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Abstract

The multielectron dissociative ionization of sulphur hexafluoride was investigated using 130fs laser pulses at 810 nm wavelength. The
pattern of the observed mass spectrum is explained based on the molecular structure symmetry and atomic ionization potentials. The kinetic
energies of the atomic ionstFand P+ are consistent with a Coulomb explosion at a single critical internuclear distance. High precision
angular distributions of atomic ions are obtained and the geometric alignment is responsible to the observed anisotropic angle distribution of
energetic atomic ions.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction 10"W/cm?), more than one electron can be stripped away
from the molecule. The removal of several electrons from
The molecules’ response to an intense femtosecond lasethe molecule leads to the generation of multiple charged,
field is a subject of attracting much more interest. The re- often unstable, ions that undergo Coulomb explosion result-
search is facilitated by the developments in laser technologying in multiple charged atomic ions production. The kinetic
and availability of tabletop femtosecond lasers. The multi- energy of the fragment ions are substantially lower than
electron dissociative ionization (MEDI) of diatomic and tri-  that expected for prompt ionization/dissociation at the equi-
atomic molecules has been carried out in recent years bothiibrium bond length,Re. Consequently, it has been deduced
experimentally{1-6] and theoretically{7—9] and reviewed  that the Coulomb explosion begins at a critical internuclear
[10,11] For polyatomic molecules, benzef&2,13] and distancer, larger thanRe. For small moleculesg, is about
tetrahedral molecule Giti[14,15] were extensively studied  twice as large a®e. Sanderson et al. suggested that this re-
for their simple highly symmetric structure. While the inter-  |ationship is also valid for SFmolecule[16]. The energetic
action of sulphur hexafluoride with femtosecond laser pulses atomic fragment ions usually exhibit anisotropic angular
was seldom studiefl6]. Under the intense laser fields, the distribution due to the reorientation of the molecular axis
molecule ionization can be induced through multiphoton and/or the dependence of the ionization rate on the angle be-
process (MPI) and/or field ionization (FI) mechanisms, de- tween the laser polarization direction and the molecular axis.
pending on the laser intensity, laser frequency, and molec-The understanding of these processes, known as MEDI, is
ular ionization potential. Contribution from FI process is of great significance for their fundamental importance and
thought to be dominant where Keldysh parameter takes val-their close relation with processes such as coherent control,
uesy < 1[17]. Ifthe laser field is strong enough (e.g. above molecular alignment, high harmonic generation and etc.
In this paper, the multielectron dissociative ioniza-
mpondmg author. Tel+86-1-062765884: t@on of sglphur hexafluoride was investigated_ by using a
fax: 1+86-1-062756567. time-of-flight mass spectrometer (TOFMS) with the laser
E-mail address: ghgong@pku.edu.cn (Q. Gong). intensity up to 10 x 108 W/cn?. FlI is thought to be the
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predominant molecule—radiation coupling mechanism at this Digitizers, Switzerland) with a maximum real-time sam-
laser intensity. Both linearly and circularly polarized light pling rate of 1GHz and a load of %®. The measured
were used to shed light on the alignment mechanism. Thesignals were typically averaged over 256 laser pulses. The
kinetic energies and angular distributions of the fragment pulsed valve, the data acquisition card and the femtosecond
ions coming from the Coulomb explosion were measured laser pulses were timing scheduled by a DG535 digital delay
and the possible explosion channels were discussed. and pulse generator (Stanford Research Systems, USA).

2. Experimental 3. Results and disscussion

The experimental setup has been described detailedly in3.1. Molecular ions
our previous reporfl8]. A Ti:sapphire chirped pulse am-
plifier (CPA) laser system(TSA-10, Spectra-Physics Inc., A typical TOF mass spectrum of the §Folecule, ir-
USA), which delivers 810 nm, 130fs pulses at a repetition radiated by a femtosecond laser beam with polarization
rate of 10 Hz, was employed as the light source. The laservector along the direction of the TOFMS axis, is shown
beam was focused by a lens with focal length 150 mm into in Fig. LThe extraction field used in this experiment is
the chamber of the TOFMS. To measure the angular distri- 200 V/cm. Our spectra have enhanced resolution compared
bution, a half-waveplate was inserted into the path of the with previous work of Sanderson et §16]. The energetic
laser beam to rotate the electric field vector with an angle singly and doubly charged F ions are splitinto double peaks.
interval of . In the measurement, the polarization angle is This double peak structure indicates that they are coming
defined as the angle between the axis of the TOFMS and thefrom a Coulomb explosion of highly charged molecule ion.
polarization vector of the laser beam. While all S ion peaks exhibit a single peak structure and

The apparatus used here was a Wiley—McLaren-type the highest ionization stage reaches to five. The single peak
time-of-flight mass spectrometer with a drift tube of 35cm structure of S ions indicates that the symmetric explosion
long [19]. The vacuum chamber can be pumped to an ulti- channels are favored. Besides the atomic ions, abundant
mate pressure of 10 Pa. A Sk gas sample was introduced molecular ions were also observed in our mass spectrum. It
into the chamber via a pulsed valve (Park Inc., USA) with should be noted that no molecule ions{SFere observed
a 0.2mm orifice. When the gas sample was admitted, thewhich is not common for using of the femtosecond laser.
chamber pressure was maintained to be at severdl R The absence of the parent molecule ion may be due to its
to avoid the space-charge effect and pressure broadeningapid dissociation time of about 1§21]. The HO*, H*
of the ion peakg20]. A microchannel plate assembly was and C' ions are from the residua in the vacuum chamber.
used to detect the ions. The signals were recorded us- The molecule Sgis highly symmetric structured with
ing ultrahigh speed data acquisition card (DP105, Acqiris three linear F-S—F sharing the same sulphur atom. The axes
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Fig. 1. Mass spectrum of the §folecule induced by 810nm, 130fs laser pulses at intensity(f 1.0 W/cm?. The polarization was parallel to the
TOFMS axis.
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Table 1 Table 2
lonization potential of fluorine and sulphur Experimental measured kinetic energ¥efy) at an intensity of 9x
- - 10" W/cn? and calculated atomic ion kinetic energig&ng) by solving
Specis IP (eV) Species P (eV) the classical Newton equations Bt = 3.51 A
st 10.36 F 17.42 .
e 23.33 lons Eexp (€V) Channelg, j, k) Ethe (eV)
S 34.83 728 34.97 F+ 5.0 (1,0,1) 5.10
SH 47.30 (1,0,2) 9.20
S 72.68 Pt 62.71 11,1 10.89
o+ 88.05 P+ 87.14 1,1,2 14.99
(113 19.09
F2+ 435 2.1,2) 36.13
of these three linear F—S—F are mutually perpendicular. For 2,13 44.35
the Sk in an external laser field, the F atoms in the molecule g 2 g; gigj
can be classified into two groups: one group is the two F in 2.2.4) 60.04

linear F—S—F with its axis parallel to the laser polarization
vector, the other group is the four F in two linear F-S—F
with their axes orthogonal to the polarization vector. A rea- to [26]:
sonable assumption is that the F atoms in a group are of the
same charge state for symmetry. So, the Coulomb explosion
channel can be expressed assSP [SFg] @4 +th+

2F* + 4P + 8 and notated agi, j. k). By treating each  \yherer is the extraction fieldy is the charge of the ion and
F-S-F as a triatomic molecule, we assume that the number ;i the difference in the arrival times between the forward
should be no less thanfor the preferential ionization, also 4 backward ejected iona, is the mass of the fragment
known as geometric alignment mechanif?8-24} When o, ypically the kinetic energies observed are consistent

discussing the possible explosion channels, another point i, coulomb explosion occurred at a single critical inter-
to be considered is the ionization potential of the observed nuclear distance for all channelg; = C-1Re, WhereCp
= C IR,

atomic ions.Table Jyives the zero-field ionization potentials g 5 constant anas is the equilibrium internuclear distance
for.the'sulphur atpm and fluorine atom.. The ions with hlgher of neutral molecule which is equal to 1.58 Afor §Frhe
ionization potential are harder to be ionized. So, the ions constantCr, has found to be 0.45 for molecules consisting
with higher ionization potential appear later when the laser ¢ light atoms such as C, O, and N. Sanderson et al. sug-
intensity is changing from weak to strofig]. This can es-  gaqieq that it is also valid for $Fmolecule[16]. Table 2
tablish a weak relationship between the numbeir andk. lists the experimental measured kinetic energies ofRd

For example, in a region where intensity is just high enough 2+ 4 4 |aser intensity of & 10'5W/cr? and the theoret-

to produce F, S* is also produced. ical ones. The theoretical values are calculated by solving

As for the singly charged molecular ions, it is believed o ¢|5ssical Newton equations starting at the critical in-
that they are from the rapid dissociation of the highly ex- o clear distanc&.. When p—polarization (i.e. collinear

cited parent ion§25]. The appearance of doubly charged i, the TOFMS axis) was used, the energetic F ions we
fragments S§* indicates that the parent ion has been dou- yetected are those in linear F~S—F with its axis parallel to
bly charged. Based on the above discussion on the possiy,e ToFMS axis for the limited acceptance angle. For ex-
ble explosion channel, we can guess the constitution of theample the acceptance angle for theiBn having a kinetic
highly charged molecule ions in ourzTeasuEred MasS SP€Cenergy of 5eV is about®Bwhile for P2+ having 43.5eV it
trgln. Tfley are listed below, é‘t = ST +2F, SFT = is about 4. So, the observedFare from channelgl, j, k),

S°7 + F7. All the observed highly charged molecular ions ot from (j, 1, k). By comparing the observed kinetic ener-

F2q% At

. (1)

Ekinetic energy—

can be express in this form. gies of fragment ions and the theoretical calculated ones, we
can make some predications on the allowed MEDI channels.
3.2. Atomic ions For Ft ions, it is from the channdll, 0, 1). While the B+

may come from channel@, 1, 3) and (2, 2, 2).

The double-peak structure of energetic Fionsis a hallmark All of the sulphur peaks are centered about 0eV indi-
of Coulomb explosion. The kinetic energy release (KER) in cating that symmetric channels of MEDI are predominant.
this process causes the ion signals to display peak splitting.For the nearly zero kinetic energy of the sulphur ions, they
The peak with a shorter flight-time arises from ions ejected have an acceptance angle of almost.9this accounts for
along the axis of the TOFMS directly towards the detec- the isotropic distributions of"S (n = 1-4) ions which are
tor and peak with a longer flight-time from ions ejected in shown inFig. 2The signal of 8" is not presented because
the opposite direction. The kinetic energy of atomic ions it is too weak. The angular distributions of Fand B+ are
resulting from the Coulomb explosion can be determined depictured inFig. 3. Both exhibit anisotropic distribution
from the peak splitting in the mass spectrum according having a maximum along the laser polarization axis and a
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Fig. 2. Angular distributions of the atomic iong?S(n = 1-4) observed in the MEDI of SFat a laser intensity of & 10 Wi/cn?.
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Fig. 3. Angular distribution of the atomic ion*F(left) and F+ (right) at a laser intensity of & 10 W/cm?.

minimum perpendicular to it. This anisotropic angular dis- which alignment mechanism is predominant in our experi-
tribution can be attributed to two effects: dynamic align- ment. The mass spectra obtained with circularly polarized
ment or geometric alignment. Since the ionization rate is light at intensity of 9x 10" W/cr? (upper trace) and with
primarily determined by the parallel field component, differ- p-polarization light at intensity of & x 10> W/cn? (lower

ent strengths of the fragment signals for parallel and circular trace) were shown ifFig. 4. The ratio of F ion yield ob-
polarization measure the degree of alignn@s{. Both lin- tained at circular polarization versus p-polarization is about
early and circularly polarized light were used to determine 2.0. This value is about 3.2, 3.4 fofFand S, respectively.
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Fig. 4. Part of the TOF mass spectra ofSfabove) circular polarization, intensity 060> W/cn?, (below) p-polarization, intensity of. @x 101 W/cn?.
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