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Dissociative ionization of benzene in intense laser fields of picosecond duration
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Mass spectrometry experiments have been performed to probe the morphology of dissociative ionization of
a ring molecule benzene when it is immersed in a laser field of 35-ps duration whose intensity is in the range
10 Wem 2. The field-induced fragmentation pattern is grossly different from that obtained by electron
impact. The intense laser field clearly gives rise to much more fragmentation. Covariance mapping has been
applied to study field-induced formation of highly charged molecular ions. Results indicate that the overall
fragmentation dynamics is complex and is likely to involve both fast ladder switching as well as multiple
ionization of fragment molecules at some intermediate steps in the ladder. Angular distributions of fragment
ions have been measured. Anisotropic distributions indicate that some fragments are produced from precursors
that are strongly aligned along the direction of the laser polarization vector while at least one fragment is
formed from a precursor whose angular distribution is markedly isotropic. The nature of the precursors remains
to be discovered.S1050-294{09)04202-X]

PACS numbg(s): 33.80.Rv, 33.80.Gj, 33.26t

[. INTRODUCTION dissociation in the vicinity of an avoided crossifj), and
vibrational trappingwhich occurs if a deep enough potential

There continues to be a paucity of information on thewell is formed at large internuclear separations as a result of
dynamical behavior of polyatomic molecules when they arean avoided curve crossingb]). Consideration of field-
immersed in short-duration, linearly polarized, light fields of induced distortions of PE curves has also opened up the pos-
intensity in excess of 8 Wcm™2. At lower intensity lev-  sibility of exercising some selectivity between these three
els, of the order of 16-10° W cm™?2, the last two decades competing processes in experiments, which utilize phase
have witnessed considerable progress in the development obntrol in a two-color optical field6]. Recently, attempts
laser-based mass spectrometry techniques, such as resonahage also been made to probe the dissociation and ionization
ionization mass spectrometryRIMS) and resonance- dynamics of polyatomic molecules by considering field-
enhanced multiphoton ionizatigdiREMPI). Both RIMS and  induced distortions of molecular electron-density distribu-
REMPI have contributed immensely to successes in botitions[7].
fundamental and applied studies of the structural and dy- Any theoretical insight into the dynamics governing field-
namical properties of a gamut of atomic and polyatomic sysinduced dissociative ionization of polyatomic molecules in
tems[1]. However, when higher laser intensities are usedlinearly polarized, picosecond-long, light pulses has to ac-
such that their magnitudes begin to give rise to instantaneousount for one major distinctive feature: the spatial alignment
electric fields that are comparable in magnitude to intramoof one or more bonds along the direction of the laser polar-
lecular Coulombic fields, nonlinear effects begin to dominatdzation vector. The possibility of spatially aligning molecules
field-molecule interactions, and a host of new phenomendy means of linearly polarized, intense light fields has at-
become important enough to have significant influence ortracted much recent attention. It is established that the field
the dynamics of molecular processes such as dissociativessociated with linearly polarized laser light of intensity
ionization. greater than~10'2 W cm™2 can induce sufficiently strong

Experiments have shown that nonlinear processes and dyerques on an initially randomly oriented ensemble of linear
namics, which have no analog in weak-field or zero-fielddiatomic and triatomic molecules such that dynamic align-
situations, are responsible for phenomena such as the ejement of the internuclear axes occurs. Experimental manifes-
tion of further electrons from the molecular core at internu-tations of such alignment are the anisotropic angular distri-
clear separations far from equilibriutmultiple ionization), butions of fragments produced upon subsequent dissociative
emission of high-energy photonéharmonic generation ionization of such molecules: ion intensities are maximum in
above-threshold dissociation, enhanced ionization, and fortthe direction of the laser polarization vector and minimum
mation of very-high-energy above-threshold ionization elec{frequently zerp in the orthogonal direction. Much of the
trons. Within the context of diatomic species, these intenseinterest in such alignment processes has been generated in
field-molecule interaction effects continue to attractthe context of pendular-state spectrosc@] and coherent
considerable contemporary inter¢&1{. The intensity of the control[10].
laser field also distorts molecular potential ene(B¥) sur- Recently, experimental indications have been obtained
faces, and experimental manifestations of field-distorted, othat if the linearly polarized light field is of sufficiently short
“dressed,” PE curves include various nonlinear phenomenaluration(say, of the order of 100 fs or lesglynamic align-
like above-threshold dissociatiqattributable to diabatic or ment may not occur in molecules containing heavy atoms
adiabatic crossings of PE curvel]), bond-softening (such as iodine-containing diatomics and polyatomensd
(brought about by suppression of the potential barrier againghe angular distributions of the products of dissociative ion-
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ization in such cases might be determined by the dependend®es occur in these nonlinear moleculd$]. It has been

of the ionization rate on the angle made by the laser polarshown that the magnitude of the linear polarizability of such
ization vector with the molecule’s symmetry axXsee, for molecules is, in itself, not a sufficiently useful parameter for
instance, Ref[11]). However, for intense light fields of predicting the degree of spatial alignment; the directional
longer duration(say, picoseconds and longemd for most  properties of the polarizability play a key role. This is exem-
light molecules, the dynamics of field-induced spatial align-plified by the ratio ofe) of the most polarizablébond in the
ment is essentially governed by the molecular polarizabilitypolyatomic molecule to theotal polarizability [13]. This ra-

a, which, in turn, is governed by a cé8 potential(as op- tio is clearly dependent on molecular symmetry. It is also
posed to a co8 potential applicable in the case of permanentrelated, in complex fashion, to the torque that might be ex-
dipoles. The total angular momentum of each molecule ispected to be exerted on the molecule as a result of the inter-
coupled to the laser field through The second-order field- action of the applied laser field with the most polarizable of
molecule interaction potentidl,(6) is given by the many bonds in a polyatomic molecule.

It is the purpose of this paper to report results of experi-
ments that extend the recent studies on intense-field interac-
tions with tetrahedral Cgland substituted chloromethanes
to a polyatomic species possessing a cyclic geometry. Ben-
whereE is the average field strength ang and«, are the  zene is the obvious prototype ring molecule and is the focus
polarizability components parallel to and perpendicular toof attention in this study. We describe in the following re-
the molecular bond. Th¥,(6) term is, in general terms, the sults of a morphological study of the DI pattern obtained
cause of the spatial alignment and earlier wi@khas shown when GHg is immersed in light fields of intensity in the
that the field-molecule interaction energy overwhelms theange 16> Wcm™2, wavelength of 532 nm and pulse dura-
field-free rotational energy and can thus induce alignment. tion of 35 ps. Angular distributions of fragments resulting

In the case of triatomic molecules possessing nonlineafrom DI of CqHg have been measured. Field-induced mul-
equilibrium geometriessuch as N@,H,0,SG,, ...)ithas tiple ionization has also been probed using the covariance
been showrj12] that the ratio of the component of polariz- mapping technique.
ability parallel to the molecular axisa{) to that which lies
in a perpendicular directiona{,) determines the extent to
which such molecules undergo spatial alignment when sub-
jected to linearly polarized light of picosecond duration. For IIl. EXPERIMENTAL METHOD

instance, in the case of @, the values ol and a, are Our experiments were conducted using apparatus and
almost identical for a large range of laser intensities andpethodology that have been described in recent reports of DI
consequently, the angular distributions OT @nd OH' frag-  gpg angular distribution measurements of a number of tri-
ments arising from field-induced dissociative ionization of 3iomic molecule$9,15]. In brief, linearly polarized, 35-ps-
water do not exhibit noticeable anisotropies. In contrast, O wide, 532-nm pulses from an Nd:YAGttrium aluminum
and NO" fragments possess very anisotropic angular distri—gameI laser, focused to a spot size of 26m [15], inter-
butions as a result af; being significantly larger thaa, in acted with benzene vapor maintained at pressuresiff °
the case of NG. Torr. The benzene used was of analytical grade; it was de-
For a polyatomic molecule the'total' p_olarizability)( can  gassed by means of several freeze-pump-thaw cycles in a
be expressed as a sum of polarizabilities of the constituenfiean, greaseless vacuum line. Typical laser intensities used
groups[14]: were in the range 1-810" W cm™ 2. lons produced in the
laser-molecule interaction were mass analyzed either by a
quadrupole mass spectrometer or, in a different apparatus, by
means of a linear time-of-flight mass spectrometer; in both
cases ion detection was by a channel electron multiplier op-
erating in the particle counting mode.
Angular distributions of fragment ions were measured by
rotating the polarization direction of the incoming laser field
ap=q cos?f+ a, sin?4. (3)  Wwith respect to the spectrometer axis; a combination of half-
wave plate and linear polarizer was used to obtain the desired
Averaging over all possible solid anglespatial orientations  polarization at constant intensity. The shot-to-shot reproduc-
leads to an average value of the bond polarizability ibility of the laser intensity was-5%; this was ensured by
on-line monitoring of the laser enerd$6]. Only those ions
whose initial velocity vector lay within the acceptance angle
set by the entrance aperture of the mass filter were detected;
the angular resolution was approximately 4° in both the ap-
The average polarizability of a polyatomicis then the sum paratuses used in the present measurements. A detailed dis-
of the average polarizabilities’ of its bonds. Measurements cussion has recently been presented of how fragment ion
of the angular distributions of the most intense fragment iorangular distributions are affected by charge saturation effects
peak in mass spectra obtained upon intense-field-inducdd 7] when large target gas number densities are [5&8d As
dissociative ionization (DI) of polyatomics such as noted above, our angular distribution measurements were
CCl,,CHCI;, and CHCI, have shown that spatial alignment made under conditions such that the number density;bf;C

V(0)=—1E2( 05?0+ in%6 (1)
g 5> E*() cos a, sin“h),

a=aptagtact ..., (2

where each of the constituent polarizabilities,, . . ., con-
sist of two direction-dependent componenig,and «, . If

the applied electric field is at an anglewith a given bond in
a polyatomic molecule, the polarizability, is

1
a’=§(a”+2aL). 4
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FIG. 1. Time-of-flight mass spectrum obtained upon irradiation m/q (amu/e)

of benzene by 532-nm, linearly polarized light of intensity 4 FIG. 2. Mass spectrum of benzene measured using 70-eV elec-
X 10" Wcm 2. The measurement was made at an operating gas "

. e . rons.
pressure of & 10 7 Torr, with the laser polarization vector lying
parallel to the spectrometer axis. S )
multiple ionization in the laser experiments. These observa-

molecules in laser focal volume was low enough to obviatdions indicated, somewhat unexpectedly, that despite the in-
the need for us to explicitly consider space-charge effects. trinsic strength of its aromatic ring structure, benzene does
not multiply ionize but, rather, it fragments in the course of
IIl. RESULTS AND DISCUSSION interactions with strong light fields. Our picosecond experi-
ments, which utilize much stronger light fields and visible
photons, still lie within the multiphoton regime and essen-
Figure 1 shows a typical time-of-flight spectrum obtainedtially reproduce the gross features of the fragmentation pat-
when GHg was irradiated by 532-nm light of intensity 4 terns observed in the earlier measurements. Does our frag-
X 10" Wcm™2. The benzene vapor pressure in the interacimentation  pattern result from dissociation of an
tion zone was & 107 Torr. It is instructive to note the electronically excited state of8ls", which is formed after
differences between the laser-field-induced DI pattern andeveral additional photons are absorbed by the molecular
that obtained in electron-impact experiments conducted at @mns? Or, is a series of successive field-induced fragmenta-
collision energy of 70 e\(see Fig. 2 The GHy" parention tion and ionization steps responsible for the mass spectra
dominates the electron-impact spectrum shown in Fig. 2, antheasured in our experiments? Both scenarios are possible if
fragments smaller than,€l," contribute only very margin- one considers that following the initial ejection of a single
ally to the spectrum. The field-induced spectrum in Fig. 1electro_n from ne_utral benzene, th_e r_nolecular ion continues to
shows C as the dominant ion peak with theld," parent be subjected to intense laser radiation and, consequently, un-
ion being only a relatively minor constituent of the massdergoes further interactions with the light field. The duration
spectrum. The intense laser field clearly gives rise to mucif the laser pulse is clearly a parameter of some importance
more fragmentation. In this respect, our picosecond laser ex? considering the time scales of possible unimolecular dis-
periments appear to yield a mass spectrum that is qualitociation processes of highly excited states gHE . Uni-
tively similar to that obtained in earlier experiments, molecular process such §€gH;"— fragment ion$ would
mostly conducted at much lower field magnitudesoccur on short time scales. Thus some unimolecular disso-
(~108 Wem ?) and using femtosecor[d 8] and nanosec-  ciation might be expected to compete with photon absorption
ond duration pulsegl9—21]. This qualitative agreement ap- When laser pulses of nanosecond duration are used. How-
pears to hold independently of wavelength considerations a@ver, 35-ps-long pulses might be considered short enough to
a very wide wavelength range was covered in these fougnsure that successive photon absorption is the more likely
earlier experiments. The measurements of DeWitt and Levigoute to enhanced fragmentation of benzene. On the basis of
[18] were made using infrared light pulses of 170-fs dura-their nanosecond experiments, Schlag and co-workzfs
tion. On the other hand, the experiments of Reilly and Ko-Characterized this successive photon absorption process as
mpa [19], and of Schlag and co-workef&0], were con- “ladder switching”: fast unimolecular processes produce
ducted using ultraviolet light pulses of 12—20-ns durationswitching of the excitation ladder into fragments. A sche-
whereas Zandee and Bernst¢Ri] used somewhat higher matic representation of ladder switching applied to benzene
laser intensities € 10'° Wcm™2) and a near-visible dye la- is depicted in Fig. 3. After initial ejection of an electron from
ser. neutral GHg, the field-GH," interaction results in the fol-
All these earlier data sets indicated enhanced fragmentdewing sequence(i) further excitation of the molecular ion;
tion compared to the electron-impact case, with little or no(ii) dissociation of an excited state ofid," into, say, GH,"

A. Morphology of dissociative ionization



PRA 59 DISSOCIATIVE IONIZATION OF BENZENE N.. .. 1395

cHZ duced in each laser shot were recorded by the DSO and
2 3 X H ) _ 1 H 1
CH + o ion-pairs storeq ina compu?er s memory for off Img analysis using .the
o ion-pairs covariance mapping technigue. Covariance mapping is a
’ ) general technique utilized in diverse areas of physics re-
search to reveal hidden correlations in highly fluctuating sig-

—
) CH + Q,_LHII nals. Frasinski and co-workef82] have extensively utilized
X

\ — " the technique to study the fragmentation dynamics of multi-

CH, ply charged, positive ions of small molecules; we have also

- . utilized this technique in recent experiments on highly
GeHe charged C$ ions and negatively charged carbon clusters

23]. In this technique, the TOF spectrum is represented as
; i - ) (t;) at 1000 discrete points whekt;) represents a 1000-
mechanisn{see text The vertical arrows indicate multiphoton ex- element vector indexed hy If Y(t,) is the same vector, the

citation while the horizontal arrows indicate dissociation of excited i tiC(t- 1) bet h pair of TOE point
ionic states. The dissociation products can themselves interact wifgovariance matri (ty,tp) between each pair o points

the laser light(diagonal curly arrowsand undergo doublér mul- t, andt, can be obtained from the tensor product:

tiple) ionization, and such product states are indicated by dashed _ _ _ _ .

horizontal lines. These highly charged states unimolecularly decay Clt1,12) =((X= (XN (Y= (V)= {X¥) = (XKY)

into ion pairs that can be experimentally detected by multiple coin- =(X(t1)Y(tp)) = (X(t) )} Y(to)). ©)
cidence techniques such as covariance map(sag Fig. 6.

FIG. 3. Schematic representation of a modified ladder-switchin

o ) ) ) For averages taken over a total Mflaser pulsegtypically
+ neutral fragments(jii ) excitation of GH," ; (iv) dissocia- 20 000—30 00D
tion of an excited state of ££1," into, say, GH, + neutral
fragments; and so on, until Cis ultimately produced. 1 N
Does the ladder switching mechanism apply to field- C(ty,ty)= NE Xi(tpYi(ty)
CgHg  interactions when laser pulses are used, which are of 1
only 35-ps duration? Or, alternatively, can the fragmentation 1 N 1 N
patterns that we measure be attributed to field-induced dis- —{—E Xi(tl)H—E Yi(to)
tortions of the potential energy surface of an excited state of =1 =1

CgHe ? We consider the latter alternative unlikely in light of

the larger yield of smaller fragments that are observed in mjhe map of covariances is the small difference between two
mass spectra. It appears improbable that our fragmentati groe corrglated {XY)) and uncorrelated(Q())((Y} ) prod-
pattern could result from a single explosion of one, highly.UCtS a_nd IS a measure of the ftemporal (_:orrela_thns between
excited, field-distorted state of,8;" . Moreover, simple en- ion pairs in TOF spectra. The ion collection efficiency must

ergetic considerations also appear to favor the first altern approach 100% in order for covariance mapping to yield
9 PP astatistically reliable results. In the present experimental con-

tive. It is pertinent to note in this connection the nonObser'figuration we measured the intensity of different fragment

vation in earlier measurementgl8—2(0 of metastable . . . 2
C.HZ* dicati hich h 86 ions as a function of the magnitude of the electrostatic field
sTie  dicalions, which have an appearance energy used to extract ions into our TOF spectrometer. Our results

eV, while copious yields were obtained of fragment '0NS;ndicate that at field values in excess-ef.00 Vcni L, unit

+ ¥ :
such as gH,",CH,", and C" whose appearance energies .iection efficiency was achieves indicated by saturation
are as high as 30-45 eV. Itis difficult to postulate a singleyt the jon yield when plotted as a function of extraction
explosion of a field-excited state ofgRg™ that would ac-  field). The covariance map measured in our experiments

count for such energetically unfavorable fragmentationyere all obtained using extraction fields of the order of
routes, apparently at the expense of lower-energy doublexgg v enit.

. (6)

ionization channels. Part of a typical map showing coincidences involving dif-
ferent fragment ions is depicted in Fig. 4. The peaks repre-
B. Field-induced multiple ionization sent true coincidence signals arising frarorrelated ion

Can part of the observed fragmentation pattern be adoairs. Thg autocorr.elation si.gnal has also t_)e_en removed in
counted for in terms of fast unimolecular dissociation ofOrder to improve visual clarity. We have divided the map
multiply ionized benzenéor some of its fragmentsas op- into three different sets of ion pairs on the basis of th_e
posed to singly ionized benzene? To probe this, we used o§irength of the covariance signal. The group possessing
time-of-flight (TOF) spectrometer to make covariance mapsMaximum |nten3|t|+es in the covariance maps comp_n§e C
in order to probe temporal correlations between ion pairst C2Hx ,C™+CsHy , and GH{ +CgH, . The medium-
which might arise upon spontaneous fragmentation ofhtensity group consist of G+ C,H, and GH, +C,H, ion
CH,3"(g=2) ions. In our experiment the output pulses pairs whereas the lowest-intensity ion pairs are C
from the channel electron multiplier were amplified and fed+C?*",C?* + C,Hy ,C** + C3H, and C*+C4H; .
into a fast digital storage oscilloscogBSO) coupled to a It is noteworthy that of the large number of possible ion
computer through a fast data bus. The sampling rate of thpairs whose formation may be postulated upon dissociation
DSO was 0.5 10° per second, with an analog bandwidth of of CgHg'" (q=2), only the above-noted nine pairs were evi-
100 MHz. Typically, mass spectra were accumulated ovedent in our covariance map. Nevertheless, covariance maps
20000-30 000 laser shots; the times of arrival of ions proaccumulated by us at different laser intensities indicate in an
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FIG. 5. Computer simulations of ion trajectories showing the
ndependence of the acceptance anglf width at half maximum

FIG. 4. Part of a covariance map showing time-correlated io ; . ] T
fof our time-of-flight spectrometer on the fragment ion kinetic en-

pairs produced by multiple ionization induced by a laser field o

intensity 1x 10> W cm™2. The autocorrelation line has been arti- €9

ficially removed in order to improve clarity. The channel numbers

are proportional to ion time of flight. picted in Fig. 5. The largest kinetic energy with which dif-
ferent ion pairs are formed was 3.5 eV; such ions were

unambiguous fashion that multiply charged molecular iongletected with an acceptance angle-3° (half angle at half

do get formed under our experimental conditions of picosecWidth). When the quadrupole mass spectrometer was em-
ond laser irradiation. The earlier claimi$8—21 that mul-  Ployed, angular distributions could be measured with zero
tiple ionization does not occur constituted a major factor inion extraction voltage. This afforded the possibility of mea-
support of the ladder switching mechanism. These nonobsef4ring pristine angular distributions, unaffected by distor-
vations of multiple ionization were based on measurementons that may be induced by ion extraction fields in the
of “singles” mass spectra and pertained only to the absenciaser-molecule interaction zone. In such cases, the ion accep-
of long-lived doubly and triply charged molecular ions. Thetance angle was the same as the geometrical acceptance
application of the covariance mapping technique has enablegdhgle and, in our mstrqmental configuration, this value was
us to probe the formation afhort-liveddications and trica- 4° (half angle at half width o

tions and it is clear that such species must be considered in+F|gure 6 shows typical angular distributions measured for
any dynamical model which seeks to rationalize the fragC' _fragment ions at a laser intensity of 2.4
mentation pattern obtained when benzene interacts with inX 10> Wem2. The data are presented as a polar plot, with
tense laser light. In light of the earlier discussion of the posihe radial distance from the origin of each data point being a
sible role of ladder switching in determining the measure of ion yleld_ in a given angular direction. A numk_)er
fragmentation dynamics, it is important to note the follow- Of angular distribution measurements were made which,
ing. The observation that almost all the ion pairs that ardaken together, covered all four quadrants in the angular
found to contribute to our covariance map involve atomic
ions, C" or C>*, offers an indication that the overall dynam-
ics is complex in that it is likely to involve both fast ladder
switching as well as a measure of multiple ionization of frag-
ment molecules at some intermediate steps in the ladder.
More work clearly needs to be undertaken in order to gain
better insight.

C. Angular distributions of fragment ions

Angular distributions of fragment ions were measured us-
ing the TOF spectrometer as well as with a quadrupole mass
spectrometer. The acceptance angle of our TOF spectrometer 240°
is dependent on the kinetic energy of the ions formed in the
laser-molecule interaction zone. We carried out ion trajectory FIG. 6. Polar plot showing the angular distribution of @ag-
calculations for our operating conditions; the variation of ourment ions. The measurements were made using a laser intensity of
instrument’s acceptance angle with ion kinetic energy is de2.4x 10" Wcm™2.

270°
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90° IV. SUMMARY AND CONCLUDING REMARKS
120° 60°

We have carried out mass spectrometry experiments to

30° probe the morphology of dissociative ionization of a ring

molecule, benzene, when it is immersed in an intense laser

field (intensity in the range £6 W cm™?) of 35-ps duration.

0° & The following features of the dynamics of field-induced DI
emerge out of our measurements.

(i) The field-induced fragmentation pattern is dramatically
830° different from that obtained in conventional electron-impact
mass spectrometry. Whereas thgHg parent ion dominates
240° - 300° the electron-impact spectrum, and fragments smaller than

270 C,H," contribute only very marginally to the overall frag-
FIG. 7. Polar plot showing the angular distribution oftG" ~ mentation pattern, field-induced spectra show &s the
fragment ions. The measurements were made using a laser intenstipminant fragment, with the 6(E|6+ parent ion being only a
of 5x 108 Wem™2, relatively minor constituent of the mass spectrum. The in-
tense laser field clearly gives rise to much more fragmenta-

range 0°—360° around the spectrometer axis. As in Othetr|on. Our picosecond laser experiments yield a mass spec-

trum which is qualitatively similar to that obtained in earlier
recent work reported from our laboratof$2,13,15,16 no q y

experiments conducted at lower field magnitudes using nano-

difference was found in the shapes of the distributions obg, . q pulseEl8—21. This apparent similarity of fragmen-

tained in the different guadrants when the alignment of thg,4 pattern appears to hold independent of wavelength
focused laser beam with the molecular target and the speggnsiderations. In the light of earlier suggestions of a ladder
trometer axis was perfect. The angular distribution data degyitching mechanisrfi20], the following sequence of events
picted in Fig. 6 pertain to measurements made in the 0°~902an be postulated: After initial ejection of an electron from
quadrant; for clarity of presentation, we have chosen to reneutral GHg, the field-GH," interaction results in further
flect such single quadrant data over the 90°—~360° range. excitation of the molecular ion- followed by dissociation
The anisotropy of the fragment ion signal would be ex-of an excited state of gt into, say, GH,” + neutral
p%cteddto be dependent on the yect;r .prr10_perties dqf fieldragments— excitation of GH,"— dissociation of an ex-
induced transition moments associated with intermediate exs; + +
cited states of the precursor and their relation to the directioﬁﬁzdssga;iojrﬁr '& |ir;t3,ltisri);:[§;| Brgdﬂsgér.agmgﬁcz; it
of the laser polarization vector. Distributions of the form jg possible to state that the fragmentation pattern is deter-
cos"¢ and sirl'd result fromn-photon excitations, producing mined by charge transfer type of couplings between adjacent
major lobes at 0°,180° and minor ones at 90°,270°; contrimolecular orbitals that are accessed in the course of unex-
butions from a co#sind type of angular function result in pectedly fast ladder switching that appears to occur while the
lobes at~60°, 120°, 240°, and 300ffor discussion of laser pulse is on. Our data indicate that such internal conver-
such vector correlations, s¢24,25). The polar plot shown sion between different excited states within the ladder ap-
in Fig. 6 is clearly not amenable to simple interpretation inpears to occur on a timescale which may be significantly
terms of conventional vector correlation models; the datsshorter than 35 ps. Our results indicate that the sequence of
offer indications of spatial alignment of precursors that giveevents we have postulated here in the context of ladder
rise to the pronounced anisotropies observed in the angul@witching needs to be enhanced in scope, as discussed in the
distributions measured for Cfragment ions. The ion yield following.
at 90° was measured to be zero. Our measurements offered (i) The gross features of the mass spectra were found to
some indications of structure in the polar plots that wad’® only Weaklysdepend?r;t on laser intensity, at least over the
found to be reproducible, in the vicinity 5°—15°. Earlier @19 1_8<. 101. Wem =
observations of such structure in angular distributions of (iii) 'V'“'“p'e lonization Is a process that would need to be
fragment ions from field-induced dissociative ionization oflncorporated into_the ladder switching sequence of events

) L . . postulated in(i). Our covariance maps revealed that only a
triatomics like C$ and CQ have been interpreted in terms small subset of the large number of possible ion pairs, whose
of formation of pendular statd®]. In the present case we

der it i dent t e the ob 4 structure t formation may be postulated upon dissociation of
consider it imprudent to ascribe the observed structure to 66H6q+(q>2)1 were evident in our covariance map. The

similar phenomenon, particularly in the absence of definitivemost prominent ion pairs to be detected were C
evidence of the nature of the immediate precursors of the C+C HY .C*+CsHS, and GH'+C,H!, indicating the
20 Ix 3 2 3

X1 X 1
fragments. likely formation of highly charged precursors that are

Figure 7 shows angular distribution data fostG" frag- smaller in size than the parengld; molecule. The observa-
ments obtained. This measurement was made at a laser ifion that almost all the ion pairs that were found to contribute
tensity 0f5><1013 Wcmiz. Measurements on this fragment to our covariance map involved atomic ior‘]sjr ©r C2+,
were made using both our TOF spectrometer as well as thgight indicate that the complex dynamics is likely to involve
quadrupole mass spectrometer. In contrast to data shown iibth fast(modified ladder switching as well as multiple ion-
Fig. 6, GH," fragment ions are clearly formed with an an- ization of fragment molecules at some intermediate steps in
gular distribution that is markedly more isotropic. the ladder. Conventional ladder switching mechanisms de-

150°

210°
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mand a rapid increase with internal energy of unimoleculafield-induced spatial alignment of the precursors. On the
dissociation rates. Consequently, the parent ion dissociatesher hand, our data also indicate that; fragment ions
before additional photons are absorbed. This is the justificaare formed with an angular distribution that is markedly
tion for the nonobservation of metastable multiply chargedmore isotropic. The precursor for'@n the one hand and for
ions and the observed intensity dependence of the DI pais,H* on the other appear to possess significantly different
terns in earlier long-pulse experiments. In the presentgeometries. The former have anisotropic molecular polariz-
shorter-pulse measurements, the rates for unimolecular digpilities such that one of the bonds becomes spatially aligned
sociation seem to be comparable to those for absorption Qfiong the direction of the laser polarization vector. In the
additional phOtOﬂS; hence, the measured independence of ti‘ﬁter case, the precursor appears to have a geometry that is
DI pattern with laser intensity in our experiments. There areg;ch that field-induced dipole moments do not create a net
grounds to justify consideration of a modification to the con-torque, which results in spatial alignment in a particular di-

ventional ladder-switching mechanism by incorporating therection. The nature of the precursors remains to be discerned.
possibility of the occurance of some measure of ladder

climbing in our short-pulse experiments.

_ (iv) The angular dlstr|but|on_s meas_ured fof CEragr_nent_ ACKNOWLEDGMENTS

ions show very pronounced anisotropies, with zero ion yield

obtained when the laser polarization direction is orthogonal We are grateful to M. Krishnamurthy for incisive com-
to the spectrometer axis. These anisotropies are indicative afients on our manuscript, and for helpful discussions.
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