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Nonadiabatic laser-induced alignment of iodobenzene molecules
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Nonadiabatic alignment of an asymmetric top molecule induced by a short, moderately intense laser pulse is
studied theoretically and experimentally. Numerically, we solve nonperturbatively the time-dependent
Schrodinger equation for a general asymmetric top molecule subject to a moderately intense laser field, and
analyze the dependence of the alignment dynamics on the field strength and on the rotational temperature.
Experimentally, we use time-resolved photofragment imaging to measure the time-dependent angular distribu-
tions of the spatial orientation of the molecules. Our studies, using iodobenzene as a test molecule, focus on the
short-time alignment dynamics, during and after the pulse.
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I. INTRODUCTION alignment is of particular interest since it enables using

) ) ) ) ~ aligned molecules without the possible disturbance from the
Spatial alignment of an anisotropic molecule can be instrong alignment field.

duced by a moderately strong, polarized laser field due to the \ost studies have focused on linear molecules aligned by
polarizability interaction between the field and the inducedshort linearly polarized laser pulses. Calculations showed
dipole moment{1]. For a linearly polarized field, the inter- that alignment can be achieved both shortly after the pulse
action creates a potential minimum at configurations whergind at much later times, periodically spaced by the rotational
the molecular axis with the |argeSt pOlaI’izability aligns with period [3,13_| Experimentai evidence of nonadiabatic align_

the polarization direction. . ment was given by Rosca-Pruna and Vrakkjig,19 fol-
The alignment dynamics depends on the time scale of turihwed by a number of very recent studigo—26.

on and off of the laser field with reSpect to the natural rota- The purpose of the present paper is to give a more thor-
tional periods) of the molecule[2-5]. For slow turn-on, ough discussion of our studies of nonadiabatic alignment of
characterizing studies with long laser pulses, the alignmenisymmetric top molecules than what was presented in our
occurs adiabatica"y. Each initial rotational eigenstaterecent papetzs] In particuiar7 we Study both theoretica”y
evolves into an a”gned state that reaches the Strongest degrgﬁd experimenta”y rotational wave packets of asymmetric
of alignment at the peak of the pulgg-9]. If the field is also  top molecules induced by a nonresonant alignment pulse. We
turned off slowly, the alignment disappears concurrently angjemonstrate that it is possible to achieve field-free alignment
the molecule returns adiabatica”y to the Original ﬁeld'freeand investigate quantitatively the role played by the field and
state. Thus for adiabatic turn-on and -off the molecules ar%ystem parameters in determining the degree and time evo-

only aligned in the presence of the field. lution of the alignment. lodobenzene is used as a model in
Alternatively, the laser field can be turned on and offthe calculations and the experiments.
much faster than the rotational perisd[2—5,10-1T. In this The second section of the paper is devoted to the theory

nonadiabatic case the field excites the molecule to a t|m%f a|ignment of asymmetric top molecules by intense laser
dependent superposition of field-free rotational eigenstategy|ses, which we formulate within nonperturbative quantum
The resulting rotational wave packet gives rise to transieninechanics. We provide only a brief discussion of the theory,
alignment due to the dephasing and rephasing of its indito avoid repetition of material presented in RE26], and
vidual components. Consequently, short pulse alignmenfence Sec. Il is not self-contained. In Sec. Ill we present the
opens up the possibility for alignment after the pulse isnumerical results, the fourth section describes the experi-
turned Oﬂ:, i.e., under field-free conditions. This mode Ofmentai Setup and the data anaiysis method, and in the fifth

section we discuss the experimental results and compare

them with the numerical results. The final section concludes
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€(t) = (t) coqwt), 1) The time evolution during and after the laser pulse is de-

R - . ) ] o termined nonperturbatively by expanding the wave packet in
wheree(t)=&(t), € is a unit vector in the field polarization 5 complete set of stationary eigenstates, to convert the time-
direction, &(t) is the pulse envelope, and is the center dependent Schrodinger equation into a set of first-order

frequency. In the far-off resonance limit, the field-matter in-coupled differential equations. One convenient choice of a
teraction can be cast in the form of an induced Hamiltonianbasis set is the set of symmetric top eigenstates,

1 . : : 1 x _ JK
Hind == ZE Spappr(‘}p, == E SP,LLIIJnd, /Llpnd = ZE a/pprep,, |‘Pl(t)> - % Ci (t)|‘]KM>v (6)
pp’ P '
(2)  where
wherep,p'=x,y,z are the space-fixed coordinatesjs the R 2J+1 5 -
molecular polarizability tensor, and™ defines an induced (RIKM) = WDMK(R), (7)

electric dipole vector. Equatiof?) is derived from the stan-
dard electric dipole Hamiltonian through adiabatic elimina-
tion of all excited vibronic states in which real population
does not reside in the course of the pujg&]. It is thus
limited to the case of a nonresonant laser field.

In the present work we restrict attention to the case o
linearly polarized fieldsg=2, where we followed the stan-
dard convention of defining the space-fixedxis as the field
polarization vector. Transforming the polarizability tensor
from the space- to the body-fixed frarteee Ref[28], Table
1) we have

D! (R) are standard Wigner matrices and we use the notation
of Zare[29]. The subscripi in Eq. (6) denotes the set of
initial conditions and includes the energy level of the initial
fstate and its magnetic quantum numftlat is conserved in

a linearly polarized fieldM =M;). Substituting Eq(6) into

the time-dependent Schrédinger equation and using the or-
thonormality of the basis functions we obtain a set of first-
order coupled differential equations for the expansion coef-
ficients,

i ~IK J'K’ ’
1 iC(1) = 2 G (H{(IKM|Hio K M)y,
Hing = — Zsz(t)[azx cog0+ a"*sirfdsirfy], (3) ' i

: : R : : + (JKM[Hingl "K' M)} (8)
where we introduced generalized polarizability anisotropies
as a?*=az—axx, @ = ayy—axx, agoK=X,Y,Z are the The first term on the right-hand side of E8) consists of the
body-fixed components of the polarizability tensor, &Rd rotational energy and the nonradiatigsymmetric topcou-
=(0, ¢, x) are the Euler angles of rotation specifying the ori- Pling and conserved as well as the parity oK. The second,
entation of the body with respect to the space-fixed frame. Ifadiative term is responsible for the excitation of a rotational
Eq. (3) we omit a term independent of the angles thatWave packet and vanishes after turn-off of the laser pulse.
amounts to an overall shift of the potential and has no effecBoth the nonradiative and the radiative coupling terms are
on the alignment dynamics. The dependence of the intera@nalytically expressible. . _
rotation about the body-fixedl axis—gives rise to the popu- the field-free Hamiltoniat,, yields a set similar to Eq8),
lation of a broad wave packet ihandK spaces, being the ~Where, however, the nonradiative matrix elements on the
matter angular momentum awdits body-fixedZ projection. right-hand side reduce to the diagonal energy term. From a
The independence of Eq3) on ¢—the angle of rotation Numerical view point the latter approach is clearly more ef-

ea rotor limit, axx=ayy, Eq. (3) reduces to the familiar For the purpose of the discussion below, and for gaining
form, insight into the features that underlie the time evolution, Eq.

(6) is nevertheless more convenient.

With W,;(t) determined, all observables can be computed
nonperturbatively. Of specific interest are the expectation
values ofJ? andK?,

1
Hipg=- Zsz(t)Aa cosl, Aa=q-a,, (4)

where o and «;, are the components of the polarizability
tensor parallel and perpendicular to the molecular symmetry  (J32),(t) = (W;(t)|3(J + 1)|¥;(1)) = > |ciJK(t)|ZJ(J +1),
axis, respectively. Equatigd) has been used in a large num- IK
ber of theoretical studies of the alignment dynamics of di- (9)
atomic molecules during the past few years. With &g, the
complete Hamiltonian takes the form
(K2(0) = (Fi(0|K2 W) = X [CNOPK® (10)
H =H g+ Hing, (5 JK

where the field-free Hamiltonian is approximated in the rigidthat characterize the degree and sense of rotational excita-
rotor limit by the rotational kinetic energi, . tion, and the expectation values of éésnd co$y,
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(cogay(ty=> Ci]K(t)CiJ’K*(txJ/KM|COS20|JKM>, andJ’=.J12, respectively. The interferences betwééiev-
els, which they independence of the operator on the left-

x hand side of Eq(16) eliminates, are contained in tkeosy)

(11) of Eg. (12). In the latter equation, however, integration over
. the polar Euler angle#® cannot be carried out analytically.
(cogy)i(t) = > GRS (1)(IK'M|cogy|IKM) Equation (16) shows explicitly that in theH;,q— 0 limit
IKK' (where all terms in the curly bracket but the 1/2 vahish

(12) (cog6)—1/3.
. ) ) _ Of particular interest is the functional form of the polar
that characterize the alignment dynamics. Th_e expectatiogngle dependence of the probability density, this function
values ofJ* and co86 are often used to quantify the rota- peing directly measurable with our experimental technique.

tional excitation and associated alignment in linear rotorgsing Eq.(6) and expressing the Wigner matrices in Ef).
whereasK?) and(co<y) are determined by both the radia- i terms of reduced matrices as

tive and the nonradiative interactions. As was illustrated in .
the linear rotor casg3,24], much more information is avail- D}, «(R) =eMed) (9)e™x a7
able from the complete angular distributiofW (6, x;t)|?,
where all moments are contained, than what is availabl&'® have
from Egs.(11) and (12). This is observed numerically and
experimentally in the following sections. P(6,t) = f dxde|Wi(¢b, 6, x;1)[?

Thermally averaged observable€))(t), are obtained

from the correspondingO);(t) of Egs.(9)«12) as -3 {}3 2, ()2
- 2 i MK
JK

1
(O)r(t) = 52 Wi(To)(ONi(0), (13)
| + 2 33 RECHOC (O] ORuk(0) 1,
whereQ is the rotational partition functiony;(T,y,) is a Bolt- J'<d
zmann weight function, an@, is the rotational temperature. (18)

To gain better insight into the features underlying the 5
alignment it is useful to express E() in terms of rotation wherej=2j+1.
matrices as

gz(t) 5 2 , = , 2 IIl. NUMERICAL RESULTS
Hing =~ —,~{aDgo(R) + @, [DG(R) + Dg_5(R)1}, (14) . . .
4 In this section we apply the theory of Sec. Il to describe
the alignment dynamics of iodobenzene under the conditions

_1 o -(1/J6 _
where a”._3(z.c.yzz axx aYY) and a, =(1/6)(axx ‘.YYY) relevant to our experiment. We choose the body-fiXeakis
are polarizability anisotropies parallel and perpendicular to

the Z axis, respectively, and an angle-independent term h as the C-I bondthe a axis of iodobenzenawith the molecu-

been omitted. Together with E@6) and the orthogonality afac:nzlgrfsdi‘g?ggghglb&ﬁ;ﬂéiiif Iglg ?\/IHWZ ith rg’;aotlmréal
properties of the rotation matrices, : ' ) '

=660.87 MHz (obtained from electronic structure calcula-
. i is tions), iodobenzene is a near prolate symmetric top, charac-
f dRD 1 D, kD ky * Omymtm S otk (19 terized by an asymmetry parameter (2B—A-C)/(A-C)
=-0.964(wherex=-1 corresponds to the prolate symmetric
Eq. (14) illustrates explicitly that thep independence of Eq. top limit.) The polarizability tensor of iodobenzene has been
(3) translates into conservation & in a linearly polarized calculated within linear-response theory, using a Hartree-
field. It also shows thaH;,q conserves the parity df (as  Fock basis. We found the nonvanishing components td
doesH, ) while mixing J levels of different parity. Using Eq. be ayx=68.9,ayy=103.4, anda,,=145.3 Boht. Thus the

(14) in Eq. (11) we have polarizability tensor of iodobenzene, by contrast to its inertia
5 1 tensor, is rather asymmetric.
(coLO(t) ==, {_ + <JKM|D(2)O|JK|\/|>]|CEJK|2 Figures 1 and 2 illustrate the dynamics of rotational exci-
3k (L2 tation and wave-packet alignment of iodobenzene during and

after the laser pulse. Pandls) and (b) in Fig. 1 show the

expectation values o’ andK?, and panelc) provides the

IK~I-2K* 2 expectation value of cé8. Whereas the expectation value of

+2RECTCT )(I ~ 2KM[DglIKM) - the total angular momentum squared is obviously conserved

after the pulse turn-offk is not a conserved quantum num-

(16) ber in the asymmetric top system and heti® in Fig. 1(b)

In Eq. (16), the first term in curly brackets is diagonal dn is not constant after the interaction. The variation(K?)

and remains constant after the pulse turn-off. The second anthder field-free conditions is a measure of the deviation from

third terms reflect interference between levels witkJ+1  the symmetric top limit and is thus rather small in the present

+ 2RgCHCI ) (3 - 1IKM|D3 | IKM)
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<K2>

200 T T FIG. 1. Time evolution of the temperature-

averaged dynamic observables of iodobenzene as

. described in the theory of Sec. I, for a 3.82-ps

30 40 Gaussian alignment pulse with peak intensity 6
X 10 W/cn?, at a rotational temperature of
400 mK. (a) Expectation value of?. (b) Expec-
tation value ofk?. (c) Expectation value of cé¢
(solid), with the alignment pulse shapgdashed
included for reference.

time (ps)

<cos28>

-10 0 10 20 30 40
time (ps)
system. The magnitude ¢82) [Fig. 1(a)] is typical of poly-  about the alignment dynamics than this average measure,
atomic systems of the inertia range of iodobenzene, althoug$ince it is sensitive to all moments of the alignment. In Fig.
remarkably large by comparison to the diatomic system& we show a contour plot of the probability density of the
dealt with previously. The high degree of rotational excita-wave packet corresponding to Fig. 1,P(6,1)
tion under moderate intensithere 6x 10 W/cn?) results  ==wi(T,op) S dxdep|Wi(, 6, x;1)|? of Eq. (21), as a function
from the large density of rotational states of this and similarof the polar Euler angle and time.
systems. The shift of the alignment maximum with respectto We remark that Figs. 1 and 2 are not intended to replicate
the peak of the puls@t time=10 p§ Fig. 1(c), is a general any particular experimental conditions discussed in Sec. V,
feature of the nonadiabatic domain and is well understoodbut are provided to show the relationship between the differ-
from previous studies of linear moleculgg3]. For a fixed ent measures of alignment. In particular, it is seen that the
peak intensity the shift increases as the ratio of the pulsenaximum value of the probability distributiofFig. 2) oc-
duration to the rotational periods decreases and the excitatiaurs slightly earlier in time than the maximum in the expec-
approaches the impulse limit. tation value of co® [Fig. 1(c)], illustrating that the defini-
The expectation value of c&8 in the wave packet has tion of the “alignment peak” depends on the observable. The
been used in most strong field alignment studies as a meaame behavior is also observed experimentally, as discussed
sure of the alignment and is useful as a comparison anth Sec. V.
guantification criterion. Nonetheless, it has been shown in In the experiments considered here, the observable is av-
theoretical work beforg¢2,3,1Q that the wave-packet prob- eraged also over the inhomogeneous spatial intensity profile
ability distribution contains considerably more information of the laser field since the detection is not spatially restricted
to the center of the laser focysee also Ref[30]). To ac-

0 count for the spatially inhomogeneous intensity distribution

-0.0 we assume that the alignment and dissociation pulses are
20 .05 concentric ellipsoids of identical orientation, each with a
—_ 1.0 two-dimensional Gaussian profile. The ratio of the spot sizes
! ' of the two fieldswP™Pe walionment= ,266/ 800~ 0.7 is deter-
040 = -1.5 mined experimentallysee Sec. Y. With this ratio the aver-
54 gi: 2.0 aging procedure over the sampled intensities is independent
z g of the absolute dimensions, as it reduces to a normalized
< 25 statistical distribution reflecting the overlap of the alignment
-3.0 and dissociation Gaussian intensity profiles.
35 Figure 3 shows the initial alignment peak over a range of
four successive peak intensity values, for a 2.7-ps Gaussian
-10 0 10 20 30 40 4.0 alignment pulse. As the in_tensity incr_eases, the_initi_al align-
t (ps) ment is enhanced, its maximum is shifted to earlier time, and

its temporal profile becomes increasingly structured. All
FIG. 2. (Color online Contour plot of the thermally averaged three effects result from the increased degree of rotational
probability distribution for iodobenzene as a function of time andexcitation with intensity. In the short pulse domain the in-
the polar Euler angle. The temperature and pulse parameters are @ease of) from the thermal value is roughly the ratio of the
in Fig. 1. pulse duration to the Rabi perigd,5], Q;el, with Qge |, and
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¢) Ionization

REMPI 2+1
Y I+
a) Alignment  b) Dissociation [ S Rydberg
800 nm . 1 4 ~304 nm
CeH +1/1 v
4 A I

266 nm
— C H,1 ZJ,K CX |JKM>

FIG. 5. (Color onling Principle of the experimenia) Excita-
tion of an initial rotational statéi) of iodobenzene by an 800-nm
pulse.(b) Dissociation of GHsl following one-photon absorption

R R B . L R
10 Oﬁme (pS;O 10 Oﬁme (pS;O 2 from a 266-nm pulse(c) Selective resonar(@+1)-photon ioniza-
tion of the | or the I* photoproducts by a nanosecond laser pulse.

FIG. 3. Alignment dynamics of iodobenzene as a function of the

focal averaged peak intensityolid lines at a temperature of 2.4 K. djfferent temperatures, again for a 2.7-ps Gaussian alignment
The corresponding dynamics without focal averaging is overlaid 8%ulse. As the temperature increases, the alignment is gradu-

a dotted line for each of the four panels. The peak intensitiecaare
1Xx 102 W/cn?, (b) 2X 1012 W/cen?, (c) 3X 102 W/cen?, (d) 4
X 101 W/cm?P. The pulse duration is 2.7 ps.

ally suppressed and its duration shortens. Nevertheless, tem-
perature effects in the early time dynamics are minor. This
stands in contrast to the dominant role of rotational tempera-
. . o ture in the long time response, where the temporal shifts of
hence the degree of rotational excitatiand with it the e rotational revivals of wave packets resulting from differ-
alignmenj increases with the intensity and with the pulse gpy jnitial states in a thermal ensemble give rise to strong

duration. With increasing content of rotational level spacingyariation of the observable pattern as temperature increases.
in the wave packet, the beat pattern becomes richer and the

frequency of oscillations increases. The rate of dephasing of
the wave packet is proportional (4J)?, AJ being the width IV. EXPERIMENTAL SETUP
of the wave packet in quantum number space, and thus in-

creases sharply with intensity. The primary effect of the focal - ; ) :
averaging, in addition to shifting the peak to a position thatone-dlmensmnal alignment of a sample of iodobenzene mol-

reflects the inclusion of lower intensities in the average, is to]?CL"e_S an(? measIU(e t.he lspaual oggntanan of the C-I amz asa
dampen the oscillations after the initial alignment peak, ~ runction of time. Itis implemented in a three step procedure

The exact rotational temperature in the experiment is noS illustrated in Fig. 5. o .
measured here, making a direct comparison with the experi- Flr_st, iodobenzene molecules are |rra_d|ated by a linearly
mental data impossible. It is nevertheless useful to investiPolarized, 2-3 ps-long 800-nm pulse. This creates molecular

gate the effect of temperature numerically, so as to exmor@lignment because each initially populated rotational state is

its role in determining the observable. In Fig. 4 we show theexcited to a rotational wave packet as a result of successive

temporal profile of the expectation value of €ésat three nonresonant'Raman transitioffsig. Xa)] dur'ing the pulse.
Second, the iodobenzene molecules are dissociated, through

— 77— one-photon excitation, into an iodine and a phenyl radical by
a 250-fs-long ultraviolet266 nn) pulse[Fig. 5b)]. The dis-
sociation process is diref81] so the iodine photofragments
fly away in the direction of the symmetry axis of their parent
molecule. The spatial orientation of the molecular C-1 axis,
at the time of the dissociation pulse, can therefore be mea-
sured by recording the direction of the photofragments. This
is performed by two-dimension#&2D) ion imaging of the 1
ions formed after resonant multiphoton ionizatiGREMPI)
of either the | or the I* photofragmen{&ig. 5c)]. The ion-
ization step does not change the velocity vector of the iodine
atoms.

A schematic of the experimental setup is shown in Fig. 6.
A pulsed molecular beam, formed by expanding 1 mbar io-
dobenzene in 1-4 bars of helium, is crossed at 90° by three

FIG. 4. Alignment dynamics of iodobenzene as a function of thelaser beams. The alignment pulses are created by directing
rotational temperature at a focal averaged peak intensity of r~550uJ of the output from a 100-fs, 1-kHz Ti-sapphire
x 1012 W/cm?. Solid, 0 mK; dotted, 400 mK; dashed, 1.2 K; dot- laser through a pair of SF11 prisms. The resulting pulses are
dashed, 2.4 K. 2-3 ps long[full width at half maximum(FWHM)] with a

The basic idea of the experiment is to induce nonadiabatic

2
<cos 0>

time (ps)
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Ali t
Dissociation ﬁ::ll;::n Mc;)l:::llar a)t=-2.3ps b)t=-0.3ps c)t=1.7ps
pulse

REMPI pulse

t;+10 ns

detector

ﬂ CCD camera

Abel inv. image Raw image

FIG. 6. Diagram of the experimental setup showing the molecu-
lar beam crossed at 90° by the three laser beams. The laser pulses
are polarized vertically. The electrostatic lens imaging théhs d)t=3.7ps e)t=57ps ft=77ps
onto the 2D detector is not displayed. The raw image to the right is
recorded without the alignment pulse. It is the sum of 20 000 indi- £ 7. Raw I images recorded for six different delays between
vidual _|mag_es(20 OQO laser shotsand _contalns a total C_’f 713 e alignment pulse and the dissociation pulse. The peak intensity of
X 10% ion hits. The image to the left is the corresponding Abel the alignment pulses is 3:4102 W/cm? and their duration is 2.2
inverted image represented as a slice through the 3D distribution.ps (FWHM). The REMPI pulses are tuned to ionize the I*

. photofragments.
pulse energy=300 xJ and they are focused to a spot size

8%~ 32 um. The dissociation pulsed =266 nm, formed

- -

hird h . . > fth £ meas_ured asa function of the angle between the polarization
by third harmonic generation 6250 ..J of the output from direction and the velocity vector of thé lon, can be deter-

the Ti-sapphire laser in two BBO crystals, are delayed by ~. ; X :
with respect to the alignment pulses. Their energy iSm|ned[34]. The Abel inverted image, obtained from the raw

~4-5 1] and the spot size% is ~25 um giving a peak image, is also shown in Fig. 6 as a slice through the 3D
intensity of ~2x 10> W/cm?. The REMPI pulses are pro- distribution.
duced by second harmonic generation of the output of a
YAG-pumped dye laser. Their pulse durationi$ ns, their
spot size is w®®~25um, their peak intensity is~1
X 10° W/cn?, and they are delayeet12 ns with respect to Figure 7 shows six raw ion images recorded with all three
the alignment pulses. By tuning the wavelength of thelaser pulses present. The six images correspond to six differ-
REMPI pulses to 304.59 or 303.96 nm either ground-statent delays between the alignment and the dissociation pulses.
iodine atoms | or spin excited iodine atoms I* are selectivelywhen the molecules are dissociated prior to the alignment
detected see Fig. £c)]. pulse[Fig. 7(@)], the image is similar to that recorded with
The iodine ions are accelerated by weak static electri@nly the dissociation and the REMPI pulg&sg. 6) showing
fields, in a velocity map imaging setlif2], and detected by that no alignment has occurred yet. The localized angular
a 2D ion detector consisting of a microchannel piMEP)  distribution of the T ions is the result of a nearly parallel one
backed by a phosphor screen. The MCP is gated in a narrophoton transition from the electronic ground state of iodo-
time window(~0.6 us) around the arrival time of thé fons  benzene to an excited repulsive state, followed by prompt
(~10.1us) ensuring that no other ions than those with adissociation into GHs and I* [31].
mass-to-charge ratio of lare detected. The 2D ion images  When the molecules are dissociated at the peak of the
are recorded by a charge-coupled device camera. Each imagiégnment pulse the ion image becomes more angularly con-
is analyzed online such that the coordinates of the center dined along the polarization directigfig. 7(b)]. In addition,
every ion hit is determined and stored. This procedure enk* ions at both large radial distances, corresponding to large
sures subpixel resolution and minimizes the influence of ankinetic energies, and near the center, corresponding to low
inhomogeneities across the detector surface. Typically, 5-1kinetic energies, are observed. These extra low and high ki-
ions are detected in each individual image and a total “raw’nhetic energy ions are only observed when there is temporal
image is the sum of 20-30 000 individual images. An ex-overlap between the dissociation and the alignment pulse.
ample of a raw image, recorded when only the dissociatiohe precise ionization mechanism was not investigated in
and the REMPI pulses are used, is shown in Fig. 6. Thaletail but it is likely that formation of an electronically ex-
wavelength of the REMPI laser is set to 303.96 nm such thatited state by the dissociation pulse followed by rapid mul-
the I* photofragments are recorded. Since the polarizationiphoton ionization due to the strong alignment pulse plays a
of the three laser beams are collinear and parallel to the plarmeajor role.
of the detector any raw image recorded in the experiment can The angular confinement of the ions becomes more pro-
be Abel inverted and the 3D velocity distribution of the ions nounced at=1.7 ps[Fig. 7(c)], which we interpret as align-
determined. Hereby, the angular distributions of théohs, = ment of the C-I axis along the laser polarization. At this time

V. EXPERIMENTAL RESULTS
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gradually localizes around=0. The most pronounced angu-
lar confinement arouné=0 is reached at~ 1.8 ps, whereas
(cog6) reaches its peak value of0.59 slightly later, at
~2.1 ps. The earlier appearance of the alignment maximum
in the angular distribution compared to ttews’6) time trace

is in agreement with our numerical resyléee Figs. (c) and

2]. Our experimental results stress the conclusion attained
numerically in Sec. Il that angular distributions at different
times provide a more complete information of the alignment
dynamics thar{cos6)(t) [3,24.

At larger delays, the localization of the angular distribu-
tion disappears rapidly and, correspondingly, the value of
(cogd) decreases towards a local minimum ©D.37 att
=5.7 ps. At even longer times=7.7 ps, we observe a weak
2 relocalization of the angular distribution arourg=0. In
t (Ds) similar measurements, where angular distributions were re-

corded out to larger times, we observed that the degree of

FIG. 8. (Color onling Lower part: Angular distribution of the alignment exhibits a damped oscillatory behavior until ap-
molecular orientationf(6,t), measured at 11 different times with proximatelyt=20 ps. Hereafter the angular distribution re-
respect to a 2.2-ps-long alignment puisame as in Fig.)7 Upper  mains constant but not uniform. The deviation from a uni-
part: (cog6) (filled circles connected by lingalculated directly  form distribution is caused by the fact that the rotational
from the measured angular distributions. The cross correlation bgygye packet, formed by the alignment pulse, forces the C
tween the alignment and the dissociation pulse is shown as thgyis of the molecules to rotate with an angular momentum
dashed curve. preferentially perpendicular to the polarization direction
[19,24. This permanent alignment results if@s ) value

imatel tenth of th K b between% and% depending on the initial rotational temper-
proximately one-tenth of the peak vajuas can be seen ure, the peak intensity, and the alignment pulse duration.

directly in the image by the near complete disappearance C{Jsing alignment pulses with a duration of 2-3 ps and peak
the extra low and high kinetic energy ions. At longer timesintensity 2-3.5¢ 102 W/cn? we observed(cog) in the
the angulgr distribution first broa_de[‘Eig. (d], _reaches a range 0.40-0.44
lr(c))?/\?sl, ?oﬁgvuhgtizu?g;z[ggs[;:(]'c?]' fe)] and finally nar- We note t_hat our experimenta_l method of m_easuring the
To provide a quant.itative de.scripiion of the alignment dy_m_olecular orientation after the ahgnmer_\t pul_se IS tl.”ned off
namics we determine the angular distribution of the 1* pho_m|sses those molecules that undergo direct ionization by the
dissociation pulse. These molecules originate primarily from

tofragments at each time probed, and subsequently the aN9fle central part of the laser foci where the intensity is high-

Ia_r dls_trl_butlon of the C-l axis,f(6.0), at the_ _tlme Of. est. Since this is also the region where the strongest align-
d|ssomat!on[f(6,t) .corresponds to.the probab!llty depsny ment occurs and since ionization is most efficient for mol-

P(0,t),. discussed n Sec. m‘,l Experimentally, this requires ecules with§=0, a fraction of the best aligned molecules are

recording both an image with all three laser pulses and afq jncjuded in the orientational measurement. As a conse-
image with only the alignment pulse and the dissociationy;ence we expect that our measurement slightly underesti-
pulse, at each time delay. The difference between these imy 510 the degree of alignment. This underestimate is likely
ages selects thos_e lons that were _produce_d by REMPI of the e pronounced for measurements in the presence of the
p.hotofragments,.Le., t.r(e:%malb fract_|on of I ions produped 800-nm alignment pulse, i.e., at times around zero, because
directly by the dissociation pulse is removggB]. Abel in- e presence of both the alignment and the dissociation pulse
version of the difference images enables a determination ,Q?auses much larger ionization than the dissociation pulse by
the angular distribution of the photofragments, and after dijigqf [see Fig. Tb)]. Therefore we expect that the measured

vision with the angular selelectivity of the dissociation pro- degrees of alignment, shown in Fig. 8, for the range<t2
cess, determined independently using unaligned molecules , ps are too small.7 '

[34], 1(6,1) is obtained. _ To illustrate the effect of the alignment pulse intensity on
Figure 8 provides a compact representatiofi(@tt), cor-  the alignment dynamics we measured the time-dependent an-
responding to the images shown in Fig. 7. The angular disgyy|ar distributions for two different intensities and the same
tributions measured are symmetnc aroufd90°, as ex- pulse durationFWHM ~2.7 p3. The results are shown in
pected, so they are only displayed for €9<90°. The  Fig 9 along with the correspondingo<6) [35]. These re-
figure also shows the expectation value ofgbsletermined g agree well with our numerical results with respect to the
directly from the measured f(6,t) as (COSO)t)  ghape and positions of the initial alignment peak. The plot in
=[f(6,1) cos¢sinade. Just before the alignment pulse the left panel of Fig. 9, with an intensity halfway between
(t=-2.3 p3 the distribution is essentially uniform, corre- that of panelga) and(b) in Fig. 3, is centered approximately
sponding to randomly oriented molecules witpS6)=3.  at 4 ps, about midway between the maximum at 4.5 ps in
During and shortly after the pulse the angular distributionFig. 3@ and the maximum at 2.9 ps ). The FWHM is

0.6
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the intensity of the alignment pulse is much redu¢edap-
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t(ps) t(ps) ~2.9ps (FWHM) and the peak intensity is~1.0
202 4 6 8 4 s S X 102W/en?,

g§5§ In both cases the degree of alignment is largest when the
0 g:g5 § iodobenzene molecules have the lowest rotational tempera-

v ture(3-bar He. The decrease in alignment at higher tempera-

gﬁ 0.5 tures. is consistent with the prediction of our theory—see Fig.
g’so Bo.1 4. Without an absolute measurement of the temperature as-
c ' sociated with each backing pressure, we are not able to make
© 80 0.05 a more quantitative comparison at the present time. Note also
) zt(pg) zt(p;) ¢ 8 0 that the first minimum becomes deeper and better resolved as

the temperature increases, which may account for the dis-
FIG. 9. (Color onling Alignment dynamics of iodobenzene in- crepancies observed above in the results at high intensity.
duced by a 2.7-ps-long pulse at two different peak intensities. Left
panel, 1.5 102 W/cn?; right panel, 4.%x 102 W/cn?. The upper
row shows(cog6) vs time and the alignment pulse shapebitary VI. CONCLUSION
units). The lower row shows the measured angular distributions.

approximately 5 ps, again about midway between the values Using a combination of qqantu_m dynamlcql theory gnd
of 6 ps for(a) and 4 ps fob). The right panel of Fig. 9, with tlme-resolveq photofragment imaging we studied the align-
a peak intensity close tal) of Fig. 3, is centered approxi- Ment dynamics of an asymmetric top molecule after expo-
mately at 2 ps, as expected from the numerical prediction 1.§Uré to a moderately intense few-picosecond-long laser
ps in(d). The first minimum in the experiment, at about 4 ps, Pulse. The alignment dynamics, characterized by the angular
is slightly earlier than the minimum at 4.4 ps in pa(®| but  distribution of molecular orientation and by the expectation
much broader. The FWHM is narrowed to a little more thanvalue of (cos’6), was computed and measured at different
3 ps, essentially identical to the numerical prediction of 2.5intensities and for different rotational temperatures. We ob-
ps. The discrepancy between the measured and numericgdrved, numerically and experimentally, that the alignment
results regarding the magnitude of the alignment peaks arisggaches a maximum after the laser pulse, under field free
from the higher rotational temperature in the experiments. conditions. The time delay between the pulse and the align-
The effect of the rotational temperature has been investiment maxima, as well as the tempora| duration of the a”gn_
gated also experimentally. The rotational temperature is cofment prior to dephasing is controllable through choice of the
trolled py the backllng pressure of_hellum in the.supersonlcpmSe duration and intensity.
expansion. In particular, seeding iodobenzene in 3-bar He At much longer timeghundreds of picosecongwe find

produces a lower rotational temperature than using abaCki”&rong enhancement of the degree of alignment in narrow

pressure of 1 ba34]. The degree of alignment shortly after ; ; : - )
the pulse for 1- and 3-bar He backing pressure is shown Irﬁfew p9 time windows[26]. These alignment transients cor

Fig. 10. The experiments were carried out for two different espond to revivals of the rotational wave packet. In recent
ali .nmént ulse shapes: In Fig. (8 the pulse duration is work on the revival structure of complex polyatomics we
~291 ps (FRNHM) agd .the p%ak inter?sity lis ~3.4 showed, experimentally and numerically, that for asymmetric

%102 W/cm? and in Fig. 10b) the pulse duration is top molecules.the al!gnment at the revivals is never as strong
as the short time alignment that follows the pulse, because

- B, /\\ a) the complex rotational spectra of asymmetric tops prevents a
os +A+_¥ . /‘\\\ complete reconstruction of the initial aligned state at the re-
: ks s vivals. For asymmetric top molecules the early alignment
i %Hj iuw:\;%—(' maximum is thus of special interest as it is the global align-
S5 T 1 33 435 6 7 89 ment maximum. _ .
2 06 Our results illustrate that the alignment dynamics of
v 05 o ) b) asymmetric top molecules is significantly more complex than
o A \ that of linear rotors. At the same time, they suggest that the
bat o " vast controllability of the evolving alignment of molecules
o3l through various shapes and combinations of laser pulses, al-
32100 Dzelas (;S) 567859 ready demonstrated for linear molecujéd4—16,36—38 will
Y extend to the much richer realm of asymmetric top mol-
FIG. 10. Time dependence &fo6) for two different rotational ~ €cules. _ , ,
temperatures of the molecular begbtack markers, gHsl seeded Clearly, much remains to be accomplished on the align-

in 3-bar He; gray markers, 85| seeded in 1-bar Heand for two ~ Ment dynamics of polyatomic molecules, experimentally as
different alignment pulse shapega) peak intensity is 3.4 Well as theoretically and numerically. For applications of
X 10'2 W/cn? (triangles; (b) peak intensity is 1.6 1022 W/cn?  aligned molecules it is of interest to explore the utility of
(filled circles. The shape of the alignment pulse is shown by themultiple pulses and of pulse shaping techniques as a route to
dotted curve. improving the degree of field-free alignment. The majority of
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