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Observation of persistent orientation of chiral molecules by a laser field with twisted polarization
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Molecular chirality is an omnipresent phenomenon of fundamental significance in physics, chemistry, and
biology. For this reason, the search for various techniques for enantioselective control, detection, and separation
of chiral molecules is of particular importance. It has been recently predicted that laser fields with twisted
polarization may induce a persistent enantioselective field-free orientation of chiral molecules. Here, we report
an experimental observation of this phenomenon using propylene oxide molecules (CH;CHCH,O, or PPO) spun
by an optical centrifuge—a laser pulse—whose linear polarization undergoes an accelerated rotation around its
propagation direction. We show that PPO molecules remain oriented on a timescale exceeding the duration
of the centrifuge pulse by several orders of magnitude. The demonstrated long-time field-free enantioselective
orientation may open new avenues for optical manipulation, discrimination, and, potentially, the separation of

molecular enantiomers.
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Chiral molecules exist in two nonsuperimposable forms
called enantiomers [1]. The ability to analyze and separate
mixtures of enantiomers is crucial, for example, in drug
synthesis as different enantiomers of chiral molecules may ex-
hibit strikingly different biological activities. Over the years,
various optical approaches have been developed to control
molecules in the gas phase and induce their alignment and
orientation (for recent reviews, see, e.g., Refs. [2-5]; the ear-
lier developments are reviewed in Ref. [6]). The most known
technique of this kind is the field-free alignment of linear
molecules by short linearly polarized laser pulses, which kicks
the most polarizable molecular axis towards the line defined
by the pulse polarization (see Refs. [2-6]; see also Ref. [7]
and references therein). Laser-induced molecular orientation
is a more challenging task; nevertheless, several techniques
have been suggested and demonstrated for the impulsive
orientation of linear and even asymmetric top molecules under
field-free conditions (for recent reviews, see Refs. [4,5]; see
also Ref. [8] and references therein).

Owing to the symmetry of light interaction with the in-
duced dipole moment, strong laser fields with a fixed linear
polarization can be utilized only to align, but not to orient,
molecules in space. In contrast, fields with twisting polariza-
tion break this symmetry, and were predicted to transiently
orient chiral molecules [9-11], as was recently confirmed
experimentally [12].

Here, we report an observation of a remarkable phe-
nomenon predicted theoretically in Refs. [10,11,13]—field-
free persistent enantioselective orientation (PESO) of chiral
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molecules, which lasts orders of magnitude longer than the
duration of the excitation laser pulses. The effect appears
when chiral molecules are driven by pulsed nonresonant laser
fields with twisted polarization. The simplest example of such
a field is a pair of delayed cross-polarized laser pulses [14,15],
and there is plethora of more sophisticated examples, includ-
ing chiral pulse trains [16-18], polarization-shaped pulses
[19-21], and an optical centrifuge [22-26].

In all the previously known approaches to impulsive
molecular orientation, including techniques using single-cycle
THz pulses [27-33], alone or in combination with optical
pulses [34-36], or two-color laser fields [8,28,37—43], the
orientation is short lived and disappears rapidly after the end
of the excitation pulses. Transient revival spikes may appear
at longer times, however, they ride on a zero baseline and their
time average is exactly zero.

Here, we observe an anomalously long-lasting enantiose-
lective orientation, having a nonzero baseline persisting on
timescales exceeding the duration of the excitation pulse
by several orders of magnitude, in full agreement with the
theoretical expectations [10,11,13].

In what follows, we begin with a qualitative discussion
of the PESO phenomenon, then present its experimental ob-
servation using chiral propylene oxide molecules spun by
an optical centrifuge. Finally, we present the results of the
quantum simulation of the PESO phenomenon. The results of
the experimental measurements are in a good agreement with
the theoretical predictions.

Qualitative discussion. This section briefly discusses the
origin of the PESO phenomenon (a more detailed discus-
sion can be found in our extended theoretical work [13]).
To be specific, we use a particular example of propylene
oxide molecule (CH;CHCH,O, or PPO) excited by an optical
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FIG. 1. (a) (R)-propylene oxide molecule. Atoms are color
coded: black, carbon; light gray, hydrogen; red (dark gray), oxygen.
Principal axes of inertia tensor (Z frame) are shown as solid arrows
and labeled by a, b, and ¢ (moments of inertia are ordered I, < I, <
1.). Coulomb explosion trajectories from a stationary molecule are
shown with thin lines (see Experimental Methods section for details).
(b) Binet ellipsoid. Shown in blue (thick) lines are the allowed
trajectories of the angular momentum vector. As an example, two
trajectories (7, and 7.") are labeled according to the notation used
in text.

centrifuge [22-24,44]. Figure 1(a) shows one of the enan-
tiomers of PPO [right handed, (R)-PPO] with its principal axes
of the moment of inertia (a, b, and c). At the classical level,
the trajectories followed by the angular momentum vector L
in the frame of principal axes are defined by the intersection
of an ellipsoid with semiaxes «/2E1,, /2E1,, and \/2E]I., and
a sphere of radius L,

L2+ L2 +12
IHTE )

Lo, L
2EI, 2EI, 2EI. [2

where I; are the moments of inertia, L; are the components of
the angular momentum vector (j = a, b, ¢) whose magnitude
is L, and E is the rotational energy. The moments of inertia
are ordered as [, < I, < I.. The trajectories can be visualized
with the help of Binet construction [45] [see Fig. 1(b)]. The
trajectories enclosing the poles of the a and ¢ axes are denoted
by Tki (k = a, c), where £ refers to the positive/negative
side of the axis [see Fig. 1(b)]. On these trajectories, the sign
of L; is conserved and it matches the sign of the trajectory
label (Tki). This means that in the course of a free rotation
of individual asymmetric top molecules, their a and ¢ axes on
average point either along or against the angular momentum
vector, but never flip their direction.

It is possible to optically excite an initially isotropic en-
semble of chiral molecules in such a way that the ensemble-
averaged quantities (4 - Z) or (¢ - Z) (here, Z is some axis in
the laboratory frame) keep their sign unchanged with time as
well. This can be achieved by a combination of two processes:
first, by orienting the averaged angular momentum vector
along this axis, and, second, by breaking the T,f vs T,”
symmetry.

Fields with twisted polarization in general, and the field
of an optical centrifuge in particular, can satisfy both re-
quirements when acting upon chiral molecules. An optical
centrifuge orients the averaged angular momentum vector per-
pendicular to the plane of twisting. Also, it induces a torque
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FIG. 2. Schematic illustration of our experimental geometry.
Cold PPO molecules in a seeded helium jet are spun in an optical cen-
trifuge and Coulomb exploded with a probe pulse between the plates
of a conventional velocity map imaging spectrometer, equipped with
a multichannel plate (MCP) detector and a phosphor screen. The
inset shows the fixed frame axes and the definition of angles 6 and
6>p used in text. Coulomb explosion trajectories from a stationary
molecule are shown with thin lines in Fig. 1(a).

(depending on the off-diagonal elements of polarizability)
which orients the molecules themselves perpendicular to the
plane [10,11]. In addition, it can be shown that this torque
also breaks the Tk+ vs T~ symmetry, allowing the long-term
orientation [13].

The persistence of the signs of (a - 7) and/or (¢ - 7) im-
plies that for any vector v fixed in the Z frame, the quantity
(v-Z) has a constant sign, too. This is important for our
experiments, utilizing the Coulomb explosion technique, be-
cause for chiral molecules fragment trajectories do not usually
coincide with the directions defined by the molecular axes a
and c.

Experimental methods and results. Our setup for producing
the field of an optical centrifuge has been built according to
the original recipe of Karzmarek et al. [22] and was described
in an earlier publication [44]. Briefly, we split the spectrum of
broadband laser pulses from a Ti:sapphire amplifier (10 mJ,
35 fs, repetition rate 1 kHz, central wavelength 795 nm) in two
equal parts using a Fourier pulse shaper. The two beams are
first frequency chirped with a chirp rate 8 of equal magnitude
and opposite sign (8 = £0.3 rad ps~2). The chirped beams
are then circularly polarized with an opposite sense of circular
polarization. The optical interference of these laser fields
results in a pulse illustrated in Fig. 2: Its polarization vector
is rotating in the XY plane with an instantaneous angular fre-
quency 2 = 2pt. The effect of imperfect circular polarization
was thoroughly studied with the help of simulations, and it
was found to have no effect on the main results presented
below. The duration of our centrifuge pulse is 20 ps.

We use a typical velocity map imaging (VMI) setup [46] in
which the molecular jet is intercepted by an intense femtosec-
ond probe beam between the plates of a time-of-flight (TOF)
spectrometer (see Fig. 2). Multiple ionization of a molecule by
the probe beam [full width at half maximum (FWHM) 50 fs,
1015 W/cmz] results in a Coulomb explosion, i.e., breaking
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FIG. 3. Experimentally measured two-dimensional (2D) orienta-
tion factor A({cos(f,p)) in the velocity distribution of (a) O and
(b) C* fragments as a function of optical centrifuge-probe pulse
delay ¢. Orange (light gray): right-handed molecule, (R)-PPO; blue
(dark gray): left-handed molecule, (S)-PPO. Note the reversal of
colors between the two plots.

of the molecule into ionized fragments. As the fragment ions
accelerate towards, and impinge on, the multichannel plate
detector (MCP), the projection of their velocities on the XZ
plane is mapped on the plane of the detector.

The VMI dc field strength in our setup was ~800 V/cm,
with an estimated component along the orientation direction
at least two orders of magnitude weaker than that required
for the mixed-field orientation [47,48]. Mass selectivity is
provided by gating the MCP at the time of arrival of the
fragment of interest. According to our experimental analysis
(covariance TOF), at this ionization regime the PPO molecule
breaks mostly into singly and doubly ionized atomic frag-
ments. Larger polyatomic fragments (specifically, OCH,* and
C,H,™) are typically seen at lower intensities but are not
accompanied by CT and O fragments. The time constants
of our MCP gate (20 ns) and of a phosphor screen (<10 ns)
lead to a mass resolution of 1 amu. A simplified model of
the Coulomb explosion shown in Fig. 1(a) predicts that the
velocities of C' ions (averaged over three carbon atoms)
and O ions have opposite projections on the laboratory
Z axis (see Fig. 4), in full qualitative agreement with the
experimental observations (see Fig. 3).

We extract the information about the molecular orientation
in the laboratory frame as a function of time by recording
VMI images at different centrifuge-probe time delays (see
Fig. 2). The experimental observable, bearing the information
about the degree of orientation, is conventionally determined
as (cos(6yp)). Here, 0,p is the angle between the projection
of the fragment’s velocity v on the velocity map imaging
detector plane (XZ plane) and the laboratory Z axis, where
(-- - ) implies averaging over the molecular ensemble. Positive
(negative) values of (cos(6,p)) reflect the orientation of v
along (against) the laboratory Z axis. In practice, an average
of a few million ion fragments were recorded for each set of
experimental conditions, resulting in a precision of 1073 in
determining (cos(6,p)). Approximately 20 ions per 10 laser

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
t (ns)

FIG. 4. Results of quantum mechanical calculations, showing
the expectation value of the 3D orientation factor (cos(0)) where
0 is the angle between the ions’ velocity vector and Z axis [see
Fig. 2] for (a) the oxygen ion velocity vector and (b) the carbon
ion velocity (averaged over the three carbons). See the main text
for the description of the calculation of the ion’s velocities. Orange
(light gray): (R)-PPO; blue (dark gray): (S)-PPO. The solid black
curves present the sliding time window averages of the signal,
{cos @)(1) = (A1)~ [ cos (0))(¢')dt', where At =100 ps.
The parameters of the optical centrifuge pulse are peak intensity
Iy =5 x 10" W/cm?, B = 0.05 rad ps~2, duration ¢, = 20 ps. The
initial rotational temperature was setto 7 = 0 K.

shots (the duration of a single VMI frame) were recorded
on average. To minimize systematic errors, e.g., due to the
inhomogeneous response of our detector as well as long-term
drifts in molecular density and laser intensity, we define the
following quantity (hereafter referred to as the “2D orientation
factor”),

A{cos(6hp)) = (cos(bap)) ey — (cos(Pp))

= 42(cos(0p))).v

where the indices O and O correspond to the clockwise
and counterclockwise direction of polarization rotation, as
observed along the laser beam propagation.

In Fig. 3 we plot the experimentally measured A (cos(62p))
for the velocity distributions of O and C* fragments. For
both, the enantioselective effect of the centrifuge is reflected
by the opposite sign of the 2D orientation factorA(cos(6;p))
for the two enantiomers. In the case of oxygen ions [Fig. 3(a)],
| A(cos(hap))| reaches values of the order of 1072 during the
interaction with the centrifuge field (first 20 ps), being posi-
tive for left- and negative for right-handed molecules. When
the interaction is over, the degree of orientation becomes
smaller, but maintains a nonzero value of opposite signs for
at least 700 ps (a maximum accessible delay time in the
current experimental setup). Carbon ions demonstrate similar
behavior, shown in Fig. 3(b). The nonzero 2D orientation
factor A{cos(6rp)) of C* also persists on the full available
timescale. As seen, the orientation signals of Ot and C* ions
are opposite to each other for both enantiomers, in agreement
with theoretical simulations (see Fig. 4).

021403-3



ILIA TUTUNNIKOV et al.

PHYSICAL REVIEW A 101, 021403(R) (2020)

Theoretical results. The chiral molecule is modeled as a
rigid asymmetric top having anisotropic polarizability. We
carry out both classical and fully quantum simulations of the
rotational dynamics. The molecular parameters and details of
our theoretical approaches may be found in Refs. [11,13].

We adopted a simplified model of a Coulomb explosion,
which assumes an instantaneous conversion of all constituent
atoms into singly charged ions, while keeping the molecular
configuration unchanged during the interaction with the probe
pulse [12]. Trajectories of the fragments are shown in Fig. 1(a)
by red and black arrowed lines for oxygen and carbon ions,
respectively. A static PPO molecule would eject its ions along
these directions that carry the information about the spatial
orientation of the molecule at the moment of explosion.

In the current experiment, the estimated rotational temper-
ature of the molecules is 10 K, the same as in our recent
experiment [12]. The theoretical analysis in Ref. [12] fully
took into account the temperature effects. Here, however, we
limited our simulations to 7 = 0 K, which provides orienta-
tion values comparable to that of 7 = 10 K [13] (see Fig. 7
there), thus allowing us to extend the simulated time period
by several orders of magnitude.

Figure 4 shows the results of our quantum mechanical
simulations, and presents the conventional (3D) orientation
factors (cos(6))—the expectation values of the projection of
the oxygen and carbon ions’ velocity vectors on the laser
propagation direction (Z axis in Fig. 2). Here, 0 is the angle
between the velocity vector and Z axis, and (---) denotes
the ensemble average or quantum expectation value for the
classical and quantum mechanical simulations, respectively.
The presented orientation factor (cos(9)) for the carbon ions
was obtained by averaging the results for the three individual
molecular carbons. Despite the simplicity of the adopted
Coulomb explosion model, there is a full correlation between
the distinctive features of the simulated and the experimen-
tally measured signals: (1) Both of them are enantioselective,
i.e., opposite for the two enantiomers; (2) simulated signals
reproduce the observed persistency of the orientation; and (3)
the theoretical model predicts the experimentally observed
opposite signs of the (cos(9)) values for the C* and O" ions
velocities. The orientation within our observation window
(20700 ps) is practically permanent, and opposite for the two
enantiomers. For additional details, we refer the reader to our
previous publications [12,13].

During the operation of the optical centrifuge, the angular
momentum increases. Figures 5(a) and 5(b) show the distri-
bution of the angular momentum magnitude (in units of )
as a function of time during the optical centrifuge operation
(20 ps). It is evident that the molecules undergo a forced
angular acceleration. Figure 5(c) shows the simulated (both
classically and quantum mechanically) 3D orientation factors
(cos(@)) for the corresponding time. The solid black curve
represents the envelope of the optical centrifuge field showing
that the peak intensity is reached after 2 ps.

For computational reasons, the angular acceleration used
in our simulation is lower than the experimental one (by
a factor of 6). The maximum attainable magnitude of the
angular momentum Jp, is proportional to the product 7,8,
while the basis size required for full quantum simulations of
the asymmetric-top molecule scales as J>__. The cubic scaling

max*

(cos(0))

t (ps)

FIG. 5. Distribution of the angular momentum in units of 7, J
as a function of time calculated (a) classically and (b) quantum
mechanically. (¢) Short-time dynamics of the 3D orientation factors
of (R)-PPO, (cos(9)). The angle 0 is the angle between the ion’s
velocity vector and Z axis [see Fig. 2]. The solid blue (dark gray) and
red (light gray) curves are results of quantum mechanical simulations
for the carbon and oxygen ions’ velocities, respectively, whereas the
dashed lines show the results of classical simulations for comparison.
The solid black curve represents the intensity profile of the optical
centrifuge field in arbitrary units. The parameters of the optical
centrifuge are the same as in Fig. 4.

forbids the direct quantum calculation involving very high
angular momentum states, although some progress is offered
by the semiclassical methods [49]. Moreover, at high J values,
the rigid-top approximation becomes invalid. However, even
with the chosen § value, our simulations qualitatively repro-
duce the observed effect.

In Ref. [13], it was pointed out that quantum effects lead
to degradation of the orientation on the long-time scale,
while this orientation is indefinitely permanent in the classical
model. To illustrate a smooth transition of the quantum orien-
tation dynamics into the one predicted by the classical theory,
we discuss the quantum mechanical behavior of our system
for various degrees of rotational excitation.

One of the ways to control the degree of rotational exci-
tation is by changing the duration of the centrifuge pulse .
Figure 6 focuses on the simulated orientation of the oxygen
ion velocity vector (cos #) within the experimentally accessi-
ble time window, but for various durations of the centrifuge
pulse 7,. As may be seen from Fig. 6(a), a relativity short
centrifuge of #, = 10 ps (providing a relatively low degree of
rotational excitation with a mean value of angular momentum
(J) ~ 12) results in high-frequency quantum beats riding on a
slowly oscillating coarse-grained time average (over a sliding
time window of At = 100 ps; see the solid and dashed black
curves). This is a behavior expected for a rotational wave
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FIG. 6. Results of quantum mechanical calculations, showing
(cos(@)) of the oxygen ion velocity for increasing rotational ex-
citation starting from (a) a mean angular momentum (J) = 12 up
to (d) (J) =24. Orange (light gray): (R)-PPO; blue (dark gray):
(S)-PPO. The solid and dashed black curves present sliding time
window averages as in Fig. 4. All the parameters are similar to Fig. 4,
while (a) t, = 10 ps, (b) t, = 11 ps, (c) t, = 15 ps, and (d) ¢, = 20
ps [similar to Fig. 4(a)].

packet consisting of a relatively small number of angular mo-
mentum states. When the duration of the centrifuge is slightly
increased to t, = 11 ps [Fig. 6(b)], a nonzero baseline appears
for the above-mentioned coarse-grained signals, which have
opposite signs for the two enantiomers of the PPO molecule.

The oscillatory behavior is pushed to longer times. In the
case of t, = 15 ps [Fig. 6(c)], the coarse-grained oscillations
are pushed even further, and are not observed within the
experimental time window (=750 ps).

Finally, for ¢, = 20 ps (corresponding to the actual duration
of the optical centrifuge pulse in our experiments), the two
orientation baselines are practically constant within the 750 ps
time window [see Fig. 6(d)].

Conclusions. Following the theoretical prediction of
Ref. [13], we experimentally demonstrated the phenomenon
of persistent enantioselective orientation (PESO) of chiral
molecules excited by laser fields with twisted polarization. We
found very good qualitative agreement between the quantum
mechanical simulations and the experimental results. The
molecular orientation direction depends on both the sense of
polarization twisting and the handedness of the molecule. A
higher degree of orientation is expected at lower tempera-
tures of the gas, as shown in Fig. 4, where an orientation
degree of 3% is predicted at 0 K. The effect of angular
acceleration of the centrifuge on (cos(f)) was outside of
the scope of our work, and needs to be carefully analyzed
in terms of its influence on the chiral selectivity. Similarly,
using bichromatic fields, elliptical polarization, and/or dc
external fields may offer other ways of enhancing the observed
effect.

This long-lasting orientation, unavailable in previous
schemes of orienting molecules with electromagnetic fields,
provides modalities for controlling the motion of chiral
molecules, detecting molecular chirality by means of nonlin-
ear optics, and potentially for separating the laser-oriented
enantiomers in external inhomogeneous fields (see, e.g.,
Refs. [48,50,51], references therein, and recent reviews
[3,4,52]).
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