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CHEMICAL PHYSICS

Scattering of adiabatically aligned molecules by
nonresonant optical standing waves

Lee Yeong Kim'#*, Byung Gwun Jin**, Tae Woo Kim?, Ju Hyeon Lee?, Bum Suk Zhao'*'

We study the effect of rotational state—-dependent alignment in the scattering of molecules by optical fields. CS,
molecules in their lowest few rotational states are adiabatically aligned and transversely accelerated by a nonres-
onant optical standing wave. The width of the measured transverse velocity distribution increases to 160 m/s with
the field intensity, while its central peak position moves from 10 to —10 m/s. These changes are well reproduced
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by numerical simulations based on the rotational state-dependent alignment but cannot be modeled when
ignoring these effects. Moreover, the molecular scattering by an off-resonant optical field amounts to manipu-
lating the translational motion of molecules in a rotational state-specific way. Conversely, our results demon-
strate that scattering from a nonresonant optical standing wave is a viable method for rotational state selection

of nonpolar molecules.

INTRODUCTION

Molecular alignment by nonresonant laser fields has been studied
extensively for the past three decades (I, 2). Alignment or orientation
of molecules is critical for investigations of structural aspects and has
been exploited in various experiments including x-ray (3) or electron
diffraction in the gas phase (4), generation of high harmonics (5), or
tomographic reconstruction of molecular orbitals (6). Molecular
alignment also plays a key role when controlling molecular transla-
tion with laser fields (7-9).

Alignment occurs through the state-dependent interaction of non-
spherical molecules with laser fields, which creates directional states
via hybridization of molecular rotation (10). As a result, for instance
for linear molecules, the molecular axis becomes aligned along the
laser polarization direction. The initially freely rotating molecules are
confined and librate angularly around the laser polarization axis with-
out dissipation of the rotational energy. Therefore, the molecules are
more tightly angularly confined when their initial rotational energy is
small or the laser intensity is large. Namely, the degree of alignment of
a given directional state depends on the rotational state associated
with it and on the laser intensity. The state-dependent molecular
alignment and its coupling to translation are instrumental in deter-
mining the motion of molecules in laser fields (10-16). However, so
far, experimental results have been interpreted without considering
the effects of molecular alignment (17-21). Only recently have the
state-averaged alignment effects and the state-dependent interaction
been demonstrated for CS, molecules in propagating laser fields (7, 8)
and standing waves (22), respectively. A low rotational temperature
Trot ~ 35 K of the molecules played a crucial role in both experiments.
Nonetheless, state-dependent alignment was not considered in these
experiments. A subsequent theoretical study predicted that scatter-
ing of CS, molecules at Tyt ~ 1 K by an optical standing wave would
exhibit strong state-dependent alignment effects on the molecular
trajectories (23). The present study experimentally confirms this the-
oretical prediction.
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An optical standing wave is created by two counter-propagating
laser beams of wavelength A and amounts to a periodic structure with
period A/2. A matter-wave diffracted from the periodic structure ex-
hibits diffraction peaks separated by integer multiples of 24k in mo-
mentum space, with k and -k the wave vectors of the two laser beams
and k = 2n/). This matter-wave diffraction is known as Kapitza-Dirac
(KD) diffraction (24) and was first demonstrated for point-like par-
ticles such as atoms (25) and electrons (26). The scattering can also
be understood as a deflection of particles by their interaction po-
tential with an optical standing wave. The spatial gradient of the
potential imparts a force to the particles, as a result of which their
velocities vary after passing through the standing wave. For ma-
nipulating atoms, a dipolar interaction potential between the stand-
ing wave and the induced dipole moment of the atoms was applied
and used to measure polarizabilities (27), and an accelerating, pe-
riodic, dipolar potential was used to accelerate metastable Ar atoms
from 0 to 200 m/s (28).

Both the coherent and incoherent scattering has been extended to
molecules. For large molecules such as Cgp and Cyg (29), the coherent
KD effect has been explored in a Talbot-Lau interferometer (30). The
Talbot-Lau interferometer with KD diffraction then served as an an-
alytical tool to pinpoint the process where molecular fragmentation
occurs in a mass spectrometer (31) and to measure the electronic
properties of molecules (32). On the other hand, the classical dynam-
ics of small molecules in standing waves has been studied to tailor the
translational motions of molecules in a supersonic beam. For instance,
standing waves were used to change the longitudinal or transverse
velocity distributions of H, molecules (33) and CS, molecules (22),
respectively, by aligning the standing wave parallel or perpendicular
to the molecular beam axis.

When the frequencies of the two laser beams creating a standing
wave differ by Aw, the standing wave moves with velocity vy, = Aw/k
(34-36). Slow NO molecules (37) and stationary C¢He molecules
(38) were produced by the incoherent molecular scattering from a
standing wave moving at constant velocity along the molecular beam
direction. However, in these extensions of coherent or incoherent KD
scattering to molecules, the effects of molecular rotation remained
largely unresolved. And yet, it is the molecular rotation, in addition
to vibration, that distinguishes molecules from atoms or subatomic
particles.
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Here, we demonstrate the effect of state-dependent alignment on
the scattering of CS; molecules by a standing wave formed by two
counter-propagating pulsed infrared (IR) laser beams of identical
properties: wavelength A, waist radius (¢~ radius) wy, pulse duration
[full width at half maximum (FWHM)] 1, polarization, and peak in-
tensity Ip. To investigate the alignment effect, we use rotationally
cold molecules (Tyot ~ 1 K) occupying only a few rotational states.
Control experiments are performed with molecules at Tyt ~ 35 K,
where the alignment effect is predicted to be averaged out (23). The
molecular beam of Tyt ~ 1 or 35 K is transversely dispersed by the
optical standing wave. We measure the resulting velocity distribu-
tions using a velocity map imaging technique (39). The shape of the
distribution varies drastically with increasing Iy. This effect is well
reproduced by quantum classical simulations if these include the
state-dependent alignment of the molecules. Our results therefore
demonstrate how rotational state-specific alignment of molecules can
be exploited to manipulate their translational motion. This illustrates
that the rotational state-dependent force imparted by the nonreso-
nant optical standing wave can be used as a new tool for rotational
state selection of nonpolar molecules.

The interaction potential between the ground-state CS, molecules
(%) and a laser field of intensity I is Uz—%(a" cos20 + a, sin%0)
Zol = —%ZOI[ (o - o, )cos?0 + 0, ], where oy and o, are the polariz-
ability components parallel and perpendicular to the molecular axis, 6
is the polar angle between the molecular and laser polarization axes,
and Z; is the vacuum impedance. Spherical harmonics Yj y = |j,M>
and their superpositions Wy (I)= ] i CJ]-’M(I ) | jM > (2) describe the
rotational motion of the molecules in the absence (I = 0) and presence
(I>0) of the field, respectively. Here, j and M are the quantum num-
bers respectively associated with the rotational angular momentum
and its projection onto the laser polarization axis with j restricted to
even integers for 120323, (40). W) m evolves from W) (I = 0) = | j,M>
to Wy am(I) when the field is turned on slowly over a time scale longer
than the rotational period (41).

The expectation value <W¥j|cos’0|W) > represents the state-
dependent directional properties of molecules in a laser field and is
known as the alignment cosine. The alignment cosine denoted by
<cos?0> M = <cos’0> s,m(I) is a rotational state-dependent function
of the laser intensity. Thus, the polarizability component along the
space-fixed laser polarization axis is oy (I) = (o - 0,,) <cos?0>) ) +
0, (12). Since the time scale of the intensity variation associated
with molecular translation generally surpasses the rotational period
by several orders of magnitude (14), the classical trajectories of mol-
ecules or the quantum phase accumulated along the beam path in
slowly varying laser fields is determined by the approximate poten-
tial U],M(I', t)= —%Ot],M [I(r,t)]I(r,t) Zy.

In Fig. 1B, we plot the calculated alignment cosine <cos’8>(I) and
the corresponding oy;(I) for the lowest rotational states of ] = 0 (black)
and J = 2 (red, blue, and light orange) for an optical standing wave
field characterized by the spatial intensity profile plotted in Fig. 1A.
The deviation of oy(I) from 0;(0) at x = £0.25A (at the standing
wave nodes where the intensity vanishes) indicates the molecular
alignment effect, as seen from the corresponding change of <cos*0>; 1.
0y,1(0) represents the polarizability without considering the alignment
effect. Note that not only the maximum oy (I) value but also the as-
pect of alignment depend on the rotational quantum state. Generally,
0y M(Imax) > @7,0(0), except for the state of J= 2 and M = 0 at very small
I. Only a small fraction of CS; molecules populates this state at Tror =
1 K, and their contributions to the velocity profiles are less substantial.
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Fig. 1. State-dependent alignment-considering molecular polarizability o, m(/)
and the corresponding molecular interaction potential for the given standing
wave intensity variation. (A) Spatial intensity profile of an optical standing wave
plotted as a function of x. The maximum intensity /.y of the standing wave is
13 x 10" W/cm?. (B) The estimated alignment cosine <c0526>J,M (left) and the
corresponding molecular polarizability o, ml/(x)] (right) shown for the spatially varying
field intensity and for rotational states of J = 0 (black) and 2 (red, blue, and light
orange). These two J states account for 88% of the CS, population at Tyot = 1K.
(C) Molecular interaction potentials U;ull(x)] for ayml/(x)] (solid lines) and o,u(0)
(dotted lines) for the states marked in (B). The red solid curve is partially concealed
by the light orange one.

0.25 0.50

The molecular interaction potentials Ujp[I(x)] are plotted for
oy,m[I(x)] (solid lines) and a;,(0) (dotted lines) in Fig. 1C. The mo-
lecular alignment strengthens the dipolar interaction and changes
the order of Ujp(x = 0). For example, |Ujp(x = 0; oyum[I(x)])] >
|Upm(x = 05 oy pm(I = 0])] and |Upo(x = 0)| and |Upp(x = 0)| are, re-
spectively, the largest with and without considering molecular align-
ment. Therefore, the state-dependent alignment needs to be considered
for the proper analysis of experiments at low Tyot.

RESULTS

Figure 2 shows an illustration of our experiment [see (9) and Mate-
rials and Methods for details]. A rotationally cold molecular beam
is collimated by two skimmers and a vertical slit before it interacts
with the optical standing wave of intensity I(x,y,z,t) = 4lpexp[-2(y* +
22)/w02]exp.[—4ln(2)(t/r)2]cosz(an/X), formed by two counter-
propagating laser beams (IR1 and IR2). Their waist radius wy and
pulse width T are 21.5 + 1.0 pm and 7.5 * 0.1 ns, respectively. Only
molecules that pass through the center of the standing wave and occupy
the vibrational ground state are ionized by a probe dye laser beam
(Probe) through resonance enhanced multiphoton ionization (REMPI)
processes with the transition [%] np 6, (', — X 12; (42, 43). An
ion lens system consisting of three electrodes performs velocity map
imaging, namely, ions with the same initial velocity are mapped
onto the same position at the two-dimensional ion detector (39). The
ion signal is amplified and converted into a light signal by a multi-
channel plate (MCP) and a phosphor screen (PS), respectively. The
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Fig. 2. Schematic diagram of the experimental setup. A molecular beam of CS,
molecules is scattered by a pulsed optical standing wave. The rotationally cold mo-
lecular beam is produced by supersonic expansion from an Even-Lavie valve with
stagnation pressure Py and temperature Ty. The standing wave is formed by focus-
ing two counter-propagating laser beams (IR1 and IR2). Their wavelengths A and
waist radii wp are 1064 nm and 22 pm, respectively. The velocity change due to the
scattering is measured by the velocity map imaging technique. We ionize mole-
cules passing through the center of the standing wave by a probe dye laser beam
(Probe). An ion lens system consisting of three electrodes performs velocity map

imaging. The ion signal is amplified and converted into a light signal by an MCP
and a PS, respectively. The luminescence is recorded by an ICCD camera and a PMT.

luminescence is recorded by an intensified charge-coupled device
(ICCD) camera and a photomultiplier tube (PMT). The foci of IR1
and IR2 overlap at the origin of our coordinate system. IR1 propa-
gates parallel to the positive x axis, while IR2 and Probe propagate in
the opposite direction. The linear polarization axis of the three laser
beams corresponds to the vertical direction, which we choose as the
y axis. The molecular beam direction is almost parallel to the z axis
with a deviation angle of 5 mrad.

Figures 3 and 4 show sets of measured (first panel) and simulated
(second panel) velocity map images of CS, molecules scattered by
the standing wave for Tyo ~ 1 or 35 K, respectively, with I, ranging
from 0 to 6.3 x 10'° W/cm?. The images show the transverse velocity
distribution functions f{vy,v};1o). In the third panel, we compare the
velocity profiles along the v, axis h(v,;Ip) of the two images.

Figures 3A and 4A present the velocity distributions f(vs,v,)off =
Sf(vovyslp = 0) and their profiles h(vy)off = h(v;Iy = 0) obtained with
the standing wave off. f{vy,V,)ofr is a convolution of the initial trans-
verse velocity distribution function with the velocity changes during
ionization vyecoi and blurring at the detector. In our experiment, the
detector blurring dominates f(vy,vy)ofr. The simulated and measured
data agree well except that the measured image and profile have wider
tails than simulated counterparts. This difference might be due to the
high peak intensity (about 10'" W/cm?) of the probe laser. The de-
tailed mechanisms of the dependence on the probe intensity are not
yet fully understood.

The measured images and profiles vary drastically with increas-
ing I as shown in Figs. 3 (B to H) and 4 (B to H): Pairs of outer peaks
appear sequentially, while the width and position of the central peak
vary. The outer peaks are associated with rainbow-like singularities
(15, 22), which are substantially suppressed by the detector blurring.
In Fig. 3H, there exist shoulders at v, = 12 and -29 m/s, which are
manifestation of additional rainbow-like singularities and are absent
in Fig. 4H. Also note that the dataset for I, = 2.4 x 10" W/cm? in
Fig. 3D is similar to the one for Iy = 3.2 x 10'° W/cm? in Fig. 4E.

This is well reproduced by our simulations including state-
dependent alignment. The deviation in Figs. 3 and 4 can be attributed
to the same mechanisms related to the imperfect reproduction of the
measured off images in Figs. 3A and 4A and to the lateral fluctuation
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Fig. 3. The measured (first panel) and simulated (second panel) transverse ve-
locity distributions and their profiles (third panel) along the v, axis for eight
lp values for T,o¢ = 1 K. (A to H) The number in each graph indicates ly in the unit of
10" W/cm? The accumulation time for the measured images is 1200 s, which cor-
responds to 12,000 laser shots. The images are normalized to the total signal inten-
sity of each image. Gray profiles with shading and solid black curves correspond to
the profiles of the measured and simulated images, respectively. The profile in (A)
represents the initial transverse velocity distribution, which is centered at v, ~ 10 m/s.
As Iy increases, the profile becomes asymmetric and its central peak position moves
to vy = —10 m/s. These asymmetries result from the phase-space rotation of the mol-
ecules during the laser pulse duration and the average initial velocity along the
X axis, <Vox>~ 10 m/s (see Fig. 5, Gand H, and Discussion for details). The degree of
the rotation depends on U, (/) o< o m(/)l, which varies the asymmetries according to
lo. For an initial velocity distribution of <vg,> = 0, the profiles would be symmetric.

of the IR foci (SD, 2.9 um). In the simulations, we use the <vy,> value
as a fitting parameter, determined as 10 + 1 m/s, with other parameters
predetermined in the previous experiment (7o) (9) or determined
by deflection experiments with a single propagating laser beam (wy).
The details of the simulation can be found in Material and Methods.

In addition, simulated results using the alignment-ignored polar-
izability a,/(0) are compared with the experimental data. Figure 5A
shows the measured and the two simulated velocity profiles for I =
3.2 x 10'® W/cm?. Dissimilar from the simulated profile with a; (1),

30f8

0202 ‘6T |udy uo /Bio Bewasusios saoueApe//:dny woly papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

Fraction of molecules
[

0.00 0.01 0.02 0.03
<

(/2]
A g
3
()
3
[e]
£
=
o
C
S
S
(&)
©
IC
2]
B &
)
[$)
Q@
[e]
£
=
(o]
c
S
S
[§)
©
—
[T
(/2]
C3
3
[$)
@
o]
£
=
(o]
C
S
9
[$)
(]
—
[T
[}
D 3
>
[}
Q@
[e)
£
=
(o]
c
S
S
[§]
E
L0

000 h
-100-50 O 10
v, (ms™)

Fig. 4. The same data as Fig. 3 for T,,: = 35 K. (A to H) Compared with the data for
Trot = 1Kiin Fig. 3, a distinctive central peak around vy = -10 m/s appears at higher
Io for Tyor = 35 K. This peak turns up in (F) at lp = 3.9 x 10" W/em?, while it is clearly
visible at [p = 3.2 x 10" W/cm? for the lower rotational temperature (Fig. 3E). The
shift of the peak arises from the half phase-space rotation of the initial distribution
of the molecules. At T, = 35 K, average values of <c0526>1,M and oyu(/) are smaller
than at T,ot = 1K, as the molecules are less aligned at the higher temperature. Since
the degree of the rotation increases with the product of a,u(/) and /, the half rota-
tion requires higher / for Tyor = 35 K.

the simulated profile with ay/(0) is notably distinct from the mea-
sured one.

For a more quantitative comparison, we define two characteristic
widths of the velocity distribution h(vy)on: Wo5 and Wy ;. These
widths indicate the velocity outer-full widths at 50 and 10% of the
maximum, respectively. Despite the arbitrary choice of the two widths,
Wo.s and Wy represent a good quantitative measure for the shape
variation of h(vy)on with Ip. In Fig. 5B, the two widths are plotted in
different colors against Iy. The experimental data (symbols) are com-
pared with the results calculated with ay(I) (solid lines) and ay;/(0)
(dotted lines). The theoretical W 5 curves display a threshold Ip* val-
ue at which W5 changes abruptly and exhibit a minimum at I min.
The effect of state-dependent molecular alignment is characterized
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Fig. 5. Comparison of the experimental measurements with two series of nu-
merical simulation obtained with o, u(/) and a,x(0). (A) The measured velocity
profile for Ip = 3.2 x 10'® W/cm? (gray profile with shading) is plotted together with
the corresponding simulated profiles obtained with (solid curve) and without
(dashed curve) considering the molecular alignment. Two characteristic velocity
widths, Wo; and Wy, are marked in the experimental profile (green and blue, re-
spectively). (B and C) Velocity widths Wy, and Wy s, determined from measured
and simulated profiles, plotted against Ip for Tyot = 1 K (B) and Tyt = 35 K (C). Squares
denote measured data, while solid and dotted curves represent simulation data
with oyum(/) (considering alignment) and o,,(0) (ignoring alignment), respectively.
(D) Horizontal error bars are estimated from the nominal energy stability of an IR
laser beam (0.8%) and uncertainties in wy, 1, and pulse energy measurements
(£0.1 mJ). Vertical error bars are calculated assuming +10% errors in the profile peak
determination. Calculated positions of molecules in the lowest rotational state (J=0)
are plotted as functions of time for 16 different trajectories, accounting for align-
ment effects [oyum(/), solid curves]. For two representative position functions A and
B, we show comparison curves A" and B’ calculated without alignment effects
[om(0), dashed curves]. (E and F) The simulation results at t = 5 ns are plotted in
phase-space diagrams for aym(/) (E) and ayu(0) (F). The dotted curve indicates a
separatrix at t = 0 ns, inside which the molecules are temporally trapped by the
standing wave potential. Thick blue and green lines show two representative tra-
jectories, corresponding to A and B in frame (D), from t = -5 to 5 ns [open circle at
-5 ns, filled circle at 5 ns, compare to red shaded area in (D)]. The minimum W5 in
(B) is associated with the half phase-space rotation of the molecules near the cen-
ter of the diagram in (E). For a,;;(0), those molecules cannot make a half rotation as
illustrated by the three blue trajectories, resulting in a larger W 5. The larger v, for
B than for B’ originates from the wider vertical width of the separatrix for oyum(/)
than for a;,(0) and leads to the larger Wy ;.

0.25

by two aspects: (i) a decrease in Iy* and Ip min and (ii) an increase
in W0.1~

On the other hand, at the higher rotational temperature of Ty =
35 K, the two corresponding simulation results are almost identical
and agree well with the measurements (Fig. 5C), thereby confirm-
ing previous experimental results (22) and theoretical predictions
(23) quantitatively. The agreement also validates the determination
of <vp,>.
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DISCUSSION

The different dipolar potentials for the two cases shown in Fig. 1C
are responsible for the dissimilar simulated profiles in Fig. 5A. The
acceleration given by the optical dipole force F =—VU determines
molecular trajectories and final velocities. Figure 5D shows calcu-
lated molecular trajectories (solid curves) with oj (1) for I = 3.2 x
10° W/cm? and initial conditions of v, = 10 m/s, voy =0 m/s, vo, =
1740 m/s, and J = 0. Two representative trajectories shown as thick
solid curves (A and B) are compared with the corresponding ones
simulated with oy,/(0) (thick dashed curves, A’ and B’). The align-
ment effect leads to a large variation in molecular positions. The
slopes of the corresponding pairs of solid and dashed curves at ¢t =
10 ns, representing the calculated final velocities, appear to be subs-
tantially different.

The two aspects manifested in Fig. 5B can be understood quali-
tatively with the molecular dynamics in phase space. The two phase-
space plots in Fig. 5 (E and F) show the calculated results at t = 5 ns
with and without considering molecular alignment, respectively,
together with the corresponding separatrices at t = 0 (dotted lines).
Here, we neglect the effects of electron recoil and detector blurring.
If the laser intensity I and the molecular polarizability o were con-
stant, the time required for a half })hase—space rotation, fhap would
be reversely proportional to (41))"'* for molecules near the center of
the diagram where the potential can be assumed to be harmonic. In
other words, the extent of phase-space rotation for a given time in-
creases with (41a)"2.

Although the standing wave is pulsed in our work, this propor-
tionality still gives a qualitative understanding. Aspect (i), the decrease
in I; and I, is closely related to the condition at which fpr = t
(36, 37). For example, thyr= 7.1 ns at Iy = 3.2 X 10'° W/cm?, which is
evaluated with I = I and o = <oy 5/(4Ip)>. Thus, the molecules near the
center of the separatrix (blue trajectories in Fig. 5 (D and E) have per-
formed nearly a half rotation at t = 5 ns, as shown in Fig. 5E corre-
sponding to the minimum of Wjys. On the other hand, when the
alignment effect is ignored, tha¢ = 8.7 ns and the corresponding mole-
cules (blue trajectories in Fig. 5F) rotate quite less than 180° at
the same conditions. The half rotation might occur at Iy min = 4.7 X
10'° W/cm?, which is quite close to Ip iy of the dotted blue curve in
Fig. 5B. Therefore, the half phase-space rotation during the laser pulse
duration explains the rather distinctive peaks at v, = —-10 m/s of the
profiles in Figs. 3 (E and F) and 4 (F to H). The underlying physics of
the similar peak in Fig. 3 (G and H) is not clear at this moment. At
least, these peaks are not caused by the detection of untrapped parti-
cles, to which strong peaks at an initial velocity or energy value was
attributed in the previous scattering experiments (38, 44), since they
are different from the initial peak position in Fig. 3A.

Aspect (ii), the increase in Wy 3, is associated with the molecules
following anharmonic dynamics (45). The vertical width of the sep-
aratrix is proportional to (4Ia)"%, which determines the maximum
|vx| of molecules near the separatrix where the anharmonicity of the
potential plays a important role. Since, generally, oy,y(41p) > oy,1(0),
the alignment-considered analysis always shows a larger Wy ; than
the alignment-ignored analysis.

The rotational temperature dependence in the transverse velocity
distributions affects the degree of phase-space rotation and the in-
crease in the outer width, both of which are proportional to (4Ia)"?,
Since the state-averaged oy(4) is bigger for Tyo = 1 K than for Tyt =
35 K, stronger I is necessary for Tyot = 35 K to attain the similar
phase-space rotation and outer width for T, = 1 K. This explains the
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resemblance between Figs. 3D and 4E. The distance between inner
rainbow-like peaks also scales with (41(1)1/ 2 which, together with the
narrow distribution of rotational states at T, = 1 K, accounts for the
distinctive shoulders in Fig. 3H. At Ty = 35 K, the molecules occupy
a large number of rotational states. The distance between the rainbow-
like peak pair varies with the rotational state, and the maximum
distance is smaller for the higher rotational temperature. Therefore,
the weak rainbow-like feature spreads out, and it is not visible in
Fig. 4H (22).

Overall, for Ty = 1 K, the simulation based on 0;,/(I) shows much
better agreement with the experimental data than the one based on
0y,m(0). This agreement confirms the effect of state-dependent molec-
ular alignment on molecular scattering by an optical standing wave.

Our demonstration has implications for various experimental
studies on both coherent and incoherent scattering of molecules in
directional states by optical standing waves. Our experiment can
serve as a new tool for measuring the polarizability anisotropy Aa =
a) — o, of small molecules. The alignment cosine depends on an-
isotropy, as does the interaction potential. Therefore, the molecular
polarizability anisotropy could be measured by comparing widths
of measured and simulated profiles as shown in Fig. 5 (B and C), with
other parameters such as a rotational temperature of predetermined
samples. Such a method for measuring the polarizability anisotropy is
complementary to the techniques based solely on the molecular
alignment by nonresonant propagating laser fields (46-49).

Furthermore, scattering from a nonresonant optical standing wave
can be applied to achieve rotational state selection of nonpolar mole-
cules, complementing recently demonstrated techniques for state
selection of polar molecules (50, 51). According to our analysis con-
sidering the alignment effect, the velocity profile of Fig. 3B implies that
the part of v, < —17.4 m/s (about 2.1% of the total area) contains mol-
ecules in the J = 0 state with a purity of 95%. The fraction and purity
can be improved further by optimizing parameters such as Iy, wo, T,
<Vox>, and Tyor. For example, the fraction and the purity for the part of
vx < —=29.9 m/s are 3.2 and 95.4%, respectively, in the simulation using
Ip=1.16 x 10 W/cm?, wy = 80 um, T =28 ns, and <vy,> = 30 m/s (see
fig. S2). These parameters are feasible with current technology (28).
Furthermore, a larger wy makes this method more robust, because the
lateral fluctuations of the IR foci (about 3 pm) get less influential with
increasing wy. Note that state-dependent alignment is critical not only
in state-selection studies but also in state-dependent deceleration of
molecules of low rotational temperature with moving lattice poten-
tials (37, 38), where an analysis neglecting the state-dependent align-
ment will lead to incorrect results.

Although our present analysis concerns CS,, the rotational state
selection by an optical standing wave can be applied more broadly.
Since the acceleration of two adjacent rotational states differs by the
order of (AaB/I)"*/m (10), the selection of the rotational ground state
J = 0 can be easily implemented for all linear molecules with suffi-
ciently large rotational constant B or small mass . Further studies
are required to test the applicability of this method to larger mole-
cules, symmetric tops or asymmetric tops, and rotational states of
J > 0. However, the effect of the state-dependent alignment will be
critical for all these studies.

Last, we note that the degree of molecular alignment can be fine-
tuned to some extent by varying the standing wave’s polarization
state. For instance, an optical standing wave formed by two counter-
rotating elliptically polarized light beams with ellipticity € and in-
tensity of (1 + €*)I exhibits linear polarization rotating periodically
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along the x axis, while its intensity profile is given by I(x) = 2Io[(1 +
€?) + (1 - €)cos(4nx/A)] (52). Thus, varying € makes it possible to
adjust the minimum intensity 41pe* > 0, thereby allowing control of
the degree of molecular alignment in the standing wave field.

The state-dependent directional properties of molecules are im-
portant in controlling translational molecular motions in various
combinations of optical standing waves, electric, and magnetic fields.
As well as the interaction of polarizable molecules with an optical
field, it is known that interaction of polar molecules with combined
optical and electric fields depends on their directional properties.
Angular motions of molecules in such combined fields have been
studied theoretically (53, 54) and experimentally (55, 56) for propa-
gating laser fields. It will be intriguing to extend these studies toward
controlling molecular translation using standing wave fields.

MATERIALS AND METHODS

Experimental design

The apparatus operating at 10-Hz repetition rate is the same as the
one used in our previous work (9), except optical standing waves re-
place propagating waves. A pulsed cold molecular beam is produced
by expanding CS, molecules at 427 mbar, which is the CS, vapor pres-
sure at 295 K, in 21 or 81 bar of He carrier gas through an Even-Lavie
valve into high vacuum. Under these source conditions, the respective
high-vacuum pressures in the source chamber are 3.9 x 10”7 and 1.1 x
10"® mbar, respectively. The resulting rotational temperatures Trot
were estimated to be 1 and 35 K, respectively, in the previous report
(9). The molecular beam is collimated by two skimmers (Skimmerl
and Skimmer2) of 3- and 1-mm diameter, respectively. The second
chamber is located between the two skimmers. Skimmer2 separates
the second chamber and the detection chamber. The pressures of the
two chambers are below 3.0 x 107 mbar. A vertical slit of 200-um
width and 3-mm height further collimates the molecular beam along
the x axis. The collimated molecular beam is crossed at 89.7° by a
pulsed standing wave. All the distances between the components are
given in Fig. 2.

Two counter-propagating laser pulses (IR1 and IR2) with the same
properties overlap at the center of the detection chamber to form
the pulsed standing wave. A single pulse from an injection-seeded
Nd:YAG laser, whose wavelength A and pulse width t are 1064 nm
and 7.5 + 0.1 ns (FWHM), respectively, passes through an optical iso-
lator and is split into two by a beam splitter. After the beam splitter,
the energy and polarization of the two pulses are adjusted by two sets
of a zero-order half-wave plate and a Glan laser polarizer, respectively,
to achieve the same peak intensity I, and linear polarization along the
y axis. After propagating the same distance, they are focused by two
lenses with focal lengths of 18.0 cm mounted on the opposite sides of
the detection chamber. The waist radii wy of the focused laser beams
are estimated as 21.5 + 1.0 um.

The molecules affected by the pulsed standing wave are ionized
by a linearly polarized probe pulse of Tprobe = 4 ns and Aprobe =
477.7 nm. At this wavelength, ionization occurs through a (3 + 1)
REMPI process with the transition [%] npo, (') — X'X§ (42, 43).
The probe pulse is produced by a dye laser pumped by a third har-
monic of another Nd:YAG laser, of which the energy and polariza-
tion are set to 1.0 mJ and vertical polarization by a zero-order half-wave
plate and a Glan laser polarizer. After being expanded by a set of a con-
cave and convex lenses, the beam is focused by the same plano-convex
lens that is used to focus IR2, which results in its waist radius wo probe
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~ 5 um. The probe pulse is delayed by 30 ns with respect to the IR
pulses to avoid any two-color processes. The delay then requires a
spatial shift of the dye focus along the z axis for the selected ioniza-
tion of the dispersed molecules. To detect the most dispersed mole-
cules, the y position of dye focal point is adjusted to y = 0.

The molecular ions are accelerated and focused by an electrostatic
lens system onto a multi-channel plate (MCP) after flying 342 mm
through a time-of-flight (TOF) tube. A repeller, an extractor, and
ground electrodes made out of stainless steel constitute the ion lens
system. They are 2-mm-thick disks of 90-mm diameter with holes at
their center, whose diameters are 4 mm for the repeller and 20 mm
for the others. The extractor is separated from the repeller and the
ground by 16 mm. The voltages of the repeller and extractor are set to
900 and 644 V, respectively, which provide the velocity map imaging
condition. Then, the ratio of the position at the detector to the TOF
of an ion is its transverse velocity just after the ionization of a neutral
molecule. This velocity is assumed to be the same as the velocity of
the neutral molecule.

The ion signals are amplified and converted into luminescence by
an MCP and a PS at its backside, respectively. The light signal from
the PS is simultaneously detected and converted into electric signals
by a PMT and an ICCD camera. The signals from the PMT and
ICCD are transferred to a digital oscilloscope and a personal com-
puter, respectively. We monitor the TOF spectrum on the scope to
gate the intensifier, which allows us to record images of CS,".

Velocity calculation

For the quantitative comparison of experimental and simulated
data, we include the effect of the detector blurring in the calculation.
The blurring at the MCP, the PS, and the intensifier constitute the
total detector blurring function g(vy,V))detector- TO quantify it, we an-
alyze the smallest ion images with the number and intensity of the
laser pulses set to minimal values. We fit a two-dimensional Gauss-
ian function to each of those images. The average FWHMs along the
x and y axes of the resulting Gaussian functions are 12.9 + 1.5 and
13.3 + 1.5 m/s, respectively. We approximate g(vy,Vy)detector t0 a two-
dimensional Gaussian function with these two FWHMs, A vdetecter
and A 1/?/etector.

To simulate f{vy, vy)oft in the second panel in Figs. 3A and 4A, we
approximate the initial velocity distribution function g(vox,voy)init to
a two-dimensional Gaussian function centered at (<vg,> = 10 m/s,
<voy> = 0 m/s) with the FWHMSs Avy, = 4.3 and Avy, = 3.6 m/s, assume
isotropic electron recoil during ionization, and use g(vx, v))detector for
the blurring at the detector. Avy, and Avy, are approximately deter-
mined from the line-of-sight argument. The given REMPI process
results in Veecoil = 2.7 m/s (8). Since the spreads of g(vy,vy)detector are
much larger than the other two factors, the detector blurring governs
f(an Vy)off-

The Monte Carlo sampling method is used to select the initial ve-
locity (vox, Voys Voz), the initial position (xo, yo, 20), and the initial
rotational state |j,M> of each individual molecule. Initial transverse
velocities are given by g(voxVoy)init- The probability function for v, is
a Gaussian function with the most probable velocity Vi, of 1740 m/s
and an FWHM of 174 m/s. We determine z, from vy, according to
the following equation: zp = Viptdetection = Voztsimul- Here, tdetection and
timul are the detection and total simulation times, respectively. From
this initial point, the individual molecule arrives at the detection plane
Z = Vmpldetection at £ = tdetection- Xo and yg are chosen randomly from a
200-um-long line and a Gaussian distribution with a 2.9-pm-wide
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FWHM, respectively. The FWHM of the Gaussian function is decided
by considering woprobe and the (3 + 1) REMPI process. The initial
rotational state follows the Boltzmann distribution e 2V * 1)/kT""/qr,
where k is the Boltzmann’s constant and g, is the rotational partition
function.

For the given standing wave intensity, the dipolar potential is

-2y +2°) ?
Upm(xy,2,t) = =205 [ 1(x, 9,2, ) 1 ZoIp exp f]exp<—41n(2)7)
w, T
cos %x 0

With the optical dipole force Fjp(x, ¥, z, ) ==V U m(x, ¥, 2, )
exerted on a molecule of mass m, we calculate the velocity change
of molecules passing through the standing wave 6v; = v; — vjp =
JEFim(xy,2,t) dt(i = x, 9, 2).

By collecting 20,000 trajectory calculation results, v; = vo; + 8v;
(i = x, y, ), we obtain the transverse velocity distribution function
8% v))on. In the velocity width calculations for Ty = 1 K (35 K),
trajectories of 100,000 molecules are used for 1.5 x 10" W/cm? < I <
3.0 x 10" W/em? (2.0 x 10" W/ecm? < I < 2.8 x 10" W/cm? and
3.4 x 10" W/em?® < I < 3.6 x 10" W/cm?), the intensity ranges
where the velocity widths change abruptly, to reduce the fluctuation
in the values due to insufficient statistical average. With the stand-
ing wave field off, the corresponding distribution g(vy, v))of is equal
to the initial transverse velocity distribution function g(voy, voy)init-

The final velocity distribution functions f{vy, v,)on and fivy, v)oft
are the respective convoluted functions of g(vy, v))on and g(vy, v))oft
with g(Vx)Vy)ionization and g(Vx;Vy)detector- g(Vx;Vy)ionization Ol‘iginates
from the velocity change Vyecoi induced by electron recoil during
ionization. If spherical symmetric ionization is assumed, the result-
ing velocity distribution forms a thin spherical shell, v2 + vﬁ +12 =
v Then, g(vxVy)ionization i8 the projection of the sphere distribu-

recoil*

tion on the detection plane.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/14/eaaz0682/DC1
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