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Field-Free Three-Dimensional Alignment of Polyatomic Molecules
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We experimentally demonstrate field-free, three-dimensional alignment (FF3DA) of polyatomic
asymmetric top molecules. We achieve FF3DA in sulfur dioxide gas using two time-delayed, orthogonally
polarized, nonresonant, femtosecond laser pulses. Our method avoids the use of rotational revivals and is
therefore more robust to temperature. The alignment is probed using time-delayed coincidence Coulomb
explosion imaging. FF3DA will be important for all molecular imaging, dynamics, or spectroscopy
experiments for which random alignment leads to a loss of information.
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The random alignment of gas phase molecules generally
reduces the information content of a measurement made in
the laboratory frame. The situation is analogous to the
well-known case of powder, as opposed to crystal, x-ray
diffraction. To ameliorate this situation, it is necessary to
define the direction of the molecules in the lab frame prior
to making a measurement. Polyatomic molecules are gen-
erally asymmetric rotors with three distinct axes of rota-
tion. Three-dimensional alignment, i.e., the alignment of
all three molecular axes, was achieved in the presence of an
aligning laser field [1,2], but this field strongly perturbs the
system, distorting the electronic and vibrational structure
of the molecule [3] and preventing the measurement of
innate molecular properties. Field-free one-dimensional
alignment, i.e., alignment of a single molecular axis, was
achieved using a short laser pulse [4,5], and by the rapid
turn off of an adiabatic strong laser field [6]. In these
experiments, maximal alignment is produced after the
pulse [4,7] when the molecule is field-free, followed by
periodic revivals of the rotational wave packet [4]. The
rotational energy level spacings for asymmetric tops are
much less regular than for linear and symmetric top mole-
cules. This complicates the rotational wave-packet evolu-
tion for asymmetric rotors, reducing alignment at revivals.
The degradation of alignment worsens at elevated rota-
tional temperatures due to the incoherent contributions of
thermally populated rotational states which can lead to
complete obfuscation of the rotational revival structure.
This is a challenge for experimentalists since rotational
cooling is often compromised in order to produce suffi-
ciently dense molecular beams.

Here we report the experimental demonstration of a
general, flexible, and robust method for producing field-
free, three-dimensional alignment (FF3DA) of polyatomic
molecules. This method makes use of the prompt align-
ment occurring just after the laser pulse and is much more
robust with respect to temperature effects than is an earlier
proposal for FF3DA at rotational revivals [8]. This tech-
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nique is broadly applicable and we demonstrate it here for
the asymmetric top molecule SO,.

Our method is based upon the use of two time-separated,
perpendicularly polarized, nonresonant, femtosecond laser
pulses. The first laser pulse produces postpulse 1D align-
ment of the most polarizable axis of the molecule, at which
point the second pulse produces a torque about the most
polarizable axis to bring the second most polarizable axis
into alignment with the second laser field polarization
direction, producing FF3DA after the second pulse. We
illustrate this method in Fig. 1 for SO,. A randomly
oriented ensemble of SO, molecules is illustrated in the
first frame of Fig. 1. Application of a linearly polarized
nonresonant laser pulse (blue shading) exerts a torque on
each molecule. Although the magnitude and direction of
this torque depends on the molecular orientation, it tends to
“kick” the most polarizable molecular axis towards align-
ment with the laser polarization. For the case of SO,, the
most polarizable axis is along the O-O direction (called
hereafter the O axis). We choose this first pulse to be
shorter than the time required for the molecule to rotate
about the axes perpendicular to the O axis: maximal align-
ment of the O axis thus occurs after the laser pulse. As
shown in the second frame of Fig. 1, although the O axis is
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FIG. 1 (color online). Scheme for field-free 3D alignment of
SO, molecules using time-separated laser fields. S atoms are
shown in yellow and O atoms are shown in blue. For details see
text.
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confined to the laser polarization, there is free rotation of
the molecules about the O axis. At this point, the alignment
is 1D due to the cylindrically symmetric nature of the
interaction: only the O axis direction is constrained. A
second laser pulse (red shading), perpendicularly polarised
and applied following the first, breaks the lab frame cylin-
drical symmetry. For molecules whose O axis is aligned
due to the first pulse, this second laser field additionally
exerts a torque about the O axis which “kicks” the second
most polarizable axis towards alignment with the second
laser polarization. For SO,, this second most polarizable
axis (called hereafter the S axis) lies in the molecular plane
along the C,,, axis (bisecting the O-S-O bond angle). The
molecules now additionally proceed towards alignment
around this new direction and FF3DA is produced after
the second laser pulse, as shown in the third frame of Fig. 1.
Some molecular O axes may not be well aligned at the time
of application of the second laser pulse and will suffer a
torque which misaligns their O axis. However, the flexibil-
ity of our method allows us to choose the duration, inten-
sity, and time separation of the two laser fields so that we
can optimize FF3DA of the ensemble, illustrated in the
third frame of Fig. 1.

In order to unambiguously demonstrate FF3DA, we
employ coincidence Coulomb explosion imaging which
determines the complete 3D lab frame orientation of
each molecule [9,10]. For each molecule measured, we
determine two angles, ¥ and g, depicted in Fig. 2. These
two angles (each being a function of the Euler angles)
measure the alignment of the O and S axes respectively:
g is the angle between the first laser pulse polarization
direction (which defines the lab x axis) and the projection
of the O axis onto the lab xy plane; Jq is the angle between
the second laser polarization (which defines the lab y axis)
and the projection of the S axis on the yz plane. For a

FIG. 2 (color online). Definition of angles g and d¥s. The
laboratory frame is defined by the propagation direction of the
laser pulses (the z axis) and the polarization directions of the two
linearly polarized alignment pulses; the first pulse is polarized
along the x axis, the second along the y axis.

perfectly 3D aligned (not oriented) molecule, these angles
would simultaneously take values of either 0° or 180°. We
use the expectation values {cos’>3Jg) and {cos>) to char-
acterize the distribution of these angles for the ensemble of
molecules. For each of these angles, which are measured in
a plane, if the angle ¥ were uniformly distributed (i.e., no
alignment) then {cos’>) would take a value of 0.5. This is
in contrast to the value of 1/3 for (cos>#) when @ is a polar
angle not confined to a plane. As an axis alignment in-
creases, the associated expectation value {cos>«) would
increase towards 1 as ¢ becomes localized towards 0° and
180°. Three-dimensional alignment is therefore character-
ized by {(cos’d¢)>0.5 and {cos’dy) > 0.5 occurring
simultaneously.

Our coincidence Coulomb explosion imaging measure-
ments of FF3DA are shown in Fig. 3. A supersonic expan-
sion of 0.5% SO, in argon was used to produce a rotational
temperature of approximately 10 K. The aligning pulses
had an intensity of ~2 X 10" W/cm? and were centered
at a wavelength of 815 nm. Optimal FF3DA was achieved
with a pulse separation of 400 fs, while pulse separations of
200 fs and 600 fs show reduced FF3DA. Experimental data
points are plotted along with curves obtained from classi-
cal simulations, showing good general agreement. Prior to
the arrival of the alignment pulses, the ensemble is ran-
domly aligned and both (cos’d) have values of 0.5.
Application of the first aligning pulse increases {(cos>dg)
towards 1, as the O axis aligns to the first laser polarization.
Note that {cos?>dJs) remains 0.5 since the cylindrical sym-
metry of the interaction means that the S axis stays uni-
formly distributed about this laser polarization direction.
As the alignment of the O axis continues to increase, a
delayed, perpendicularly polarized laser pulse is applied to
align the S axis to this second laser polarization, breaking
the lab frame cylindrical symmetry. This produces maxi-
mal FF3DA at ~500 fs after this second laser pulse, as
indicated by the dashed line. For SO,, rotation about the
O axis has the lowest moment of inertia of the three axes,
and therefore the second laser pulse has a shorter duration
(50 fs FWHM) than the first (180 fs FWHM). For mole-
cules not yet aligned to the x axis, the second laser field
tends to torque their O axis towards the y polarization axis.
Thus, the application of the second laser pulse can reduce
the alignment of the O axis to the first laser polarization (x
axis). Reducing the time delay between the two pulses to
200 fs increases this deleterious effect, reducing the degree
of FF3DA. Increasing the time delay to 600 fs, such that the
second pulse arrives nearer to the maximal alignment of
the O axis with the first pulse, results in a faster reduction
of the alignment of the O axis and a reduced degree of
FF3DA.

The Coulomb explosion probe was a third time-delayed
femtosecond laser pulse of duration 50 fs copropagated
with the aligning pulses. This pulse had sufficient intensity
(~5 %10 W/cm?) to multiply ionize a molecule.
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FIG. 3 (color online).

Measured time dependence of SO, molecular axis alignment. The three columns show data for pulse

separations of 200 fs (left), 400 fs (middle), and 600 fs (right). The zero of time is defined by the peak of the second laser pulse.
Experimental data points are shown in black with error bars corresponding to the standard error of the mean. The solid lines are the
results of classical calculations. The dashed line shows the maximum FF3DA achieved.

Following ionization, the molecule explodes due to the
Coulomb repulsion between the ionized atoms. The 3D
velocity vector of each fragment was measured using a
time and position sensitive delay line anode detector in a
time-of-flight spectrometer [9]. The detector system em-
ployed allowed for coincident detection of ion arrivals. By
selecting coincident arrival events of two O ions and 1 S
ion whose momenta sum to zero (and so originate from the
same molecule) we are able to understand the character-
istics of each explosion channel [10]. From these fully
correlated events we were able to reconstruct the molecular
geometry prior to explosion, which reproduces well the
known bond angle of SO,. This fact allows us to unambig-
uously determine the 3D orientation of the molecule in the
lab frame. Although the bond length measured by this
method is roughly twice that of equilibrium SO,, indicative
of enhanced ionization [10], this does not affect the mea-
surement of the lab frame orientation.

To characterize the 3D alignment of a molecule, only
two fragments are necessary. Since it is much more prob-
able to detect two fragments rather than all three, we chose
to look at the oxygen pair O>* and O3*, with the unmeas-
ured companion being mostly S** or S3*. Using our
knowledge from fully correlated data, we verify that an
0’>" and O*" pair comes from the same molecule by
filtering for a pair momentum sum between 40 X 10723
and 85 X 1072* kgm/s, an O?* kinetic energy between 30
and 55 eV, and an O®" kinetic energy between 40 and
75 eV. From the fully correlated three particle measure-
ments, it was established that the oxygen velocities are
roughly along the direction of the SO bonds, and so we find
the direction of the O and S axes by taking the difference
and sum, respectively, of the normalized oxygen velocity
vectors.

The alignment of the O axis was measured with a pulse
circularly polarized in the xy plane (probe I) as in Fig. 2,
and the alignment of the S axis was measured with a pulse
linearly polarized along the x axis (probe II). The symme-
tries of these probe geometries ensures that there can be no
probe induced rotation in the plane of the measured angle
[9]. For both measurements, probe-only Coulomb explo-
sion data from a randomly oriented gas sample was used to
characterize the nonuniform orientation dependence of the
ionization efficiency, and any detector defects. The ob-
served bias for ionization of molecules whose O axes are
oriented towards the direction of probe polarization was
included in the calculations shown in Fig. 3. The depen-
dence of the ionization efficiency upon rotation of the
molecule about the O axis for probe I (which in the case
of very strong alignment of the S axis by the second
alignment pulse, may artificially increase the measured
O axis alignment) was not included in the calculations
shown in Fig. 3, and was found to be a negligible effect
as shown by the agreement between experiment and cal-
culation. For probe II, the dependence of the ionization
rotation about the O axis was found to be negligible. We
collected about two thousand oxygen pairs for each time
delay and each probe polarization.

Importantly, we note that this two pulse prompt align-
ment technique is quite resilient to temperature variation of
the sample. We repeated these SO, experiments without
using argon carrier gas in the molecular beam. In this case,
we expect that the rotational temperature of the SO, mole-
cules is = 100 K. Nevertheless, this technique still pro-
duced measurable FF3DA, albeit reduced in value. This
demonstrates the robustness of this approach. As our non-
resonant technique relies only on the interaction with
molecular polarizability, this approach is general. The
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pulse widths, separation, and intensities may be indepen-
dently optimized for the rotational constants of the mole-
cule, as well as the orientation of the polarizability ellipse
with respect to the inertial ellipse. We note that the degree
of FF3DA achieved here is comparable to that routinely
achieved in 1D alignment experiments [4]. However, the
alignment that we show is not fully optimized. Well devel-
oped optimal control technology [11] can be profitably
applied to improve the degree of FF3DA and will be an
area of future research. This technique is readily scalable to
larger molecules, such as aromatic hydrocarbons, for
which 1D field-free alignment was achieved [12]. To scale
this technique to still larger molecules, it may be necessary
to employ longer wavelength laser fields to avoid low-
order resonances, ensuring that the Stark interaction with
the molecular polarizability is dominant. With the addition
of half-cycle terahertz fields [13], it may also be possible to
produce field-free 3D orientation [2,14].

It is important to note that even in this small molecule,
the observed field-free 3D alignment shown in Fig. 3 per-
sists for ~300 fs. This is sufficiently long to permit a
variety of structural or dynamical measurement techniques
to be applied to FF3DA molecules. In fact, there is a major
ongoing effort to develop approaches to probing molecular
structures and dynamics using scattering or diffraction
techniques, as opposed to spectroscopic methods. The
development of ““fourth generation” synchrotron light
sources beckons the measurement of molecular structures
via the diffraction of short (<100 fs) x-ray light pulses
[15]. Complementary techniques include electron diffrac-
tion [16] laser-induced electron diffraction [17], high har-
monic generation [18] and tomographic imaging [19], and
multidimensional femtosecond coincidence spectroscopy
[20]. These techniques, when combined with field-free 3D
molecular axis alignment, will yield much more detailed
information about molecular structure and dynamics.
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