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The alignment and molecular structure deformations induced by intense off-resonance excitation with ultrafast
laser pulses are examined using femtosecond transient grating spectroscopy and by angle resolved multiphoton
ionization in a molecular beam. The goal of this study is to correlate evidence obtained from the angular

dependence of multiphoton ionization and from rotational recurrences observed in neutral molecules regarding
alignment and molecular structure deformation. Structural parameters are determined by analysis of the field-

free rotational recurrences, obtained by tran

sient grating measurements, or by analysis of the anisotropy in

the detected fragment ions, in the molecular beam experiments. Experimental data were obtained for CS
CO,, acetylene, and benzene, for pulse intensities ranging fréfntd @0 W/cn?. The experimental results

are consistent with molecular alignment resulting from a “kick” induced by the ultrafast off-resonance field.
The results also provide evidence of molecular structure deformations. Results from transient grating
experiments indicate that the electric field can induce alignment and bending in polyatomic molecules and
that these effects can take place in the absence of ionization.

Introduction

High-intensity off-resonance laser fields from ultrafast laser
pulses can cause very large electric field gradients. Molecules
can experience a large torque along the polarization vector of
the field due to their anisotropic polarizability. With long laser
pulses the torque is enough to cause adiabatic alignhfent;
however, with ultrafast pulses the torque provides an “instan-
taneous” kick toward alignme#tPulses with peak intensities
of 103 W/cn® generate electric fields of 1 V/A, causing
significant changes in the electronic energy levels of the
molecule. When the electronic states have different geometry,
the fast strong field excitation process leads to molecular
structure deformation. In this report we study alignment and
deformation for a number of molecular species using the time
resolved transient grating (TG) method. For,C®e obtain
angle resolved ion yields following Coulomb explosion in the
molecular beam and find evidence for the molecular deforma-
tion.

This study bridges these two types of measurements and
provides experimental evidence regarding alignment and struc-
tural deformation. The results presented here shed new light
on the understanding of the behavior of molecules in the
presence of intense and ultrashort laser fiélds.

In Figure 1, we illustrate the dependence of the electric field
trap depth measured in Kelvin for molecules with relatively large
anisotropic polarizability (for example, QS Laser intensities
of 101 W/cn? are enough to align cold (10 K or less) molecules,
for example, from molecular bearhAlso shown in Figure 1
is the electric field strength as a function of the peak intensity
of the laser. The electric field is calculated usker (21Z0)Y2,
whereZ, is the resistivity of a vacuum (376£2) and| is the
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Figure 1. Plot of the induced rotational trap depth on a highly
polarizable molecule like GSdotted line, left axis) and the electric
field strength (solid line, right axis) as a function of peak laser intensity.
The predominantly observed molecular processes that occur at any given
intensity are indicated at the top.

14

peak intensity of the laser pulse. For laser intensities éf 10
Wi/cn?, the electric field can exert sufficient force on a molecule
to cause alignment. Higher peak intensity fieldq,0'3 W/cn?,
produce an electric field strength that is comparable to that
experienced by valence electrons in molecuteg {/A), and
structural deformation takes place. At these electric field
strengths, ionization takes place, and at higher laser intensities,
multiple ionization and Coulomb explosion are observed.

The observation of molecular alignment stemming from high-
intensity nonresonant laser excitation has been theoretically
explored by Friedrich and HershbakhThe intense laser field
causes an induced dipole in the molecule, which suppresses the
rotational motion and leads to aligned pendular sthfes.
Friedrich and Herschbach developed the laser induced alignment
theory based on earlier observations of dissociative multiphoton
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ionization experiments on CO angMith intense infrared lasers  grating), it is important to determine if there is good agreement
conducted by Normand et &and Dietrich et al® respectively. between the two and by comparison learn about the time scales
Demonstrations of the laser induced alignment technique haveof molecular alignment and structural deformation, as compared
been conducted by Kim and Felker on large nonpolar mol- to ionization and Coulomb explosion. Finally, we draw conclu-
eculed® and by Stapelfeldt and co-workers on smaller mol- sions about the effect of strong laser fields on molecules and
ecules!®!! Posthumus et al. have examined the multiphoton about the time scale for both structural deformation and
dissociative ionization of b} N, and b with 50 fs pulses and  ionization in these experiments.

found that only H and N>, showed alignment characteristits.

Corkum and co-workers have combined intense off-resonanceExperimental Section

chirped circularly polarized fields to induce rotational accelera-

tion and thus constructed a molecular centrifégjalignment The data presented come from two different laser systems.

with resonant intense laser fields has been examined theoretically oSt Olf thlf data vvlere acquired with a home-built colliding lpulse
by Seideman. When on-resonance fields are used, the intensityn0de-locked dye laser (CPM), pumped by a CW Nd:YLF laser.
does not have to be as strong as that in off-resonance | N€ output from the CPM is centered at 620 nm and is amplified

experiments to generate alignméhShe noted that as the mass using a four-stage dye a}mplifie_r pumped by a 30 Hz Nd:YAG
of the molecule increased (and thus the rotational period laser. A double-pass prism pair recompresses the pulses after

increased), longer pulse duration was required to align the amplification to produce 60 fs pulses. For thg CE experimentls
molecules. The study by Brown et al., on the resonant excitation W& double-passed the fourth stage to obtain greater energies
of 1, using 50 fs pulses, confirmed the propensity for multipho- per pulse b_ut Iong_er_pu_lses,BO_ fs. The pulse energy used fo_r
ton excitation rather than alignment for a relatively heavy each experiment is |nd|§:ated n the text. The transient grating
molecule!® Nonresonant excitation is advantageous, especially experiments V\{ere.obtamed using the forvyarq bo?< geometry.
with larger molecules, because there is less propensity for The first two high-intensity laser pulses coincided in time and
ionization Ortigoso et al. calculated the conditions (laser pulse were followed by a weak probe pulse de'ay‘?d by a computer
and rotational constant of the molecule) for which recurrences contrqlled actuator. The three pulses were r_lorlzo.ntally polarized.
of alignment can be expected with nonresonant short pifises. The signal registered corresponds to the diffraction of the probe
One of the most widely used methods for studying the laser from the transient grating formed by the two intense

i . ; . ulses’” The degree of molecular alignment and deformation
behavior of molecules under intense laser fields is the Coulomb P 9 9

. ) are measured from changes in the rotational recurrence intensity
explosion (CE) method. In the CE method, the ultrafast intense 54 shape observed after field-free evolution of the rotational
field causes multiple ionization of the parent molecule. Mapping ;4ve packets. The data for GQuere obtained using a

the distribution of the fragment ions gives information about yeqeneratively amplified titanium sapphire laser producing 1 mJ,
the molecular structure prior to explosidfi3® While very 50 fs pulses centered at 800 nm.

powerful, it is very difficult to determine a sequence of events For TG experiments (see Figure 2, top) the intensity of the

leading to the observed fragment distribution using the CE first two laser pulses was varied betweeri®and 103 W/cn?
Lnithod.t!:or texkampkla, Itis |r?r|?ortanttto| detelrmlrlle i str_ijctu_ral using a set of matched neutral density filters, all with the same
elormation takes place in the neutral molecules or 1L arses g pqyate thickness. The intensity of the third pulse, the probe,
after ionization. Similarly, it is important to determine the laser was maintained at a fixed 10W/cn?. The signal was collected
Intensity that causes alignment and deformguon, an aspect thabackground-free at the phase matching geometry. The samples
IS difficult to dgtermlne by the CE method. This specific question were introduced in a 10 cm long cylindrical quartz cell. In some
is addressed in this study. cases, for example in GSa coldfinger in the cell was kept in
Research from our group has taken advantage of thejce to reduce the sample density. Sample densities were 400

experimental measurement of rotational recurrences following Torr for C,H, and CQ, 100 Torr for CS, and 150 Torr for
the formation of an off-resonance polarization transient grating, CsHs.

a method introduced by Heritage et34lwith femtosecond lonization data were obtained using a molecular beam

pulses one is able to make much more accurate det?rm'_na“o”%pparatus (see Figure 2, bottom). The samples were introduced
of rotational constants and hence better determination of using He as a carrier gas, which entrained some of the vapor
molecular strycturé‘?*“ Soon after, we recognized that the ressure of the sample. The sample and carrier gas (He, 1700
transient grating method would allow us to measure alignment Torr) expanded through the 1 mm diameter aperture in the
and molecular deformation induced by the strong off-resonance pulsed valveA 2 mmdiameter skimmer produced the molecular
field provided the third pulse (the probe) was kept at a low and peam, which proceeded to the ionization chamber. The pulses
constant intensity while the first two pulses, which coincide in g 25 m7 in energy were focused onto the molecular beam by
time and form the transient grating, provide the strong field. gnf = 150 mm lens. The diffraction size of the beam in the
This setup was used to make our first observations of alignmentsgcg) plane is estimated at 20m, and the experimentally
and structural deformation following intense off-resonance getermined beam size is 26n. At the focus, the peak power
excitation3%~4° on the molecular beam then is 4610 W/cn?. The voltages

The presentation is organized as follows. We present briefly on the extractor and repeller plates were kept at 1800 and
the laser systems and experimental setups used for our measure2500 V, respectively, with a distance between them being equal
ments. In the Results section we present results obtained byto 1.5 cm. The pressure in the ionization chamber w8&sx
time resolved transient grating measurements. We then presenL0~8 Torr when the valve was closed and@ x 10~7 Torr when
results obtained from strong field multiphoton excitation 06CS  the valve was operated at 30 Hz. The ions were allowed to travel
and analyze the angular distribution of the fragment ions. In in a drift-free zone of 50 cm before being detected by a
the Discussion we correlate the different measurements andmicrochannel plate. Twenty time-of-flight mass spectra (TOF-
analyze them in terms of alignment and structural deformation. MS) were averaged before they were analyzed. The polarization
Because these two experimental methods probe different specieslependence of the ion intensities was obtained taking advantage
(ion fragments in Coulomb explosion and neutrals in transient of a zeroth-order half-wave plate, which was rotated manually
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Molecular Figure 3. First rotational recurrence of Gt three different laser
Beam setup intensities. Probe intensity was held constant throughout at1®'

Wi/cn?. (a) Low-intensity data (circles) and simulation (solid line) based
on unperturbed molecules. (b) Data (circles) under higher intensity
Figure 2. Schematic drawing of the experimental setup for time indicating laser induced alignment. The simulation (solid line) assumes
resolved transient grating (top) and molecular beam (bottom) experi- an unperturbed molecular geometry. (c) High-intensity data (circles)
ments. The transient grating signal was detected at the phase matchinghowing a change in the observed rotational revival, evidence for
angle as a function of the time delay between the first two strong field structural deformation of the G$nolecule. The solid line in part c is
pulses and the weak probe. lon detection, in the molecular beam, wasa simulation based on 35% of the sample having a bond angle 6f 160
recorded as a function of the angle that the polarization vector of the
laser pulse makes with the time-of-flight axis. by a room-temperature distribution of linearG8olecules (see
Figure 3b). Under these conditions, signal intensity can only
from 0 to 180 in 15> increments with respect to the time-of-  increase if there is a larger anisotropic polarization of the sample.
flight axis. A calcite polarizer was used to ensure very high This higher polarization results from a greater number of

polarization purity (greater than 1:10000) of the beam. molecules being pulled into alignment by the electric field.
Previous work describing the time scales needed for alignment
Results has considered the very low temperature available in molecular
A. Evidence of Alignment and Structural Deformation beams“° At the higher temperatures here, the time scale of

from Transient Grating Measurements_Three_pu|Se transient molecular rotation is much closer to the pulse duration of the
grating experiments were carried out to explore the occurrencelaser. The rms rotational time of €&t room temperature is
of alignment and structural deformation. The full rotational 1.8 PS 0ms= 62). This means that, during the 60 fs laser pulse,
recurrence of CSis expected at 76.5 3437 When the laser a molecule with the rms rotational energy can rotate 15
pulses are weak, this feature can be observed and accurate Simulations of TG data presented here follow the quantum
rotational constants can be determifiéé?-44 In Figure 3a, we mechanical expression for the time dependent susceptibilit/
show experimental data for the case when all laser pulses are
weak. The simulation of the data with no adjustable parameters P() I NBTZ,2,9,0,{ cos(2rc(F,, — Fy)t) +

fits well the experimental results (see Figure 3a). When the laser cos(2re(F;— F_)t} (1)
intensity of the first two pulses is increased by an order of

magnitude, the full rotational recurrence observed increases inwhereF; = B,J(J + 1) — DJ4(J + 1)? for the molecule’ B, is
intensity. The data obtained at this intensity can still be fitted the vibrationally dependent rotational constal, is the
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centrifugal distortion constant,is the anisotropic polarizability,
T is the temperatureN is the number densityp; is the ®| (a) st Ccsyt
normalized rotational distribution including spin statistigs) (

for all natural isotope&® p; = 93(2J + 1) exp(2rchFy/KT)/
{292 + 1) exp2rchFy/kT)}, and qy is the normalized
thermal vibrational distribution for all ground-state vibrational
modes. Due to the off-resonance nature of the proak3ss

0, +2, rotational recurrences are seen ewgsy—= 1/(4Bc). The
homodyned TG signal is given bykT)~! dP/dt|2 while the
heterodyned TG signal is given by(kT)~! dP/dt.35-37:46 For
samples containing molecules with different rotational constants,
the homodyned signal is given BgkT)~1(dPy/dt + dP,/dt)|?,
leading to interference terms between the two populatibns
We have used eq 1 to simulate all the transient grating data. EEA

For high-intensity excitation, some deviations are expected in . s . )
the rotational population distribution caused by Rabi cycling Time of Flight [us]
(multiple Raman transitions). Because our experiments are
carried out at room temperature, with a broad initial rotational
distribution, a very large number of Rabi cycles1(00) would

be needed to observe a change in the recurrence structure.

When the intensity of the first two pulses is increased above
10" Wi/cn¥, the full rotational recurrence increases in intensity
and changes shape (see Figure 3c). Most markedly, the first
feature increases in intensity by a factor of 2. The features
observed at long time delays,77.5 ps, increase in intensity,
and new oscillations are observed. Attempts to explain the
observed changes in the rotational recurrence structure by
changes in the rotational population caused by Rabi cycling in
the strong field in the manner of Rosca-Pruna and VrakRiffy
have been shown to be inadequate to explain our experimental 270
results‘.‘°'51A_\ broadened rotational populatlon_ Ieads.to narrOWI_ng Figure 4. Time-of-flight mass spectrum obtained for £8olecules
of the rotational recurrence and to a lower intensity of the first 4y \yhen the laser polarization vector is aligned with the TOF axis.
feature; our data show the opposite beha#df.>! Similarly, The zoomed inset shows splitting of the sulfur fragment ion peaks
bond softening has been considered and found to be inconsistentaused by their Coulomb explosion toward and away from the detector.
with our dataf®5! Simulation of the data for high-intensity ~ (b) Angle dependent distribution of €Sions, showing an isotropic
excitation shown in Figure 3c is compatible with the presence distribution.
of bent molecules. A static bond angle of 168 = 0.110 536
cmt, C = 0.109 995 cm?) was used in our simulation to
reproduce the experimental data. The quality of the fit together
with evidence from the CE experiments presented below
strongly supports field induced bending of the,;@%olecules.

B. Evidence of Structural Deformation for Coulomb
Explosion. To corroborate the observed molecular structure
changes, we studied the effects induced by the strong field in
Coulomb explosion experiments. In Figure 4a, we show the
TOF-MS resulting from excitation with pulses with 46104
Wi/cn? peak intensity. In addition to the parent ions (€5
(CS?") multiple fragments are observed. We distinguish the
singly ionized fragments (and S) from the dOUbIY iqnizgd distribution with maxima at 90 and 27(see Figure 6b). Notice
fragments (€* and S). In Figure 4b, we show the ionization 4t the results for the doubly ionized fragments show greater
yield of the parent ion as a function of the polarization vector gengitivity toward the angle of the polarization vector of the
of the excitation beam. Notice that the yield is isotropic, as excitation pulse compared to the case of the singly ionized
expected, because of the isotropic distribution of @8lecules fragments in Figure 5. This indicates the doubly charged
in the molecular beam. The data in Figure 4b serve also 10 particles are ejected from a multiply charged parent with more
confirm that there is no systematic bias in the probability of gjgnificant bending than that of the singly charged ions.
ion detection as a function of the polarization vector of the e ionization data shown in Figures 5 and 6 are consistent
excitation field with respect to the time-of-flight axis. A similar  ith the angular distribution of the fragment ions obtained with
isotropic distribution was observed for the £Sion. a titanium sapphire laser centered at 800%#1.Similarly, we

The angle dependent ionization yield fot &nd for C" was are able to interpret our data in terms of a molecular structure
measured, and the results are presented in Figure 5 in Cartesiadeformation that is consistent with bending. The angular
and polar coordinates. The experimental data obtained for threedependence observed in the molecular beam is consistent with
separate runs are depicted as circles, squares, and triangles. Ththe molecular structure deformations measured by the TG
lines are best fitted by cosine or sine functions to the fourth method on the neutral molecules.
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power. Notice that the yield for ‘Sfollows a cosinusoidal
distribution, with maxima at zero and 18(ee Figure 5a). The
yield for Ct ions follows a sinusoidal distribution with maxima
at 90 and 270 (see Figure 5b).

The angle dependent ionization yield fof"Sand for G*
was measured, and the results are presented in Figure 6 in
Cartesian and polar coordinates. The experimental data obtained
for three separate runs are depicted as circles, squares, and
triangles. The lines are best fitted by cosine or sine functions
to the fourth power. Notice that the yield fo2'Sfollows a
cosinusoidal distribution, with maxima at zero and IB&yrees
(see Figure 6a). The vyield for2€C ions follows a sinusoidal
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by a guide to the eye (solid line) in the form of a 4@ function. S*
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Figure 5. Angle dependent detection of singly charged fragment ions
following Coulomb explosion. Anisotropic distributions are observed
for C* (a) and S (b) ions in polar and Cartesian plots. Data for three
independent experiments (squares, circles, triangles) are accompanie
by a guide to the eye (solid line) in the form of a &@3 function. S
shows a maximum ion yield at°0and 180, while C" shows a

maximum at 98 and 270, The anisotropy for the Cions is less laser intensity is increased (Figure—7tb), the rotational revival

pronounced. gains in intensity and changes overall shape. Increases in
intensity can be directly related to laser induced alignment, while
C. Alignment and Deformation of Polyatomic Molecules. changes in the shape of the revival are directly linked to changes

In Figure 7 we turn our attention to the behavior of £O in the molecular structure. On the basis of our simulation, the
molecules under strong field excitation. These experiments wereangle of the deformed CQOnolecules is 163 0.5°. For stronger
carried out with a titanium sapphire laser centered at 800 nm. fields (Figure 7e-g) a background signal is observed and the
For low intensities (Figure 7a) the rotational recurrence can be shape of the revival changes substantially. The background is
fit by a simulation of CQ molecules at room temperature with  due to ionization and plasma formation, and it is modeled in
overall signal intensity as the only adjustable parameter. As the our simulations by an emission with an exponential decay of



8276 J. Phys. Chem. A, Vol. 107, No. 40, 2003 Comstock et al.

=14 2 5 —~
EMIC) X 10°Ween] () 110" Wi 5 1@
20 —Simulation} — Simulation S 10f 2x%x 100 W/cm? 1
8 * Datax 30 * Datax 4 2
E8 % 8f 1
36 |5 o
& 4 E 6k —Simulation
) —
< ]
Z o . L S 4 * Data x 40 }
205 21.0 215 220 225 205 210 21.5 22.0 225 7
Time Delay 1 (ps) Time Delay 7 (ps) s
<14 3 N , 2
i, © 4x 10" Wrem? } (d) 2x 102 W/em? z
200 —Simulation —Simulation 0
5 « Data * Data . ) ) )
58 65 10 7.5 8.0
R Time Delay 1 (ps)
2, . . : .
—_
z 5 1(b)
=0 S 10 1 2]
205 21.0 215 22.0 225 205 21.0 215 22.0 225 > 4x 10""W/cm
Time Delay 1 (ps) Time Delay 1 (ps) i sk 3
=14 " : AN <)
=5 12 2 13 2
. 1 (e) 5x10"W/em?§ (f) 1x 10¥W/em? g . .
»;«\12 — Simulation — Simulation E st —Simulation j
Z10 « Data ¢« Data =
2 g 4f *Datax 12
X %
o
s 3 ; E
= 0 0F -
205 21.0 215 22.0 225 205 21.0 215 220 225 ) ) ) )
_ Time Delay 1 (ps) Time Delay t (ps) 6.5 7.0 75 3.0
2" (9) 3 x 1053 W/em? Time Delay 1 (ps)
;lz — Simulation —_ T T T T
Z10 + Data = (C)
2s s S 10F A 1 9
S ¢ > & ’H,8x10 W/em?
= Z 8F 3
< ; g ? 3t 3
| . .
B =3 :/% 43 —Simulation |
& 0 ) . ) —_— 4 .
20.5 21.0 21.5 22.0 22. S
> Time De]aglr(ps) g g{) 4F {f’ {1 ‘: M Data
. — . .
Figure 7. Time resolved TG experimental data centered on the first v 'S ’I }p',, '3
rotational recurrence of GQOwith the probe intensity held constant at = 2f sl 1
2 x 10 W/cm?. At low intensities (a and b), the data (circles) match E I I \
well the simulation (solid line) based on an unperturbed linear molecule. or ~ b 1
Near 162 W/cn? (c and d), the data show evidence of bending. The 65 70 75 80
solid lines in parts ¢ and d are simulations assuming 35% of the sample Time Delay 1 (ps)

has a bond angle of 180At higher intensity (e, f, and g), the signal . . . .
appears above a constant background signal. The simulation assumeEigure 8. Time resolved TG experimental data centered on the first
that molecules in the intense field have been destroyed and the signarotational recurrence of acetylene, with the probe intensity held constant

arises from unperturbed linear molecules heterodyned by a constantat 2 x 101 Wicn¥. At low intensity (a), the data (circles) match well
background. the simulation (solid line) based on unperturbed molecules. As the laser

intensity is increased (b and c), the first peak of the recurrence broadens,

beginning to overlap with the second peak. The factor of 40 in intensity
om parts a to ¢ can be explained by an enhanced alignment of the
cetylene molecules in the laser field.

1 ns, added coherently to the rotational recurrence signal. The
presence of a coherent background signal has been observe
before in high-intensity four-wave mixing experimet$2:53
The rotational recurrences are deformed by interference betwee
the plasma emission and the TG signal. This aspect will be
discussed below.

In Figure 8 we analyze the effect of strong field excitation at
620 nm on acetylene. As the laser intensity is increased, the
intensity of the rotational revivals increases. Again, this increase
is directly linked to laser induced alignment. For the higher
intensity data (Figure 8c), the intensity has increased by a factor
of almost 480 and some deformation is observed. Interestingly, There are usually two views of off-resonance laser induced
the main deformation is a broadening of the first feature of the alignment. The first one involves adiabatic alignment induced
rotational revival. by a slowly increasing electric field (long laser pulse) that creates

Finally, we have explored the structural deformation of a directional force that traps the molecules in pendular sfates.
benzene as a function of 620 nm laser intensity (see Figure 9).As the electric field strength is reduced to zero, the rotational
The data obtained for low intensities (Figure 9a) can be fit with distribution in the sample is restored unaffected; hence, the
the spectroscopic parameters of room-temperature benzene. Faadiabatic terminology is used. This picture is consistent with
higher intensity excitation, we do not observe a large change experiments involving a nanosecond laser pulse as the source
in the amplitude of the features, indicating that the alignment of the strong field. The second view involves an instantaneous
observed is not as substantial as that observed for the linear‘kick” toward alignment, a view that is consistent with the
molecules. Already, for intermediate intensities (Figure 9b) the interaction of an ultrashort pulse with supersonically cooled

Tirst feature in the rotational revival is broadened toward early

times; a similar deformation was observed for acetylene. For
higher excitation energies, the signal level increases by a factor
of 2 and there is substantial molecular deformation that cannot
be explained by a coherent background signal.

Discussion
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W40 M3 450 455 One of the advantages of the TG method to assess molecular
Time Delay 1 (ps) deformation following strong field excitation is that the mo-

Figure 9. Time resolved TG experimental data centered on the first Iecula(tjr gﬁomhetry C?n ble measur?d I|(§)rflg after :jhehflgld ha§ betlen
rotational recurrence of benzene, with the probe intensity held constanttUrned off. The molecules rotate field-free, and their rotationa

at 2 x 10 W/cr?. When the grating intensity is low (a), the data  revival reveals the average bent angle (the deviation from linear
(circles) are in good agreement with the simulation (solid line) assuming geometry). In the case of GShe data are consistent with 35%
unperturbed molecules. At 8 10 W/cn? (b), the first peak of the of the population achieving an average bent angle aE£205°.
recurrence broadens, and byx710' W/cn, there is evidence for  Thjs value is very close to the measurement from Iwa&aki,
5'3,?'L'Zi';f,ggg;”"sameﬂﬂﬁ bﬁir&enemr:qcélt?cﬁ.s -{rri]ne S|umCL|1(I:rti|rc]>n N who determined the average bent angle following strong field
pmode). 4 P s y ap 9 excitation of C$S by angular dependent ionization to be 48
3° for CS2*. The angle we have determined (2p& between

molecules’® The experiments presented using the TG method the equilibrium angle of théB,(*A,) and *A,(*A,) states of
at room temperature are in an intermediate regime. MoleculesC$.%° We have determined the angle and percentage of the
with low angular momentum feel a kick toward alignment, population that is deformed by a series of simulations shown
essentially not moving while the field is on. Molecules with in Figure 11. In Figure 11a, we show that as the bend angle
high angular momentum are able to rotate on the time scale ofincreases, the rotational revival shifts toward earlier times (the
the laser pulse, and therefore, their alignment is more consistentrotational constanB increases). Because only a portion of the
with the adiabatic picture. The data shown in the Results sectionpopulation is bent (the 35% value arises from the fact that 72%
are consistent with alignment induced by strong off-resonance of the intensity of a Gaussian pulse is contained in the central
electromagnetic fields. As shown in Figure 1, the trap depth as part of the beam), the rotational revival from all the molecules
a function of peak intensity reaches hundreds of K for lasers in the sample needs to be added and then squared to obtain the
with peak intensity~ 102 W/cn? and the resulting alignment  observed heterodyne detected sigdaf® When we add 35%
of the room-temperature molecules becomes possible. of bent molecules, we see changes in the resulting signal, as

In addition to alignment, the data presented here are consistenshown in Figure 11bf. The simulation in Figure 11e fits our
with large molecular structure deformations. In the case of linear data closely, while the simulations in Figure 11d and f do not.
molecules, bending can be understood in terms of electronic Because the TG method is much more sensitive to neutral
state mixing. For Cgand CQ, singlet and triplet excited states molecules than ions, because of their greater polarizability, we
are bent. In Figure 10 we show a schematic representation, fromcan also establish that the molecular deformation takes place
a “dressed state” point of vie#;>® leading to molecular in the absence of ionization. We have carried out ab initio
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Figure 11. Simulation showing the effects of molecular deformation Predicted lon Detection
on the rotational recurrences of a generic molecule. The time axis is in
units of the full-width half-maximum of the peaks of the recurrence, Figure 12. Conceptual drawing of the Coulomb explosion of linear
with zero being the recurrence time in the linear molecule. Plot a shows CS, molecules when the electric field polarization is parallel or
recurrences from the bent species, showing the increase in rotationalperpendicular to the time-of-flight axis. The detection offBagment
constant as a function of bond angle. Plotsflshow the recurrences ions is expected to show a marked anisotropy. However, the C
of a sample comprised of 35% bent molecules and 65% linear moleculesfragment ion detection is expected to be isotropic.
for bond angles from 5(b) to 25 (f). The simulation in panel e is in
good agreement with our experimental findings shown in Figure 3c. detection is therefore isotropic, a fact that is not supported by
the data shown in the experimental data in Figures 5 and 6.
calculation&® to explore molecular structure changes induced  In Figure 13 we consider the angle dependent detection of
by strong (0.5 V/A) electric fields. We have found that when fragment ions resulting from bent G&olecules. Unless the
the field is perpendicular to the molecular axis, a bent molecular bending angle is very large, there is almost no change in the
structure is preferred. The potential minimum of the polarized anisotropic dependence of thé Bns discussed above for linear
molecule no longer corresponds to a linear geometry but to a molecules; see Figure 13, top. However, for bent molecules the
bent geometry. We have confirmed this by ab initio calculations C* signal becomes anisotropic. The anisotropy results from the
for CS; in the presence of a strong 0.5 V/A field. The overall following observations, based on the assumption that the
change in the potential energy surface, however, is not largebending angle is small and that the polarizability of the molecule
enough to explain the experimental observations. remains along the two S atoms. When the electric field vector
The bending angle found in the TG data is consistent with is aligned parallel to the TOF axis, the bent,@Solecules can
the Coulomb explosion data taken in our laboratory with the have the two S atoms along the field or perpendicular to the
same laser system. If the molecules remained linear, a casdield. If the molecules are oriented along the field, then the C
depicted in Figure 12, the signal from thé Bns would show ions are ejected in a direction that is perpendicular to the detector
a marked anisotropy. The anisotropy would result from two and miss it. When the electric field vector is aligned perpen-
situations. When the electric field vector is aligned with the dicular to the TOF axis, the bent €8iolecules oriented along
TOF axis, the S ions are ejected toward and away from the the field eject C ions toward the detector and register a
detector. Because of the repeller plate, the fragments that aremaximum signal. When the molecules are oriented perpendicular
ejected away from the detector are deflected back toward theto the field, the signal is minimal because the perpendicular
detector. This leads to a well-known splitting in the ion signal, component of the polarizability is very small for small bend
evident in the zoomed inset of the mass spectrum in Figure 4 angles. From this analysis so far, it is clear thdtiGns are
for $2* ions, and used in photofragment spectroscopy andlysis. predicted to show anisotropic detection that is perpendicular to
Note that molecules perpendicular to the field are not affected that observed for Sions if the C$ molecules are bent. The
by the field and yield no ions. When the field is perpendicular predicted anisotropic ion signal from the Coulomb explosion
to the TOF axis, the Sions are ejected at a high velocity ina from bent C$ molecules is shown in Figure 13. It is difficult
direction that is perpendicular to the detector. Despite the to make an accurate determination of the angle from these data
acceleration voltage, the Coulomb repulsion is significant, and without coincidence imaging. A simple simulation of the parallel
in the time it takes those ions to reach the detector plane and perpendicular components of the polarizability as a function
(~4 us), they are already several centimeters apart and are notof bend angle leads us to estimate the bend angles from the
detected. For this reason, thé Bns show a distribution that  singly and doubly ionized data sets to be 17hd 155,
can be simulated by a cosinusoidal function. For linear respectively. The agreement between the findings of Iwasaki
molecules, the detection offGons is not affected by the angle et al. using mass resolved momentum imaging (MRMI) and
of the polarization vector of the electric field. The predicted the 800 nm excitation wavelength and our angle determination
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<-+ data obtained in the presence of strong laser fields.
w
the main focus of the laser field. Banerjee et al. have explored
90 900 differences observed in ionization and Coulomb explosion as a

laser?? Their observation of single ionization in the wings of
the focus and highly charged species at the center is consistent
with our findings, that is, ionization and plasma formation in
the focus with a weak signal from unperturbed molecules from
the wings.

Molecular deformation in larger molecules is evident in the
experimental data presented here. In the case of acetylene, the

+
0
K S+
\ :
electronically excited state responsible for its absorption in the

Predicted lon Detection ultraviolet region is known to have a staggered (trans) geom-

Figure 13. Conceptual drawing of the Coulomb explosion of bent CS etry..53.On the basis (_)f th|§ knovylgdge, we can Qetermlne the

molecules when the electric field polarization is parallel or perpendicular deviation angle from linearity by fitting of the experimental data.

to the time-of-flight axis. The detection of$ragment ions is expected ~ Our data are consistent with bending of £0L0°, as shown in

to show a marked anisotropy similar to that observed for the linear Figure 14a. Because hydrogen atoms are very light, we are

molecules. However, the’Gragment ion detection is expected to be  nable to make a more accurate determination of the angle. We

anisotropic and perpendicular to that observed for th&ment ions. have done a similar analysis for benzene in the presence of
strong laser fields. The data clearly show a distortion; however,

is good?® We attempted to measure the behavior of;CS e rotational constant does not change significantly. This
molecules under intense 800 nm radiation using the TG method;mjies that the molecule is not stretched in the plane; it is bent

in a static cell. Unfortunately, we found that for laser intensities 5t of the plane. The changes are opposite in direction to what
of 102 W/en¥ and higher a chemical reaction occurred in the 4| be observed in the presence of a coherent background
cell and all of the sample in the cell decomposed. After a number gjgna|. We attempted to simulate the data by including excited
of attempts, we abandoned this experiment. states and ion states of benzene without success. On the basis
The transient grating method is ideal to measure the signal of the observations, we assume that the molecule assumes a
from neutral species with high anisotropic polarizability. For puckered geometry that maintains the molecular symmetry and
CO, molecules we found the bond angle of the bent species achieves an angle of 15 3° out of planarity; see Figure 14b.
reached 16% this value should be compared to the 140 The symmetry of the motion is imposed by the lack of
determined by Hishikawa et & As the electric field is increased  agsymmetry rotational recurrences in the transient. Shimizu et
and ionization takes place, the TG signal decreases and givesy|, studied the molecular deformations of benzene under strong
way to a background signal caused by the plasma. In Figure field excitation by Coulomb explosion; their molecular dynamics
7e-g, we showed C@ molecules in the presence of an simulations predicted out of plane motion of the carbon at&ms.
increasingly strong electric field. Notice that the background This Raman active out of plane motion withgsymmetry
increases and that the rotational revivals change shape. Undegouples with some of benzene's forbidden transitions to excited
these conditions, the plasma emits a spectrally shifted light pulsestates {B,,, B1,, Ei,, and 1B,y), all of which have lowered
(a spark) that provides a local field to heterodyne the TG parriers for out of plane motiot¥67
signal®262Under these conditions, the TG signal changes from
being homodyne detected to heterodyne dete®té&dwe find
that the weak heterodyne signal corresponds to lineagy CO
molecules that are practically unaffected by the electric field.  In this paper we have presented a study about the behavior
Itis very possible that this signal arises from molecules outside of polyatomic molecules in the presence of strong off-resonance

C+ function of the electric field intensity profile at the focus of the
00

Conclusions
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: H riedricn, b.; Herscnoacn, LJ. yS. e A .
be experimentally observ_able: P_r_obmg for t_he presence of (7) Normand, D.: Lompre. L. A Cornaggia, G. Phys. B1992 25,
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