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BBEJIEHUE

XXVI Mexnynapoanas xkoHpepeHius «B3aumonelicTBie HOHOB ¢ moBepxHOCThIO» (BUII-
25) mpoBoautcst B SApocnasine ¢ 21 mo 25 aBrycra 2023 roga B SIpociaBCKOM TOCYAapCTBEHHOM
yHusepcurere uM. IL.I. Jlemunosa.

Tematnka TPAAUIIMOHHO OXBAThIBACT Q)YHHaMeHTaIIBHBIe U TPUKIAJHBIC BOIIPOCHL
BSaHMOHeﬁCTBHﬂ HWOHOB C IMOBEPXHOCTHIO.

Jloxaapl 00beTMHEHBI B 6 CEKITNH, pabOTAIONINX MOCIEI0BATEIHHO:

1. Pacnibuienue, cTpyKTypa MOBEPXHOCTH, AeCOpOLs;

2. PaccesiHue U 3MHCCHS HOHOB, 3JIEKTPOHOB, (POTOHOB U PEHTTEHOBCKUX Jy4ell Py MOHHOM
O6oMOapaIupoBKe;

3. UMmnnanTanys HOHOB U MOIU(UKALINS TOBEPXHOCTH;

4. oHHO-MHAYLMPOBAHHBIE MPOIIECCH] B TOHKUX IJIEHKAaX U HAHOCTPYKTYpax;

5. B3aumozeiicTBre maa3Mbl ¢ MOBEPXHOCTHIO — (U3MKA U TEXHOJIOTHSL.

6. MonHoe o0myueHne B OMOJIOTHH U MEIUITMHE.

B paMkax cekmuii TOMHMO pEryJlsSpHBIX YCTHBIX M CTEHJIOBBIX JOKJIaJOB OyIyT
Mpe/CTaBiIeHbl O030pHbIE JIEKLIMH, TIOCBAIEHHBbIE TMEPEJOBBIM pe3yjbTaTaM HayUYHBIX
UCCIIEIOBaHUIM B 00JIaCTH B3aMMOJICHCTBUS MOHOB C MOBEPXHOCTHIO M B HEKOTOPBIX CMEKHBIX
oOracTsx 3HaHUM. 3acegaHus MPOUIYT B CMEIIAHHOM OYHOM U JUCTAaHLMOHHOM (hopMarax.

Opraam3atopamu koH(pepennun BUII-26 sBrasroTcss MHHHUCTEPCTBO HAyKW W BBICIIETO
obpazoBanusi P®, Poccuiickas Axamemuss Hayk, HamumoHambHBIX HCCIIETOBATEIHCKUM IIEHT
«Kyp4yaToBCKMIl HMHCTUTYT», SIpOCIaBCKMH TOCYyAapCTBEHHBIM YHUBEPCUTET, SIpocimaBckuit
¢bunmuan ¢duzmko-TexHojgorndeckoro wHCTUTYTa PAH, HammonanmeHBIN uHccaenoBaTeNbCKUi
anepHeli  yHuUBepcuteT «MHU®M», MoOCKOBCKHMI TOCyJapCTBEHHBIM yHuUBepcutTeT, CaHKT-
[TetepOyprckuii MOMUTEXHUUECKUI YHUBEPCHUTET.

Kondepenuus «B3anMopeiicTBe HOHOB C MOBEPXHOCTHIO» SIBISETCS OJHON W3 BEAYLIUX B
cBoel oOnactu Hayku. BmepBeie ona mpomnuta B 1971 romy B XapbkoBe IO HHHUIIMATHBE
npodeccopa SA.M.Dorens; nanee koHdpepeHIUH npoBoawmch B Mockse, Kuee, Muncke,
3Benuropoze, Apocnasie. Ha npotsokenun Bcero Bpemenu koHpepenuust BUIT coxpansinacs u
OepexHO MOoJAepKUBANIACh €€ OpraHu3aTopaMu, B TOM YHUCIIE TEMH, KTO CTOSUT y €€ UcTOKOB. K
HUM B IiepBYyr0 odepenp oTHocarcs: FO.A. Pepkos, B.E. IOpacosa, SI.M. ®@orens, O.b. @upcos,
b.b. Kagomres, B.T.Uepenun, B.A.JlabynoB, B.I'.TenskoBckuii, U.WU.11Ixkap6an, B.A.KypHnaes,
A.N.TutoB u ap.

Nutepec k kondepennun BUII He ymeHbIIaercs u3 roga B roj, TPAJIUIUOHHO COXPaHSAETCS
ydacTue BeAylIMX 3apyOekHbIX yueHbIX. B agpec Oprkomutera B 3TOM rojay mocTynuio donee
130 pacimpeHHbIX TE3UCOB HAYyUHBIX JTOKJIaa0B U3 11-TU cTpaH Mupa, KOTOpble OMyOIMKOBaHbI
B HACTOSIIKMX Tpynaax KoH@pepeHuuu. OTmeudaeTcss OOJBIIOE YHUCIO MOJIOABIX YYaCTHHUKOB,
MHOT'ME U3 KOTOPBIX BBICTYIIST C YCTHBIMH JTOKJIaJAaMHU.

ITocne  3aBepmieHuss  KOH(PEPEHIMH  TpEANoNaraeTcs  MyOnWKanus  MaTepuaioB
MpEACTABICHHBIX JTOKIAJ0B B BUE cTaTel B xKypHanax "[loepxnocts", "U3Bectnsa PAH, cepus
¢uznueckaa". Crarbu Uil MyOnuKanuu OyIyT OTOOpaHBI M pacHpelesieHbl MO KypHallaM
[IporpaMMHBIM KOMHTETOM IIOCJIE€ PELIEH3UPOBAHUS BO BpeMs paboThl KOH(EPEHIINH.

Ot nua opraHn3aTopoB KOH(DEPEHIINH BBIpaXkaro TIyOOKYI0 0JaroJapHOCTh POCCHUCKUAM U
MHOCTpaHHBIM ujieHaM OpraHuzanroHHoro u IIporpamMmmHOro KOMuUTETOB U MeXayHapOIHOTO
COBEeTa 3a OOJIBIIYIO TOMOIIL B OPraHU3alMH KOH(EPEeHIIHIHA.



B cBobGoaHoe oT paboThl KOHpEpEeHnH BpeMs OyAyT OpraHHM30BaHbl MEIINe 3KCKYpCHUHU T10
ropoay M 3KcKypcuu B Tonrckuit MOHacTeIps Wik B PoctoB Benukuit.

Opranuzaropel BUII-26 HazgeroTcs, 4TO [pYy>KECTBEHHOE OOIEHHWE YYAaCTHHKOB B XOJ€
paboTel KoH(pepeHIMN OyAeT crnocoOCTBOBaTh €€ ycCleXy U JalbHEWIIeMYy COTPYAHHYECTBY
YYEHBIX.

FO.M. l'acnapsn, npencenarens [Iporpammuoro komurera BUII-26



INTRODUCTION

The 26th International Conference on Ion-Surface Interactions (ISI-26) will be held from 21st
to 25th of August 2023, 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. Ion scattering, emission of ions, electrons, photons, and X-rays under ion-surface
Interaction;

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

5. Plasma- surface interaction: physics and technology;

6. lon irradiation in biology and medicine.

In the frame of each section, regular oral and poster presentation together with review talks
will be presented. The conference will be held in a hybrid (in person and online) format.

The ISI-26 is organized by the Ministry of Science and Higher Education of the RF, the
Russian Academy of Sciences, National Research Centre “Kurchatov Institute”, 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.I.Shkarban,
V.A.Kurnaev, A.L.Titov and others.

The popularity of the ISI conference stays at the high level for many years, and leading
experts in the field from many countries traditionally attend it. This time, the Organizing
Committee received more than 130 extended abstracts from 11 countries. The materials are
published in this Conference Proceedings. There are many new participants from different
regions of Russia, 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.

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.

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

Guided walking tours around the city, as well as excursions to the Tolgsky monastery or
Rostov the Great 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-26 Programme committee
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MORPHOLOGICAL STUDY OF THE RAINBOW SCATTERING OF PROTONS BY GRAPHENE
M. Cosi¢ and M. Hadzijoji¢
Laboratory of Physics, Vinca Institute of Nuclear Sciences - National Institute of the

Republic of Serbia, University of Belgrade, P.O. Box 522, 11001 Belgrade, Serbia, e-mail:

mcosic@vinca.rs

Abstract: The main goal of our analysis is to show that the shape of the angular
distributions can be used to study 2D materials. For this kind of systems, angular distributions
contain lines along which large yield dominantly determine their shape. We focus on the
relationship between the reduced interaction potential and the shape of the rainbow pattern.
Metamorphoses of the rainbow pattern in the impact parameter plane were investigated and
attributed to the bifurcations of the critical points of the rainbow line curvature. It will be shown
that the impact parameter rainbow vertices are connected with the corresponding cusps of rainbows

in the scattering angle plane, and their bifurcations will be analyzed in detail.

The transverse plane of the Cartesian coordinate system was attached to the graphene plane.
The beam direction is specified by polar and azimuthal angles @, and @. The proton-carbon
interaction potential was obtained by thermally averaging Doyle-Turner’s potential [1]. The

following expression gives the resulting interaction potential in atomic units

1
[—EPT Zhep ), (M

v () 1 * (047
SR e
o 4/ & [ldet Q]

where p is the ion-carbon separation vector, a; and Sy, (k = 1,... 4) are carbon’s fitting
parameters, Q, = f; /16m% + %X, while ¥ is a covariance matrix of atom thermal

displacements [2]. The ion-graphene interaction potential energy is given by the following sum
UG) = ) Vinr = Ry), @
n

ranging over all atoms contributing significantly to the scattering process. Note that potential U (1)
is negligible outside an interval z < |z,,| called the interaction interval. Planes at z = +z,, are

called the impact parameter plane and the exit plane, respectively.
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The scattering of the classical particles is described by Newton’s equations that read

d
m v = —VU(r), 3)

where m,, is proton mass, v = (¥, 1}, ;) is its velocity vector, and t is the time. For parallel,
monochromatic proton beam of kinetic energy E}, the appropriate initial conditions for solving Eq.
(3) are 1(0) = (by,by,—zp), v(0) =,/2E;/m, (sin®cos®,sinOsin®,cos @), with
uniform distribution of impact parameters b = (by, b,). In the exit plane, scattering angles are
given by relations tan6, = v,/v,, and tanf, = v,/v,. The differential cross-section

04ifr(0; 0, D) is given by the relation [2]

{1 — sin? 8, (b) sin? 6, (b)}’"* 1

4
cos 6, (b) cos 6,,(b) |detJ(b; 0,D)|’ ®)

oqire(b; O, D) =

where J(b; @, @) is the Jacobian of map b — 0. Note that o4 is infinite along lines satisfying the

following equation
detJ(b; 0,®) =0, )

called impact parameter rainbows. Their images in the exit plane are called angular rainbows.

When E, is sufficiently large, the momentum approximation gives an excellent
approximation of the scattering process. In the coordinate system attached to the proton beam, the

closed form of the scattering law is given by the following expression

1
6 = —Z—Eka @(b), (6)

where V, is the transverse gradient, while ¢ (b) is the reduced potential defined by the following

integral

[oe)

o(b) = f U(b, z)dz. (7)

—00

The rainbow condition (5) reduces to
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det H,(b) =0, (8)

where H,, is a Hessian matrix of the reduced potential.

Figures 1(a) and (b) show calculated angular distributions of transmitted protons for @ =
0, ® = 0, and 600. For ® = 0. The distribution consists of the inner hexagonal part — whose
enlarged view is shown in inset 1(a’) — and the outer circular part. The inner part reflects Cg
symmetry of the reduced potential, while the outer part reflects the spherical symmetry of the
potential in the proximity of the carbon atoms [16]. For ® = 600 mrad, the inner part of the
distribution gets elongated in the vertical directions while the outer circular region splits into two

elliptical regions.

Black and blue lines in Fig. 1 show rainbows obtained by solving Egs. (5) and (8). The
rainbow pattern for @ = 0 consists of two lines. The inner line has the shape of a hexagon with a
curve homomorphic to the equilibrium set of the degenerate buttery catastrophe Fs at its corners

[3, 4], while the outer rainbow is a circle. For ® = 600 mrad, the inner rainbow pattern consists

min | . 11X

(a)

100+

8.(mrad)
<=

-100

-100 0 100 -20 0 20
8, (mrad) B,(mrad)

FIG. 1. Angular distributions in the exit plane for graphene tilted by (a) ® = 0, and
(b) ® =600 mrad. (a’) An enlarged view of the central part of the distribution. Black and

blue lines show rainbows obtained by solving Eqgs. (5) and (8), respectively.
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of a hexagonal line elongated vertically. Four out of six of its butterflies were transformed into
cusps. The outer rainbow pattern consists of two elliptical lines. It is evident that exact and impulse
approximation rainbows completely determine the shape of the angular distributions. For
simplicity, we will study the metamorphoses of the rainbow pattern using the momentum

approximation.

The black lines in Fig. 2(a) show the rainbow pattern in the scattering angle plane for ® =

0 mrad. The inner pattern consists of the hexagonal line I while the outer pattern consists of the
circular line O . The upper inset gives an enlarged view of butterflies Fs(l) Yoo F5(6) belonging to

line I. The lower inset shows the enlarged view of the line I in the vicinity of the buttery FS(G).
Rainbows partition the scattering angle plane into regions colored according to the relative
multiplicity of its points. Multiplicities, ranging from zero up to eight, are indicated with a different
tone of the red color. Note that rainbows are boundaries at which multiplicity changes locally by
two. The exterior of the curve O has the lowest multiplicity of 0, while points in its interior have a
multiplicity of 4. This indicates that rainbow O is most probably composed of two overlapped lines.
Most points inside the line I have multiplicity six. The lower inset reveals that points inside the
middle cusp have multiplicity 8. This explains why butterflies are the most prominent features of

angular distribution.

The black lines in Fig. 2(a’) show the corresponding rainbow pattern in the impact
parameter plane. Each unit cell contains one copy of the rainbow pattern that consists of the line 1
and two lines O and O enclosing atoms. The scattering law (6) maps line I to I while both lines O
and O’ are mapped to 0, thus proving its double degeneracy. Lines in Fig. 2(a’) separate areas of
positive and negative potential curvature colored blue and red, respectively. Interiors of rainbows

must contain extremum point of the potential ¢.

Vertices of rainbows in Fig. 2(a’) are shown by white dots. Irreducible vertices of the I are
a,c,d and e, Points a, and d, are minima of the curvature, while points ¢ and e are maxima.
Between each max-min pair, the curvature has an inflection point. Four inflection points, vital for
our analysis, are by the yellow points and labeled b, b’, —b, and —b’. Note that minima a, and d
of the line I are mapped to the butterfly cusps of the line I (points @ and d), while maxima ¢ and e

are mapped to the curvature minima of the line I at centers of hexagon sides (points ¢ and e). The

inflection points b, are mapped to the two side cusps of the butterfly Fs(l).
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6. (mrad)

b.{nm)

b,
e, b, o o
ae s’ h'a

FIG. 2. (a), (b) Rainbows in the exit plane for ® =0, and @& =500 mrad.
Multiplicities of points are coded according to shown colorbar. (a’), (b’) The corresponding
rainbow patterns in the impact parameter plane. Dashed black lines show the boundaries of
the graphene unit cell. (c¢), (d) Bifurcations of vertices of rainbows O and I, respectively.

Symbols a,v, and ® mark maxima, minima, and saddles of the reduced potential.
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For @ = 500 mrad circular rainbow O transforms into two elliptical lines O and 0’ each
having four vertex points. The irreducible vertices are labeled f, g, and h. Their trajectories
obtained for different values of the tilt angle @ are shown in Fig. 2(c). This Fig. reveals that these
vertices are created simultaneously for infinitesimal change of the tilt angle ® = 0 mrad. This
process can be understood as a bifurcation of the conic section that transforms a circle into an

ellipse.

The inner rainbow I undergoes a more elaborate transformation. Its butterflies FS(Z), Fs(g),

FS(S) , and 175(6) are transformed into the cusps labeled Fg(z), F3(3), Fg(s), and 173(6). The increase of the
tilt angle moves the central cusp and the nearest side cusp of each butterfly to approach each other.
For ® = 234.6 mrad, they undergo a saddle-node bifurcation that annihilates them, leaving one
cusp in the place of the original three. The described unfolding occurs without alteration of the

corresponding vertex structure in the vicinity of point d and its symmetrical equivalents. For & =0

mrad, this point was associated with the central cusp of the pattern FS(Z). For ® = 234.6 mrad, it is
mapped to the double degenerate singular point created by the annihilation of two cusp

singularities. After unfolding, vertex d is mapped to the point d located to the right of the remaining

cusp of the pattern F3(2). Note that this behavior is characteristic of the unfolding of the defective

catastrophe F5 into F;.

Figure 2(b’) show two vertex points by, and b, at the place of the original point b. The
evolution of point b in detail and obtained trajectory is displayed in Fig. 2(d). It shows that for & =
444.9 mrad, inflection point b becomes the degenerate critical point and bifurcates into critical

point pair. The lower inset in Fig. 2(b) shows that points b;, and b, are mapped to points b;, and

b, located near the vertex and cusp singular point of the butterfly pattern Fs(l).
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