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Measurement of the Field-Free Alignment of Diatomic Molecules
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An apparatus was constructed to experimentally quantify the field-free alignment of diatomic molecules
irradiated by strong femtosecond laser pulses. In this apparatus, both homodyne and pure heterodyne detections
were realized. The alignment signal is proportionaltadg6> — 1/3]? for homodyne detection andtog60>

— 1/3) for pure heterodyne detection, whetés the polar angle between the molecular axis and the laser
polarization direction. Fourier transform spectra of the homodyne signal and the pure heterodyne signal were
also studied. By comparing the alignment signal and its Fourier transform spectrum with the numerical
calculation of the time-dependent Sctiirmger equation, we demonstrated that the pure heterodyne signal
directly reproduced the alignment parameteos6>, and its Fourier transform spectrum provided information
regarding the populations of differedtstates in the rotational wavepacket.

Introduction

Intense laser pulses can align molecules due to the interaction
between the laser electric field and the induced dipole moment
of molecules. If the laser pulse duration is longer than the
rotational period of the molecule, each eigenstate of the field-
free rotational Hamiltonian evolves adiabatically into the
corresponding eigenstate of the instantaneous Hamiltonian anc
returns to its original state after the laser pulse. This alignment
is called adiabatic alignmeft3 If the laser pulse duration is
shorter than the rotational period of the molecule, the taser
molecule interaction gives the molecule a rapid “kick” to move U_@ p—
the molecular axis toward the laser field direction. After the L
laser pulse, the transient alignment can p?”c’d'ca”y be rev've_d Figure 1. Experimental setup for measuring the field-free alignment
as long as the coherence of the rotational wavepacket isof molecules induced by strong femtosecond laser pulses. The optic
preserved. This alignment is called field-free alignnfefitin axis of the quarter waveplate was along ¥hairection, 43 with respect
comparison with adiabatic alignment, field-free alignment has to the pump laser polarization. The signal electric field inYiurection
the obvious advantage of not interfering with subsequent Was collected by a detector.
applications. Therefore, field-free-aligned molecules have beenexperimental methods to evaluate the alignment degree of
widely applied in the past few years. For example, by measuring molecules. One is Coulomb explosion and dissociative ioniza-
the ion yield or the high harmonic intensity from the aligned tion, in which the aligned molecules are quickly broken by
nitrogen molecule in intense femtosecond laser fields, Litvinyuk another strong probe laser puf€é! The angular distributions
et al’ directly obtained its angle-dependent ionization rate, and of the fragmental ions directly represents the alignment degree
Itatani et a accomplished a tomographic reconstruction of its of the molecules. The disadvantage of this method is that the
highest-occupied molecular orbital. Recently, Kanai et al. strong probe laser pulse destroys the aligned molecules and
reported that aligned molecules could serve as an ideal quantuminduces additional alignment. The other method to evaluate the
system to investigate the quantum phenomena associated withalignment degree of molecules is the weak-field polarization
molecular symmetrie%. technique, in which another weak probe laser pulse is used to

The alignment degree of molecules is characterized by the measure the birefringence induced by the transient aligned
average of<cog6>, wheref is the angle between the laser Mmolecules. The depolarization of the probe laser represents the
polarization direction and the molecular axis. Theo20> = alignment degree of the molecufés’* This method has the
1/3 represents an isotropic angular distribution evenly distributed advantage that the weak probe laser does not affect the aligned
across alb. If <cog> > 1/3, the molecule is predominantly ~molecules. The weak field polarization technique has homodyne
aligned along the laser polarization direction.<4tog0> < and heterodyne detection modéd3 The alignment signal is
1/3, the probability distribution for the axis of the molecule is proportional to kcog6> — 1/3]* for homodyne detection and
concentrated around a plane orthogonal to the laser polarization(<cog6> — 1/3) for pure heterodyne detection. Compared with
direction and labeled as an antialignment. There are two typical the homodyne signal, the pure heterodyne signal had the merit

of directly reproducing the alignment parametecog6>,

*To whom correspondence should be addressed. E-mail: cywu@ €XCept with a 1/3 baseline shift. Unfortunately, the pure
pku.edu.cn (C.W.); ghgong@pku.edu.cn (Q.G.). heterodyne signal is hardly obtained in the experimental

10.1021/jp075728h CCC: $40.75 © 2008 American Chemical Society
Published on Web 01/09/2008



Field-Free Alignment of Diatomic Molecules J. Phys. Chem. A, Vol. 112, No. 4, 200813

measurement; homodyne detection is still comr_nor_ﬂy used, until H=BF— Uo(t)co§0 )

now. However, the homodyne signal does not indicate whether

the aligned molecule is parallel or perpendicular to the laser where BF is the rotational energy operataf, is the angle

polarization direction. between the molecular axis and the laser polarization direction,
In this article, we modified the typical weak-field polarization ~and

technique. Both homodyne and pure heterodyne detection were 1 )

realized in this experimental apparatus. They were employed Uo(t) = Z(a” — ap)e(t) 3)

to quantify the post-pulse alignment of the diatomic molecules

irradiated by a strong femtosecond laser pulse. The alignmentwherea; andag are the components of the polarizability parallel

signal and its Fourier transform spectrum were analyzed andand perpendicular to the molecular axis, respectively. &t)e

compared with the numerical calculation of the time-dependent denotes the laser field distribution with the time.

Schrainger equation. The time-dependent wave function is expanded as

Experimental Setup W ()= % Ayu®I1IMO 4)

The experiment setup is shown in Figure 1, which was a
modification of a typical weak-field polarization technique
described elsewhef®.An 800 nm, 110 fs laser pulse was
divided into two parts to provide a strong energy pump beam
and a weak energy probe beam, both linearly polarized at 45
with respect to each other. An optical translational stage
controlled by a stepping motor was placed on the pump beam | D)= % AJM(t)e’iEﬁU,MD (5)
path in order to precisely adjust the relative separation times , '
between the two pulses. Both the pump beam and the probe

beam were focused with a 30 cm focal length lens into a 20 cm where & |s.the rotgtlo.nall energy eigenvalue given By —
long gas cell at a small angle. The gas cell was filled with BJ(J+1). This equation indicates that after a molecular rotational

different gases at room temperature under one atmospheri eriod,_ the wavepack_et will exactly r(_apr_oduce the initial state
pressure. The field-free-aligned molecules induced by the strongc’f the field-free evolution. Such behavior is called a wavepacket

pump laser caused birefringence and depolarized the probe Iasetr.ev'val' . . . .
The depolarization of the probe laser, which represents the The quantity characterizing the alignment can be numerically

alignment degree, was analyzed with a polarizer set 280 calculated. Note that all transitions occur betwdendJ + 2
respect to its initial polarization direction. The alignment signals because only the matrix elemefit|co$6|J MLandLd M|cos6|J

were detected by a photoelectric cell and transformed into at ﬁ'MD"’l‘f not egt;al t(t)' zer.cihaccct)rr]dlng to the pﬂ%:;:g%s of
computer via a four-channel A/D converter for analysis. spherical harmonic functions, thus, the average va

i i 1
The main modification was that/d4 waveplate was inserted is given by

in the probe laser path before the gas cell. Figure 1 also showsgo<g((t) = [@(t)|cosh|P(t) I= % [|AJ|\/||2CJ,1M 4

the relative directions of the laser polarizations, the optic axis , ‘ ‘

of the quarter waveplate, and the signal field. The optic axis of 2|A5 1A ICo 1 amCOSAw 1 + @55,)] (6)

the quarter waveplate was along tdirection, 45 with respect

to the pump laser polarization. The signal electric field inthe  whereAw; = (Ej+2 — Ej)/h is the Raman frequenc; jrom
direction was collected by a detector. When the probe laseris the coupling of|J,MCto |J + 2,M[] and ¢; ;1> denotes the
polarization was along the optic axis of the quarter waveplate, relative phase between the statgdMJand|J + 2,MOat the

this was the commonly used homodyne detection. When theend of the pump laser. It should be mentioned t@ag
probe laser polarization was a little off from the optic axis of depends on the rotational quantum number

the quarter waveplated(< 5°), the linearly polarized probe Given a macroscopic system with a rotational temperature
laser became elliptical after the quarter waveplate. In addition T, we calculate the rotational wavepacket dynamioss03

to the transient birefringence caused by the aligned molecules,(t);u for each initial rotational statéJ,MC] The alignment
the Y component of the laser electric field was also collected parameter is obtained by averaging tites6{t),u over all

by the detector. The detection became heterodyne. The purenitial rotational states|J,M weighted by the Boltzmann
heterodyne alignment signal was obtained by subtracting the distribution

two heterodyne signals measured, respectively, by a left-handed
and right-handed elliptically polarized probe laser.

whereA;v(t) is the time-dependent expanding coefficient and
|J,M[are spherical harmonics. At the end of the lasablecule
interaction, the expanding coefficieAgm can be numerically
calculated using the Craneklicholson method® After the laser
pulse, the wavepacket evolves as

XJ,MgJ exp(—E/kT)<cog0> (1),
z 195(23 + L)exp(Ey/KT)

and g; is the nuclear spin statistics factor of a homonuclear
diatomic molecule.
2. Measurement of Field-Free Molecular Alignment.The

state vector of the free molecule denoteddft) was probed

by a nonresonant weak laser pulse. When the probe laser

polarization was a little off from the optic axis of the quarter

waveplate, the linearly polarized probe laser became slightly

= HW(1) 1) elliptical after the quarter waveplate. Supposing thas the
angle between the probe laser polarization and the optic axis
of the quarter waveplate, the probe electric field after the quarter

and the instantaneous Hamiltonian can be writtén as waveplate is written as

[GoSOt) =

()
Theory

1. Rotational Wavepacket Revival.A diatomic molecule
illuminated by a linearly polarized laser pulse is a model of a
rigid rotor interacting with the electric field through the induced
dipole moment. The time evolution of the lasenolecule
system is described by the time-dependent Stihger equation

70
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I
wherer is the time delay between the pump and the probe laser
pulses. The ellipticitye = |Ey/Ex| = |tan 0| determines the _ 4|C|(<co§0> _ 1) (11)
relative magnitudes of the electric field components in Yhe r3

and X directions. It should be noticed that there ig/2 phase ) ] .
shift betweerEy and Ey. The opposite paramet&was realized by tilting the probe laser

. . polarization to opposite directions relative to the optic axis of
When the pump laser did not firéx was blocked by the 4,0 o 1arter waveplate. The above equation clearly demonstrates
polarizer before the detector, and qrE[ywas collected by the 4t the alignment signal is proportional tsdo26> — 1/3)
detector. When the pump laser did fire, the molecules were ¢or re heterodyne detection. Thus, the raw pure heterodyne
aligned and caused a transient birefringence. When the probesigna| directly reproduced the expect@bgolvalue.
laser traveled through the aligned moleculgswas depolarized

and produced a signal electric fiekl(z) in the Y direction. Results and Discussion
With the approximations of a slowly varying envelope and the
small amplitude of the signal wave, the signal electric figld

(r) was determined B$-17

Eprond®) = &Ex expl-ioo(t — 1)] + &,E, expl-io(t — e sgnd?) = 1P250(7) — [nesavgy)

. sig sig
RRREE R o[[<codo-, 3 +[c] - [[<codo-, -}

3

—‘c

1. Field-Free Alignment. The calculated revival structures
of N2, O,, and CO irradiated by 800 nm, 110 fs laser pulses at
an intensity of 2x 10 W/cn¥? are shown in Figures 2a, 3a,
and 4a, respectively. The baseline valuel@d<0lis about

E() =M(<CO§0>,—E)EX explio(t — 1) + 0.334, approximating an isotropic distribution of 1/3. The
4anc 3 classical rotational period@, of molecules is determined by the
i7/2) (9) equationT, = 1/(2Bqc), whereBy is the rotational constant of

the diatomic molecule in the vibrational ground state arisl

wherel is the distance that the probe laser traveled in the aligned the speed of the light. Fo_rj,\lOi and COByis 2.010, 1.4456,
molecules Ao = oy — g is the anisotropy of the molecular ~ @nd 1.9772 cmt, respectively® The corresponding rotational
dynamical polarizabilityN is the molecular number density, ~ PeriodT: is therefore 8.3 ps for N 11.6 ps for @, and 8.5 ps

is the average value of the molecular refractive index, @isd forTﬁO. i t sianal full . lecul tational
the speed of the light. It should be mentioned that there was € alignment signal fully revives every molecular rotationa

also ax/2 phase shift between the signal fiei(r) and the period. There are also moments of strong alignment that occur
oL at shorter intervals. However, the three molecules exhibit
probe laser electric fieldEy.

different behaviors at the quarter-full revivals. The ratios of the
In the same wayFEy was also depolarized after traveling alignment signal at quarter revivals to that at full revivals were
through the aligned molecules. However, compared th  nearly 1/3 for N, 1 for O,, and 0 for CO. The large difference
itself, the variation ofEy in the Y direction can be neglected. at the quarter-full revivals for i O,, and CO results from the
Therefore, the signal intensity collected by the detector can be different nuclear spin weights of the even and ddstates in
written as the initial distribution. At quarter-full revivals, the odd wave-
packet has maxima (minima), whereas the even wavepacket has

T+Ty2 . . minima (maxima). For homonuclear diatomic molecules, the
lsig(7) =71 ./;—TdIZ |E(D) + Ey expl-ia(t — 7) + in/2] dt nuclear spin statistics control the relative weights between even
1 ) and oddJ states. In the case of;Nthe relative weights of the
Dl(<co§9>I — _) + C] (10) even and odd are 2:1. As a result, the temporary localization
3 of the even wavepacket at quarter-full revival was partially

cancelled by its odd counterpart. Thus, the alignment signal at
whereTy is the response time of the detector, which is much the quarter-full revival was about 1/3 of that at the full revival

longer than the pulse width of the probe laser, an the for N,. In the case of @ only oddJ states were populated.
detection efficiency. The paramet€r= 4nc tand/(3rlwAaN) Since only a single localized wavepacket existed, the alignment
denotes the constant contribution from theelectric field signal at the quarter-full revival was almost equal to that at the

component of the slightly elliptically polarized laser. Its full revival for O.. For the heteronuclear diatomic molecule CO,
magnitude and sign were determined, respectively, by the the opposite localizations of the even and the odd wavepackets

ellipticity and the rotation direction of the elliptical polarized Would cancel each other. Therefore, no net alignment would

probe laser after the quarter Waveplate_ be (?bserved at the time of the quarter-fu" reViVal..

When the probe laser polarization was along the optic axis Figures 2b, 3b, and 4b display the homodyne signal versus
the pump-probe delay for N, O,, and CO irradiated by 800

of the quarter waveplate (i-‘?@ . 0), the parameteC nm, 110 fs laser pulses at an intensity ok 2.0 W/cn?. The
representing the external electric field contribution equaled zero. signal was proportional to{cog6> — 1/32. Each peak denotes

This was the commonly used homodyne detection, and the {he glignment moment with the molecular axis parallel to the
alignment signal was proportional tsfog6> — 1/3]2 When pump laser polarization directioniop€000> 1/3) or perpen-
the probe laser polarization was a little off from the optic axis djcylar to the pump laser polarization directidghdo0< 1/3).

of the quarter waveplat® (< 5°), the linearly polarized probe  For the intervals between the alignments, the angular distribution
laser became slightly elliptical after the quarter waveplate, and of the molecules was isotropic relative to the laser polarization
the detection became heterodyne. The alignment signal isdirection (@o6= 1/3). Although the homodyne signal clearly
proportional to kcog6> — 1/3 + C]2 The pure heterodyne  determined the moment that the alignment occurred, it could
signals are derived from the difference between the two not indicate whether the aligned molecules were parallel or
heterodyne signals with opposite parameger perpendicular to the laser polarization direction.
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Figure 2. Revival structure of W irradiated by an 800 nm, 110 fs

pulse at an intensity of 2 10' W/cn?; (a) numerical calculation, (b)
homodyne signal, (c) pure heterodyne signal.
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Figure 4. Revival structure of CO irradiated by an 800 nm, 110 fs
pulse at an intensity of 2 10* W/cn?; (a) numerical calculation, (b)
homodyne signal, (c) pure heterodyne signal.
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Figure 3. Revival structure of @irradiated by an 800 nm, 110 fs
pulse at an intensity of 2 10*® W/cn¥; (a) numerical calculation, (b)
homodyne signal, (c) pure heterodyne signal.

Figures 2c, 3c, and 4c display the pure heterodyne signal
versus the pumpprobe delay for N, O,, and CO irradiated by
800 nm, 110 fs laser pulses at an intensity of 20 W/cn?.

The signal was proportional to<¢og6> — 1/3). Compared
with the numerically calculated alignment parametens6>,
there is only a baseline<(1/3) shift. Thus, the heterodyne signal
directly reproduced the revival structure of molecules under the
field-free condition.

2. Fourier Transform of the Time-Dependent Alignment
Signals.The Fourier transform spectrum of the time-dependent
alignment parameteitog6signal contains a series of beat
frequenciesAw between adjacenl states, which are given by

1(0)

JZIN,JL.‘LL,“L‘J,”I.'L,'i. -

Fourier amplitude / arb.units

1(c)

AAAK.AAjnh Lt ﬂh hﬁAhﬁxAﬂ 1

E —

J+2h J:(4J+6)wo (12) 0246 81012 141613202224262830323436
wherewo = 2 Bgc is the fundamental phase frequency. The Figure 6. Fourier transforms of the revival structure of hown in
amplitude of the beat frequenc§w; 2 is proportional to Figure 3.
|Asl|As+2|, the products of the expanding coefficients. These  Figures 5a, 6a, and 7a show the Fourier transform spectra of

coefficients contain information regarding the populations of the calculatedéog6LCin Figures 2a, 3a, and 4a. In the present
the different|J0states in the rotational wavepacket. study, the beat frequencw is directly replaced by the

Awyy,=
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' ' ' " ' ' " ' ] two existing methods have obvious advantages and disadvan-
] tages. The former has the advantage that the alignment parameter
:(a) <cog0> is directly reproduced by the angular distribution of
explosion fragments and the disadvantage that the probe laser
pulse is so strong that it destroys the aligned molecules. The
latter has the advantage that the weak probe laser does not
destroy the aligned molecules or induce extra alignment.
However, it has the disadvantage that the alignment signal
(b) cannot provide the direct information of the alignment parameter
<cogh>. For example, the homodyne signal cannot demon-
strate whether the aligned molecule is parallel or perpendicular
to the laser polarization direction. The pure heterodyne detection
() we provided here combines the advantages of the two existing
methods and avoids their disadvantages. The pure heterodyne
signal directly reproduces the alignment parameteos6>,
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/\AA A A s but it does not destroy the aligned molecules.
0 2 4 6 8 10 12 14 16 18 20 The Fourier transform of the time-dependent alignment
J parameter<cog0> provides the population distribution infor-
Figure 7. Fourier transforms of the revival structure of CO shown in Mation ofJ states which comprise the rotational wavepaéRet.
Figure 4. For Coulomb explosion or the dissociative ionization method,

the alignment signal directly reproduced the alignment parameter

rotational quantum numbey and all of the Fourier transforms  <cog6>; its Fourier transform spectrum only contained the
of the alignment signals span three full periods of the molecules. contribution from the fundamental frequencies and provided
Each spectrum describes the revival structure decomposing intoinformation regarding the populations of differehstates in
different [JOstates. The nuclear spin statistics were clearly the rotational wavepackét! However, for the weak-field
demonstrated by the amplitudes of beats between &etates polarization technique, the alignment signal is proportional to
over oddJ states. There is &2:1 intensity alternation between  [<cog6> — 1/3]. Its Fourier transform spectrum contained
evenJ and odd] states for Iy, but there are only odd states  the contribution not only from the fundament frequencies but
for O,. The difference of the relative weights between even and also from the difference and sum frequencies. In addition, the
odd J states resulted in different alignment signals at quarter contributions from the fundamental frequencies were minor even
revivals for these molecules. ' though they provided information regarding the populations of

Figures 5b, 6b, and 7b show the Fourier transform spectra different J states in the rotational wavepacket. The pure
of the homodyne signals in Figures 2b, 3b, and 4b. The beatheterodyne signal was proportional tsqo€6> — 1/3). The
frequencies were more than the fundamental frequencies. TheyFourier transform spectrum of the pure heterodyne signal was
also included the sum and the difference frequencies. The frontvery similar to that of the calculated alignment parameter
progression is the difference frequencies, the middle progression<cog6>, which provided information regarding the populations
is the fundamental frequencies, and the end is the sumof differentJ states in the rotational wavepacket.
frequencies. However, the Fourier amplitudes of the fundamental
frequencies were minor for the Fourier transform of the Conclusions
homodyne signal, even though they contained information \ye modified the typical weak-field polarization technique.
regarding the populations of differedtstates in the rotational  the homodyne detection and the heterodyne detection were
wavepacket. , realized in an apparatus. They were utilized to quantify the field-

Figures 5c, 6¢, and 7c show the Fourier transform spectra of free glignments of diatomic molecules K,, and CO irradiated

the pure heterodyne signals in Figures 2c, 3c, and 4c. In by sirong femtosecond laser pulses. The alignment signal was
comparison with the contribution from the complicated beat proportional to fcog6> — 1/3] for homodyne detection and

frequencies in the homodyne signal, the contribution from the (<cog9> — 1/3) for pure heterodyne detection. Fourier
fundamental frequencies dominated in the Fourier transform ¢.onsform spectra of the homodyne signal and the pure

spectrum of the pure heterodyne signal. The Fourier transform peterodyne signal were also studied. Compared with the existing

spectrum of the heterodyne signal was very similar to that of yetection methods, the pure heterodyne detection had the

the calculated alignment parametecos'9>, which provided  {o|10ing advantages. First, the pure heterodyne signal directly

mformatl_on regarding the populations of differehstates in reproduced the alignment parametarog0> without destroy-

the rotational wavepacket. ing the aligned molecules. Second, the Fourier transform
3. Discussion Field-free-aligned molecules have been the gnecirum of the pure heterodyne signal was very similar to that

topics of rapidly growing experimental and theoretical interest ¢ he calculated alignment parameteco0> and provided

in recent years. Much effort has been given to develop i tormation regarding the populations of differehstates in
experimental methods to evaluate the alignment degree ofina rotational wavepacket.

molecules®~1419 Currently, two typical methods have been
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