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Laser-induced adiabatic alignment of molecules dissolved in helium nanodroplets
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A moderately intense, nonresonant, linearly polarized nanosecond laser pulse is used to induce one-dimensional
(1D) adiabatic alignment of 1,4 diiodobenzene (C¢Hyl,), iodobenzene (C¢HsI), and methyliodide (CH3I)
molecules dissolved in helium nanodroplets. The alignment sharpens as the laser intensity is increased, similar
to the behavior in gas phase. For diiodobenzene the highest degree of alignment, (cos? fp) = 0.90, is essentially
identical to the value obtained for isolated molecules in a supersonic beam, whereas the highest degrees of
alignment for iodobenzene and for methyliodide in helium droplets fall below the values obtained for isolated
molecules. We believe this is due to the deviation from axial recoil in the Coulomb explosion process that probes

the alignment of the molecules in the He droplets.
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I. INTRODUCTION

Laser-induced alignment, the method used to confine the
principal (polarizability) axes of molecules along axes fixed
in the laboratory frame by means of moderately intense laser
pulses, has exploded in scope and application since the first
theoretical and experimental papers heralded its advent in the
last part of the 1990’s [1-4]. It has been established that, over-
all, alignment occurs in the adiabatic or the nonadiabatic limit
where the laser pulse is much longer or shorter, respectively,
than the classical rotational period(s) of the molecules [5].
The nonadiabatic approach distinguishes itself by the ability
to produce alignment after the turn-off of the laser pulse, i.e.,
under field-free conditions, which has proven most useful in
many applications involving ultrashort laser pulses [6-8]. In
the adiabatic approach alignment only occurs during the pulse
but it offers, on the other hand, unsurpassed high degrees of
alignment, straightforward generalization of one-dimensional
(1D) (single axis) to three-dimensional (3D) alignment, and
extension to tight orientational (head-versus-tail) control.
These properties have also been exploited in a number of
applications [9,10].

With the exception of a few papers [11-17] all work to
date has treated the alignment of isolated gas phase molecules,
although the extension to molecules in a solvent is of great
interest, notably because most chemical reactions occur in
a solvent rather than in the gas phase. A classical solvent
may, however, be polarized or even ionized by the alignment
laser, which can perturb any alignment created—as can the
frequent collisions between the solvent molecules and the
solvated molecules. Furthermore, a low rotational tempera-
ture T, of the molecules and their ability to rotate freely
are prerequisites for achieving sharp alignment—conditions
which are not provided by classical solvents. By contrast,
molecules dissolved in the quantum fluid of a superfluid helium
droplet are, according to spectroscopic observations [18-20],
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cooled to Ty, = 0.38 K and able to rotate freely. In Ref. [21]
we already demonstrated 1D nonadiabatic laser alignment of
molecules in helium droplets, and showed that the alignment
dynamics differs strongly from the gas phase behavior. Here
we report experimental studies of 1D adiabatic alignment of
molecules dissolved in helium nanodroplets showing high
degrees of alignment and pronounced similarities to the
adiabatic alignment of isolated molecules.

II. EXPERIMENTAL SETUP

A schematic of the experimental setup is displayed in
Fig. 1. The He droplets are formed by continuously expanding
~20 atm He gas, cryogenically precooled to 10-20 K, through
a 5 um orifice into vacuum. The average size of the droplets
is determined by the temperature of the He gas and is
~1.1 x 10* helium atoms per droplet at 12 K [18] used in
our measurements. The droplet beam passes through a pickup
cell, where the partial pressure of C¢Hylp, CgHsl, or CH;31
is adjusted to optimize for single molecule doping of each
droplet. Hereafter, the doped He droplet beam enters the target
region where it is crossed, at 90°, by two collinear propagating
pulsed laser beams. One laser beam, consisting of linearly
polarized 10-ns-long [full width at half maximum (FWHM)]
pulses from a Nd:YAG laser (YAG pulses: A = 1064 nm), is
used to align the molecules. The second laser beam, consisting
of linearly polarized 30-fs-long (FWHM) pulses (probe pulses:
A = 800 nm) is used to probe the molecular orientation. These
pulses are sufficiently intense (/probe = 1.8 X 10" W/cmz)
to multiply ionize either the CgHyl,, C¢Hsl, or the CH3l
molecules resulting in Coulomb explosion into positively
charged fragments, notably IT with a charged partner ion.
Assuming that these I ions recoil along the C-I bond axis
(axial recoil approximation) of the parent molecule and by
detecting their emission direction with a velocity map ion
imaging spectrometer, the spatial orientation of the C-I bond
axis of CgHyly, C¢HsI, and CH3I can be determined at the
time of the probe pulse [22]. By electronically synchronizing
the probe pulse to the peak of the YAG pulse, the spatial
orientation of the molecules is probed at the time where the
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FIG. 1. (Color online) Schematic of the key elements in the
experiment. The electrostatic plates projecting the ions onto the
imaging detector are not shown. The polarization state of the YAG
and the probe laser pulses are shown in the coordinate system and
indicated by the pulses.

degree of alignment is highest [4]. To enable comparison
of laser-induced alignment of molecules in He droplets and
of isolated molecules under identical laser pulse conditions,
the experimental apparatus is designed such that a second
molecular beam, consisting of isolated CgHyl», C¢HsI, or CH31
molecules, can be sent into the target region. All experiments
are conducted at 20 Hz, limited by the repetition rate of the
YAG laser.

III. EXPERIMENTAL RESULTS

A. Ton images

Examples of ion images are shown in Fig. 2. For the
isolated CgHyl, molecules, row (a), it is seen that when
only the probe pulse, linearly polarized perpendicular to the
two-dimensional (2D) imaging detector, is used, the I* image
is circularly symmetric as expected for randomly oriented
molecules. When the YAG pulse is included the I ions tightly
localize along its polarization axis—parallel to the detector
plane (vertical in the figure). These observations show that the
symmetry axis, containing the C-I bonds, of the diiodobenzene
molecules is aligned along the YAG pulse polarization axis.
It is the expected result since a linearly polarized laser pulse
will align the most polarizable axis, which coincides with the
C-I bond axis, along its polarization axis [5]. These findings
are completely in line with previous studies of 1D adiabatic
alignment of diiodobenzene (and other) molecules [23]. The
two pairs of distinct, radially separated rings correspond to
specific Coulomb explosion channels where the I ions in
the outermost (innermost) channel are formed as a result of
Coulomb fragmentation of a triply (doubly) charged CsHyl,
cation [22].

Next, we turn to the IHe' images from CgHyl, molecules
embedded in He droplets [row (b)]. The reason for detecting
IHe" rather than I is that I™ ion images may contain a
small contribution from unsolvated molecules drifting from
the pickup cell to the target region. Although the experimental
setup is designed to make this contribution very small, the
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FIG. 2. (Color online) False color ion images from Coulomb
explosion of C¢Hyl, [rows (a) and (b)], C¢HsI molecules [rows (c) and
(d)], and CH3I molecules [rows (e) and (f)] recorded with the probe
and YAG pulse polarizations as indicated. The color scale at the side
indicates the relative number of ions. The circles indicate the radial
ranges used for calculating (cos®6ap). Ipope = 1.8 x 10 W/cm?
[24]. The velocity space in the gas phase and droplet experiment
is the same for each molecule, but different for C¢Hyl, as compared
to the others.

detection of IHe™ ions ensures background-free conditions.
We observed that [He Tions carry the same angular information
as the I ions, justifying the use of IHe™ ions as observables.
Similar to the isolated molecule data, it is seen that the circular
symmetry in the probe-only image changes to pronounced
localization of ions along the polarization axis of the YAG
pulse when it is included. These findings show 1D adiabatic
alignment of molecules dissolved in He nanodroplets. Com-
paring rows (a) and (b) it is obvious that there are also some
differences between the gas phase and the He droplet images.
Notably, in the droplet image the two Coulomb explosion
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channels observed in the isolated molecule case are replaced
by only a single channel.

The corresponding results for iodobenzene are shown in
rows (c) and (d) of Fig. 2. For the isolated molecules the ion
images exhibit characteristics very similar to those observed
for diiodobenzene, i.e., two distinct Coulomb explosion
channels and tight localization of the I ions along the YAG
polarization [middle panel in row (c)], demonstrating tight
alignment of the axis containing the C-I bond. The droplet
image recorded with the YAG pulse included [middle panel
in row (d)] is, however, more blurred than the corresponding
isolated molecule image, demonstrating an apparently lower
degree of alignment.

The results obtained for CH3I molecules are shown in rows
(e) and (f) of Fig. 2. For CH3lI the most polarizable axis is
also the C-I axis and, therefore, we expect that the YAG pulse
will confine this molecular axis along its polarization axis. The
ion images, which probe the spatial orientation of the C-I axis,
show that this is indeed the case for the isolated molecules and,
likewise, for CH3I molecules inside He droplets. However, as
for iodobenzene, the alignment of the molecules in the He
droplets appears to be weaker than of the isolated molecules.

B. Alignment dependence on intensity

Having demonstrated that molecules in He droplets can
be adiabatically aligned, an important question to consider
is to which degree they can be aligned. For this purpose,
the information provided by the ion images is quantified by
determining the average value of cos? Oyp, (0032 6>p), where
6,p is the angle between the YAG pulse polarization and the
projection of an I'™ or IHe™ ion velocity vector on the detector
screen, and plotting it as a function of the YAG pulse intensity
IyaG.

For the isolated diiodobenzene molecules (cos? 6yp) was
determined for the radial range pertaining to only the outermost
or the innermost Coulomb explosion channel, respectively, as
well as for the radial range pertaining to both Coulomb explo-
sion channels—the yellow circles in Fig. 2, row (a), indicate the
radial ranges used. The results, displayed in Fig. 3(a), show
that for the isolated C¢H,4I, molecules (cos” 0pp) rises from
0.5, the value characterizing a sample of randomly oriented
molecules, at Iyag = 0 to 0.95 for the outer (green squares)
channel, 0.89 for the inner (blue diamonds) channel, and 0.91
for both channels (black squares) at the highest value of Iyag.
The (cos® 6yp) values are higher in the outer ring because the
axial recoil approximation is better met for I ions recoiling
from a higher charged C¢Hyl, cation. Furthermore, the highest
charge states of C¢Hyl, are formed in the volume of the probe
laser focus where its intensity is highest, which is also the
volume where Iyag is highest and, thus, where the molecules
are best aligned. Again these findings are fully consistent with
previous results [23].

For the molecules in the He droplets (cos®6p) was
calculated for the radial range encompassing the single radial
channel observed. The velocity of the IHet fragments is an
intermediate of the velocity of It from the inner and outer
channel in the gas phase image. Thus, the single channel
presumably corresponds to an average of the inner and outer
channel observed in the gas phase. Assuming the same
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FIG. 3. (Color online) (cos? 6,p) recorded at different intensities
of the YAG pulse for (a) diiodobenzene, (b) iodobenzene, and
(c) methyliodide. Results for isolated molecules are shown by green
squares and blue diamonds and results for molecules in He droplets
by red circles.

branching ratio, this droplet value can be directly compared
to the value obtained for both Coulomb explosion channels in
the isolated molecule case for a quantitative comparison of the
degree of alignment. It is seen that the degree of alignment of
C¢Hyl, molecules in He droplets (red circles) is higher than
in the gas phase (black squares) for Iyag < 2 x 10" W/cm?
and the same (within experimental accuracy) for higher Iyag.
We conclude that adiabatic alignment of 1,4 diiodobenzene
molecules in He droplets is essentially as efficient as for
isolated molecules.

In the case of isolated iodobenzene molecules (cos? 0;p)
was also determined for the radial range pertaining to the two
individual Coulomb explosion channels as well as for the radial
range pertaining to both the Coulomb explosion channels.
For iodobenzene molecules in He droplets the radial range
containing the single distinct Coulomb explosion channel was
used. For the isolated molecules [Fig. 3(b)] the results are very
similar to the CgHyl, results with (cos? 65p) rising from 0.5 at
Iyag = 0 to 0.94 for the outer (green squares) channel, 0.88
for the inner channel(blue diamonds), and 0.90 for the joint
channels (black squares) at the highest value of Iyag. These
findings are fully consistent with previous results [23]. For
CsHsI molecules in He droplets (cos? 6,p) also increases as a
function of Iyag and the curve (red circles) in Fig. 3(b) closely
follows the curve for the two Coulomb explosion channels in
the gas phase up to Iyag = 1 x 10'' W/cm?, but falls below
for higher Iyag. In particular, the maximum (cos® 6,p) value
at the highest YAG pulse intensity is 0.78.
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For methyliodide the single Coulomb explosion channel,
observed both for the isolated molecules and the molecules in
He droplets, is used to determine (cos? f,p). Qualitatively, the
trend of the (cos® #xp) curves [Fig. 3(c)] is similar to that ob-
served for iodobenzene. The values obtained for both isolated
and solvated CH31 are, however, lower than the corresponding
values for C¢HsI, which is due to the lower polarizability
anisotropy of CH3I. For Iyag < 1 x 10" W/cm?, (cos? 6,p) is
about the same for isolated and solvated CH3I. At higher YAG
pulse intensities (cos® f,p) continues to rise to the final value
of 0.87 in the gas phase. For the droplet case the maximum
(cos? Brp) value is 0.68. At the highest YAG pulse intensities
a minor decrease of (cos” 6,p) is observed. This is ascribed to
an additional THe™ signal, induced by the combined action
of the YAG and the probe pulse which increases as Iyag
is increased. These IHe™ ions contribute to the Coulomb
explosion channel at the highest Iyag values and they reduce
(cos? ,p) because their emission direction is almost isotropic.
For isolated molecules this effect also leads to a reduction of
(cos? 6,p) at high YAG intensities.

IV. DISCUSSION

For a sample of isolated molecules, for simplicity treated
as linear rigid rotors, the degree of adiabatic alignment is
solely determined by the anisotropy parameter /A« / /4B and
the reduced rotational temperature k7, / B, where A« is the
polarizability anisotropy, I the intensity of the laser pulse,
and B the rotational constant [1,25]. The intensity of the YAG
pulse inside the He droplets is expected to be the same as
outside and recording the saturation behavior (Fig. 3) ensures
that the lower degree of alignment in the droplets, observed
for iodobenzene and methyliodide, is not due to a weaker
alignment field. The minor shifts of electronic transitions
observed in spectroscopy of molecules in helium droplets
imply that the polarizabilities are essentially identical to those
of isolated molecules [18,19]. The rotational constants are
expected to be lower by a factor of 3-5 in the droplet [18-20]
and T, = 0.38 K is lower than for the isolated molecules
by about the same factor [23]. This results in about the
same reduced rotational temperature (kT / B) for isolated and
solvated molecules, while the anisotropy parameter should be
higher in the droplet. Therefore, we anticipate that adiabatic
alignment in the He droplets should be at least as strong as
for the beam of isolated molecules. As shown in Fig. 3 this
is the case for diiodobenzene but not for iodobenzene and
methyliodode when Iyag > 1 x 10" W/cm?.

To unravel whether the lower degree of alignment detected
in the He droplets results from (an unexpected) perturbation
of the adiabatic alignment mechanism by the droplet in the
iodobenzene and methyliodide cases, or from blurring of the
initial emission direction of the Coulomb exploding ions due
to the He environment, we studied the directionality of ions
created by Coulomb explosion of unaligned molecules. The
right column of Fig. 2 displays ion images recorded with the
probe pulse only, now polarized in the detector plane. The gas
phase images [rows (a), (c), and (e)] show that the probe pulse
preferentially explodes molecules with the C-I axis localized
around its polarization axis. This orientational selectivity of
the probe process should also apply to the molecules inside
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He droplets and imply that the initial angular distribution
of the Coulomb exploding ions is the same as for isolated
molecules. For diiodobenzene in He droplets, row (b), the
angular distribution of the ions is essentially the same as
for the isolated molecules. For iodobenzene, row (c), and
methyliodide, row (e), the angular distribution of ions from the
molecules in the He droplets is broader and less confined than
for the ions from the isolated molecules. This demonstrates
that for CH3I and CgHsI the initial directionality of the ions
is lowered due to the helium environment. Consequently,
the (cos?6@,p) values measured, and displayed in Fig. 3,
underestimate the true degree of alignment of the CH3I and
CsHsI molecules inside the droplets compared to the isolated
molecule case.

To identify the reason for the blurring of the initial ion
emission anisotropy we recorded ion images with the probe
pulse only for different ion species (IHe,*, n =0,1,2,...)
and for different droplet sizes. No dependence on these
parameters was observed and we conclude that by contrast
to observations for photodissociation of molecules in droplets
into neutral fragments [26], the initial directionality is not
significantly blurred as the ion travels out of an intact droplet,
for the droplet sizes studied here, but rather as a result of the
Coulomb explosion inside the droplet. A Coulomb explosion
of molecules in droplets creates not only ionic fragments
from the molecule, but also many He," ions, which are not
observed when probing the undoped droplet beam. In fact,
the dominant He,™* signal is an order of magnitude larger
than the I signal. The He,* ions from the doped droplets
can be formed via field ionization by the strong static field
from ionized molecules in combination with the laser field, or
via a resonant absorption of an electronic nanoplasma driven
by the intense laser pulse as investigated for clusters of rare
gas atoms in droplets [27,28]. These He,* ions create a charge
distribution around the iodobenzene or methyliodide molecule
which may not be symmetric with respect to the C-I bond axis.
The resulting electrostatic repulsion between the He,™ ions
and the I ion, as it leaves the parent molecule, may cause the
observed deviation from C-I axial recoil in the iododobenzene
and methyliodide cases. The creation of an asymmetric (not
cylindrical symmetric) charge distribution around the C-I bond
axis should also cause a significant deviation from axial recoil
for diiodobenzene molecules embedded in the He droplets,
which is, however, not observed. This may be due to the higher
symmetry of dilodobenzene ( D5, ) as compared to iodobenzene
(Cyy) and methyliodide (C3,). In particular, the inversion
symmetry of the molecule may suppress the formation of an
asymmetric charge distribution.

The deviation from axial recoil implies that the probe
pulse introduces a blur in the measurement of the alignment
distribution. The blur will cause the largest relative deviation
of the measured from the real spatial orientation when the
molecules are strongly aligned. This is precisely what we
observe: The (cos? 6,p) values for the molecules in the droplets
are quite similar to the (cos?6,p) values for the isolated
molecules at low Iyag, where the alignment is modest, but
as Iyag is gradually increased, and the alignment gradually
grows stronger, (cos 6p) for the droplet molecules becomes
increasingly weaker compared to (cos”6,p) for the isolated
molecules.
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We note that control of the spatial orientation of molecules
inside He nanodroplets has been addressed previously in the
context of pendular state spectroscopy. It was shown that
a strong static electric field (~tens of kV/cm) can induce
orientation of polar molecules in He droplets, i.e., force the
dipole moments of the molecules to point in a particular
direction [29-31]. The orientation results from the interaction
between the permanent dipole moment of the molecule and the
static electric field. This differs from the current work where
the alignment results from the induced dipole moment and the
electric field from the YAG pulse. As such a laser pulse cannot
by itself create orientation but the axial confinement, i.e., the
1D alignment it induces, is much sharper than what can be
obtained by the strong static field. Moreover, for rotationally
cold or, better, quantum state-selected, isolated molecules a
moderately intense laser field can create strong alignment and
orientation simultaneously if combined with a weak static
electric field [32-34]. It may be possible to transfer this
combined fields effect to molecules embedded in He droplets.

V. CONCLUSION

In conclusion, we have presented experimental results
showing that moderately intense laser pulses can create strong
1D adiabatic alignment of molecules dissolved in He droplets.
For low Iyag the alignment of all three molecules under
study is at least as good as for the isolated molecules under
identical laser conditions. In the high intensity limit, in the
case of diiodobenzene the degree of alignment equals that
of isolated molecules in a rotationally cold (~1 K) beam
under identical laser conditions, whereas in the case of
iodobenzene and methyliodide it is weaker. We believe that the
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Coulomb explosion probe method underestimates the degree
of alignment in the droplets as compared to the gas phase due
to a (stronger) deviation from axial recoil. Alternative probe
schemes such as photodissociation [26] and linear dichroism
[35,36] may provide more quantitative information about the
true degree of alignment.

We expect that 3D alignment of molecules inside He
droplets—potentially for a broad range of molecular sizes and
classes—can be achieved by replacing the linearly polarized
alignment pulse with an elliptically polarized pulse, just as for
isolated molecules [37]. Such fixed-in-space molecules could
be very useful for a variety of studies including time-resolved
imaging of molecular frame reactions in the presence of a
dissipative media and structural determination by diffraction
[38]. The strong adiabatic alignment may be rendered field
free by rapidly truncating the pulse at its peak. In the gas
phase field-free alignment immediately following turn-off only
persists for a few hundred fs due to rapid dephasing associated
with free molecular rotation [39,40]. For molecules inside
He droplets we recently showed that field-free alignment
generated by a subpicosecond laser pulse persists for 5-
10 ps. Thus, an alignment pulse adiabatically turned on and
nonadiabatically turned off [41] may be a versatile approach
to obtain molecules that are tightly aligned inside He droplets
under field-free conditions for times sufficiently long to follow
chemical transformations through their entire duration.
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