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The interaction of strong laser fields ¢410' W/c?) with cyclic aromatic molecules (furan, pyrrole, pyridine,

and pyrazine) has been studiedlat 790 nm. The fragmentation processes of multiply charged transient
molecular ions were analyzed by means of a time-of-flight (TOF) spectrometer. Most ion peaks consisted of
one broad and one sharp component. From the analysis of the peak profiles the kinetic energies of the molecular
and atomic fragment ions have bean measured. On the basis of these energy values and the estimated charge
separation distances, it is concluded that, for furan, it is probable that Coulomb explosion takes place in
multiple charged parent ions with deformed molecular structure. The doubly charged parent ions of furan
and pyrrole fragments through charge separation processes. At higher charged transient parent ions the
fragmentation proceeds through direct (instantaneous) process. Moreover, there is evidence that, at least for
furan, the ionization process takes place via a direct field ionization mechanism. Pyridine and pyrazine multiple
charged ions seem to follow different dissociation routes. The abundance ratids @ = N, O) for the

singly charged atoms were found to be equal to the stoichiometric ratio for all the molecules studied, while

a divergence has been observed for tR8"@A23" (A = N, O) ratios.

Introduction at 1~10'3 W/cm? for some other molecules, t38,2! and the

o . . . . potential of femtosecond laser mass spectrometry for analytical
Molecular ionization and dissociation by strong laser radiation purposes has been discusée#?

ha_s peer_1 the subje(_:t of inc_reasi_ng interest i_n recent yets. The progress in femtosecond laser technology has made
Within this field, the Interaction with polyatomic molecules has available tabletop laser systems with higher intensities. The
proven to be of particular interest. interaction of some polyatomic molecules with laser intensities
The first questions concerned the mechanism, which is of 10151016 W/cn? has led to the observation of multiply
responsible for molecular ionization. As expected this is strongly charged parent iori:25 Recently, the relation between the
related to the laser intensity. A field ionization mechanism seems molecular and intact doubly charged polyatomic ions has been
to be dominant for some polyatomic molecules even for the eyplored® and it has been observed that, regardless of the

Keldysh parametét y greater than 1. DeWitt and Le¥s®  gppearance in the mass spectra of the doubly charged parent
have shown that molecular systems with extended delocalizationjgpy strong multiply charged atomic fragments were present in
can pass from the MPI to the field ionization regime for values he spectra.

y~3. The same grouf :° and Castellejo et df. have studied In this work the generation of multiply charged atomic ions
the influence of molecular structure on the ionization/dissocia- jhquced by strong laser fields-é x 10 W/cn) is studied
tion processes in polyatomic molecules. by means of a time-of-flight (TOF) mass spectrometry tech-

Using laser light of different pulse duration (nanosecend  nique. Aromatic heterocyclic molecules (furan, pyrrole, pyridine,
femtosecond), it has been shown that for laser intensities abOUtpyrazine) were chosen for investigation. Furan and pyrrole have
3 x 10" W/cn the irradiation with femtosecond pulses leads a five member ring, while the other molecules have a six-
to intact molecular ion production which is absent in the nsec member ring. In the former molecules different heteroatoms are
laser-induced mass spec%?él.’his observation has been verified participating in the aromatic ring (O, N atoms, respectively),
while in pyridine and pyrazine there is a different number of (1

* Author for correspondence. E-mail: kkosmid@cc.uoi.gr. Fax: 0030- and 2, respectively) of the same heteroatom (nitrogen).
651-98695. . The aim of these measurements is to understand the dissocia-
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fragmentation explosion of a highly charged (transient) parent
molecular iorf

[P"]— A™ 4+ B™" + ..+ C" + kinetic energy,
(n=n+n,+..+n)

or via a sequential molecular dissociation process

[P™] —[F,™"] + [F,™] + ... + [F,™] + kinetic energy,
(m=m+m+..+m)

[F™ — A™" + B™" + ...+ C™ + kinetic energy,
(m=m+m+..+m)

Relative lon Yield

The contribution to atomic ion production of the ionization of
anFy neutral fragment (which generally could produce an atomic
or a molecular fragment) is not considered because the pulse
duration (75 fs) of the laser used is shorter than the typical time
scale of the molecular dissociation processes.
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Experimental Details

The experimental set up used is described in detail else- :
where? Briefly, the time-of-flight (TOF) mass spectrometer is 5 10 15
of conventional linear arrangement with ion optics based on a .
Wiley—McLaren design. Time (ps)

The samples were admitted effusively from the inlet system Figure 1. The mass spectra of furan, pyrrole, pyridine and pyrazine
to the vacuum chamber via a needle valve after passing throughrecorded at = 4 x 10" W/cn? (4 = 790 nm). The parent ions are
a hole (R = 1 mm) in the repeller electrode of the TOF. The denoted i a P while the doubly charged parent ions by an arrow.
ion optics in the extraction region consists of three circular plates ) ) o
of diameter 25 mm separated by 5 mm. One of these is therespgctlvelyﬁgﬁoThe intensity in the present work turns out to
repeller electrode mentioned above and the other two haveP€ higher (4x 10'® W/cn¥), but this discrepancy could be
circular apertures of diameter 10 mm. The repeller electrode attrlbuted to o_ther experimental reasons (different laser system,
was operated at 2.5 kV while the two apertured electrodes werelon transmission, etc.).
operated at 2.1 and 0 kV, respectively.

The laser system is based on a Ti:S oscillator pumped by aResults and Discussion
Spectra-Physics Millenia lagérand using the Chirped Pulse
Amplification (CPA) technique. It produces output pulses at
790 nm, with a 75 fs duration and a pulse energy~dfomJ

Figure 1 shows the mass spectra recorded for the examined
aromatic molecules at = 790 nm and = 4 x 10 W/cn?.
The abundance of the parent ions was found to be smaller

with a repetition rate of 10 Hz. Controlled attenuation of the compared to that reported previously using lower laser intensi-
beam energy was achieved by a variable neutral density fIIterties.26 This observation leads to the conclusion that the parent

and the corresponding energies were measured in front of the.

vacuum chamber with a joulemeter. The laser beam was focusedggzsa;e eucr;rséa:tliiathg;?ﬁteel'gﬁzzgle;dzc\?;én?gpsehegagcgeat the
at about 4 mm from the repeller using a concave mirror with a P 9

focal length of 5 cm. Optimum spatial ionizing conditions were Zﬁgf%ﬁl:g Lﬁglz:stgninazaoncs?fsii Ss?téﬂigﬁtﬁeng\:}?e?n.r?fﬂgger;c;gil
achieved using ayzvernier controlled mechanism coupled to ' Y 9 y ;

. ' ) . spectra of furan and pyrrole the ion peaks denoted by an arrow
tlhoeogcusmg mirror. The mass resolution was typically 200 at have been assigned to doubly charged parent iohg.(Phese

A Thorn EMI electron multiplier coupled to a Lecroy 9304 peaks are broad. This broadening is possible attributed to

digital oscilloscope recorded the mass spectra, typically averag_metastable _clissociation processes in these ions during the flight
. toward the ion detector.
ing over hundreds of laser shots for each spectrum. ) ) ' .

Of particular importance is the accurate determination of the ©Of Particular interest are the peak profiles of the ions
laser intensity at the focal point. The intensity values in this Corresponding to light molecular fragments and atomic ions.
work have been estimated by dividing the corrected pulse energy | '€S€ Peaks exhibit a sharp and a broad component. These
(for the losses caused by the optical components used (entranc@ofiles could be attributed to space charge effétideverthe-
window and focusing mirror)) by the theoretical value of the €SS t_hls explanation is excluded on the ground of the following
focal area. The latter could introduce some errors in laser €XPerimental observations:
intensity estimations. To check it, Ar gas has been introduced ®these peak profiles have been observed also at very low
in the chamber and the mass spectra have been recorded at th@as pressures<(L0° Torr)
highest available laser intensity. In the recorded mass spectra e there is a systematic dependence of these profiles on laser
the A" ion peak has been clearly observed, while th&"Ar  intensity
ion is almost absent. The threshold intensities for the appearance e the absence of this type of profile for the®t peak (Figure
of Ar't and AB", using 1 ps pulses at 1053 nm, have been 2) even at the higher laser intensities used (water exists in the
given to be about % 10' W/cn¥ and close to 3« 10 W/cn¥, chamber as a contamination).



Dissociative lonization J. Phys. Chem. A, Vol. 105, No. 3, 200331

Furan 5 -
)
i
—— 1=4x10"® Wem? 29" & E=0eV v
---- I=1x10" Wem? 2 m  E=10eV
------ =5x10"° Wem™ je) ® E=25eV
------- =1x10" Wem? 2 A E=40eV
1=1x10 cm < v E600v
c
24+ + 2 34 .
o
ot 7000 ¢ =
AV SO N S P2 Sl A ‘.&
T T T e
- 9000 9500 10000 o
o
>=
5 14 ..
© A
2 . .
E T T T N I T T ¥ T T l. v T 0 T T
&> 625 630 635 640 645 650 655 660 6,65

Time (us)

Figure 3. The peak profile of € ion produced by a computer
simulation. It is assumed that the ions are ejected in backward and
forward directions with a kinetic energy distribution in the ® eV
range. Different symbols have been used to denote ions with specific
kinetic energies.

2+
o c* O
Furan
)\ .
3500 4000 4500 5000 15] 1=4x10" Wem? N e

Time (ns)

Figure 2. The light mass molecular fragments region of the mass
spectra of furan, recorded at four different laser intensities.
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Thus, these peak shapes are spectral features carrying
information about the dissociation processes taking place in the
molecular systems. It is worth noting that similar peak profiles
have been reported previoush?32

In Figure 2 the mass spectra of some light fragments of furan, 3
recorded at different laser intensities, are shown. It is clear that
at 10 W/cn? no splitting of the peaks is observed while the
splitting between the sharp and broad components increases with
laser intensity. The same dependence on the laser intensity was
observed in all ionic fragments of the molecules studied in the

present work.
Figure 4. The region of the mass spectra of furan closento = 29

The peak shape can be e>.<pla|ne'd by assigning the t\,NOandm'z=39 ions are shown. The mass spectra have been recorded at
components to the fragments ejected in back and forward (wWith |5ser intensities of = 4 x 10 W/cr? and 4 x 101 W/crm2. The

respect to the TOF axis) directions. Specifically, for laser asymmetric shape of the mass pealk = 39 atl = 4 x 10 W/cn?
intensities higher than tdW/cn?, multiply charged transient s attributed to the contribution from parts of théz = 38 andnm/z =
species are produced followed by an explosion resulting in the 40 ion peaks. The scales alongside are the kinetic energy releases in
production of stable ions with high kinetic energies. Fragments ev.

with the same mass are generated through explosion of different
transient multiply charged species, generating thus ions with a

broad kinetic energy distribution. This broad distribution is energy distribution, in the-060 eV range. The ion abundance,
reflected in the broad profile of one of the mass peak o iscrete energies, has been fitted by a Gaussian in order to
components, which as shown below corresponds to ions ejected,q the eye of reader. The expected arrival times on the detector
in the forward direction. In contrast, the backward ejected ions . ¢+ jons with different initial kinetic energies are denoted
produce a sharp peak because of the influence of the ex-qn the figure. The simulated peak profile has two components
traction field used. The laser intensity value oft10V/cn¥ 54 resembles closely the experimental one. The only difference
can be considered as a threshold for these processes, sincg i the experimental peak profile where the areas of the sharp
no splitting or broadening has been observed at this intensity 5nq the broad components are not equal. The sharp peak area
level with the experimental set up used for the molecules underjs smaller than expected, because some of the ions ejected
study. backward miss the detector. Thus, by measuring the peak
To check the above interpretation of the mass peak profiles, separation (splitting) and the tail of the broad component in
a computer simulation of the ion trajectories has been madethese profiles, it is possible to gain further insight on the
for the specific geometry and the extraction field used in the processes taking place in the dissociation of molecular systems
present experiment. In Figure 3 the results for the case™of C under strong laser field irradiatic. The relation connecting
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ion are shown. It is assumed that th& ©©ns are produced in
two directions (forward and backward) with the same kinetic
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Figure 5. The region of the mass spectra of pyrrole close torntfe

= 28 andnVz = 39 ions are presented. The asymmetric shape of the
mass peakn/z = 39 atl = 4 x 10 Wi/cn¥ is attributed to the
contribution from parts of thewz = 38 andm/z = 40 ion peaks.
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Figure 6. The light mass molecular fragments region of the mass
spectra of pyridine recorded at laser intensitieb sf4 x 10 W/cn?
and 4 x 10' W/cn?.

the splitting of the ion peaks and the kinetic energy is

PAPF?

E(eV)=9.65x 107 -

@)

wheren is the charged state\t (ns) is the time difference
between the backward and forward iors(V/cm) is the
extraction field, andn is the ion mass. Thus, the splittint
gives the kinetic energy of the majority of the fragments, while
the shorter arrival time tail of the broad component corresponds
to the highest kinetic energy available for the fragments. In the

present work the kinetic energies of the fragment ions have been

calculated also by computer simulation of their trajectories in

the TOF system. The calibration of the system is based on the
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Figure 7. The light mass molecular fragments region of the mass
spectra from pyrazine recorded at laser intensities of 4 x 10
Wi/cn? and 4 x 10% W/cn?.

intensity case). The kinetic energy values found to be sim-
ilar, within the experimental error, with those calculated using
eq 1.

Molecular Fragments. Figures 4-7 show the mass spectral
range corresponding to the molecular fragments recorded at laser
intensities 4x 10% and 4 x 10' W/cn¥ for all molecules
studied. The observed molecular fragments are the same with
those reported using electron impact mass spectrorffety4
x 10 Wi/cn¥, splitting of the fragment ions is clearly observed
for furan (Figure 4) and pyrrole (Figure 5), but it is much less
pronounced for pyridine (Figure 6) and pyrazine (Figure 7). In
the case of the former molecules, kinetic energies, estimated
from the observed splitting, are found to be in the range of
1-1.5 eV for all molecular fragments. Fragments with such
kinetic energies suggest the involvement of a charge separation
process®38 This is further consistent with the observation of
stable doubly charged parent ions{Pand doubly charged
molecular fragmentafVz = 19 (GH22"), miz= 19,5 (GH3z?")
for furan andm/z = 19,5 (GH>?") for pyrrole] for these two
molecules. A typical charge separation processes could take
place through the following steps:

P —F"+F"
P —F" + F® (n=n,+n)

Assuming a two charged points system, the repulsive potential
is converted into kinetic energy of the products during the
dissociation process. The assumption of point charges is
inadequate and a charge distribution should be used. Neverthe-
less, it can provide a first-order semiquantitative approximation
and it has been used before for pyridine and related systems
such as benzerf&.The total Coulomb repulsion energi4)

can be estimate through

14.4n,

Eo(eV) = A 2

parent ion position as well as on ion peaks that have beenwherer is the distance between the two charges angs the

recorded without the above-mentioned splitting (low laser

charge of the fragments. Furthermore, the relation betvigggn
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TABLE 1: The Estimated Kinetic Energies for the n>3). Such processes could be direct (instantaneous) or
Molecular Fragments atl = 4 x 10 W/cm? sequential.
furan pyrrole For the molecular fragment ions the broad component is not
mz energy (eV) mz energy (eV) as extended as for the lighter mass ions (atomic), which implies
that they are produced with lower kinetic energies. This indicates
39° 8+15 39 6+1 hat th | lar f . dth h Coulomb
(29+’ 26", 24+) (16, 17, 13} 2 (28+, 26+, 24+) 942 that t e molecu al'. ragment. |On.S are generate t roug oulom
" - explosion of transient species in lower charged states compared
pyndine pyrazine to those in which the explosion leads to highly energetic atomic
m'z energy (eV) m'z energy (eV) ions.
(39, 387, 37") 3+05 (407, 397, 38") 2405 The kinetic energies of the molecular fragments from furan
(28" 247) 51 (28°— 24) 5+1 and pyrrole were found to be higher than those from pyridine

and pyrazine (Table 1).
To interpret the high kinetic energy found, for instance, for
m the m/z = 29 (CHQ") ion peak in the mass spectra of furan,
E = Etot(l — _) (3) the maximum kinetic energy which can be reached by this ion
M is theoretically determined, by assuming that this is produced,
as it is believed, through the dissociation of thé"Rransient
parent ion state according to the schemet [P~ CH" + CH™"

and the final kinetic energf of a fragment is

whereM is the mass of the precursor ion amgs the ion mass.
As mentioned above, the parent ions Piave beqn observed Y CH* + CHO*.
only for furan and pyrrole. If a charge separation process is

" : .
taking place in these two molecules and the dissociation channelsth The [P t]_mulst b; th? mg:{lrgum dchf_lrged _trans;enthstﬁte of
are the same with those found for singly charged f6#8;° € parent ion [eading to production, since for higher

. : . L. charged statesn&5) fragmentation of the CHOion and/or
the following main reactions are expected to be valid: the production of doubly charged fragments is expected. The

furan [P*] of furan can fragment through a sequential or a direct
mechanism from a cyclic or a deformed structure induced by
o+ + + the laser field. Obviously, the maximum kinetic energy for the
CH.O C3H3+ + CH? CHO™ fragment can be reached, if this ion is produced through
CH,” +CO a direct dissociation of f?] from a linear structure, with CHO
being at the end of this configuration. In this case, by solving
pyrrole the coupled equations of motion, the estimated maximum kinetic
energy for CHO is ~17 eV, if a charge distance of= 1.5 A
C4NH52+_’C2NH3+ + CzH; is assumed, aneé-13 eV forr = 1.8 A. Theser values are
n " longer than the bond length at the ground state of the neutral
CaHy™ + CHN molecule t = 1.38 A)41 On the contrary, explosion of a cyclic
o o _ (aromatic) configuration of [P], through symmetric charge
Frqm the splitting of the mass peaks, _the klnet_|c energy is separation, gives a maximum kinetic energy for CHfabout
e§t|mated to b&; =23 eV,l corresponqllng toan intercharge 13 ey, even for = 1.38 A.
distancer (eq 2) of 5-7 A. This distance is significantly larger The peak splitting for CHO (Table 1), atl = 4 x 10

than the diameter of the cyclic structure of furan and pyrrole Wi/cn?, corresponds to a kinetic energy of 62 eV which
and leads to the assumption of a deformed structure for theseemsl to support a direct dissociation mechanism from a

doll:Jnyhcharged n;jolecular pﬁrent ion. int ch (feformed configuration. Similarly, the corresponding energy
urthermore, when more than two point charges are assumeg,,, the peak spliting of the CHion, at the same laser

in the precursor is given by the equation intensities, is found to be 2& 4 eV, while theoretically is

27 estimated to be 21 eV, for = 1.5 A. The slightly higher
Eol(R)i=1nl = 3 measured kinetic energies should be attributed to the contribution
ot H/i=1y ;“:;_ —R| from CH™ ions produced through explosions in higher charged
b states 1= 5).
where R)i—1, represent the vector positions of theepelling As mentioned above the deformed molecular structure for

ions. These energy values are related to the initial positions of the doubly charged parent ion is supported from the analysis
the repelling ions in the transient molecular species, since theMade for the lower laser intensities used. The same conclusion
kinetic energy of the precursor is negligible compared to Se€ems to be supported also for the transient multiply charged
Coulomb repulsion energy. The determination of the kinetic Parent ions. The only difference is the charge separation
energy of each ion, after Coulomb explosion, is achieved by distance, which is significantly shorter at the higher charged

solving the coupled equations of moti6r?. transient parent ions. _
The splitting between the two components in each mass peak These differences in the values for doubly and multiply -
is found to be larger at higher laser intensity<4106 W/cn? charged parent ions cannot be understood, if a stepwise

(Figures 4-7). The estimated kinetic energies of the fragments ionization mechanism was involved. Thus, a consequence of
at this intensity are given in Table 1. Such large energy values the above analysis is that, at least for furan, the multiply
cannot be attributed to the Coulomb repulsion between only molecular ionization process is achieved through a direct field
two charged fragment ions, produced in & P> F;™ + F2" ionization mechanism. This is in agreement with the work re-
type reaction, because the required separation distances (eq 2yorted for smaller moleculeé8 but to our knowledge, it is veri-
must be smaller than the bond length. Therefore, it is reasonablefied for the first time in aromatic molecular systems like furan.
to assume that at these laser intensities, the ionic fragments are As far as the other molecules are concerned, it seems that
produced by dissociation of higher charged parent iofis, (P for pyrrole the ionization/dissociation mechanisms are similar
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Figure 8. The peak profiles of the singly charged atomic ions from
furan, pyrrole, pyridine and pyrazine, recorded at4 x 10 W/cny.
The scales alongside are the kinetic energy releases in eV.

Figure 9. The peak profiles of the doubly charged atomic ions from
furan, pyrrole, pyridine and pyrazine recorded at 4 x 10 W/cn?.
The scales alongside are the kinetic energy releases in eV.

to those of furan. These two molecules have also some other
common characteristics: thei?PPion peak is pronounced in
the recorded mass spectra and both have a five member aromatic
ring.

On the other hand, the corresponding kinetic energies to
molecular fragments of pyridine and pyrazine are smaller. This

indicates that these molecules do not reach the same charged 39003500 3800 3700 3800 3900
states as furan and pyrrole or if they do, their dissociation
proceeds sequentially. Pyrrole
Multicharged Atomic Fragments. A common feature of the
mass spectra shown in Figure 1 is the appearance of multiply
charged atomic ions @&, NY*, O"", whereZ = 1—4 andY = “T3406 3500 3800 3700 3800 3800
1-3). These are expected to be generated at the spatial ‘hottest’
point of the laser focal area. The strong contribution of the Pyridine

multiply charged atomic ions in the total ion signal implies that
a Coulomb explosion, in highly charged transient species, is

the main dissociation process at these laser intensities. 3400 3500 3600 3700 3800 3800
Figures 8-10 show the mass spectra of the multicharged
atomic ions, al = 4 x 10 W/cm?. The atomic ions have Pyrazine

peak profiles similar to those of molecular fragment ions. Once

again, based on these profiles, two kinds of kinetic energies

have been estimated. The first one is based on the arrival time 3900 3500 3800 3700 3806 3900
of the maximum of the broad component and corresponds to .
the kinetic energies of the majority of the fragments at these Time (ns)

laser intensities. The second value for the kinetic energy is basedFigure 10. The peak profiles of triply charged carbon ions from furan,
on the shorter time tail of the broad peak and has to do with Pyrrole, pyridine and pyrazine recorded at14 x 10t° W/cn. The

the most energetic fragments (Table 2). scale alongside are the kinetic energy releases in eV.

The peak profiles of singly charged atomic ions are presented smaller kinetic energies. Therefore, the asymmetry of the broad
in Figure 8. It is clear that the broad component does not have component reflects also a wider contribution of singly charged
the same shape for all molecules. It is symmetric for furan but atomic ions derived from different processes. The fact that the
asymmetric for the other molecules. Furthermore, the kinetic kinetic energies are small could be evidence that these formation
energies, which correspond to the maximum of the broad processes are sequential and/or that the majority of the molecules
component, are lower especially for pyridine and pyrazine. The do not reach the same charged state as furan.
asymmetry of the broad peak is believed to come from the On the contrary, the peak shapes of the singly charged atomic
convolution of different processes, which lead to singly charged fragments from furan are consistent with the interpretation made
atomic ion production. The calculated kinetic energies imply above, i.e., a direct Coulomb explosion, of highly charged
that the majority of these ions are generated with relatively transient species takes place in this molecule.
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TABLE 2: The Calculated Kinetic Energies of the Multiply

Charged Atomic lons Based on (a) the Arrival Time of the (o]
Maximum and (b) the Short Time Tail of the Broad L3
Component <
energy (eV) 'i'g
@ (b) ©
C+ C2+ C3+ C+ C2+
furan 204 60+13 75+£15 58+6 125+19

pyrrole 10+2 41+10 70+14 55+6 108+ 17
pyridine 8+2 60+13 85+15 67+6 1254+19
pyrazine 82 35410 75+£15 50+5 85+ 15

A=N,O
A+ A2+ A+ A2+
furan 17+ 4 65+ 13 54+ 6 125+ 15
pyrrole 8+2 43+ 10 45+ 6 95+ 14
pyridine 7£2 55+ 13 55+ 6 125+ 15
pyrazine =*+2 35+ 10 40+ 5 85+ 13

The peak profiles of doubly and triply charged atomic ions
are shown in Figures 9 and 10 £ 4 x 10 W/cm?). The
estimated kinetic energies for the multicharged atomic iofis (A
where A= C, N, O andn>1) are presented in Table 2. These
values are much higher than those of the molecular fragment
ions (Table 1), and therefore it is reasonable to assume that
when the dissociation leads to multiply charged atomic ions, 2 3
the direct Coulomb explosion mechanism is dominant in high Z
multicharged transient species. It IS Wc.)rth.notlng t.hat Sh'm'ZL.' Figure 11. (a) The abundance ratios of multiply charged atomic ions
et al. have recently reported such high kinetic energies for atomic (cz+/az+, A = N, O andz = 1-3) for the molecules studied. In (b)
multiple charged ions produced through Coulomb explosion in and (c) the ion yields of & (Z = 1—3), and &* (A =N, O andZ =

benzend? 1-3) are presented in arbitrary units=£ 4 x 10 W/cn®).
Finally, to check the influence of the molecular configuration
on the atomic ion production, the abundance ratié*(&%" ion detector since the multiply charged atomic ions are formed

where A= N, O andZ = 1-3) have been measured at laser Wwith high kinetic energies. In contrast, explosion from a linear
intensities 4x 10% W/cm? (Figure 11a,b,c). The abundance (or close to linear) molecular structure, oriented by the laser
ratio for singly charged atomic ions (A", A = N, O) turns field (which is horizontally polarized), is probable to result in
out to be almost equal to the ratio of the atoms in the molecular more efficient multiple charged atomic ion detection. Within
skeleton (C/A, A= N, O) for all molecules studied in this work.  this approach there is a problem concerning the time scale
The slight divergence of the ratio {IN*) from the stoichio- needed for these structural changes with respect to the laser
metric ratio is attributed to the contribution in th#z = 14 ion pulse duration. Very recently Fuss et al. have calculated that
peak intensity of the Cy fragments. In absolute values, the the photochemical ring opening of 1,3-cyclohexadiene could
ion yield of the singly charged atomic ions (Figure 11b) was take place within 200 fs, while the time constant for the
found to be equal for all molecules having the same number of iSsomerization to tZt conformer (almost linear structure) found
the specific atom in their molecular skeleton. In other words, to be 580+ 60 fs#4 Their work has shown that the strong laser
the recorded Cion abundance is similar for furan, pyrrole and field does not automatically stretch the molecule during multiple
pyrazine (all have four C atoms in their skeleton) and the same ionization. For the molecules studied in the present work such
holds for N" ions in pyrrole and pyridine. Thus, it seems that data are not available. Undoubtedly, further experimental
the efficiency of the singly charged atomic ion production is investigation is needed in order to explain the above observa-
independent of the atomic environment within the molecule. tions.

The equality between the abundance ratios and the stoichio- )
metric ratio is not preserved for all multiply charged atomic Conclusions
ions. Although the ratios of doubly &C/N2t) and triply (C*/ The fragmentation processes of multiply charged transient
N3*) charged atomic ions in pyrazine and pyridine is found to states of aromatic molecules induced by strong laser pulses (4
be equal to the stoichiometric ratios, for furarF(@?+, Z = x 108 W/cm?) has been studied dt= 790 nm. Because of
2, 3) and pyrrole (Ef/N%", Z = 2, 3), the observed ratios turn  the extraction field used, the generated through Coulomb
out to be larger (Figure 11a). This difference in furan and pyrrole explosion ions exhibit a structure which is consisting of one
implies that the detection of multiply charged carbon atoms is broad and one sharp component.
more efficient in these two molecules (Figure 11b,c). It is  Ata laser intensity of 4« 10 W/cm? there is evidence that
interesting to note that the2@" ion yield is higher in furan the doubly charged parent ions of furan is fragmented from
from that recorded for pyridine, which has five carbons in the deformed molecular structure through a charge separation
ring. The explanation for these observations is not obvious and process. At higher laser intensities, the fragment ions seem to
may be related to the geometry of the multiply charged transient have been produced through Coulomb explosion of even higher
species within which the explosion takes place. In general, charged parent ions {P, n>3). The molecular fragment ions
Coulomb explosion in a cyclic molecular configuration is are produced with lower kinetic energies than the lighter ionic
expected to result in an isotropic distribution (in all directions) masses (atomic). The former ions are generated through
of the ejected fragments. Some of these ions could miss theCoulomb explosion within transient species in lower charge state
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compared to those in which the explosion leads to highly

Tzallas et al.

(18) Ledingham, K. W. D.; Kosmidis, C.; Georgiou, S.; Couris, S.;

energetic atomic ions. In the case of furan the dissociation of Singhal, R. PChem. Phys. Letl995 247, 555.

the multiply charged transient parent ionf{Pseems to be a

(19) Singhal, R. P.; Kilic, H. S.; Ledingham, K. W. D.; Kosmidis, C.;
McCanny, T.; Langley, A. J.; Shaikh, WChem. Phys. Lett1996 253

direct one. Moreover, the estimated charge separation distancegos.

support a direct field ionization mechanism for this molecule.
The kinetic energies of the molecular fragment ions were

found to be smaller in the case of pyridine and pyrazine than

in furan and pyrrole. It seems that pyridine and pyrazine do

(20) Kilic, H. S.; Ledingham, K. W. D.; Kosmidis, C.; McCanny, T.;
Singhal, R. P.; Wang, S. L.; Smith, D. J.; Langley, A. J.; Shaikh,JW.
Phys. Chem. A997 101, 817.

(21) Kosmidis, C.; Ledingham, K. W. D.; Kilic, H. S.; McCanny, T.;
Singhal, R. P.; Langley, A. J.; Shaikh, W. Phys. Chem. A997, 101,

not reach the same charged states as furan and pyrrole or, i2264.

they do, their dissociation proceeds sequentially.
The multiply charged atomic ions {C, N, O, Z = 1—4
andY = 1-3) are the main products at>4 106 W/cn? laser

(22) Ledingham, K. W. D.; Kilic, H. S.; Kosmidis, C.; Deas, R. M,;
Marshall, A.; McCanny, T.; Singhal, R. P.; Langley, A. J.; Shaikh,Repid
Commun. Mass Spectrorh995 9, 1522.

(23) Smith, D. J.; Ledingham, K. W. D.; Singhal, R. P.; Kilic, H. S.;

intensity. Their dominance demonstrates that the producedMcCanny, T.; Langley, A. J.; Taday, A. J.; Kosmidis, Rapid Commun.
highly charged molecular species dissociate through CoulombMass Spectroml99g 12, 813.

explosion.

It turns out that the multiply charged atomic ions*{CNY*,
O+, Z = 2—4 andY = 2—3) are generated through a direct
Coulomb explosion of multiply charged transient parent ions,
for all the molecules studied.

The efficiency of the singly charged atomic ion production
was found to be independent of the atomic environment within
the molecule and the abundance ratio$/&Ct, A = N,O) are
equal to the stoichiometric ratios in the molecule. The equality

(24) Ledingham, K. W. D.; Smith, D. J.; Singhal, R. P.; McCanny, T.;
Graham, P.; Kilic, H. S.; Peng, W. X.; Langley, A. J.; Taday, P. F.;
Kosmidis, C.J. Phys. Chem. A999 103 2952.

(25) Smith, D. J.; Ledingham, K. W. D.; Singhal, R. P.; McCanny, T.;
Graham, P.; Kilic, H. S.; Tzallas, P.; Kosmidis, C.; Langley, A. J.; Taday,
P. F.Rapid Commun. Mass Spectroh®99 13, 1390.

(26) Kosmidis, C.; Tzallas, P.; Ledingham, K. W. D.; McCanny, T.;
Singhal, R. P.; Taday, P. F.; Langley, A.Jl.Phys. Chem. A999 103
6950.

(27) Smith, D. J.; Ledingham, K. W. D.; Kilic, H. S.; McCanny, T.;
Peng, W. X.; Singhal, R. P.; Langley, A. J.; Taday, P. F.; Kosmidis].C.
Phys. Chem. A998 102 2519.

between the abundance ratios and the stoichiometric ratios was (2g) Taday, P. F.; Mohammeed, I.; Langley, A. J.; Ross, I. N.; Codling,

not found to be preserved for the multiply charged atomic ions
in the case of furan and pyrrole.
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