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PREFACE

Welcome to the 16th International Workshop on Inelastic Ion Surface
Collisions (IISC-16)! The history of IISC dates back to the mid 1970s
(see table below). This year we are happy to organize IISC for the
second time in Austria.

The series of IISC meetings seeks to promote the growth of scientific
knowledge and its efficient exchange among scientists in the field of
inelastic interactions of particles with surfaces. The meetings provide an
informal workshop atmosphere with time for discussions and no parallel
sessions. To this purpose the workshops are usually held at a somewhat
remote location instead of a big city, and the total number of participants
is limited to about 100. Hernstein Palace, a historic chateau once owned
by the Habsburg family, has been chosen as the conference location for
IISC-16. Located in an idyllic park with a small lake it is situated just
50 km south of Vienna city centre.

We hope that all participants will experience a lively and successful
meeting while enjoying the attractive surroundings in this beautiful
region of Austria.

Fritz Aumayr
Chair of IISC-16

History of IISC

IISC Year Location Country Organizers
1 1976 Bell Labs, Murray Hill, NJ USA N. Tolk
2 1978 McMaster Univ., Hamilton Canada R. Kelly
3 1980 Feldkirchen-Westerham Germany E. Taglauer, W. Heiland
4 1982 Hindsgavl Manor, Middelfart Denmark P. Sigmund
5 1984 Gold Canyon Ranch, AZ USA P. Williams
6 1986 ARNL, Argonne, Illinois USA D. Gruen
7 1988 Jagellonian Univ., Krakow Poland M. Szymonski
8 1990 Wiener Neustadt Austria G. Betz, P. Varga
9 1992 Aussois France M. Bernheim, J.P. Gauyacq
10 1994 Grand Targhee, WY USA N. Tolk, P. Nordlander
11 1996 Island of Wangerooge Germany W. Heiland
12 1998 South Padre Island, Texas USA J.W. Rabalais, P. Nordlander
13 2000 San Carlos de Bariloche Argentina M. Martiarena, V.H. Ponce
14 2002 Island of Ameland Netherlands R. Hoekstra, P. Zeijlmans v. E.
15 2004 Ise-Shima Japan K. Morita, T. Koshikawa
16 2006 Hernstein Austria F. Aumayr
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Time Schedule

Sunday, 17 September 2006

15:00 — 20:00  Registration

17:30 — 18:30 Welcome Reception

18:30

DINNER



Monday, 18 September 2006

08:30 — 08:45
08:45 —09:30
09:30 — 10:00
10:00 — 10:20
10:20

10:50 - 11:20
11:20 — 11:40
11:40 — 12:00
12:15

14:00 — 14:30
14:30 — 14:50
14:50 — 15:20
15:20 — 15:40

15:45

F. Aumayr

Welcome and Opening

Session Chair: K. Morita (Japan)

Y. Yamazaki (Japan) PL

Interaction of slow highly charged ions with metals and insulators

P. Skog (Sweden) I

Guiding of highly-charged ions through insulating nano-capillaries

K. Schiessl (Austria) O

Simulation of guiding of multiply charged projectiles through insulating

capillaries
COFFEE

Session Chair: P. A. Zeijlmans van Emmichoven (Netherlands)
S. Wethekam (Germany) I
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P. Roncin (France) O
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S. Markin (Austria) O
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LUNCH

Session Chair: S. Facsko (Germany)

M. Tona (Japan) I
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A. S. El-Said (Austria) O

Creation of surface nanostructures on CaF; by irradiation with slow highly
charged ions

Z. Insepov (USA) I

Surface erosion and modification by ions studied by computer simulation
H. Rothard (France) O

Sputtering by highly charged heavy ions: Application of the xy-TOF

technique to secondary ion ejection

COFFEE
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20:00
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14:50 — 15:50

Session Chair: P. Bauer (Austria)

Poster Introduction A

The oral introductions (maximum duration of 2 minutes each) should give
the poster presenters a possibility to attract attention to their posters.

W. Meissl (Austria)

Charging and discharging of nano-capillaries during ion-guiding of
multiply charged projectiles

Y. Kanai (Japan)

Two dimensional images of slow neon ions guided by nano-capillaries in
polymer foils
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On the relative role of electron promotion processes and electronic friction
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Surface-plasmon-assisted electron capture in grazing incidence H'/Al
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Computer simulations of grazing scattering of atomic projectiles from
crystal surfaces
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Time—dependent simulations of electron emission in grazing ion—surface

collisions



15:50

16:00 — 18:30

18:30

20:00

F. Gou (Netherlands)

Ar scattering from Si(100) surface at grazing incidence: experiment and
MD simulation

H. Rothard (France)

Differential multi-electron emission induced by swift highly charged gold
ions penetrating carbon foils

T. Kaneko (Japan)

Energy loss of carbon cluster ion impacted on foil

M. Nojima (Japan)

Precise analysis on shave-off depth profiling

K. Morita (Japan)

Temperature dependence of the D-H replacement rates in implanted oxide
ceramics exposed to H,O vapor
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Antisite defects in a chemical compound crystal caused by ion irradiation
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Stopping power and final charge fractions in KeV protons traversing thin
C and AlF; films
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Ion beam induced magnetic change of ultrathin Fe films on Cu(100)

COFFEE

Poster Session A

DINNER

Special Session Chair: W. Heiland (Germany)
Special guest speakers:

H. Winter (Germany)

R. Morgenstern (Netherlands)

P. M. Echenique (Spain)
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Wednesday, 20 September 2006

08:30 — 09:15
09:15 - 09:45
09:45 — 10:05
10:05
10:35 - 11:05
11:05 -11:35
11:35-11:55
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Session Chair: C. O. Reinhold (USA)

J. Roth (Germany) PL

Plasma-wall-interaction: important ion induced surface processes and
strategy of the EU task force
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Enhanced room temperature erosion of ultra thin carbon films
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Surface and interface structure analysis by using high resolution ion
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Secondary ion mass spectrometry of MCs," molecular ion complexes
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Wave packet study of the secondary emission of negatively charged,

mono-atomic ions from sputtered metal surfaces
DEPARTURE OF BUSES FOR CONFERENCE EXCURSION

VISIT OF A LOCAL "HEURIGEN"
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08:30 - 09:15
09:15 - 09:45
09:45 - 10:15
10:15
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Electronic excitations induced by molecule-surface interactions
F. B. Dunning (USA) I

Charge-transfer rates for xenon Rydberg atoms at metal and
semiconductor surfaces

J-P. Gauyacq (France) |

Ionisation of Rydberg atoms colliding on metal surfaces

COFFEE

Session Chair: R. Morgenstern (Netherlands)

T. Michely (Germany) I

Nanostructures by grazing incidence ions: ripple patterns, athermal
coarsening and subsurface channeling

A. Keller (Germany) O

Ion-induced nanopatterns on semiconductors: formation and application
E. Bertagnolli (Austria) I

Nanopattern formation with focused ion beams

LUNCH

Session Chair: B. Ban-d'Etat (France)

W. M. Arnoldbik (Netherlands) I

Nano-scale effects of swift heavy ion irradiation of SiOy layers and
multilayers

T. Peters (Germany) O

SFM investigations of discontinuous ion tracks

E. Griesmayer (Austria) I

The MedAustron project
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15:20 - 16:15

Session Chair: M. Schleberger (Germany)

Poster Introduction B

The oral introductions (maximum duration of 2 minutes each) should give
the poster presenters a possibility to attract attention to their posters.

A. Golczewski (Austria)

Fusion relevant ion - surface collision processes

C. O. Reinhold (USA)

Chemical sputtering of deuterated carbon by D and D, impact

N. Endstrasser (Austria)

Ion surface collisions on surfaces relevant for fusion devices

W. Schustereder (Germany)

Sticking coefficient and SIMS of hydrocarbons on fusion relevant plasma
sprayed tungsten surfaces

R. Riccardi (Italy)

Angular studies of electron emission in the interaction of slow Na" with
Al surfaces

W. Meissl (Austria)

Electron emission from insulator surfaces induced by impact of slow
highly charged ions

B. Ban-d'Etat (France)

Projectile charge and angle of incidence effect on secondary electron yield
S. Facsko (Germany)

Changing carbon films by highly charged ions

G. Zschornack (Germany)

Production of highly charged ions for ion-surface interaction studies

J. Lenoir (France)

Dynamics of sputtering by highly charged heavy ions investigated by the
xy-TOF technique

Y. Sakuma (Japan)

Effect of residual oxygen in Si(111)-7x7 surface on Si* and Si*" sputter
yields

S. Wethekam (Germany)

Fragmentation of C¢ ions during grazing scattering from an AI(100)
surface

F. B. Dunning (USA)

The dynamics of He" ion neutralization at rare gas films: energy- and spin-

resolved studies
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16:15

16:30 — 19:00

19:30

U. Rasulev (Uzbekistan)

Comparative study of polyatomic secondary ion emission from silicon
with Auy,, Siy, and C,, projectiles

U. Rasulev (Uzbekistan)

Sputtering source of cluster ions and surface-ionization source of
polyatomic ions of organic compounds

W. Abdallah (Canada)

Asphaltene interaction with metallic surfaces

M. Tomita (Japan)

SIMS depth profile study using metal cluster complex ion bombardment
P. Chakraborty (India)

On the formation mechanism of MCs," molecular ions under varying
oxygen environment

G. Takaoka (Japan)

Interactions of liquid cluster ion beams with metal surfaces
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Ultrasonically-enhanced diffusion and clustering of implanted copper in
silica

M. Martiarena (Argentina)

Classical ion trajectory simulation of alkanethiol film growth on Ag(111)
M. S. Gravielle (Argentina)

Impulsive surface-Volkov approach for photoelectron emission

from surfaces
COFFEE
Poster Session B

CONFERENCE DINNER
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Friday, 22 September 2006

09:00 - 09:30
09:30 - 10:00
10:00 — 10:20
10:20
10:45 - 11:15
11:15-11:45
11:45 -12:05
12:05
12:15

Session Chair: H. Winter (Germany)

G. Schiwietz (Germany) I

Auger-electron emission in heavy ion -surface collisions

A. M. Borisov (Russia) I

Ion beam-induced electron emission from carbon-based materials
P. Sigmund (Denmark) O

Electron ejection in collisions between swift heavy ions and atoms
COFFEE

Session Chair: H. Lebius (France)

G. Xiao (China) I

X-ray emission from hollow atoms

M. Unipan (Netherlands) I

Local spin polarization at surfaces probes by hollow atoms

B. Solleder (Austria) O

Electron emission during scattering of N° ions from a magnetized iron

surface
CLOSING OF THE WORKSHOP
LUNCH

DEPARTURE
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1. INTRODUCTION

Interaction of slow highly charged ions with metallic
surfaces has been studied for decades, and various
unique features have been discovered [1,2,3,4]. In
addition to usual flat surface targets, a thin foil with a
multitude of straight holes of ~100nm in diameter
(micro-capillary foil) were found to provide unique
information on the above surface interaction, where x-
rays [5], visible lights [6], charge states of outgoing
ions [7], and auger electrons [8] were measured. It is
noted that some considerable fraction of ions can pass
through the small capillary without suffering violent
collisions with the capillary wall but at the same time
capturing multiple electrons in their highly excited
Rydberg states, i.e., hollow atoms (ions) are extracted
in vacuum and their characteristic features such as the
electronic states and their decay modes are directly
studied.

. o _‘ .
- ) =— o

Slow HCL ]’r \ = 7

Beam &

capillary 2D PSD

Metal Cover

Figure 1: A schematic drawing of the tapered glass
capillary setup.

In the case of an insulator micro-capillary foil, when its
front and back surfaces are both metal-plated, a so-
called guiding effect was observed [9], where slow
highly charged ions can transmit through the capillary
tunnel keeping their initial charge state even when the
capillary axis is tilted against the incident beam. The
dynamic feature of the guiding effect including the
beginning of the charge up was studied by a 2D PSD
(position sensitive detector) [10].

Recently a similar guiding effect was also found for a
single tapered glass capillary with its inner diameter
varying from ~1mm to ~100nm (see fig.1). The guiding
angle was the same as the tilting angle within the
experimental accuracy and the transmitted HCls kept
their initial charge states as in the case of refs.9 and 10
[11]. It is expected that such a phenomenon is

A Ji}np‘!.n:dt‘;'lﬂ*-‘ ) l

governed by a self-organized charging and discharging
on the inner-

wall of the insulator capillary. Although the interaction
of charged particles with insulator surfaces has not been
studied very much, such a self-organized charge up is
expected to be a general phenomenon, and a new
research field might emerge. The prominent feature of
this guiding effect with the tapered capillary is the
formation of a nano-size beam, which can be applied
various field of sciences including biology.

Various aspects of the capillary physics are summarized
and future possibilities will be discussed during the talk.
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1. INTRODUCTION 10um in length [6]. We have performed experiments with

capillaries of PET (diam.=100 nm, length=4), of Si0,

The transmission of highly charged ions (HCI) through (diam. = 100 nm, length = 26m) and of ALO3 (diam. =

nano-capillaries has attracted considerable attentionglu 60 nm, length = 1g:m) using 7 keV Né* ions from the 14

recent years [1, 2, 3, 4]. In the case of HCI impingent on GHz ECR ion source located at the Manne Siegbahn Labo-

insulating capillaries at angles larger than the anglergbye ratory, Stockholm.

the aspect ratio, substantial transmission of ions in titi@in ~ The measured angular distributions and charge state-distri

charge state and at the initial kinetic energy was found. butions will be discussed in the talk. Figure 1 shows angular

The transmission of slow HCI through insulating capillarie  distributions of 7 keV N& ions transmitted through AD;

in PET was first reported by Stolterfoltal. [2]. Here 3 capillaries.

keV Ne&'t ions were transmitted at capillary tilt angles of

up to 2%, with respect to the incident beam, with a spread

of about a factor 10 larger than the aspect ratio. There is

a spread in the orientation of the capillary axes in the PET

membranes due to the production method; etching of ion

Tilt angle
4 -
0°
v oI

4000 -

3000 4
=

Counts (normalized)

tracks formed by fast heavy ions. ™ . i:
The guiding of HCI through insulating capillaries has been R A "
attributed to the formation of near-entrance charge patche e < T
preventing incident ions from coming in close contact with e itr e i
the walls [2, 4]. The further propagation of ions, after the Detector angle [deg)

first deflection near the entrance, through the capillages i

attributed to guiding by an electric field from all charges Figure 1: Angular distributions of 7 keV N& ions trans-
deposited on the capillary walls. The angular distribition Mitted through ALO; capillaries, for capillary filt angles
are then broadened by the inhomogeneous electric field afanging from -T to 4°.

the capillary exit due to end effects.

The guiding effect is time dependent; ions hitting the capil

lary walls deposit positive charge, which will deflect ions i 3. REFERENCES

cident at a later instant. Full transmission is achievedrwhe . _ . .

equilibrium between deposition and diffusion of charge is 1 i E:)nn??l:i){?{.r{lﬁmiﬁ?ﬁggllli(gd C'_A}"\gi?gfj;’e-\r/: f;_iusma,

reached. 4557, (1997).

[2] N. Stolterfoht, J.-H. Bremer, V. Hoffmann, R. Hellhammer,
2. EXPERIMENTS D. Fink, A. Petrov, and B. Sulik, Phys. Rev. Lei§ 133201
(2002).

To avoid the ge_ometrical_ unce_rtainties in_her_ent in the PET [3] M. B. Sahana, P. Skog, Gy. Vikor, R. T. R. Kumar and R.
membranes, W|th the orientation of caplllane_s, our group Schuch, Phys. Rev. /3 040901 (2006).
manufactured highly ordered, parallel, capillaries in Si
through electrochemical etching. These capillaries were
then thermally oxidized to produce insulating Si€apil-
laries, 25um in length, 100 nm in diameter and with wall  [5] R.T. R. Kumar, X. Badel, G. Vikor, J. Linnros and R. Schuch,
thicknesses of 100 nm [5]. We have also produced highly ~ Nanotechnologyl6 (2005) 1697-1700.
ordered capillaries in AlO; with diameters of 60 nm,  [6] A. Razpet, G. Possnert, A. Johansson, A. Hall and K. Hjort,
Nucl. Instr. Meth. B222 (2004) 593-600.
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and J. Burgdrfer, Phys. Re&. 72, 062902 (2005).
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Recently, capillaries through insulating foils (PET or “My 04

lar” ) with aspect ratios~ 1 : 100 have received interest 035 ) -
as a target for beams of slow highly-charged ions (HCIs). o 03 A 7keV Ne™ L
Significant transmission probabilities for projectileghieir E 025 1 L
initial charge state have been measured for incidence eangle 2 sl |
as large as- 20° [1]. Apparently, ions are guided along £

the capillary axis and do not closely interact with the inner g 7 i
walls of the capillary. More recently, ion guiding could ave = i
be observed through macroscopically large, tapered glass 0057 S
capillaries [2]. Key to such processes is a self-organized 0 * * * *
charge-up of the internal insulator walls due to preceding ° 1 Zel_n(deg)s ) °

ion impacts. lon guiding through the capillary ensues as
soon as dynamical equilibrium of the charge-up is estab-
lished [1]j o . . ) Figure 1: Transmission probability as a function of angle
A theoretical description and simulation of this processgso of incidenced;,, relative to the mean capillary axis. Full

a considerable challenge in view of the widely disparate gy 5s: present CTMC, open symbols: experimental data:
time scales present in this problem, ranging from charge ;"\ o/ N&+ (Vikor et al. [4]). Experimental transmission

transport on the internal capillary wall (hopping timg < rates are normalized to CTMC resultsdat = 0°.
10~1% s) to the average time intervalt between two HCls

entering the same capillary which is (for present experimen

tal current densities of nA/m#) of the order ofAt ~ 0.1 several degrees in some experiments close to the geometri-
s. Additionally, characteristic (bulk) discharge timgsfor ~ cal opening anglex 1°) in our CTMC simulation, but up
Mylar can be estimated from conductivity data to typically to several degrees in some experiments [1]. Phenomeno-
exceedr, > 10° s, while discharging arising from surface logical inclusion of imperfect target preparation (aligemh
charge transport is about a factor 100 faster [3]. As a fully of capillary axis) and multi-capillary effects could offan
microscopiab-initio simulation covering all relevant scales  explanation for this discrepancy [3].

is undoubtedly out of reach, the present approach repsesent

a mean-field classical transport theory, based on a micro- 1. REFERENCES

scopic classical-trajectory Monte Carlo (CTMC) simulatio

for the transported HCI. Calculation of the ion trajectory [1] N. Stolterfoht, J. Bremer, V. Hoffmann, R. Hellhammer,
is self-consistently coupled to the charge-up of the inter- D. Fink, A. Petrov, and B. Sulik, Phys. Rev. Le88,

nal capillary walls, employing appropriate models of clearg 133201 (2002).

diffusion [3]. In order to explain certain experimental fea o

tures such as the transmission function (Fig. 1), we find it [2] T. Nebiki, T. Yamamoto, T. Narusawa, M. Breese, E.
crucial to distinguish between fast surface- and slow bulk Teo, and F. Watt, J. Vac. Sci. Technol. 24,1671
charge transport. We can also reproduce charging- and dis- (2003).

charging characteristics which manifestin a time-depetde [3] K. Schiessl, W. Palfinger, K. dkési, H. Nowotny, C.

HCI transmission function of the capillary. Lemell, and J. Burgdfer, Phys. Rev. A62, 042902
Experimental data for the angular spread of the transmitted  (2001).
HCls, which is found to be close to the geometrical opening

angle & 1°) in our CTMC simulation, varies but reaches [4] Gy. Vikor, R. T. Rajendra Kumar, Z.D. B, N. Stolter-
foht, and R. Schuch, Nucl. Instr. and Meth. Phys. Res.
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He atoms and ions are scattered under a grazing angle
of incidence from atomically flat and clean Al(111),
Al(110), and Al(100) surfaces. By means of a position
sensitive micro-channelplate detector, angular and
charge state distributions for scattered projectiles are
investigated. The system He'-Al can be considered as
model system for the study of Auger neutralization
(AN) [1], an inelastic tunneling process where two
electrons are involved in the transition.

For incoming He" ions we observe defined ion fractions
in the scattered beams, whereas for incident He® ion
fractions are more than one order of magnitude smaller.
This observation provides clear evidence for a survival
of He" over the whole trajectory. From the dependence
of ion fractions on the perpendicular energy component
we derive neutralization rates as function of distance
from the surface.

The analysis of angular distributions for scattered
projectiles reveals that the angular shifts between
distributions for incident neutral atoms and positive
ions show a reversal in sign as function of distance of
closest approach to the surface plane. From the data we
deduce the energy shift of the He groundstate as
function of distance from the surface [2]. The results
for the different faces of Al crystals are compared to
theoretical calculations [3] and confirm the shift of the
reference plane for the neutralization rate observed for
Ag(110) and Ag(111) surfaces [4].

In the second part we address the question, to what
extent the analysis of fractions of surviving ions can be
based on a single neutralization rate. This aspect is of
relevance here, because from the work function of an
Al surface (about 4.3 eV) transient populations of
excited He 2s levels can not be excluded [5] and affect
final charge state distributions.

We present studies on AN at Al(100) making use of the
different time regimes for scattering of the two stable
isotopes “He and *He. We observe pronounced
differences in the fractions of surviving ions for *He"
and “He* ions. We show that this effect is caused by
different interaction times for scattering along the same
trajectories. The ion fractions for the different isotopes
can be well referred to each other in terms of a rate
equation approach assuming a single transition rate.
This reduction is supposed to fail for a more complex
neutralization scenario.

In order to demonstrate our method to distinguish one-
step and more complex processes, we have performed
measurements on the neutralization of doubly charged
He ions. The description as one-step process fails in
this case, and an indication for contributions from

intermediate states in the neutralization sequence is
evident from the interpretation of data.

We conclude that AN into the 1s* ground state of the
He atom is the dominant process for neutralization of
scattered He® ions and determines the resulting
fractions of surviving ions [7].
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Berlin), and G. Adamov (Moscow) for their assistance
in the experiments. This work is supported by the
Deutsche  Forschungsgemeinschaft (DFG)  under
contract Wi 1336.
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Electron transfer processes, among which Auger-like
transitions, are the basis of spectroscopic techniques
such as MIES (Metastable Induced Electron
spectroscopy) and INS  (lon  neutralization
spectroscopy). A proper knowledge of these transitions
is also essential for the interpretation of LEIS data in
surface structure analysis. From the fundamental point
of view, calculation of e.g. Auger rates represents a real
challenge for theory with the possibility to directly
compare the results to the experimentally derived rates
[1].

Combining energy loss and electron emission
spectroscopies [2], we have measured the neutralization
probability of Ne+, He+ and F+ ions on NaCl(001) in
keV energy regime and grazing incidence conditions. In
spite of the electron localization and high binding
energy of the valence electrons, the surviving He ion
fractions are on the order of 10, very comparable to
those observed on metals in similar experimental
conditions [3]. For Ne, although the available potential
energy is not sufficient to allow a standard Auger
neutralization (i.e. with electron ejection), the surviving
ion fractions are also equivalent to those observed e.g.
on Al(111) [4] in spite of a much lower work function
and a more complex electron distribution. Indeed, on
ionic cristals neutralization takes place via a three
center transition since the two electrons involved in the
capture belong to adjacent halogen sites [5]. The very
high Auger rate measured are thus rather unexpected.
Careful  determination of the optical phonon
contribution [6] to the energy loss measured for the
neutralized projectile suggests that neutralization occurs
well before the turning point of the trajectory.

On the basis of the above observations, and with help
from trajectory simulations, distance dependent Auger
capture rates are derived and compared to values
recently published on metals.

In particular the influence of the final state populated on
the electron emission yield and on the auger rate is
discussed.
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Figure 1: Energy dependence of the outgoing ion
fraction following Ne+ (filled circles) and Ne® (circles)
scattering from NaCl(001) at grazing incidence.
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1. INTRODUCTION

Charge exchange of He" ions in large angle scattering
from Cu(100) and a polycrystalline Cu surface is
studied at energies below 2.1 keV, which is the
threshold for collision induced neutralization and
reionization. In this regime, Auger neutralization is the
only relevant charge exchange process. Therefore, only
surviving He" ions and He" are detected.

We examine neutralization at a single crystal with
respect to the polycrystalline surface of the same
material. The advantage of using a single crystal in
channeling/blocking geometry is that scattering is only
due to surface atoms; already scattering from the
second layer is suppressed due to the large width of the
shadow cone. As a consequence, the yields for ions and
neutrals, A, and A, respectively, are obtained as:

N, do N
= —n,, P -AQ 1
7 cosq do 1o N (M
N, do .
A, = 0 — 0, (I-P7)-AQyn, 2
cosa dQ

Here, Ny is the number of primary ions, do/dQ the
scattering cross section, njo the surface density of
atoms in the (100) plane, AQ. and AQ, the solid angles
for ions and neutrals, respectively, n. and n, are the
detection efficiencies for ions and neutrals,
respectively. AQ, and AQ), are identical in the set-up
used for the present investigation, ACOLISSA. From 1
and 2, the ion fraction is obtained via:
+
P_+ = ﬂ (3)

1 - P A0Tl+
Note that this is much more direct than to deduce P*
from the ion yield and the height of the neutral
spectrum [1]. From direct comparison of the ion yields
of the two samples (Cu(100) and Cup,y) one can
directly determine the ratio of the corresponding ion
fractions P+]00/P+p01y and obtains

P’ A

poly +, poly nlOO

"
Poo Al L

: (4)

as long as Ny is identical in both cases.

2. RESULTS AND DISCUSSION

2.1. Cu(100)

For the single crystal, the high quality of the crystal
surface was proved by polar and azimuthal scans which
showed the expected symmetry with excellent
precision. The resulting ion fraction data follow within
statistical uncertainties a straight line in a semilog plot
of P"(1/vg. + 1/vg), with vo, and 1/ve  the
perpendicular velocities on incoming and outgoing
path, respectively. From this, the characteristic velocity
ve = 1.72:10° m/s is obtained, which is considerably
lower than the value obtained in [1] for Cu,yy.
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F|g 1 Ratio P+100/P+p01y for HC+
ions and Cu (see text).

2.2. Cu(100) versus Cupgoly

In an independent experiment, we determined the ratio
P"100/P oy in two ways, via 4 and as described in [1].
The result from 4 (1.35 + 0.2, see also filled symbols in
Fig.1) is in accordance with the findings in 2.1. The
deduced value P',, is in excellent agreement with [1]
(see open symbols in Fig.1).
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1. INTRODUCTION

Potential sputtering is induced by the deposition of a
large potential energy of a highly charged ion (HCI)
onto a surface. The potential energy is defined as the
neutralization energy corresponding to the total
ionization energy to produce the HCI from an initial
neutral atom. In the case of I’**, a fully striped iodine
ion used in the present experiment, the potential energy
is nearly 200 keV, while that for I" is only 10 eV. The
sputtering mechanism is thought to be essentially
different from kinetic sputtering by the collision of
energetic particles with solids. We show here the
following features of the potential sputtering; highly
secondary positive ion emission yield which was
measured with a time of flight secondary ion mass
spectrometry (TOF/SIMS) apparatus, and nanometer
sized surface modification which was observed with a
scanning tunneling microscope (STM). A native SiO,
thin film on a Si(111) substrate (Si02/Si: thickness~2
nm), a Si(111)-(7 X 7) surface (Si) and a hydrogen
terminated Si(111)-(1 X 1)  surface (Si-H) were
employed as the representatives of insulator and
semiconductor surface materials.

2. EXPERIMENTAL

HCIs were produced in an electron beam ion trap
(EBIT) at the University of Electro-Communications.
The EBIT was operated with high electron beam energy
up to 90 keV. Two collision chambers (base pressure:
2x10"* Pa) along the HCI-beam line were used; one
was connected to the observation chamber equipped
with the STM apparatus and the other was installed
with a low energy electron diffraction optics and the
TOF/SIMS apparatus. All of the SIMS measurements
were performed for several ten minutes in accumulation
time for acquiring TOF/SIMS spectra with a good
signal to noise ratio. For the STM observation, an
electrically etched tungsten tip was employed. After
exposure of HCIs for several hours, the sample was
transported to the STM-chamber in the vacuum.

3. RESULTS and DISCUSSION

In a TOF/SIMS spectrum from the SiO,/Si
bombarded with I’*", O" ions appear as the larger peak

than that of Si*, and the O*" peak is also observed. O"
ions, however, are unobservable with low charge state
e.g., q=15, impacts, which is analogous to that in the
case of irradiation with singly charged ions where
kinetically sputtered oxygen ions are ordinarily
detected as negative ions rather than positive ones.
Furthermore, simultaneous emission of multiple Si*
ions occurs in an event of a single high ¢ HCI-impact
onto the SiO,/Si although this is not observed in the
cases of Si and Si-H targets.

In a TOF/SIMS spectrum from the Si-H bombarded
with I’”*, the peak of proton appears predominantly,
accompanying much weaker peaks of H,", Si"" and Si,".
The proton sputtering yield increases strongly with
projectile charge q and becomes the value greater than
one for I impact (q>40), where the multiple H" ions
are simultaneously emitted from the Si-H surface in a
single event of a high q HCI impact. It is found that
about ten H' ions are emitted at a single I'** ion impact.

The total Si ion yield from the Si surface bombarded
I is measured to be 0.6. The yields of Si"* (n>3) from
the Si surface are in whole ~ 1.5 times larger than
those from the Si-H surface. Such a difference is also
observed in the experiments for Si(100)-(2 X 1) and
Si(100)-(1 X 1)-H surfaces. The STM observation with
atomic resolution for the Si surface reveals that a
nanometer sized crater-like structure is created by a
single HCI impact, where the size increases rapidly
with q. At an I’°" impact, ten adatoms are removed and
the depth of the crater reaches 0.3 nm corresponding to
the height of 1 step of the DAS (Dimer-Adatom-
Stacking fault) structure which implies about 90 Si
atoms are sputtered by a single I impact. It is found
from the TOF/SIMS measurement and the STM
observation that the sputtering yields of Si ions are two
orders of magnitude smaller than those of Si atoms
removed. The mechanism for the potential sputtering
by HCI-impact is being discussed, based on the
“Coulomb explosion” model.
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1. INTRODUCTION

Upon interaction of highly charged ions (HCI) with
solid surfaces a large amount of potential energy is
deposited within a very short time (a few femtoseconds)
within a nanometer size volume close to the surface [1].
This unique ability of HCI offers a promising way for
surface nanostructuring of different materials [2,3]. We
present first results on the generation of surface
nanostructures by HCI on CaF, (111) cleaved surfaces.

2. EXPERIMENTAL RESULTS

The CaF, (111) single crystals were irradiated with slow
(v <1a.u.) HCI from the Heidelberg-EBIT. As for other
ionic fluoride single crystals, ion-induced surface
structures in CaF, are known to be stable in atmosphere
at room temperature [4,5]. After irradiation, the crystals
were investigated by scanning force microscopy in
ambient air.

Fig. 1 shows typical AFM topographic images of
CaF,(111) after irradiation with 4.4 keV/amu Xe*®*
ions. Hillock like nanostructures protruding from the
surface are observed. The AFM images were evaluated
with respect to hillock height and width distributions.
The number of hillocks per unit area is in good
agreement with the applied ion fluence.

Measurements for other charge states demonstrate that
the mean diameter and height of the hillocks increases
with the ion potential energy. Comparison with
observations for irradiation of CaF, with swift (11.1
MeV/amu) uranium projectiles [5] surprisingly showed
that slow Xe*" ions (potential energy of 66.7 keV)
generate surface defects with a width larger than for
uranium ions with a Kinetic energy of 2.6 GeV.
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Foundation FWF (Projects No. M894-N02 and P17449-
N02) and was carried out within Association
EURATOM-OAW. The experiments were performed at
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Germany, supported by Transnational Access granted
by the European Project HPRI-CT-2005-026015.
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Figure 1: AFM topographic image of a CaF,
single crystal surface after irradiation with
4.4 keV/amu Xe*®* ions.

REFERENCES

F. Aumayr, HP. Winter, Phil. Trans. R. Soc. Lond.
A 362 (2004) 77.

Y. Baba, et al., Surf. Sci. 599 (2005) 248.

F. Aumayr and HP. Winter, e-J. Surf. Sci. Nano-
techn. 1 (2003) 171

A.S. El-Said , M. Cranney, N. Ishikawa, A. lwase,
R. Neumann, K. Schwartz, M. Toulemonde, C.
Trautmann, Nucl. Instr. Meth. B 218, 492 (2004).
C. Muller, M. Cranney, A. El-Said, N. Ishikawa, A.
Iwase, M. Lang, R. Neumann, Nucl. Instr. and
Meth. B 191, 246 (2002).

“E-mail: elsaideiap.tuwien.ac.at

33



16th International Workshop on Inelastic lon-Surface Collisions (11SC-16)

September 17 - 22, 2006 Schloss Hernstein, Austria

SURFACE EROSION AND MODIFICATION BY IONS STUDIED BY COMPUTER
SIMULATION

1% 2 3 .1
Z. Insepov™ , D. Swenson®, M. Terasawa’, and A. Hassanein

! Argonne National Laboratory, 9700 South Cass Avenue, Argonne, IL 60439, USA
2 Epion Corporation, 37 Manning Road, Billerica, MA 01821, USA
® University of Hyogo, 3-2-1 Kouto, Kamigori-cho, Ako-gun, Hyogo, 678-1205, Japan

1. INTRODUCTION

Highly-charged ions (HCI) and Gas cluster ion beams
(GCIB) are the energetic sources that are capable of
surface erosion and modification and can be a
promising application tool in many industrial areas.

An emerging EUV-Lithography technology needs
highly stable and durable surfaces of condenser optics
and surfaces facing the plasma. Highly-charged Xe**
ions (HCI) that are generated in gas discharge or laser
plasmas impedes the development of future EUV-
lithography sources. [1].

Mitigation of high voltage breakdowns is a major
concern in development of higher-field RF cavities for
next generation accelerators [2]. Gas Cluster lon Beam
(GCIB) processing of RF cavities is capable of
significantly reducing the dark current and enabling
operation at higher acceleration gradients [3].

In this paper, various ion energy transfer mechanisms
into the solid target, such as hollow atoms (HA)
formation, thermal spike, shock wave generation,
Coulomb explosion were studied. The following
surface erosion and modification pattern are analyzed:
surface smoothening and roughening, hillock and crater
formation, sputtering yield.

2. COMPUTATIONAL MODELS

HClIs possess very high potential energies characterized
by their high charge states. At an impact on a target
surface, HCI transfers its potential energy into the
target atoms on the surface. Our MD simulation of HA
atom formation is based on the COB model [4] and the
charge neutralization model is similar to the approach
given in [5]. A mechanism for the energy transfer is
based on the “‘Coulomb explosion’” or ‘‘thermal
spike’” models developed in [5]. The potential energy
of Xe™ (q < 54) is calculated by a multi-configuration
Dirac—Fock method [6]. Formation of the HA was
modeled by switching the interaction potential of Xe
ion with the surface atoms. The dynamics of HA
formation was studied via visualization of the events by
recording movies at various energies and charge states
g. In molecular dynamics (MD) simulation, the
equations of motion of interacting particles are solved
numerically.  Appropriate initial and boundary
conditions are supplied. In mesoscale approach, the

dynamics of a non-equilibrium surface profile could be
determined from a continuum surface dynamics
equation which contains surface tension, viscosity, and
evaporation and deposition terms, surface diffusion and
a crater formation term.

3. SURFACE EROSION AND MODIFICATION

MD models were applied to erosion of silicon and
metal surfaces irradiated by highly-charged Xe™ ions
(¢ — the charge of ions) and accelerated gas cluster ions.
The sputtering yields of various target materials were
calculated and compared with experimental data. The
yields of insulators and semiconductors significantly
increases with the charge state of the HCI and may lead
to surface roughening via crater formation.

Shock wave generation, sputtering and crater formation
by HCI and GCIB were studied by MD and the shapes
of the craters were compared to AFM, XPS and STM
experiments.

Mesoscale simulations were applied for Ag, Cu, Si, and Nb
surface modifications by GCIB. Different cluster sizes were
modeled, where the total energy of the cluster ion was typical
for experiments with cluster ions.

Our experiment showed that the dark current from the Nb
surfaces was decreased by GCIB treatment by a factor of 10°.
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The accelerator facilities SME and ARIBE of GANIL
allow to study ion-surface collisions in two different
velocity regimes: on the one hand, high velocity heavy
ions such as e.g Ca'"at 9 MeV/u, where the electronic
energy loss is dominant, can be used. On the other
hand, low velocity highly charged ions such as Xe'" at
350 keV are available. In the latter case, nuclear
stopping is most important. Possibly, further effects
related to the high projectile charge and corresponding
high potential energy can occur (potential sputtering).

In order to study whether the physics of energy
deposition is different in these two energy regimes,
different experiments concerning the sputtering of
uranium dioxide (UO,) were performed at CIRIL-Ganil,
both at high energy in the electronic stopping power
regime (= MeV/u) [1], and with low-energy highly
charged ions (= q keV) [2,3,4]. In these experiments,
either angular distributions of emitted neutrals [1,2,4]
or secondary ion mass spectra [3] were measured. From
secondary ion mass spectra, in particular, one can obtain
information about cluster emission.

We now use a combination of imaging techniques (XY)
and time-of-flight (TOF) spectroscopy to measure the
complete velocity vector of emitted secondary ions. This
technique was applied to sputtering of secondary ions
from solid surfaces. First studies were made with UO2
and with Lithium fluoride LiF.

With the XY-TOF technique, we are now able to
obtain the following information from the measure-
ment of the ion position on a channelplate detector and
its TOF:

- identification of the emitted particle (mass)
- energy (or velocity) distributions

- angular distributions (which can be compared to
angular distributions of neutral ejecta)

- a comparison of energy and angular distributions
for mono-atomic ions versus ejected
molecular- and cluster ions

- correlated detection of two or more ions.

First results on energy and angular distributions of Li"
(atomic ions) and LiFLi" (molecular ions) emitted from
LiF will be presented. Also, we compare the angular
distributions of Li ions and emitted neutrals.
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1. INTRODUCTION

The study of ion-surface reactive collisions is a
research area, which has undergone rapid growth in the
past twenty years. Considerable interest has been
devoted to studying selected physical and chemical
processes stimulated by the impact of slow ions
containing collision energies up to 100 eV [1,2]. In this
energy regime the relative collision energy (and the
energy transferred) is of the same order of magnitude or
somewhat larger than energies observed in chemical
bonds. Thus, slow ion-surface interaction studies can
provide useful information regarding the nature of both,
the projectile and the surface, as well as the
characteristics of ion-surface interactions. Reactive
collisions of slow ions have been studied here in an
effort to characterize molecular ions and to investigate
the ion-surface interaction processes, i.e. surface-
induced dissociation (SID), charge exchange reactions
(CER) and surface-induced reactions (SIR) and the
concomitant energy transfer in ion surface collisions.

Besides being of fundamental importance, ion-surface
collisions are also relevant in the terrestrial ionosphere

and interstellar medium and for  technological
applications, such as plasma-wall interactions in
electrical discharges and fusion plasmas [3].

Hyperthermal plasma particles may collide with solid
surfaces such as limiters and divertors in fusion
devices, eroding the material by chemical and physical
processes. Charged and neutral particles emitted from
the surface may interact with the plasma and hit the
surfaces again.

2. EXPERIMENTAL

Experiments were carried out with a tandem mass
spectrometer apparatus BESTOF described in detail in
our earlier paper [4]. It consists of a double focusing
two-sector-field mass spectrometer (reversed BE
geometry), a Surface chamber combined with a linear
Time-Of-Flight mass spectrometer. Projectile ions were
produced either in a low-pressure Nier-type electron
impact ion source, at elevated pressures in a Colutron
gas discharge source or in a cluster source. The ions
produced were extracted from the ion source region and
accelerated to 3 keV for mass (and energy) analysis by
a double-focusing two-sector-field mass spectrometer.
After passing the mass spectrometer exit slit, the ions
were refocused by an Einzel lens and decelerated to the

required collision energy by a system of deceleration
lenses before interacting with the target surface. The
incident impact angle of the projectile ions was kept at
45° and the scattering angle (defined as a deflection
from the incident beam direction) was fixed at 91°.

The collision energy of ions impacting on the surface is
defined by the potential difference between the ion
source and the surface. The potential difference (hence,
the collision energy) can be varied from about zero to
about 2 keV with a typical resolution of about 200 meV
(full width at half maximum) in the case of the Nier
type and cluster ion source and of about 1 eV in the
case of the Colutron type ion source.

A fraction of the product ions formed at the surface
exited the shielded chamber through a 1 mm diameter
orifice. The ions were then subjected to a pulsed
extraction-and-acceleration field that initiated the time-
of-flight analysis of the ions.

3. RESULTS

Results obtained to be presented here include the
interaction of wvarious singly and doubly charged
hydrocarbon ions (including C;, C, and C; group ions)
and cluster ions (including carbon aggregates) with a
number of targets including stainless steel, carbon tile,
and diamond surfaces (O-terminated and H-terminated)
maintained under ultra high vacuum conditions (below
10° Torr) in a bakeable turbo-pump evacuated target
collision chamber. Secondary mass spectra at different
incident collision energies are converted to collision
energy resolved mass spectra (CERMS) plots covering
usually the energy range from about 0 to 100 eV
thereby vyielding after proper analysis desired
information on the energetics, kinetics and mechanisms
of the various ion surface reactions studied.
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The growth of thin organic layers on surfaces is a
field of great interest due to its potential application in areas
such as nanolithography, surface pasivation, molecular
electronics. The technique of Direct Recoil Spectroscopy with
Time of Flight analysis (TOF-DRS) is adequate to study these
systems because it provides information that is
complementary to that available from electron spectroscopies?
and other techniques®. The main advantages of TOF-DRS are:
1) the high top layer sensitivity, 2) the low damage imparted
to the film, and 3) the capability of detecting H. In this report
we present a comparative study of the adsorption of
alkanethiols (CH3 (CH,)n.1 SH, with n = 3, 6 and 12, Cn
hereafter) on metals (Au(111), Ag(111)) and semiconductors
(GaAs(110)). The substrate surfaces were cleaned by grazing
sputtering and annealing and the films grown by exposure to
the thiol vapours under UHV conditions. TOF-DRS was used
to follow the adsorption Kkinetics in a broad range of
exposures (from 102 to 10° Langmuirs). Recoiling atoms from
both the molecule and the substrate were followed at a 45 deg
scattering angle.

For the metallic surfaces, the shape of the TOF-
DRS spectra and the dependence of the recoiling intensity
versus dose (Fig.1) present characteristics that can be
associated to adsorption in three steps: an initial one at
surface defects (inset Fig.1), a slower growth mode that
covers the whole surface, and a final, denser layer that can be
associated with the self assembled layer. The data show a
strong dependence in the sticking coefficient with the surface
roughness and the length of the alkyl chain, being smaller for
the case of C3. In comparison, adsorption of C6 on
GaAs(110) shows a simpler, one step behaviour.
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Fig. 1, upper panel: recoil intensities for Ag, H and C vs C3
exposure. Inset: span of the lower range in linear scale [ref 4].
Arrows indicate major changes in sticking. The H recoil
intensity during adsorption of C6 is also shown (full squares).
Lower panel: width of H recoil peak vs exposure.

Annealing of the films up to temperatures near 500
K resulted in a complete disappearance of the C and H recoil
signals and the appearance of small S features. On Ag and
Au, the amount of S left at the surface depends on the initial
surface roughness. For GaAs it is higher than for both Au and
Ag. After the adsorption / desorption cycles, the topography
of the Ag substrate changes, giving rise to formation of many
small terraces of atomic height. This effect is verified by
STM/AFM images. The dependence of the H, C and
substrate recoil intensities with sample temperature is
different for each substrate, and dependant on the length of
the alkyl chain.
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Fig.2: Ag, H and C recoil intensity vs. sample temperature.
The full line is a fit to the H recoil intensity with a first order
desorption model. The derivative of the H recoil intensity
(dotted line) is included.
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1. INTRODUCTION

Interaction of ions with surfaces is an area of active
fundamental research in surface science relevant to a
broad range of other scientific disciplines such as
materials science, mass spectrometry, imaging and
spectroscopy. Our research is focused on fundamental
understanding of interaction of hyperthermal (1-100
eV) peptide, protein and polymer ions with organic
surfaces under ultrahigh vacuum conditions. Two major
processes are dominant for this range of collision
energies: reactive and non-reactive scattering of ions
and ion loss on the surface as a result of neutralization
or soft-landing of projectile ions. SL and a related
process of reactive landing (RL) of ions, in which ion is
covalently attached to the surface, are unique processes
that occur during collisions of low-energy ions with
self-assembled monolayer (SAM) surfaces.

2. SCATTERING AND DEPOSITION OF
PEPTIDE IONS ON SAM SURFACES

Our research utilizes surface-induced dissociation (SID)
as a means for depositing relatively large and
controllable amounts of internal energy into large ions
on a timescale of several picoseconds. We
demonstrated that internal energy distribution functions
following ion-surface collision are well-represented by
high temperature Maxwell-Boltzmann distributions. [1]
A notable discovery was a sharp transition between
slow unimolecular decay of large ions at low collision
energies and  near-instantaneous  decomposition
(shattering) in higher energy surface collisions.
Shattering of ions on surfaces opens up a variety of
fragmentation pathways for large complex ions that are
not accessible by multiple-collision or multiphoton
excitation.

We have recently conducted a first systematic study of
several factors that affect SL of peptide ions on inert
SAM surfaces.[2] Deposition of peptide ions of
different composition and charge state on SAM
surfaces was followed by in situ analysis of modified
surfaces using 2 keV Cs* SIMS inside the FT-ICR mass
spectrometer used for SL. Fundamental principles
derived from such studies of interaction of protonated
peptides with hydrophobic surfaces are relevant to
transport of biomolecules through membranes in living
organisms. We presented evidence that peptide ions

retain at least one proton after SL on FSAM or HSAM
surfaces. Quantitative investigation of the effect of the
initial  kinetic energy of peptide ions on SL
demonstrated that in the range of collision energies
from 0 to 150 eV SL deposits intact ions on surfaces.
Most of our findings such as the decrease in SL
efficiency with increase in collision energy and its
dependence on the properties of the surface and the
charge state of the projectile ion are consistent with an
ion-polarizable molecule model for the initial stage of
soft landing on SAM surfaces.

This study has been extended to hydrophilic and
reactive surfaces such as COOH-terminated SAM or N-
hydroxy succinimidyl ester - terminated SAM (NHS-
SAM). We were able to demonstrate very strong
binding of peptide ions to hydrophilic surfaces and
covalent linking of peptides to reactive SAM surfaces
via formation of a strong peptide bond (Figure 1).

Figure 1: SIMS spectra of the doubly protonated
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Gramicidin S deposited on SAM surfaces.
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The chemisorption of alkanethiol compounds on metal sur- bond; and the rotation angle of the tail molecule in respect
faces has been an interesting topic in the past two decadeto the S-C bond.

because alkanethiol self-assembled monolayers (SAMs) of-Each molecular chain was allowed three degrees of freedom
fer potential applications in many fields, such as corrosion and four inequivalent sites.

inhibition, wear protection, wetting, lubrication, cheral The study of adsorption of molecular chains on two sub-
sensors, molecular electronics [1]. In general, the SAM strates, Au(111) and Ag(111), were done iBx&+/3 super-
consists of three parts: a headgroup that strongly binds tocell for Au(111) andy/7xv/7R(19°) supercell for Ag(111)

the substrate, a surface group that constitutes the outer su as suggested by other structural studies|[2].

face of the molecular layer, and a chain group that con- The ions are expected to substantially probe the subsurface
nects headgroup and surface groups. The balance betweealkanethiols groups below the terminating CH3 groups.

the headgroup-substrate and the intermolecular interecti  We simulate the experimental spectrum of time-of-flightE)O
of chain groups ultimately determines the molecular struc- direct recoiling spectroscopy(DRS) to follow propanethio
ture and physical properties of alkanethiols SAMs. The (C3) adsorption comparing the spectra for clean surfaces
headgroup-substrate interaction plays a predominantrole with surfaces exposed to C3. The clean surface spectrum
this balance and the structure of the self-assembled systermshows the peaks of Ar single and multiple scattering of sub-
which is mainly determined by the choice of the substrate strate, together with the substrate recoil peak from the out
[2]. ermost layer in good agreement with the experimental data
One of the attractive features of SAMs is the fact that by [3]. We present the different characteristic of the speutru
means of the headgroup and the backbone of the moleculdor different coverage and molecular phases (lying-down
one can anchor virtually any functional group to the surface @nd standing-up). We follow the appearance of H, C and S
and thus engineer the properties of the surface. This makes 8C0ils and the intensity decreasing of the Ar and substrate
variety of technological applications possible, rangiranf peaks. The variation of such peaks allows the deduction of
protective surface coatings to ultrathin electronic jiors the geometrical configuration of the alkanethiols adsorpti
and to interfacing biological systems. process.

Despite the apparent simplicity of this system, the adsorp-
tion and growth of SAM structures of n-alkanethiolates, on 1. REFERENCES
the Au(111) surface have been shown to be very complex

with many controversial results in both theoretical and ex- [1] J- C. Love, L. A. Estroff, J. K. Kriebel, R. G. Nuzzo,
perimental investigations. and G. M. Whitesides, Chem. Rev. 105, 1103, (2005)

Recently it was reported time-of-flight(TOF) direct reeoil [2] F.Schreiber, Progress in Surface Scienc 65 (2000) 151.
ing spectroscopy(DRS) to follow propanethiol adsorption

from the vapor phase on an Ag(111) surface, for exposuresl3] L. M. Rodriguez, J. E. Gayone, E. A. Sanchez, O.
ranging from 10-1 to 105 L. Results show that the adsorp- ~ Grizzi, B. Blum and R. C. Salvarezza J. Phys. Chem.
tion proceeds with changes in the sticking coefficient, con- B, 110, 7095 (2006)

sistent with at least three phases [3]. Due to the complex

nature of such processes we have used classical ion trajec-

tory simulations in order to understand the relation of the

sticking coefficient with molecular geometry as a function

of the coverage. Marlowe was used for these simulations.

The adsorption geometry is characterized by four parame-
ters: the surface site above which the head S atom is located;
the in-plane direction angle and the tilting angle of the S-C
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The screening response to an external Coulomb field is aour results on the screening response to other problems of
fundamental property of electronic media. Screening re- interest in the interaction of charges with bulk and surdace
duces significantly the interaction range between chargedwill be also presented.

particles and enhances locality in many processes. The un-
derstanding of how screening works is basic to interpret the
output of many spectroscopies and surface characterizatio
methods, such as Auger spectroscopy, low-energy electron
diffraction, and ion beam analysis. The screening of elec-
trons in an interacting Fermi liquid lies behind the concept
of quasiparticle, one of the most useful models to describe
electronic excitations in solids theoretically. A propeat-
ment of dynamic screening properties is also required to
study the interaction of charges with solids and surfaces.
The rearrangement of electronic charge in the medium, re-
quired to create the screening, is not instantaneous but de-
velops in a finite time determined by the electronic density
of the medium. In general, standard experimental tech-
nigues provide information over time scales for which the
screening of charges can be approximated as instantaneous
in practice, being much faster than any other measurable
process. However, constant improvements in experimental
methods, particularly in the field of ultrafast laser spectr
scopies, are making possible to access time scales for which
the rearrangement of charge is dynamic and the screening is
not complete. In this respect, it has become necessary to
develop new theoretical approaches to understand how and
when the screening is built-up in many-electron systems.
Here, linear and non-linear theories of screening are wsed t
investigate the dynamic screening of charges in differiént s
uations. For the short-time regime, TDDFT calculations in
finite systems show that the screening is built-up locally on
a time scale well below the femtosecond for typical metal-
lic densities. At this time scale, the time evolution of the
electronic density is not affected by the system boundary
conditions, and the conclusions extracted apply to the infi-
nite system. Universal scaling laws and dimensionality ef-
fects in the time-dependent screening of charges are also
discussed. For many other situations, the long-time dynam-
ics of screening is needed, and other effects, such as the
band structure of the solid, can play a role. Application of
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Studies of ion interactions with nano- or
microparticles in the gas phase do have the advantage
that the projectile ions can be analysed easily after the
collision with respect to different properties like energy
loss, scattering angle and the number of captured and
stabilised electrons, without being buried in the deeper
layers of a macroscopic solid material. For small
particles the fraction of atoms being at the surface is
rather large, therefore, in general, the interaction occurs
predominantly with so-called ‘surface-atoms’. It has
been shown that under certain collision conditions
(impact parameters), the observed phenomena strongly
resemble those being observed in ion-surface collisions
concerning electron multiplicities, particle
neutralisation in front of a metal surface or even
negative ion yields, measured when positive F* ions
are colliding with these objects.

However, due to the finite size of the object
the number of electrons being available for the
interaction with a charged particle is limited. Therefore,
one might expect phenomena as observed for ion
interactions with insulating surfaces, in particular, as
the finite size system is charging up during the collision
due to multi-electron capture and ionisation processes.

On the other hand, experiments with ‘nano-
surfaces’ allow to study in more detail the kinematics of
surface instabilities and surface deformations under the
influence of a Coulombic excess charge and more
specifically the role of a finite charge conductivity.

In the present contribution, we will discuss
phenomena observed in the interaction of multiply
charged ions with ‘nano-surfaces’ like large molecules,
fullerenes and clusters as well as surface instabilities of
charged microsystems. Of particular interest will be the
aspect of charge localisation and charge mobility.

Figure 1: Fullerenes as perfect nano surfaces.

Figure 2: Charge-deformed micro-droplet
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Similarly to slow highly charged ion-surface
interaction, X-ray spectra characteristic of the
formation of “hollow atoms” are observed when large
rare-gas clusters of nanometric size are submitted to
intense femtosecond laser pulses. Correspondingly, the X-
ray emission, which tags on inner-shell ionized atoms,
gives access to the dynamical evolution of the
irradiated cluster on a time scale comparable to that of
the laser pulse duration, whereas the spectroscopy of
the emitted ions and electrons extracts information from
the system a few microseconds after the femtosecond
laser pulse and the cluster disintegration.

A fascinating feature of intense laser-matter interaction
is its efficiency for converting photons in the eV range
to X-rays in the keV. It is now well known that large
clusters, similarly to solids, couple very efficiently to
intense subpicosecond laser pulses. A highly ionized
and excited medium is formed on a cluster scale of a
few ten nanometers. Highly charged ions with energies
reaching the MeV, electrons with energies up to a few
keV, and UV and keV X-ray photons from inner-shell
ionized atoms are emitted. As the inner-shell vacancies
are produced by electron-impact ionization, X-ray
spectroscopy can provide deeper insight into the
electron dynamics which are a central element to a
more detailed understanding of laser-cluster interaction.
In that respect, we have measured absolute x-ray yields
and charge state distributions under well controlled
conditions as a function of several physical parameters
governing the interaction; namely laser intensity, pulse
duration, wavelength or polarization state of the laser
light, the size and the species of the clusters (Ar, K,
Xe).

Recently, we show evidence for a very low laser
intensity threshold in the x- ray production, well below
the laser intensity where the ponderomotive energy of
the electrons is sufficient to create inner-shell
vacancies. We found typically 1.2 10" W/cm? for a
pulse duration of 150 fs, down to 3 10* W/cm? for 610
fs, in the case of Ar clusters. None of the previously
proposed theoretical models provides a satisfactory
explanation for a high electron temperature at such
moderate intensities. Within a Classical Trajectory
Monte Carlo simulation to describe the dynamics of the
electrons in the cluster, we developed a model showing
that beside the field induced by the build-up of an
overall charge of the cluster due to electrons leaving
the cluster, elastic electron-ion scattering plays an
essential role in the heating process. The resulting high-
energy tail of the electron distribution is sufficient to
produce K-shell vacancies and we find a good

quantitative agreement with the measured effective x-
ray yields;[2].

10° |

10° [

0 |

Absolute 3.1 keY photon yiel

2

Laser intensity (Wem )

Figure 1: Absolute X-ray yields as a function of laser
intensity for argon clusters with N = 2.8 10° atoms,
excited by 60 fs, A = 800nm laser pulses. Experimental
results (o), simulation including elastic electron-ion
scattering (e)

Nevertheless, the efficient depletion of L-shell, which
gives rise to the experimentally observed high ionic
charge states (~13+), is not yet reproduced, even
though the mean charge state rapidly increases to ~7+.
In particular the charge-state distribution in the cluster
may play a role. To vary the contribution of the surface
compared to the bulk, we have investigated the cluster
size dependence in the range of 10° to 10’
atoms/cluster. In contradiction with the well-known
plasma codes [3, 4], a saturation in the x-ray emission
probabilities has been found above a critical cluster size
while the mean charge state still increases. Within the
CTMC simulation we have developed, additional
investigations are under progress, especially concerning
the in-situ charge-state distribution.
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1. INTRODUCTION

Although the interactions of atomic ions with solid
surfaces have been extensively studied, much less is
known about the interactions of large polyatomic ions
with solid surfaces. In this work, the interactions of
slow Cg" ions with a KCI(001) surface, including
charge exchange, energy loss and fragmentation of Cg,"
are studied under grazing angle incidence.

2. RESULTS AND DISCUSSION

A beam of 3 keV Cg," ions was produced by a 10-GHz
ECR ion source. The beam was incident on a (001)
surface of a KCI single crystal at a grazing angle 6.
The charge state distribution of the scattered ions was
measured by a two-dimensional position-sensitive
detector with a pair of electric field plates. Although
the velocity of 3 keV Cg," is as low as ~ 0.013 a.u., Cg"
is dominant in the reflected beam, indicating that the
neutralization of Cg," is suppressed because of the wide
band gap of KCI.  This allows us to measure the
energy spectrum of the scattered ions using a simple
electrostatic analyzer.

Figure 1 shows an example of the observed energy
spectrum. The open circles show the energy spectrum
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Figure 1: Observed energy spectrum of scattered ions

when 3 keV Cqg," ions are incident on a KCI(001).

of the incident beam and the black dots show that of the
scattered ions. The spectrum consists of several peaks
which are equally separated by ~ 105 eV. Such a
multi-peak spectrum might be attributed to -either
skipping motion or subsurface channeling.

In order to clarify the origin of the observed multi-peak
spectrum, energy spectra were measured at various 6.
Figure 2 shows the observed energy losses of these
peaks as a function of #. The energy loss increases
with 6, while the peak separation is almost constant.
Such a behavior cannot be explained by either the
skipping motion (energy loss ratio should be 1:2: 3 -
irrespective of ) or the subsurface channeling (the
energy loss ratio should be 1 : 3: 5 ). Moreover, the
observed intensity of the second peak increases with &,
which is opposite to what expected in either the
skipping motion or the subsurface channeling.

A possible explanation of the observed multi-peak
spectrum is based on the fact that the peak separation is
always about 1/30 of the incident energy. The
observed peaks correspond to Cgp.0," ions produced by
sequential C, emission, i.e. the second, third, fourth, -
peaks correspond to Csg', Css', Css' ions,
respectively. Further evidence to support this
explanation will be presented in the workshop.
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Figure 2: Observed energy losses of the peaks as a
function of 6.
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1. INTRODUCTION

Electronic transitions produced from insulator surfaces
by grazing impact of fast ions are investigated,
considering two different situations: planar and axial
surface incidence. The planar incidence corresponds
to a random orientation of the projectile trajectory with
respect to the crystal axes, while the axial incidence is
related to projectiles moving along precise strings of
surface atoms. In both cases we employ distorted-wave
methods to describe electron capture and emission
processes.

2. THEORY

For axial incidence on insulator surfaces, the electronic
transitions induced by the projectile can be seen as a
collection of individual processes from the different
ionic centers of the crystal. The corresponding transition
amplitudes must be coherently added, giving rise to
interference effects that reveal signatures of the periodic
structure of the solid.

For electron capture, we extend the use of the
eikonal-impulse (EI) approximation to describe the
electron exchange from a surface state. The coherent
transition amplitude reads

A =sexplik-Wex, | 3™ ) @

where the wave vector k identifies a given crystal state
within the initial surface band i, and W is the transferred
momentum vector, parallel to the impact velocity. In Eq.
(1), each atomic transition amplitude @i (pym) is
associated with the capture from a different lattice site
Xnm-

In similar way, for electron emission the coherent
transition amplitude is derived from the continuum-
distorted-wave -eikonal-initial-state (CDW-EIS)
approximation. It reads

A - sexplilktQk,)ox, ] a6 ),
&)
where k; is the final electron momentum, Q is the
transferred momentum vector, parallel to the velocity,
and a;""(p,,) is the atomic transition amplitude
corresponding to ionization from the lattice site x;p,.

3. RESULTS

The method is applied to 100 keV protons grazing
colliding with LiF(100) surfaces. Partial probabilities
from initial crystal states with k=(0,0) are shown in
Figs. 1 and 2, for capture and electron emission,
respectively.
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Figure 1: Partial capture probabilities from initial
crystal states with k=(0,0), as a function of the
orientation of the projectile trajectory.
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Figure 2: Similar to Fig. 1 for electron emission with
final electron angle and energy, 6;=20 deg. and E;=92
eV, respectively.

For capture these structures almost disappear when the
total contribution from the surface band is considered.
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At grazing angles of incidence, electrons emitted in ion- tion probability.

surface collisions give information about the atomic and From the previously described model we compute the elec-
electronic structure of the surface. However, at high emi- tron emission cross section for different angles of emision
sion energies the details of the electronic structure of theand analyze the relative contribution to the convoy peak of
target are not so relevant and two structures appear whichthe ELC and ECC electrons for protons inpinging three dif-
have their origin in binaryon-atom collisions. They are the  ferent surfaces, namely LiF(001), CIK(100) and IK(100).
so-calledconvoy andbinary electron peaks. The energy loss along a given trajectory is also obtained by
Electrons contributing to the convoy electron peak (CEP) integrating the distance-dependent stopping power.

arise on one side from the electrons extracted from the sur-

face @lectron capture to the continuum or ECC contribu- 1. REFERENCES

tion) and on the other from the electrons ionized from the

neutralized projectiledectron lossto the continuumor ELC [1] M. McDowell and J. P. Colemanntroduction to the
contribution). Theory of lon-Atom Collisions (North-Holland, Ams-

In the present work we calculate these two contributions to terdam, 1970).

the CEP taking into account the charge state of the projec-

tile. We also compute the projectile energy loss per unt pat [2] I. Aldazabal, V. H. Ponce and A. Arnau, phys. stat. sol.
lenght, or stopping power, as well as the energy loss along (b) 241, 2374 (2004)

the_ lon t_rajector_y. . . . [3] P.D. Fainstein, V. H. Ponce and R. D. Rivarola, J. Phys.
This trajectory is treated classically and, being a grazing B 22, 1207 (1989)

collision, we approximate it as a series of discrete traject

ries in which the projectil velocity is considered essdlytia  [4] I. Aldazabal, M.S. Gravielle, J.E. Miraglia, A. Arnau
parallel to the surface. and V.H. Ponce, Nucl. Instrum. Methods Phys. Res. B
We consider that each surface atom contributes to the total 232, 53 (2005).

electron emission on its own, and that only the top most
layer contributes effectively to the emission process.

Thus, for the electron emission we can use the straight-
line version of the impact parameter formalism within a bi-
nary collision model ira) first Born approximation[1, 2] for
the ELC electrons contribution ar) continuum-distorted-
wave-eikonal-initial-state (CDW-EIS) approximation tbe
ECC electrons[3, 4].

Furthermore, ELC/ECC electrons can only be produced while
the projectile is in its neutral/ionized state respectiv&hus,

in order to know the charge state of the projectile along the
trajectory wen) integrate over all the projectile emitted elec-
trons to compute the projectile ionization probability dnd

use a distorted wave method[5] to calculate its neutraliza-

[5] M. S. Gravielle, J. Miraglia, Phys. Rev A4, 7299
(1991)
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ENERGY SPECTRUM SHAPE OF LOW ENERGY ION SCATTERING FROM
INSULATORS AND ITS SIMILARITY TO ASYMMETRIC SPECTRUM SHAPE
OBSERVED IN CORE LEVEL XPS

M. Kato®", Y. Sakuma® and R. Souda?
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1. INTRODUCTION

The line spectrum observed in x-ray photoemission
spectroscopy (XPS) usually exhibits an asymmetric
shape for metallic targets. This asymmetric shape can be
satisfactorily fitted by Doniach-Sunsic lineshape
function[1], referred to as DS-function:

r(l-a) co{g a +(1-a)arctan(E /y)J

DS(E) = , )2 ’
(E +y j

1

where o is the singularity index, and y is the line

width.

In low energy ion scattering spectroscopy (LEIS)
also, the experimental energy spectrum of scattered ions
often shows an asymmetric shape(solid circles of fig.1).

The physical origin of the asymmetric lineshape of
XPS is known as the infrared divergence of electron-
hole pair excitations in metals. This infrared divergence
occurs because of the electronic response to the core
hole potential suddenly created by x-ray absorption.

In this regard, LEIS cannot observe this divergence,
because the low energy ion does not behave as a sudden
perturbation to the electronic system. However,
surprisingly, we found that the asymmetric spectrum
shape of LEIS also could be well fitted by the DS-
function. In the present study, we have proven
analytically that the asymmetric spectrum shape of LEIS
can be well explained by the DS-function, and have
clarified the physical implication of o and y for the case
of LEIS.

2. EXPERIMENT

We have carried out LEIS experiments, by using low
energy H" ion (< 1 keV) for the rare gas solids of Ar, Kr
and Xe. As shown in fig.1, the spectrum has a multi
peak structure, and the peaks appear separately by
equidistance of 15 eV on the energy axis. As this energy
distance coincides with the bandgap energy between
valence and conduction band of the solid Ar, this peak
structure can be assigned to the inter-band electronic
excitation in a close collision of H" with an Ar atom.
The multiple peaks are explained as the sequential inter-

band excitations in the collision sequence of H™ with
several Ar atoms.

3. RESULTS

Each peak of the experimental spectrum can be well fitted
by DS-function(a =0.24, in fig.1). In the case of LEIS, the
origin of the asymmetric shape has been assigned to the
multiple elastic collisions between H* ions and target atoms,
and in fact, o can be expressed in terms of inter-atomic
potential, and the peak width y is given by the
bandwidth of the solid Ar.
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Fig. 1: Experimental energy spectrum and analysis. H" ions of
500 eV were incident on the solid Ar, grown on a substrate at
a low temperature. The incidence angle was 15°(measured
from the surface plane), and the scattering angle was 60°. The
solid/dashed line is the best fitting curve to the experimental
observation, when the multiple elastic collisions are taken
into account, o=0.24/not taken into account, o =0. .
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KINETIC EXCITATION OF SOLIDS: EXPERIMENT AND COMPUTER SIMULATION
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The electronic stopping of a projectile impinging onto a
solid surface leads to kinetic excitation processes within
the solid. Moreover, the collision cascade produced by
nuclear stopping generates a large number of recoil
atoms, which in turn can produce additional Kinetic
electronic excitation. In part, these excitations manifest
in the emission of electrons into the vacuum, provided
the energy transferred to an electron is large enough to
overcome the surface barrier (work function). However,
many excitation processes generate low energy
electrons in states located between the Fermi level and
the vacuum level, which are inaccessible by electron
emission experiments. We have recently developed a
new method to detect such hot electrons by means of a
metal-insulator-metal (MIM) tunnel junction [1]. The
outer metal film represents the actual target which is
bombarded by the incoming ion beam. The thickness of
this layer (~ 20 nm) is carefully selected to be large
enough to completely stop the projectile and contain the
collision cascade, but small enough to allow ballistic
transport of hot electrons towards the underlying oxide
interface. The thin (~2 nm) oxide layer represents a
potential barrier which can be tunneled by these
electrons, leading to the detection of a bombardment
induced tunneling current into the metal base electrode.
By applying a bias voltage across the junction, it is
possible to modify the tunneling barrier in a controlled
manner, thus opening the possibility for "spectroscopic™
detection of the excited electrons.

We present first results for kinetic electronic excitation
of metal surfaces obtained with this technique. It is
shown that the bombardment induced tunneling current
depends on the Kkinetic energy of the impinging
projectiles in a characteristic way similar to that
observed for Kkinetic electron emission. Moreover, it is
demonstrated that the detected signal depends
exponentially on the thickness of the target silver layer.
Comparing the tunneling current measured under
impact of ionized and neutral projectiles, we find
consistently lower yields for neutral species, which are
interpreted in terms of a charge state dependent
electronic stopping power rather than an effect of the
potential (ionization) energy carried by the projectile
ions.

The excitation "spectra” measured by varying the bias
voltage across the junction exhibit an a priori
unexpected behavior. More specifically, the measured
tunneling yield depends almost linearly on the applied
potential difference rather than exponentially as

expected for a tunnel junction. Moreover, the measured
tunneling current is observed to change sign at bias
voltages around 1 V. This behavior is discussed in
terms of the band structure of the oxide layer. In
addition to the excited electrons tunneling via the
conduction band edge, hot holes can tunnel via the
valence band edge of the oxide film, leading to a bias
voltage dependent current of opposite sign which can
counterbalance the electron current. The experimental

results are interpreted in terms of a spectrum
simulation, leading parameter of which is the
bombardment induced electron temperature T,

generated in the metal film. Results show that T, must
be temporally raised to several thousand K following,
e.g., the impact of a 10-keV Ar" ion in order to
understand the measured spectra.

The experiments are complemented by computer
simulations describing the kinetically induced electronic
excitation of a solid after bombardment with fast
projectiles [2]. In these model calculations, the particle
kinetics following the projectile impact are described by
classical molecular dynamics using an empirical many-
body interaction potential. The electronic stopping of
both the projectile and all moving recoil atoms is then
used as a source term in a diffusive treatment of the
transport of electronic excitation energy away from the
point of original excitation. In addition to electronic
friction, electron promotion in close collisions is
included as another source of excitation. As an
important feature of the model, the electronic heat
diffusivity is allowed to vary as a function of electron
and lattice temperature as well as the local lattice
disorder introduced by the collision cascade. Results
show that particularly the latter is extremely important,
since it leads to an efficient trapping of excitation within
the cascade volume during the lifetime of the collision
cascade. Characterizing the excitation energy
distribution by a spatially and temporally varying
electron temperature, it is shown that the surface T, is
strongly time dependent and may reach several thousand
K at times of hundreds of femtoseconds after the
projectile impact. These values compare well with those
deduced from the experiments.

[1] S. Meyer, D. Diesing, and A. Wucher, Phys. Rev.
Lett. 93, 137601 (2004).

[2] A. Duvenbeck, and A. Wucher, Phys. Rev. B 72,
165408 (2005).
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TRANSPORT AND STM MEASUREMENTS OF HCI MODIFIED MATERIALS
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While more than a decade of work has provided
glimpses into the physics of highly charged ion (HCI)
neutralization on surfaces, two prominent objectives
remain unfulfilled: 1) a unified, quantitative model for
separating the kinetic energy response of a wide range
of materials classes from the effects of HCIs' potential
energy effects, and 2) insertion of HCI technology(s) as
a cost-effective processing tool in a high-volume market
sector. The NIST EBIT facility has recently
incorporated tools for preparing clean, atomically flat
surfaces of single crystals from gold to tungsten to
silicon, and for depositing and patterning thin films
including high resistivity oxides, ferromagnetic metals,
normal metals and superconductors. Current and
ongoing activities are focused on utilizing this unique
capability to simultaneously address both of the
objectives above by utilizing a technologically
important magnetic multi-layer systems to perform
transport measurements that provide new insight into
the fundamental processes that occur during HCI-
surface neutralization. Specifically, we are producing
Magnetic Tunnel Junctions (MTJs) critical to both
magnetic field sensors (like next generation hard-drive
read heads and MRAM) and superconducting Josephson
junction devices and incorporating HCIs in the
processing recipe to adjust critical electronic properties
that are currently inhibiting their advancement. In
return, the electrical response of the tunnel junction to
the HCI processing provides a novel approach to
performing ensemble measurements of HCI-surface
interactions. By varying the construction of the tunnel
junction, the target materials electron density is varied
over many orders of magnitude providing critical tests
of the role of electron density, densities of states, and
electronic structure in the HCI-surface charge exchange.
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CHARGING AND DISCHARGING OF NANO-CAPILLARIES DURING
ION-GUIDING OF MULTIPLY CHARGED PROJECTILES
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1. INTRODUCTION

Efficient guiding of slow (typ. keV) highly charged
ions (Ne') through insulating nano-capillaries has been
observed even for cases where the capillaries were
considerably tilted by up to 20° with respect to the ion
beam direction [1]. Surprisingly, the majority of the
projectile ions was found to survive the surface
scattering events inside the insulating capillary in their
initial charge state. Measured 1-dim. scattering
distributions of the transmitted particles indicated
propagation of the projectile ions along the capillary
axis. As reason for this “guiding effect” a charging-up
of the inner walls of the capillaries in a self-organized
way due to impact of preceding projectile ions has been
proposed [1-4].

Theoretical modelling of the experimental observations
has so far proven to be a challenging task [1-3].
Difficulties arise especially due to the different
characteristic times observed in the experiment for
capillary-wall charging and discharging [3, 4].

2. EXPERIMENT

To gain more insight in this interesting phenomenon we
have measured the 2-dim. scattering distribution of
transmitted projectiles during the charging-up process.
The capillary target for these experiments made of PET
has been obtained from HMI-Berlin and was
characterized with atomic force microscopy-AFM at
TU Wien (mean capillary diameter of 180 nm £ 25%).
The transmitted ions are registered on a 2-D position
sensitive channel-plate detector. The variation of the
scattering distribution during the charge-up process
could be monitored as a function of time and total
charge. As shown in fig.1 for a capillary tilt angle of 4°
(with respect to the incident beam direction) the peak
position of the transmitted ions starts at a deflection
angle of only 2° and moves with increasing total charge
until it saturates at a deflection angle nearly equal to the
capillary tilt angle.

The obtained experimental results are compared to
recent modelling calculations [3, 4] for self-organized
charge-up. Good agreement between simulation and
experiment is found.

Q=5nC Q=26nC

— — Q

4

Q=103 nC

o,

Q=169nC Q=267 nC

Fig. 1: Evolution of the measured 2-dim.
scattering distribution for 0.3 keV/amu Ar®* ions
transmitted through PET capillaries (tilt angle 4°
with respect to the incident ion beam direction)
during the charging-up phase.
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Association EURATOM-OAW.

3. REFERENCES

[1] N. Stolterfoht et al., Phys. Rev. Lett. 88 (2002)
133201

[2] N. Stolterfoht et al., Vacuum 73 (2004) 31

[3] K. Schiessl, etal. NIM B 232 (2005) 228

[4] K. Schiessl, et al. Phys. Rev. A 72 (2005) 62902

“E-mail: meissleiap.tuwien.ac.at

51



16th International Workshop on Inelastic lon-Surface Smhs (I1SC-16) September 17 — 22, 2006 Schloss Hernsteistria
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1. INTRODUCTION isotropic and the angular widths of transmitted ions are
1°, which is in good agreement with the theoretical sim-

Recent observation [1] has shown that slow highly chargedulation [3], but different from the previous measurements
ions are guided when transmitted through capillaries glar  [1][4], where a high-capillary-density (£holes/cni) PET
aspect ratio (100 nm in diameter and At in length) in foil was used and the angular width of transmitted ions was
a highly insulating polymer (PET: polyethylene terephtha- ~ 3° for 7 keV N€*. We have to mention that the peak
late) foil. The guiding effect indicates that the inner \waif position and peak shape of transmitted ions were changed
the insulator capillaries are charged in a self-organipirtg along the tilted direction of capillaries during the intiyns
cess so that close collisions with the surface are supptesse evolution of transmitted ions.
In previous experiments[1], only horizontal distributsoof In our measurements, Ke ions are guided larger thar? 5
transmitted ions were measured. In order to obtain moreand the maximum intensity of guided ions aroufidsdabout
comprehensive information on the guiding effect, we starte 100 ions/pC, which corresponds to about 20% of the inci-
to measure the two-dimensional (2-D) images of transmit- dent Nétions for each capillary being transmitted by the

ted ions through PET capillaries. guiding effect. This maximum efficiency does not depend
on the beam energy and current under our experimental con-

2 EXPERIMENTSAND RESULTS ditions; 3.5- 7 keV and 5 - 200 pA.
. . o o | TitAnge= |

The experiments were performed at the Slow Highly Charged ¥ 0 de 2 de tde

lon Facility at RIKEN [2]. Beams of 3.5-7 keV Né& ions E 1} ¢ ¢ ® ]

from a 14.5 GHz electron cyclotron resonance ion source g

were collimated to a diameter of 1 mm and a divergence of ; ol ]

0.5’ at a 10um-thick PET-foil target. Typical beam cur- § -1 1

rents were 5-200 pA. The PET foil had capillaries with a Sal i

diameter of 200 nm, whose density was 10° holes/cm.

The front and exit sides of the PET foil were evaporated
with Au, producing a conducting film of 20 nm thick-
ness to avoid charge up. 2-D images of transmitted ions
were measured using a position-sensitive detector with mi-Figure 1: 2-D images of Né& ions transmitted through PET
cro channel plates and a wedge-and-strip anode. capillaries at tilt angle =Q 2°, and # after the saturation
Intensity of transmitted ions was increased with time and of transmitted ion intensity. The beam energy is 7 keV.
saturated, as same as reported in previous works [1]. Figure

1 shows 2-D images of transmitted Neons at different tilt

angles of the PET foil relative to the beam with 7 keV'Ne 3. REFERENCES

after the saturation of transmitted ion intensity. By rotat

ing the target tilt angle from©to 4°, the peak positions of  [1] N. Stolterfoht et al.: Phys. Rev. Le&8, 133201 (2002).
transmitted ions moved to the capillary axis directiont tha . ]

is, the deflection angle is nearly equal to the tilt angle sThi [2] Y. Kanai et al.: Phys. Scr. 2, 467 (2001).
indicates that the ions were guided by the capillaries. As is[3] K. Schiessl et al.: Phys. Rev. 722, 062902 (2005).
seen in Fig. 1, the 2-D images of transmitted ions are rather

-1 0 1 2 3 4 5
Horizontal Angle (deg)

[4] R. Hellhammer et al.: Nucl. Instrum. Methods Phys.
* E-mail: kanai @arfaxp. riken.jp Res. B232, 235 (2005).
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Experiments in our laboratory have shown that highly
charged ions are guided through nanocapillaries in
insulating PET polymers without changing their initial
charge state [1,2]. The ion guiding was found to be
significant when the capillary axis was inclined up to
20° by the tilt angle ¥ . This finding was interpreted as
a deflection of the ions near the entrance region of a
capillary, where a significant charge patch is produced
in a self-organizing manner [1,4]. The patch is charac-
terized by the potential U produced by the charge
Q=CU deposited in the patch, where the
proportionality constant C may be considered as a
capacity of the capillary.

Previous model calculations [2,3] have suggested that
the fraction of transmitted ions is given by

E, "
f,=foexp| —| —+c¢, [sin® ¥
qu

where E is the projectile energy, g is the incident

)

charge state, f,~0.5 is the fraction for ¥ =0, and
C, is an adjustable correction. This expression is based
on the assumption that the ions are lost by deposition in
the entrance patch if the perpendicular energy
EL:EpsinZ‘P exceeds the deflection energy qU .

Previous results from our laboratory [3] on the energy
dependence of the transmission exhibited inconsisten-
cies with Eq. (1), which we expect to be produced by
the non-parallelism of the capillaries.

In this work, we present experiments with PET capil-
laries of 200 nm involving a significant improvement in
the parallelism of the capillary axes. To verify Eq. (1),
we first consider the dependence on the tilt angle
sin® ¥
f o =f,exp| ——— 2
Poe p{ sinzl{lj @)
This expression introduces the characteristic tilt angle
Y., which can be taken as a measure for the guiding

power of a capillary. In fact, the guiding angle ¥.is

defined without model assumptions as the tilt angle for
which the transmitted intensity drops by the factor 1/e.

We performed measurements using projectiles with
different energies and charge states, i. e., Ne™* and Ne®*
at 3-10 keV, Ar'®" at 7-13 keV, and Xe*" at 25-40 keV.
For each projectile the guiding angle ¥, was

determined under equilibrium conditions, i. e, for suffi-
ciently large times. For example, we obtain ‘¥ =5.4°

for 3-keV Ne™* and 2.8° for 25-keV Xe**. All results
are plotted in Fig. 1 as a function of the ratio E, /q of
the projectile energy and charge state. It is seen that the
data fall on a universal curve given by

sin? W, =U'E, /q+c, (3)
with the fitted equilibrium potential U, =1.75 V and
¢, =-130. Hence, the previous model assumpt-
ions [2,3], implied in Eq. (1), are essentially confirmed.

T S A e
goo| ¢ Ne” J
= Ne™ A
o AP
o 600 A X o
o —Fit U'Efq+c,
- L
s
400 | i
200 -
0 i i " i L L i i i L i L i L L L L
0.0 0.5 1.0 1.5

Projectile Energy/Charge (kV)

Fig. 1: The quantity sin¥_ showing a linear
dependence on the ratio E, /q of the projectile
energy and charge (see text).

It should be realized that the good representation of the
data by a single curve suggests that the potential U at

equilibrium remains constant when the projectile charge
and energy is varied. This finding is in agreement with
results of the present study and previous experiments [5]
showing that the fraction of transmitted ions remains
nearly constant when the current of the incident ions
varies by more than an order of magnitude. It appears
that U_ is a maximum voltage characteristic for the

material and geometry near the capillary entrance.
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In recent experiments the transmission of 3 keV Ne™
ions through nanocapillaries etched in polymer foils has
been investigated [1,2]. Though it was believed that
highly charged particles would neutralize when
travelling through capillaries due to scattering, the
intensity of transmitted Ne’* ions was found to be
significant even when the foil was tilted to rather large
angles (up to ~20°) with respect to the incident ion
beam. This enhanced ion transmission suggested that
the inner walls of the capillaries collect charges so that
electrostatic repulsion inhibits close collisions with the
surface and, in turn, electron capture to the
projectile [1,3].

To date, guiding through nanocapillaries has been
studied only for positive ions such as Ne™* and H* [1-4].
Inspired by the outcome of those experiments, we
investigated the transmission of 500 eV and 1000 eV
electrons through nanocapillary foils. The experiment
was conducted at Western Michigan University using a
scattering chamber designed for electron spectroscopy
measurements. The electron beam was collimated to a
diameter of about 1 mm and directed towards a
polyethylene terephthalate (PET) sample, which had
been etched with fast ion tracks to form the capillaries.
The sample was mounted in a goniometer for precise
positioning and a parallel-plate electron spectrometer
located just behind the sample detected transmitted
electrons.

First, the ‘zero position’ for transmission of electrons
straight through the sample was located by varying the
two goniometer angles in small steps, and also by
varying the electron observation angle. Next, the
sample was tilted with respect to the straight-through
position. A significant intensity of transmitted electrons
was found for tilted (sample) angles, and
correspondingly shifted observation angles, similar to
the results for highly charged ions [1-4]. Some of the
results from the analysis are shown in Fig. 1.

Electron intensities were studied for several tilt angles
from 1° to 10° (the ‘zero’ was at ~5.5°) for both 500 eV
and 1000 eV electrons. The electron observation angle
varied linearly with the tilt angle in each case, as shown
in Fig. 1a for 500 eV. Furthermore, the FWHM of the
observation angle was found to be essentially constant
and equal to ~2.7°, as shown in Fig. 1b, for both 500
eV and 1000 eV. This is to be compared with a FWHM
of ~2.1° for the collimated electron beam with no
sample in place. As the tilt angle was varied away from

the straight-through position, the intensity of guided
electrons decreased nearly linearly (results not shown),
but this dependence needs further investigation.

These results indicate that electrons are guided through
nanocapillaries in a manner similar to positive ions.
Future studies of this ongoing work will focus on time
dependences of the electron guiding, as well as
variations in the capillary dimensions and capillary
materials.

Tilt Angle (°)

Counts

-10‘-8‘-6.-4.-2
Observation Angle (%)

Fig. 1: Electron guiding in PET foils: (a)
measured sample tilt angle as a function of
electron observation angle, and (b) and
measured electron intensity distribution for a
tilt angle of 3°.
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A slow ion moving through the bulk of a metal with < 60 . . . .
vr (wherew is the velocity of the ion and the Fermi
velocity of the electrons of the metal) loses energy mainly
creating single-particle excitations in the conductiomda
of the metal. If the energy of excited electrons overcomes
the work function of the metal, this leads to the so-called
kinetic electron emission.

Here, we present a study of the electronic excitation psoces
when a ion travels through a spin-polarized free electren ga !/
as a function of the atomic numbefy() of the projectile. In e’ 10% . _
this case, the screening of the projectile by the medium elec : / =
trons is more complex than in the paramagnetic case. Elec- i
trons of majority and minority spins respond in a different ST T s 2 16 2
way to the projectile perturbation. Therefore, the scrdene Z
potential of the incoming particle is spin dependent.

To describe the screening we use density functional theory

for a static impurity in a Free Electron Gas (FEG), whose Figure 1: Spin-polarization of the excited electrons fd i
mean electronic density isy = 3/(47r;). Additionally,  ferent polarization of the medium and different atomic num-

we consider that the unperturbed electron gas is spin-polaper of the projectile £;). The velocity of the projectile is
rized. The FEG polarization is described by the fractional , — (.8 (atomic units),r; is 2ao, and&, is given in the

spin-polarizatiorg, defined as followsgy = (nj—n)/(nh+  figure.

ny) wheren)(n}) is the background density of majority

(minority) spin electrons. We use the local spin density ap-

proximation for the exchange correlation potential . Inesrd 1. REFERENCES
to calculate the number of electrons excited in projectile-
electron collisions, we adopt a model developed in [1]. In [
this model, the distribution of electrons is directly obtzl

from the calculation of the scattering of conduction band
electrons in the potential induced by the projectile. The
scattering is calculated to all orders in the projectilergha
using phase-shifts. Since, in our case, the potential is spi
dependent due to the spin-polarization of the electron gas,
we obtain separately the number of excited majority and mi-
nority spin electrons. The difference between these num-
bers allows us to calculate the spin polarization of the-exci
tation €gg) .

As the most important result, we obtain that the calculated
spin-polarization of the excited electrons (Figure 1) show
oscillations when varying’; .

.,
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1] J. 1. Juaristi, M. Rsler, and F. J. Gara de Abajo, Phys.
Rev. B58, 15838 (1998).
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1. INTRODUCTION

In the LEIS regime, e.g. for He ions in the energy range
1 — 10 keV, the scattering potential is given by a
screened Coulomb potential

2
V=Ll g (z) ,
T a

with Z, and Z, the atomic numbers of ion and scattering
centre, respectively, e the electronic charge and
Orpy(r/a) the screening function. For the screening
length, a, various definitions are used, e.g.

(1)

0.8852-a,

Wz +Jz.)

with the Bohr radius a, = 0.529A. It is known that the
screened potentials used are not equally appropriate for
all ion-target combinations. Whenever corrections are
required, one reduces a by a multiplicative screening
correction factor c,; which may be as small as 0.53 [1].
The electronic stopping cross section & [2] is not
precisely known in this regime either.

We investigate by means of Monte-Carlo simulations,
how a LEIS spectrum is influenced by changes in the
screening length or in the stopping cross section. For
this purpose, the code TRBS was used, which
calculates backscattering spectra allowing for multiple
scattering and for electronic energy loss along the
trajectory [3].

a=

2

2. RESULTS AND DISCUSSION

Energy spectra were calculated for 1 — 10 keV He ions
and Cu (2, 3 and 4 nm thick) on PET. First, ¢, was
varied in the range 0.5 < ¢, < 1. A strong influence on
the scattered yield (neutrals plus ions) was observed,
the scattered yield decreasing with decreasing c,. In
Fig.1, the scattered yield is shown for 2nm Cu and 2
keV He projectiles. In this case, not only the peak
height but also the peak width is reduced, due to
reduced multiple scattering for c, < 1.

Then, for a fixed value c, = 0.6, the stopping cross
section was varied in the range 0.5y < '€ <
2.0-espv- In the single scattering model, the spectrum
height would be proportional to ~ 1/[€]. As shown in
Fig. 2, the effect is less pronounced in the LEIS regime,
due to multiple scattering.

From these simulations the optimum conditions to
obtain information about nm Cu films by TOF-LEIS
are deduced; the expected accuracy is discussed.

_
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Figure 1: energy spectra simulated for 2 keV He ions
and 2 nm Cu, using the TFM potential, for different
screening correction factors ca (see insert).

5001 2 keV He"

TRBS spectrum N(E) (arb.u.)

16
final energy (keV)

Figure 2: energy spectra simulated for 2 keV He ions
and 2 nm Cu, using the TFM potential, for ¢, = 0.6 and
different stopping cross section values (see insert).
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1. INTRODUCTION

In the LEIS regime, i.e. for low energy ions, e.g. He"
ions, in the energy range 1 — 10 keV, the scattering
potential is given by a screened Coulomb potential

7.7, r
2. q)TFM (_j’
T a

with Z; and Z, the atomic numbers of ion and scattering
centre, respectively, and @rpy(1/a) the Thomas-Fermi-
Moliere screening function. For the screening length a
various definitions are used, e.g.

V(r) = (1)

0.8852-a,

Wz +Jz.)

with the Bohr radius ao = 0.529A. It is known that the
screened potentials used are not equally appropriate for
all ion-target combinations and all impact parameter
ranges. Whenever corrections are required, one reduces
the screening length a by a multiplicative screening
correction factor c,; which may be as small as 0.53 [1].
A convenient way to explore the scattering potential is
to study polar and azimuthal scans, I(y) and I(@)
respectively. In these scans, the widths of the
channeling/blocking minima are quite sensitive to the
strength of the scattering potential. By comparing
experiment and simulations, the appropriate value of c,
can be obtained.

The scattered total intensity (positive ions plus
neutrals), I, were recorded in polar scans for 15° <y <
110° and in azimuthal scans for 0° < ¢ < 110°. Cu(100)
was used as a target surface, and 1.5 to 8 keV He' ions
as projectiles. Note that the polar angle y is the
complementary angle of the angle of incidence, a.

)

a=

2. RESULTS AND DISCUSSION

In the polar scans, channeling minima were obtained
for (100) and (110) directions (v = 90° and 45°,
respectively). For the scattered yield a pronounced
surface peak was observed in the polar scans at
channeling conditions. The intensities in these minima,
Io(y), depend on y as the number of visible surface
atoms increases as 1/siny (suppression of contributions
from deeper layers). At intermediate angles an increase
in I, by about one order of magnitude was observed,

indicating contributions from first, second and deeper
layers (see Fig. la). The azimuthal scans exhibit the
symmetry of the crystal as expected (see Fig. 1b).
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Fig.1: (a) experimental and simulated polar angle scans
for 2 keV He ions and Cu(100) (see legend).

(b) experimental and simulated azimuthal angle scans
for 3 keV He ions and Cu(100) (see legend).

In order to deduce quantitative information about the
scattering potential, the angular scans I(y) and I(¢) are
compared to simulations using the FAN code [2] (see
Fig. 1). As a result, the potential is found to be weaker
than given by 1 and 2, corresponding to ¢, = 0.5 ... 0.6,
in good agreement with literature [1].
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ABSTRACT

Charge exchange in the scattering of slow He"
ions off an amorphous silicone surface is studied. For
this purpose, numerical simulation based on a Monte
Carlo method is used to calculate energetic spectra and
positive charge fraction of the scattered particles. This
simulation takes into account two charge exchange
processes (Auger neutralization and charge exchange in
close collisions) and the effect of image potential on ion
trajectories in incoming and outgoing channels.
Comparison is done with experimental results about the
scattering of 4keV He" ions from a silicon surface. This
method allows the determination of different parameters
governing the particle-matter interaction at low energy.
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ON THE RELATIVE ROLE OF ELECTRON PROMOTION PROCESSES AND
ELECTRONIC FRICTION IN ATOMIC COLLISION CASCADES
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1. ABSTRACT

We present a computer simulation model for the space- and
time resolved calculation of electronic excitation enetgg-
sities in atomic collision cascades. The model treats elec-
tronic friction as well as electron promotion as a sourcenter
of excitation energy that is carried away from the original
point of excitation according to a nonlinear diffusion equa
tion.

While the frictional sourceterm is treated within the Lind-
hard model of electronic stopping, electron promotion is de
scribed using diabatic correlation curves derived from ab-
initio molecular orbital energy level calculations in comb
nation with the Landau-Zener curve crossing model.
Results show that the electron promotion mechanism may
contribute significantly to the time structure of the excita
tion energy density, giving rise to distinct and very short
peaks of the local electron temperature at the surface. This
contribution is essentially restricted to the first 100 feaf
the projectile impact and may therefore be of significance
for either external or internal kinetic electron emissidtt.
later times, where the kinetics lead to the sputter ejection
of material from the surface, the excitation is shown to be
primarily governed by electronic friction. This finding is
important in order to understand the excitation and ioniza-
tion probabilities of sputtered particles.

The obtained results will be presented using the free and
easy-to-use visualization softwareNeMAMD, which has
been developed in our group for the 3D-stereoscopic visu-
alization of atomic collision cascades.

* E-mail: wucher @ini - essen. de

59



16th International Workshop on Inelastic Ion-Surface Collisions (IISC-16)

September 17 - 22, 2006 Schloss Hernstein, Austria

SURFACE-PLASMON-ASSISTED ELECTRON CAPTURE IN GRAZING INCIDENCE
H*/AL COLLISIONS

R. Sandoval', F.A. Gutierrez' and H. Jouin*"

! Departamento de Fisica, Universidad de Concepcion, Casilla 160-C, Concepcion, Chile
2 CELIA (UMR 5107 CNRS-Université Bordeaux 1-CEA),
Université Bordeaux 1, 351 Cours de la Libération, 33405 Talence Cédex, France

1. INTRODUCTION

In the surface-plasmon assisted electron capture
mechanism, the energy released when a metal electron
is captured in a bound state of the passing ion allows
the collective excitation of surface electrons. This
process has been found very relevant in order to explain
the experimental angular distributions of neutralized
He' ions after grazing incidence collisions with Al
surfaces [1-2]. For the H'/Al system, it is known [3]
that in the frame of the fixed ion approximation (FIA),
in which the ion is fixed at a given distance from the
surface, this mechanism is forbidden since the energy
given up by the captured electron is not enough to
excite the surface plasmon of Al. Nevertheless,
consideration of the ion’s velocity allow to open this
channel. Therefore, our first aim in the present work is
to analyse the ion’s velocity effect on the opening of
the collective surface-plasmon channel. Furthermore,
we have studied the importance of this process with
respect to Resonant and Auger mechanisms in grazing
incidence H'/Al collisions. This latter analysis has
been performed by computing the fractions and angular
distributions of scattered species after collisions of
protons with Al(111). Comparisons with experimental
results for neutral fractions as a function of the
projectile parallel velocity [3-4] show that the surface-
plasmon assisted electron capture mechanism play a
non negligible role at high impact velocities.

2. TRANSITION RATES

Velocity dependent transition rates for the surface-
plasmon assisted electron capture process have been
calculated for the H'/Al system by means of the
approach already presented in [2]. The main features of
these rates with respect to velocity and distance to the
image-plane dependence are as follows:

(a) For all finite velocities, the rates present a threshold
distance st below which the process is forbidden due to
energy and momentum conservation. For a given
velocity and increasing distances from sy, the rates
increase up to a maximum and then decrease more or
less exponentially. (b) For v, < 0.1 a.u. the rates are
very weak (less than 10° au.) and the threshold
distance is large (greater than 5 a.u.). For increasing
velocities threshold distances decrease  while the
magnitude of the rates increases. At v, = 1 a.u., the
threshold distance is around 0.5 a.u. and the rate reach a
maximum of 3.107 a.u. for a distance of 1.5 a.u..

* E-mail: jouinecelia.u-bordeauxl.fr
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It must be noted that the magnitude of the rates for v, >
0.5 au. is comparable to the magnitude of the ones
obtained in [2] for the He'(1s)/Al system.

3. CHARGE FRACTIONS

It is well known that in the H'/Al system the resonant
processes (capture and loss) play an important role
since the ground state of H is always resonant with
occupied levels of the metal. Resonant transition rates
have been calculated by means of various approaches
within the FIA during the past decade [5]. Furthermore
Auger process is also present for populating H(1s) [3].
Thus in order to study the interplay of these three
processes (Resonant, Auger and Surface-Plasmon) in
proton neutralization after grazing Al(111) surface
scattering, we have used the ETISCID simulation code
[6] that allow to compute charge fractions and angular
distributions of scattered species. Velocity dependence
of Resonant [5] and Auger [3] rates is taken into
account by means of the method proposed first by
Miskovi¢ and Janev [7] and also used in [3]. In this
approximate approach, Auger and Resonant velocity
dependent rates are calculated by means of the FIA
ones and by using the simplifying assumption that
velocity dependent matrix elements are isotropic in the
k-space. We find that the surface-plasmon-assisted
electron capture process starts to play a role for v, >
0.5 a.u. for populating H(1s).
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1. INTRODUCTION

Detection of the projectile energy loss in coincidence
with the number of emitted electrons during grazing
scattering of fast atoms or ions from metal surfaces
allows one to perform detailed studies on the electronic
excitation and emission processes in this collision
regime [1]. In the work presented here we have
scattered keV noble gas atoms from an Al(111)-surface
under a grazing angle of incidence ®@;, of typically
some degree and observed via a time-of-flight (TOF)
setup the energy loss for specularly reflected
projectiles. The energy loss spectra are recorded in
coincidence with the number of emitted electrons which
is obtained by means of a surface barrier detector
biased to a high voltage of typically 25 kV.

2. RESULTS

A representative energy loss spectrum obtained in our
studies is shown in Figure 1 for the scattering of 12
keV Ar atoms from an Al(111) surface under ®;, =
2.2°. The full circles represent the experimental data,
the curves are results from our computer simulations. In
the theoretical description of data we assumed classical
binary collisions of the projectile with conduction
electrons where the differential cross sections for
electron-atom scattering are taken from quantum
mechanical calculations [2] showing preferential
scattering in forward and backward directions. The
number of effective collisions is used as a parameter
and is fixed to about 50, electron emission is described
assuming a probability of about 1 percent for excited
electrons with sufficient energy to cross the vacuum-
solid interface. A good overall agreement with the
measured spectra is obtained for He and Ne atoms, for
Ar atoms we find a slightly smaller energy loss than
observed (dashed curve in Figure 1). The reason for
this discrepancy is based on the energy transfer to
lattice atoms during the scattering process which is
substantially larger for Ar projectiles than for the
lighter noble gas atoms. The dotted curve in Figure 1
represents results from computer simulations for this
nuclear stopping. Incorporation of this additional
energy loss channel via convolution of the simulation

for the electronic excitations results in a fair agreement
with the experiment (solid curve).

Comparison of spectra coincident with the emission of
no and one electron reveals a systematic shift which is
interpreted as the additional energy needed to eject an
electron to vacuum. This shift is quantitatively
reproduced in our calculations.
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Figure 1: Energy loss for scattering of 12 keV Ar
atoms from AI(111) under ®;, = 2.2°. Full
circles: experimental data, curves: computer
simulations.
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The structure of surfaces and thin films or the
interaction of atomic projectiles with solid surfaces can
be studied by scattering of atomic projectiles under a
grazing angle of incidence [1]. The analysis of the data
is based on trajectory calculations for the scattered
projectiles as, e.g., for ion beam triangulation [1, 2],
rainbow scattering to investigate interaction potentials
[3], or probing defect structures and lattice vibrations
via polar angular distributions [4].

In this work we concentrate on the aspect of
incorporation of lattice vibrations of target atoms in
molecular dynamics simulations for a meaningful
comparison with experimental data. We performed
classical 3D trajectory simulations by taking into
account a rigid lattice and on the other hand thermal
vibrations of target atoms. We studied the fraction of
atoms that penetrate the first target layer as function of
azimuthal orientation of the incoming beam (ion beam
triangulation). Angular distributions are calculated for
impact along random and low indexed azimuthal
directions. Thermal vibrations are incorporated within
the Debye model with no further approximations
applied. The Debye model is used in molecular
dynamics simulations by approximations: the high-
temperature limit neglecting strong correlations in the
vibrations of neighboring atoms [4]. The approximation
of uncorrelated vibrations is also used in the
KALYPSO code [5]. On the other hand, Jackson and
Barrett [6] have pointed out that the incorporation of
correlations of lattice vibrations is crucial for a realistic
simulation of trajectories in the channeling regime. This
raises the general question on the influence of
correlation effects and thermal vibrations on the above
mentioned quantities.

Based on computer simulations we will show that
correlations of lattice vibrations have only a minor
effect on ion beam triangulation studies and positions
of rainbow peaks for scattering along low indexed
directions. The shape of angular distributions, for low
energies of motion normal to the surface of a few eV,
however, turns out to be sensitive on correlations. In
conclusion, ion beam triangulation data can be analyzed
using uncorrelated thermal vibrations, while a realistic
description of angular distributions requires a more
detailed modeling. For rainbow structures thermal
vibrations lead to only small shifts of the peak
positions. A two-dimensional simulation, where the
interaction potential is averaged along atomic strings
[7] provides an adequate modeling of the scattering
process.
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1. INTRODUCTION 2.2. Time dependent propagation

Spectra of electrons emitted in grazing ion—surface colli- 1he track potential/(r, ¢) developed in the previous sec-
sions provide information about the structure of the serfac  tion is used in order to construct the Hamiltonian

and have been the subject of intense research in the past o v .

years. In particular, it is interesting to study the elestro H{t) = ——5 — -+ V(1) 3)
distribution around the direction of the specular reflattd

the projectile, where the spectrum displays a sharp peak[1] The time-dependent wavefunction and the track potential
known as théconvoy” peak. However, the shape and posi- are expanded in spherical harmoniGs,:

tion of the convoy peak are affected by the surface potential 1

produced by the ionization of the target (theck poten- o (7, 8) = = Zsz(T, )Y (0, 0), 4)

tial” ). In this work, we developed a numerical method for "

treating the surface track potential, expanding it in sjziaér
coordinates around the colliding ion. We assume that the ion
captures an electron from the surface, leaving it in a partic
ular continuum state. The formation of a charge distributio ] ] )
in the surface behind the projectile, breaks up the spHerica WhereFem (. t) is the reduced radial wavefunction, aAd,,
symmetry of the captured electron distribution, producing &€ the expansion coefficients. Upon substitution of Egs.

an electron emission spectra that is not necessarily eghter (4) and (5) into the time-dependent Sadinger equation
around the ion. we obtain the time dependent close—coupling equations for

each?m symmetry. We use the techniques developed for the
time dependent calculations of atomic collisions[3] topro
agate an initial configuration along the projectile tragegt

By analyzing the final electron distribution around the inci
dention, we can understand the mechanisms responsible for
We consider a heavy ion projectile impinging grazingly on the acceleration or deceleration of the convoy electroms. |

V(r,0,6,t) =Y Apn(r,t) Yem(0,9), (5)

m

2. THEORETICAL METHOD

2.1. Surface track potential

a solid surface, with the following classical trajectory particular, the relationship between the position of th&-ma
imum of the electron distribution with the electron—captur
Y(Z) =YocoshZ 1) processes, and with the track potential form.

whereY is the perpendicular position arlg is the clos-

est distance of the projectile respect to the surface. The 3. REFERENCES

potential[2] generated by the ionization of target atoms in )

the surface is calculated, in the ion coordinates as [1] K.O. Groeneveld, W. Meckbach, I. Sellin, and J.
, Burgdorfer, Comments At. Mol. Phyégl, 187 (1984).

V(F) = / duw, (2) [2] A. Arnau, M.S. Gravielle, J.E. Miraglia, and V.H.

- " Ponce, Phys. Rev. 87, 062902 (2003).

wheren is the charge density.
Assuming the projectile positiodd = Z, + vzt, the poten-
tial becomes time dependent.

[3] D.M. Mitnik, D.C. Griffin, and M.S. Pindzola, Phys.
Rev. Lett.88, 173004 (2002); D.M. Mitnik, Phys. Rev.
A 70, 022703 (2004).
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AR SCATTERING FROM SI (100) SURFACE AT GRAZING INCIDENCE:
EXPERIMENT AND MD SIMULATION
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The interactions of low energy ions with surfaces have
long been a topic of both theoretical and experimental
interest. In the present study, we present molecular
dynamics (MD) modeling of Ar scattering from perfect
and defective Si (100) at grazing incidence with respect
to the surface plane at 0 and 300 K. Inelastic energy loss
is not included in these simulations. The simulated
results demonstrate that with decreasing adatom density,
the angular and energy distribution of the scattered
particles broaden and the peak intensity decreases. The
azimuthal angle distribution shows that (a) 90% adatom
density is almost identical to the perfect crystal, (b) 10%
adatom density significantly affects the scattering.

The experimental results shows the energy loss of 3 keV
Ar* scattering at very grazing incidence is mainly
contributed by inelastic energy loss. Therefore, a new
electron stopping model based on the continuous model
is included in the above simulations. The results show
the simulated energy loss is in good agreement with the
experiment.
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DIFFERENTIAL MULTI-ELECTRON EMISSION INDUCED BY SWIFT HIGHLY
CHARGED GOLD IONS PENETRATING CARBON FOILS
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Electron ejection from target atoms is one of the basic
processes when ionizing radiation interacts with matter.
The primary electrons and their subsequent secondary
interactions lead to the deposition of energy around the
ion trajectory. The detailed knowledge of the structure
of these ion tracks is a key issue for our understanding
of radiation effects in condensed matter, an important
example being calculations of the RBE of heavy
particles, where doubly differential electron ejection
Cross sections enter as input parameter.

Usually, data obtained from collisions with single
atoms or molecules, i.e. with gas targets, are used, but
condensed matter effects may considerably alter the
emission patterns [1]. The emission of low energy
electrons was up to now mainly studied by means of
electrostatic electron spectrometers. Time-of flight-
methods were used in some cases. Here, we present
first results on swift heavy ion induced electron
emission from solids obtained with a reaction
microscope [2,3], a technique that is successfully used
since quite some time to study electron ejection in ion-
atom collisions [3]. For a recent review, see ref. [4].

This advanced technique combines the measurement of
the time-of-flight of electrons with imaging techniques.
A combination of electric and magnetic fields assures
that more than 80% of all ejected electrons are guided
onto a position sensitive detector [2]. This large area
electron detector is capable to accept multi hits at an
instantaneous count rate of more than 100 MHz. From
position and time-of-flight measurement the full
differential emission characteristics of up to 10
electrons per single incoming ion can be extracted.

Here, we present energy spectra (as shown in Fig. 1),
angular distributions, and the multiplicity distribution
of electrons from impact of Au®** (11 MeV/u) on a thin
carbon foil (28 pg/cm?).

10 -

dN/dE [eV]

I(IJ.‘1 | 1 10
electron energy [eV]

Figure 1: Energy distribution of low energy electrons
emitted in collisions of Au** (11 MeV/u) on a thin
carbon foil (28 pg/cm?).
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ENERGY LOSS OF CARBON CLUSTER ION IMPACTED ON FOIL
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1. INTRODUCTION

Since cluster ions were accelerated at high energies,
they have been interested from the viewpoint that they
present aspects, different from mono-atomic ion
impacts, in electron excitation and atomic scattering.
These are called cluster effects, which were found in
the average charge per ion[1,2], in the energy-loss[3].
Recentry, reduction of the secondary electron yield
under MeV/atom cluster impacts was also reported.
Cluster ions moving in a foil tend to explode their
mutual distances, resulting in the average charge. In
this paper, we studied phenomena in collision of
MeV/atom cluster ion with a target material, i.e.,
inelastic energy loss and the elastic collision. Regarding
the former, we copare the existing data and give some
prediction. As for the latter, we propose an
approximated form of the screening length and discuss
the charge state dependence. Knowledge obtained on
the latter in included in estimation of the former
quantity.

2. METHOD AND RESULTS

2.1. Energy-loss of a cluster ion

Here the charge and the size of the electron cloud
accompanying a cluster in a material are important. The
average charge is evaluated in a self-consistent manner
on a basis of a statistical model, where the electric field
of surrounding ions on an individual ion was taken into
account. This leads to reduction of the average charge
per ion, compared with a mono-atomic ion with an
equivalent speed. The constituent ions in a cluster are
described as partially stripped ions, whose electron
clouds are described in a Thomas-Fermi-Moliere form.
The number of the bound electrons is determined by the
average charge. Electronic energy-loss of a cluster is
estimated in a dielectric function method[4]. Here
excitation of conduction electrons and the bound
electrons are both taken into account. Coulomb
explosion, cluster structure and wake effect are also
included together with the ion-atom elastic collisions
given below. The calculated energy-loss shows the
cluster effect, depending on the speed.

2.2. Screening length

In order to take into account the deflection of ions in a
cluster due to a repulsive interaction with a target atom,
we consider the two-body ion(atom)-atom potential in a
statistical model. Our interest is focused on rather swift
projectiles so that weak attractive part of the potential is
neglected. Then we treat the repulsive part of the
potential. Employing a statistical model, we write the
interaction in the formV (r) = Z,.Z,e*®(r/a)/r |f we
describe the screening function ®("/@)in a Thomas-
Femi-Moliere function, the screening length for neutral
atom-atom collision is approximated as

a =0.8853a,xy(x + y) /(x> + y* +cxy)

where X = 2171/3' y = 22—1/3Y c~1.337 "

The values of for Li -> C, Al, Si, V, Cr, Fe, Co, and Ni
targets are respectively 0.1717, 0.1462, 0.1439, 0.1282,
0.1269, 0.1245, 0.1233, and 0.1182 in units of 10 %cm.
The corresponding values from the small angle multiple
scattering experiments[5] are 0.216, 0.156, 0.142, 0.110,
0.111, 0.093, 0.115, and 0.092 in the same units. We
also derived the screening length for ion-atom
collisions, which is used in collisions between a cluster
ion and a target atom.
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1. INTRODUCTION

Any analytical systems introducing probe or ray must
come across charge problems when the systems are
used for insulator or semiconductor samples. We have
been developing nano-beam secondary ion mass
spectrometry (SIMS) apparatus for shave-off depth
profiling [1]. The nano-beam SIMS system equips Ga-
focused ion beam (FIB) and sector typed mass analyzer
(Mattauch-Herzog type) [2].

In  shave-off depth profiling with dynamic
micromachining with FIB, sample and its environment
are supplied high voltage. The biased sample makes it
difficult to solve the charge up problems with electron
shower near ground leveled voltage.

In this presentation, we have developed an epoch-
making flood gun system for the nano-beam SIMS
apparatus and minimized charge up problem in shave-
off depth profiling.

Flood Gun | 3

Sample

o

2. Flood gun system

The flood gun system is controlled by 3 power sources
(for the emitter, the suppresser and the extractor) and
can realize different voltages on each electrode. The
introduction of the flood gun system will be enabled
charge neutralization in the nano-beam SIMS system
and can realize precise analysis on shave-off depth
profiling.
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Fig. A schematic image of food gun system
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IMPLANTED OXIDE CERAMICS EXPOSED TO H,O VAPOR
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We have been systematically looking at the replacement
of hydrogen isotopes (D-H and H-D) in hydrogen
ion(H, or D)-implanted oxide ceramics exposed to
water(H,O, or D,O) vapor at room temperature by
means of the ion beam analysis technique. We have
found from the data analysis that the hydrogen-
implanted oxide ceramics provide with the catalytic
function of dipole induced water splitting and hydrogen
gas emitting, which originates from the attractive
Coulomb interactions of dipole charge of water with
charge of the lattice defects at the surface and from the
bulk molecular recombination of hydrogen atoms in
traps with hydrogen atoms absorbed from the surface,
respectively [1.2]. The catalytic function provides a
possibility of producing hydrogen gas from water vapor
at room temperature at high energy-efficiency and the
hydrogen gas emission rate is estimated to be 1 Nm®/hr,
when the surface area of the specimen is 500 m” based
on the experimental champion data on the hydrogen gas
emission. For practical use of the catalytic function, it is
of essential importance to wunderstand atomistic
mechanism of the catalysis and to find higher rate
materials in the hydrogen gas emission.

In this paper we have measured the temperature
dependence of the hydrogen gas emission rates in D-
implanted BaCej4Y(0;.5 exposed to water vapor. It is
found that the D-H replacement rate increases
monotonically as the specimen temperature increases up
to 50°C. The concentration of H retained in the
specimen decreases when annealed in the vacuum at the
temperature, while it does not decrease when exposed to
water vapor at the temperature. On the other hand, the
hydrogen gas emission rate is shown to be closely
connected to charging speed of the lattice defects which
introduces donor and acceptor levels near the
conduction and valence bands and which have been
once neutralized by the Coulomb interactions [2]. The
experimental result will be discussed in terms of the
mass balance equations and also the optimal
temperature for hydrogen production is also discussed.

This study was supported by Industrial Technology
Research Grant Program in 05A0002c¢c from New
Energy Development Organization (NEDO) of Japan
and also supported by Feasibility Study of Japan
Science and Technology Agency (JST) Tokai Plaza.
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1. INTRODUCTION

Silicon-carbide (SiC) is a wide band-gap semi-
conductor, which has high carrier-mobility and high
thermal-conductivity. This material has more than 100
politype-crystals, depending on the stacking form
involved. Most investigations are for wurtzeit (2H-
SiC), moissanite (4H-SiC or 6H-SiC), or zincblende
(3c-SiC). In this case the periodic arrangement of “Si-C
dimers” (which is parallel to the c-axis) determines
each crystal structure. Here we discuss the zincblende
structure (3c-SiC), which has the same ligand field for
atoms as in the diamond structure.

Of wide-gap semiconductors, only SiC can adopt both
types of dopants, e.g., boron implantation into 3c-SiC
results in p-type devices with high resistivity. Although
the defect formation is crucial in impurity doping by
ion bombardment, it is still a promising way in device
syntheses using annihilation. A peculiar defect called
anti-site displacement can be produced in zincblende-
type (AB) crystals, if atoms A and B exchange their
sites. This means to reverse the position of atoms in a
“Si-C dimer” in SiC. It is supposed that the planar
defects called {311}4 or {311} [1] in zincblende-type
semiconductors are produced by synergetic assembly of
such pair replacements [1].

We have identified {311} defect formation in c-Si [2]
caused by self-irradiation. In this article we mainly
examine the intrinsic defects [3] including anti-phase
boundaries ({311}5 or {311}g) for 3c-SiC crystal
caused by boron, silicon, or carbon projectiles.

2. METHODS OF CALCULATION

2.1. MD (Molecular Dynamics)

lon bombardment (B, C, Si) of 3c-SiC is simulated by
molecular dynamics (MD) at a target temperature of
1000 K. Energetic ballistic collisions of particles
following projectile injection are described by the
repulsive ZBL potential. To describe low energy
collisions and the equilibrium allocation of atoms the
ZBL potential is splined to the Tersoff-4 potentials for
Si-Si, Si-C and C-C [4].

Interatomic potentials for B-Si and B-C are determined
by the ab-initio density functional method called
B3LYP in Gaussian-03 [5]. (Becke type 3 parameter
density functional method with the Lee-Yang—Parr
correlation function). The numerical results are
parameterized into the form of a Morse potential.

_2 _ _ _
V(r)=D, {e 2 — 27 @
These potentials are also splined to the ZBL potential
for energetic collisions.

2.2. Defect analysis (Pixel Mapping)

We have proposed a method to analyze various types of
defects in a diamond-type crystal, which we called the
Pixel Mapping (PM) method [6]. PM can identify
various types of microscopic, mesoscopic and
macroscopic defects. Especially, definition of Miller
indices of atomic planes is useful to identify planar
defects and linear defects [2].

Here we apply the PM method to different compound
crystals with cubic symmetry [7], where each cubic
crystal is characterized mathematically in a PM table.
Using the PM table, we can find the spatial distribution
of various kinds of defects, identify whether a structure
change from one to another crystal type has occurred,
observe modified domain structures, etc. In this work
we are mainly concerned with planar defects or anti-
phase boundaries in the case of chemical compounds.
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The slowing down of light atomic projectiles
traversing insulator materials at low velocities has
raised some controversies regarding the expected
departure from the linear velocity dependence' and the
existence of a threshold velocity’. Two experimental
approaches have been previously used to study these
phenomena at low velocities: 1) grazing scattering of
protons from flat LiF surfaces’ and 2) reflection of
protons from LiF films evaporated on Au substrates”. In
this work we use the well known transmission method,
with the energy analysis performed by the time of flight
technique (TOF) in order to reduce the incident
irradiation dose, and evaporate the AlF; films on one
side of a self-supporting C foil, in the same scattering
chamber and under UHV conditions. The initial
stopping in the C foil allows measurements down to a
few hundred eV, keeping the energy straggling small
enough to deduce accurately the final outgoing energy
(upper panel of Fig.1).
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Fig.1: Upper panel: TOF spectra for protons
transmitted through a 2 pg/cm’ C foil and through the
same C foil with a film of AIF; of 200 A thick. Lower

panel: Stopping power plotted versus the mean velocity
in the insulator film.

Deflection plates located at the end of the drift tube
allow measurements of the positive, negative and

neutral emerging fractions. The capability of doing the
measurements in the same evaporation chamber allows
determination of stopping and charge fractions as a
function of the film thickness (Fig. 2). The film
composition is verified by TOF direct recoil
spectroscopy, while the thickness is determined by a
quartz balance and by atomic force microscopy
performed ex situ.

For pure C foils at low energies the positive
and negative ion fractions are comparable; however at
higher energies the positive component becomes
increasingly predominant.

The energy loss results in the C-foils are in
good agreement with those measured with an
electrostatic energy analyzer of our lab.

For AlF; films, the results show a trend similar
to that measured by Draxler” in LiF. The stopping
power plotted versus the mean velocity of the
projectiles in the AlF; film has a threshold velocity of
0.1 a.u. (Fig.1, lower panel).

The positive ion fractions dominate in the
whole energy range; however, in contradiction with the
pure C case, they increase with decreasing proton
energy. The ion fractions become stable for AlF; film
thickness larger than 25 Angstroms (Fig. 2).
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Fig.2: H" and H™ outgoing ion fractions versus AlF; film
thickness measured for 5.8 keV incoming protons.
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1. Abstract

The structure and magnetism of ultra thin epitaxial Fe
films grown on Cu(100) at 300 K (RT) have been
investigated by STM (scanning tunnelling microscopy),
low-energy electron diffraction (LEED) and by surface
magneto-optical Kerr effect (SMOKE) [1]. Hysteresis
loops in longitudinal and polar geometry can be
determined. Depending on the film thickness, three
regimes with different magnetic properties and different
orientation of the magnetic anisotropy are known [2]
and could be confirmed. Further it is also known that
the fcc phase, which has no magnetic moment, can be
achieved at room temperature (RT) only for a thickness
of 5 to 10 monolayers (ML).

In these films small (needle-like) nuclei of the bcc
structure were found by STM measurements [3, 4].

We have observed that in these Fe films the phase
transition from the fcc phase to the bcc phase can be
induced and promoted by ion bombardment (Fig. 1). By
LEED measurements we observe the structural change
from fcc to bee-like structures after ion bombardment
(e.g. ion dose around 0,4 Argon ions / surface atom). At
RT, the structural transition is accompanied by a change
of in-plane magnetization from paramagnetic to
ferromagnetic behaviour. Additionally, our SMOKE
data show the disappearance of the low temperature
surface ferromagnetism (with perpendicular magnetic
anisotropy) [2, 5] as the films becomes bcc during ion
bombardment.

The magnetic properties and crystallographic structure
of such treated films depending on ion dose, ion energy
and ion mass will be discussed.
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The ion guiding ability of nanocapillaries etched
in PET polymer foils has been discovered recently [1].
In this work, this phenomenon is investigated at
ATOMKI for Al,O; capillaries prepared by a two step
anodization process at UCL.

Figure 1: SEM view of an array of Al,O5 capillaries.

The experiments have been performed with slow
Ne® ions of impact energies of 3 keV and 6 keV,
which were transmitted through the highly ordered
capillary arrays with pore diameter of 150 nm and 290
nm. It has been found that ions with larger incidence
angles than the one belongs to the geometric
transparency can pass through the Al,O; capillaries
similarly as for PET. The ions leave the capillaries
along the capillary axis with a narrow angular
distribution. Systematic measurements have been
performed for different energies and incidence angles,
which could be changed by tilting the capillary array.
Time dependences of the transmission, charge and
angular distributions of the transmitted ions are
obtained. Angular distributions with FWHM of 3-4°
have been found. Similar results have been found for
PET capillaries [1], but in the case of SiO, the observed
angular distributions were narrower [2]. The different
behavior of SiO, can be caused by different material
properties but structural differences may also play a
role.

10 4 Tilt angle: 0° -

0,1

Intensity (Normalized count)

0,01

Observation angle (degree)
Figure 2: Angular distribution of 3keV Ne®* ions
transmitted through Al,O; capillaries with pore diameter
of 290 nm.

To explain capillary guiding different models have
been developed [3, 4]. These are based on the
assumption that the guiding effect is due to charge
deposition on the capillary walls. The time and tilt angle
dependences of the overall transmitted intensities can be
understood within the framework of the models. The
differences in the width of the angular distributions of
the transmitted ions comparing observations for PET,
SiO, and Al,O; membranes are not yet understood. We
are developing a model, in which individual local events
of charge deposition and migration are traced. The
calculation is performed for a single capillary, but the
effects of the other capillaries are included. These
effects seem to contribute to the widening of the angular
distribution of the outgoing ions.
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0.G. Bakunin*

RRC “Kurchatov Institute”, Nuclear Fusion Institute, 123182 Moscow,Russia, Sq Kurkhatova 1.

1. INTRODUCTION

In the case of beam-matter interactions we deal with a
strong non-equilibrium system, where the particles
distribution function differs significantly from the
Maxwellian one. In that case, it is important to obtain
the relationship between the distribution function and
correlation  functions that describe long-range
correlation effects [1-3]. Here, the classical kinetic
equation in the diffusive form does not apply, because it
describes only systems near equilibrium. In this paper,
we offer to use the methods of anomalous diffusion in
phase-space to describe the particle distribution function
[4]. The correlation properties are described by the
velocity correlation function of emitted particles. We
suggest using a functional equation for collision
probability instead of the conventional diffusive kinetic
equation. In this case, we deal with “memory” effects
due to the finite numbers of the collisions. This mirrors
the direct relation between the distribution function and
the correlation function. In case under consideration, we
can apply the power approximations of correlation
functions. The information about both Kinetics and
correlation properties is contained in the single
functional equation. The solution of this equation was
received in the form of Levy’s function with different
power tails, which are described by the correlation
exponent « :

1 1
F(v) c—exp|l ——].
v& v
Such solutions cannot be obtained by means of the

asymptotic consideration of conventional kinetic
equations. The asymptotic solution has the scale-

invariant character F(V)oc that gives the

Va

scalings, which describe suprathermal particle transport.
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ELECTRON TRANSPORT ALONG ATOMIC CHAIN
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1. INTRODUCTION

The charge exchange between a negative hydrogen ion
and atomic chain is considered. The electron transfer
problem was solved by the Wave Propagation Packets
(WPP) method, which does not involve the perturbation
theory. It was shown that interatomic potential barrier
substantially affects on electron transport effectiveness;
character of electron transport was described.

2. ELECTRON DYNAMICS

The electron transport along hydrogen atomic chain
was calculated using the wave packet propagation
method.

Initially electron’s wave function taken in ion’s
electron wave function form. Average electron
coordinate and electron most probability coordinate
was calculated using wave function. Atomic chain
consists of 10 hydrogen atoms. For small interatomic
distances (8 a.u.) electronic transport along the chain
was found to be very effictive.
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Figure 1 Line 1 —initial electron’s density of

distribution along Z axis. Line 2 — electron’s density

of distribution along Z axis in moment of time 350 au.

Line 3 — electron’s density of distribution along Z axis

in moment of time 750 au.

On figure 1 one can see electron’s density of
distribution along Z coordinate in different moments of
time. Initially electron located on hydrogen ion (figure
1, line 1). As a result of resonant charge transfer
electron propagates to following chain atoms (figure 1,

line 2). Electron is not localized on a single atom, it’s
distributed among several neighbore atoms. Electron’s
density of distribution at the end of transition displayed
on figure 1, line 3, one can see that electron localized
on remote chain boundary.

At figure 2 electron position was shown as function of
the time. Electron distribution along atomic chain is
discrete, but average electron’s coordinate changes
droningly and continiously.
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Figure 2, Line 1 — average electron’s coordinate in
dependace on time. Line 2, Line 3 — standart derivation of
average electron’s coordinate in dependence on time.
Also the electron transport along aluminium chain was
calculated. The electron transition rate was found to be
more eficient than for free metal case.
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When bombarding a metal surface with ions, the
ions will interact with the surface resulting in a
specific distribution of the charge state. This is due
to the fact that some of the ions will pick up
electrons to be neutralized. Neutralization of
positrons scattered from metal surfaces via
resonance tunneling is considered. In this
mechanism a positron is neutralized by picking up
an electron that tunnel through the potential barrier

at the surface €' +e (Al metal) - Ps(ls).

The problem is similar to what happen when a
proton is being scattered from a metal surface.
There the mechanisms that produce neutralized
atoms upon scattering of ions from metal surfaces
are three. Those are: resonance tunneling; Auger
neutralization and surface plasmon-mediated ion
neutralization. The third mechanism namely
surface plasmon-mediated ion neutralization was
applied for the case of positron neutralization in an
earlier work. There, a unitary transformation was
introduced to the second quantized Hamiltonian.
This transformation proved very useful in tackling
problems of reactive scattering that included
composite particles. The bound state was described
by a state orthogonal to all conduction band states
of the metal. The theory is applied to the case of a
positron capturing an electron from a metal
surface. The neutralization rate is calculated as a
function of distance from the surface. Also the
ratio of positroniums created to the positrons
scattered is calculated. The figure shows the
neutralization rate P as a function of the distance
S from the surface. From the figures it is evidently
clear that the transition rate decays exponentially
with distance from the surface. The general
behavior is similar to the ion neutralization at metal
surface. At small distances the transition rate is
greatly affected in the important region for
neutralization namely small distances from the
surface. In this region the repulsive potential due to
the positive background of the metal has large
values. This decreases the total potential (attractive
and repulsive) and consequently the transition rate.
The effect of lowering the transition rate is
accomplished in  our theory by the
orthogonalization term in the matrix element,
which is subtracted from the original matrix
element. The attractive potential (positron charge
with the electron density) also increases at small
distances from the surface. The two effects add up
to a potential that give rise to the turnover region.

Saudi Arabia

The incident positron will penetrate into the
turnover region when the electron density on the
surface is such that the attractive potential rate of
increase is greater than that of the repulsive
potential.
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Resonance tunneling neutralization rate P as a
function of the distance s from the metal surface
for a positron scattered from aluminum surface.
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1. INTRODUCTION

We experimentally showed that higher-order
optical vortices generated by the system of dielectric
wedges subjected to focusing do not lose its structural
stability.

It is proved to be quite natural now to see a variety
of new optical applications based on unique properties
of the vortex-bearing singular beams. The microparticle
traps and spanners and also needs of nonlinear optics
take up one of the first places among them. The greater
is the vortex topological charge, the greater is the
angular momentum of the beam to twist the particles
and to perform different self-action operations. To that
end it is necessary to focus the singular beam into a
small area. However, higher-order optical vortices can
be structurally unstable ones to such transformation.
Soskin' et al pointed out that even transmission of a
Gaussian beam with the double-charged optical vortex
through a relatively wide circular aperture results in
breaking out the vortex into two single-charged ones.
Helseth extended such conclusion onto all higher-order
optical vortices in a focal region. Is this characteristic
inherent in all types of singular beams or only in
Gaussian beams bearing the higher-order optical
vortices? Are there any exceptions from this rule?

In this article we investigate the focusing of the
higher-order optical vortices nested in singular beams
generated by the optical wedge.

laser

Figure 1: Generation of the double-charged vortex by
the SW, [=2

We have recently shown® that the optical mask
consisting of a consecution of the optical wedges is able
to produce the singular beam carrying over the optical
vortex whose topological charge is equal to the number
of the wedges in the system (Fig.1). At the same time,

geometry of such beam is different from that of the
initial beam incident upon the system. This is the
consequence of the fact that each isotropic dielectric
wedge produces two partial beams. One of them is
inclined at some angle to the optical axis of the initial
beam while the other one propagates along the axis.
Such wave superposition of two beams with non-
coplanar axes will make up a complete resulting beam
provided that the diffracting divergence of the initial
beam is greater then the angle of the wedge

Figure:2 Theoretical intensity I (a) and phase @ (b)
distribution of the wedge-generated vortex with n=2

It is important to note that the vortex-bearing beam
structure near the focus depends essentially on the
diameter of the focal spot of the initial beam at the plane
of the mask and the angle of the wedge.

Thus, we have experimentally revealed that the
wedge-generated singular beam with the double
topological charge (Fig.2) subjected to focusing does
not lose its structural stability. Moreover, the vorticity
of the beam rises near the focus. The wedge-generated
beams can be presented as a superposition of some pars
of partial off-axis non-singular beams. A number of
such beam pairs is equal to a vortex topological charge.
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1. INTRODUCTION

Auger spectroscopy is the powerful tool for
investigation of the surface chemical composition and
near surface layer in solids [1]. Here a new approach to
studying the Auger decay in the complex atomic
systems and solids within S-matrix Gell-Mann and Low
formalism (energy approach)[2] is carried out. The
cross-sections of ionization of the internal shells for a
number of atoms (Na,Si, Au) and energies of Auger
electron transitions in solids (Na,Si,Ge,Ag) are
calculated with account of the correlation effects. There
are also examined the possibilities of the chemical
analysis with the use of the relations between the core
and valence Auger - lines intensities.

2. METHOD AND RESULTS

2.1. Method

Within energy approach the Auger transition probability
and intensity are defined by the interelectron interaction
matrix element:

Vids = G X2 Xis Xia 2 5 (l)u(mljl—j?m
Q, =Q¥+Q>.

The values QS‘” ,Q) are corresponding to the Coulomb

and Breiht parts. The Coulomb part is expressed
through the radial integrals R; ,and angular coefficients

Si2]:
ReQU! - %Re{R| (1243)8),(1243)+ Ry, (1243 )5y, (1243)
+ Ry (1333)5),(1233)+ Ry (1233)8, (1233))
The Auger decay probability is defined by the matrix
elements ReQ; (1243):

ReR, (1243)= f drr?e2 £, (n) f,(n) (), ()20 (r )z O(r)-

Heree f — large component of radial part of the Dirac
one-electron state function, Z — Bessel function. The
Auger width is derived from the adiabatic Gell-Mann
and Low formula [2]. Contribution of diagram A4 —
to the Auger width of level with vacancy NglgjeM,

ﬁ) x ReQy (1234)

>"Q, (akyB)Q, (Brkar)

fk>f

2
2o

A

and contribution f or diagram AEXX

j jv A

1T T T o, (mm{‘jg }g kf}
0T hg By k>f

An energy of electron, which is created due to transition

jkl, is defined by a difference of energies of the atom

with a hole on level j and twice ionized atom on levels

kl in final state and can be written for solid as:

ESAGK,ZSTILy) = EAGKLZSHILy ) + AES + Rygl +¢F

Here AE®— correction on changing bond energy in solid,
Rre1 — correction due to the outside atomic relaxation; eF
accounts for the output work.

2.2. Results

In table 1 we present calculated and experimental data
on the Auger electrons energies for some solids: a-
experimental data; b — data are obtained within
semiempirical calcultion with using an equvalent core
approximation of Larkins [1]; ¢ — our results.

Table 1.
Auger a b c
line
Na | Klyslo3'D; 994,2 993,3 | 994,1
Si KLzslos ‘D, 1616,4 | 1614,0 | 1616
Ge | LsMysMys'G, | 1146,2 | 1147,2 | 1146
Ag | MsNgsNus'G, | 3534 358,8 | 3533
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It’s known that using super intense short light pulses
changes principally a character of interaction of a laser
radiation with substance [1-3]. For laser intensities
more than 10™ Wt/cm? electrons get energy of 100-
1000eV and it is realized a process of forming the
femto-second laser plasma. We consider possibilities of
governing by processes, which are taken a place in the
femto-second laser plasma in nano-structured porous
materials (Si). The nano-structured porous materials
consist of the separated clusters set with the fractal
structure. The key mechanism of the hot electrons
generation in plasma is provided by oscillation of
electron on the border “plasma-vacuum” or resonant
absorption of laser radiation. One may wait for the sharp
increasing the hot electrons generation and X-ray
radiation. For large laser intensity it is observed a new
type of the hydrodynamic ablation with the explosion
character. Besides ususal mechanism of the ambipolar
accelerating ions by electrons another mechanism begin
to play an essential role. Speech is about the Coulomb
repulsion of the chargied particles inside a cluster. The
separation of charges inside a microplasma of the single
cluster became possible as an amplitude of electron
oscillations in a field of the light wave (~10nm for
intensity 1~10*° Wt/cm?) is more than the size of cluster.
Besides, a laser radiation wavelength is more essentially
the cluster size. So, microplasma is in the homogeneous
iscillating field and all electrons of plasma move in the
phase. Our theoretical and independent experimental
estimates show that a velocity of the plasma flying away
for the strongly porous samples Si (1~3x10**W/cm?) is
~10%cm-s™, that is ~ to energy 2+1 MeV. Let us note for
comparison [2] that the velosity of flying away for
usual Si is not more than 3-10" cm/s. For time ~ 500 fs a
plasma in the nano-structured porous materials became
homogeneous with decreased density and its forming is
accompanied by essential heating the ion component
due to the transformation of energy of translational
movement of the ions to heated energy during collision
of the jets of different clusters. Estimate is shown that
the Kkinetic energy of ions in the flying away plasma is ~
30keV for the electron temperature ~ 1keV and the
plasma ionization degree Z~12 [3]. The collisional
length of free runing for ion is ~ 30 nm and frequency
of

the ion-ionic collisions is ~ 10*s%. Under collison of

two plasma jets an energy of the kinetic movement of
ions trasfers to the thermal energy during 50-100 fs and
reachss dozens of keV [3]. We carried out the modelling
of femto-second laser plasma forming in the porous
materials on the basis of the energy balance equations
and Green functions method [3-5]. The energy and heat
balance equations approach is used for modeling the
process of plasma flying away and the hydrodynamic
ablation with the explosion character [2]. The special
attention is devoted to the modelling the system: nano-
structured porous materials with clusters, on surface of
which there is a great number of bonds with H and OH
groups. In a case of D-and OD group’s one can wait for
realization of the cluster explosion process and reaction
D+D—a+n (3,8MeV). Our theoretical modeling
indicates on the non-tirivial behaviour of this process
[5]. Besides non-trivial features of the explosion process
one can wait simulteniously an appearance of the
powerful flow of neutrons in plasma under intensity of
heating pulse ~ 10" Wt/cm? In the high density plasma
there is possible an excitation of the low lying isomers
(level energy less 20 keV) by means of the channels:
photo excitation by own X-ray plasma radiation, the
electron impact excitation, electron conversion, the
excitation for isomer nuclear level in laser plasma. We
calculated properties of stable and long lived nuclei low
lying isomers characteristics (energy, decay channels
etc.), using methods [3].
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1. INTRODUCTION

Considered will be processes, which lead to single
(outer shell) ionization of the multielectron atom.
Positron impact can lead to ionization via two reaction
channels usually called break up (of the atom into an
electron and ion) and transfer (of one atomic electron to
the projectile to form positronium. The most accurate
positron ionization cross sections for example, for
helium are presented in [1] and analysed in comparison
with that for electron impact ionization. It should be
noted that the features of particular interest are the
merging of the cross sections above 600 eV when the
first Born approximation is valid, the positron cross
section exceeding the electron cross section at medium
energies and a cross over of the cross section curves
near threshold [1]. The problem of energy loss of
positrons at surfaces is of a great importance and far
from adequate solution.

2. METHOD AND RESULTS

2.1. Method

We suppose that a uniform theoretically comprehensive
approach to considered problems solving must base on
the quantum electrodynamics (QED). In this paper the
energy approach to consistent gauge-invariant QED
description of positron and electron collision
(ionization) processes of the atom and defining the
energy loss of positrons at surfaces is presented. It is
based on the QED perturbation theory approach and S-
matrix Gell-Mann and Low formalism (c.f.[2]), which
has been used earlier in solving the nuber of atomic
ionization and xollision problems [3]. As example we
consider the positron impact ionization of helium. We

consider aﬁncbo as the initial state. In general form a

scattered part for imaginary energy shift Im AE appears
at first in the second order of the atomic perturbation
theory in the form of integral over the scattered
positron energy g

[descGleiv.cie in.esc)/(esc —&iv —€ie —&in —i0)

Here g,and & are the incident and scattered energies

respectively to the incident and scattered positron; G is
a definite squired combination of the Coulomb and
Breit inter particle interaction integrals [3]. We use
further the optimized basis’s of Dirac orbitals, which is
got from minimization principle for contribution of the
fourth QED perturbation theory diagrams into the
imaginary part of energy shift, i.e., radiative width of
atomic level [2]. Our numerical code [2-4] is used.

2.2. Results

We present preliminary results on positron impact
ionization of the atoms and the energy loss of positrons
at surfaces. In particular the results on positron impact
ionization of helium are presented in table below and
compared with results: A-Knudsen etal and B-Bielefeld

(c.£.[1]).

Impact Measured | Measured B | Calculated ¢
energy, A o, (A% Present (A%
eV c, (Az)
50 0,23 0,29 0,24
100 0,52 0,45 0,51
200 0,45 0,40 0,46
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1. INTRODUCTION

The paper is devoted to the search and computer
modeling the optimal schemes of laser photo ionization
processes and technologies for control, separation,
cleaning the semiconducting substances and preparing
the films of pure composition on example of creation of
the 3-D hetero structural super lattices (layers of
GaAs). Photo ionization process of obtaining the Ga*
ions and optimal technology for preparing the films of
pure composition are considered. New models for
calculation of the optimal realization of the first step
excitation and further ionization of the Ga* ions in
Rydberg states by electric field are used and optimal
parameters of the photo ionization process are found.

2. METHOD AND RESULTS

2.1. Laser ionization of atoms in mixtures at surface

The corresponding processes are described by the
standard master system of equations for density matrice

[1]:

dpy/dt=-W(pr-p)+po:T1+K,00°p1,
dp/dt=-W(po-p1)-piTiI-Rpi-K1(po’pi-p1’po) »

dpy /dt=-Wi(po™-p1’)+p1 TI+Kppp; ",

dp; /dt=-Wi(py™-p;’)-pi1” TI-Rp; "-K1(pop1-pi1po’) ,
dl’l/dt:Rpj -I’ll(Kg(g)p() ’-KZ(I)pI ’)+n '(KZ(O),O()*KZ(UPJ-}’Z/T,
dn’/dt=Rp;"-n; (K> py-K:" p))+n(K>"” py K" p; )- n/t
where p,, pp’- concentrations of atoms of substance
and admixture in a ground state; p;, p;’- in excited state;
n,n’- concentrations of their ions; R- the ionization
probability; coefficients KK, define the velocity of
process of resonant transfer for excitation energy
correspondingly  (K;=o,v, o,—the  Wysckopf cross
section, v- velocity of atoms) and the velocity of process
of the re-charging (K,=o,,(v)v; ; o.,(v;)- cross section of
resonant re-charging, v- velocity of ions relatively of
neutral atoms; W, W’; — probabilities of radiative
transitions, which are expressed through intensities of
field 7; of the resonant radiation and transverse
relaxation time 7, . Cited system can be simplified and
transferred to linear one under some conditions, in

particular, a laser radiation acts on the admixtured atom
and concentration of admixtures is quite little. The
photoionization scheme includes at first step an
excitation of atoms by laser field and their transition
into Rydberg states and then ionization by electric field.
A creation of the films of pure composition (our
problem is creation of the 3-D layers of Ga;.,Al,As with
width 10A and GaAs of 60A)is directly connected with
using photo ion pensils of Ga*,Al",As".Similar pensils
can be created by means of the selective photoionization
method with ionization by electric field. Then
electromagnetic focusing and deflecting systems will

provide a creation the 3-D supper lattices.

2.2. Results

The photoionization scheme of obtaining the Ga* ions
with transition scheme: 4p®Pg,—>(A=417,2nm)—> 5s°
S1o—>(A=420-440nm)—np°Py,.(n=14-70) is studied.
In fig. 1 we present results of modeling the Ga atoms
separation process from two atomic mixture at surface
and search of optimal laser pulse form. In simple case 6
-pulse provides maximum possible level of excitation
and the parasite processes such as spontaneous
relaxation, resonant reexchange etc. can’t change an
achieved excitation during a little time
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Fig.1 Results of modeling Ga separation process from
Ga-X mixture ( d+dashed - laser pulse optimal form;
1, 2 are ~ to populations of ground and excited states).
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SPATIAL AND ANGULAR CHARGE DISTRIBUTION OF CHANNELED HEAVY IONS

V.S. Malyshevsky", S.V. Rakhimov

Rostov State University, Rostov-on-Don, 344090, Russia

Recently in Refs. [1-2], it has been shown, that the
penetration of heavy ions through crystals is
accompanied by a breaking of the isotropy of the
angular distributions of an originally isotropic ion beam.
The systematic experimental research for various
crystals has shown the existence of so-called "cooling"
or "heating" of ion transmitted through the crystal along
a major crystallographic direction. These effects depend
not only on the type of a target, but also on the energy
of ions.

Compared to wusual channeling calculations, the
statistical description of the charge exchange effects is
complicated by the introduction of an additional
dimension, a new discrete variable Q indicating the
charge state. In this case the kinetics of ions in an
oriented crystal is described by a set of kinetic equations
whose number is equal to the ion atomic number Z,.
The kinetic equations describing diffusion and charge
exchange processes of channeled ions in space of
transverse ~ momentums in a  single-electron
approximation can be written as “generalized” diffusion
equation in which there is a change of a transverse
momentum due to multiple scattering and change of a
charge state of ion [3]. The theory gives an adequate
description of observed angular distributions of heavy
ions transmitted through a crystal, allows calculation of
the partial angular distributions of the various charge
states, and gives a physical explanation of the cooling
maxima and the heating minima in the angular
distributions. The occurrence of cooling or heating
effects and the detailed structure of the angular
distribution depend on both the impact parameter
dependence of the probabilities for electron capture and
loss and on the relative contributions from different
charge states.

The evolution with depth of the charge state
distribution leads to a redistribution of the flux of ions
in the crystal and, finally, changes the character of their
interaction with the crystal. The dependence of the
average ion charge on the depth of penetration into a
crystal and the normalized distribution of charge states
are calculated in Ref. [3]. The calculated equilibrium
charge in the above-barrier (random) area for 48 MeV
and 13.5 MeV is equal to =104 and =87,
respectively.

The results of the calculations of angular and spatial
distribution for channeled AI'? ions with different
energy and crystal thickness 0.1 pm are shown in Figure
1 and Figure 2. Thus, at a reduction of the ions energy
the average charge of the channeled ions appears less
then for random ions. It can be explained to that ions

with smaller energy have smaller speed and according to
the Bore criterion can capture of a crystal electron from
higher orbits. That is efficiency of electron capture
becomes more, and as results it lead to the reduction of

an

average charge. The similar results have been

observed experimentally in Ref. [2].

A%, E=13,5 MoV, <100 Si, 0.1 pm Al E=48 MoV, <100> Si, 0.1 um
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Figure 1: The density of the angular charge distribution

of ions.

AL, E=13.5 MaV, <100> Si, 0.1 um

AI, E=48 MeV, <100> Si, 0.1 ym

Figure 2: The spatial charge distribution. The mean

charge in the under-barrier (channeled) area for 13.5

(1]

(3]

MeV and 48 MeV is equal to = 8.3 and =10.3,
respectively.
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1. INTRODUCTION

In future thermo-nuclear fusion devices, such as ITER
the interaction of the plasma with surrounding materials
Plasma-Wall interaction constitutes the main remaining
engineering problem. Issues, such as the lifetime of
plasma-facing components under high particle and heat
load and radioactive tritium inventory in the vacuum
vessel determine directly the material choice of ITER
The resolution of these issues requires intense efforts
aimed at the understanding of low-energy ion-surface
interaction.

2. SCIENTIFIC WORK PROGRAMME

The European Task Force on Plasma wall interaction
has been installed by EFDA in the fall 2002 and was
motivated scientifically by
“the need to provide ITER with information concerning
lifetime-expectations of the divertor target plates and
tritium inventory build-up rates in the foreseen starting
configuration and to suggest improvements, including
material changes, which could be implemented at an
appropriate stage.”

These aims outline the needs for quantitative data and

fundamental understanding in the work programme of

the EU Task Force on:

- erosion yields under low energy (1-500 eV) and
high flux (>10** /m’) hydrogen ion
bombardment of fusion relevant surfaces,
including physical sputtering and chemical
erosion,

- hydrogen implantation, retention and release in
fusion relevant materials,

- material modification under intense hydrogen and
impurity ion bombardment associated with
high heat loads.

The presentation will provide examples and the present
status of knowledge for erosion vyields, hydrogen
retention efficiencies and material mixing for the choice
of ITER materials Be, C and W.

3. TASC FORCE STRATEGY

Also, the presentation will concentrate on the strategies
and organisation tools of the EU Task Force.

In its second 3-year period starting at the beginning of
2006, 26 European associations have joined their
efforts in a common work programme. Seven Special
Expert Working Groups have been created on critical
issues such as

- Chemical erosion, transport and deposition
- Gas balance and fuel retention

- Transient power loads (ELMs, disruptions)
- High-Z materials

- Tritium removal

- Dust in fusion devices

- ITER-like Material Mix

Where important experimental or modelling efforts are
needed research can be stimulated through financial
support of well defined EFDA Tasks in the EFDA
technology Programme.

In the first period these three organisational tools have
proven effective in reaching valuable advancements.
Highlights from the first three year period will be
given.
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CHEMICAL SPUTTERING OF GRAPHITE BY LOW ENERGY DEUTERIUM
PROJECTILES
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Because of its high thermal conductivity, excellent
shock resistance, absence of melting, low activation,
and low atomic number, there s significant
technological interest in using graphite as a plasma-
facing component on present and future fusion devices.
This interest extends to the use of different types of
graphite or carbon fiber composites (CFC’s), together
with tungsten, beryllium, or other refractory metals, in
the ITER divertor. Although these materials have
outstanding thermo-mechanical properties, they can
suffer significant chemical erosion and sputtering by
low energy hydrogen ion impact, which determines in
large part the carbon-based-material lifetime.

Due to evolving divertor design, the interest in the
erosion characteristics of the carbon surfaces is shifting
to progressively lower impact energies. Results are
presented of chemical sputtering yields of ATJ graphite
at room temperature by impact of D*, D,", and D;" in
the energy range 5-250 eV/D. We have also investigated
methane and acetylene production at elevated sample
temperatures [1].

Our experimental approach [2] is based on the use of a
quadrupole mass spectrometer (QMS) to monitor partial
pressure increases of selected mass species resulting
from ion impact on the graphite surface. Due to the high
D" currents obtainable with our ECR ion source, and the
highly efficient beam deceleration optics employed at
the entrance to our floating scattering chamber,
comparison between same velocity atomic and
molecular ion impact was possible with our apparatus at
energies as low as 10 eV/D, and permitted testing of the
commonly made assumption that isovelocity atomic and
molecular species lead to identical sputtering yields
when normalized to the D constituent number of the
incident projectiles.

We observed a systematic trend of the methane yields
for the different molecular species compared at the same
impact energy/D: while all three species lead to methane
yields that coincide within the experimental uncertainty
at the high energy end of the investigated range, at
lower energies the yields diverge by progressively larger
amounts, with the incident triatomic molecular ion
leading to the largest yields per atom, and the atomic ion
to the smallest [4]. The difference at the lowest
investigated energy (10 eV/D) is about a factor of two.
Our measurements also serve as benchmarks for new
MD simulations [5] of the chemical sputtering process

that seek to incorporate more realistic many-body
potentials and to expand the reaction pathway to include
vibrational and/or electronic excited states.
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ENHANCED ROOM TEMPERATURE EROSION OF ULTRA THIN CARBON FILMS
ON TITANIUM, TANTALUM AND BERYLLIUM BY DEUTERIUM IONS
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Most present fusion devices use carbon as a first wall
material. Due to high particle loads, especially hydrogen
from the plasma, wall material is eroded and redeposited
at different positions. This leads to the formation of
surface layers, which are themselves subject to erosion.
It is known that carbon exhibits chemically enhanced
erosion by low energy hydrogen ions or elevated
temperatures [1]. However, erosion of room temperature
carbon by keV ions should be governed by a pure
kinematic sputtering process. We found that this is not
necessarily the case for carbon surface layers of few
nanometer thicknesses.

To investigate the basic mechanisms governing the
enhanced erosion of carbon, carbon layers in the range
of several nm thickness are evaporated on clean metal
substrates. The films are irradiated with 1 or 4 keV
deuterium ions and the surface composition is analysed
by X-ray photoelectron spectroscopy (XPS). The C 1s
photoelectron peak at around 285 eV binding energy
can be deconvoluted into three chemically and
structurally different carbon states. Two of them can be
assigned to elementary carbon and one to carbide [2]. In
that way, the effect of carbidisation by ion beam mixing
can be included in the quantification of the
measurements.

To the erosion process both chemical (by carbon-
hydrogen reactions) and physical mechanisms (by
different collision cascades, depending on the substrate)
contribute. The kinematic process is influenced by
substrates of different atomic mass. For our studies we
choose carbon films on tantalum, titanium and
beryllium. Our experimental data is compared to Monte
Carlo calculations using the TRIDYN code which takes
into account kinematic interactions and adjusts the
sample composition dynamically [3]. We find
significant faster erosion of carbon on titanium
irradiated with 4 keV D" ions in the experiment than
calculated (Fig. 1a). For carbon on tantalum, a slightly
enhanced erosion is measured (Fig. 1b). In the case of
beryllium, the erosion of carbon is dominated by
carbidisation via ion beam mixing, which s
significantly faster than the removal of carbon from the
surface by sputtering.

We discuss the results with respect to the kinematic
collision interaction and the ion-induced chemical phase
formations.
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Figure 1: Erosion of ultra thin carbon films on
titanium (a) and tantalum (b) by increasing
deuterium fluences and comparison to TRIDYN
calculations.
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The structure analysis at the surface and the interface
will be demonstrated in some systems, e.g., Cu/Si(111),
by using the high resolution medium ion scattering,
which can analyze the structure with almost layer-by-
layer. The Cu/Si(111) “5x5” structure analysis has been
tried at the glancing exit angle (2-5 degree) from the
surface. The simulation is necessary to carry the
analysis, in which there are some not well known
parameters, i.e., straggling, electronic surface
concerned with the surface plasmon energy loss etc.
These parameters have been decided after the analysis
of the well known surface which is Si(111)7x7
structure. The distance between each layers of Cu and
Si has been estimated with the above high resolution Cu
and Si scattering spectra and the simulation calculation.

Low energy electron microscope and photo-emission
electron microscope are intensively attracted in the field
of the dynamic surface reaction observation. These
technique has also been applied to the Cu thin film and
nano-structure formation on Si(111). The video rate
movie images and low energy electron diffraction can
help a lot to surface reaction and the structure analysis.
The advantage of such technique will be shown in the
presentation.
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SECONDARY ION MASS SPECTROMETRY OF MCs," MOLECULAR ION
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Excellent detection sensitivity, high dynamic range and
good depth resolution make the SIMS technique
extremely powerful for the analysis of surfaces and
interfaces. However, a serious problem in SIMS
analysis is its “matrix effect” that hinders the
quantification of a certain species in a sample and
therefore, the applicability of SIMS to probe complex
chemistry at surfaces or interfaces is greatly hindered.
Therefore, appropriate corrective measures are needed
to calibrate the secondary ion currents into respective
concentrations for accurate compositional analysis.
Working in the MCs* -SIMS mode (M — element to be
analyzed, Cs* - bombarding ions) can circumvent the
matrix effect. The quantitative potential of the MCs*-
SIMS method is understood by assuming that an MCs*
ion is generated by the combination of a secondary
neutral M® atom with a re-sputtered Cs* ion in the near-
surface region. Consequently, the emission process
for the species M° is decoupled from the subsequent
MCs" ion formation process, in analogy with the ion
formation in secondary neutral mass spectrometry
(SNMS), resulting in a drastic decrease in matrix effect.
Although this technique has found its applicability in
direct quantification, it generally suffers from a low
useful yield. Insuch cases, detection of MCs," (n= 2,
3, ...) molecular ions offers a better sensitivity as the
yields of such molecular ion complexes have often been
found higher than that of MCs" ions. This is true in
most of the cases where the elements are strongly
electronegative with respect to cesium.

Although several works have been reported on the
emission of MCs," molecular ions in the SIMS process,
a complete understanding on the formation mechanisms
of these ion complexes is still lacking. In view of the
fact that the energy distribution of secondary ions is an
effective diagnostic to understand the kinematics of the
emitted species, we have done a thorough and
systematic  experimental study on the energy
distributions of MCs," species emerging from various
metal targets and tried to estimate the local
instantaneous surface work function changes under
various conditions. The present talk will address a brief
review on the SIMS study of MCs,” molecular ion
complexes including our phenomenological approaches
on the subject.
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1. DESCRIPTION OF THE MODEL.

Negative ionization of low energy, mono-atomic, and singly
charged secondary ions, ejected during sputtering of metal

is studied by the model sketched in Fig. 1, where the ejected

particle @) is instantaneously probed either by an ideal flat
surface or by its nearest neighbor substrate partig|ehat
provides the impulse for ejection. A less accurate version
of the theory was proposed in previous works [1], dealing
with ionization of secondary Cuions sputtered from jel-
lium surfaces, in which the role played by quasi-molecular
orbitals, transiently formed, during ejection, betweesnd

b atoms, was discussed.
surface is described by a one-dimensional, semi-empirical
single-electron effective potential, constructed fromuymo-
potential local density calculations [2]. A Crank-Nichaots

wave-packet propagation approach [3] is used to determine

the inverse evolution of the affinity orbital of the negative
ion, being isolated at distances of the orderofl0? a.u.
from the surface. The overlap of the evolved atomic state
with a metal band state yields the probability amplitude: tha

an electron, occupying the band state at the instant of ejec-

tion, will eventually tunnel to the ejected atom.

2. RESULTS

The inverse velocity distributions of Cy Ag—, and Au™
ions, sputtered from Gu00), Ag(100), and Ay100) sur-
faces, respectively, are obtained with a simple analytical
model for the motion of both andb atoms, initially placed
outside the surface. Good agreement is found with the ex-
periments of Ref. [4]; specifically, the anomalous increase
of the population of Ag ions, with increasing inverse ve-
locities, above~ 10~5s/cm, is correctly reproduced.
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Figure 1: Schematics of the problem with the parameters of
the Au~ /Au(100) system: the effective one-electron poten-
tial includes the electron-surface interactiog, the contri-
bution of the diatomic systemgy,, and the image potential,
Avgy.
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ELECTRONIC EXCITATIONS INDUCED BY MOLECULE-SURFACE INTERACTIONS

Alec M. Wodtke

Dept. of Chemistry and Biochemistry UCSB

When molecules with low levels of vibrational
excitation collide with metal surfaces, vibrational
coupling to electron-hole pairs is not found to be strong
unless incidence energies are high. However, there is
accumulating evidence that coupling of large amplitude
molecular vibration to metallic-electron degrees-of-
freedom can be much stronger even at the lowest
accessible incidence energies. This can occur due to the
large changes in electron binding energetics as a bond
undergoes large amplitude vibrational motion. As
reaching a chemical transition-state also involves large
amplitude vibrational motion, we pose the basic
question: are electronically non-adiabatic couplings
important at transition-states of reactions at metal
surfaces? We have indirect evidence in at least one
example that the dynamics and rates of chemical
reactions at metal surfaces may be strongly influenced
by electronically non-adiabatic coupling. This implies
theoretical —approaches relying on the Born-
Oppenheimer approximation may not accurately reflect
the nature of transition-state traversal in reactions at
metal surfaces.

Developing a predictive understanding of surface
reactivity beyond the Born-Oppenheimer approximation
represents one of the most important challenges to
current research in chemical dynamics. This lecture will
present recent experimental results from our group that
bear on this topic. Of particular interest are the
questions: How can we directly detect Born-
Oppenheimer  breakdown in  Molecule-Surface
interactions and how general is it.
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PROGRESS REPORT: CHARGE-TRANSFER RATES FOR XENON RYDBERG ATOMS
AT METAL AND SEMICONDUCTOR SURFACES'

F. B. Dunning*

Department of Physics and Astronomy, Rice University MS 61
6100 Main St., Houston, TX 77005

Charge exchange between atoms and surfaces is an
important precursor to many surface reactions and
forms the basis of several practical surface
spectroscopies. Because of their large physical size and
weak binding, Rydberg atoms provide a particularly
sensitive probe of such charge exchange. Even
relatively far from the surface, the motion of the
electron is strongly influenced by image charge
interactions which distort the electronic wavefunctions,
leading to strong hybridization, and shift the atomic
energy levels. Furthermore, the electron can tunnel into
the surface leading to ionization and broadening of the
atomic levels. These processes are the subject of
continuing interest.

Recent experiments have employed xenon Rydberg
atoms which are directed at near grazing incidence
(6~4 °) onto the target surface. lons formed by
tunneling are attracted to the surface by their image
charge fields. These fields are large and rapidly
accelerate an ion to the surface where it is neutralized
by an Auger process. To prevent this an ion collection
field is applied perpendicular to the surface. Because
the initial image-charge field experienced by an ion,
and thus the critical field required to counteract it,
depends on the atom-surface separation at which
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Figure 1. Applied field dependence of the surface ion
signal when Xe(n=20) atoms are incident on Au(111)
and hydrogen-passivated p-type Si(100). The inset
shows the inferred ionization rate for Au(11l) as a
function of atom-surface separation for applied fields of
0and 2 kVcm™ .

ionization occurred, this can be inferred from
measurements of the surface ionization signal versus
applied field.

Figure 1 shows the applied field dependence of the
surface ion signal when Xe(n=20) Rydberg atoms are
incident on Au(111) and hydrogen-passivated p-type
Si(100) targets. In each case, the ion signal increases
steadily with applied field and, for sufficiently large
fields, a sizable fraction of the incident ions are
detected as ions (The sharp cut off in the ion signal is
associated with field ionization of the Rydberg atoms
before they can strike the surface.)

The Au(111) data can be well fit by assuming that the
ionization rate simply increases exponentially as the
surface is approached, yielding the rates shown in the
inset. While the resulting most probable ionization
distance, ~3.4n° (a.u.), is in good agreement with
hydrogenic theory, the characteristic exponential decay
length is substantially larger. This can be attributed to
the avoided crossings that occur between different
(xenon) atomic levels as the ion collection field is
applied and as the atom approaches the surface.
Calculations show these levels have a wide variety of
spatial characteristics, the electron probability densities
for some being maximal towards the surface, others
towards vacuum. If these avoided crossings are
traversed adiabatically as recent dynamical calculations
suggest, an incident atom will successively assume the
character of a number of different states and lose much
of its initial identity. If the calculated ionization rates
for these wvarious states are “averaged” by an
exponential the resulting decay lengths are in
reasonable accord with the measured values.

The differences between the Si(100) and Au(111) data
are indicative of localized stray electric fields at the
Si(100) surface. Although hydrogen passivation was
used to remove the initial oxide layer, metastable atom
impact leads to destruction of the passivation layer
allowing growth of an oxide film. Taking into account
the reduced image charge interactions at a dielectric
surface, the data can be reasonably well fit by assuming
an ionization rate similar to that for Au(111) and the
presience of stray fields with values of up to ~t1 kV
cm™.

"Research undertaken in collaboration with H. R.
Dunham, S. Wethekam and J. C. Lancaster and
supported by the NSF and the Robert A. Welch
Foundation
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IONISATION OF RYDBERG ATOMS COLLIDING ON METAL SURFACES

J.P.Gauyacg*, J.Sjakste, and A.G.Borisov

Laboratoire des Collisions Atomiques et Moléculaires, Bat.351, Université Paris-Sud, 91405 Orsay, France

The electronic levels of Rydberg atoms approaching
a metal surface are usually located well above the
Fermi level of the metal so that the Rydberg atoms can
be ionized by a one-electron energy conserving
transition, the Resonant Charge Transfer process. When
polarized by the surface potential and/or by an external
field, the electronic clouds of Rydberg atoms exhibit
very different shapes, pointing toward the surface or
away from it. As a consequence, one can expect
different polarizations to lead to very different
properties of the Rydberg atoms with respect to
ionization and in particular to very different ionization
distances from the metal surface[1]. Recently, an
elegant method has been proposed to measure the
distance of ionization of a Rydberg atom approaching a
metal surface[2]. It is based on the presence of an
external electric field repelling the ions formed by
ionization. Surprisingly, Xe Rydberg atoms polarized
toward the surface and away from it exhibit similar
ionization properties[3], in apparent contradiction with
the common knowledge on these systems.

We report on a theoretical investigation of the Xe*
Rydberg states (n=7-8) ionization during a low energy
collision on a metal surface. The aim is to determine the
ionization dynamics of a Rydberg atom approaching a
metal surface in the presence of an external electric
field and the dependence of the ionization process on
the initial state. The time evolution of the Rydberg
electron is studied using a wave packet propagation
approach[4]. It consists in solving the time-dependent
Schrédinger equation for the active Rydberg electron
on a grid of points, the core of the Rydberg ion being
assumed to move along a classical trajectory. This
allows to study the Rydberg atom ionization, taking
into account all the dynamical non-adiabatic effects of
the atom-surface collision.

As the main result of this study, the ionization of a
Rydberg atom is strongly influenced by the presence of
an external field. The initial state of the collision is a
Stark hybrid defined in the external field, it can be
oriented toward the surface or toward vacuum. As
expected, the static (fixed atom-surface distance)
ionization rate of the Rydberg atom is strongly
dependent on the electronic cloud polarization.
However, the dynamical study of the collision situation
revealed the existence of significant non-adiabatic
transitions. These concern both mixing inside a given n-
manifold and inter-manifold transitions. In particular,
as the atom approaches the surface, transitions between

surface-oriented and vacuum-oriented states can occur
that deeply affect the ionization properties.

Our results allow a detailed discussion of the
experimental results of Dunning et al[3] and of the
apparent absence of a polarization dependence of the
ionization process. We find that, due to the strong
perturbation introduced by the external field, the
proposed method can yield a measure of the ionization
distance only in some specific cases. For the vacuum-
oriented states, the experimental procedure determines
the threshold for mixing with a surface-oriented state,
leading to the apparent absence of a polarization effect.
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NANOSTRUCTURESBY GRAZING INCIDENCE IONS: RIPPLE PATTERNS, ATHERMAL
COARSENING AND SUBSURFACE CHANNELING

T. Michely*

I. Physikalisches Institut, RWTH Aachen University, 52058cAen, Germany

The recent years showed significant progress in our ability W% e 8oy e VT R I Y
to use ion beams for the controlled patterning of surfaces. el Ty 0 R A s P ‘o.._. . S g e
New applications of patterned substrates as functional sur B/ LA ki L A P S
faces or of patterned thin films emerge. Nevertheless, our L.." " _-'.' f_-"f. "‘...’_- * o 1 ..-,_"
present understanding of the atomic scale mechanisms gov- SR ) gl_-.'_."f P R A T
erning pattern formation through ion beams is still poor. .: ,' . l",‘i‘,'_ L4 i R 1'.‘ L '
Here we present results of temperature dependent scanning o I T r.'j.‘.-' LR -4 .,:."."‘.r .
tunneling microscopy investigations of ripple pattermfiar Cig Ll as B f'.' .." Tty e e
tion on Pt(111) by a 5keV Ar ion beam incident at angles Y e Wi 17 MR T BT iy

between 78 and 86 with respect to the surface normal. foa &ailv ol 5o al by
These results combined with corresponding single impact it ; B Lyl Sl &

molecular dynamics simulations allow a few steps towards P.‘ ‘,‘-_., ﬁ’ b/ l;-'. '.' PO
a better understanding of metal surface patterning. oo .‘ v Prigd “' 0‘0‘,’.'1,‘ "
Two different regimes of pattern formation are clearly dis- e L ‘._':,‘; g RO _;i:*_'“ : _'»"' .

tinguished. The athermal regime between 250K and 450 K TR hiLE aoe' X, s hnlsts '.',‘,'
with a temperature independent wavelength and the ther- e L LA S T an Y T e et

mal regime between 500K and 700K exhibiting a strong

increase of wavelength with temperature.

In the athermal regime elongated vacancy structures - va-Figure 1: STM topograph after 5keV Arion bombard-
cancy grooves - form due to the selective erosion of as-ment of Pt(111) at 550K and at an angle of 88ith re-
cending steps illuminated by the ion beam. These struc-spect to the surface normal. If viewed at grazing angle the
tures interact athermally through the adatoms produced byalignment of the monolayer deep vacancy islands along the
the ion impacts hitting the illuminated tips of the vacancy projection of the ion beam direction onto the surface (white
grooves. Consequently the initial wavelength is set by the arrow) is visible. Image size is 170 nm1700 nm.

lateral length scale of influence of a single ion impact, Wwhic

is around 5 nm. . . - .

In the thermal regime step edge diffusion becomes efficientMation relies on diffusion of surface point defects and low
and keeps the vacancy islands formed compact, i.e. close tgo0rdinated atoms. Consequently, with vacancy diffusion
their minimum energy shape. Surprisingly, in this regime frozen put below 2_00K pattern formation ceases. Above
pattern formation depends crucially on the angle of inci- 700K ripple formation is impeded due to the onset of step
dence of the ions. As soon as this angle allows subsur-2t0m detachment. o _

face channeling of the ions, pattern regularity and align- The_long term pattern evolution is characterized by a power
ment with respect to the ion beam greatly improves. Theselaw increase of the pattern amplitude and_a chargctemstm i
effects are traced back to the positionally aligned forma- cfease of the rlpplle pat.tern wavelength with the ion fluence.
tion of vacancy islands through the damage created by the! N€ pattern amplitude increases through the action of a step
ions at dechanneling locations (compare Fig.1). Vacancyedge barn('ar.for. vacancies. The coarsening of the patter'n is
groove interaction in this regime is dominated by diffusion due to annihilation reactions of defects in the patterncivhi
processes of adatoms and vacancies. Pattern formation i§avel in the ion beam direction. The same formal descrip-
delayed compared to the athermal regime. tion as used for tr_]e coarsening of dung fields can be applied
Pattern formation ceases both at low and high temperaturest© this athermal ripple pattern coarsening.

Although the wavelength in the athermal regime is set by the

length scale imposed by the ion beam, vacancy groove for-The contributions of Alex Redinger, Henri Hansen, Sebas-
tian MefRlinger, Georgiana Stoian, Oliver Ricken, Herbert
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ION INDUCED NANOPATTERNS ON SEMICONDUCTORS:
FORMATION AND APPLICATION

A. Keller”, S. RoRbach, S. Facsko, and W. Moller
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1. INTRODUCTION

It is well known that under certain conditions, low and
medium energy (typically 0.1 — 100 keV) ion sputtering
can induce the formation of self-organized patterns on
the irradiated surface [1]. Periodic ripple patterns and
hexagonally ordered dot arrays form for oblique and
normal ion incidence, respectively. The periodicity of
the patterns depends on the sputtering conditions and
ranges from some ten nanometres up to several
microns. These structures were found on a large variety
of materials, such as semiconductors, metals, and
insulating surfaces [2]. The first attempt to describe the
formation process was made by Bradley and Harper
and led to a continuum model based on sputter theory
[3]. In this framework, the patterns result from the
interplay between curvature dependent sputter yield and
diffusion.

2. NANOPATTERNS

2.1. Formation

To investigate the process of pattern formation,
semiconductor surfaces are eroded by sub-keV Ar ions.
The topography of the sputtered surfaces is studied by
ex-situ atomic force microscopy (AFM).

Off-normal ion erosion of Si creates ripple patterns
with a wavelength ranging from 20 nm to 60 nm and
amplitude of approximately 2 nm. An example is given
in Figure 1.

Figure 1: Si after 500 eV Ar sputtering;
incidence angle 67°.

By means of normal incidence bombardment, well
ordered dot arrays are fabricated on GaSh. These arrays

exhibit hexagonal symmetry and a periodicity of the
order of 40 nm. The amplitude is of the same
magnitude as the periodicity. Figure 2 shows an AFM
image of the sputtered GaSb surface.

Figure 2: GaSb after 500 eV Ar sputtering;
normal incidence.

The formation process will be discussed in detail and
recent results of our studies on pattern evolution and
the influence of boundary conditions are presented.

2.2. Application

As a promising application, erosion induced surface
patterns can be used as templates in further processes
such as molecular beam epitaxy or sputter deposition.
The morphological anisotropy of the surface can
influence the process significantly. Recent findings of
investigations on ripple induced anisotropies in metallic
thin films are presented.
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NANOPATTERN FORMATION WITH FOCUSED ION BEAMS

E. Bertagnolli®

Vienna University of Technology, Institute for Solid State Electronics, Vienna, Austria

1. INTRODUCTION

A Focused lon Beam (FIB) system is a scanning microprobe
technique similar to a Scanning Electron Microscope (SEM).
However, in contrast to a SEM, in a FIB system, an ion beam
of a few ten keV is rastered over a surface for surface
modificaton. The beam correlated secondary electrons are
used to image simultaneously the target area under
irradiation. Thus, surface modifications on a nanometric scale
can be made under direct control. The FIB functionalities rely
on the application of ion beam interactions with the target
surface. Due to its strict confinement, nanoscale level
research is the dominant application of FIB. Application of
Focused lon Beams cover a wide range of activities, from
basic ion-surface interaction research, over local processing
for removal or deposition of layers up to device fabrication
and 3-D-Nanofabrication.

2. BEAM PROFILE OF NANOSCALE FIB

The correct beam profile at the targeted surface is a crucial
parameter for any proper solid-beam interaction investigation.
Therefore our group developed a new approach to extract the
specific beam profile by a material insensitive approach. Fig.
1 shows typical focused ion beam profiles.
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Fig. 1: Radial distribution of beam current density for a 50
keV and a 10 keV focused ion beam, respectively. Symbols
mark measured data; the solid curves represent Gaussian fits.

3. FIB PROCESSING AND RADIATION DAMAGE

Any FIB based modification of electronic devices is
endangered by radiation damage. Therefore, a quantification
of the impact of FIB on specific parameters of devices during
beam exposure is essential. By an in situ sensing of an active
device (n-channel MOSFET) we found, that progressive
degradation of the device starts when long-range damage
cascades begin to extend into the inversion channel regions.
The device degradation can be attributed to charge mobility
decrease in the channel region, and can be quantified by a
semi-empirical mobility model.

4. NANOFABRICATION

Nanofabrication by FIB issues both, direct, that means
maskless nanoscale patterning, and target insensitive material
engineering. As an example of nanofabrication by FIB, fig. 2
shows a GaAs/AlGaAs quantum cascade laser with
monolithic one-dimensional photonic-band gap mirrors
formed at the end of the laser ridge by FIB.

Fig.2: Photonic-band-gap-mirror on a QCL laser ridge.

5. FIB FOR DOTS AN NANOWIRES

Recently, quantum dots and nano-wires have gained much
interest, since they promise solutions for the foreseeable onset
of the quantum regime at downscaled devices. In this
nanoscale fields, FIB processing is a primary choice, due to
the combination of maskless patterning with nanoscale
critical dimensions. As an example, in fig 3 an array of
nanodots on a preformed semiconductor surface is shown.

Fig. 3: AFM image of an array of entrenched Gallium dots in
80nm deep cavities generated by FIB.

In summary, in this paper most of the specific applications of
FIB for nanoscale patterning are presented.
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NANO-SCALE EFFECTS OF SWIFT HEAVY ION IRRADIATION OF SIOx LAYERS
AND MULTILAYERS

W.M. Arnoldbik™", D.Knoesen? and F.H.P.M. Habraken'

! Surfaces, Interfaces and Devices, Dept. Physics & Astronomy, Faculty of Sciences, Utrecht University, P.O. Box
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* Dept. of Physics, University of the Western Cape, Bellville, ZA-7530 South Africa

1. ABSTRACT

Since a long time the interaction of swift heavy ions, i.e.
ions with a kinetic energy ~1 MeV/a.m.u. or larger,
with solids is considered to be an interesting subject of
research in physics and materials science. For the swift
ions the electronic stopping dominates above the
nuclear stopping, and in the interaction the first step is
the electronic excitation of the solid along the so-called
ion track. The next step is the transfer of the energy
from the electronic system to the atomic system in a
cylindrical region of the solid around the ion path,
which results in a strong heating and subsequent fast
cooling of the material in and around the ion track [1,2].
The interaction is a nanometer scale phenomenon [3],
since the diameter of the ion track is of the order of a
few nanometers. Despite the individual nature of the
occurrence of every ion track, it appears that the
repeating occurrences of these ion tracks in solid
structures can give rise to interesting coherent
phenomena, recent examples being the modification of
the shape of silica colloids [4].

Irradiation of SiOy layers and multilayers (0<x<2) with
swift heavy ions shows many examples of interesting
materials modifications.

We consider the Si/SO, phase separation in SiOy films
during irradiation with 50 MeV Cu®" ions [5]. In this
work, the particle current density was such low that
indeed every ion impact and concomitant ion track
occurrence can be considered as one individual event.
Figure 1 shows for various x in SiOy the position of the
maximum of the infrared absorption in the region of the
Si-O-Si stretching mode (750-1400 cm™). This
maximum shifts from about 950 cm™ for an isolated Si-
0-Si bond in amorphous silicon up to about 1050 cm™
in low-temperature deposited, disordered SiO..

For every x-value we note a shift of the absorption peak
towards higher wave numbers, indicating that the
oxygen atoms in the network are increasingly more
present in oxygen rich regions (with nanometer
dimensions), and since the x-value remains constant,
this implies that simultaneously oxygen poor regions
come into existence.
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Figure 1: IR Si-O-Si stretching mode absorption peak
position as a function of swift heavy ion fluence [5] .

We consider the observed evolution of the IR peak
shape [5] to be further proof that SiO, fulfills the
conditions for spinodal decomposition [6].

Our contribution discusses the material modifications as
a result of swift heavy ion irradiation in Si/SiO,
multilayers with SiO, thin layers at the interfaces
between distinct Si and SiO, films.
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SFM INVESTIGATIONS OF DISCONTINUOUS ION TRACKS
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1. INTRODUCTION

In recent years the interaction between ions and solid sur-
faces has been studied intensively. For obvious reasons this
interaction has been investigated almost exclusively above
the surface and previous to the impact. The processes and
modifications at and below the surface are another part of
the story. These complicated and not yet fully understood
processes still offer a broad field to experimental as well
as theoretical physics. It is experimentally well established
that the ions create a track of amorphous material when trav-
elling through the solid. This results in surface modifica-
tions which can be observed. Within a few femtoseconds
the majority of the kinetic and potential energy is dissipated
into the bulk. On many non-metallic materials hillock like
surface modifications with heights and diameters of a few
nanometer were found after irradiation. Despite these ex-
perimental results Monte-Carlo-simulations predict craters
instead of hillocks [1]. A phenomenological approach is
given by the so-called thermal spike model [2]. Detailed
microscopic and quantitive explanations or numerical simu-
lations are however still missing. Experimentally the inves-
tigation of latent tracks requires the application of different
techniques. Tracks below the surface can be made visible
by transition electron microscopy or the amorphous mate-
rial can be selectively etched away. In our experiments we
apply scanning force microscopy.

2. EXPERIMENTAL

The irradiations were performed at the beamline IRRSUD
of the GANIL in Caen, France. To ensure that no envi-
romental effects would have any influence on the irradi-
ation effects some measurements were performed in situ
in an UHV-AFM (base pressure 2 - 10~% mbar) right af-
ter the irradiation. In addition, measurements were per-
formed at different SFMs under ambient conditions in con-
tact mode, tapping mode as well as in non-contact mode to
ensure that the tip would not modify the hillocks. SFM im-
ages of every sample were taken before irradiation to check
the cleanliness and morphology of the surfaces. As targets
we used oxide surfaces (SrTiOs, TiO2, MgO2, Al;03), flu-
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orides (CaF,, LiF) and salts (KaCl, NaCl, KBr) as well as
HOPG. HOPG was cleaved, all other samples were cleaned
with aceton. No further preparation techniques were neces-
sary. The irradiation was done with Pb?%* at 0.521 MeV/u
and Xe?°* at 0.55 MeV/u and 0.71 MeV/u typically at a
fluence of about 2-10° ions/cm?. This fluence yields a den-
sity of about 10 impacts/pm? which allows us to investigate
single impacts without overlap of two defects. The angle of
incidence was varied from 90° (with respect to the surface)
down to < 10°.

3. RESULTS

Under normal incidence the defects appear hillock like with
ca. 5 nm height and a round base, 25 nm in diameter. The
number of defects directly corresponds to the number of im-
pacts so we conclude that in the chosen regime every ion
creates a single hillock.

After decreasing the angle significant changes of the
hillocks begin to occur. From 60° down to 30° the structures
become elongated along the direction of incidence. Further
decreasing the angle produces no longer elongated, but pe-
riodically discontinuos defects like pearls on a chain. The
length of the chain can be as long as several microns.

In this energy regime electronic stopping (19.1 to 24.3
keV/nm, calculated with SRIM[3]) is dominant. Therefore,
this unexpected behaviour may due to the anisotropic elec-
tron densities in the crystal. A comparison of experimental
results with theoretical calculations of the electronic densi-
ties will be presented.
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ABSTRACT

The Austrian government has approved its financial contri-
bution to the MedAustron project in October 2004. MedAus-
tron, the Austrian ion therapy and cancer-research centre,
should be set into operation in 2010. MedAustron com-
bines medical cancer treatment & cancer research and non-
clinical research.

For medical treatment and cancer research active scanning
of a proton and a carbon-ion beam is provided. The beam
energy must correspond to the desirable residual range of
the beam in the patient body, which translates into the en-
ergy interval of 60 MeV to 220 MeV protons and 120 MeV
per nucleon to 400 MeV per nucleon carbon ions. The beam
intensity is limited to 1€° protons per second and 4 times
10° carbon ions per second which is equivalent to an elec-
trical beam current of 1.6 nA for protons and 0.38 nA for
carbon ions.

Although the machine parameters must be optimised for
therapy needs, additional beam features can be offered by a
modern medical accelerator for non-clinical research- Var
ious ions with energies up to 400 MeV per nucleon can
be used for irradiation purposes. For synchrotrons such as
proposed in the Design Study the proton energy can be in-
creased to 1.18 GeV when using a dedicated RF-system.
Two beam lines are proposed for non-clinical research, such
as biomedicine, medical physics, physics or industriditec
nological research. The experimental facility of MedAus-
tron will be offered to research institutes and to industry o
an international level.

* E-mail: eg@ ot ec. at
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1. INTRODUCTION

Numerical codes are nowadays available to model the
behavior of the boundary of fusion plasmas and the
plasma wall interaction. These codes are based on our
knowledge on heat and particle loads and re-emission,
various surface processes (physical and chemical
sputtering, electron emission and reflection, etc.) and
transport processes. However, there are large
uncertainties in the present day predictions due to the
lack of detailed knowledge about the involved
processes. We therefore study the interaction of ions
with fusion relevant surfaces, in particular processes of
ion - induced electron emission and sputtering/erosion,
and investigate their importance for a successful
modeling of the plasma boundary and plasma-wall-
interaction.

2. ELECTRON EMISSION

Electron emission due to the interaction of slow singly
and multiply charged ions with clean or gas covered
conducting surfaces including graphite tiles from the
Tokamak experiment TORE SUPRA in CEA-
Cadarache/France, highly oriented pyrolytic graphite
[1,2] and tungsten surfaces has been studied (see
fig. 1). Projectiles range from low Z to heavy ions.
Investigations are carried out in the eV to keV impact
energy region as typical for fusion edge plasma
conditions. The underlying mechanisms for kinetic and
potential electron emission are being identified.
Implications of the experimental results for plasma-
edge modeling are studied in collaboration with the
University of Innsbruck, based on a newly developed
plasma sheath theory with ion-induced electron
emission from the cathode side [3]. These calculations
demonstrate that the presence of electron emission can
lower the sheath potential from the usual value 3KT to
almost 2kT. These results could be of relevance for
impurity ion-induced sputtering of W surfaces.

3. SPUTTERING

Our group has longstanding experience in measuring
ion-induced sputter yields by means of a sensitive
quartz crystal microbalance [4]. We have started to
apply this method to surfaces which are already used or
considered as divertor or wall materials for JET and
ITER (e.g., a-C:H and W).
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Figure 1: Total electron yields for impact of

singly and multiply charged carbon ions on clean

graphite, vs. ion impact velocity

In addition we plan to investigate whether the impact of
multiply charged ions (e.g. C*") on such surfaces leads
to increased erosion due to the process of potential
sputtering [5-7].

This work has been supported by Austrian Academy of
Sciences (Project KKKO 1-2005) and was carried out
within Association EURATOM-OAW.
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1. INTRODUCTION

Bombardment of carbon-based surfaces by low-energy
(E<50eV) D atoms and D, molecules (and ions) induces
chemical reactions which ultimately lead to emission of
stable hydrocarbons. Because such chemical sputtering
processes are an important source of erosion of plasma-
facing materials (limiters/divertor plates, vacuum vessel
walls) of fusion reactors, there is a strong need within
the fusion community for quantitative predictions of the
corresponding yields. Motivated by this need and recent
experiments at ORNL [1,2], we have undertaken a
series of large-scale classical molecular dynamics (MD)
simulations of chemical sputtering of carbon surfaces.

2. RESULTS

We have performed MD simulations of D and D,
impinging on deuterated amorphous carbon surfaces in
the energy range of 5-30 eV/D using REBO [3]
potentials. Figure 1 shows that the calculated sputtering
yields per deuteron obtained for D and D, agree
quantitatively with each other (within the statistical
uncertainty) and that the methane sputtering yields are
in very good agreement with experiment [1].
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Figure 1: Total and methane sputtering yield (per
D) of deuterated carbon surfaces at room
temperature as a function of the energy per D.

While previous MD simulations have focused on the
total sputtering yield of carbon [4], we have centered
our work on the description of the methane vyield.
Mimicking the experimental conditions requires careful
control of the time scales of the sputtering process;
specifically the fluence and the relaxation time after
each impact. Surfaces were prepared by D or D, impact
of up to 2000 deuterons on an initial deuterated
simulation cell of about 2500 atoms for a time period of
up to 2ns. For a constant D flux a “quasi steady state”
in the hydrocarbon sputtering yield is reached which
depends on the particular hydrocarbon. The quasi-
steady-state result fluctuates considerably, the error bars
in the figure providing the standard deviation of such
fluctuations. Remarkably, we find that the sputtering
yield in the quasi-steady-state regime differs
considerably from that obtained for a non-irradiated
simulation cell, emphasizing the importance of
modeling the experimental system, rather than an
idealized one. The calculated yields of methane are
directly related to the sp?/sp® densities at the topmost
layers. We also find that after each impact the particle
emission process can require a considerably long time
of ~5ps.
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1. INTRODUCTION

One of the great challenges of fusion research is the
compatibility of reactor grade plasmas with plasma
facing materials coating the inner walls of a fusion
reactor. The question of which surface coating should
be used is of particular interest for the design of ITER.
The impact of energetic plasma particles leads to
sputtering of wall material into the plasma. The lower
the atomic number Z of the wall material, the smaller is
the number of electrons lost by ionization in the plasma
by inelastic scattering processes. As a consequence this
disturbing effect should be held as small as possible.
The produced ions may impact into other reactor walls
and perform further ion-surface collisions.

Due to the low Z-value and the high thermal resistivity
graphite is often used in Tokamak fusion reactors. But
experiments showed that graphite migrates in the
reactor and the graphite dust produced by sputtering
absorbed hydrogen very effectively. Therefore graphite
should be replaced by other materials and one of the
surface materials under consideration is Beryllium. The
absorption of hydrogen in the surface leads to
appearance of blisters and damage in Beryllium which
could be reduced by the use of tungsten. Relatively low
vapour pressures at high temperatures, a low sputtering
rate and high thermal resistivity make tungsten
attractive for fusion experiments.

Another possible solution for the coating of plasma
facing walls would be the use of special carbon
surfaces. Nanocristalline diamond surfaces were
granted by Rho-Best coating company in Innsbruck for
our experiments. Investigations of these various
surfaces have been started at BESTOF ion-surface
collision apparatus in Innsbruck to ease the choice of
materials to be used for ITER.

2. EXPERIMENTAL

A Dbeam of singly charged molecular ions of
hydrocarbon molecules, i.e. C,D,’, is generated in a
Nier-type electron impact ionization source at an
electron energy of about 70 eV. In the first double
focusing mass spectrometer the ions are mass and
energy analyzed and afterwards refocused onto a
surface. The secondary reaction products produced
after ion surface collisions with collision energies up to

about 50 eV are monitored using a Time Of Flight mass
spectrometer.

The secondary ion mass spectra are recorded as a
function of the collision energy for different projectile
ions and different surfaces. A comparison of these
spectra show for example distinct changes in the
survival probability of the same projectile ion C,D," for
different surfaces as can be seen in Figure 1.

Figure 1: Effective survival probability of C,D," ions,
i.e. the yield of scattered parent ions divided by the total
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yield of all scattered ions for a stainless steel, an
oxygen terminated and a hydrogen terminated diamond
surface. The solid line reflects a nonlinear least square
fit with a sigmoidal function.
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1. INTRODUCTION

Tungsten and Carbon are foreseen as plasma
facing material for the divertor of ITER [1]. Naturally
erosion and redeposition will occur and influence the
fusion plasma purity as well as the Tritium
accumulation in first wall materials. Tungsten surfaces
will help to minimize this critical effect. A promising
method for covering such a large area like a fusion
reactor divertor with tungsten is plasma spraying of
tungsten (PSW) on some feasible substrate. The
advantages of PSW in comparison with other deposition
methods are homogeneously distributed voids, which
stop crack propagation under high heat loads.

Laboratory data on hydrogen interaction with
PSW are very scarce [2], the same is true for
hydrocarbons. Here we concentrate on data of energy
analyzed CD5" ions impinging on a PSW sample as used
in the divertor of ASDEX Upgrade. We investigate the
sticking coefficient and the secondary ion mass spectra
as function of the incident energy from 10eV to 100eV
which is the energy range of hydrocarbons expected in
the ITER divertor.

2. EXPERIMENTAL

2.1. Methods

Deuterated hydrocarbon ions are produced by a 2.45
GHz ECRH and a Nier-Type ion source. They are
extracted and accelerated for mass- and energy-analysis
by a double-focusing  two-sector-field  mass
spectrometer. A beam of CD;" ions is selected and
refocused in front of the PSW surface. The incident ions
are undergoing elastic and inelastic collisions. A Time-
Of-Flight mass spectrometer collects the reaction
products coming off the surface. Another fraction of
incident ions keeps sticking on the PSW. After exposure
the retrieved probes are analyzed ex-situ using
Rutherford Back-Scattering (RBS) and Nuclear
Reaction Analysis (NRA) employing a 800kV *He*
beam. Thereby areal densities of C and D are measured.

2.2. Laboratory Experiments

After collision of incident CD5;" ions with the PSW
surface dissociation products of the projectiles,

reflecting the loss of a D atom or a D, molecule, can be
observed. Moreover also product ions formed in
chemical reactions with the surface material are
expected to be seen. These studies are compared to
previous investigations on stainless steel and graphite
tiles from TORE SUPRA.

After exposure to the CD;" ion beam the PSW sample
is retrieved and analyzed. Comparison of the areal
density of C and D at the surface with the incident flux
will allow to calculate the sticking coefficient and draw
conclusions about the D/C ratio, that in turn indicates
the nature of the deposited hydrocarbon film. The
sticking probability of hydrocarbon species to the
surface strongly influences the transport of hydrocarbon
molecules in the edge plasma of fusion experiments [3].

2.3. Results From ASDEX Upgrade

It is foreseen in the 2006 campaign of ASDEX Upgrade
to expose Tungsten coated probes to the divertor
plasma. After some dedicated discharges with strike
point position at the sample the erosion of the tungsten
layer as well as deposition of hydrocarbons and other
impurities are measured.

Also time resolved measurements of tungsten collected
by a pyrolytic graphite probe at the midplane edge
plasma of ASDEX Upgrade are presented.
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In this work, we deal with the complexity of the
interactions leading to electron emission induced by
atomic particles by studying electron emission in the
interaction of Na* ions with Al surfaces.

We measured energy spectra of electrons emitted by
300 eV and 1 keV Na* ions impacting Al surfaces as a
function of ion incidence angle. Our measurements
show evidence of several interplaying emission
processes, including inner shell excitation of projectiles
and target atoms , bulk plasmon excitation, and recently
investigated sub-threshold KEE [1]. The role of the
observed emission mechanisms in determining the
intensity of electron emission will be discussed.
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1. INTRODUCTION

Interaction of slow highly charged ions (HCI) with
metal surfaces, which leads to the formation of so-
called "hollow atoms”, has been studied extensively
over the past 20 years [1-2]. Due to the dielectric
response of insulator surfaces (less image charge
acceleration, low hole mobility), results for the
interaction of HCI with insulator surfaces are difficult
to interpret by available theoretical models.

2. EXPERIMENT

We have constructed an experimental setup which
allows to compare electron emission from conducting
Au(111) and insulating LiF(001) single-crystal targets
(mounted on the same target holder). As projectile ions
we used HCI from the Heidelberg-EBIT where Xe
projectile charge states up to 52+ and W projectile
charge states up to 64+ can be delivered. Measurements
of the electron emission statistics have been performed
under UHV conditions, and atomically clean target
surfaces have been prepared by sputter cleaning and
heating. Total electron emission yields have been
recorded as a function of ion impact angle (between 0°
- 70°) with respect to the surface normal.

As a typical example, in fig. 1 we show the impact
angular dependence of the electron emission yield for
2.6 keV/amu Xe*®* impact on Au(111) and LiF(001)
single-crystal surfaces.

3. MODEL CALCULATIONS

A simulation code has been recently developed [3] for
the prototype insulator surface LiF that allows to
explicitly treat the multi-electron dynamics of
interactions of highly charged ions with insulator
surfaces. It includes a large number of one — and two-
electron processes that play an important role in the
neutralization of HCI. Among them are (i) resonant
capture and loss, (ii) multiple sequential electron
transfer form and to the same fluorine site (iii) intra-
atomic and inter-atomic Auger transitions, and (iv) hole
transport in the surface. Our simulations are based on a

Liouville - master equation which we solve by Monte-
Carlo event-by-event sampling.
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Fig. 1: Total electron emission yield for impact
of 2.6 keV/amu Xe** ions on Au(111l) and
LiF(001) single-crystal surfaces as a function of
ion impact angle (measured with respect to the
surface normal).

This description goes well beyond previously employed
rate equations for single-particle expectation values, as
it deals directly with the joint probability density of
projectile and target degrees of freedom. This method
allows us to make quantitative predictions for multi-
electron and multi-hole dynamics.
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1. INTRODUCTION

The sputtering of uranium dioxide (UO,) was studied at
CIRIL-GANIL both at perpendicular and oblique
incidence. Angular distributions and total sputter yields
were measured by means of the catcher technique [1]
with Xe" ions (q = 10 , 15, 25) at different kinetic
energies. Also, cluster emission was studied by a TOF
technique [2]. Here, we present measurements of the
secondary electron emission yields, which provide
further information about the interaction of Xe% ions
with UO,. At normal and at oblique incidence, a strong
increase of the secondary electron yield is observed
with increasing charge state of the projectile. In
addition, we note that at normal incidence, there is no
variation of the electron yield with the projectile kinetic
energy.

2. EXPERIMENT AND RESULTS

Differential current measurements were realized at
normal incidence for Xe " *** * impinging a UO,
surface at various Kinetic energies ( 0.3 keV < E, < 81
keV) and at oblique incidence the kinetic energy of
Xe™ was equal to 81 keV.

Although UO, is an insulator its relatively small
resistivity (p= 1000 Q.cm) allows the measurement of
the intensity of electric charge current through the
target. The current can be written as:

| Target =1 Beam™ | Sece- ~ | Sec I- -1 Sec I+

@

As the secondary ion emission is very small [2, 3], the
last two terms of eq (1) can be neglected. Then the
secondary electron yield, i. e. the number of secondary
electrons emitted from the surface per incident ion, T,
can be deduced from the current measured at the target.

Fe=q(l Target = | geam) /| Beam

The first set of results concern the interaction at normal
incidence. As shown in Figure 1, I, increases strongly

with the charge state of the projectile but there is no
dependence on the velocity of the projectile.
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Figure 1: Projectile charge and velocity effect on the
secondary electron yield et normal incidence

A second set of experiments concerns the measurement
of T, at oblique incidence. Finally, we will present a
comparison between T, and the total sputter yield T
previously measured.

These results will be compared to I'e measurements
obtained by Aumayr et al [4].
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1. INTRODUCTION

Carbon films exist in a variety of modifications ranging
from soft amorphous carbon film (a-C) to hard dia-
mond-like carbon (DLC) films [1]. Due to their diverse
properties carbon films are technologically important
materials, especially for protective, biomedical, or field
emission coatings. In addition, special forms such as
fullerene-like films have attracted the scientific interest
for their special structure. Many of the properties of the
carbon films are intrinsically related to their nanostruc-
ture which in turn is strongly related to the existence of
sp2 and sp3 hybridized phases.

The nanostructure of the carbon films depend strongly
on the preparation conditions but are as well modified
by the irradiation with ions. Irradiation with single
charged heavy ions at high energy normally turns the
films amorphous reducing the amount of sp3 and sp2
hybridized phases [2]. Here, we present systematic
studies of irradiation of carbon films by highly charged
argon and xenon ions with low kinetic energy.

2. EXPERIMENTS

2.1. lon irradiation

Carbon films with different nanostructure have been
prepared by magnetron sputter deposition and molecu-
lar beam epitaxy. The irradiation of the films is done at
the Two Source Facility in Rossendorf. Argon ions
with charge state from 1+ to 16+ and xenon ions with
charge state up to 46+ are produced in an ECR ion
source and in an Electron Beam lon Source. The irra-
diation is done with Kinetic energy ranging from a few
keV to 200 eV. At low kinetic energy the interaction
with the carbon films is supposed to be dominated by
the potential energy of the ions.

2.2. Characterization

In order to fully characterize the interaction of the HCIs
with the carbon films the irradiated target as well as the
sputtered material which is caught on a Si surface is
analyzed by means of micro-Raman spectroscopy,
Rutherford Backscattering Spectroscopy, and Atomic
Force Microscopy. The Raman spectroscopy allows not
directly the determination of sp2/sp3 ratio but gives

information about the medium-range sp2 ordering [3].
Raman spectroscopy of the irradiated film shows the
disorder induced by the irradiation. In the case of the
sputtered material it reveals the sputtering of carbon
clusters with still intact sp2 phases. In addition, Trans-
mission Electron Microscopy of the sputtered carbon
caught on a TEM grid supports this finding. Figure 1
shows a large scale TEM image of carbon clusters sput-
tered with Ar®*. The inset in Fig. 1 shows graphitic
sheets which survived the sputtering process with 400
eV Ar¥. Mechanisms induced by the potential energy
in the carbon films are proposed.

Figure 1: Transmission Electron Microscope Im-
age of carbon clusters sputtered from fullerene
films irradiated with 400 eV Ar®". The inset
shows graphitic sheets which survived the sput-
tering process.
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PRODUCTION OF HIGHLY CHARGED IONS FOR ION-SURFACE INTERACTION
STUDIES
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F.Ullmann?
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Highly charged ions are promising tools to modify
surfaces and can be applied effectively in surface
analysis techniques. For applications in surface reaction
studies the most common ways to produce highly
charged ions are accelerator based production
techniques and ion sources, such as micro-wave heated
ECR plasma sources and electron-impact ion sources,
i.g. EBIT and EBIS. In the present work we give an
overview about the production of highly charged ions
in different generations of compact room-temperature
EBIT which have been developed for different areas of
application in the past years [1,2,3].

With the Dresden EBIT [1] and Dresden EBIS / EBIS-
A [2] (see Fig. 1) ion sources are available able to
produce beams of highly charged ions in pulsed
regimes in the order of up to pA per pulse at pulse
lengths of some ps. The ion output in DC mode
(continuous) reaches up to tens of pA. For instance,
with the Dresden EBIT argon beams of about 1x10°
Ar'®* jons per second can be extracted. Typical ion
charge states range from bare nuclei of light elements
(Z < 28) to helium-like ions of higher Z-elements and
up to neon-like ions for heavy elements. Some typical
charge state spectra of ions extracted from the Dresden
EBIT are shown.
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Figure 1: 3D drawing of the Dresden EBIS-A.

Highly charged ions have unique features. For instance,
the potential energy stored during the ionization
process can achieve 100 keV or more for an individual
ion. This in connection with the small spatial extend of
such an ion allows nanometer-scale structures
generated at the interaction process of slow highly
charged ions with solid surfaces. We report on a
corresponding experiment with argon ions on HOPG
surfaces. The interaction produced nano-patterns,
which were analyzed with a scanning tunnelling
microscope (STM).

For surface analysis techniques highly charged ions
show properties which favour them for certain
applications in comparison to low charged classical
ions. The high yield of secondary ions [4] and molecule
ions produced by highly charged ions during the
interaction process with surfaces is an excellent
prerequisite for time-of-flight analyse techniques, for
instance. The production of noble gas beams (“non-
toxic” particles) with a wide variety of charge states is a
further distinctive feature of the Dresden EBIS/T,
which is interesting for applications in surface analysis
or FIB devices. Furthermore, the Dresden EBIS/T is
also a stable source for beams of low charged molecule
fragments.

The work is supported by the EFRE fund of the EU and
by the Freistaat Sachsen (projects 8945/1450 and
8946/1450), respectively.
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DYNAMICS OF SPUTTERING BY HIGHLY CHARGED HEAVY IONS
INVESTIGATED BY THE XY-TOF TECHNIQUE
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1. INTRODUCTION

The combination of imaging techniques (XY) and
time-of-flight (TOF) spectroscopy was applied to
sputtering of secondary ions from solid surfaces
with LiF and UO2. lon-surface collisions in two
different velocity regimes were investigated: high
velocity (e.g Cal7+, 9 MeV/u), where the electronic
energy loss is dominant, and low velocity (Xe21+,
350 keV). In the latter case, nuclear stopping is
most important. Possibly, further effects related to
the high projectile charge (high potential energy
leading to potential sputtering) can occur. In order
to study whether the physics of energy deposition
is different in these two energy regimes, we
determined the energy and angular distributions for
the secondary sputtered ions.

2. RESULTS

As an example, we show in fig. 1 the energy

distribution of Li’ at low and high projectile

velocity. Clearly, it can be seen that the two

energy distributions are rather different thus

showing that the physical processes are different

in these two cases.

With the XY-TOF technique, we are now able to

extract the following information:

- energy distributions (see fig. 1)

- angular distributions (which can be compared
to angular distributions of neutral ejecta)

- a comparison of energy and angular
distributions for monoatomic ions versus

ejected cluster ions [e.g. Li* vs. (LiF)nLi+: fig.
2]
- correlated detection of two or more ions.
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Figure 1: Energy distributions of 7Li

for low [350 keV (top)] and high
[9 MeV/u (bottom)] projectile velocity.
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EFFECT OF RESIDUAL OXYGEN IN SI(111)-7x7 SURFACE ON SI" AND SI* SPUTTER
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1. INTRODUCTION

Secondary ion mass spectroscopy (SIMS) is one of
the powerful techniques for surface-composition
analysis, although the charge states of sputtered
particles strongly depend on the condition of the surface
and its ambient. It is well known that the secondary
positive ion yields from oxidized surfaces are
considerably enhanced in comparison to those from
clean surfaces. However, the impurity (oxygen) effect
on the sputter yield as well as the involved physical
processes is still unclear.

For example, a study on the formation of Si** ions
sputtered from a clean Si(111) surface reported an
anomalously large Si*" yield [1]. It is considered that
this Si** ion is created by intra-atomic Auger transition
after the production of an inner-shell hole, mainly Si 2p
hole, via energetic atomic collisions inside a cascade.
However, the effect of residual oxygen impurity on the
Si?* ion yield has not yet been systematically studied.

In the present study, we have investigated the sputter
yields of Si** and Si* ions from a ‘clean’ Si(111)-7x7
surface bombarded with a pulsed Ar® beam and the
effect of residual oxygen impurity on the secondary ion
yields.

2. EXPERIMENT

Specimens of Si were cut from a n-type, 3 Q-cm
Si(111) wafer. The SiOx layers on the sample surface
was removed by using several repetitive cycles of 7 keV
Ar® sputtering and annealing at ~1100 K, thus
controlling the concentration of oxygen impurity in the
near surface region. Before the measurements of the
sputter yields, the ‘cleanness’ of Si(111) surface was
evaluated by low-energy electron diffraction (LEED)
observation and Auger electron spectroscopy (AES).
Observed LEED images showed a clear 7x7
reconstruction pattern of Si(111) and all impurities, viz,
C and O were below the AES detection limit of
0.01ML. The well characterized and clean Si(111)-7x7
surface was irradiated by 11keV Ar° at an angle of 45°
and the secondary ions ejected to the surface normal
direction were detected by a time-of-flight (TOF)
technique.

3. RESULTS AND DISCUSSION

[¢)]
(4]

[&)]
o (&)] o
T 1 1

ION FRACTION (%)
o
1

N W W b e
(4]
1

(]
1
1

N
o

002 004 006 008
Sio++28i02+|ONY|ELD

o

Fig.1: lon fractions vs. the amount of residual O.

Fig.1 shows the fraction of Si** and Si* ions yields vs.
the amount of residual O impurity. As mentioned
already the AES measurements could not detect any O
impurity. Hence, by assuming that the yield of
secondary oxidized ion species is proportional to the
amount of O impurity, we regard a sum of the SiO*
yield and twice the SiO," yield as the relative impurity
level of O. Even at the low concentration of O impurity,
the Si* and Si** yields are significantly sensitive to the
residual O impurity. As seen from fig.1, the Si* yield is
enhanced and the Si** yield is reduced, with increasing
O impurity. The enhancement of Si* yield could be
ascribed to the fact that O has the large electron affinity
in comparison to that of Si [2], and the decrease in the
Si?* yield can be explained on the basis of the inter-
atomic Auger transition between O and a precursor Si**
forming Si** (Si* having a 2p-hole), which efficiently
interferes the production process of Si?*.
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FRAGMENTATION OF Cg IONS DURING GRAZING SCATTERING FROM AN AI(100)
SURFACE

S. Wethekam®, A. Schiiller, and H. Winter
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Ceo™ and Cgo®* ions with energies ranging from 1 to 80
keV are scattered under grazing angles of incidence of
typically 1° from a clean and atomically flat AI(100)
surface. Scattering proceeds in the regime of surface
channeling with well defined trajectories and negligible
nuclear energy losses. By means of a position sensitive
micro-channelplate detector and biased electric field
plates, cluster fragments, angular distributions, and
charge states of scattered projectiles are recorded.
Based on the experimental information, fragmentation,
elasticity, distances of resonant charge transfer, and
angular guiding along low index directions of Cg, are
studied. The results are compared with computer
simulations.

Under our scattering conditions only fragments with
even numbers of C atoms are observed which result
from sequential evaporation of C, clusters from the
vibrationally excited clusters. The fragmentation turns
out to be independent of the energy of motion parallel
to the surface and Cg, clusters with energies of up to
several 10 keV can survive the scattering event with the
surface. For low energies of the motion normal to the
surface of a few eV the projectiles are scattered
elastically without fragmentation whereas for larger
normal energies subspecular reflection and an efficient
transfer of normal energy to vibrational excitations of
the cluster is found in accord with our computer
simulations. This coincides with the onset of
fragmentation due to an increase of internal energy of
the cluster.

Measurements of angular distributions for scattered
Ce™ and Cg®* projectiles reveal differences in the
outgoing normal energy of about 1 eV. Making use of
the approximation of the classical image potential,
distances of charge transfer are deduced.

The angular distributions of Cg, clusters scattered with
azimuthal angles close to a low index direction show an
azimuthal shift toward the low indexed direction. This
finding can be understood from trajectory calculations
which reveal that scattering from low index chains
introduces a rotation of the cluster with angular
momentum parallel to the chains. This reduces the
energy of motion normal to the chains and leads to a
guiding effect of clusters along low indexed directions.
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THE DYNAMICS OF He" ION NEUTRALIZATION AT RARE GAS FILMS:
ENERGY- AND SPIN-RESOLVED STUDIES'

F. J. Kontur, J. C. Lancaster, and F. B. Dunning*
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The processes responsible for He™ ion neutralization at
rare gas films are being investigated over the ion
energy range 10-500 eV by both measuring the number
and energy distribution of ejected secondary electrons
and by using spin labeling techniques in which the
polarization of electrons ejected by incident electron-
spin-polarized He" ions is determined.

In the present work polarized He" ions extracted from
an optically-pumped rf-excited helium discharge are
formed into a beam and directed onto the target surface
at an angle of incidence of ~45°. The number and
energy distribution of the ejected electrons is measured
using a retarding-potential analyzer. Their average
polarization is determined using a Mott polarimeter.
The target surfaces are grown on a clean Au(100)
substrate that is cooled to ~25 K and exposed to the
selected rare gas at pressures of ~107-10° torr.
Assuming a sticking coefficient of one, an exposure of
10° torrs, i.e., 1 Langmuir (L), will result in the
deposition of ~0.2 to 0.25 of a monolayer.

o
-

=
]
— »:( — r
25LF foe ]
02 ° 0 o
el o
2f ]
0 200 400 600
10N ENERGY (£Y)
15[ ]
- .
J ; |
2 v
05[ v ¥ ]
i v
o8 . . ‘ ‘ ‘ .
0 100 200 300 400 500

ION ENERGY (eV)

Figure 1. lon energy dependence of the secondary
electron ejection coefficient y for He" ions incident on
(Y ) xenon, (¥ ) krypton , and ( ® ) argon films with
estimated surface coverages of 4, 5, and 8 monolayers,
respectively. Inset: ejected electron polarization for a
xenon surface coverage of ~2 monolayers.

The ion energy dependence of the secondary electron
ejection coefficient y i.e., the number of electrons
ejected per incident ion, is shown in Fig. 1 for a variety
of rare gas films. The data are normalized by
comparing the ejected electron signals with that from
the clean Au(100) substrate for which y (~0.15) is
known. In each case the electron yield increases with
ion energy pointing to a growing contribution from
kinetic ejection.

For xenon, the inferred values of y are sizable even at
low ion energies. The corresponding ejected electron
polarizations are shown in the inset, normalized to the
polarization of the incident ions. At low ion energies, a
strong spin correlation is evident. The electron
polarization, ~0.3, is similar to that seen at a variety of
clean metal surfaces and is consistent with that
expected if neutralization proceeds by Auger
neutralization. Earlier photoemission studies of xenon
films have shown that the outermost valence electrons
are delocalized, the width of the resulting band being
~3 eV with its top lying ~10 eV below the vacuum
level. The increase in electron yield relative to Au(100)
can be attributed to more efficient backscattering of
Auger electrons that are initially produced traveling
into the surface. The decrease in polarization observed
at the higher ion energies is consistent with an
increasing contribution from unpolarized electrons
associated with kinetic ejection.

Somewhat different behavior is observed for krypton
and argon films. The electron yield at low ion energies
is very small. This is not unexpected as Auger
neutralization is essentially energetically forbidden at
both surfaces. In consequence, incident ions can
penetrate the film without neutralization where they
suffer strong inelastic scattering which leads to creation
of electron-hole pairs and secondary electron emission.
Such inelastic scattering can account for the large
increases in electron yield seen at the higher ion
energies. At high energies, the yields are substantially
larger than those seen at xenon films. For xenon,
however, incident ions are efficiently neutralized at the
surface and penetrate the film as neutrals which do not
excite electron-hole pairs as strongly.
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COMPARATIVE STUDY OF POLYATOMIC SECONDARY ION EMISSION FROM
SILICONWITH Au,, Si, AND C_, PROJECTILES

S. Morozov, U. Rasulev”

Arifov Institute of Electronics, 700125 Tashkent, Uzbekistan

Great perspectives of using cluster ion bombardment
in SIMS stimulate search for optimal species of cluster
projectiles. More significant enhancement of secondary
emission of molecular ions was obtained with the Auy,
Bi, and Cg ions. The most important field of SIMS
application remains depth profiling of semiconductors,
particularly silicon. It is evident that in this case Siy,
cluster ions may be more preferable as projectiles
because the process will not be accompanied by
impurity atoms implantation capable of distorting the
analysis results. Moreover, in the self-sputtering mode
the efficiency of sputtering of upper layer is maximal,
which is important for ultra-shallow depth profiling.

Besides, there is no clear understanding of the
physical nature of the molecular bombardment.
Therefore, further fundamental studies in this field are
required. The overwhelming majority of studies was
carried out with cluster projectiles containing atoms of
heavy elements. At present, practically there is no
experimental data for comparative studies of non-
additivity of secondary emission under bombardment by
cluster ions containing atoms of light and heavy
elements under identical conditions of experiment and
within a wide energy range.

Therefore, the comparative studies of the effect of
mass and energy of primary cluster ions are important to
understand a mechanism of secondary ion emission
under cluster bombardment, define more precisely the
range of non-linear collision cascades and to reveal new
physical phenomena connected with those cascades.

In the present work the comparative studies of the

emission of cluster Si; ions (n=1-11) and polyatomic

SinX" ions (X is B, C, N) under bombardment of single
crystalline silicon (containing impurities) by cluster ions

of Au,, (m = 1-9), Si,; (m =1-6) and C,, (m=1-11)

with energy E, = 4-18 keV have been carried out.
Significant non-additive enhancement of the yield of

Si; cluster ions and most polyatomic ones has been

observed with an increase in the number of atoms in the
cluster projectiles. In spite of the fact that the yield of

secondary cluster ions under C,, and Si,
bombardment was less than that under Au,,
bombardment, the nonadditivity factors  were

approximately the same values for all projectiles with
the same number of atoms — m.
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Fig. 2. The non-additivity factors K, ...(n) of the

secondary Si;, cluster emission with Auj, projectiles

Sharp increase in the yield of SisB*, SisC*, Si,N*
ions by 100 — 1000 times has been observed when both

Si, and Au,, projectiles with m = 5 — 9 instead of

atomic ones were used. These results confirm the
advantages of analysis by the cluster-SIMS-cluster
mode.

The high values of the non-additivity factors
Kmm(n) and their increase with decrease in energy

within the keV range of kinetic energy of primary ions
and the weak dependence of non-additivity on mass of
the atoms in cluster projectiles are unexpectedly from
the point of view of the traditional concepts about
sputtering from dense non-linear cascades.
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SPUTTERING SOURCE OF CLUSTER IONS AND SURFACE-IONIZATION SOURCE
OF POLYATOMIC IONS OF ORGANIC COMPOUNDS
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In recent time a great interest in sources of polyatomic
ions is caused by possibilities of practical application of
polyatomic ion beams [1]; for example for Secondary
Ion Mass Spectrometry (SIMS) or ion modification of
materials, as well as for revealing the fundamental
aspects of non-linear non-additive effects of the
secondary processes of polyatomic ion interaction with
solid surface. The atoms of a polyatomic ion are
incident practically simultaneously (~ 10™* s) onto a
small area (~ nanometer) of the solid surface thus
simulating interaction of atomic beams of super-high
density with surface practically inaccessible with beams
of atomic ions. It is important that each atom of the
molecular ion interacts with an area of the surface
already excited or being excited by other atoms of the
same polyatomic ion. Therefore, the density of energy
released by the molecular ion containing m atoms and
yields of the secondary processes (e.g., sputtering,
secondary ion emission etc.) can be much greater than
those caused by m separate atoms with the same
velocity as that of the molecular ion. Now the various
methods of ionization from liquid-metallic and
sputtering ones to a classical method of electron
ionization are used to produce cluster and molecular
ions. More perspective for applying as primary ions for
SIMS of materials of micro- and nano-electronics are

considered the cluster ions of Auy, and Bij, and for
SIMS of organic and bioorganic materials also the
fullerene ions C¢, and polyatomic ions of large organic

molecules [1].
The results of development of sputtering sources

of cluster ions of Aup, Siy, SiO,my and C, and

surface-ionization sources of polyatomic ions of organic
nitrogen bases are presented in the report.
A sputtering source of cluster ions consists of a

surface-ionization source of the Cs* ions which beam
(~ 1 pA) with energy 4.5 keV at an angle 45° bombards
a target under sputtering. Produced as a result of target
sputtering, the negative cluster ions are formed and
separated in a sector magnetic field and further the
preset species of cluster ions are focused onto a target
under sputtering. The values of cluster and molecular
ion currents (nA) obtained after separation in the sector
magnetic field are presented in Table. The cluster Si,

ions may be more preferable as projectiles because the
process will not be accompanied by impurity atom
implantation capable of distorting the analysis results.
Moreover, in the self-sputtering mode the efficiency of

sputtering of the upper layer is maximal. One can
suppose that the presence of electronegative atoms of

oxygen in the Si0,,,; ions ought to lead to additional

increase in secondary ion emission.
Table. Cluster and molecular ion currents (nA).

m |1 2 3 4 5 6 7 8 9
Ton
Au= 3.9 0.9 1.6 - 0.2 - 0.0 0.0
Um 1 8 4
Sic 4.2 5.8 1.5 0.4 0.1 0.0
In 6 8
i 0.7 0.0 0.0 0.0 0.0
SImOZm-H 5 4 2 4
_ 15. 54. - 10 - 2.3 - 0.
Cm 5 5 7

The report also consider possibilities of a simply
designed effective surface-ionization (SI) source of
polyatomic ions of organic compounds [2], its
advantages, particularly possibilities of focusing the SI
ions having the Boltzman distribution in energy
corresponding to SI ionizator temperature into a micro-
probe. The operation modes of the SI ion source are also
presented allowing producing with no separation the
effective beams of polyatomic ions of a practically
similar composition. For example, the surface ionization

CyH, N TO, ions, that of carbamazepine C,,H;,N*

of papaverine produces and

only and SI of drotaverine the C,,H;,N'O, and

C,sHxN¥O, ions. According to an operation mode of

the source, the current density of these ions can be from
10" to 107 A/cm?; duration of stable emission can
reach tens of hours.
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ASPHALTENE INTERACTION WITH METALLIC SURFACES
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1. INTRODUCTION

In the production of conventional and heavy oil
reservoir fluids, changes in temperature, pressure,
and/or composition can lead to formation and
deposition of undesirable organic and inorganic solids.
The least understood of these solids is asphaltenes, a
black solid material that may be precipitated from oil or
bitumen by pressure depletion or addition of paraffinic
solvents.

Asphaltene formation and deposition may result in
reduced reservoir productivity because of restricted or
plugged flow lines, fouling of production facilities, and
damage to the reservoir. The precipitation and
deposition of asphaltenes from reservoir fluids is one of
the more challenging issues facing oil producers
because there is a relatively poor understanding of
asphaltenes. Asphaltenes are commonly defined as a
solubility class material, a blend of complex molecules
that are known to have H/C ratios of 1.15 + 0.05 with
variations proportional to the hetero-elements contents
(O, S, N) and metals (iron, nickel, and vanadium);
typical molecular weight is about 2000 + 500.

Current research has led to limited descriptions of
asphaltene precipitation models. However, there is a
tremendous lack of knowledge about how asphaltene
molecules interact and deposit on surfaces, owing to
asphaltene molecular structure complexity. The
objective of this research is to investigate the
interactions of asphaltene molecules with metallic
surfaces and to identify the active site that could be
responsible for its adsorption.

2. EXPERIMENTAL

Axis 165 X-ray photoelectron spectrometer (XPS) ]and
X-ray imaging are used for surface characterization.
Currently, energy survey spectra (0-1,200 eV) are used
to estimate surface composition, while high-resolution
spectra (within 10-20 eV) provide information about
the chemical bonds. The XPS instrument is equipped
with an ion source for surface sputtering, which allows
for depth profile analysis. Depth profile data is coupled
with our adsorption procedures to establish a minimum
adsorbed film of asphaltene. Once surface preparation
is accomplished, XPS spectra with elemental mapping
on the surface will provide us with surface
composition, oxidation states, and the lateral
distribution of the corresponding elements on the

surface. Furthermore, a high-resolution electron energy
spectroscopy ]is utilized to determine the vibrational
frequencies of asphaltene film. The elastic peak showed
excellent resolution coming off the surface and now is
tuned to collect energy losses for the inelastic peaks
once surface preparation is accomplished.
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Figure 1: XPS survey of asphaltene stainless
steel surface, [A] before sputtering, [B] after
sputtering.

3. PRELIMINARY RESULTS

Preliminary survey spectra for adsorbed asphaltene film
on a stainless steel surface were obtained for different
film thickness before and after surface sputtering. The
spectrum before sputtering clearly did not show any
metal elements, which indicates complete surface
coverage, while after sputtering surface metal elements
started to appear. Further, depth profiling were collected
for C 1s, O 1s, N 1s, S 2p, Ni 2p, Fe 2p, Cr 2p to
monitor the elemental concentration profile through the
film and to relate sputtering rate with asphaltene film on
the surfaces. Figure 1 shows the survey spectrum of the
same surface before and after sputtering.
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1. INTRODUCTION

lon-beam sputtering analysis, including secondary ion
mass spectrometry (SIMS), has been utilized for depth
profiling of chemical composition and impurity in thin
films and shallow junctions in silicon devices. Scaling
down of silicon device dimensions calls for thinner
films and shallower junctions and it is difficult to
analyze these depth profiles accurately using
conventional ion beams (O,", Cs*, Ar” etc.), because of
degradation of depth resolution caused by atomic
mixing. One of the solutions to improve the depth
resolution is cluster ion bombardment [1]. Since the
energy of the constituent atoms of a cluster ion that
includes many atoms is low, the use of cluster ions is
expected to reduce atomic mixing. In order to analyze
such silicon devices, we have developed a prototype
cluster ion source using the metal cluster complex of
Iry(CO)1, [2]. The ion source emits uniform-size cluster
ion beam of Ir,(CO);* (molecular weight: 964.9), which
has 18 atoms including heavy atoms of iridium. SIMS
analyses of delta-doped sample were carried out using
the cluster ion, and the depth profiles that depend on
primary ion conditions were investigated.

2. RESULTS and DISCUSSIONS

SIMS measurements were carried out with Atomika
4000 SIMS instrument equipped with the cluster ion
and oxygen ion (O,") sources. For the purpose of
evaluating depth resolution and sputtering rate variation
during SIMS analyses, boron multi-delta-doped sample
(four B delta-layers with 20-nm intervals followed by
four delta-layers with 5-nm intervals were deposited on
silicon (100) substrate) was measured [3]. Figure 1
indicates SIMS depth profiles of the delta-doped silicon
sample measured by the cluster ion and oxygen ion with
the energies of 10 keV, the incident angle of 45 degrees
and oxygen flooding. Obviously depth resolution by the
cluster ion bombardment (depth resolution defined by
1/e decay length: 2.2 nm) is better than that by oxygen
ion (4.9 nm). The improvement of depth resolutions
may be caused by suppression of atomic mixing.
Although the good depth resolution is obtained by the
cluster ion bombardment, strange sputtering rate
variation appears in the near surface region (5-nm
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B ion yield (counts/s)
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Figure 1: SIMS depth profiles of the boron delta-doped
sample measured by the cluster ion and oxygen ion with
the energies of 10 keV, the incident angle of 45 degrees
and oxygen flooding. Depth scales were adjusted using
the distance of the known 20-nm interval of deep delta-

10" L
0 20

layers.

intervals of the delta-layers increased once, and
decreased). This phenomenon may be attributable to
different implantation-range of the constituent atoms of
the cluster ions (C, O and Ir). In this presentation, we
will discuss the cluster-ion SIMS profiles that indicate
strange transient region, and depth resolution that
depends on the primary ion conditions.
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ABSTARCT

Secondary emission of MCs," molecular ions under Cs*
bombardment has shown its low sensitivity to matrix
effect and applicability to quantification in secondary
ion mass spectrometry (SIMS). Potential of the MCs"
molecule is realized by assuming that it is formed via a
recombination of neutral M° atom with Cs* ion in the
near-surface region [1]. In case of electronegative
elements, detection of MCs," molecules has been
reported to offer even better sensitivity. As these
molecular ions can form via different routes depending
on the nature of the element M, the formation
mechanism is a complex one. Although there are few
proposed mechanisms, a universal formation
mechanism is yet to be ascertained.

Two proposed combination processes for MCs," are [2]:

M?®+Cs; — MCs;
1)
MCs® +Cs* — MCs;
)

In the present work we have done a systematic study of
MCs," molecular ions emitted from pure silver under
varying oxygen environments. Silver was chosen for its
fairly high atomic polarizability that plays an important

role in MCs," molecular ion formation. Kinetic energy
distributions of Cs*, Cs,", AgCs" and AgCs," were
measured for different oxygen pressures. The changes
in instantaneous local surface work function, measured
from the changing slopes of the energy distributions [3]
of the above species, strengthened the existing believe
that an MCs* molecular ion is formed via
recombination of a neutral M° atom with a Cs* ion. A
phenomenological approach based on the analysis of
mean emission energies, estimated from the energy
distributions, favors that the formation of an MCs,"
molecular ion via recombination of a neutral MCs’
molecule and a Cs* ion (process 2) is more probable in
the present situation.
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1. INTRODUCTION

The physical and chemical properties of clusters, which
consists of a few tens to several thousands atoms, are
not the same as those of bulk state matter.  Clusters
represent a new phase of matter, and they have attracted
much interest.[1,2] Furthermore, cluster ion beams are
useful tools for the investigation of the fundamentals of
solid-state physics, chemistry and related materials
science. The impact of accelerated cluster ion beams
on the solid surfaces exhibits unique characteristics
such as multiple collision and low-energy irradiation
effect, which are not obtained by monomer ion beams.
[3,4] We have developed a liquid cluster ion beam
system, [5,6] in which cluster ions of ethanol and water
can be produced by an adiabatic expansion
phenomenon. In this article, sputtering effects of the
ethanol and water cluster ions on metal surfaces are
investigated in order to clarify various applications of
the liquid cluster ion beam process. Furthermore, the
surface state after sputtering is discussed based on
atomic force microscope (AFM) and contact angle
measurements.

2. RESULTS

The cluster size was measured by a time-of-flight
(TOF) method. The cluster size was calculated based
on the drift time ranging from micro- to milliseconds,
which was different depending on the cluster size. The
liquid cluster ions such as ethanol and water cluster
ions were produced at the vapor pressures larger than 1
atm, and the intensity of the cluster ions increased with
increase of the vapor pressures. The peak size was
about 500 to 1000 molecules-per-cluster for the ethanol
cluster ions and about 2500 molecules-per-cluster for
the water cluster ions, respectively.

In order to investigate the interactions of liquid cluster
ion beams with metal surfaces, titanium (Ti) substrates
were irradiated at different acceleration voltages. The
ion dose was kept at 1.0x10™ ions/cm? The sputtered
depth increased with increase of the acceleration
voltage. The sputtering yield of Ti at an acceleration
voltage of 9 kV for the ethanol cluster ions was
approximately 100 times larger than that by argon (Ar)
ion beams. This is ascribed to the enhancement of the
chemical sputtering by the ethanol cluster ion beams.

On the other hand, for the case of the water cluster ion
irradiation, the sputtering yield was a few tens times
larger than that for Ar monomer ion irradiation. This
is due to the physical sputtering by the water cluster ion
beams. In addition, the AFM observation showed that
the sputtered surfaces by the ethanol and water cluster
ion beams had an average roughness of less than 1 nm.

Furthermore, the wettability of the Ti surfaces
irradiated by the ethanol and water cluster ion beams
were investigated by measuring the contact angles for
water droplet, which was put on the samples
immediately after their removal from the vacuum
chamber. The contact angle for the unirradiated
surface was 30 degrees. For the surfaces irradiated by
the ethanol cluster ion beams, the contact angle
decreased with increase of the acceleration voltage, and
it became about 10 degrees at higher acceleration
voltages. However, for the case of the water cluster ion
irradiation, the contact angle increased with increase of
the acceleration voltage, and it became about 80
degrees at higher acceleration voltages. Thus, the
wettability of the Ti surfaces was changed drastically
with the species of the cluster ions as well as the
acceleration voltage.
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1. INTRODUCTION 10" 5 ‘ 0.20

lon implantation is a suitable technique for the synthesis o
nanoparticles in dielectric matrices due to its high degfee
controllability of dopant concentration and space distrib
tion. Until now, studies on formation of metal nanoparticle
in silica have been mainly concentrated on the influence of
ion dose, dose rate, substrate and implant temperature on
cluster formation and growth kinetics. Only little is known
about the effect of ultrasonic waves generated in crystal
during ion implantation on impurity diffusion and cluster- S mpianted wihout UST
ing mechanisms. Ultrasound waves propagating through L | o implanted it UST 9 MHz
the solid during ion implantation can affect the generation O T e 86 100 '1200'00
and motion of point defects leading to different defect re- Depth (nm)

actions [1, 2]. In this work we report on the influence of
ultrasound treatment (UST) applied during implantation of
copper into thermally grown silicon oxide.

0.15

=
o
38
1

o
[
o

e
3

[
o
L

®Cu Concentration (cm )

o
o
a

Vacancies (Number/lon/nm)

4 Annealing 700°C

Figure 1: SIMS profiles of Ct implanted Si@ with ap-
plied UST and without UST after annealing at 7Gor 20

min. The distribution of generated vacancies as calculated
2. RESULTS with SRIM software package is shown with solid line.

We observed that ultrasonically induced lattice excitatio
during ion implantation result in an enhanced copper dif-

fusion towards the oxide surface as detected by secondaryye have shown than situ applied ultrasonic treatment leads

ion mass spectrometry (SIMS). Corresponding SIMS pro- 15 an enhanced copper diffusion and increased precipitate
files together with distribution of generated vacancies are gjze after post-implantation annealing. The physical mech

presented on Fig. 1. We propose that crystal excitations byanism of this effect is attributed to the spatial redistfid
ultrasound enhance the diffusion of interstitials towahds ¢ point defects and vacancies accumulation in the precip-
bulk of the substrate and result in the accumulation of va- jiation region. The observed effects open new possilslitie
cancies thus substantially increasing the diffusivity @< jn nanomaterials engineering and provides additional unde
per atoms. standing of physical mechanisms of sonochemical reactions
In order to understand the influence of ultrasound vibra- in solid.

tions on clustering processes the silicon oxide films were

implanted with/without UST with different doses. Trans- 4. REFERENCES
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Gold surfaces and anchor sulfur organic groups such as thi-and the value of the minimum energy barrier for H-S bond
ols (HSR) and disulfides (RSSR) (where R is an alkyl chain) cleavage is estimated. These results confirm that the nondis
are the prototype components of supramolecular systemssociative molecular adsorption of methanethiol on Au(111)
using self-assembled monolayers (SAMs)[1] for the func- is due to the existence of an activation barrier of 0.6 eV.
tionalization of extended surfaces and for the preparationTherefore, a dissociative adsorption of methanethiol aoul
of monolayerprotected clusters. Given the wealth of po- only be achieved with an energetic molecular beam.

tential technological aplications, including corrosiahibi-

tion, lithography, lubrication, catalysis, and molecukzog- 1. REFERENCES

nition, the interest in the underlying chemistry and physic

of such systems has been steadily growing during the pas{1] J.C. Love, L. A. Estro, J.K. Kriebel, R.G. Nuzzo, and
decade (see[1, 2, 3, 4, 5] and references therein). However, G.M. Whitesides. Chem. Rev., 105:1103, 2005.

how thiols bind to gold surfaces to form SAMs is a long-

Standing open question_ [2] A. Ulman. Chem. Rev., 96:1533, 1996.

The first (and maybe the simplest) step for the formation of
SAMs is the initial adsorption on the clean surface. Stable
SAMs are usually made ¢dng alkyl chain thiols. However,  [4] F. Schreiber. J. Phys.: Condens. Matter, 16:R881, 2004.
the complexity of the molecule-surface potential energy su

faces (PES) of polyatomic molecules makes that short chainl5] C. Vericat, M.E. Vela, and R.C. Salvarezza. Phys.
thiols (typicaly HSCH) are often used as model systems for Chem. Chem. Phys., 7:3258, 2005.

theoretical studies. . [6] L. Dubois, B.R. Zegarski, and R.G. Nuzzo. J. Chem.
Nuzzo and co-workers [6] estimated a very small value of Phys., 98:678, 1993

the reactive sticking coefficient of HSGHnNn Au(111) (~ T |
10" at 300 K), in agreement with a recent study which has [7] I.I. Rzeznicka, J. Lee, P. Maksymovych, and J.T. Yates
found no evidence of S-H (or C-S) bond cleavage during the Jr. Phys. Chem. B, 109:15992, 2005.

adsorption [7]. To explain such a small dissociative adsorp

tion probabilities for H-SCH/Au(111), the existence of a  [8] W.Kohnand L. J. Sham. Phys. Rev. A, 140:1133, 1965.
barrier to dissociation of- 0.26 eV has been proposed [6].

However, to our knowledge, this energy barrier has never

been computed through DFT calculations. This is certainly

due to the extremely complex PES of HSgRu(111) which

makes the search of possible dissociation pathways compu-

tationally demanding.

The main goal of this work is to investigate several possi-

ble reaction pathways for the cleavage of the H-S bond of

HSCH; on a perfect (defect free) Au(111) surface to try to

understand the origin of the small reactive sticking proba-

bility obtained in experiments.

We investigate the adsorption of methanethiol on Au(111)

with Density Functional Theory DFT [8] calculation within

the slab supercell-approach. We study the energies and the

most stable geometries for both, the molecular and dissocia

tively adsorbed. We consider seven dissociation pathways

[3] F. Schreiber. Prog. Surf. Sci., 65:151, 2000.
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1. INTRODUCTION

Photoelectron emission from surfaces, induced by short
laser pulses, can be employed as a tool to determine the
characteristics of the pulse [1]. In a recent work [2] we
proposed a distorted wave method -the Surface-Volkov
(SV) approximation- to describe the electron emission
produced by the interaction of an intense few-cycle
laser pulse with a metal surface. In the model the
surface is represented within the Band-Structure-Based
(BSB) formalism [3], while the action of the electric
field is described with the VVolkov phase [4].

As an improvement in the previous theory, in this work
we develop the Impulsive Surface-Volkov (ISV)
approach, which incorporates the effect of the quiver
amplitude in the Volkov phase.

2. THEORY

Taking into account that the BSB surface potential
depends only on the coordinate z perpendicular to the
surface, we consider a lineal polarized field F(t),
oriented along the z-axis. The temporal profile is
defined as:

F(t) = Fysin(wt + @)sin? (zt/7) 1)
for 0 <t <t and 0 elsewhere, with 1 the pulse duration,
® the carrier frequency, ¢ the carrier-envelope phase,
and F, the maximum field strength.
Within the ISV model the quiver amplitude a(t) is
included in the Volkov phase of the final distorted
wave function. It reads:

t
dﬁhle@Nf, (2)
¢ +oo

where ¢ is the light velocity and A'(t) represents the
vector potential at the time t.

3. RESULTS

The ISV approach is applied to evaluate the differential
probability of electron emission from Al(111). In the
figures, results for the ejection angle 6,=90° (measured
with respect to the surface) and for a symmetric pulse
(p=m/2-w1/2) are displayed for two different values of
T.
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Figure 1: Electron distribution as a function of
the final electron energy. The laser parameters
are: Fo=0la u,®m=1a u,and t=140a. u.
Solid line, ISV model; dashed line, SV approach.
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Figure 2: Similar to Fig.1 for t=100a. u

We conclude that the incorporation of the quiver
amplitude leads to a significant modification of the
differential probability of electron emission.

4. REFERENCES
[1]
2]
3]
[4]

Lemell et al., Phys. Rev. Lett 90, 076403 (2003);
Apolonski et al., 92, 073902 (2004).

M. N. Faraggi et al., Phys. Rev. A 73, 032901
(2006).

Chulkov et al., Surf. Sci. 391, L1217 (1997) ; 437,
330 (1999).

Volkov, Z. Phys. 94,250 (1935).

“E-mail: faraggieiafe.uba.ar

121



16th International Workshop on Inelastic lon-Surface Collisions (11SC-

16)

September 17 - 22, 2006 Schloss Hernstein, Austria

TOPOGRAPHYCAL INVESTIGATION OF SOFT LANDED IONIC PEPTIDES ON
ATOMICALLY FLAT SURFACES

0. Hadjar"", J. Green? R. G. Cooks?, J. H. Futrell* and J. Laskin®

! pacific Northwest National Laboratories, Richland, WA 99354 USA
2 Department of Chemistry Purdue University West Lafayette, IN 47907 USA

1. INTRODUCTION

Interaction of hyperthermal ions (1-100eV) with
surfaces results in several processes’ such as scattering,
surface induced dissociation? (SID) and soft landing?.
Soft-landing of biomolecular ions with known mass and
composition on specially prepared surfaces presents a
highly specific approach for surface modification and
preparation of novel substrates with very high purity
using only a fraction of material utilized in
conventional approaches. Our previous studies
suggested that a significant fraction of soft-landed
peptide ions remain charged on inert SAM surfaces.
First observation of soft landed peptides on self
assembled monolayer (SAM) using ex-situ Atomic
Force Microscopy (AFM) technique will be presented.

2. EXPERIMENT AND RESULTS

Protonated peptides are produced using electrospray
ionization technique and efficiently transferred into the
vacuum system of a mass spectrometer using an
electrodynamic funnel. lons are thermalized in a
collisional quadrupole, mass selected using an RF/DC
quadrupole, transferred into the UHV region of the ion
deposition instrument via a series of electrostatic lenses
and collided with a surface at normal incidence. The
size of the ion beam is monitored using a phosphorus
screen type detector and the spot size can be varied in
the range from 1.5 to 5 mm. SAMs of dodecanelthiol
on gold (HSAM) were prepared using a standard
procedure.

AFM images of surfaces following soft-landing was
performed using atomically flat gold on mica
substrates. Figurela shows the AFM image of the
HSAM/gold surface obtained in the tapping mode,
Atomically flat terraces of about 300nm size are clearly
observed. Fig.1b shows the image of the HSAM surface
obtained following 5 min exposure to 90 pA of a
mixture of +1, +2, and +3 charge states of substance P
corresponding to ca. 10% of a monolayer. Soft-landed
species are clearly visible as small spots on atomically
flat terraces. An expanded region of one of the terraces
(fig.1c) shows features of two sizes: small (1 nm
height) spots and larger 2-4 nm features. Force
calculations provide an important insight on the

differences in the sizes of spots observed in AFM
images. The size of small features is consistent with
force calculations between the neutral peptide and the
AFM tip, while 2-4 nm height of larger features
correspond to peptides that preserved their charge
following soft-landing. Because of the stronger
interaction potential between the AFM tip and a
charged particle, ionic species are observed as bright
spots on the atomically flat surface. This study presents
a first direct observation of soft-landed ions on SAM
surfaces.

Figure 1: AFM images of H-SAM —AU-Mica surface

in a tapping mode. a) Before soft landing. b) After soft

landing and c) 200 nm range zoom showing individual
peptides.
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NANO- FABRICATION USING POINT DEFECTS INDUCED BY ION IRRADIATION
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The authors found that an anomalous cellular
structure, which consists of cylindrical cavities, is
developed on the GaSb surface ion-implanted at a
low temperature [1-2], and verified experimentally
that this structure is formed by the behavior of the
point defects induced by ion implantation [3-4].
These cavities have about 50 nm diameter, 300 nm
depth and partitioning wall with 10 nm thickness,
whose fineness and high aspect ratio are very
favorable for application to a variety of nano-
devices. However, their shapes are irregular and
their arrangement is random, then, it is needed to
control the shape and the arrangement of the
cavities for application to electronic or optical
devices. This irregularity in the cellular structure
comes from the random process of the point
defects. In order to produce more minute structure
on the surface of materials than that by photo-
lithography technique, the authors proposed a new
nano-fabrication technique which consists of two
processes; the first process is to produce an
ordered initial structure artificially and the second
is to develop it self-organizationally but without
disturbing the regularity [5-6]. In this
presentation, the idea and experiment using FIB
(focused ion beam) is reported and the new
technique is proved to be available for application
to nano-fabrication.

The experiment was performed by the following
procedures.  First, the initial pattern of ordred
structure was fabricated on a (100) GaSb wafer by
ion irradiation using milling mode of FIB. Then
the structure was developed by ion irradiation
using imaging mode of FIB, when the ion doses
was determined by the number of scanning times.
The ion dose of one scanning was 2.8x10%
ions/cm? and the maximum number of scanning
was 20 times. The surface morphology of the
initial structure and the developed structure after
each scan was observed by a field emission type
scanning electron microscope.

Two kinds of experiment, which were different in
the fabrication of the initial structure, were
performed. The pattern of an initial structure is
shown in Fig. 1. Nine matrices of dots at constant
intervals are created in the area of 10 x 10 umz.

The area of a matrix is 2.4 x 2.4 um? and the dot
intervals (ly) are 30, 50, 80, 100, 120, 150, 200,
240 and 300 nm. In the experiment A, the initial
pattern was fabricated by irradiating 30 keV Ga" to
the constant ion dose per unit area (10" ions/cm?),
therefore, the number of ions irradiated on one dot
differs between the matrices. In the experiment B,
the initial pattern was fabricated irradiating 30 keV
Ga" so that the number of ions per one dot became
equivalent in an initial pattern, then the ion doses
differed between the matrices. The there initial
patterns were fabricated by irradiations of
2.25x10%, 1.125x10°, 2.25x10°, 1.125x10°, and
2.25x10° ions/dot. In fabrication of initial
patterns and a spot interval and the times of
imaging mode were changed. Initial structure and
imaging mode used 30 kV Ga" like the experiment
A. The dose per one scannig of 2.8x10" ions/cm?
and the scan is 1- 20 times

The resuts are as follows. The initial structure
with cell interval more than 50 nm is able to be
fabricated by FIB. The ordered structures whose
dot interval is 80 — 150 nm are developed into the
ordered cell structure. The structures with smaller
intervals than 30 nm are not orderly developed by
coalesce of the cascades, and the regularity of the
structure with larger intervals than 180 nm is lost
by the formation of the secondary structure
(elevation).
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Recently, the investigation of ion beam modification of
Si nanostructures has received considerable attention.
This attention is motivated by the following moments —
continuous  down scaling of the microelectronic device
dimensions, the ability of quantum-size Si nanocrystals to
emit strong visible light, that opens the door to the Si-
based integrated optoelectronics, and the well known
advantages of ion beam processing. The ion-induced
defects in bulk Si have been studied extensively for many
years, because this material dominates microelectronics.
However, Si nanocrystals (Si-ncs) essentially differs from
the bulk crystals in remarkably increased surface-to-
volume ratio and in impossibility for the mobile defects,
confined in a nm-size volume, to diffuse away from each
other. The resulted from the atomic collisions interstitials
and vacancies have to annihilate, to form defect
complexes or to interact with the Si-ncs surface. Few data
are available now on the behavior of point defects in the
nanocrystals. It was supposed in [1] the fate of such
defects should depend on the collision cascade density, i.
e. on the ion energy loss rates. In order to study these
issues more in detail, we have synthesized the light-
emitting Si nanocrystals (Si-ncs) by implantation of Si*
ions in the thermally grown SiO, layers, followed by
anneals at 1100 °C in a neutral ambient. Si-ncs have been
formed at different distances from the sample surface by
varying the Si* ion energy. To investigate the defect
behavior the irradiation with 200 keV F* ions within the
dose range of 10"-10" cm™ was performed. Due to the
difference in depth location of Si-ncs the ion energy loss
rates in them were different, ranging between 0,5 and 5
displacement/nm. The rates have been evaluated using
the TRIM-95 code with 15 eV as an atom displacement
threshold in silicon. Photoluminescence (PL) and HREM
were employed for the characterizations. The
experiments have shown even individual atom
displacements in Si-ncs quench their PL band near 800
nm, caused by the quantum-size effect. However, the PL
quenching efficiency rapidly decreases with an increase
in energy loss rate over ~ 1 displacement/nm, i.e. in more
dense displacement cascades only a part of the introduced
point defects form the non-radiative recombination
centers. Usually such centers are ascribed to the dangling
bonds resulted from the sink of the point defects to the
Si-ncs surface. HREM has shown the Si-ncs size to be of
3-5 nm, thus ion energy loss rates of ~ 1 displacement/nm
provide simultaneously multiple Frenkel pairs in the
crystallites, enabling complex formation and/or
annihilation of the produced vacancies and interstitials.

However Raman spectroscopy and HREM have revealed
Si-ncs render amorphous at very low damage levels —

about 10% of the atoms displaced. To compare, for
amorphization of bulk Si by ion bombardment ~ 100% of
atoms should be displaced. HREM has shown that for
higher ion energy loss rates the defects are accumulating
not at the Si-ncs shells only, but in the cores too,
disturbing their crystal lattice. Fast amorphization of Si-
ncs and nearly complete sink of the point defects to the
Si-ncs surface, seen from the PL quenching at the early
stages of irradiation, indicate the vacany—interstitial
annihilation does not a dominant process, as might be
expected for the volumes of 10 'cm size. The obtained
results are in agreement with recent theoretical
calculations and computer modeling, which predict
existence of ~1,1 eV annihilation barrier for the Frenkel
pair and high probability to form vacancy and interstitial
complexes by the bond switching without leaving the
dangling bonds [2-6].
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Intermixing has been studied at interfaces in various
systems during vapor deposition (atomic layer growth)
and under forced conditions such as low-energy ion-
sputtering (bombardment) using atomistic computer
simulations. It has been shown that the anisotropy of the
bilayers governs the phase instability of the systems.
The atomic transport superdiffusive in strongly size and
mass-anisotropic heterophases. In bilayers Pt/Ti (mass-
anisotropic) and in Co/Ti (size-anisotropic) we find
anomalously strong interdiffusion during ion-sputtering.
The enhancement of intermixing is explained by a
specific backscattering mechanism at the interface
(reversed recoils). In anisotropic growing systems we
also find anomalous atomic transport. Depositing Pt on
Al(111), Pt is injected to the Al phase nearly freely via
an oscillatory interaction with the substrate. Morever
during the submonolayer growth of the intermixed
phase the cascading ejection of Al towards the surface is
observed.

These finding are commonly explained by the
anomalous interdiffusion phenomenon.
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1. INTRODUCTION

The pulsed plasma accelerators are used for obtaining of
the powerful concentrated fluxes. The features of
accelerators construction allow to obtain plasma flows
in a wide range of energy: from several units up to
hundreds kev. It gives the possibility to use them for a
wide range of applications in various fields of plasma
physics and material science. In the present work the
pulsed plasma accelerator KPU with coaxial electrodes
is used. The technological applications of this
accelerator for updating structure of a semiconductors
surface were submitted by the authors in work [1]. For
improvement of a surface properties of constructional
materials, such as carbon and stainless steels, method of
plasma processing most acceptable. This work is
devoted to investigation of the influence of plasma
flows on a various constructional materials.

1.1. Apparatus

The accelerator KPU has two cylindrical electrodes with
diameters of 90 mm (external) and 24 mm (internal).
Energy of the capacitor bank is 32 kJ. The discharge
current of 100-500 kA represents a increased
harmonically signal with the period 14 ps. The work of
this accelerator in two modes is in detail investigated. In
the first mode, the gas is filled through the pulse fast
valve, in the second mode the working chamber is filled
by gas up to the pressure in a range 0,01-100 torr.
Plasma flow energy density has made 2-60 J/sm®. The
concentration of electrons in plasma, determined by
various methods, has made ~10'%-10"° sm™ in different
modes. The detailed description of this accelerator is
given in work [2].

1.2. Experimental results

The physical properties and changes in structure of
vanadium alloy, common quality carbon and stainless
steels were investigated. The formation of the modified

layer on a surface is usual for metals. However, the
large density of energy results in formation of a non-
uniform relief of a surface and blisters. This undesirable

phenomenon can be removed if to use small density of
energy. In all cases at achievement of melted energy by
15-25 J/sm? there are recrystallization of the surface
area on depth 10-30 microns (it depends on materials)
and the structure modification. The character of
structural changes in metals depends on the energy
density and the introduced doze. Also character of
structure changes depends on used working gas and
from accelerators operation mode. For carbon steel
which basic structure is the ferrite, the formation of
austenitic and martensitic phases is observed after
processing. At the same time for stainless steel the
formation of nitride hardening phases is usual at
processing by nitric and air plasmas. The metals
microhardness of plasma processed steels can grows in
1,5-4 times at increasing of the energy density. In any
case, the degree of hardening is proportional to the
introduced doze. Wear resistance of steel after plasma
processing increased up to 4 times.

The reason of a structure changes consists in of short
action of a pulse and of enough high energy density that
results to fast heating of a material surface. Thus, the
most important factor, which is responsible for
structure-phase changes, is energy density delivered to
the sample surface by an incident plasma stream. The
materials, processed by pulsed plasma, undergo
essential changes of surface properties. It allows on the
basis of researches to develop technologies for industrial
application.
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1. ABSTRACT

Electrospinning is a useful technique to produce
nanofiber ~ webs.  Nanofibers  with  amazing
characteristics such as very large surface area to volume
ratio, high flexibility and superior mechanical
performance takes a lot of interest. Ultrafine Polyvinyl
Alcohol (PVA)nanofibers, which may have potential
applications in filtration and medical.

In this research, Low Temperature Plasma (LTP)
was used to deposit of copper thin film on Polyvinyl
Alcohol (PVA) nanofibers prepared by electrospinning
to modify the surface of sample. Atomic Force
Microscopy (AFM) was employed to study the surface
characteristics of the fibers before and after coating. For
investigating the percentage of crystallinity and size of
crystals on the surface we used X-Ray Diffraction
(X-RD).Morphology of electrospun nanofiber was
investigated with Scanning Electron Microscope (SEM).
Also we examined wetability of nanofibers before and
after coating.
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1. INTRODUCTION

The first paper on the magnetron as a sputtering
device was reported in the 1960s, but the physical basis
originates back to the late [1]. Since then, magnetrons
have known a continuous development in various
industrial fields, specially microelectronic and surface
processing and widely used for thin film deposition.
They are commonly classified among physical vapour
deposition (PVD) [2] devices although they offer also
advantage for sputtering studies [3] or etching [4].
Monograph dedicated to plasma processing contain
parts or chapters devoted to magnetron [2, 4, 5].
Basically magnetrons utilize an external magnetic field
parallel to the cathode (target). The component of this
field parallel to target traps energetic electrons in their
travel from the cathode to the anode leading to an
amplification of gas ionization.

In this study a DC cylindrical magnetron sputtering
device was used to investigate the electrical behaviour
of cold magnetized plasma. DC cylindrical magnetron
sputtering is capable of generating magnetized plasma
and has been used for development of high-rate, low
pressure, high efficiency processing machines. This
system consists of two coaxial cylinders with 10 and 21
cm in radius and 72 c¢cm in length. The cathode was
edged. The distance between cathode and anode was 20
cm. The inner one was cathode. A magnetic coil
mounted around the outer cylinders generated a nearly
uniform axial magnetic field up to 600 G. The region
between two cylinders was evacuated by means of a
mechanical and also a turbo-molecular pump up to 10°
torr. The dependences of the breakdown voltage,
current-voltage characteristic of the system and power
absorbed by plasma on the gas pressure, the type of
working gas and the magnitude of magnetic field were
studied. The effects of the various gas working were
introduced into this system. The experiment shows that
the magnetic field plays role of the collision in
perpendicular of its direction and the magnitude of
magnetic fields has optimum value. The detailed of the
experiments and the results will be discussed in the full

paper.
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Deposition of thin films may be achieved by the fol-
lowing methods.

Reactive thermal evaporation deposition, RF & DC
magnetron sputtering, electron beam evaporation, ion-
assisted deposition techniques, electro less chemical
growth techniques, spray pyrolysis, chemical vapor de-
position, vacuum evaporation and laser-assisted
deposition techniques [1].

Sputtering techniques are commonly used to deposit
metal thin film on insulating and conducting substrates.
The growth parameters, such as thickness of thin film
and sputtering power usually play significant roles
in governing the properties of metal films [2].

Plasma sources are nowadays widely used for sputtering
and film deposition application [2, 3]. A dc magnetron
sputtering device plasma is essentially a glow
discharge produced between two cylindrical electrodes
as anode and cathode. A magnetic coil located outside
the cylinders creates a field configuration acting as
a magnetic trap for the electrons [4], which typically
have a temperature of a few eV.

A dc cylindrical magnetron sputtering device consists of
two copper cylinders with 1.5 and 5 cm in radius and 20
cm in length. A magnetic coil mounted around the outer
cylinder generates an axial magnetic field up to 550 G.
The effect of different magnetic field on the ionization
rate of the discharge is observed. It is shown that the
electrical behavior of the discharge strongly depends on
the values of the magnetic field and shown an optimum
value at which the power absorbed by the plasma is
maximum. The effect of different pressure on the
ionization rate is also studied and the results are
reported.

129

Thin films produced in different condition.

The morphology, conductivity and structure of thin
films are analyzed by X- ray diffraction (XRD),
Rutherford Back Scattering (RBS) and Atomic Force
Microscopy (AFM)

Dependence of the conductivity, thickness and roughness of
thin film on deposition condition is investigated
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1. INTRODUCTION

Ion bombardment has been used to modify the physical
properties of a wide range of metals and super-alloys
using plasma techniques for ion sources and plasma
surface treatment [1-2]. High dose ion bombardment is
also a well-known technique to improve the mechanical
properties of metals [3-4]. There have been number of
investigations about increasing of microhardness, wear
resistance and finally improvement of the fatigues life.
Nitrogen ion implantation as a non-equilibrium process
can produce amorphous, metastable and stable
crystalline phases.

The influence of grain size has great role on the
properties of the real widely used material, specially on
austenitic-ferritic stainless steel, is of great interest.

2. MATERIALS AND EXPERIMENTAL
TECHNIQUES

This work presents the results of low energy argon ion
implantation on AISI 304 type stainless steel (SS) at
moderate temperatures of about 400°C [5-8]. The argon
ions are extracted from plasma ion source at a voltage of
30 keV and the ion current density was 100pA /cm’.
The range of doses was from 5x10' to 1x10'® Ar'/cm?.
The given values are the average of concentration
measured at center of each sample.

The corrosion behavior was studied in acid solutions by
potentiodynamic measurements. Also the effect of ion
implantation on surface morphology was investigated
by AFM technique.
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The secondary ion sputtering of covalent SiC and ionic
LiF crystal under slow electron and multicharged ion
bombardment are investigated. It is shown the non-
elastic emission of silicon and carbon positive ions is
proportional to potential energy of impact multicharged
argon ion and has energy threshold at near Si 2p
ionization level under triple charged argon ions
bombardment. The energy threshold of non-elastic
emission of lithium and fluorine ions equal potential
energy of double charged argon ion. The SIMS mass-
spectra of SiC and LiF content only single charged
atomic and molecular ions. The covalent crystal can not
sputtering by decay of self-trapped exiton. Also
potential sputtering of KCI crystal under multicharged
ion leads to planar surface erosion. This phenomena
cannot be explained by model of decay of self-trapped
exiton. In case of double charged argon ion impact of
LiF at least one electron-hole pair rather than only a
hole in valence band is generated by resonant
neutralization. For explaining of experimental data we
use model two hole formation in valence band at Auger
neutralization of bombarding multicharged ion. We
propose localized two hole stimulated non-elastic ion
sputtering of covalent and ionic crystals by Coulomb
repulsion of single charged ions under multicharged ion
bombardment. The life time of localized two hole in
silicon carbide valence band longer than recoil
formation time at elastic collision . The evidence of
cooperative potential and kinetic sputtering of silicon
carbide by multicharged ion are shown.

The ESD mass-spectra of SiC and LiF content single
and double charged atomic and molecular ions. The
energy threshold of secondary double charged silicon
ions close to 100 eV energy of bombarding electron
and has same threshold for molecular SiC ions.
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Figure 1: Energy threshold of Auger ESD of SiC.

For explaining of experimental evidence of soft
potential sputtering of silicon carbide by electron we
propose model of Coulomb explosion of double
charged silicon and carbon ions under electron
bombardment. It is known Csl crystal has weak
properties for potential sputtering under highly charged
ions bombardment. But in case of electron
bombardment of Csl crystal secondary ion mass-spectra
content single and multiple charged Cs% and I (q=2-
6) ions. This experiment can be explained by formation
localized multiple hole state in valence band leading to
Csl potential sputtering.
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10keV O* — TiO,
ABSTRACT 7 5 .
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The ion irradiations to solid targets produce excitation S, (e)Pt 10nm
states, which are relaxed by radiation or non-radiation g (APt 1n¢ﬁ"J
transitions. The light emission from the target due to %° Wl
the energy relaxation via radiation transition is called 23 Oy 10nm
radiation-induced luminescence (RIL), and it is = w (D)Au LM
known that it has characteristic wavelengths for the L w ()Tio, Y
band structures, the lattice defects and the impurity visible bands . e Wiy
levels. Many researches have done for titanium 0300 400 500 00 800 500

dioxide in the optical properties by the difference of Wave|e?10§th (nm)
the crystal structure, lattice defects, impurity doping,
and so on. However they are mainly performed for . .
photo absorbance, since the photocatalysis in the sun onto TiO, with no layer (a), 1 nm Au (b), 10 nm
light is the most important for the study of titanium Au (c), 1 nm Pt (d) and 10 nm Pt (€) on the
dioxide. For the RIL of titanium dioxide by 10 keV surfaces. Some atomic peaks are assigned and
oxygen ion irradiations, the existence of UV band and identified on the top. The three bands were fitted
visible bands are observed at room temperature [1]. by Lorentz curves at the bottom.

The range of 10 keV oxygen ions into titanium
dioxide is about 30 nm. Therefore, the surface effect
must be considered for the study. In this work, the
RIL of titanium dioxide with gold or platinum thin
layer on the surfaces, which consist nano-
photochemistry diodes, by irradiations of 10 keV
oxygen ions and nitrogen ions were observed. Some
of the observed spectra are shown in Figure 1. Other
than various atomic lines, three bands at 2.0 and 2.6
eV (visible bands) and 3.9 eV (UV band) are
observed. There are few differences in each spectrum,
therefore the influence of the surface was observed on
neither gold nor platinum. It shows that the influence
by the solid where the kinetic energy of ions mainly
damped is larger than that of the surface. A part of the
mechanism of the luminescence phenomenon by
particle beams of the titanium dioxide expected
application as an optical catalyst material was made
clear by this research.

Figure 1: RIL spectra by 10 keV O irradiation
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1. INTRODUCTION

Size-dependent  electronic  properties of  metal
nanoclusters are of interest both for base physics and
practical applications. These properties can be studied
experimentally by measurement of cluster’s electrons
response to a sudden appearance of the uncompensated
charge, resulting in many- and single-particle
excitations, particularly, creation of low-energy
electron-hole (e-4) pairs near Fermi surface (“infrared
catastrophe”). Such excitations are known to result in
the singularity (asymmetry) of the X-ray core-levels
photoelectron spectra (XPS).

We present the results of investigation of e-h pairs
generation in metal nanoclusters with the help of low-
energy ion scattering spectroscopy (LEIS).

2. RESULTS AND DISCUSSION

1-10 nm size nanoclusters of Au, Co and Mo deposited
on the surface of highly oriented pyrolitic graphite by
pulsed laser are studied in situ by He™ LEIS in the
energy range Fy= 0.3-1.5 keV.

The shape of the observed ion spectra for the
investigated primary energies range is found to be
asymmetric (see Fig.l1), and can be well fitted by
singular Doniach-Sunjic line-shape convoluted with
Gaussian broadening of the initial ion flux.

Figure 1: Energy spectra of He' ions with different
primary energies scattered from HOPG target after
5000 pulses of Au laser deposition.

Anderson singularity index o characterizing spectra
asymmetry is determined and found to increase with
energy of ions that is attributed to the excitation of
single-particle electron states. In contrast to XPS, LEIS
spectra asymmetry is independent on the cluster size
(Fig.2) and has higher values for bulk metals, indicating
the difference in the electronic states of surface and bulk
atoms.
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Figure 2: Experimental wvalues of ISS Anderson
singularity index o as function of Au/HOPG
nanoclaster’s size (d) in comparison with results
measured with x-ray photoelectron spectroscopy (XPS):
circles — ISS (Eyi,=0.3 keV), triangles — XPS/

The details of the experimental technique and procedure
are also presented. The results are discussed indicating
that measured values of Anderson singularity index
allow to determine phase shifts of screening s-, p- and d-
electrons and thus to analyze the band structure and
electron-state density of nanoclusters.
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1. INTRODUCTION

Fast heavy ions penetrate the surface of any material
without an appreciable kinetic energy loss, internal
excitation or angular deflection. Notwithstanding this
behavior, experiments can be performed in a surface-
sensitive way by proper choice of the measured
quantity. Here we have concentrated on ion-induced
ejected Auger electrons. These electrons at low
energies correspond to a mean free path between 0.3
nm (at ejection energies of about 50 eV) and 5 nm (at
about 1500 eV). The mean free path on the other hand
is directly related to the information depth covered by
Auger-electron detection.

In this contribution, we review short-time effects in ion
tracks and report on non-linear effects related to the
extremely dense energy deposition of heavy ions at
velocities around 10% the speed of light. In contrast to
individual photons or electrons, swift heavy ions can
produce highly excited electronic target systems [1]
with multiply overlapping excitations such as excitons
or plasmons. In fact, the power deposition by a single
highly charged ion is comparable to a focused multi-
photon pulse of future free-electron hard-x-ray lasers.

2. CONTENTS

Qualitative and quantitative results on electronic short-
time effects in ion tracks are deduced from high-
resolution Auger-electron spectra for different inner-
shell configurations. The investigation of these different
configurations corresponds to Auger-decay times of 1-
10 fs (10™ to 10" s) and yields snapshots of the initial
time evolution of ion tracks.

The Auger peak intensity and energy contains
information on the ionization degree and on collective
electrostatic potentials [2]. The energy width of the
Auger peak contains information about the populated
density of states in the valence/conduction bands [3]
and may yield the corresponding electron temperatures
if a local thermal equilibrium is achieved. Complete
ionization of all light atoms along the ion track results
from the penetration of an individual ion. The
remaining as well as the charge neutralizing electrons
will rapidly equilibrate at electron temperatures of up to
100 000 K. Thus, locally there is extremely strong

excitation accompanied by the breaking of all bonds
inside a nanometer radius along the straight ion path.
This excited solid-state volume may reach a length of
hundreds of um, corresponding to a very high aspect
ratio of the electronically distorted cylinder.

The high electron temperatures should have an
influence also on the angular distribution of emitted
Auger electrons, since the electron transport to the
surface will be affected. Such an influence will be
reported at the workshop for 592 MeV Au*®* ions at
normal incidence on atomically clean beryllium (Be)
and aluminum (Al) surfaces.

3. REFERENCES

[1] G. Schiwietz et al., NIM-B225, 4 (2004).

[2] G. Xiao et al., Phys. Rev. Lett.79, 1821 (1997); G.
Schiwietz et al., Phys. Rev. Lett.69, 628 (1 992).

[3] F. Staufenbiel et al., NIM-B230, 426 (2005); G.
Schiwietz et al., Europhys. Lett.47, 384 (1999).

* E-mail: schiwietz@hmi.de

135



16th International Workshop on Inelastic lon-Surface Collisions (11SC-

16)

September 17 - 22, 2006 Schloss Hernstein, Austria

ION BEAM-INDUCED ELECTRON EMISSION FROM CARBON-BASED MATERIALS

A.M.Borisov*

Institute of Nuclear Physics, Moscow State University, 119992 Moscow, Russia

1. INTRODUCTION

In this overview, the regularities of ion beam-induced
electron emission from modified surface layers of
different carbon-based materials under high-dose
irradiation are outlined. The materials considered here
are those whose bonding is sp® — that is, polygranular
graphites (PGG), highly oriented pyrolytic graphites
(HOPG) and glassy carbons (GC) [1,2]. The results are
discussed in terms of accumulation and annealing of the
radiation damage and its effect on electron transport in
carbon-based materials. The electron transport is known
plays essential role in a truck formation and inelastic
sputtering in  heavy ion-surface collisions [3].
Discovered decrease of secondary electron path length
under ion-induced disordering of crystal lattice is the
first experimental confirmation of the difference of
electron interaction with amorphous solids and crystals.

2. EXP.RESULTS AND DISCUSSION

For all carbon-based materials a step-like increase of
ion-induced electron emission yield » with increasing
target temperature (T = 20 — 350°C) under high-dose
(10*® — 10" ion/cm?) tens keV ions (N,*, Ar") normal
incidence at an certain annealing temperature T, takes
place, see fig.1  [4-8]. It has been appeared that the
step-like (T)-dependencies are due to the ion-induced
structure transition in carbon-based materials from a
high degree of disorder at T<T, into a relatively ordered
structure at T>T,. The secondary electrons before their
escape from a solid experience flux attenuation due to
scattering on a lattice, the implanted particles and the
radiation defects. The radiation damage annealing
results to an increase of y at T, due to a decrease of
electron flux attenuation in the ordered structure of
carbon materials. For different types of materials T, is
different. For GC ion-induced disordering is observed
only for materials with sufficiently high temperature of
the treatment due to fullerene-related nanostructures [2].
An analysis based on the theory of Kkinetic ion-induced
electron emission connects the behavior of 16, T) to the
dependence of both secondary electron path length A
and primary ion ionizing path length R, on lattice
structure that is drastically changed due to damage
creation.
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Figure 1. The temperature dependencies of y for the
carbon-based materials under 30 keV N, ion irradiation
at normal incidence (6 = 0). For Cupqy  is independent
of target temperature.

In particular, it was found that for HOPG at grazing ion
incidence when the recovery of its structure takes place
electron path length A, across the graphite layers is less
than A, in PGG. Moreover, the experimental evidence
is now found, that 4, along the graphite layers in HOPG
two folds more than 4, [9].
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1. GENERAL 2

The energy spectrum of electrons ejected from ion-atom 10°
collisions is an essential ingredient in the understanding

kinetic electron emission from solids under ion bombard- = 10°:

ment as well as other radiation effects such as formation ~ ¢

of particle tracks. Existing theory has been summarized in 10°F R

refs. [1, 2]. 109

We have applied the physical model underlying our binary 1 \2 \5 \10 \20 \50

theory of heavy-ion stopping [3] to the calculation of siegl 10‘3 ci)l‘ b 1 i wi‘oo‘ i “‘1‘87000
differential cross sections for energy transfer and ebectr '

ejection [4]. Binary stopping theory is essentially claasi t

and, hence, applicable to the range of beam veloaities  Figyre 1: Calculated differential cross sections for eperg
2Z,vBonr, Which is complementary to the Born regime. transfer to electrons of atomic helium under bombardment

Binary theory has been applied successfully to the stoppingyyith pare carbon and anticarbon ions. Solid lines: Bare car-

of heavy ions [5]. In comparison with conventional binary- pony jons; broken lines: anticarbon ions. Labels indicage th
encounter theory, binary stopping theory incorporates a re yg1ue of the Bohr variable, eq. (1).

alistic description of the binding of target and projectile
electrons and higher-ordef, effects, as well as a realistic
model for screening of the projectile charge. In compar- and

2
ison with classical-trajectory Monte Carlo simulationg th K(t) = (f> d—a. (3)
present model allows prediction of scaling laws and reguire ) v/ dt _
moderate computation times. The difference between carbon and anticarbon (Barkas ef-

fect) is most pronounced at the lowest beam velocities and

vanishingly small for > 10.
2. RESULTS

We present differential cross sections as well as ionimatio 3. REFERENCES
cross sections for a number of ion-target combinations and

charge states. Emphasis is laid on scaling laws and their[l
experimental verification as well as quantitative comuaris . o o _
with pertinent measurements. tional Commission of Radiation Units and Measure-

Figure 1 shows, as an example, calculated differentiascros ~ MeNts, Bethesda, Maryland, 1996)

sections for energy transfétto electrons of atomic helium 21 N. Stolterfoht, R.D. DuBois, R.D. RivaroleElectron
under bombardment with bare carbon and anticarbon ions. ~ emjssion in heavy ion-atom collisions, Springer Series

] ICRU, Secondary electron spectra from charged par-
ticle interactions, Vol. 55 of ICRU Report (Interna-

Numbers denote the value of the Bohr variable on Atoms and Plasmas (Springer, Berlin, 1997)
¢ =mv®/Z e w, (1) [3] P. Sigmund, A. Schinner, Europ. Phys. J.1R, 425
(2000)

wherew = I /R is related to the mean logarithmic excitation ) )
energy!, the ‘I-value’. The plot makes use of the scaling [4] M.S. Weng, A. Schinner, A. Sharma, P. Sigmund, Eu-

variables rop. Phys. J. D p. online first (2006)
T 2
= Qmi)Q 2 [5] ICRU, Stopping of ions heavier than helium, Vol. 73 of

ICRU Report (Oxford University Press, Oxford, 2005)
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1. INTRODUCTION zzzz f —o—Ar'"'---Be| ]
:@ 1500 - s K 4
Detecting the X-rays in the collision of highly charged S 1000 f ]
ions with solid surface is of significance in the § soof 1
investigation of the inner-shell charge transfer reactions g 190
between the projectile ions and the target atoms. The X- S ool S%“ o [—e— e |
ray spectra can both supply the test of theoretical “’%
models and provide sensitive diagnostic means for the S00 %% 1
hot plasma [1-4]. . i
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Enegy of the X rays (keV)

Figure 2: TEOP transitions in the Ar?"-surface collisions.

In this paper, the recent measurements of X-rays
induced in the interaction of highly charged ions with a
beryllium surface are reported. The character of the X-

ray spectra and the two electrons, one photon (TEOP) wl g ‘Xezgﬁ o Bpemenaam | |
transitions from hollow atoms are discussed. 4|\ Gauss fitting curve
50 - /r’ U& E/wW/A------ 1.542/281/41.7 q
E Oﬁjﬁéﬂ \\ ald u*%hum i D&nﬂlww
2. RESULTS AND DISCUSSIONS 5 soof b I 1
S ool 17 o Experimental tata ]
% awol [ 9 . Gauss fitting curve 1
% 202 ;@&éﬂ b? E/w/A ‘ 1.569‘/292/28‘3 ]
2.1. The character of the X-ray spectra from hollow atoms © soof b 1 \ \ E{ _ \Tt . t\ ]
600 | 4” A 30+ A xperimental tata 1
In Fig.1, the X-rays induced by Ar'’" ions interacting a0l f A\A& = J A treass | ]
with the beryllium surface is compared with the X-rays ot | g T S ——
induced by the same ions interacting with the residual 10 15 20 25 30 35 40 45 50
gases. It is obvious that the X-ray spectrum of hollow Energy of the X rays (keV)
atoms (upper) is lower in energy and broader in width Figure 3: TEOP transitions in the Xe¥ -surface collisions.
than that of highly charged ions (below).
10M ; : ; ; ; ;
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Figure 1: X-rays in the Ar " ion-surface collisions

2.2. TEOP transitions from hollow atoms

The Koo and Mao TEOP transitions in the collisions of
Ar'7 1 and Xe?*" "% jons with a beryllium surface
are shown as Fig.2 and Fig.3, respectively.
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1. INTRODUCTION

Auger electron emission from hollow atoms formed in front
of surfaces can be used as a probe of surface spin polariza-
tion, by linking the spectral peak intensities to the captur
probability of parallel or anti-parallel spins. Realizititat
slow, multiply charged ions capture electrons from a se@rfac
area of a fewA2, this new method is suitable for determin-
ing the local spin ordering of magnetic surfaces. The po-
tential of the technique is illustrated by Heand N+ ions
impinging on a ferromagnetic Ni(110) surface.

Intensity (arb. units)

"" A

ON

33 34 35 36 37 38
Electron energy (eV)

2. MULTIPLE ELECTRON CAPTURE
SPECTROSCOPY

In recent years, highly spin polarized materials, like e.g
half-metals, have been intensively studied for their poten

tial in spin electronics. A direct access to the degree of Figure 1: Normalized KLL Auger spectra from 20 eV He
surface spin polarization is indispensable in understandi 545 impinging under 20incidence on Ni(110), for differ-
the properties of these materials. Here we introduce a newgp; temperatures of the target crystal.

method for probing the spin polarization of the top-most

surface layer, namely MECS (Multiple Electron Capture

Spectroscopy). We used KLL Auger electron emission orig- increases (thus its polarization decreases), the (re)ativ
inating from the interaction of slow He& and N'* ions with tensity of the triplet peak decreases drastically, coestst
a Ni(110) surface. The neutralization of multiply charged with the suppression of the electron capture probability in
ions in front of a surface can be described by the classi-triplet states. The peak intensity ratio can be linked to the
cal over-the-barrier model [1]. The capture probability of electron capture probability into singlet or triplet sgtend
electrons into specific spin states depends on the density ofhe temperature dependency of the surface spin polanizatio
surface majority and minority electrons. For a highly spin can be extracted by making use of an atomic model [2].
polarized surface, on average high spin states will be more

likely to be populated, while for a low surface spin polariza 3. REFERENCES

tion occupation of low spin states becomes more probable.

Subsequently, the excited atoms fill their inner shell vacan [1] J. Burgdrfer,P. Lerner and F.W. Meyer, Phys. Rev. A
cies by Auger electron emission. The relative peak inten- 44, 5674 (1991).

sities in the Auger spectra will change as the polarization

of the surface changes (e.g, by varying the temperature of2] M. Unipan, A. Robin, R. Morgenstern, R. Hoekstra,
a ferromagnetic surface). For illustration, a series of KLL Phys. Rev. Lett96, 177601 (2006).

Auger spectra from 20 eV He ions impinging under 20

incidence on a Ni(110) surface is shown in Fig. 1, for dif-

ferent temperatures of the target. The lower energy peak, at

~ 34.5 eV, has a triplet contribution, while the peak-~at

36 eV is purely singlet. As the temperature of the surface
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A detailed understanding of the properties of magnetized
surfaces is important in view of many technical applica-
tions. Spectroscopy of such surfaces using highly charged
ions (HCI) has emerged only recently [1, 2]. We focus
on extracting information on spin polarization by electron
emission during HCI-surface interaction.

We investigate the impact of N®* ions on a magnetized iron
surface using Monte Carlo simulations. Our calculations
include potential emission of electrons as well as produc-
tion and transport of secondary electrons in the solid. Po-
tential emission is modelled using the Classical-Over-the-
Barrier (COB) model [3]. Several channels for electron ex-
change during the ion-surface interaction are implemented,
such as resonant transfer, autoionization, Auger processes,
and peeling-off of outer shell projectile electrons. Electron
transport in the solid is simulated as a stochastic sequence
of elastic and inelasting scattering processes [4]. Cross sec-
tions for elastic scattering were based on Dirac partial-wave
analysis [5], for inelastic collisions the dielectric function
formalsism was used [6]. In addition to spin conserving
scattering, Stoner excitations are taken into account leading
to an enhancement of the polarization for very low emission
energies in agreement with measurements by J. Kirschner et
al. [7].

Spin flip in elastic scattering is neglegible because of van-
ishing values of the Sherman function in the energy range
considered.

We apply the present theory to an experiment performed by
R. Pfandzelter et al. [1], investigating 150 keV N9 ions
(¢ < 6) scattered from a magnetized Fe(001) surface under
a grazing angle of incidence of ® = 1.5°. For K-Auger
electrons of N6, polarization values are close to the mean
polarization of the conduction band electrons in magnetic
iron (27%). For low energies an increase of the polarization
up to 70% is detected. Especially for high energies, where
potential emission provides the only relevant contribution to
the electron yields, our results show good agreement with
the experimental values.

This work has been supported by Austrian Science Foun-
dation FWF (Project No. P17449-N02).

E-mail: beat e@oncord. itp.tuw en. ac. at
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Figure 1: energy spectrum (solid line, left axis) and polar-
ization (full circles: experiment [1], open circles: our calcu-
lation, right axis) of electrons emitted during the impact of
NS+ jons on a magnetized Fe surface
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Conference Outing to Schneeberg,
the highest mountain in Lower Austria (Alt. 2076m)

Beginning at the Puchberg am Schneeberg train station, our
train takes you up into the high alpine region of the
Schneeberg mountain. As you ascend rich green meadows,
the luscious scent of pine forests and the magnificent i
breathtaking panorama of the Alps pass by at a leisurely pace. i
Finally you will reach your destination at 1,795 metres above
sea level, the highest train station in Austria.

Going there....
Departure of buses at conference site (lunch box will be provided): 12h15 (sharp)
Departure of rackrailway train in Puchberg (Alt. 577m): 13h30

Possible exit at station “Baumgartner” (Alt. 1400m, Map: [2] ),
to hike up the rest guided by Hannspeter Winter: 14h05
This hike to station Hochschneeberg (Map: [1] ) takes about 60 min one-way

Arrival of the train at station Hochschneeberg (Alt. 1795m, Map: [1] ): 14h20

At Schneeberg, possibilities to go to:

@® Visit the Mountain restaurant “Dambdéckhaus” (Map: [3]): ~15 min walk one-way

@ Stay close to station Hochschneeberg (Map: [1]), the nearby Hotel Hochschneeberg and the
chapel “Elisabethkirchlein”, commemorating the former Empress of Austria, Kaiserin Elisabeth
., better known as “Sissy”

® For experienced hikers: hike up to the summit “Klosterwappen” (Alt. 2076m, Map: [4]): ~55
min walk one-way

@ Hike down again to station “Baumgarten” (50 min walk) and wait for the train to pick you up

WARNING:
Though well connected to the valley by the railway, the Schneeberg is an alpine mountain
region, with possible hazards e.g. in case of unexpected weather changes.

We recommend to stay in a group with one of the local organizers or stay at the footpathes
depicted in the map. In case of emergency call with your cell phone one of the local organizers
(e.g. +43 — 650 - 7552466 ) or the international emergency number 112.

In any case, watch the time to be back for train departure at 16h30 (sharp) !!
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Getting back...
Departure at station Hochschneeberg (Map: [1]): 16h30 (sharp)
Be on time, the train will not wait !!
Pickup of downhill hikers at station “Baumgartner” (Map: [3]): 16h35
Arrival in Puchberg: 17h20
Departure of buses from the railway station in Puchberg: 17h30
Arrival at the Heurigen “Weiszbart” in Leobersdorf, Mariazellergasse 5: 18h30
Buses back to conference site at Schloss Hernstein: 21h30

Alternative Outing (bad weather)
Medieval Forchtenstein Castle

Timetable:

Departure of buses at conference site in Hernstein: 12h45
Arrival at the castle: 13h45
Guided Tour of Forchtenstein Castle: 14h00
Departure of buses from the Castle: 17h15
Arrival at the Heurigen “Weiszbart” in Leobersdorf: 18h00

Buses back to conference site: 21h30
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16th International Workshop on

Inelastic Ion-Surface Collisions (IISC-16)
Sep. 17 - 22, 2006

Schloss Hernstein, A-2560 Hernstein, Austria

List of participants
and accompanying persons

1 Abdallah Wael Canada
2 Aldazabal Inigo Spain
3 Arnold-Bik Wim Netherlands
4 Aumayr Friedrich Austria
5 Ban-d‘Etat Brigitte France
6 Bauer Peter Austria
7 Bertagnolli Emmerich Austria
8 Borisov Anatoly Russia
9 Burgdoérfer Joachim Austria
10 Chakraborty Purushottam India
11 Crichton Hilary Great Britain
12 Dunning Barry USA
13 Dunning Christine USA
14 Duvenbeck Andreas Germany
15 Echenique Pedro Spain
16 El-Said Ayman Austria
17 Endstrasser Nikolaus Austria
18 Facsko Stefan Germany
19 Gauyacq Jean-Pierre France
20 Golczewski Artur Austria
21 Gou Fujun Netherlands
22 Gravielle Maria Argentina
23 Griesmayer Erich Austria
24 Grizzi Oscar Argentina
25 Gutierrez Fernando Chile
26 Heiland Tilde Germany
27 Heiland Werner Germany
28 Hoekstra Ronnie Netherlands
29 Huber Bernd France
30 Husinsky Wolfgang Austria
31 Ikegami Seiji Japan
32 Insepov Zeke USA
33 Jouin Hervé France
34 Juaristi Joseba Inaki Spain
35 Kanai Yasuyuki Japan
36 Kaneko Akemi Japan
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16th International Workshop on
Inelastic Ion-Surface Collisions (IISC-16)

Sept. 17 - 22, 2006
Schloss Hernstein, A-2560 Hernstein, Austria

organized by TU Wien
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