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ВВЕДЕНИЕ 

XXVI Международная конференция «Взаимодействие ионов с поверхностью» (ВИП-
25) проводится в Ярославле с 21 по 25 августа 2023 года в Ярославском государственном
университете им. П.Г. Демидова.

Тематика традиционно охватывает фундаментальные и прикладные вопросы 
взаимодействия ионов с поверхностью. 

Доклады объединены в 6 секций, работающих последовательно: 
1. Распыление, структура поверхности, десорбция;
2. Рассеяние и эмиссия ионов, электронов, фотонов и рентгеновских лучей при ионной
бомбардировке;
3. Имплантация ионов и модификация поверхности;
4. Ионно-индуцированные процессы в тонких пленках и наноструктурах;
5. Взаимодействие плазмы с поверхностью – физика и технология.
6. Ионное облучение в биологии и медицине.

В рамках секций помимо регулярных устных и стендовых докладов будут 
представлены обзорные лекции, посвященные передовым результатам научных 
исследований в области взаимодействия ионов с поверхностью и в некоторых смежных 
областях знаний. Заседания пройдут в смешанном очном и дистанционном форматах. 

Организаторами конференции ВИП-26 являются Министерство науки и высшего 
образования РФ, Российская Академия Наук, Национальных исследовательский цент 
«Курчатовский институт», Ярославский государственный университет, Ярославский 
филиал физико-технологического института РАН, Национальный исследовательский 
ядерный университет «МИФИ», Московский государственный университет, Санкт-
Петербургский политехнический университет. 

Конференция «Взаимодействие ионов с поверхностью» является одной из ведущих в 
своей области науки. Впервые она прошла в 1971 году в Харькове по инициативе 
профессора Я.М.Фогеля; далее конференции проводились в Москве, Киеве, Минске, 
Звенигороде, Ярославле. На протяжении всего времени конференция ВИП сохранялась и 
бережно поддерживалась её организаторами, в том числе теми, кто стоял у её истоков. К 
ним в первую очередь относятся: Ю.А. Рыжов, В.Е. Юрасова, Я.М. Фогель, О.Б. Фирсов, 
Б.Б. Кадомцев, В.Т.Черепин, В.А.Лабунов, В.Г.Тельковский, И.И.Шкарбан, В.А.Курнаев, 
А.И.Титов и др.  

Интерес к конференции ВИП не уменьшается из года в год, традиционно сохраняется 
участие ведущих зарубежных ученых. В адрес Оргкомитета в этом году поступило более 
130 расширенных тезисов научных докладов из 11-ти стран мира, которые опубликованы 
в настоящих трудах конференции. Отмечается большое число молодых участников, 
многие из которых выступят с устными докладами.  

После завершения конференции предполагается публикация материалов 
представленных докладов в виде статей в журналах "Поверхность", "Известия РАН, серия 
физическая". Статьи для публикации будут отобраны и распределены по журналам 
Программным комитетом после рецензирования во время работы конференции. 

 От лица организаторов конференции выражаю глубокую благодарность российским и 
иностранным членам Организационного и Программного комитетов и Международного 
совета за большую помощь в организации конференций.  
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В свободное от работы конференции время будут организованы пешие экскурсии по 
городу и экскурсии в Толгский монастырь или в Ростов Великий.  

Организаторы ВИП-26 надеются, что дружественное общение участников в ходе 
работы конференции будет способствовать её успеху и дальнейшему сотрудничеству 
учёных. 

Ю.М. Гаспарян, председатель Программного комитета ВИП-26 
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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. Ion 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.I.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. Ćosić and M. Hadžijojić

Laboratory of Physics, Vinča 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 𝛩𝛩, and 𝛷𝛷. 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 

𝑉𝑉𝑡𝑡ℎ(𝝆𝝆) =
1

4√𝜋𝜋
�

𝛼𝛼𝑘𝑘
�|det𝛀𝛀𝑘𝑘|

4

𝑘𝑘=1

exp �−
1
2
𝝆𝝆T ⋅ 𝜮𝜮−𝟏𝟏 ⋅ 𝝆𝝆 �, (1) 

where 𝝆𝝆 is the ion-carbon separation vector, 𝛼𝛼𝑘𝑘 and 𝛽𝛽𝑘𝑘, (𝑘𝑘 =  1, …  4) are carbon’s fitting 

parameters, 𝛀𝛀𝑘𝑘  = 𝛽𝛽𝑘𝑘 /16𝜋𝜋2  +  ½𝚺𝚺, while 𝜮𝜮 is a covariance matrix of atom thermal 

displacements [2]. The ion-graphene interaction potential energy is given by the following sum 

𝑈𝑈(𝒓𝒓) = �𝑉𝑉𝑡𝑡ℎ(𝒓𝒓 − 𝑹𝑹𝑛𝑛)
𝑛𝑛

, (2) 

ranging over all atoms contributing significantly to the scattering process. Note that potential 𝑈𝑈(𝒓𝒓) 

is negligible outside an interval 𝑧𝑧 ≤ |𝑧𝑧𝑚𝑚| called the interaction interval. Planes at 𝑧𝑧 = ±𝑧𝑧𝑚𝑚 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 

𝑚𝑚𝑖𝑖
d
d𝑡𝑡
𝒗𝒗 = −𝛁𝛁𝑈𝑈(𝒓𝒓), (3) 

where 𝑚𝑚𝑝𝑝 is proton mass, 𝒗𝒗 =  (𝑣𝑣𝑥𝑥, 𝑣𝑣𝑦𝑦, 𝑣𝑣𝑧𝑧) is its velocity vector, and 𝑡𝑡 is the time. For parallel, 

monochromatic proton beam of kinetic energy 𝐸𝐸𝑘𝑘, the appropriate initial conditions for solving Eq. 

(3) are 𝒓𝒓(0)  =  (𝑏𝑏𝑥𝑥,𝑏𝑏𝑦𝑦,−𝑧𝑧𝑚𝑚), 𝒗𝒗(0)  = �2𝐸𝐸𝑘𝑘 𝑚𝑚𝑝𝑝⁄ (sin𝛩𝛩 cos𝛷𝛷 , sin𝛩𝛩 sin𝛷𝛷 , cos𝛩𝛩), with

uniform distribution of impact parameters 𝒃𝒃 =  (𝑏𝑏𝑥𝑥, 𝑏𝑏𝑦𝑦). In the exit plane, scattering angles are

given by relations tan𝜃𝜃𝑥𝑥 =  𝑣𝑣𝑥𝑥/𝑣𝑣𝑧𝑧, and tan𝜃𝜃𝑦𝑦  =  𝑣𝑣𝑦𝑦/𝑣𝑣𝑧𝑧. The differential cross-section

𝜎𝜎diff(𝜽𝜽;𝛩𝛩,𝛷𝛷) is given by the relation [2]

𝜎𝜎diff(𝒃𝒃;𝛩𝛩,𝛷𝛷) =
�1 − sin2 𝜃𝜃𝑥𝑥(𝒃𝒃) sin2 𝜃𝜃𝑦𝑦(𝒃𝒃)�

3/2

cos 𝜃𝜃𝑥𝑥(𝒃𝒃) cos 𝜃𝜃𝑦𝑦(𝒃𝒃)
1

|det 𝑱𝑱(𝒃𝒃;𝛩𝛩,𝛷𝛷)|, 
(4) 

where 𝑱𝑱(𝒃𝒃;𝛩𝛩,𝛷𝛷) is the Jacobian of map 𝒃𝒃 → 𝜽𝜽. Note that 𝜎𝜎diff is infinite along lines satisfying the 

following equation 

det 𝑱𝑱(𝒃𝒃;𝛩𝛩,𝛷𝛷) = 0, (5) 

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

When 𝐸𝐸𝑘𝑘 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 

𝜽𝜽 = −
1

2𝐸𝐸𝑘𝑘
∇𝑏𝑏 𝜑𝜑(𝒃𝒃), (6) 

where ∇𝑏𝑏 is the transverse gradient, while 𝜑𝜑(𝒃𝒃) is the reduced potential defined by the following 

integral 

𝜑𝜑(𝒃𝒃) = � 𝑈𝑈(𝒃𝒃, 𝑧𝑧)d𝑧𝑧
∞

−∞

. (7) 

The rainbow condition (5) reduces to 
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det  𝑯𝑯𝜑𝜑(𝒃𝒃) = 0, (8) 

where  𝑯𝑯𝜑𝜑 is a Hessian matrix of the reduced potential. 

Figures 1(a) and (b) show calculated angular distributions of transmitted protons for 𝛷𝛷 =

 0, 𝛩𝛩 =  0, and 600. For 𝛩𝛩 =  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 𝐶𝐶6 

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 𝛩𝛩 = 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 Eqs. (5) and (8). The 

rainbow pattern for 𝛩𝛩 = 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 𝐹𝐹5 at its corners 

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

FIG. 1. Angular distributions in the exit plane for graphene tilted by (a) 𝛩𝛩 =  0, and 

(b) 𝛩𝛩 = 600 mrad. (a’) An enlarged view of the central part of the distribution. Black and

blue lines show rainbows obtained by solving Eqs. (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 𝛩𝛩 =

0 mrad. The inner pattern consists of the hexagonal line 𝐼𝐼 ̅while the outer pattern consists of the 

circular line 𝑂𝑂� . The upper inset gives an enlarged view of butterflies 𝐹𝐹5
(1) , . . . ,𝐹𝐹5

(6) belonging to

line 𝐼𝐼.̅ The lower inset shows the enlarged view of the line 𝐼𝐼 ̅in the vicinity of the buttery 𝐹𝐹5
(6).

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 𝑂𝑂� has the lowest multiplicity of 0, while points in its interior have a 

multiplicity of 4. This indicates that rainbow 𝑂𝑂� is most probably composed of two overlapped lines. 

Most points inside the line 𝐼𝐼 ̅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 𝐼𝐼 

and two lines 𝑂𝑂 and 𝑂𝑂′ enclosing atoms. The scattering law (6) maps line 𝐼𝐼 to 𝐼𝐼 ̅while both lines 𝑂𝑂 

and 𝑂𝑂′ are mapped to 𝑂𝑂�, 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 𝜑𝜑. 

Vertices of rainbows in Fig. 2(a’) are shown by white dots. Irreducible vertices of the 𝐼𝐼 are 

𝑎𝑎, 𝑐𝑐, 𝑑𝑑 and 𝑒𝑒, Points 𝑎𝑎, and 𝑑𝑑, are minima of the curvature, while points 𝑐𝑐 and 𝑒𝑒 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 𝑏𝑏, 𝑏𝑏′, −𝑏𝑏, and −𝑏𝑏′. Note that minima 𝑎𝑎, and 𝑑𝑑 

of the line 𝐼𝐼 are mapped to the butterfly cusps of the line 𝐼𝐼 ̅(points 𝑎𝑎� and 𝑑̅𝑑), while maxima 𝑐𝑐 and 𝑒𝑒 

are mapped to the curvature minima of the line 𝐼𝐼 ̅at centers of hexagon sides (points 𝑐𝑐̅ and 𝑒𝑒). The 

inflection points ±𝑏𝑏, are mapped to the two side cusps of the butterfly 𝐹𝐹5
(1).
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FIG. 2. (a), (b) Rainbows in the exit plane for 𝛩𝛩 = 0, and 𝛩𝛩 = 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 ▲,▼,  and ● mark maxima, minima, and saddles of the reduced potential. 

119



For 𝛩𝛩 = 500 mrad circular rainbow 𝑂𝑂� transforms into two elliptical lines 𝑂𝑂� and 𝑂𝑂�′ each 

having four vertex points. The irreducible vertices are labeled 𝑓𝑓, 𝑔𝑔, and ℎ. Their trajectories 

obtained for different values of the tilt angle 𝛩𝛩 are shown in Fig. 2(c). This Fig. reveals that these 

vertices are created simultaneously for infinitesimal change of the tilt angle 𝛩𝛩 = 0 mrad. This 

process can be understood as a bifurcation of the conic section that transforms a circle into an 

ellipse.  

The inner rainbow 𝐼𝐼 ̅undergoes a more elaborate transformation. Its butterflies 𝐹𝐹5
(2), 𝐹𝐹5

(3), 

𝐹𝐹5
(5) , and 𝐹𝐹5

(6) are transformed into the cusps labeled 𝐹𝐹3
(2), 𝐹𝐹3

(3), 𝐹𝐹3
(5), and 𝐹𝐹3

(6). The increase of the 

tilt angle moves the central cusp and the nearest side cusp of each butterfly to approach each other. 

For 𝛩𝛩 = 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 𝑑𝑑 and its symmetrical equivalents. For 𝛩𝛩 =0 

mrad, this point was associated with the central cusp of the pattern 𝐹𝐹5
(2). For 𝛩𝛩 = 234.6 mrad, it is 

mapped to the double degenerate singular point created by the annihilation of two cusp 

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

cusp of the pattern 𝐹𝐹3
(2). Note that this behavior is characteristic of the unfolding of the defective 

catastrophe 𝐹𝐹5 into 𝐹𝐹3. 

Figure 2(b’) show two vertex points 𝑏𝑏1, and 𝑏𝑏2 at the place of the original point 𝑏𝑏. The 

evolution of point 𝑏𝑏 in detail and obtained trajectory is displayed in Fig. 2(d). It shows that for 𝛩𝛩 = 

444.9 mrad, inflection point 𝑏𝑏 becomes the degenerate critical point and bifurcates into critical 

point pair. The lower inset in Fig. 2(b) shows that points 𝑏𝑏1, and 𝑏𝑏2 are mapped to points 𝑏𝑏�1, and 

𝑏𝑏�2 located near the vertex and cusp singular point of the butterfly pattern 𝐹𝐹5
(1). 
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