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Abstract

A highly charged ion causes ultrastrong electric fields at the location of a close-by target molecule. As a response to those fields, several
electrons are removed from the molecule on a very short time-scale. In the subsequent fragmentation process, ions with kinetic energies of a
few hundred electron volts are produced. We investigated the interaction of 0.5 Mé&V\xh the nucleobases uracil and thymine by means
of coincidence time-of-flight spectrometry. Our measurements clearly show that fragment kinetic energies reflect the molecular geometry and
contain information on the fragmentation pathways.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction likeliness of major biological damage inflicted by the very
many secondary electrons of such low energies.
The interaction of ionizing radiation (e.gx-, B-, and Multiply charged ions (MCI) as secondary particles are

v-rays) with biological tissue can induce severe damage toformed for instance by core ionization of heavier atoms in
DNA. Itis now generally believed that this damage is mainly biological tissue and subsequent Auger-deexcitation. How-
due to single and double strand breaks of DNA and clus- ever, MCI also play an important role as primary particles
tered lesiong1]. About two-thirds of this damage are not in biological radiation damage, e.g., in heavy ion cancer
due to the primary radiation itself but due to secondary par- therapy[9] or exposure of astronauts to the heavily charged
ticles generated along the trafdj. These secondary parti- fraction of cosmic radiatiofiLl0]. Here, most of the damage
cles include low energy electrons, radicals as well as singly occurs when the MCI are slowed down to MeV energies and
and multiply charged ions. It is the interaction of these sec- below, where the ion velocity becomes comparable to the
ondary particles with biologically relevant molecules, which velocities of electrons inside an atom.
is responsible for a large fraction of the action. In a recent study on keV < interaction with uracil we

In this context, in particular, the interaction of low en- oberved a strong influence of thé'C(q = 1-6) electronic
ergy electrons with biologically relevant molecules has been structure on the ionization and fragmentation process. Only
studied. Boudaiffa et a[3] showed that electrons between for C2t almost complete fragmentation occurs whereas for
3 and 20 eV can induce single and double strand breaks inall other projectile charge states the induced fragment yield
supercoiled DNA. Other studies focused on the interaction is much lower. Furthermore, no single atom abstraction from
of low energy electrons with DNA bas¢$], the RNA base  the molecule was observed but rather complete shattering
uracil [5] as well as bromouracjb]. In a very recent exper-  of the ring[11]. Coincidence studies of thymine fragments
iment Mark and coworker§?] investigated the interaction after interaction with €" ions revealed a strong depen-
of subexcitation energy electrons3eV) with gas-phase  dence of the fragment kinetic energies on the fragments ini-
nucleobases uracil, thymine and cytos[Bf and observed tial location within the parent moleculg?2]. It was also
dissociative electron attachment only. The main channel wasfound that the fragmentation process for both nucleobases
found to be hydrogen radical abstraction, suggesting the can be divided into three regimes: (i) non-dissociative ion-

ization; (ii) multi-fragmentation and (iii) two-body breakup
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Fig. 1. Sketch of the nucleobases uracil and thymine.
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fragmentation induced by ultrastrong electric field4].
The energies of singly charged fragments were found to ex-

ceed 100 eV. The fragment kinetic energies were also found *

to strongly reflect the molecular geometry.

The molecules under study here, uracil and thymine, are
sketched irFig. 1 Essentially they have benzene like struc-
ture with the C atoms at positionahd 3replaced by N
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Quadrupole magnet triplets and bending magnets guide the
projectile ion beam into the experimental setup.

A sketch of the setup can be found Kg. 2 In the
setup, the ion beam is collimated by means of two 1 mm
diaphragms (205 mm apart) and focussed into the collision
region. The uracil or thymine gaseous target is produced by
evaporation from a powder sample in a resistively heated
oven. Oven temperatures of I&0racil) and 170(thymine)
ensure sufficient target densities without thermal dissocia-
tion of the molecules. A 50@m nozzle placed~20 mm
from the collision region limits the contamination of the vac-
uum chamber. A liquid nitrogen cooled stainless steel plate
opposite to the oven nozzle serves as a trap for the nucle-
obases as well as other components of the residual gas. This
way the base pressure during experiments is kept around 1
10-8mbar and contributions of the residual gas to the ex-
perimental data are negligible.

Two extraction plates located 10 mm apart provide a
static electric field of 600V/cm. To avoid coverage of
these plates by adsorbed layers of insulating uracil and

atoms. Two of the benzene H atoms are replaced by O, re-Particularly thymine, which would distort the homoge-

spectively and, in case of thymine another H atom is replaced
by a methyl group.

In the following we will discuss the issue of ultrastrong
electric field induced fragmentation with a focus on the for-
mation of multiply charged fragment ions. The experimen-
tal results will then be compared with a Coulomb explosion

model.

2. Experiment

The electron cyclotron resonance ion source at the KVI
in Groningen is used to generat&’Xe?>+. A source po-
tential of 20kV is chosen, leading to projectile ion veloci-
ties of~ 0.4 a.u. A 110magnet is used fon/q separation.

ion detection

ion beam chopper

plates diaphragm

neous field, both plates are resistively heated~tb00.

Due to the electric field, ions generated in the collision
region are extracted through a diaphragm and a lens sys-
tem into a reflectron time-of-flight (TOF) spectrometer
(resolution Am/m 1500 atm = 720amu[l15]) and
detected on a micro sphere plate (MSP) detector. At the
same time, electrons are extracted through a 5mm di-
aphragm in the positively biased plate and detected on a
second MSP detector located behind. A detected electron
triggers the TOF measurement and for each such trigger
event, several fragment ions can be detected in coincidence
(dead time~50ns) and analyzed in an event-by-event
mode. Electronically, this is accomplished by using a
multi-hit time-to-digital converter (TDC, FAST 7888, 1ns
resolution).
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Fig. 2. Sketch of the experimental setup.
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3. Results and discussion 104 O T TR I "L
. B Y Cé* - C N2+ 02+
Typical m/q spectra of the collision products from 103 v e N O
129% @25+ with uracil and thymine are displayed Fig. 3. o
Both spectra show the parent ion peakmgly = 112 and 102 N
126 for uracil and thymine respectively. At lowey g, down é" . jm IM * | ]
to aboutm/gq = 70, a large gap with no (uracil) or very 2 104 LI | e e B
weak (thymine) peaks is observed. This indicates no (uracil) @ oo | high energy
or almost no (thymine) breakup of the molecules without & 1 '

cleavage of the ring. The groups of peaks down to the C

T
: // contribution
03 e {/
peak are each due a fixed number of heavy atoms (C, N, O) 1 02
with different numbers of H atoms. Patterns like these are M l !
ot .u.nll I] HAW! IL‘
4 5

1
JHM . liﬁ.u ]:

6

typically observed in mass spectrometry of hydrocarbons ‘|0‘1

and it has proven to be difficult to extract information from 3

them. Atm/q between 12 and 16 (region “b” ifig. 3) tOf( S)
singly charged atomic ions are found. Lower, between H
m/q = 3 andm/q = 8 (region “a”), peaks due to multiply  Fig. 4. zoom into the multiply charged fragment ion region fréig. 3
charged atomic ions are observed. Due to the high projec-

tile charge state (25) and the comparably high projectile e getection axis are not blocked by the diaphragm in the
velocity ~ 0.3 a.u., the intensities of these peaks are COM- gyiraction plate. Those ions emitted towards the detector
parable to those of the singly charged fragment ion peaks. g5 1o shorter TOF whereas the ones emitted in the opposite
Furthermore, the maximum charge state is 4, exceeding thegjrection have to turn around in the extraction field and are
values reported previous[4]. (Very recently, Manil etal.  ,pserved at longer TOF. From the time differeraent both

[16] studied Xé°* induced fragmentation of the nucleoside peaks, the kinetic energy of the fragments can be obtained:
(nucleobaset sugar) thymidine from a solid target. Only a
@)

weak contribution of atomic ions was observed at alland no Ay —

multiply charged atomic ions were mentioned in the study. re

Most probably, the lack of multiply charged atomic ions is Here,m is the mass of the respective fragment iogjs its
due to the solid state of the target, which allows charge andinitial velocity (due to the fragmentation process)s the
energy dissipation to a large extent.) fragment ion charge state aidlis the extraction field.

The differences between the uracil and the thymine spec- As observed previously for ion induced uracil and thymine
tra in the low TOF region are negligible. One striking differ- fragmentation, peaks due tdCions are always stronger
ence is the presence of a lpeak in the case of thymine—a  than the corresponding’N and G peaks. This is not only
fragment that apparently originates from the methyl-group. due to the larger number of C atoms in the parent molecule.

Fig. 4shows zooms ofFig. 3regions of multiply charged  In both molecules, two C atoms originate from sites blocked
fragments (“a”). Most of the peaks show a clear splitting by an O atom. Coulomb explosion of the multiply charged
due to the fact that only energetic fragments emitted along intermediate complex leaves thes&€ Gons at relatively low
kinetic energie$12,14] For low energy fragment ions, the
transmission to and through the reflectron is close to 100%
and thus the corresponding peaks are relatively strong and
not split. This is, why in the & /0% peak, the contribution
of the latter is expected to be negligible. It is th&"Geak,
where the difference between uracil and thymine appears to
be most obvious. In the uracil case, even for this relatively
highly charged fragment ion, the strongest contribution to
C3t is a center peak, (indicated by the dotted lin€ig. 4)
due to almost zero kinetic energy ions. In case of thymine,
with its additional C atom outside the ring, this center peak
is relatively less prominent and higher energy contributions
dominate (as indicated iRig. 4).

[TR] Ll ‘ i ki By applying Eg. (1)to the TOF spectra frorfig. 4, the
0 25 50 75 100 125 kinetic energy distributions of the atomic fragment ions can
be calculated. The results are displayed-ig. 5 for C4t,
mlq (amu) N9+ and 0. The displayed data is not corrected for the
Fig. 3. Electron—ion coincidence TOF spectra of the interaction products transmission of the system, since it is non-trivial to obtain
from 0.5 MeV 129e?5+ with uracil (top) and thymine (bottom). the latter: the transmission of the diaphragm in the extraction
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Fig. 5. Kinetic energies of singly and multiply charged atomic fragment ions from uracil (left) and thymine (right) after 0. 5Ri@¢> impact.

plate contributes, as well as the transmission of the reflectronrelatively flat and do not influence the peak shapes dramati-
itself. Furthermore, the emitted electrons are not necessar-cally. Trajectory calculations of the ions within the reflectron
ily emitted isotropic, neither is their kinetic energy distribu- revealed that its transmission mimicks the one of a smaller
tion known. Consequently, the transmission of the electrons, diaphragm. The total transmission is expected to follow a
which trigger the TOF measurement, is unknowig. 6dis- similar curve ag-ig. 6, albeit at even lower transmissions.
plays the transmission curves ofDions extracted trough The most obvious observation is the similarity of the dis-
a diaphragm of 5 mm diameter located 5 mm from the colli- tributions for uracil and thymine. As already observed from
sion center (the extraction field was 600 V/cm). Even though the TOF spectra, the only striking difference is found for
the transmission drops fast to values of a few percentageC?*, in particular for the &+ ions, where two peaks are
only, for kinetic energies higher than50 eV, the curves are  present in each distribution. Here, in the thymine case frag-
ments have a relatively stronger high energy tail. The peak
energies (se@able 1) on the other hand are independent of

1.0 —— . — the parent molecule within the error bars.
5 08 L k —forward ]
@ U backward ]
8 06 A i Table 1
g 04 \ E Most probable kinetic energies (peak positions) of the atomic fragment
E 0.2 L — ] ions for uracil and thymine (in eV)
h 0.0 [ e Lo I ct c#  c3t Nt N2t N3 ot 02t O3t

o Uacl 0 0 10/175 0O 80 144 7 85 185
kinetic energy (eV) Thymne 0 O 25185 0 90 161 7 90 195

Fig. 6. The transmission functions of the extraction diaphragm f6f O The data have been taken frdfig. 4 and were not corrected for trans-
ions emitted towards the detector (forward) and away from it (backward). mission effect. The error i$-8%.
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In recent studies on fragment kinetic energies of differ- a7zsF 7 T ! ]
ent aromatic and non-aromatic rings, Coulomb explosion 00| ~185 eV Cf;é’ ]
has mainly been induced by short ultrastrong laser-pulses. ‘ N i’i'
Shimizu et al[18] investigated benzene fragmentation upon i) ~85 eV ‘;é‘ s O
irradiation with 120fs/800 nm laser pulses at an intensity 150 - 1A il S .
of 8 x 10 W/cn?. At such intensities, the obtained TOF 75| “:‘3: - . ]
spectra of the collision products look similar to our data in ol |£ muEn o O . ‘
the sense, that the singly and doubly charged atomic frag- — ' ' ‘ il
ment ion peaks are by far the strongest features in the spec- & 2257 “44ev N 4 -
tra. At lower laser intensities, singly charged molecular ions - ~80evy %t o
become the dominant fragment species (see {16,20] % L) sant .,N. i
for fragmentation studies of a variety of aromatic and non 5 ‘A“ sene® .
aromatic rings at 75 fs/790 nm laser pulses at 20%° to B B s lsn®®" |
4 x 10'%W/cn?). At higher intensities> 2 x 1017 V/cn?, S o _gEmmmmmntE N"
the intensity of the doubly charged species outweightss the =~ 250 symbols: 'Open — C'3+ 1
singly charged ones and molecular fragments become less 200 |- ©pen symbols: blocked sites‘ ad ]
important[21]. gl o 1

A typical laser intensity of about.8 x 10*®W/cn? cor- " %
responds to an electric field ef 5.3 x 10° V/cm. Approx- 100 3‘-‘55%‘";2 : 1
imately the same field is experienced by a target molecule, 50 - = %é !!,f e é‘%é‘?ﬁ i .

. . ] aEEEEE - ~0O 00
when a X&%t ion passes at an impact parameter of 20 a.v. 0 EESEEZ°C
While the field of the ion can be even higher for smaller 10 15 20 25
impact parameters, the field duration at the target molecule charge state r

location is only a few femtoseconds. In most laser exper- _ . o .
. . Fig. 7. Simulated fragment ion kinetic energies after removalejéctrons
iments on the other hand, DU|SeS 2100fs duration are from uracil. The data for € ions are split into two sets: one for those
used. The longer field—molecule interaction time results into ions originating from the blocked sites and the other for those originating
a comparable ionization yield despite the smaller maximum from the open sites.
field. In a pioneering study, Math{it7] compared laser and
ion induced fragmentation of benzene and already observedpased on the one we developed for simulating the interac-
that the type of field has only a weak influence on the over- tion of ions with Gy [22]. Here, only the initial geometry
all fragmentation pattern. However, in that study no data on reflects the molecular structure. No internuclear forces of
fragment kinetic energies were presented. the neutral constituents are considered. A fixed humber of
For benzene fragmentation induced by 80 W/cm? electrons (10-30) is then removed from the system in a way,
laser pulses, peak kinetic energies of 20, 60, 85 and 100 eVthat for removal of more than 12 electrons, all constituents
were later observed for the fragments ,GC?+, C3+ and are at least singly charged. The remaining electrons are
C* [18]. Even though the charge state distribution resem- removed in a statistical manner (it is thus averaged over
bles the results obtained with & ions, i.e., the number  evenly charge distributed configurations as well as config-
of electrons removed is probably comparable, in the laser urations with localized charges). The system is then prop-
case much lower kinetic energies are observed. This is dueagated using the Coulomb forces between all constituents
to the fact, that ionization starts already at the beginning of until the interionic potentials are negligible. The results of
a pulse, when the electric field is still weak. This ionization these calculations are displayedHiy. 7.
initiates the fragmentation process. Later in the evolution of  As observed experimentally, for the?© fragment ions
the system, the electric field is sufficient for further ioniza- which originate from outside the ring, the highest kinetic
tion, but the molecular constituents already propagated awayenergies are found. TheN energies are slightly lower.
from their equilibrium distances. The kinetic energies of the The Gt data is split into two sets for the ions originat-
fragments reflect the geometry of the intermediate complex ing from open (high energies) and from blocked (low ener-
with its larger internuclear distances and are thus lower thangies) sites. As mentioned before, low energy particles have
expected from a simple Coulomb explosion model. a much higher transmission in our spectrometer and thus
The “half cycle pulse” generated by the passage of a readily dominate the experimental results. The low energy
Xe?>t jon leads to instant removal of the electrons (com- contribution is comparable to the?/N data.
pared to the response time of the nuclei) and thus to a Comparing the simulated energies to the experimental
Franck—Condon type multiple ionization. The fragment data, we can assign most probable initial charge statds
kinetic energies thus reflect the initial geometry of the the ionized molecules to the appearance of different frag-
molecule as well as the initial charge state. To obtain this ment ions: Singly charged ions are already produced at
initial charge state, we performed molecular dynamics cal- charge states much smaller thas: 10. &** corresponds to
culations of the explosion process of uracil. The code is r = 17, G+ tor = 21, N*t tor = 19 and N* to r = 21.
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Fig. 8. Electron—ion—ion coincidence plots for thymine fragments after interaction with 0.5%f&25". The upper plots showsCcoincidences with
doubly and triply charged fragments (tlieaxis is stretched by a factor 2). The lower plot shows coincidences between doubly and triply charged ions.
The dotted lines indicate the %4&xis which would occur in case of two body breakup (and momentum conservation).

More detailed information on the fragmentation dynam- 8 however, is oriented roughly with-al slope. This is most
ics can be drawn from electron—ion—ion TOF distributions. probably due to the fact, that mainly the fragments from
Here, for each data point, at least two positively charged the blocked sites with their low kinetic energies contribute.
fragment ions are detected in coincidence with an electron, Therefore, the momentum difference of both ions is com-
serving as a start for the TOF measurement. A resulting parable to the momentum distribution width. In all cases,
coincidence map for thymine fragmentation induced by where the islands are due to &Con together with another
129% @25+ impact is shown irFig. 8 Coincidences between  species, the slope strongly deviates frer, again due to
ions with identicalm/q are supressed because of the dead the low momentum of the C ions originating from blocked
time of the electronics. The upper plot frofig. 8 shows sites.
coincidences of € (Y-axis) with doubly and triply charged The At values obtained frorRig. 8allow determination of
ions (X-axis). For each ion pair, an island shows up in the the kinetic energy distribution of the fragment ions for each
data. In a two body breakup process, such an island wouldsingle island. For instance, from the topmost plot the kinetic
ideally be rectangularly shaped and conservation of mo- energies of &, N3+ and Gt can be obtained for coinci-
mentum would lead to a1 slope of the islan¢3]. In our dences with €. From the lower plot, kinetic energies for
experiment, only high energy fragments emitted into a small the same ions in coincidence witffCcan be obtained (in
solid angle towards the detector and in the opposite direc-both cases from the projection of the data ontoXhaxis).
tion pass the diaphragm and the center of the island (theSurprisingly, the obtained energies are identical within the
region of smallAr) vanishes. A typical island thus consists error bars, indicating an almost equal initial charge state of
of a contribution due to the first ion being emitted forward the intermediate molecular complex.

(f) and the second ion backward (b) and the other way round

(seeFig. 8for the example of the &/C* island, split into

Ci#tiCpT and GZT/CiT). In many-body fragmentation 4. Summary

processes deviations from thel slope are expected, since

momentum is carried away by undetected fragments. For The Coulomb explosion of the nucleobases uracil and
relatively complex molecules such as thymine and uracil, thymine, induced by the strong field of a 0.5 MeV e

this can lead to completely different shapes, when e.g., ajon, has been studied with emphasis on the formation of
proton from outside the ring is emitted in the same direction singly and multiply charged atomic fragment ions. The ki-
as a heavy fragmeifit4]. The G*/C* island shown irFig. netic energy distributions of these fragments were found to
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reflect the geometry of their respective parent molecule. In [5] B. Coupier, B. Farizon, M. Farizon, M.J. Gaillard, F. Gobet, V.D.

particular, the results allow to distinguiski Cfragment ions
originating from open and blocked sites respectively.

Faria, G. Jalbert, S. Ouaskit, M. Carre, B. Gstir, G. Hanel, S. Denifl,
L. Feketeova, P. Scheier, T.D. Mark, Eur. Phys. J. D 20 (2002)
459,

The kinetic energies observed were found to exceed [6] H. Abdoul-Carime, M.A. Huels, F. Briining, E. lllenberger, L. Sanche,

those from Coulomb explosions induced by ultrastrong

J. Chem. Phys. 113 (2000) 2517.

laser fields of 100fs pulse length. This can be ascribed to [7] G. Hanel, B. Gstir, P. Scheier, M. Probst, B. Farizon, M. Farizon,

the fact, that the ions can be viewed as “half cycle” pulse of
a few femtoseconds which induces a Franck—Condon like

multi-ionization process, followed by a Coulomb explosion.

E. lllenberger, T.D. Mérk, Phys. Rev. Lett. 90 (2003) 188104.

[8] S. Denifl, S. Ptasinska, M. Cingel, S. Matejcik, P. Scheier, T.D.
Mark, Chem. Phys. Lett. 377 (2003) 74.

[9] G. Kraft, Rad. Environ. Biophys. 38 (1999) 229.

In contrast, in the laser case ionization and fragmentation [10] G. Kraft, Phys. Med. 17 (2001) 13.
are simultaneous but longer lasting processes and the frag{l1] J. de Vries, R. Hoekstra, R. Morgenstern, T. Schlatholter, J. Phys.

ment kinetic energies do not reflect the initial geometry of
the molecule.
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