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Preface 
 
This report documents the scientific and technical activities at the ion beam laboratory ISL. The main 
task of the department SF4, Structure and Dynamics are the operations of ISL but, in addition, the 
department’s scientists run activities also at the synchrotron radiation facilities BESSY and 
HASYLAB and use radioactive beams at ISOLDE, CERN. 

Scientifically, a very successful year has passed due to the excellent performance of the accelerators 
in 2003 and 2004 allowing many new experiments concerning the irradiation of samples with very 
high doses with beams of very heavy ions. These irradiations lead to unpredicted self-organisations of 
the surfaces and seem to open up a new dimension in the field of ion-beam induced materials 
modifications. Other exciting new results have been obtained using the analysing power (scattering 
and diffraction) of synchrotron radiation for ion beam induced structure modifications, showing that 
this combination of tools is marking the steps into the right direction. 

Albeit the well prepared programme for the ion beam physics which has been presented together 
with the activities at GSI, ISL did not find the final funding. The reviewers welcomed the scientific 
value and the synergy of the two centres concerning the ion beam activities, but the Helmholtz Senat 
voted for the shutdown of the ISL facility by the end of 2007 for the following reasons: 

The scientific perspectives had been rated low since the Hahn-Meitner-Institut Berlin would not 
foresee a future appointment of a scientific leader. 

In addition, though the users gave us a high ranking in terms of reliability and flexibility the official 
rating for ISL’s commitment was low because the Hahn-Meitner-Institut Berlin did not agree to a 
rather moderate increase of the manpower to produce more hours per year of beam on target. 

We don’t like to comment on these issues. There have been many letters of support of many 
institutions and high ranking individuals to all decision making institutions and individuals but so far 
they were all in vein. The time table for shut-down has even been set forward to the end of 2006. Thus, 
we have to conclude that the idea of a dedicated ion beam facility producing fast ions with the 
appropriate equipment for ion beam applications in basic and applied research in solid state physics, 
materials science, and medicine could not be convincingly transferred to the decision making 
authorities. The readers of this report may develop their own point of view. 

The message for the users of ISL is that we will continue full operation until the end of 2006. Users 
may still send in proposals to the Meeting of the Nutzerausschuss, October 2005, and can try to finish 
their scientific programmes. 

 
Berlin, June 2005 

  
 Heinrich Homeyer 
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1.1 Absolute Cross Sections for the Fragmentation of H2O Molecules Following the 
Interaction with Slow He2+ ions 

P. Sobocinski, Z.D. Pešić, R. Hellhammer, N. Stolterfoht; J.-Y. Chesnel [CIRIL, Unité Mixte 
CEA-CNRS-EnsiCaen-Université de Caen Basse-Normandie F-14050 Caen cedex 04, 
France]; B. Sulik [Institute of Nuclear Research - ATOMKI, H-4001 Debrecen, Hungary] 

The fragmentation of molecules induced by the 
interaction of highly charged ions has been 
investigated intensively in the past decade. 
Most of these studies have been performed with 
diatomic molecules, especially with the sim-
plest molecules H2 and D2. In addition to 
Coulomb Explosion (CE) of the ionised target, 
the energy of the H+ fragments is simultane-
ously influenced by a significant momentum 

transfer (binary collisions), as well as by the 
post-collision field of the scattered ion [1]. In 
this work, we investigate the molecular 
fragmentation of H2O molecules. The experi-
ments were performed using He2+ ions pro-
duced by the 14.5 GHz Electron Cyclotron 
Resonance (ECR) ion source facility at the 
Ionenstrahllabor (ISL) in Hahn-Meitner Institut, 
Berlin [2]. 
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Fig. 1: Cross sections dσ/dΩ, differential in the observation angle, for the detection of fragments (H+, O+ and 
O2+ ions) and scattered projectiles (He+ and He2+ ions) originating from binary collisions at impact energies of 
1, 2 and 5 keV. The experimental values are compared with calculations assuming a pure Coulomb potential 
between the projectile and the target (dashed curves) and a screened potential (solid curves). 
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The energy of the projectile was varied from 
1 up to 5 keV. The experimental chamber, with 
a base pressure of ~10−6 mbar, contains an 
electrostatic parallel-plate spectrometer, which 
can be rotated from 18° to 135° with respect to 
the incident ion beam direction. Similar work 
concerning collisions of He2+ on H2O was 
performed using the technique of translational 
energy spectroscopy [3]. 

As recently observed in the Neq+ + H2O 
collisions [4], two groups of peaks are clearly 
visible. The first one, which extends up to 
~30 eV, corresponds to CE of the ionised target 
(H2O)q+ following electron capture at relatively 
large impact parameters. At higher energies, a 
second group corresponds to H+, O+ and O2+ 
ions produced by binary collisions. In addition, 
the scattered projectiles He+ and He2+ have been 
detected. Absolute cross sections dσ/dΩ, differ-
ential in the observation angle, were determined 
for the detection of all these species. The emis-
sion of slow fragments originating from CE of 
the ionised target presents a slight anisotropy : 
the fragments are mainly emitted at angles close 
to 90°, where the cross sections are found to be 
~ 2 times larger than those observed at 25°. 
Concerning energetic fragments and scattered 
projectiles produced in binary collisions, our 

absolute cross sections are lower than those 
predicted by the Rutherford's formula. Rather, 
our experimental values are in good agreement 
with absolute cross sections calculated by 
assuming an electronic screening function pro-
posed by Ziegler et al. [5] (Fig. 1). The 
agreement between our experimental and 
calculated clearly shows that the ZBL screening 
function is an appropriate tool to predict 
absolute cross sections characterizing collisions 
between neutral targets and ions with velocities 
> 0.1 a.u.. 

[1] P. Sobocinki, J. Rangama, G. Lauernt, L. 
Adoui, A. Cassimi, J.-Y. Chesnel, A. Dubois, 
D. Hennecart, X. Husson and F. Frémont, J. 
Phys. B. At. Mol. Opt. Phys. 35 (2002) 1353–
1367. 

[2] M. Grether, A. Spieler, D. Niemann and N. 
Stolterfoht, Phys. Rev. A56 (1997 3794. 

[3] O. Abu-Haija, E.Y. Kamber and S.M. Fergu-
son, Nucl. Instr. Methods in Phys. Res. B205 
(2003) 634. 

[4] Z.D. Pešić, J.Y. Chesnel, R. Hellhammer, B. 
Sulik and N. Stolterfoht, J. Phys. B. At. Mol. 
Opt. Phys. 37 (2004) 1405–1417. 

[5] J.F. Ziegler, J.P. Biersack and U. Littmark, The 
Stopping and Range of Ions in Matter, Vol. 1 
(1985) New York, Pergamon. 
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1.2 Fermi-Shuttle Type Multiple Electron Scattering in Atomic Collisions 

K. Tőkési, B. Sulik [Institute of Nuclear Research – ATOMKI, H-4001 Debrecen, Hungary]; 
and N. Stolterfoht 

In ion-atom collisions, higher orders of multiple 
electron scattering can be treated practically 
only in non-perturbative models. Especially 
classical trajectory Monte Carlo (CTMC) 
calculations seem to work successfully in many 
Fermi-shuttle acceleration cases [1–3]. The 
main advantage of the CTMC method is that 
many details of the classical collision scenario 
can be conveniently analyzed within its 
framework. The analysis of the CTMC trajecto-
ries, e.g., makes it possible to classify and 
identify multiple electron scattering events. In 
spite of the limitations due to its classical 
character, CTMC cross sections agree well with 
experiments for most of the studied collision 
systems [1,3]. 

In our present works [4,5], we perform 
CTMC calculations to follow the ionization 
process in ion-atom collisions for a set of 
projectile-target combinations. The incident 
projectile energy is varied from small to 
intermediate energies (1–50 keV/u). In our 
present approach, we solve Newton's classical 
non-relativistic equations of motions for a 
complete three-body system. The three particles 
are the projectile, one atomic active electron 
(e), and the remaining target ion. The 
interaction between either pairs of the partners 
is represented by a central model potential, 
which accounts for the screening of the inactive 
electrons of the ionic cores. The parameters of 
the model potentials has been derived from 
Hartree-Fock calculations. 

Fig. 1 shows a sample CTMC event for a 
projectile-target-projectile-target (P-T-PT) scat-
tering at intermediate velocity (150 keV/u) C+ + 
Xe collisions. The projectile and electron 
trajectories clearly show two consecutive close 
P-collisions between the active target electron 
and the incoming projectile ion. In slower 
collisions, one may expect higher order 
collision sequences. Indeed, the analysis of 

many CTMC events at small projectile energies 
(1 keV/u) indicates the dominance of long (6–
14-fold) Fermi-shuttle type scattering se-
quences in electron emission above 10 eV 
kinetic energy. The energy gain of the ejected 
electrons can be considered as a result of 
pingpong games, played by the two colliding 
ionic cores with the electron as a ball. 

 
Fig 1: A sample CTMC event for a P-T-P-T 
scattering in intermediate velocity (150 keV/u) C+ + 
Xe collisions. The projectile and electron 
trajectories clearly show two consecutive close P 
collisions between the active target electron and the 
incoming projectile ion. 

This work was supported by Hungarian 
OTKA Grants (T046905, M27839), the grant 
"Bolyai" from the Hungarian Academy of 
Sciences, and the TéT Grant No. GR-11/03. 

[1] B. Sulik et al., Phys. Rev. Lett. 88 (2002) 
073201. 

[2] B. Sulik et al., Phys. Scr. T92 (2001) 463. 
[3] B. Sulik et al., Nucl. Inst. and Meth. B 212 

(2003) 32. 

[4] T. Ricsóka et al., Nucl. Inst. and Meth. B, 
accepted. 
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1.3 Accelerating Multiple Scattering of the Emitted Electrons in Collisions of Ions 
with Atoms and Molecules 

T. Ricsóka, K. Tőkési, B. Sulik [Institute of Nuclear Research – ATOMKI, H-4001 Debrecen, 
Hungary]; Gy. Víkor, Sz. Nagy, Z. Berényi [Department of Atomic Physics, Stockholm 
University, 10405 Sweden]; B. Paripás [Department of Physics, University of Miskolc, 
3515 Miskolc-Egyetemváros, Hungary]; N. Stolterfoht 

Ionization is one of the fundamental phenomena 
studied in atomic collision physics. Double 
differential spectra of electrons ejected in ion-
atom and ion-solid collisions provide detailed 
information about the ionization dynamics. 
During the past decade special emphasis have 
been laid on the emission of the fast electrons in 
collisions of heavy partners[1]. Significantly 
enhanced emission of fast electrons above the 
binary encounter energy was observed in both 
ion-atom [2] and ion-solid collisions [3]. In 
some cases, the fast electrons have been 
identified as originated from double [4] or 
multiple [2] scattering by the projectile and 
target cores. Since the moving projectile ion is 
much heavier than the electron, such kind of 
multiple scattering of the electron also 
accelerates it. The process is often denoted as 
Fermi-shuttle acceleration [1]. 

In the present work, we measured the double 
differential cross-sections for electron emission 
in collisions of 700{1,500 keV N+ ions with N2, 
Ne and Ar targets. We studied the target atomic 
number (ZT) dependence of the yield of the 
Fermi-shuttle type triple and quadruple scatter-
ing in these collisions. 

We performed classical trajectory Monte 
Carlo calculations for the target ionization. 
Fig. 1 compares the present experimental 
double differential cross sections with the 
results of the CTMC calculation for electron 
emission at 30°, 90° and 150° in 0.75 MeV 
N+ + Ar collisions as a function of the ejected 
electron energy. The experimental double 
differential cross-sections are in good agree-
ment with the theoretical values, and all the 
expected ionization structures (P, P-T, P-T-P 
and P-T-P-T) clearly appear in the spectra. 

We consider the present work as a starting 
point of a systematic study, a combined experi-
mental and CTMC analysis of a wide range of 
collision systems. 

 
Fig. 1: Experimental double differential cross 
section in comparison with theoretical CTMC 
results for electron emission at 30°, 90° and 150° in 
0.75 MeV N+ + Ar collisions as a function of the 
ejected electron energy. 

This work was supported by Hungarian 
OTKA Grants (T046905, M27839) and by the 
Hungarian-Swedish KVA-collaboration. 

[1] B. Sulik, N. Stolterfoht, R. Hellhammer, Z. 
Pesic, Cs. Koncz, K. Tőkési, D. Berényi, Nucl. 
Inst. and Meth. B 212 (2003) 32. 

[2] B. Sulik, Cs. Koncz, K. Tőkési, A. Orbán, D. 
Berényi, Phys. Rev. Lett. 88 (2002) 073201. 

[3] R.A. Baragiola, E.V. Alonso, A. Oliva, A. 
Bonnano, F. Xu, Phys. Rev. A 45 (1992) 5286. 

[4] S. Suárez, R.O. Barrachina, and W. Meckbach, 
Phys. Rev. Lett. 77 (1996) 474. 
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1.4 Calibration Measurement of the Experimental Setup for Detecting Sputtered 
Neutrals 

M. Roth, B. Walz, G. Schiwietz, B. Schattat 

As a consequence of swift heavy ion irradiation 
of solid targets charged as well as neutral 
particles are desorbed. Along the flight path of 
the projectile ion a so-called ion track is formed 
[1]. In order to get detailed information on the 
track forming mechanism the neutral particles 
should be analysed energy resolved and mass 
selective. Therefore a new experimental setup 
for detecting sputtered neutrals was installed at 
the ion-beam laboratory of the Hahn-Meitner-
Institut. After the setup was set into operation 
calibration measurements were performed. 

First of all a short introduction of the 
experimental setup is given, a more detailed 
description can be found in [2,3,4]. Within a 
high vacuum chamber the pulsed ion beam hits 
the target under normal incidence. Directly 
desorbed ions (secondary ions) can be analysed 
by a time-of-flight mass-spectrometer (TOF-
MS). Neutral particles can be ionised in a 
non-resonant multiphoton-ionisation process by 
a short pulsed Ti:Sapphire laser. The laser beam 
is focussed into the chamber perpendicular to 
the ion-beam direction. After the ionisation of 
the neutral particles an analysis with the 
TOF-MS is possible. Behind the exit window of 
the laser beam a photodiode is used as an 
optical trigger for the time-of-flight measure-
ments (tlas). 
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Fig. 1: Time-of-flight spectra of rare gases. For 
better comparison the argon spectrum is multiplied 
by a factor of 1.4, the spectrum of neon by 2. 

For calibration measurements the chamber 
with a base pressure of 10−8–10−7 mbar was 
filled with rare gas up to 1.5·10−6 mbar. The 
pressure in the chamber reduced by the base 
pressure is hereafter referred to as effective 
pressure. 

The rare gases neon, argon and xenon were 
used. Fig. 1 shows the time-of-flight spectra of 
these gases. In every spectrum a hydrogen 
(258 ns) and a water line (1.086 µs) originating 
from residual gas ionisation are visible. As can 
be seen, additionally rare gas lines are 
observed. Ionisation potentials above 20 eV can 
be exceeded by our laser system, and even 
threefold ionisation of xenon (ionisation 
potential 32.1 eV, [5]) takes place. A second 
line shifted about 30 ns towards higher flight 
times follows the main line for every mass. 
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Fig. 2: Time-of-flight mass spectra of xenon for 
varying the laser power per pulse. The insert 
represents a magnification of the singly and doubly 
charged rare-gas line. Natural xenon consists of 
several stable isotopes and their respective TOF-
lines overlap in the observed signals. The spectra 
were taken at an effective xenon pressure of 
10-6 mbar. 

This second line, which has about 10 % of 
the intensity of the main line, might be due to 
signal reflection inside the detector. The xenon 
lines are broader than the other signals because 
xenon has several stable isotopes overlapping in 
the observed signal. After it was shown that the 
laser power density in the focal region is 
sufficiently high for an efficient ionisation, the 
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signal height as a function of the laser power 
density was examined. Fig. 2 displays xenon 
TOF-spectra at 1.68·1010 W, 1.28·1010 W and 
8.5·109 W per laser pulse. With increasing pulse 
power the TOF-signals rise. 

The insert of Fig. 2 shows a magnification of 
the xenon signals, which consist of the xenon 
lines of the different stable isotopes for two 
charge states. 

The residual gas signals hydrogen and water 
also rise with increasing pulse power. For a 
better comparability the line of every degree of 
ionisation is integrated and multiplied by the 
fourth power of the respective ionisation 
potential and divided by the effective pressure 
p. The integration results of the rare gases are 
plotted versus the laser power per pulse in 
Fig. 3. With increasing degree of ionisation the 
ionisation yield is reduced because of the higher 
ionisation potential. The shape of every curve 
shows flat behaviour at high power densities. 
The higher the laser power per pulse the more 
neutrals are ionised. The number of neutrals 
being in the focal volume limits the ionisation 
yield. Under the assumption of a Gaussian laser 
beam the shape of the ionisation yield is 
approximated based on coupled-channel calcu-
lations of the ionisation yield of hydrogen [4,6]. 
The grey line displays this estimation. To 
achieve agreement with the experimental data 
the radius of the laser beam has to be doubled 
in comparison to its specifications. 
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Fig. 3: Scaled ionisation yield as a function of the 
laser power per pulse. The grey line gives an ap-
proximation of the ionisation yield by the ionisation 
probability of hydrogen and a Gaussian laser beam 
[4,6]. The Xe-data were measured at an effective 
pressure of 10−6 mbar, the Ne- and Ar-data at 
1.5·10−6 mbar. 

As second step the ionisation yield is 
measured as a function of the effective rare gas 
pressure. The signals in the time-of-flight 
spectra were integrated and multiplied by the 
square of the respective ionisation potential I. 
The results are presented in Fig. 4. With 
increasing pressure the number of atoms in the 
laser focus-volume is increased. Therefore a 
linear dependence of the ionisation yield on the 
effective pressure should be observed. Within 
the double logarithmic plot the linear behaviour 
is reflected in a line with slope 1, illustrated by 
the black line in Fig. 4. In the pressure region 
above 3·10−6 mbar the results deviate from the 
linear behaviour. If two excited atoms collide 
one of the atoms could be ionised while the 
other drops to the ground state. The radius of 
excited atoms is higher in comparison to that of 
ground state atoms. As a consequence the 
scattering cross section of excited atoms is 
higher. In the high pressure region the mean 
free path of the excited atoms is significantly 
reduced resulting in a rise of the ionisation 
yield. 
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Fig. 4: Scaled ionisation yield as a function of the 
effective pressure (chamber pressure reduced by 
base pressure). If the ionisation yield is proportional 
to the effective pressure it should follow the black 
line. 

The former experiments have been 
performed with the laser beam only. Now the 
apparatus is tested with the pulsed ion beam 
while the laser is blocked in front of the 
entrance window. Because of this no neutral 
particle detection is possible and only desorbed 
ions can be detected. As projectiles gold ions 
with an energy of 351 MeV were used to 
irradiate different targets. In the target holder an 
aluminium target was fixed. A tantalum pinhole 
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normally used for focussing the ion beam 
represents the second target. The tantalum 
pinhole is fixed with brass screws, which serve 
as third target. As reference a measurement 
without a target was performed. 

The observed time-of-flight spectra 
measured relative to the ion pulse (tproj) are 
presented in Fig. 5. Without a target no 
structure in the time-of-flight spectrum is 
visible. Aluminium, tantalum and brass show a 
small signal at tproj = 0 s which is repeated after 
11.1 µs. This is exactly the time difference 
between two ion pulses from the cyclotron. 
Based on several test experiments we suppose 
this line represents fast δ-electrons leaving the 
target material. By this we have a signal to 
calibrate the zero point of our timescale. The 
second line in the target spectra corresponds to 
sputtered protons (H+). Laser induced hydrogen 
signals have a similar flight time if the 
spectrometer is operated under equal condi-
tions. The hydrogen signal of the tantalum and 
the brass target is shifted towards longer flight 
times because these targets have a somewhat 
larger distance to the detector. In case of the 
brass target three additional lines H2

+, O+ and 
CO+ appear. These ions are desorbed from the 
target surface. The absence of the target-

material signals like Al, Ta, Cu or Zn hints to 
surface contaminations. 

The presented results illustrate that the 
experimental setup works with the laser as well 
as with the ion beam alone. The detection of 
neutral particles being desorbed by the ion 
beam and ionised by the laser have been 
performed in subsequent experiments. The 
results of these measurements are presented in 
another article within this annual report, which 
is entitled “Detection of sputtered neutrals”. 

[1] G. Schiwietz, K. Czerski, M. Roth, F. Staufen-
biel, P.L. Grande, Nucl. Instr. Meth. B 226 
(2004) 683–704. 

[2] M. Roth, G. Schiwietz, ISL annual report 
(2002) 18–19. 

[3] M. Roth, G. Schiwietz, K. Czerski, F. Staufen-
biel, B. Walz, ISL annual report (2003) 125–
126. 

[4] B. Walz, diploma thesis, Universität Regens-
burg (2005). 

[5] T. Auguste, P. Monot, L.A. Lompré, G. 
Mainfray, C. Manus, J. Phys. B: Atom., Molec. 
and Opt. Phys. 25 (1992) 4181–4194. 

[6] P.L. Grande, G. Schiwietz, Adv. in Quant. 
Chem. 45 (2004) 7–64. 
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Fig. 5: Time-of-flight spectra of different targets (Al, Ta, brass) measured relative to the swift heavy ion pulse. 
The detected signals correspond to directly sputtered ions. 
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1.5 Detection of Sputtered Neutrals 

M. Roth, B. Walz, G. Schiwietz, B. Schattat 

Neutral as well as charged particles (secondary 
ions) are sputtered from solid targets if they are 
irradiated by electrons with energies of a few 
keV, low energy ions in the keV region and 
swift heavy ions in the MeV range. In case of 
swift heavy ion irradiation neutral particles 
dominate the total amount of sputtered parti-
cles. In order to get some information on how 
the projectile energy is transferred to the target 
atoms a new experimental setup for neutral 
particle detection was installed. Inside a high 
vacuum chamber silicon oxide (SiO2) and 
aluminium oxide (Al2O3) targets were irradiated 
with 1.7 keV electrons (e-), 2 keV argon ions 
(Ar+) and 351 MeV gold ions (Au+26). The 
sputtered neutrals were ionised by non-resonant 
multiphoton ionisation and analysed by a 
time-of-flight mass-spectrometer (TOF-MS). 
The chamber is equipped with entrance and exit 
window for the laser. Behind the exit window, 
or in case of a blocked laser in front of the 
entrance window, a photodiode is used as an 
optical trigger. The photodiode signal serves as 
zero point of the time-of-flight measurement 
(tlas). The irradiation of SiO2 with 1.7 keV 
electrons leads to the TOF-spectra depicted in 
Fig. 1. 
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Fig. 1: Time-of-flight spectra obtained with the 
electron beam (black line), the laser beam (green 
line) and the combination of both beams (blue line). 
The electron beam is continuous, so that the lines 
arising in the combined spectra originate from 
ionised sputtered neutrals. 

Three spectra are presented. In every spec-
trum strong electronic noise caused by the laser 
is visible at flight times below 500 ns. The pure 

electron-induced spectrum (black curve) 
possesses no additional structure. As the 
electron beam is continuous a possible signal of 
sputtered secondary ions possesses no time-
structure and results in a continuous back-
ground. 

If the electron beam is switched off no 
sputtering takes place and the pulsed laser can 
only ionise residual gas atoms within the TOF-
MS (green curve). The hydrogen and water 
signal and a small singly- and doubly-charged 
carbon contribution approve this. A 
simultaneous operation of electron and laser 
beam results in the blue coloured spectrum. The 
hydrogen (H+), carbon (C+, C2+) and water 
(H2O+) lines are increased significantly in 
comparison to the pure laser-induced spectrum. 
The ionisation of the desorbed H and C atoms 
as well as of the sputtered water molecules 
(H2O) strongly enhances the fraction of the 
residual gas ionisation. Moreover two addi-
tional lines corresponding to carbon dioxide 
(CO2

+, 1.69 µs) and carbon oxide (CO+) or 
silicon (Si+, 1.35 µs) are observed. Silicon and 
carbon oxide have the same mass, so that their 
flight time is equal. As a CO2-signal exists, it is 
more likely that the line at 1.35 µs is related to 
carbon oxide. 

Instead of electrons, also argon ions with a 
kinetic energy of 2 keV were used to irradiate 
the SiO2 target. In this energy region the energy 
loss of the projectile is dominated by collisions 
between projectile and target atoms (nuclear 
stopping power). In Fig. 2 the measured time-
of-flight spectra are shown. If the laser beam is 
blocked only secondary ions can be detected. 
As the ion beam is continuous the sputtered 
ions generate a continuous background in the 
time-of-flight spectrum (black curve). The 
exclusive operation of the laser beam leads to 
residual gas ionisation visible in a hydrogen and 
a water line in the green curve. The signals 
detected with ion and laser beam in operation 
correlate to ionised neutrals. The main fraction 
of the lines reflects sputtered neutrals whereas a 
small amount originates from residual gas 
ionisation. In contrast to the electron induced 
spectrum an argon signal appears. During the 
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operation of the sputter gun argon flows into the 
chamber and is ionised by the laser beam. An 
additional fraction was observed with the 
sputter gun turned on. This fraction might be 
due to self-sputtering of argon atoms. 
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Fig. 2: Argon beam-induced time-of-flight spectra. 
The black line represents the results with the argon 
gun in operation, the green line corresponds to the 
pure laser-induced signal and the blue line is 
obtained if ion and laser beam are in operation. 

The last step is the irradiation of an 
aluminium oxide target by 351 MeV gold ions. 
The energy loss of swift heavy ions takes place 
via an energy transfer to the electronic system 
of the target (electronic stopping power). The 
pulsed gold beam is generated in the ISL-
cyclotron and hits the target under normal 
incidence. Consequently neutral particles are 
sputtered, which are ionised by the laser pulse. 
The laser beam has to reach the centre of the 
TOF-MS immediately after the ion beam hits 
the target. That is why the time-of-flight 
measurements have to be carried out with 
respect to the ISL-pulse (tproj). A frequency 
divider reduces the cyclotron frequency of 
11.5 MHz to 1 kHz in order to obtain an 
external trigger for the laser system. The delay 
between ion and laser beam is varied to 
optimise the signal and to detect the whole 
velocity distribution of the sputtered particles. 
This is illustrated in Fig. 3. If the ion pulse 
(blue) hits the target neutral particles are 
sputtered. These particles have a velocity 
distribution and the fast particles reach the laser 
focal volume earlier than the slow particles, 
visualised by the rectangle shaped colour 
gradient. If the laser pulse length is broad in 
comparison to the width of the velocity 
distribution every neutral atom is ionised within 

one laser pulse independent on its velocity 
(upper plot). In our case the laser has a pulse 
length of about 120 fs. Therefore only a small 
part of the velocity distribution is registered at a 
fixed delay. The shorter the delay the faster the 
detected particles are. By varying the delay the 
complete velocity distribution is obtained 
(lower two plots in Fig. 3). 
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Fig. 3: Illustration of the influence of the delay 
between ion and laser pulse on the detected 
time-of-flight spectrum.  

Up to now it was not possible to measure the 
arrival time of the ISL-pulse directly, so that the 
delay had to be changed systematically. A 
detailed description of these measurements can 
be found in [1]. Here only three spectra are 
presented (see Fig. 4). The spectra were taken 
for three different delays and the time-of-flight 
is measured relative to the ISL-pulse (tproj). The 
signal structure at about 7 µs is independent of 
the delay, what means independent of the laser 
pulse. The signals are generated by the 
projectile ions themselves. The first signal at 
6.92 µs represents δ-electrons produced during 
the ion impact. The third line probably 
corresponds to secondary hydrogen ions. The 
line in between presumably originates from 
secondary ions or electrons produced if the ion 
beam hits parts of the TOF-MS in the 
surrounding of the detector. 

In contrast to this the other lines shift if the 
delay is changed. Thus, they are related to the 
laser pulse. The green coloured signal 
represents water originating from residual gas 
ionisation. This line shifts according to the 
delay variation illustrated by the dashed line. 
The blue coloured signals reflect hydrocarbons 
(CHn, n=1,2,3). These signals move similar to 
the dashed line too. However, if the ion beam is 
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blocked the CHn-signal is reduced by a factor 4 
[1]. This means the majority of this line is due 
to ion-induced desorption of neutrals. 

The shift of the red coloured line X(v) 
differs from the delay variation. It corresponds 
to a broad velocity distribution for a mass 
heavier than 6 amu. If and only if the ion as 
well as laser beam are in operation this signal is 
observed. At a reduction of the delay between 
ion and laser another part of the velocity 
distribution is localized in the focus volume 
corresponding to faster particles. Therefore one 
would expect that the red coloured signal 
should shift towards smaller flight times with 
respect to the dashed reference line. However, 
the observed behaviour is opposite to the 
expected one. One possible explanation is that 

at a delay of 4.35 µs the laser reaches the centre 
of the chamber before the ion impact. In this 
case the ionised X(v) belongs to the previous 
ion pulse and consequently represents slow 
particles. A solution of this problem awaits 
further measurements. 

The presented results have shown that the 
new experimental setup is suitable to analyse 
sputtered neutrals. In future experiments the 
zero-point measurement of the ISL-pulse will 
be optimised. After a determination of the 
appropriate delay between ion and laser beam 
different target materials will be examined. 

[1] B. Walz, diploma thesis, Universität Regens-
burg (2005). 

6.8 7.0 7.2 7.4 7.6 7.8 8.0 8.2 8.4
100

101

102

103

104

105

106

351 MeV 197Au26+ on  Al2O3

X(v)

CHn

H2O

H

δ-e-

 

 

delay

4.35 µs
4.45 µs

4.60 µs

in
te

ns
ity

 (a
rb

. u
ni

ts
)

time of flight tproj (µs)
 

Fig. 4: Time-of-flight spectra with respect to the ISL-pulse. For an easier comparison the spectrum 
corresponding to a delay of 4.45 µs is multiplied by a factor 5, and the spectrum for a delay of 4.35 µs by a 
factor 16 respectively. Signals, which are independent of the delay between ion and laser pulse appear at a 
constant time-of-flight in the spectra. They represent electrons or secondary ions generated by the projectile ion. 
Signals depending on the laser beam vary with the delay (red, blue and green line). 
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1.6 Electronic Energy-Density Effects in Auger Angular Distributions 

G. Schiwietz, F. Staufenbiel, M. Roth, K. Czerski, and P.L. Grande [UFRGS, Brazil] 

In this work, we report on a new effect related 
to the extremely dense energy deposition of 
heavy ions at velocities around 10% the speed 
of light. In contrast to individual photons or 
electrons, swift heavy ions can transfer energies 
of several hundred eV per target atom into the 
electronic system of the target [1]. In fact, the 
power deposition by a single highly charged ion 
is comparable to a focused multi-photon pulse 
of the future free electron x-ray laser XFEL that 
will be installed at DESY/ Hamburg. 

As has been shown in previous papers [1], 
complete ionization of all light atoms along the 
ion track as well as electron temperatures of 
about 100,000 K result from the penetration of 
an individual ion. Thus, locally there is 
extremely strong excitation accompanied by the 
breaking of all bonds inside a nanometer radius 
around the long and straight ion path. Subse-
quently the electronic motion is coupled to the 
atomic degrees of freedom and materials 
modification via high-temperature or high-pres-
sure phases may result. 

Most of the qualitative and quantitative 
results on electronic short time energy-density 
effects in ion tracks are deduced from high-
resolution Auger-electron spectra corresponding 
to Auger-decay times of 1–10 fs. Under specific 
conditions inner-shell vacancies decay via (one-
electron) x-ray transitions. In most cases, 
however, the production of Auger electrons (via 
two-electron transitions) is more likely. Their 
peak energy contains information on the 
ionization degree and on collective electrostatic 
potentials [2]. Their peak width may contain 
information about the populated density of 
states in the valence/conduction bands [3]. If a 
local thermal equilibrium is reached before the 
Auger decay, it is even possible to extract 
electron temperatures from the peak width. The 
high electron temperatures should also have an 
influence on the angular distribution of emitted 
Auger electrons, since the electron transport to 
the surface should be affected. The only setup at 
any high-energy accelerator that is sophisticated 
enough for such a study is the one installed at 
ISL (devices 1, 4, 5, and 7 in Fig. 1 are needed 
for this purpose). 

 
Fig. 1: Top view of the ultra-high vacuum setup 
with double magnetic shielding. 1: HMI made 
rotating (light blue arrows) electrostatic electron 
spectrometer, 2: UV source, 3: x-ray source, 4: 
target manipulator, 5: electron gun, 6: low-energy 
Ar sputter gun, 7: heavy-ion beam from the ISL 
cyclotron (green arrow), 8: retractable (yellow 
arrow) secondary-ion mass-spectrometer. 

Here we present the first angular Auger-
electron distribution induced by swift heavy 
ions. Experiments have been performed with 
592 MeV Au48+ ions at normal incidence on 
atomically clean beryllium (Be) and aluminum 
(Al) surfaces. For Be the so-called KnVV Auger 
decay and for Al the LnVV Auger yield as 
function of the emission angle has been 
investigated. In the latter case, a vacancy in an 
n-fold ionized L shell is filled by one valence 
electron (V) and another valence electron (V) is 
being ejected. Conservation of the total 
electronic energy determines the Auger-electron 
energy. The corresponding LnVV Auger-
intensities have been measured for n = 1, 2, and 
3. It is emphasized that such different Auger-
decay channels are related to different decay 
times and reflect specific snapshots of the time 
evolution of ion tracks in solids [1]. The 
intensity ratios R2 = I(L2VV)/ I(L1VV) and R3 = 
I(L3VV)/ I(L1VV) (displayed as red and blue 
symbols in Fig. 2) will thus be sensitive to the 
time evolution of the ion track. Experimental 
uncertainties, electron diffraction or refraction 
effects are canceled to a large extend when 
calculating ratios. Previous investigations [4] 
have revealed cosine-like angular distributions, 
very similar for various targets and different 
types of transition. Using this information, the 
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ratios R2 and R3 are expected to be constant to 
within a few percent. 
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Fig. 2: Angular distributions of Auger-intensity 
ratios (in polar coordinates) for L2VV to L1VV (red 
asterisks) as well as for L3VV to L1VV (blue circles) 
line intensities from atomically clean Al surfaces. 
The green arrow indicates the incident direction of 
the 592 MeV Au48+ projectile ions. 

A closer look at Fig. 2 shows that the ratios 
are not constant at all, with a significant 
minimum at ejection angles around 180° with 
respect to the initial beam direction (we have 
also observed a similar behavior for the Be 
target). The above discussion points to a time-
dependent effect. In fact, the electron 
temperatures increase from about 20,000 K for 
L1VV to about 50,000 K for L3VV transitions 

mainly due to the mean Auger decay time 
which is reduced from 1.5⋅10−14 s for L1VV to 
0.5⋅10−14 s for L3VV. Thus, the ratio R3 is related 
to very high electron temperatures (50,000 K) 
as is estimated from the shape of the Auger line 
(see Refs. [3]). Furthermore, emitted electrons 
at angles close to 180° are moving for an 
extended period of time along the hot ion track. 
Hence, the pronounced minimum in Fig. 2 for 
exactly this case points to a preferential 
absorption of Auger electrons inside a hot 
electron gas. Such an effect has never been 
observed before. It is expected to have an 
influence on laser-induced plasmas as well, but 
it is easier to investigate this effect with 
spatially confined energy depositions as they 
are typical for ion-solid interactions. 

[1] G. Schiwietz, M. Roth, K. Czerski, F. Staufen-
biel, and P.L. Grande; "Femtosecond Dynamics 
- Snapshots of the Early Ion-Track Evolution", 
Nucl. Instr. Meth. B225 (2004) 4–26. 

[2] G. Schiwietz, P.L. Grande, B. Skogvall, J.P. 
Biersack, R. Köhrbrück, K. Sommer, A. 
Schmoldt, P. Goppelt, I. Kádár, S. Ricz, U. 
Stettner; "Influence of Nuclear Track Potentials 
in Insulators on the Emission of Target Auger 
Electrons", Phys. Rev. Lett. 69 (1992) 628–
631; G. Xiao, G. Schiwietz, P.L. Grande, N. 
Stolterfoht, A. Schmoldt, M. Grether, R. 
Köhrbrück, A. Spieler, U. Stettner; "Indications 
of Nuclear-Track-Guided Electrons Induced by 
Fast Heavy Ions in Insulators" Phys. Rev. Lett. 
79/10 (1997) 1821–1824. 

[3] G. Schiwietz, G. Xiao, P.L. Grande, E. Luderer, 
R. Pazirandeh, U. Stettner; "Determination of 
the electron temperature in the thermal spike of 
amorphous carbon", Europhys. Lett. 47 (1999) 
384–390; F. Staufenbiel, G. Schiwietz, K. 
Czerski, M. Roth, and P.L. Grande; "Electronic 
energy-density effects in ion tracks of metals", 
Nucl. Instr. Meth. B (in print). 
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1.7 Guided Transmission of Highly Charged Ions Trough Capillaries in PET: 
The Energy Dependence 

R. Hellhammer, P. Sobocinski, Z.D. Pešić, D. Fink, J. Bundesmann, N. Stolterfoht; B. Sulik 
[Institute of Nuclear Research – ATOMKI, H-4001 Debrecen, Hungary] 

In recent experiments we studied the energy 
dependence of the transmission of Ne7+-ions 
through nanocapillaries in PET polymer foils 
with 100 nm diameter and 10 µm lengths in the 
energy range from 1 keV up to 10 keV. The 
foils were tilted at angles up to 20°, so that the 
incident ions were forced to interact with the 
capillary surface. Capillary guiding as the result 
of ion deflection through charges deposited at 
the inner wall is found for tilt angles up to 20°. 

 
Fig. 1: Transmission profiles of Ne7+ for tilt angles 
from 0° to 20° in the energy range from 3 keV to 
10 keV. 

Fig. 1 shows the relative intensity of the 
transmitted ions for energies from 3 to 10 keV 
depending on the observation angle. These data 
sets were acquired for tilt angles in steps of 5° 
from 0° to 20° for 3 keV 10and from 0° to 10° 
for 5 to 10 keV projectiles. We measured higher 
guiding efficiency for lower energies in 
consistency with the model previously devel-
oped [1]. Moreover, we observed a narrower 
width for the angular distribution of transmitted 
ions at higher energies. We separate the 
capillary into two sections to describe the 
processes involved in ion guiding. The first 
section is called the scattering region with the 
charge patch near the entrance to deflect the 
ions into the tilt direction. The second one is 
called the guiding region, here the transmitted 
ions are guided through the capillary and the 
transmission profile is formed. 

Firstly, it is shown that the loss of the ion 
intensity is insignificant in the guiding region. 
We studied transmission profiles for the case of 
tilt angle ψ = 0° indicating that the capillary 
axes is parallel to the incident beam direction. 
As outlined in the following, the loss of ions in 
the scattering region plays no important role. 
Fig. 2 shows transmission profiles for ψ = 0° in 
an energy range from 2 keV to 10 keV after 
reaching equilibrium conditions, i.e. all 
charging and discharging processes became 
independent of time. 

 
Fig. 2: Transmission profiles of Ne7+ observed for 
ψ = 0°. 

There are two major processes forming the 
profile [1]. The first one is due to the ion trans-
mission through inclined capillaries with the 
width σc in respect to the surface normal. The 
width σp giving the propagation probability for 
different tilt angles will combine with σc in the 
following way to a width σcp.  

 σcp=( σc
−2 +σp

−2 )−1 (1) 

The width σc was obtained from angular 
distribution measurements using an energetic 
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ion beam for which guiding effects are 
negligible and σp is obtained from the tilt angle 
dependence of the transmitted ion intensity. 
Together with the measured width of the 
angular distribution σt of the transmitted ions 
these three quantities σt, σc and σp combine to a 
ion distribution width σx caused by a field 
inside the capillaries like follows: 

 [ ] 2
12

cp
2
tx σ−σ=σ . (2) 

Next, we consider the quantity Itot 
representing the total intensity of transmitted 
ions. It is obtained from the yield Ymax at the 
peak maximum and the width σt of the 
transmission profile by a two dimensional inte-
gration of a gauss distributed transmission 
profile which leads to the following expression: 

  (3) 
2

maxtot YI tσ=

It is pointed out, that this quantity Itot gives 
only relative values to compare the experi-
mental results for different energies. 

 
Fig. 3: Values the maximum intensity Ymax , the 
width σt for the distribution of transmitted ions and 
the total intensity of transmitted ions determined by 
means of eq. (3) in the energy range from 2 to 
10 keV. 

Fig. 3 shows the intensity at the peak 
maximum Ymax(E), the width of the 
transmission profile σt(E) and the resulting 
value for Itot (E). The peak maximum 
increases, while the width decreases with 
increasing energy. However, the total value of 
transmitted ions is constant within the 
experimental uncertainties over the investigated 
energy range. From the result shown above for 
Itot(E) at ψ = 0° we can conclude that the 
process involved in the forming of the profile 
does not include a significant loss of ions in the 
guiding region within the observed energy 
range.  

 
Fig. 4: Fraction of transmitted Ne7+ ions for 
different projectile energies as a function of the tilt 
angle. The data are normalized to unity for the tilt 
angle ψ=0. Experimental data (points) are com-
pared with model calculations (solid lines). 

Next, we investigated the fraction of trans-
mitted ions for different energies and tilt angles. 
Again, we used Eq. (2) to calculate the total 
intensity of transmitted ions. Fig. 3 shows this 
total intensity normalized by the corresponding 
value for ψ = 0° and we observed remarkable 
guiding effects over the energy range from 1 to 
3 keV and in a less pronounced manner also for 
5 and 7 keV. 

A refined model for capillary guiding 
presented in [2] fits very well to the obtained 
data. To fit the experimental data we inserted 
the factor ep = Ep/En into the exponent where En 
is a normalization constant. To be consistent 

 22 



 

with the previous model the normalization 
constant is set to 3 keV. In this model the 
fraction of transmitted ions through a capillary  

 
ψ2sin

)(
0)(

p
pe E
tqQ

eC

p eftf =  (3) 

where Ce is an effective capillary capacity, q 
is the projectile charge state, Q(t) is the 
deposited charge. The quantity Ce is treated as 
adjustable parameter. 

Conclusions 

In conclusion, we measured the guiding 
effect over an energy range from 1 keV up to 
7 keV. We obtained a narrower transmission 
profile for higher energies. The guiding effects 
were observed to be enhanced at lower 
projectile energies. From the present results for 
the untilted capillary foil we can exclude an 
energy dependence for the loss of ions at the 
exit of the capillary. 

A refined model is developed, including the 
previous results for 3 keV and describing the 
new results for different projectile energies. It is 
still under discussion which parameter governs 
the observed energy dependence. It should also 
be kept in mind that the processes involved in 
forming the profile can be well described with a 
model using a potential at the exit, while it is 
still not fully understood how this potential is 
produced. 

[1] N. Stolterfoht, R. Hellhammer, Z.D. Pešic, V. 
Hoffmann, J. Bundesmann, A. Petrov, D. Fink 
and B. Sulik, Vacuum 73 (2004) 31–37. 

[2] R. Hellhammer, P. Sobocinski, Z.D. Pešic, J. 
Bundesmann, D. Fink, B. Sulik and N. Stolter-
foht, NIM B (in print). 

[3] R. Hellhammer, Z.D. Pešic, P. Sobocinski, D. 
Fink, J. Bundesmann, B. Sulik and N. Stolter-
foht, NIM B (in print). 
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1.8 Guided Transmission Of Highly Charged Ions Trough Capillaries in PET: 
The Density Effect 

R. Hellhammer, N. Stolterfoht, P. Sobocinski, D. Fink, J. Bundesmann; B. Sulik [Institute of 
Nuclear Research – ATOMKI, H-4001 Debrecen, Hungary] 

In our most recent experiments concerning the 
guided transmission of ions through nanocapil-
laries in PET-foils we varied the density the ion 
track produced capillaries. In our former 
experiments we used a standard type with a 
density of 2*108 capillaries/cm² and diameters 
of 100 and 200 nm[1,2]. The here used PET foil 
has a density of 4*106 capillaries/cm² and the 
capillary diameter is about 220 nm. 

This variation of the capillary density leads 
not even to a change in transmission intensity at 
a tilt angle of 0°. As a surprising result a total 
different evolution of the profile of transmitted 
ions was found. We observed a much smaller 
resulting distribution profile of transmitted ions 
in the case of lower capillary density. In 
addition we found a much higher value for the 
amount of charges needed to reach the final 
value for the width of the distribution profile of 
the transmitted ions at 0° tilt angle (Fig. 1). 
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Fig. 1: Different evolution of the transmission 
profile for the two given capillary densities with 
Ne7+at 3 keV projectile energy. 

Similar results are observed at tilt angels 
unequal 0° for the final value of charges to 

come to a final distribution profile as  well as 
for the final width of the distribution of 
transmitted ions. Additionally we found an 
increase of the width of the distribution profile 
from the untilted foil to the tilted foil contrary 
to the results for the PET foils with higher 
capillary density where no significant change 
was observed until now (Fig. 2). 
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Fig.2: Different final width of transmission 
profiles for the PET-foil with lower capillary density 
in comparison to former results with a density of 
2*108 capillaries/cm². 

At the present state of investigation the cause 
for this density or neighbouring effect is still 
under discussion. Detailed experiments with 
capillary densities in the range of 106 

capillaries/cm² up to 108 capillaries/cm² are in 
preparation and results will be presented soon. 

[1] N. Stolterfoht, R. Hellhammer, Z.D. Pesic, V. 
Hoffmann, J. Bundesmann, A. Petrov, D. Fink 
and B. Sulik, Vacuum 73 (2004) 31-37. 

[2] N. Stolterfoht, R. Hellhammer, Z.D. Pešić, V. 
Hoffmann, J. Bundesmann, A. Petrov, D. Fink 
and B. Sulik, Surface and Coatings Techno-
logy, (in print). 

 24 



 

1.9 Two Dimensional Images of Ions Transmitted Through Insulators Capillaries 
Under Beam-Guiding Conditions 

Y. Kanai, M. Hoshino, T. Kambara [Atomic Physics Laboratory, RIKEN, 2-1 Hirosawa, 
Wako, Saitama 351-0198, Japan]; Y. Yamazaki [Atomic Physics Laboratory, RIKEN, 2-1 
Hirosawa, Wako, Saitama 351-0198, Japan, Institute of Physics, University of Tokyo, 
Meguro, Tokyo 153-8902, Japan]; R. Hellhammer, and N. Stolterfoht 

Recent observation [1] has shown that slow 
highly charged ions are guided when transmit-
ted through capillaries of large aspect ratio 
(100 nm diameter and 10 µm length) in a highly 
insulating PET (polyethylene terephthalate). In 
an insulator, the guiding effect indicates that the 
inner walls of the capi11aries are charged in a 
self organizing process so that close collisions 
with the surface are suppressed. In previous 
experiments, only horizontal distributions of 
transmitted ions were measured. In order to get 
more comprehensive information on the 
guiding effect, we started to measure the 2-D 
images of transmitted ions through PET 
capi11aries. 

The experiments were performed at the Slow 
Highly-Charged Ion Facility at RIKEN [2]. 
Beams of 7 keV Ne7+ ions from a 14.5 GHz 
ECR ion source were collimated to a diameter 
of 1–2 mm and a divergence of 0.4° at a 10 µm 
thick PET-foil target. Typical beam current was 
0.2 nA. The PET foil was previously irradiated 
by 250 Me V Kr ions, and the ion tracks were 
chemically etched with NaOH to produce 
capillaries with a diameter of 200 nm. The 
capillary density was 106 holes/cm2. The front 
side of the PET foil was covered with Au to 
avoid charge up. A position sensitive detector 
with MCP's and a wedge-and-strip anode was 
located at 170 mm after the PET target, and 
measured 2-D images of the transmitted ions. 
Figure I shows preliminary 2-D images of 
transmitted ions at the different tilt angles of the 
PET foil relative to the beam. As rotating the 
target tilt angle from 0° to 6°, the peak positions 
or transmitted ions moved to the capillary axis 

direction; that is, the deflection angle is equal to 
the tilt angle. It indicates that the ions were 
guided by the capillaries. It is noted that the 
reproducibility is not necessarily good, some-
times we observed an incomplete guiding 
effect, which means that the deflection angle of 
the ions transmitted through the capillaries is 
not equal to the target tilt angle. As is seen in 
Fig. 1, the 2-D images of transmitted ions are 
not isotropic and sometimes show double peak 
structures. We are afraid that (i) the charge up 
of the exit surface and/or (ii) the quality of 
incident ion beams affect the peak shapes of 
transmitted ions and also the incomplete 
guiding effect. 

 
Fig. 1: 2-D images of ions transmitted through 
PET capillaries at the tilt angle = 0, 2, 4, and 
6 degree. 

Detailed measurements are in progress with 
a different PET foil of which both the front and 
exit surface are covered by Au. 

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

[2] Y. Kanai et al., Phys.Scr.T 92 (2001) 467. 

 25 



 

1.10 Anomalous Structures in Electron Interference Pattern for 60 MeV/u Kr34+ + 
H2 Collisions 

J.A. Tanis [Department of Physics, Western Michigan University, Kalamazoo, MI 
49008 USA]; J.-Y. Chesnel, A. Cassimi, J.-P. Grandin, L. Adoui, D. Henneca, F. Frémont, 
S. Legendre [CIRIL Unité Mixte CEA-CNRS-EnsiCaen-Université de Caen, F-14050, Caen 
Cedex 4, France]; B. Sulik [Institute for Nuclear Research, (ATOMKI), H-4001, Debrecen, 
Hungary]; B. Skogvall, P. Sobocinski and N. Stolterfoht 

The observation [1,2] of oscillatory structures 
in the ejected electron energy spectra of 
H2 confirmed the longstanding prediction [3] of 
Young-type interferences resulting from 
coherent emission from identical atomic 
centers. Subsequently, secondary oscillations 
attributed to additional scattering within the 
molecule and superimposed on the main 
interference structure were observed [4]. 
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Fig. 1: Ratio of measured electron emission from 
H2 divided by exponential fit. The large peak near 
1.0 a.u. is due to autoionization of doubly-excited 
bound states. 

In work conducted at GANIL, new 
measurements of electron emission from H2 by 
60 MeV/u Kr34+ ion impact with improved 
statistics reveal evidence for anomalous small-
amplitude high-frequency structures at all 
emission angles investigated (30o to 150o). 
Results for 90o are shown in Fig. 1, where the 

data were obtained by performing a 2nd-degree 
exponential fit to the raw spectra and then 
dividing the spectra by the fit. The gross 
oscillatory behavior, with a minimum near 
2 a.u., is an artifact of the fitting procedure. 

The origin of these anomalous high-
frequency structures is not known. Due to the 
high projectile velocity, coherent electron 
emission from the transient molecule formed by 
the passing Kr34+ ion and the H2 molecule [5] is 
unlikely. A more likely cause is interference 
between direct electron emission and 
autoionization of doubly-excited H2 states, in 
which deexcitation of doubly-excited 2lεl’ 
configurations (so-called free-free transitions 
[6]) gives rise to ejected electrons with energies 
that are the same as those of directly ejected 
electrons. This latter possibility needs further 
investigation, however. 

[1] N. Stolterfoht et al., Phys. Rev Lett. 87 (2001) 
023201; Phys. Rev. A. 67 (2003) 030702(R). 

[2] S. Hossain et al., NIMB (2005), in press. 
[3] H.D. Cohen and U. Fano, Phys Rev. 150 (1966) 

30. 

[4] N. Stolterfoht et al. Phys. Rev. A. 69 (2004) 
012701. 

[5] J.F. Reading et al., Phys. Rev. A 70 (2004) 
032718. 

[6] N. Stolterfoht, NIM B 53 (1991) 477. 
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1.11 Observation of Collective Inner-Shell Effects for Protons Backscattered from 
the Al(110) Surface 

P.L. Grande, A. Hentz [UFRGS-Brazil]; T. Gustafsson [Rutgers Uni-USA] and G. Schiwietz 

The investigation of the full energy-loss 
distribution allows for a better understanding of 
inner-shell collective effects in ion-atom 
interactions and is a prerequisite for monolayer 
resolution in ion-beam techniques used for 
depth profiling such as Nuclear Reaction 
Analysis (NRA) and Medium Energy Ion 
Scattering (MEIS). 

The surface peak, a high-energy structure 
that appears in backscattering experiments for 
crystalline materials, has been studied in detail 
for three different scattering geometries of a 
clean Al (110) surface. The corresponding 
energy-loss distributions are asymmetric due to 
the single and double ionization of the Al inner-
shell electrons (L-shell). Effects beyond the 
independent-electron model (inner- shell 
collective effects) have been observed by using 
Monte-Carlo simulations for the ion ballistic 
and coupled-channel calculations for the 
inelastic energy-loss. These effects decrease the 
width (up to 10 % for the FWHM) and the tail 
of the surface peak in the case of a large 
number of near central collisions as in 
shadowing/blocking geometries. 

The experimental energy distributions for 
incident 98 keV protons after backscattering are 
shown in Fig. 1 (open symbols) in comparison 
with Monte-Carlo SILISH (SImulation of LIne 
SHape) simulations. The dashed curve 
corresponds the SILISH simulations using the 
inelastic energy loss according to the 
Independent Electron Model (IEM) as de-
scribed in Refs. [1,2] for the calculation of 
excitation/ionization of Al as a function of 
impact parameter. The agreement between the 
experimental data and the SILISH simulation is 
very good for the two larger scattering angles 
(θs = 120o, and 90o). But for the θs = 60o 
geometry important deviations can be observed 
for larger energy losses. The solid curves in 
Fig. 3 corresponds to the SILISH calculations 
including collective effects such as dynamical 
screening and suppressed double ionization due 
to increased L-shell binding. As can be 
observed, the inclusion of collective effects for 
the inner-shell electrons is responsible for the 

deviations and reproduces rather well the 
experimental data, even for the experimental 
data at 120o and 90o where the previous 
agreement with the IEM model was already 
very good. In fact, the θs = 60o geometry is 
distinguished from the others by the number of 
central collisions involved before the 
backscattering for each layer. In this way, this 
particular geometry enhances the effects 
beyond IEM. This is the first evidence for an 
influence of the dynamic response of inner-shell 
electrons on the ion energy loss [3]. 
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[1] G. Schiwietz and P.L. Grande, Current Applied 

Physics 3/1 (2003) 35–37. 

[2] P.L. Grande, A. Hentz, G. Schiwietz, W.H. 
Schulte, B.W. Busch, D. Starodub, T. Gustafs-
son, Phys. Rev. B69 (2004) 104112. 

[3] P.L. Grande, A. Hentz, G. Schiwietz, D. Staro-
dub, T. Gustafsson, submitted for publication 
(2005). 

 27 



 

1.12 The Influence of the Coulomb Explosion on the Energy Loss of H2
+ and H3

+ 
Molecules Channeling along the Si <100> Direction 

R.C. Fadanelli, P.L. Grande, M. Behar, J.F. Dias [UFRGS-Brazil] and G. Schiwietz 

It is well established that some effects of a 
molecular beam clearly deviate from those 
related to its individual components. Evidence 
for interference effects among the projectile 
constituents, namely the vicinage effect, was 
first reported by Brandt et al. [1]. 

A swift molecular beam, when entering a 
solid, shows a second effect. The projectile 
looses its bonding electrons in the target and its 
components undergo a molecular breakup 
process due to quasi-Coulombic repulsive 
forces. This is the so-called Coulomb explosion. 
When a molecular beam enters a crystal under 
channeling conditions, these two effects may 
compete. On one hand, the vicinage effect leads 
to a non-additive stopping power, i.e, an 
enhancement or a reduction dependent on the 
projectile speed. On the other hand, the 
Coulomb explosion of the molecule tends to 
enlarge the transversal energy of the 
components (the so-called transverse Coulomb 
heating [2]) increasing consequently the total 
stopping power. The transverse Coulomb 
heating can occur only under channeling 
conditions, where it affects the ion flux 
distribution. In principle, both effects cannot be 
separated and therefore, the interplay between 
them in the stopping power remains still 
unclear. 

In this work we have measured the 
contribution of the Coulomb explosion to the 
electronic stopping power of molecular 
hydrogen ions H2

+ and H3
+channeling along the 

Si <100> direction. We have used a SIMOX 
target, consisting of crystalline Si <100> with a 
buried layer of SiO2. The measurements of the 
energy loss of H+, H2

+ and H3
+ have been 

carried out using the standard channeling 
Rutherford Backscattering Spectrometry. The 
energy loss has been measured around the Si 
<100> channel at a fixed energy per nucleon 
(150 keV / a.m.u.) as a function of the tilt and 

azimuthal angles (see Fig. 1). By assuming that 
the vicinage effect does not affect significantly 
the shape of the resulting distributions and the 
angular compensation rule of Lindhard, we 
were able to extract the H2

+ and H3
+ Coulomb 

explosion contributions to the total stopping 
power[3]. 

The present results show the effect of 
Coulomb explosion, which enlarges the protons 
transversal energy and consequently the chan-
neling energy loss. This heating effect due to 
H3

+ ions is about two times larger than due to 
H2

+ molecules and amounts to about 5 % of the 
total stopping power. 
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Fig. 1: Channeling stopping power as a function of 
the tilt angle. Full circles correspond to H+ ions, 
open squares correspond to H2+ molecule and full 
triangles to H3+ molecules. The full line is the 
fitting to the H+ data (using two Gaussian 
functions) and the other lines are plotted only to 
guide the eyes. 

[1] W. Brandt, A. Ratkowski and R.H. Ritchie, 
Phys. Rev. Lett.33 (1974) 1325. 

[2] ISL-Jahresbericht 2003, R.C. Fadanelli, P.L. 
Grande, M. Behar, J.F. Dias, G. Schiwietz and 
C.D. Denton, Phys. Rev. B 69 212104 (2004). 

[3] R.C. Fadanelli, P.L. Grande, M. Behar, J.F. 
Dias, and G. Schiwietz, Nucl. Instr. and Method 
(2005). 

 28 



 

2. Materials Modification 
 

 29 





 

2.1 Structuring of Vitreous Silica by a Micro-Beam 

S. Klaumünzer  

In a recent experiment Nishikawa et al. [1] 
bombarded a thick slab of high-purity vitreous 
silica with a micro-beam (half width at half 
maximum 0.5 µm) of 18 MeV Si ions. The 
beam stroke the slab perpendicularly (θ=0). By 
careful beam scanning the irradiated areas were 
x=2, 10 and 20 µm wide and very long in the y- 
direction. After Φt=1×1014 Si/cm2 the surface 
profile has been determined with an atomic 
force microscope. The measured surface 
depression depended on the width of the 
bombarded regions. The transitions from virgin 
to modified regions were by a factor of 2 to 
4 larger than derived from beam scanning and 
the half width of the micro-beam (Fig. 1). 
According to SRIM the projected ion range of 
18 MeV Si ions in vitreous silica is Rp=7.1 µm. 
The average energy loss is <Se>=Eion/Rp= 
2.5 keV/nm, i. e. tracks are generated. For 
amorphous materials subject to ion bombard-
ment the constitutive equation in integral form 
reads 
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On the right side of Eq. (1) the first term is 
Hooke’s law with shear modulus G=72.9 GPa, 
Poisson number ν=0.165 and stress tensor σ, 
the trace of which is denoted as tr(σ). δ is the 
unit tensor. The second term describes ion 
hammering with the deformation yield 
A (2.5 keV/nm, 300 K)=5×10−17 cm2 [2]. The 
third term describes compaction of vitreous 
silica according to εV=−0.01(1-exp(−σcΦt))δ 
with the compaction cross-section σc = 

(2.5 keV/nm, 300 K)=5×10−15 cm2 [2]. The last 
term in Eq. (1) describes Newtonian flow. 
Unfortunately, this term cannot be evaluated 
because the ion flux Φ and the sequence of the 
bombardment of the three regions are unknown. 
The latter is important because the three regions 
are spatially so close to each other that the 
stresses of the various regions overlap. In the 
following the integral term in Eq. (1) is 

completely ignored. The surface profile can be 
calculated from Eq. (1) by 
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Using a finite-element code (PDEase/ 
Macsyma) ∆h (x, Φt=1×1014 Si/cm2) has been 
calculated for a thick and large slab of vitreous 
silica with a traction-free surface. The result is 
also shown in Fig. 1. The agreement with the 
experiment is surprisingly good for the areas of 
10 and 20 µm width. It is less convincing for 
the 2 µm region. A closer inspection of the 
stresses reveals that they are particularly large 
in this case and the ignorance of the flow term 
might not be allowed. Moreover, one should 
keep in mind that the experimental profile is a 
convolution of the real profile and the AFM tip 
radius. The experiment of Nishikawa et al. 
demonstrates that for high-energy ions the 
lower limit of structurability is determined by 
the relatively long ranges (~4Rp) of elastic 
stresses, which tend to smear out sharp 
structures. 
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Fig. 1: Atomic force microscopy surface profile of 
high-purity silica after irradiation of three regions of 
2 µm, 10 µm and 20 µm width (from left to right) 
with an 18 MeV Si microbeam (HWHM=0.5 µm). 
Squares denote the experimental data [1], open 
circles the calculations according to Eqs. (1,2). 

[1] H. Nishikawa, T. Suono, M. Hattori et al., 
Nucl. Instr. & Meth. B191 (2002) 342. 

[2] S. Klaumünzer and A. Gutzmann, Nukleonika 
39 (1994) 125. 
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2.2 Deformation of Cobalt Nano-Clusters 

S. Klaumünzer  

Metallic nanoparticles in insulators exhibit non-
linear optical properties because of their 
strongly curved interfaces. In particular, non-
spherical particles induce anisotropic non-linear 
optical properties. In a series of recent papers 
D’Orleans et al. [1–4] reported ion-beam-
induced deformation of cobalt nanoclusters in 
vitreous silica. These clusters had been 
produced by 160 keV cobalt implantation into 
~200 nm thick SiO2 layers thermally grown on 
(100)-silicon wafers. The implantation of 
1×1017 Co/cm2 at 873 K led to spherical clusters 
of fcc cobalt with an average diameter of 
9.7 nm [3]. Post-irradiation of these samples 
with 200 MeV iodine at room temperature led 
initially (Φt ≈ 1012 I/cm2) to growth of the 
clusters to diameters d0 = 14.9 nm and 
subsequently to their deformation to prolate 
ellipsoids with their long axis pointing along 
the beam direction coinciding with the surface 
normal. In the period of deformation the 
volume of the clusters remained constant [3]. It 
has been argued that the electronic energy loss 
melts the cobalt clusters and the surrounding 
silica. Relaxation of the concomitant 
thermoelastic stresses leads to viscous flow of 
the silica and thus to irreversible deformation of 
the clusters. 

The electronic energy loss of 200 MeV I ions 
in silica is about 14 keV/nm, which is well 
above the threshold for track formation. The 
iodine ions also deposit a huge amount of 
energy in the Co-particles. However, their 
metallic character ensures a rapid distribution of 
the heat within the particles. Calculations 
suggest that the Co particles melt and are 
subject to a large thermal pressure [2]. If the 
Kapitza resistance of the SiO2-Co interface is 
large there will be a large drop in temperature at 
the interface and the surrounding silica matrix 
remains essentially solid (except for the track 
region). In that case the largest part of the 
matrix responds elastically to the thermal stress 
in the Co particle, i. e. at the end of the spike no 
irreversible deformation is left. If the Kapitza 
resistance at the interface is small, the silica 
matrix surrounding the Co particle is also at 
high temperature and an irreversible flow of 
silica around the particle may appear. A reliable 

calculation of the irreversible flow of the silica 
around the Co particle is a difficult task and 
requires the knowledge of the Kapitza 
resistance and the consideration of the 
dynamics of the viscous silica liquid-cobalt 
system. However, when the Kapitza resistance 
is small the particle cools down to its 
solidification point within about ~10 ps [2]. On 
this time scale, however, the silica matrix 
already freezes at T* ≈ 3,500 K [5], which is 
much higher than the melting point of cobalt. 
Therefore, also in this case most of the thermal 
strain is probablypurely elastic. 

In the following the contribution of 
irreversible flow to deformation is assumed to 
be negligible. For 200 MeV iodine ions at a 
fluence of 1013 I/cm2 the structure is virtually 
completely compacted and mechanically 
polarized by ion hammering leading to an in-
plane stress σ ≈ −0.33 GPa [5]. The interface of 
a cobalt particle embedded in silica is subject to 
this stress. Due to the smallness of the Co-
particles the most important deformation 
mechanism is Nabarro-Herring creep. For a 
prolate ellipsoid at temperature Ti and subject 
to an in-plane stress, the in-plane strain rate  
can be approximated by [6] 

xxε&

 22 2
112

zxiB
xx LLTk

D
+

Ω
=

σε&  (1) 

and the out-of- plane strain rate  by zzε&

 22 2
124

zxiB
zz LLTk

D
+

Ω
−=

σε& , (2) 

with the two principal axes Lx and Lz. For 
cobalt the atomic volume is Ω = 0.011 nm3, kB 
is the Boltzmann constant, and D the radiation-
enhanced diffusion coefficient. The relationship 

. guarantees volume conser-
vation, which can also be expressed by 

 Taking into account that 

 and  we 
obtain from Eqs. (1) and (2) two differential 
equations for L

02 =+ zzxx εε &&

zx LdL /3
0

2 =

dLL xxxx /1−=ε& dt dtdLL zzzz /1−=ε&

x and Lz, respectively. Their 
solution reads  
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In nanoparticles D should be essentially 
determined by the concentration cs of defect 
sinks at the interface and the production rate 
K0 of migrating defects [7]. At 300 K both 
vacancies and interstitials are mobile in fcc Ni, 
fcc Cu, hcp Co and probably also in fcc Co. In 
the steady state D is given by [7]  

 
sscr

KD
π4

22.1 0Ω= . (5) 

200 MeV iodine ions have in bulk Co an 
energy loss of about 39 keV/nm. Taking into 
account defect production by Se as found by 
Legrand et al. [8] and assuming that all defects 
can migrate one obtains K0 ≈ 4PΦ = 
5×10-16 cm2Φ, where P stands for the total 
displacement cross-section as derived from 
SRIM and Φ is the ion flux. In fcc metals the 
effective sink annihilation radius for defects is 
rs=0.35 nm [7]. Combining Eqs. (3) to (5) Lx 
and Lz can be calculated as a function of 
fluence. As can be seen from Fig. 1 very good 
agreement with the experimental results is 
obtained with a sink concentration of 4×10-6. 
This value is quite reasonable for fcc metals [7]. 
Obviously, Nabarro-Herring creep can account 
reasonably well for the observed deformation of 
Co particles in vitreous silica and their melting 
cannot be conclusively inferred from the 
observations. 

Because both models, irreversible flow 
around the cobalt particle or Nabarro-Herring 
creep contain free parameters or unknowns, a 
definitive judgement of their relevance cannot 
be made presently. The major difference 
between the mechanism proposed here and that 
in Ref. [2] lies in the shape of the deformed 
nanoparticles when a sample is tilted relative to 
the ion beam. If the mechanism of Ref. [2] is 
correct, prolate nanoparticles form with their 
long axes always pointing in beam direction. If 
Nabarro-Herring creep is the relevant 

mechanism the symmetry of the deforming 
particle is determined by the symmetry of the 
stress field. For a tilt angle θ = 45° the 
formation of aligned oblate nanoparticles is 
predicted with their short axes being perpen-
dicular to both the surface normal and the ion 
beam. 
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Fig. 1: Evolution of the diameters of the deforming 
prolate ellipsoids as a function of iodine fluence ( , 
long axis, parallel to beam; •, short axes, 
perpendicular to beam). Open circles are obtained 
from Nabarro-Herring creep according to Eqs. (3–5) 
with an effective sink concentration cs = 4×10−6.  
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2.3 Amorphization of Quasicrystalline Zr-Ti-Ni-Cu by Swift Heavy Ions 

S. Mechler, Ch. Abromeit, N. Wanderka, M.-P. Macht [SF3], G. Schumacher, T. Zumkley, 
S. Klaumünzer 

It is well known that quasicrystalline phases can 
be amorphized by irradiation with low energy 
irradiation in the range up to several MeV. Up 
to now little work has been done in order to 
investigate the influence of swift heavy ions on 
the stability of quasicrystalline phases. The 
quasicrystalline alloy Al62Cu25.5Fe12.5 had been 
irradiated by 900 MeV Pb and 780 MeV Xe 
ions at room temperature and at 80 K. The 
calculated energy losses were 40 keV/nm and 
25 keV/nm, respectively. The samples were 
characterized before and after irradiation by 
means of High-Resolution X-Ray-Diffraction 
using synchrotron radiation [1]. The irradiation 
led to a broadening of the Bragg reflections of 
the quasicrystals, while no change in absolute 
intensity was observed. This was assigned to 
the creation of defects in the quasicrystalline 
structure. No indication for amorphization was 
found in the study. The quasicrystals of 
AlCuFe-type are known to be thermo-
dynamically stable and can not be produced in 
the amorphous state by conventional casting 
methods. Therefore, in our previous study we 
chose a quasicrystalline phase of composition 
Zr50.5Ti25.3Ni11.3Cu12.9 (V1-2), which is thermo-
dynamically not stable and is a good glass 
former. The amorphous phase transforms into 
the quasicrystalline state during heating. At 
higher temperatures the quasicrystals transform 
into crystalline phases, indicating their 
metastability. The quasicrystalline phase could 
be transformed into the fully amorphous state 
by irradiating with 600 MeV up to a fluence of 
1x1013 ions/cm2. This low value indicated a 
dominance of the electronic energy loss for the 
amorphization [2]. 

In the present study we chose the alloy 
Zr64.5Ti11.4Cu10.3Ni13.8 (V4-0). This alloy has 
almost similar properties as V1-2, but the 
quasicrystals have a larger mean grain size, 
allowing direct observation of the changes in 
microstructure by Transmission Electron 
Microscopy (TEM) after irradiation. We used 
Au, Xe and Kr ions in the energetic range of 
300–600 MeV for irradiation of quasicrystalline 
samples of V4-0 at room temperature and at 
80 K. The samples were produced by the splat-

quenching technique from small V4-0 ingots 
having a mass of around 120 mg. 

The splats had a thickness of about 70–
100 µm and were in the fully quasicrystalline 
state, as proved by TEM. The mean size of 
quasicrystals in the samples was about 60–
70 nm. For studying the effect of crystal size on 
the formation of ion tracks some additional 
splats with a thickness of about 50 µm were 
produced. These splats were initially in the 
amorphous state. Annealing of these splats for 
1h at 300°C led to the precipitation of 
quasicrystals with a mean crystal size of about 
15 nm. The evoulution of the microstructure 
after irradiation to different fluence steps was 
monitored ex-situ by X-Ray Diffraction (XRD) 
using Cu-Kα radiation in a Bruker D8 Advance 
diffractometer, equipped with a Carbon 
monochromator. Processing of the XRD data 
was performed using the Fundamental 
Parameter Approach in TOPAS from AXS 
Bruker. 

Fig. 1 is giving the electronic energy loss for 
the ions used in this study and exemplarily the 
nuclear stopping power for the 600 MeV Au 
ions over the sample depth (calculated using 
SRIM 2003). The electronic energy loss ranges 
from 42 keV/nm for the 600 MeV Au ions 
down to 18 keV/nm for the 300 MeV Kr ions. 

 
Fig. 1:  Electronic energy loss for the projectiles 
used in this study. 

Indicated in the figure by the dashed line is 
the depth in the sample from where 95 % of the 
diffracted x-rays are counted in the XRD 
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measurements. It can be concluded that XRD is 
an appropriate method to investigate the 
changes of the microstructure caused by the 
electronic energy loss in the quasicrystalline 
V4-0 alloy. 

Fig. 2 shows the XRD patterns obtained in 
the as-quenched state (a) and after irradiation 
with 600 MeV Au up to fluences of 5x1011 (b), 
1.2x1012 and 1x1013 ions/cm2 of the quasi-
crystalline samples. Clearly, the maxima and 
the area of of the peaks of quasicrystalline 
phase decreases, while the diffuse diffraction 
maxima of the amorphous phase become larger 
with increasing fluence. After a total fluence of 
2x1012 ions/cm2 (not shown in the figure) the 
volume fraction of the quasicrystalline phase 
has decreased to about 3 %. Finally, after a 
fluence of 1x1013 ions/cm2 the quasicrystalline 
phase can no longer be detected. It has 
completely transformed into the amorphous 
phase. The Bragg peaks remaining in the 
pattern are from the carbon glue, which was 
used for fixing the samples on a silicon wafer. A 
qualitatively equivalent behaviour on a different 
fluence scale can be observed for the other 
projectiles used. 

 
Fig. 2: XRD patterns obtained in the as-quenched 
state (a) and after irradiation with 600 MeV Au up 
to fluences of 5x1011 (b), 1.2x1012 and 1x1013 

ions/cm2 of the quasicrystalline samples. 

Complete amorphization at such low 
fluences cannot be understood by considering 
the nuclear energy loss as the only driving force 
for phase transformation. The electronic energy 
loss must play a decisive role in the phase 
transformation process. In order to confirm this 
interpretation TEM studies have been carried 
out. 

Fig. 3 is giving a TEM micrograph of the 
specimen after irradiation with 600 MeV Au 
ions up to a fluence 1x1011 ions/cm2. The 
picture is showing a cross-section from an area 
near the surface of the sample. Parallel tracks, 
starting at the surface of the sample are visible 
in the poly-quasicrystalline microstructure. The 
mean diameter of the tracks is about 16 nm near 
the surface and is becoming smaller with 
increasing depth. The structure of the tracks 
was shown to be amorphous using Selected 
Area Electron Diffraction (SAED). These ob-
servations confirm the electronic energy loss as 
the dominating mechanism for the quasi-
crystalline-amorphous phase transformation. 

 

100 nm 

 
Fig. 3: TEM micrograph of quasicrystalline V4-0 
after irradiation with 600 MeV Au ions to a fluence 
of 1x1011 Au/cm2. 

Fig. 4 is giving the results of the analysis of 
the XRD measurements. The relative intensity 
of the first prominent Bragg-reflection of the 
quasicrystalline phase (2-Theta = 35.2°) was 
calculated for all XRD patterns, by dividing the 
value after each fluence step by the value of the 
state before irradiation for each sample. As the 
composition of the quasicrystals is expected not 
to change during irradiation, this value can be 
treated as the remaining volume fraction of the 
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quasicrystals in the sample. The scattering from 
the amorphous phase was determined by 
rescaling a master-pattern from a fully 
amorphous sample. With this analysis it was 
possible to quantify the relative intensity also 
for the samples which contained only small 
amounts of quasicrystals. 

 
Fig. 4: Relative area of the first prominent Bragg-
peak of the quasicrystalline phase as a function of 
fluence for the different ions. 

Within experimental uncertainty irradiation 
with 350 MeV and 600 Mev Au ions at room 
temperature (dE/dx=38 and 42 keV/nm, respec-
tively) results in the same transformed volume 
of the quasicrystalline phase. The sample con-
taining the quasicrystals with a much lower 
grain size of 15 nm also shows the same fluence 
dependence, indicating a negligible influence of 
the grain size on the amorphization process. 
Irradiating with 450 MeV Xe ions 
(dE/dx=32 keV/nm) leads to a much slower 

transformation by a factor of about 10. Remark-
able amorphization by irradiation with 
300 MeV Kr (dE/dx=18 keV/nm) can be 
achieved only at fluences higher than 
1014 ions/cm2, which is a typical value when the 
nuclear energy loss is the dominating 
mechanism for amorphization. It is therefore 
concluded that the threshold for the electronic 
energy loss of the quasicrystalline alloy lies 
between 18 and 32 keV/nm. 

Irradiation with 600 MeV Au ions at liquid 
nitrogen temperature leads to an decrease in the 
amorphization rate by a factor of about 2. This 
can be understood within a thermal spike 
model. If amorphization proceeds via local 
melting and subsequent quenching a 
temperature difference ∆T between room 
temperature and melting temperature must be 
overcome. If the specimen temperature de-
creases, the value of ∆T increases. Hence, the 
maximum temperature within the spike is lower 
resulting in smaller melted volumes, i.e., in 
smaller track diameters. 

[1] G. Coddens, A. Dunlop, H. Dammak, R. 
Chatterjee, Y. Calvayrac, M. Quiquandon, E. 
Elkaim, M. Gailhanou, S. Rouziere NIMB 211 
(2003) 122. 

[2] S. Mechler, Ch. Abromeit, N. Wanderka, M.-P. 
Macht [SF3], G. Schumacher, T. Zumkley, S. 
Klaumünzer. 
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2.4 Surface Crystallinity and Radiation-Amorphization of InP 

N. Darowski, I. Zizak, G. Schumacher  

Indium phosphide (InP) is a promising material 
for various electronic and opto-electronic 
applications. As InP has no natural oxide 
additional defects or impurities have to be 
introduced to create isolating material needed 
for device production. Because of the low 
thermal stability of InP the most prominent way 
to dope or electrically isolate the material is ion 
implantation with MeV ion beams. For the 
fabrication of thick or buried layers high-energy 
ion implantation has to be utilized. When a 
swift heavy ion penetrates a solid, it mainly 
slows down via the electronic energy loss Se. 
The energy is first deposited into the electronic 
system and subsequently transferred into the 
atomic system via various mechanisms. If the 
electronic stopping power is sufficiently large 
thermal spikes can be induced along the straight 
ion path leading to formation of a latent track. 

In pre-damaged InP ion tracks are formed 
when Se exceeds the critical value of 
13 keV/nm [1]. The cores of the tracks are 
amorphous and track overlap results in a 
homogeneous amorphous layer at sufficiently 
high fluences. At room temperature continuous 
tracks are generated while at liquid nitrogen 
temperature the tracks are discontinuous. At 
low temperatures melting of the tracks is 
possibly suppressed by the anomalous increased 
thermal conductivity at low temperatures which 
allows for a fast dissipation of heat [2]. 
Interestingly, Rutherford backscattering spec-
trometry [3] and cross-section transmission 
electron microscopy analysis [2] of InP (001) 
specimens irradiated up to 1.4x1014 Xe/cm2 
point to a 40 nm thick surface layer which is 
almost defect-free, while at depths larger than 
40 nm complete amorphization was observed. 
X-ray diffraction on InP [001] specimens 
irradiated with 390 MeV Xe ions confirmed 
both, a crystalline surface layer [4] and a 
decreased sensitivity to defect generation in 
case of ion irradiation at low temperatures [5]. 

The energy loss in a solid is ion specific, i.e. 
different projectiles with different energy and 
different charge state lead to different defect 
structures. As in InP the electronic and nuclear 
energy loss of 350 MeV Au ions is larger 

compared to 390 MeV Xe ions one would 
expect an enhanced track formation in case of 
Au-irradiation. No pre-damaging should be 
necessary for the generation of amorphous 
tracks, thus each Au ion should cause a single 
track. 

Recent studies by Wesch and co-workers 
indicate an influence not only of the energy of 
the projectile, i.e. Sn/Se, but also an influence of 
the equilibrium charge of the projectile. After 
irradiation of InP [001] specimens utilizing a 
thin degrader foil for change of the ion energy a 
complete different amorphization behavior 
could be observed compared to irradiation with 
ions of comparable energy without degrader 
[6]. 

In order to investigate the damage produc-
tion depending on the irradiation conditions 
pieces of InP(001) samples were irradiated with 
350 MeV Au ions up to different fluences 
Φt=1x1012…3x1014 Au/cm2 at the cyclotron of 
the ISL. One series of samples was covered 
with a 2 µm thick gold degrader foil to change 
the charge state of the projectile without 
changing the energy loss significantly. A part of 
each specimen was shadowed from the ion 
beam during irradiation and served as a 
reference. 

To study the bulk and surface-near lattice-
structure as well as surface and interface 
roughness different non-destructive x-ray scat-
tering techniques were combined. Symmetrical 
x-ray diffraction (XRD) at the (002) Bragg 
reflection yields information about the mean 
bulk properties of the crystal lattice, whereas x-
ray reflectometry (XRR) and grazing incidence 
diffraction (GID) at the (220) reflection are 
sensitive to the surface structure. The disadvan-
tageous ratio between incoming and scattered 
intensity in GID geometry demands the 
utilization of synchrotron radiation. The x-ray 
scattering experiments were performed at the 
KMC2 bending magnet beamline at the Berlin 
synchrotron-radiation facility BESSY with a 
photon energy of E=8.0 keV (λ=0.155 nm) 
using the versatile 6-circle diffractometer 
operated by HMI. To enhance the spatial 
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resolution small slits were mounted in front of 
the scintillation detector. All recorded curves 
were normalized to the primary x-ray intensity, 
which was monitored with an ionization 
chamber. 

Fig. 1 shows the diffraction curves recorded 
at the (002) Bragg reflection. ∆2θ denotes the 
scattering angle with respect to the Bragg angle 
of the unirradiated specimen. In case of direct 
irradiation with 350 MeV Au ions (left) fluence 

depending Bragg peak intensity decrease, peak 
broadening and small peak shift to higher 2θ 
values is observed. Additionally, a scattering 
contribution at the low-2θ-side of the central 
Bragg peak occurred in the diffraction curves, 
showing a strong asymmetry and shift to lower 
2θ values with increasing fluence. No Bragg 
peak could be observed for irradiation with 
1x1013 Au/cm2, thus a high damage level in the 
bulk has to be assumed for this fluence. 
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Fig. 1: (002) diffraction curves recorded from InP specimens irradiated with 350MeV Au ions directly (left) and 
with a 2 µm thick gold degrader foil (right). For better visibility consecutive profiles are multiplied each by 10.

In case of irradiation with gold degrader 
(right) a sharp Bragg peak without significant 
intensity decrease was observed up to 
Φt=1x1013 Au/cm2. 

The differences between the diffraction 
profiles are even more prominent in case of 
surface sensitive GID measurements shown in 
Fig. 2. For direct irradiation (left) a Bragg peak 
of nearly unchanged width, i.e. a low damage 

level, was recorded up to a fluence of 
Φt=1x1013 Au/cm2. For irradiation with 
degrader (right) a strong peak broadening 
occurred for Φt>3x1012 Au/cm2 and no peak at 
all could be observed for Φt=1x1013 Au/cm2, 
indicating a severe damage of the surface near 
crystal structure. These results verify the 
supposed influence of the charge state of the ion 
on the damage level after irradiation. 
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Fig. 2: (220) diffraction curves recorded from InP specimens irradiated with 350MeV Au ions directly (left) and 
with a 2µm thick gold degrader foil (right). For better visibility consecutive profiles are multiplied by 10. 
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A possible explanation is that the projectile 
needs to travel a certain distance in the solid to 
reach its equilibrium charge state which seems 
to lead to a more effective defect generation. 
The differences in the diffraction profiles can be 
explained by a complicated depth-depending 
strain distribution caused by amorphization 
along single tracks. As the mass density is 
larger for amorphous InP compared to single 
crystalline InP [7,8] the densification in the 
amorphous track introduces stress into the 
crystalline matrix. The resulting strain and 
distortion field is depth-dependent due to 
surface relaxation. Obviously there are large 
differences between the distortion field of a 
track network where each amorphous track 
starts at the sample surface (irradiation with 
degrader) and a track network, which is covered 
with a crystalline layer of a certain thickness 
(irradiation without degrader). A simple 
phenomenological strain model based on this 
assumption reveals compressively as well as to 
tensily distorted regions in the crystalline 
matrix between the amorphous tracks. These 
distorted regions of the crystal lattice would 
lead to the observed features in the intensity 

profiles. A analysis based on a simple finite 
element calculation of the fluence-depending 
distortion field of amorphous tracks in a 
crystalline matrix is planed for the near future 
to verify the discussed assumptions. 
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2.5 Tunable Electronic Anisotropic Materials on Semiconductors (TEAMS) 

D. Fink, D. Sinha, A.V. Petrov; W.R. Fahrner [Fernuniversität Hagen]; K. Hoppe 
[Fachhochschule Südwestfalen, Hagen] 

We propose to produce novel electronic 
elements by constructing sandwich layers of the 
form: {semiconductor / anisotropic electrically 
conducting medium / poorly conducting surface 
layer}, which shall be contacted on both surface 
and back sides, e.g. according to Fig. 1a. This 
design implies a much higher degree of 
complexity of the electronic structures than that 
one of conventional building blocks such as 
diodes or transistors (Fig. 1c), as they are 
characterized by two horizontal, and a 
multitude of vertical current paths, Fig. 1b. 
Depending on the layout of these elements and 
the materials employed, these structures with 
the acronym: TEAMS = Tunable Electronic 
Anisotropic Materials on Semiconductors“ [1] 
may act as tunable resistors, capacitors, diodes, 
transistors, and/or sensors. 

 

 
a)                       b)                      c) 

 
Fig. 1:  a) Principle sketch of TEAMS structures. T 
= highly resistive top layer, A = anisotropically 
conducting layer, S = semiconductor substrate, C = 
conducting channel in semiconductor near A-S 
interface, o, v, w: contacts. b) In TEAMS structures, 
two horizontal (from T and C) and a multitude of 
vertical (from A and S) current paths compete with 
each other. c) For contrast, in field effect transistors 
one source-drain channel only is controlled by one 
gate electrode only and hence follows a much 
simpler design  

The anisotropically conducting materials 
(ACM) can either consist of only one 
component (homogeneous ACMs), or at least 
two different components contribute to the 
anisotropy of the given medium (heterogeneous 
ACMs). Homogeneous ACMs are either self-
aligned molecular or crystalline materials or 
one-dimensional conductors, or the anisotropy 
is induced by swift heavy ion irradiation into 

previously isotropic matter, due to the 
preferentially axially aligned electronic energy 
transfer of the projectiles along their (latent) ion 
tracks. The mechanism responsible for the 
changes in conductivity in the latter case can be 
a phase change (e.g. in the case of diamond or 
fullerite, see the “FOS” = “fullerite on silicon” 
structures [2]), or it can be a radiochemical 
reaction (e.g. in the case of polysilane that 
transforms to SiC, or in the case of organometal 
that releases metals (“TEMIMOS” = “tunable 
electronic material with irradiated metal-
organics on semiconductors” structures). Ion-
induced anisotropies ranging from ~0.2 (for 
silver carbamate) [1] to ~100 (for fullerite [2]) 
have already been achieved. (Here we define 
the material´s anisotropy A as the ratio of the 
conductivity of the irradiated material along the 
track direction to that perpendicular to the track 
direction). 

 
Fig. 2: The two types of ion-beam induced TEAMS 
structures. Left side: before irradiation, right side: 
after irradiation. Light grey: low conductivity, dark 
grey: high conductivity. Top: type A, bottom: type B. 
In both cases, the material becomes anisotropic, due 
to emerging narrow parallel conducting channels 
(however with different shapes). 

There are two complementary ways to 
design a TEAMS structure. One way (Type A) 
is to build a structure with non-overlapping 
conducting tracks in an insulating medium, and 
the other possibility (Type B) is to produce a 
structure with overlapping insulating tracks in a 
conducting medium. Both cases lead to similar 
results as in the latter case the remaining 
parallel non-irradiated conducting zones behave 
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just like the conducting tracks of the first case, 
Fig. 2. This means that both systems with an 
anisotropy larger or smaller than unity can, in 
principle, be used to construct TEAMS 
structures.  

Heterogeneous ACMs can be either based on 
self-organizing insulating structures (such as 
porous alumina) or on ion-irradiated insulators. 
However, there must be performed additional 
manipulation steps in these cases, to obtain the 
desired anisotropy in the electric properties. In 
the case of ion-irradiated insulating layers, the 
latent tracks created therein must first be 
etched, to produce parallel pores in the 
corresponding medium (“TEMPOS” = tunable 
electronic material with pores in oxide on 
silicon structures [3–6]). Thereafter suitable 
(semi)conducting matter must be inserted into 
the parallel pores to initiate the required 
electrical anisotropy, by e.g. thermal evapora-
tion, electrodeposition, chemical deposition, or 
other techniques. Deposition of metallic or 
semiconducting nanoclusters along latent or 
etched tracks is often a good choice, as one can 
tailor the resistance, the thermal behaviour, and 

the current/voltage characteristics of the 
emerging conductive layer easily by modifying 
the average cluster-to-cluster distance. 

Hitherto most work in this field has been 
invested into TEMPOS structures, where the 
backing was a n-or p-doped silicon wafer and 
the ion-irradiated insulating layer consisted of 
either photoresist, SiO2, or SiON. As the 
material to be deposited within the etched 
tracks we selected either fullerite [5], Zn-
phthalocyanine, Au/Teflon or CdS/PEO nano-
composites, or dispersed nanoclusters of Ag, 
[3,4] Au [6], LiNbO3, or TiO2. Recently we also 
initiated a study of other TEAMS structures 
such as those ones based on organometals [1] 
and polysilanes. 

Fig. 3 shows some recent examples of 
TEMPOS structures with fullerite in etched 
tracks. A typical characteristic of such struc-
tures in dependence of the gating voltage is 
seen in Fig. 3a, and the insert in that graph 
indicates that the equivalent circuit can be 
simulated reasonably well for that special case 
by the counterplay of three diodes and a 
resistor. 

a) b)  

c)  
Fig. 3: a,b) Characteristics of TEMPOS-structures with fullerite in etched tracks, dependence on a) gating 
voltage, or b) light. c) change of capacitance C and resistance G of a TEMPOS structure upon light impact. 
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Fig. 3b shows that the impact of visible light 
onto the central region between the two top 
contacts of a C60-TEMPOS structure at zero 
gating voltage yields a considerable increase of 
the current through that structure; the addition 
of a non-zero gating voltage enables one to tune 
that current/voltage characteristic. Note also 
that there persists a photocurrent at zero applied 
voltage, i.e. the C60-TEMPOS structures act as 
photocells. Finally, Fig. 3 c makes clear that 
light impact changes as well the resistive as the 
capacitive TEMPOS properties, both being 
strictly proportional to the impinging light 
intensity. epending on their layout and working 
point, C60-TEMPOS structures can also be used 
as sensors for temperature, pressure, moisture 
and alcohol vapour (not shown here). 

A phenomenon which has often been 
observed in TEAMS structures is their 
occasional electronic instability that may lead to 
switching between two different working states, 
eventually accompanied by local negative 
differential resistances (LNDR). Concomittent 
with the latter, in Ag-NC based TEMPOS 
structures occasionally a faint point-like 
sparkling light emission of yet unknown origin 
was observed under the microscope. The 
LNDRs are assumed to result from the 
interaction of closely neighboured (semi)con-
ducting etched tracks, which, combined with 
the semiconductor material, behave like 
Schottky diodes. The diode-diode interaction 
eventually leads to a rapid collective switching 
of all diodes from one state to the other, 
whereby such LNDRs show up. Hence 
amplifiers, oscillators, and flip-flops can be 

operated with TEAMS structures - specifically 
of the TEMPOS type- with LNDRs, 

[1] D. Fink, D. Sinha, A. Petrov, W.R. Fahrner, 
K. Hoppe, L.T. Chadderton, and A.S. 
Berdinsky, TEAMS structures. To be presented 
at the E-MRS Spring Meeting, Strassbourg 
2005. 

[2] A.S. Berdinsky, D. Fink, J.B. Yoo, L.T. Chad-
derton, H.G. Chun, J.H. Han, The n-p-n 
structure based on C/p-Si heterojunctions. 
Radiation Effects and Defects in Solids 159 
(2004) 233–240, and: Berdinsky, A.S., Fink, 
D., Yoo, J.B., Chun, H.G., Chadderton, L.T., 
A.V. Petrov, Conductive properties of planar 
irradiated and pristine silicon-fullerite-metal 
structures. Applied Physics A. ISSN: 0947–
8396 (2004). 
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2.6 Swift Heavy Ion Induced Creation of Au-Nanowires in NiO 

C. Dais, W. Bolse [Institut für Strahlenphysik, Universität Stuttgart, Germany]; 
J.K.N. Lindner [Institut für Physik, Universität Augsburg, Germany]; P. Schubert-Bischoff 
[SF1] 

Swift heavy ions with energies of MeV/amu 
loose their energy predominantly by electronic 
excitation and ionization of the target atoms. 
After about 10−14 s part of the excitation energy 
is transferred to the lattice, either by electron-
phonon coupling or by Coulomb explosion. As 
a result transient melting of the material along 
the ion trajectory may occur, which leads to 
defect creation or amorphous track formation. 
Track formation in NiO occurs as soon as a 
certain threshold in the electronic stopping 
power Se,t≈10 keV/nm is exceeded [1]. In 
Y3Fe5O12 it was found, that above Se,t first 
disconnected amorphous spheres were 
generated along the ion path. With increasing Se 
these amorphous regions elongate until 
coherent cylindrical tracks are formed [2]. 
Similar observations were made for NiO, 
however, here the tracks were empty [1]. 

We have investigated the ion induced modi-
fications of thin Au-marker layers embedded in 
NiO. Samples with alternating layers of NiO 

and Au on a Si-substrate were prepared and 
irradiated with 90-600 MeV Ar-, Kr-, Xe- and 
Au-ions up to fluences of 1016 cm−2 at 80 K. For 
analysis RBS, TEM, EFTEM, EDX and AFM 
were employed. 

Fig. 1 illustrates the TEM-images of an 
unirradiated (a) and an irradiated (350 MeV Au, 
1014 ions cm−2) Au-multilayer (b). In the un-
irradiated part one clearly sees three thin 
(4.5 nm) Au-marker layers, which are oriented 
parallel to the surface. In the irradiated part the 
Au-atoms have undergone a strong spatial 
redistribution. Instead of the original Au-planes, 
small, equally distributed Au-nanowires can be 
observed, which are oriented along the beam 
direction. These wires are about 160 nm long 
and 7 nm in diameter and start about 5 nm 
above the NiO/Si-interface. At the surface Au-
nanoclusters have formed. Swift heavy ion 
induced phase formation resulted in a complex 
NiO/Si interface structure (Fig. 2). 

 

 
Fig. 1: a) unirradiated and b) irradiated (350 MeV Au, 1014 ions cm−2) Au-multilayer, c-f) Element maps 
created with EFTEM. 
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Fig. 1c-f illustrates the element maps of (Au, 
Ni, O and Si) the sample shown in Fig. 1b as 
measured with EFTEM. The brighter an area in 
the map, the higher is the respective element 
concentration. It clearly turns out, that the 
nanowires and clusters consist of Au. 

 
Fig. 2: Phase formation at the NiO/Si-Interface. 

The phase composition at the NiO/Si-
interface also can be characterised utilizing 
EFTEM. According to the element maps two 
phases have formed between the Si-substrate 
and the NiO-layer. The first phase, located on 
top of the substrate, consists of Si and Ni only 
and shows an undulation of typically 20 nm 
period. The second phase has formed directly 
above the NiSix-layer and contains Ni, O and 
Si, in agreement with our RBS results, which 
indicate the creation of a thin NiSiO3-layer. 
This is a high pressure, high temperature phase 
and obviously reflects the extreme conditions in 
the excited ion track. The latter can also be 
recognized by the troughs in the Ni-silicide, 
which are always located underneath a track 
and are probably produced by the high pressure 
in the excited track. 

The Au-redistribution strongly depends on 
Se. 90 MeV Ar-ions do not cause any change of 
the Au-concentration profile. In case of 
260 MeV Kr-irradiation surely Au-filled 
cylinders are formed, but compared to the Au-
irradiation they are very short (20 nm) and do 
not reach to the surface [3]. The transport of Au 
is also very much affected by the Au marker 

thickness such that the Au-transport towards the 
surface becomes the slower the thicker is the 
marker. 

In the following we present a model 
scenario, which explains the creation of the Au-
nanowires. The impact of an 350 MeV Au-ion 
results in a transiently molten, cylindrical and 
coherent track in the NiO. Although bulk-Au is 
Se-insensitive, we can assume that small Au 
nano particles as present in the very thin 
markers are molten inside the ion-track. In 
contrast to bulk-Au the thermal interface-
resistance and low thermal conductivity of NiO 
prevent a fast transfer of the deposited energy 
from the Au-cluster to its surrounding. This 
would explain, why we observed slower Au-
transport for thick markers, since the thicker the 
Au-layers the more bulk-like they behave. After 
some ps the temperature in the ion-track falls 
below the melting point of NiO. The NiO at the 
boundary of the track starts to recrystallise and 
the crystallisation front moves towards the track 
axes. The insoluble Au is driven out of the NiO 
and accumulates in the center of the track. This 
results in a cylindrical Au-cluster, which is 
oriented along the beam direction. Any 
subsequent ion impact in a distance of the 
molten track radius will result in laterally 
redistribution of the Au and growth of the 
cluster. 

The Au-transport towards the surface and the 
formation of the surface clusters results from 
the volume expansion of NiO due to the density 
reduction in the molten phase. Because of the 
resulting high pressure in the track, the molten 
material will flow towards the free surface and 
such way also the Au cylinder will extend and 
after a certain ion fluence reach the surface. 

[1] B. Schattat, PhD-thesis, University Stuttgart 
(2003). 

[2] A. Meftah et al., Phys. Rev. B 48 No. 2 (1993) 
3321. 

[3] W. Bolse et al., Nucl. Instr. and Meth. B 218 
(2004) 479. 
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2.7 “Nano-Walls” and “Nano-Towers” Made by Swift Heavy Ions 

W. Bolse, M. Kalafat, A. Feyh, D. Etissa-Debissa [Institut für Strahlenphysik, Universität 
Stuttgart, Germany] 

When irradiating thin NiO-films on SiO2 under 
grazing angels with swift heavy ions, the film 
cracks periodically and with further irradiation 
reorganizes into an almost periodic lamellae 
structure. It is oriented perpendicular to the 
projection of beam direction onto the surface 
and made of NiO “nano-walls” of ~100 nm 
thickness, ~1 µm height and ~1 µm distance 
[1-6]. 

The SEM-image in Fig. 1 shows an 
originally 130 nm thick and coherent NiO film 
irradiated with 230 MeV Xe at fluences of 
1.7x1013/cm2 (a) and 1.7x1014/cm2 (b). The 
arrows indicate the projection of the beam 
direction onto the surface. The sample was 
tilted by 75° and kept at a temperature of about 
80 K. 

 
Fig. 1: Evolution of NiO layer under oblique irradiation (75°). 

The characteristics of the lamellae structure 
strongly depend on the angle of incidence, the 
initial film thickness d and the electronic 
stopping power Se of the ion. The “wave-
length” λ of the pattern decreases with 
increasing Se and shows a power law 
dependence on the initial NiO thickness, λ∝dx 

(x≈0,5 for Kr-, x≈1 for Xe- and Au-ions). The 
final thickness b of the “nano-walls” shows the 
same power law behaviour, b∝dx , which results 
in a constant NiO-coverage of the SiO2-
substrate, B=λ/b≈30-40 %, independent on d. 
The disorder of the lamellae structure (number 
of interconnections between neighbouring 
“nano-walls” per unit area) increases expo-
nentially with increaing Se, but is the smaller, 
the more the sample is tilted. Moreover, it 
decreases exponentially with increasing d. 
Cracking and lamella formation only occures if 
d exceeds a critical value dC , which is the 
smaller the larger is the tilt angle. (dC (75°) 

≈30 nm). According to Trinkaus [7] the 
transient melting and resolidification of the 
material in the ion track generates tensile 
stresses along the track axis, which at grazing 
ion incidence results in almost uni-axial in-
plane stresses along the beam direction. As 
soon as these stresses exceed the critical 
fracture stress of NiO, the film becomes 
instable against periodic cracking (“Grinfeld-
instability” [8]). The shrinking of the material 
between the cracks and its growth in height 
under continuous irradiation is due to the 
“hammering-effect” [9]. 

Because of the detailed investigation and 
analysis of the lamellae formation and its 
dependences on the irradiation conditions and 
initial layer geometry, we were now able to 
generate more complex and custom taylored 
nano-structures by multiple irradiations under 
different azimuthal angles or even continous 
irradiation. 

 45 



 

 
Fig. 2: (a) double irradiated sample; (b) after additional irradiation under rotation. 

 
Fig. 3: Double irradiated sample (light and heavy ions). 

If the sample is irradiated a second time after 
an azimuthal rotation of 90°, the NiO stripes 
generated in the first irradiation step again 
crack and deform plastically, perpendicular to 
the cracking direction in the first irradiation 
step. This way rectangular pillars are formed, as 
can be seen in Fig. 2a, which shows 100 nm 
NiO/SiO2 after double irradiation with 180 MeV 
Kr- (2x1014/cm2) and 350 MeV Au-ions 
(1x1014/cm2, 90° azimuthal rotation, tilt angle 
85°). For identical irradiation conditions in the 
first and the second step, almost quadratic 
pillars appear, while when using a light and a 
heavy ion, as shown in Fig. 3 (Ar- and Au-ion 
irradiation of 90 nm NiO/SiO2, 75o), more 
elongated structures are formed. 

Irradiating a preexisting structure under 
grazing incidence and continuous azimuthal 
rotation results in a uniform reduction of its 
lateral dimensions, as can be seen in Fig. 2b, 
which shows the sample of Fig. 2a after 

additional irradiation under continuous 
azimuthal rotation (230 MeV Xe, 85°, 
3×1014/cm2). Having this in mind it is only a 
small step forward to generate circular pillars 
with very small diameter. Instead of producing 
quadratic pillars by double-irradiation, we 
performed multiple irradiations (0°, 90°, 135°, 
225°, …) to produce polygon-like structures. 
Additional continuous irradiation then in fact 
resulted in the wanted “nano-towers” with a 
radius as small as 100 nm and a height of up to 
2 µm. 

Fig. 4a shows a perspective SEM image of 
the structures achieved with a respective 
sequence of Kr-ion irradiations. The top view 
displayed in Fig. 4b shows the narrow size 
distribution of the “nano-towers” and also their 
almost regular arrangement along one direction 
(corresponding to the periodicity of the crack 
formation). The NiO surface coverage has now 
dropped to about 5%. 
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Fig. 4a: Perspective view of the “nano-towers”. 

 
Fig. 4b: Areal distribution of the “nano-towers”. 

In conclusion it turned out that a variety of 
large-array nanostructures can be generated by 
grazing angle SHI irradiation of thin NiO films 
with properly chosen initial conditions and 
exploiting the observed surface instability and 
the “hammering effect”. The latter, like the self-
organisation described above, was also 
discovered at the Ionenstrahllabor (ISL) of the 
Hahn-Meitner-Institute. Unfortunately, this 
promising work can not be continued anymore 
after the closing of ISL at the end of 2006, since 
to our knowledge no such beam quality 
(intensity, stability and variety of ion species) as 
delivered by ISL and strongly needed for such 
work is available somewhere else. 
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2.8 Experimental Evidence for a Glass Transition in Amorphous Silicon 

A. Hedler, W. Wesch [Friedrich-Schiller-Universität Jena]; S. Klaumünzer 

The low-density amorphous phase of silicon 
(LDA-Si) is a tetrahedrally coordinated 
semiconductor with a density of 2.29 g/cm3 at 
ambient temperatures. Contrary, liquid silicon 
(l-Si) is metallic, has an average coordination 
number of about 6 and a density of 
2.55 g/cm3 at the equilibrium melting point of 
crystalline silicon at 1685 K. Due to these 
structural differences LDA-Si has not been 
considered to be a glass. In fact, numerous 
experiments and simulations have been 
interpreted as evidence for a first order phase 
transition from LDA-Si to l-Si, denoted as 
melting of LDA-Si. According to an 
extrapolation of the Gibbs free energies the 
melting point of LDA-Si is expected to be at 
around 1450 K. In contrast to this, the 
experimental observation of pressure induced 
amorphization of nano-porous silicon [1] and 
recent computer simulations on supercooled 
liquid silicon [2] have revived the idea of a 
liquid-liquid phase transition between the high-
density metallic liquid (HDL-Si) and a low-
density liquid (LDL-Si) followed by a glass 
transition to LDA-Si. However, due to the 
crystallization of LDA-Si above 1,000 K on the 
nanosecond time-scale conventional analyzing 
methods fail and the nature of the phase 
transition has never been fully clarified in 
experiments. 

In this work the effects of swift heavy ion 
irradiation of LDA-Si were studied as a 
function of electronic energy deposition Se, 
sample temperature T0, ion fluence and angle 
of incidence Θ (Table 1). We demonstrate that 
LDA-Si flows plastically in the same way as 
conventional glasses (Fig. 1) [3–5]. The posi-
tive sign of the deformation yield A provides 
experimental evidence for the existence of 
LDL-Si [5]. A self-consistent quantitative de-
scription for the dependence of the deformation 
yield on the electronic energy deposition 
∂A/∂Se for low sample temperatures is given by 
following closely the viscoelastic model for ion 
hammering [4,5]. In this way, the glass tran-
sition temperature for a time-scale of 10 ps is 
estimated to be about 1,000 K. Our results 
support the idea of liquid polymorphism as a 
general phenomenon in tetrahedral networks. 

Table 1: Irradiation conditions: angle of incidence 
Θ, sample temperature T0, mean electronic energy 
deposition Se in LDA-Si (SRIM-2003). 

ion / energy Θ T0 (K) Se (keV/nm)
390 MeV Xe21+ 45° 80, 300 15.8 ± 0.2 
350 MeV Au26+ 45° 80, 300 18.8 ± 1.0 
600 MeV Au30+ 45° 80, 300 21.3 ± 0.3 

 

 
Fig. 1: Comparison of experimentally observed 
values ∂A/∂Se

exp with theoretical values ∂A/∂Se
theo for 

various materials irradiated at low temperatures. 
The values ∂A/∂Se

theo were calculated with the 
viscoelastic model for ion hammering [4] using an 
energy deposition efficiency of g = 1, which means 
that the deposited energy Se is completely converted 
to heat. Allowing for losses implies g < 1. Agreement 
between theory and experiment is obtained for 
0.4 ≤ g ≤ 1. In case of LDA-Si there is an additional 
free parameter, the physical equivalent to the glass 
transition temperature for a time-scale of 10 ps, and 
the calculation of ∂A/∂Se

theo yields a line [5]. 
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2.9 Improvement of wearing behavior of Si3N4 ceramics by ion-implantation 

J.K. Babcsán [HMI-SF3]; J. Opitz-Coutureau 

Introduction 

The mechanical- and tribological properties of 
ceramics are very surface sensitive. Accord-
ingly the ion-implantation is a possible tool for 
improving these properties of ceramics. The 
effect of implantation on the tribological 
properties of ceramics has been described 
already in a number of publications [1–3]. 
However, for a better understanding of the 
physical- and chemical mechanism with respect 
to the wearing down of ceramics, it is important 
to know the microstructural changes in the 
course of implantation. Our goal is to evaluate 
relations between the applied implantation 
energy and the dimension of the developed 
amorphous layer to optimize the microstructural 
damage in the aspect of the tribological 
behavior. In our previous experiments it was 
shown, that in the surface layer of N+-implanted 
Si3N4 based ceramics an amorphous layer has 
been developed with depth and thickness 
depending on the applied ion, flux and energy 
[4]. This work is a continuation of the previous 
work that expose not only the microstructural 
changes but also the wearing performance of 
the implanted Si3N4 samples. Corresponding 
experiments have been performed with different 
ions and energies. 

Experimental details 

Investigated material. The starting material 
for the experiments was Si3N4 based ceramic, 

which was made by sinter-HIP (Hot Isostatic 
Pressure) method. Si3N4 (UBE SN-ESP), Y2O3 
(C. Starck) and Al2O3 (Grade Al6, Alcoa) 
powders were used as sintering powders. The 
composition (in wt %) was Si3N4: 90 %, Y2O3: 
6 % and Al2O3: 4 % [5]. The powders were 
milled in ethanol in a planetary type alumina 
ball mill. After compacting, the rectangular bars 
were sintered in an ABRA made HIP equipment 
in 99.999 % purity nitrogen atmosphere at 
1690–1730 °C under 1–2 MPa pressure in the 
first stage and 10–20 MPa in the second. The 
dimensions of the samples after sintering were 
5x4.5x50 mm3. 

Ion-implantation. To affect the wear 
behavior the samples were implanted with N+ - 
and C+ - ions with energy of 0.5 MeV and 
2 MeV, respectively. They were irradiated to a 
fluence of 1017 ion/cm2. The surface preparation 
of samples was done by automatic polishing 
equipment prior to the implantation. The final 
diamond grain size was 0.25 µm. The 
displacement cross-section and the implantation 
profile of the N+ and C+ distribution were 
computed using the Transport of Ions in Matter 
(TRIM) code [6]. The implanted cross-sectional 
specimens were prepared by mechanical 
thinning and double-sided ion milling for TEM 
(Philips CM30). 

 
Fig. 1: Cross-sectional TEM photographs of N+ implanted Si3N4 based ceramics. 
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Wear test. Ball-on disk wear tests were 
accomplished using commercially available 
Si3N4 balls. The test conditions were the 
following: the loading force was 5 N, the stroke 
was 200 µm, the frequency was 20 Hz and the 
number of cycles was 50,000. The temperature 
and the relative humidity were kept constant at 
24 °C and 50 %, respectively. 

Results 

TEM observations. A cross sectional TEM 
image of the N+-implanted Si3N4 based 
ceramics is shown in Fig. 1. An amorphous 
layer was observed under the surface at 
different depth in both specimens, N+- and C+-
implanted Si3N4, respectively. For the N+-
implanted sample the amorphous layer was 
measured in the depth of 550 nm and their 
width was 300 nm. In the case of C+-implanted 
sample the amorphous layer was located in the 
depth of 1300 nm under the surface and their 
width was 200 nm. These results are in good 
agreement with the ion-implanted profiles, 
estimated by TRIM. The most important 
observation is that in the surface layer, above 
the amorphous layer the crystalline structure 
was retained after the N+-implantation, although 
part of the passed ions was built up into the 
microstructure. The amorphisation takes place 
just in certain depth, forming a layer under the 
surface. 

 
Fig. 2: TEM micrograph of the nano-sized 
“bubbles” in the near surface region of the N+-
implanted sample. 

Nano-sized “bubbles” on the Si3N4 grain 
boundaries were observed in the N+-implanted 
sample in the region between the surface and 
the amorphous layer as can be seen in Fig. 2. 

Surface amorphisation of Si3N4 based 
ceramics by ion-implantation has been reported 
previously [7–10]. From these publications it is 
evident that the implantation takes effect also 
on the mechanical- and chemical properties of 
ceramics. Oblas et al. [10] and Nakamura et al. 
[11] also have observed cellular structure in the 
surface layer of implanted ceramics. 

Tribological behaviour. The coefficient of 
friction was measured on-line during the wear 
test. Fig. 3 shows the recorded friction 
coefficient as a function of cycle number of the 
implanted samples. In both cases the friction 
coefficient shows a similar behaviour as a basic 
material, but there is a significant decrease in 
the initial stage. 
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Fig. 3: Friction coefficient of unimplanted, N+ 
implanted and C+ implanted Si3N4 samples. 

Table 1 shows the mean values of wear 
coefficient of the unimplanted, N+-implanted 
and C+-implanted samples in interrelation of the 
wear coefficient of the Si3N4 ball, Si3N4 samples 
and the total amount of wear derived from three 
tests on each sample. The N+-implanted 
Si3N4 samples showed marginally better wear 
resistance than the unimplanted sample based 
on the total amount of wear. In the case of the 
C+-implanted Si3N4 ceramic the wear behavior 
was worse compared with the base material. 
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Table 1: Wear coefficient of implanted samples [10−6 mm3/Nm]. 

 unimplanted 0.5 MeV N+ 2 MeV C+ 
Si3N4 ball 9.33 6.46 5.47 
Si3N4 sample 1.52 2.13 10.27 
total amount of wear 10.85 8.58 15.74 

 
The unimplanted and N+-implanted samples 

showed similar wear behavior considering that 
the ratio of the wear amount of the ball and 
sample are comparable. This performance was 
opposite for the C+-implanted sample, where 
the wear coefficient of this sample is nearly six 
times higher than in the case of the unimplanted 
sample. This result is confirmed with the 
kinetics of the high-energy ion-implantation, 
because of the damage of the microstructure of 
the surface layer. 

Conclusions 

1. Nitrogen-ion-implantation produces an 
amorphous layer in the ceramic samples. The 
thickness of this layer is 300 nm, it is located in 
550 nm depth from the surface, using an energy 
of 500 keV and a fluence of 1017 N+ ion/cm2. In 
the case of the carbon-implanted material the 
thickness of the layer is 200 nm, it is located in 
1300 nm depth from the surface, using an 
energy of 500 keV and a fluence of 1017 C+ 
ion/cm2. 

2. The profile of both concentrations 
developed during the implantation shows a 
good agreement with the result of the TRIM 
simulation. 

3. In the surface layer nano size ”bubbles” 
were also created on the boundaries of 
Si3N4 grains due to the built up of N+-ions. 

4. The wear behavior of the N+-implanted 
Si3N4 was improved in comparison to the base 
material, and at the same time the friction 
coefficient was lower in the initial stage. 

5. In the case of the C+-implanted 
Si3N4 ceramic the wear behavior was worse 
compared with the base material, while the 
friction was nearly the same. 
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2.10 Ion Implanted Semiconductor Mode-Locked Laser Pulse Source for 320 and 
640 Gb/s RZ Data Transmitter 

M. Kroh, C.M. Weinert, R. Ludwig, H.G. Weber [Fraunhofer Institut für Nachrichtentechnik, 
Heinrich-Hertz-Institut, Einsteinufer 37, D-10587 Berlin, Germany ((kroh@hhi.fhg.de)] 

Introduction 

Optical pulse sources based on fibre ring lasers 
have been used to generate pulse trains for 
640 Gb/s optical time division multiplexing 
(OTDM) applications [1,2]. The much more 
compact mode-locked semiconductor laser has 
been regarded inappropriate to fulfil the 
requirements in pulse width and pulse stability 
needed for such data rates. For 640 Gb/s 
applications, a pulse width below 500 fs, a 
pulse contrast better than 30 dB and low 
amplitude and phase noise have been regarded 
necessary to realize error free operation. In the 
following we report on investigations of a 
mode-locked external cavity semiconductor 
laser in combination with soliton compression 
and pedestal suppression in a dispersion 
imbalanced loop mirror (DILM) in order to 
generate a 10 GHz pulse train suitable for data 
rates up to 640 Gb/s. 

Pulse Generation and Pulse Compression 

Pulse generation can be realized in a 
tuneable external cavity mode-locked 
semiconductor laser (TMLL) pulse source as 
described in [3]. The generated pulses at 
1550 nm have a pulse width of 1.5 ps and a 
timing jitter σRMS of less than 300 fs. For 
calculation of σRMS the integration interval over 
the carrier side band was chosen between 
100 Hz and 10 MHz. Such a TMLL pulse 
source was successfully used in 160 Gb/s 
OTDM transmission experiments [4]. However, 
for a higher data rate the multiplexing of the 
pulse train requires a previous pulse 
compression in order to maintain a sufficient 
pulse separation. Simultaneously the 
requirements on pulse stability, namely the 
timing jitter, increases. As a jitter reduction is 
difficult to realize, a pulse generation with a 
low phase noise is of major importance. 

Low phase noise pulse generation can be 
achieved by tighter spectral filtering within the 
external cavity resonator and by an increase in 
modulation depth. However, this often leads to 
an increase of the pulse width [5] and resulting 

pulse widths are even not suitable for 
multiplexing up to 160 Gb/s. Therefore a 
combination of low noise pulse generation and 
successive pulse compression is a promising 
way to meet the requirements for stability and 
pulse width. 

The pulse source was a TMLL with a pulse 
repetition rate of 10 GHz. The gain material 
was a semiconductor laser diode with a buried 
heterostructure and iron blocking layers in order 
to reduce the parasitic capacitance. The active 
bulk material was N+ ion bombarded at one 
facet in order to provide a saturable absorber. 
The N+ ion bombardment was realized in 
cooperation with the ISL of the HMI in Berlin-
Wannsee. The N+ ions had an energy of 
17.0 MeV and the implanted dose was about 
1012 cm−2. 
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Fig. 1: P-I- characteristics for the ion implanted 
TMLL. The operation region is limited to low DC 
currents between 36 mA and 44 mA. Insets: 
Autocorrelation traces for the different gain current 
regions. 

The gain current is chosen in order to start 
the laser operation but is also limited due to the 
absorber strength, which has to prevent the 
formation of satellite pulses. The graph in 
Fig. 1 shows the onset of satellite pulses for 
higher gain currents, which disturb a pulse 
generation for transmission purposes. The 
position of the operation region can be 
influenced by the implantation dose. However, 
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a compromise has to be made between low 
noise on the one hand and a short pulse width 
with a decent output power on the other hand. A 
solution is the generation of broad but low 
noise pulses and a subsequent, external pulse 
compression.  

The experimental set-up we used is 
displayed in Fig. 2. The TMLL was hybrid 
mode-locked at a gain current of 36 mA. The 
emitted transform-limited pulses had a pulse 
width of 2.3 ps with a timing jitter of 70 fs. For 
pulse compression the soliton compression 
method [6] was used. The 10 GHz pulses were 
amplified and the spontaneous EDFA emission 
filtered out by a 5 nm filter before the pulses 
were lauched into a dispersion decreasing fiber 
(DDF) with an average power of 24 dBm. The 
dispersion of the DDF is linearly decreasing 
from D = 10 ps/km/nm down to 0.5 ps/km/nm. 
The pulses were compressed and the outer 
spectral components were cut off by a 13 nm 
filter. The DDF was followed by an accurate 
compensation of the dispersion. The pulse 
compression led to pulses with a pulse width 
(FWHM) of 370 fs and a pulse pedestal. The 
pedestal reduces the pulse contrast to less than 
30 dB as shown in Fig. 4 (right). 
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Fig. 2: Set-up for the generation of a 10 GHz pulse 
train with a FWHM pulse width of 400 fs, a signal to 
pedestal ratio of 50 dB and a timing jitter of 90 fs.  

Pulse Contrast Improvement with a DILM 

In order to cut off the pulse pedestal, the 
nonlinear switching behaviour of a dispersion 
imbalanced nonlinear optical loop mirror 
(DILM) [7,8] was utilized. The dispersion 

imbalance in the DILM was set-up by a 
combination of 20 m SMF and 100 m DSF. 
Fig. 3 shows the calculated peak to pedestal 
improvement for an input power of 22 dBm 
into the DILM. At this power a fundamental 
soliton is formed in the DSF for clock wise 
circulating pulses. The calculated output pulse 
shows perturbations in the falling slope which 
is attributed to third order dispersion in the 
fibers. 
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Fig 3: Simulated pulse pedestal due to the pulse 
compression before and after the DILM application. 

If the fundamental soliton condition is met 
the required phase shift of π between clock wise 
and counter clock wise propagating pulses 
within the DILM is realized and leads to 
transmission of the pulse peaks while the 
pedestal is suppressed to below the dynamic 
range of our measurement system (see 
Fig. 4 right). For second order dispersion 
compensation 3.5 m DCF was inserted behind 
the DILM. 

In our experiment the input power into the 
DILM was increased to reach the optimum 
switching behaviour which was found for 
values above 23 dBm. There was no sharp 
transition from complete pulse reflection to the 
pulse peak transmission. The peak to pedestal 
contrast was increasing with the increase of the 
DILM input power. In Fig. 4 the pulse width 
and pulse contrast (the peak to pedestal ratio) is 
compared for pulses leaving the TMLL, the 
DDF and the DILM indicating the stepwise 
pulse compression and pedestal cut off. 
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Fig. 4:  Autocorrelation traces for the laser pulses, compressed pulses and pulses behind the DILM with the 
SHG signal in linear scale (left) and logarithmic scale (right). 

A minor increase in jitter from 70 fs to 90 fs 
was observed during the compression of the 
pulses as depicted in the phase noise curves in 
Fig. 5. For a DILM input power of 25.5 dBm 
the pulse width decrased from 370 fs to 350 fs 
after pulse amplification in the EDFA and 
transmission through the DILM. However, in 
order to limit the spectral width a 15 nm filter 
was inserted at the DILM output broadening the 
pulses to a FWHM of 400 fs. 

10 100 1k 10k 100k 1M 10M 100M 1G
-140

-120

-100

-80

-60

-40

-20
SSB curve behind

 Laser σ
RMS

 = 70fs
 DDF   σRMS = 90fs
 DILM  σRMS = 90fs

S
S

B 
P

ha
se

 N
oi

se
 L

ev
el

 L
(f m

) /
 d

B
c/

H
z

Frequency Offset fm / Hz

Integration Range for σ
RMS

 
Fig. 5: Single side band phase noise curves 
comparing pulse noise characteristics behind the 
Laser, DDF and DILM. 

Conclusions 

A semiconductor TMLL has been used in 
conjunction with soliton pulse compression and 
pedestal suppression by a DILM for short pulse 
generation. The generated 10 GHz pulse train 
had a pulse width of 400 fs and a peak to 
pedestal ratio of up to 50 dB. The timing jitter 
remained less than 100 fs. The generated pulse 
train is considered to be appropriate for OTDM 
applications up to 640 Gb/s. Therefore mode-
locked semiconductor lasers with their more 
compact set-up could become an alternative to 
fiber ring lasers. 
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2.11 Irradiation of Ni/Si and Fe/Si Bilayers with 350 MeV Au Ions 

K.P. Lieb, K. Zhang, V. Milinovic, P.K. Sahoo [II. Physikalisches Institut and SFB 602, 
Universität Göttingen, Germany]; S. Klaumünzer 

In the past, the structural and magnetic 
properties of Fe/Si and Ni/Si bilayers have been 
studied, as irradiated with heavy ions of several 
hundreds of keV in order to investigate 
interface mixing and silicide formation in the 
regime of nuclear stopping [1–6]. In these expe-
riments, the ion range was chosen to match the 
thickness of the metal films and to deposit 
maximum energy near the interface. Magnetic 
texturing effects induced by heavy-ion irra-
diation have been studied mainly at energies, at 
which the ions were stopped in the ferro-
magnetic films [7–10]. Most of the phenomena 
found can be explained by means of ballistic 
and thermal spike mixing effects, relaxation and 
accumulation of stress and the presence of 
defects produced during deposition and/or by 
the irradiation collision cascades. 

Up to now, very few experiments have been 
carried out to extend these concepts to heavy-
ion irradiations in the regime of electronic 
stopping [11,12]. Using swift Xe and Kr ions 
impinging on Ni/Si bilayers, Kraft et al. [11] 
measured mixing rates about one order of 
magnitude smaller than those for nuclear 
stopping and determined the threshold energy 
den-sity for mixing at about 14 keV/nm. 
Dufour, Bauer and collaborators [12] bom-
barded 57Fe/Si multilayers with swift heavy ions 
and used Moessbauer spectroscopy for phase 
and magnetic analysis. The present experiments 
on Ni/Si and Fe/Si bilayers were conceived in 
order to obtain information on interface mixing, 
phase formation and magnetic texturing by a 
very heavy ion beam such as gold and at an 
energy, where electronic stopping by far 
exceeds nuclear stopping.  

Polycrystalline Ni-films, 65 nm thick and of 
quadratic shape, were deposited onto Si wafers 
via electron evaporation, while Fe-films of 
similar thickness and size were prepared via 
Pulsed Laser Deposition. The specimens were 
irradiated at 92 K or 300 K with a 100 nA beam 
of 350 MeV Au26+ ions provided by the ECR-
RFQ-cyclotron accelerator facility of the Hahn-
Meitner-Institut, Berlin. Ion fluences of up to 
5x1015 ions/cm2 were used; the beam entered at 

normal incidence and covered the 
7x7 mm2 implantation spots homogeneously by 
means of an xy-sweeping system. According to 
SRIM calculation, the range of the Au beam in 
the substrate was some 30 µm and therefore 
largely exceeded the thickness of the metal 
film. The nuclear and electronic stopping 
powers at the Ni/Si interface were calculated as 
Sn=117/23 eV/nm and Se=57/20 keV/nm, re-
spectively, and they were very similar at the 
Fe/Si interface.  

Each sample was analyzed before and after 
the irradiation via Rutherford back-scattering 
spectroscopy (RBS) using the 900 keV α-
particle beam of the Göttingen IONAS 
implanter [13] and two Si surface barrier 
detectors positioned at 165° to the beam. X-ray 
diffraction (XRD) in Bragg-Brentano and 
glancing incidence geometry employing the 
CuKα radiation was used for phase and stress 
analysis. Magnetization curves were measured 
with the in-plane magneto-optical Kerr effect 
(MOKE), using the apparatus sketched in [14] 
and a polarizing field of up to 1.5 kOe. In the 
Fe/Si samples, a 20 nm 57Fe marker layer 
(95.5% enrichment) was deposited at the 
interface in order to be able to locally follow 
phase formation and interface mixing by means 
of conversion electron Moessbauer spectros-
copy (CEMS) [10]. 

Fig. 1 illustrates RBS spectra and concentra-
tion profiles obtained for the Ni/Si samples 
after irradiation at 92 K with various Au-ion 
fluences. Up to 2.4x1015 Au-ions/cm2, the speci-
mens showed a linear increase in the interface 
variance ∆σ2 with the ion fluence Φ, giving a 
mixing rate of ∆σ2/Φ=64(4) nm4, when using 
the average atomic density of Ni and Si at the 
interface, ρinter=70.5 atoms/nm3. This value of 
the (electronic) mixing rate compares well with 
the value measured with 400 keV Xe-ions, i.e. 
in the regime of nuclear stopping [15]. 
However, our mixing rate is much larger than 
the values of 5.4(8) nm4 and 1.7(3) nm4 
measured for 200 MeV Xe-ions or 260 MeV 
Kr-ions, respectively [11]. Electronic ion beam 
mixing is inherently connected to the ion-
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induced glass transition in amorphous silicon 
[16], which occurs as soon as the deposited 
energy density exceeds the critical value of 

Sec=14 keV/nm and produces an anisotropic 
plastic deformation. 

 

0

50

100

 

3x1014/cm2

 

0

50

100

 1x1015/cm2

 C
on

ce
nt

ra
tio

n 
(a

t.%
) 

 Ni
 Si
 O+C

0 200 400 600 800 1000 1200
0

50

100

2.4x1015/cm2  

 

Depth (1015at/cm2)
300 400 500 600 700
0

2000

4000

6000

8000

 

  

 3x1014/cm2

 

  

 1x1015/cm2

 

 2.4x1015/cm2

C
ou

nt
s

Channel

 
Fig. 1: RBS spectra (left) and concentration profiles (right) of Ni/Si bilayers irradiated at 92 K with 350 MeV 
Au-ions at fluences of 3x1014/cm2, 1x1015/cm2 and 2.4x1015/cm2. 

From the XRD patterns taken in glancing 
angle and Bragg-Brentano geometry, no 
indication of crystalline nickel silicide phase 
formation was found, not even at the highest 
fluence of 3x1015 Au-ions/cm2. As the heights 
of the XRD Ni peaks decreased with the ion 
fluence, we conclude that one or several 
amorphous nickel silicide phases were formed. 
From the glancing incidence XRD spectra, the 
variation of the stress in the Ni layer with the 
ion fluence was deduced, as described in [14]. 
The tensile stress of +0.6 GPa after deposition 
was relaxed to zero at some 3x1014 
Au-ions/cm2, but then rose again to +0.5 GPa at 
a fluence of 3x1015/cm2, where full Ni-Si inter-
mixing and Si-migration to the surface were 
observed. Ion-induced stress relaxation at small 
fluences is a general phenomenon, previously 
seen in several ferromagnetic films in the 
regime of nuclear stopping [15]. However, the 
situation is markedly different for larger ion 
fluences and electronic stopping: the tensile 
stress rose again for increasing fluence. On the 
contrary, in the case of full (nuclear) stopping 
of the ions in the Ni film, build-up of a slight 
compressive stress (−0.15 Gpa) was observed, 
related to the production of extended radiation 
defects surviving the collision cascades of the 
ions and thermal spikes [8]. 

Fig. 2 illustrates the fluence dependence of 
the coercivity Hc, and relative magnetic re-
manence Mr normalized to the saturation 

magnetization Ms, measured with MOKE as a 
function of the angle ϕ between the axis of the 
specimen and the polarizing field. At a fluence 
of 3x1014/cm2, the isotropic magnetization in 
the as-deposited bilayers changed to a marked 
uniaxial anisotropy, which, however vanished at 
the highest Au-ion fluences. Parallel to this 
evolution of Mr/Ms, we noted a pronounced 
reduction and later increase in Hc. As the 
MOKE signal mainly comes from the top 
25 nm Ni layer, which is not directly affected 
by interface mixing up to about 1015/cm2, but by 
the evolution of the stress field [8], we may 
conclude that even in the domain of pure 
electronic stopping, radiation defects change 
both the stress and magnetization in the Ni film. 
Furthermore, accumulation of radiation defects 
and strong interdiffusion at the higher Au-ion 
fluences lead to the build-up of stress and loss 
of magnetic anisotropy, as a consequence of 
inverse magnetostriction. 

For the natFe/57Fe/Si trilayers irradiated with 
350-MeV Au ions, very similar results as for 
the Ni/Si system and that found by Bauer et al. 
[12] for 57Fe/Si multilayers were observed, con-
cerning interface mixing (∆σ2/Φ=58(15) nm4), 
the evolution of amorphous iron silicide phases 
and magnetic texturing. Fractions of α-Fe (40–
15%) and paramagnetic iron silicide (48–77%) 
in the intermixed 57Fe layer were deduced from 
the CEMS spectra taken in the range from 
5x1014 to 2.7x1015 Au-ions/cm2. In conclusion, 
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irradiations of Ni/Si and Fe/Si bi-layers with 
350 MeV 197Au-ions, i.e. in the domain of pure 
electronic stopping and above the threshold for 
intermixing, induce qualitatively very similar 
changes in the magnetic and microstructural 
properties as in the regime of nuclear stopping. 
For ion fluences of some 1014/cm2, interface 
mixing and magnetic texturing of the top 
ferromagnetic layer were observed. The change 
in the interface variance, ∆σ2, was found to 
scale with the ion fluence Φ, giving rise to a 
mixing rate of ∆σ2/Φ≈60 nm4 in both systems. 
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Fig. 2: MOKE polar plots of the coercivity Hc and 
relative magnetic remanence Mr/Ms in the Ni/Si 
samples measured as function of the Au-ion fluence. 
Note the evolution from isotropy to uniaxial 
polarization and back to isotropy.  

A pronounced decrease of the tensile stress 
produced during deposition and of the 
coercivity Hc was observed at these low ion 
fluences. For higher ion fluences, full inter-
mixing of the metal films with Si and for-

mation of amorphous silicide phases occur, 
which are correlated with an increase in tensile 
stress and coercivity and loss of magnetic 
anisotropy. 
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2.12 Cathodoluminescence Studies of Swift Heavy Ion Irradiated Au/SiO2/p-Si 
Structure 

Trupti N. Warang, K.U Joshi, D.C. Kothari [Department of Physics, University of Mumbai, 
India]; P.K. Sahoo, K.P. Lieb [II. Physikalisches Institut, Universität Göttingen, Germany]; 
S. Klaumünzer 

Cathodoluminescence studies of high-energy-
irradiated and annealed Au/SiO2/p-Si structures 
were undertaken to understand the mechanism 
of Si nano-cluster (Si-nc) formation. Valentin et 
al. [1] demonstrated that the nucleation of nano-
clusters can take place via the inelastic 
“electronic” component of the ion energy loss, 
when it is above a threshold value. The clusters 
grow under subsequent thermal annealing, 
following Lifshitz-Slyozov-Wagner kinetics [1]. 
The presence of Au is known to help forming 
Si-nc [2]. 

500 nm SiO2 was thermally grown on Si 
wafers, on top of which 5 nm Au layers were 
deposited. The substrates were then irradiated 
with 350 MeV Au-ions at different fluences 
ranging from 1x1013 cm-2 to 4x1013 cm-2. After 
irradiation, vacuum annealing was done at 
1050°C for 8 hours. RBS and cathodolumines-
cence (CL) were used to characterize the 
samples. 

The RBS spectra showed the reduction in Au 
thickness as the fluence increases possibly due 
to “inelastic sputtering” [3]. After annealing Au 
atoms diffused in the near surface region of 
SiO2. The CL spectra showed peaks at 2.7 and 
4.3 eV, which are interpreted to be due to 
Neutral Oxygen Vacancies (NOV) [4]. There is 
also a contribution in the 2.7 eV peak due to E' 

centres. E' centres are created due to Swift 
heavy ion irradiations, whereas NOVs are not 
created. Annealing transforms E' centres into 
NOVs. Thus the CL spectra taken at room 
temperature showed an increase in the 4.3 eV 
peak and not much increase in the 2.7 eV peak. 
Now there are more NOVs and no E'. The CL 
spectra taken at 10 K showed similar effects. 
NOVs are precursor to the formation of Si-nc 
[4]. 
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2.13 Optical Properties of Swift-Heavy-Ion-Irradiated Cu-Fused Silica 

Ranjana C. Gupta, D.C. Kothari [Department of Physics, University of Mumbai 
Vidyanagari, India]; P.K. Sahoo, V. Milinovic, K. Zhang, K.P. Lieb [II. Physikalisches 
Institut, Universität Göttingen, Germany]; S. Klaumünzer 

Swift heavy ions (SHI) were used to study the 
effects of electronic energy loss on Cu-cluster 
formation in fused silica. Substrates of 
SiO2 covered with 10 nm Cu-films were 
irradiated using 350 MeV Au26+-ions at a 
fluence of 1x1012 cm-2. After irradiation, 
vacuum annealing was done at temperatures of 
500, 600 and 800°C for 30 minutes. RBS, 
cathodoluminescence (CL) and UV-Vis absorp-
tion spectroscopy were used to characterize the 
samples. 

The electronic energy losses in the Cu film 
and in SiO2 at the interface are 53 and 
21 keV/nm, respectively. In SiO2 the electronic 
energy loss is thus much higher than the 
threshold required for track formation [1]. The 
RBS spectra before and after irradiation did not 
show any change at the interface, indicating 
very weak electronic ion beam mixing at this 
low ion fluence. The UV-Vis spectrum of the 
irradiated sample showed two peaks at 215 and 
245 nm arising from the E’ and B2 centres, 

respectively, in fused silica [2]. The E’ centre is 
due to an oxygen vacancy opposite an electron 
in a dangling Si sp3-orbital, while the B2 centre 
is due to the Si-vacancy-Si configuration. After 
the 500°C-annealing, these defects were 
annealed out and a broad peak at 340 nm 
appeared in the UV-Vis spectrum, which is 
interpreted to indicate the formation of Cu-
clusters. The cluster formation is thought to be 
due to the diffusion of Cu in the tracks formed 
by the SHI in fused silica. At higher 
temperatures this peak vanished and a broad 
band in the whole visible region appeared. 
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2.14 Magnetism in Ni/Si Bilayers Irradiated with Swift and Low-Energy Heavy Ions 

K. Zhang, K.P. Lieb, V. Milinovic, P.K. Saho, M. Uhrmacher [II. Physikalisches Institut and 
SFB 602, Universität Göttingen, Germany]; S. Klaumünzer 

Heavy-ion irradiations of thin ferromagnetic 
films and metal/Si bilayers can induce dramatic 
changes of the structural and magnetic 
properties, due to interface-mixing and silicide 
formation. Based on previous studies of Xe-
irradiated Ni films [1–4] and Ni/Si bilayers 
[5,6], we investigated changes in magnetism 
and microstructure when implanting 350 MeV 
Au ions or 400 keV Xe ions at 90 K or 300 K 
into Ni (70 nm)/Si bilayers. This choice of ions 
and energies allows one to test interface mixing 
separately in the regimes of nuclear or 
electronic stopping. The ion beams entered at 
normal incidence and covered the films 
homogeneously with fluences of up to 
3x1015 Au/cm2 (1x1016 Xe/cm2). The samples 
were analysed before and after irradiation by 
means of Rutherford backscattering spectros-
copy (RBS), X-ray diffraction (XRD) and in-
plane magneto-optical Kerr effect (MOKE). 

The following results are most noteworthy: 

(i) For 350 MeV Au ions (electronic 
stopping) up to a fluence of 2.4x1015 cm−2, the 
interface broadening scaled with the ion fluence 
and gave a mixing rate of 64(4) nm4. This value 
largely exceeds that obtained by Kraft et al. [6] 
for 200 MeV Xe ions. No crystalline silicide 
phases were observed by XRD, even at the 
highest fluence. 

(ii) For the Au-ion irradiation, the tensile 
stress in the Ni-films decreased from +0.6 GPa 
in the as-deposited state to zero at 

3x1014 Au ions/cm2 and then increased again to 
+0.5 GPa at 3x1015/cm2. 

(iii) For 400 keV Xe ions (nuclear 
stopping), interface diffusion is characterized 
by a mixing efficiency of 1.8(2) nm5/keV, in 
agreement with [7]. Again relaxation of the 
tensile stress during ion bombardment was 
observed. 

(iv) For both types of ions, a uniaxial 
magnetic polarization developed that was most 
pronounced for 3x1014 Au ions/cm2 
(5x1015 Xe ions/cm2), but disappeared for 
higher fluences due to the full Si-Ni 
interdiffusion. 
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2.15 Amorphization of Co3Ce by 600 MeV Au Ions 

R. Otto, W. Neumann [HU Berlin]; G. Schumacher, P. Schubert-Bischoff, S. Klaumünzer 

Local deposition of high energy amounts by 
swift heavy ions can induce local structural 
changes and related changes in magnetic 
properties [1–4]. For example Co3Ce can be 
transferred from the crystalline to the 
amorphous state by irradiation with swift heavy 
ions [3]. In this alloy, the amorphous phase is 
known to be ferromagnetic, while the 
crystalline phase is paramagnetic. One might 
therefore expect the creation of magnetic tracks 
in a non-magnetic matrix. In the ordered alloy 
FePt3 the non-magnetic ordered phase has been 
transferred to the disordered ferromagnetic state 
by means of 700 keV N+ ions for which the 
nuclear stopping power dominates the 
disordering process [5]. This suggests that 
magnetic tracks are produced in the non-
magnetic matrix by irradiation of FePt3 with 
swift heavy ions. 

The situation is slightly different for TbFe2, 
which can be produced in the amorphous state 
by the splat-quenching technique. One might 
therefore assume that it can also be transferred 
from the crystalline to the amorphous state by 
irradiation with swift heavy ions if local heating 
along the ion track is sufficiently high to induce 
local melting. In TbFe2, magnetostriction differs 
by two orders of magnitude in the amorphous 
and in the crystalline phase [6]. As 
amorphization of metallic alloys is generally 
related to changes in volume of several per 
cent, the ion tracks should be visible by the 
magnetic field of the track induced by 
magnetostriction. 

As magnetic nanostructures are of 
technological importance we try within this 
project to create magnetic nanostructures by 
irradiation of crystalline compounds with swift 
heavy ions and to image them by means of 
electron holography in TEM. The resolution of 
electron holography is of the order 10 nm [7]. 
Imaging of magnetic ion tracks is therefore near 
the resolution limit of the method and a 
challenge to electron microscopy. 

In a first step we studied the structural 
changes in CoCe3 under irradiation with 
600 MeV Au ions. Irradiation experiments have 

been performed at RT at ISL. One specimen 
irradiated up to 1x1013 cm−2 was investigated 
subsequently by means of X-ray diffraction 
(XRD) and by conventional and high resolution 
transmission electron microscopy (CTEM and 
HREM). The X-ray diffraction measurements 
have been performed in Theta-2Theta Bragg-
Brentano geometry. For this study cross-section 
specimens were prepared from the irradiated 
specimens. 

 

45 nm  
Fig. 1: HREM of a Co3Ce specimen irradiated with 
600 MeV Au ions to a fluence of 1x1013 Au/cm2. The 
image was recorded in a distance of about 7 µm 
from the surface. 

The X-ray measurements revealed a broad 
diffraction peak at about 40 degrees indicating 
an amorphous or nearly amorphous structure. 

In a 7 µm thick surface layer TEM bright 
field micrographs were relatively featureless 
and homogeneous. Selected area diffraction 
(SAED) did not show diffraction spots 
indicating an amorphous or nearly amorphous 
structure in agreement with the results of X-ray 
diffraction. Beyond this layer we found a range 
which was partly amorphous. The micro-
structure was anisotropic. Amorphous as well as 
crystalline ranges exist in this layer (Fig. 1). In 
the ion-beam direction crystalline ranges and 
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amorphous zones altered successively. High 
resolution electron-microscopy revealed that the 
crystalline ranges were aligned in the same 
direction reflecting the single crystallinity prior 
to irradiation. The local arrangement of the 
amorphous and crystalline zones reflects the 
direction of the projectiles. This damage 
morphology is typically produced near the 
threshold for damage creation [8]. The ion 
energy has slowed down from 600 MeV to 
about 365 MeV at the transition layer. From the 
energy at the transition layer the threshold of 
the electronic energy loss for amorphization is 
estimated to be about 45 keV/nm (Fig. 2). 

 
Fig. 2: TRIM simulation for different materials 
irradiated with Au at 600 MeV. 

With increasing distance from the surface 
and from the transition layer the amount of the 
amorphous phase decreased and that of the 
crystalline phase increased. At a distance from 
7 to 14 µm from the surface, the structure was 
completely crystalline. In the range where the 

ions were stopped TEM analysis revealed a 
heterogeneous pattern indicating partial 
amorphization of the material by elastic 
collisions. The selected area diffraction pattern 
showed a superposition of diffraction spots and 
diffuse halo rings supporting the above 
interpretation in terms of partial amorphization. 

Preparation of specimens irradiated at lower 
fluences is in progress. Analysis by HREM will 
show whether there is direct amorphization 
along the ion tracks. In a further step imaging 
of the magnetic tracks by the use of electron 
holography will be performed. 
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2.16 The Influence of the Charge State of Heavy Ions on Track Formation in 
Diamond-Like-Carbon 

J.-H. Zollondz, D. Schwen, A-K. Nix, H. Hofsäss [Georg-Albert-Universität, Göttingen]; 
C. Trautmann [GSI, Darmstadt]; J. Krauser [Hochschule Harz, Wernigerode]; J. Berthold, 
B. Schultrich [Fraunhofer Institut IWS, Dresden] 

In diamond-like-carbon films (DLC), energetic 
heavy ions create conducting tracks. Given by 
their small diameter of ~10 nm, these wires are 
interesting objects for various nanotechnologi-
cal applications [1,2]. 

The DLC films were deposited on highly 
doped silicon substrates by either conventional 
ion-beam techniques (Univ. Göttingen) or by 
plasma deposition using the filtered arc method 
(IWS). In both cases, the energy of the 
deposited carbon particles has to be about 
100 eV in order to form the compact tetrahedral 
(sp3) structure by “subplantation”. Such films 
are amorphous and contain up to 80 % 
diamond-like sp3 bonds. The thickness of the 
films used here was ~50 nm, but deposition of 
layers up to 1 µm is possible. The samples were 
irradiated at the UNILAC (GSI) with uranium 
projectiles of ~1 GeV (decelerated from 
initially 2.7 GeV by a 50 µm thick Al degrader 
foil) and at the Ionenstrahllabor (HMI) with 
Gold projectiles of 350 and 600 MeV and 
Xenon ions of 230 MeV. The range of the beam 
was much larger than the film thickness. The 
irradiated surface was inspected by scanning 
probe microscopy (SPM). By using a 
conducting tip, we imaged the surface 
topography and simultaneously mapped the 
conductivity. We were in particular interested 
how the charge state and energy of the 
projectiles influences the topography of the 
impact zone. 

Table 1: Calculated adapted charge states in 
carbon. 

Ion beam Charge state 

Xe (230 MeV) 30+ 
Au (350 MeV) 26–42+ 
Au (600 MeV) 49+ 

U (1 GeV) <66+> * 
* with degrader foil 
 

The various charge states were obtained by 
either inserting stripper foils of different 
thickness (carbon 50–200 µg/cm2) in the beam 

line and selecting a specific charge state at the 
next deflection magnet, or alternatively, by 
mounting an aluminum foil in front of the 
samples (the original intension of this foil was 
to degrade the beam energy and thus increase 
the stopping power). Whenever the projectiles 
enter one of the foils, they strip off more or less 
electrons depending on their velocity. Behind 
the foil, the projectiles have a charge state 
distribution with a mean value <q>. 
Table 1 gives the charge of the different beams 
as calculated with the simulation code CasP 
[3,4,5]. 

 

 
Fig. 1: Topography images of diamond-like-carbon 
samples irradiated without (top) and with a carbon 
foil (bottom). 

Earlier studies show that the conductivity of 
tracks created in DLC films is enhanced by four 
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orders of magnitude compared to the 
surrounding matrix [6]. The effect is ascribed to 
a transformation of the mainly sp3-bonded 
diamond-like pristine material into sp2 bonded 
graphite-like carbon [7]. Concomitant to this 
structural modification, there is also a density 
change from the compact diamond-like into the 
less dense graphite-like material. The solid 
compensates the resulting internal pressure by 
surface relaxation forming nanoscopic hillocks 
at each ion impact site. Figure 1 shows the 
topographical image of a DLC film irradiated 
under identical conditions without (top) and 
with (bottom) a degrader foil corresponding to a 
charge state of q = 26+ and <q> = 40+, 
respectively. The irradiation was performed 
using a 350 MeV Au beam and a fluence of 
~3×109 ions/cm2. Hillocks produced with the 
q = 26+ beam were extremely small (~0.5 nm) 
and difficult to detect, and the track 
conductivity was very poor, whereas the 
irradiation with <q> = 40+ ions resulted in 
distinct hillocks of height 1–2 nm and good 
conductivity. The same observation was made 
when irradiating with 600 MeV Au ions of 
q = 49+ and with 1 GeV U ions (<q> = 66+). 

Figure 2 presents the averaged hillock height 
as a function of charge states for 350 Mev Au 
ions with a maximum height for charge q = 41+. 
Figure 3 shows the data for the different ion 
species and energies. 
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Fig. 2: Average hillock heights for different charge 
states for Au 350 MeV irradiations. 

We ascribe the strong influence of the charge 
state to the stopping power of the projectiles. 

For higher charge states the energy deposition 
in particular in surface-near regions is 
increased, leading to higher hillocks. The 
observed effect indicates that the energy loss 
values of the ions used here are close to a 
threshold between discontinuous and continu-
ous track morphology [8]. Note that good 
conductivity of a track requires that the DLC 
film is converted into a continuous trail of 
conductive carbon along the entire length of the 
track. Also pressure release and thus hillock 
formation is facilitated if the damage towards 
the sample surface is continuous. Selecting 
sufficiently high charge states probably allows 
the fabrication of tracks of good conductivity 
even with ions of masses lighter than Xenon. 
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Fig. 3: Average hillock heights for different ion 
specious and energies. 
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2.17 Energy Dependence of the Proton Irradiation Damage of 
a-Si:H / c-Si Heterostructure and Crystalline Silicon Solar Cells 

H.-Ch. Neitzert, M. Ferrara [DIIIE, Università di Salerno, Fisciano (SA), Italy ]; M. Scherff, 
W. Fahrner [Fernuniversität Hagen, Germany]; E. Bobeico, M. Tucci, F. Roca [Centro 
Ricerche Portici, ENEA, Portici (NA), Italy]; L. Gialanella, M. Romano, B. Limat [INFN 
Napoli, Italy]; A. Denker, J. Opitz-Coutureau 

Amorphous silicon / crystalline silicon hetero-
junction solar cells (HIT-solar cells) have 
reached efficiencies already comparable with 
those on purely crystalline basis whereas they 
offer favorable manufacturing costs. Thus one 
can imagine that the HIT solar cells enter into 
areas of application, which were reserved so far 
to purely crystalline cells. Particularly high 
radiation levels can occur in space applications 
for satellites. As is generally known purely 
crystalline solar cells lose typically half of their 
efficiency due to the irradiation. From purely 
amorphous solar cells, however, their good 
radiation hardness is well known. There are 
only very few measurements concerning HIT 
solar cells. Hence, the radiation sensitivity of 
HIT solar cells should be examined in detail. In 
the course of the studies HIT- (a-Si/c-Si) solar 
cells were tested and optimized for the use in 
high level radiation environments. Irradiation 
experiments were performed with protons of 
energies between 0.5 MeV and 24 GeV. 
Fabrication parameters of the solar cells were 
varied and their influence on the radiation 
hardness was studied.  

The degradation of the solar cells was 
described by physical models and simulations. 
The optical and electrical parameters were 
measured and the diffusion length damage 
constants as a function of the proton energy 
were determined. It turned out that the damage 
constants are comparable to those of diffused 
solar cells. 

A similar energy dependence of the resulting 
device damage has been observed for both 
types of solar cells with a maximum damage 
around 2 MeV. However, even at 65 MeV for 
an irradiation dose of 2·1011 protons/cm2 the cell 
efficiency decreased to 78 % of the initial 

value. Quantum yield measurements gave for 
this particular case a drop of the effective 
minority carrier lifetime in the crystalline 
silicon layer from initially 153 µs to 26 µs. At 
this energy the defect profile within the 
crystalline silicon layer is nearly constant. As a 
new tool for the evaluation of the bulk and 
interface modification of the solar cells due to 
irradiation, electroluminescence measurements 
under forward bias have been performed. The 
emission spectra confirm, that for doses up 
5·1012 protons/cm2 silicon band-to-band emis-
sion is the dominating contribution. A direct 
relation between minority carrier diffusion 
length and electroluminescence quantum effi-
ciency has been observed, but also details of the 
interface modification could be monitored by 
this technique. 

In the following section we present first 
results of the irradiation experiments: 

 
Fig. 1: Electroluminescence intensity as a function 
of the forward bias current of an a-Si:H / c-Si 
heterojunction solar cell before degradation (full 
line) and after irradiation with 2·1011 protons/cm2 at 
1.7 MeV (broken line). 
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Fig. 2: Quantum efficiency after various applied 
doses. 
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Fig. 4: Deduction of the damage constant, kL, after 
irradiation with protons of 65 MeV. 
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Fig. 5: Damage constants, kL, for various proton 
energies. Data from literature and from this work 
are compared.  
A+D: B. E. Anspough, R. G. Downing, 1981  
STL: Downing, 1963  
RAE: A. Meulenberg, Jr., F. C. Treble: 1973  
JPL: H: Y. Tada; J. R. Carter Jr., B. E. Anspaugh, R. 
G. Downing: (1982)  
CERN: http://rd49.web.cern.ch/RD49/  
/RD49Docs/giustino/Chapter7.pdf 
HA: this work 

Future work will concern variation of 
fabrication parameters and ex-situ measure-
ments after irradiation as well as in-situ meas-
urements during irradiation. The fabrication of 
the a-Si / c-Si solar cells will be done jointly in 
Hagen where long-lasting experience in 
fabrication of HIT solar cells exists. 

The parameters to be varied are: 
• Thickness of the substrate 
• Hydrogen content of the crystalline material 

at the interface 
• Thickness of the amorphous layers 
• Deposition parameters of the amorphous 

layer (fluences, concentrations, doping) 

Measurement categories will be: 
• Solar cell efficiency (ex-situ) 
• Life time measurements (ex-situ) 
• Capacity vs. voltage (ex-situ) 
• Quantum efficiency (ex-situ) 
• Open circuit voltage decay, OCVD (ex-situ) 
• Photocurrent (in-situ) 
• External commutation (in-situ) 
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2.18 Index-Guided Laser Diodes Based on ZnSe, GaAs and GaN 

O. Schulz, A. Lochmann, M. Kuntz, G. Fiol, U.W. Poh1, D. Bimberg [Technische Universität 
Berlin] 

Abstract 

Ion-implantation is applied to improve the 
characteristics of multisection laser diodes 
(LDs). Controlled implantation- induced defects 
in the waveguide of the device are used as 
saturable absorber. Thereby passive mode-
locking becomes possible. In addition, an 
implantation of the gap between the contacts of 
the absorber and the gain section is used for the 
minimisation of the leakage current. 

Introduction 

Short optical pulse sources (picosecond and 
sub-picosecond range) based on semiconductor 
lasers are applicable for high-speed data 
transmission, clock signal generation and 
electro-optical sampling. Monolithic multi-
section mode-locked laser diodes (LDs) are 
compact, mechanically stable and can operate 
as low-jitter sources of ultrashort optical pulses 
with repetition rates exceeding the laser 
modulation bandwidth [1,2]. 

Multisection devices are necessary for mode-
locking. One section builds the active part (gain 
section) and is comparable to a conventional 
laser diode. The other part acts as absorber 
section. A saturable absorber can be generated 
by two different approaches. One possibility is 
the application of a reverse bias to the absorber 
section, which depletes the electron-hole pairs. 
Therefore, the gap between the aborber and 
gain section must be high resistive, which can 
be achieved due to a high-dose ion-implanta-
tion. The second approach is the introduction of 
defects in the absorber part, which act as carrier 
traps. Such defects can be generated by low-
dose ion implantation. An implanted absorber 
has the advantage of a larger absorbtion per 
length, which leads to smaller devices and 
thereby, to higher possible pulse frequencies. 

Sample structure 

We mainly used separate confinement 
heterostructure (SCH) lasers with fivefold 
stacked active InGaAs/GaAs quantum dots 
grown by molecular beam epitaxy on GaAs 
substrates to study the advantage of a saturable 

absorber generated by ion-implantation. The 
quantum dot layers are embedded in an 
Al1-xGaxAs waveguide and cladded by 
Al1-yGayAs (x<y). The devices were processed 
as ridge-waveguide laser diodes. 

Saturable absorbers generated by Ion 
implantation 

For the defect generation, the ions can be 
implanted from two different directions (see 
Fig. 1). 

Metal-
contacts

Gain-
section

Absorber-
section

Facet -
implantation

Top-side
implantation

Active
layer

Light
pulses

Ridge

Forward-
bias

Reverse-
bias

Gap

 
Fig. 1: Schematics of a multisection laser diode. 

The first is an ion bombardment through the 
front facet. In this case conventionally 
processed devices can be used, but an 
inhomogeneous defect distribution in the 
absorber region is disadvantageous. In the 
second approach, the implantation occurs from 
top, i.e. perpendicular to the facet. Such an 
implantation results in a more homogeneous 
defect distribution. The disadvantage of this 
approach is a much more complex processing 
of the samples. It is necessary to protect the 
gain section against the implantation. For the 
gap implantation, a potection of both sections is 
required. A masking due to the electrical 
contacts of both sections with increased 
thickness by electroplating was successful. 

The implantation energies used were 
17 MeV for the facet, 7.1 MeV for the gap 
2.4 MeV for the top-side absorber implan-
tation. Nitrogen and Argon ions were used with 
doses in the range 1012...5 1013 cm−2 for 
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saturable absorbers and 5 1010...1 1012 for the 
gap implantation. 

Results and discussion 

Comparing the threshold current densities of 
unimplanted and implanted devices, we find an 
increase by a factor of seven due to the implan-
tation. A subsequent slight decrease due to a 
partial annealing was observed. 
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Fig 2: L-I-V characteristics of a quantum dot laser 
diode before and after implantation with 2.4 MeV 
Ar+ Ions. The dose was ~1013 cm−2. 

The annealing effect disappears on a 
timescale of hours, eventually leading to a 
stable operation. The gap implantation leads to 
a resistance increase, but it was accompanied by 
a degradation of the device. Further investiga-
tions, e.g. dose and energy variations, are 
necessary to find the cause of this behavior. 

Next studies will focus on optimising im-
plantation conditions for effective passive 
mode-locking. 
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Fig 3: Implantation dose influence on the gap 
resistance. 

In addition, the approach of implantation- 
induced disordering to improve wave- and 
current-guiding, as already demonstrated in this 
project with ZnCdSe based lasers, should be 
applied to the gain section of the InGaAs QD 
laser [3]. 
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2.19 Tectonic Evolution in the Eastern Tibet Plateau 

E. Enkelmann, R. Jonckheere, L. Ratschbacher, R. Gloaguen, R. Nestler, M. Fleischer [TU 
Bergakademie Freiberg, Germany]; S. Klaumünzer 

The Tibetan Plateau and surrounding regions 
(Fig. 1) are the result of the India-Asia collision 
that began ~55 Ma ago, doubled the crust 
beneath Tibet (current thickness 60-70 km), and 
elevated its topography to 4-5 km. 

 
Fig. 1: Topographic map of the Tibet Plateau and 
adjacent areas; red arrows mark the propagation of 
active eastward plateau growth. 

While crustal thickening and Plateau uplift 
north of the Indian indenter are mainly 
attributed to crustal shortening (e.g. [1]), it has 
been proposed that thickening in eastern Tibet, 
i.e. east of the longitude of the eastern 
Himalayan syntaxis, is mainly the result of a 
lower crustal flow [2,3]. In this model, the weak 
lower crust flows from the central Plateau over 
distances of >1,000 km to the east (Fig. 1). 
Additionally, it has been proposed that the 
strong crust of the South China Craton beneath 
the Sichuan Basin causes the flow to “pile up”, 
creating a narrow, steep margin along the 
eastern margin (Longmen Shan), and to divide 
the flow, creating broad, gentle margins, and 
inducing active Plateau growth north (in 
northeastern Tibet and the Qinling) and south 
(in southeastern Tibet) of the Longmen Shan. 

The aim of our research was to constrain the 
age, the geographical distribution, the amount 
of exhumation at the eastern Tibetan Plateau, 

and to evaluate to what extent the Qinling was 
affected by the rising Plateau. 

Fission-track method 

Price and Walker [4] demonstrated that 
nuclear tracks in terrestrial minerals can be 
attributed to spontaneous fission of 238U and 
developed a fission-track dating method based 
on measurements of the track densities. Fission 
tracks are, however, not stable and with 
increasing temperature the track length 
decreases. Apatite fission-track analysis is a 
thermochronological method that does not only 
determine an age, but also reveals the thermal 
history of the sample in a temperature range 
below ~120°C. The measured fission-track 
density provides the age information and the 
measured track-length distribution records the 
thermal history; the combination of both allows 
modeling of the temperature-time path 
(T[t]-path) of the rock since the time it cooled 
under the track retention temperature. Therefore 
apatite fission-track analysis is very convenient 
for unraveling geological processes in the upper 
3-4 km of the crust. In this contribution this 
method is applied to illuminate the tectonic 
evolution in eastern Tibet. 

Track-length measurements 

Track-length measurements are performed 
on horizontal confined tracks under an optical 
microscope (Fig. 2). These tracks become 
visible only if they are etched through an etched 
surface track. Therefore, the number of 
confined tracks, which are accessible to meas-
urement, strongly depends on the spontaneous 
track density and the available sample amount. 
To improve the quantity of track-length 
measurements we prepared additional sample 
mounts and irradiated them with 600 MeV Au 
ions to about 2.5×106 Au/cm2 at the ISL in 
Berlin to produce artificial surface tracks, 
which are used as etching channels (Fig. 2). 
Through this procedure the number of measured 
tracks increased by a factor of five 
(100-250 tracks) and thus strongly improved 
the information about the length distribution. 
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Fig. 2: Microscopic image of an ion-irradiated 
apatite grain, horizontal confined tracks are bright 
under incident light, the surface tracks are the short 
black lines. 

Fission-track results 

The two fission-track data sets, one derived 
from the eastern Tibetan Plateau, and one from 
the Qinling provided two examples of various 
apatite fission-track interpretations The Tibet 
Plateau, characterized by huge fault bounded 
tectonic blocks elevated to >5 km, contrasts 
with the Qinling, a mountain range dissected by 
several west-trending, strike-slip fault zones 
and maximum elevations <2.5 km. Because 
sample locations in eastern Tibet cover large 
elevation differences, an interpretation of the 
fission-track data based on age-elevation 
diagrams is appropriate. In the Qinling, the 
interpretation of the fission-track data is based 
on the thermal history information recorded by 
the track-length distribution. 

The age-elevation diagrams reveal two 
exhumation periods in eastern Tibet. Late 
Cretaceous to Miocene ages at high elevations 
along the northern and southern margins of the 
Plateau indicate very slow exhumation of 
<0.02 mm/a and record tectonic quiescence. 
Exhumation rates of >0.2 mm/a are revealed by 
Miocene to recent ages at the eastern margin 
and the central interior of the Plateau. The onset 
of rapid exhumation is estimated at 18-11 Ma in 
the Min Shan uplift zone. For the other eastern 
Tibet blocks, the data provide lower (7, 10, and 
11 Ma in central eastern Tibet) or upper limits 
(13 and 30 Ma in south-eastern Tibet) for the 
onset of rapid exhumation. Exhumation caused 
≤10 km denudation at the eastern Plateau 

margin and the central plateau interior since the 
middle Miocene, whereas the areas north and 
south of it were less denuded, probably due to a 
later onset of uplift. 

Forty-eight samples from the Qinling have 
mostly Late Cretaceous to Eocene apatite 
fission-track ages and show no obvious regional 
age clusters and no age–elevation correlations. 
On the basis of the well defined track-length 
distributions, we divided the samples into tow 
groups signifying distinct cooling histories. 
Cooling group 1 (entire east and northwest 
Qinling; Fig. 3) has negatively skewed, broad, 
unimodal track-length distributions, indicating 
continuous cooling through the ~100°C 
isotherm to surface temperatures since the time 
given by the apparent fission track ages. 

Cooling group 2 (southwestern Qinling; 
Fig. 3) shows symmetric, broad, unimodal 
track-length distributions with a shorter mean 
track length than group 1, indicating isothermal 
“steady-state” within the upper (low-
temperature) part of the partial annealing zone 
(PAZ; ~60–90°C) followed by rapid cooling at 
the end of the thermal history. These cooling-
history groups show a distinct regional 
distribution, implying regional variations in 
cooling (Fig. 3). The symmetrical track-length 
distribution (group 2) reveals 2-3 km 
denudation occurring in the southwestern 
Qinling. The time of the onset of the rapid 
cooling is of great interest, but cannot be 
estimated by T[t]-path modeling due to 
methodical problems that causes artifacts [5]. In 
order to obtain a stable first-order estimate, it is 
assumed here that a well-defined track-length 
distribution represents a distinctive record of 
the thermal history, even if it cannot be 
converted in a T[t]-path. An attempt to estimate 
the residence time of the samples within the 
total stability zone (TSZ; <60°C) has been done 
by splitting the measured track-length 
distribution into two parts, one representing the 
tracks formed in the PAZ, and the other 
representing the tracks formed in the TSZ. In 
this way, rapid cooling in the southwestern 
Qinling have started in the latest Miocene–early 
Pliocene (9-4 Ma), and postdate that for the 
eastern Tibet Plateau. 
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Fig. 3: Topographic map of the northeastern Tibetan Plateau and the Qinling. The red line marks the area of 
active plateau growth delineated by the fission-track data of cooling group 2. Examples of track-length 
distributions of cooling history group 1 (right) and 2 (left). 

Conclusion 

The track-length distribution of a sample 
records the experienced thermal history, but the 
quality of the measured track-length distribu-
tion is of major important to reveal this 
information. Ion irradiation at the ISL does not 
only increase the number of measured confined 
tracks, and thus increases the quality of the 
distributions, but also allows us to get thermal 
history information from samples which are 
conventionally not suitable because of a very 
low spontaneous track density or a low sample 
amount. 

This research contributes to improve our 
understanding of the plateau formation and 
propagation processes and confirm active 
plateau growth towards the northeast (Qinling) 
as it is indicated by the topographic features of 
the plateau margins. The fission-track results 
suggest that probably only a narrow corridor 
(~50 km) in southwestern Qinling, located 
between the North China and South China 
Block, guides the eastward propagation of the 

plateau (Fig. 3). However, the data do not prove 
conclusively the existence of a lower crustal 
flow [5] that is diverted by the rigid South 
China Block to flow around the Longmen Shan 
beneath the southwestern Qinling. Alternatively, 
the results can also be interpreted in terms of a 
“plateau-backstop” model. In this model, north-
eastern Tibet is growing faster eastward in the 
western Qinling than the entire South China 
Block is extruding to the east; this induces 
clockwise rotation of northeastern Tibet. 
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3. Materials Analysis and Structural Determination 
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3.1 10 Years of Materials Analysis with Heavy Ions at ISL 

W. Bohne, E. Strub, J. Röhrich 

After finishing the nuclear physics research 
activities at VICKSI in the early nineties we 
started to use the modified accelerators as tools 
for materials characterisation. At first in 1994, a 
relatively simple set up was installed at the low 
energy beam line TR of the 5.5 MeV Van-de-
Graaff accelerator at ISL to perform HI-RBS 
(Heavy Ion Rutherford Backscattering Spec-
troscopy) measurements. With 15 MeV N ions 
as projectiles and a detector system with a large 
solid angle of 22 msr a good detection 
sensitivity as low as 10 ppm for heavy elements 
in light matrices and a much better mass 
resolution compared to standard RBS with He 
beams was achieved. But, due to the 
dependence of the Rutherford cross section on 
mass and atomic number of the sample element 
under investigation, the sensitivity decreases to 
only about 0.1 % for light elements. And 
elements lighter than Ne are not detectable at 
all. To overcome these restrictions and 
drawbacks we decided to implement the ERDA 
method (Elastic Recoil Detection Analysis). 

To implement this nice technique, we 
designed in parallel to the operation of RBS a 
set up for ERDA. Owing to our experiences 
from nuclear physics experiments, we decided 
to make use of the time-of-flight method for the 
mass identification, because this technique 
offers the best dynamic energy range 
concerning mass separation, i. e., analysable 
depth. After disassembling the nuclear physics’ 
experimental set up, the spectrometer was 
realised at the high energy beam line TC. With 
this equipment a detection sensitivity for all 
elements of about 10 ppm and a depth 
resolution in the 10 to 50 nm region, depending 
on depth, can be achieved. Films with a 
thickness of a few mono-layers up to some 
microns become analysable. A detailed 
description is given in [1]. Already in summer 
1996 the first experiments had been performed. 
After presenting the first results, many 
materials scientists took interest in this method 

and the amount of samples we analysed grew 
steadily as demonstrated by Fig. 1. 
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Fig. 1: Number of analysed samples per year. 

Since the late nineties the new materials for 
the construction of thin film solar cells are the 
main focus of the ERDA studies. A fruitful 
collaboration between the ion-beam analysis 
and many groups from the solar-energy 
department at HMI has developed, now using 
about 60% of the ERDA beam time. 

A thin film solar cell consists of several 
layers on a substrate. Especially in the case of 
the chalcopyrite cells, different physical and 
chemical deposition methods are implemented 
for the absorber, for the buffer, and for the 
TCO-window layer as well, resulting in various 
problems concerning contamination, stoichio-
metry, homogeneity, etc. By ERDA measure-
ments many questions for certain layers and 
even for complete stacks have been answered, 
often allowing an improvement of the 
deposition process and of the quality of the 
cells. Unfortunately, due to the decision to shut 
down ISL this co-operation with the solar 
energy department will be terminated at the end 
of 2006. 

[1] W. Bohne, J. Röhrich, G. Röschert, Nucl. 
Instrum. and Meth. in Phys. Res. B136–138 
(1998) 633. 
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3.2 High-Energy PIXE Using 68 MeV Protons 

A. Denker, J. Opitz-Coutureau, J. Rauschenberg 

For several years, high-energy PIXE (Proton 
Induced X-ray Emission) has been applied 
successfully to art and archaeological objects. 
The problems involved range from authenticity, 
restoration and conservation to manufacturing 
techniques. The analytical work has been 
continued as an ongoing service in the year 
under report, using nearly 60% of the PIXE 
beam time. In addition, measurements were 
performed in order to improve the quantitative 
analysis, especially for very thick targets.  

A large part of the beam time was dedicated 
to measurements of cross sections in the frame 
work of a diploma thesis (see subsequent 
report). For archaeometrical purposes, bronze 
age axes, various glass fragments, Mongolian 
coins, and metal objects were analysed. 
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Fig. 1: Distribution of the high-energy PIXE beam 
time to the different collaborations. Nearly 60% of 
the beam time is dedicated to objects d’art and 
archaeological items. 

The study of the bronze age axes was a 
continuation of the collaboration with the 
Brandenburgisches Landesamt für Denkmal-
pflege und Archäologisches Landesmuseum, 
already started in 2003. The goal is the non-
destructive characterisation of the “hoard of 
Lebus”, where more than 100 metal objects 
were found [1]. One quite astounding result is 
the fact, that the casting remnant consists of 
97% Cu. This leads to the assumption, that the 
casting materials were not imported as ready-
made alloys, but as single constituents, and the 
alloy was mixed in the region of Lebus. This 
assumption is supported by the results from two 
axes, which are absolute similar in shape and 
style. Although they look identical, their 

composition is quite different as can be seen in 
Fig. 2 and Table 1. If the craftsmen were using 
one casting mould and different alloys or if one 
axe was a local remake of an imported object 
still has to be solved. In order to broaden the 
available data base, additional objects from 
other hoards found in Bresinchen and in 
Dechsel were measured. The data are still under 
evaluation.  
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Fig. 2: High-energy PIXE spectra of two bronze 
age axes, which are absolutely identical in shape. 
However, their composition is quite different. 

Table 1: High-energy PIXE results of the two bronze 
age axes, identical in shape, yet with different 
composition. 

element axe no. 45 
(weight %) 

axe no. 44 
(weight %) 

Fe 0.025 ± 0.09 0.15 ± 0.08 
Cu 67.3 ± 0.7 84.2 ± 0.8 
As 2.15 ± 0.34 0 
Sn 4.14 ± 0.24 8.01 ± 0.26 
Sb 0.7 ± 0.15 2.52 ± 0.2 
Pb 24.3 ± 0.8 3.77 ± 0.64 

weight 201 g 182 g 
 

The authors would like to thank F. Schopper 
and S. Brather, both from the Branden-
burgisches Landesamt für Denkmalpflege und 
Archäologisches Landesmuseum, for the 
fruitful collaboration concerning the bronze age 
objects. 

[1] F. Schopper, ISL annual report (2003) 92–94. 
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3.3 Determination of Cross Sections for K-shell Ionization with High-Energy PIXE 

J. Rauschenberg, W. Bohne, A. Denker, P. Heide, J. Opitz-Coutureau, J. Röhrich, E. Strub 

At the moment for the analysis of high-energy 
PIXE spectra only the Guelph PIXE software 
package GUPIX [1,2] can be used. The package 
has been extended to proton energies up to 
100 MeV and uses theoretical ionization cross 
sections. Measurements were performed on 
alloys of known composition as well as on 
certified reference materials to verify quanti-
tative conclusions of elemental concentrations. 
The experimental results agreed quite well for 
“thin” samples of ~ 2 mm. Yet, the concentra-
tion of heavy elements were overestimated for 
thick – ~ 25 mm – targets and using the K-lines 
of the heavy elements for the calculation of 
their concentration. To clarify possible reasons 
for the deviations and because experimental 
data are scarce [3], K-shell cross section 
measurements on thin mono-elemental targets 
were performed within the scope of a diploma 
thesis. 

Thin layers of six elements (Ti, Cu, Mo, Sb, 
Ho, Au) were evaporated with a thickness of 
0.1–0.5 µm onto 380 µm thick silicon sub-
strates. The use of thin targets avoids x-ray 
absorption in the target. Only absorption in air 
between the target and the detector has to be 
taken into account. Furthermore, the energy loss 
of the protons in the target was negligible (less 
than 1 keV). Sinlge crystalline silicon substrates 
were chosen because they are robust, thin, and 
with PIXE in air, do not produce distinct lines 
in the spectra. Moreover, the smooth surface 
enables a better verification of the target areal 
density by means of ERDA (Elastic Recoil 
Detection Analysis). 

The x-rays were detected by a high-purity 
Germanium detector mounted at 135° relative 
to the proton beam direction. The detector has a 
resolution of 180 eV at 5.9 keV. The experi-
mental parameters were: proton energy 68 MeV, 
beam current about 4 pA, irradiation time 15–
60 minutes, depending on the sample, until 
sufficient statistics in the interesting peaks was 
obtained. 

The ionization cross section is given by: 

 
µ

αεω
σ

abZMN
ZY

absZZap
I )(

)(
=  (1) 

where the several components will de 
described in detail below. 

Y(Z) is the measured x-ray yield of element 
Z and is obtained by the peak area of the 
interesting line, which is determined by fitting 
the spectra with GUPIX. The absolute detector 
efficiency εabs was determined with three 
different radioactive sources (Am, Ba, Fe) of 
known activity. The number of incident protons 
Np was measured by an ionization chamber, 
which was normalized using a second ioniza-
tion chamber, a so-called Markus chamber 
which is commonly used for dosimetry in 
tumour therapy. Thus, the number of incoming 
protons can be measured within an accuracy 
3 %. The fluorescence yield ωZ was taken from 
literature [4–7], also the fraction of x-rays in the 
line of interest bZ

α [8]. aµ is the corresponding 
x-ray absorption between the sample surface 
and entry in the detector crystal. The target 
areal density Ma(Z) (atoms/cm2) was 
determined with ERDA. These measurements 
were performed using a beam of 350 MeV Au 
ions at the ISL with the Berlin TOF ERDA set-
up [9] with an accuracy of about 5%. 

Fig. 1 shows the spectra resulting from the 
68 MeV proton irradiation of Ho. Most of the 
background results from the thick Si-substrate, 
which is demonstrated by the spectrum of the 
bare Si-sample. Since GUPIX gives the fit 
without a background, residuals are indicated to 
show the quality of the fit. 

The spectra of the six elements were 
recorded during several 68 MeV proton 
beamtimes. Table 1 summarizes the average of 
the obtained K-shell ionization cross sections 
for 68 MeV in comparison with theoretical 
values of MECPSSR calculations [10,11] and 
experimental values from Pineda and Peisach at 
66 MeV [3]. 
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Fig. 1: X-ray spectrum of the Ho-sample (black 
line). To guide the eye the K-line energies are 
indicated (blue dotted line). The spectrum of the 
bare Si-substrate is added to point out the 
background coming from the substrate (green line). 
The residuals between the GUPIX-fit (red line) and 
the Ho-spectrum are shown above.  

Table 1: Results of the K-shell ionization cross 
sections compared with theoretical values 
(MECPSSR [10,11]) and experimental data (Pineda 
et al. [3]). 

Ele-
ment 

σI in [barn] 
mean value 

σI in [barn] 
MECPSSR 

σI in [barn] 
Pineda et al.

Ti 1271 ± 121 1338.0 -- 
Cu 549 ± 54 600.14 -- 
Mo 163 ± 17 176.06 -- 
Sb 76.0 ± 8 82.68 -- 
Ho 20.71 ± 1.5 23.46 24.7 ± 3.0 
Au 9.39 ± 0.6 9.46 9.7 ± 1.2 

 
In addition, measurements with 32 and 

50 MeV protons were performed. When 
normalizing the ionization chamber counts to 
the proton number, the values of 50 MeV was 
different from expectation. It was supposed that 
the reason was the use of a different dosimeter. 
To check this, the measurements were repeated 
with both dosimeters. It was observed a serious 
difference. Fig. 2 shows the ratio between 
experimental and theoretical values of ioniza-
tion cross sections with three different proton 
energies. 
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Fig. 2: Ratio between experimental and theoretical 
values of the cross sections of the K-shell ionization 
due to 32 MeV (black), 50 MeV (green and blue, 
depending on the used dosimeter) and 68 MeV (red) 
protons. 

50 MeV data obtained from two beamtimes 
using different dosimeters D1 and D2 are 
indicated. The results of the measurements with 
68 MeV protons agree quite well with 
theoretical values and experimental data from 
Pineda and Peisach. The cross sections 
determinated with 32 MeV protons are about 
20 % smaller compared to theoretical values. 
This and the dosimeter discrepancy has to be 
checked in the future. 
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3.4 Magnetic Anisotropy of Ni Changed by Lattice Expansion 

Y. Manzhur, K. Potzger, H.H. Bertschat, M.J. Prandolini; P.M. Imielski, W.D. Brewer, 
[Institut für Experimentalphysik (WE1), Freie Universität Berlin, 14195 Berlin, Germany]; 
M. Dietrich [Technische Physik, Universität des Saarlandes, D-66041 Saarbrücken, 
Germany and The ISOLDE-Collaboration, CERN, CH-1211 Genève 23, Switzerland] 

One important new property afforded by 
ultrathin 2D magnetic films is perpendicular 
magnetic anisotropy (PMA). Presently, almost 
all magnetic recording of digital data uses 
conventional longitudinal (in-plane) magnetic 
materials. One method in order to achieve 
ultrahigh density magnetic recording (in the 
Tbit/inch2 range) is the use of a medium which 
is magnetized perpendicular to the plane. The 
aim of this study is to investigate structure and 
magnetic anisotropy of ultrathin Ni films, with 
a bulk lattice parameter of 3.524 Å, grown on 
Pd(001), with a bulk lattice parameter of 
3.8907 Å. The experiments were conducted 
using PAC (Perturbed Angular Correlation) 
spectroscopy in the UHV chamber ASPIC 
(Apparatus for Surface Physics and Interfaces at 
CERN). 

Ultrathin films of Ni grown on nonmagnetic 
substrates, generally have in-plane surface 
anisotropy [1]. However, the bulk-
magnetostriction constant λ001 for Ni is negative 
compared to positive values found for Co or Fe 
[2]. Thus, perpendicular magnetism would be 
possible for ultrathin Ni(001) films, if it would 
be possible to apply a large enough 
compressive stress to the film resulting in a 
strain in the [001] direction. This can be 
achieved artificially by growing ultrathin Ni 
films on nonmagnetic substrates with a larger 
lattice constant and assuming coherent pseudo-
morphological growth, as was demonstrated by 
growing ultrathin Ni films on Cu(001) where 
the lattice mismatch is only 2.5 % [3]. In this 
system, below a critical thickness d* of 
7 monolayers (MLs), the ultrathin Ni films 
were found to be in-plane, where the (in-plane) 
surface anisotropy dominates for small d, above 
this critical thickness, the magnetization was 
found to be dominated by the magnetoelastic 
term and therefore is perpendicularly 
magnetized. Ni grown on Pd(001) is known to 
grow pseudo-morphologically, with a lattice 
expansion of 10.4 % up to 6 MLs [4]. 

The sample was prepared by MBE growing 
2 MLs of Ni on a Pd(001) single crystal at room 
temperature, that was previously cleaned by 
cycles of annealing and sputtering. The LEED 
pattern before and after Ni MBE growth 
showed a (1×1) structure with lattice para-
meters similar to Pd, see Fig. 1. The LEED 
pattern confirmed coherent pseudo-morpho-
logical Ni growth, with Ni having an out-of-
plane tetragonal distortion, i.e. 10.4 % 
expanded in the plane and according to a simple 
linear elastic model, compressed –13.3 % in the 
[001] direction. Thereafter, the sample was 
cooled to 40 K and a small amount of 
radioactive 111mCd probe atoms was soft-landed 
onto the surface, and a PAC spectrum was taken 
of the sample. 

E = 60 eVE = 28 eV
 

Fig. 1: LEED pattern of Pd(001) (right) and 2 MLs 
Ni grown on Pd(001) (left). 

From previous studies [5, 6], no diffusion of 
the Cd atoms can be expected at this 
temperature. Furthermore at this temperature 
we expect the radioactive probes 111mCd to 
occupy only one dominate site, sitting on a 
(001) surface, i.e., adatoms with 4 nearest 
neighbours (NN), see Fig. 2. At these regular 
sites, the probe nuclei experience combined 
hyperfine interactions caused by electric-field-
gradients (EFG, Vzz) and magnetic hyperfine 
fields (BHF), resulting in discrete frequencies. 
From the EFG, which is a measure of the 
electron density distribution around the nucleus, 
we acquire a unique “fingerprint” of the exact 
position of the probe atoms, since probes at 
interfaces, as adatoms, in terraces, etc., have 
different EFG signatures. From the alignment 
of the magnetic hyperfine field we can deduce 
the out-of-plane magnetic alignment of the Ni 
layer, since the induced sd-hybridisation 
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between the Cd with its 4 next nearest 
neighbouring Ni are collinear. 

 
Fig. 2: Idealised surface of a single crystal with 
(001) orientation. All possible regular lattice sites 
for the impurity atoms as local probes are indicated. 
The probe atoms can be differentiated by the number 
of nearest Ni neighbours (NN).  

In Fig. 3, the PAC-time spectrum, together 
with its corresponding Fourier transform, are 
shown. On a realistic surface, a large fraction of 
the probes occupies surface sites related to 
various defects including contamination. In 
particular, where the 2 MLs of Ni are extremely 
expanded the surface might have considerably 
more defects. These fractions experience a 
broad distribution of EFG's and related BHF's 
which causes a reduction (in Fig. 1 of 70 %) of 
the nuclear γ-ray anisotropy within the first 2–
4 ns. The essential part of the time spectrum 
represents discrete frequencies of probe atoms 
at well-defined sites, i.e. the PAC spectroscopy, 
measuring on the atomic scale, filters out those 
probes which are on disturbed positions. This 
part of the spectrum was fitted with one fraction 
with an amplitude of 30 %. 

0 50 100 150 200

-0.02

0.00

0.02

0.04

0.06

0.08

0.10

 

 

R
(t)

Time [ns]
0.0 0.1 0.2 0.3 0.4 0.5

0.000

0.005

0.010

0.015

0.020

 

 A
m

pl
.

 

Freq. [G rad/s]

 Expt.
 Fit

 
Fig. 3: PAC time spectrum (left) and its Fourier 
transform (right) are shown together with the 
corresponding curve fit and correspondings Fouries 
transform. 

The relevant parameters (Vzz, BHF and 
deduced canted angle of the BHF, θ, from the 
surface normal) from the fit are compiled in 
Table 1 together with a comparison of Cd 
measured on previous Ni(001) [6] and Pd(001) 
[7] single crystals. 

Table 1: Hyperfine interaction parameters for Cd 
ataoms on Ni/Pd(001) (this work), Ni(001) [6] and 
Pd(001) [7]. 

Adatom Vzz×1021

[V/m2] 
BHF 
[T] 

Angle 

Ni(2ML)/Pd(001) 2.4(3) 5.2(5) 50(5)° 
Ni(001) 0.27(4) 7.3(2) 80(5)° 
Pd(001) 2.8(5) -- -- 

 
The value of the observed electric field lies 

close -within error bars- to the value of Vzz 
from previously measured adatom sites on pure 
Pd(001), given in the first and third rows of 
Table 1. The magnitude of the induced 
magnetic response (magnetic hyperfine field of 
|5.2(5)| T) was found to be 29 % smaller as on 
bulk Ni surfaces. 

Additionally, the magnetic anisotropy of the 
induced response was modified compared to 
bulk Ni surfaces and was observed to come out 
of the plane with an angle of 50(5)° to the 
surface normal. This is to be compared to the 
unpublished quoted value of 80(5)° for the Cd 
adatom on a Ni single crystal (001) surface [6], 
this values is only two standard deviations from 
being in-plane. Generally, it is not expected that 
the surface magnetization of a Ni(001) surface 
from a single crystal comes out of the plane, as 
measured from Cd probes at other surface sites 
[8]. Thus there is a significant change in the 
magnetic anisotropy for ultrathin (lattice 
expanded) Ni films. 

Since the surface anisotropy scales as 1/d, 
2~MLs of Ni could be expected to be 
dominated by the in-plane surface anisotropy, 
however, Ni with a lattice expansion of 10.4 % 
on Pd, would have a greatly enhanced 
magnetoelastic term causing an out-of-plane 
magnetization. An estimate for this energy is 
1470 kJ/m, which is about 4.2 times greater 
than measured for Ni grown on Cu [3]. As a 
result this anisotropy dominates, pushing down 
the critical thickness compared to Ni grown on 
Cu(001). 
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In conclusion, the magnetic anisotropy of 
highly strained 2 MLs of Ni(001) is drastically 
modified compared to adatoms on a bulk 
Ni(001) surface. The hyperfine field was found 
to be canted, at an angle of 50(5)° to the 
normal. Normally, for 2~MLs of Ni, in-plane 
shape and surface anisotropy dominate, 
however, due to the large degree of strain for 
ultrathin Ni films on Pd(001), the out-of-plane 
magnetoelastic anisotropy dominates, even at 
these low thicknesses of Ni. 
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3.5 Temperature Dependence of {001} Line Widths in γ’ Phase in Creep-Deformed 
Superalloy SC16 Measured by Means of Synchrotron Radiation 

N. Darowski, I. Zizak and G. Schumacher; W. Chen, W. Neumann [HU Berlin]; 
H. Klingelhöffer [BAM] 

Single crystal superalloys are strengthened by 
cuboidal γ’ precipitates, which have L12 super 
lattice structure. They are embedded coherently 
in a solid solution γ matrix with an fcc crystal 
structure. The lattice misfit between both of the 
phases affects strongly the mechanical 
behaviour of superalloys as well as their 
microstructural stability under service condi-
tions. For the development of alloys and for 
their applications, the knowledge of lattice 
distortion of γ’ precipitates and the γ matrix in 
superalloys and its evolution during inelastic 
deformation and as a function of temperature is 
essential. 

We, therefore, measured the temperature 
dependence of X-ray diffraction peak widths 
(FWHM: full width at half maximum) on creep-
deformed specimens of a model single crystal 
superalloy SC16 (Ni-16Cr-3Mo-3.5Ti-3.5Al-
3.5Ta; in wt %). The initial microstructure 
consisted of cuboidal γ’ precipitates with an 
average edge length of about 450 nm and a 
volume fraction of about 40 %. Creep-
specimens were deformed at 1223 K and 
150 MPa under tensile and compressive 
loading. The load axes were parallel to the 
[001] direction. The creep strain was 0.5 % for 
tensile creep test and −0.5 % in case of 
compressive creep test. X-ray diffraction 
(XRD) measurements have been performed at 
the KMC-2 beam line at BESSY using an X-ray 
energy of 8 keV. The measurements have been 
performed on specimens with surfaces parallel 
to the (001) lattice plane (perpendicular to the 
load axis) and to the (100) or (010) plane 
(parallel to the load axis), respectively. The 
specimens were mounted on a ceramic 
specimen holder which was fixed on the 
resistance heating plate of a high vacuum 
chamber equipped with a Beryllium hemi-
sphere. The measurements were performed at 
various temperatures between room temperature 
and 1173 K in high vacuum (10−6 – 10−7 mbar). 
A 6-circle diffractometer and a scintillation 
detector were used for the precise recording of 
the intensity profiles. Small slits were mounted 
in front of the detector to enhance the spatial 

resolution. The peak widths and peak positions 
were determined by fitting a Gaussian function 
to the data. 

Fig. 1a shows the intensity profiles of 
001 super lattice reflection of γ’ precipitates in 
the specimen after tensile creep deformation. 
With increasing temperature the peak width 
decreases. The same tendency of temperature 
dependence was found for the 100 peak 
(Fig. 1b). The present observation indicates that 
the temperature effect of FWHM is not strongly 
influenced by the difference in dislocation 
configurations at the two kinds of γ’/γ 
interfaces induced by inelastic deformation. The 
change of the sign of creep loading from tensile 
to compressive was found to affect the 
distribution of lattice distortion in the super-
alloy [4]. However, no significant change in 
nature of the temperature dependence of the 
FWHM could be observed (compare Fig. 1c 
with Fig. 1a and Fig. 1b). 

The FWHM values of γ’ intensity profiles of 
the tensile creep deformed specimens at various 
temperatures are shown in Fig. 2. Both of the 
FWHMs of 001 and 100 super lattice reflec-
tions decrease with increasing temperature. 

A decrease of the FWHM as a function of 
temperature due to crystal growth was ruled out 
by an experiment in which the FWHM was 
measured at various temperatures from ambient 
temperature up to 1173 K and after subsequent 
rapid cooling to room temperature. Within the 
experimental uncertainty, the FWHM was the 
same prior to and after the heating-cooling 
procedure. The stability in microstructure is in 
agreement with expectations from standard heat 
treatment of this alloy (SHT = 1373 K/4H/air 
cooling + 1123 K/24 H/air cooling). The micro-
structure is stabilized at this temperature. 
Appreciable changes of precipitate size and 
shape at temperatures below 1123 K are not 
expected. 

In the creep-deformed material studied in 
this work the situation is more complex than in 
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non-deformed material. An externally applied 
stress field is superimposed to the internal 
stresses causing anisotropy of the stress fields. 
This results in anisotropic agglomeration of γ’ 
precipitates, so-called γ’-rafts. In the present 
alloy SC16 plate-shaped rafts are formed 
perpendicular to the stress axis under tensile-
creep deformation while needle-shaped γ’ 
precipitates parallel to the stress axis are formed 
under compressive creep deformation [6]. The 
aspect ratio of γ’-rafts is estimated from 
literature [6] to be 2.2 for the present tensile 
creep-deformation in SC16 (Fig. 3). For the 
compressively creep-deformed specimens no 
data on the aspect ratio exist. 

Fig. 1: Intensity profiles of a) 001 and b) 100 γ’ 
super lattice reflections taken on the tensile creep 
deformed specimens and of c) 001 reflection 
obtained from the specimen after compressive creep 
deformation. 

During creep deformation different 
dislocation networks are built-up at differently 
oriented γ/γ‘ interfaces (see Fig. 3) [2,4]. 
Dislocation pairs formed during deformation 
will glide on the same plane and they will be 
fixed at the γ/γ’ interfaces. Depending on the 
orientation of the interfaces the dislocations 

will be located in the matrix or in the γ’-phase 
(see Fig. 3) [3]. The different arrangements of 
dislocations at differently aligned interfaces 
causes different stress fields in the precipitates 
near the interfaces. These stress-fields cause a 
deformation of the γ’ lattice near the γ/γ’ 
interfaces. At the vertical interfaces the 
dislocations are located within the γ matrix 
phase leading to a tensile strain within the γ’ 
phase. At the horizontal interfaces the 
dislocations are located within the γ’ phase 
leading to a compressive distortion of the γ’ 
lattice (Fig. 3a). In the compressively creep-
deformed specimens the location of dislocations 
is reverse (Fig. 3b). As the thermal expansion 
coefficient of the γ phase is larger than that of 
the γ’ phase the distortion in γ’ phase near the 
horizontal interfaces of the tensile creep-
deformed specimen is decreased with increas-
ing temperature (Fig. 3a) while the distortion is 
enhanced at the vertical interfaces of the same 
specimen. Near the edges within the precipi-
tates the superposition of stresses from vertical 
and horizontal interfaces will keep the crystal 
lattice approximately unchanged. The situation 
in the corners of the precipitates is even more 
complex and will not be discussed here. The 
influence of the vertical interfaces in Fig. 3a is 
therefore relatively small and the horizontal 
interfaces dominate the structural changes on 
heating.  
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Fig. 2: FWHM values of 001 and 100 super lattice 
reflections of γ’ phase in single crystal superalloy 
SC16 after tensile creep-deformation . 

Due to stress relaxation from the interface to 
the center of the precipitates the lattice 
parameters near the interfaces are slightly 
different from that in the center of the 
precipitates. This distribution of lattice parame-
ters is reflected in the line widths. Further, the 
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dominating influence of the horizontal interface 
is reflected by the tetragonality measured under 
the same conditions [7]. Both the linewidth and 
the tetragonality decrease with increasing 
temperature due to relaxation of stresses at the 
dominating interfaces. This results in a lattice 
distortion which in a first approximation is 
assumed to be tetragonal. The decrease in 
FWHM is enhanced by the relative changes of 
the elastic moduli of the two phases. At room 
temperature, the elastic modulus of the γ matrix 
is larger than that of the γ’ phase, whereas at 
temperatures above 850 K the situation is 
reversed. During heating, the stress fields 
within the precipitates decrease. This contrib-
utes to a decrease in linewidth and tetragonality 
as a function of temperature. 

s
c

reverse compared to tensile creep-deformed 
specimens (Fig. 3). In this case the (100) and 
(010) interface will dominate the stress 
distribution in the precipitates while the stress 
caused by the (001) interface contributes less to 
the line-width and to the tetragonality of the 
crystal lattice. 

In order to confirm the interpretation of the 
present measurements the changes in line-width 
of non-deformed material will be studied in 
2005. 
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ig. 3: Schematic presentation of dislocation 
ubstructure at γ/γ’ interface after tensile (a) and 
ompressive (b) creep deformation in superalloy SC16.
The decrease in FWHM under compressive 
tress can be explained by analogue 
onsiderations. The dislocation network is 
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3.6 Effect of Tensile and Compressive Creep Deformation on γ/γ’ Lattice Mismatch 
in Single Crystal Superalloy SC16 

W. Chen, W. Neumann [HU Berlin]; H. Klingelhöffer [BAM]; N. Darowski, I. Zizak, 
G. Schumacher 

Due to their excellent properties at elevated 
temperatures single crystal nickel base super-
alloys are widely used for critical structural 
components for applications at high tempera-
ture, such as first stage blades in modern gas 
turbines in aircraft and in stationary gas 
turbines. Superalloys are strengthened by or-
dered intermetallic γ’ precipitates with a super 
lattice of type L12 and a cuboidal morphology. 
The precipitates are embedded coherently in a 
fcc solid solution γ matrix phase. The lattice 
distortion induced by coherency between the γ 
matrix and γ’ precipitates leads to a high 
resistance against creep deformation but also to 
an instability of microstructure, the formation 
of γ’ rafts [1]. Typically the lattice mismatch is 
used to describe the lattice distortion in alloys 
strengthened by coherent precipitates. Because 
of its technological importance the γ/γ’ lattice 
mismatch was investigated extensively on 
superalloys both in the non-deformed state and 
after creep deformation [2-6]. It was the 
purpose of the present study to investigate the 
influence of the sign of creep load on the 
evolution of γ/γ’ lattice mismatch between the 
γ’ precipitates and γ matrix in the creep-
deformed superalloy SC16. The following 
definition of lattice mismatch is used in this 
investigation 

 ( )γγ

γγδ
aa
aa

+
−

⋅=
'

'2 , 

where aγ and aγ’ are the lattice parameters of 
the γ matrix and γ’ precipitates, respectively. 

A model single crystal superalloy SC16 with 
chemical composition of Ni68.1Cr17.5 Al7.35Ti4.15

 

Ta1.1Mo1.8 was used for the study. The initial 
microstructure consisted of cuboidal γ’ precipi-
tates which had a monomodal size distribution 
with an average edge length of about 450 nm 
and a volume fraction of about 40 %. The creep 
tests were conducted at 1223 K and 150 MPa 
both under tensile and compressive load along 
[001]. The creep strain in both of the tests was 
0.5 %. The X-ray measurements were carried 

out in two orientations parallel and 
perpendicular to the load axis, respectively. The 
measurements were performed at the KMC-
2 beam line at BESSY in Berlin by means of 
high resolution X-ray diffraction using an X-ray 
energy of 8 keV. Both the non-deformed and 
creep-deformed materials were investigated at 
ambient temperature. 

Figs. 1a and 1b show the intensity profiles of 
the 100 super lattice reflection and of the 
200 reflection, respectively, measured on the 
non-deformed specimen. Due to the similar 
crystal structures of γ and γ’ phase (fcc and L12, 
respectively) and due to the small difference in 
lattice parameters, the 200 reflections of γ and 
γ’ phase overlap (see Fig. 2b). The shoulder at 
the right hand side of the 200 peak in Fig. 1b 
belongs to the γ matrix phase. The alloy 
therefore has a positive lattice misfit at ambient 
temperature. 

 
Fig. 1: Intensity profiles of a) 100 super lattice 
reflection and of b) 200 reflection taken on the non-
deformed specimen, respectively, measured at RT. 

Figs. 2a and 2b show the intensity profiles of 
the 100 and 001 super lattice reflections, 
respectively, of γ’ precipitates recorded on 
tensile creep-deformed specimens. The peak 
position of the 001 intensity profile is at smaller 
2θ value compared to that of the 100 intensity 
profile. This difference in the peak positions 
indicates that the lattice parameter of γ’ phase in 
001 orientation is larger than that in 
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100 orientation. Hence, after tensile creep-
deformation the lattice of the γ’ precipitates 
reveals tetragonal lattice distortion [7]: 
aγ’(001)/aγ’(100) > 1. After compressive creep 
deformation, however, an inverse effect was 
observed: aγ’(001)/aγ’(100) < 1 (Fig. 2b) [7]. 
Obviously, the tensile and compressive creep 
deformation result in different deformation of γ’ 
lattice in 100 and 001 orientation. Since both 
the lattice parameters, aγ’(001) and aγ’(100), in 
the non-deformed state are essentially the same, 
the relative shift of the 100 and 001 peaks in the 
tensile creep-deformed specimens is more 
pronounced in comparison with that after com-
pressive creep deformation. Also the full width 
of half maximum (FWHM) of both the intensity 
profiles measured on the creep-deformed 
specimens is larger than that of the compres-
sively creep-deformed specimens. These obser-
vations lead to the conclusion that the 
macroscopic creep strain of ± 0.5 % used in the 
present study results in different magnitudes of 
γ’ lattice distortion in the specimens, depending 
on the sign of creep loading. 

 
a           b 

Fig. 2: Intensity profiles of 100 and 001 super 
lattice reflections taken on the specimens after a) 
tensile and b) compressive creep deformation, 
respectively. 

Figs. 3a and 3b show the intensity profiles of 
200 and 002 reflections after a) tensile and b) 
compressive creep deformation. A similar trend 
in the shift of the intensity profiles could be 
observed as for the 100 and 001 super lattice 
reflections. Within one intensity profile the 
relative shifts of γ and γ’ peaks are due to creep 
deformation. In the tensile creep-deformed 
specimens the γ’ and γ peaks move to each 
other for the 200 reflection and away from one 
another for the 002 reflection in comparison to 

that of the non-deformed specimen (Fig. 1b). In 
the compressively creep-deformed specimens 
again an inverse effect was observed. The effect 
induced by creep deformation under compres-
sive load is found to be clearly smaller than that 
measured after tensile creep deformation, 
though the macroscopic creep deformation of 
0.5 % was the same for both the creep-
deformed specimens. Compared to the intensity 
profile of the 200 reflection in the non-
deformed state the change of the 002 intensity 
profile in the case of compressive creep 
deformation is more pronounced, whereas the 
relative shift of γ and γ’ peaks in the 
200 intensity profile is negligibly small. 

The lattice parameter of the γ’ precipitates 
was determined using the intensity profiles of 
the super lattice reflections. The procedure to 
determine the lattice parameter of the γ matrix 
from the intensity profiles is described in 
Ref. [6]. The lattice mismatches were then 
calculated according to the definition given 
above. The data are summarised in Table 1. In 
the non-deformed state the γ/γ’ lattice mismatch 
shows a positive value of about 1.0x10-3. This 
value agrees well with results of a previous 
investigation on the same superalloy [8]. 

 
a           b 

Fig. 3: Intensity profiles of 200 and 002 reflections 
taken on the specimens after a) tensile and b) 
compressive creep deformation, respectively 

After tensile creep deformation the γ/γ’ 
lattice mismatch at the vertical γ/γ’ interface 
(corresponding to the measurement using 
002 reflection) becomes more positive com-
pared to that of the non-deformed state, 
adopting a value of about 3x10−3, whereas at the 
horizontal γ/γ’ interface (corresponding to the 
measurement using 200 reflection) a shift of 

 86 



 

γ/γ’ lattice mismatch in the negative range was 
found [6]. An opposite trend was obtained in 
the specimens which had been compressively 
creep-deformed prior to the misfit measure-
ments: an increase of lattice mismatch at the 
horizontal γ/γ’ interface and a decrease at the 
vertical γ/γ’ interface.  

As expected from the observation of the 
differences in the relative positions and forms 
of the intensity profiles a larger change in γ/γ’ 
lattice mismatch was obtained after tensile 
creep compared to that after compressive creep-
deformed, see Table 1. 

The observed effect of the sign of creep load 
on the development of γ/γ’ lattice mismatch can 
be understood qualitatively by preferential 
locations of inelastic deformation under both 
kinds of creep load and by different locations of 
mobile dislocations at the horizontal and 
vertical γ/γ’ interfaces. Without external load 
the lattice misfit at creep-deformation tempera-
ture at both kinds of interfaces is negative, i.e., 
a(γ') < a(γ). Applying a tensile load along [001] 
direction enlarges the difference in the lattice 
parameters between γ and γ’ phase at vertical 
interfaces while it turns in the opposite 
direction at horizontal interfaces. The high 
misfit energy at the vertical interfaces is 
decreased in two ways. First, the γ’ precipitates 
start to form γ’ rafts perpendicular to the load 
axis [1]. Second, dislocations created during 
creep-deformation are stopped at the vertical 
interfaces in a way that additional lattice planes 
exist in the γ-phase causing the misfit to 
decrease. At the horizontal interfaces the 
dislocations lie in the γ’ phase. Cooling to 

room-temperature the lattice misfit at the 
vertical interfaces is larger than in the non-
deformed state due to the additional lattice 
planes in the γ matrix phase. At the horizontal 
interfaces the positive lattice misfit in the non-
deformed state is reduced by the misfit 
dislocations in the γ’ phase created during 
creep-deformation. The situation under exter-
nally applied compressive load is qualitatively 
reverse. 
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Table 1: Lattice parameters of γ’ and γ phases and γ/γ’ lattice mismatch at RT. 

Creep Reflection Lattice Parameter (nm) Lattice Mismatch 
  γ γ’ x10−3 

As-treated 100/200 0.35806 0.358375 0.8793 
Tensile 001/002 0.35770 0.358690 2.7639 

 100/200 0.35833 0.358095 −0.6560 
Compressive 001/002 0.35811 0.358140 0.0838 

 100/200 0.35789 0.358450 1.5635 
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3.7 Acceleration of Diffusional Jumps of Interstitial Fe with Increasing Ge 
Concentration in Si1-xGex Alloys Observed by Mössbauer Spectroscopy 

G. Weyer [ISOLDE Collaboration, EP Division, CERN, CH-1211 Geneva 23, Switzerland 
and Institute of Physics and Astronomy, Aarhus University, DK-8000 Aarhus C, Denmark]; 
H.P. Gunnlaugsson [Institute of Physics and Astronomy, Aarhus University, DK-8000 Aarhus 
C, Denmark]; K. Bharuth-Ram, V. Naicker, D. Naidoo [School of Pure and Applied Physics, 
University of Natal, Durban 4041, South Africa]; M. Dietrich ISOLDE Collaboration, EP 
Division, CERN, CH-1211 Geneva 23, Switzerland]; R. Mantovan [Laboratorio MDM-
INFM, 20042 Agrate Brianza, Italy]; R. Sielemann 

The experiments have been performed at the 
ISOLDE facility at CERN utilizing the 
isotopically clean and intense beams of 
radioactive 57Mn+ ions (T1/2 = 1.5 min). These 
were implanted with 60 keV energy to fluences 
< 1012/cm2 into SiGe single crystals heated to 
temperatures < 1,000 K by means of a halogen 
lamp. Mössbauer spectra for the 14 keV 
transition of the 57Fe daughter atoms were 
recorded by resonance detectors (equipped with 
57Fe enriched electrodes) mounted on conven-
tional drive systems outside the implantation 
chamber. All Si1-xGex (x ≤ 0.1) samples were 
n-type material (P or Sb concentrations 
1016−17 cm−3), epitaxially-grown on silicon; a 
pure silicon n-type reference sample was also 
employed. 

The radiation damage due to the 
implantation is known to anneal during the 
lifetime of 57Mn at temperatures >500 K in 
silicon and leads to their substitutional 
incorporation [5]. This was also observed for 
the SiGe samples. An average recoil energy of 
40 eV in the nuclear decay expels the majority 
of the 57Fe daughter atoms into tetrahedral 
interstitial sites. Thus diffusional jumps of the 
interstitial 57Fei during the lifetime of the 
Mössbauer state (T1/2 = 100 ns) can be detected 
by the resulting line broadening ∆Γ, which is 
directly proportional to the jump frequency ν 
[6]. In velocity units this is ∆Γ = 2ħcν/E0 with 
E0 the transition energy, ħ Planck’s constant and 
c the velocity of light. For a purely random 
walk the jump frequency is related to the 
diffusion coefficient D by ν = 6 D/l2 with l the 
jump length. 

Spectra measured at different temperatures 
and for two Ge concentrations are compared to 

those for pure silicon in Fig. 1 and the analysis 
in terms of three spectral components is 
indicated: two single lines for substitutional FeS 
and interstitial Fei

0 on tetrahedral sites, 
respectively, and a quadrupole-split, broadened 
line attributed to the formation of Fei-V pairs 
with the vacancy created in the recoil event at 
high temperatures [7]. As the intensity of the 
latter line is rather low at the temperatures of 
interest here, the quadrupole splitting and its 
T3/2 temperature dependence were fixed in the 
simultaneous analysis of all data for a given 
sample to the values established for silicon at 
higher temperatures [7]. Both the line width and 
the spectral area of all components were free 
parameters, whereas the isomer shifts (IS) were 
constrained to follow the second order Doppler 
shift (SOD). (To ease the comparison of the 
spectra, in Fig. 1 the SOD has been corrected 
for thus that the velocity scale refers to room 
temperature and the sextet spectra resulting 
from the magnetic splitting in the detector have 
been transformed into a single emission 
feature). 

This analysis then gave IS values at room 
temperature for the Fei

0 and Fei-V components, 
which deviated no more than within the error 
margins from those for pure silicon [7] or 
germanium [8], which are also very similar for 
these components. The isomer shift for 
substitutional FeS increased slightly with in-
creasing Ge concentration as would be expected 
from the difference in the values for pure 
germanium and silicon. Line broadening of the 
interstitital line is visible in the spectra at 
600 and 650 K, the broadening increases with 
increasing Ge concentration for a given 
temperature. 
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Fig. 1: 57Fe Mössbauer spectra obtained after implantation of 57Mn into the Si and SiGe samples held at the 
temperatures indicated. The solid lines show individual fitting components and their sum. 

The line broadening extracted from the 
analysis is plotted as a function of temperature 
in Fig. 2(A) for the samples in this study. 
Obviously, the broadening is generally more 
pronounced for the SiGe samples than for pure 
silicon at a given temperature. 
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Fig. 2A: Line broadening of the Fei line for the 
different SiGe samples in this study versus 
temperature. 

For a given sample, the jump frequency is 
assumed to obey the usual diffusion coefficient 
equation resulting in a temperature dependence 
of the broadening given by ∆Γ = α exp(-Ea/kT), 
where α is a proportionality constant, Ea the 
(constant) diffusion activation energy and k 
Boltzmann’s constant. In fits the pre-exponen-
tial factor was kept constant and equal to that 
for Fei

0 in silicon [7] in order to reveal a 
possible Ge concentration dependent trend for 
Ea. As discussed below, thus determined Ea 

values should be considered as upper limits 
with unknown deviations from the true values; 
these deviations should, however, increase with 
increasing Ge concentration. Fig. 2(B) shows 
the results from this analysis: a clear trend for a 
decrease of the activation energy with 
increasing Ge concentration. 
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Fig. 2B: Activation energy versus Ge concentration 
obtained from the analysis of the data in Fig. 2A, 
assuming a constant pre-exponential factor 
corresponding to D0=10−2cm2/s. 

This analysis then gave IS values at room 
temperature for the Fei

0 and Fei-V components, 
which deviated no more than within the error 
margins from those for pure silicon [7] or 
germanium [8], which are also very similar for 
these components. The isomer shift for 
substitutional FeS increased slightly with 
increasing Ge concentration as would be 
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expected from the difference in the values for 
pure germanium and silicon. Line broadening 
of the interstitital line is visible in the spectra at 
600 and 650 K, the broadening increases with 
increasing Ge concentration for a given 
temperature. 

The most obvious interpretation for such an 
effect is a change in the diffusion mechanism. 
In the tetrahedral interstitial site in silicon the 
Fei atoms are surrounded by 10 atoms forming 
4 puckered, six-membered rings with the 
hexagonal site in the center. Depending on its 
nearest or next-nearest location to a tetrahedral 
site, a Ge impurity atom among the 10 atoms 
would be member of 3 or 2 of these rings. A 
decrease of the Fei energy in such a hexagonal 
saddle point configuration then corresponds to a 
decrease of the activation energy and would 
explain an increase in the jump frequency for 
such a direction. As a further consequence, the 
Fei atoms can no longer be considered to 
perform a truly random walk. After an 
elementary jump via a hexagonal site with one 
Ge neighbour atom, this same site is available 

again and thus a return jump more probable 
than jumps in other directions, giving rise to a 
(pre-exponential) correlation factor f <1 and 
such jumps do not contribute to the long-range 
diffusion for sufficiently small Ge 
concentrations. Also entropy changes due to 
alloying tend to decrease the pre-exponential 
factor. 
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3.8 Deep States of Pt, Ir, and Os in Silicon Carbide: A Radiotracer Investigation 

J. Grillenberger, U. Grossner, F. Albrecht, B.G. Svensson, W. Witthuhn [Institut für 
Festkörperphysik der Universität Jena]; R. Sielemann 

Silicon carbide (SiC) is a wide band gap 
semiconductor which is expected to replace 
conventional semiconductors like Si and GaAs 
in high power, high frequency, high temperature 
applications. It occurs in over 200 different 
crystal structures (polytypes) each of which ex-
hibits a different band gap (Egap between 2.3 eV 
and 3.3 eV). Like for any semiconductor the 
correlation between band gap states and defects 
in the crystal is of great interest. Especially, 
recombination centers at or close to the midgap 
position of SiC attract great attention in order to 
produce semi-insulating SiC-layers. 

This study is directed to the investigation of 
deep levels of Pt, Ir, and Os in the hexagonal 
polytype 4H of SiC. We show that Pt, Ir, and 
Os, if introduced into 4H-SiC crystals, lead to 
deep levels in the band gap whereby one Pt-
level is located close to the midgap position. 
Furthermore, we will prove that γ-rays emitted 
from the radioactive probe atoms utilized for 
our radiotracer investigations impose recoil 
energy high enough to kick atoms from their 
initial site in the SiC crystal. 

Band-gap states in 4H-SiC were 
characterized by means of Deep Level Transient 
Spectroscopy (DLTS) with respect to activation 
energy ET and capture cross section σ [1]. To 
establish a definite chemical assignment of 
band-gap states to Pt, Ir, and Os the radioactive 
isotope 188Pt was incorporated into 4H-SiC 
samples by recoil implantation at the Ionen-
Strahl-Labor of the Hahn-Meitner-Institut [2,3]. 
For the implantation of the radioactive isotope 
188Pt, a 90 MeV 12C primary beam was lead on a 
181Ta target foil. Due to the recoil the reaction 
products are kicked out of the target foil and are 
implanted into the SiC samples mounted off-
axis the primary beam with a recoil energy of 
about 5–6 MeV with a broad distribution 
extending to lower energies. This technique 
leads to a widespread distribution of the atoms 
within the samples to a maximum depth of 
1 µm. The isotope 188Pt decays with a half-life 
of T1/2=10.2 d to 188Ir which further decays to 
the stable 188Os with T1/2=1.7 d [4]. The correla-
tion between concentration changes of deep 

levels and the characteristic half-life of each 
isotope leads to a definite assignment of band-
gap states [2,3,5]. 

During the nuclear decay DLTS-spectra were 
recorded several times on the samples 
implanted with the radioactive isotope 188Pt. 
Since DLTS-spectra are highly reproducible for 
constant trap concentrations, for each specimen 
the corresponding initial DLTS spectrum was 
subtracted from all the spectra recorded 
subsequently in the course of the nuclear decay. 
DLTS signals not subject to the decay of 188Pt 
are, thus, eliminated and the number of peaks is 
limited to signals related to traps with time-
dependent concentration [2]. 
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Fig 1: DLTS difference spectra obtained by 
subtract-ting the initial spectrum from the sequenc-
ing spectra recorded during the 188Pt-decay on (a) n-
type and (b) p-type SiC. Negative/positive peaks 
correspond to decreasing/increasing trap 
concentrations. 

The difference spectra obtained from the n-
type samples Fig. 1(a) exhibit a broad signal in 
the temperature range between 280 K and 
380 K consisting of two overlapping peaks 
(labeled Ir1 and Pt1) and one broad decreasing 
peak at 614 K labeled Pt2. The decreasing 

 91 



 

concentration of the defects Pt1 and Pt2 follows 
the decay of 188Pt with the half-life of 10.2 d 
[Fig. 2a]. Thus, these levels are assigned to a 
defect containing exactly one 188Pt-atom. The 
deep trap Ir1 decreases with a half-life of 12 d 
different from T1/2=10.2 d of 188Pt. We assign 
this level to Ir for the following reasons: in 
addition to 188Ir the isotope 189Ir was found in 
the samples by means of γ-ray spectroscopy 
[Table 1]. It results from the co implantation of 
isotopes with adjacent mass numbers which are 
produced in a non-negligible amount during 
recoil implantation. 
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Fig 2: Peak height versus time data of deep levels 
found in (a) n-type and (b) p-type 4H-SiC. The 
numbers in the graphs are the half-lives obtained 
from fitting an exponential function (representing the 
nuclear decay of 188Pt) to the peak height vs. time 
data. 

The isotope mixture (Table 1) of 188Ir and 
189Ir leads to an apparent half-life of about 12 d. 
This fact also explains the different half-lives 
obtained for the increasing peaks Os1-3 found 
in n-type and Os4-6 found in p-type 4H-SiC. 
The increasing signals are assigned to defects 
involving an Os-atom whereupon at least two 
different Os-related defect configurations must 
exist due to the different half-lives. The reason 
for this interesting behavior is the different 
recoil energies imposed on the daughter atoms 

by emitted γ-ray from either 188Ir or 189Ir. The 
decay scheme of each isotope yields the 
resulting recoil energies imposed on the Os-
atoms of 15 eV for the decay of 188Ir and 0.8 eV 
for the decay of 189Ir. Thus, we do not expect Os 
atoms resulting from the 189Ir decay to be 
displaced from the site the probe atoms were 
residing after implantation and subsequent 
annealing. In the case of 188Ir the recoil energy 
of 15 eV lies in the range of the displacement 
energy threshold, which is estimated to be 
between 13 eV and 30 eV in SiC [6]. As im-
purity atoms are anticipated to have smaller 
displacement energy than the host atoms it 
appears likely that the 188Ir-atoms are kicked 
from their position in the host lattice and 
therefore create different Os-related defect 
structure. The exact structure of these Os-
related defects is subject to further 
investigations. 

Table 1: Isotopes found in the SiC samples recoil 
implanted with 188Pt. The total amount of each 
isotope is dated back to the end of the implantation. 

Isotope half-life (d) number (×108) conc. (1013 cm−3)
186Ir 0.69 0.1 0.2 
187Ir 0.44 1.2 2.0 
188Ir 1.73 2.0 3.3 
188Pt 10.2 9.0 15 
189Ir 13.2 3.8 6.0 

 
A definite chemical assignment of band-gap 

states originating from Pt and Ir was obtained 
through the radiotracer principle: Pt has one 
double acceptor state Pt1 located at 
EC-0.81(2) eV and a remarkable single acceptor 
state Pt2 close to midgap at EC-1.46(4) eV. This 
deep acceptor state of Pt is, besides vandium, 
the deepest impurity-related center in 4H-SiC 
identified up to now, and very suitable for the 
accomplishment of semiinsulating SiC layers 
for high-frequency devices. No Pt-related defect 
was found in the lower part of the band gap. In 
the case of Ir, one acceptor-like state, Ir1, at 
EC-0.82 eV was observed. Growing levels were 
found in both n-and p-type samples, i.e., six 
deep levels emerge during the decay of 188Pt 
and 189Ir. The traps Os1-6 at EC-0.15(2) eV, 
EC-0.31(2) eV, EC-0.41(2) eV, EV+0.60(2) eV, 
EV+0.92(2) eV, and EV+1.09(3) eV are due to at 
least two different defects involving Os. 
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3.9 Local Electronic Structure in MgB2 Studied by β-NMR 

S. Indris, P. Heitjans [Institut für Physikalische Chemie und Elektrochemie, Universität 
Hannover]; H. Haas, W.-D. Zeitz 

MgB2 is a superconducting material with a 
critical temperature of Tc=39 K [1] which 
initiated extensive experimental and theoretical 
research concerning its electronic structure. We 
performed β-NMR measurements on MgB2 to 
investigate the local electronic structure around 
12B probe nuclei implanted into the sample. A 
beam of deuteron ions of 1.5 MeV is focussed 
onto a boron target to induce the reaction 
11B(d,p)12B. The radioactive 12B recoil nuclei 
have a spin polarization of about 10% and are 
implanted into a MgB2 powder sample. The 
asymmetry Aβ of the subsequent β-decay is 
monitored via β-detectors in the direction of the 
spin polarization and opposite to it. 
Fig. 1 shows the dependence of Aβ as a function 
of the frequency of a radiofrequency field 
applied to destroy the polarization in case of 
nuclear magnetic resonance. These measure-
ments were performed in the range near the 
double Larmor frequency 2νL to investigate 
transitions with ∆m=2, at temperatures between 
348 K and 823 K. 

The low-temperature spectra exhibit two 
peaks at 1645 kHz and 1710 kHz. The first peak 
is located at about twice the Larmor frequency 
and thus represents sites with a small electric 
field gradient. The second peak is more intense 
and shows a slight asymmetry. Its large shift 
from the double Larmor frequency gives a 
quadrupole coupling constant of 
Cq=(569±26) kHz corresponding to an electric 
field gradient of Vzz=(17.6±0.8) V/Å2. By 
comparison with conventional NMR experi-
ments on 11B [2–5] and also with quantum 
chemical calculations [6] this peak can be 
ascribed to the 12B atoms being located at 
regular lattice sites. 

When the temperature is increased the small 
peak attributed to irregular sites broadens 
continuously and vanishes. In contrast to that, 
the peak corresponding to regular boron sites 
narrows and its intensity increases. At 823 K 
the whole spectrum can be described by a single 
Gaussian. Furthermore, the background of the 
asymmetry is reduced with increasing 
temperature. 

These results show that the implanted 12B 
ions are predominantly incorporated at the 
regular sites in the boron honeycomb layers. At 
least at low temperatures the 12B nuclei occupy 
also sites with very small electric field 
gradients. Quantum chemical calculations show 
that one possible site might be the center of the 
hexagons in the honeycomb boron layers [7]. 
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Fig. 1: β-NMR resonances of 12B in a powder 
sample of MgB2 close to 2νL measured at 
temperatures between 348 K and 823 K. 
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3.10 Influence of the Ion Energy on the Structure and Composition of WS2-x-Films 
Prepared by Reactive Magnetron Sputtering 

S. Seeger, K. Ellmer [SE5]; W. Bohne, E. Strub, J. Röhrich 

In this work polycrystalline WS2-x films were 
prepared by reactive magnetron sputtering 
(rf 27.12 MHz) from a tungsten target in gas 
mixtures of Ar/H2S and Xe/H2S, whereby in 
both cases the H2S content was about 75%. 
In situ EDXRD was used to investigate the 
crystallographic structure while the films were 
deposited onto oxidized silicon at substrate 
temperatures of about 620°C and a total gas 
pressure of about 2 Pa. The systematic variation 
of the substrate voltage VS from floating 
potential to a negative bias up to -40 V 
increases the energy of positive ions impinging 
(H+, S+, Ar+ and Xe+) onto the growing films.  
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Fig. 1: EDXRD spectra of WSx films prepared by 
reactive magnetron sputtering (rf 27.12 MHz) at 
different substrate potentials Vs in gas mixtures of 
Ar/H2S (top) and Xe/H2S (bottom). The bars with 
symbols show the position of the powder diffraction 
files of WS2 (JCPDS 8-237) and W (JCPDS 01-
1204). 

Fig. 1 shows the EDXRD spectra of the 
sputtered WS2-x films prepared in Ar/H2S and 
Xe/H2S gas mixtures for different substrate 
biases. The spectra of WS2-x films sputtered at 
floating substrate potential, in the gas mixture 
of Ar/H2S VS=+20 V and Xe/H2S VS=+13 V, 

show the expected (001) texture, i.e. the 
occurrence of the (002l) diffraction lines 
(l=1-4). With increasing negative substrate bias 
the spectra of the WS2-x films prepared in both 
gas mixtures show an additional peak at a 
photon energy of about 36 keV, which can be 
attributed to metallic tungsten W (110). The 
sputtering of WS2-x films in the gas mixture of 
Xe/H2S shows that at negative substrate 
potential VS=−20 V the energy of positive ions 
is sufficient to disturb the growth completely 
compared to the sputtering in the gas mixture of 
Ar/H2S.  
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Fig. 2: The sulfur-to-tungsten ratio [S]/[W] of the 
WS2-x films prepared by reactive magnetron 
sputtering in gas mixtures of Ar/H2S (blue line) and 
Xe/H2S (red line) as the function of the substrate 
bias.  

Fig. 2 depicts the sulfur-to-tungsten ratio 
[S]/[W] of the WS2-x films determined by 
elastic recoil detection analysis (ERDA) versus 
the substrate bias. The [S]/[W] ratio of the films 
prepared in both gas mixtures decreases 
continuously with increasing negative substrate 
bias. Obviously, the energy of the positive ions 
impinging onto the growing films leads to 
resputtering of sulfur and is sufficient to disturb 
the crystallization. Due to the higher mass of 
Xe compared to Ar the bombardment of the 
film with Xe+ ions is more disturbing even for a 
grounded substrate potential. 

In conclusion, to avoid a disturbed film 
growth and changes of the composition during 
sputtering of WS2-x films it is necessary to 
adjust the ion energy carefully. 
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3.11 Low-Temperature Silicon Homoepitaxial Growth by Pulsed Magnetron 
Sputtering 

P. Reinig, F. Fenske, B. Selle, I. Sieber, W. Fuhs [SE1];W. Bohne, J. Röhrich, E. Strub 

There is a challenge to develop deposition 
techniques for processing device grade layers 
with abrupt profiles including δ-doping and 
with ideal interface properties. Also in the field 
of large area electronics, as e.g. flat panel 
displays and thin-film photovoltaics, there is an 
increasing demand of low thermal budget 
processing mainly because temperature 
sensitive substrates are used. Using a special 
sputtering technique with pulsed plasma 
excitation it was shown by the authors that 
epitaxial Si film growth with excellent 
structural quality can be achieved at 
temperatures of around 400°C without applying 
a high-temperature surface cleaning procedure 
prior to the deposition. The structural order of 
the films was examined by Rutherford back-
scattering channeling experiments (RBS-C) at 
the University of Jena. The elemental 
film/substrate composition was investigated by 
Heavy-Ion Elastic Recoil Detection Analysis 
(HI-ERDA) at the Ionenstrahllabor ISL of our 
institute. 

At all substrates interface contaminations 
were found by the HI-ERDA measurements. 
They mainly consist of hydrogen, oxygen and 
carbon and amounts to about one monolayer 
(≈1015 atoms/cm2 in total). In the film volume 
no significant systematic dependence of 
hydrogen and oxygen contents on the 
deposition parameters could be established. In 
all samples their concentration is below 
0.04 at%. Most interestingly, hydrogen was 
detected in the silicon substrate up to a depth of 
about 1 µm with the same concentration level, 
which is unusually high. The Ar concentration 
CAr in the films strongly depends on the 
deposition parameters and is related to the 
crystalline structure. 

The investigations by HI-ERDA reveal a 
significant dependence of the incorporated 
Argon, CAr, on the substrate temperature. CAr is 
high close to the substrate in the first ≈100 nm 
(initial growth phase I) and much reduced in the 
volume of the films (growth phase II). For 

instance, in films grown below or above 375°C 
CAr typically reaches values in the order of 
0.1-0.4 at% for phase I and amounts to less than 
0.01 at% for phase II. Lowest values for CAr 
were found in films deposited at 375°C. 
Comparing the depth distribution of CAr and the 
disorder profile DSi there is an obvious relation 
between structure and argon content. The 
disordered layer (phase I) contains much more 
Ar than the bulk (phase II) with a higher degree 
of order. For films deposited on (111) Si 
substrates in the same deposition run so far no 
channeling behaviour was observed. CAr in 
these films is quite high and varies between 
1 and 5 at%. 

The HI-ERDA composition analysis 
revealed significantly enhanced hydrogen 
contents up to 0.03 at% in the films as well as 
in the subsurface region of the substrates. This 
is nearly one order of magnitude higher than the 
concentration level detected in the Si-wafer 
volume. Therefore, it is reasonable to assume 
that at TS<390°C the growth process is 
controlled by interaction of particle bombard-
ment (Si, Ar) with the hydrogen covered Si 
surface. Following the arguments of Murty and 
Atwater [1,2] the particle bombardment induces 
hydrogen removal and local atomic-rearrange-
ment by subsurface implantation. At higher TS 
hydrogen desorption becomes important. The 
growth process will be changed by two aspects: 

i) loss of hydrogen may change the surface 
reconstruction and 

ii) the incoming energetic species may interact 
directly with the growing film. 

As a result, the growth condition may 
change drastically and the possibility of 
disorder creation by direct energetic particle 
bombardment increases considerably. 

[1] M.V.R. Murty, H.A. Atwater, Phys. Rev. B 49 
(1994) 8483. 

[2] M.V.R. Murty, H.A. Atwater, Nucl. Instr. Meth. 
Phys. Res. B 102 (1995) 293. 

 96 



 

3.12 Electron Beam Recrystallised Thick Film Silicon-a-Si-poly-Si Solar Cells 
on Float Glass Substrates 

F. Gromball, C. Groth, K. Ong, J. Müller [Department of Micro Systems Technology, 
Hamburg University of Technology and Science, Germany], R. Stangl [SE1]; W. Bohne, 
J. Röhrich, E. Strub 

In this project, an electron beam recrystallised 
polysilicon film is used as solar cell absorber on 
float glass substrates. ERDA measurements and 
accompanying simulations analyse the compo-
sitions of the different functional layers, with 
special focus on diffusion and interface behav-
iour. The zone melting recrystallisation (ZMR) 
process of fine microcrystalline deposited 
silicon to polysilicon films (p-Si) on a float 
glass substrate (borosilicate) is a critical 
process. A sputtered tungsten layer (W) of 1 µm 
thickness is used as an intermediate layer 
between glass and silicon (Fig. 1). It acts as an 
efficient thermo-mechanical support, as a 
diffusion barrier and, furthermore, as a backside 
contact. The wetting of the molten silicon on 
the tungsten is improved by a thin capping layer 
of silicon dioxide. 

 
Fig. 1: Scheme of the cell setup. 

The recrystallisation of a SiO2-Si-W film 
system presently allows absorber areas of about 

20 cm². The removal of the capping and 
subsequent amorphous emitter (a-Si) deposition 
is done at the Hahn-Meitner-Institute Berlin. 

Impurity distribution after ZMR processing 

Table 1 shows the mean bulk impurity con-
centrations within the silicon layer after the 
different recrystallisation steps. Thermal pre-
heating yields no significant change in the film 
composition. A decrease in hydrogen and 
chloride content is observed after the electron 
beam (e-beam) zone melting process. Nitrogen, 
carbon and boron are not observed in the 
boundaries of the ERDA detection range at 
0.05 at% for all applied intensities. The 
increased tungsten and oxygen concentration in 
the silicon bulk after ZMR is still under 
investigation, due to the presence of pinholes in 
the silicon and silicon dioxide layer and high 
surface roughness. 
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Table 1: Mean bulk impurity concentrations of the silicon absorber in atom% for different ZMR intensities as 
determined with ERDA. 

Sample/Elements Cl H O N C B W 
Reference 0.2 0.5 0.3 <0.05 <0.05 <0.05 <0.05
500°C preheating 0.2 0.4 0.15 <0.05 <0.05 <0.05 <0.05
500°C preheating+e-beam 0.33J/mm2 0.1 0.05 2 <0.05 <0.05 <0.05 2 
500°C preheating+e-beam 0.36J/mm2 0.03 0.03 2 <0.05 <0.05 <0.05 2.5 

 
[1] F. Gromball, J. Heemeier, N. Linke, M. 

Burchert, J. Müller, Solar Energy Materials and 
Solar Cells 84 1–4 (2004) 71. 

[2] F. Gromball, J. Heemeier, N. Linke, J. Müller, 
Proceedings 19th EUPVSEC, Paris, France 
(2004). 
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3.13 High Energy Proton Irradiation Effects on GaN HEMT Devices for 
Space Application 

S. Gnanapragasam, E. Richter, R. Lossy, M. Weyers, G. Tränkle [Ferdinand-Braun-Institut 
für Höchstfrequenztechnik Berlin]; A. Denker, J. Opitz-Coutureau 

Applications of semiconductor devices in high 
reliability space systems require a thorough 
understanding of the reliability and failure 
mechanisms associated with the selected 
devices. Gallium Nitride has a number of 
desirable properties for improved high power, 
high frequency microelectronic applications at 
elevated temperatures. AlGaN/GaN high 
electron mobility transistors (HEMTs) have 
demonstrated remarkable advances in 
microwave and low noise operation over the 
past few years. Since these devices are 
potentially useful as microwave devices in 
broad-band satellite transmission for commu-
nications, television and weather forecasting 
systems, it is important to understand the 
radiation response of these devices. In space, 
the aircrafts are encountered by energetic 
particles like protons, electrons and heavy ions 
such as carbon, iron and oxygen. In the case of 
low energy particle irradiation, GaN based 
HEMTs revealed enhanced radiation hardness 
when compared to GaAs based electronic 
devices, which is promising for space appli-
cations [1]. GaN based devices are able to work 
in hostile environments and thus substantial 
weight savings can be made in aircrafts and 
spacecrafts. 

Irradiation of GaN-devices with protons has 
been reported for different energies of 1.8 MeV, 
2 MeV and 40 MeV [2] no conclusions on the 
suitability for space applications have been 
drawn in these papers. There are no reports 
available for heavy ion irradiations until now 
for GaN HEMT devices. We are interested to 
study the degradation of electrical performance 
as a result of proton and heavy ion irradiation 
induced displacement damage (DD) that occurs 
in our devices. 

In our present investigation for the 
fabrication of GaN HEMT, epitaxial layers 
were grown by Metal Organic Vapour Phase 
Epitaxy on c-plane sapphire substrate, as shown 
in fig. 1. Ti/Al/Ti/Au ohmic contacts forms 
source and drain. Pt/Ti/Au Schottky contacts 

serve as gate. The gate length and width are 
1.8 µm and 250 µm. Samples were diced and 
the devices were irradiated at room temperature 
with protons of energy 68 MeV and at fluences 
of 1010, 1011, 1012, 1013 cm-2. Penetration depth 
in GaN (density 6.1 g cm-3) for 68 MeV protons 
is 9.5 mm. Degradation of HEMT electrical 
parameters were studied by methods like the dc 
characteristics – output characteristics, transfer 
characteristics and pulsed I-V characteristics 
before and after irradiation. Also Hall effect and 
CV measurements have been made for all the 
samples. 

GaN Cap                              2 nm

AlGaN Barrier                     10nm

AlGaN Supply Si: 3*10 10nm
19      

AlGaN Spacer                      5nm

GaN Buffer                        2.6µm

Nucl. & grading layer       350nm

Substrate sapphire

Source             Gate           Drain

 
Fig. 1: GaN HEMT device. 

The dc characteristics were measured at 
room temperature with an automatic wafer 
prober. Fig. 2a shows the I-V characteristics of 
a typical Al(0.25)Ga(0.75)N-GaN HEMT 
before and after irradiation at high energies. For 
dc characteristics, the gate was biased from 
-4 to 2 V in steps of 1 V. The maximum drain 
current after irradiation was 130 mA at a gate 
bias of 2 V and a drain bias of 6 V. The device 
pinched-off at VGS = -4 V. Knee voltage was 
less than 4 V at a gate bias up to 1 V. At gate 
biases of 0 to 2 V current drops were observed 
starting at VDS = 6 V caused by the self heating 
effect because of the poor thermal conductivity 
of sapphire substrate. It can be noted that the dc 
characterisation shows an increase in the drain 
source current after irradiation for all fluences. 
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Fig. 2a: I-V characteristics before (- black) and after (- red) irradiation, fluence of 1x1013. 

-6 -4 -2 0 2

0.00

0.02

0.04

0.06

0.08

0.10

0.12

VDS = 15 V

g
m  (m

S/m
m

)I D
S (

A
)

VGS (V)

0

20

40

60

80

100

 
Fig. 2b: Transfer characteristics before (- black) and after (- red) irradiation, fluence of 1x1013. 

The transfer characteristics of a HEMT 
before and after irradiation are shown in fig. 2b. 
The peak transconductance gm after irradiation 
was 103 mS/mm at VGS = -2.27 and VDS = 
15 V. We have observed an increase in gm of 
3 to 7 % after irradiation for low to high 
fluences. The breakdown voltage for all 
fluences was not changed after the irradiation 
depending on the type of transistor it is in the 
range of 62 to 108 V.  

The pulsed dc measurements were 
performed by Dynamic I-V Analyser (DIVA) 
using Accent D625. Pulsed measurements 
before and after irradiation are shown in fig. 3a 
and b. During pulsing the gate and drain 
voltages are switched simultaneously away 
from the steady bias point to the point where 
the current had to be measured for a very short 

time (pulse length 200 ns, pulse separation 
500 µsec). The gate voltage swept from –4 V to 
1 V and VDS was kept at 20 V. 

Fig. 3a and b shows the influence of traps 
present at the surface and in the bulk. At the 
steady bias point of VGS = 0 V and VDS = 0 V 
practically no traps are activated since the gate 
space charge region is small. Pulsing from these 
conditions nearly represents the ideal I-V 
characteristics, as it would appear in the ab-
sence of any traps. In our case there is a 
decrease in drain source current after irradia-
tion, which indicates that surface traps are 
activated. If the steady bias point is increased to 
VGS = -3.50 V and VDS = 20 V as shown in 
fig. 3b, these measurement conditions addition-
ally consider the effect of traps located in the 
buffer. From both measurement conditions it 
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can be noted that current decreases after 
irradiation but the bending of curve is more in 
the case of fig. 3b, which indicates the presence 

of bulk traps more than the surface traps. At 
present measurement was made only for fluence 
of 1x1013. 
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Fig. 3a: Pulsed I-V characteristics before (- black) and after (- red) irradiation, fluence of 1x1013. 
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Fig. 3b: Pulsed I-V characteristics before (- black) and after (- red) irradiation, fluence of 1x1013. 

Further characterisation like CV, DLTS and 
TEM are underway to identify the nature of 
defects in our devices. 

AlGaN/GaN HEMTs devices described here 
show a remarkable resistance to proton 
irradiation. We have observed an increase in the 
dc and transfer characteristics but it can be 
noted that there is decrease in current by pulsed 
dc measurement. This decrease, which is 
contradictory to the dc characterisation, is not 
clearly known at present and more characterisa-
tion will help us to understand the behaviour of 

our devices. This agrees well with the 
expectation that GaN based electronic devices 
should be very radiation hard more so than 
GaAs based electronic devices. 

[1] F. Gaudreau, P. Fournier, C. Carlone, M. 
Khanna Shyam, H. Tang, J. Webb, A. 
Houdayer, IEEE Transactions on Nuclear 
Science, Vol.49 (2002), 2702. 

[2] B. Luo, J.W. Johnson, F. Ren, K.K. Allums, 
C.R. Abernathy, S.J. Pearton, R. Dwivedi, T.N. 
Fogarty, R. Wilkins, A.M. Dabiran, CA.M. 
Wowchack, C.J. Polley, P.P. Chow and A.G. 
Baca, Appl. Phys. Lett. Vol. 79 (2001) 2196. 
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4. Accelerator Facility; Operations and Developments 
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4.1 ISL Operations and Developments 

Scientists: H. Homeyer, P. Arndt, W. Busse, A. Denker, W. Pelzer, C. Rethfeldt, J. Röhrich 
Operators: J. Bundesmann, R. Grünke, G. Heidenreich, H. Lucht, E. Seidel, H. Stapel 

The ion-beam laboratory ISL offers ion-beams 
from various accelerators and accelerator 
combinations with energies ranging from some 
tens of eV to several hundred MeV dedicated to 
the application of ion-beam techniques. Internal 
and outside users study the basics of the inter-
action of ions with solids. They modify and 
analyse materials with ion beams and they 
perform radiotherapy of eye tumours with fast 
protons in a joint venture with university clin-
ics. Users have at their disposal 15 different 
irradiation areas equipped with specific instru-
mentation. 
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Fig. 1: ISL Operations since 1995: ISL has man-
aged to operate the facility with an average of 
3,000 hours of beam-time on target. The hatched 
parts are low energy (Van-de-Graaff) beams. It can 
be observed that i) the demand for high energy 
beams and the reliability (less breakdowns) in-
creased and ii) the total tuning time stays relatively 
constant, which is due to the fact that the number of 
users with different beam settings increased. In 
addition, high levels of beam quality were asked for 
by many users. 

ISL operations went rather smoothly in 
2003. As seen in Fig. 1 the time for unsched-
uled downtimes reached a new all-time low. 
Simultaneously the production of high energy 
beams within the scheduled operation time of 
4,300 hours climbed to a new all-time high of 
nearly 3,000 hours. Several reasons contributed 
to this excellent outcome: i) improved opera-
tions of the ion source for Au ion beams which 
have become the most attractive beam used in 
2003, ii) better reproducibility for the phase 
matching between the RFQ and the cyclotron, 

resulting in shorter tuning times, iii) training of 
the operators (which was by mistake included 
in the statistics of 2000, this has now been 
corrected), and iv) a larger demand for high 
energy proton beams, providing an effective use 
of the time between therapy sessions either for 
high-energy PIXE or radiation hardness testing. 

Any user has access to the ISL via a pro-
gramme advisory committee, which meets 
annually, and decides on the applications for 
beam time solely on the basis of the proposals’ 
scientific merit. 41 different projects (27 in 
2002) involving more than 100 (70 in 2002) 
scientists received beam time in 2003. In total, 
more than 80 projects are active at ISL. At its 
annual meeting, the programme advisory com-
mittee accepted 41 proposals, 24 new ones and 
17 addenda to running experiments. 
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Fig. 2: Use of ISL ion beams. Materials modifica-
tions have become the largest part of research and 
development at ISL. 

Materials analysis in 2003 used exclusively 
fast ions, either heavy ions for ERDA or pro-
tons for high-energy PIXE. They used an al-
most constant share of beam time (see Fig. 2). 
Eye tumour therapy was performed at 9 therapy 
blocks, however, the medical applications used 
less beam time than 2002 for research work, 
reflecting changes in personnel. The most 
active field, concerning new proposals as well 
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as amount of beam time is materials modifica-
tion and ion-solid interaction. 
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Fig. 3: ISL´s development into a user facility. 
External users including proton therapy use more 
than 2/3 of the beam-time. 

The amount of beam time used by external 
users was again more than 2/3 of the overall 
time (see Fig. 3). Looking at the origin of the 
users, the universities increased once more their 
share, due to the on-going trend in the scientific 
programme towards ion-beam modification of 
materials. 

 HMI/SF4
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Industry
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Therapy
15%

 
Fig. 4: Origin of ISL Users: The university share 
has again increased. This is due to their active 
involvement in the materials modification pro-
gramme. 

The set-up of new target stations was pur-
sued, and three of them went into operation in 

2003: two of them are dedicated to interaction 
of ions with solids and one is to recoil implan-
tation (see following contributions). 

The tendency of using lightest and heaviest 
ions available consisted. The most requested 
beam was gold, now used for nearly one third 
of the overall beam time. In addition, so-called 
cocktail beams, ions with the same charge/mass 
ratio and the same velocity, have been pro-
duced: 2 MeV/u Ne/Ar and 3.5 MeV/u Kr/Xe. 
We assume an increasing demand for these 
cocktail beams, as they will allow rapid changes 
of the ion species and therefore the energy 
deposition. 

p
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197Au
31%

12C
10%d
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Fig. 5: Fast ion beams used at ISL: in 2003, most 
of the beam time used either the lightest or the 
heaviest ions available. In addition, so-called 
cocktail beams have been produced. 

Besides the installation of new target sta-
tions, most of the development was to increase 
the reliability of the facility in general. The 
quadrupole power supplies in the extraction 
beam line have been exchanged. The set-up of 
the new platform for the injection into the RFQ 
continued. When this platform is in operation, 
we expect a reduction of tuning times, as the 
ECR-source can be prepared parallel to a run-
ning experiment. 
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4.2 Injector Developments 

P. Arndt, D. Böhm, K. Effland, W. Hahn, U. Müller, J. Röhrich, T. Winkelmann  

Over the last year, operations of the injectors 
were very stable and reliable without unsched-
uled shutdowns, in particular for the proton 
beam necessary for the eye tumour therapy. 

The modification of the magnetic field of the 
old 14.5 GHz ECRIS [1] has improved the 
performance of the ion source considerably. 
This could be shown in various tests on the test 
bench. Thus, we can run now two nearly 
identical sources of the Supernanogan type. 
After the tests the ECRIS was dismounted from 
test bench and installed at the new 150 kV 
injector platform for the RFQ beam-line. 
5.5 MV Van-de-Graaff Accelerator (CN) 

After about 14,000 hours of operation the 
CN the charging belt was replaced. The new 
belt was glued following our standard 
procedure and it is running successfully already 
6 month without any problems. 

Another major change was the planned 
replacement of the nearly 30 years old optical 
data transmission interface [2] for remote 
control of the CN terminal. Now equipped with 
faster and modern electronics we expect an 
improved reliability. 

The 10 GHz ECRIS Nanogan has been 
installed at the CN Terminal for tests with 
heavy ions. The achieved 500 nA of analysed 
Kr8+ beam was much lower than expected. 
Reasons for the low output may be insufficient 
vacuum or optical mismatch. To clarify the 
situation the source will be mounted on the test 
bench keeping the same configuration as on the 
terminal. 

200 kV High-Voltage Platform 

Gold ion beams were again the most 
frequently produced beams at ISL amounting to 
a fraction of 36%. We evaporate the gold from a 
micro oven inside the 14.5 GHz Supernanogan. 
Operations with the new oven holder [1] were 
very successful. Small modifications were 
necessary to allow for a very smooth movement 
of the oven inside the plasma tube in order to 
keep the inner tube with the material for 
evaporation on its position inside the filament. 

The first beam of newly developed ion 
species (see below) was a 120 MeV 63Cu9+. 

New 150 kV High-Voltage Platform 

The installation of the components including 
the whole beam-line was finished and the 
integration of the injector in the ISL control 
system has been started. The electrostatic 
insulation has been tested continuously during 
installation. 

 
Fig. 1: Analysing magnet (blue) and acceleration 
tube with a diagnostic box (left) on the new 150 kV 
platform. In the background (left) the 14.5 GHz RF 
transmitter with its large green exhaust pipe is 
visible. 

Critical spots had been identified and been 
cured by ring-shaped attachments. An overview 
of the platform from two sides is depicted in 
Fig. 1 and Fig. 2. 

Ion-Source Test Bench 

The work at the test bench was focused on 
the 14.5 GHz Supernanogan with the axial 
magnetic field modified in 2003. This 
modification led to a much better performance, 
now comparable with the Supernanogan 
2000 on the 200 kV platform as demonstrated 
by the operation of the source with ions from 
“standard” gases to gold. 
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Fig. 2: View on the complete built-on 150 kV 
platform with the RF transmitter (down right), the 
gas selector with five gas bottles (down left), the 
compact 14.5 GHz ECRIS Supernanogan (middle 
left) and the analysing magnet and the acceleration 
tube (up right). 

The test bench operations have also been 
used for the development of new ion species. 
First we tested copper with the sputter 
technique. Unfortunately, the ion yields ob-
tained by sputtering from a copper bias tube 
were far below the µA range and could not be 
considerably enhanced by varying the position 
of the tube tip inside the plasma chamber.  
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Fig. 3:  Copper charge-state distribution of the 
ECRIS Supernanogan 2003 in oven operation 
analysed at the test bench. The good separation of 
the stable isotopes can bee seen clearly. 

Therefore, we tried the oven technique since, 
despite a 20 degrees higher melting point, the 
copper vapour pressure is higher than the one of 

gold. Already with moderate oven heating and 
medium RF power a Cu11+ beam of more than 
5 eµA could be analysed (Fig. 3). 

A further test was performed with silver. Due 
to the very high price of enriched silver a 
natural isotope mixture was used for 
evaporation. As expected – the melting point of 
silver is 962° - the tuning of the source was 
relatively smooth and a current of about 6 eµA 
Ag19+ could be analysed. The beam was stable 
and the silver consumption was about 1 mg/h. A 
typical spectrum is depicted in Fig. 4. Due to 
the low consumption and the moderate heating 
a larger output should be possible by refined 
tuning of the ion source. Based on the 
promising results high energy silver ions are 
now available for experiments at ISL. 
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Fig. 4: Silver charge state distribution analysed at 
the test bench. As for copper the separation of the 
isotopes is obvious. 

The last study was performed with the mono 
isotope bismuth due to its high mass and its 
high stopping power, respectively. From a 
former test at the 200 kV platform before a 
service period the risk of a contamination of the 
plasma chamber and the extraction region with 
the metal due to the low melting point of 271°C 
was known. We tuned the source very carefully 
by increasing the oven electrical power and the 
RF power smoothly, since the latter gives a 
significant contribution to the heating of the 
oven. Currents in the µA region could easily be 
obtained, which is demonstrated by the typical 
spectrum in Fig. 5. 
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Fig. 5: Bismuth charge state distribution analysed 
at the test bench. Please not the very low electrical 
power for oven heating. 

Nevertheless the long-time stability of the 
analysed beam in this three days test was not 
satisfactory. After switching off the oven the ion 
current fell slowly, but the visible 
contamination of the plasma chamber was only 
small. To make bismuth a suitable alternative to 
gold further improvements are necessary. With 
the new 150 kV platform in operation bismuth 
ions can be offered to the experimenters. 

We also carried out a MIVOC (Metal Ions 
from VOlatile Compounds, [3]) experiment 
with nickelocene (Ni(C5H5)2) for the production 
of nickel ions. We ran with different gas flows 
regulated by a simple hand valve with and 
without oxygen as mixing gas. The maximum 
current was about 20 eµA of Ni9+ but the 
stability was bad. After one week of experi-
ments one of the turbo pumps at the extraction 

region crashed and the cobalt-samarium alloy of 
a magnetic bearing was dispersed in the beam 
line. We stopped the test period in October 
2004 and transferred the ECRIS to the new 
150 kV platform. 

Future Developments 

The main task for 2005 is to start operations of 
the 150 kV platform and to tune the injection 
into the existing beam-line to the RFQ. 

From the operation of the 10 GHz Nanogan at 
the test bench we expect clear hints for possible 
improvements at the CN terminal, in particular 
of the vacuum system to get higher outputs of 
highly charged ions. 

Last but not least, we will work on gas mixtures 
for cocktail beams, to reduce the switching 
times between the irradiations with different 
ions. 
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4.3 Cyclotron-, RFQ- and RF-Operations 

W. Pelzer, G. Brüning, T. Damerow, G. Heidenreich, M. Przewozny 

There have been no major shutdowns of 
scheduled beamtime due to the cyclotron and 
the RFQ-accelerator. Nevertheless several 
incidents were caused by sudden loss of 
primary power, and a lot of smaller problems 
were encountered. 

Some successful beam development can be 
reported: A new beam of copper-ions (120MeV 
63Cu9+) is available fom the RFQ-source. The 
“cocktail”-beam of 3.5 MeV/n 36Ar6+ from the 
RFQ can now be offered with corresponding O, 
Kr and Xe ions, with short switching times 
from one species to the next. Only the reference 
frequency of the accelerators and the voltage of 
the ion source platform have to be adjusted for 
the mass defect. A light ions “cocktail” of 
10 MeV/n from the CN-injector is tested but 
not yet available; the variable shift of beam 
energy of the different ions due to stripping 
means retuning for each species of either the 
injector or the cyclotron. The transmission 
through the cyclotron of the 68 MeV-proton-
beam for eye-tumour-therapy had declined over 
the years, therefore a new reference setting for 
the isochronous field has been developed. Now 
the injected dc-beam of protons can be 
extracted from the cyclotron with more than 
10 % efficiency. 

We had very busy maintenance days at the 
cyclotron at every subsystem, used mainly for 
repair. The extraction beam line was rearranged 
(exchange of valve- and cup-position and 
insertion of a quartz glass for beam 
observation): We found the extracted beam at 
that position not to be circular, but always to be 
oriented horizontally, width up to 15 mm and 
height less than 2 mm.  

Some deficiencies of the RF-system had to 
be traced down. The dee-voltage at one of the 
two resonators was found to be 10% lower than 
indicated and therefore needed recalibration 
against x-ray-measurement. Instabilities of the 
dee-to-dee-phase were caused by the defective 
computer interface. One driver amplifier 

switched off eratically due to a supply problem 
and blower fatigue. Similar failures occured 
with one anode power supply. For the cocktail-
beams we added another input to the reference 
frequency generator of the ISL-accelerators, 
which allows for smooth variation of the 
driving frequency within a 10 kHz-range. 
Changing the master frequency directly by 
decadic control would cause breakdowns of the 
running RF-systems. 

The vacuum system showed sporadic 
leakage at a cryo pump valve due to fatigue of a 
gasket, and a valve of one turbo pump had to be 
replaced twice. Three defective triaxial 
feethroughs at the phase probes were found and 
replaced. Now the regular chamber pressure is 
below 10−7 mbar again. 

The big pressure regulation valve of the 
main cooling water supply was leaking and had 
to be replaced. New power supplies for the 
electrostatic deflectors have been delivered; 
they will be implemented as soon as the 
interface is adapted to the special ISL-
requirements. The sparking inflector forced us 
twice to open the extraction flange and to do 
repair on the injection package. Several 
elements showed sporadic failure due to aging 
contacts, mainly the extraction elements and 
diagnostics. 

An additional buncher has been inserted in 
the beam line after the RFQ. This buncher shall 
compensate for the energy spread of the 
extracted RFQ-beam, if very heavy ions are 
accelerated at low energy. For these beams the 
existing buncher alone cannot rebunch all of the 
particles for cyclotron injection. Therefore an 
increased transmission is expected with the 
second buncher, which will be operational as 
soon as the computer interface is ready. 

The RFQ-accelerator allowed for pretty 
smooth operation. Only some rare sparking in 
the chamber, few amplifier breakdowns due to 
component failure, and a crash of one turbo 
pump had to be counteracted. 
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4.4 ISL-Control System Upgrade: A Progress Report 

W. Busse, M. Birnbaum, D. Draht, R. Grünke, D. Hildebrand, J. Reinicke, C. Rethfeldt 

Ion Source Control and Driver Software 

The new 150 kV ion source project has 
implemented hardware which requires device 
control on the 150 kV-platform. Therefore a 
front-end linux computer has been installed on 
the high voltage level which holds the Vsystem 
database (VISTA Control Systems, Inc.) for all 
the control and monitoring parameters on that 
platform. This computer is integrated into to the 
control system network by light links. New 
drivers had to be developed for the Vsystem 
access to RS232 interfaces and to the PCI 
CAMAC controller in addition to the graphical 
user interfaces (GUI's) and the corresponding 
tools for ion source operation. The GUI's and 
the control tools operate in remote access to the 
front-end database. 

A new operating feature is the parameter 
control by commercially available mechanical 
knobs (HYTEC Electronics Ltd.) connected by 
RS232 to their associated linux computers. A 
special routine activated by a button on the 
Vsystem GUI allows for parameter hooking or 
unhooking. The gas selector GUI shown in 
Fig. 1 gives an idea of the newly implemented 
control features such as hook/unhook a 
parameter to a knob or drive a parameter by a 
ramping or overshoot program. Furthermore, 
parameter settings (parsets) may be saved and 
restored for operating reasons. 

 
Fig. 1: The ion source gas selector GUI illustrates 
the device control by Vsystem sliders, by newly 
implemented hardware knobs (hook/unhook) or by 
running a ramping/overshoot function. Setting 
values may be saved or restored on request. 

All of these are in-house developments 
written in C-programming language to adapt 
Vsystem to ISL specific operating purposes. 

Status Information about the ISL-Facility 

One of the aims of the control system 
upgrade is the generation of comprehensive 
graphical views of all parts of the ISL-Facility. 
Among these Fig. 2 shows the Demi-Water-
Valve status of ISL cooling system as an 
example. One display allows the operator to see 
the complete current system status. 

 
Fig. 2: Vsystem based GUI for the section valves of 
the ISL cooling system. 

The programming features of the Vsystem 
database have also been used for the 
development of a simple general status display 
in the ISL corridors, as shown in Fig. 3. Any 
information of interest can be distributed to 
these displays in parallel to the existing 
INTERNET and WAP Services. 

 
Fig. 3: The ISL Online Information System in the 
corridors shows the general machine status. 
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4.5 The Berlin Ion Beam Exposure and Research facility (BIBER) 

J. Opitz-Coutureau, J. Bundesmann, A. Denker, H. Homeyer 

 
 
Fig. 1: The BIBER-facility. In the middle: the large irradiation chamber. Right: the high-energy beam line, left: 
the low energy beam line – both consisting of quadrupole lenses, x-y-steerer pairs and the dosimetry chambers. 
The ISL technology transfer project BIBER (Berlin Ion Beam Irradiation and Exposure facility) is a universal 
irradiation facility dedicated to serve users from research institutes as well as from commercial companies. The 
field of possible application ranges from radiation hardness tests to materials modification by ion irradiation. 

Fig. 1 reflects the BIBER installation status 
by the end of 2004. In the year under report, the 
installation of the low energy beam line part has 
been completed by the vacuum and dosimetry 
systems and the electromagnetic wobbler 
system. A completely new design of the 
rotational motion drive was realised which 
insures for reliable positioning of the 
manipulator with respect to the angle of 
incidence of the ions. The capabilities of the 
vacuum system where extended by the 
installation of a second cryogenic pump to the 
BIBER chamber.  

The CODIAN control system now allows for 
automatic pump down and venting of the main 
chamber. Fig. 2 (left) shows the graphical user 
interface that gives access to the vacuum 
handling panel and a pressure history chart. 
CODIAN@BIBER also controls the movement 
of the manipulator. Fig. 2 (right) shows the 
manipulator control panel. The actual 
manipulator position is shown on top whereas 
an input field in the middle can be used to enter 
the new irradiation coordinates. Using a so-
called position file, recurring positions can be 
defined and addressed. 

 
Fig. 2: The graphical user interface of CODIAN gives access to all BIBER controls. Left: the vacuum-handling 
panel demonstrating the pump down, right: the BIBER manipulator control panel. 
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Fig. 3: Graphical control panel of the dosimetry 
system during a test with an ionisation gauge. 

A third adaptation of the CODIAN system is 
used to control the residual-gas-ionisation 
dosimeter read out, the ion beam current and 
the pressure in the dosimetry chamber (see 
Fig. 3). Actual values and trends are shown as 
numerical data and graphs. The absolute ion 
beam current can be measured during an 
irradiation break whereas the count rate of the 
micro-channel plate detectors (MCP), used in 
the dosimeters, and pressure data are taken 
permanently and non-destructively. Fig. 3 
shows artificially created MCP-signals using an 
ionisation gauge. During the test described 
above, both dosimeters were mounted on the 
high-energy dosimetry chamber. One of it has a 
reduced extraction volume. The resulting lower 
count rate is to be seen. A MCP dosimeter 
prepared like this can be used to monitor higher 
ion beam currents of up to about 400 nA (see 
Fig. 4). 
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Fig. 4: Test of the MCP dosimeter at higher ion 
beam currents: the standard MCP dosimeter (black) 
is saturated; the MCP dosimeter with reduced ex-
traction volume (red) shows linear signal response. 

On the other extreme, Fig. 5 shows a test of 
the MCP dosimeter to extend its capabilities to 
measure very low ion beam currents by 

introducing Argon into the dosimetry chamber 
through a thermo-valve. Both, the high pressure 
as well as the higher mass of the gas in the 
extraction region (and therefore the collision 
and ionisation cross section) led to higher MCP 
count rates which is very promising for 
measurements of very low beam currents. 

In Fig. 5 one can also see the capability of 
the MCP dosimeter to distinguish between dif-
ferent ions constituting a cocktail beam, which 
is, again, caused by the collision cross sections 
of the ions in a given environment. Very low 
ion beam currents can be realised using multi 
hole apertures with known reduction ratios. 
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Fig. 5: Comparison of different MCP count rates 
due to different ion beams and pressures.  

Fig. 6 displays the manipulator prepared 
with two target holders to lower the mean 
sample changing time (the rear side is shown). 
First experiments for materials modification 
and radiation hardness testing have marked the 
start of routine operation. Heavy ion irradia-
tions of large areas have been carried out at a 
wide span of fluencies [1]. 

 
Fig. 6: Example of a large area irradiation set-up 
for a materials modification experiment. 

[1] D. Fink et al., ISL annual report 2004, page 40 
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5. Radiation Dosimetry and Therapy 
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5.1 Influence of Tantalum Clips Used in Eye Tumour Therapy on the Dose 
Distribution of a 68 MeV Proton Beam 

J. Heufelder, R. Stark, A. Weber 

In proton therapy of choroidal melanoma of the 
eye tantalum clips sutured to the globe of the 
eye are used as landmarks to align the tumour 
to its irradiation position. In theory it is possible 
that clips are positioned between tumour and 
radiation source. Therefore we studied the 
influence of the clips on the dose distribution of 
a 68 MeV proton beam. 

For the measurements we produced a Lucite 
phantom of 5.3 mm thickness containing five 
tantalum clips under different angles (0°, 30°, 
45°, 60° and 90°) with respect to the phantom 
surface. The phantom was placed into the 
isocentre of a 68 MeV proton beam which was 
modified to create a spread out Bragg Peak 
typically used in the therapy of uveal melanoma 
(range and modulation: 22.9 mm). 

The dose distribution behind the clips was 
measured in different depths with a fast 2D 
dosimetry system based on a scintillator foil 
and a CCD camera with a resolution of 
0.5 mm/pixel. The depth variation was realized 
by putting Lucite plates between phantom and 
detector. 

 
Fig. 1: Schematic setup of CCD camera system: 
the proton beam creates a doserate-proportional 
light emission on the scintillation screen which is 
photographed by a CCD camera. 

In order to get rid off detector and 
background effects we made a background 
measurement in each depth, by using a 
geometrical similar Lucite phantom without 
clips. During image processing at a computer 
we divided the image signal height with clips 

by the image without clips at the same depth. 
The resulting image was normalized at 100 % 
in the undisturbed area and displayed in pseudo 
colours (Fig. 2). 
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Fig. 2: Relative dose distribution of the Tantalum 
clips (pseudo colours – grey corresponds to 100 % 
dose, yellow to red above 100 % dose and green to 
blue less than 100 % dose). 

Clips produce hot spots at their edges (up to 
115 % with respect to the undisturbed dose 
distribution) and in their holes (up to 130 %), 
and cold spots behind themselves (down to 
42 %). The relative dose in the hot and cold 
spots depends on the measured depth and the 
clip orientation (angle) as shown in Fig 3. 
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Fig. 3: Depth dose distribution of an undisturbed 
spread out Bragg-Peak (dark blue) of the maximum 
dose behind a clip (red – clip angle 0°, orange – clip 
angle 90°) and the minimum dose behind a clip (blue 
– clip angle 0°, violet – clip angle 90°).  

From to the measured cold spots it follows 
that a clip must not be positioned between 
tumour and radiation source. This has to be 
taken into account during treatment planning. 
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5.2 Dosimetry of a 68 MeV Proton Beam Using Normoxic Polymer Gels 

J. Heufelder, I. Naumann; C. Bayreder, A. Berg [Universität Wien, Zentrum für 
Biomedizinische Technik und Physik]; L. Lüdemann, M. Pfaender [Charité, 
Universitätsmedizin Berlin, Campus Rudolf Virchow, Strahlenheilkunde]; G. Grebe 
[Technische Fachhochschule Berlin] 

Polymer gels are used for the verification of 
dose distributions in intensity modulated 
radiotherapy (IMRT), stereotactic radiotherapy 
and brachytherapy. First experiments in proton 
therapy of eye tumours were done with 
BANG™ polymer gels. We analysed the 
influence of patient collimators and wedge 
angles. The BANG-gel handling is very 
difficult, and it shows a pronounced quenching 
of the Bragg-Peak. The resolution of the MR 
images (0.3 mm/Pixel) should be improved. 

Now we use two different polymer gels: 
MAGIC-gel [1] and THPC-gel [2]. Both are 
normoxic gels and can be easily produced by 
ourselves within two hours. The gels were filled 
in polypropylene (PP) or Barex™ containers 
and irradiated with a 68 MeV proton beam at 
the Ionenstrahllabor of the Hahn-Meitner-
Institut Berlin. 

We applied single Bragg-Peaks and spread 
out Bragg Peaks of different dose to the gels. 
Therefore the PP-containers were placed on a 
sample holder, fixed at the patient chair of the 
eye tumour therapy beamline. Seven fields 
(diameter: 20 mm) were irradiated to each 
container. The Barex-containers were much 
smaller than the PP-containers, so only one 
field (diameter: 12 mm) could be applied to 
each container. The containers were placed in a 
water phantom in front of the beam. 

In order to achieve a better resolution and a 
better signal to noise ratio (SNR) we used two 
different 3 T MR-scanners. In the clinical MR-
scanner at the Charité in Berlin there the gels 
were analysed in the PP-containers with a 
conventional knee coil. The group of the 
Medical University of Vienna analysed the gels 
in the Barex-containers in a bird cage coil with 
their research MR-scanner, which has an 
microscopy insert with high magnetic field 
gradients. 

In the PP-containers we observe an area of 
reduced polymerisation near the wall of the 

containers (Fig. 1). In the Barex-containers such 
an area is not to be seen (Fig. 2). 

 
Fig. 1: Photograph of a single Bragg-Peak in 
MAGIC-gel. The gel was irradiated from the left-
hand side in a PP-container. At the left edge is an 
area of reduced polymerisation to be seen. 

 
Fig. 2: Photograph of a single Bragg-Peak in 
MAGIC-gel. The gel was irradiated from the left-
hand side in a Barex-container. The polymerisation 
of in the gel reaches to left edge of the gel. 

With the 3 T research MR-scanner in Vienna 
we achieved a good SNR (Fig. 3) with an 
acceptable resolution (0.2 mm/Pixel). Therefore 
long measurement times (more than 10 h) were 
needed. At the clinical MR-scanner in Berlin 
only short time slots were available (max. 1 h), 
which results in a poorer signal to noise ratio 
(Fig. 5). 

In THPC-gel we observe a quenched Bragg-
Peak (Fig. 3). Higher irradiation dose results in 
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saturation of the gel and to a further quenching 
of the Bragg-Peak (Fig. 3). The gel shows only 
in a small range a linear dose response (from 
0.5 Gy up to 4 Gy – Fig. 4). 
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Fig. 3: Depth dose curves of single Bragg-Peaks 
with different incident dose in THPC-gel and a depth 
dose curve measured in water with a Markus ion 
chamber (MIC, curve in dark blue). 
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Fig. 4: Dose calibration curve of THPC-gel 
(Measured relaxation rate R2 – squares, linear fit – 
blue). 

The quenching of the Bragg-Peak is more 
pronounced in the MAGIC-gel (Fig. 5) than in 
THPC-gel. Saturation effects are observed at an 
incident dose of 12 Gy (Fig. 5). The area of 
reduced polymerisation by using PP-containers 
can also be observed at the beginning of the 
depth dose curve (between 2 mm depth and 
9 mm depth). The linear dose range of the gel 
reaches from 0.5 Gy up to around 30 Gy. 
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Fig. 5: Depth dose curves of single Bragg-Peaks 
with different incident dose in MAGIC-gel and a 
depth dose curve measured in water with a Markus 
ion chamber (MIC, curve in dark blue). Area of 
reduced polymerisation between 2 mm depth and 
9 mm depth. 

In further experiments we will use the 
MAGIC-gel due to its higher linear dose range. 
It will be filled in Barex-containers to avoid 
areas of reduced polymerisation in irradiated 
parts of the gel. 

[1] S.G. Scheib, W. Vogelsanger, et al.: J. Phys.: 
Conf. Ser. 3 (2004) 184–187. 

[2] C. Bayreder, A. Berg, et al.: J. Phys.: Conf. Ser. 
3 (2004) 272–275. 
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5.3 Comparison of Different Detector Systems for Small Photon Beams Delivered in 
Stereotactic Radiotherapy 

P. Rosenthal [Klinik für Radioonkologie und Strahlentherapie, Charité-Universitätsmedizin 
Berlin, Campus Benjamin Franklin]; H. Schützeberg [Fachbereich II, Technische 
Fachhochschule Berlin]; J. Heufelder 

In the department of radiation therapy at 
Charité Campus Benjamin Franklin stereotactic 
irradiation is performed at a conventional linear 
accelerator (Varian Clinac 600 CD). Both 
benign and malignant brain tumours have been 
treated with small precise collimated 6 MeV 
photon beams. Up to now the small beams were 
produced by circular collimators or conformal 
blocks. The beam diameters varied from 10 to 
40 mm depending on target size. 

This kind of equipment causes limitations 
concerning homogeneity of dose distributions 
in the target region and field sizes, especially 
for conformal apertures less than 10 mm 
diameter. Therefore, a micro-multi-leaf-
collimator (µMLC, Stryker Leibinger) should 
be established for stereotactic radiotherapy. 
This µMLC has got a leaf width of 1 mm and 
provides a maximum field size of 60×60 mm². 

New dose measurements had to be carried 
out for the µMLC which was combined with 
the treatment planning system BrainSCAN 
(BrainLAB). Beam data like tissue maximum 
ratios (TMR), off-axis ratios (OAR), and total 
scatter factors (TSF) were measured in a water 
phantom with a special diamond detector [1-3]. 
This detector is specified with a thickness of 
0.1 to 0.4 mm and a volume of 1 to 6 mm³. 
Fig. 1 shows the influence of the detector on 
dose distributions measured in water for an 
OAR of a 10 mm diameter photon beam. In this 
case the ionisation chamber represents a strong 
perturbation of the small photon beam and the 
penumbra fades out. 

Considering this experience it seemed to be 
necessary to check the beam profiles of 5 to 
10 mm diameter measured with the diamond 

detector. Therefore, beam profiles measured 
with the diamond detector were compared with 
those measured by a scintillator-CCD-detector 
system. This detector is a fast 2D dosimetry 
system based on a scintillator foil and a CCD 
camera with a spatial resolution of 
0.05 mm/pixel and developed to analyse a 
68 MeV proton beam used in eye tumor 
therapy [4]. 
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Fig. 1: Off-axis ratios of a 10 mm diameter photon 
beam measured with a diamond detector and an 
ionisation chamber of 0.125 cm³ (PTW-Freiburg, 
M 31002) volume at a water depth of 7.5 cm. 

A 2-dimensional dose distribution measured 
with the scintillator-CCD-detector system is 
presented in Fig. 2. The field diameter is 
5.1 mm and should be spherical. The elliptical 
dose profile is due to the leaf width and the 
PMMA mould which forms the field shape. A 
cut through the dose distribution along the 
central beam axis in inplane direction is shown 
in Fig. 3. This dose profile is compared with a 
profile measured with a diamond detector. Due 
to the good agreement between both profiles it 
seems convenient to measure also very small 
beam profiles of 5 to 10 mm diameter with a 
diamond detector. 
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Fig. 2: 2D-relative dose distribution of a photon beam with a diameter of 5.1 mm measured in water-equivalent 
material at a depth of 7.5 cm. The thin read curve indicates the 50 %-isodose level. 
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Fig. 3: A comparison of relative dose profiles of a photon beam (diameter= 5.1 mm) measured with a diamond 
detector and the scintillator-CCD-system in a water-equivalent depth of 7.5 cm. 

[1] Khrunov, Martynov, Vatnitsky, Ermakov, 
Chervjadov, Karlin, Fominyeh, Tabeyev, 
Radiation Protection Dosimetry Vol. 33, No.1/4 
(1990) 155. 

[2] S. Vatnitski, H. Jarvinen, Phys. Med. Biol. 38 
(1993) 173. 

[3] H. Schützeberg, Dosisverifikation für einen 
Mikro-Multileaf-Kollimator, Diploma thesis, 
Technische Fachhochschule Berlin, 2005. 

[4] R. Grieger, Dosimetrie und Bildgebung am 
68 MeV Protonenstrahl mit einem Szintillator-
CCD-System, Diploma thesis, Technische 
Fachhochschule Berlin, 2000. 
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5.4 Proton or Stereotactic Photon Irradiation for Posterior Uveal Melanoma? 
A Planning Intercomparison 

R. Stark, J. Heufelder, D. Cordini, H. Kluge; S. Höcht, D. Bottke, F. Seiler, W. Hinkelbein 
[Radioonkologie und Strahlentherapie CCBF]; N.E. Bechrakis, M. Foerster [Augenklinik 
CCBF (CCBF: Charité Universitätsmedizin Berlin, Campus Benjamin Franklin)] 

Last year the preparative steps have been 
presented for this clinical treatment planning 
intercomparison for uveal melanoma, between 
the proton therapy which is done at the ISL, and 
stereotactic radiotherapy with photons. Now, 
the results are reported, which also have been 
presented in a talk at the 35. DGMP conference 
2004 in Leipzig [1] and are being published as a 
medical paper [2]. 

Background 

Uveal Melanoma (UM) at the posterior pole  
of the eye mostly cannot be treated suitably 
with brachytherapy. For a sufficiently precise 
external radiotherapy both proton therapy [3] 
and, since a couple of years, stereotactic 
irradiation with photons (gamma or X-rays [4]) 
are available. Published clinical data, however, 
rarely base on comparable conditions. Aim of 
this study was therefore to provide a direct 
comparison of both treatment modalities and 
evaluate the dose they deliver on the ocular 
structures most important for the preservation 
of visual acuity. 

Materials and Methods 

For ten patients with an UM at the posterior 
eye pole, treated in 2003 with conformal single 
ventral field proton therapy (PT) (HMI Berlin, 
68 MeV protons), a comparative treatment 
planning has been done for a stereotactic radio-
therapy using a 6 MV linear accelerator with 
multiple (5) static conformal fields (SRT). 

Age distribution and pretherapeutic visual 
acuity are identical in the investigated random 
selection and in the collective of all UM treated 
with PT as primary therapy until Sept. 2004 in 
Berlin (CCBF, HMI, since 1998). Mean tumour 
volume here is about twice the value in the 
treated collective (Table 1). 

For the comparative planning a method has 
been developed to transfer the information 
available for the PT planning program 
(Eyeplan [3, 5]) also to the SRT planning 

program BrainScan (BrainLAB AG, Heim-
stetten, Germany). Eye and tumour model in 
Eyeplan base on small X-ray-visible tantalum 
disks (clips) sutured to the ocular globe, on CT 
and ultrasonic scans, and on direct measure-
ments during the clip operation which are 
documented also on the fundus photograph. 

The planning transfer has been realised via 
the high resolution multislice CT with non-
invasive bulbus fixation used for PT 
preparation. After exact rotational positioning 
of the Eyeplan eye model on the CT slices (CT 
fixation) using the tantalum clip positions, the 
contours of the tumour and risk structure 
models in each slice plane were extracted and 
superposed on the CT image, to be reproduced 
in the CT-based SRT planning program by S. 
Höcht and F. Seiler. 

This model transfer allows a direct 
comparison of the dose delivered by both 
irradiation therapies to the ocular risk 
structures. Fig. 1 and 2 show an example of the 
eye structures and tumour region in the two 
treatment planning programs. 

The evaluation is based on the dose-volume 
histograms or max. and min. point doses for the 
structures fovea, optic disc, optic nerve, and 
lens. As the lens can be easily replaced, it has 
less weight in the evaluation than the other 
structures. Different weightings (0–200%) of 
the three remaining structures are performed to 
check robustness of the results. 

Table 1: Distribution of the uveal tumour volumina, 
in the study performed and in the collective of all 
UM treated with PT as primary therapy until Sept. 
2004 in Berlin (CCBF, HMI).  

tumour volume 
[mm³] min. max. mean median

total 10 2460 318.8 180 

selection studied 30 1350 517.0 380 
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Fig. 1: Transversal papillary CT slice in full 
resolution as used for PT planning, with 
corresponding Eyeplan model.  
Model structures: tumour (red), optic nerve (yellow), 
fovea (yellow dash, at intersection of isodoses and 
violet circle of eye globe), lens (blue). 

 
Fig. 2: Detail of the transversal papillary CT slice 
as used for SRT planning.   
Contoured volumina: tumour (orange), optic nerve 
(pink), optic disk and fovea (orange and green 
circles), lens (violet). Fovea, just as optic disc and 
tumour outline, is not visible on the CT and is 
transferred from PT planning. 

Results 

The treatment plan isodose distribution of 
the single-field PT in Fig. 1 and of the 5-field 
SRT in Fig. 2 illustrate the performance of the 
two methods on the different risk structures, as 
is summarised in table 2.  
Proton therapy gives superior results in 8 (6–9) 
of 10 cases. 2 (1–3) cases give comparable 
results. Only for 0 - 10 % of the cases superior 
results could be achieved with the stereotactic 
precision irradiation. 

Conclusions 

According to the dose deposition to the 
structures most important for the preservation 

of vision, single-field proton therapy seems 
clearly advantageous over stereotactic 
irradiation with photons for the treatment of eye 
tumours near the posterior eye pole. 

[1] J. Heufelder et al., Z. Med. Phys. 14 (2004) 64. 
[2] K. Dieckmann et al., Radiother. Oncol. 67 

(2003) 199. 

[3] R. Stark et al., in: U. Wolf and W. Wilke, Dt. 
Ges. Med. Phys. Conf. Proc. 2004 (ISBN 3-
925218-84-X) 134. 

[4] S. Höcht et al., Strahlenther. Onkol. (2005), 
submitted. 

[5] M. Goitein and T. Miller, Med. Phys. 10 (1983) 
275. 

Table 2: Results of the dose comparison for the single structures and for each patient. Table entries signify:  
PT: 68 MeV proton therapy superior, SRT: stereotactic irradiation with 6 MV photons superior,  
 = : equivalent results, (PT) or (SRT): superiority only slight. High lens doses are not clinically relevant. 

number of patient 1 2 3 4 5 6 7 8 9 10 

fovea = (SRT) = PT = = PT PT = = 

optic disc = PT PT PT PT = = = = (SRT)

optic nerve PT PT PT PT PT PT PT SRT PT = 

lens = = = SRT SRT = SRT (PT) (PT) = 

total PT PT PT PT PT PT PT (PT) PT (SRT)
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5.5 Tests of the ACCEL Proton Beam Scanner for RPTC (Munich) with a 68 MeV 
Proton Beam at ISL 

A. Weber; H. Göbel, A. Jenkel, O. Kotsyuba, L. Przybysz, M. Schillo, S. Schmidt [ACCEL 
Instruments GmbH] 

A new facility for proton therapy will be build 
in Munich by M+W Zander Holding AG and 
ACCEL Instruments GmbH. The Rinecker 
Proton Therapy Center (RPTC) is intended to 
start operation in 2005. It shall provide for 
treatment of 4,000 patients per year. To enable 
these ambitious efforts of such a high patient 
throughput five treatment rooms including four 
360°-gantries are designed (fig. 1). 

Technical innovation 

Comparing the technical equipment of the 
RPTC with the technical solutions of IBA’s turn 
key facility realized for example in Boston and 
Kashiwa one can recognize several differences 
defining maybe a next step in technical 
development. The major innovation is with no 
doubt the new 250 MeV superconducting 
compact cyclotron with an extraction efficiency 
larger than 80 % while IBA’s cyclotron is a 
235 MeV normal conducting machine. Due to 
superconductivity the energy consumption is 
drastically reduced. Another novelty is the 
exclusive application of beam scanners in the 
nozzles of the gantries. In contrast to the 
standard scattering techniques which prepare 
the beam to meet the medical specification for 
dose homogeneity a fast scanner sweeps a 
pencil beam over the tumor. This will lead to a 
better 3D-conformity of the target and, 
consequently to a reduction of dose in healthy 
tissue. As no scatterers and collimators are 
needed not only the proton beam intensity but 

also the production of neutrons close to the 
patient is drastically reduced. 

Collaboration with ISL 

In the beginning of 2004, ACCEL started a 
collaboration with ISL to test a complete 
scanning system with a 68 MeV proton beam. 
This scanner will later be integrated in gantry 
no. 4 at RPTC. For this purpose, cave TM/TS 
offers the best conditions for the shielding of 
neutrons which are produced during beam 
experiments. By the end of 2003, the cave was 
emptied, the wall between the cave and the 
extraction region was opened and a new 
quadrupole doublet was installed. Beam 
transport calculations had been performed that 
show the need of the quadrupoles to focus the 
beam into the isocentre which is the reference 
point for therapy. In February 2004 the very 
first test of the beam quality showed excellent 
results (Fig. 2). A spot size of about 2 mm in 
diameter has been achieved with a vacuum tube 
coming close to about 300 mm to the isocentre. 

 
Fig. 2: A screen shot taken in the ISL control room 
from the first beam test with the new quadrupole 
doublet QUATM1. 

 
Fig. 1: A computer design of the RPTC in Munich. Project manager: M+W Zander Holding AG, Stuttgart. 
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Once the scanner has been installed, the 
beam travels about 2 meters through a separate 
vacuum tube, the online dose and position 
monitor and about 1 meter in air before hitting 
the isocentre. The spot size of the beam (2σ) at 
the isocentre is about 16 mm because of 
scattering in air and capton foils that are used in 
transmission chambers and as entrance and exit 
windows of the vacuum system. The scanner 
consists mainly of two magnets deflecting the 
beam in the horizontal and vertical direction, 
respectively. With the scanner the beam spot of 
the pencil beam will be swept in layers of 
different depths over the target volume. In each 
layer, a prescribed dose will be applied spot by 
spot. After dose application is finished in a 
layer, the beam energy has to be changed to 
reach another depth in the tumour and the next 
layer can be scanned. The scanner is designed 
to scan a field of 30 cm x 40 cm with a 
70 MeV- 250 MeV proton beam. 

In March 2004 the mounting system for the 
scanners was installed and in April 2004 the 
two scanning magnets, the transmission 
chamber and the control system arrived (Fig.3). 

Tests and results 

Since May 2004 a team of physicists from 
ACCEL has regularly been testing the scanning 
system as a whole in beam operation. Because 
the eye tumour therapy group uses a 68 MeV 
proton beam almost every month (for a week) 
the beam was switched to the scanner set-up 
when treatments were finished. The first tests 

already demonstrated a good agreement with 
the technical demands but they also showed 
mismatches that had to be fixed. Furthermore, 
the timing of the scanning control system in 
case of failures in the system was successfully 
verified. Details may be discussed elsewhere. 
Another important issue to test was the overlap 
of several subfields which are scanned in 
different runs. In several tests and settings no 
dose peaks appeared at the margins of the 
subfields. The scanning system is now ready for 
clinical use. Some test results are shown in 
Fig. 4. 

 
Fig. 4: Top left A pseudo colour image from a 
Scintillator-CCD System of single spots arranged in 
a square and right the intensity profile of the 
horizontal line in the left figure. Bottom left the 
company logo of ACCEL and right of HMI. 

Final tests are planned for spring 2005. The 
scanner equipment will then be shipped to 
Munich where it reaches its final destination. 

 
Fig. 3: ACCEL scanning system installed at ISL. 
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6. Nuclear Physics 
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6.1 Investigation into the Structure of 14C Using Recoil-Coincidence Techniques  

M. Freer, P. McEwan, N. Ashwood, N. Curtis, D. Price, V. Ziman [School of Physics and 
Astronomy, University of Birmingham, Birmingham, UK]; H.G. Bohlen, Tz. Kokalova, 
W. von Oertzen, Ch. Schulz, C. Wheldon [SF7]; T.N. Massey [Ohio University, Athens, 
USA]; R. Kalpakchieva [FLNR, JINR, Dubna, Russia]; W. Catford [School of Electronics 
and Physical Sciences, University of Surrey, Guildford, UK] 

It is well known that the isotopes of beryllium 
can exhibit cluster structure. Although unbound, 
8Be has a pronounced α-α configuration. Extra 
neutrons added to this two-centred system 
exhibit molecular behaviour and increase the 
binding energy of the structure. Such situations 
are analogous to the covalent binding of 
molecules by valence electrons in which linear 
combinations of their orbits yield bonds of π- or 
σ- character. There is now good evidence for 
such molecular-like configurations in both 9Be 
and 10Be [1]. 

These ideas can readily be extended to other 
α-conjugate nuclei. In the case of the carbon 
isotopes, the additional α-cluster allows the 
construction of both prolate and oblate struc-
tures, i.e. a linear chain of three α-particles or 
an equilateral triangular configuration. Again, 
valence neutrons residing in molecular orbits 
about these clusters should increase their 
binding energy and stability. For these reasons, 
it has been suggested that excited states in 
14C     should exhibit such exotic cluster 
configurations. 

 
Fig. 1: Excitation energy spectrum of 14C, as 
measured by the Q3D spectrometer. 

The excitation energy spectrum of 14C has 
been extensively studied up to Ex = 24 MeV. By 
examining only multi-particle excitations, many 
possible candidate states for cluster structure 

have been identified based on reaction 
mechanism and molecular-orbit theory. How-
ever, no concrete confirmation of their nature 
has yet been made [2]. Experimentally, the 
nature of such states can be confirmed through 
the observation of an enhanced width to α-
decay, with the energy-spin systematics of a 
rotational band. An analysis of these bands can 
then allow the inference of the configuration's 
moment of inertia and thus its shape. 

To this end, the two-neutron stripping 
reaction 12C(16O,14O)14C, was performed at the 
ISL at a beam energy of 233 MeV. The 14O 
ejectile was detected at forward angles using 
the Q3D magnetic spectrometer. In coincidence 
with this, the products of the decay of the 
excited 14C recoil were detected using an array 
of charged-particle detectors which returned 
energy and position information. This array was 
comprised of two double-sided silicon strip 
detectors (DSSSD), each measuring 50 mm x 
50 mm and consisting of 16 independent 
vertical and horizontal strips. The detection of 
the 14O ejectile in the spectrometer allowed its 
scattering angle to be determined through 
consideration of its time-of-flight. The position 
along the focal-plane also yielded the excitation 
of the resonant particle, as shown in Fig. 1. 
Combination of these two variables allows the 
inference of the ejectile's energy, and thus a 
complete reconstruction of the binary reaction. 
Particles detected in the DSSSD were then 
assumed to have been products of the decay of 
14C (analysis of events below the particle decay 
threshold show the number of random coinci-
dences to be <5%). 14C has only two particle-
decay branches; 13C + n (Ethresh = 8.18 MeV) 
and 10Be + α (12.01 MeV), and thus particle 
species needed to be determined. This was 
achieved by calculating the maximum and mini-
mum possible energy and angle for each decay 
product, from the kinematic knowledge of the 
binary reaction. This allowed unambiguous 
identification of particle species in about 70 % 
of events. 
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Fig. 2: (a) Plot of the excitation energy in 14C 
against the 10Be excitation energy, for the 10Be + α 
decay branch. Candidates for cluster structure are 
states of 14C at 12.96 MeV, 14.87 MeV and 
16.72 MeV. (b) Projection on the 10Be excitation 
energy axis. 

Following this, in cases where only one 
coincident particle was detected in the DSSSD, 
the undetected breakup particle's energy and 
angle were reconstructed using conservation of 
momentum. Summing the energy of the three 
final-state particles then allowed the calculation 
of the reaction's total Q-value. From this the 
excitation energy of the daughter nucleus (10Be 
or 13C) after decay can be deduced, since the 
excitation energy of 14C is known from the 
Q3D-spectrum. Events from the decay of 14C 
excited states to the 10Be + α channel are shown 
in Fig. 2a, and to the 13C + n channel in Fig. 3a. 
In the projection on the excitation energy axis 
of the daughter nucleus one can see, that the 
decay does not occur only the ground state, but 
also to excited states of 10Be (Fig. 2b) and 13C 
(Fig. 3b), respectively. 

An evaluation of the spectra shows that there 
exists for most 14C states a substantial width for 

both decay branches, though the absolute value 
can not be given, until efficiency corrections 
have been performed. 

The analysis is still ongoing. Following 
detection efficiency corrections of the decay 
widths, it is hoped that the spin of each state 
can be determined through an analysis of the 
angular correlation function of the breakup 
particles (see for example [3]). 

In addition, a further investigation into the 
structure of 11Be based on an identical experi-
mental technique, using a 9Be target, was 
performed. These data will also be analysed in a 
similar way. 

 
[1] L.K. Fifield et al., Nucl. Phys. A385 (1982) 

505. 

[2] H. Ogawa et al., Eur. Phys. J: A13 (2002) 81. 
[3] E.K. Warburton and D.J. Millener, Phys. Rev. 

C 39 (1989) 1120. 

[4] H.G. Bohlen et al., Phys. Rev. C68 (2003) 
054606. 
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6.2 (sd)3-Structures in the very Neutron-Rich Carbon Isotopes 17C and 16C 

T.N. Massey [Ohio University, Athens, USA]; R. Kalpakchieva [JINR, Dubna, Russia]; 
H.G. Bohlen, W. von Oertzen, Tz. Kokalova, Ch. Schulz, C. Wheldon [SF7]; G. de Angelis 
[LNL, INFN, Legnaro, Italy]; A.A. Ogloblin, [Kurchatov Institute, Moscow, Russia] 

The neutron-rich carbon isotope 17C is expected 
to have the structure of three-neutrons in the 
(2s1d)-shell and a 14C-core with a closed (1p) 
neutron shell for the ground state and the low-
lying levels. From experiments only three states 
were known, all of them below the neutron 
threshold (Sn = 0.73 MeV). These are the 3/2+ 
ground state [1–4] and a 5/2+ excited state at 
0.295 MeV found in the 48Ca(18O,17C)49Ti 
reaction [1]. Indications for a third state at 
0.21 MeV were found in the γ–ray spectroscopy 
of 17C [5], this is probably the 1/2+ state 
expected by shell model calculations [3]. 

We investigated the level structure of 17C 
using the three-neutron transfer reaction 
(12C,9C) on a 14C target. This is in principle the 
ideal reaction to study three-neutron 
(sd)3 configurations of 17C. However, this 
reaction has a large negative Q-value, Q0= 
-46.93 MeV, which requires high incident 
energies. The measurements have been 
performed at the magnetic spectrograph at ISL 
using a 12C-beam of 231 MeV. A spectrum 
measured in the angular range from 3° to 7° is 
shown in Fig. 1 (upper panel). Contributions 
from target contaminations of 12C and 16O are 
subtracted. The 12C(12C,9C)15C reaction has 
been used for a precise energy calibration. The 
ground state is not observed in the spectrum. 
The lowest-lying peak is found at 0.31 MeV, 
which most probably corresponds to the 5/2+ 
state reported in [1] at 0.295 MeV. Thirteen 
previously unknown states, all above the 
neutron threshold, could be identified. These 
resonances were fitted using Breit-Wigner line 
shapes. In Fig. 1 the fit to the spectrum is 
shown and the excitation energies are given at 
the correspondding peaks (see upper panel). 
Details of the analysis are given in a forth-
coming paper [6]. 

The spectrum of 17C is compared in Fig. 1 to 
the one of 16C obtained in the 13C(12C,9C) reac-
tion [7] (lower panel). The 13C target nucleus 
has a hole in the neutron 1p1/2 shell. Therefore 
the three-neutron transfer populates two kinds 
of configurations: (i) two-particle / zero-hole 

(2p-0h) (marked green in the lower panel), 
when the neutron-hole is filled in the 
1p1/2 shell, and (ii) (3p-1h) configurations, 
when the three neutrons are built into the (2s1d) 
shell. 

 
Fig. 1: Spectra of 17C (upper panel) and 16C (lower 
panel) obtained in the three-neutron transfer 
reactions 14C(12C,9C)17C [6] and 13C(12C,9C)16C [7], 
respectively (the numbers are excitation energies in 
units of MeV). 

The latter configurations are coupled from 
the structure (2s1d)3⊗(1p1/2)−1 and form 
doublets with parallel and anti-parallel coupling 
of the spins of the particle and hole 
configuration. The parallel (↑↑) coupling is 
populated with a much larger cross section as 
compared to the anti-parallel (↑↓) coupling due 
to dynamical matching conditions. This can be 
seen, for example, for the 8.92 / 9.42 MeV 
doublet coupled from (9/2+)⊗(1/2-). The 5- state 
is 3.6-times stronger than the 4- state [7]. 
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Table 1: Excitation energies of corresponding states of 17C (line 2) and 16C (line 3). The excitation energies of 
these 10 pairs of states agree with each other after subtraction of 5.82 MeV (line 3) within +0.14 / –0.17 MeV. 

State No. 1 2 3 4 5 6 7 8 9 10 
Ex(17C) MeV 0.31 2.06 3.10 4.25 6.20 6.75 7.47 8.94 10.56 11.71 
Ex(16C) MeV 6.11 7.74 8.92 9.98 11.85 12.54 13.12 14.90 16.44 17.40 
Ex(16C) –5.82 0.29 1.92 3.10 4.16 6.03 6.72 7.30 9.08 10.62 11.58 
 

For the same reason the strongest peak in the 
17C spectrum is assigned as 9/2+ state (Fig. 1). 

The excitation energies of 17C and 16C are 
compared in Table 1, lines 2 and 3, respectively. 
When the strongest states with the (3p-xh) 
structure at 3.10 MeV for 17C (x=0) and 
8.92 MeV for 16C (x=1) are taken as reference 
and the difference of 5.82 MeV is subtracted 
from the 16C excitation energies (line 3), the 
resulting values agree within +0.14/–0.17 MeV 
with the excitation energies of 17C, and this is 
true over a range of more than 11 MeV. Such a 
regular behaviour has never been observed 
before over such a large range of excitation 
energies. We conclude, that this agreement 
results from the same (2s1d)3-structure for each 
pair of states listed in Table 1 with the same 
state number (line 1). 

We have also performed shell model calcula-
tions using the code OXBASH (Fig. 2) and 
suggest in a few cases tentative spin-parity 
assignments for the observed states of 17C and 
16C assuming in the latter case the same 
(2s1d)3 three-neutron structure as in the 
corresponding partner state of 17C. 

[1] L.K. Fifield et al., Nucl. Phys. A385 (1982) 
505. 

[2] H. Ogawa et al., Eur. Phys. J: A 13 (2002) 81. 

[3] E.K. Warburton and D.J. Millener, Phys. Rev. 
C 39 (1989) 1120. 

[4] U. Datta Pramanik et al., Phys. Lett. B 551 
(2003) 63, and references therein. 

[5] M. Staniou et al., Eur. Phys. J. A 20 (2004) 95. 

[6] H.G. Bohlen et al., submitted to Eur. Phys. J. A. 
[7] H.G. Bohlen et al., Phys. Rev. C 68 (2003) 

054606. 

 
Fig. 2: Comparison of the experimental level scheme of 17C with shell model calculations (right) and with the 
experimental level scheme of 16C, which is shifted down by 5.82 MeV (left). 
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Ion-Molecule and Ion-Solid Interactions 
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Stolterfoht, N.; Sobocinski, P.; Pesic, Z.D.; 
Hellhammer, R.; Sulik, B.; Sereduyk, B.; 
McCullough R.W.; Bodewits, D.; Hoekstra, R.; 
Morgenstern, R.: 
State selective electron capture into He2+ ions 
colliding with H2O molecules (Invited talk) 
Radiation Damage in Biomolecules Lyon 24. 
Jun - 27. Jun 2004 

Stolterfoht, N.; Sobocinski, P.; Pesic, Z.D.; 
Hellhammer, R.; Sulik, B.; Seredyuk, B.; 
McCullough R.W.; Bodewits, D.; Hoekstra, R.; 
Morgenstern, R.: 
State selective electron capture into He2+ ions 
colliding with H2O molecules (Invited talk) 
Annual Meeting of the COST P9 Action Lyon, 
France 24. Jun - 27. Jun 2004 

Stolterfoht, N.; Sulik, B.; Gulyas, L.; Skogvall, 
B.; Chesnel, J.Y.; Fremont, F.; Hennecart, D.; 
Cassimi, A.; Adoui, L.; Hossain, H.; Tanis J.A.: 
Young-type interferences in the electron 
spectra from H2 induced by fast ions (Invited 
talk) 
Satellite Symposium of the IISC-15 Conference 
Okayama, Japan 14. Oct - 15. Oct 2004 
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Materials Modification 

Conference Contributions 

Beuttler, M.; Bolse, W.; Kreissig, U.; Bohne, W.: 
Ionenstrahlinduzierte 
Grenzflächendurchmischung in 
isotopenmarkierten Schichtsystemen (Oral) 
AKF-Frühjahrstagung Regensburg 08. Mar - 
12. Mar 2004 

Darowski, N.; Zizak, I.; Schumacher, G.: 
Surface and bulk amorphization of InP 
induced by swift heavy ion irradiation 
(Poster) 
BESSY users’ meeting 2004 Berlin 02. Dec - 
03. Dec 2004 

Darowski, N.; Zizak, I.; Schumacher, G.: 
Surface and bulk structural changes in InP 
single crystals induced by 350 MeV Au ion 
irradiation (Poster) 
8th international conference on surface x-ray 
and neutron scattering Bad Honnef 28. Jun - 02. 
Jul 2004 

Elsanousi, A.; Bolse, W.; Schattat, B.; 
Klaumünzer, S: 
Swift heavy ion beam induced solid-state 
reaction at metal-oxide/silicon interfaces 
(Oral) 
Arbeitskreis Festkörperphysik Frühjahrstagung 
Regensburg 08. Mar - 08. Mar 2004 

Etissa-Debissa, D.; Kalafat, M.; Paulus, H.; 
Bolse, W.; Klaumünzer, S: 
Self-organisation of thin ceramic films under 
swift heavy ion bombardment (Oral) 
Arbeitskreis Festkörperphysik Frühjahrstagung 
Regensburg 08. Mar - 08. Mar 2004 

Hedler, A.; Klaumünzer, S.; Wesch, W.: 
Swift heavy ion irradiation of amorphous 
silicon (Oral) 
Int. Conf.Ion beam Modification on Materials 
Monterey, California, USA 05. Sep - 05. Sep 
2004 

Hedler, A.; Klaumünzer, S.; Wesch, W.: 
Experimental evidence for a glass transition 
in amorphous silicon (Oral) 
Forschung mit nuklearen Sonden und Ionen 
Stuttgart 29. Sep - 29. Sep 2004 

Hedler, A.; Klaumünzer, S.; wesch, W.: 
Plastic deformation of amorphous silicon 
under swift heavy ion irradiation (Oral) 
Arbeitskreis Festkörperphysik Frühjahrstagung 
Regensburg 08. Mar - 08. Mar 2004 

Kalafat, M.; Feyh, A.; Bolse, W.; Etissa-
Debissa, D.; Klaumünzer, S.; Schumacher, G.; 
Bilger, G.: 
Selbstorganisation dünner NiO-Schichten 
beim Beschuss mit schnellen, schweren Ionen 
(Oral) 
Forschung mit nuklearen Sonden und 
Ionenstrahlen Stuttgart 29. Sep - 29. Sep 2004 

Klaumünzer, S.: 
Texturänderung durch Bestrahlung mit 
hochenergetischen Ionen (Oral) 
Forschung mit nuklearen Sonden und 
Ionenstrahlen Stuttgart 29. Sep - 29. Sep 2004 

Schattat, B.; Bolse, W.; Paulus, H.; 
Klaumünzer, S.; Scholz, R.: 
Spuren hochenergetischer Ionen in NiO 
(Oral) 
Arbeitskreis Festkörperphysik Frühjahrstagung 
Regensburg 08. Mar - 08. Mar 2004 

Schattat, B.; Bolse, W.; Paulus, H.; 
Klaumünzer, S.; Scholz, R.; Zizak, I.: 
Spuren hochenergetischer Ionen in NiO 
(Oral) 
Forschung mit nuklearen Sonden und 
Ionenstrahlen Stuttgart 29. Sep - 29. Sep 2004 

Schwen, D.; Ronning, C.; Hofsaess, H.; 
Zollondz, J.-H.; Weidinger, A.: 
Field emission studies on swift heavy ion 
irradiated tetrahedral amorphous carbon 
(ta-C) (Oral) 
2nd Workshop on Ion Track Technology, 
Uppsala, Sveden, February 26.-27., 2004 

 148 



 

Schwen, D.; Nix, A.-K.; Hofsaess, H.; Zollondz, 
J.-H.; Weidinger, A.; Trautmann,C.; Krauser, J.: 
Electrical properties of tracks in swift heavy 
ion irradiated tetrahedral amorphous 
carbon (Poster) 
14th International Conference on Ion Beam 
Modification of Materials (IBMM 2004) , 
Monterey, California, USA, September 5.-10., 
2004 

Wesch, W.; Kamarou, A.; Wendler, E.; 
Klaumünzer, S.: 
593 MeV Au irradiation of InP, GaP, GaAs 
and AlAs (Oral) 
Int. Conf. Ion Beam Modification on Materials 
IBMM 2004 Monterey, California, USA 05. 
Sep - 05. Sep 2004 

Zizak, I.; Darowski, N.;Schumacher, G.; 
Klaumünzer, S.; Assmann, W. Gerlach, J.: 
Texturänderung durch Bestrahlung mit 
hochenergetischen Ionen (Oral) 
Forschung mit nuklearen Sonden und 
Ionenstrahlen Stuttgart 29. Sep - 29. Sep 2004 

Zollondz, J.-H.; Schwen, D.; Hofsaess, H.; 
Weidinger, A.; Trautmann,C.; Meijer, J.;Vogel, 
T.; Krauser, J.; Berthold, J.; Schultrich, B.: 
Grundlagen und Anwendung von leitenden 
Ionenspuren (Oral) 
Arbeitstreffen Forschung mit Sonden und 
Ionen, Stuttgart, Germany, 29.9. - 1.10.2004 

Zumkley, Th.; Schumacher, G.; Klaumünzer, S.: 
Thermal-spike-induced crystal growth in 
nano-crystalline nickel (Oral) 
Arbeitkreis Festkörperphysik Frühjahrstagung 
2004 Regensburg 08. Mar - 08. Mar 2004 
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Materials Analysis and Structural Determination 

Conference Contributions 

Agne, Th.; Koteski, V.; Mahnke, H.-E.; Wolf, H; 
Wichert, Th.: 
Structural Properties of the Donor Indium in 
Nanocrystalline ZnO (Poster) 
13th Intern. Conf. on Hyperfine Interactions 
Bonn 23. Aug - 27. Aug 2004 

Bertschat, H.H.; Imielski, P.; Manzhur, Y.; 
Potzger, K.; Prandolini, M.J.; Weber, A.; Zeitz, 
W.-D.; Dietrich, M.: 
Impurity-induced cluster-like magnetic units 
embedded in ferromagnetic surfaces (Oral) 
Arbeitstreffen Forschung mit nuklearen Sonden 
und Ionenestrahlen FSI, Stuttgart, Germany 
19.9 - 1.10.2004 

Bertschat, H.H.; Manzhur, Y.; Potzger, K.; 
Prandolini, M.J.; Weber, A.; Zeitz, W.-D.; 
Dietrich, M.: 
Surface and Interface Magnetism using 
Radioactive Ions (Oral) 
International Workshop on Nanomaterials, 
Magnetic Ions and Magnetic Semiconductors, , 
M.S. University, Vadodara, India, 10. Feb – 14. 
Feb 2004 

Bertschat, H.H.; Manzhur, Y.; Potzger, K.; 
Prandolini, M.J.; Weber, A.; Zeitz, W.-D.; 
Dietrich, M.: 
Basic Research on the Atomic Scale towards 
Magnetic Terabit Memories - Investigations 
with Radioactive Probe Atoms (Oral) 
First International Symposium on Nano-Scale 
Quantum Physics, Tokyo Institute of 
Technology, Tokyo, Japan, 17. Mar – 18. Mar 
2004 

Bohne, W.; Röhrich, J.; Strub, E.: 
Quantitative Element Profiling of Thin Films 
by Means of Elastic Recoil Detection 
Analysis (ERDA) with High Energetic Heavy 
Ions (Invited talk) 
AVS 51st International Symposium Anaheim, 
CA USA 14. Nov - 19. Nov 2004 

Chen, W.; Neumann, W.; Darowski, N.; Zizak, 
I.; Wanderka, N.; Schumacher, G.: 
Measurement of Lattice Mismatch between 
gamma prime Precipitates and gamma 
Matrix in Single Crystal Superalloy SC16 
(Invited talk) 
11. Jahrestagung der Deutschen Gesellschaft für 
Kristallographie Humboldt Universität zu 
Berlin 10. Mar - 10. Mar 2004 

Darowski, N.; Zizak, I.; Schumacher, G.; 
Klingelhöffer, H.; Chen, W.; Neumann, W.: 
Temperature Dependence of FWHM of 
gamma Phase in Creep-deformed Single 
Crystal Superalloy SC16 (Poster) 
7th Biennial Conference on High Resolution X-
Ray Diffraction and Imaging Pruhonice 07. Sep 
- 10. Sep 2004 

Darowski, N.; Zizak I.; Schumacher, G.; 
Klingelhöffer, H.; Chen, W.; Neumann, W.: 
Determination of FWHM of gamma prime 
Phase in Creep-deformed Superalloy SC16 
using Synchrotron Radiation (Poster) 
BESSY users’ meeting 2004 Berlin 02. Dec - 
03. Dec 2004 

Darowski, N.; Zizak, I.; Schumacher, G.; 
Klingelhöffer, H.; Chen, W.; Neumann, W.: 
Effect of Tensile and Compressive Creep 
Deformation on Gamma/Gamma prime 
Lattice Mismatch in Single Crystal 
Superalloys (Oral) 
BESSY users’ meeting Berlin 02. Dec - 03. Dec 
2004 

Denker, A.: 
Influence of corrosion layers on quantitative 
analysis (Oral) 
Archaeometry with IBA and related methods, 
Ljubljana, Slovenia 09. Jun - 10. Jun 2004 

Denker, A.; Bohne, W. Campbell, J.L.; Heide, 
P.; Hopman, T.; Maxwell, J.A.; Opitz-
Coutureau, J.; Rauschenberg, J.: 
Hochenergie PIXE quantitative Analyse und 
Wirkungsquerschnitte (Oral) 
Forschungsverbund Ionen und nukleare Sonden 
Stuttgart 30. Sep - 01. Oct 2004 
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Denker, A.; Homeyer, H.; Opitz-Coutureau, J.: 
Applications of high-energy ions for 
industrial purposes (Invited talk) 
8th European Conference on Accelerators in 
Applied Research and Technology Paris 20. Sep 
- 24. Sep 2004 

Denker, A.; Opitz-Cotureau, J.; Griesser, M.; 
Denk, R.; Winter, H: 
Zerstörungsfreie Elementanalyse an 
mittelalterlichen Wiener Pfennigen (Oral) 
Archäometrie und Denkmalpflege Jahrestagung 
2004 Mannheim 06. Oct - 08. Oct 2004 

Denker, A.; Opitz-Coutureau, J.; Rauschenberg, 
J.; Campbell, J.L.; Maxwell, J.A.; Hopman, T.: 
Quantitative Analysis using very energetic 
protons (Invited talk) 
10th International Conference on particle 
Induced X-ray Emission and its analytical 
applications Portoros, Slovenia 04. Jun - 
08. Jun 2004 

Denker, A.; Bohne W.; Homeyer, H.; Opitz-
Coutureau, J.; Röhrich, J.; Strub, E.: 
Applications of high-energy ions in materials 
science (Invited talk) 
17th International Conference on Cyclotrons 
and their applications 
Toyio, Japan 18. Oct - 22. Oct 2004 

Griesser, M.; Denker, A.; Mendoza, A.; 
Oberthaler, E.; Zhuber-Okrog, K.; Diehl, J.; 
Denk, R.; Opitz-Coutureau, J.; Markowicz A. : 
Non-destructive investigation of artworks 
using portable XRF and high-energy 
PIXE/PIGE (Invited talk) 
Workshop Malta Centre for Restoration, Malta 
08. Jan - 08. Jan 2004 

Grillenberger, J.; Grossner, U.; Svensson, B.G.; 
Albrecht, F.; Witthuhn, W.; Sielemann, R.: 
Deep states of Pt, Ir, and Os in Silicon 
carbide (Oral) 
27th Int. Conference on the Physics of 
Semiconductors, Flagstaff, Arizona, USA, 26.-
30.7.2004 

Koteski, V.; Haas, H.; Holub-Krappe, E.; 
Ivanovic, N.; Mahnke, H.-E.: 
Lattice distortion around impurities in CdTe 
(Poster) 
HASYLAB Users Meeting at DESY Hamburg 
30. Jan - 30. Jan 2004 

Koteski, V.; Haas, H.; Holub-Krappe, E.; 
Mahnke, H.-E.; Novakovic, N.; Fochuk, P.; 
Panchuk, O: 
Lattice distortion around dopants in CdTe 
(Poster) 
42. Workshop Pointdefect Dresden 01. Apr - 02. 
Apr 2004 

Mahnke, H.-E.: 
Lattice relaxation around impurity atoms in 
semiconductors (Invited talk) 
Gordon Research Conference Defects in 
Semiconductors New London, NH, USA 18. Jul 
- 23. Jul 2004 

Mahnke, H.-E.; Haas, H.; Koteski, V.; 
Novakovic, N.; Fochuk, P.; Panchuk, O.: 
Lattice distortion around impurity atoms as 
dopants in CdTe (Poster) 
E-MRS 2004, Spring Meeting Strasbourg 25. 
May - 28. May 2004 

Mahnke, H.-E.; Haas, H.; Koteski, V.; 
Novakovic, N.; Fochuk, P.; Panchuk, O.: 
Experimental verification of calculated 
lattice relaxations around impurities in CdTe 
(Poster) 
13th Intern. Conf. on Hyperfine Interactions 
Bonn 23. Aug - 27. Aug 2004 

Mahnke, H.-E.; Haas, H.; Koteski, V.; 
Novakovic, N.; Fochuk, P.; Panchuk, O.: 
Lattice relaxation around dopants in CdTe 
(Oral) 
Arbeitstreffen Forschung mit nuklearen Sonden 
und Ionenstrahlen FSI 2004 Stuttgart 29. Sep - 
01. Oct 2004 

Manzhur, Y.; Potzger, K.; Prandolini, M.J.; 
Bertschat, H.H.; Dietrich, M.: 
Prinzipielle Unterschiede bei Ni/Pd-
Grenzflächen (Oral) 
Frühjahrstagung der Deutschen Physikalischen 
Gesellschaft, Arbeitkreis Festkörperphysik, 
Regensburg, Germany, 08. Mar - 12. Mar 2004 

Papathanasiou, O.; Siebentritt, S.; Bohne, W.; 
Klaer, J.; Lauermann, I.; Rahne, K.; Röhrich, 
J.; Rusu, M.; Strub, E.; Lux-Steiner, M. Ch.: 
Cd-free buffer layers for CuInS2 solar cells 
prepared by a dry process (Poster) 
19th European Photovoltaic Solar Energy 
Conference Paris, France 07. Jun - 11. Jun 2004 
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Papathanasiou, O.; Siebentritt, S.; Bohne, W.; 
Strub, E.; Röhrich, J.; Calvet, W.; Pettenkofer, 
Ch.; Kristukat, Ch.; Lux-Steiner, M.: 
Cd-freie Pufferschichten für die Anwendung 
in CuInS2 Dünnschichtsolarzellen (Oral) 
AKF-Frühjahrstagung Regensburg 08. Mar - 
12. Mar 2004 

Potzger, K.; Weber, A.; Bertschat, H.H.; 
Prandolini, M.J.; Manzhur, Y.; Imielski, P.; 
Dietrich, M.; Zeitz, W.-D.: 
Site-sensitive magnetic behaviour of isolated 
sp-element atoms on nickel surfaces (Poster) 
XIII International Conference on Hyperfine 
Interactions, Bonn, Germay 23. Aug - 27. Aug 
2004 

Prandolini, M.J.; Bertschat, H.H.; Manzhur, Y.; 
Potzger, K.; Weber, A.; Zeitz, W.-D.; Dietrich, 
M.: 
Basic research on surface-attached isolated 
atoms as zero-dimensional magnetic systems 
for future applications (Oral) 
ISOLDE Physics Workshop and Users Meeting, 
CERN, Geneva, Switzerland, 13.12. - 
15.12.2004 

Rauschenberg, J.; Bohne, W.; Denker, A.; 
Heide, P.; Opitz-Coutureau, J.; Röhrich, J.; 
Strub, E.: 
Measurements of high-energy PIXE cross 
sections with 68 MeV protons for various 
thin target elements (Poster) 
10th International Conference on Particle 
Induced X-ray Emission and its analytical 
applications Portoroz, Slovenien 04. Jun - 08. 
Jun 2004 

Rauschenberg, J.; Denk, R.; Denker, A.; 
Griesser, M.; Opitz-Coutureau, J.; Heide, P.; 
Winter, H.: 
Zerstörungsfreie Elementanalyse in mittel-
alterlichen „Wiener Pfennigen“ mit 
Hochenergie PIXE (Oral) 
IGAS-Kolloquium Berlin 17. Nov 2004 

Rusu, M.; Doka, S.; Bohne, W.; Schedel-
Niedrig, Th.; Arushanov, E.; Lux-Steiner, M. 
Ch.: 
The CCSVT-Growth of CuGaSe2 Absorbers, 
Material Properties and Solar Cell 
Performance (Oral) 
ICTMC 14 Denver, USA 27. Sep - 01. Oct 2004 

Rusu, M.; Doka, S.; Meeder, A.; Würz, R.; 
Strub, E.; Röhrich, J.; Bloeck, U.; Schubert-
Bischoff, P.; Bohne, W.; Schedel-Niedrig, Th.; 
Lux-Steiner, M. Ch.: 
Structural Peculiarities of CCSVT-Grown 
CuGaSe2Thin Films (Poster) 
E-MRS 21th Spring Meeting 2004 Strasbourg, 
France 24. May - 28. May 2004 

Sankapal, B.R.; Ennaoui, A.; Guminskaya, T.; 
Dittrich, Th.; Bohne, W.; Röhrich, J.; Strub, E.; 
Lux-Steiner, M. Ch.: 
Characterization of p-CuI prepraed by the 
SILAR technique on Cu-tape/n-CuInS2 for 
solar cells (Oral) 
E-MRS Spring Meeting 2004 Strasbourg, 
France 24. May - 28. May 2004 

Sankapal, B. R.; Ennaoui, A.; Guminskaya, T.; 
Dittrich, Th.; Bohne, W.; Röhrich, J.; Strub, E.; 
Lux-Steiner, M. Ch.: 
Characterization of p-CuI prepared by the 
SILAR technique on Cu-tape/n-CuInS2 for 
solar cells (Poster) 
EMRS 2004 Strasbourg, France 24. May - 28. 
May 2004 

Schneider, A.: 
Neue Aspekte zur MOCVD von Eisen und 
Ruthenium aus [(Aren)(dien)M(0)]-
Komplexen (M=Fe, Ru) (Oral) 
DFG Priority Program „Interdisziplinäre 
Ansätze zu Entwicklung, Verständnis und 
Kontrolle von CVD-Verfahren“, Workshop 
Pommersfelden 02.-04.06.2004 

Schneider, A.: 
MOCVD von Eisen und Ruthenium aus 
[(Aren)(dien)M(0)]-Komplexen (M=Fe, Ru) 
(Poster) 
DFG Priority Program „Interdisziplinäre 
Ansätze zu Entwicklung, Verständnis und 
Kontrolle von CVD-Verfahren“, Workshop 
Pommersfelden 02.-04.06.2004 

Strub, E.: 
Chemical Information Obtained by ERDA 
measurements (Oral) 
ECAART 2004 Paris 20. Sep - 24. Sep 2004 

Strub, E.; Bohne, W.; Röhrich, J.: 
Characterization of thin film solar cells by 
Heavy-Ion ERDA (Poster) 
ECAART 2004 Paris 20. Sep - 24. Sep 2004 
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Strub, E.; Bohne, W.; Röhrich, J.: 
Characterization of thin layers by Heavy-Ion 
ERDA (Poster) 
PSE 2004 Garmisch-Partenkirchen 13. Sep - 
17. Sep 2004 

Strub, E.; Bohne, W.; Röhrich, J.: 
Chemische Information aus ERDA-
Messungen (Oral) 
IGAS-Kolloquium Berlin 17. Nov 2004 

Thamm, T.; Körner, K.-U.; Bohne, W.; Röhrich, 
J.; Strub, E.; Stöckel, S.; Marx, G.: 
Characterization of PECVD Boron 
Carbonitride layers (Poster) 
AOFA 2004 Dresden 14. Sep - 17. Sep 2004 

Thamm, T.; Körner, K.-U.; Stöckel, S.; Strub, 
E.; Bohne, W.; Röhrich, J.; Marx, G.: 
PECVD-Abscheidung von harten Schichten 
im System B-C-N (Poster) 
7. Werkstofftechnisches Kolloquium 2004 
Chemnitz 30. Sep - 01. Oct 2004 

Weizman, M.; Nickel, N. H.; Sieber, I.; Bohne, 
W.; Röhrich, J.; Strub, E.; Yan, B.: 
Phase segregation in laser crystallized 
polycrystalline SiGe thin films (Poster) 
Intern. Conference on Polycrystalline 
Semiconductors POLYSE2004 Potsdam, 
Germany 05. Sep - 10. Sep 2004 

Weyer, G.; Gunnlaugsson, H.; Bharuth-Ram, K.; 
Naicker, V.; Naidoo, D.; Dietrich, M.; 
Mantovan, R.; Sielemann, R.: 
Acceleration of diffusional jumps of 
interstitial Fe with increasing Ge 
concentration in Si1-xGex alloys observed by 
Moessbauer spectroscopy (Poster) 
Int. Conference on Hyperfine Interactions and 
Nuclear Quadrupole Resonance, Bonn, 
Germany, 23.7.04-28.07.2004 

Zeitz, W.-D.; Hattendorf, J.; Bohne, W.; 
Röhrich, J.; Strub, E.; Abrasimov, N. V.: 
Investigations on the diffusion of boron in 
SiGe mixed crystals (Oral) 
XIII International Conference on Hyperfine 
Interactions, Bonn, Germay 23. Aug - 27. Aug 
2004 

Zeitz, W.-D.; Unterricker, S.; Schneider, F.; 
Samokhvalov, V.; Potzger, K.; Weber, A.; 
Dietrich, M.: 
The magnetic response of europium 
implanted in cerium and in platinum as 
investigated by the PAC-method (Poster) 
XIII International Conference on Hyperfine 
Interactions, Bonn, Germay 23. Aug - 27. Aug 
2004 

Zenneck, U.: 
Arene Ruthenium Complexes: Highly 
Enantioselective Catalysts and Excellent 
Precursors for MOCVD Deposition of Thin 
Ruthenium Films (Invited talk) 
International Summer School, University of 
Wroclaw, Sklarska Poreba, Poland 
06-11.06.2004 

 

Talks at Other Institutes 

Bertschat, H.H.: 
Surface and Interface Investigations using 
Radioactive Atoms 
RIKEN Seminar, Waho/Tokyo, Japan, 
22.3.2004 

Bertschat, H.H.: 
Basic research on surface-attached isolated 
atoms as zero-dimensional magnetic systems 
for future applications 
Arbeitsgruppenseminar Magnetismus in 
Metallen und Schichten, Metall-Isolator-
Übergang der Freien Universität Berlin, 
1.7.2004 

Darowski, N.: 
Zerstörungsfreie Materialcharakterisierung 
mittels Synchrotronstrahlung 
Kolloquium des Institutes für Festkörperphysik 
der Friedrich-Schiller-Universität Jena Jena, 
10.12.2004 

Denker, A.: 
Schneller Wasserstoff als Spürhund 
Kolloquium Studiengang 
Restaurierung/Grabungstechnik an der FHTW 
Berlin 20. Jan 2004 
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Imielski, P.: 
Magnetische und strukturelle Eigenschaften 
von 4f-Atomen an der Oberfläche 
Arbeitsgruppenseminar Magnetismus in 
Metallen und Schichten, Metall-Isolator-
Übergang der Freien Universität Berlin, 
9.12.2004 

Mahnke, H.-E.: 
From the photo effect to the analysis of 
nanostructures - X-ray absorption 
spectroscopy 
Seminar, Materials Science Department, State 
University of New York at Stony Brook Stony 
Brook, NY, USA, 27.07.2004 

Sielemann, R.: 
Leerstelle und Zwischengitteratom: 
Fundamentale Defekte in Ge und InSb 
Kolloqium FZ Jülich, Jülich, 24.2.04 

Strub, E.: 
Elastic Recoil Detection Analysis (ERDA) am 
Ionenstrahllabor des Hahn-Meitner-Instituts 
Seminar im Institut für Kernchemie der 
Universität Mainz 14. Jul 2004 

Strub, E.; Bohne, W.; Röhrich, J.: 
ERDA am HMI - Auf dem Weg zur 
”Routineanalytik” für dünne Schichten 
Fachgruppenseminar der Fachgruppe I.4 der 
BAM Berlin, 16.11.2004 

Zeitz, W.-D.: 
β-NMR: Überlegungen zur Methode 
Arbeitsgruppenseminar Magnetismus in 
Metallen und Schichten, Metall-Isolator-
Übergang der Freien Universität Berlin, 
8.1.2004 

Zeitz, W.-D.: 
Diffusion von Bor in Silizium-Germanium- 
Mischkristallen 
Arbeitsgruppenseminar Magnetismus in 
Metallen und Schichten, Metall-Isolator-
Übergang der Freien Universität Berlin, 
10.2.2004 

Zeitz, W.-D.: 
Summenregel und Drehimpulskopplung bei 
der XMD 
Arbeitsgruppenseminar Magnetismus in 
Metallen und Schichten, Metall-Isolator-
Übergang der Freien Universität Berlin, 
6.5.2004 

Zeitz, W.-D.: 
Nuclei as secret agents: Interface Magnetism 
Investigated with Radioactive Atoms 
UNSW@ADFA Physics Discipline Seminar, 
University of New South Wales at the 
Australian Defence Force Academy, Canberra, 
Australien, 29.10.2004 

 

 154 



 

Accelerator Facility, Operations and Developments 

Conference Contributions 

Bundesmann, J.: 
CODIAN, a portable control system (Invited 
talk) 
Second LEIF Labview workshop Wien 24. Aug 
- 26. Aug 2004 

Homeyer, H.: 
Status of ISL (Oral) 
International Conference on Cyclotrons and 
Their Applications Tokyo 18. Oct - 22. Oct 
2004 

Homeyer,H.;Röhrich,J.;Winkelmann, T. 
Status of the Ion Source development at the 
ISL (Oral) 
38th Symposium of Northeastern Accelerator 
Personnel in Hamilton 17. Oct - 21. Oct 2004 

Opitz-Coutureau, J.; Bundesmann, J.; Denker, 
A.; Homeyer, H.: 
Installation of the Berlin Ion Beam Exposure 
and Research Facility (BIBER) (Poster) 
Radiation Effects on Components and Systems 
RADECS 2004 Madrid, Spanien 22. Sep - 24. 
Sep 2004 
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Radiation Dosimetry and Therapy

Conference Contributions 

Heufelder, J.: 
Die Protonentherapie aus 
medizinphysikalischer Erfahrung (Invited 
talk) 
Statusseminar Protonentherapie in Berlin 02. 
Dec - 02. Dec 2004 

Heufelder, J.; Cordine, D.; Kluge H.: 
Ein schnelles zweidimensionales 
Messverfahren zur 
arbeitstäglichenüberprüfung des Dosisprofils 
eines 68 MeV-Protonenstrahls für die 
Behandlung von Augentumoren (Oral) 
35. Jahrestagung der Deutschen Gesellschaft für 
Medizinische Physik Leipzig 22. Sep - 25. Sep 
2004 

Höcht, S.; Bechrakis, N.E.; Foerster, M.H.; 
Hinkelbein, W.; Heufelder, J.; Cordini, D.; 
Homeyer, H.; Kluge H.: 
Strahlentherapie von Augentumoren mit 
Protonen Das Berliner 
Protonentherapieprojekt – Erste 
Erfahrungen (Poster) 
Hauptstadtkongress 2004 Berlin 02. Jun - 04. 
Jun 2004 

Höcht, S.; Bechrakis, N.E.; Wiegel, T.; Krause, 
L.; Wachtlin, J.; Kluge, H.; Homeyer, H.; 
Martus, P.; Foerster, M.H.; Hinkelbein, W.: 
5 years of experience in proton therapy for 
ocular tumors in Germany (Poster) 
26. Deutscher Krebskongress Berlin 27. Feb - 
01. Mar 2004 

Stark, R.; Seiler, F.; Cordini, D.; Heufelder, J.; 
Höcht, S.; Bechrakis, N.E.; Foerster, M.H.; 
Hinkelbein, W.: 
Protonen- oder stereotaktische 
Photonenbestrahlung beim posterioren 
Aderhautmelanom? (Oral) 
35. Jahrestagung der Deutschen Gesellschaft für 
Medizinische Physik Leipzig 22. Sep - 25. Sep 
2004 

Weber, A.; Cordini, D.; Heufelder, J.; Homeyer, 
H.; Kluge, H.; Simiantonakis, I.; Stark, R.: 
A Proton Therapy Facility with 
Simultaneous Treatment Capability (Oral) 
Particle Therapy Co-Operative Group 
(PTCOG), 41st Meeting Bloomington, Indiana, 
USA 10. Oct - 13. Oct 2004 

 
Talks at Other Institutes 

Heufelder, J.: 
5 Jahre Protonentherapie von 
Augentumoren Erfahrungen und Ergebnisse 
(Invited talk) 
Monatliches Colloquium der DGMP Berlin 08. 
Jun - 08. Jun 2004 
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3. Theses 
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Habilitation Theses 
 
Schumacher, G. 
Crystallization in Thin Amorphous Foils and 
Films 
TU-Berlin 03/04 
 
PhD Theses 
 
Opitz-Coutureau, J.  
Hyperthermische Streuung von 
Antimonclustern an unterschiedlich harten 
Oberflächen: F-SAM, Graphit, Gold, 
Antimon(III)oxid, Siliziumdioxid und 
Diamant 
Humboldt-Universität zu Berlin 12/04 
 
Petrov, A.  
Principles of Production of New Devices for 
Micro- and Nanoelectronics on the Base of 
Materials with Ion Tracks 
Fernuniversität Hagen 10/04 
 
Staufenbiel, F.  
Elektronentemperatur im Zentrum von 
Ionenspuren in Metallen 
TU-Berlin 06/04 
 
Diploma Theses 
 
Kott, P.  
Weiterentwicklung von Modulatorrädern für 
die Protonentherapie von Augentumoren 
FH Giessen-Friedberg 09/04 
 
Rauschenberg, J.  
Messungen von 68 MeV PIXE 
Wirkungsquerschnitten und ihre 
Anwendung in der Archäometrie 
TU Berlin 12/04 
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4. Courses at Universities 
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Summer Term 2004 

Czerski, K., Heide, P. 
Kernreaktionen bei niedrigen Energien und 
schnelle Elektronendynamik 
TU Berlin (2 SWS) 

Mahnke, H.-E. 
Festkörperphysik mit schweren Ionen 
Forschungsseminar FU Berlin (2 SWS) 

Schiwietz, G. 
Einführung Physikalisches 
Grundpraktikum 3 
TU Berlin (2 SWS) 

Schiwietz, G. 
Kurzzeitdynamik des Festkörpers 
TU Berlin (2 SWS) 

Schumacher, G. 
Physik der Superlegierungen 
TU Berlin (2 SWS) 

Winter Term 2004/2005 

Czerski, K., Heide, P. 
Kernphysikalische Prozesse der 
Elementenentstehung im Universum 
TU Berlin (2 SWS) 

Mahnke, H.-E. 
Festkörperphysik mit schweren Ionen  
Forschungsseminar FU Berlin (2 SWS) 

Schiwietz, G. 
Kurzzeitdynamik des Festkörpers 
TU Berlin (2 SWS) 

Schiwietz, G. 
Einführung Physikalisches 
Grundpraktikum 3 
TU Berlin (2 SWS) 
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III. 

Seminars at ISL 
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Seminars 2004 

20.01.2004 
Dr. C. d'Orléans (IPCMS Strasbourg) 
Elaboration by Ion Implantation of Co-
Nanoparticles in Silica Layers and 
Modifications of their Properties by Swift 
Heavy Ions 

27.01.2004 
Dr. R. Röhlsberger (HASYLAB Hamburg) 
Nukleare Festkörperphysik mit 
Synchrotronstrahlung  

03.02.2004 
Dr. F. Schopper (Archäologisches 
Landesmuseum Frankfurt) 
Hortfund Lebus  

02.03.2004 
Dr. M. Schippers (PSI) 
Physics Projects for Radiation Therapy: From 
Biology to Accelerators  

23.03.2004 
Prof. Dr. H.P. Gunnlaugsson (Universität 
Aarhus) 
Physics on Mars: A Changing Picture of the 
Red Planet  

11.05.2004 
Prof. U. Schraermeyer (Universität 
Tübingen) 
Neue Therapieaspekte für die altersbedingte 
Makuladegeneration 

18.05.2004 
Prof. H.-J. Kluge (GSI Darmstadt) 
Atomic Physics wit Highly-Charged Ions: 
Scientific Program of the FAIR and SPARC 
Community  

01.06.2004 
Prof. D. Hoffmann (GSI Darmstadt) 
High Energy Density Physics with Intense 
Heavy Ion and Laser Beams 

15.06.2004 
Dr. S. K. Srivastava (MPI Stuttgart) 
Swift Heavy Ion Induced Mixing in Metal 
Based Systems  

22.06.2004 
Dr. Z. Yao (CRPP-EPFL-Villigen) 
Irradiation Effects on Single Crystalline Ni 

19.10.2004 
Dr. M. Fippel (Universität Tübingen) 
Dosisberechnungsalgorithmen für die 
Strahlentherapie mit Photonen und Protonen  

09.11.2004 
T. Tamm (TU Chemnitz) 
PECVD-Abscheidung und Charakterisierung 
von Schichten im System B-C-N 

16.11.2004 
Dr. J. Bollmann (TU Dresden) 
ISL: Aufbau eines optischen Messplatzes zur 
spektralen und zeitaufgelösten Lumineszenz-
Untersuchung nach und während der 
Ionenbestrahlung  

23.11.2004 
Prof. Bhatacharyya (Universität Kalkutta) 
Morphology of Ion Sputtered Semiconductor 
Surfaces at an Oblique Incidence  

30.11.2004 
R. Otto (HU Berlin) 
Charakterisierung von magnetischen 
Nanostrukturen mit dem 
Transmissionselektronenmikroskop 

07.12.2004 
Dr. H.-W. Becker (RU Bochum) 
Materialwissenschaft mit MeV-Ionenstrahlen 
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IV. 

List of Experiments 
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List of Experiments 

A - Analysis, C – Industrial Cooperations, M - Materials Modifications, 
N - Nuclear Probes, O - Others 

A 01 ERDA+RBS Messungen und Tests HMI-SF4 Bohne 

A 16 Hochenergie-PIXE HMI-SF4 Denker 

A 20 Bonding Modification in SiNx:H Films by Rapid Thermal 
Annealing and by Ion Beam Exposure 

UC-Madrid Martinez 

A 23 Cadmium Diffusion in hocheffizienten ZnO/CdS/Cu(In,Ga)Se2-
Solarzellen 

Uni Stuttgart Rau 

A 24 Electron Beam Crystallized Thick Film Silican-Siliconcarbide 
Solar Cells on Mid and Hligh Temperature Substrates 

TU Marburg Gromball 

A 25 Analytik von epitaktischen und amorphen Si-Schichten für 
Dünnschichtsolarzellen – hergestellt bei tiefen Temperaturen 

HMI-SE1 Reinig 

A 26 Untersuchung von Metallschchten für die Kontaktierung von 
Halbleiterbauelementen 

HHI-Berlin Kreißl 

A 27 Investigatioin of Interdiffusion Effects at the CuInS2/ZnSe 
Interface in Photovoltaic Devices 

HMI-SE2 Siebentritt 

A 29 Messung der Zusammensetzung von TiO2-Mischschichten (z.B. 
TiOxNy) mittels ERDA 

FZ-Jülich Kluth 

A 30 Stöcchiometrie von dünnen Schichten aus van der Waals-
Halbleitermaterialien (MoS2WS2) 

HMI-SE2 Ellmer 

A 31 Study of the O/(OH)-Ratio of ILGAR-ZnO Layers, Composition 
of ILGAR-CIS, and the Influence of Damp-Heat Processes 

HMI-SE2 Fischer 

A 32 Analytik von epitaktischen Si-Schichten für Dünnschicht—
solarzellen, hergestellt mit ECR-CVD bei tiefen Temperaturen 

HMI-SE1 Rau 

A 33 Disluted magnetic demiconductor systems near the solubility 
limit 

PDI Berlin Trampert 

A 34 Study of the surfaces of materials for ultra cold neutron storage HMI-SF1 Korobkina 

A 35 Determination of silicon and dopant (Ar, Ph, B) concentration in 
thick Pr2O3 

IHP-Microeletr. Wenger 

A 36 Investigation of the CuGaSe2 thin films and interfaces in 
ZnO/buffer-layer/CuGaSe2 solar cell devices 

HMI-SE2 Rusu 

A 38 CVD von Übergangsmetallen und –metalloxiden aus 
metallorganischen Komplexen 

Uni Erlangen Popovska 

A 39 Hydrogen certification for Glow Discharge Optical Emission 
Spectrometry 

BAM-Berlin Hodroaba 

A 40 Composiltion of high-k dielectrics (Ta2O5)x(TiO2)1-x, HfxSi1-xO2 Uni-London del Prado 

A 41 Charakterisation von PECVD-Borcarbonitridschichten TU Chemnitz Thamm 

A 42 Analysis of C concentration in CVD grown epitaxial SiGe:C 
films 

IHP Frankfurt Wenger 

A 43 ARCHIMEDES/TECSAS/SLES DLR-RM Frommberger  

ATT Augentumortherapie HMI-SF4 Kluge 

C 00 Teststrahlzeit für Technologie-Transfer-Experimente HMI-SF4 Denker 

C 01 Industrie-Kooperationen HMI-SF4 Denker 
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C 02 Industrie-Kooperationen HMI-SF4 Denker 

M 08 Erzeugung kurzer optischer Pulse mit Halbleiterlasern für 
Untersuchungen an hochratigen optischen Übertragungstrecken 

HHI Berlin Küller 

M 23 Atomtransport in oxidischen Schichtpaketen durch elektronische 
Energiedeposition 

Uni Stuttgart Bolse 

M 27 Clusterbildung in Ionenspuren nach Beschuß von Polysilanen und 
Organometallen 

HMI-SF-4 Fink 

M 28 Strahlungsinduziertes Kriechen in Gläsern HMI-SF-4 Klaumünzer 

M 30 Grundlagen und Anwendungen von leitenden Ionenspuren Uni-Göttingen Zollondz 

M 31 Indexguided ZnSe-based lasers for the green spectral range TU Berlin Bimberg 

M 32 Effects of swift heavy ion irradiation in oxide ceramics used for 
nuclear waste disposal 

CSNSM Orsay Thome 

M 33 Strukturierte Ionenspurverteilungen HMI-SF4 Fink 

M 34 Phasenübergänge in intermetallischen Verbindungen HMI-SF4 Klaumünzer 

M 35 Ionenspuren als Basis für die Erzeugung von Kapillaren HMI-SF4 Stolterfoht 

M 36 Phase transformation in pure zirconia CIRIL/CAEN Benyagoub 

M 37 Instabilität und Strukturbildung in NiO/SiO2/Si-Schichtpaketen 
unter Hochenergie-Ionenbestrahlung 

Uni-Stuttgart Bolse 

M 38 Surface Amorephization of InP HMI-SF4 Darowski 

M 39 Wirkung der elektronischen Energiedeponierung auf die 
Defektbildung in kristallinen Halbleitern 

Uni Jena Wesch 

M 41 Nano-wire field effect transistor in etched ion tracks of flexible 
materials 

HMI-SE2 Chen 

M 42 Phase transformations in NiTi shape memory alloys induced by 
high energy ion beam 

EPF Lausanne LaGrange 

M 43 Exploration of Magnetic Materials Modification Effects Porto Allegre Grande 

M 44 Ion tracks in MOS structures Fern-Uni Hagen Fahrner 

M 45 Untersuchungen zur plastischen Deformationvon 
Halbleiteroberflächen durch hohen elektronischen Energieeintrag 

Uni Jena Wesch 

M 46 Ion track sensors with fullerite TU-Novosibirsk Berdinsky 

M 47 Texturbildung in Ti-Proben unter Bestrahlung mit schnellen 
schweren Ionen 

HMI-SF4 Zizak 

M 48 Phasenübergang quasikristallin amorph induziert durch 
Bestrahlung mit schnellen schweren Ionen 

HMI-SF4 Schumacher 

M 49 Effects of swift heavy ion irradiation on Cu Base shape memory 
alloys 

CAB-Argentine Tolley 

M 50 Nanomagnetische Strukturen in Ionenspuren HMI-SF4 Sielemann 

M 51 Determination of secondary electron emission induced by low 
energy bombardment with multiple charged ions 

FZ-Rossendorf Möller 

M 52 Tests and Development of features and performance of the Berlin 
Ion Beam Exposure and Research Facililty BIBER 

HMI-SF4 Opitz-
Coutureau 

M 53 Magnetic texturing of thin Ni, Fe and FeCo films by energetic 
heavy ions 

Uni-Göttingen Lieb 
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M 54 Apatite fission-track thermochronology and fission-track 
annealing kinetics of monophosphates 

TU-Freiberg Enkelmann 

M 55 Abbildung von magnetischen Ionenspuren mit Hilfe der 
Elektronenholographie im TEM 

HU Berlin Neumann 

M 56 Tribological and microstructural behaviour of ion-implanted 
Si3N4 based ceramics 

HMI-SF3 Babscan-Kiss 

M 57 High energy irradiation on GaN HEMT device for space 
applications 

FBI-Berlin Gnanapragasar 

M 58 Ion-induces transformation of K1-x(NH4)xI mixed crystals to the 
amorphous state 

JINR-Dubna Smirnov 

M 59 High energy proton induced degradation of Silicon based solar 
cell test structures 

Uni-Salerno Neitzert 

M 60 EXAFS-analysis of nanostructures produced by high-energy ion 
beams 

HMI-SF4 Mahnke 

M 61 Ionenstrahlinduzierte Transportphänomene in Keramiken HMI-SF4 Schattat 

M 62 Study of swift heavy ion induced intermixing in Metal/Si thin 
films 

UGC-DAE 
India 

Gupta 

M 63 Einzel-Schwerionen-Bestrahlung von ta-C Schichten Uni-Göttingen Hofsäss 

M 64 Helium bubbles in titanium alloys HMI-SF4 Schumacher 

M 65 Entnetzungsphänomene unter Hochenergie-Ionenbestrahlung Uni Stuttgart Bolse 

M 66 Nanomagnetische Strukturen in Kohlenstoff HMI-SF4 Sielemann 

M 67 Amorphization of pre-damaged silicon by swift heavy ions Uni Salford, UK Donnelly 

N 21 Das Verhalten von 12B in Silizium-Germanium-Mischkristallen HMI-SF4 Zeitz 

N 23 Charakterisierung tiefer Störstellen von Seltenen Erden in SiC-
Polytypen 

Uni Jena Witthuhn 

N 25 Untersuchung Seltener Erden in Festkörpern mit nuklearen 
Methoden 

HMI-SF4 Zeitz 

N 30 Zwischengitteratome in GeSi HMI-SF4 Sielemann 

N 31 PAC-Sonden zur Untersuchung des Dotierverhaltens 
magnetischen Halbleiter magnetischen Halbleiter 

Uni-Freiberg Unterricker 

N 34 Implantation-Mössbauer Measurements on Sb in Diamond Uni Natal/SA Bharut-Ram 

N 35 Identification and Electrical Characterization of Defects in SiCi Uni Oslo Grillenberger 

N 36 Messungen an 12B in MgB2 mit der ß-NMR Uni Hannover Heitjans 

I 10 Messung niederenergetischer Elektronen bei der Wechselwirkung 
von hochgeladenen Ionen mit Festkörperoberflächen 

HMI-SF4 Stolterfoht 

I 13 Surface Defects HMI-SF4 Hoffmann 

I 16 Electron Temperatures in the Center of Nuclear Tracks HMI-SF4 Schiwietz 

I 20 Messung der spezifischen Energieverluste von ‘eingefrorenen‘ 
Ladungszuständen und der Umladungsquerschnitte im 
Nichtgleichgewicht von Ionen in Festkörpern 

TU-Darmstadt Blazevic 

I 22 Study of 'hot' electrons in collisions of slow, highly charged ions 
with solids 

Atomki, 
Debrecen 

Sulik 

I 23 Relaxation processes in surfaces following core excitation CIRIL Caen Chesnel 
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I 24  Azimuth angle dependence of energy loss in highly charged ion – 
metal surface collision 

U. Stockholm Schuch 

I 25 Nanodefect formation by slow multicharged ions at insulator 
surfaces 

TU Wien Aumayr 

I 26 Search for Coulomb Explosion HMI-SF4 Schiwietz 

I 27 Cusp electron production in slow Ion-Atom collisions Uni-Lund Hutton 

I 28 Sputtering induced by very low HCI CIRIL-Caen Ban-d’Etat 

I 29 Sputtered Neutrals – a new approach to nuclear track formation HMI-SF4 Roth 

I 30 Velocity distribution of sputtered elements CIRIL-Caen Ban-d’Etat 

I 31 Surface tracks on insulators: dependence on the charge state Pucrs P. Alegre Papaleo 

I 32 Surface Sputtering induced by Swift Heavy Ions Uni-Stuttgart Schattat 

O 15 Molecular Structure of Beryllium, Boron, Carbon Isotopes via 
Multi-Nucleon Transfer 

Ohiu Uni Massey 

O 17 Fragmenttion of D2 following multicharged ion impact at very 
low velocities 

CIRIL Caen Fremont 

O 18 Test of spin conservation rules in single and double capture by 
highly charged ions 

Uni Marne Bliman 

O 20 Study of the spectroscopy of neutron-rich nuclei using recoil 
coincidence detection 

Uni 
Bermingham 

Freer 

O 21 Structure Study of the Heavy Hydrogen Isotope 5H in Heavy-Ion 
Transfer Reactions 

JINR Dubna Kalpakchieva 
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V. 

Personalia 

 

 175 





 

Collaboration with External Scientific Bodies and Committees 

 

Busse, W. 
Member of the EPCS-Board (EPS Interdivisional Group of Experimental Physics Control Systems) 

Busse, W. 
Member of the International Scientific Advisory Committee of the Conference Series “International 
Conference on Accelerator and Large Experimental Physics Control Systems” (ICALEPCS) 

Denker, A. 
Member of the “Interessengemeinschaft Atomspektroskopie” 

Denker, A. 
Member of the Scientific Advisory Committee of the International Conference on Particle Induced 
X-ray Emission 

Denker, A. 
Member of the Centre Européen d’Archaeometrie Liège 

Denker, A. 
National Representative of the Management Committee of COST G8 (Non-destructive Testing of 
Museum Objects) 

Fink, D. 
Member of the Editorial Board of the Journal “Radiation Effects and Defects in Solids” 

Homeyer, H. 
Member of the TESLA Advisory Committee of the “Information Meetings on the TESLA Accelerator 
Installation” 

Homeyer, H. 
Member of the International Organizing Committee of the Conference Series “International 
Conference on Cyclotrons and their Applications” 

Kluge, H. 
Steering Committee Member of the “Proton Therapy Cooperative Group (PTCOG)” 

Mahnke, H.-E. 
Member of the 8. TESLA-Workshop Program Advisory Committee 

Mahnke, H.-E. 
Member of the Committee “Forschung mit Nuklearen Sonden und Ionenstrahlen (KFSI)” 

Rethfeldt, C. 
Member of the EPCS-Board (EPS Interdivisional Group of Experimental Physics Control Systems) 

Schiwietz, G. 
Member of the International Committee of the International Conference on Atomic Collisions in 
Solids (ICACS) 

Schiwietz, G. 
Member of the “International Scientific Committee of the Conference on Swift Heavy Ions in Matter 
(SHIM)” 
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Schiwietz, G. 
Member of the Editorial Board of the Journal “Nuclear Instruments and Methods in Physics Research, 
Section B: Beam Interactions with Materials and Atoms (NIM-B)” 

Sielemann, R. 
Member of the Editorial Board of the Journal “Hyperfine Interactions” 
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VI. 

Personnel 

 

 179 





 

Permanent Research Staff: 

H.H. Bertschat, W. Bohne, W. Busse, A. Denker, D. Fink, H. Haas, H. Homeyer, S. Klaumünzer, 
H. Kluge, H.-E. Mahnke, W. Pelzer, C. Rethfeldt, J. Röhrich, G. Schiwietz, G. Schumacher, 
R. Sielemann, N. Stolterfoht, W.-D. Zeitz 

Non-permanent Research Staff: 

K. Czerski, N. Darowski, D. Cordini, J. Heufelder, J. Opitz-Coutureau, K. Potzger, M. Rösler, 
M. Roth, I. Simiantonakis, R. Stark, E. Strub, A. Weber, I. Zizak, T. Zumkley 

PhD Students: 

R. Hellhammer, P. Imielski, Y. Manzhur, A. Petrov, Y. Rudychev, F. Staufenbiel 

Students: 

V. Beck, M. Eilenstein, I. Härtge, H. Janssen, M. Hoffmann, C. Keil, S. Klein, P. Kott, I. Kovalskaite, 
I. Naumann, J. Rauschenberg, D. Reetz, M. Savoca, R. Schülzky, J. Suchogorska, A. Schwarz, B. Walz 

Technical and Non-Scientific Staff: 

P. Arndt, D. Beck, M. Bernburg, C. Beschorner, M. Birnbaum, D. Böhm, G. Brüning, J. Bundesmann, 
T. Damerow, D. Draht, K. Effland, R. Griese, R. Grünke, W. Hahn, R. Häßelbarth, G. Heidenreich, 
D. Hildebrand, M. Jung, G. Liar de Martin, B. Mertesacker, J. Meseck, W. Mittelstädt, U. Müller, 
H. Lucht, M. Przewozny, J. Reinicke, E. Seidel, H. Stapel, H. Stenglein, P. Szimkowiak, 
T. Winkelmann, U. Zuther 

Guest Scientists: 
Prof. W. Brewer Freie Universität Berlin, Germany 
Dr. A. Chandra Panjab University, New Delhi, India 
Dr. W. Chen Humboldt-Universität zu Berlin, Germany 
Dr. J. Chesnel CIRIL-ISMRA, Caen, France 
Prof. P.L. Grande Instituto de Fisica, UFRGS, Brazilia 
S. Legendre CIRIL-ISMRA, Caen, France 
Dr. F.L. Martinez Viviente University Cartagena, Spain 
A. Petrov National Academy of Sciences of Belarus 
Dr.M. Prandolini Freie Universität Berlin, Germany 
Dr. B. Schattat Universität Stuttgart, Germany 
Dr. D. Sinha Nagaland University, India 
Prof. J. Tanis Western Michigan University, Kalamazoo, USA 
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