONHOBBIME dyHKIMAME 10 ¢ (1), § § (F) 1 mocne (), () B3auMoneiicTBus.
BonnoBele ¢ynkmum KLL - mepexoma B BOJOPOAOMOJOOHOM aTOME HMMEIOT
CTaHIapTHBIA BHA (cM., Hampumep, [3]). Omuccust HepaBHOBecHOro Oxe - 3JEKTPOHA
00ycJIOBIeHa TeM, 4YTO BakaHCHI0O Ha L — ciioe 3aHHMaeT MEPBHYHBIA OJIEKTPOH.
CrieioBaTeNbHO, BMECTO BOJIHOBOM (DYHKIIMM [ - COCTOSIHHS CIIEAYET UCIOJb30BaTh IIOCKYIO

BOJIHY JI€ - Bpofum. BeposiTHOCTHBIE (PYHKIIMU IPUHAMAIOT

$i(R)=—= J_ oK) g (rl)—ﬁe( W,y (rz)—we““zcz) ViR >——Jae<-fz’2f‘).<2)

COOTBETCTBYIOLIYIO BEPOSITHOCTH HEPaBHOBECHOTO OKe - IIepexo/a MOXKHO OLCHHUTD C
TIIOMOIIBIO HAXOXKIACHUS I/IHTCFpa.Ha Cnez:[y}OH.Iel“O BUJa
Wi = R[] [ A2 exp(~L/a- (21, + )L/ 1 + (1 T2)(C1Co +152)) 2 r2 121288 drd6,d6, |-
= R[[”j A2 exp(~1/a-(2r +1))r2r281Sdrydrpd0;d6, +
+2[[ [ A% exp(-1/a- (21 + 1)) (C1C + S157)S1S i drpd6; d0; + 3)
+ [ A2 exp(-1/a- (26 + R))(CIC, + $152)? 1S dryd616, )

rie C, =c0s6,,C, =c0s6,,S, =sin 0,,S, =sin 0, ; Y,,(6,,0,) = J7c = A, R'=4/2¢*m/3a1%5.

Pesynbratel pacuéra unrerpana (3), orseuatomero KLL mepexomam ¢ smuccueit
HepaBHOBecHOTO Oxke - 3JIEeKTpOHA I BOJOPOAONONOOHOrO aroMa IOKa3bIBAlOT, YTO
JaHHBI [IPOLIECC XapaKTEpU3yeTes BeposTHOCTEI0 W = 0.54-1013 ¢,

B Tabnuie 1 mpencraBieHbl TEOPETUUECKU PACCUUTAHHBIE 1O (Gopmyrie (3) 3HaUYCHUS
W, u BpeMeHa MH3HH BO30OYXKAEHHOTO COCTOSHHS aTOMHOH CTpyKTYpsl T=1/Wp .

HpI/IBeHeHBI ATOMHBIC MAaCChl XUMHUYCCKHUX DJICMCHTOB C y‘IéTOM H30TOMMYECKOro cocrana m.
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Tabnuua 1
Teoperndeckue 3HaueHus HepaBHOBECHBIX Oxke - mepexonoB. IIpencTaBiensl JaHHbIE
SHEPreTH4ecKOro yIINPEHHUs! BTOPUYHBIX YaCTHI]

Hoﬁf:,f o DnemeHT W, 108 ¢ T,10Mc [, 5B
35 Br 0.78 2.15 4.8
11 Na 0.50 198 52
12 Mg 0.54 1.82 5.7

B Tabnuue npuHATHI 0003HAYEHHUS, COTIACHO KOTOPHIM I - HIMpUHA CIIEKTPaIbHOM
JIMHYUH, COOTBETCTBYIOIIAS YHEPreTHYECKOMY PacIpeeIeHHIO YAaCTHI] BO BTOPHYHOM IIOTOKE;
Wp, T - BEPOATHOCTB M BpeMs HepaBHOBecHOro Oxe — mepexojia B BO30yKIEHHON aTOMHOI

CTPYKTYpe.

Paceesiiitbie MeKTpONB Paccemnie 2¢xrpoii

Bropi e - eKTpON

|

fE)x10

o 128 50 s 00 o

a)
Puc.2. a) Yeunennsiii B 10 pa3 pesynbrat nepsoro auddepeHunpoBaHus
sKcrepuMenTanbHoro Oxe — crekrpa; b) Pesynprar Broporo quddepeHiupoBanus i BbISBICHHbIC
(yHIaMeHTaNbHBIC TTEPEX OB

B nensix BBISIBICHHS JIOKAIBHBIX IHKOB OBUIO MPOM3BEACHO ycueHue Oxe — CreKTpa
B 10 pas u ero nansueiimee muddepenuuposanue f(E)=dN(E)/dE, uto npeacrasieno na
puc.2.a). Ha puc.2.b) npencrasien pesyasrar Broporo muddeperuuposanus Oxe — CriekTpa.
YcTaHOBIICHO, YTO CIIEKTpaJIbHAs IIUPHHA JIOKAJIbHOIO MAKCHMyMa, H300paKeHHOTO Ha pHC.2.
b) ompenensiercs HanmuuHeM BO BTOPHYHOM IOTOKE HEPABHOBECHBIX OKe — DIIEKTPOHOB.
HepasnoBecHbie Oxe — 3JIEKTPOHBI HE MOTYT YCHJINBATH CHUTHAI, OJHAKO BHOCAT OCHOBHOI
BKIaA B ero ymupenue. [Ipy 9TOM MHOJYIIMPHHA JIOKAIBHOTO MaKCHMyMa, JieKamas B
o0nacTd OONBIIMX 3HAYEHUH OHEPIrHH, SBISCTCS OrHOAIOLICH CIEKTPAIBHBIX JIHHHIA,
OTBEYAIOIIMX HEPABHOBECHBIM ke — AIIEKTPOHAM BO BTOPHYHOM IIOTOKE.

ABTOpBI paboThl HoJararoT, 4To 3hdekr HepaBHOBecHOro Oxe — Iepexoja MOXKHO
HaOMIoaTh HE TOJBKO C MOMOMIbI0O Oe — IMEKTPOHHOH CIEKTPOCKONMHM, HO U MpH
BO30Y)K/ICHHH aTOMOB TBEPABIX TEJ HOHAMU CPEIHUX HIIM BBICOKHX SHEPrHil U (HOTOHHBIMH
30H/IAMH.
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AHU3O0TPOIINA SHEPTMU OTJIAYM ITPU BOMBAJIMPOBKE MOHOKPUCTAJIJIA
MEJJJIEHHBIMU HOHAMU

ANISOTROPY OF THE RECOIL ENERGY DURING BOMBARDMENT OF A SINGLE
CRYSTAL BY SLOW IONS

B.B. EchQ)eeBl, H.B. Kocruua'
V.V. Evstifeev', N.V. Kostina®

1 . .
Kageopa ¢usuxu, Ilensenckuii 2ocyoapcmeennviil yHusepcumen,

Kpacnasn 40, Ilensza, Poccus, physics@pnzgu.ru

The recoil energy has been calculated for the bombardment of the (001)

surface edge of a vanadium single crystal by K* ions (E, = 10 - 50 eV) in the

[110] and [100] crystallographic directions, and the anisotropy for transfer of
the maximal energy to one atom from the group of (3 - 5) atoms,
simultaneously participating in interaction, has been revealed. The energy

thresholds of sputtering in the indicated directions have been also determined.

B pabote [1] npencraBiensl pe3yabTaThl KOMIBIOTEPHBIX PACYETOB YHEPIUH OTAAYN

o + + o
E nepeaaBacéMon aroMaM MOHOKpHCTa/JIa BaHaAus HOHAMH K™ u Ar’ ¢ HavanbHOI

sHeprueil 6omoOapauposku Ej= 10 — 100 3B. Pacuer npoBoauics METOJIOM MOJEKYIISPHOM

JVHAMUKH B PaMKax MOJIENM MHOTOYACTHYHBIX B3auMojekcTsuil. IIpoBeneHa uncieHHas
Tomorpadus nosepxHocTHOH rpanu (001) m ycTaHOBIEHBI MeCTa MaKCHMAIBHOH Nepenadn
9Hepruu. BeiOop HOHOB Kalus M aproHa ObLI ClIeNaH CHeLHAIbHO, YTOOb! YOSIUThCS, BIUIET
M CTPYKTypa HX DIEKTPOHHBIX O00OJOYEK IPH MPAKTUYECKH OAMHAKOBOW Macce Ha
pe3ynbTaThl uccienoBaHuid. Okas3alloch, YTO € DHEPreTHYECKOH TOUKHM 3pEHHs HHMKAKOro
BIUAHHA HE OOHAapyKeHo. Benmumna »HEpruM OTAaYM OT 3THX HOHOB COBEPIICHHO
OJIMHAKOBA B IIPe/ieNIaX OMNOOK YHCIEHHOIO SKCIIEPUMEHTA.

B KauecTBe NpPHIOXKEHHS MOIYYEHHBIX PE3YIbTATOB ObUI IPEIIOKEH METOJ

onpeaeIaeHus HOpOFOBOﬁ OHEPruun E pacnbUICHUA. Eciun NpeAnoIoXKuTb, 4YTO

nop

MaxkCHUMaJIbHas dHEPrus OTAaqyud E

‘oT max !

TNOoJIy4CHHasi aTOMOM MHUIIEHU OT MOHA B IpOIEcCe

60M6apzmp0131<1/1, paBHa SHEPruv CBA3U ECB MeTajula U 10CTaTO4YHa i1 €ro pacubUICHUS, TO,
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paccuuTan E JUIS pa3HbIX E0 , MOXXHO HaWTH 1 TIOpOT" pacbUICHU UI JaHHOT'O METajljIa

OT max

w3 mocrpoennoii 3asucumoctn E . (E,). Ta musmmaneHas sueprus Ey, mis xotopoit

E =E,, u Oyner ABIATHCSA HOPOIOM PaCIIbUIEHHS.

ot max
Llensro HacTosmiel padOTHI SABISETCS W3yYeHHE BIMSHUS OPUEHTAllMM KpHCTajlIa
OTHOCHMTEJIFHO IJIOCKOCTH MaJiCHUs] HOHOB Ha BEIMYMHY MAaKCHMAlbHON SHEPTUH OTIAuH H,

COOTBETCTBEHHO, Ha BEIMYMHY IIOPOTOBOM SHEPTUH PACTIBLICHHUSL.
a

2,=5A
o=55°

-0.378 s A

0.378

0.756

1.134

1.512

2.646

3.024
Poxs A

Puc. 1

Ha puc. 1, ¢ noka3ana reoMeTpusi aicHHsI HOHOB Ha MUIIEHb. B orimune ot [1], rae
IJIOCKOCTh TaJIEHUs. MOHOB Ha HOBEPXHOCTHYIO rpanb (001) coBmajgana ¢ HampabieHHEM
[100], B marHOM ciiy4ae IMIOCKOCTH MaACHHUS IPOXOIUT BIOJIb HAMNPABICHHS, IAPAIICILHOTO
YT COBMNAJAIONIEro ¢ KpuctamiorpaduyeckuM HanpasneHueM [110]. Pacuersr sHeprum
OT/IaY¥ MPOBOAMIM JUISl Pa3HBIX NMPHIETBHBIX MapaMeTpoB P(PovaOy)> COOTBETCTBYFOIINX
TOYKaM TaJileHHsl HOHOB Ha MHIIeHb (Touku 1-9) B ompeneneHHbIX Hanpasienusx (I-VI)

(puc. 1, 6). AHanu3 pe3yabTaTOB IOKA3al, YTO HAMOOIBLIYI0 SHEPrHI0 OTIAA4d ATOMBI
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TNOJIy4aroT B CJIydac, Korga HOH IABMIKETCSA B IIJIOCKOCTH, COBMAIAONIEH C HarpaBJICHUEM

[110] (HanpaBnenue ).
E s
Ha puc. 2 mokazama mmg 7™ A
. 50 3B
pa3HBIX SHEpruil OOMOAPIUPOBKH

E, 3aBucMMOCTh MaKCHMAaIbHOH

OHEpPrun oTaa4yun E / 4038

‘0T max !

NOJTy4aeMOH OJHMM W3 TPYIIBI

LI L5
)
(=3
W
w

(3-5) aroMoB KpucTayuia BaHAIHS, 20
YJacTBYIOIIUX OJHOBPEMEHHO B s 2598
cronkHoBeHuu ¢ uonom K, or
10
IpHUIENbHOTO mapamerpa p' uis
E =153B
Hampasinenust Il. 13 pucynka 5
cleayer, 910 HauOoJIbIIAS 0 , . \ \ , \ . \ -
12 3 4 5 6 7 8 9°F

MaKCHUMaJIbHas SHEPrust OTAa4Yu En

MIPUXOAUTCS HA TOUYKH najieHus 1-3.

Ha puc. 3 mnpuBeneHa 3aBHCHMMOCTh HamOonbluelh E, H3 BceX BO3MOXHBIX

MaKCHMaJIbHBIX 3HaYeHUH OHEpPruu OTAa4u E, Hepez{aHHoﬁ aroMy, OT OJSHEPTUH

0T max ?
6oMOapupoBKU it Kpucrauiorpadudeckoro Hanpasienus [110]. Ha tom e pucynke B
Ka4yecTBe CpaBHEHHS [pHBe/ICHA

sapucnvocts E, (E,) i toit e rpamm Fny 9B

(001), HO Korma  JBIDKGHHE  HOHA 40r
HPOUCXOAHUT B IUIOCKOCTH, COBIAJAIOLICH C
KPHCTALIOrpadIecKum HaIpaBJIeHHEM
[100] [1]. Bunso, 4to KpuBasi 3aBUCHMOCTH

En(Eo) s Hanpasienus [110] wnmer

Bollle, 4eM s Hampasiedus [100], T.e.

HMEET MECTO aHHU30TPONUs MaKCHMaJTbHOM

OHEPrun OTAa4Yu 0Opyd ABUKCHUU HOHA B
IUIOCKOCTAX, COBIAJAIOIIUX C PpasHbIMA
KpI/ICTaJ'[J'[OFpa(bI/I‘{CCKI/IMI/I HanpaBJICHUSAMH.

Ipeanonarass, 4to HambompInas W3 MaKCHMalIbHBIX JHepruii ormaun E, paBHa

SHepruu cBs3u E,, MOXHO W3 puc. 3 HalTH INOPOTOBYIO BHEPrHIO pacibuieHHs. [lo
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Crpanckomy [2] 11 MeTaMdecKuX KpPHCTa/UIOB JHEPrHsl CBSA3H aJJMTHBHA M JUIL ee
OTIPE/ICNICHNs YUUTHIBACTCS B3aHMO/ICHCTBHE TOJIBKO OJMKANIIMX TEPBBIX M BTOPHIX COCEICH.
([nst HM3KO MHIEKCHBIX TpaHell MMeeTcsl B3aUMOJICHCTBHE TOJIBKO MEXMy Omkaimmmu
cocensimu). IlonHas BeNMYMHA SHEPTUM CBSI3U OINPEJENACTCS YHCIOM IIEPBBIX M BTOPBIX
OmmKaifimux cocenielf, KOTOPBIM COOTBETCTBYIOT DHEPrUM & H €, <0,1-g Ha KaxIylo CBs3b
coorBerctBeHHO. [t OLIK-kpHcTania B MONTYKPUCTANIMYECKOM MOJIOKEHUN YHEPTHUs CBS3H
aToma pemieTkd E B TOYHOCTH paBHA SHEPIUM PEIIETKH (B pacueTe Ha OJHH aToOM) (3/ 6)
mm E =3-g +6-¢,, re «rpoiika» M «lecTepKa» yKas3blBAaIOT YHCIO INEPBHIX U BTOPBIX
cocejieif COOTBETCTBEHHO. [IpUHAB 3HEPrUIO € PpaBHON PHEpruM CyOonuMManuK MeTaja, JJis
Banauus €, =5,3 9B/ar, sueprus cessu Gyzner pasua E :(15,9+(< 3,18))3B, T.€. TOJIHAas
BEIIMYMHA DHEPrUM CBA3M nexur B npenenax 159<E <19,08 sB. CnenosatensHo,
cornacHo puc. 3 mopor pacnbuieHns rpanu (001) Banaaus s Hanpasienust [100] nexur B
mpesenax 33,2<E, <389B, a ama mnampasnenmsa [110] om nexur B mpememax

23<E,, <275B.

Takum o00pa3oM, aHM30TPOIHMS MaKCHMAJIbHOW OSHEPrUM OTAAa4d NPUBOJUT K

AHU30TPONUU HOpOFOBOﬁ OHEPIrUU paciblUICHUA MOHOKpHUCTaJUIa METajlj1a.

[1] B.B. EBcrudees, H.B. Kocruna, U3sectus PAH, cep. ¢pus. 84,6 (2020) 870.
[2] O. Kuake, .H. Crpanckuii, YOH. LXVIII,2 (1959) 261.
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HAHOYACTHUILIAMM HA AMOP®HOM ITOJIJIOKKE
X-RAY DIFFRACTOMETRY OF THIN POLYCRYSTALLINE FILMS OF LITHIUM
FLUORIDE WITH SILVER NANOPARTICLES ON AN AMORPHOUS SUBSTRATE
H.A. Vipanos?, B.JI. Ianepusiii?, C.C. Konecuukos?, JI.U. Bproksuna®, C.A. He6orun'
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Crystalline films of lithium fluoride with nanosized metallic silver particles were studied by
X-ray diffractometry. Silver forms nanoparticles with orientation (111) at parallel deposition,
and a polycrystalline film at sequential deposition. The lithium fluoride film is

polycrystalline, each particle of which is an ideal single crystal ~ 100 nm in size.

Beibop kpucrauimyeckux 1uieHoOK ¢ropuaa amtus (LiF) ofycioeieH Tem, 4ro
kpuctawisl LiF ¢ mpocTtoll KyOMYecKOW CTPYKTYpOM SBISIOTCSA YIOOHBIMH MOJETbHBIME
obbexTamu st uccienoBanus [1-5]. B Hux cpaBHuTeNnbHO Nerko cosnarorcs Fz, Fa*, Fot u
Jpyrue JTIOMHHECHMPYIOIIHE LEHTPBI OKPACKH B MpoLiecce pajualMoHHOro obyyenus [6,7].
Mertaniuyeckue HaHOYACTUIBI U COOCTBEHHBIC pPaJMAlOHHBIC JACPEKTHI B  OOJBILON
KOHLICHTPALMH [POU3BOIATCS METOAOM HOHHON mMIutanTauuu B LiF [8]. ®dropun mutus c
IIEHTpaMH OKpacku sBisercsd 3(QEeKTHBHONW Ja3epHON Cpenol, Ha OCHOBE KOTOPOW
pa3paboTaH psA MEpeCcTPauBAEMbIX 110 4acTOTE Ja3epoB. [IepCIeKTHBHOCTH HCCIICIOBAHUS
kpuctawioB  LiIF ¢ MeraumMueckMMH HaHOYAaCTHIAMH  OOYCJIOBJICHa BO3MOXHOCTBIO
MOJTyYEeHHUs] BBICOKHX KOO(D(GHUIUECHTOB YCWJICHHS 3a CUYET BIUSHHUS JIOKAJIBHOTO IOJIS
HAaHOYACTHUI Ha KBAaHTOBBIE MIEPEXO/IbI JIA3EPHO-AKTUBHBIX LIEHTPOB OKPAacku. D(PEeKTHBHOCTH
BBI3BAHHBIX CBETOM HEJIMHEHHBIX MPOLIECCOB B 00IACTH HAXOXIACHHUS HAHOYACTHIIbI 3aBUCHUT
OT HECKOJIbKHX NapaMeTpoB HAHOYACTHII: THITA METaJlIa, KOHIEHTPAuy, (pOpMbI JaCTHI, HX

YIOOPAAOYCHHOCTH, OPUCHTALMHM HAHOYACTHUL] OTHOCHUTCIIBHO HANPaBJICHUSA MOJAPU3ALNANA

205



Majalollero M3JIy4eHus. 3aJadaMd  HCCICAOBAaHMS OBUIM  BBIACHEHHE  CTPYKTYPbI
KpUCTa/NIMYeCKUX IUleHoK LiF Ha amopdHoil momioxkke u MexaHu3ma (HOpMHPOBAHHS
HAHOYACTHL, BIUSHHSA YCIOBMH CO3JaHHA IUICHOK HAa KOHLEHTPALUIO M  pasMepsl
METAJUIMYECKUX HAaHOYACTHIl. Bce 3Tn (akTopsl B KOHEYHOM HTOTe CYIIECTBEHHO BIIHAIOT HA
ONTUYECKHE  XApPAaKTePUCTUKHM M  Ha  BEPOSTHOCTM  KBAaHTOBBIX  MEPEXOMOB B
JIOMHUHECLUPYIOIIUX HEHTPaxX U Ha 3()QeKTHBHOCTD MPOLIECCOB PACCESTHHS.

MeTooM HOJIy4YeHHs KOMIIO3UTOB Ha OCHOBE KpucrawioB LiF ¢ HanopasmepHbIMH
METAUTHYECKAMHI YaCTUI[AMH SIBJISUIOCH TEPMUYECKOE OCaXKACHNE KPUCTAINIECKOH IICHKU
Ha aMOP(HYIO TOJUIOKKY ¢ OZHOBPEMEHHBIM HJIM HOC/IEI0BATEILHBIM HAIlbUICHHEM cepebpa.
B kauecTBe MOIJIOKKH HCIIOJIB30BAINCH IIOJHPOBAHHBIE IUIACTHHKH M3 HATPUEBO-
kanbieBoro cunukatHoro crekiaa (HKCC). Beibop amopdHoro marepuana B KadecTBe
HOJ/UIOKKH OOYCIIOBIIGH TEM, 4YTO IPU HANbUICHUMM HAa KPHCTAUTMYECKUH MaTepHal
MPOUCXOAUT POCT KPUCTAUTMYECKOH IUICHKH C OPHEHTAIMeH KPUCTAUNTMYECKUX TUIOCKOCTEH,
3aJaHHOW MOUIOKKON. B ciiydae amopdHON MOATO0XKHA MOXKHO BapbHPOBATH HAIpPaBICHHE
KPUCTAIUIN3AIMH TUICHKH ITyTeM H3MEHEHHS YCIIOBHI HAaITbUICHHMS.

Hccaenyemplie 00pasibl

Beuto umccnenoBano Tpu obpasua ¢ napauienbHeiM HambuieHuem LiF u Ag Ha
CTEKJISIHHYIO MOJII0KKY. IlepBbiil obpasen ¢ HambuieHuem 10 mr Ag u 220 mr LiF (10T”).
Bropoii — ¢ nansuienrem 98 mr Ag u 800 mr LiF (98T”). Tperuii — ¢ Hanbuiennem 44 mMr Ag
1 200 mr LiF (44T°"). Hanbuienne npou3BOUIIOCH HIPU HOA0rPpeBe NooxkkH 10 320 °C.

JAudpakuuoHHbIE CHEKTPbI

HccnenoBanne KpUCTAUTMYECKOH CTPYKTyphl OOpasoB IUICHOK M OHpeJereHHe
OPUCHTALUM KPUCTAUIUTOB B IOJUKPUCTAJUIMYCCKUX IUICHKAX HPOM3BOAMIIOCH METOJOM
peHTreHoBeKoi qudpakromerpun Ha audpaxromerpe XRD 7000 Shimadsu.

Ha pucynke 1a moka3ansl st oOpasma ¢ napawiensHsiM HanblieHueM 10T nBa nuka,
cootBerctBytomue orpaxenusm (111) u (200) pewerku LiF (B nuanazone 36-48 rpagycos
20). U3 pucyHka BujaHO, 4to muK (200) CylniecTBEHHO HHTCHCHUBHEE, YTO CBUJETEIBLCTBYET O
[PEUMYIIECTBEHHOM OPUEHTALNH CIIOEB B IIeHKe LiF mapamienbHo MmIocKOCTH CTEKISTHHON
noutokkH. OTpakeHHil OT IUIOCKOCTEH pelieTku cepedpa He Habmopanock. CpaBHUM 3TH
JIaHHBIC C JJAHHBIMH, MOJYYEHHBIMH JUIS 00pa3la ¢ aHAJIOTUYHBIM KOJIIMYECTBOM cepedpa, HO
[PH TI0CIIEN0BATEILHOM HalbUIEHUH — ¢ HanmbuieHreM ciost Ag 10 mr u ciost LiF (10T1) (puc.
1 6). Ha puc. 16 npucyTCTBYIOT MHKH, COOTBETCTBYIOIHE OTPOKEHHIM OT miockoctei (111)

pemeTkn cepebpa, TpH 3TOM OTpakeHHMH oT mockoctedt (200) He Habmromaercs, uTO
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CBHJIETEIBCTBYET O TOM, uTo B oOpasue 10T1 cepeOpsiHble IUIEHKH COCTOSAT M3 YacCTHUI C

HanboJee MpeANoYTHTEIBHON OpHeHTaluel B Hanpasiennu [111].

1A

| {impc)

| (impcy

Puc. 1. dparment penrrenorpamMmsl obpasros 10T (a), 10T1 (6).

IpoBeneHHOE CpaBHEHHE IOKa3bIBAaeT, YTO IIPH MOCIEIOBATEILHOM HAIBUICHUH
cepebpo maer Au(pPaKIMOHHYI0 KAapTHHY, HO NPH 3TOM KPUCTAIN3YeTCS B BHJAC TOHKOW
wieHkd. OTCYTCTBHE MHKOB, COOTBETCTBYIOLIMX pelIeTKe cepebpa B JaHHBIX Ulsi oOpasia
10T’ (pumc. la) roBOpUT O TOM, YTO IIPU MApPAJUICILHOM HANbUICHHMH cepedpa B Takoi
KOHLIEHTPALUH, OHO pacTBopsiercsi B peuierke LiF, BO3MOXHO B AMCIOKALMSX WIH APYTHX
HPOTSDKEHHBIX JedekTaX, B BHIE CKOIUICHHH, He o0pasys TOHKyI IuieHKy. Crenas
PeHTreHOrpaMMy ele ofHoro obpasua 50T ¢ mociaefoBaTeNbHBIM HAMbUICHHEM C OOJbLICH
KOHIleHTparue cepebpa (Obuto HanbuieHo 200 mr LiF, 3atem 50 mr Ag, caosa 200 mr LiF),
HaM{ OBUIM [OJIyYEHbl  IHMKH, COOTBETCTBYIOLIME JH(PPAKIHOHHBIM OTPAKCHHSIM OT
wiockocred (111) m (200) pemerku cepebpa. Takum oOpa3oMm, NpH IapaieIbHOM
HAIbUICHHH cepeOpo BcTpauBaeTcss B pemretky LIF B Bume CKOIUICHHH MeTaIMYecKux
nedeKkToB, He MMEIOMIMX XapaKTePHbIX MPU3HAKOB KPHCTAUIUTOB, @ PH HOCIESI0BATEIBHOM
HalbUICHHH B TOM jKe KOHLEHTPALMH cepebpo oOpasyer MOJHKPHCTAUTHYECKYHO IUICHKY,
COCTOSIIYIO U3 HAHOKPHCTAIUTMUTOB cepebpa pasHOi OpHEHTALUH.

Onpenenenune OKP

Jns ompeneneHus CcpeqHHX pasMepoB obmacred korepeHTHoro paccesuus (OKP)
UCIOJIb30BAJICS METOJ TMOATOHKU mpoduiiell Au(paKUMOHHBIX JTUHUM K (QYHKIHH «VOigt».

Pesynbratsl pacueroB cpequux pasmepoB OKP npuenens! B Tabnuue (puc. 2a).
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Tabx. 1. PesyasTats!
JaHHBIX M0 CPeIHHM

pa3smepay OKP
Oé6pasen | OKP | OKP
(Ag). | (LiB).
HM HM
10" -- 124.1
10T1 153 |98.2
98T" 26.7 | 833
441" 253 | 747
a 6

Puc. 2. Pesymbrathl HaHHBIX 1O cpeaHuMm pasmepam OKP (a), CHHMOK CKaHMPYIOLIETO
9JIEKTPOHHOTO MHUKpocKkorma obpasua 10T1 (6).

W3 npeacraBneHHbIX AaHHBIX (puc. 2a) cieayert, uto pasmepsl OKP cepebpa pactyt ¢
YBEIMYEHHEM €ro KOHIEHTpalMd, a B JBYX IociemHux obpasmax 98T’ um 44T, rme
KOHILIEHTpanus cepedpa oxuHakosa, pasmepsl OKP cepebpa nmpumepHo oguHakosbie. Kpome
TOrO, M3 ATHX JAHHBIX ciexyeT, 4To pasmepbl OKP LiF, Ha060poT, yMEHBIIAIOTCS ¢ POCTOM
KOHIIeHTparun cepebpa. JlaHHble Tabn. 1 TOATBEpPXKJTAeT CHUMOK CKaHHUPYIONIETro
9JIEKTPOHHOTO MUKpOcKora (puc. 26). Yactuirsl cepebpa HMEIOT pa3Mepsl IIPEHMYIIECTBEHHO
Heckonbko Menble 20 HM. Pasmepsl wactuiy LiF Ha JaHHOM pHCYHKE HMEIOT BEIHUYUHY
nopsiika 100 HM, YTO BIIOJIHE COIJIACYeTCsl C JAHHBIMH, NPEICTaBICHHbIMU B Tabu. 1. U3
9TOTO ciemyeT, uTo cpeanue pasmepsl OKP cooTBeTcTBYIOT pasmMepam caMUX 4YacTHIl, T.C.

KaKaas yaCTu4kKa npeCcTaBJisgeT coboit MOHOKPHUCTAJIIL.

[1] N.A. lvanov, L.1. Bryukvina, D.S. Glazunov. IOP Conf. Ser.: J. Phys.: Conf. Ser. 1115 (2018) 052031.
[2] L.1. Bryukvina, N.A. lvanov, D.S. Glazunov. AIP Conf. proceed. 2069 (2019) 020008/10.

[3] H.A. MiBanos, C.A. HeGorun, JL.W. Bproksuna. U3s. PAH. Cep. ¢u3. 83 (2019) 365.

[4]N. A. Ivanov, L. I. Bryukvina, D. S. Glazunov. , IOP Conf. Ser.: J. Phys.: 1115 (2018) 052031..

[5] Lyubov Bryukvina, Nikolay Ivanov, Sergey Nebogin. J. Phys. Chem. Sol. 120 (2018) 133.

[6] C.A. He6orun, JL.U. bproksuua, H.A. ViBanos, M.JI. 3umun. Xum. ®us. 37 (2018) 11.

[7] Lyubov Bryukvina. Open Access Journal of Chemistry. 4 (2020) 01.

[8] S.A. Nebogin, N.A. lvanov, L.1. Bryukvina, N.V. Shipitsin, V.L. Papernyi. PNFA. 29 (2018) 36.
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MOAEJHUPOBAHUE 3JIEKTPOHHbIX TEPMOB JIBYXATOMHBIX MOJIEKYJI B
MEPBOM IOPSIIKE TEOPUH BO3MY IIEHU
SIMULATION OF ELECTRONIC TERMS OF DIATOMIC MOLECULES IN THE
FIRST ORDER OF PERTURBATION THEORY

B.I1. Komees?, FO.H. IIItanop?
V.P. Koshcheev?, Yu.N. Shtanov?

THUY MAH, punuan «Cmpenay, 2. Kyxoeckuii, Mock. o6n., Poccusi, koshcheevl@yandex.ru;
Tiomenckuii undycmpuanvuoiii ynugepcumem, gunuan TUY 6 2. Cypeyme, 2. Cypeym, Poccus

B TICPBOM IMOPSAAKE TCOPUHN BOBMyIlIeHI/Iﬁ BBIYHCJICHA MOIIPaBKa K JJICKTPOHHBIM TE€pMaM
JIByXaTOMHOM MOJIEKYJIbl C yueToM npuHuuna [aymnu.

In the first order of the perturbation theory, the correction to the electronic terms of a
diatomic molecule is calculated taking into account the Pauli principle.

HoBsrit noaxXoa K BBIYHMCICHUIO HOTCHLIPIaJII;HOfI OHEPrun BSaHMOHeﬁCTBHﬂ JABYX aTOMOB [1,
2] yZOBICTBOPUTEIBHO OIMUCHIBAET PE3YJILTATHI SKCIIEPUMEHTA JUIsi aTOMOB 0JIarOpPOAHBIX I'a30B,
€c/Iu aTOMHBII (hopM—(paKTOp U30JIMPOBAHHOIO aTOMa BbIOpaH B npubmmkeHnn Monsep. Cienyst
[3] mocrpoum aieKTpOHHBIC TEPMBI JIBYXaTOMHOW MOJIEKYJIBI B IEPBOM MOPSIKE TEOPUH
BO3MYILIECHUH.

ﬂByXaTOMHyIO MOJICKYJTY 6yz[eM ONUCBIBATH € INOMOLIBIO CTAllHOHAPHOI'O YpPaBHCHUSA

penunrepa
Hy=Ey. (1)
IamunbToHMaH ypaBHeHHs (1) mpexcTaBuM B BHIE
H=H+U; )
22,8 && e’ I, 7,8 & 7€

+ - i)
Ir,—r,| ,»1:1,»2:1|r1 +0, -, —r21.2| ,~1:1|r1 +r, —r2| ,-2:1|r1 -, —r21-2|

rae U — moTeHnmManbHas SHEPrHs B3aMMOMCHCTBHS ABYX aTOMOB; I, M I,— KOOPIMHATHI
IIEPBOIO ¥ BTOPOr0 aTOMHOIO sApa; I +1; U I, +1,; — KOOPIUHATEI j,-TO M ], -TO 3IEKTPOHOB

IIEPBOTO ¥ BTOPOT'O aTOMA, COOTBETCTBEHHO.
Pemenue ypaBuenust (1) c¢ ramunbroHumanoMm (2) OyneM HCKaTb ¢ IHOMOLIBIO TEOPHU
BO3MYILIEHUH
0
=yl g+
E=E°+E'+...

DNeKTPOHHBIE TEPMbI ABYXaTOMHOIM MOJICKYJIbI OyeM HCKaTh B IIEPBOM IOPSAKE TCOPHHI
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BO3MYILEHUH
E'(r)=(v’|ulv’), @)

re 1 =|r, —r,|; yrosbie ckobku {...) 6bun BBeAcHD! upakom [4].
Tamunbronuan npencraBum HO B Bujie

H® =H) +HJ,
rjae Hi° — raMMJIbTOHHAH i-ro atoMma; i=1,2.
Pemenue ypauenus Ilpenunrepa Hoy® = E®y°, Gynem uckats B Buje

v =vyy;, E°=E+E;,

rze ypasHenue LlIpeunrepa Uist i-ro H30JUPOBAHHOTO aTOMa HMEET BHJ

Hy! =E'y, “
e v =y (ril’riZ""’riZ‘ )

H3BecTHO [5], 4TO ¢ MOMOIIBIO BapHALIMOHHOIO IPHHIMIA U3 CTALIMOHAPHOIO YPaBHEHUS
Ulpenunrepa (4) MOXKHO mocTpouTh ypaBHeHue Xaprtpu-doka. BomoponononoOHbie BOIHOBBIE
(YHKILMH, KOTOPBIC aIIIPOKCUMUPYIOT pelieHne ypasHeHus: Xaptpu-Doka Juis H30JMPOBAHHOTO

aToMma, npe/cTaBiIeHbI B [6]
‘V?:'-gi (ri )lgiz(riz)mlgizi(riz,)v (5)
e 9 =39 (rij )— BOJIOPOJIONIOIOOHBIE  BOJHOBBIE (DYHKIMH, KOTOpBIE 00pa3yroT

OPTOHOPMHPOBAHHYIO CHCTEMY.

C nomoupio Gopmyi (2) u (5) Beruuciaum (3), caenys [1]
E'(r) = [E* (k)exp(ikr)d’k/(2m)’; )
E'(k)=4nZ,Z,e’[1-F (k)/Z, ][1-F, (k)/Z, ] /K"
dopmyna (6) He yIUTBIBaeT AeiicTBHE MpUHIUNA [laynn Mexay 3JIeKTpOHAMHU IEPBOrO U

BToporo aromMoB. B [1] mo anamorum c¢ (cM., Hanpumep, [7]), ObUIO NPEATOKEHO YYUTHIBATH

nipuHIMI [Tayu ¢ MOMOIIBI0 COMHOXKHUTENS
P(k)=[1—F1(k)/21:|[1— Fz(k)/zzjl' (7)
Benmnunna R (k ) / Z,— sBnsercs Dypbe-KOMIOHEHTOH IIIOCKOCTH — pacHpesieeHus

ATOMHBIX JJICKTPOHOB, KOTOpasg HOPMHUPOBaHA Ha €AWHUILY. B PE3yNIbTATE MOJYUUM BBIPDAXKCHUEC
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JUIS  DJIEKTPOHHOTO TepMma (MOTEHUMANBHOM OHEPrHH  B3aHUMOJEHCTBUSL JBYX aTOMOB
1
U()=E,(n)+...) c yuerom npunumna [laynm B Buze
J‘E1 k)exp(ikr dsk/ 2n)’. (8)

VcioBre NPUMEHHMOCTH TONPABKU B MEPBOM IMOPSAKE TEOPHUH BO3MYLICHHI K 3HEPruu

CHCTEMBI B HEBO3MYILIEHHOM COCTOSIHUM UMEET BUJ|
|E; (r)l <<|E°| ,

e E°= E1° + Eg ;  JHepruu Eio, TaKKe, TpeAcTaBleHsl B [6] Bmecre ¢
BOJIOPOJIONIOAOOHBIMA ~ BOJIHOBBIMH ~ (DYHKUHMSIMH, KOTOpbIE — AllPOKCUMHUPYIOT — pelLIeHHE
ypasHenust Xaprpu-Doka 111 MU30JUPOBAHHOIO aTOMa.

BbUIO  BBIOIHEHO MOJEIMPOBAHUE IIOTEHUMAIBHON DHEPrHuM B3aUMOJEHCTBHS JBYX

aTOMOB, Koraa Gpopm — GakTop IepBoro aroma ObUT BEIOpaH B puoImkeHHn:H Moisep
)~ [4n2,2,0*[1-F (k)/Z, T [1-F, (k)/2, ] [k* -exp(ikr)dk/(2n)’; ©
S0 (Bi/a ’
F(k)=2 % (10)
i1 k +([3i / ai)
e o,B,~ kodpdumments npubmmxenus Momsep [8]; @ ~0.88534a,Z";
a,=0529 A.
Atomuslit hopm-dpaktop F, (k) BBIUHCIISUICS C TMOMOIIBIO BOJHOBOH (DyHKIMH aToma
BOJIOPOJIA B 1S - cOCTOAHUH
~16/(4+azk?)’, (11)
rae a, =a,/Z, ~0.529 A/ Z, — IanHA SKPaHUPOBAHUS aTOMa BOAOPOA.

Ha puc.l mnpencraBieHsl pe3ynbTaThl MOJCIHPOBAHMS  aTOMHOTO  (opM-(akTopa
M30JIIPOBAHHOTO atoma (ropa B nmpubmmxkerun Moibep [8] (IyHKTHUpHAS JIUHWSA) U BOJTHOBBIX

¢ynxuit Xaprpu-doka [6] (crutorHas uHUs).
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Puc.1. Pesynbrarsl pacuera aToMHOTo (popM-pakropa dropa B npudimkennn Mombsep u XapTpu-
Doxa.

HccnenoBanne BeIMoNHEHO Tnpu  (uHaHCOBOM moamepikke Poccumiickoro  donzma

(yHIaMeHTaTIbHBIX HCCIIEA0BaHUI B paMKax HayuHoro mpoekra Ne 20-07-00236 a.
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STUDY OF SECONDARY ION EMISSION DURING THE INTERACTION OF ZrzFe
GETTER ALLOY WITH OXYGEN

V.A. Litvinov, L.1. Okseniuk, D.l. Shevchenko, V.V. Bobkov

V. N. Karazin Kharkiv National University, 4 Svobody Sq., 61022, Kharkiv, Ukraine,
e-mail: bobkov@karazin.ua

The paper presents the results of the study of changes in chemical compounds
composition on the surface of a polycrystalline Zr2Fe alloy sample upon its interaction with
oxygen, as well as the effect of oxygen on the processes of the alloy interaction with
hydrogen. The studies were carried out using the SIMS technique. The primary ion beam
current density and residual vacuum corresponded to the dynamic SIMS mode. Secondary ion
emission intensities were measured in a dynamic range of no less than 6 orders of magnitude.
Before measurements, the alloy sample was annealed in the residual vacuum and its surface
was cleaned by primary ion bombardment until the composition of mass spectra and the
emission intensities of secondary ions settled completely. The composition and partial
pressures of constituent gases in the sample chamber were measured using a gas mass
spectrometer.

At the first stage, the influence of surface chemical composition on secondary ion
yield, and the composition changes induced by increasing the oxygen partial pressure in the
sample chamber at the residual hydrogen pressure were studied. The emission intensity
dependences on the oxygen partial pressure at room temperature and at the residual hydrogen
partial pressure (6—8-1077 Pa) were measured for a number of ions containing oxygen. Fig. 1
shows examples of the dependences measured for a number of secondary ions.

Analysis of the measured dependences shows that the increase of oxygen partial
pressure from the residual <1-108 to ~ 6.7-10"* Pa increases emission intensity for positive
and negative secondary ions containing oxygen. The mass spectra contain ions of zirconium
with oxygen, ions of iron with oxygen, and complex ions (ZrFeO*, ZrFeO2*, ZrFe.0*,
ZrFe202*, etc.) This indicates the following. Despite the fact that the standard enthalpy of
formation of zirconium oxides exceeds such for iron oxides, oxygen, reaching the surface,
forms chemical bonds with both alloy components. Depending on the ratio of the number of
oxygen atoms to the number of metal atoms in a secondary ion, the ion emission intensities
either pass through a maximum (Zr20*, Zrs0*, Fe20", ZrO") or tend to reach a plateau (ZrOz*,

FeOz*, ZrOz, ZrOg', FeOz’), as the oxygen pressure increases.
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Fig. 1. Dependences of the emission intensities of positive secondary ions containing oxygen on
oxygen partial pressure.

ZrzoFe getter alloy is of interest for the technologies of gas streams cleaning from
hydrogen and its isotopes, in particular from tritium, during research and development of the
fusion fuel cycle. Oxygen is a reactive impurity that can crucially affect the hydrogen sorption
properties of most intermetallic alloys. To clarify this, the studies of oxygen effect on
processes of hydrogen interaction with the ZrzFe alloy were carried out.

The emission intensity dependences on hydrogen partial pressure at different values of
oxygen partial pressure were measured for hydrides, oxides, hydroxides, and other secondary
ions. Fig.2 shows the examples of such dependences for some characteristic secondary ions.

1, rel. units 1, rel. units 1, rel. units
1000000 ¢ 05 OzeH* %2zr0H"
3 3
100000 7A/W‘ 100 L M“(‘
100 + 2
A
10000 2
 uEsnigpen ~3 10 ¢
. 1
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1 L
L)
d d d 1| l l l d 1l d d d
1E-6 1E-5 1E-4 1E-3 1E-6 1E-5 1E-4 1E-3 1E-6 1E-5 1E-4 1E-3
p(H,), Pa p(H,), Pa p(H,), Pa

Fig. 2. Dependences of the emission intensities of positive secondary ions with zirconium on hydrogen
partial pressure at several values of oxygen partial pressure p(O2):
1-1-10%,2-2.10° 3-1-10* Pa
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The measurement results have shown the following. The emission intensities of oxide
ions of both alloy components depend mostly on oxygen partial pressure. Hydrogen partial
pressure only weakly (within the factor of 1.5--2) influences the emission intensities. The
emission intensities of hydride ions, the presence of which indicates the presence of
hydrogen-containing chemical compounds on the surface, raise with the increase of hydrogen
partial pressure. But the increase of oxygen partial pressure produces a decreasing tendency
for the hydride ions intensity. The emission intensities of hydroxide ions, unlike the oxide
ions, raise with the increase of either hydrogen or oxygen partial pressures.

The influence of oxygen on the kinetics of hydrogen sorption by the ZrzFe alloy was
also studied. The experiments were carried out in the following way. After the sample surface
was cleaned by the primary ion beam, the oxygen was let in into the sample chamber up to a
certain value of its partial pressure, and then hydrogen was quickly let in into the chamber up
to a certain value of its partial pressure while the oxygen partial pressure was held constant.
The emission intensity of characteristic hydrogen-containing secondary ions °?ZrH* was
measured during the experiments. After 150 seconds since hydrogen inflow, hydrogen was
quickly pumped out, while the intensity of %2ZrH* reflected the sputtering off the formed
hydrogen-containing compounds. This procedure was repeated with several values of oxygen

and hydrogen partial pressures. Fig. 3 shows the measured dependences.
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Fig. 3. Time dependence of *ZrH* emission intensity from the Zr,Fe surface for a number of values of
hydrogen partial pressure p(H): 1 - 2.54-105, 2 - 7.63-10%, 3 - 2.54-10%, 4 - 7.63-10"* Pa; at oxygen
partial pressure p(O,) of: a - residual, b — 2-105, ¢ - 5.3-105, d — 1.6-10* Pa

The shown dependences indicate that at a fixed oxygen pressure the 92ZrH* emission
intensity, and so as the amount of hydrogen-containing compounds on the surface, is higher if
the hydrogen pressure is higher. The increase of oxygen fraction in gas phase at the same
values of hydrogen pressure basically leads to a decrease in the amount of hydrogen-
containing compounds that form on the surface and in the near-surface region.

Based on the results of the obtained experimental data analysis, the processes of
interaction of oxygen with the surface of the ZrzFe alloy can be represented as follows. At the
residual hydrogen partial pressure, an increase in the oxygen partial pressure, in a range from
residual to ~1-10 Pa, leads to the formation of a complex oxide structure containing zirconium,
iron, and oxygen on the surface and in the near-surface region. The amount of oxides increases
with the increase of the oxygen pressure. The composition of the oxides changes towards the

increase of the ratio of a number of oxygen atoms to a number of metal atoms. This process,
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judging by the absence of characteristic features on the measured curves, proceeds
continuously, without phase transitions.

When the alloy is exposed to a hydrogen-oxygen gas mixture, hydrides, oxides, and
hydroxides of the alloy components are formed on the surface. Amount and composition of
the forming compounds depend on the fractions ratio of hydrogen and oxygen in the gas
mixture, although, the oxides formation is predominant comparing with the hydrides. Oxygen
forms stronger chemical bonds with alloy atoms so hydrogen cannot replace it. With regard to
zirconium: the formation enthalpy of zirconium oxide ZrOz (-1100.6 kJ / mol) significantly
exceeds the formation enthalpy of zirconium hydride ZrH2 (-166.1 kJ / mol).

The hydrides of the alloy components form on the surface areas that are free from oxides
and hydroxides i.e., on the areas where free sites for hydrogen chemisorption are available
nearby metal atoms. The presence of the hydrides evidences the dissociative character of
hydrogen chemisorption and also is a precondition to the possibility of hydrogenation process to
occur. At a fixed value of oxygen partial pressure, with an increase in hydrogen partial pressure,
the amount of hydrides in such free areas increases. As the oxygen partial pressure increases,
the probability that there are available sites for hydrogen chemisorption near a metal atom
decreases. These sites are occupied by oxygen, and oxides are formed. As a result, the amount
of hydrides of a certain composition decreases as well.

An inflow of hydrogen to the surface areas occupied by oxides leads to the formation of
hydroxides, consisting of oxygen, hydrogen, and both components of the alloy. With an

increase in hydrogen partial pressure, their amount increases.
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OCOBEHHOCTH CEJIEKTUBHOM ®OTOUOHMU3ALIMHA B MOHHOM
CIIEKTPOCKOIIUHU

FEATURES OF SELECTIVE PHOTOIONIZATION IN ION SPECTROSCOPY

M.H. Maxmynos?, E.H. Mooc?
M.N. Makhmudov?, E.N. Moos?

! Kagpeopa npomvruunennoti anexmponuxu, Pazanckuii 20cyoapcmeenblii paouomexHuyeckuil
yHusepcumem, yi. I'acapuna 59/1, 2. Pazans, Poccus
2 Kagheopa obweii u meopemuueckoii pusuxu, Pazanckuil 20cyoapcmeentblii yHueepcumen
umenu C.A. Ecenuna, yn. C60600b1 46, 2. Paizans, Poccus, e_moos@mail.ru

Jns anamu3a 1a3000pasHBIX  MOJEKYJSIPHBIX COCJMHEHHH B MOHHOHW JIOBYIIKE
JMHEWHOTO THUIMA HCIOIb30BaH (DOTOAUCCOIMOHHBIA CMOCO0, OCHOBAHHBIA Ha COYETAHUH
[BYX CENCKTHBHBIX BO3/ICHCTBUII Ha HCCIIEIyEMbIC MOJICKYJIBl MOIIHBIM HH(PAKPaCHbIM
U3JIyYCHHEM M DJICSKTPOMATHUTHOH JIOKAaJIM3allMd YacTHL[ B HOCTOSHHBIX M MEPEMEHHBIX
JJIEKTPOMArHUTHBIX IOJSIX COOTBETCTBYIOIIEH KOHQHIYpalud B TaK Ha3bIBAEMBIX HMOHHBIX
JIOBYIIIKAX.

For the analysis of gaseous molecular compounds in a linear ion trap, a
photodissociation method was used based on a combination of two selective effects on
the studied molecules by powerful infrared radiation and electromagnetic localization of
particles in constant and alternating electromagnetic fields of the corresponding
configuration in the so-called ion traps.

Mertoa GpOTOIMCCOLMOHHOI Macc-CIIEKTPOMETPHU B COUETAaHHU C HOHHOM JIOBYLIKOM
SIBIISIETCSl YHUBEPCAIBHBIM JUIS LIeJIel aHaIn3a ra3000pa3HbIX MOJICKYJISIPHBIX COeAMHeHMH [1
- 4], a Taroke NIPUMEHHUM ISl JIFOOBIX KOHICHCHPOBAHHBIX Cpefl (KUIKUX U TBEPAOTCIHHBIX).
Bce 310 oka3sbIBaeTCs BO3MOMKHBIM IIOCIIE MPOLELYPHl aTOMU3ALMH T10]] ICHCTBUEM HOHHOTO,
HOHHO-TUIA3MEHHOT0, 3JIEKTPOHHOTO M (JOTOHHOTO BO3AEHCTBHI HA MOBEPXHOCTh YKa3aHHBIX
cpen.

Jlns peanuzanuu crioco0a BBOJA JIA3€PHOTO U3JIYYSHHUs! C KBAPYIOIbHOH JIOBYILIKOH
JIMHEWHOrO THIIA I'IOTpe6OBEUTOCB PaccMOTPETh ABHMIKECHUE CTaOUJILHBIX HOHOB B pa60qu
obbeMe JMHEWHOH JOBYHIKH, pa3paboTaTh YCTPOWHCTBO, IO3BOJISIOLIETO COYETAThH
(OTOMCCOLMOHHOrO crocoba aHanu3a MOJICKYJSIPHBIX COCAMHEHUH C BBOJOM JIa3€pPHOrO
W3JIy4eHUs] W BBIACHUTH KOHCTPYKTHBHBIX OCOOEHHOCTEH J1a3epHOro (HOTOIAMCCOIMOHHOTO
Macc-CIeKTPOMETPa;

DOTOANCCOLMOHHBIA CIIOCO0 aHaIM3a ra3000pa3sHBIX MOJIEKYJIAPHBIX COCAMHEHUH B
HWOHHOW JIOBYIIKE CIOcOOeH ob0ecneynTs TpeOyeMyr pa3pelarollyo CIoCOOHOCTh |
YYBCTBUTCIIBHOCTH (BKJ'IIO‘IaS{ CCJICKTUBHOCTH o OTACJIIBHBIM 3J'IeMeHTaM) Macc-

CIEKTPpOMETpaA. H€O6XOI[HMO OTMETUTH, YTO CYUIECTBYIOLIasd TI'€OMETPHUSA DJJICKTPOAOB H

218



JNIEKTPHYECKUX II0JIell y)Ke Hallllla MHOXKECTBO BapPUAHTOB HMPAKTHYECKOTrO NMPUMEHEHHs He
BCer/ia, paBjia, JOCTaTOYHO 0OOCHOBAHHBIX.

Pa3BepTKa CIEKTPOB B KBAJPYHOJIBHOM MAacC-CIIEKTPOMETPE MOXKET OCYIIECTBIATHCS
6o u3MeHeHMeM dvactotel BY - HanpsbkeHHs, MO0 OJHOBPEMEHHBIM H3MEHEHHEM
MOCTOSTHHOTO W amrututy sl BY - HanpsbkeHuii. B nepBoM cityuae mikana Macc HeluHeWHasl.
Bropoii cmoco6 pa3BepTku MpOIEe pearu3yeTcss U 0OecreynBaeT JMHEHHYI0 IIKamy Macc.
Pacuer Macchl HOHOB MOXKHO BBITIOJIHUTB T10 OJHOU U3 hopMyII:

selV sel
= M-=-——
qryiw? ariw?

Jlnst kKanuOpOBKHY IIKAIbl MAcC 9acTO MPHMEHSIOT KaKoi-11b0 pemepHsIil ra3 U eciu
€ro MaccoBBIi IIMK COOTBETCTBYET HOHAaM Maccoi Mo, To

M = MoVIVo.

B KBaIpymombHBIX Macc-CIIEKTPOMETpax MPEHMYIIECTBEHHO MHCIIOIb3YETCS TOJIBKO
BTOPOIii CIIOCOO Pa3BePTKU, KOTOPAsk B 3TOM ClIy4ae MOXKET MEHSTBHCS B IIMPOKUX IpEJeNnax.
BepxHuii ripejien 10KeH BEIONPAThCS U3 TEX COOOpaKeHNH, YTOOBI BpeMsl pa3BEPTKH OJJHOTO
MacCOBOTO THUKa MPEBHIIIAI0 BPEMs IPOJIETa MOHOB B aHAIN3aTOPE.

INepcrieKTHBHO MOBBILICHUE YyBCTBUTEIBHOCTH METOIOB M OOHApY)KCHHE HPH ITOM
CIIEZIOBBIX KOJIMYECTB aTOMOB 32 CUET YBEJIMUYECHNS BPEMEHHU B3aHMOJIEHCTBHS IEKTPHUECKHUX
U DJICKTPOMArHUTHBIX II0J€Hl C MOHaMM aTOMOB M Mojekyl. Ilpu 3ToM mnosBisercs
BO3MOXKHOCTb HCCIIEZIOBATh IPOIECCHl HEMHEHHOrO B3aMMOJEHCTBUs moieil (mpu JaMHax
BOJIH BIUIOTH JIO MH(PAKPaCHOTO M ONTHYECKOrO MANa30Ha) ¢ HOHAMH NPH BpEeMeHax
BBICBCUMBAHHUS OKCIO3MIMH B [JOIM CEKYHI M CCEKyHJaM, a TaKkkKe O00ecrednTh
(dyHIaMeHTaNbHbIE HCCIICA0BAHNUS KOHCTAHT B3aUMO/ICHCTBUS aTOMHBIX YACTHI] C HOHAMH.

Ilpu crocobe aHamu3a uepe3 CENEKTUBHYIO (DOTOMOHHM3AIMIO aTOMOB B Macc-
CIIEKTPOMETPE  HECENICKTHBHAs HOHHM3ALMH aTOMOB  3aMEHACTCS  IPEJBaPHTEIBHBIM
CCJICKTHBHBIM BO30YX/ICHUEM IOMOIBIO KBaHTA N1 Ja3epHOro M3JIy4YCHUs], a BTOPOW KBAHT
hw2 obecrieunBaer GoTOMOHM3ANKUIO aTOMOB. [IperBapuTebHOE CENeKTHBHOE BO30YXKIEHUE
obecrieynBaeTCs NepecTpanBacMbIM Ja3epOM C M3MEHEHHEM SHEPIUH H3Ty4YCHHS B HHTEPBAJIC
FEes = 0,1 = 0,5 3B. D10 1maer merekTHpyeMoe H3MEHEHHE CedeHHs: (OTOMOHHU3ALMH H,
cienoBaresbHo, poct ¢ororoka i = f(M/e), KOTOpbIi perucTpupyercsi MarHHTHBIM
CTaTHYECKUM I BPEMSIPOIETHBIM MACC-CIIEKTPOMETPOM.

Wnes cenextuHON nByxcTynenuaroii MK-BY® ¢orononnsamyum monekyn B macc-

CIIEKTPOMETpPE paccMoTpeHa B psae pador [1 — 4] u obecrneurBaeT BO3MOKHOCTh CO3/IAHUSL
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YHUBCPCAIIBHOTO JICTCKTOpa CJICAOBBIX KOJMYECTB CIIOKHBIX MOJIEKYJI B BHAC TakK

Ha3bIBA€MOTI'0 IBYMEPHOI'0 MaCC-OIITUYECKOI'0 CIIEKTPOMETPA, IPEACTABIICHHOI'O Ha pl/lC.l.

i=fihdle )
MaCC-CMeKTp
MONEKYNE 4
POTOMOHEI [
e
B~ naseproe
vsnyueHue  wy Lo
7
w, 7
MNepecTpavsastos
NasEpHOE USIYHEHHe “1

MOMEKYIAPHBIR MOk

Puc. 1. Cxema nByxctynenuaras MK-BY® ¢pororonu3aniy MoJIeKyl B MacC-ClIeKTPOMETpE.

JlaHHas cxeMa peaiM3yeMa Ha yCTaHOBKE, NTOKa3aHHOH Ha pHc. 1, B KOTOpoii na3sep ¢
MepecTPanBaeMOi JaCTOTOH @1 OCYIIECTBIIAET CEIEKTHBHOE BO30YKJIECHHE KOJIEeOAaTETbHOTO
COCTOSTHHSI MOJIEKYJI. [Ipn 9TOM Kpaif moaockl (JOTOMOHH3AIMN MOJIEKYJIbI, OOBIYHO JIesKamieit
B BY® obGnactu, cmemmaercs Ha HeOoublIy0 BeIMYuHy. Bropoii nasep, usnyyarouuii B BY®
JIMana3oHe, OCYIIECTBIACT MX (OTOMOHM3AIMIO, NPUYEM €ro 4acToTra 2 BhIOMpaeTcs B
00J1acTH MaKCUMaJIbHOTO HaKJIOHA Kpast T0JI0CH! (JOTOHOHH3AIUH.

OCHOBHBIM JIOCTOHHCTBOM ()OTOHOHM3AIMOHHOTO METOZa AETEKTHPOBAHHUS aTOMOB
SIBISIETCS. YPE3BBIYAIHO BBICOKAs YyBCTBUTEIBHOCTh, NPHHIMIHAIBHO JOCTUTAIONIAs
HPEIENIbHOrO 3HAYCHUsI — NE€TEKTUPOBAHUS aTOMa, HAaXOAAILIEroCs B PE30HAHCE C JIA3EPHBIM
nm3mydeHneM. JlIs  JOCTIDKEHHS Takod IpeeIbHOM UyBCTBHUTEIBHOCTH HEOOXOIMMO
peaan3oBaTh MaKCHMAIbHBIH BBIXOJ MHOIOCTYNECHYATOH ()OTOMOHM3ALMU, B pPe3yJbTaTe
KOTOPOH aTOMBI BO30Y’KIAFOTCS JIa3ePHBIM U3JTy4EeHHEM B IIPOMEKYTOUYHOE COCTOSTHHE depe3
OHYy WJIM HECKOJbKO CTyNeHEeH, a 3aTeM OCYIIECTBISIETCS TONBKO (hoTOMOHM3AIHS
BO30Y’K/I€HHbBIX aTOMOB.

B skcnepumenTe, HanpuMmep, ¢ MOJEKyJIaMH HaTalWHA HCIONB30BAIOCH H3ITydeHHE
skcumepHoro KrF — masepa ¢ 4 = 249 HM w1 BO30OYXKICHHS W MOHM3ALMU MOJICKYJ H3
IIPOMEXYTOYHOTO  DJIEKTPOHHOTO COCTOSHMS. Permcrpamust (OTOHOHOB IIpH  3TOM
HPOHM3BOIMIIACH C TOMOIIBIO BPEMSIPOJIETHOTO MacC-CIEKTPOMETPA.

Wsnyuenue skcumepHoro KrF—masepa ¢ JumMTenbHOCTBIO HMIydbca 15 HC u
MakcuManeHOM dHeprued 10 wmJ/[k HampaBisuiock B 007acTh HMCTOYHHKA HOHOB
BPEMSINPOJIETHOTO Macc-CIEKTPOMETpa C MOMOLIBI0 Teneckona (cM. puc. 2). BosaeiicTeuro
II0/IBEPrajiach CMECh OCTATOYHBIX NAPOB HadTalMHA U BO3AyXa Npu AasieHud 107° M. pr.
ct. O6pa3oBaBmmecs: GOTOMOHBI TOCIIE YCKOPSHHUs! U pa3JielieHHs [0 MaccaM B OecroneBoit
00JacTH Macc-CIIeKTPOMETPa IMOMAJadd Ha KaToA BTOPHYHOTO 3JIEKTPOHHOTO YMHOXKHTEIS
(BOY).
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B3Y

Bpema-nponeTHsli
Macc-CekTROMETP

Teneckon

.,//'/" '% Kif-nasep

EBITANKWESHIWMI
WMMYNbC

TEHEpaTop
W,

Puc.2. Cxema JIa3epHOro (I)OTOHOHI/BaHPIOHHOFO JETEKTUPOBAaHU MOJIEKYJI BO BPEMAIIPOJIETHOM MaccC-

o

CIICKTPOMETPE.

IMonyueHHble pe3yNbTaThl SBIAIOTCS MPAKTHYECKU MPENENbHBIM 10 3(P(EKTHBHOCTH
PErHCTPALMH MOJIEKYI B (P)OTOMOHH3ALHOHHOM 00BEME M COOTBETCTBYIOT AETEKTUPOBAHHIO
€IMHUYHBIX MOJICKYJI 33 OAMH UMITYJIbC. )i perucTpaiuy MajblX MapUHabHBIX JABICHUN 1
MajbIX OTHOCHTENBHBIX KOHIEHTpAIMil TIpuMeceli HEOOXOAMMO yBenWYeHHEe oObeMa
(OTOMOHM3ALMM M TIOBBILICHHE IIOJHOrO JABICHMS Ta3a B MCTOYHHKE HOHOB Macc-
criektpomerpa. IIpumeHenne nepectpanBaeMbix Y@ s1a3epoB, H 0OCOOCHHO, J1a3€pOB C IBYMs
MepPecTpanBaeMbIMH IO YacTOTE HE3aBUCHMBIMU HMITYJIbCAMH JIOJDKHO —CYHIECTBEHHO

PACIIHPHUTH KJIACC AETEKTUPYEMBIX MOJIEKYJI.

[1] Mon C.C., Bensix C.®., [Ipobuuy B.T., ®epierep B.X. MouHo-poTOHHAs IMHCCHS METAUIOB. — TalIKEHT:
®AH, 1989. — 200 c.

[2] Crioco6 monHoit ciekrpockommu. AC 06 n3obpererunun. PO Ne 1010993, 1981r. / A.A. Apucrapxosa, A.I'.
Jenucos, E.H. Mooc, JL.T. Paiikun.

[3] JleroxoB B.C. Henuueiinbie cenekTuBHbIe HOTOMPOIECCH B aTOMaxX U Monekynax. — M.: Hayka, 1983. - 408
c.

[4] Ceicoe A. A. ®u3HKa i TEXHHKA MacC-CIIEKTPOMETPUYECKIX PHOOPOB H YIEKTPOMATHUTHBIX YCTAHOBOK. -

M.: Dnepromsar, 1983. — 256 c.
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BPEMJ )KU3HU 2pr-BAKAHCHU U OKE NEPEXO/bI
B KBA3BUMOJIEKYJIE Ne*-Ne
LIFETIME OF THE 2pa-VACANCIES AND AUGE TRANSITIONS
IN THE QUASIMOLECULE Ne*-Ne

B.C. Muxaiinos, I1.10. ba6enxo, A.I1. llleprun, A.H. 3uHoBbEB
V.S. Mikhailov, P. Yu. Babenko, A.P. Shergin, A.N. Zinoviev

loffe Institute, 26 Politekhnicheskaya, St Petersburg 194021, Russian Federation
e-mail: zinoviev@inprof.ioffe.ru

The probabilities of Auger decay of a vacancy into a 2pr orbital in the Ne*-Ne quasi-
molecule, a short-lived system formed when two colliding neon atoms approach
each other and decay and fly apart are calculated. Qualitative agreement with
experiment was achieved. The comparison indicates the additional ionization of the
system with an increase in the collision energy.

Oske-Tiepexo/ibl B KBa3HMOJIEKysle ObUIM OOHApyXKEHbl HPH H3YYECHHH CTOJKHOBEHHMIA
Kr-Kr [1]. Bbuio ycraHOBieHO, YTO HECMOTPS Ha KOPOTKOE BpeMs akTa COYAapeHHs U
COOTBETCTBEHHO, (BpeMs "xu3Hu" kBazumonekyisl 107°%-10716 cex) Bosmoxen Osxe-pacman
BaKaHCHI Ha MOJIEKYJISIPHBIX YPOBHSX, SHEPTHsl KOTOPBIX MEHsETCs B IIPOLECCEe COyNapeHHs.
U, KaK CJIC/ICTBHE, B CIIEKTPax 3JICKTPOHOB HAOIIOAeTCs LIMpPOKas mojioca. CIeKTPOCKONust
9JICKTPOHOB, HCITyLICHHBIX BO BPEMS COYJAPCHUs, SBISCTCS MPAKTHYECKH CAMHCTBCHHBIM
KaHaJIOM HH(OpPMaluM O COCTOSHHSX KBAa3MMOJICKYJIBI — BCE OCTAIbHBIE METOJbI JafoT
MHGOPMALUIO O COCTOSIHMM MapTHEPOB COYJAapeHMs IIOCIE pasjiera, KOr[a pesaKcaris
BO30YXKJIECHHBIX COCTOSIHHHN yKe 3aKOHYMIIACh.

Kax cienyer u3 [2], B ciydae cronkHoBeHuit Ne*-Ne B criektpax asektpoHoB (puc. 1)
HaOIIOAI0TCS ABE COCTABIISIOIIME: P MaJbIX SHEPTUSIX HJICKTPOHOB HAOIIOMACTCS CHEKTP,
9KCIOHEHIMATBHO CIAJAIOIINK PH POCTE PHEPIHHU IEKTPOHOB. DTa COCTABIIAIONIAs BHOCHT
JOMUHHPYIOIIMH BKJIAJl B CEUCHHE MOHM3AIMU M CBSI3aHA C PACIaoM aBTOMOHHU3ALMOHHBIX
cocTostHui, obpasyronmxcst npu Beyasikenun 4fc opoutamu. [Ipu 3HEPrusix 3JIEKTPOHOB
Gosee 2 a.e. B CHEKTPaxX JAOMMHHPYIOT 3JIEKTPOHBI, CBS3aHHBIC C 0)KE-PAcIajioM BaKaHCHH B
KBa3MMOJIEKYJIe HA CHIDKAIOILYIOCS IIPH CONVKEHNH 9acTHI 2pn-OpOHTaIb.

Kak noka3zano B paborax [1-3], ananmu3 ¢GopMbl CIEKTpa U €¢ H3MEHEHHSI C POCTOM
SHEPTUH COYJApEeHHs II03BOJAET M3 KCHEPUMEHTA IOIY4YHTh 3aBHCHUMOCTh 3Heprun Oxe-
mepexoja B 3aBHCHMOCTH OT JOCTUTHYTOTO MEXbBSAEPHOTO paccTOsHHSA. JlaHHbIE
aKcriepuMenTa [2,3] HaxomsTcss B XOpOLIEM COIJIACHH C JAaHHBIMH PacuyeToB OJHEPruit

MOJIEKYJISIpHBIX opOuTaneii [4] (cMm. puc.2).
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Puc. 1. Croektpsl 3JIEKTPOHOB
npu  cronkHoBeHusix Ne*-Ne
JUISL  Pa3dIMYHBIX  DHEPrHii
coymapeHus. KupubimMu
KPUBBIMH I10Ka3aH HAIll pacyer.
Jns JHEpPrumn 50 KB
LITPUXOBOMH JIMHUEH ITpHUBEAeHA
4acTh CIEKTpPa 3a BBIUCTOM
9KCIIOHEHIMATBHON TMOATOKKH
(cMm.  Teker). Mcnonb3oBaHb
naHHble W3 paboTel [2] ¢
KOppeKuuei Ha Jomnep

addexr.

e

=

S
&

do//dE , a.e.

12

B pa6ore Kuumuesckoro u ap. [5] Obuta crenana momeITka paccYuTaTh BEPOSTHOCTH
Odxe-TIepexo/loB MPH pacraje BakaHCHH Ha 2pm opOuTamu npu croikHoBenusx Net-Ne.
OnHAaKoO TIOCKONBKY B JTOH paboTe HCIOIb30BANUCH BECbMa INPHUOIMIKEHHBIE PacUeTh
TIOBEZICHUSI MOJICKYJISIDHBIX OpOHTanell OT MEeXBSIEPHOTO pPACCTOSHMSA, TO U PacyeThl
BEPOSITHOCTEH Iepexoja HOCAT CKOpee JIMIIb KaueCTBEHHBIH xapakrtep. ComocraBieHus c
OKCIIEPUMEHTOM HE MpOBOMMIOCE. B 3amaum Hactosimiedl paboTBl BXOJHIM pacdeT
BeposiTHOCTeH OjKke-TepexoioB Ha 2pm-opOuTanb A Pa3IMYHBIX KaHAIOB OXe-pacmana (c
y4acTHEM DJICKTPOHOB  pa3IMYHBIX HAPYXKHBIX OpOMTaneil) U  CONOCTAaBICHHE C

OKCIICPUMEHTOM.

0.1

Puc. 2. ITonoxenne 3¢ hekTuBHOrO
TepMa (TOYKHM), IOJYYEHHOIO M3
Ja aKkcnepuMenTa [2,3], u anarpamma
MO s cuctemsl Ne-Ne [4].

-E, a.e.

100 | Iso 15

0.0 0.5 1.0 15
Ca R, a.e. Ne-Ne

3anonHeHue BaKaHCHU Ha 2pT MOXKET IPOMCXOIHUTE ¢ opOuTtanei 3pc (Ha opburanu 2
anekrpona), 3do (2 snexrpona), 3dn (4 snexrpona). Ml npesmonaraem, 4To opouTanu 3so,

3pm u 3dd He conepKar IEKTPOHOB, T.K. (OPMHUPYIOTCS M3 HE3ANOJIHCHHBIX IPH OOJBIIHX
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MEXBSIEPHBIX PACCTOSHUSX ypoBHeil. OpouTaib 4fc omycromnieHa nepexoiamu JIeKTPOHOB B
koHTHHYyM. Takum o6pazom, umeercs, 10 KpaiiHeii Mepe 6 Bapuantos Qe nepexo0B: 3pc?-
2pne (OJl 3HAUKOM € MOHMMAETCs YJeTaloluii anektpon), 3do?-2pne, 3dn?-2pne, 3po3do-
2pme, 3po3dn-2pne u 3do3dn-2pne. Dneprun Oske-nepexol0B ONpPENe/SUINCh KaK Pa3HOCTh
sHepruii coorBercTByIOmMX opoutaneii Ei(R)= E1(R)-E2(R)-Es(R).

BepositHocTs Oke-Tiepexo/ia B €AMHHIYY BPEMEHH PacCUuThIBANACh 110 Gopmye:

2 2

" e
ff XF QF — Xi9:dT1dT;,

W= 2m
T h T2

TIe i, @i - OXHODIEKTPOHHbIE BOJIHOBBIE (YHKIMH ABYX ODJIEKTPOHOB B aTOME,
HaxXOJAIIMXCS Ha BO30YXICHHBIX YPOBHSX, )f - BOJHOBas (YHKIHMS OJIEKTPOHAa Ha

2pm opbutanu, @f - BomHOBas (yHkuus OjKe-dIeKTpOHa, T.e. CBOOOJHOTO 3IIEKTPOHA,

2

e v
IMOKHJIAOIIETO aTOM. OnepaTop _r — ONHUCBIBACT KYJIOHOBCKOE€ B3aUMOJCUCTBUE JBYX

1,2

9NEKTPOHOB. JIs JBYX 2JIE€KTPOHOB C OJIMHAKOBBIM HANpaBIe€HHEM CIIMHA YYUThIBaJIach
npsmas u oOpaTHasi aMIUIUTY/bI TIEPEXO/I0B M MX HHTepdepeHius. Jlanee Mpou3BOIMIOCH
CYMMHPOBaHHE BEPOSITHOCTEH MEpexojia U3 COCTOSHUIM C Pa3MUUHBIM CIIMHOM M MPOCKIUEH
MoMeHTa. B KkauectBe BOJHOBBIX (YHKIMH CTAalMOHAPHBIX COCTOSIHMH 3JIEeKTpOHa
HCHOJIB30BAIHCh BOJOPOIONOJO0HBIE BOTHOBBIE (DYHKIHH, TIPH 3TOM d(PeKTUBHBIN 3apsia Zi
MEHSJICS TIPU U3MEHEHHHU MEXbsIEPHOIO PACCTOSHHUS B COOTBETCTBUM C U3MEHEHHEM YHEPrUM
opburami. BpIGop BOIOPOJONONOOHBIX BONHOBBIX (GYHKIMH oONpaBJaH TeM, YTO
paccMaTpuBaeMble TEPEXOAbl IMPOUCXOAST BONM3M Tpefena OOBEANHEHHOTO aTtoMa, U
9JIEKTPOHBI HAXOJATCS B 110J1€ 3HAYUTENBHOI0 (D PEeKTHBHOrO 3apsia 00beJMHEHHOI0 aToMa.

Pesynbratel pacueToB ImpecTaBieHbl Ha pucC. 3.

0°F = 3dr-3dn
7y A, A4, A ® 3do-3do
" [ v A A 3pc-3pc
10 < PR —— 4 v 3dn-3do
. P e o« + 3dn-3po Puc. 3. BepositHocTn OsKe-TiepexosoB
o 4 R < 3do-3ps JUIs  pasiMYHbIX ~ KaHaloOB B
o
£ 10° LA 3 3 ——7 | KBa3uMoJeKyJe Ne?*-Ne B
g " . ¢ 3aBUCHMOCTH oT SHEPrun
=4 - BbuIeTEeBIIEr0 OKEe-3/IEKTPOHA.
< 102 ° v
10
L} v
L
10" £ ® .
L L L L L
2 4 6 8 10 12
E, ae
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IMapuuanbHOE CeUeHHE IMUCCHH JIEKTPOHOB ¢ dHepruelt Ee MoxHO paccunTats [2]:

b(R)

do s 2 1

E:z“ﬂ-f-f a 3-W(R)A%{a 3-[Ee—E0(b)]}-b-db
0

3nech Eo(R) — 3aBucumocth sHeprun Oske-mepexoa OT MEXbSIIEPHOrO PacCTOAHHUS,
W(R) —BepositHocTs niepexoaa, T =1/3 — BeposTHOCTh HAJIMYKs BaKaHCHH Ha 2pT OopOuUTaiy,
Ai(X) — pyrkuus Diipu, b-mapamerp yzrapa.

IMapametp o paBeH:

_1dE [ dUR) 1 2.bz
T2 @R \TTdR By “R3)

T.C. 3HAUYCHHE O 3aBHUCHT OT mnpousBoiHoi Tepma dE/MR, pacrer ¢ pocrom ckopoctu
coylapeHuss V M 3aBHCHT OT I[apaMerpa yaapa D M mpoM3BOAHOM OT MHOTEHIHAIA
Bianmozeiictust U(R), Ecm — 9Heprust coyapeHust B CHCTEMe LIEHTpa Macc.

Ha puc. 1 moka3aHo comnocraBlIeHHE PAaCUETHBIX CIEKTPOB C SKCHepuMeHToM. Jlis
pacyera napuuajbHbIX CEYEHUN M BEPOSTHOCTEH IEpexojoB IpH 3Heprusx 3-6 k’B
ncnonb3oBanack auarpamma MO st cucremer Ne?*-Ne, a npu sHeprusx ceeuue 12 k3B
nmuarpamma MO 1uist cucteMsl Ne**-Ne, uto mo3BossteT Y4ECTb POCT MOHM3ALUK YacCTHUI C
pocToM 3Hepruu coynapenus. Kak BUIHO U3 puc. 1, MMeeTcs Xopollee coriacue pacdera u
skcrepumenta. OCHOBHOM BKIajl PH MabIX SHEPTUAX COyAapeHus aaeT nepexon 3do?-2pme.
C pocToM dHEpruu CoymapeHust moaKmovactces kanan 3dn3do U MPOUCXOAUT COBHUT CIIEKTPa
5J1eKTPOHOB B CTOPOHY GOJBIIMX 3Hepruil. Bxmanel kananop 3do? u 3dn3dc cramossarcs
CpPaBHUMBIMH TIpH OombmmxX dSHeprusx. C pocTOM HOHM3AIMHM IIapTHEPOB COYIAPEHHS
MPOUCXOAUT CONMKEHUE MO IIKAJIe YHEPT Uil MOJI0KEeHHUs BO30YKICHHBIX ypoBHEH 3po, 3do u
3dm ¢ ypoBHem 2pm. Kak mokaspBaeT pacuer, CBSI3aHHOE C ATHM YBEJIHYECHHE HHTETPAoB
HEPEeKPbITHS BOJTHOBBIX (QyHKIMH IPUBOAUT K 3HAYUTEILHOMY POCTY BEPOSTHOCTEH Iepexoa.
Takum o00pa3oMm, HECMOTps Ha HPHONIDKEHHBIH XapakTep HCIOJIB30BAaHHBIX BOJHOBBIX

(byHKIMH, yHaeTcst Z0OUThCS KaYeCTBEHHOTO COTJIACHS € IKCIIEPHMEHTOM.

1. B.B.Adpocumos, 10.C.T'opzees, A.H.3unosses, J[.Kx.Pacynos, A.ILIeprun, IDKIT® 24 (1976) 33.
2. A.H.3unoBbeB, I1.10.5abenko, A.IT.Ieprun, XKOTD 159 (2021) 56.

3. B.B.A¢pocumos, I.I".Mecxu, H.H. Llapes, A.ILIIeprun, JKXOT® 84 (1983) 454.

4.J.Eichler, U.Wille, B.Fastrup, K.Taulbjerg, Phys. Rev. A 14 (1976) 707.

5. J.M.Kuumnesckui, b.I'.Kpakos, D.C.ITapumuc, JKT® 59 (1989) 33.
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Theoretical study of charge transfer between metal surface and three-dimensional
atomic states

S.S. Moskalenko, I.K. Gainullin

Faculty of Physics, Moscow State University; Leninskie gory 1 # 2, Moscow, 119992, Russia,
e-mail: moskalenko.ss17@physics.msu.ru

When an atomic particle (atom or ion) collides with the solid surface, various inelastic
processes can occur: excitation of the electronic subsystem of an atom or molecule, excitation
of the electronic subsystem of a solid, charge exchange, etc. Among all of these processes, we
consider the resonant charge transfer (RCT). This process is important for the diagnostics of
the surface of solids using ion beams [1], because it determines the charge state of atomic
particles scattered and sputtered from metallic surfaces [2,3,4].

In this study, we simulated interaction between excited hydrogen atom with P external
electron and Ag(110) surface. We used the method of the wave packets’ propagation [5], which
is not based on the adiabatic approximation, that makes it possible to simulate more complex
systems. The essence of the wave packets propagation method is to find the evolution of the
wave packet of a tunneling electron y(r, t) by numerically solving the nonstationary three-
dimensional Schrddinger equation. Fig.1 represents the isodensity pictures of RCT with p-

orbital oriented along X and Z axes. Metal surface is oriented along the (X,Y) plane.

a) b)
20 20
10 - 10.
N0 N0
-10 -10
20 20
10 50 10 0 N
-10 -10 v -10 -10 ?
y X y X

Figure 1: The isodensity pictures of RCT with p-orbital oriented along: a) X axis, b) Z
axis.
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The results of our simulation are shown below. Fig.2 demonstrates atom survival
probability as a function of time for different distances between H and the surface. We see that
electron exchange is more effective if the P-orbital axis is directed normally (Fig. 2b) to the

surface than in parallel (Fig. 2a).

1
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<
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b) N‘*\_ —_Z =80
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Figure 2: Atom survival probability as a function of time for: a) parallel P-orbital orientation, b)
normal P-orbital orientation.

There are several trends that are fair for both orientations. The first one is an exponential
decrease of atom survival probability function with the time. The second one is an increase of
exponent steepness respectively to the distance between the surface and the H. The closer atom
is, the steeper plot is. Also, for PZ orientation (normal to the surface) atom survival probability
oscillation occurs for short distances. One of the explanations is that for distances shorter than
10 a.u. the electron oscillates between the atom and the surface. Fig. 3 demonstrates the atomic

level width, which characterizes the RCT efficiency, as a function of atom-surface distance.
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Figure 3: Atomic level width as function of atom-surface distance for different P-orbital
orientation.

Also, we have analyzed the efficiency of electron exchange for hydrogen atom moving
along parallel to the surface plane. Fig 4 demonstrates that for moving atom there is no
difference between direction of motion along the surface in two normal to each other directions
X and Y. Fig. 5 shows the isodensity pictures of RCT for moving hydrogen atom with p-orbital
oriented along X and Y axes.
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Figure 4: Atom survival probability as a function of time for moving H-. Upper panel: velocity
is 0.2 a.u. Lower panel: velocity is 1.0 a.u.
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Figure 5: The isodensity pictures of RCT for moving hydrogen atom with p-orbital oriented along:
a) X axis, b) Y axis.
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3APAJOOBMEHHBIE TIPOIECCHI HA IOBEPXHOCTH
U MEX®A3HBIX TPAHULIAX

CHARGING PROCESSES ON THE SURFACE
AND INTERFACIAL BORDERS

C.C. Bosnkos!?, T.U. Kuraesa?', C.B. Hukonuu®, A.A. Kouypos!, H.JI. Tlysepuu’
S.S. Volkov*?, T.I. Kitaeva?", S.V. Nikolin®, A.A. Kotchurov?, N.L. Puzevitch?,

'Pasanckoe 26apoetickoe gvicuuee 6030ywHoO-0ecanmuoe komarnounoe yuunuue, Poccus
2Pazanckuii 20cyoapcmeennblii paduomexuuueckuii yuusepcumem, 2. Pazanv, Poccus
340 «ITnasmay, ya. LHuonkosckoeo, 24, 2. Paszanv, 390000, Poccus
" kitaeva_46@mail.ru

The relationship between electronic processes on the surface of solid bodies and inter-
phase boundaries with electrical and atomic potentials, as well as with the state of free
electronic gas in the conductors, was investigated. It has been established that on the
surface with a vacuo-mind, the neutralization of ions during scattering occurs mainly in
contact with the lattice atoms. It is shown that the boundary of the section of electrically
neutral metals create an electric current in the extended extensions closed in the contour
in the direction opposite to the drop in electrostatic voltage. This indicates the presence of
a permanent electromotive force formed by interatic potentials of interaction on
interfacial boundaries.

Lenbro paboTHI ABISIIOCH HCCIIEIOBAHKE 3aPsI000MEHHBIX ITPOLIECCOB HA MTOBEPXHOCTH
U MeK(a3HBIX TpaHHLAX Ui W3ydeHHsS COCTOSHHS CBOOOJHOTO JJIEKTPOHHOTO ras3a B
MeTallax W ero ImpakTU4yeckux mnpossiaeHuil. CocTosHMEM CBOOOJIHBIX 3JIEKTPOHOB
ONPEENAIOTCS MOYTH BCE BHIBI JICKTPOHHBIX OMHCCHH, TEIIO- U 3JIEKTPOHNPOBOIHOCTH,
TEIIOEMKOCTb, a TAK)Ke BCE BHbI B3aMMOJACHCTBUH aTOMHBIX YacTHUIL C MOBEPXHOCTbIO [1].
HezaBucumsle nccieoBaHHUS OTMEYCHHBIX (DM3MUECKHX JJICKTPOHHBIX SBICHMII MPUBENTH K
TAaKUM  HPOTUBOPEYMSIM, KaK pa3jieleHHe CBOOOJHBIX  JABIKYIIMXCA  DIICKTPOHOB,
HaxOJsIIMXCS B TOJNSAX aTOMOB, HO HE B3auMojeHCTByrommx (Oonee 95%) ¢ aromamu
peleTkl U B3aUMoAEHCTBYIOmHX (MeHee 5%) ¢ HUMH M OOYCIOBIMBAIOIIUX JJICKTPO- U
terutonpoBoaHocTd [1-3]. BceoObemimtomuii - 31eKTPOHHO-KOHIEHTPALMOHHbI  MEXaHH3M
(hopMHpOBaHUSI TOKa ODIEKTPOCTATHYECKHM IIOJIEM HE COIJIacyeTcs C JHEepreTHdecKon
YCTOWYUBOCTBIO peweTky [4, 5], ¢ HOBEPXHOCTHO-EMKOCTHOM (pOPMOIT HAKOILICHUS 3apsiI0B
[6, 7], c BpeMeHHBIMI H3MEHEHHSIMH TOKOB BHICOKOH YacTOTBI M MOABHXHOCTBIO DJIEKTPOHOB.

B pabote npoBeeHb! SKCIEPUMEHTAIBHbBIE HCCIIEN0BAHMS PACCESIHUSI HOHOB HHEPTHBIX
ra3oB HU3KHX JHEPTUH IMOBEPXHOCTSIMM KPUCTAIIMYECKHX M aMOP(U3OBAHHBIX CTPYKTYp
MetaiuoB u nonynpoogaukos (W, Si). Ilpu yMeHblIeHHH SHEPTHH HOHOB, HaumnHas ot 100
9B. HapacTaer MHK C JHepruel, paBHOM dHepruu Haneraromux uoHOB [8]. ITpu 3ToM mHK

MAPHOTO pacCesHHsl, YMEHbIIAsCh, coxpaHsercs a0 4 -2 3B (mpexen crnexrpomerpa). I1o
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yKa3blBaeT Ha JIOKAJIM3aLHUI0 CBOOOIHBIX BJIEKTPOHOB IO  KpHCTaLIorpaduyecKum
HAINpaBJIeHUsIM. [I3MepeHHs HHTEHCHBHOCTH PACCESHMS METaJUIOB, IIOJYHNPOBOJHUKOB H
JMAJIICKTPUKOB (11  aTiaca CIEKTPOB) IOKA3ald HECYIIECTBEHHYIO Pa3HUIY 110
MHTEHCUBHOCTSIM B CPaBHEHHMH C PasHMICH KOHIEHTpauuii cBoOOAHbIX anekTpoHoB [9, 10].
Ilpu sTOM paccesHHe OT MOJAPHBIX KPHUCTAUIOB ITOKAa3bIBAaCT OOJNBLIYI0 HHTEHCHBHOCTD
paccestHusl OT METANIMYECKOH KOMITOHEHTBI, YeM OT YUCTOro MeTajuia. Takoi ke pe3ysbTar
MOJIydaeTcsl MpH I0JaYe Ha MOBEPXHOCTh METalla aTOMOB KHCJIOpOJa B Mpolecce
M3MEPEHHiT, OTOMPAIOIINX BaJCHTHBIN 3J1eKTPOH oT aroma pemrerku [11, 12]. Takue ombITI
yKa3bIBAaIOT Ha JIOKAJIM3ALHUIO CBOOOAHBIX 3JIEKTPOHOB B METallaXx OKOJIO AaTOMOB Ha
OpOHTaIsIX U Ha yJacTHE UX B JJIEKTPOHHO-OOMEHHBIX IIPOLECcCaX MPH CTOJIKHOBEHUH HOHOB
¢ aromamu. JIokann3oBaHHbIC BaJEHTHBIC YJIEKTPOHBI IPUHUMAIOT ydacTHe B ()OPMUPOBAHHU
3JIEKTPOIPOBOJHOCTH CBOOOHBIM IEPEMEIICHUEM O OPOMTANIAM, OCTABAsCh CBSI3aHHBIMH C
aTOMaMH U cO3/aBasi CHJIbI CBSI3H aTOMOB B KPUCTaJLIE.

HampaBneHHoe JBMKCHHE OHIEKTPOHOB IO AaTOMHBIM OpOMUTAISIM B PEIIETKE C
PAaBHOBECHOH CTEXMOMETpHEH 3apsIoB CO3/1aeTCsl HANpPABIEHHOH CHIION 3JIEKTPOMAarHUTHON
npuposl. Hanbonee BBIpaKEHHBIMU SBIISIOTCS M3BECTHBIE MAarHUTHBIE CHIIBI, BBOAUMBIE B
HPOBOAHUK M3BHE U CHJIbI MEKAaTOMHOM mpuposst [1, 8], nposiBisttonuecst npu 00pa3oBaHUH
KOHTaKTHOH Pa3sHOCTU MOTEHIMAJIOB. DKCIEPUMEHTHI C KOHTAKTaMH Da3HBIX METAIOB U
MOJYTIPOBOJHUKOB MOKA3alIM NMPOTEKAHHE TEXHHYECKH PErHCTPHUPYEMOTO JJIEKTPHYECKOTO
TOKa 110 3aMKHYTOMY IPOTSHKEHHOMY IPOBOJAIIEMY KOHTYPY B HAIIPaBICHUH MOJIOKUTEIBHO
3apspKaroILerocs 3JeKTpoJa ¢ noreHuuanoM g0 1 — 1.5 B. (COOTBETCTBEHHO JBUKEHHS
9JIEKTPOHOB HAIPABJICHHN HAKAIUIMBAOIINXCS 3JIEKTPOHHBIX 3apsioB) [13]. M3BecTHbIe CHIIbI
3JICKTPOHHOTO CPOJCTBA B KOJUICKTMBHOM IIPOSIBIICHHM Ha IPAaHULEC pasjeia ABYyX PasHbIX
MaTepHaJIOB MPOSBIIIOTCS KaK MOCTOSIHHO JASHCTBYIOMIAs 3JIEKTPOJBMKYILAs CHJIa, KOTOPOH
MPOTHBOJCHCTBYET CHJIa HICKTPOCTATHUECKON 3apsiKd TaKoH K€ BEIMYMHBI Ha TPaHHIE
paszena U pacmpesiefieHHas MO BCEM MEXKaTOMHBIM CBSI3IM KOHTAKTHUPYIOLIMX MaTEpHAIIOB.
Ilpu  ycTpaHeHMM  3JEKTPOCTATHYECKOW  3aps/KM,  Hampumep,  HelTpanmsanueit
MOBEPXHOCTHBIX 3apsAl0oB KOHTYpPa, OJJICKTPOABIDKYINAsl CHIa KOHTAKTHOTO CPOACTBA
npojospkaer aeiicrsue. Takoii IpoLece MPOUCXOAUT B rallbBAHWYECKUX diieMenTax [14, 15] u
JaeT oOBSICHEHHE JACHCTBHIO TEPMOZJIEKTPOHHOIO MNPeoOpa3oBaTeNs TEIUIOBOH JHEpruu ¢
COOJTIO/ICHHEM 3aKOHA COXpaHeHus sHepruu [1].

BrIBOJIBI.

1. Hannume B criekTpax paccesHHBIX HOHOB HU3KHX SHEpruil B quanasoHe Hioke 100 5B

(1o 4 »B) mNUKOB NApHOrO YHPYroro paccesHuss U NHKa 0€3 IOTepb JHEPTUU H
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9HEPreTHYECKUE 3aBUCHMOCTH MX MHTCHCUBHOCTEH yKa3bIBAaIOT HAa 3HAUMTENBHYIO BEIUUMHY
U aHU30TPOIHNIO MEKAaTOMHBIX MOTEHIHAIOB B3aHMOJACHCTBHS Ha TPaHMIIE pasfielia TBEpIOoe
TEJI0-BaKyyM.

2. VIHTEHCHBHOCTb pacCesHMS HOHOB WHEPTHBIX Ta30B IIOBEPXHOCTH METAJlIOB,
HOJIYIIPOBOJHUKOB U IUDJIICKTPUKOB IIPH OJIMHAKOBBIX YCIOBHSAX SKCIECPUMEHTA PA3IHYAOTCS
B Ipezieax He Ooinee 4eM B 2-3 pasa, 4TO yKa3blBaeT Ha HEYyBCTBHTEIBHOCTH IIpoLiecca
paccesHUS K CBOOOJHOMY 3JIEKTPOHHOMY Ta3y METalIoB M CBA3aHHOCTH CBOOOIHBIX
9JIEKTPOHOB IIPOBOJUMOCTH € aTOMaMH B (hOpME KOJUICKTUBH30BAHHBIX aTOMHBIX OpOUTANICH.

3. DKCIepuMEHThl C KOHTaKTaMM pasHbIX Iap METAUIOB M  HPaKTHKa
MOJTyTIPOBOHUKOBOH TEXHHKU IOKA3bIBAIOT HAIMYHE HA TPAHULE pasfena dJIeKTPHIECKH
HEUTPaNbHBIX META/UIOB H IOJTYNPOBOAHHKOB JJIEKTPOABIDKYINEH CHIIBI, 00YyCIOBICHHOH
MEXaTOMHBIMU TOTCHIMATIAMH B3aHMOJICHCTBHMS M CO3JAIOICH TOK B 3aMKHYTOH LiEIH B
HarpaBJIeHU! NTPOTHUB HAPACTAIOIETO 3apsI0BOI0 IIEKTPUUECKOTO HANIPSKEHHS.

4. DKCNEpUMEHTBHI C  OJNEKTPOIUTHYCCKUMH BaHHAMH MO  PaclpesciIeHUI0
JNIEKTPOCTATHYECKUX TMOJIeH, HaOMIoJeHUs 3a W3MEHEHHAMM COCTaBa IOBEPXHOCTH
JJIEKTPOIOB  AKKYMYJIATOPOB M aHAIM3 TPOIECCOB HAa TpPaHUIAX pasfena «MeTalul-
9MIEKTPOJIUT» B CHCTEME «METaI-3JEKTPOIUT-METAUI» IOKa3bIBAIOT, YTO Hauboiee
BEPOSTHON IPUYMHON BJIEKTPOHHOrO OOMEHAa Ha TPaHHLE pa3jena «MEeTaJul-3JIeKTPOJIUT

SBJISIFOTCS TIPOLIECCHI TOBEPXHOCTHON HEHTpaIN3altu.
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HECTAIIMOHAPHBIE IIOMUHECHEHTHBIE METObI U3YUYEHUSL
B3AMMOJIEVICTBHUSA ITYYKOB ATOMAPHBIX T'A30B C ITIOBEPXHOCTBIO TBEPABIX TEJ

NON-STATIONARY LUMINESCENT METHODS FOR STUDYING THE INTERACTION
OF HYDROGEN ATOMS BEAM WITH SURFACE OF SOLIDS

Slomun Ban, F0.1. Tropun, H.H. Hukurenkos, B.C. Coinuenko,
Yaoming Wang, Y.I. Tyurin N.N. Nikitenkov, V.S. Sypchenko

HATII, Tomckuii nonumexnuyeckuti ynugepcumem, np. Jlenuna, 30, r. Tomck, Poccus,
634050
E-mail: tyurin@tpu.ru
ISNT, Tomsk Polytechnic University, 30 Lenin Avenue, Tomsk, Russia, 634050

E-mail: tyurin@tpu.ru

The excitation of luminescnce of the surface ZnS-Tm, ZnS-Eu, ZnS-Mn by the hydrogen
atoms beam are described - the phenomena of heterogeneous chemiluminescence (HCL) .
HCL is excited in the strongly exothermic acts of interaction the hydrogen atoms beam on
surface. The kinetic and nonstationary characteristics of luminescence are studied in
depending on the excitation conditions. HCL it is a light indicator of physicochemical
processes, occurring on the surface. The possible mechanisms of excitation of the surface
electronic states during interaction with the hydrogen low-energy atoms beam are discussed.
Cl'leKTpaJleble U KUHETHYCCKUC XapaKTCPUCTUKHU reTeporeHHoﬁ XCMUJIIOMUHCCLICHIIUH
(TXJI - HepaBHOBECHOE CBeYeHHE KpUCTALIO(PochOopoB, BO3OYKAAEMOE 3a CYET IHEPIUH,
BLIHGHSI}OHICFICH B aKTax peKOM6I/IHaHHI/I CB060,I[HI)IX aTOMOB U PaJWKaJIOB HAa MOBCPXHOCTHU
TBepAbIX Teh) [1,2] MpOSIBISAIOT BBICOKYIO H30HPATEIbHOCTh M YyBCTBUTEIBHOCTBIO K THITY
TMOBEPXHOCTH H COPTY Bo36y>l<;[a}ou1ero raza. lMcronap30BaHHE OINTHYECKHX METOOOB JIA
U3Y4YCHUS HEPABHOBECHBIX CUCTEM “aroMbl (MOHBI) — TBEPIOE TENO’ OTKPHIBAET HOBbBIE
BO3MOXXHOCTH B (1)1/131/[1(6 NOBEPXHOCTHU TBEPABIX TEJI, IUIABMOXHMHUH, TEXHOJIOTUU
TMIOJIYIIPOBOJHHUKOB H JIIOMUHO(OPOB, XUMHIECKOH (pU3MKE MOBEPXHOCTH. Senenne I'XJI

caykuT  3()GEKTUBHBIM METOJOM KOHTDOJISI COCTaBa IUIA3Mbl M KaueCTBA HAIBLIAEMOMH

IOBEPXHOCTH.

B pabore mpemnoxkeHa KHHeTHYecKass MOJETb UM MOJEIM IHMHAMUKH IIPOIECCOB B
HEpPaBHOBECHBIX TETEPOTCHHBIX CHCTEMAaX AaTOMapHBIM Tra3-TBEpAOE TeJo. IMomy4enst
mapaMeTpbl 3TOr0 B3aUMOACHCTBHS (CEYEHMs, SHEPrHUM AaKTUBALMH, ODHEPIUU CBSI3H,
3¢ deKkTHBHOCTE 3HEProoOMeHa) Ha OCHOBE PETHCTPALMH XapaKTepPUCTHK TIeTepOreHHON

XCMHAJIIOMHUHC CICHIIUH. Pa3Buthl HCCTAlMOHAPHBIC MCETOABI OMPCACICHUA IapaMETpPOB
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B3aMMOJICUCTBHUS T'a3 - TBEPIOE TEJIO C UCTOIb30BaHHEM siBieHus [ XJ1.

VccnenoBanus BBIOJHEHBl HA  BBICOKOBAKYYMHOH YCTAaHOBKE C 0Oe3MacisHOI
cucreMoil oTkauku. IlpenenbHoe jaBinenue B cucreme ~ 2.0-10° topp; paGouee jaBnenue
3aBHCUT OT MHTEHCHBHOCTM HAIycka Bojpopoaa uepe3 Harekarens DFD Z-750 B
KBapLEByIo TpyOKy 1 reHepauuu BY paspsiia BomopoaHoii mnasmbel.  PabGouee naBnenue
H+H2 wm3mensinock B unaTepsane 10 — 0.1 I1a mo 3azanHo# mporpamme.

AToMapHBI BOZOPOJ, HANPABISEMBI Ha MOBEPXHOCTh HCCICAYEMOIo TIOMHHOMODA,
TEHEPUPYeTCsl C IOMOIIBI0 EMKOCTHOIO OE€33/IeKTPOAHOIO BBICOKOYACTOTHOIO paspsija B
MOJISKYJIApDHOM ~ Bojopome. /Jlis TeHepanuu  BOJOPOAHON  IIIa3MbI  HCIIONB3yeTCs:
BbICOKOUYAcTOTHEIN Tenepatop YBY 30-2. Ceer I'XJI, ®JI ot obpa3ua uepe3 OKHO KaMepsl,
¢dokycupyercs  cucTeMOW JMH3 M 3epkai Ha menb  crnekrpomerpa IHR320. Croekrp DJI,
I'XJI 3anmuceiBaercs [13C-marpuneit  ALTA U47.

Ha pucynkax 1a,6 nmpencraBnenst — crektpsl poromomunecuenimu (OJI) u I'XJTH

momuHodopa ZnS-Tm?.

187

33 - 480,7nm 1,64 481,3nm b

3.0 a

2.7 1

24 1Gy—*Hs,

2,1

18

15
2

12 ﬁ 3

0.9

630,1nm S
06 806,0nm
03 )

00 T IS ]
00
R P e e e e 400 450 500 550 600 650 700 750 800 850
JUmna BoaHa. HM JliuHa BONHA. HM
Pucynok. 1. Criektps! iroMuHectenuu ZnS—-Tm®* npu 303K. a- ®JI ZnS-Tm*, b- I'XJI4 ZnS—
Tm?®*. 1- 30 mun B H+Hy ; 2- 150 mun B H+H; ; 3- 300 mun 8 H+H,

14 3
1,24

1,0
08
06
041

1Gs—*Hs,

'Dx—*F4 3Hs—>Hs,

021 1

JlroMuHecueHIs Bo30yxkaanack pTyTHOH jdammoi B monoce 340 um (DJI) n aromHo-
monekynspubiv nyukom H+Hz (IXJI) ¢ miotHocteio notoka atomo H: 1015 cm2c,
monekyn Haz: 107-¥cm?c! mocne pasaMuHBIX  TeMIepaTypHO-BPEMEHHBIX —PEKHMOB
06paboTKK TIOBEPXHOCTH JFoMUHO(Opa ZnS-Tm® B BakyyMe, aTOMapHOM H MOJIEKYJISPHOM
BOJOpO/IC. Ilpu Hanycke atomoB H Ha mnosepxHocTh ZNS-TMS* mpensaputenbHO
OYMIIEHHYIO MPOrpeBoM obpasua B Bakyyme 1.30:'10° Topp mpu 675 K B Teuenue 2 4 u
oxnaxjaeHHyo g0 310 K naGmromaercs aBTOKOJIEOATENIbHBIN PEXUMOM  M3MEHEHUS

HWHTEHCHBHOCTH JIIOMUHecIeHIuH /(f), pucyHOK 2 kpuBas 1.
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1100

10004 PucyHok.2.  Kunernmueckas xpupas ['XJIy

ZnS-Tm?". 1-5KCTIEpUMEHT, 2-
anmnpoKCHMalMsg  KUHETHYECKOH  KpUBOM
JIIOMHHECLIEHIMUM  TIPOCTeHIed  MOIAEeTbHOH
3aBucuMocthio (1), 3-  anmpoxcuManus
kuHetndeckoi kpusoit ['XJIy -1 mopenbHOM
3aBUCUMOCTBIO (2) ¢ y4eToM dHeprooOMeHa B
agcopOumonHoM cioe. Temreparypa obpasia
318 K, masinenue B paspsHoii TpyOke 2.2°107!
TOpP.
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Mexanusm Bo30OyxaeHus ['XJl ¢ MHHUMAIBHBIM YHCIOM DJIEMEHTAPHBIX CTAAWil UMEET
Vi1 nvz V-3
Bun: H+L->HL H+HL—H,L+hv H,L—H,+L.
AmnnpokcuManusi KpHBOH 2 Ha PUCYHKE 2 UMeeT BH]

I (t) = 950[1- exp (-0,00011 t)-1.4-10“t exp (-0,00011 t)] 1)

CkopocTH ymapHOH peKOMOHHAIMH aTOMOB BOAOPOJA € aACcOpPOMPOBAHHBIMH aTOMAaMH,
CKOPOCTH aJICOPOLIUK aTOMOB BOZOPOJA M CKOPOCTH AECOPOLUM MOJIEKYIISIPHOTO BOAOPOAA

UTSL MOZICTTBHOM KMHETHYECKON KPHBOH 2 PUCYHOK 3 . IPUBEACHHI B Tadnume 1.

Tabmuua 1. ITapameTpbl KWHETHYECKON KPUBOH 2, pUCYHOK 2.
OTHOCHUTEIbHBIE Y va Va3
BeposITHOCTH, C!

H+LL>HL H+HL Vo BHZL Hz-(~L—)V’3 HZL

"j‘?;ja; fégﬂc;g'g}f 2 2.59-10% 1.44-10 4.77-10%

Anmnpokcumupyiomas KpuBas 3 Ha pPUCYHKE 2, YUMTHIBAaKOIlas dHEProoOMEH B
a/ICOpOIIOHHOM CII0€ ¢ KoIe0aTelIbHO-BO30Yy XK ICHHBIMU MOJISKYJIaMH BOZOPOJa IMEET BH]T
I1(t) = 950{1 — exp (—0.00011t)[1 + 1,4 - 10~*¢] } + 480sin (% t) - exp (-0.000542t) (2)
TomyuenHble pe3ynbTaThl IPUBEIEHBI PUC. 2, KpUBas 3 HaXO[ATCA B KaYECTBEHHOM COIVIACHH
C 9KCMIEPUMEHTOM, KpUBasi.2.

Ha pucynke 3 npuBezieHbl pejakcaliOHHble KUHeTHUeckue Kpusble I'’XJIn, nomyueHHble
OpH  CTYNEHYaTOM YBEIMYEHHWH | Ha Aj ¥ BOCCTAHOBJICHHAas 110 HHM 3aBHCHMOCTb
unreHcuBHOCcTH [XJIn ZnS—-Eu or mioTHocTH moTOKa BO30YXKIAIOIIMX aTOMOB BOJOPOAA,

puc.4. UHTeHcuBHOCTH cBedeHuss ZnS—Eu B atomMapHOM BOZOpOAE KBaJIpaTHUYHO

235



YBEJIMIUBACTCA C KOHI.IGHTpaLIPIeﬁ aTOMOB BOJOpOJa (HJ'IOTHOCTPI II0TOKa aToOMOB H) Oto

COOTBETCTBYET ynapHomy H + L 3 HL H+HL rg H,L + hv (Pummna-Umm) wmexaHusmy
B030yxaenus ['XJI :
1(j) =1,2-10% /2 3)

M3yueHne pekoMOMHAIIMK aTOMOB BOZIOPOAA HA OBepXHOCTH ZnS-Eu
HECTAIMOHAPHBIMU JIFOMUHECLIEHTHBIMU METOIAMH, MO3BOJIMIIH HCHTH(OHIPOBATh
npoueccs! Bo30yxaenus ['XJIn u BanentHoe coctosiHue (3+) noHoB Eu Ha moBepxHOCTH.

JnuTensHOe BO3OyXkAeHHe mMoBepxHOCTH ZNS-Tm®, ZnS-Mn?* | ZnS-Eu3" atomapHbIM
BOJ0pOIoM Npu Temreparype 318 K, napnenuu B paspsanoit tpy6ke 3-107t Topp, npusoaut k
MIOSIBIICHUIO aBTOKOJE0ATeNbHOTO0 peknMa H3MeHeHHs MHTeHcuBHocTd ['XJI ¢ mepuomom
okono 3000c., puc.2. Konebarenpuplii pexuM uHTeHCHBHOCTH ['XJl ynOBIECTBOPHTEIBHO
MOJIEIIUPYETCS MPOLIECCAMH  KoJieOaTelIbHO-KOJIeOaTeIbHOTO JHEPreTHYECKoro obMeHa B
azcopOionHom cioe H+Ho.

[pennoskeH METOA MOCTPOCHHS IPaLyHPOBOYHBIX KPHBBIX «KOHIICHTpAIMs aTOMOB

BOAOpOAA-UHTEHCUBHOCTb I'XJI» Ha OCHOBE TOJIBKO JIIOMMHECHEHTHBIX I/I3MepeHPII>'I, pHC.3,4.
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Wnrencnsroctsx 107, onT.ex.

1o 1 20 25 30 35
Konuentpaimu atomos Bogopoaa 2.5x<10", em?c!
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Bpewms, ¢

Pucynoxk 3. Ilpupamenne uatencuHoct I XJy
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Spatial distribution of secondary ions from single crystal

and amorphous targets

V.E.Yurasova, K.A.Tolpin
Moscow State University, Moscow 119991, Russia, E-mail: ktolpin@mail.ru

Using the coincidence method [1] the spatial distributions of excited secondary ions of
certain energy formed during ion bombardment at various angles of the face (111) and
amorphized silicon surface are obtained. For comparison with the experimental result, a
calculation was made using the theory developed in [2].

The obtained results open the prospect for the approached of coincidence technique to

investigate electronic properties of surfaces.

The spatial distributions of the secondary excited Si** ions were studied at the unit with the
scheme of coincidence described in [1].

The plant has three channels for recording secondary particles emitted as a result of ion
bombardment: ion, photon and electron.

The analysis of secondary particles by energy is carried out using a spherical electrostatic
analyzer.

Distributions on the polar emission angles of the excited Si** ions produced in the (111) Si face
under ion bombardment were measured for two excited states.

Figure 1 shows the distribution of Si** 4p(2P°) with Eexc = 10.07 eV obtained under ion
bombardment near a surface normal (at the angle « = 3°) by measuring the number of 386 nm
photon coincidences with 150 eV or 670 eV ions.

The distributions exhibit the main maxima at & = 45° and the local maxima at 35° and 55° which
correspond to the preferred yield of sputtered particles in the [011] and [122] close packing
directions.

At a secondary Si* ion energy of 670 eV, the distributions are located nearer to the surface. The
calculation distributions of Si** 4p(?P°) on the polar emission angles under Ne* ion
bombardment are somewhat narrower than under Ar* ion bombardment and are more different at
secondary ion energies of 150 eV and 670 eV.
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Fig. 1. Polar angle distribution of the intensity | of the emission of Si** 4p(?P°) excited secondary ions
(A =386 nm) from the (111) Si face under 8 keV Ar* and Ne* ion bombardment at the angle o = 3° to a
surface normal in the (110) plane. (1) Ar*, Ei=150eV; (2) Ar*, E; = 670 eV; (3) Ne*, E; = 150 eV; (4)
Ne*, Ei = 670 eV. The solid curves are experimental data, the dashed and dotted curves are the calculation
results for Si°.

The Si** 4p(*D) (Eexc = 16.39 eV) distribution of the polar ejection angle 6 was studied by
measuring the number of 567 nm photon coincidences with 300 eV and 600 eV Si* ions.

The specimen was under 8 keV Ar* ion bombardment at the angle 35° to a surface normal in the
(110) plane.

The distributions proved to be of the same character as in the previous case and were located
nearer to the surface at lower energies of secondary Si* ions.

At the same time, the difference between the Si*™* (567 nm) curves corresponding to the
secondary Si* ion energies of 300 eV and 600 eV proved to be greater compared with the Si**

(386 nm) curves corresponding to 150 eV and 670 eV.

Figure 2 shows the results of studying the secondary Si* ion distribution on the polar emission
angle for amorphous silicon surface under ion bombardment near a surface normal (« = 3°) for
secondary Si* ion energies of 150 eV and 670 eV.

It is seen that, as the Si* ion energy increases, the distributions get broader and shift towards the
surface.

In the case of Ne* ion bombardment, the distributions are located slightly nearer to the surface

compared with Ar* ion bombardment.
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Fig. 2. Polar angle distribution of the intensity | of the emission of Si* secondary ions from amorphous
silicon surface under 8 keV Ar* ion bombardment at the angle « = 3°. The solid curves are experimental
data. (1) Ej = 150 eV, the dashed line is the calculation result for Si°; (2) E = 670 eV, the dash-dotted
curve is the calculation result for Si°.

It should be noted that the Si* distributions of polar emission angle Si*(6) are located nearer to
the surface than the distributions Si**(6) under the same initial conditions.

Besides, the difference between Si*(6) and Si**(6) is greater at the higher energies of secondary
ions (670 eV).

The angular distributions of the 300 eV and 600 eV Si* ions obtained for silicon surface under
ion bombardment at « = 35° are located nearer to the surface than at o = 3°.

As in Figure 1, the distribution of the higher-energy Si* ions is located nearer to the surface.

The 4 eV and 18 eV Si* ion distributions on polar emission angle 6 are located near a surface
normal and get broader as the Si* ion energy increases.

The observed features of the spatial distributions (Figures 1 and 2) cannot be explained in terms
of the conventional sputtering theory.

A more general approach, proposed in the reference [3], allows for the anisotropy of the collision
cascade development and describes the emitted particle distribution.

The anisotropic character of the experimental spatial distributions of secondary ions in their
excited and ground states is defined mainly by sputtering features [4, 5].

At the same time, some of the behavioural features, associated with the difference in the spatial
distributions of ions in their different excited states, can be analyzed qualitatively.

The kinetic mechanism is the most probable mechanism for production of an excited ion.

The rigid collisions of particles give rise to a hole on the deep L-shell which gets filled due to

excited ions.
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The probability for an excited ion to be produced will be assumed to be independent of particle
motion direction and, besides, the spatial distribution of excited ions will be considered as
defined by the distribution of all sputtered particles of a given energy S°6) and by the
dependence of the probability for such a state to survive on the emission angle 6.

The probability for an electron to survive at an excited level with subsequent light emission may
be described as P* ~ exp (-Vo*/V1), where V. is the perpendicular velocity component with
respect to the surface; Vo* is a parameter describing the rate of the emission less de-excitation
processes.

It can readily be verified that the distribution S°(@)P*(6) shifts closer to a normal as the Vo* value
in the P*(0) expression increases. As a rule, the values Vo* ~ 108 cm/s are higher than the
respective values Vo* 108-107 cm/s for the probability of ion production in ground state [4].
Therefore, the spatial Si* ion distributions are located below the respective distributions of

excited particles.

Conclusions

At low energies of the analyzed secondary ions (on the order of eV units), the maximum
distribution of 1(#) is located normal to the surface. As the energy of the secondary ions Ei
increases, the 1(0) becomes wider and shifts towards the surface for greater Ei. This pattern is
observed for secondary ions in both main and excited states.

The angular distribution of secondary ions in the main state lies closer to the surface than the
distribution of excited ions of the same energy. The maximum distribution along the polar angle
of emission approaches the surface as the excitation energy of the secondary ion decreases.

With neon ion bombardment, the distribution of secondary Si* ions is more knotty than with
argon irradiation, and shifted slightly closer to normal to the surface for large Ei.

The difference in the angular distributions of fast secondary Si* ions with Ei = 150 and 670 eV
over the polar yield angle in the case of neon spraying is much larger than in argon irradiation.
The experimental angular distributions of ions in the main and excited state are in qualitative
agreement with the data of the Roosendaal-Sanders sputtering theory [6].
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