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Spatial alignment of gas-phase polyatomic molecules by an intense laser field
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Angular distributions have been measured of Gtagment ions resulting from dissociative ionization of
polyatomic molecules CG| CHCI; and CH,Cl, induced by linearly polarized laser pulses of intensity>My
cm™2. Pronounced anisotropy is exhibited in all cases, witi @etected mainly along the direction of the
laser’s polarization axis, indicative of field-induced spatial alignment of the precursor molecules. The direc-
tional properties of the average linear polarizability of the precursors appear to play a key role in determining
the extent to which such alignment occurs.
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PACS numbes): 33.80.Wz, 33.90th, 34.90+q, 33.15.Ta

Large dipole moments can be induced in molecules byrying to relate the measured angular distributions to ground-
intense, linearly polarized light fields. Such dipole momentsstate linear molecular polarizabilities.
exert torques on molecules that can swamp rotational motion Our experiments were conducted using apparatus and
such that, independently of the initial spatial orientation ofmethodology that have been described in recent reports of DI
the molecule, the molecular axis is rotated and spatial alignand angular distribution measurements of a number of tri-
ment of linear molecules occurs along the direction of theatomic molecule$5,4,6]. In brief, linearly polarized, 35-ps-
light polarization vector. Such movement can occur even ivide, 532-nm pulses from a Nd:YAG laséwhere YAG
the low-intensity, rising edge of a laser pulse. As the appliedl€notes yttrium aluminum garmetfocused to a spot size of
field continues to increase, bond lengths can also incread® #m [7], interacted with the vapor of each polyatomic
until an instant is reached at which bond cleavage occurs. SPECIES I an UHV chamber pumped to a base vacuum of 2
The possibility of spatially aligning gas-phase molecules 10" ° Torr. The pumping geometry employed in the laser-

broadens the horizons for spectrosc¢pyand chemical re- molec_uée interaction zone ensured target gas pressures
action dynamicg2] as well as being of intrinsic interest in (~10 * Tom) that corresponded to target molecule number

. 9 73 . . g
studies of laser-matter interactions. Experimental evidenclner:;g'erz:fj(lzo 8)C>Tloi3T\)//\Fl) 'E?Al%sﬁ:)'r?stenzziigjﬁ?} vtvr:aée
for the preferential alignment of the internuclear axes of mol- gete- . ' P
ecules along the polarization axis of linearly polarized Iase#aser-molecule interaction were mass analyzed by a quadru-
9 P yp qEole mass spectrometer; ion detection was by an off-axis

bea}ms has been °bt‘f’“”ed n meas“femems of gngglar dist Rhannel electron multiplier operating in the particle counting
butions of fragment ions produced in intense-field-inducedy,je The angular distribution of fragment ions was mea-
dissociative ionization experiments involving diatomic mol- g ,req py rotating the polarization direction of the incoming
eculed3] as well as some linear triatomip4]. Friedrich and  |55er field with respect to the spectrometer axis; a combina-
Herschbaclil] have shown theoretically that pendular statesijon of a half wave plate and linear polarizer was used to
that arise out of laser-field-induced dipole moments are dipptain the desired polarization at constant intensity. The
rectional superpositions of field-free molecular states, correshot-to-shot reproducibility of the laser intensity wa$%:
sponding to oblate spheroidal wave functions, whosehis was ensured by on-line monitoring of the laser energy.
eigenenergies are inversely proportional to field strengthOnly those ions whose initial velocity vector lay within the
The experimental manifestation of field-induced pendularacceptance angle set by the entrance aperture of the mass
motion has been demonstrated recently in the case of thidter were detected; the angular resolution wad® in the
linear triatomics CQ and CS [4]. present measurements.

Are polyatomic molecules also spatially aligned by in-  Such angular distributions were made under conditions
tense laser fields? If so, can such alignment be probed byherenoion extraction fields were used; earlier experiments
measuring the angular distributions of fragment ions result{4,8] have yielded evidence that even relatively small fields
ing from field-induced dissociative ionizatigPl)? We have can lead to distortion of angular distributions. A detailed
attempted to provide answers to these questions by condugtiscussion has been recently presented of how fragment ion
ing DI experiments on a series of polyatomic moleculesangular distributions are affected by ion extraction voltage
CCl,, CHCI3, and CH,CI,, using linearly polarized laser and by charge saturation effedt8] when high target gas
fields whose wavelength, pulse duration, and intensity arepumber densities are usgti0]. The effect of the extraction
respectively, 532 nm, 35 ps, an@-9x10® W cm~2.  field on the angular distributions of CI fragment from
Laser-field-induced DI is a complex nonperturbative, dy-CCl, was studied by measuring the ratie) (of the CI* ion
namical problem of spatially aligned molecules that may besignal atd=0° (when the final polarization direction is par-
undergoing pendular motion and the prospects of rigorousllel to the spectrometer ayiand atd=90° as a function of
theoretical treatments are remote. Consequently, we haube extraction electric field. It was observed that the angular
also attempted to provide guideposts for further work bydistribution pattern remains essentially undistorted with ap-
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TABLE I. Components of the polarizability of different bonds in directions paralleldg @nd perpen-
dicular to («,) the bond. Also indicated are the bond polarizability | averaged over all spatial orienta-
tions. « is the average polarizability of the molecule in its ground electronic ésate the textandA is the
ratio of | for the C-Cl bond tax. All polarizability values are in units of Aand half width at half maximum
(HWHM) values are in degrees.is the ratio of CI' ion yield at§=0° and §=90°.

Bond Q) a a' Molecule a A HWHM €
C-Cl 3.67 2.08 2.61
C-H 0.79 0.58 0.65
CCl, 10.44 0.35 50 438
CHCI; 8.48 0.43 38 7.9
CH,CI, 6.52 0.56 33 o

plication of extraction fields of upot4 V cm™! (e=5), but  Table. The molecule CHGlhas a similar structure to Cgl
drastic effects start to manifest themselves when the extraavith C5, symmetry but with one of the chlorine atoms re-
tion field is larger €=1) under our experimental conditions placed by a hydrogen atom; the C-Cl bond is more dipolar in
[8]. To study the saturation effects angular distributions ofnature than the C-H bond. The substitution of two chlorine
S™ fragment from C$ were measured at two different num- atoms with two hydrogen atoms yields GE&l,, which has
ber densities in the interaction region. For large number denc,, symmetry. Now the two chlorine atoms and the carbon
sities (101°~10'* cm ™3, produced in a molecular bearthe  atom are located in a plane that is orthogonal to the plane
ratio of ion yields at#=0° and§=90° was of the order of 15 formed by the two hydrogen atoms and the carbon afiom
and the corresponding ratio &=0° and #=50° was~2, contrast to the situation in C¢lwhere any two planes
resulting in a broader angular distribution. On the other handformed by two Cl atoms and the C atom will be mutually
when the number densities were smal10° cm~3, as pro-  inclined at 120°). The bond angles and bond lengths of each
duced in an effusive gas targéie ratio of ion yields ab=0  of the three molecules were calculatet initio using the
° and 6=90° was infinity. The ion signal became zero atall-electron molecular-orbital electronic-structure code
angles larger than-70°. The S signal ratio at§)=0°-50°  GAMESS[11]. The optimized values of bond angles and bond
was 30, resulting in a tighter angular distribution. lengths that we obtained were in good agreement with values
In its ground electronic state, carbon tetrachloride posthat are well established using various spectroscopic tech-
sesses tetrahedral geometrf,(symmetry with a central niques[12].
carbon atom and four peripheral chlorine atoms. In the ab- When each of the three molecules is placed in a polarized
sence of any external field, the electronic charge is concerlaser field, the electronic charge cloud is distorted; induced
trated around the peripheral Cl atoms, which is to be exdipole moments are generated and each molecule tends to
pected on electronegativity grounds by considering thébecome spatially aligned with one of the C-Cl bonds along
relative positions of the C and Cl atoms in the Periodicthe direction of the applied field 3] and this manifests itself

ccl, CHCl, CH,Cl,
50 1
35C|+ 35C|+ 3SC|+
40 +
‘é 30 / FIG. 1. Typical mass spectra of CCICHCI;,
2 + | and CH,CI,. The linearly polarized electric field
£ 3¢t G + + [intensity approximately3—5x 10 W cm™?]
s 20 ‘}H H2 37 was applied along the mass spectrometer axis in
- 37 A1+ crt all cases.
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200 T tions, with maximum number of Cl ions produced along
150 L 4 the direction of the laser polarization; the corresponding
’ Cl™" intensity was at least a factor of 4 less in the orthogonal
100 AR direction in all three instances. It is also noteworthy that the
50 = overall shapes of the angular distribution functions is differ-
0 ent in the three molecules, with the “tightestharrowest
distribution being obtained in the case of Gl ,.
2 200 T The observed anisotropic angular distributions manifest
b L CHCl, . .
c 150 - the spatial alignment of the three molecules. Elegant two-
*g 100 . pulse experiments on diatomic molecules by Corkum and
= 50 : co-workers and otherg3] have clearly established that the
o ) angular dependence of ionization rates cannot explain the
0 ) S .
observed anisotropic distributions. The laser-molecule inter-
200 [ CH.Cl action responsible for spatial alignment is essentially gov-
150 ] 22 erned by the molecular polarizabilitg, which in turn is
100 . governed by a cé9 potential as opposed to a ebpotential
50 : applicable in the case of permanent dipoles. The total angu-
0 : lar momentum of each molecule is coupled to the laser field
0 20 40 60 80 100 through a. For linear molecules, the second-order field-

molecule interaction potentidl,(6) is given by
Polarization angle (degrees)
1
o _ Vy(60)=— 5 E*(oCOS 0+ a, Sir6), (1)
FIG. 2. Angular distributions of Cl fragments resulting from 2
intense-field-induced dissociative ionization of GCCHCI;, and
CH,Cl,. The linearly polarized electric field was applied along the whereE is the average field strength angl and«, are the
0° direction in all cases. polarizability components parallel to and perpendicular to
the molecular bond. Th¥,(6) term is, in general terms, the

in the angular distributions of ClI fragment ions produced cause of the spatial alignment and earlier wigtkhas shown
upon DI of each molecule. It is appropriate to assume thathat the field-molecule interaction energy overwhelms the
the molecules tend to align with one of the C-Cl bonds alondield-free rotational energy and can thus induce alignment.
the polarization direction. This is consistent with the high For a polyatomic molecule the total polarizability can
polarizability of this bond(see Table ). Moreover, as the be expressed as a sum of polarizabilities of the constituent
parallel component of the polarizability is greater than thegroups[14]:
perpendicular componertl] the interaction potential, de-

fined below, has a minimum when the C-Cl bond is along the a=aptagtact---, 2
field direction and this results in the spatial alignment that is _ .
indicated by the anisotropic Clangular distribution. Indi- Where each of the constitutuent polarizabilitieg, . . . con-

cations of this are also observed in the measured fragmentaists of two direction-dependent componeatsand «, . If
tion pattern. Figure 1 depicts typical mass spectra measurétie applied electric field is at an anglewith a given bond in
in the 0° direction using intense 532-nm, 35-ps laser radiaa polyatomic molecule, the polarizability, is
tion. The laser polarization vector kept aligned along the
spectrometer axis defines the 0° direction. It is evident that ay= a|COS 6+ a, SirP. ©)
Cl* is the dominant fragment in all three molecules, in i ) ) ) ) )
marked contrast to the fragmentation pattern obtained wheftveraging over all possible solid anglespatial orientations
electron-impact mass spectrometry is emplogsek, for in- leads to an average value of the bond polarizability
stance[8]). The dominance of the Clion in laser-induced
fragmentation is a manifestation of the spatial alignment of
the C-Cl bond along the laser polarization vector. An unam-
biguous manifestation of such alignment is observed in the
variation of CI" intensity as the polarization axis is altered. The average polarizabilityr of a polyatomic molecule is
The measured angular distributions of *Clions are then the sum of the average polarizabilities of its bonds.
shown in Fig. 2. Identification of the different fragmentation For the molecules studied in the present experiments, the
channels is not possible with the present experimental setulues ofe) anda, for the C-Cl bond are 3.67 Aand 2.08
as, unlike studies performed using time-of-flight techiquesA 3, respectively; for the C-H bond, the corresponding values
[3], a quadrupole mass spectrometer does not yield informaare 0.79 & and 0.58 & [14]. Values ofa’ and « for the
tion on the temporal correlation between different ion frag-three molecules are listed in Table I. The parameter of im-
ments, nor does it provide energy information. The angulaportance in determining the extent to which spatial alignment
distribution measurements of the Cfragment from all the occurs is the torque that is generated on the molecule as the
three molecules reported here are the integrated iBlen-  highly polar C-Cl bond aligns along the direction of the ap-
sity over different possible channels.The most noteworthyplied electric field. A measure of the magnitude of this
feature is the nonisotropic nature of all the angular distributorque is the parametey, which we define as

1
a’=§(aH+2ai). (4)
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a)(C-Cl) studied here? Although estimates have been made by
= 5 Dietrich et al. [3] in the case of diatomic molecules such as
I, and model calculations have been carried out by us in the
Values of A are also shown in Table | and indicate a directcase of linear triatomic molecules such as,GHd CO; [4],
relationship between the “tightness” of the Clion angular  a similar exercise is not feasible at present for the large non-
distribution and the value ok for the precursor molecule: planar polyatomic molecules studied here. We are exploring
the highestA value is for the CHCI, molecule and the an alternative approach in which we consider the field-
Cl* ion angular distribution in this instance also indicatesinduced distortions of electron density distributions in such
the highest degree of spatial alignment of the precursor molpolyatomic species and relate such distortions to the angular
ecule in the sense that the fragment ion intensity falls to zerdlistributions and fragmentation patterns; preliminary results
at angles larger than-60°. The tightness of the angular are presented elsewhdrE3].
distribution can also be seen, apart from thevalue, from In summary, measurements of the angular distributions of
the indicated values of the half-width at half maximum andthe most intense fragment ion peak in the mass spectrum
the value ofe as shown in Table I, where the ratio of ion obtained upon intense-field-induced DI of GCCHCI3, and
yield at #=0° and §=90° is represented by. Minimum  CH,CI, show that spatial alignment does occur in the case
Cl ™ yield occurs at larger angles in the case of the other twof polyatomic molecules possessing nonlinear geometries.
molecules. At an angle of 90°, the Clyield is significantly  The average ground-state linear polarizability of such mol-
smaller in the case of the CHEImolecule than for the ecules might be a reasonable parameter with which to predict
CCl, precursor. It may be noted that parametrizes very the extent to which such alignment occurs. We take no ac-
complicated dynamics: as one of the C-Cl bonds aligns alongount of higher-order polarizabilities that might be expected
the field direction, the remainingput-of-plang bonds also to become fairly significant at the laser intensities used in our
interact with the applied field, but in such manner as to giveexperiments. We find that the magnitude of a molecule’s
rise to “drag” forces that result in angular distributions of linear polarizability is in itself not a sufficiently useful pa-
different widths. Under such circumstances, a more quantirameter for predicting the degree of spatial alignment; the
tative estimate of the resultant torque exerted by the appliedirectional properties of the polarizability play a key role.
field on each molecule is difficult to make. It would clearly This is exemplified by the\ parameter in the present study
be of much interest to carry out molecular-dynamics simulathat is related, in complex fashion, to the torque that might
tions on such systems. be expected to be exerted on the molecule as a result of the
Is it possible to present semiquantitative estimates of thénteraction of the applied laser field with the most polarizable
torque exerted by the laser field on each of the moleculesf the many bonds in a polyatomic molecule.
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