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High Resolution Concentration Depth Profiles forAnalysing Soft Matter Surfaces with 
NICISS

Gunther Andersson

1 Flinders Centre for NanoScale Science and Technology, Flinders University, GPO Box 2100, Adelaide SA 5001, Australia

1

1. INTRODUCTION

Soft matter surfaces play a vital role in many areas: 
polymers and dyes in organic electronics, surfactant 
solutions, foam films, functionalization of surfaces and 
biological membranes to name only a few examples. Often 
it is of interest to know how the various components are 
distributed along the depth scale. In the case of soft matter 
the depth resolution required is in the order of the size of the
molecules forming the sample, i.e a depth resolution of less 
than 1 nm. The depth range required is in the order of a few 
10 nm. The requirements on the concentration depth profiles 
can be met with neutral impact collision ion scattering 
spectroscopy (NICISS).

2. REQIREMENTS ON NICISS

In a NICISS experiment rare gas ions with a kinetic energy 
of a few keV are used. The mechanism on which deriving 
concentration depth profiles from NICISS measurements are 
based on are similar to those for Rutherford backscattering 
(RBS). The energy loss during backscattering including 
inelastic energy losses needs to be known as well as the 
stopping power of the projectiles, energy loss straggling, 
and the contribution of multiple scattering. If possible, the 
respective quantities have been measured experimentally. 
[1]

3. RESULTS

Figure 1: Concentration depth profiles of the solvent (a) 
and the solute (b) of a 0.2 molal.solution of 

tetrabutylphosphonium bromide (Bu4PBr) in formamide.
[2]

In Figure 1 concentration depth profiles of solute and 
solvent of a surfactant solution are shown. The shaded area 
shows for both components the experimentally determined 
surface excess.

Figure 2: Concentration depth profiles of the polymer 
mixture poly (3-hexylthiophene) (P3HT) and [6,6]-
phenyl-C61-butyric acid methyl ester (PCBM). [3]

In Figure 2 the layered structure of the polymer mixture 
formed by P3HT and PCBM is shown. The examples in 
both figures illustrate the information that can be gained 
through applying NICISS on soft matter surfaces.

4. REFERENCES

[1] G. Andersson, Ch. Ridings, Chem. Rev., 114, 8361
(2014)

[2] G. Andersson, T. Krebs, H. Morgner, PCCP, 7, 136
(2005).

[3] Natalya Schmerl, G.G. Andersson, PCCP .13, 14993
(2011).
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TRANSMISSION SECONDARY ION MASS SPECTROMETRY OF ORGANIC 
MOLECULES USING 5 MeV C60

+ IONS

K. Nakajima

1 Department of Micro Engineering, Kyoto University, 615-8540 Kyoto, Japan

1,*, K. Nagano1, T. Marumo1, K. Narumi2, Y. Saitoh2, K. Hirata3, and K. Kimura1

2 Takasaki Advanced Radiation Research Institute, JAEA, Takasaki, Gumma 370-1292, Japan
3 National Metrology Institute of Japan, AIST, Tsukuba, Ibaraki 305-8565, Japan

1. INTRODUCTION

Secondary ion mass spectrometry (SIMS) has recently 
extended its application field to organic material, 
biological and biomedical science. The use of various 
large cluster ions, such as C60 ions, argon gas cluster ions, 
water cluster ions, and metal cluster ions as primary ions 
provides a satisfactory yield of intact large molecular ions 
up to ~1000 Da. There is, however, still a strong demand 
for further improvement in sensitivity of SIMS to larger 
molecules for molecular imaging. Boussofiance-Baudin et 
al. have reported that a significant enhancement of intact 
molecular ions was achieved by detecting the secondary 
ions emitted in the forward direction compared to the 
backward direction, when a thin phenylalanine film on a
carbon foil was penetrated by MeV Aun

+ (n = 1–3) primary 
ions [1]. The origin of the enhancement was suggested to 
be larger stopping power due to higher charge states of the 
primary ions after their passage through the specimen. So 
far, however, there have been only few studies on SIMS in 
such a transmission geometry. In this work, we have 
combined MeV C60 primary ions with transmission SIMS 
for organic molecules [2]. It was found that a remarkable 
enhancement of intact molecular ions as well as significant 
suppression of fragment ions can be achieved by detecting 
secondary ions emitted in the forward direction.

2. EXPERIMENT

Phenylalanine (M.W. 165.2) was used as a target amino 
acid. The samples were ex-situ prepared by vacuum-
evaporating phenylalanine on self-supporting amorphous 
silicon nitride (a-SiN) membranes (20–50 nm thick). The 
thickness of the phenylalanine film was ranging from ~20
nm to ~100 nm. In the SIMS measurements, the samples 
were irradiated from the a-SiN side with 5 MeV C60

+, as 
well as with 6 MeV Cu4+. Positive secondary ions emitted 
in the forward direction were mass-analyzed with time-of-
flight techniques under transmission of primary ions 
through the samples. Secondary ions emitted in the 
backward direction from the same samples irradiated from 
the phenylalanine side were also measured for comparison.

3. RESULTS

Figure 1 shows typical mass-to-charge ratio (m/z) spectra 
of positive secondary ions emitted in the forward and 
backward directions, respectively. A peak at m/z 166 
correspond to the protonated molecular ions, [Phe+H]+. A 
number of peaks in lower m/z region are assigned as 
various fragment ions originating from a phenylalanine 
molecule. Remarkable enhancement of the molecular ions
along with suppression of the fragment ions for the 
forward emission, as seen in Fig. 1 will be discussed in 
terms of the lateral distribution of energy deposition on the 
surface to be analyzed.

0 50 100 150 200
m/z

0

10000

20000

CO
UN
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5 MeV C60
+ Phe (90 nm) / SiN (50 nm)
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Forward

[Phe+H]+[Phe-COOH]+

Figure 1: mass-to-charge ratio spectra of 
positive secondary ions from a phenylalanine 
film on an a-SiN membrane using 5 MeV
C60

+.

REFERENCES

[1] K. Boussofiance-Baudin, A. Brunelle, P. Chaurand, S. 
Della-Negra, J. Depauw, P. Hakansson and Y. Le 
Beyec, Nucl. Instr. Meth. B 88, 61 (1994).

[2] K. Nakajima, K. Nagano, M. Suzuki, K. Narumi, Y. 
Saitoh, K. Hirata and K. Kimura, Appl. Phys. Lett.
104, 114103 (2014).
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Argon Gas Cluster Ion Sources in Surface Chemical Analysis: Measurements of Total 
Sputter Yields and a Semi-Empirical Predictive Model

A.J. Barlow*, N. Sano, J.F. Portoles, and P.J. Cumpson

National EPSRC XPS Users’ Service (NEXUS), School of Mechanical and Systems Engineering,
Newcastle University, Newcastle Upon Tyne, NE1 7RU, UK

1. INTRODUCTION

Argon clusters are increasingly important in the surface 
analysis of soft materials, polymer, organic coatings,
biomaterials and bio-related surfaces [1]. Further to this, 
they have become crucial for the in-situ cleaning of 
organic/inorganic contaminants from surfaces under study
in our laboratory [2].

There is however a pressing need for reference data to allow 
sputter depth profiling using clusters and the quantification 
of depth in Secondary Ion Mass Spectrometry (SIMS) and 
X-ray Photoelectron Spectroscopy (XPS). In our laboratory 
we have two argon gas cluster ion sources installed on XPS 
instruments, and a third on a Time-of-Flight SIMS (ToF-
SIMS). Thus, an understanding of the ion-surface collision 
mechanism becomes paramount.

2. RESULTS

We have used a quartz crystal microbalance (QCM) to 
measure the total sputter yield for argon cluster ions in a 
number of materials important in studies of biomaterials and 
diagnostic devices, including polymethyl methacrylate,
collagen, hydroxyapatite, borosilicate glass, soda lime glass, 
silicon dioxide and the native oxides on titanium and
stainless steel [3]. This device is installed within one of our 
XPS spectrometers, and allows for a direct, in-situ 
measurement of sputter ion rates during a depth profile 
analysis (Figure 1). The data collected from numerous 
materials fit a simple semi-empirical equation [4] very well, 
so that the total sputter yield can now be estimated for any 
of them for the entire range of cluster ion energy typical in 
XPS or SIMS.

Figure 1: Schematic representation of QCM within our XPS 
instrument.

Very recently, for sputter measurements on soft materials 
we have developed a new low-frequency resonator mass 

sensor that extends our measurement capability to a wide 
range of polymeric and organic materials. Our QCM device 
is most suited to the lower energy-per-atom range, from 1-
10 eV, which is also the accessible energy range for the 
source installed on our XPS instruments. On the basis of our 
total sputter yield measurements, we discuss useful ‘figures-
of-merit’ for choosing the optimum cluster ion energy to use 
in depth profiling or cleaning organic/inorganic samples in 
both XPS and ToF-SIMS.

Figure 2: Measurements of total argon cluster-ion sputter yield 
from PMMA. The continuous line is a fit to the developed 

model, while data points are yields from laboratory 
measurements (from [4]).

3. REFERENCES

[1] TOF-SIMS with Argon Gas Cluster Ion Beams: A 
Comparison with C60+, S Rabbani, A M Barber, J S
Fletcher, N P Lockyer, and J C Vickerman, Anal. Chem. 
83 (2011) 3793–3800.

[2] Stability of reference masses: VI. Mercury and 
carbonaceous contamination on platinum weights 
manufactured at a similar time as the international and 
national prototype kilograms, P J Cumpson, J F 
Portoles, N Sano, A J Barlow, Metrologia 50 518
(2013).

[3] Depth profiling organic/inorganic interfaces by argon 
gas cluster ion beams: sputter yield data for 
biomaterials, in vitro diagnostic and implant 
applications, P J Cumpson, J F Portoles, A J Barlow, N 
Sano, M Birch, Surf. and Interface Anal. 45 (2013) 
1859-1868.

[4] Accurate argon cluster-ion sputter yields: Measured 
yields and effect of the sputter threshold in practical 
depth-profiling by x-ray photoelectron spectroscopy and 
secondary ion mass spectrometry, P J Cumpson, J F 
Portoles, A J Barlow, N Sano, J. Appl. Phys 114 (2013) 
124313
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Swift heavy ion (SHI) irradiation of solid targets can lead to 

permanent structural modifications at their surface. In the 

case of normal incidence, the surface modification is 

relatively small. However, by inclining the ion beam 

direction to a grazing angle with regards to the target’s 

surface, the track which was before hidden deep in the bulk, 

is now projected along the surface allowing larger 

structures. All the topological structures discussed here are 

studied by atomic force microscopy. Under this geometry, 

typically the impact of an individual ion is producing a long 

surface track. The goal of this presentation is to show the 

different surface structures, which can be produced by 

varying the target material and the kinetic energy of the 

projectile. 

Besides the classical line of hillocks (e.g. in SrTiO3 [1]), we 

can observe characteristic double structures (e.g. in 

muscovite mica, see figure 1, and GaN, see figure 2 [2]). 

Other examples are SiC, where grooves with single-layer 

depth are created [3], and also very shallow grooves in front 

of the above-mentioned tracks in SrTiO3. The different 

structures will be presented and interpreted. 

 

  

Figure 1: Surface tracks formed on a muscovite mica surface 

after 92 MeV Xe ion irradiation at 0.9°. 

 

Figure 2: Nanostripes in GaN after 92 MeV Xe irradiation at 

1° of incidence. 

 

This work has been partly supported by the French-Austrian 
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1. INTRODUCTION 

Swift heavy ions have the specificity to mainly lead to the 

deposition of high energy density of electronic excitations, 

opposite to low energy ions leading either to nuclear energy 

deposition or, in the case of highly charged ions, to potential 

energy deposition. Swift heavy ions are known to entail 

modifications at the surface of insulating material and in the 

bulk. The nanostructures created at the surface are 

commonly characterized by atomic force microscopy (AFM) 

in terms of numbers, dimensional sizes (lateral size, height, 

length) and shape (pit or hillock or chains of these 

previous). These surface effects are linked to the material 

characteristics which are also strongly affected by 

irradiation in the bulk where defect formation, phase 

transitions and microstructure evolutions might be observed. 

These bulk effects are commonly studied by optical 

absorption for the colour centre formation, by transmission 

electron microscopy (TEM) for the individual latent track 

formation and X-Ray diffraction (XRD) for structural and 

microstructural evolutions. 

 

In our study, we try to bridge the gap between surface 

modifications, near surface and bulk modifications due to 

swift heavy ions by using two methods making sensitivity to 

the surface: normal irradiation with in-situ analysis in 

grazing geometry, and grazing irradiation with ex-situ 

analysis in normal geometry.  

The first method used bulk technique when used in grazing 

geometry (around 1° of incidence) is well suitable for the 

characterization of irradiated materials where the upper 

irradiated part of samples might be strongly and non-

homogeneously modified in depth. The given example is the 

in-situ Grazing X-Ray diffraction [1] developed by CIMAP 

since few years to probe with a good resolution the 

modifications in the near-surface region (depth chosen with 

the incidence angle of the X-ray beam). 

The second method is the grazing irradiation of surfaces 

with ex-situ analysis in normal geometry. The grazing 

irradiation studies are a strong activity of CIMAP laboratory 

[2]. A complementary tool for this characterization is also a 

bulk technique made sensitive to the surface: it is the 

Focused Ion Beam (FIB) technique associated to TEM 

which allow to pick-up and to observe a nano-size area of 

sample, for example a hillock chain just beneath the surface 

produced by grazing SHI irradiation (see Fig 1). 

 

 

Figure 1: Observation of a chain of hillocks induced by 

grazing irradiation at 0.5° by Xe ions at 7.6MeV/A and 

observed by TEM after a selective sample preparation by 

FIB. 

 

2. EXPERIMENTS AND RESULTS 

In the presentation, studies of material modifications 

induced by swift heavy ions and observed from the surface 

to the bulk will be presented. Results obtained with the two 

previously detailed methods will be shown. The cases of 

model insulating materials, especially oxides like SrTiO3 

perovskite will be taken to highlight the modification profile 

along the ion trajectory. The irradiation experiments have 

been performed at the IRRSUD beamline and the SME 

beamline of the GANIL facility (Caen, France) where the 

energy is ranging from 0.3 up to 13 MeV/A.  
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1. INTRODUCTION

When swift heavy ions penetrate solids the ions excite solid 
electrons. The energy of the excited electrons is gradually 
transferred to the lattice and eventually cylindrical damage 
regions, so-called ion tracks, may be created when the 
electronic energy loss is larger than a material dependent 
threshold value.  There are several models proposed for the 
mechanism of the track formation.  Among these models, 
only the inelastic thermal spike (i-TS) model explains the 
observed track radius quantitatively [1].  In the thermal 
spike model, ion tracks are assumed to be formed if the 
atomic temperature rises beyond the melting or boiling 
temperatures.  There has been, however, no measurement of 
the temperature during the track formation.  Because the 
thermal spike is formed in a localized region of nanometer 
scale and continues only on a picosecond time scale.  Such 
ultrafast local heating cannot be measured conventional 
techniques. In this presentation, we demonstrate that the 
temperature of the thermal spike can be traced by observing 
desorption of metal nanoparticles upon impact of swift 
heavy ions.  

2. EXPERIMENT

Gold and platinum nanoparticles (diameter a few nm) were 
deposited on self-supporting amorphous silicon oxide (a-
SiO2, thickness 20 nm) and amorphous silicon nitride (a-
SiN, thickness 30 nm) films. These films were irradiated 
with 420 MeV Au ions at normal incidence to a fluence of ~ 
5 × 1010 ions/cm2.  In the irradiation, a carbon foil (20 
�����2) was placed in front of the samples to acquire an 
equilibrium charge state.  This carbon foil was also used as 
a collector foil, i.e. used to capture particles emitted from 
the target during irradiation.  The irradiation was performed 
either on the nanoparticle-deposited surface (will be referred 
to as a “front surface irradiation”) or on the rear surface
(“rear surface irradiation”) at normal incidence.  In the rear 
surface irradiation, a self-supporting a-SiO2 film was placed 
just behind the sample (facing to the gold-deposited surface) 
to collect gold nanoparticles emitted from the film during
the irradiation.  Both the irradiated samples and the collector 

Figure 1: TEM bright field images of gold-nanoparticle-
deposited a-SiO2 films irradiated with 420 MeV Au ions on 
the rear surface.  The gold nanoparticles and the ion tracks 
are seen as dark and bright spots.  The gold nanoparticles 
disappeared from the vicinity of the ion track.  The inset 
shows a TEM image of a collector foil.

foils were observed using TEM (JEOL JEM-2200FS)
equipped with a field emission gun operating at 200 kV. An 
example of the observed TEM images is shown in Fig. 1.  
This TEM image shows that gold nanoparticles disappear 
from the vicinity of the ion track.  Based on the MD 
simulation [2], which showed that the desorption of gold 
nanoparticles occurs when the temperature surpasses the 
melting point of gold, the present result indicates that the 
observed nanoparticle-cleared region was heated beyond the 
melting point of gold upon the impact of Au ions. The 
results of a-SiN films together with the results of the 
desorption of platinum nanoparticles will be presented in 
the conference and these results will be compared with the i-
TS calculations.  
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1. INTRODUCTION

Cluster ion beam technology has been widely used over the 
last 20 years to investigate size-selected clusters. The study 
of size-selected clusters is of interest both to improve our 
fundamental understanding of nano systems on the sub-
10nm scale and due to their potential applications [1, 2]. 
However there is a significant barrier to harnessing this 
potential: state of the art cluster sources can produce ~1nA 
(~����� of size-selected clusters [3], which is not sufficient 
for test-tube science let alone industrial scale applications. 

Here we demonstrate a novel instrument for cluster 
production, the Matrix Assembly Cluster Source (MACS),
which could increase production by seven orders of 
magnitude or more. This works by co-condensing rare gas 
and metal atoms (e.g. Ar & Ag) onto a cryogenically cooled 
plate (<15K) and then sputtering it with rare gas ions (e.g. 
Ar+ ~1kV). This sputtering causes clusters to be produced in 
the thermal spike regime, which are collected on TEM grids 
for analysis by HAADF (High Angular Annual Dark Field) 
STEM (Scanning Transmission Electron Microscopy). The 
cluster flux depends on the incident ion beam current and 
the cluster conversion yield.

Figure 1: Schematic diagrams showing principle of cluster 
production and collection via matrix assembly.

2. RESULTS

2.1. Cluster Production

We have demonstrated that Matrix Assembly (MA) can 
produce clusters at several incident sputtering angles (10°-
45° with respect to the surface). For each sputtering angle
���	 clusters have been collected at several collection angles 
�
�, between parallel to the surface and normal. Integration 

of the cluster flux over this arc gives a cluster to Ar+ yield of
~1% (~3��� �� ���� equivalent calculated current). For 
each sputtering angle the integrated cluster flux was found 
to be similar. However, the peak cluster flux collection 
angle shifted, the greatest cluster flux was always observed
when the sum of the incident and collection angles were 
~110°.

2.2. Ion-Induced Luminescence

While under ion bombardment the matrix emits light visible 
to the eye. This light emission has been studied with a view 
to provide real time condition and composition monitoring
of the matrix. The Spectrum in Figure 2 demonstrates the 
ability to detect vacuum impurities within the argon matrix,
in this case O2 (similar studies have been carried out with 
N2). Well known features allow conclusive identification of
these impurities e.g. ArO excimer and Vegard Kaplan lines 
in N2 [4, 5]. We also observe quenching of the ion-induced
luminescence by the addition of Ag in the matrix. The
quenching is enhanced by higher concentrations of Ag.

Figure 2: Spectra of ion induced light emission from an 
argon matrix doped with 0.1% O2, showing intensity 

increase over repeated scans.
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1. INTRODUCTION 

Heavy ions like Bi or Au of a few tens of keV deposit a high 

energy density into the collision cascade volume of due to 

(i) their high mass and (ii) their low projected range. At 

higher energies, this density becomes diluted as the cascade 

volume increases super-linearly with ion energy. 

  

Figure 1: 20x20 nm² cross-sections of the energy per Ge 

target atom as deposited by 20 keV/at Bi1 (left) and 20 

keV/at Bi3 ion impact. 

Compared to monatomic ions, heavy polyatomic ions 

deposit an even higher energy density (Figure 1). This is 

sufficient to form a pool of a localized, almost classical melt 

in a semiconductor surface lasting up to half of a 

nanosecond. 

2. RESULTS 

Local melting and re-solidification by single polyatomic ion 

impacts is proven by molecular dynamics calculations. 

 

Figure 2: 3D representation of SEM image of Si nanodots 

(250x250 nm²) formed by heavy Bi3 ion irradiation 

Well-ordered, self-organized dot patterns on Si, Ge and 

GaAs surfaces have been found after heavy polyatomic ion 

irradiation, which can be attributed to the impact-induced 

local transient melting (Figure 2). Similar patterns were 

found with monoatomic ions at elevated substrate 

temperatures, where the energy per substrate atom exceeds a 

critical value within a larger volume. 

The kinetics of localized melt pools leads to a generic, 

Kuramoto-Sivashinsky-type (KS) partial differential 

equation for the surface evolution. Whereas so far the 

mechanisms of ion-induced surface pattern evolution are 

assumed to be surface-curvature-dependent ion erosion or 

ion-momentum-induced mass drift of surface atoms, for 

heavy polyatomic ions we have identified a completely 

different mechanism. 

 

Figure 3: Cross-sectional TEM study of Bi precipitates 

in a-Si surface layer after Bi3 ion irradiation. 

Precipitation results from the pathway of 

heating/quenching shown in the Bi–Si phase diagram. 

The local melting and quenching process is so far from 

equilibrium that particularities of phase diagrams like the Bi 

state in Si or Ge are frozen into the nanostructure of the re-

solidified volume. This opens the possibility to study 

extremely fast solid-liquid phase transitions (Figure 3). 

 

Figure 4: Integrated KS-type PDE. Left: starting from an 

initially flat surface. Right: starting from an additionally 

perturbed (surface). 

Finally, a possibility of enhancing the regularity of such self-

organized surface patterns will be demonstrated based on 

geometrical constraints (Figure 4). 
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Ion irradiation of 2D-materials is a new field of ion-matter 

interaction research that offers rich and unique 

opportunities. Though still in its infancy, whenever careful 

analysis follows the application of ion beams to a 2D-

material under controlled conditions, new phenomena are 

discovered: interface channeling of ions in between Gr and 

its substrate was experimentally discovered and simulated 

[1]; a regular nanomesh of vacancy clusters self-organized 

due to the periodic modulation of the Gr-substrate 

interaction [1], nanotents above implanted ions [2], and 

sputter protection was theoretically predicted [3].  

In this study we employ noble gas ion irradiation on 

epitaxially grown Gr/Ir(111) and follow the decisive steps 

during annealing using STM, LEED, XPS, and TDS. Our 

experiments are corroborated by MD Simulations and DFT 

calculations. 

 

Figure 1: STM image Gr/Ir(111) before (upper left) and 

after ion irradiation and annealing to 1000K (upper 

right). Schematics of the as grown Gr film (lower left), 

after irradiation (middle), and annealing (lower right). 

Upon room temperature ion irradiation, Gr on Ir(111) 

amorphizes. It recovers its crystalline structure during 

annealing. We follow this process by STM, LEED, and XPS 

and track the onset temperatures for recrystallization. 

Additionally, we observe bulge formation in the Gr sheet 

that can be traced back to noble gas trapping in between the 

Gr layer and the substrate [4, 5].  

After 3keV Xe
+
 ion irradiation of bare Ir(111) at room 

temperature noble gas is implanted into the bulk, as visible 

from the Xe core level peaks in the XPS spectra in Fig. 2 (a) 

(bottom). Upon annealing to 1000K and subsequently to 

1300K the Xe signal diminishes [middle and top spectra of 

Fig. 2 (a)]. We explain these changes to be due to thermal 

excitation that leads to a partial release from its trapping 

sites in the crystal and enables diffusion and subsequent 

desorption to the vacuum. 

Conducting the same experiment for a Gr covered Ir(111) 

surface leads to a higher Xe intensity already at room 

temperature, followed by a substantial increase upon 

annealing to 1000K and 1300K, respectively. The 

interpretation is straightforward: Instead of being released to 

vacuum, the Xe diffusing out from the Ir bulk becomes 

trapped under the Gr cover forming bulge structures 

(compare Fig. 1). 

Figure 2: XPS of the Ir 4d, Xe 3d3/2, and Xe 3d5/2 core 

levels for (a) bare Ir(111) and (b) Gr covered Ir(111) after 

exposure to 0.1MLE of 3keV Xe
+
 at 300K and stepwise 

annealing to 1000K and 1300K. 

 

In the presentation the energy, angle, and ion species 

dependence of noble gas trapping as well as the processes 

involved will be discussed. Moreover we will provide 

experimental insight for sputter protection of the substrate. 
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1. INTRODUCTION

Low energy ion irradiation drives surfaces out of 
equilibrium by continuous creation of displacements in the 
sub-surface region. At room temperature the accumulation 
of displacements leads to the amorphization of the irradiated 
surfaces and self-organized ripple pattern perpendicular to 
the ion beam direction are formed for incidence angles 
higher than 50° [1]. At normal incidence irradiation 
smoothing dominates and no pattern are observed for low 
energy ion irradiation. At higher temperatures, point defects 
created by the displacements in the ion collision cascade can 
diffuse longer distances, thus vacancies and interstitial 
recombine more effectively or diffuse to the surface. 
Finally, at temperatures higher than the recrystallization 
temperature, all defects in the sub-surface region are 
annealed before an ion creates new defects and the surface 
remains crystalline. The average density of surface 
vacancies and ad-atoms on the surface is, however, much 
higher than the corresponding densities in thermal 
equilibrium resulting in a much higher entropy. 

2. PATTERN FORMATION

In this regime, ion irradiation creates an excess of vacancies 
on the crystalline surface due to sputtering and the surfaces 
morphology is determined primarily by their kinetics. The 
diffusion of vacancies is biased by the Ehrlich-Schwoebel 
barrier, i.e. an additional barrier for crossing terrace steps, 
similar to the diffusion barrier of ad-atoms known from 
growth by molecular beam epitaxy. Consequently, ion 
sputtering leads to the erosion of 3D structures in a “reverse 
epitaxy” process. The resulting patterns are arrays of inverse 
pyramids growing into the Ge surface [1,2]. The 
morphology of these patterns is given by the crystal 
symmetry of the surface. Hence, checkerboard patterns 
appear on the Ge (001) surface (Figure 1a).

Here, we show that the inverse pyramid pattern on Ge(001) 
surface, which is observed for normal incidence ion 
irradiation at higher temperatures, turns into a pyramidal 
mound pattern (Figure 1b-c) at incidence angles between 
50° and 70° with respect to the surface normal, and finally, 
into ripple patterns above 80° incidence (Figure 1d). All 

irradiations were performed at 350° C with 1 keV Ar+ at a 
fluence of 1x1018 cm-2 from a Kaufman ion source. 

The observed transition from pit to mound patterns in 
reverse epitaxy can be understood by assuming a transition 
from vacancy dominated pattern formation to ad-atom 
dominated pattern formation. Therefore, at incidence angles 
above 50° the pattern resemble mound patterns observed in 
growth. Furthermore, the transition to ripples patterns at 
higher incidence angles is ascribed to a shadowing 
instability at these grazing incidence angles.

Figure 1: Atomic force microscopy (AFM) images of 
crystalline patterns on Ge(001) surface induced by 1 keV 
Ar+ irradiation with a fluence of 1x1018 cm-2 at 350°C and 
incidence angles of a) 0°, b) 40°, c) 60°, and d) 80°, 
respectively. The insets show 3D zooms of the AFM 
images. A transition from pit to mound and finally to ripple 
patterns with incidence angles is observed.
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Surfaces of InP(100) were bombarded by Ar+ ions with 
energies of 1.5�3 keV under normal incidence. The total 
accumulated ion fluence � the samples were exposed to 
was varied from 1�1017 cm�2 to 3�1018 cm�2 while ion 
fluxes f of roughly (0.1�2)�1014 cm�2 s�1 were used. The 
surface morphology resulting from these ion irradiations 
was examined by atomic force microscopy (AFM) and 
scanning electron microscopy (SEM). For a specific range 
of ion fluxes and fluences, regular closely-spaced nanocone 
arrays are found to form, with typical heights and diameters 
of some 10 nm (Fig. 1). 
 

 
 

Figure 1. SEM image of an InP surface bombarded by 2.1 
keV Ar+ ions. Ion fluence � = 1�1018 ions cm�2 and ion flux 

f = 1.5�1014 cm�2 s�1. 
 

These nanocones exhibit no long-range ordering but their 
feature sizes such as height, diameter, and spacing show a 
distinct dependence on the fluence and the flux of the 
bombarding ions. As a function of the ion fluence, the mean 
radius r, height h, and spacing l of the cones can be fitted by 
power-law dependences: r � �0.40, h � �0.48, and l � �0.19 
[1]. In terms of the ion flux, there appears to exist a distinct 
threshold: below f ~ 1.1�1014 cm�2 s�1 no regular arrays of 
nanocones evolve; rather, singular cones are observed which 
show a considerable variation in size.  
Around their outer peripheries, individual nanocones 
commonly exhibit rather distinct protrusions (Fig. 2). The 
inspection of the initial stages of their formation indicates 
that the growth of adatom islands, first on the pristine 

surface and later on previously form islands, may lead to 
these 3D nanostructures. This finding implies that surface 
diffusion processes of adatoms might constitute an 
important mechanism in the evolution of the observed 
surface topography. 
 

 
 

Figure 2. SEM image of individual nanocones on an InP 
surface bombarded by 2.1 keV Ar+ ions. The ion flux was f 

~ 1.0�1014 cm�2 s�1 and the fluence � ~ 1.0�1018 cm�2. 
 
In order to determine possible local compositional changes 
in these nanostructures induced by ion impact, selected 
samples were prepared for atom probe tomography (APT) 
[2]. The results indicate that APT can provide analytical 
information on the composition of individual InP nanocones 
evolving under ion bombardment. By means of 3D APT 
data their surface regions could be examined with atomic 
spatial resolution. At the InP surface, the values of the In/P 
concentration ratio are distinctly higher over a distance of 
~1 nm and amount to 1.3�1.8. 
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1. INTRODUCTION

Controllable modification of nanoscale materials can be
achieved by irradiating the sample with energetic ions. Swift
heavy ions (energy in the MeV range) on graphene have
been studied only for a short time in a few experimental
studies [1, 2]. We present results on highly controllable
defect production in suspended single layer graphene sam-
ples with swift heavy ions. The study comprises of an ex-
perimental ion irradiation study with Raman spectroscopy
analysis, as well as simulation results with two temperature
molecular dynamics model, including coupled subsystems
for the ions and the electrons. We also present density func-
tional theory calculations of the specific electronic heat ca-
pacity for graphene with different chemical potentials.

Controllable modification of the atomic structure of graphene
opens a way for patterning suspended samples for applica-
tion purposes, such as creating porous graphene membranes
for highly sensitive sensors and filters.

2. RESULTS

Raman mapping of freestanding graphene after irradiation
with swift heavy ions with different ion types and energies
shows an increase in the defect size for increasing stopping
power of the ion. The stopping power depends on the ion
and its energy, describing the amount of energy deposited
to the target. The same trend is also seen in the simula-
tions, where the high energy irradiation creates cylindrical
defects in the membrane, see Figure 1. The diameter of the
pore vary from few nm’s up to hundreds of nm’s. The di-
ameter of the defects can be controlled precisely with the
stopping power of the ion. By comparing the experimental
and simulation results we also discuss the electronic thermal
conductivity of graphene, suggesting a value in the range of
450 Wm−1K−1.

Figure 1: Visualization of a pore evolution simulated with
two temperature molecular dynamics. The energy is de-
posited to graphene at the beginning of the simulation. Top
view is presented after irradiation with 84 MeV Ta, corre-
sponding to a stopping power of 5.10 keV/layer, at different
simulation times. The final diameter of the pore is about
60 Å corresponding to about 4 000 missing carbon atoms.
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1. INTRODUCTION

Slow highly charged ions (HCI) have proven to be a po-
werful tool for surface modification on the nanoscale. The
potential energy of such a HCI, i.e. the sum of the ioni-
sation energies of all stripped electrons, is deposited in a
very localized and limited volume of only a few nm3 via
electronic transitions, which leads to a strong excitation of
the electronic system. As a result, the surface of solids as
well as two dimensional materials experience drastic topo-
graphical changes, e.g. structural or chemical modifications.
In the case of graphene, ion beam irradiation has been limi-
ted either to singly charged ions with kinetic energies in the
keV regime[1] or to swift heavy ions in the MeV - GeV
regime[2]. Recently, we reported about damage in single
layer graphene created by HCI irradiation, which was in-
vestigated as function of Epot and Ekin of the ions[3]. One
fingerprintöf HCI induced defects is the regions of enhan-
ced friction without topographical changes, which could be
attributed to a chemical modification. This could present a
promising candidate to modify the electronic properties for
further applications.

2. IRRADIATION OF GRAPHENE

In this contribution we present experimental results of the
interaction of HCI with graphene. To investigate a possible
influence of the underlying material on the defect formation,
monolayers graphene were exfoliated on four different sub-
strates. Because different substrates lead to different doping
of the graphene, TiO2 was used for comparison with most
widely used SiO2. As the defects in graphene could arise
from mechanisms in the substrate, we choose CaF2, which
is a well known system, that shows hillocks after HCI im-
pact. Furthermore, we have used a prepatterned SiO2 sub-
strate, which allows us to investigate suspended graphene.
The samples were irradiated with Xe ions with charge states
up to q = 40+ at a kinetic energy of 260 keV under perpen-
dicular incidence with respect to the graphene. The surface
was investigated afterwards using an atomic force micros-
cope in friction force mode under ambient conditions. The
obtained results will be presented and discussed at the con-
ference.

3. REFERENCES

[1] S. Standop, O. Lehtinen, C. Herbig, G. Lewes-
Malandrakis, F. Craes, J. Kotakoski, T. Michely, A. V.

Krasheninnikov and C. Busse, Nano Letters 13, 1948
(2013).

[2] O. Ochedowski, B. Kleine Bussmann, B. Ban D’Etat,
H. Lebius and M. Schleberger, Appl. Phys. Lett. 102,
152103 (2013).

[3] J. Hopster, R. Kozubek, B. Ban-d’Etat, S. Guillous, H.
Lebius and M. Schleberger , 2D Materials 1, 011011
(2014).

*Corresponding author e-mail address: roland.kozubek@uni-due.de
29



21st International Workshop on Inelastic Ion-Surface Collisions (IISC-21) 18 – 23 October 2015, Donostia-San Sebastián, Spain 

 

* Corresponding author e-mail address: m.engler@hzdr.de 

Reverse Epitaxy on Elemental Semiconductors 

M. Engler
1,2*

, T. Michely
2
, and S. Facsko

1
 

1
 Institute for Ion Beam Physics and Materials Research, Helmholtz-Zentrum Dresden-Rossendorf, Dresden, Germany 

2
 II. Physikalisches Institut, Universität zu Köln, Cologne, Germany 

 

 

1. INTRODUCTION 

Self-organized pattern formation during ion beam erosion can 

produce a variety of periodic patterns. Depending on the 

substrate and the irradiation conditions ripples, dots, holes or 

checkerboard patterns have been observed [1]. Pattern 

formation by low energy ion beam irradiation at low 

temperature, where the semiconductor surface is amorphized 

has been studied in detail in the last decades.  

 

Low energy ion beam irradiation performed above the dynamic 

recrystallization temperature prevents the amorphization of the 

semiconductor surface. Above this transition temperature, the 

diffusion of adatoms and vacancies across step edges is 

hindered by an additional potential barrier, the Ehrlich-

Schwoebel barrier. This barrier induces an effective 

destabilizing surface current during ion beam irradiation. This 

instability induces pattern formation even at conditions leading 

to a smooth surface below the transition temperature. 

 

This mechanism, termed reverse epitaxy [2], allows the creation 

of novel types of surface patterns aligned to certain 

crystallographic directions of the irradiated surface.  

 

2. PATTERNS FORMED 

In this contribution we will present different types of patterns 

on elemental semiconductor surfaces and how it can be 

changeds by choosing the surface orientation  and the 

irradiation conditions. For example, the pattern changes 

qualitatively on Si(100) under 2 keV Kr ion irradiation (Figures 

1 and 2) with the ion fluence. Furthermore the pattern 

symmetry is determined by the symmetry of the irradiated 

surface. For Si(100) the ridges in the high fluence case are 

aligned to the [010] and [001] directions, whereas on Si(110) 

(Figure 3) the pattern is symmetric to the [11̅0] and [001] 

directions. 
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Figure 1 1.4µm STM image of Si(100) after 2keV Kr 

irradiation at 430°C, fluence 4.7×1017 ions/cm2,  

z-scale 16nm 

 

Figure 2 1.4µm STM image of Si(100) after 2keV Kr 

irradiation at 430°C, fluence 2.5×1018 ions/cm2,  

z-scale 24nm 

 

Figure 3 5µm AFM image of Si(110) after 500eV Ar 

irradiation at 460°C, fluence 5×1018 ions/cm2, 

z-scale 40nm 
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1. INTRODUCTION 

Localized ion implantation is paramount for research and 

development in the fields of nanoscience and 

nanotechnologies. It is also widely used in microelectronics, 

nanophotonics, spintronics, and in the elaboration of 

nanomaterials by modifying the electrical, optical, magnetic 

and chemical properties of matter on the nanoscale. The 

most promising technique for localized ion implantation is 

the Focused Ion Beam (FIB) technology as it does not 

require time-consuming lithography techniques. 

Recent developments in FIB technology aimed to improve 

performances by reducing the beam size or increasing the 

beam current. A lot of work has also been put into making 

more ions available, such as non-contaminating ion beams 

(noble gases) or reactive ions for analysis (Cs, O). 

 

In the PELIICAEN project (Plateforme pour l’Etude de 

l’Implantation Ionique Caractérisée et Analysée à l’Echelle 

Nanométrique) we offer an original solution, by combining 

the known techniques of FIB and ECRIS sources, to 

generate localized multiply charged ion beams with a 

greater range of possible ions and implantation depths. This 

tool will open up new avenues for nanosciences and 

nanotechnologies by enabling doping / machining of 

surfaces up to depths of a few hundred nanometers 

according to a predefined nanostructure with multiply 

charged ions of varying types, as well as allow in-situ 

characterization of the sample surface. 

2. EXPERIMENTAL SETUP 

The experimental setup includes an e-Clipse SEM column, 

and a Cobra FIB column from Orsay-Physics. The Ga 

source originally present on the Cobra FIB column is 

replaced with one of the ARIBE (CIMAP-GANIL) beam 

lines to use multiply charged ions. 

Imaging while using the FIB or SEM columns is done with 

an Orsay-Physics secondary electron detector. This enables 

real-time control of the surface machining. 

Present in the same UHV chamber is a SPECS Curlew 

AFM/STM allowing in-situ analysis of the surface 

modifications. 

All the equipment is located in an ultra-high vacuum 

chamber (<10
-9

 mbar) and all experiments are performed at 

room temperature. 

3. FUTUR DEVELOPMENTS 

PELIICAEN was created to enable future evolution of the tool. 

For example, adding a mass spectrometer to the UHV chamber 

would allow SIMS measurements for a precise and localized 

chemical analysis of the surface as well as enabling us to study 

the sputtering yield of multiply charged ions. 

4. PROJECT PARTNERS 

The PELIICAEN project was financed by the French 

research agency (ANR) in the P2N 2012 program (ANR-12-

NANO-008) and includes the CEA–CIMAP, who bring 

their expertise of ion-matter interactions, and Orsay-Physics, 

a world leader in development and sales of FIB and SEM 

columns. 

5. COMMUNICATION 

The communication will focus on the experimental setup 

and the available tools as well as the first results obtained. 

6. ACCESS TO PELIICAEN 

PELIICAEN is located in CAEN in CIMAP-GANIL and is 

open to the scientific community. Experiment proposals can 

be submitted through the i-Pac committee of the Ciril 

platform. 
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1. ABSTRACT 

Chemical reactions as well as low-energy impact of gas 
particles on metal surfaces transfer energies of a few eV 
per particle to the metal substrate. Such events are 
regularly described within the Born-Oppenheimer 
approximation ignoring any electronic excitations. 
However, the pertubation of the electronic system during 
gas-metal interactions can cause significant electronic 
excitations with lifetimes on the femtosecond timescale 
and energies in the lower eV range. Experimental 
evidence of such non-adiabatic processes is gained by 
detecting exoelectron emission into the vacuum, surface 
chemiluminescence or internal detection of hot hole or hot 
electron generation [1]. Exoelectron emission and 
chemiluminescence are weak phenomena due to radiation 
quenching and work functions of a few eV on metal 
surfaces. But the internal detection scheme is able to 
measure short-living hot charge carriers with high 
sensitivity. The method uses thin-film electronic devices 
with internal potential barriers as high-pass energy filters. 
Metal-semiconductor (Schottky) diodes are the most 
prominent examples. The principle of hot electron 
detection is schematically depicted in the energy-space 
diagram of the left panel in figure 1. It shows the Schottky 
barrier ΦB and the edges of the conduction (CBM) and the 
valence band (VBM) in the semiconductor. The metal 
fi lm thickness is the nanometer range of the mean free 
path of the ballistic charge carriers. Excited electrons can 
travel ballistically to the interface and surmount the 
barrier if their kinetic energy is larger than the barrier 
height, typically 0.5 eV. Eventually, they are detected as a 
chemicurrent in the diode. The right panel in figure 1 
illustrates exemplary current traces for various reactions 
on metal surfaces. The transients reflect the chemical 
kinetics which is monitored under live conditions.  
The non-adiabatic energy transfer occurs when electronic 
states are injected below the Fermi level such rapidly that 
the occupation of the states by resonant charge transfer is 
delayed. According to Zener’s criterion [2] this happens 
more likely in cases of fast nuclear motion and of low 
coupling between gas particle and metal states. An empty 
state below the Fermi level may inject a hot hole into the 
band of occupied electronic metal states or can be filled 
either after Auger relaxation leading to an excited electron 
or by photon emission. For the oxidation of metals, Auger 
relaxation and hot hole injection can be distinguished by 
independent measurements of chemicurrents in p–type 
devices and of exoelectron detection [3].   
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Figure 1: Left: principle of internal detection of impact or 
chemically induced hot electrons using a Schottky diode; 
right: collection of various chemicurrent traces showing 

the kinetics under live reaction conditions. 
 
In addition, it is shown that rapid state injection does not 
necessarily imply the dissociation of the oxygen molecule 
as peroxide formation also leads to a significant excitation 
of the electronic system. The non-adiabatic process can be 
associated with a rapid intermolecular motion of the 
oxygen atoms during the reactive collision.  
The presentation will further discuss the metal atom 
condensation on surfaces as an example for a non-
adiabatic process which can be described in terms of 
electronic friction. The interaction of chlorine with 
potassium will be presented as a typical 
chemiluminescence reaction [4]. The Schottky diodes can 
be made insensitive to hot charge carriers by increasing 
the metal film thickness. Still, they work as efficient 
photodetectors. By use of K/Ag/Si-multilayer diodes the 
coupling between emitted photons and Ag surface 
plasmons leads to an enhanced photocurrent in the device 
at a typical Ag film thickness of around 50 nm.  This is in 
excellent agreement with what is known from optical 
spectra recorded during the reaction.   
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1. INTRODUCTION

Slow highly charged ion (HCI) interaction with surfaces
was studied extensively in recent years and revealed many
interesting aspects of the underlying processes [1]. Nanos-
tructure formation by single HCI impact was successfully
linked to defect mediated desorption or even surface melting
due to HCI induced local electronic excitations. The neu-
tralization dynamics of a slow (v � v0 = αc, α: fine struc-
ture constant, c: speed of light) HCI in front of a solid sur-
face is well described by the classical-over-barrier model.
However, not much is known about the neutralization below
the surface, i.e. in the material. Below surface neutraliza-
tion becomes important for normal incidence, because here
the interaction time above the surface is not sufficient for
neutralization and relaxation of the HCI.

2. RESULTS

We present results on charge exchange and energy loss mea-
surements of slow highly charged Xe ions with charge states
of 10 < Q < 35 transmitted through freestanding single
layer graphene as the thinnest and lightest solid target ma-
terial there is. We find that the charge exchange is not bi-
modal as in case of transmission through 1 nm thick carbon
nanomembranes [2], but only very large charge exchange is
observed. We attribute this to (1) the availability of solely
small impact parameters (p < 1.5 Å) in graphene as well as
(2) very high mobilities of charge carriers and subsequently
transfer of (at least) 20-30 electrons within less than 10 fs.
Especially the second fact is surprising, because here the
charge transfer is hardly conceivable as a sequential, but
rather as a collective electron transfer process. For incident
charge states Q > 25 we observe a saturation of charge ex-
change, i.e. the exit charge state distribution has a mean
value Qmean ≈ Qin − 20 (see fig. 1).
The contributions of above surface charge transfer and charge
transfer during collision as well as energy loss and its de-
pendence on the charge state and charge exchange will be
discussed.
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Figure 1: Charge state spectra of 4.4 keV×Qin Xenon ions
transmitted through a single layer of graphene.
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1. INTRODUCTION

To illustrate the importance of the energy transfer to electron-
hole (e-h) pair and phonon excitations in the gas/surface re-
actions, we will discuss three distinct cases: (i) hot H atom
relaxation on Pd(100), (ii) hot N atom on Ag(111) and (iii)
the adsorption of N2 on Fe(110). The accurate description
of these two energy dissipation mechanisms constitutes an
important challenge in present ab initio gas-surface dynam-
ics simulations. This issue was reasonably tackled in a re-
cent study on the relaxation of the transient hot H atoms
formed from the dissociation of H2 on Pd(100) [1]. In this
study they used ab initio molecular dynamics that incorpo-
rates a friction force to account for the energy losses caused
by excitations of e-h pairs (AIMDEF). This friction force
is calculated on-the-fly within the local density friction ap-
proximation (LDFA) [2], which requires the knowledge at
each integration step of the bare surface electron density.
The latter becomes a complicated task when one is inter-
ested in allowing the surface atoms to move. Thus, to over-
come this problem, we have developed a new method, based
on LDFA, that accounts for the changes in the density caused
by surface atom displacements on-the-fly.

2. RESULTS

The results of our simulations show the mutual game of the
e-h pair and phonon excitations for the mentioned systems
and the importance of going beyond the frozen surface den-
sity for the systems with large surface atom displacement,
i.e. the N/Ag(111) and N2/Fe(110) cases. For the case of
H/Pd(111) the excitation of e-h pairs is the main channel
for energy dissipation (see Fig.1), while for the other two
cases, it is shown that the e-h pair excitation are still impor-
tant although the phonon excitations are the dominant loss
mechanism (for the N/Ag(111) case see Fig.2).
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Figure 1: Kinetic energy of the H atom on Pd(100) as
a function of integration time. The green dotted (grey
dashed) line represents the simulation where only phonons
(e-h pairs) are included, while the blue line represents the
data where both loss channels are included.

Figure 2: Kinetic energy of the N atom on Ag(111) as a
function of integration time. Line colors same as in Fig. 1.
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1. LOW ENERGY ION SCATTERING 

In a typical low energy ion scattering (LEIS) experiment, a 

target is bombarded with noble gas ions (He) with a primary 

energy E0 of  1–10 keV, at perpendicular incidence. Back-

scattered projectiles are detected at a scattering angle. The 

spectrum of positively charged ions exhibits a surface peak 

due to backscattering from a surface atom in a single binary 

collision [1]. Therefore, these projectiles have transferred 

energy Eelast = [1- k(M1/M2,]E0, to the collision partner 

and Einel due to inelastic losses. In the following we will 

further explore these inelastic losses.   

2. INELASTIC LOSSES 

2.1. Electronic stopping 

In the LEIS regime, the stopping power S = dE/dx in a free 

electron gas (FEG) is expected to be velocity proportional. 

For noble metals, band structure effects have been observed 

[2]; similar features were discovered for He even in mater-

ials, where for protons S  v, e.g., in Al or Ta [3]. 

2.2. Surface Peaks  

While Eelast is easy to evaluate quantitatively, Einel de-

pends very much on the electronic properties of the collision 

partners and on their minimum distance in the backscatt-

ering collision (see Fig.1). Since for He, typical stopping 

power values are 3-15 eV/Å, Einel cannot be attributed only 

to dE/dx, but either to enhanced excitation of electron-hole 

pairs or to electronic excitations in the close collisions. 
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Figure 1: energy spectra of 1 keV He
+
 ions, scattered 

from Au and from Ta by  = 135 and detected as He
+
. Both 

spectra were obtained for the same primary charge.  

2.3. Reionization 

One specific energy dissipation channel is reionization: 

there, the He ground state is promoted due to interaction 

with bound levels at the scattering partner such that it 

becomes resonant with the valence/conduction band. In 

such a collision, He
0
 can be (re)ionized and He

+
 neutralized 

in the backscattering collision. These processes require a 

minimum distance in the close collision, rmin, smaller than a 

critical distance Rcrit(E,) and therefore require a certain 

threshold energy Eth  for a given  [1]. For He – Ta and He 

– Au, Eth   350eV and 1200eV, respectively. This is why in 

Fig. 1 the N
+
 spectrum He - Au only consists of “survivals” 

(i.e., no charge exchange), leading to a surface peak corresp-

onding to backscattering from the outer surface. It is shifted 

with respect to kAuE0 (due to excitation of electron hole 

pairs). Due to the low threshold for He – Ta, the 

corresponding ion spectrum in Fig. 1 exhibits a much lower 

ion yield in the surface peak (due to RN) and a considerably 

higher mean energy loss and a larger peak width (due to RI). 

Also the Ta 4f electrons that are close to being resonant 

with the He 1s level, may play an important role in the inter-

action He – Ta.  

2.4. Electronic stopping in solids  

At energies close to Eth, resonant processes are always 

related to large angle scattering. At much higher energies, 

however, they are possible at much smaller scattering angles 

and consequently occur along the projectile’s path. In this 

contribution we discuss the possible contribution of charge 

exchange in atomic collisions to electronic stopping of H 

and He in metals, semiconductors and insulators at very low 

velocities.   
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This contribution is a brief summary of some highlights in a
rather extensive research program on charge states and en-
ergy loss of heavy ions (Z1 � 1) interacting with bulk mat-
ter at projectile speeds around and above the Bohr velocity.
Several coauthors have been involved over the years, in par-
ticular Andreas Schinner (Linz), as well as Nestor Arista
(Bariloche), Lev Glazov (Tomsk), Valery Kuzmin (Dubna),
Orkhan Osmani (Duisburg), Annu Sharma (Kurukshetra)
and my students André Fettouhi and Mia Weng. With the
exception of the most recent progress, many details may be
found in two monographs [1, 2] as well as original refer-
ences quoted there.
A most useful tool is binary stopping theory, developed with
A. Schinner and implemented in the PASS code, which pro-
vides a reliable connection between the ion charge and the
stopping cross section [3]. Combined with a relation for
the mean equilibrium charge versus beam velocity we have
found reliable estimates of the mean energy loss for a large
number of ion-target combinations.
The so-called effective charge, still a popular tool in the
analysis of experimental stopping data, has been shown to
be related to the transition between Bethe and Bohr stop-
ping theory and is only remotely related to the ion charge
[4].
While there exist reliable tabulations and empirical interpo-
lation formulae for equilibrium charges in gaseous and solid
media, theoretical understanding of this aspect is still more
qualitative than quantitative, except for a small number of
specific systems [2]. We have revisited the wellknown mod-
els by N. Bohr and Lamb for estimating equilibrium charges
in gases on the basis of Clementi wave functions and bind-
ing energies, respectively, as well as Thomas-Fermi-type
electron densities. In this context we have concerns about
the validity of the well-known Brandt-Kitagawa scheme [5].
Recent work [6, 7] has elucidated several reasons why the
so-called velocity-proportional regime in the stopping cross
section cannot be expected to extend up to v ∼ vBohrZ

2/3
1 ,

as is well-known from numerous experiments. Conversely,
a reciprocity rule for low-energy electronic stopping cross
sections has been found to be a useful tool in estimating
stopping cross sections for Z1 → Z2 from known cross
sections for Z2 → Z1 [8].
Binary theory has also been applied to estimate fluctuations
in energy loss (straggling). We distinguish between linear
straggling, accounting for all effects entering stopping cross
sections such as shell and Barkas-Andersen correction as
well as projectile excitation and screening [9], and correla-
tion effects [10] which are classified as bunching – account-

E-mail: sigmund@sdu.dk

ing for the proximity of electrons in atoms – and packing
– accounting for the proximity of atoms in a molecule or a
solid.
A particularly intriguing topic is the quantification of charge-
exchange straggling. While formalisms to estimate charge-
exchange straggling have been available for a long time,
obtaining quatitative estimates has been hampered by the
absence of a complete set of pertinent cross sections for
electron capture and loss for most ion-target combinations.
A recently-developed scheme [11] provides an expression
in terms of transients in the development of charge frac-
tions, which we have extracted from the ETACHA code
[12] but which also could be extracted from measured tran-
sients. Application of this scheme to straggling in gas tar-
gets [13] indicates strong variations in the significance of
various contributions to straggling. Moreover, a pronounced
double-peak structure has been predicted in charge-exchange
straggling.
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1. ABSTRACT

Electron promotion in binary atomic 
collisions is one of the main processes for 
electron excitation and electronic stopping for 
slow ions travelling in solids. Despite of 
decades of investigation, it is currently the 
matter of an interesting debate [1-3]. Electron 
emission is an outcome of the inelastic 
processes that can be studied in detail. Ion-
induced electron emission processes are 
grouped into the two main categories of 
potential electron emission (PEE) and kinetic
electron emission (KEE), due respectively to 
the transfer to the solid of the  potential and 
the kinetic energy brought by the incoming 
particle. In many cases electronic energy loss 
and electron emission are strictly related and 
KEE yields � (number of emitted electrons per 
incident ion) are found to be proportional to 
the electronic stopping power for slow light 
ions . Moreover, impact parameter dependent 
effects, such as electron promotion in close 
atomic encounters, occur at impact energies 
above a threshold that is peculiar to the 
collision system and often promote electrons 
above the vacuum level, resulting in electron 
emission that produces features in the energy 
distributions and in the yield curve of emitted 
electrons.

In this work, we present energy distribution 
and yields of electrons emitted in the 
interaction of slow singly charged ions (He, 
Ne, Na, Ar, Kr) with Al surfaces as a function 
of incident ion energy in the range 0.1-10
keV. For all these projectiles, electron 
promotion occurs in binary collisions with 

target atoms either of projectiles that have 
been neutralized in the interaction with the 
surface and of survived ions, as well as in 
binary collisions between recoiling target 
atoms. The role of each of these collisions in
determining the behaviour of the total electron 
emission yields with incoming ion velocity 
will be discussed. 

This work follows a recent paper [3]. The 
final processing of that paper and the  
preparation of this new one has been 
overshadowed by Raul Baragiolas’s death  on 
June 21st.  In sorrow we dedicate this work to 
his memory.
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1. ABSTRACT

The electronic stopping power (ESP) is the energy lost per
unit distance to electronic excitations by a charged projec-
tile shooting through a material. The most successful quan-
titative approaches for the calculation of the ESP are limited
to the homogeneous electron gas model of metals and do
not take into account important features like core state exci-
tations and band gaps in case of insulators and semiconduc-
tors. Relatively recently time-dependent density-functional
theory (TD-DFT) based first-principles calculations [1, 2, 3,
4] have been performed for insulators and noble metals to
explain the experimental observations [5, 6].
We investigate the ESP of H and He projectiles in Ge, a
narrow band gap semiconductor with relatively low pack-
ing density. A systematic direction and impact parame-
ter dependence of the electronic stopping power is stud-
ied along with its velocity threshold behavior, using time-
evolving time-dependent density functional theory. The cal-
culations are carried out in channeling conditions with dif-
ferent impact parameters and in different crystal directions,
for projectile velocities ranging from 0.05 to 0.6 atomic
units.
The ESP of He in Ge is measured in backscattering us-
ing a sputter cleaned Ge wafer relative to polycrystalline
copper, by means of time-of-flight low-energy ion scatter-
ing (TOFLEIS) setup ACOLISSA. For Ge the information
on the ESP for He ions was deduced from the correspond-
ing information for Cu and evaluation of the heights of the
backscattering spectra. In order to minimize the influence
of systematic errors due to uncertainties in the scattering
cross sections and of multiple scattering, the experimental
spectra were compared to corresponding spectra obtained
by Monte-Carlo simulations, analogously as described in
Ref [7]. In these simulations the only adjustable parameter
is the ESP in Ge, which is fixed such that the height ratios
coincide.
A finite velocity threshold is observed both in the simula-
tions and the experiment. The calculated ESP changes with

crystal direction and impact parameter. The overall agree-
ment between theory [8] and experiment [7] is reasonably
satisfactory so as to allow us to use the simulations to learn
more about the stopping process in this kind of systems
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1. Introduction 

Low-energy He
+
 ion scattering spectroscopy (He

+
 LEIS) has 

been utilized for both analysis of the elemental composition 

and the atomic arrangement on various solid surfaces. In the 

present talk, I will present two topics from our recent 

studies on He
+
 LEIS. The first topic is concerning 

fundamentals of He
+
 LEIS, that is about the role of electron 

-spin in the He
+
 ion-surface atom collision. More 

specifically, it is related to spin-orbit coupling in the 

collision. On the other hand, the second topic is related to 

application of He
+
 LEIS, and it is about the surface analysis 

of ZnO doped with W for gas sensing applications. Both 

view points of fundamentals and applications are important 

to advance the understanding of He
+
 LEIS. 

2. Fundamentals; Spin-orbit coupling 

We have demonstrated that spin-orbit coupling (SOC) plays 

an important role in He
+
 ion-surface collisions. It is 

intuitively interpreted as the effect on the projectile electron 

spin of the magnetic field induced by the projectile angular 

motion around the target nucleus during the projectile–target 

binary collision (Biot-Savart law). In the present study, we 

further investigated SOC from both the experimental and 

theoretical approaches. In the experiment, electron-spin-

polarized 
4
He

+
 ion beam was projected onto the target 

surface, and the intensity of scattered He
+
 ions was measured 

as a function of their kinetic energy. We found that the 

scattering angle θ dependence of the spin dependent 

scattering is remarkably different between the targets of the 

transition metal and the non-transition metal. This is 

explained from SOC in the collisional intermediate state, in 

which an electron of the target is transferred to the He
+
 ion 

[1,2]. 

3. Applications; W-ZnO gas sensor 

We have systematically investigated surface segregation of 

doped elements in metal oxides as a novel method to modify 

the surface of gas sensing materials. In the present talk, I 

will show our recent study on zinc oxide doped with 

tungsten. 

We grew c-axis oriented ZnO films doped with W on α-

Al2O3 substrates by pulsed laser deposition (PLD) [3]. The 

doping amounts of W in the targets were 0.05, 0.25, 1, and 

4 mol%. We observed surface segregation of W by 

annealing at elevated temperature. We found that the W–

ZnO surface terminates with an O-layer, and W is located in 

a substitutional site of Zn at the second surface layer as a 

consequence of segregation (Fig. 1) [3].  

We further investigated gas sensing properties of W-ZnO 

(Fig .2). We observed that both sensitivity and response 

time of ZnO were improved by the W doping. Considering 

the structure analysis by He
+
 LEIS, the W atom located at 

the ZnO surface may play a role in gas sensing by W-ZnO. 
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Fig. 1. Azimuthal angle dependence of the He+ LEIS peak 

intensity of the W 1 mol%-ZnO and c-plane ZnO single 

crystal surfaces. 

Fig. 2. Typical dynamic response of the W-ZnO 

film for 50-ppm C2H5OH in air. 
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Localized surface plasmon resonances (LSPRs) have 
recently been identified in extremely diluted electron 
systems obtained by doping semiconductor quantum dots. 
Here we investigate the role that different surface effects, 
namely electronic spill-out and diffuse surface scattering,
play in the optical properties of these ultra-low electron 
density nanosystems. Diffuse scattering originates from 
imperfections or roughness at a microscopic scale on the 
surface. Using an electromagnetic theory that describes this 
mechanism in conjunction with a dielectric function 
including the quantum size effect, we find that the LSPRs 
show an oscillatory behavior both in position and width for 
large particles and a strong blueshift in energy and an 
increased width for smaller radii, consistent with recent 
experimental results for photodoped ZnO nanocrystals. We 
thus show that diffuse scattering at the particle surface can 
play an unexpectedly important role in determining the 
properties of the LSPRs in ultralow carrier density 
nanosystem.
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In photoemission experiments, photo-electrons carry infor-

mation of many-body interactions created by the photo-hole

and by the escaping photo-electron itself. In the case of

strong coupling between the photo-hole or induced density

caused by the photo-electron, and plasmon excitations, the

quasi particle picture breaks down and new loss peaks ap-

pear in the photoemission spectrum. The excitation formed

by the photo-hole – plasmon interaction defines the intrin-

sic plasmaron and the photo-electron – plasmon interaction

defines the extrinsic plasmaron [1].

For systems with a surface-state-band crossing the Fermi

level, a plasmon localized at the surface and characterized

by a sound-like dispersion, so-called Acoustic Surface Plas-

mon (ASP), has been predicted to exist [2, 3]. Later on Elec-

tron Energy Loss Spectroscopy experiments have confirmed

the presence of the ASP mode at the Be(0001) surface in

good agreement with calculations [4] and at noble metal

surfaces [5] and graphene adsorbed on metal substrates [6].

In cases when surface localized quantum well states are

formed, e.g. when atomic layers of alkali metals are ad-

sorbed on a metal surface the possibility opens up to design

ASP by varying the depth of the quantum well (type of al-

kali atoms) and the width of the quantum well (number of

layers).

A challenge is to find out about the relative occurence of

the intrinsic and extrinsic plasmarons from a photoemission

experiment. I will show that for a surface system with ASP,

the extrinsic plasmaron excitation channel can be traced by

looking at the photon energy dependence of the photo-electron

yield. Simple kinematics indicate an approximative inverse

square root dependence, while the intrinsic plasmaron is not

expected to depend on the photon energy. I will present re-

sults from an extension of a previous calculation on the sys-

tem - a monolayer potassium adsorbed on graphite (p(2×2)-

K/Graphite) [7].
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1. OUTLINE

A low energy electron beam (EB) can let the self-
interstitial atoms (SIA) cause the desired self-assembly
(DSA) [1], i.e., {311}SIA platelet in c-Si was produced. We 
have studied how an SIA migrates to form the platelet,
making use of a molecular dynamic (MD) simulation to 
trace all the atoms and crystallographic analysis method 
(PM) method [2, 3] to analyze crystalline defects. In fact,
we skipped the EB irradiation stage that produces SIAs. 
Instead, before MD some Frenkel pairs (FP) were 
randomly distributed in bulk, and reproduced the observed 
DSA [4]. Note that the total number of Si atoms was
remained constant.
The PM segments the crystalline space into small cubic 
cells called pixel, to specify whether an atom locates at a
stable, metastable, or unstable site. Note that the ratio of 
atoms located at stable sites (solid line in Fig.1) means the 
long-ranger-order (LRO) parameter. On the other hand, the 
platelet is made of SIAs located only at metastable sites,
thus we focused the SIAs located at metastable sites (open 
c in Fig.1).
Because of the presence of FPs, the crystallinity of c-Si is 
once collapsed after the start of annealing. The crystalline 
to amorphous (CA) transition is shown as a solid line in 
Fig.1. In the mean time, atoms kicked out from original 
lattice sites migrate around. When the initial fraction of 
SIA is low, e.g. at 1 atomic %, cooperative and oscillatory 
movement was found in the ratio of metastable sites as 
shown in the open circles in Fig.1. However, no such 
global wavy motion was observed in cases including much 
higher FPs, as if a pinning effect occurred. Therefore, a 
proper concentration of SIAs would promote DSA due to 
more SIAs migrating toward metastable sites.

Figure 1 Time series of the atomic distribution at three 
kinds of sites, when the initial concentration of FP was 1 % 
and annealed at 1000 K.

2. DISCUSSIONS

2.1. Is the electron beam essential?

The irradiation of a target material causes many SIAs that 
play main role to promote self-ionization during annealing 
process. Takeda et al. first described the DSA procedure of 
the {311} platelet in a c-Si using 300 keV high Resolution 
Transmission Electron Microscopy when annealed at 723
K; DSA had two steps [1]; SI 332 As agglomerated to 
form atomic rows along 110 direction, then those rows 
aligned parallel along the direction of, which completed
the (311)SIA platelet. Making use of MD for a case of low 
energy ion beam (IB), which was 1 keV self-irradiation [5],
we proved that the same DSA was developed in c-Si. The 
orientation of atomic rows or the Miller indexes are
identified by the PM method. The DSA process was the 
migration of SIAs to metastable sites expected by the PM. 
Whichever irradiation source of IB or EB was adopted, the
DSA process could reach the same result. This was why 
we skipped the stage of SIA formation under EB 
irradiation.

2.2 Is there suitable concentration of SIAs for DSA?

In the first 100 ps since annealing started, SIA migrated 
toward metastable sites. However, the dependence of SIA 
concentration on DSA was surprising. There found a 
coherent wavy motion of target atoms (Fig.1) in the tail of 
CA transition clearly unless the initial SIA fraction 
exceeds 3 atomic %. We suppose the cooperative motion 
may promote DSA.
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Radiation damage in materials is a multiscale problem which, at the shortest timescale, that is, the picosecond timeframe, 

can only be addressed computationally. As an energetic ion travels through the lattice it transfers its energy both to the 

electrons and to the nucleus system, in an extend to each system that depends on the energy of the ion. For low energies (up 

to approximately 500 keV), most of the energy is transfered to the nucleus system. In the elastic collisions with the nuclei a 

collision cascade is produced. The energy deposited is dissipated through the electrons and lattice vibrations. 

 

Molecular dynamics simulations is the perfect tool to study this kind of events. The recent growth in computational power 

has made it possible to improve the models used in the calculations, but there are still major challenges to face [1]. One of 

the most importants is the treatment of the ion-electron interaction. In classical molecular dynamics this interaction is often 

neglected or treated in a phenomenological manner [2].  

 

We have used molecular dynamics simulations with recent interatomic potentials developed for Fe, to study the first stage of 

radiation damage in thin films of pure Fe under irradiation with Fe ions of energies between 50keV and 150keV. For every 

energy condition we have performed two sets of parallel simulations. In one set we have used the Lindhard model [3] to 

include a friction force proportional to the velocity for all atoms with a kinetic energy greater than 5 eV to mimic the 

inelastic energy losses produced by collisions with the electrons. Whereas in the second set we do not include any explicit 

inelastic damping force apart from the heating bath to control the temperature. In this work we compare how including this 

electronic energy loss affects the total number of defects produced for a given energy, as well as how these defects are 

arranged (clustering). 

 

 

[1] Stoneham  A M 1997 Finding the gaps: problems in radiation damage theory Radiat. Effects Defects Solids 142 191–203 

[2] Stoneham A M 1990 Energy transfer between electrons and ions in collision cascades in solids Nucl. Instrum. Methods 

Phys. Res. B 48 389–98 

[3] J. Lindhard, V. Nielsen, M. Scharff and P.V. Thomsen, K. Dan. Vidensk. Selsk. Mat. Fys. Medd. 33, no. 10 (1963) Notes 
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1. INTRODUCTION 

Low energy ion scattering (LEIS) permits to analyze the 
composition of the outermost surface when the sample of 
interest is bombarded with noble gas ions in the energy 
range around 0.5 – 5 keV. Because of the high 
neutralization probability inside a solid, the surface peak is 
mostly due to binary collisions with atoms in the sample 
surface. Therefore, it is possible to deduce the masses of the 
scattering partners from the energy positions of these peaks 
[1]. 
An ESA – LEIS setup was used to investigate the influence 
of oxygen on the charge exchange between He+ ions and a 
Ta surface. To this aim, the sputter cleaned Ta sample was 
exposed to oxygen until further exposure did not lead to 
significant changes in the ion yields. 
The presented experiments were performed in an energy 
range where the resonant charge exchange processes 
(reionization and neutralization in the collision) occur in 
addition to Auger Neutralization (AN). Therefore, the ion 
fraction P+ includes both the surviving ions which not 
undergone AN, and the projectiles which were neutralized 
on their way in and reionized again on their way out of the 
sample: 

 � � � �
�� ��� ���� ��� ��

reionized

outRIin

survivals

outRNin PPPPPPP ����� �������� 11 . (1) 

The reionized projectiles lead to a pronounced reionization 
background (tail) in the energy spectra of Ta, which starts at 
a threshold energy Eth of about 300 eV [2]. 

2. RESULTS 

The yields A+
Ta and A+

O of He+ ions backscattered from Ta 
or O atoms, respectively, were detected. A linear behavior 
between these two signals was observed, as shown in Fig. 1. 
As a result, one can extrapolate the Ta signal to the case of 
clean Ta, i.e. when the O signal vanishes. With this 
information and the experimental parameters one can 
determine the ion fraction for He+ scattered from Ta, P+

Ta. 
From the slopes of the A+

O(A+
Ta) lines the ion fraction for 

scattering from oxygen, P+
O, is obtained directly, since the 

cross sections are known for He-Ta and He-O scattering. The 
resulting ion fraction values are presented and discussed. 
 

 

Figure 1: Ion yield A+O for He+ scattered from O atoms 
as a function of ion signal A+Ta for He+ backscattered 
from Ta atoms under oxygen exposure for different 
primary energies. 
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1. INTRODUCTION 

Modifications of magnetic properties induced by ion impact 
have been extensively studied in the last decades. Previous 
studies on the effect of ion impact were focused mostly on 
materials exhibiting a second-order magnetic transition and 
with singly charged ions. In the last years, our group started 
to investigate the effect of highly charged ion collisions on 
thin films presenting a first-order magnetic transition, like 
MnAs. These types of materials are characterized by a giant 
magnetocaloric effect (GMCE) associated to the magneto-
structural transition close to room temperature making them 
promising materials for magnetic refrigeration applications. 
However, they suffer from a large thermal hysteresis, typical 
of first-order transitions, which cripples thermodynamic 
cycles in real refrigerator systems. In previous work  [1], we 
demonstrated that the thermal hysteresis of the MnAs thin 
film can be entirely suppressed, by impact of Ne9+ at 90 keV, 
whereas other structural and magnetic properties are barely 
affected. To understand the mechanisms responsible of the 
thermal hysteresis suppression, different irradiation 
conditions and magnetocaloric materials are explored. 

2. RUNNING EXPERIMENTS 

With our present knowledge, both ions implantation and 
ion-induced defects or constraints could be responsible for 
the suppression of thermal hysteresis in the MnAs. To 
discriminate between these two possible mechanisms, we 
are running new experiments with different irradiation 
conditions allowing to tune the ratio between implanted ions 
and induced defect densities. As illustrated Figure 1, for a 
MnAs layer of 150 nm thick on a GaAs substrate, capped 
with 10 nm of Al, this ratio can be drastically changed by 
varying the incident ion energy and impact angle. 
For investigating further on the thermal hysteresis 
suppression, other thin films exhibiting first-order transitions 
are also considered, like FeRh. In MnAs, the structural 
transition triggers the magnetic transition. Differently, the 
magnetic phase transition in FeRh, also affected by a thermal 
hysteresis, is accompanied by a lattice expansion [2] [3]. 
Studies of FeRh thin film will then allow us to gain new 
insights on the role of the ion impact. The experiments are 
running at present and new results will be presented at the 
workshop. 

 

 
Figure 1: TRIM simulations for different irradiation 
conditions of Ne9+ on MnAs thin film: a) at 90 keV of 
kinetic energy with an incident angle of 60° with respect 
to the normal of the surface b) at 180 keV and 0° of 
incident angle for the second couple of diagrams. 
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1. INTRODUCTION

Ion-solid interaction is an exciting multidisciplinary field of 
research, which is not only leading to valuable outputs from
interesting basic phenomena but also to promising 
technological applications in various fields. As 
nanotechnological tool, both swift heavy ions (SHI) and 
slow highly charged ions (HCI) were successfully utilized in 
nanostructuring of various materials by single ion impacts
[1,2]. The formation of the nanostructures are mainly 
attributed to the strong electronic excitations created by the 
electronic energy loss of SHI and to the potential energy 
deposition of HCI [3]. Here, we are studying the
modifications induced by SHI and HCI, in one of the most 
promising semiconductors, namely gallium phosphide 
(GaP).

2. EXPERIMENT

GaP single crystals were irradiated with 197Au ions of
equilibrium charge state and of kinetic energies between 
374 MeV and 2.2 GeV at the Universal Linear Accelerator
(UNILAC) facility of GSI Darmstadt, Germany. For slow 
highly charged ions (HCIs), the samples were irradiated
with 114 keV 129XeQ+ (Q=33+ to 40+) from the Electron 
Beam Ion Trap (EBIT) facility of HZDR, Dresden, 
Germany. After irradiation, the samples were investigated 
using scanning force microscope (SFM) to investigate the 
surface modifications induced by ions. Moreover, 
ellipsometry measurements were performed in order to 
explore the SHI-induced modifications in the bulk.

3. RESULTS

In case of swift heavy ions, the topographic SFM images
showed nanohillocks protruding from the GaP surfaces, see 
Fig. 1(a). Each hillock is produced by a single Au ion. In 
contrast to SHI, no observable topographic changes were 
observed after irradiation with HCI, as shown in Fig. 1(b).
This result indicates that higher potential energy threshold 
(Epot > 38.5 keV) is required for surface nanostructuring of 
GaP.
We also noticed that SHI-irradiated crystals become darker 
by using higher kinetic energy of the Au ions (Figure 2). 
This was confirmed by measuring a higher extension 
coefficient in the visible light region for the sample area that 
was exposed to 2.19 GeV than the one exposed to 374 MeV 
(see Fig. 2).

80nm 80nm

Figure 1: Topographic SFM image of GaP surface irradiated 
with 1.5 GeV 197Au (a) and 114 keV Xe36+ (b) ions.

Figure 2: Extinction coefficient as a function of wavelength 
for GaP surface irradiated with 374 MeV and 2.19 GeV
197Au ions. The inset shows a photo of the sample 
illustrating the coloring effect of the beam.
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1. INTRODUCTION 

Single layer graphene (SLG) is an ultimately thin membrane 
made of sp2-hybridized carbon atoms with unique electronic 
properties. Since its discovery [1] SLG has been considered 
as an excellent candidate for future nanoelectronics. 
Disorder, as induced e.g. by collisions with energetic 
electrons or ions, effects the electronic structure and opens 
the possibility to modify and tailor the properties of this true 
2D material. Collision studies between ions and free-
standing SLG are also of fundamental interest, because they 
bridge the gap between atomic collisions in gaseous and 
those in solid targets.   
 
For the transmission of slow highly charged ions through 
slightly thicker 1 nm carbon nanomembranes (CNMs) we 
have recently observed two distinct exit charge state 
distributions accompanied by a strong charge state 
dependent energy loss [2] as well as the creation of nano-
sized pores for Xeq+ projectiles in charge states q ≥ 25 
mainly by deposition of their potential energy [3]. 
 

2. EXPERIMENTAL SETUP 

 
To learn more about the microscopic interaction mechanism 
we have built a new experimental setup (figure 1), which 
allows us to determine the numbers statistics of electrons 
emitted during the transmission of slow multiply charged 
Arq+ ions through SLG (and CNMs in comparison). 
 
Slow Arq+ ions (q ≤ 11) are extracted from an ECR-ion 
source [4], mass analyzed and collimated before traversing a 
free standing SLG or CNM target (mounted on a TEM grid 
which is fixed onto a rotatable manipulator) and being 
registered by a position sensitive multichannel plate detector 
(MCP).  Electrons emitted from the interaction region are 
extracted by a weak electric field through a highly 
transparent grid and accelerated onto a surface barrier type 
detector biased at +30 kV, where their statistical distribution 
is measured in the usual way (see, e.g. [5, 6]).  
 
By changing the orientation of the target film from 45° to 
135° with respect to the incident beam direction, electrons 
emitted from the front (= ion entrance side) and back side (= 
ion exit side) can be distinguished.   
 

 
 
To separate emission events originating from ion 
transmission through SLG from ion impact on the (solid) 
TEM grid support, only electrons registered in coincidence 
with an ion signal on the MCP are counted. 
 

 
Figure 1: Experimental setup (c.f. text). 

 
Since electron emission and projectile charge exchange are 
closely related, in a next step it is planned to register the 
electrons in coincidence with a particular projectile exit 
charge state. 
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1. INTRODUCTION 

Due to its unique electronic properties, single layer 
graphene (SLG) has attracted enormous attention since its 
discovery [1] as an excellent candidate for future 
nanoelectronics. SLG can be considered as the ultimately 
thin membrane made of sp2-hybridized carbon atoms. 
Disorder as induced e.g. by collisions with energetic 
electrons or ions effects the electronic structure and opens 
the possibility to modify and tailor the properties of this true 
2D material. Collision studies between ions and free-
standing SLG are also of fundamental interest, because they 
bridge the gap between atomic collisions in gaseous and 
those in solid targets. 
 

2. EXPERIMENTAL SETUP 

For the transmission of slow highly charged ions through 
slightly thicker 1 nm carbon nanomembranes (CNMs) we 
have recently observed two distinct exit charge state 
distributions accompanied by a strong charge state 
dependent energy loss [2] as well as the creation of nano-
sized pores for Xeq+ projectiles in charge states q ≥ 25 
mainly by deposition of their potential energy [3].   
To learn more about the microscopic interaction mechanism 
we have extended our studies to the case of slow multiply 
charged Arq+ ions transmitted through SLG (and CNMs in 
comparison). In a new experimental setup in Vienna,  slow 
Arq+ ions (q ≤ 9) are extracted from an ECR-ion source [4], 
mass analyzed and collimated before traversing a free 
standing SLG or CNM target mounted on a TEM grid. The 
ions exiting the target foil are analyzed in a spherical 
electrostatic energy analyzer (COMSTOCK AC-903B) 
equipped with a channelplate detector. A typical spectrum 
(intensity vs. analyzer voltage) recorded for 144 eV/amu 
Ar4+ ions through a CNM is shown in figure 1.  
 

3. RESULTS 

Such spectra give information on both the exit charge state 
distribution (i.e. charge exchange between multiply charged 
ions and SLG) as well as the mean value of the energy loss 
and the energy loss distribution (see the insert of fig. 1) as a  
 

 

 

Figure 1: Charge state and energy spectrum (e.g. see insert 
for ions exiting as Ar2+) of 5.76 keV Ar4+ projectile ions after 
transmission through a 1 nm thick carbon nanomembrane. 

 
 
function of the charge state and kinetic energy of the 
primary projectile. E.g., figure 1 clearly shows that charge 
equilibrium of the projectile has by far not been reached 
within the 1 nm thick foil and therefore non-equilibrium 
effects can be studied. Further information on the 
interaction is derived from the comparison between results 
for SLG and CNMs.  
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Abstract 

Helium ion microscopes (HIM) have developed into a 
frequently used imaging device in several laboratories 
around the world. Beside a sub nano-meter resolution and 
a high depth of focus the latest generation of HIM devices 
(Zeiss Orion NanoFab) offers the ability to make use of 
Neon ions enabling additional possibilities for surface 
modifications on the nm scale [1]. 
 
While the image generation in a HIM is based on 
evaluating the amount of secondary electrons (SE) the 
information carried by the energy of the backscattered 
He/Ne projectiles (BS) is not taken into consideration at 
the moment. Thus the HIM offers excellent topographic 
imaging capabilities but chemical information (in terms 
of elemental composition) of the surface is barely 
accessible. Nevertheless back-scattered particles carry 
that information and may be used to provide additional 
contrast mechanism(s). First attempts to measure BS 
energy spectra were carried out by Sijbrandij et al. [2] 
and gave evidence for the general feasibility but also 
revealed that a quantitative chemical analysis of thin 
layers would require the development of more 
sophisticated detection concepts than those used in their 
experiments (silicon surface barrier detector).  
 

 

Figure 1: ToF-BS spectra of different elemental bulk 
samples and thin layers of HfO2 on Si measured in the HIM 

by using 25keV Ne ions.  

 
Since the primary He/Ne energy is rather low (10-35 
keV) back-scattering spectrometry is suffering various 
difficulties like high contribution of multiple scattering, 
non-Rutherford backscattering cross sections and an 
energy dependent charge fraction. Further the angular 

spread in the collision cascade as well as the high 
sputtering yields in this energy regime define physical 
limits on the maximum achievable lateral resolution and 
the detection sensitivity. In this contribution we will 
address these challenges and present our experimental 
approach and the corresponding results of performing BS 
spectrometry in a HIM. 
 

 
Figure 2: ToF-BS image of a carbon sample covered with 

rectangular patterns of Si, Ni and Au. The color scale 
corresponds to the time of flight of the BS particles. In 

contrast to SE imaging this technique reveals well-defined 
elemental contrast. 

We show that pulsing the primary ion beam and 
measuring the Time of Flight (ToF) of the BS He/Ne ions 
presents a promising technique of performing BS 
spectrometry in a HIM in terms of sensitivity, energy 
resolution and lateral resolution. 
 
Our approach enables us also to perform Secondary Ion 
Mass Spectrometry (SIMS) by just biasing the sample to 
a positive potential (of several 100V). Advantages and 
limitations of this technique will be discussed and 
compared to those of BS spectrometry. 
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Low energy ion scattering (LEIS) is a surface analysis 
technique widely used for quantitative composition and 
structure analysis [1]. A solid surface is bombarded with low 
energy noble gas ions and the scattered ions are detected. 
Many investigations have been carried to study charge 
exchange processes between the projectile and the target [1]. 
In the case of the scattering of He+ ions from a copper 
surface, it is well known that Auger Neutralization (AN) 
plays an important role [2, 3]. The probability to escape AN 
is given by [4]:

� ������ dtexpP (1)

where � is the Auger neutralization rate. P+ can also be 
written as:

	


�

�

����

per

c
V

VexpP (2)

Vc is a characteristic velocity witch is a measure of the 
neutralization efficiency. Vper is the projectile 
perpendicular velocity.
When the projectile energy E is larger than a threshold 
energy Eth, charge exchange processes during ‘close 
collisions’ become possible. In these collisions, the 
minimum distance reached between the projectile and the 
target atom is lower than a critical value rmin. Thus, PCIN
and PCIR are defined respectively as the neutralization and 
reionization probabilities in ‘close collisions’. They have 
to be taken into account in the calculation of the ion 
fraction in the reionization regime (E > Eth).
In this contribution, results of the scattering of He+ ions 
from a polycrystalline copper surface are presented. P+

values are calculated using a Monte Carlo simulation [5] 
where models of charge exchange processes are included. 
To describe the interaction between the projectile and the 
target atom, the Thomas-Fermi-Molière potential is used 
with a correction factor to the screening length Ca=0.75 
[6].
Calculated P+ values at normal incidence and for a 
��������	
� �	
��� ������ ����� �� 
���� �
�����	�� ����
experimental ion fractions.

Keywords: Low energy ion scattering, Charge exchange 
processes, Neutralization, Reionization, Ion fraction, Monte 
Carlo simulation.
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In this contribution, angular distributions of slow H+ ions 
transmitted through different targets (Al, Ag and Au) are 
calculated using the model of Sigmund and Winterbon (SW) 
[1] in the multiple scattering theory. Valdés and Arista (VA) 
developed a method extending the SW model by including 
the effect of energy loss in the calculation of angular 
distributions of transmitted ions [2]. Another method has 
been proposed for such calculations: one can consider the 
SW model by using an average value for the energy of the 
ions inside the target.
In this contribution, a new expression is proposed for the 
mean energy which gives a better agreement with the VA 
model than the precedent one at low energy. Different 
potentials have been considered to describe the interaction 
projectile-target atom in this study and the new expression is 
found to be independent of the interaction potential.

Keywords: Multiple scattering; Energy loss; Angular 
distributions; Stopping power; Mean energy function.
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We have already developed a novel very high brightness and 
high spin-polarized low energy electron microscope 
(SPLEEM) [1-4].
[CoNix] multi-layer is known to exhibit perpendicular 
magnetic anisotropy and is expected as a material for the 
devices with low operation current. We investigated 
magnetic property during growth of the [CoNix]y multi-
layer with our SPLEEM [1-4] and. Numerical simulations 
based on the Landau-Lifshitz-Gilbert (LLG) equation was 
also carried out for [CoNi2] on W(110) [5,6]. 
Detailed experimental results will be shown on the magnetic 
property for different pairs of Co/Ni systems, i.e., Co/Ni2, 
Co/Ni3 and Ni2/Co on W(110). Fig.1 shows that the 
changing angle between the in-plain and the out-of-plain for 
the same kinds of materials. Three systems show the similar
property and the contribution of Ni layer is not large. The 
main contribution to the perpendicular magnetization would 
cause with the un-isotropy of the interface of Co and Ni 
layer.

Figure 1: Magnetic direction of Co/Ni2, CoNi3 and 
Ni2/Co multi-layers on W(110)

.
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Swift heavy ion (SHI) irradiation is a powerful tool for 

materials modification on the nanoscale. When irradiated at 

grazing incidence angle, surface modifications in the form 

of long surface ion tracks can be observed [1,2,3]. Recently, 

it was demonstrated that grazing incidence SHI irradiation 

can also be applied for modification of graphene [4] and 

other 2D materials. In the present contribution, we present 

two new developments along this line of research, 

demonstrating the usability of SHI for nanoscale 

modifications of surfaces and custom made 2D materials. 

 Grazing incidence SHI irradiation of GaN [5] 

yields the formation of two different kinds of surface ion 

tracks. While chains of nanohillocks were observed for 

higher values of electronic stopping power, chains of 

nanoholes were found by AFM for lower stopping power 

values. In addition, surface tracks were investigated using 

grazing incidence small angle X-ray scattering (GISAXS). 

This novel method yields good statistics and avoids typical 

difficulties in measurements due to the (unknown) AFM tip 

size. Preferential loss of nitrogen found by in situ TOF-

ERDA measurements indicates a thermal decomposition of 

GaN as origin of the chains of nanoholes observed on its 

surface. 

Second experiment shown is grazing incidence 

SHI irradiation of thin ITO films. Here we also found two 

different surface ion track morphologies: for lower stopping 

powers, usual ion tracks were observed, but for high 

stopping power values nanostripes in the form of double 

tracks were found (Fig. 1a). After higher fluence SHI 

irradiation, yet another new feature was found: in a narrow 

range of stopping powers, straight uniform nanoscale 

ripples were observed for the first time (Fig. 1b.).  
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Figure 1. (a) Nanostripes (double tracks) in thin ITO film 

after grazing incidence irradiation using 92 MeV Xe ions (b) 

Nanoripples in thin ITO film after grazing incidence 

irradiation using 15 MeV Si ions. 
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1. INTRODUCTION 

In the last two decades, secondary ion mass spectrometry 
(SIMS) has been much improved in sensitivity to large 
molecules by use of large clusters as primary ions, such as 
C60 ions [1], argon gas cluster ions [2] and water cluster ions 
[3]. However higher sensitivity to macromolecules is still 
desired for application of SIMS to imaging of biological 
samples. Recently, we have demonstrated that a strong 
enhancement of intact molecular ion yield of an amino acid 
(phenylalanine) can be achieved when secondary ions 
emitted in the forward direction from thin-film samples 
were detected under transmission with 5 MeV C60

+ primary 
ions [4]. The enhancement can be explained in terms of 
density of energy deposition on the sample surface to be 
analyzed. It is of great interest whether a similar 
enhancement occurs for larger molecules.  
In this work, secondary ions emitted in the forward direction 
from a peptide, Leucine-enkephalin were analyzed under 
transmission of 5 MeV C60

+ and 6 MeV Cu4+ primary ions. 
It was found that a significant enhancement of intact 
molecular ion yield from the peptide can be achieved using 
C60

+ primary ions. 

2. EXPERIMENT 

Leucine-enkephalin was used as a target peptide. This 
peptide consists of 5 amino acids (Tyr-Gly-Gly-Phe-Leu) 
and the molecular weight is 555.6 Da. It was dissolved in 
distilled water and the solution of 3–10 µl was dropped on 
cleaned self-supporting amorphous SiN membranes (50 nm 
thick). Then the samples were ex-situ dried in a vacuum 
prior to the SIMS measurements. In the SIMS 
measurements, the samples were irradiated from the SiN 
side with 5 MeV C60

+, and also with 6 MeV Cu4+ for 
comparison. Positive secondary ions emitted in the forward 
direction under transmission of primary ions through the 
sample were mass-analyzed using time-of-flight techniques.  

3. RESULTS AND DISCUSSION 

Figure 1 shows mass spectra of positive secondary ions from 
a sample for 5 MeV C60

+ and 6 MeV Cu4+ primary ions, 
respectively. There are many peaks corresponding to 
fragment ions as well as intact molecular ions. For example, 
the peaks at m/z 136 and 279 can be assigned as Tyrosine 
and Tyrosine-Glycine-Glycine, respectively. Several peaks 

at m/z 550–600 are assigned as intact molecular ions, such 
as [M+H]+, [M+H3O]+, [M+Na]+, [M+K]+ and so on. Yields 
of both fragment ions and intact molecular ions are higher 
for C60

+ primary ions than for Cu4+ primary ions. In detail, 
the enhancement factor of the yield of intact molecular ions 
with 5 MeV C60

+ compared to with 6 MeV Cu4+ is as high as 
~5, while that of fragment ions is only ~2. This indicates that 
the combination of 5 MeV C60

+ primary ions with the 
forward detection in the transmission geometry leads to 
preferential enhancement of the yield of intact molecular 
ions from Leucine-enkephalin as well as from phenylalanine. 
These results could be qualitatively explained again in terms 
of density of energy deposition on the peptide surface. The 
comparison with the case of phenylalanine will be also 
discussed in the presentation.  

 

Figure 1: Mass spectra of positive secondary ions emitted in 
the forward direction from a Leucine-enkephalin film on an 
amorphous SiN membrane under transmission of 5 MeV 
C60

+ and 6 MeV Cu4+, respectively. 
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1. INTRODUCTION 

Secondary particle emission under ion irradiation provides 
unique opportunities for further insight on ion collision with 
matter and material analysis. In particular, secondary 
molecular ion emission from organic or biological 
molecules is of interest, not only for fundamental studies on 
excitation of molecules, but also for practical applications, 
such as secondary ion mass spectrometry (SIMS). It has 
been reported that secondary molecular ion yields of 
biological molecules with swift heavy (MeV) ions are much 
higher yields than that with monomer ions with energy of a 
few tens keV [1-3]. In this energy range (MeV), most of the 
deposited energy by incoming ions is used for electronic 
excitation, although nuclei excitation is dominant for low 
energy (keV) ions. In case of MeV ions, delta electrons are 
generated in the infratrack and these electrons stimulate 
ejection of intact molecules from the outer region 
("ultratrack"). We have been demonstrated molecular 
imaging technique with secondary molecular ions emitted 
by swift heavy ion beams for biological material analysis 
under low vacuum pressure [4]. 
We recently succeed to detect secondary molecular ions 
emitted from liquids, such as fatty acid, alcohol and water 
under ambient pressure. 

2. RESULTS AND DISCUSSIONS 

6 MeV Cu4+, which has 35 mm projection range in ambient 
pressure, was extracted and collided to liquid samples. MeV 
ion beam from a tandem ion accelerator was focused with a 
quadrupole lens. In order to avoid degradation of vacuum 
pressure in both quadrupole lens and mass spectrometer, 
fine nozzles were placed in between the sample chamber. 
The distance between the nozzle and a sample has to be 
shortened in order to reduce ionization of gas phase 
molecules. The incident angle of the primary beam was 45 º 
with respect to the normal to the sample surfaces. 
An orthogonal acceleration (oa) time-of-flight (TOF) mass 
spectrometer with quadrupole ion guide was used to 
measure secondary ions. Vacuum pressure of TOF chamber 
was kept below 10-5 Pa, when the sample chamber was at 
atmospheric pressure. 
 

Secondary ion mass spectrum from liquid water was 
depicted in figure 1. The droplet of water (20L) 
disappeared within 20 minutes even under atmospheric 
pressure, because of the high vapor pressure Not only 
monomer water ion [H2O+H]+ but also many water cluster 
ions [nH2O+H]+ were found in the spectrum. The water 
cluster ions [nH2O+H]+ were only generated at the liquid 
surface, but monomer water ion [H2O+H]+ could be 
generated at both at the liquid surface and the gas phase. 
Those water cluster ions [nH2O+H]+ suddenly disappeared, 
when water droplet was gone. This result indicates that 
secondary molecular ions from liquid are clearly observed 
as secondary cluster ions. 
Detail of this new technique and possibility to investigate 
liquid-solid interface will be presented.  
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Figure 1: Secondary ion mass spectrum from liquid water 

measured under ambient pressure. 6 MeV Cu4+ was irradiated 
to water droplet, which disappeared within 20 minutes. 
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Recently grazing incidence fast atom diffraction (GIFAD or 
FAD) was applied [1] to investigate the moiré-like pattern of 
SiC-grown graphene with high precision. This diffractive 
technique based on the scattering of fast He atoms, is only 
sensitive to the topmost layers of the surface, and thus is 
well suited for the extraction of corrugation parameters from 
graphene. This is true when compared to other techniques 
such as STM, where corrugation depends on the voltage 
used to sample the surface, or x-ray diffraction, where pure 
surface contributions are difficult to isolate.  
In GIFAD, the scattering of the atomic beam can be 
modeled in a 2D space [2], obtained from the averaging of 
the 3D surface along the beam-incidence low-index 
direction. The relevant quantity determining the diffraction 
of the beam of total energy E0, is the corresponding 
perpendicular energy E⊥=E0 sinθ2, where θ is the small polar 
angle of incidence. Despite the reduced dimensionality of the 
problem, description of Moiré surfaces requires large 
computational resources owing to their large superlattice. 
From the point of view of developing GIFAD as a real-time 
surface analysis tool, the availability of quick analysis tools 
of the diffraction data is important. 

Here a fast and simple approach based on the hard 
corrugated wall (HCW) model to perform the analysis of the 
GIFAD data from corrugated graphene is tested. The HCW 
model is motivated by the exponential repulsive barrier felt 
by the He atom when getting close to the surface. Thus most 
of the momentum transfer to the He projectile takes place 
around the classical turning points, which define a 
corrugated surface. The HCW model considers semi-
classical diffraction by this infinitely repulsive surface Z(y) 
and assuming free propagation above it . This model has 
been successfully applied to simple surfaces, however, as 
shown by Winter and Schüller [3], corrugation can be 
overestimated by almost 20% percent for a LiF surface along 
<110>. Based on HCW, we derive an empirical description 
of the graphene surface in terms of Gaussian bumps, 
representing the surface corrugation, on top of a sinusoidal 
oscillation, representing the carbon backbone. Comparing to 
exact diffraction results [1], a good quantitative agreement is 
achieved for the graphene backbone interaction potential. 
Along the [100] direction also called zigzag, only the carbon 
backbone is visible [1] due to geometric properties of the 
hexagonal structure. Corresponding diffraction curves 
plotted in Figure 1 show that the diffracted intensity ratios 

are well reproduced (dotted lines) by a simple Bessel 
function solution Im=Jm(x)2 where x=k⊥·htp. with k⊥ the wave 
vector associated with E⊥ and htp the full amplitude 
associated with a sinusoidal corrugation function. The 
agreement in the low energy region is even better (full lines) 
if a 10 meV attraction energy is added to the perpendicular 
energy E⊥. Alternately, one could allow the corrugation to be 
energy dependent to fit the data. The same procedure can be 
applied to the [110] direction (armchair) where only the 
moiré-like structure is visible. A Bessel adjustment indicates 
a sinusoidal amplitude of 0.13 to 0.14 Å perfectly in line 
with the scaled value proposed in Ref. [1]. The excellent 
quantitative agreement here is attributed to the fact that the 
carbon-helium interaction potential is very short range. 
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Figure 1 Diffracted intensities from ref[1] along the [100] 
direction as a function of E⊥. the lines are simple Bessel 

functions obtained for a sinusoidal HCW of 2.13 Å period 
and a full corrugation amplitude of 0.074 Å. 

In conclusion, with help of exact quantum mechanical 
calculations [1] we show that, in the case of graphene, the 
HCW provide a quantitatively correct solution to the 
analysis of GIFAD data. 
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Micro channel plate based position sensitive detectors are 
now widely used in atomic and molecular physics as well as 
in surface science [1-6]. Such detectors can be place in the 
focal plane of an electrostatic analyzer [1-3] or, for grazing 
incidence, it can be placed downstream to record the 
scattering profile [4-6]. In this later case, if the beam is 
pulsed, the arrival time provides energy loss spectra for each 
scattering angle and charge state [4]. 
Each detector is characterized by its performances in terms 
of spatial and time resolution but also by it geometric form 
factor as well as it compatibility to UHV conditions. The 
design presented here is UHV compatible and very compact 
offering a 40 mm diameter open area. With a 63CF to 40CF 
conical reducer it is designed to be mounted on DN40 tube 
for time of flight.  
 

Figure 1: Left; Resistive anode made of high impedance 2” 
silicon wafer with four collecting stripe of evaporated Cu. 
Right; Vacuum side view of the detector on its DN63CF 

flange. before mounting the MCP. 

Recently, grazing incidence fast atom diffraction have 
shown to be bring simple and accurate information’s both 
under static condition [5] and during growth [6]. In this later 
case the diffracted intensity is reduced because atoms, island 
and steps decorate the terminal layer each time a new layer 
is growing. Since the keV beam of atom is still present, 
some of the violent collisions with these obstacles can be 
used to provide chemical identification of the surface atoms 
by TOF analysis of the forward or backscattered particles. 
The larger the detector, the larger the collection efficiency. 
At variance a good mass resolution requires that the detector 
is small to limit kinematic aberration (the fact that peak 
position varies rapidly with the angle). The easy way to 
circumvent these antagonist requirements is to design a 
position sensitive detector. For UHV compatibility, we have 
decided to use high purity single crystal silicon wafer 

produced at few euro by the semi-conductor industry (fig. 1). 
To allow direct mounting of the detector on its flange the 
electrical feed troughs have been threaded before welding. 
Such short connections allow very easy decoupling of the 
high voltage immediately on the flange as well as a very 
clean timing signal without any ringing. 

As shown on fig. 2, the main drawback of this compact 
design is that serious distortions are present close to the 
collection anodes. However a polynomial correction is 
applied online to correct for distortions (right hand side). We 
will present the key feature, the correcting algorithm and the 
final resolution and linearity after corrections. 
 
Acknowledment. We are grateful to O. Jagutzki from 
Roentdek Gmbh for kindly giving us a circular glass anode 
with evaporated Ge to test our approach. We are also 
indebted to X. Fléchard for help in finding the correction 
algorithm. This work has been supported by Agence 
Nationale de la Recherche ANR-07-BLAN-0160. 

REFERENCES 

[1] C. L.  Knibbeler et al Rev. Sci. Instrum. 58, 125 (1987) 
[2] M. Lampton and C. W. Carlson   Rev. Sci. Instrum. 50, 

p1093 (1979)  
[3] P. Roncin et al. J. Phys. E Sci. Instrum 19, 1 p37 (1986) 
[4] P. Roncin et al. Phys. Rev. Lett. 89, 043201(2002) 
[5]  M. Debiossac et al. Phys. Rev. B 90, 155308 (2014) 
[6] P. Atkinson, et al Appl. Phys. Lett. 105, 021602 (2014) 

Figure 2: A mask with holes every 3mm is used to calibrate 
the detector. Aberrations are very important (left) but reduced 

after hyperbolic and polynomial corrections (right) 
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For grazing incidence observation, azimuthal rotation of the 
surface requires a very high mounting accuracy. For 
diffraction experiments, this is usually achieved with a 
goniometer. We present here a simple strategy to allow 
azimuthal scan of sample for which the positioning accuracy 
would otherwise prohibit such analysis. 
Grazing incidence fast atom diffraction (GIFAD or FAD) 
has recently merged as a new surface science technique with 
very high surface sensitivity as well as high structural 
resolution. In this technique a beam of keV atoms impinges 
the surface at angles of incidence θ on the order of one deg. 
When the beam is aligned with a low index crystal direction, 
diffraction can take place, provided that the surface quality is 
good enough in terms of flatness and coherence length. First 
discovered with single crystal of ionic insulator [1,2] such as 
LiF, NaCl etc GIFAD has shown successful with metal [3], 
semi-conductors[4] and even molecular layers of alanine[5]. 

In this later case, diffraction is not as sharp as with bulk 
crystal or inorganic layer [6] probably because the molecular 
layers have more structural defects. Fortunately, 
triangulation technique [7] easily reveals the direction were 
the absorbed molecules align to each other and even faint 
diffraction  signal is enough to derive the lattice parameter of 
the molecular organization [5]. It has also been suggested 
[8] that azimuthal scans could reveal the range of the 
interaction potential above the surface. These techniques 
however require azimuthal rotation of the surface, ideally 
without changing the angle of incidence. This turns out to be 
more tricky than expected since it is not straightforward to 
put a goniometer under UHV and most sample transfer 
systems as well as rotation devices do not allow for 
ultraprecise positioning of the sample. Most often the 
surface normal has a residual tilt angle Γ of the order of a 
degree with respect to the rotation axis. This is enough to 
prevent easy application of azimuthal scan.  

If both the azimuthal and polar movement are motorized, an 
online correction is possible and is described in this 
contribution. The general problem is not complex and ray 
tracing or graphical software offer direct solution but 
extracting a simple analytic formula is not straightforward. 
To make things simpler we consider that the beam impacts 
the surface exactly on its intersection with the rotation axis. 
Since the detector is usually far away from the surface, this 
kind of far field approximation is fully justified. To simulate 

the correction outside vacuum, we have used a laser beam 
reflecting onto a polished silicon wafer acting as a perfect 
mirror and placed on top of a stepper motor. A second 
stepper motor is used to control the polar angle (to vary the 
angle of incidence θ). The reflected laser beam is imaged 
onto a screen at a distance L a few meters downstream and 
captured by a camera. Defining x, y as the coordinate on the 
screen, the ideal situation would be x=0 and y=L 
tan(2θ)~2.L.θ, both values independent of the azimuthal 
angle φ. 

 
Figure 1: normalized trajectories of reflected beam.. 

When the tilt angle is in the scattering plane, it produces a 
drastic effect ; the effective angle of incidence goes from 
θ+Γ to θ−Γ. At variance when the tilt angle is perpendicular 
to the plane defined by the primary beam and the rotation 
axis, the effect is reduced and the impact position x is simply 
shifted by L. tanθ.tanΓ, typically 57.3 time smaller.  
Two parameters are needed to apply a correction, the value 
of the tilt angle, and a reference azimuth angle. Both the 
equations, the strategy to measure these values and to apply 
the correction will be described. 
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1. INTRODUCTION

Optical and electrical properties of silica are strongly 
influenced by defects, which are introduced during the 
manufacturing process or produced by energetic photons 
(UV light, X-���������������	
����������������	���������	�����
neutrons) [1]. Optically polished samples of vitreous silica 
with different hydroxyl and impurity content were irradiated 
with high energy Si4+, O4+ and He+ ions. The electronic 
excitation was the predominant process of energy transfer in
these ion irradiations. 

The ionoluminescence (IL) spectra were recorded during 
the irradiations, in order to study the evolution of different 
defects. Important changes in the spectra of the distinct 
silica grades were observed, particularly at low fluence.

2. EXPERIMENTAL

The samples used in this work were high purity fused 
silica with different OH content: KU1 (OH ~ 820ppm) and 
KS-4V (OH < 1ppm), known as highly radiation resistant  
and considered as reference materials in fusion reactors, and 
also a silica with higher metallic impurity content, Infrasil 
301from Heraeus (Al ~ 20 ppm and OH < 8 ppm)

Samples were irradiated with high energy Si4+ (24.4 
MeV), O4+ (13.5 MeV) and He+ (2.5 MeV) ions at various 
fluences (from 5 x 1012 to 1.6 x 1015 ions/cm2). A copper 
mask defines a homogeneous irradiation area of 5x5 mm2

and also avoids electrical discharges. Ion bombardment was 
performed at the Centre for Micro Analysis of Materials
(CMAM) of the Autónoma University of Madrid using a 5 
MV linear tandem accelerator, in the Standard beam line, at 
a vacuum of 10-4 Pa.

The ionoluminescence emission was collected and 
guided towards a compact spectrometer QE6500 (Ocean 
Optics Inc.) configured with a multichannel CCD array 
detector that could measure simultaneously the spectral 
range from 200 to 900 nm with an integration time of 3 s.

3. RESULTS

The main IL bands observed in the three silica grades 
are: 650nm (1.9 eV) red band related to NBOHC centers,
460 nm (2.7 eV) blue band, its origin can be attributed to 
oxygen vacancy defects ODC(II) and self-trapped excitons 

(STE) and another band at 540nm (2.3 eV) related to STE.
The UV band at 280 nm (4.4 eV) was detected only under 
He ion irradiation. I301 samples exhibit at low fluences a 
400 nm (3.1 eV) luminescence band, related to Ge ODC,
this band disappears when fluence increase. An example of 
the measured IL spectra is shown in the figure 1.
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Figure 1. KU1, KS-4V and I301 ionoluminescence spectra 
for Si irradiation (fluence 3 x 1012 ion/cm2). The inset shows
a picture of cracked surface.

Macroscopic surface cracking was observed for O and 
Si irradiated samples at low fluence. However, no 
macroscopic cracks were detected when samples were 
exposed to higher fluence. Cracks were not detected after 
He+ irradiations. Cracks could be due to density fluctuations 
on nanometer length scale if the material is not completely 
covered by ion tracks.

A saturation of the optical absorption spectra of the Si 
and O irradiated samples with increasing ion fluence was 
measured [2], which can be due to point defects density 
saturation. The change in the surface structure of the 
irradiated face of silica samples was measured by means of 
IR reflectance spectroscopy.
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1. INTRODUCTION 

We present recent results obtained at Clemson University in 
the area of singly- and multiply-charged ion interactions 
with surfaces.  For singly charged ions, measurements were 
made using a custom-built low-to-hyperthermal energy ion 
source, beamline, and target chamber centered around a 
Colutron ion source [1].  In the area of multiply-charged 
ions, we have a newly established facility that features a 
DREEBIT designed electron beam ion trap source which 
can produce decelerated beams for surface studies [2]. 

2. SINGLY CHARGED IONS 

Utilizing both noble gas and alkali species, we have 
investigated radiation effects and ion-derived transport 
characteristics of insulating targets.  These include the 
utilization of encapsulated insulators within metal-oxide-
semiconductor (MOS) targets, which show that the energy 
loss of singly charged ions implanted near-surface give rise 
to below-surface oxide defects analogous to other energetic 
sources, e.g. UV radiation.  In fact, for MOS structures, a 
superlinear dependence on ion impact energy is seen for 
interface states that are buried hundreds of Angstroms 
below the impacted surface (see Fig. 1) [3].  In the area of 
ion-derived transport, we have explored the geometric 
parameter space for keV energy ion transport through both 
metallic and insulating capillary structures.  This spans the 
range of dimensions from macro-to-micro capillaries and 
also includes a novel approach based on an embedded 
electrode design.  Finally, we have measured both ion 
scattering and charge exchange for alkali species from oxide 
surfaces that support well-defined metal nanostructures. 

 
Figure 1: Interface trap density for an MOS structure 
irradiated by Na+ ions. 

3. MULTIPLY CHARGED IONS 

With decelerated beams of multiply charged Argon ions, we 
have explored the effects of the ion potential energy on a 
range of material surfaces (insulators, metals, and 
polymers).  An extension of our MOS results from singly 
charged ions is included here, where we find evidence for 
charge-state dependent energy loss in the capacitance-
voltage signatures of each irradiated device (see Fig. 2).  
These results are compared directly with power law 
predictions for the stopping power of these ions.  Also, we 
have explored the role of point defect formation in metallic 
and two-dimensional systems by measuring the low 
temperature resistance properties and surface topography of 
irradiated noble metal wires and graphene substrates.  
Finally, multiply charged ions have been used to modify 
polycarbonate substrates, where post-irradiation data 
obtained by contact angle and x-ray photoelectron 
spectroscopy reveal selective bond breaking that is charge-
state dependent. 

 
Figure 2: Normalized flat band shifts for ArQ+ irradiated 
oxides obtained from MOS capacitance measurements. 
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1. INTRODUCTION

The transmission of electrons through insulating 
nanocapillaries was studied [1] following the landmark 
paper on the guiding of highly charged ions (HCIs) through 
insulating polyethylene terephthalate (PET) nanocapillaries 
[2

2

]. In the present work the transmission of electrons 
through PET was studied as a function of the charge 
deposition, angular and incident energy dependences. It is 
found that self-organized charge patch formation guides
electrons through PET similar to the way that HCIs are 
guided by PET [ ].

2. EXPERIMENT

The present work was conducted for two different samples
with 100 nm and 200 nm diameters and 5 x 108 and 5 x 107

pores/cm2 densities, respectively. The first sample was 
studied for incident current densities ~1.5-4.2 nA/mm2,
while for the second sample densities of ~14-43 nA/mm2

were used. The samples were mounted on a goniometer 
which was isolated from ground so that the current on the 
sample could be read directly. The detector (spectrometer) 
and the goniometer angles were measured with respect to 
the incident beam direction. The energy of the transmitted 
electrons was analyzed using an electron spectrometer that 
was stepped in voltage over the desired energy range.

3. RESULTS

Electron transmission depended on the charge deposited as 
shown by the results for 500 eV incident electrons in Figure 
1a, where the transmission started after a time delay and 
increased rapidly afterwards. The small characteristic charge 
constant value, Qc (rate of change of charge), at the smallest
tilt angle (0.0o) shows the rapid charge up at this angle. The 
larger values of Qc for tilt angles away from zero (+0.3o and 
-1.7o) show that charge deposition increases more slowly at 
these angles. Measurements were also performed for the 
angular and incident energy dependence (not shown) [3].
Three different regions of the transmission, referred as 
direct, transition and guiding depending on the tilt angle,
were observed as shown in Fig. 1b. These three regions 
result from the overlap, partial overlap and non-overlap of 
the exit and entrance openings of the capillaries in the foil 
sample as seen by the beam passing through. Transmission 

from these regions can be attributed to elastic and inelastic 
transmission giving rise to two peaks in the energy spectra 
for the transition region as seen in Fig. 1b. It has been found 
that inelastic transmission of electrons through insulating 
PET nanocapillaries is largely due to self-organized charge 
patch formation.

Figure 1: (a) Normalized intensity vs. charge entering per 
capillary (Qin����������	
�o������	
	o �������-1.7o at 500 
eV for the sample with 100 nm diameter capillaries. The 
red line represents the exponential growth function fitted 
to the fast rise of transmission and Qc is the characteristic 
charge constant. (b) Energy spectra for selected sample tilt 
������ �� �� 	
	o, -1.5o and -3.3o at 500 eV for the same 
sample. Red points represent the intensity for elastically 
transmitted spectra while black points represent the 
intensity of inelastically transmitted spectra.
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1. INTRODUCTION 

Beam transmission through insulating capillaries has 
attracted intensive interest offering potential applications in 
surface modifications and biology [1]. This followed the 
discovery of slow (keV) ions guided through an array of 
nanocapillaries in a polyethylene terephthalate (PET) foil [2]. 
In this work we investigate the incident energy and charge 
deposition dependences of electron transmission through a 
single microsized tapered glass capillary.   

2. RESULTS 

Experimental measurements of 500 eV and 1000 eV 
(nominal energies) incident electron transmission through a 
glass capillary with inlet/outlet diameters of 800/100 µm 
were performed. The experimental setup has been 
previously described [3]. Electrons were transmitted for tilt 
angles up to ~6.5o and ~9.5o (measured laboratory angles) 
for 500 and 1000 eV, respectively. 

-10 -9 -8 -7 -6 -5 -4 -3 -2 -1 0 1

950

975

1000

1025

1050
500

510

520

Incident Energy=1024 eV
1000 eV

  

 

Region 3

Region 2

Region 1
 

 

 

 

 

 

500 eV

Tilt Angle � [deg]

 

C
en

tro
id

 E
ne

rg
y 

(e
V

)

Incident Energy=512 eV

Region 3
Region 2

Region 1

 
Figure 1: Centroid energy (obtained from associated energy 
spectra) vs. tilt angle for 500 and 1000 eV. 

Figure 1 shows the results for the centroid energies of 
the transmitted electron spectra vs. the tilt angle. The 
centroid energies for 500 (actually 512) eV lie around the 
incident energy showing elastic transmission for all the tilt 
angles due to deflection by negative charge patches on the 
capillary wall. For 1000 (actually 1024) eV the transmitted 
electrons always had inelastic components (green and blue 
data points) for all the tilt angles. Moreover, for 1000 eV the 
red points show the events without energy loss 

corresponding to the transmitted electrons that do not touch 
the capillary wall. For both 500 and 1000 eV three 
transmission regions were identified in the angular beam 
profiles plotting the measured intensities vs. the observation 
angle (not shown). Region 3 consisted of three peaks in the 
profile that resulted from directly transmitted electrons as 
well as electrons scattered from the opposite walls of the 
capillary. Two peaks in the angular profile, referred to as 
Region 2, are produced by electrons scattered from the two 
sides of the capillary without directly transmitted electrons, 
while one peak occurs in Region 1 for the beam scattered 
only from one side of the capillary.  

Figure 2 shows primarily elastic transmission for 500 
eV and primarily inelastic transmission for 1000 eV as a 
function of the charge deposited into the capillary. The 
transmission intensity for 500 eV, after an initial quiet time, 
increased with a charge-up constant of ~67 nC following 
which transmission continued with infrequent intensity 
breakdowns up to ~450 nC when near complete blockage 
occurs. For 1000 eV the initial charge-up constant is ~3 nC 
followed by frequent breakdowns occurring for the entire 
studied range of incident charge into the capillary. 
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Figure 2: Energy vs. charge deposited into the capillary for 
500 and 1000 eV, with color representing the intensity.  
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1. INTRODUCTION 

Individual highly charged ions (HCI) in the keV energy 

regime are able to induce surface modifications on a 

nanometric scale [1]. Swift heavy ions (SHI) with kinetic 

energies in the MeV to GeV range can also induce severe 

structural modifications at the surface and in the bulk [2]. 

These modifications result from the deposition of potential 

energy carried by HCI in the topmost surface layers or from 

electronic energy loss of SHI along its trajectory. In both 

cases several keV/nm
3
 are deposited within a few 

femtoseconds into the target’s electronic system and 

subsequently transferred to the lattice atoms via electron-

phonon coupling. This similarity between HCI and SHI was 

pointed out [1, 3] in order to establish a qualitative link 

between surface modifications by potential energy and 

electronic energy loss.  

2. EXPERIMENTS AND RESULTS 

2.1. Highly charged ion impact 

In the energy range of a few MeV hillock formation on 

single crystal surfaces induced by highly charged heavy ions 

has recently been studied on the 320 kV highly charged ions 

physics platform in IMP-CAS. This study has shown an 

additive effect between depositions of kinetic energy and 

potential energy for surface nanostructure formation on 

CaF2 [4].  

 

Figure 1: “Phase diagram” with potential energy (Ep) and 

electronic energy loss (Se) (from ref. [4]). 

2.2. Swift heavy ions impact 

We have now extended these investigations to other 

insulating materials including Al2O3, c-SiO2 and MgO 

single crystals. As a first step we have irradiated these 

materials by 100 MeV Pb ions delivered by the IRRSUD 

beamline at GANIL. The aim of these investigations is 

to find the Se threshold for the SHI case. Unfortunately 

on several crystals the surface roughness or present 

surface contaminations prevented an unambiguous 

identification of ion-induced nanostructures.  In these 

cases irradiation were also conducted under grazing 

angles of incidence. Surface tracks usually take the form 

of a chain of hillocks [5] and are therefore more easily to 

identify than single ion-induced hillocks under normal 

incidence. Our results for SHI irradiation of Al2O3, c-

SiO2 and MgO will be presented at the conference. 
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Amorphous alloy (also known as metallic glass) is a kind of 
new alloy material synthesized by using modern rapid 
solidification metallurgical technology, owning excellent 
mechanical, physical and chemical properties that general 
metal and glass have. The unique glassy structure makes 
metallic glass have some high performances such as high 
strength, corrosion resistance, great ductility, and having a 
wide supercooled liquid region, etc. which usually belong to 
the high-quality magnetic functional materials, and hence 
showing enormous potential for development and 
application in the fusion reactor [1-3]. In this work, SHI 
irradiation as a kind of special non-equilibrium and 
exogenous energy deposition process will be applied to the 
study on modification of the structural and magnetic 
properties of the amorphous alloys.  
 
Amorphous FeSiNbZrB alloy ribbons were prepared by melt 
spinning, and then the amorphous ribbons were irradiated at 
RT with 2.01 GeV Kr26+ ions for fluence range from 1×1011 
to 1×1014 ions/cm2 on the materials research terminal of the 
HIRFL-SSC (IMP, Lanzhou). X-ray diffraction (XRD), 
transmission electron microscopy (TEM), vibrating sample 
magnetometer (VSM), superconducting quantum 
interference device (SQUID) and mössbauer spectra (MS) 
were used to measure the structural and magnetic properties 
of the pristine and irradiated samples. 
 
It’s obviously that before and after SHI irradiation, such 
amorphous FeSiNbZrB alloy systems do not have a long-
range order in atomic arrangement and exhibit only a short-
range order. Under SHI irradiation at RT, local 
crystallization phenomenon of amorphous FeSiNbZrB alloy 
ribbons has been confirmed and formation of finer α-Fe(Si) 
phases precipitations with diameter of 1-2 nm has been 
observed. In addition, after irradiation, magnetic anisotropy 
considerably changes from its original in-plane direction. 
Possible mechanism of structural and magnetic properties 
modification after SHI irradiation is discussed briefly.  
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1. INTRODUCTION

The electronic excitation following atomic particle 
bombardment can be experimentally observed in kinetic 
electron emission into the vacuum or, for instance, in 
internal electron emission in ion bombarded metal-insulator-
metal junctions.

Whereas the physical mechanisms underlying the kinetically
induced electronic excitation have been discussed in great 
detail in terms of electronic friction and hard binary 
collisions, by far less attention has been devoted to the
transport of excitation energy away from the spot of its 
generation. In a series of works a we have in the past 
employed a nonlinear diffusion model using ad hoc 
diffusivity parameters describe secondary ion emission and 
external kinetic electron emission. Due to the fact, that the 
corresponding typical electron mean free path is larger than 
the standard simulation system volume, however, the 
validity of the diffusion model on the fs time scale of 
primary particle impact appears questionable [1].

Therefore, the present contribution aims at a more 
fundamental physical investigation of the transport 
characteristics of electronic excitations generated by the 
projectile at the very early stage of the cascade. In this 
context, the description of transport by means of the
classical Boltzmann transport equation (BTE) constitutes a 
promising approach to tackle the problem of the relatively 
large electron mean free paths and the restriction of the 
diffusion model statistical equilibrium conditions. 

Once the electron-electron scattering potential is 
determined, the BTE allows the calculation of temporal and 

spatial dynamics of the distribution function � �trkf ,, for 
a given initial distribution of electron k-vectors. Different 
kinds of electronic excitations can be prepared by occupying 
selected k-states above the Fermi-level and be followed 
numerically solving the corresponding BTE. The 
aforementioned procedure is carried out for two different 
types of electronic excitation, namely 

1. an initial  set of k-vectors corresponding to a Fermi
distribution at elevated electron temperature.

2. a ground state distribution complemented by  
“peak” excitation realized in form of a few
occupied  k-states with energies above Fermi-level
(isotropic and anisotropic)

The calculation shows that the temporal evolution of the 
local distribution function can be approximated by a quasi-
diffusive approach , even though the dynamics are caused 
by a combination of ballistic and collisional  transport. The 
results are used to extract effective diffusivity parameters 
for comparison with the tacit assumptions formerly made in 
the diffusion model. 
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Graphitic surfaces are one of the most common systems for

studying the interaction between He gas atoms and surfaces

[1]. The corrugation of the equipotential surfaces of this in-

teraction can, under proper conditions, produce the diffrac-

tion of He atoms. Nowdays two different scattering regimes

are available where diffraction of atom projectiles can be

observed: thermal energy helium atom scattering (HAS or

TEAS) and grazing incidence fast atom diffraction (FAD or

GIFAD) [2, 3]. Analysis of diffraction intensities in these

techniques allows extraction of accurate information on the

surface structure and dispersion forces.

Motivated by a recent joint experimental-theoretical study

of the corrugation of graphene by GIFAD [4], we have fur-

ther theoretically investigated the interaction potential be-

tween He and graphitic surfaces [see Figure 1(a)]. This po-

tential is often represented as a pairwise sum:

Vsurf (r) =
∑

j

VHe−C(r−Rj), (1)

where VHe−C is an effective He-C interaction potential con-

tributing for each atom at Rj . This ansatz has been very

useful to obtain efficient descriptions of He-surface interac-

tions. However, the interaction between the projectile and

surface atoms is not pairwise additive, and thus ab initio ap-

proaches for the calculation of this interaction require full

description of the surface. Even in that case, approxima-

tions to exchange-correlation (xc) energy functionals within

density-functional theory (DFT) prevent accurate predictions

of the dispersion forces. Indeed, as illustrated in Figure

1(b) for the He-C interaction potential, theoretical predic-

tions strongly depend on the particular xc functional.

In our work we present ab initio DFT calculations of the

interaction potential between He atom projectiles and cor-

rugated graphene surfaces. Diffraction intensities are calcu-

lated with these potentials and compared to available exper-

imental data in order to assess their quality. We focus on

the transferability of the resulting pairwise potentials from

the parameterization of Eq. (1) for different degrees of sur-

face corrugation. Calculations are performed for several xc

functionals, with special emphasis on those including cor-

rections to the van der Waals interaction.
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Figure 1: (a) The system under study: A helium atom on

top of a graphene layer. (b) Calculated interaction poten-

tial between He and a C atom as function of the interatomic

distance, for different exchange-correlation functional ap-

proximations (symbols). The solid line corresponds to the

Lennard-Jones (LJ) pairwise potential [4] derived from He-

graphite diffraction experiments.
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1. ABSTRACT

We present Density Functional Theory (DFT) calculations
for the investigation of the structural relaxation of Fe(111),
as well as for the study of the interaction of nitrogen atoms
and molecules with this surface. We perform spin polarised
DFT calculations using VASP (Vienna Ab-initio Simulation
Package) code. We use the supercell approach and up to 19
slab layers for the relaxation of the Fe(111) surface. We
find a contraction of the first two interlayer distances with
a relative value of Δ12 = -21.7 % and Δ23 = -7.8 % with
respect to the bulk reference. The third interlayer distance
is however expanded with a relative change of Δ34 = 9.7 %.
Early experimental studies of the surface relaxation using
Low Energy Electron Diffraction (LEED) [1] and Medium
Energy Ion Scattering (MEIS)[2] showed contradictory re-
sults, even on the relaxation general trend. Our current theo-
retical results support the LEED conclusions and are consis-
tent qualitatively with other recent theoretical calculations
[3, 4, 5]. In addition, we study the interaction energy of
nitrogen atoms and molecules on the Fe(111) surface. Our
results show that the bridge site with adsorption energy (5.6
eV) is the most favourable site for atomic adsorption. For
the molecular case, we find two minima with similar ad-
sorption energies corresponding to the nitrogen molecule
perpendicularly adsorbed on top and hcp sites.
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1. INTRODUCTION

Present and future fusion experiments apply carbon, beryl-
lium, tungsten, and reduced activation ferritic martensitic
steel (e.g. Eurofer) as first wall materials [1, 2]. There is
growing need to assess specific properties of these mate-
rials with respect to erosion and hydrogen retention. Ion
beam experiments allow to investigate erosion and surface
modification under well controlled conditions and comple-
ment studies on tokamaks and linear plasma devices.

2. EXPERIMENT

The UHV apparatus ALI (= Auger, LEED, Ion scattering),
formerly build and operated in IPP Garching, has been trans-
ferred to FZ Jülich and is presently under commissioning.
Figure 1 shows a schematic view of the apparatus and the
installed components.

Figure 1: Schematic view of ion beam experiment ALI.

An experiment to study the effect of surface roughness on
ion reflection has been performed using the mass selected
ISS ion source and a specially constructed target holder with
a titanium catcher foil [3].

3. INFLUENCE OF SURFACE ROUGHNESS ON 13C
ION REFLECTION FROM A W SURFACE

The investigation of castellated tungsten structure in the TEX-
TOR and DIII-D tokamaks has shown that deposited carbon
is found only close to the plasma facing top surface. Very
little deposition has been detected deep in the gaps. The
roughness of the tungsten surface and its influence on stick-
ing probability and angular distribution of scattered parti-
cles has been put forward as a possible explanation of the
experimental findings. A dedicated experiment using a 13C+

ion beam impinging under angles of 30◦ and 80◦ on tung-
sten samples with roughness Ra of 5.9 nm and 20.5 nm has

been performed. The reflected 13C atoms were collected on
a titanium catcher foil and the relative amount of deposited
13C has been analysed by SIMS. In addition, NRA measure-
ments to quantify the remaining C content on the W targets
have been done.

Figure 2: Angular distribution of scattered 13C atoms from
smooth and rough W surfaces [3].

The result for 80◦ incident angle (which corresponds to −80◦

in the reference frame) is shown in figure 2. The angular
distribution of particles scattered from the smooth surface
shows a strong specular shape, but scattering from the more
rough surface yields in a strong backscattering contribution.
Since curves are normalised to NRA measurements and in-
coming fluence, the rough surface shows less reflection and
higher sticking. Detailed modelling using the SDTrimSP
code [4] is underway.

4. SUMMARY AND CONCLUSION

Ion beam experiment are well suited to perform well de-
fined experiments on erosion and study detailed aspects in
the field of plasma wall interaction. The reflection of 13C
atoms from rough surfaces has been measured. The angu-
lar distributions show large differences and it is doubtful if
present codes will adequately reproduce the experimental
results.

Acknowledgements. We thank Dr. R. A. De Souza and
Ch. Schwab (Institut für Physikalische Chemie, RWTH
Aachen) for the SIMS measurements.
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Electron tunneling between atomic and molecular 
species and metal surfaces is one of the central research 
subjects of the Surface Science. Indeed, not only electron 
capture and electron loss determines the charge fractions in 
the scattered/sputtered beams, but the efficiency of the
electron transfer process is of paramount importance for the 
chemical reactions at surfaces. Too short lifetime of the 
excited state will harm the energy transfer between electrons 
and nuclei and therefore the reaction yields will be reduced. 
It is thus of paramount importance to be able to predict the 
tunneling rates, which implies development of parameter 
free approaches and comparison between experimental and 
theoretical data on the absolute scale. 

In this respect experiments performed in grazing 
scattering geometry offer particularly well adapted
playground because the projectiles are softly scattered from 
the topmost surface layer without violent collisions with 
surface atoms which might lead to eventual 
ionization/excitation. Another peculiarity of the grazing 
scattering geometry is the orders of magnitude difference 
between the speeds of the slow motion of the projectile 
perpendicular to the surface and fast motion parallel to the 
surface. The latter leads to the necessity of account for the 
dynamic effects (translational factors) between the electronic 
states of the metal and these of the projectile. All over, the 
projectile motion brings dynamics

Over the years, the extremely high quality 
experimental data and original ideas provided by the group 
of Prof. H. Winter allowed elaboration of many theoretical 
concepts and approaches. (1) Parallel velocity assisted 
resonant and Auger electron transfer at metal surfaces; (2) 
Polarization of the light resulting from the electron capture at
the excited projectile states; (3) The effect of the projected 
band structure; (4) Many-body aspects of the charge transfer 
for the open-shell projectiles; (5) Neutralization of the multi-
charge ions and dynamic surface response; (6) Charge 
transfer processes at insulating surfaces of ionic crystals -
this would be by far not complete list of the major advances 
in the field.

at the core of the problem, 
where the knowledge of the static properties of the system 
does not necessarily implies ability to predict the final 
results. 

I my contribution I will show how these theoretical 
approaches and concepts developed in the context of the 
projectile/surface charge transfer can be used to address 
various aspects of the dynamics of excited states at pristine, 
nanostructured, and adsorbate coated surfaces.  In this way 
we could provide parameter-free explanation for the results 
obtained in time-resolved two photon photoemission and 
scanning tunneling microscopy, i.e. in experimental 
conditions quite distant at first glance from the original 
grazing incidence of the projectile beams. The most recent 
examples of the importance of the electron tunneling at 
surfaces concern many-body electronic excitations 
(plasmons) in metal nanoparticle pairs. In this case, 
establishment of the tunneling currents between 
“superatoms” separated by the narrow junction leads to the 
marked change in the optical response of the system, as first 
predicted in Time Dependent Density Functional Theory 
Calculations and then confirmed experimentally.
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1. INTRODUCTION

In July 1976 a workshop on Inelastic Ion-Surface Collisions 
(IISC) was organized by N. Tolk and J.C. Tully at Bell 
Laboratories (Murray Hills, USA). This workshop with 
some ten participants became the starting point of a series of 
meetings which will face its 21st edition in Donostia/San 
Sebastian (Spain) from 18 to 23 October 2015. In the 
preface of the proceedings published in 1977 [1] one finds
the statement: “There are a number of contributions on
newly observed and in some instances controversial 
phenomena. These new topics include oscillations in the 
energy dependence of backscattered ions, wake riding 
states, or optical polarization effects from beam 
transmission through tilted foils and from particle 
bombardment of surfaces under grazing incidence. Clearly 
this area is in its infancy and holds great promise for equally 
dynamic and exciting growth in the future”.

In looking back, one can state that these early judgments on 
the developments of the field were fully justified where the 
close interactions between experiment and theory played a 
paramount role.

2. GRAZING ION SURFACE SCATTERING

In this presentation we will discuss some specific topics on 
the interactions of atoms and ions with surfaces which came 
up over the years and which were also discussed on the 
IISC-meetings. In following first work on this issue 
presented already on the workshop at Bell labs in 1976 [1],
we will focus on the scattering of ions from surfaces under a 
glancing angle of incidence, developed over the years to a 
powerful method for studies on the interaction mechanisms 
as well as an interesting surface analytical tool [2].

In this respect, we will discuss studies on the effect of the 
image charge in front of metal surfaces which modifies the 
trajectories of ions during the scattering process. A fairly 
spectacular effect is “skipping motion” predicted by Ohtsuki 
[3] and which was observed later on in experiments.

Image charge effects on trajectories played a crucial role in 
investigations on the interaction mechanisms of highly 
charged ions with surfaces [4] – a topic which was also 

treated at IISC meetings over the years – and in the 
quantitative understanding of the neutralization of He+ ions 
in front of metal surfaces [5]. This topic dates back to the
pioneering work of Hagstrum which was presented on the 
early IISC meetings [1].

The defined trajectories for grazing scattering can be 
exploited to study energy loss phenomena by a type of 
tomographic method [6] which was applied in detailed tests 
on theoretical predictions concerning the dependence of 
“Z1-oscillations” as function of the density of an electron 
gas [7].

Further topics comprise the emission of electrons [8] and 
production of negative ions [9] during scattering of atomic 
projectiles from insulator surfaces, the observation of 
“Resonant Coherent Excitation”[10], studies on growth of 
ultrathin films [11], as well as high resolution atomic 
spectroscopy [12].

Finally we will outline some basic features and 
achievements on the recently observed quantum scattering 
of fast atoms from surfaces (“Fast Atom Diffraction”) [13].
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1. INTRODUCTION 

To enable the continuing shrink of semiconductor devices 
ASML has developed lithography systems operating in the 
Extreme UltraViolet (EUV), at a wavelength of 13.5 nm. 
This huge step from the current standard of 193 nm pushes 
down the diffraction-limited feature sizes that can be printed 
on wafers. The step to the EUV regime comes with 
challenges, amongst others the generation and the transport 
of this ionizing radiation. 

1.1. EUV SOURCE 

Current high power EUV sources are based on a Laser-
Produced Plasma (LPP) of tin [1]. Highly ionized tin ions 
(7+ - 12+) show line emission around 13.5 nm, allowing for a 
reasonably efficient conversion of laser energy into a band 
around 13.5 nm [2]. A typical source layout is shown in 
Figure 1. Tin fuel is injected in the form of small droplets 
that are subsequently irradiated by a ~20 kW pulsed laser. 
The EUV radiation emitted by the illuminated droplet is 
collected by a parabolic mirror and reflected towards the 
scanner part of the lithography tool. 
An LPP emits not only radiation, but also energetic, keV 
ions, c.f. Figure 2. Without mitigation, these ions sputter 
and implant in the collector mirror, rapidly degrading its 
performance: a tin layer of only 1 nm reduces the reflectivity 
already by ~20%. As mitigation measure, hydrogen gas is 
injected at low pressure. Tin ions collide with the buffer 
gas, loose energy and charge, and eventually thermalize. 
The thermalized ions are flushed away by the hydrogen 
flow. Energetic ions will, however, exert a force on the gas 
and cause strong heating. This changes the flow profile and 
gas density, affecting the mitigation scheme.  
 

. 
Figure 1: Left: schematic representation of a LPP EUV 
source. Right: Visible emission from a LPP tin plasma in a 
hydrogen atmosphere (laser from right). Red emission from 
Hα, green emission from Sn. 
 

Figure 2: Charge-resolved tin ion energy spectrum from a 
laser-produced plasma using a 1 μm drive laser. 
 
Measuring and modeling these dynamic ion-gas interactions 
is a challenging task. 

1.2. EUV-INDUCED PLASMA 

EUV radiation is strongly absorbed by matter, including low 
pressure gasses. With an energy of 92 eV the photons have 
ample energy to ionize the gas and create energetic photo-
electrons. The resulting EUV-induced plasma is dense 
enough [3] to affect materials. For example, carbon can be 
etched from EUV mirrors by EUV-generated hydrogen ions 
[4]. 

2. This talk 

In this talk I will discuss the challenges imposed on EUV 
lithography tools by ions. Specifically, I will address ion-gas 
and ion-mirror interactions in the tin-based laser-produced 
plasma EUV source, and the interaction of the secondary 
EUV-induced hydrogen plasma with its environment. 
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Imaging mass spectrometry techniques have been used 
sparingly in forensic investigations, despite their potential to 
provide unique information about certain types of sample.  
In this presentation, we will demonstrate how secondary ion 
mass spectrometry (SIMS) and desorption electrospray 
ionisation (DESI) (which also uses a beam of charged 
particles to generate ions from the sample) can be used for 
the chemical imaging of fingerprints, and how this may be 
used to give new evidence in casework such as visualising 
undeveloped fingermarks, determining the deposition order 
of fingerprints and inks on documents and determining drug 
use from a fingerprint.  We will also present new results, 
showing the potential for MeV-SIMS (a technique being 
developed at Surrey, which provides micron scale imaging 
under ambient conditions) in forensic investigations.
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We have applied coherent acoustic phonon spectroscopy to 
the characterization of ion-irradiated GaAs, [1] diamond, [2] 
and silicon [3] specimens to determine the implantation-
induced modulation of the opto-electronic properties of these 
materials as a function of depth. 

In semiconductors, point defects play a critical role in the 
performance of electrical devices. Such effects become 
increasingly important as size scales approach the order of 
tens of nanometers or less, where single defects can affect a 
significant fraction of the material and the “local” influence 
of a single defect may significantly alter the entire device 
performance.  Under these circumstances it is extremely 
important to identify both the location and concentration of 
defects as well as their effect on the local electronic 
structure.  Traditionally, either optical or ion beam analysis 
methods have been used to characterize point defect 
distributions.  On one hand, while optical methods can 
deliver information regarding the average electronic 
structure, depth-dependent information is typically lost in 
measurement.  Ion beam analysis, while providing some 
depth resolution, creates damage in a sample similar to that 
which is being studied.  Scanning or transmission electron 
microscopy can be useful in characterizing local electronic 
structures, though they are destructive techniques and 
unsuitable for in situ experiments. 

To overcome these disadvantages, we have demonstrated 
the use of a novel application of an ultrafast pump-probe 
technique perfectly suited for simultaneous measurement of 
depth-dependent defect concentrations and their effect on 
local electronic structure.  This technique, known as coherent 
acoustic phonon (CAP) spectroscopy or picosecond 
ultrasonics [1–3] is employed to generate and monitor a 
picosecond strain wave which transiently modifies the 
material as it passes through a substrate of interest.  The 
resulting time-resolved optical response is highly sensitive to 
local changes in a material’s photoelastic constant.  By 
deploying a probe pulse to monitor the strain wave as it 
travels (at the longitudinal speed of sound), the sample is 
effectively probed layer by layer as a function of depth. 

Here we present data wherein CAP studies are carried out 
on GaAs wafers exposed to varying levels of He+ irradiation 
[1].  Similar studies have been carried out on diamond and 
silicon samples. [2,3]. The irradiation creates a strongly 
depth-dependent damage profile whose dominant species 
types are vacancy and self-interstitial point defects.  
Generally, defects may modify the ideal GaAs electronic 
structure by opening deep-level defect states and causing 
strain-induced band-tailing effects.  Thus, in regions where 
defect populations exist, local electro-optical properties are 
modified, and the photoelastic constants become strongly 
non-linear [7,8] and extremely sensitive to the presence of 
defects.  This effect allows quantitative measurement of the 
depth-dependent total defect concentration caused by the 
radiation in the GaAs sample.  Our measurements extend 

over four orders of magnitude in defect concentration, and 
provide a tabletop method for non-invasive and non-
destructive defect characterization, which is two orders of 
magnitude more sensitive than any other method. 
Comparison with TRIM code simulations show excellent 
agreement in the full-width, peak depth, and estimated 
concentration as shown in Figure 1 below.   

 
 

 

Figure 1: Defect concentrations arising from He+ implanted 
GaAs, obtained experimentally using CAP compared to 
TRIM code simulations. 

The fact that materials may be transiently strained by the 
CAP wave suggests that, in addition to characterization, 
using ultrafast laser pulses, we can selectively deliver 
energy in a spatially and temporally localized manner as a 
function of depth.  We will discuss the implications of 
this for (a) non-thermal localized permanent material 
modification and (b) studies of the dynamics of high 
electronic energy density relaxation paths and rates far 
from equilibrium. 
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1. INTRODUCTION

Conventional magnetic materials heat up when they are 
placed in a magnetic field and cool down when they are 
removed. This phenomenon is known as the magnetocaloric 
effect (MCE). The discovery of compound with a giant 
magnetocaloric effect (GMCE) close to room temperature 
pushed the development of magnetic refrigeration as an 
environmentally friendly and energy-efficient technology 
alternative to gas compression refrigeration commonly 
employed for everyday applications. Up to now, the practical 
application of GMCE materials is blocked by the fact that
these compounds are also characterized by a magnetic 
transition of first-order. This type of transition suffers 
intrinsically from large thermal hysteresis making their use 
in thermal machine inefficient. In the last decades many but
mostly vane efforts have been explored (doping, external 
constrains, etc.) [1–3] for eliminating the thermal hysteresis 
keeping the GMCE properties. Here we present a new 
approach based on slow highly charged ions interacting with
a GMCE thin film resulting in the successfully suppression 
of the thermal hysteresis without affecting the other material 
properties.

Figure 1:  (color online) Magnetization as a function of 
temperature for the reference (solid lines) and for the 
irradiated samples (dashed lines). Data obtained by a 
temperature increase (from colder temperatures) and 
decrease (from hotter temperatures) are presented in 
blue and red, respectively.

2. EXPERIMENT, RESULTS AND DISCUSSION

The thin film considered here is composed by MnAs
produced by molecular beam epitaxy on a Ge(100) substrate. 
MnAs is characterized by a GMCE associated to its phase 
transition close to room temperature (fig. 1) and is one of the 
most promising candidates for magnetic refrigeration. The 
ion irradiation is performed at the slow highly charged ion 
beam facility SIMPA [4] where samples are irradiated with 
Ne9+ at Ekin = 90 keV (v = 0.4 a.u.). After irradiation, thin 
films magnetic and structural properties are characterized by 
X-ray diffraction, Magnetic Force Microscope and SQUID 
magnetometer to reveal which properties are modified or 
not. As main effect, the ion irradiation suppress completely
the thermal hysteresis on the MnAs thin film. As small 
grains of dust in a glass of champagne, the defects induced 
by the ion impact act as seeds for the nucleation of one phase
with the other during the transition. Consequently,
facilitating the transformation from one phase to the other,
the thermal hysteresis is entirely suppressed (fig. 1, dashed 
lines) whereas other structural and magnetic properties are 
only slightly affected. In particular, the large refrigeration 
power of MnAs thin films related to GMCE is preserved [5].
At present, we extend our investigations to different 
collision conditions (ions type and kinetic energy) and to 
other type of samples exhibiting GMCE for providing new 
insights on the full understanding on the thermal hysteresis 
suppression mechanism (see also [6]).
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1. INTRODUCTION 

Tungsten is successfully applied in present day tokamaks 

such as ASDEX Upgrade and JET as armor material for the 

plasma-wetted areas [1, 2]. Besides its resilience against 

erosion by energetic particles and high melting point, the 

low uptake of hydrogen isotopes makes tungsten the 

material of choice also for the high-heat-flux areas of the 

international fusion experiment ITER as well as a promising 

candidate for a future fusion demonstration power plant 

DEMO. While for present-day devices as well as for ITER 

hydrogen retention and transport will be of minor concern 

[3] extrapolation to DEMO is not easily possible. Despite 

decades of work by many research groups theoretical 

understanding of hydrogen transport in tungsten is still 

incomplete. Because the heat of solution of hydrogen in the 

tungsten lattice is positive, the solubility in defect free 

material is extremely low. In practice transport and retention 

of hydrogen in tungsten is governed by defects such as 

vacancies, dislocations or grain boundaries as well as 

impurities where hydrogen can be trapped. The 

concentration of traps depends on the material grade as well 

as on the thermal treatment. In addition, defects will be 

created close to the surface by eV-keV particle 

bombardment during plasma exposure. As a consequence 

the scatter in the experimental data is still large. Besides 

intrinsic and plasma-induced defects, in a future 

thermonuclear fusion device displacement damage will be 

created throughout the tungsten bulk by MeV neutrons [4]. 

Because hydrogen isotopes will be trapped by these 

additional defects diffusive transport will slow down but 

retention will increase. 

In this talk the present status of hydrogen retention in 

different tungsten materials will be reviewed with a special 

emphasis on the influence of defects created at the very 

surface and in the bulk. Dedicated small scale laboratory 

experiments will be shown that allow to reveal the influence 

of defect density and plasma loading parameters on 

hydrogen retention [5]. 

Until very recently only mono isotopic experiments (mostly 

deuterium) were reported in literature, which only yield the 

final state but not the underlying dynamics. In this 

presentation in-situ isotope exchange experiments will be 

presented that allow to benchmark existing codes by also 

revealing the trapping/de-trapping dynamics. In a recent 

work it was shown that isotope exchange is an important 

tool for the understanding of hydrogen diffusion, retention 

and release in general [6]. It demonstrates that hydrogen 

transport is a sequence of trapping, de-trapping and 

diffusion events. It will be shown that common diffusion 

trapping models which are successful in predicting transport 

for typical mono isotopic ion implantation and thermal 

degassing experiments fail at describing experiments on 

isotope exchange at low temperatures. A novel approach is 

briefly introduced which is based on fill-level-dependent de-

trapping, where each trap site can contain an integer number 

of hydrogen atoms and the de-trapping energy depends on 

the current fill level [7]. 

In order to study hydrogen transport and retention in defect 

rich material, defects are deliberately prepared by 

implantation of MeV ions. Implantation of heavy ions 

causes dense cascades which resemble those created by 

neutron irradiation. Tungsten self-implantation is used as a 

proxy for neutron-damaged materials as it adds no 

additional impurity. Exposure of this so-called self-damaged 

tungsten to low flux, low energy D plasma or D atom beams 

allows to characterize these defects as well as to test existing 

D transport parameters for both mono-isotopic as well as 

hydrogen-deuterium isotope exchange experiments. 

REFERENCES 

[1] R. Neu et al.: “Overview on plasma operation with a full 

tungsten wall in ASDEX Upgrade”, J. Nucl. Mater. 438, 

S34 (2013). 

[2] L. Horton and JET EFDA contributors: “The JET ITER-

Like Wall Experiment: First Results and Lessons for 

ITER”, Proceedings of the 28th Symposium on Fusion 

Technology SOFT, San Sebastian, (2014) to be published. 

[3] J. Roth et al., “Recent analysis of key plasma wall 

interactions issues for ITER”, J. Nucl. Mater., Vol. 390-

391, No. 1, (2009). 

[4] M. Shimada et al.: “Irradiation effect on deuterium 

behaviour in low-dose HFIR neutron-irradiated tungsten”, 

Nucl. Fusion 55, 013008 (2015). 

[5] A. Manhard, PhD thesis, University of Augsburg, Germany 

2012. 

[6] J. Roth et al.: „Hydrogen Isotope Exchange in Tungsten: 

Discussion as Removal Method for Tritium“. J. Nucl. 

Mater. 432, 341 (2013). 

[7] K. Schmid et al: “Transport of hydrogen in metals with 

occupancy dependent trap energies”; J. Appl. Phys 116 

134901 (2014). 

 
This work has been carried out within the framework of the 

EUROfusion Consortium and has received funding from the Euratom 

research and training programme 2014-2018 under grant agreement No 

633053. The views and opinions expressed herein do not necessarily 

reflect those of the European Commission.” 

83



21st International Workshop on Inelastic Ion-Surface Collisions (IISC-21) 18 – 23 October 2015, Donostia-San Sebastián, Spain

* Corresponding author e-mail address: bannisterme@ornl.gov

SURFACE MORPHOLOGIES OF HE-IMPLANTED TUNGSTEN

M. E. Bannister

1 Physics Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831-6371, USA

1,*, H. Hijazi1, F. W. Meyer1, K. A. Unocic2, L. M. Garrison2, and C.M. Parish2

2 Materials Science and Technology Division, Oak Ridge National Laboratory, Oak Ridge, TN, USA

1. INTRODUCTION

Tungsten, with its high melting point, low sputtering yield, 
and low tritium retention rate, is the leading candidate for 
plasma facing material in next-generation fusion reactors.
However, high-flux irradiation of tungsten surfaces by He 
ions at temperatures typical of burning reactors can induce 
significant morphological changes, including the formation 
of nano-fuzz [1].  Using experimental capabilities unique to 
our laboratory, tungsten targets were exposed to high fluxes 
of He ions ranging in energy from 200 eV to 200 keV and 
their surface morphologies were  investigated using electron 
microscopy. To gain insight into the mechanisms for these 
changes, we also measured thermal desorption spectra for 
He after implantation in the tungsten targets.

2. EXPERIMENTAL

Helium ion beams were produced by two ECR ion sources, 
one installed on a 250-kV platform yielding ion energies up 
to 500 keV He2+.  The second ECR ion source is equipped 
with a custom deceleration section [2] to achieve He-ion 
energies down to 200 eV while maintaining fluxes 
exceeding  2x1016 cm-2 s-1, needed for nano-fuzz formation
[3]. Flux-mapping of the ion beams permits correlation of 
surface morphology changes to varying ion fluxes in a 
single exposure [4]. High-purity polycrystalline tungsten 
samples were positioned in the ion beams using triple-axes 
manipulators, and heated up to 1500 C using electron-beam 
heaters. 
Thermal desorption spectra for helium were measured using 
a residual gas analyzer tuned to mass 4.  The parameters of 
the heater controller were adjusted to ensure a linear ramp 
of the sample temperature from 200 C to 1150 C.  The 
spectra were made absolute by comparing the desorption 
measurements to the RGA signals for a calibrated He leak.

3. RESULTS

Figure 1 shows SEM and FIB/SEM images of 
polycrystalline W after exposure to 218-eV (top images) and 
100-keV (bottom images) He+ ions with fluxes exceeding 
1016 cm-2 s-1. The 218-eV ions are below the displacement 
damage threshold for W, whereas the 100-keV ions create 
significant damage to the W lattice, producing additional 
trapping sites for the He atoms. For this reason, the 

minimum flux required for the production of nano-fuzz is 
lower for the 100-keV ions.

Figure 1: SEM and FIB/SEM images of W surfaces after 
exposure to 218-eV (top) and 100-keV (bottom) He+ ions.

Thermal desorption spectroscopy is being employed to 
investigate the mechanisms driving the changes in the W 
surface morphologies, seeking to understand and 
differentiate the helium nucleation processes in both the 
low- and high-energy implantation regimes, including the 
role of damage induced by the implantation of He ions for 
energies above the displacement damage threshold.
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Tungsten (W) is considered as a primary candidate mate-
rial for high heat load plasma-facing components in the next
generation magnetic fusion devices, in particular ITER. Be-
ing a high-Z material W demonstrates very low sputtering
under plasma bombardment and has one of the highest melt-
ing temperatures among metals. At the same time, plasma
irradiation causes its modification, creating lattice defects,
changing surface morphology etc. It was experimentally
observed that filamentary nano-structures, called fuzz, can
grow on W surfaces irradiated with plasma containing he-
lium. Necessary conditions for the formation of fuzz are the
bombardment by He+ ions with energies above 20 – 30 eV
and the target surface temperature within 1000 – 2000 K.
A morphological modification of plasma-facing materials
due to the fuzz growth can provoke intensive erosion due
to arcs formation, surface overheating and other processes.
Therefore, understanding of the fuzz growth process is of
significant practical interest.
However, the physical mechanism of the fuzz growth is not
completely clear. Recent experiments at PISCES linear sim-
ulator have shown, that there is a stage in fuzz formation,
when the length of the fibers increases, while their mass re-
mains constant. This ”thinning” of the fuzz fiber can be
associated with surface diffusion of W atoms. It was pro-
posed in [1] that helium irradiation, although incapable of
real surface sputtering due to very low energy of incident
ions, weakens surface atoms bonds, leading to formation of
adatoms. Movement of the adatoms along the surface can
be responsible for fiber prolongation. Nevertheless, such
diffusion is possible in both directions: towards the top or
bottom of the fiber. Only if there is an external force making
movement towards the top preferential, the fiber can grow.
We assume that this force is due to change of the surface
binding energy of the adatom while it moves to a fiber top.
To verify this assumption a Molecular Dynamics (MD) sim-
ulations were performed. The fiber was modelled by a cone.
By adding W atoms at different places on the surface, sur-
face binding energies of adatoms at different positions were
obtained. It was found that the surface binding energy in-
creases towards the tip which supports our assumption. Sim-
ulations show that the dependence of the binding energy, Eb

on the surface curvature, ρ, can be written as:

Eb = E0

(
1 +

a

ρ+ ρ0

)
(1)

where E0 is the binding energy on the plane surface, a is
the lattice constant, and ρ0 is a parameter, defined from the
calculations.

A differential equation coupling the adatoms flow and fiber
length change was obtained from geometrical considera-
tions. Solving this equation, we obtain the following ex-
pression for the fiber length:

l(t) =

[ √
qD

(R+ ρ0)2
atE0

n

]1/2
(2)

Here D is the adatoms diffusivity, q is the rate of adatoms
formation, n is the density (atoms/cm3), T is the surface
temperature.
This expression gives a correct dependence of the fiber length
on time: l ∝ √

Deff t. Values of Deff obtained from ex-
perimental observations, were found in literature [2] for dif-
ferent surface temperatures. Our estimations based on eq.
(1) and (2), are in good agreement with experimental re-
sults. For example, for the surface temperature T = 1120K
we have Deff = 9.6 ·10−12 cm−2s−1 while the experimen-
tal value Dexp = 6.6 · 10−12 cm−2s−1.
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1. INTRODUCTION

Nitrogen seeding is presently used in nuclear fusion devices
with a tungsten divertor to reduce the local power load on
highly exposed surfaces by enhanced radiative cooling [1].
The formation of tungsten-nitride (WN) layers upon N ion
implantation and their erosion during D and N bombard-
ment is therefore a topic of current research [2]. Low acti-
vation steels (e.g. EUROFER) are considered for recessed
areas. Preferential sputtering of W-containing steels could
lead to a surface enrichment with tungsten, thereby reducing
the erosion yield and increasing the lifetime of these compo-
nents. A profound understanding of the interaction of deu-
terium ions with tungsten-nitride and tungsten-containing
steels is hence highly desirable.

2. EXPERIMENTS

We have studied the interaction of mono-energetic deuterium
projectiles with 300 nm thick tungsten-nitride WN and iron-
tungsten (FeW) model films at 465K using a highly sen-
sitive quartz crystal microbalance (QMB) technique. The
overall mass change rate of the two model systems under
D+

2 ion impact at ion energies between 250 and 1000 eV/D
is investigated in situ and in real-time. Measurements were
performed at a typical flux of 1018 m−2s−1. For WN films
a strong dependency of the observed mass change rate on
the deuterium fluence is found. The mass loss is initially
higher than for pure W and drops with fluence finally reach-
ing the same steady state value as for pure W sputtering.
At 1 keV/D impact energy a D-fluence of 1023 D/m2 is nec-
essary to obtain steady state conditions. The QMB results
for WN are supported by SDTRIM.SP calculations, which
indicate that preferential sputtering of N in the WN matrix
proceeds until a N-depleted W surface develops. Similar
measurements have been performed for Fe films containing
1.5 at% of W as a model system for EUROFER steel. At
low ion fluences measured erosion yields are comparable to
those for pure Fe. However with increasing fluences (up to
1023 D m−2) a noticeable decrease of the sputtering yield
for FeW is observed, indicating a W enrichment of the near
surface layer.
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Figure 1: Measured sputtering yield of W and WN for the
impact of D+

2 ions. For the WN measurements steady state
conditions are obtained, where the removal of W atoms is
expected to dominate the mass change rate. For compara-
bility the projectile energy as well as the sputtering yield
are normalized to the number of D atoms in the incoming
beam. We compare our data to the results of previous mea-
surements and semi-empirical fits [3-8].

3. REFERENCES

[1] A.Kallenbach, et al, Plasma Phys. Control. Fusion 52,
055002 (2010).

[2] G. Meisl, et al, New J. Phys. 16, 093018 (2014).

[3] A. Golczewski, et al, J. Nucl. Mat. 390, 1102 (2009).

[4] W. Eckstein, et al, Report IPP 9/82 (Garching, 1993).

[5] J. Roth, et al, Report IPP 9/26 (Garching, 1979).

[6] M. I. Guseva, et al, J. Techn. Phis. 69, 69 (1999).

[7] O. C. Yonts, BNS Nucl. Fusion Reactor Conf. p. 424
(1969).

[8] W. Eckstein, Sputtering by Particle Bombardment,
Springer Berlin Heidelberg, 33-187 (2007).

*Corresponding author e-mail address: berger@iap.tuwien.ac.at
86



21st International Workshop on Inelastic Ion-Surface Collisions (IISC-21) 18 – 23 October 2015, Donostia-San Sebastián, Spain

* Corresponding author e-mail address: fallegrini@swri.edu

CARBON FOILS FOR SPACE PLASMA INSTRUMENTATION

F. Allegrini

1 Southwest Research Institute, San Antonio, Texas, USA

1,2,*and R. Ebert1

2 University of Texas at San Antonio, San Antonio, Texas, USA

1. INTRODUCTION

Thin carbon foils are critical components of many space 
flight instruments used for time-of-flight (TOF) mass 
spectrometers (e.g., [1]) and energetic neutral atom 
detection (e.g., [2]). One or both of two fundamental 
properties of the interaction of the primary particle with the 
foils are generally employed in these sensors: secondary 
electron emission and/or charge state conversion. This 
interaction also creates several adverse effects for the 
projectile exiting the foil, such as angular scattering and 
energy straggling, that usually act to reduce the sensitivity 
and overall performance of an instrument. Because these 
undesirable factors scale with the thickness of the foils, a 
significant effort has been made to develop means for 
handling and supporting extremely thin (<10 nm) foils. 
Although these foils are extremely fragile, they have proven 
to be remarkably robust in surviving the rigors of the launch 
and space environments [3].
In this presentation, we will summarize several studies that 
have quantified the properties of ions exiting the thin carbon
foil and discuss recent work on graphene foils [4,5,6], a 
promising technology that may be capable of mitigating the 
undesirable effects associated with these interactions.
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1. INTRODUCTION 

Many diagnostics in next-step fusion devices (e.g., ITER, 

DEMO) will rely on optical systems to determine plasma 

parameters while maintaining neutron shielding. This is 

done by using metallic mirrors to guide plasma light through 

a labyrinthine path across the shielding block. Therefore, 

optical stability of mirrors is essential to ensure reliability of 

diagnostics [1]. Plasma-facing mirrors (so-called first 

mirrors) will undergo modification by plasma-wall 

interaction processes. Erosion by impinging particles will 

change roughness and chemical composition of material, 

while co-deposition of plasma impurities may lead to the 

formation of thick layers on the mirrors surface. In both 

cases the degradation of specular reflectivity will occur. 

Such effects arising from material migration are studied in 

current devices [2], but neutron-induced radiation damage 

including helium formation effects are still to be examined. 

Previous works have shown a detrimental effect of helium 

irradiation on reflectivity of diagnostic mirrors [3]. 

However, nothing is known on synergetic effects under 

neutron and helium fluxes. The aim of the study is to 

determine whether neutron damage (simulated by high-Z 

ion impact) enhances the negative effect of helium 

irradiation on reflectivity of molybdenum mirrors.  

2. EXPERIMENTS AND ANALYSES 

Two levels of damage were induced in the Mo mirrors to 

reproduce conditions in ITER and DEMO: 1 and 10 dpa, 

respectively. Neutron damage was simulated using 30 keV 

molybdenum ions. Helium irradiation was performed with 

10
18

 ions/cm
2
 at 2 keV. Irradiation energies were selected to 

affect the first 30 nm of the material, which is the sensitive 

layer to light in the visible and near-infrared range. Figure 1 

shows the damage profile induced by Mo irradiation and the 

implantation profile of He as assessed using the SRIM code. 

The study was performed at room temperature and 300 ºC. 

Diffuse and total reflectivity of mirrors was determined in 

the 300-2500 nm wavelength range using a double-beam 

spectro-photometer. The concentration of helium retained in 

the samples was measured using elastic recoil detection 

analysis (ERDA) with a 12 MeV 
14

Si
+
 beam. Roughness of 

the samples was measured with atomic force microscopy. 

Further studies include electron microscopy.  

 
Figure 1: SRIM simulation of Mo irradiation damage profile 

and He implantation profile on a molybdenum mirror. 

3. RESULTS 

Total reflectivity of the Mo mirror with 1 dpa decreased 

only slightly by about 2% in the infrared range while in the 

visible range it was maintained. However, the reflectivity 

after 7 dpa decreased 5% in the near infrared range while a 

slight increase of reflectivity was noted in the visible range, 

probably due to erosion or reduction of oxides.  The same 

mirror was later irradiated with helium up to the dose of 9 x 

10
17

 cm
-2

. This led to a decrease in reflectivity by 5-15% 

over the investigated wavelength range.  The amount of 

helium retained in the sample after irradiation was 5 x 10
16

 

cm
-2

 as measured by elastic recoil detection analysis. This 

means that only about 5% of the irradiated helium remained 

in the sample. One can conclude that damaging of 

molybdenum by ion irradiation does not affect significantly 

the reflectivity of the mirror whereas helium irradiation 

causes significant reductions in reflectivity even though low 

amounts of He is retained in the subsurface region. Detailed 

results will be presented and consequences of the mirror 

damage will be discussed. 
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1. INTRODUCTION

The investigation of hydrogen (H) isotopes behavior in 
metals is of great interest for development of fusion 
reactors. As it is well known, one of the problems in ITER 
is retention of radioactive tritium in plasma-facing 
materials, what is a point of safety concern. Tungsten (W) 
will be used as a plasma-facing material I the divertor region 
of ITER and its use in future fusion devices is also likely. 
The database on H isotopes behavior in W is rather wide, 
but some of the fundamental aspects of the H-W interaction 
are not well known yet. First of all, the hydrogen-defect 
interaction still raises many questions. For example, even 
the H detrapping energy from a single vacancy in tungsten 
varies among different researchers [1-3]. It can be shown
that the H detrapping energy from a defect can be well 
determined from the shift of the high temperature 
desorption maximum in a series of experiments performed 
with different heating rates under the condition of a high H-
H recombination rate at the surface. The detrapping energy 
Edt in this case is given by

2
mm

1ln ln dt

dt

EkA
E k TT

�� �
� � � �
� �
	 


(1)

Where � is the heating rate, Tm is the position of the high 
temperature peak, A – constant, k – Boltzmann constant.
This technique is applied in this work for deuterium (D) 
detrapping from vacancies in tungsten.

2. EXPERIMENTS

Experiments were performed in the MEDION ion-beam 
facility (NRNU MEPhI, Moscow). A polycrystalline W foil 
with a thickness of  25 µm was used as a sample. It was 
recrystallized at 1800 K for 30 min in order to minimize the 
amount of natural defects. 10 keV D+ mass-separated ions 
with a fluence of 3×1019 D/m2 were used to create defects in 
the sample. It is expected that mainly vacancies are formed 
under these conditions [1]. The irradiated sample was 
heated to 550 K and then held at that temperature for 5 min. 
Almost all the retained D was released from the sample, but 
clustering of vacancies is expected to be negligible [1]. The 
sample prepared in this way was implanted by a 2 keV D3

+

ion beam to the fluence of 1×1019 D/m2 at room temperature 
in order to fill vacancies without producing additional 
displacement damage; and then thermal desorption was 
performed. This procedure was performed several times in 

series and the only difference was the TDS heating rate that 
varied in the range of 0.15-4 K/s.

3. EXPERIMENTAL RESULTS

In the case of irradiation of the annealed W sample by ions 
with the energy of 0.67 keV/D, which is less than the 
formation of threshold for the displacement damage, the
TDS spectrum has only one peak at 400 K corresponding to 
a D release from the trapping centers on the surface or from 
natural defects (dislocations and grain boundaries) in the 
bulk of the sample [2]. In the case of irradiation of the 
annealed sample by 10 keV/D ions, the first peak 
predominates in the TDS spectrum, however, one can see 
also shoulder at the temperature of 650 K that is 
corresponding to a D release from point defects created in 
the sample during the irradiation, and shoulder at 720 K, 
which, as it is assumed, corresponds to a D release from 
vacancy clusters. The procedure described above allows 
obtaining the TDS spectrum with well-resolved second 
desorption peak, which is associated with a deuterium 
release from vacancies [2]. Due to that fact, such kind of 
spectrum and the procedure described above are convenient 
to use for the experiments with various heating rates.
TDS for the D detrapping from point defects with different 
heating rates � demonstrated that the second (high-
temperature) peak of thermal desorption spectrum moves 
towards the high temperatures with the increasing of heating 
rate. The position of the second desorption peak Tm was 
determined for each � value, and then the Arrhenius-like 
graph ln(���m) versus 1/Tm was plotted. The obtained 
dependence was then approximated by a straight line, and 
the D detrapping energy from vacancies in W was calculated
from the slope of that line.
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1. INTRODUCTION 

Grazing incidence fast atom diffraction (GIFAD or FAD) 
has recently developed as an exclusively surface sensitive 
technique. This is due to the absence of penetration just as in 
standard helium atom scattering. We will show however that 
the variable energy ability of GIFAD allows a clear 
separation of the contributions from Van der Waals forces 
from those due to the short range repulsion providing the 
topological resolution. When these later are dominant, 
GIFAD can be compared to a perfect tip AFM operating in 
the reciprocal space. Using state of the art DFT calculation 
and exact diffraction algorithms, both contributions can be 
compared with GIFAD experiment data.  

2.  DIFFRACTION CHART 

The specific geometry of GIFAD (identical to the one 
adopted in RHEED) has some definite advantages. High 
collection efficiency; the full diffraction cone is imaged at 
once, high detection efficiency of  keV atoms and, most of 
all due to the multiple interaction regime (the atoms interacts 
more with a row of atoms [1,2] than with individual atoms) 
the decoherence due to thermal motion of  the surface atoms 
and known as the Debye-Waller factor is reduced. This has 
two interesting consequences; GIFAD can be operated at 
elevated surface temperatures such as those needed in 
Molecular beam epitaxy (MBE) and/or GIFAD  can probe 

the surface with comparatively large perpendicular energy 
E⊥ therefore probing electronic density closer to the surface 
atoms where Van der Waals forces are less important. We 
will present two very different examples were high 
resolution can be achieved. The first one corresponds to 
GIFAD images recorded inside a molecular beam epitaxy 
vessel with the surface temperature of 530°C[3,4]. Changing 
the angle of incidence θ changes the energy E⊥=E sin2θ of 
the motion perpendicular to the surface. This is almost 
equivalent to illuminating a grating with a variable 
wavelength. We will show that this analogy allows straight 
forward qualitative interpretation of the rocking curve also 
called diffraction chart (fig 1) in terms of the shape of the 
electronic density profile.  

Recent results[5] on the moirée structure of SiC grown 
Graphene will also be presented. 

Acknowledment. The research described here has been 
supported by Triangle de la physique contract GIFAD and 
by Agence Nationale de la Recherche ANR-07-BLAN-0160 
and ANR-11-EMMA-0003. 
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Figure 1. Diffraction charts for 400 eV 4He atoms incident along the [1-10] direction of theβ2(2×4) reconstruction of 
GaAs(001). The horizontal axis is the diffraction order and the vertical is plotted both  in wavelength and perpendicular 

energy. a)Theoretical results  are from a DFT calculation and a wave packet diffraction code. b) Experimental data. 
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1. INTRODUCTION

Reflection High Energy Electron Diffraction (RHEED) 
is perhaps the most commonly used in-situ monitoring 
method for molecular beam epitaxy (MBE), providing 
quantitative information about surface reconstructions, 
lattice parameters, growth rates and growth modes, 
together with semi-quantitative information about surface 
morphology. We demonstrate here that Grazing Incidence 
Fast Atom Diffraction (GIFAD), depicted schematically in 
Figure 1, is fully compatible with conventional MBE 
growth [1], and is capable of monitoring changes in the 
surface in real-time during growth as shown in figure 2.

Figure 1: (a) installation of a GIFAD setup on a commercial 
MBE machine (b) schematic of the GIFAD scattering 
geometry showing the diffraction pattern obtained from the 
(2x4)β2 surface reconstruction of GaAs (100). Due to the 
shallow angle of incidence, the energy of the atoms 
perpendicular to the surface is very small giving rise to 
diffraction of the atom beam from the corrugated surface 
potential parallel to the beam direction.

2. IN-SITU GROWTH MONITORING

We show here that GIFAD is a robust technique for 
monitoring layer-by-layer growth allowing variations in 
surface island coverage to be probed at the same time as 
observing changes in surface reconstruction induced by 
growth. The advantages provided by GIFAD over 
RHEED for understanding growth dynamics and surface 
reconstructions will be discussed in some detail.

Figure 2: GIFAD intensity oscillations during GaAs growth: 
(a) Intensity integration over the Laue circle. All diffraction 
orders oscillate in phase, unlike in RHEED; 
(b) Scattered intensity vs. polar exit angle. The intensity 
oscillations at super-specular scattering angles precede the 
specular intensity oscillations for the first few monolayers
(c) Integrated intensity oscillations of the Laue circle (black) 
and the specular spot (red). The difference in relative 
intensity of the 00 and 02 diffraction orders is shown in the 
lower plot. The rearrangement of intensities between 
different orders may be related to a change in the corrugation 
of the surface reconstruction during growth.
(d) Diffraction patterns before and during growth.
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1. INTRODUCTION 

The observation of quantum interference effects in 
projectile distributions originated by grazing scattering 
of swift atoms off crystal surfaces, now known as Fast 
Atom Diffraction (FAD), strongly relies on the 
preservation of quantum coherence [1,2]. In this regard, 
the collimation conditions of the incident beam, which 
are associated with the size of the illuminated region of 
the surface, play an important role [3]. 
In this work we investigate the influence of the collimation 
of the incident particles, which determines the shape of the 
incoming wave packet, by employing a recently developed 
semi-quantum approach for FAD, named Surface-Initial 
Value Representation (SIVR) approximation [4]. 

2. THEORY AND RESULTS 

The SIVR approach was derived from the Initial Value 
Representation (IVR) method by Miller [5] by using the 
corresponding semi-quantum time evolution operator in the 
frame of a time-dependent distorted-wave formalism. This 
strategy incorporates an approximate description of 
classically forbidden transitions on the dark side of rainbow 
angles, making it possible to avoid the classical rainbow 
divergence present in previous semi-classical models for 
FAD, like the Surface-Eikonal (SE) approach [6].  
We apply the SIVR approximation to evaluate FAD patterns 
for  He atoms grazingly impinging on a LiF(001) surface, 
after going through a slit  with a transversal width D. In 
order to show the influence of the collimation conditions on 
FAD spectra, two different values of D – 0.2mm and 1mm - 
are considered in Fig. 1. In both cases, simulated spectra are 
in good agreement with the experimental results. 
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Figure 1: Final angular distribution, as a function of the 
polar (f) and azimuthal (f) angles, for 1keV 4He atoms 
impinging on LiF(001) surface along the <110> channel, 
with a glancing angle i=0.99deg. Expt. from Ref. [3]; 
simulations with the SIVR approach; both with an incident 
beam collimation with a slit width: a) D=0.2mm, and b) 
D=1mm. 
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1. INTRODUCTION 

Diffractive scattering of neutral molecules from surfaces 
under fast grazing incidence has been widely study, from an 
experimental point of view, during the last decade (see [1] 
and refs. therein). However, from a theoretical point of view 
studying this phenomenon represents a real challenge, which 
explains that to date only classical and semi-classical 
approaches have been use to get some insights about this 
phenomenon (see [2] and refs. therein). During the 
conference we will show, to our knowledge, the first six-
dimensional (6D) quantum dynamics simulations performed 
to study diffraction of H2 molecules from a surface, in our 
case LiF(001).   

2. METHOLOGY AND RESULTS 

2.1. Theoretical tools 

To perform our study, we have worked within the Born-
Oppenheimer surface static (BOSS) approximation. In 
applying the BOSS, we have computed an accurate 6D 
potential energy surface [3], which have been obtained by 
applying the corrugation reducing procedure (CRP) [4] to a 
set of density functional theory (DFT) data. DFT data have 
been computed within a periodic boundary conditions 
framework, using the code VASP [5]. To carry out the 6D 
quantum dynamic simulations, we have used a time-
dependent wave packet propagation method, in which the 
split-operator (SPO) method is used to propagate the wave 
packet in time [6]. In addition, we have also performed a 
classical analysis using the method proposed in ref. [7].   

2.2. Preliminary results 

Three important conclusions can be extracted from our 
preliminary quantum dynamics results: (I) the initial ro-
vibrational state of the molecule may play a fundamental role 
on the diffraction spectra measured experimentally. This 
conclusion was already reached from previous classical 
analysis (see Fig. 1); (II) The molecules exchange a substantial 
amount of rotational energy with the translational energy during 
theirs interaction with the surface; (III) The classically 
simulated diffraction spectra reproduce pretty well the quantum 
ones (as well as the experimental ones). This result validates 

the use of the classical trajectory (CT) method to get 
meaningful conclusions.    
 

 
 

Figure 1: Simulated, using CT, diffraction spectra for 
H2/LiF(001), for several vibrational and rotational initial 
states, along de crystallographic direction <110>. Normal 
energy 300 meV. The inset show the spectrum measured 
experimentally. Data taken from Ref. [8] 
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1. INTRODUCTION

In this contribution we report sputtering measurements of 
anorthite (CaAl2Si2O8), an analog mineral representative of 
the lunar highlands, by singly and multicharged ions 
representative of the solar wind. The ions investigated 
include protons, as well as singly and multicharged He, N, 
O, Ar and Ne ions, and had a fixed solar-wind-relevant 
impact velocity of ~310 km/s or 500 eV/amu. The goal of 
the measurements was to determine the sputtering 
contribution of the heavy, multicharged minority solar wind 
constituents in comparison to that due to the dominant H+

fraction. 

2. EXPERIMENTAL APPROACH

The measurements were performed at the ORNL 
Multicharged Ion Research Facility using a quartz crystal 
microbalance approach for determination of total sputtering 
yields [1]. QMS measurements were carried out in parallel to
compare with earlier measurements using JSC-1A AGGL 
lunar simulant [2].

The anorthite target was deposited as a thin film onto a gold-
coated quartz crystal sensor using Pulsed Laser Deposition 
(PLD). X-ray Photoelectron Spectrometry (XPS) analysis 
confirmed the thin film stoichiometry to be close to that 
expected for bulk anorthite. 

2-D spatial profiles of the ion beams incident on the 
microbalance were measured using a stepper-motor 
controlled wire scanner under PC control located im-
mediately upstream of the microbalance, and permitted 
accurate determination of the microbalance response, which 
depends sensitively on beam size and position. A beam flag 
insertable in front of the microbalance was used for ion 
beam current determination during the sputtering 
measurement. 

3. RESULTS AND DISCUSSION

The measurement results are summarized in Figure 1, where 
the potential sputtering yields are plotted as function of the 
neutralization potential energy, defined as the sum of 
binding energies of the electrons removed to reach a 
particular incident ion charge state, and are in large part 
consistent with our Arq+ results, which were published in [2].
Of particular importance are the measurements for He2+,
since this ion is the most abundant multicharged ion in the 

solar wind. The experimental physical sputtering yield for 
He+ is 9.7 ± 2.1 amu/ion, in rough agreement with the SRIM
[3] value of 8.12 amu/ion. The potential sputtering yield for 
He2+ (Fig. 1) is 3.8 ± 0.84 amu/ion. When incorporated into 

an abundance-weighted total sputter calculation including all 
solar wind ions, and physical as well as potential sputtering,
the total solar wind sputtering is increased by nearly 50%.

The fact that the N, O, and Ne H-like ion impact results fall 
below the Ar ion curve, may be due to direct quasi-resonant 
K-shell filling in collisions with oxygen target atoms, which 
reduces the available potential energy for sputtering, or, 
more simply, just a consequence of the large K-Auger 
electron energies, which constitute significant fractions of
the total neutralization potential energies of these ions, but 
are relatively inefficient in target defect production. These 
possibilities are currently being investigated by lower charge 
state measurements for these species.
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Figure 1: Yield due to the potential sputtering Ypotential as a 
function of the neutralization energy (keV) for various 0.5 
keV/amu solar wind ions incident on anorthite.
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1. INTRODUCTION 

Ices (condensed gases) and silicates are the dominant 
materials of the surfaces of many objects, in specific 
astrophysical environments. They can e.g. be found on 
asteroids, on moons of many planets and on dust grains in 
the interstellar medium. Thus, they are exposed to solar 
wind, cosmic rays, and energetic ions present in the 
magnetospheres of the giant planets. The ion populations 
consist, besides H and He, of multiply charged heavy ions. 
Ion bombardment (solar wind, cosmic rays, etc.) is able, 
among other effects, to influence the reflectance spectra of 
irradiated silicates by inducing physico-chemical changes 
known as a whole as “space weathering”. Sputtered particles 
also contribute to the composition of the exosphere of 
planets or moons [1].  
 

2. RESULTS 

The sputtering of such astrophysical materials was studied at 
CIMAP-GANIL and PUC-Rio by time-of-flight mass 
spectrometry (TOF-SIMS), with projectiles in a wide energy 
range from ≈ 100 keV to ≈ 600 GeV [1,2]. A general result 
is the important contribution of cluster emission [2,3,4] to 
sputtering.  
 

 

Figure 1: TOF mass spectrum of positive secondary ions 
of water ice irradiated by ~ 1 MeV/u ions (252Cf FF). 

 

Figure 2: Silicate (nepheline) XY-TOF mass spectrum. Swift 
heavy and low energy ions produce similar spectra. 

 
Also, imaging XY-TOF-SIMS allows to measure velocity 
distributions of sputtered secondary ions [1,3,5], which can 
provide important information about the emission profile of 
sputtered particles from planetary surfaces.  
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1. INTRODUCTION

Ion-solid sputtering processes find increasing use in 
modification and analysis of surfaces at the nanoscale.
Recent interest regarding fundamental mechanistic aspects is 
related with differences between the characteristics of
sputtering induced by polyatomic/cluster projectiles as
compared with that induced by atomic projectiles. This 
reflects also an increasing interest in new cluster-surface
impact phenomena in general [ 1]. When compared with the 
case of surface sputtering with atomic ion projectiles,
mechanisms of particle emission following bombardment 
with large polyatomic ions are generally poorly understood.
Here we describe a sputtering phenomenon which is very 
different for an atomic projectile and a large polyatomic one.
It is based on the unique behavior observed for the kinetic 
energy distributions (KEDs) of surface emitted metallic 
clusters and carbide nanocrystals following keV surface 
impact of 60C� . A moving precursor model is found to be in 

good agreement with the experimental results.

2.  RESULTS

We have recently reported [2]  the emission of large 
clusters  ( +

n nTa C (n = 1-10) and +
nAg (n=1-9) ) with 

nearly the same velocity for all cluster sizes ( n values)
following impact of a large polyatomic projectile ( 60C� at 

14 keV kinetic energy ) on Ta /TaC and Ag targets 
correspondingly. A detailed description of the 
experimental setup is given elsewhere [3]. As shown in 
Fig. 1 , the measured kinetic energy distributions (KEDs)
of the different clusters ejected by 60C� impact were 

found to behave oppositely to those usually observed 
using monoatomic projectile ions. The most probable 
energies are gradually increasing with increase in cluster 
size and the distributions are getting broader (Fig. 1a). 
We have rationalized our results in terms of a new surface 
sputtering mechanism where an outgoing, superhot, 
moving precursor (with a given temperature and some 
center of mass velocity), is the source of the emitted 
clusters. In agreement with a successful modelling of the 
KEDs by a family of shifted Maxwellians. The superhot 

precursor can tentatively be described either as only 
partially detached from the surface (just bulging out)  at 
the moment of clusters emission or a fully surface 
detached large parent cluster  (source of the daughter 
fragments). Additional recent measurements on other 
target materials and further characterizations will be 
reported as well. 

Fig.1. (a) Kinetic energy distributions of +
n nTa C (n=1-10) 

cluster ions sputtered from pre-grown tantalum 
carbide layer by 60C� impact. Insert shows a
representative part of the mass spectrum. (b) Kinetic 
energy distributions of nTa� (n=1-9) cluster ions
sputtered from a tantalum target by Cs+ impact.
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1. INTRODUCTION 

Ion beam sputter deposition (IBSD) is a well-known 

physical vapor deposition (PVD) technique for high-quality 

thin film production. Its advantage over other PVD 

techniques is the opportunity to tailor the properties of the 

film-forming, secondary particles and, hence, the film 

properties by changing ion beam (ion energy, ion species) 

and geometrical parameters (Ion incidence angle, emission 

angle). Here we present systematic investigations of the 

secondary particle properties in the IBSD process of Ag 

[1,2], Ge [3] and Ti.  

2. EXPERIMENTAL DETAILS 

The experimental setup consists of an ion source, a 

polycrystalline target and an energy-selective mass 

spectrometer. Ion source and target are mounted on rotary 

tables on identical rotation axes in order to realize different 

combinations of ion incidence angel and emission angles. 

Ar and Xe were used as primary ions. The ion energy was 

set to 0.5 keV, 1.0 keV, or 1.5 keV. The minimal detectable 

emission angle β was 60°, 30°, and 0° for a ion incidence 

angle α of 0°, 30°, and 60° respectively. 

3. RESULTS AND DISCUSSION 

Figure 1 shows, exemplary, the measured energy 

distributions of sputtered Ag ions (a) and backscattered Ar 

ions (b) for an incidence angle of 30° and an ion energy of 

the primary Ar ions of 1.0 keV. 

In accordance with the predictions by the Thompson 

formula, the energy distributions of the sputtered particles 

show a maximum at low energies followed by a E
-2

 decay 

for small emission angles. When the emission angle 

increases, a tail or even a broad peak appears. These 

structures can be assigned to direct sputtering events 

The measured energy distributions of the backscattered Ar 

ions show also a maximum at low energies and up to two 

additional structures above that: a broad peak with a full 

width at half maximum of FWHM > 100 eV and a narrower 

peak with FWHM ~50 eV, which can be assigned to Ar-Ar 

or Ar-Ag scattering, respectively.  

The appearance and energetic position of the additional 

structures in the energy distributions of the sputtered and 

backscattered particles depends strongly on the scattering 

geometry (or scattering angle γ = 180° - α – β) and the ion 

species, but also on the ion energy.  

The experimental data are compared with simulations with 

the Monte Carlo code TRIM.SP and calculations for simple 

elastic collision of two particles. These results agree well 

with the experimental findings, especially for the 

assignment of the structures related to direct sputtering and 

scattering events. 

 

Figure 1: Experimental energy distributions of 

sputtered Ag ions (a) and backscattered Ar ions (b) 

for sputtering of an Ag target with Ar ions (ion 

incidence angle 30°, ion energy 1.0 keV). 

For comparison, we also provide experimental results for 

the ion beam sputter process of Ge and Ti. Due to the 

different mass of target particles, systematic differences are 

observed. 

The systematic variations of the energy distributions, 

especially of the backscattered particles, should result in 

systematic variations in the thin film properties. Indeed, we 

found systematic dependencies, for instance, of the 

electrical resistivity of Ag films on the process parameters, 

especially on the scattering angle and primary ion 

species [4]. 
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1. HELIUM ION MICROSCOPY 

The Helium Ion Microscope is a relatively new tool for 

investigating solids. The instrument is similar to an SEM: A 

charged particle beam is rastered over the sample and the 

resulting secondary electrons are collected to form an image. 

The use of a He
+
 beam instead of electrons has several 

advantages: (1) The area emitting secondary electrons (the 

lateral resolution) is in principle smaller, (2) the use of a 

positively charged probe means that insulating samples can 

be studied without applying a conducting overlayer and (3) 

the depth of focus is large.  Another very useful feature is 

that the massive He ions allow writing and sample 

modification on the sub-nm scale. 

 

 

2. RESEARCH EXAMPLES 

In this talk, I will after a brief introduction to the technique 

present some recent results from our group. I will show 

some examples of sub-nm resolution images of strongly 

insulating samples, such as shale rock. Imaging of implanted 

Ag and Au nanoparticles sheds light on the mechanisms for 

successful analysis of brain tissue. Other examples will 

involve the creation of a single electron transistor by sample 

modification and the formation of ultrathin ribbons of 

graphene by He sculpting. Finally, I will show how by using 

a novel time-of-flight technique of the back-scattered He 

ions, one can obtain elemental information in helium ion 

microscopy.  
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1. INTRODUCTION

The spin dependence of electron emission induced by 
He(23S) deexcitation provides a unique approach for 
investigating the properties of magnetic surfaces, i.e., spin-
polarized metastable-atom deexcitation spectroscopy 
(SPMDS). [1] We previously constructed SPMDS apparatus
and applied it to the spin analysis of electrons at a variety of 
magnetic surfaces. Since then, the increasing importance of 
spintronics has led to demands for a surface spin 
microscopy. To this end, we have extended SPMDS to 
surface microscopies, i.e., spin-polarized scanning 
metastable atom microscopy (SPSMM) followed by spin-
polarized metastable-atom emission electron microscopy 
(SPMEEM).

2. SPMDS

Our previous SPMDS studies clarify that monoatomic 
layers of organic molecules including graphene exhibit 
relatively strong interaction with ferromagnetic transition 
metal surfaces. [2] Since the interaction is expected to be 
mediated by inserting an insulating monoatomic layer, we 
have analyzed the surface spin polarization of a h-BN
monolayer on a Ni (111) surface and observed the contact-
induced spin polarization. [3]

3. HIGH-DENSITY BEAM

A high density of He(23S) at the sample position is vital 
in order to achieve magnification with an acceptable 
acquisition time for the implementation of a practical 
microscopy. However, because of charge neutrality, 
metastable helium atom beams can be bent neither by the 
Coulomb force nor by the Lorenz force. Instead, He(23S) 
atoms have a total electron spin of 1, which is accompanied 
by a small magnetic moment of two Bohr-magnetons. This 
magnetic moment experiences a force in an inhomogeneous 
magnetic field. By using a sextupole magnet, only He(23S)
atoms with a spin-up orientation can be collimated or 
slightly converged. [4] Thus, a single spin state can be 
selected from the triplet states keeping the beam density 
high. It is imperative to switch the polarity of the He(23S) 
spin for checking the validity of the spin dependencies. The 
magnetically selected spin state with respect to the defining 

field cannot be changed as far as the adiabatic condition 
holds. Our spin flipper utilizing Majorana transitions under 
the diabatic condition exhibited superior spin inversion 
performance with a purity of spin greater than 99%, 
fulfilling the requirement for accurate spin measurements.

4. SPSMM

Spin polarization images were acquired by scanning a 
sample with respect to the apertured high-density He(23S)
beam of 100 �m diameter and measuring the ejected 
secondary electron signal with a cylindrical mirror analyzer 
(PHI, 590A) for the transverse magnetic field on and off in 
the spin flipper. SPSMM images, obtained by subtracting a 
spin-down count from a spin-up count for each pixel, clearly 
show magnetic domains of Fe(100) thin films deposited on a 
MgO(100) substrate.

5. SPMEEM

A single crystal of Fe3O4, the outermost surface spins of 
which have been intensively studied [5], was placed in a 
PEEM-350 (Staib) and irradiated with a non-apertured high-
density He(23S) beam. Magnified electron images were then 
acquired for spin up and down by switching the spin flipper. 
Spin images, which were obtained by subtracting a spin-
down image from a spin-up image, showed clear contrast 
depending on the three-dimensional spin axes. SPMEEM
attains a much higher lateral resolution than SPSMM by 
sacrificing the fine spectroscopy.
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1. INTRODUCTION 

Laser cooling presents an opportunity to manipulate neutral 
atoms with the precision and control enjoyed by techniques 
in charged particle and photon optics for decades. 
Previously, we have demonstrated how applying methods of 
laser cooling to collimate and focus a beam of metastable 
helium (23S) atoms can yield an ultra-high intensity probe for 
performing the extremely surface sensitive analysis 
technique of metastable de-excitation spectroscopy (MDS) 
[1,2]. A natural extension of a spectroscopic technique is to 
develop it into a microscopy to provide spatial information 
on the surface electronic, magnetic, and chemical properties 
of a material. Here, we describe the prospects of using laser 
cooling to generate an ultra-high intensity and nanometer-
sized probe of helium atoms for MEEM and MDS 
applications. 
 

2. METASTABLE-ATOM EMISSION ELECTRON 
MICROSCOPY 

 
Metastable-atom emission electron microscopy (MEEM) has 
been demonstrated using conventional He 23S sources on a 
number of occasions, firstly by Harada et al. who studied 
gold and ClAl-phthalocyanine (ClAlPc) monolayer islands 
grown on a graphite substrate [3]. The 5 µm resolution of the 
instrument was determined by detecting electrons from only 
a small area of the sample. The images of the islands were 
blurred due to aberrations caused by detecting electrons 
across a wide energy range (0-15 eV), and also because of 
surface diffusion. Yamamoto et al. produced energy-filtered 
MEEM images of a silicon oxide pattern on a Si(100) 
surface although the lateral resolution was poor at ∼0.3 mm 
and a long 10 minute acquisition time was required [4]. 
More recently, Yamauchi et al. have reported the first 
demonstration of spin-polarized MEEM [5] which has 
potential applications for imaging, for example, the surface 
spin polarization of spintronic materials [6]. 
 

3. IMAGING OPTICS 
 
The electron imaging optics necessary to perform MEEM are 
identical to those used in PEEM systems. Electrons emitted 
due to He 23S de-excitation are typically accelerated to high 
energies (10 keV) to form an image using a cathode 
objective lens. Using an array of finely focused He (23S) 
probes, rather than this ‘flood and image’ approach, will 
result in the ejection of electrons from an area defined by the 
probe size. Modifying the electron optics of conventional 
MEEM apparatus will allow these individual signals to be 
combined to produce an image without the need for an 
aperture. Coupled with the high intensity associated with the 

focused helium nanoprobes, parallel acquisition will reduce 
the minutes long exposure times currently required to 
produce MEEM images. 
 

4. STANDING WAVE LENS ARRAY 
 
One promising approach to producing an array of helium 
nanoprobes is to use a standing wave lens array (SWLA) 
such as that generated by counter-propagating laser beams in 
2D (Fig. 1(a)). A dipole force is created that causes atoms to 
be attracted to the antinodes of the array by using laser light 
with a frequency detuned to the blue side of the He 23S1—
23P2 transition (1083 nm). Using parameters typical for our 
experiment (longitudinal velocity of 1000 ms-1), simulations 
show it is possible to tighly focus helium atoms as each 
antinode acts as a thick immersion lens (Fig. 1(b)). Even 
when broadening effects such as beam divergence and 
chromatic and spherical aberrations are considered, focal 
spot sizes in the nanometer range may be obtained. 
 

 
Figure 1: (a) Intensity profile for a 2D SWLA proposed for 

use in generating an array of He 23S nanoprobes. (b) 
Simulated trajectories of He 23S atoms through a single 

antinode of a standing wave lens array under the paraxial 
approximation. 
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1. INTRODUCTION

Hot electrons created on a metal surface by a femtosecond
laser pulse can be used to promote chemical reactions on the
surfaces and even open new reaction channels not accessible
by thermal activation or continuous light excitation. One of
the simplest laser induced reactions on surfaces is the des-
orption of an adsorbed molecule from a surface. Recently,
we have extended previously used models to theoretically
simulate the dynamics of such reactions [1]. Our model
consists in preforming molecular dynamics on the ground
state potential energy surface (PES) with electronic degrees
of freedom included via friction and associated fluctuation
forces. The ground state PES is obtained by fitting to a large
set of energy values calculated by density functional theory
(DFT) for different configurations of the molecule. We use
the two temperature model (2TM) to describe the heating
of electrons and phonons upon excitation by the laser pulse.
Surface (phonon) temperature is included in the dynamics
using the Generalized Langevin Oscillator model. The ef-
fect of heated electrons on the molecule is modelled by ran-
dom forces which are linked to the friction forces via the
second fluctuation-dissipation theorem. Friction forces are
calculated in the basis of the local density friction approxi-
mation.

2. DESORPTION OF O2 FROM Ag(110)

The oxygen molecule is known to adsorb on the Ag(110) in
several states: physisorption state, molecular chemisorption
state and dissociative chemisorption state. This makes it
an interesting study system. Recently, we have constructed
a six dimensional PES showing that the system has four
molecular adsorption wells with different adsorption ener-
gies and with the molecule at different distances from the
surface [2]. We simulate the desorption from these four
adsorption wells using the model described above. Inter-
estingly, the results of the dynamics show that desorption
from the wells at hollow sites is principally induced by hot
electrons while desorption from the wells at bridge sites is
primarily phonon induced. The reason is that the hollow
wells are relatively close to the surface with the molecule
embedded in high electronic density regions which results
in large fluctuation forces. On the other hand in the wells at
the bridge sites the molecule lies further from the surface in

regions of lower electronic density. In this work, we explore
ways of controlling desorption from the different adsorp-
tion wells by modifying the laser pulse parameters (pulse
width, wavelength...) or the initial surface temperature in
order to achieve selectivity in desorption between electron
and phonon induced processes. In Fig. 1 we show results
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Figure 1: Electron (solid line) and phonon (dashed line)
temperatures as a function of time, calculated from the 2TM
for different pulse widths FWHM and initial surface temper-
atures Ti.

of the 2TM for different laser widths and surface temper-
atures. As shown, wider laser pulses result in somewhat
larger phonon temperatures on equilibration. Lower initial
surface temperatures reduce both electron and phonon tem-
peratures at longer times considerably. We investigate the
consequences of these differences on the desorption yields.
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1. INTRODUCTION

The investigation of electronic energy loss of ions 
propagating in a solid yields valuable insights into the 
fundamentals of ion-solid interactions. Furthermore, it 
provides useful knowledge for ion beam analysis 
techniques, material science or medical applications.
The mean energy loss per monolayer due to electronic 
interactions is given by the electronic stopping cross section 
(SCS)

(1)

where n represents the atomic density of the target. Open
questions about prevailing mechanisms of energy dissipation
still persist in the regime of low ion velocities as used in 
Low Energy Ion Scattering (LEIS).

Recently, it has been reported that for very slow H ions (v <
0.2 a.u., corresponding to proton energies < 1 keV)
electronic stopping in metals is dominated by excitation of 
electrons at the Fermi level [1,2]. For insulators, e.g. LiF, a
distinct velocity threshold vth was observed, below which no 
electronic stopping occurs. However, a comparison to TD-
DFT calculations [3] suggests that different energy loss 
mechanisms may be important, e.g. charge-exchange cycles,
by which the formation of H- ions in grazing surface 
scattering has been explained [4].

For semiconductors, knowledge about dominant energy loss 
processes at low ion velocities is rather limited. 
Experimental data are available for proton stopping in Si and 
Ge [5, 6]: while Ge exhibits a finite velocity threshold, such 
an excitation threshold was not observed for Si. Furthermore, 
it is not clear whether in semiconductors electronic energy 
loss processes are similar as in metals or as in insulators.
Therefore, vanadium dioxide (VO2) represents a key material 
to investigate the possibly different stopping mechanisms in 
metals and in semiconductors, since VO2 exhibits a phase 
transition from a monoclinic semiconductor (band gap ~ 0.6 
eV) to a rutile metal at T = 340 K, which has been 
discovered over 50 years ago [7].

In this contribution, we present data on the low-velocity 
electronic stopping cross section of H and He ions in VO2 at 
room temperature (below TC, semiconducting phase) and T
= 400 K (above TC, metallic phase).

2. RESULTS

In Fig. 1, preliminary results of the electronic stopping cross 
section of H and D ions in VO2 are shown as function of the 
ion velocity in atomic units between 0.3-0.63 a.u., 
corresponding to stopping of protons with primary energies 
between 2.25 keV and 10 keV, respectively. The full 
symbols refer to data acquired at room temperature 
(semiconducting phase), the open symbols to data measured 
at T = 400 K (metallic phase).

Figure 1: Electronic SCS of H, D ions in VO2 as a function 
of the ion velocity in atomic units for both, semiconducting 

and metallic phase.

For v > 0.3 a.u., the electronic energy loss of hydrogen ions 
in VO2 is proportional to the ion velocity for both, 
semiconducting and metallic phase. Furthermore, data 
acquired in both phases are concordant within experimental 
uncertainty.
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1. INTRODUCTION

In this work we present an ab initio study of the vicinage ef-
fect in the interaction of a hydrogen dimer, H2, with a spher-
ical free electron (jellium) nanocluster. The nanocluster is
characterized by the Wigner-Seitz parameter rs = 1.56 a.u.
which represents an effective electron density of SiO2. This
allows to compare results of the present calculations with
experimental data of Ref. [1]. The vicinage effect is anal-
ysed using the so called stopping power ratio,

R =
SH2

2SH
, (1)

where SH2
is the stopping power (or energy loss per unit tra-

jectory length) of the H2 dimer and 2SH is the sum of the
stopping powers of two independent hydrogen projectiles.
The time dependent density functional theory (TDDFT) used
here allows us an exact (within chosen model system) as-
sessment of the vicinage effect at low, intermediate, and
high velocities. Our work thus provides an ab initio strat-
egy for the calculations of the vicinage effect and sets a
benchmark for comparison with simplified and/or perturba-
tive treatments.

2. METHODOLOGY

We represent the nanocluster using the spherical Jellium
Model (JM). The nanocluster comprises 338 electrons. The
ground state electronic density of the nanocluster is cal-
culated using the Kohn-Sham (KS) scheme of the density
functional theory (DFT). The ground state KS wave func-
tions of the nanocluster are expanded in the spherical har-
monics basis set. The ground state wave functions of the
hydrogen dimer (and of the H atom) are calculated solving
KS equations in cylindrical coordinates.
Once the ground state configuration of our system is ob-
tained, we allow the projectile to move with a constant ve-
locity υ along the straight line trajectory passing through
the geometrical center of the cluster. The axis of the dimer
is collinear with trajectory. The time evolution of the elec-
tronic density is then calculated using TDDFT as detailed
in Ref. [2]. As a result we obtain the time-dependent elec-
tronic density n(t), from which we calculate the force, F (t),
acting on the moving projectiles and the energy loss

Eloss = −υ

∫
F (t)dt. (2)

The stopping power is the mean energy loss per unit path
length:

S = Eloss/D, (3)

where D is the diameter of the nanocluster. For this large
enough cluster size the surface effects on the stopping can
be neglected [3], and S given by Eq. 3 corresponds to the
bulk stopping power in the free electron gas.

3. RESULTS

In Figure 1 we show the stopping power ratio R for the hy-
drogen dimer. Calculated and experimental data are pre-
sented as a function of the kinetic energy of the projectile.
Our results are in a good agreement with the experiment.

 0.6

 0.7

 0.8

 0.9

 1

 1.1

 1.2

 1.3

 0  50  100  150  200

St
op

pi
ng

 P
ow

er
 R

at
io

, R

Energy (keV/amu)

Exp. by Shubeita etal.
TDDFT

Figure 1: Stopping power ratio as a function of the projectile
kinetic energy. Experimental points are taken from Ref.[1]

The change from the ”negative” (R < 1) to the ”positive”
(R > 1) stopping ratio is observed at the energy about 80-
90 keV/amu, both in the experiment and in calculations.
We provide a detailed analysis of the stopping power of
H2 dimer and of each projectile in order to explain this be-
haviour.
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INFLUENCE OF THE INTERACTION POTENTIAL ON THE SCATTERING CROSS 
SECTION AND THE ENERGY SPECTRA IN LEIS

K.Khalal-Kouache

Université des Sciences et de la Technologie Houari Boumediene (USTHB), Faculté de Physique, Laboratoire SNIRM, Bab-
Ezzouar, 16111 Algiers, Algeria

*, S.Hafidi and A.Soukhal

At low energy � �keV105.0 � , the interaction between a 
projectile and an atom (in a solid target) is described by a 
screened Coulomb potential � �rV :

� � �
�
�

�
	

��

a
r

r
eZZrV

2
21 (1)

1Z and 2Z are the atomic numbers of projectile and target 
atom respectively, e is the electron charge, r is the distance 
between the colliding atoms, �

�
�

�
	

�

a
r is a screening function

and a is the screening length. The mostly used potentials are 
the Ziegler-Biersack-Littmark (ZBL) [1] potential and the 
Thomas-Fermi-Molière (TFM) [2] potential. The 
corresponding screening lengths are respectively Ua and 

Fa .
In this contribution, we consider the scattering of low energy 
He+ ions from different solid surfaces where the Binary 
Collision Approximation (BCA) is assumed.
In this study, ZBL and TFM potentials are considered.
The scattering angle  of the projectile (in a collision) is 
calculated for different values of the impact parameter. The 
ratio R(TFM/ZBL) is defined as:

� �
)ZBL(
)TFM(ZBL/TFMR




� (2)

� �TFM and � �ZBL are the scattering angles calculated 
with TFM and ZBL potentials respectively for the same 
impact parameter. The variation of R(TFM/ZBL) with the 
impact parameter is given for the collision He/Cu (figure 1).
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Figure 1: Variation of the ratio R(TFM/ZBL) with the 
impact parameter for He/Cu.

The scattering cross section values are then deduced and the 
effect of the interaction potential on these values is studied.
Monte Carlo simulation [3] is used to calculate energy 
spectra of the scattered particles. Different values of the 
��������� 	
�� ���� ���������� 	��� ������ ���� ����������� ����
precedent results are used to discuss the influence of the 
potential on the energy spectra. 

Keywords: Low energy ion scattering, Scattering cross 
section, Interaction potential, Monte Carlo simulation, 
Energy spectra.
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