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Direct imaging of rotational wave-packet dynamics of diatomic molecules
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We use linearly polarized 45 fs pulses to create rotational wave packetsand\Q,. We Coulomb explode
molecules with a high-intensity circularly polarized pulse and use an ion imaging detector to measure a series
of two-dimensional projections of the wave packet’s angular distribution in 27 fs increments. We highlight the
evolving wave packet near the first, second, sixth, and tenth full revival times and also near the one-eighth,
one-quarter, one-half, and three-quarter fractional revivals.
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[. INTRODUCTION this paper, we demonstrate the latter approach and illustrate
the equivalence of the two methods.

The translational and rotational behavior of gas phase In our experiments, a 45 fs linearly polarized “aligning”
molecules can be controlled using the large Stark shifts propulse creates a wave packet that exhibits macroscopic field-
duced by intense laser pulsg]. Such pulses have been free molecular alignment at well-defined time delays. We
used to trap2], focus[3], and spin moleculdgl]. The ability ~ observe the time evolution of the wave packet using an in-
of intense laser pulses to produce rotational wave packet€nse, circularly polarized “exploding” pulse. At each time
[5-8] that exhibit transient molecular alignment is of par- delay, molecules are multiply ionized by the exploding pulse
ticular interest. Aligned molecules are advantageous for apand undergo rapid dissociatio6oulomb explosion The re-
plications such as surface scattering resef®¢hsurface ca- sultant atomic ion fragments are analyzed to yield the three-
talysis[10], and surface processifg1]. dimensional velocity of each immediately following the

Strong field alignment requires an anisotropic polarizabil-Coulomb explosion. For a diatomic molecule, such initial
ity leading to different Stark shifts along at least two molecu-Vvelocities are parallel to the molecular axis if the dissociation
lar axes. If the laser field is applied adiabatically, the mol-is rapid. Hence, we directly measured the distribution of mo-
ecule aligns with its most polarizable axis along the lasetecular orientations for the rotational wave packet at various
polarization direction[5—8]. If the pulse duration is short points during its time evolution.
relative to the molecular rotational period, the molecule ex- We use a circularly polarized exploding pulse and con-
periences an impulse toward alignmgh®,13. In that case, sider only angles within the plane of polarization. This is
the resulting rotational wave packet exhibits transient alignimportant because Coulomb explosion is most efficient for
ment after the pulse is over. For linear molecules, the alignmolecules oriented parallel to the laser polarizat{d].
ment is reproduced in a series of full revivals at intervals ofWith circular polarization, the ionization probability depends
one fundamental rotational period. Rotational wave packetsolely upon the out-of-plane anglé8]. Since the in-plane
can also be produced by rapidly truncating an adiabati@ngle is unbiased, our measured angular distributions accu-
aligning pulse[14]. rately reflect the actual molecular ensemble.

Many applications benefit from molecular alignment Our work is presented as follows. Our general experimen-
[9-11,15,16 The presence of a strong aligning laser field istal approach is described in the following section. Experi-
not a perturbation, however, and can interfere with subsements conducted to characterize the Coulomb explosion of
quent measurements. Therefore, transient alignment has the and to select R ions originating from the BP*
advantage of producing field-free aligned molecules for short>N?"+N3" dissociation channel are described in Sec. II.
pulse experimentgl2]. In Sec. lll, revival structures of Nrotational wave packets

To extract quantitative information in the molecular frame (derived from the measured®N angular distributionsare
from measurements made in the laboratory frame, the conpresented, modeled, and compared with ®vival struc-
plete angular distribution function must be known. There ardures. The effects of centrifugal deformation, nuclear spin,
two approaches to obtaining the angular distribution func-and aligning pulse intensity on the revival structures are dis-
tion. (1) The amplitude and phase of all rotational states thatussed. In Sec. IV, we present measured angular distributions
are thermally or nonthermally populated must be measured:orresponding to full and fractional rotational revivals ia N
This could be achieved by Fourier transforming a singleand Q. Of particular interest is the 1/8 revival in,Qhat
time-dependent parameter characteristic of the wave packetscurs in a featureless region of the alignment revival struc-
dynamics and comparing the result to a numerical simulatioture. Our time-dependent angular distributions are depicted
for similar aligning pulse parametef&3]. (2) The distribu-  as polar representations, intensity maps, and projections onto
tion function can be measured directly at a particular time. Irbasis states.
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Il. EXPERIMENTAL CONFIGURATION spectrometer axis, molecular beam, and laser beams were

The | ¢ isted of a Ti- hi illat utually orthogonal. lon impact data were recorded using a
€ laser system consisted of a Ti:sapphire oSCllator anfiyic delay line imaging detect@Roentdek DLD-8D[20]
regenerative amplifier and produced linearly polarized, 80

“ n conjunction with five current preamplifiers, five constant-
#J, 800 nm wavelength pulses at a repetition rate of 500 Hzraction discriminators, and a multiple hit time-to-digital

The pulse duration gfter the regenerativg amplifier was Me&sonverter (LeCroy TDC3377. Using this data acquisition
sured to be 39 fs usingPIDER[19] and estimated to be 45fs system, the ion arrival time and two-dimensional impact po-
in the experimental chamber. A Mach-Zehnder interferomsition were recorded for up to 16 ions per laser pulse. The
eter was used to divide the laser output into aligning andon impact data were used to determine the initial, three-
exploding pulses, to introduce a relative time delay, and talimensional velocity vector for each Coulomb explosion
recombine the two beams collinearly. A telescope was infragment and hence the orientation of the exploded molecule.
stalled in the aligning pulse arm of the interferometer to de-
crease the beam diameter by a factor of 2. This produced an
aligning focus whose minimum cross-sectional area and con-
focal parameter were each four times greater than those of
the exploding pulse and ensured that only those molecules To perform accurate imaging of rotational wave packets
upon which the aligning pulse had acted most strongly wergising our technique, an appropriate Coulomb explosion
exploded. A quarter wave plate was used to circularly polarchannel must be selected. Strong field ionization glising
ize the exploding pulse. The interferometer’s beam combinepur 4x 10" W/cn? exploding pulse produced parent ions
was used at near-normal incidence to preserve the polariz&anging from N* to N,°*. Dissociation of the parent ions
tion states of the two pulses. The 40 aligning and 20.J  produced fragments ranging from"™No N** [Fig. 1(a)]. The
exploding pulses entered an ultrahigh-vacuum experimentaix active fragmentation channels can be identified from a
chamber and were focused by an on-axis parabolic mirrogorrelation map analogous to that discussed by Frasinski
(f/2, f=50mm) into a well-collimated beam of nitrogen et al. [21] [Fig. 1(b)]. For accurate imaging, a high-charge
molecules. dissociation channel must be selected to ensure that the mol-
The experimental chamber consisted of three differenecule dissociates before molecular reorientation can occur.
tially pumped sections separated by two 1 mm diameteil his criterion ensures that the momenta of fragment ions are
skimmers. Operating pressures in the source, intermediatparallel to the molecular axis. For our exploding pulse, the
and explosion subchambers were 70 ° mbar, X108  two most highly charged Coulomb explosion channels were
mbar, and 10" mbar, respectively. A molecular jet was N,°*—N*"+N3** and N®" —N3* +N3* [boxes 5 and 6 in
produced by expanding 33 mbar of, Nhrough a circular ~ Fig. 1(b), respectively.
aperture(100 um diametey into the source chamber. Colli- The limitations of our detection electronics also influ-
mation of the jet was achieved using the two skimmers and &nced our choice of Coulomb explosion channel. The pulse
piezoelectric slit mounted in the explosion chamber. Beyondpair resolution of each of our five constant-fraction discrimi-
the slit, the cross section of the molecular beam was rectariators is~15 ns. As a result, certain molecular orientations
gular (1.5 mmx40um). The laser propagation direction are detected less efficiently for explosion channels that pro-
was along the thin40 um) dimension of the molecular duce identical fragmentsuch as M°*—N3*+N3*). This
beam. Geometric constraints limited the molecular beam'sionuniform detection efficiency for symmetric dissociation
transverse translational temperature<t®.01 K. The mea- channels gives rise to the unshaded “dead zone” which runs
sured longitudinal temperature was 90 K. diagonally through boxes 1, 4, and 6 in FighL All mo-
Since the molecular beam thickness was approximateljecular orientations aréin principle) equally detectable for
equal to the aligning focus’ confocal parameter, target molasymmetric channels, howeves evidenced by the continu-
ecules were confined to the high-intensity region of theous dark streaks in boxes 2 and 5 in Figb)l Therefore,
aligning focal volume. The number density of the molecularour wave-packet imaging was performed using only frag-
beam was~ 10'° molecules/cri beyond the slit, correspond- ments originating from the asymmetric,N — N?* +N3*
ing to ~ 10 molecules within the overlap region of the align- channel.
ing laser and molecular beams. While the interaction vol- _Conservation of momentum was used to selett find
umes of the two foci were approximately equal, the confocaN®* fragments originating from the desired,N —N?**
parameter of the exploding focus was a factor of 4 smaller- N** dissociation channel. The tota’N and N°* yields
than that of the aligning focus. As a result, less than onéFigs. 2a) and 2b)] are composed of overlapping contribu-
molecule per laser pulse was present in the high-intensit§ions from various explosion channels. To identify fragments
region of the exploding focus, i.e., the region in which theproduced via the desired channel, we rely on the fact that the
most highly charged Coulomb explosion channels were acvector sum of a R fragment's momentump;,) and a
tive. By selecting a high-charge Coulomb explosion channelN®" fragment's momentumpg. ) is zero if they originate
we probed only those molecules located at the center of thtsom the same BP™ parent ion. We imposed this constraint
aligning focal volume. experimentally by summing the momenta of each possible
A uniform acceleration time-of-flight mass spectrometerN?* —N®* pair recorded for each laser pul§Eig. 2(c)].
(100 V/cm, 240 mm ion flight length, 70 mm internal diam- Only those fragment pairs that satisfied the condifn
ete) was used for ion collection and analysis. The masst p;,. <15 atomic unitgi.e., the gray areas in Figs(&2 and

IIl. COULOMB EXPLOSION
DIAGNOSTIC EXPERIMENTS
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10 Explosion Ch I energy spectra for N and N* fragments consist of overlapping
23 - xr: 05|1)n ar::\e s A contributions from various Coulomb explosion chanrjglsck re-
50 TMN;>N+N 4)N,—->N"*+N gions in panelga) and(b), respectively. Panel(c) is a histogram of
2) N2> N+ N*  5) N3*-> N2% N the three-dimensional morpentum sum for afi"NN3* fragment
G e G B e e pairs. The desired N*—N2"+N3* channel was selected by re-
3)N; >N +N 6) N, >N"+ N taining only low (<15 atomic unity total momentum pairs and

exhibits a characteristic 15—-25 eV fragment endgay regions in

FIG. 1. (a) Nitrogen fragment time-of-flight spectrum. Coulomb panels(a and (b)].

explosion of N using our exploding pulse produces NN?*, and
N3* fragments via numerous dissociation channels. Some unex-

ploded N2* is also observedb) N, Coulomb explosion correla- rotational states:

tion map. For each exploding pulse, the individual detector impact

times of all possible nitrogen fragment pairs are plotted against each

other. Each numbered box contains fragment pair data for a specific W(t)=>, a;e (Ea/MYg M), (1)
dissociation channdgkee legend Within each box, the dark diag- J
onal (top left to bottom righk streak results from correlated frag-
ment pairs, i.e., fragments originating from the sameniblecule.
The diffuse shading within each box stems from false coincidence
The narrow unshaded regiofdiagonal from bottom left to top
right) arises from the 16 ns pulse pair resolution of the constan
fraction discriminator used for fragment impact timing.

where E; are the energy eigenvaluglg,M) are spherical
sr'1armonics, and/ are with respect to the polarization axis of
{he aligning pulse. Note that the cylindrical symmetry of the
optical potential prevents the coupling of differdvitvalues.
For convenience, we omit thie dependence of the kets in
2(b)] were considered to have originated from the desiredhe following discussion. For the lowest vibrational state of
channel and retained. The imposition of this constrainthe molecule ¢=0), the rotational energies are given by
clearly shows that the N*—N2*+N3" channel is charac- E;~hcByJ(J+1), whereh is Planck’s constant; is the
terized by fragment kinetic energies in the 15-25 eV rangepeed of light in vacuum, anB is the ground state rota-

[Figs. 2a) and Zb)]. tional constant. For wave packets containing highstates,
centrifugal distortion of the molecule must be taken into ac-
IV. WAVE-PACKET REVIVAL STRUCTURES count. In such cases, the energy eigenvalues become

The time evolution of the wave packet produced by the
aligning pulse can be written as a sum over the molecular E;=hc[BoJ(J+1)+DJ%(J+1)?], (2
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exploding delay by calculatingcog 9) for each normalized
9 distribution. In our schemé,cog §)=0.5 reflects an iso-
tropic distribution of molecular orientations whileos 9)
=1 indicates complete alignment. The limiting case in which
all molecules are perpendicular to the alignment axis is de-
Molecular noted by (cog ¥)=0. Note that our measured projection
A"gA"r."e"t angle ¥ differs from the azimuthal angle of a spherical co-
xis ordinate systend (for which {cog 6)=1/3 reflects an isotro-
pic distribution.
The time evolution of the N alignment parameter
(cog ) is depicted in Fig. @). Prior to the arrival of the
aligning pulse(i.e., t<0), the molecular ensemble is isotro-
pic (i.e. (cog ¥)=0.50). The arrival of the aligning pulse is
followed by a prompt net alignment£ T;=0.067 ps). Ne-
FIG. 3. Definition of observation anglé. Since N> —N?"  glecting centrifugal distortion, eadd) state within the rota-
+N3** is a prompt dissociation channel, the momentum of eachtional wave packet accumulates phase with a different angu-
fragment is parallel to the molecular axis. Thus, a single fragmentar frequency given by
momentum measurement is sufficient to determine a molecule’s ori-
entation. The three-dimensional momentum of eaéh Ragment
was projected onto the polarization plane of the exploding pulse.
The angled between the momentum projection and the molecular "’J:EJ(J"' Doy, ()
alignment(i.e., aligning pulse polarizatioraxis was then measured.

where D, is the deformation constant for the nonvibrating wherew;=4mBc is the fundamental phase frequency, i.e.,
molecule [22]. For N,, B,=1.989581 cm! and D, that of |1). Thus, the constituerjtl) states rapidly dephase
=5.76x10 % cm ! [23]. with respect to each other and the initial net alignment
We observed the field-free evolution of the rotationalquickly dissipates. The baseline for-0 is higher than the
wave packet created by the aligning pulse by Coulomb exisotropic value(cog 9)=0.5, however. Known hereafter as
ploding N, at successive time delay27 fs increments The  “incoherent alignment,” this baseline shift is due to the first
peak intensity of the aligning pulse (x40 W/cn?) was term in EQ.(A6) anq can be understoo'd as foIIowg. Initially
chosen to achieve alignment without ionizing.NAt each  (i.e.,t<0), the relativgJ) state populations were given by a
delay, 2000 N* fragments originating from the "  thermal Boltzmann distribution an values were uni-
—N2*+N3* dissociation channefi.e., those with kinetic ~formly populated for eachl) state. The aligning pulse modi-
energies in the 15-25 eV rangeere collected. The three- fies the|J) state distribution by inducing various rotational
dimensional initial velocity vector for each®N fragment €excitations and deexcitations via Raman transitions. Since
(which was collinear with the preexplosion orientation of thethere exists a lower bound for Raman deexcitatio, |0))
parent moleculewas then calculated. but no such limit for excitation, the resulting wave packet
The molecular alignment axi6.e., the polarization axis exhibits net rotational excitation, i.e(J)packet>(J)thermal-
of the linearly polarized aligning pulséay in the polariza- The laser-molecule interaction does not alter the distribution
tion plane of the circularly polarized exploding pulggig. of M values, however. Thus, rather than being uniformly
3). We measured the angfebetween the alignment axis and distributed, the angular momentum vectors of efbhstate
the projection of each three-dimensional fragment velocityin the wave packet are pr_efer_entially oriented perpendicu!ar
onto the polarization plane. Since the exploding pulse wa#o the aligning pulse polarization. In terms of molecular ori-
circularly polarized, the Coulomb explosion probability was entation, this corresponds to a small but persistent net align-
independent of the angl®. Hence, experimenta} distribu-  ment of the ensemble and an elevated experimental baseline
tions are unbiased and depend solely upon the actual efi-€., (cos #)>0.50) fort>0.
semble of molecular orientations. Since the wave packet evolves in a field-free environ-
Raw ¥ distributions were normalized using a “back- ment, the|J) states eventually begin to rephase. When the
ground” ¢ distribution to ensure that a slightly ellipticat ( accumulated phases of eafl) state are equafto within
=0.97) exploding pulse polarization did not bias the deter-multiples of 27), the initial net alignment is reproduced in an

mination of molecular orientations. The backgrouhdistri-  event known as a full wave-packet revival. Sinkfd+ 1) is
bution was obtained in a single pulse experiment by explodeven for allJ, all angular frequencies; are integer mul-
ing an isotropic ensemble of molecules. tiples of the fundamental frequenay, [Eq. (3)]. Therefore,

While we measure complete time-dependéntlistribu-  the time of the first full revivalf=Ty+ T, is determined by
tions, it is typical(in the revival literaturg to plot the first  w, according toT,;=2/w,=(2B,c)  1=8.383 ps. The net
moment of such distributions(¢o€ ) in our casg as a  alignment associated with the first full revival<Ty+ T,
function of time. The measured distributions are presented =8.462 ps) maximizes 8.395 ps after the initial alignment at
and discussed in Sec. V. In keeping with convention, wetime T, [Fig. 4(@]. Since the time increment in the experi-
characterized the degree of alignment at each aligningment was 27 fs, the result is in agreement with expectation.
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FIG. 4. (a) {cog 9) revival structure for y. The variation of(cog ) with aligning pulse-exploding pulse delay is depicted. Prior to
wave-packet creatiort€0), the molecular ensemble is isotropic guos §)=0.50. The aligning pulse creates a rotational wave packet at
t=0 which exhibits maximum field-free alignment &t0.067 ps. Thereafter, an elevated baselifeo€ 9)~0.56) due to incoherent
alignment was observed. Significant net alignment and antialignment are observed during the first rex8v462 ps) and half revival
(t=4.271 ps) of the wave packet, respectivély—(d) Plots of measureddoty and simulatedlines) N, 9 distributions. The molecular
alignment axis lies alon@=0° and9=180° and is therefore horizontal in each figure. The rotational wave packet exhibits significant net
alignment prior to the half revivdlt=4.137 ps; panelb)] and during the first revivdlpanel(d)]. Net antialignment is observed during the
half revival [panel(c)]. For clarity, the areas of the simulated plots are two-thirds those of the measured distributions.

Significant net alignment and “antialignment” also occur alignment parametefcog 9) is not identically reproduced
near fractional revival times=T,+ T, , whereT,= T, for  for each revival. While thex=1 data[Fig. 5a)] exhibit in-

7=1.3.7. During the 7 revival, the accumulated phasles of version symmetry abouit~8.4 ps, the modulation structure
states|J) and|J+2) differ by 275 modulo 2r. For =3,  becomes increasingly asymmetric, i.e., “chirped,” for each

the relative phases of dll) states differ by integer multiples  successive revival. The observed chirp is a further conse-
of . At the half revival, the sets of eved) states corre- quence of the additional nonlinearity introduced into the

sponding t0J=0,4,8, ... and oddJ) states given byJ  frequency spectrum by centrifugal distortion.

=3,7,11 ... areprecisely in phase with each other. How-  The rotational wave packet's creation by the aligning
ever, they arer out of phase with the set consisting & pulse and its subsequent time evolution were numerically
=2,6,10... andJ=1,5,9 ... . The netesult is destructive simulated(see the Appendix for detajlsResults for a 48.4 fs

interference along the alignment axis and a localization ofull width at half maximum siA pulse of peak intensity
the wave packet in the plane perpendicular to it. Hence, sigt.7x 10'“W/cn? are depicted in Fig. 5. An initial rotational
nificant net antialignment is expected at the first half-revivaltemperature of 105 K was assumed. The model quite suc-
time t=Ty+T,/2=4.259 ps. In fact, the minimum value of cessfully predicts the times corresponding to maximum net
(cog ) occurred att=4.271 ps[Fig. 4@], in excellent alignment as well as the chirp of the revival structure. Unlike
agreement with the predicted half-revival time. the model, the baseline of the experimental data decreases
Full revivals of the wave packet occur at integer multiplesgradually toward an isotropic value dtos 9)=0.5 with
of the first revival time, i.et=Ty+T,, whereT,=nT, for each successive revival. The decay is not due to molecular
n=1,2,3... . Thetime evolution of the N alignment pa- collisions since the mean collision time+s0.1 s, nor is it a
rameter for the first, second, sixth, and tenth full wave-result of molecules entering and leaving the laser foci since
packet revivalsif=1,2,6,10) is depicted in Figs(&-5(d), = molecules travel less than 04m during the measurement.
respectively. The measurdgredicted times of maximum The observed decay is most likely an artifact due to a slight
net alignment for each revival wete=8.462 ps(8.450 p$, relative shift of the exploding pulse focus with aligning-
16.857 pg(16.832 p$, 50.476 pg50.364 pg and 83.990 ps exploding delay. In such a case, the overlap between aligning
(83.895 pg Each full revival occurred slightly later than and exploding foci would degrade with increasing delay and
predicted. The time lag results from a perturbation of theconsequently the exploded molecules would exhibit decreas-
angular frequencies; due to centrifugal distortion that was ing incoherent alignment.
neglected in Eq(3). Note that the time evolution of the The Fourier transform of the time-dependent alignment
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P transform of the time variation dfcos’- 9¥) spanning one full
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’ . 2 . accord with the predictions of Ed5). The corresponding
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distribution of |J) states is approximately Gaussian, spans
J~4 toJ~22, and has a mean value b 13.

FIG. 5. Selected full revivals for N The measured time depen- ~ The nuclear spin statistics of,Nire evident in the Fourier
dence of(cos ) (dotg for the (a) first, (b) second,(c) sixth, and  transform of its revival structure. SindéN has nuclear spin
(d) tenth wave-packet revivals is depicted. Also shown are the ret =1, the molecule’s total nuclear spin can take on the values
sults of the numerical modéline; see the Appendjxthat success- T=0, 1, or 2 and N exists in ortho T=0,2; J even and
fully predicts the times of maximum net alignment as well as thepara (T=1; J odd) forms. Since a state with total nuclear
chirp that centrifugal distortion introduces in the revival structure. spin T has degeneracy T2+1, the expected statistical

weights of ortho-N and para-N are 6 (i.e., 1+5) and 3,
parameter cos ) yields information regarding the distribu- respectively. Hence, the relative abundance of orthos-
tion of |J) states which comprise the rotational wave packetsus para-N is 2:1. This is reflected in the-2:1 intensity
The result is a spectrum of beat frequencies between alternation between spectral lines corresponding teven
states|J) and|J+N) whose magnitudes are proportional to andJ odd in the Fourier transforrfFig. 6@a)]. Conversely,
the product of the quantum amplitudges||a; | (see the %0 has nuclear spih=0. Hence, @ exists in a single form
Appendix for details Neglecting centrifugal distortion, the for which only odd|J) states are populated. The Fourier

Delay (ps)

beat frequencied w; ;. are given by transform of the alignment parametgog §) for two full
periods of the Qrevival structure is depicted in Fig(l§. As
E;un E ® expected, only spectral lines corresponding to hljdstates

5 7 ~[2NJ+ NZ+N] 71 (4)  appear, whose positions are given by E5).
The different nuclear spin statistics o, ldnd G, are also
. . . evident in their revival structures. At the first quarter revival
E‘Z;L?er?(l:?ézn;lfe moleculeAJ=0,2, and the dominant beat (i.e., t=Ty+3T,), the phase differencémodulo 27) be-
tween state$J) and|J+2) is 7/2. Near the quarter-revival
time, the evenJ) states form a secondary wave packet while
(5) the odd|J) states _form ano_ther. The two secondary wave
packets are oppositely localized. That is, when one second-

AwJ,J+N:

w1
AwJ'J+2:(4J+6)7.
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FIG. 8. Intensity variation of half revival for N The time

FIG. 7. {cog ®) revival structure of @. The time variation of P : - _ e
(co€ 9) is depicted, spanning the second and third full revivals aovariation of (cog 9) in the vicinity of the first half revival is de-

well as the 2.25, 2.5, and 2.75 fractional revivals. Since only oddPicted for several aligning pulse intensities. The baseline increases

|J) states are populated in,Othe 2.25 and 2.75 revivals are not with aligning intensity. The amplitude of the revival structure in-
suppressedas is the case in N Fig. 4). creases for intensities up to X0 W/cn?. The transition from

peak net alignment to maximum net antialignment becomes more

. e L . . rapid as the aligning intensity is increased.
ary packet is principally distributed along the alignment axis,

the other is localized primarily in the perpendicular plane fiteq to each revival structure shown in Fig. 8. The oscilla-
For a wave packet in which even and ofll} states are o frequencyw,. corresponding to each sinusoid increases
equally populated, the opposite localizations would cancel gf,onotonically over the intensity range for which little, N

the time of the quarter revival and no net alignméot an- ionization occurs. i.e.. 03410 W/cn? to 2.0x 104 W/cm?

tialignmeny would be observed. In the case of Nooth even (rig g This trend can be understood in terms of the central
and odd|J) states are populated but twice as much populas jy“siate of the rotational wave packet. According to Eq.
h@ﬁ), the revival structure’s dominant oscillation frequency

temporary localization of the even secondary wave packet ig corresponds to the beat frequensyo, 5 ., between
only partially canceled by its odd counterpart. Thus, some °* )2

net N, alignment and antialignment is observed neaiT

+3T,=2.163 pgFig. 4@)]. In the case of @, however, odd f g e 17
|J) states alone are populated. Since only a single localizecg 32} * ] :: o
wave packet exists at the time of a quarter revival, strong ne’g 30 - ol %
alignment and antialignment is observed in the vicinity of the 2 28 145 o
2.25 and 2.75 revivalst &26.293 ps and=32.059 ps, re- 326 112 @
spectively for O, (Fig. 7). S 2 P lg &
We investigated the dependence of the mavival struc- c:f 22 110 §'
ture on aligning pulse intensity in the vicinity of the first half € 20 * 1o B
revival (Fig. 8. The baseline value ofcos 9) increases g '8r . ls @
monotonically as the aligning pulse intensity is increasedic 16 d7 %
from 0.4x 10 W/cn? to 3.4x 10" W/cn?, reflecting anin- ~ § 4 i P
creased degree of incoherent alignment. The revival structurs 12 15 +
amplitude increases up to an intensity of 2 00** W/cn?. Tg 12 - 14 =
This behavior is as expected since the aligning pulse inteno I PP EF PN I EPEPIN ISP ERPRPI BRI
00 05 10 15 20 25 30 35

sity reflects the depth of the associated optical potential well.
The higher the aligning intensity, the deeper the potential

well, and the Iar_ger the range of t_rappkalj .States' As O,b' FIG. 9. Intensity variation of instantaneous frequency fgr. N
served, the maximum degree of allgn_ment Increases _W'th th?he dominant oscillation frequencieg,., of the measured Nre-
number of rotational states present in Ehe superposition. Afy 5 structuresFig. 8 as a function of aligning pulse intensity are
aligning intensities greater than 00" Wien?, signifi-  spown (black circles. The central rotational statdd+1) of the
cant ionization of the Bimolecules occurs and consequently corresponding wave packets are shown on the right axis. The in-
the revival structure amplitude decreases. crease in the central rotational state corresponds to a deepening of
As the aligning pulse intensity is increased, the alignmenthe optical potential well with aligning intensity. For comparison,
parameter cos ) also varies more rapidly with timéFig.  the most populated rotational state of the 105 K molecular beam is
8). To better illustrate this effect, a single-cycle sinusoid waslotted at zero intensitygray circle.

Aligning Pulse Intensity (10" Wi/cm?)
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the wave packet’s two most highly populatgl} statesJ’
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suredd distributions corresponding to significant points in

and J’'+2. Hence, the central rotational state of the wavethe revival structure of N [Fig. 4(a)] are presented. The
packet(i.e., J’+1) can be determined from the measuredmolecular alignment axis lies alonty=0° and¥=180° and
value of wyg Using Eq.(5). As shown in Fig. 9, the central is therefore horizontal in ou-distribution plotg Figs. 4b)—

rotational state is also observed to increase with aligningt(d)].

During the first full

wave packet revival t(

intensity. This is as expected since increasing the aligning=8.462 ps), the wave packet exhibits significant net align-
intensity produces a deeper optical potential well and an inment. This is reflected by measurédots and simulated
(line) angular distributions[Fig. 4(d)] that are strongly
peaked about the alignment axis and a corresponding peak
value of (cog 9) in the revival structurgdFig. 4(@]. The

creased value of’ +1.

V. TIME-DEPENDENT ANGULAR DISTRIBUTIONS

conventional revival structure§.e., plots of (cog 9) vs

simulated angular distribution was obtained using the ap-
We observe a molecule’s rotational dynamics by directlyproach described in the Appendix followed by a projection of

imaging moleculard distributions at various moments dur- the entire wave packet onto the plane of polarization of the

ing the time evolution of its rotational wave packet. While exploding pulse. At the half-revival timé{4.271 ps), mol-

ecules lie predominantly in the plane perpendicular to the

time) such as Fig. @) reflect net wave packet behavior, our alignment axis. As a result, the correspondihdistributions
time-dependent®) distributions yield considerably more in- [Fig. 4(c)] are concentrated primarily alongj=90° and ¥
sight regarding the actual distributions of molecular orienta=270° and (co§ 9) attains its minimum value. Att
=4.137 ps, the wave packet exhibits significant net align-
To illustrate the utility of our imaging technique, mea- ment[Fig. 4(b)] just prior to the first half revival which gives

tions.
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FIG. 10. () Revival structure
of O,. Locations of thenth reviv-
als are shown. The 1/8 revival oc-
curs in the shaded regioitb)—(j)
Plots of Q ¢ distributions near
the 1/8 revival. The measured dis-
tributions (dots follow the evolu-
tion of the model resultglines).
Each measured distribution con-
tains the results of 25 000 determi-
nations of molecular orientation.
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FIG. 12. Projections of © ¢ distributions onto angular basis
states. Time-dependent projections of the measydsds and
» simulated(line) ¥ distributions onto théa) cos 9, (b) cos 29, and
@ 180 (c) cog 39 basis states are depicted in the vicinity of the 1/8 revival
IS of O,. Polar representations of the basis states are superimposed in
2 gray.

regions, the corresponding angular distributions can differ
considerably. For instance} distributions for the isotropic
case[analogous to a circl€O) in Figs. 4b)—4(d)], a plus
(+), across &), and an asterisk®() would each yield a net
alignment parameter ofcos’ #)=0.5. To distinguish such
13 14 15 16 17 18 qualitatively different distributions, an angle-resolved imag-
Delay, t (ps) ing technique is required. S

Since we measure a molecular angular distribution at each
. . time delay, we can follow a wave packet’s evolution even
FIG. 11. Intensity maps o) measured anth) simulated @ & g, i o heriods of minimal net alignment. As an illustration,

distributions near the 1/8 revival. Thidistribution (in degreesat . . . S
each time delay is plotted and labeled by shades of gray. Low probWe present the results of imaging performed in the vicinity of

ability density is represented by black, high density by white. Al- the 1/8 revival in Q (t~1.4 ps). The 1/8 revival occurs in

though grainy(due to the 27 fs experimental time incremenhe th? baseline .region of thecqsz ) revival structure of @
measured intensity map captures the essence of the molecular J}E'g' 10@@)]. Figures 10b)—-10(j) depict both measuredots

90

namics. and simulatedlines) ¥ distributions in the vicinity of the 1/8
revival. The value of(cos 9) is approximately equal for
rise to a peak value dfcos 9). each distribution and the time increment for most of those

Since they reflect net wave packet behavieos ©) re-  shown is just 27 fs. Nevertheless, we can qualitatively re-
vival structuregsuch as Figs. @), 5, and 7 are useful for solve such structures as a bowflig. 10c)], a plus[Fig.
identifying times that correspond to significant net alignmentl0(f)], and a butterflyfFig. 10h)].
or antialignment. Instances of net behavior are rare during Our time-dependent angular distributions can be com-
the evolution of a rotational wave packet, however. Hencepactly represented using the scheme of Fig. 11. Intensity
(cog 9) revival structures consist of a relatively flat baselinemaps for the measurefFig. 11(a)] and simulated[Fig.
punctuated by regions of peaks and troughs. While sucAl1(b)] angular distributions in the vicinity of the 1/8 revival
baselines indicate a wave packet's degree of timeof O, are depicted. White, gray, and black represent regions
independent incoherent alignment, they provide no insighof high, intermediate, and low probability density, respec-
regarding molecular angular distributions at such times. Aldively. Although the 27 fs temporal resolution introduces a
though minimal net alignment is observed in such baselingoticeable graininess, the measured intensity map captures
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the essential features of the molecular dynamics. Incoheref24], electron self-diffractioi16], and photoelectron angular
alignment is manifested by light streaks along the alignmendistributions[25].

axis(i.e., 9=0°, 180°, and 360°). Dark regions centered at To perform rotational imaging, we measured the three-
9=90° and9=270° reflect the appearance of the bowtie dimensional velocity vector of a single ion fragment per mol-
distribution[Fig. 10(c)] att=1.361 ps. The plus distribution ecule. However, we can also measure and correlate the three-
[Fig. 10f)] appears at=1.441 ps as four bright cente(at  dimensional velocities of multiple ion fragments.
9=0°, 90°, 180°, 270°, and 360°) with two intervening Technically, this permits optically triggered Coulomb explo-
diamond-shaped dark regions. A lower contrast replica of theion imaging[26] of the internal dynamics of small and in-
plus distribution occurs at=1.602 ps[Fig. 10j)]. As a re- termediate polyatomic molecules.

sult, the corresponding centers and diamonds are less distinct
in the intensity maps.

We can also represent our measuréddistributions
S(9,t) by projecting them onto an angular basis set of our
choosing. For example, we can expand the angular data in The calculation of the aligning pulse-molecule interaction
terms of squared cosines, i.&(9,t)=37_,c,(t)cog(nd). and the resulting field-free rotational revivals was performed
Note that then=1 term of this expansion corresponds to theas follows. The aligning pulse interacts with the molecular
(cog 9) revival structure used throughout this work to char-wave function through the nonresonant ac Stark $bift
acterize the degree of wave-packet alignment along the
aligning pulse polarizatiofe.g., Fig. 10a)]. Since we mea- W (0,t)=[BJI2—U(t)co(9) ¥ (0,1), (A1)
sure S(9,t), however, we can also compute higher-order

(cos(nd)) revival structures corresponding to other terms Ofwhereé? is the angle between the laser polarization and the

the expansiqn. To iIIu;trate this, projectipn; of 'the measureﬂwolecular axis,) is the angular momentum operatBrjs the
(dotg and simulatedlines) O, angular distributions in the rotational constant of the molecule in question, and

vicinity of the 1/8 revival onto then=1,2,3 states of the

cog(nd) basis are shown in Fig. 12. L
Of practical interest is our ability to efficiently search for U= = (an—a. )E2(t A2

an arbitrary target angular distributioR () using our ()= 7 (=@ )E(). (A2)

technique, even during data acquisition. This can be achieved

in the laboratory by monitoring the generalized revival ygre a; and a, are the polarizability components parallel

structure and perpendicular to the molecular axis &ft)) is the elec-
tric field strength. The pulse shapes considered have the form

APPENDIX: CALCULATION
OF WAVE-PACKET DYNAMICS

fS(ﬁ,t)F(ﬁ)dﬁ

G(t)= (6) E2(t)=E&5sir?

Tt
2 7'on) , A3

f S(4,t)dd f F(ﬁ)d{}.

) ) ) where&, is the electric field amplitude ang, gives the time
Peaks inG(t) denote times at which the measured angulakoy the pulse to rise from zero to peak amplitu@ad is also
distribution best corresponds to the target distribution, just agye full width at half maximum of the pulseThe evolution
peaks in &cos ¥) revival structure indicate times of maxi- of the wave function over the duration of the aligning pulse

mum net molecular alignment. was calculated numerically using a Crank-Nicholson scheme
[27] in |J,M) space.
VI. CONCLUSIONS AND PERSPECTIVES With the rotational superposition at the end of the pulse
written as

Using molecular Coulomb explosion as a probe, we di-
rectly image rotational wave packets and obtaing o) re-
vival structures for N and G, with up to 27 fs time resolu- \p0=2 aylJ,M), (A4)
tion. We have presented angular distributions corresponding J
to net field-free molecular alignment of,Nluring a full ro-
tational wave-packet revival as well as net antialignment durthe field-free evolution of the wave packet becomes
ing a half revival. Further, we have presented a series of
angular distributions that reflect the rich dynamical behavior
near the eighth-revival in £for which no significant align- W(t)=>, a;e” Ba/MYJ M), (A5)
ment occurs. J

The ability to produce field-free ensembles of aligned
molecules has enabled us to measure the directional depewhere E;=ByJ(J+1)—DJ(J+1)]%. Note that cylindri-
dence of the multiphoton ionization rate of, {l15]. In the  cal symmetry of the potential well prevents the coupling of
future, the ability to minimize orientational averaging shoulddifferent M values. The time-dependent measure of align-
simplify experiments involving ultrafast electron diffraction ment is given by
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(cog 0)=(W(t)|cog 0|V (1))
:2 |a;|°Cyam+lagllay. s

XCOSA®; 310t +¢@3342)Chi42m.  (AB)
where

Cjam=(J.M|cos’ 6], M),

Ciir2m={J,M|cog 6|3+2M), (A7)
Esyir2z Ej
AwJ,J+2:T_ 7
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N, and Bo=1.4297 cm?! and D,=4.839x 10 6 cm™? for
O, [23]. Further corrections to the kinetic energy arising
from vibrational excitation can be neglected since fewer than
one in 18 N, or O, molecules are vibrationally excited at
temperatures below 300 R2].

The initial rotational temperatur€, the electric field am-
plitude &y, and the duration of the pulsg,, were varied until
the calculated revival structure best matched the measured
revivals. The comparison was done using the Fourier trans-
form of the alignment signdEg. (Al)] which readily yields
the distribution of populatef],M) states through the ampli-
tude termgay||ay, »| labeled by the corresponding beat fre-
quenciesAw; 5, ,~By(4J+6). The best agreement resulted
for an initial rotational temperature df=105 K and align-
ing pulse parameters of,,=48.4 fs and&,?=1.7x 10"
W/cn?.

The calculation captures many features of the revival

and ¢, 5, denotes the relative phase between the stategiructure well. The times of maximum net alignment as well
|J,M) and|J+2M) at the start of the field-free evolution. as the chirp of the revival structure are well reproduced. The
The alignment signal was further averaged over an initiakalculated and experimental magnitudes of the baseline and

distribution of angular states at a given temperaflire
Centrifugal distortion was included by writing tHgJ?

operator aBoJ(J+1)—D[J(J+1)]? in |J,M) space[22]

with By=1.989581 cm! and D.=5.76x10 % cm™! for

the signal oscillations differ, however. Sonié not all) of

this discrepancy is due to aperture effects of the exploding
pulse that have not been fully incorporated into the model
calculation.
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