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We show, by computation and experiment, that a sequence of nonresonant and impulsive laser pulses
with different ellipticities can effectively align asymmetric top molecules in three dimensions under
field-free conditions. By solving the Schrodinger equation for the evolution of the rotational wave packet,
we show that the 3D alignment of 3,5 difluoroiodobenzene molecules improves with each successive pulse.
Experimentally, a sequence of three pulses is used to demonstrate these results, which extend the multipulse
schemes used for 1D alignment to full 3D control of rotational motion.
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The development of molecular alignment techniques—
which force the axes of gas-phase molecules to line up with
laboratory axes and enable measurements in the molecular
frame—such as hexapole focusing [1], brute-force orien-
tation [2,3], and intense laser alignment [4—7] has enabled
investigations of a variety of phenomena including stereo-
chemistry [1,8], gas-phase x-ray [9,10] and electron
diffraction [11-13], strong-field photoionization [14,15],
and high-harmonic generation in molecules [16]. The vast
majority of such experiments have been carried out in linear
or symmetric top molecules, or asymmetric tops aligned
only in one dimension, due to the difficulty of aligning
and orienting asymmetric tops in all three dimensions. In
order to perform molecular frame measurements with
asymmetric tops, experimental techniques to overcome
these difficulties need to be developed. It is also often
necessary to align or orient molecules under field-free
conditions to avoid the detrimental influence of strong
external fields on the process being studied. In this Letter
we demonstrate, through computational and experimental
means, a significant advance in field-free 3D alignment
(FF3DA) of asymmetric tops: we show that a nonresonant
multipulse excitation scheme can progressively improve
the alignment of all three axes of an asymmetric top,
leading to strong FF3DA.

The interaction of the molecular polarizability with an
intense nonresonant laser pulse can be used to align
molecular axes with laser polarization axes [5]. Using this
interaction, three-dimensional alignment (3DA) of mole-
cules was first obtained within a long elliptically polarized
laser pulse [17]. When using cold or state-selected
molecules, the adiabatic scheme can produce excellent
one-dimensional alignment (1DA) [18,19] and good 3DA
[20], which can be further improved by using a short pulse
in the “hold and spin” scheme [21]. Two orthogonally
polarized and time-separated short pulses can produce
FF3DA [22,23]. This scheme involves aligning one axis
of the molecule, and then trying to spin it around this axis.
The first axis alignment is inevitably perturbed by the
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second pulse, limiting the strength and duration of FF3DA.
Elliptically polarized short pulses have also been shown to
generate FF3DA [24,25], although a sequence of identical
elliptical pulses was shown not to be effective for SO, [26].
In this Letter, we show, using 3,5 difluoroiodobenzene
(DFIB) as an example, that FF3DA of an asymmetric top
with prolate-type inertia and polarizability tensors can be
progressively improved by a sequence of elliptical pulses
following a linear pulse. The linear pulse aligns the C-I axis
and the subsequent elliptical pulses align all three axes
simultaneously. The basis for choosing the proposed
sequence of pulses will be discussed, followed by a
demonstration of the effectiveness of the scheme from
the nonperturbative solution of the rigid-rotor time-depen-
dent Schrodinger equation (TDSE) for DFIB for a sequence
of four pulses. We will also show experimental evidence
from velocity map imaging (VMI) of I and F" ions after a
three-pulse sequence that the suggested scheme does
produce substantial FF3DA. Our results show that multi-
pulse methods developed for FF1DA [27-31] can indeed be
adapted to FF3DA, provided pulses of different ellipticities
are used. This is in contrast with Ref. [26], where a train of
identical elliptical pulses was considered and shown not to
be effective.

The TDSE for a rigid asymmetric top rotor in the ground
vibronic state interacting with an intense nonresonant pulse
not strong enough to excite vibronic transitions out of the
ground state has been discussed several times (see Ref. [32]
for a review), and we will not delve into the details. Briefly,
the rotor wave function is expressed in the symmetric top
basis for in-field evolution, and then converted to the
asymmetric top basis for field-free propagation. A thermal
distribution (at 1K) of rotational states weighted by nuclear
spin statistics was used [33].

The degree of 3DA is determined by calculating (cos®§),
a measure proposed in Ref. [34]. Briefly, since 3DA has D,
symmetry, there are four equivalent target orientations. In
the axis-angle representation, the squared cosines of the
angles of the rotations that take an arbitrarily oriented
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molecule to these four targets are averaged to construct
(cos?5), which is 1 for perfect alignment of all three axes,
1/2 for an isotropic distribution and 3/4 if any one axis is
perfectly aligned and the other two are randomly distrib-
uted. In order to examine the alignment of individual axes,
we also calculate the evolution of {cos?6,,;), where m
stands for the three principal axes of the moments of inertia
(m = a, b, c. See Fig. 1) of the molecules, L denotes the
laboratory frame axes XYZ, with Z defined as the polari-
zation axis of the first (linearly polarized) laser pulse, X as
the minor polarization axes of the subsequent elliptical
pulses, and Y as the propagation axes of all pulses. 6,,; is
the corresponding enclosed angle.

The first pulse is linearly polarized in order to pick out
the favored laboratory axis for the most polarizable
molecular axis, since this axis is most easily aligned when
the polarizability tensor is of the prolate type. Then, each
elliptical pulse is timed to occur just before the peak 3DA
induced by the previous pulses, with the precise timing
determined largely by trial and error. The number of
pulses is limited because the alignment peaks faster after
each successive pulse, limiting the time available for an
additional pulse. The choice of ellipticity depends on the
molecule; however, a general trend can be determined
by comparing the matrix elements of cos’s and the
interaction Hamiltonian. These can be written analytically
in the symmetric top basis [JKM), where J is the total
angular momentum and K and M are the projections
along the molecular symmetry axis and the Z axis,
respectively. The laser electric field has the form
|
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FIG. 1 (color online). Time evolution of {cos?@,y .y .z) and
(cos?5) after a sequence of pulses. Pump pulse parameters (peak
intensity 1,, pulse width z, ellipticity parameter €% and delays 7))
are listed in the table, and the pulses are shown on the delay axis.
The molecular frame axes are also shown. For DFIB,
e =215A% a,,=153A%, a,=102A% and A=1.74 GHz,
B = 0.484 GHz, and C = 0.379 GHz [35].

E(t) = Ey(t)[ex cos(wt)ex + € sin(wt)e,], where o is
the frequency and ey and e, are the relative weights of
the amplitudes of the X and Z components, respectively
(with €% + €% = 1). The matrix elements are [9,34]

2
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where I(¢) is the time-dependent intensity of the pulse in
atomic units, a is the fine structure constant, al, are
spherical components of the molecular polarizability tensor
and (J,M;J'.M'|J",M") are the Clebsch-Gordan coeffi-
cients. The coherences excited by this interaction must be
viewed in terms of the goal of the experiment—maximizing
the value of (cos?5). We label the product terms by AK and
AM: the term with AK, M = 0 is called the 00 term, the
term with AK = 0 and AM = =£2 is called the 02 term and

s0 on. (cos?8) has contributions from 00 and 22 terms, but

2

[

not from 02 and 20 terms. The 00 term measures the 1D
alignment of the a axis and the 22 term the simultaneous
alignment of the b and ¢ axes [34]. All four terms appear in
H; and there is an additional AK = £2, AM =0 con-
tribution in the total Hamiltonian from the field-free
asymmetric top Hamiltonian, which conserves M but not
K [36]. We must, therefore, choose a value of e%
that provides a substantial contribution to 00 and 22 terms
[37]. Also, since the 00 and 22 coherences can each
contribute up to 1/4 to (cos’s), it is imperative not to
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compromise substantially on the former (i.e., IDA) to boost
the latter.

Our solution to this problem is to use multiple pulses of
different ellipticities, an extension of the two-pulse method
[22,23]. In this manner, not only can different terms in Eq. (2)
be emphasized by different pulses, the timing of the pulses
can be tailored to the different time scales of the molecular
axes. We show that a sequence of elliptical pulses following a
linear pulse can be used effectively in this manner for a
molecule with a prolate-type polarizability tensor. The
linearly polarized first pulse (ex = 0) aligns the a axis
through the 00 term in Eq. (1). If the following elliptical
pulse has €% >2/3, this term becomes negative and
degrades the 1DA induced by the first pulse and, therefore,
has a detrimental effect on 3DA too. However, if €§( <2/3,
the second pulse can align all three axes through the 00 and
22 terms. Therefore, for this scheme to be effective €% must
be less than 2 /3 for all the elliptical pulses. In order to excite a
broad wave packet in K and M and to synchronize the
peaks in the alignment of individual axes, multiple elliptical
pulses—each below the ionization threshold—are used.

In Fig. 1 we show the evolution of (cos?0,y .y.z) and
(cos?8) after sequences of up to four pulses. Intensities and
durations for the first three pulses are those we are limited to
by experimental constraints. The ellipticities were chosen
by starting with €% =2/3, and systematically reducing
them to increase (cos’s). Each pulse after the first one
arrives a few hundred fs before the peak of (cos?5) due to all
the previous pulses. Even though some of these choices are
determined by experimental considerations rather than the
optimization of FF3DA, it is clear from the results of the
TDSE calculation that this scheme does lead to an improve-
ment in the alignment of all three axes after each pulse. In
particular, the alignment of the a axis is improved rather that
degraded by subsequent pulses and the peak alignment of
each axis occurs at approximately the same time.

In the experiment, DFIB molecules were seeded in a
pulsed high-pressure helium jet [38] and rotationally cooled
to ~1 K [18]. Pulses from a 2 mJ/pulse, 30 fs, 2 kHz
Ti:sapphire laser were split into four beams using low-
dispersion beam splitters. The beams were recombined and
overlapped in space and time and focused into a VMI
spectrometer in a vacuum chamber. Two of the three pump
pulses were delayed by manual delay stages while
the probe beam, which multiply ionized and fragmented
the molecules, was delayed by a computer-controlled stage.
The polarizations were controlled using zero-order half- and
quarter-wave plates. The pumps were weak enough to
produce negligible fragmentation; this was confirmed by
measuring the ion time-of-flight spectrum without the probe
pulse. The I and F* ions were selected by applying high-
voltage gates to the front of the microchannel plate detector
in the spectrometer, and imaged with a high-speed camera.

Figure 2 shows measured 2D momentum distributions of
I and F* ions for several polarization configurations at
delays where maximum alignment is achieved by the
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FIG. 2 (color online). Velocity maps of I and F' ions from
unaligned molecules and at peak alignment after each pump
pulse. The top two rows show the polarizations of the pumps and
probe relative to the VMI detector (blue disc) for each column
beneath. The XYZ axes and the desired orientation of the
molecules is also shown. Note that the pump pulses, rather than
the physical laboratory, define the “laboratory frame” axes XYZ
for practical reasons: it is much easier to rotate the molecules (by
rotating the polarizations of all the pump pulses) and keep the
spectrometer fixed for measuring the different projections.
Circles mark annular regions over which (cos?6,p,) is calculated;
the evolution of these is shown in Fig. 3.

preceding pulses. We define “end” and ‘“side” views of
both fragments based on the direction of alignment of the a
axis [21]: if this axis is parallel (perpendicular) to the plane
of the detector, the projection of the momentum distribution
is called a side (end) view. VMI of fragment ions from a
3D-aligned ensemble requires careful consideration of
alignment axes and probe polarization vectors because of
the sensitivity of the Coulomb explosion process to the
polarization of the probe pulse and due to the impossibility
of retrieving the full fragment momentum distribution from a
single projection. The probe was polarized perpendicular
to the detector for the first three columns and along the
Z axis for the last one in an attempt to minimize these
complications, and in an effort to distinguish between
confinement of the a axis to the XZ plane and its confine-
ment to the Z axis. This distinction is particularly difficult to
make in the side view of I™ fragments, unless this axis is
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very strongly aligned [21]. The side and end view images of
I and F' ions are shown without any pumps to characterize
probe bias and at peak alignment after each pump pulse. End
view images of I show that the a axis remains aligned with
the Z axis. In order to quantify the degree of alignment
obtained, we measure (cos’6,p), where 6, is the angle
between projections of the ion velocity vector and laser
polarization plane on the detector (see Fig. 2). In Fig. 3, we
show the time evolution of (cos’6,p) for I (side view) and
F* (end view) ions calculated in the annular regions marked
in Fig. 2. The former measures the alignment of the a axis,
and the latter that of the molecular plane given that the a axis
is aligned perpendicular to the plane. As expected, the
linearly polarized first pump aligns only the a axis, after
which both elliptical pumps improve the alignment of the a
axis and align the molecular plane, simultaneously.

For better characterization of FF3DA and to distinguish
between confinement of the a axis to the XZ plane and its
confinement to the Z axis, we measure the full 3D momen-
tum distribution of the I ions by combining VMI and
tomography in momentum space [39]. In order to implement
this technique in our setup, we rotate the polarizations of all
our beams simultaneously using an achromatic zero-order
half-wave plate after all the beams have been recombined. In
this case we use a circular probe, since the greatest ambiguity
in our VMI spectra is the nature of the localization of the I
ion in the polarization plane. We measure 90 projections
with a step size of 2°, and use a filtered back-projection
algorithm [40] for the reconstruction of the 3D momentum
distribution. Figure 4 shows isosurface plots of the It
momentum distribution at the peak of 1DA after the first
pump, and of 3DA after the third pump. These plots show
that the a axis remains well aligned with the Z axis rather
than getting redistributed to the XZ plane after the elliptical
pump pulses. The disappearance of the dark red region near
V=0 shows that poorly aligned molecules have been
swept towards the Z axis by the elliptical pulses. These

—aA— One pump
—o— Two pumps
—=#— Three pumps

-2 0 2 4 6 8 1I0 12 14 16
Pump probe delay(ps)

FIG. 3 (color online). Evolution of {cos?@,p) for IT and F*
ions. The laser pulse parameters are given in Fig. 1; only the first
three pulses were used.

pulses also make the distribution in the VyV, plane some-
what broader than that in the V,Vy plane due to the action
of the minor axis of the elliptical field, which is along
the X axis. When combined with the fluorine projections
shown in Fig. 2, these images show FF3DA unambiguously.
Furthermore, from the 3D distributions we get {cos?,,) =
0.56 and 0.65 for FFIDA and FF3DA, respectively. The
calculated values shown in Fig. 1 are 0.61 and 0.70
(indicated by the arrows). Note that the calculations do
not account for probe selectivity and volume averaging
effects and, in the absence of coincidence information, it was
also not possible to measure (cos?s). For these reasons a
direct quantitative comparison was not intended, but the
measurements show good qualitative agreement with the
calculations and confirm the main features of the proposed
scheme. The calculated maximum of (cos?5) after three
pulses is 0.71. For comparison, Lee et al. [23] and Rouzee
et al. [24] achieve {cos?5) = 0.63 (in this case, 1D align-
ment by the first pulse already produces (cos’5) = 0.62) and
0.52, respectively, as calculated from their experimental
parameters. Our scheme also permits further enhancement in
the alignment with the addition of more pulses.

While our demonstration of a scheme for progressively
improving FF3DA in asymmetric top molecules is an
important step forward, it is clear that multipulse
FF3DA has a very large parameter space in terms of laser
intensities, ellipticities, pulse durations, and delays. The
pulse sequences used here were picked due to a combina-
tion of physical motivation and practical constraints, but the
complexity of the problem means that these choices are
very likely not the best ones. We have checked that the
combination of a linearly polarized pulse and a sequence of
elliptical pulses is effective for other asymmetric tops with
a prolatelike polarizability, but not for those with oblatelike
polarizability. In the latter case, making the first pulse
elliptical is a better choice because it is easier to confine the
least polarizable axis to the laser propagation direction

Vy

FIG. 4 (color online). 3D velocity distributions of I, at the
peaks of 1D (left, at 3.2 ps) and 3D (right, at 4.6 ps) alignment.
The distributions were normalized to the peak values, and the
velocities are in arbitrary units.
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rather than aligning the most-polarizable axis with the Z
axis. The details of these calculations will be reported
elsewhere. An interesting option would be to use a
polarization pulse shaper [41] with a feedback optimization
loop involving, for instance, a genetic algorithm for
searching the parameter space. Computationally, an opti-
mal control algorithm could be used for the same purpose;
Ref. [25] addressed this issue with the search space
restricted to two orthogonally polarized pulses that could
be combined into one elliptical pulse.

Since the first demonstration of 3DA [17], it has been
clear that good FF3DA will enable many novel experi-
ments, greatly expanding the already widely used 1DA of
molecules. With our experimental and theoretical results,
we have shown that a multipulse scheme tailored to the
properties of the molecules can produce substantial
FF3DA. kHz repetition rate lasers with sufficient energy
output to both align the molecules and do subsequent
measurements are increasingly common and we expect that
our technique will enable new molecular-frame measure-
ments on asymmetric tops in strong-field physics, molecu-
lar imaging, and photoelectron spectroscopy, among others.
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