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The interaction of strong laser fields-10'¢ W/cm?) with cyclic polyatomic molecules have been studied at

A =790 and 395 nm. The induced ionization/fragmentation processes were analyzed by means of a time-
of-flight mass spectrometer. The production of multiply charged intact ions is found to be related to molecular
structure. Doubly charged intact ions were observed for aromatic molecules (aniline, furan, and pyridine)
with significant abundance at both wavelengths used. No evidence for doubly charged species appeared in
the mass spectra of the cycloketones. The single ionization mechanism is believed to be different at the
wavelengths used. There is evidence that multiply charged ion production is taking place through sequential
ionization processes, although the rescattering model cannot be excluded.

Introduction The mechanism for the production of these species it not clear
d Yet. Two main mechanisms have been proposed for the
production of multiply charged atomic ions. For the sake of
simplicity, we restrict the discussion to the case of doubly
charged ions. According to the first mechanism, called stepwise
was later extended to molecular ighs. ion.ization, initially only one electron is detaphed from the atom
Multiply charged molecular ions may offer significant while the second electron is subsequently ejected from the singly
charged ion. The second mechanism is a nonsequential one and

advantages in quantitative analysis and structure determination, X
notably isomer distinction and peptide analysis. Therefore, is referred to as the simultaneous detachment of two electrons.

considerable effort has been focused on their production evenComagia and Hering have reported nonsequential ionization

in the prelaser era. The first report on doubly charged molecular ©OF @ number of small molecules.
ion production was published almost 70 years &god since In the present work, the interaction of some cyclic polyatomic
then many different techniques have been developed in ordermolecules with strong laser beams {3010 Wicn?) is
to increase the efficiency of their production. For electron impact Studied. De Witt and Levi$~'¢ and Castellejo et & have
(El) ionization the relative abundance was found to be between studied the relation between the molecular structure and the
0.001% and 10% of the base peak, while by MALDI and ionization/dissociation yield of polyatomic molecules under
electrospray techniques the abundance of doubly protonatedstrong laser fields. They have concluded that ionization yield
species can be increased up to-B0% of the base peak, but  Of the parent molecule is related to the molecular structure and
the latter techniques demand sample prepardatieurthermore, decreases as a function of the number of atoms in the molecule,
spectroscopic methods with synchrotron radiation source ha\/edue to an eXpOﬂentia' increase in the molecular dissociation.
been used to gain some knowledge about the structure of these The main aim of the present work is to explore the role of
multiply charged species, and the first observation of the molecular structure, if any, in multiply charged intact ion
vibrational structure of polyatomic dication {8¢**) was generation under strong laser irradiation and the influence of
presented a few years a§o. the frequency and the intensity of the laser beam. We have
Recently, multiply charged intact ions induced by a femto- focused on cyclic molecules because, at first sight, it is expected
second laser have been observed for some polyatomicthat intact multiply charged ions could be more pronounced for
molecule~1! It is interesting to note that in some cases (like these species, since their fragmentation requires the rupture of
that of 1,3-butadiene) the abundance of the double ionized parentat least two molecular bonds. The molecules have been chosen
peak was more than 50% of the base peak in the spectrum, undein such a way as to also investigate the influence, if any, of
laser irradiation at 790 nm arld= 1.7 x 10 W/cn?. This aromaticity for some homo- and heterocyclic compounds. It is
observation, in conjunction with the potential of femtosecond important also to check the significance of the nature of the
laser-induced mass spectrometry discussed eé&flieay have higher occupied molecular orbitals (MO). Thetype MO are

The interaction of strong laser fields with atoms an
molecules leads to the production of multiply charged species.
The observation of highly charged atomic ions produced by
intense laser beams has been reported a few yeats3aayud

an important bearing on analytical applications. delocalized and spread over the entire molecular ring. On the
" - - - - other hand, the n-type MO are localized on a particular site of
: Corresponding author. E-mail: kkosmid@cc.uoi.gr. the molecular skeleton and the electrons occupying these MO
University of loannina. . . . -
* University of Glasgow. participate weakly in the construction of the molecular ring.
8 Rutherford Appleton Laboratory. These remarks may lead to the assumption that molecules with
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an n-MO as the highest occupied MO (HOMO) could be very
efficient in multiply charged intact ion production. Therefore,

the femtosecond laser-induced mass spectra of some nonaro-

matic cyclic molecules with an n-type HOMO are compared to
those of some homo- and heterocyclic aromatic molecules with
a HOMO of n- orz-type MO.

Experimental Details

The experimental set up used is described in detail else-
where!! Briefly, the system consisted of a mode-locked
titanium—sapphire oscillator pumped by an argon ion laser (both

from Spectra Physics). The system produced a train of pulses

of 50 £ 5 fs duration and 9 nJ energy. Chirped pulse

amplification (CPA) techniques were used to increase the pulse

energy. Wavelengths of 790 nm and frequency doubled (by a
0.2 mm thick type | BBO crystal) 395 nm were generated with
pulse energy up to a maximum of 500 (790 nm) and 120J
(395 nm). Both wavelengths being vertically polarized. Con-
trolled attenuation of the beam energy was achieved by a
variable neutral density filter, with the corresponding energies
being measured in front of the vacuum chamber by a Molectron

joulemeter and having been corrected for losses from the optical
components used. Laser intensities were estimated to be accurate

to 10-15%.
The time-of-flight (TOF) mass spectrometer is of conventional
linear arrangement with ion optics based on a WitéfcLaren

design and an einzel lens placed immediately after the extraction
optics to increase the ion transmission through the system. The

samples were admitted effusively from the inlet system to the

vacuum chamber via a needle valve after passing through a hole

(2R = 1 mm) in the repeller electrode of the TOF.

The laser beam was focused using a concave mirror of focal
length 3 cm at about 4 mm from the repeller. Optimum spatial
ionizing conditions were achieved usingyzvernier-controlled
mechanism coupled to the focusing mirror. The mass resolution
was typically 200 at 100 D.

A Thorn EMI electron multiplier coupled to a Lecroy 9304
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Figure 1. TOF mass spectra of cycloketone, cyclohexanone, furan,
aniline, and pyridine at 790 nm. The spectrum of cyclopentanone has
been recorded at= 3 x 10 W/cn?, while for the other molecules at

I = 4 x 10 W/cn?. The parent ion is denoted by a P, the doubly

0

digital oscilloscope recorded the mass spectra, typically averag_charged parent ion by an arrow, and the triply charged parent ion in

ing over hundreds of laser shots for each spectrum.

Results and Discussion

In a recent publication, the generation of stable multiply

the spectrum of furan by a star. In the spectrum of pyridine, the area

close to the doubly charged intact ion is shown in an inset.

peak is extremely weak in the mass spectrum induced by
nanosecond laser pulsesiat: 360 nm!8 This observation is
consistent with earlier reports on the potential of femtosecond

charged polyatomic ions using strong laser fields has beenlaser mass spectrometry for production of intact molecti&®2°

demonstrate@: 1! The discrimination of the doubly charged

(b) Many highly charged atomic fragments have appeared in

parent ions is much easier for molecules with odd molecular the mass spectra of all molecules studied at these laser
weight. Nevertheless, in some cases, such as that of furanjtensities. The origin of these ions and the fragmentation

(C4H40, MW = 68), studied in the present work, the assignment
of the peak am/z = 34 (Figure 1) as doubly charged parent
molecular ion (P") is unambiguous, since this peak cannot be
attributed to any other ,&,0, combination. In Figure 1, the

processes will be discussed in a forthcoming p#per

(c) A strong hydrogen ion peak is present in all mass spectra.
Such a dissociation processH loss) has been reported earlier

mass spectra of cyclopentanone, cyclohexanone, furan, pyridineor hydrocarbons under strong laser irradiatidf.In the present
and aniline are presented. These spectra have been recorded #0'k, it is found that the H peak increases rapidly with laser
790 nm. Cyclopentanone (CP) and furan have a five-memberedintensity and it is the base peak in the spectrum at the higher

ring, while cyclohexanone (CH), pyridine, and aniline a six-

powers used. It has been suggested thatidHproduced via

membered one. Except CP and CH, the other three moleculesfield ionization either by H tunneling from the ends of the

are aromatic, and only aniline is a homocyclic aromatic
molecule. CP, CH, and pyridine have a n-MO as the HOMO,
while aniline has ar-type MO.

The spectra in Figure 1 have some common features.

(a) The parent ion peak was clearly observed for all
molecules. It is worth noting that for CP and CH the parent ion

molecule or by a polarization-induced mechani8rihe present
data seems to support this suggestion. ThHeprbduction is

not likely to be caused by subsequent photon absorption by
transient molecular fragments, because the laser pulse duration
is less than dissociation time scales for these molecular species.
On the other hand, the strong intensity dependence of the H
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peak is compatible with Htunneling, because at higher laser R L A ARERARS
field strengths barrier suppression is expected to be more Cyclopentanone
efficient.

(d) The parent ion peak is broad, especially at high laser
intensities. This broadening is attributed to molecular ionization
from the vicinity of the laser focus area due to the high laser
intensity used 10 W/cnv). lon signals were recorded even
at about 2.5 mm away from the TOF axis, as found by moving
the laser focus area. In the typical operating conditions
(coincidence of the TOF axis with the focus), the laser intensity
is sufficient to lead molecules to ionization via MPI at a distance
of 2.5 mm away from the axis, especially when high laser
intensities were employed. lons generated at these distances hav
to travel a longer time to reach the detector and therefore
contribute to an asymmetrical broadening of the parent ion peak. -
Such an asymmetrical broadening was observed only for the
parent ion peak. For many of the other peaks, a decrease in the Asiline
mass resolution was observed too, but this may reflect the
different kinetic energy distribution of the photodissociation
products and suggests that the ionization/dissociation mechanism
is not the same for all speciés.

As far as the multiply charged ion production is concerned,
intact double and triple ions have been observed only for

Relative lofPYield
E
%ﬂ

e
" g
g

aromatic molecules in the present work, i.e., molecules which l

have 7-MO. It also seems that, for aromatic molecules, the ﬂ

multiply charged intact ion generation is efficient regardless of . f"l e e e B lk ==
the nature of the HOMOA-MO for benzené? toluene!® and 0 20 40 80 80 100
aniline and n-MO for pyridine, triazine, etc.). In the spectra of Mass (m/z)

CP and CH (Figure 1), there is no evidence for a stable doubly f evelok oh ;
charged parent ion production. Also, there are no ion peaks that '9uré 2. TOF mass spectra of cycloketone, cyclohexanone, furan,

. aniline, and pyridine at 395 nm. The spectrum of cyclopentanone has
could be attributed to doubly charged hydrocarbon fragments. been recorded at= 3 x 10 W/cn?, while for the other molecules at

Therefo_re, .it is concluded tha.t multiply charged intact ion | =4 » 10 W/cn® The parent ion is denoted by a P, and the doubly
production is favored for aromatic molecules or, in other words, charged parent ion by an arrow.

for species with relatively high molecular stability. _ ) _
The abundance of the doubly and triply charged intact ions ion production on the laser pulse wings. At the laser pulse peak

induced by strong laser fields is found to be large and is a intensity, even for the Iéawer intensities employed, the Keldysh
function of the laser intensity. For the case of furan, at 790 nm parametery defined by

andl ~ 2 x 10 W/cn¥, the ratio of the area of the parent ion _ 13 1/2

to that of the doubly charged is found to b&"RPt ~ 0.3. y = (IP/(1.87x 10 )I2’)

Doubly charged parent ion for furan has been also recorded by

70 eV El with a PT/PT = 1.6 x 10722324 Obviously, under |aser intensity in W/crh andJ in micrometers) is found to be
strong laser irradiation a significant increase in thé&" P smaller than 1 for both wavelengths used (for furanis

abundance has been achieved. Such a comparison cannot bggiimated to be 0.44 at= 790 nm and 0.55 at 395 nm). These
made for the other molecules because there are no multiply,, \a1yes are indicative of tunneling ionization, and the single

charged ion peaks, at least with significant intensity, in their joni;ation at 790 nm is attributed to a field ionization mecha-
70 eV El mass spectra. Multiply charged intact ions have been ic,
observed with high abundance alsolat: 395 nm (Figure 2). This conclusion cannot be a priori extended to 395 nm
In Figure 3, the ratio P/P* as a function of laser intensity  pecause at this wavelength it is likely that ionization through
at4 = 790 and 395 nm is presented for a furan, pyridine, and MP| depletes the ground state (ionization saturation) before the
aniline. For furan, the ratio®/P" is also presented. It is worth  molecule experiences intensities for whigh< 1. It has been
noting that triply ionized hydrocarbons have rarely been opserved that the mass resolution for the fragment ion peaks is
observed. For furan and pyridine, the rat® " increases as  reduced at 790 nm compared to spectra recorded at 395 nm,
a function of intensity and at higher laser intensities becomes even for laser intensities where thé"Rvas hardly seen. The
more or less constant (plateau) for 790 nm. The latter is not comparison is made for spectra recorded under the same laser
observed for 395 nm. The rati@PP" for aniline has an inverse  power and with similar total ion signal yield (in order to exclude
wavelength dependence compared to that observed for furancontribution from space charge effects) achieved by regulating
Moreover, it is found for pyridine that the abundance rai/P  the gas pressure. DeWitt and Levis have also reported a mass
P* is higher at 395 nm than that at 790 nm. These differences resolution reduction for spectra recorded at 780 nm, and they
suggest that the mechanism for multiple ion production is not have interpreted it as evidence for field ionization, since, for
the same for all species and could be related to molecular melecules undergoing MPI, similar trends in resolution are not
structure. observed® Therefore, for the present work, it is believed that
Molecular ionization could be attributed to multiphoton the single ionization mechanism is not necessarily the same for
ionization processes (MPI) and/or to a field ionization mech- both wavelengths and that at 395 nm there exist, at least, a strong
anism. Of course, in any case, MPI is expected to contribute to contribution from MPI processes.

(where IP stands for ionization potential in electronvdltigr
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TABLE 1: Intensity Threshold for Doubly (I P?") and
A Triply (I #P®") Charged lon Production of Furan, Aniline,
001 * * e and Pyridine Are Presented at 790 and 395 nih
’ 10" 1l015 1'015 A =790 nm A =395 nm
L I o (Wem? [P (WICT?) 1 P3 (W/ER)  1nP2H (Wiem?) 1P (eV)
aser Intensity (W/em’) furan 8x 10 3 x 101 3 x 108 25
Figure 3. Abundance ratios of doubly charged parerit}fon to single aniline 2x 10' 2 x 1015 21.7
ionized parent () for furan, aniline, and pyridine at 790 and 395 nm  pyridine  3x 10' 1x 10 26.4

are presented. For furan, the ratio of the triply"jRo doubly charged
intact ion at 790 nm is also shown.

It is possible that the recorded double and triple intact ion
have been produced through a simultaneous detachment or a Unfortunately, the explanation for two-electron ejection in
stepwise process. As mentioned before, double ionization of an intense laser field remains largely unresolved even for atoms,
some small molecules has been attributed to simultaneousdespite the careful efforts of many groups.
ejection of two electrons (direct, nonsequential ionizatién). In Figure 4, the dependence of the total ion signal, the parent
Recently, in the case of atomic Li, it has been proposed thation, the doubly, and the triply charged parent ion on the laser
single photon absorption can even lead to direct triple ionization intensity atA = 790 and 395 nm is presented for the case of
of the aton?® For multiple, nonsequential ionization, two furan. No doubly charged intact ions could be recorded for laser
different mechanisms have been proposed. Cofkpnoposed intensities where the yield of the single charged parent ion was
a rescattering model in which the first electron, ejected via not close to saturation. This observation is valid for both
tunneling, oscillates in the strong laser field and it revisits the wavelengths and could be considered as evidence, although not
vicinity of the ionic core and knocks off the second electron. a proof, for a stepwise (sequential) ionization process, involved
Fittinghoff et al?® proposed an alternative explanation known in the production of the # ion. The same observation is valid
as the shake off model. According to this mechanism, the first for the B production (P* observed for laser intensities above
electron is removed quickly enough that the second electronthe saturation of ).
does not adiabatically adjust to the loss of screening, and thus In addition, from the same figure, the intensity thresholds
there will be some amplitude of the second electron wave for PZ" production (i»2") atA = 790 nm and 395 nm can also
function in excited ionic states or in the continuum. be estimated. A value dfi, 27 = 8 x 10" W/cn? is found for

aThe double ionization energy @P for these molecules, estimated
in accordance with ref 29, is also shown.
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Figure 5. Intensity dependence of the parent iof&nd the doubly charged pareng{Pof aniline and pyridine is presented at 790 and 395 nm.

A = 790 nm, while at 395 nm it is determined to bex310'® for aniline and pyridine. It is believed that the polarization
W/cn®. In Table 1, the intensity thresholds fof'Pand P* are dependence of the ion yield will provide further information
presented. on the details of the ionization mechanism.

If the rescattering mechanism was involved in the multiply In Figure 5, the intensity dependence of the parent ion and
charged ion production, then the maximum kinetic energy of the doubly charged intact molecule are presented for aniline
the returning electron is expected to be 3.17Up [where Up is and pyridine at 790 and 395 nm.
the pondermotive potential, Up (9.33 x 10714142, (I in W/cn? Finally, for the triply charged intact furan ion, it should be
andZ in um)], and this energy should be enough to eject the noted that the observed threshold intensity is relatively close to
second electron, i.e., higher than the ionization potential¥or P that estimated by the barrier suppression ionization model
generation. Tsai and Elaffdhave found a good correlation  (BSI).3° The intensity threshold for BSI is given by
between single and double ionization energies for aromatic

molecules: double ionization energy is 2:80.1 times that of 4
single ionization. These values are presented in Table 1. The lgs = —'2
maximum kinetic energy of the returning electron at the 16z

determined intensity thresholds for furan should be 148 eV at

790 nm and 138 eV at 395 nm, while the?tHAs estimated to and corresponds to the minimum laser intensity required for a
be only 25 eV. It is clear that from this point of view, the bound electron to escape without tunneling. In practical units
rescattering mechanism could be also involved in the doubly lgs; (W/cm?) = 4 x 10°[E} (eV)/z?], whereE; is the ionization
charged ion production, although the maximum kinetic energy potential andZ the ionic charge state. Despite the weakness of
of the electron corresponds to much higher energies than thosenot including the influence of the laser pulse duration, this model
needed for P" generation. The above conclusion is valid also predicts reasonably well the yield of higher charged ions for
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the heavier noble gases, created by sequential procédses. (2) L'Huillier, A.; Lompre, L. A.; Mainfray, G.; Manus, CJ. Phys. B
furan, theE; for the triply charged ion can be estimated by an 1983 16, 1363.

empirical rule which relates, for closed-shell molecules, the and(?gfjgﬁggg‘tﬁgrgwamo’ L. FAnnu. Re. Phys. Cheml996 47, 463

single and triple ionization energies by the relationshify 2 (4) Frasinski, L. J.; Codling, K.; Hartherly, P.; Barr, J.; Ross, I. N.;
(5.0 & 0.2) x IP".32 The calculated 1P is 44.44+ 0.2 eV. Toner, W. T.Phys. Re. Lett. 1987, 58, 2424.
Thus, a value ofgg = 1.7 x 105 W/cn? is estimated, which . (5) Codling, K.; Frasinski, L. 1. Phys. BL993 26, 783 and references
; ; ; therein.
|smglose to that experimentally determindd={ 2.9 x 105w/ (6) Conrad, RPhysik. 1930 31, 888.
cnr). (7) Vekey, K. Mass Spectrom. Re 1995 14, 195 and references
therein.
Conclusions (8) Hall, R. I.; Avaldi, L.; Dawber, G.; McConkey, A. G.; MacDonald,
Th ltiol h di . ducti f i M. A.; King, G. C.Chem. Phys1994 187, 125.
e multiply charged intact ion production from cyclic (9) Ledingham, K. W. D.; Singhal, R. P.; Smith, D. J.; McCanny, T.;

polyatomic molecules has been studied by means of strong laseiGraham, P.; Kilic, H. S.; Peng, W. X.; Wang, S. L.; Langley, A. J.; Taday,
pulses at 790 and 395 nm. It is found that molecular aromaticity P- F.; Kosmidis, CJ. Phys. Chem A998 102, 3002. -

favors the multiply charged intact ion generation regardless of Mc(ég%nsmthh'Lthi«;a Le}g'rhg_h??daK- \éV-FD_-?K%'S”r%?;g g}'apid; élcl)lr%'mHljnS';
the nature of the HOMO. Doubly charged intact ions were jasq Sp)gctr'(’,mlggg {’2' 813 AR AP '
observed for homo- and heterocyclic molecules with five- and  (11) Smith, D. J.; Ledingham, K. W. D.; Kilic, H. S.; McCanny, T.;

six-membered rings at both wavelengths in high abundance. NoPeng, W. X.; Singhal, R. P.; Langley, A. J.; Taday, P. F.; Kosmidis].C.

evidence for multiply charged intact ions exists in the mass Phys. Chem. A998 102, 2519. »
(12) Ledingham K. W. D.; Kilic, H. S.; Kosmidis, C.; Deas, R. M;

SpeCtra_ of _CyC_IOKetones St_Ud'ed in this work. . Marshall, A.; McCanny, T.; Singhal, R. P.; Langley, A. J.; Shaikh,Rélpid
The ionization mechanism seems to be different at the commun. Mass Spectrom995 9, 1522.

wavelengths used. Tunneling ionization is believed to be the (13) Cornagia, C.; Hering, PH. Phys. B199§ 31, L503.
dominant mechanism at 790 nm, while MPl is expected to have  (14) De Witt, M. J.; Levis, R. JJ. Chem. Phys1995 102 8670.
a strong contribution in the ion yield at 395 nm. gg; Be w'g m j 'I:e"!s' E- jj gr:em- Eﬂyiggg 182 ;(7)‘3‘2-
H : H H : H e It, M. J.; Levis, R. . em. Y .
Jherel IS e\ﬂdencﬁ that multlplly charged Ilof? pI’Ohduthlon IS (17) Castillejo, M.; Couris, S.; Koudoumas, E.; Martin, @hem. Phys.
taking place through a sequential process, although the rescaty e 1998 289 303.

tering model cannot be excluded. (18) Kosmidis, C.; Philis, J. G.; Tzallas, Phys. Chem. Chem. Phys.
An unambiguous triply charged intact molecule is recorded 1999 1, 2945. _ -
for furan at 790 nm. The intensity threshold fot*Rvas found (19) Kosmidis, C.; Ledingham, K. W. D; Kilic, H. S.; McCanny, T;

to be relatively close to that predicted by the barrier suppression ;"z%g‘lhal’ R. P Langley, A. J.; Shaikh, W. Phys. Chem. 4997 101,

model, assuming a sequential ionization process. The latter, in (20) Kilic, H. S.: Ledingham, K. W. D.; Kosmidis, C.: McCanny, T.;
conjunction with the power dependence of tié feld supports Singhal, R. P.; Wang, S. L.; Smith, D. J.; Langley, A. J.; Shaikh,Jw.

the idea that this species is produced through a sequentialPhys: Chem. 4997 101, 817. ,
ionization process (21) Tzallas, P.; Kosmidis, C.; Ledingham, K. W. D.; McCanny, T.;
. p ) . L Singhal, R. P.; Smith, D. J.; Langley, A. J.; Taday, P. F. To be published.
Ob_V'OUSIV' the multiple 'on'za'?'on ijOCETSS for these p°|y'_ (22) Weinkauf, R.; Aicher, P.; Wesley, G.; Grotemeyer, J.; Schlag, E.
atomic molecules needs further investigation. Nevertheless, itw. J. Phys. Chem1994 98, 8381.
seems that irradiation with femtosecond lasers can provide a (23) Porter, Q. N.; Baldas, Mass Spectrometry of Heterocyclic
source of multiply charged intact ions for a series of molecules CompoundsWilley and Sons: New York. 1971.

e . P : (24) NIST Standard Reference Database B®vember 1998 Release:
with significant abundance, which could have significant impact s Chemistry WebBook.: http://webbook.nist.govichemistry.

in analytical work, especially if similar results are obtained for (25) Keldysh, L. V.Sa. Phys. JETPL965 20, 1307.
larger systems such as biomolecules. (26) Wehlitz, R.; Huang, M. T.; DePaola, B. D.; Levin, J. G.; Sellin, I.
A.; Nagata, T.; Cooper, J. W.; Azuma, Phys. Re. Lett. 1998 81, 1813.
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