
 

 

 University of Groningen

The influence of peptide structure on fragmentation pathways
Bari, Sadia

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2010

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Bari, S. (2010). The influence of peptide structure on fragmentation pathways. s.n.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 25-05-2023

https://research.rug.nl/en/publications/fc9f2526-57b3-4c6e-a28c-5b79ecc1fa4a


Chapter 5

Kinetic energy releases of small
amino acids upon interaction with
keV ions

In chromatin, DNA is tightly packed into one complex together with histone and non–histone
proteins. These proteins are known to protect the DNA against indirect and to some extent
even direct radiation damage. Radiation action upon amino acids is thus one of the primary
steps in biological radiation action. In this paper we investigate the ionization and fragmen-
tation of the gas–phase amino acids glycine, alanine and valine upon interaction with keV
α–particles. High resolution coincidence time–of–flight mass spectrometry is used to deter-
mine the dominant fragmentation channels as well as fragment kinetic energies.

published:
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54 Kinetic energy releases of small amino acids upon interaction with keV ions

5.1 Introduction

The interaction of keV ions with biomolecules is of particular biological relevance in the
context of the recent advances in proton and heavy ion tumor therapy. When the ions traverse
tissue and are decelerated to sub MeV energies, the so–called Bragg–peak is reached where
the induced damage is highest due to maximum linear energy transfer (LET) and relative
biological effectiveness (RBE) at these energies. The volume selectivity given by the exis-
tence of such a well localized Bragg–peak region renders proton and heavy ion therapy such
promising techniques in cancer treatment [1]. Biological consequences of irradiation with
energetic protons and heavy ions from galactic cosmic rays and solar particle events are also
a limiting factor for human space exploration. This issue isof particular importance for future
manned missions outside low Earth orbit, e.g. lunar or Mars missions. For terrestrial radia-
tion exposures, epidemiological data from the atomic bomb survivors [2, 3] are the primary
basis for risk assessment; however, there is no unambiguousapproach for extrapolating data
from high–dose–rate exposures toγ–rays to the low dose–rate exposures to protons, heavy
ions and secondary radiation encountered in space [4].

Biological effects of ionizing radiation are known to ultimately come down to direct or
indirect damage of cellular DNA. To better understand biological radiation damage on a
molecular level, a number of recent studies have focused on ionization and fragmentation
of isolated DNA building blocks. It was for instance found that very low energy (secondary)
electrons can efficiently damage nucleobases [5–7] or deoxyribose [8] and induce DNA single
and double strand breaks [9–11].

For keV ion impact, i.e. for ions at energies in the Bragg peakregion, ionization and
fragmentation of isolated DNA building blocks has been studied very recently. It has been
observed that nucleobases [12–16] and even more so deoxyribose molecules [17] are very
sensitive to keV ion impact. Furthermore, secondary ions produced in such collisions can
have kinetic energies easily exceeding several 10 eV [13, 14] which is sufficient to cause
subsequent DNA damage [18, 19].

In the nuclei of eukaryotic cells, DNA is part of the chromatin, i.e. DNA is wound around
protein spools – the so–called histones. These histones andother proteins are known to pro-
tect the DNA against indirect [20] and to some extent even direct radiation damage [21]. The
protection is usually weaker for heavy ions as compared to low LET radiation [22]. Very
recently, Vasilevet al. [23] have shown that dissociative low energy electron attachment to
glycine leading to hydrogen abstraction could be a very efficient electron scavenging mecha-
nism explaining aspects of the radioprotective character of the chromatin proteins. Our group
recently reported fragment kinetic energies and fragmentation channels for keV ion collisions
with α– andβ–alanine [24].

In this article, we will present experimental results on theinteraction of ions at Bragg peak
energies with the three amino acids glycine (NH2CH2COOH), alanine (CH3CH(NH2)COOH)
and valine ((CH3)2CHCH(NH2)COOH). Fragmentation patterns as well as fragment kinetic
energies are reported and compared to existing data obtained by electron or photon impact.
The results will be discussed in the framework of biologicalradiation damage.
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5.2 Experiment

The experimental setup has been described in detail before [12]. Briefly, H+, He+, He2+ and
O5+ ions were extracted from the electron cyclotron resonance (ECR) ion source located at
the ZernikeLEIF facility (KVI in Groningen).

For the present experiments, the source was operated on source potentials between 4 and
20 kV. The ion beam was pulsed with a repetition rate in the 10 kHz range and a pulse length
of about 10 ns.

In the collision chamber, the ion beam pulses crossed gaseous targets ofα–alanine,
glycine or valine evaporated from an oven operating at 420 K,400 K and 410 K, respec-
tively. The molecules effused through a 500µm nozzle placed≈ 20 mm from the collision
center. The base pressure during experiments was kept around a few×10−8 mbar.

For most experiments, a static electric field of about 150 V/cm was used to extract charged
interaction products from the collision region. The product ions were then guided into a
reflectron type time–of–flight (TOF) spectrometer (resolution m

∆m = 1500 atm= 720 amu
[25]) and detected on a multi–channel–plate detector. For each start, several fragment ions
could be detected in coincidence (dead time≤ 50 ns) and analyzed in an event by event mode.
A more detailed description can be found in [13].

5.3 Results and Discussion

Fig. 5.1 shows mass spectra of positively charged products from collisions of 20 keV He2+

with glycine (top),α–alanine (middle) and valine (bottom). For better comparability, an
identical mass range is displayed. The parent ion position is marked with a dotted line.

The vertical scale above the break is logarithmic. A list with the yields of the most
dominant glycine,α–alanine and valine fragment cations and their tentative assignment can
be found in tables 5.1, 5.2 and 5.3, respectively. Where available, the data for electron and
VUV photon impact are given for comparison. It is obvious that for all three amino acids
under study, extensive fragmentation is observed. Even thoughα–particle impact in general
leads to more extensive fragmentation, i.e. to smaller fragments, qualitative agreement of
the fragment ion yields is found with the exception that our data usually exhibits very strong
contributions of H+ fragments. The raw data for VUV photon impact [26] show strong peaks
at very lowm/q as well but this mass spectral range is left unquantified.

5.3.1 Glycine

The relative intensities of the various fragment ion peaks formed upon 20 keV He2+ impact
on glycine can be found in table 5.1. The yield of the most intense fragment cation with
m/q=30 is set to 100 %. The glycine parent cation is observed witha 3.8 % yield, comparable
to what is observed after electron or photon impact. Although this implies a very efficient
fragmentation, it still renders the glycine cation the moststable amino acid under study, here.
The strongest glycine fragment is found atm/q=30 and can most probably be assigned to
NH2CH+

2 . After single ionization, this cation is formed upon scission of the Cα–C bond
and release of a neutral COOH radical. This channel is theoretically predicted to be the
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Figure 5.1: Mass spectrum of product ions from 20 keV He2+ collisions with glycine (top),α–alanine
(middle) and valine (bottom). The dotted vertical line indicates the respective parent cation. Major
fragment peaks, H+, H+

2 and H+3 are labeled.

energetically most favorable with the positive charge staying on the fragment with the lowest
ionization potential [28]. The corresponding COOH+ cation is observed with a much weaker
intensity of 4.9 %. The second most favorable channel predicted by theory is the loss of a
neutral H atom from the glycine cation. The corresponding peak atm/q=74 is not observed
in our studies. It might be subject to further fragmentation.

The next most intense peak atm/q=28 has been identified as HCNH+ that can be formed
in a variety of fragmentation processes, either directly orin a later step. In the low mass
region, the mass spectrum obtained after 20 keV He2+ impact is much richer than what is
observed after electron or photon impact. This is a well known fact since collisions of singly
or multiply charged keV ions not only lead to gentle single electron capture. Additional
interaction channels are multiple electron capture as wellas direct ionization. In both cases,
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Table 5.1: Intensities of the dominant cationic fragments of glycine formed in collisions with 20 keV
He2+, 70 eV electrons [27] and 10 eV photons [26], relative to the dominant molecular fragment at
m/q=30 (intensity=100). Fragment ion assignments largely follow the work of Jochimset al. [26].

m/q ion He2+ electrons photons
(amu) assignment 20 keV 70 eV 10 eV

1 H+ 92
2 H+

2 1.5
12 C+ 16.3 0.5
13 CH+ 4.2 0.3
14 CH+

2 , N+ 8.4
15 CH+

3 3.1 0.2
16 NH+, O+ 16.4 1.5
17 NH+

3 , OH+ 4.0 1.7
18 NH+

4 , H2O+ 2.0 7.7 1
19 H3O+ 0.6
24 C+

2 4.0
25 C2H+ 1.1
26 C2H+

2 , CN+ 5.8 0.4
27 C2H+

3 8.6 3.2 0
28 HCNH+ 39.0 8.0 9
29 NH2CH+ 8.9 4.5 0
30 NH2CH+

2 100 100 100
31 NH2

13CH+
2 , 3.1 2.0 2

NH2CH+
3

38 1.3 0
39 0.2 0.2 0
40 0.6 0.9 0
41 0.5 0.4 0
42 0.5 0.7 0
44 CO+

2 2.0 5.7 0
45 COOH+ 4.9 2.7 0
46 HCOOH+ 0.38 0.5 0
54 0.29 0.2 0
75 NH2CH2COOH+ 3.8 3.6 3

the target molecules are usually brought into highly excited and or multiply charged states.
Subsequent multifragmentation processes lead to formation of small fragment ions. This is
also the reason for the large intensity of the fragment peak at m/q=1 to some extent it reflects
the abundance of H atoms in the glycine molecule.

5.3.2 α–alanine

In α–alanine one H atom of the glycine CH2 group is replaced by a CH3 group. The keV ion–
induced fragmentation ofα–alanine has been extensively discussed in an earlier publication
[24] and we will thus only briefly summarize the results. The relative intensities of the various
fragment ion peaks formed upon 20 keV He2+ impact onα–alanine can be found in table 5.2.

In contrast to the glycine case, where non–dissociative ionization was only 3.8 % but still
visible, for α–alanine this channel is completely quenched, i.e. no parent ion peak is ob-
served. Theα–alanine spectrum (fig. 5.1, middle) qualitative resemblesthe spectra obtained
after low energy electron impact [29] and core–excitation [30].
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Table 5.2: Intensities of the dominant cationic fragments ofα–alanine formed in collisions with 20 keV
He2+, 70 eV electrons [27] and 20 eV photons [26], relative to the dominant molecular fragment at
m/q=44 (intensity=100). Fragment ion assignments largely follow the work of Jochimset al. [26].

m/q ion He2+ electrons photons
(amu) assignment 20 keV 70 eV 20 eV

1 H+ 297.6 41.9
2 H+

2 10.2 0.6
3 H+

3 0.4 0.02
12 C+ 30.6 0.1
13 CH+ 11.5 0.1
14 CH+

2 , N+ 19.6 0.6
15 CH+

3 18.8 4.3 4
16 NH+

2 , O+ 24.9 0.2
17 NH+

3 , OH+ 8.9 0.3
18 NH+

4 , H2O+ 28.7 4.5 85
19 H3O+

24 C+
2 8.5

25 C2H+ 6.7 0.3
26 C2H+

2 10.0 1.2
27 C2H+

3 12.1 4.2 10
28 HCNH+ 41.6 16.3 41
29 NH2CH+ 12.0 1.5 6
30 NH2CH+

2 2.0 0.6 4
36 C+

3 2.2 0.2
37 C3H+ 0.9
38 C3H+

2 , C2N+ 5.9 0.9
39 C3H+

3 , C2NH+ 3.7 1.1
40 C3H+

4 , C2NH+
2 3.7 3.4

41 C3H+
5 , C2NH+

3 3.8 5.2
42 NH2CH2C+ 10.1 20.5 12
43 NH2CH2CH+ 3.1 6.6 4
44 NH2CH3CH+ 100 100 100
45 COOH+ 14.8 3.1 5
46 HCOOH+ 2.8 1.5
74 NH2CHCOOH+ 1.2 0.2 2

One issue we already addressed in our previous study [24] is the formation of H+3 frag-
ment ions. This process has been observed recently for MCI induced double ionization of
CH3OH and the H+3 was confirmed to exclusively stem from the methyl group [31].We
observe H+3 formation as a weak fragment (0.4 %) forα–alanine ionization. Comparative ex-
periments onα–alanine with fully deuterated CH3 side chain show, that only about 30 % of
the formed H+3 originates from this side chain. The tri–hydrogen cation istherefore primarily
formed in processes requiring proton migration.

Forα–alanine, the dominant fragment cations are found atm/q= 1 (H+) and atm/q=44
(NH2CH3CH+). The latter fragment is formed by a single rupture of the C–Cα bond. Ab
initio calculations on fragmentation channels of theα–alanine cation find this channel to be
energetically most favorable [32]. The corresponding COOH+ ion produced by rupture of the
same bond is found at much weaker intensity (14.8 %) since theCOOH ionization potential
is higher than the ionization potential of NH2CH3CH+.

Another strong peak is found atm/q=28 and can be assigned to HCNH+. This cation is a
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Table 5.3: Intensities of the dominant cationic fragments of valine formed in collisions with 20 keV
He2+, 70 eV electrons [27] and 20 eV photons [26], relative to the molecular fragment dominant for
electron and photon impact atm/q=72 (intensity=100). Fragment ion assignments largely follow the
work of Jochimset al. [26].

m/q ion He2+ electrons photons
(amu) assignment 20 keV 70 eV 20 eV

1 H+ 1495.9
2 H+

2 113.9
3 H+

3 1.7
12 C+ 72.3
13 CH+ 58.1
14 CH+

2 , N+ 74.3
15 CH+

3
a) 81.9

16 NH+
2 , O+ 65.2

17 NH+
3 , OH+ 25.8

18 NH+
4 , H2O+ 16.0

19 2.9
24 C+

2 17.8
25 C2H+ 22.9
26 C2H+ 46.4 1.3
27 C2H+

2 71.2 11.3 6
28 HCNH+ 160.7 36
29 NH2CH+

2 66.4 10.1 36
30 NH2CH+

3 27.5 12.6 19
36 C+

3 20.4
37 C3H+ 41.4 0.5
38 C3H+

2 , C2N+ 38.7 1.2
39 C3H+

3 , C2NH+ 43.8 8.0 3
40 C3H+

4 , C2NH+
2 6.6 3.3

41 C3H+
5 , C2NH+

3 18.7 12.6 9
42 C3H+

6 7.1 5.9 unres.
43 (CH3)2CH+ 10.6 10.5 13
44 14.1 7.7
45 COOH+ 50.7 5.1 6
46 NH2CHOH+ 11.1 5.1 13
55 C4H+

7 36.7 24.9 64
56 (CH3)2(CH)+ 18.6 12.1 unres.
57 NHCHCOH+ 38,9 26.7 60
58 8.4 3.9
72 NH2(CH3)2(CH)+2 100 100 100
73 5.0 5.3
74 NH2CHCOOH+ 25.7 13.2 45
75 NH2CH2COOH+ 12.6 8.6 12

dominating fragment of a number of N–containing biomolecules and can be the end–product
of various dissociation pathways.

Finally,m/q=18, 16, 15, 14 and 12 are relatively important fragments. Using 15N–labeled
α–alanine, we can identifym/q=18 to be mainly NH+4 rather than H2O+. In this study, only
for α–alanine this fragment is of sizeable intensity (see also fig. 5.1). The peak atm/q=19
is identified as H3O+ by using the same technique. The other small fragments can bedue to
a variety of multifragmentation pathways, not observed in electron or photon impact studies.
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As in the glycine case, for He2+ collisions processes such as multiple electron capture as well
as direct ionization are most probably the cause for such multifragmentation events.

5.3.3 α–valine

In α–valine, two H atoms of theα–alanine methyl group are replaced by CH3 groups. The
relative intensities of the various fragment ion peaks formed upon 20 keV He2+ impact on
α–valine are given in table 5.3. As for theα–alanine case, no sizeable contribution of sur-
viving parent cations is observed.

The most obvious difference to the results obtained for glycine andα–alanine is the
extremely high intensity of the H+ fragment, which is about 9 times more intense than
the strongest molecular fragment cation atm/q=28. For VUV–photoionization [26] and
70 eV electron impact [27], the strongest fragment cation isneither the H+ nor them/q=28
(HCNH+) fragment but the fragment atm/q=72, assigned to NH2(CH3)2(CH)+2 and formed
by a single rupture of the C–Cα bond. For 20 keV He2+ impact, this channel dominates the
large mass part of the spectrum. Stronger than in the cases ofglycine and alanine, the cor-
responding COOH+ cation (m/q=45) is found with about half the intensity, indicating more
comparable ionization potentials of both fragments for thecase of valine.

The peak atm/q=75 is assigned to NH2CH2COOH+ and the peak atm/q=57 to its frag-
ment NHCHCOH+. Since them/q=57 peak is not observed for glycine fragmentation, the
fragment atm/q=75 is assumed to have a configuration different from the configuration of
the glycine radical cation.

Smaller fragments withm/q=12–18 are again strong. However, forα–valine the NH+4
ion is weaker than in case ofα–alanine.

To conclude the discussion of the mass spectra, if we refrainfrom looking at the H+

yields, the major cationic fragment for glycine andα–alanine has anm/q consistent with a
loss of the carboxyl (COOH) unit. In the valine case, the associated fragment is the second
most intense. The relative intensity of the COOH+ peak depends on the ratio of the fragment
ionization potentials. The findings are in qualitative agreement with VUV–photoionization
studies [26] and electron impact ionization [29, 33].

5.3.4 Fragment ion correlations

Fragmentation patterns as the ones shown in fig. 5.1 mostly contain information on possible
endpoints of the ion–induced dissociation processes as well as on their respective branching
ratios. When only examining those ionization processes in which the alanine molecules are
at least doubly ionized, two or more fragment cations stemming from the same molecular
fragmentation event can be detected in coincidence and morein depth information on the
fragmentation dynamics can be obtained. Fragment–fragment correlations involving protons
are dominating the correlation diagrams observed for 20 keVHe2+ induced ionization of the
three amino acids under study. Furthermore, protons are usually the most energetic secondary
ions observed in ion–induced biomolecular fragmentation [13] and thus particularly relevant
for biomolecular radiation damage studies.

Fig. 5.2 displays the correlation plots for H+ (TOF1) with C+, N+ and O+ (TOF2) formed
after multiple ionization of glycine by 20 keV He2+ ion impact. Note that the double–island
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Figure 5.2: Correlation plot for H+/C+, H+/N+ and H+/O+ ion pairs from 20 keV He2+ collisions
with glycine. ∆t1 and∆t2 are used to extract fragment kinetic energies. On the right,kinetic energies
are given for each fragment ion in eV (see text).

structure is due to the transmission of the extraction system. In the collision center fragment
ions with a specific kinetic energy are produced. The static electric extraction field applied to
the collision region accelerated the ions towards a diaphragm of finite diameter. For glycine,
an extraction field of 100 V/cm was employed. Depending on thediaphragm diameter, its
distance from the collision center and the strength of the extraction field, a cutoff ion en-
ergy exists. Ions with kinetic energies exceeding this cutoff energy have transmissions much
smaller than 100 %. For a single ion the transmission dependson the ions momentum vector.
If the angle between ion momentum and detector axis is 90◦ the ion will reach the diaphragm
at maximum distance from the center. If this angle is zero, the ion will reach the diaphragm at
the diaphragm center. For fragment ions with kinetic energies exceeding the cutoff only the
ones emitted parallel or antiparallel to the spectrometer axis are detected. In case of 100 %
transmission, parallelogram–shaped islands would be observed. In fig. 5.2 for the protons a
structure with two maxima is observed and the distance between these maxima defines∆t1.
For the heavy ions, no double peak structure is observed. As ameasure for their kinetic
energies we use the time (∆t2) between those TOFs at which the peak intensity dropped to
10 %. For a given extraction fieldε, fragment charge stateq and fragment ion massm the
ion kinetic energy is given byE = ε2q2∆t2/8m. The determined energies for fragments of
α– andβ–alanine are given on the right of fig. 5.2 (in eV).

Fig. 5.3 and 5.4 display the correlation plots obtained for 40 keV He2+ impact onα–
alanine and for 20 keV He2+ impact onα–valine, respectively. The results differ only
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marginally from what is observed in the glycine case. The granular structure in some of
the correlation plots is an artefact, due to poor statisticsof the raw data. Poor statistics are
also the main contribution to the error in the obtained fragment ion energies. We estimate
this error to be smaller than± 0.5 eV for the heavy fragments C+, N+ and O+ and slightly
exceeding± 1 eV for H+.

In all cases it is obvious that the fragment ion kinetic energies depend strongly on the
fragment ion type, being largest for O+ and H+, smallest for C+ and intermediate for N+.
For H+ and C+ these findings follow directly from the molecular geometry of the amino acids
under study. The light H+ fragments originate from sites on the outside of the molecules. In
case of multiple ionization, they are quickly emitted from the molecular skeleton which con-
sists of relatively slowly moving heavier atoms. Also, the H+ ions are not obstructed by any
other atoms when Coulomb explosion occurs. H+ energies stemming from fragmentation of
multiply ionized amino acids are thus high. On the other hand, C+ ions stemming from either
the carboxyl carbon–site or the Cα –site are fully or partially blocked by surrounding heavy
atoms and can only acquire relatively little kinetic energy. We have observed very similar
effects for highly charged ion–induced fragmentation of nucleobases earlier [14]. Since low
energy fragments have a much higher transmission than high energy ones, the fragment ions
originating from these blocked sites dominate the experimental results. This is also the rea-
son, why we do not observe an increase of C+ kinetic energy with the size of the amino acid
– the transmission effect is much stronger than the relativeincrease in unblocked C–sites.

It is much less obvious, why O+ fragments kinetic energies always exceed those of the
N+ fragments. Both stem from sites in the terminal carboxyl andamino groups, respectively,
and are thus not obstructed by any atoms other than hydrogen.The differences in kinetic
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energy could for instance reflect effects of the electron distribution in the multiply charged
and highly excited molecular complex. If the amino group is more effectively shielded than
the O–atoms of the carboxyl group a N+ ion would be subject to less Coulomb repulsion
and would thus acquire less kinetic energy than a O+ ion. Another explanation could be
multi–step fragmentation processes: If a neutral fragmentis lost in a first fragmentation step,
the subsequent Coulomb explosion of the remaining multiplycharged molecular ion leads to
higher kinetic energies than what would be observed in case of prompt Coulomb explosion.

5.4 Summary

We have investigated multiple ionization of three amino acids by keV alpha–particles. For
all molecules, the dominant fragmentation process for the single ionization channel is found
to be loss of the carboxyl group. Qualitatively, the mass spectra resemble those obtained
by electron impact and VUV photon impact. Kinetic energies of atomic fragment ions H+,
C+, N+ and O+ were determined for the multiple ionization channels. The observed en-
ergies are highest for H+ (most probable kinetic energy: 5 eV) and O+ (maximum kinetic
energy≈ 7–8 eV) and are very similar for the three molecules under study. In the context of
biomolecular radiation damage, these results are interesting since amino acids are building
blocks of the proteins (e.g. histones) in direct neighborhood of cellular DNA. Ion–induced
ionization and fragmentation of these proteins will therefore affect DNA. Whether the effect
is a mere shielding of the DNA by the histones or a more complexinteraction remains to
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be investigated. The present study is a first step in this direction. Future studies will aim
on one side on the investigation of radiation action upon much more complex biomolecular
targets, such as nanosolvated DNA/protein complexes and onthe other hand, in depth studies
of radiation action upon isolated amino acids and nucleobases using techniques such as the
reaction microscope are to be performed.
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[6] H. Abdoul-Carime, M. A. Huels, F. Brüning, E. Illenberger, and L. Sanche, J. Chem.
Phys.113, 2517 (2000).

[7] G. Hanel, B. Gstir, S. Denifl, P. Scheier, M. Probst, B. Farizon, M. Farizon, E. Illen-
berger, and T. D. Märk, Phys. Rev. Lett.90, 188104 (2003).

[8] S. Ptasinska, S. Denifl, P. Scheier, and T. D. Märk, J. Chem. Phys.120, 8505 (2004).

[9] B. Boudaı̈ffa, P. Cloutier, D. Hunting, M. A. Huels, and L. Sanche, Science287, 1658
(2000).

[10] X. Pan, C. Cloutier, D. Hunting, and L. Sanche, Phys. Rev. Lett. 90, 208102 (2003).

[11] F. Martin, P. D. Burrow, Z. Cai, P. Cloutier, D. Hunting,and L. Sanche, Phys. Rev. Lett.
93, 068101 (2004).

[12] J. de Vries, R. Hoekstra, R. Morgenstern, and T. Schlathölter, J. Phys. B35, 4373
(2002).

[13] J. de Vries, R. Hoekstra, R. Morgenstern, and T. Schlathölter, Eur. Phys. J. D24, 161
(2003).

[14] J. de Vries, R. Hoekstra, R. Morgenstern, and T. Schlathölter, Phys. Rev. Lett.91,
053401 (2003).
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