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Three-Dimensional Molecular Alignment Inside Helium Nanodroplets
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We demonstrate 3D spatial alignment of 3,5-dichloroiodobenzene molecules embedded in helium
nanodroplets using nonresonant elliptically polarized 160 ps laser pulses at a 1 kHz repetition rate. Through
Coulomb explosion imaging and ion-ion covariance mapping, the 3D alignment is characterized and
found to be stronger than that of isolated molecules. The 3D alignment follows the intensity profile of the
alignment laser pulse almost adiabatically, except for a delayed response in the helium droplets, which
could be exploited for field-free 3D alignment. Our results pave the way for next-generation molecular
dynamics and diffraction experiments, performed within a cold helium solvent.
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Controlling the spatial alignment of molecules in three
dimensions is of central importance to a range of areas in
molecular science, including ultrafast reaction dynamics
[1], tomographic imaging [2], strong-field ionization [3],
and x-ray diffraction [4], primarily because it maximizes
the information content of experimental observables through
molecular frame measurements. Three-dimensional align-
ment of isolated gas phase molecules has been demonstrated
using the interaction of moderately intense laser fields with
molecules in several different schemes [5,6]. These encom-
pass adiabatic alignment using elliptically polarized nano-
second pulses [7-9], field-free nonadiabatic alignment using
sequences of femtosecond laser pulses [10-13], hybrid
approaches where both adiabatic and nonadiabatic alignment
are employed simultaneously [14,15], an optical centrifuge
[16], and switched wave packet methodology, [17] where a
pulse with a nanosecond rise time, but subpicosecond fall
time, was employed to obtain field-free alignment [18].

All previous 3D alignment experiments and theory were
performed on isolated molecules. Recently, it was demon-
strated that laser-induced 1D alignment, both in the non-
adiabatic and adiabatic regimes, can be achieved for
molecules embedded in superfluid helium droplets
[19-23]. This extension of molecular alignment from the
gas phase to inside He droplets represents several advan-
tages, and motivates the current work. First, the 0.4 K
temperature of molecules in He droplets [24] should be more
favorable for creating strong alignment. This was demon-
strated recently in the near-adiabatic regime where very high
degrees of 1D alignment were reported for different mol-
ecules in He droplets—significantly surpassing the align-
ment obtained for molecules in a cold molecular beam under
identical laser conditions [23]. Second, He droplets give
access to studies on clusters, complexes, and large molecules
that are often very difficult to form otherwise—in particular,
at a low temperature [25]. Third, molecules in He droplets
enable molecular dynamics experiments in the presence of a
dissipative environment [19].
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These points strongly motivate exploring if, and to what
extent, 3D alignment can be realized in He droplets. In
particular, an improvement of the degree of alignment
compared to that achievable in the gas phase would be most
important for experiments which require samples of very
tightly aligned molecules to succeed. This is the case for
diffractive imaging with ultrashort electron or x-ray pulses
aimed at extraction of accurate molecular structure infor-
mation, and the use of He droplet environments has already
been proposed for such studies [26-28].

Here, we demonstrate that 3D alignment of molecules
embedded inside helium nanodroplets is possible, using
3,5-dichloroiodobenzene (DCIB) as an example. The align-
ment is achieved adiabatically employing 160 ps long,
elliptically polarized pulses. The degree of alignment
achieved is high, and after correcting for nonaxial recoil
effects, we find it exceeds that of isolated molecules in a
cold molecular beam.

The details of the experimental setup are given elsewhere
[23], so the description here is brief. A beam of helium
droplets is produced from a continuous expansion into
vacuum of 25 bar He gas through a 5 ym nozzle precooled
to 13 K. At this temperature each droplet contains on
average ~8 x 103 helium atoms [29]. To dope DCIB
molecules into the droplets, they are sent through a pickup
cell, whose pressure of DCIB is adjusted to maximize single
molecule doping. Hereafter, the doped He droplet beam
enters the target region inside a velocity map imaging
spectrometer, where it is crossed at 90° by two pulsed laser
beams. One beam, stemming from the uncompressed output
of a Ti:sapphire regenerative amplifier, is used for molecu-
lar alignment [30,31]. These alignment pulses centered at
A=800nm are highly chirped (GDD = +1.7 ps?), 160 ps
(FWHM), focused to a Gaussian spot size, @y = 27 ym
and have a peak intensity /g, = 1.1 x 10'> W/cm? Their
polarization is controlled by a quarter wave plate preceded
by a half wave plate. The other beam consists of 35 fs
probe pulses (wg = 18 um, Iype = 5.3 x 10" W/cm?,

© 2017 American Physical Society


https://doi.org/10.1103/PhysRevLett.119.073202
https://doi.org/10.1103/PhysRevLett.119.073202
https://doi.org/10.1103/PhysRevLett.119.073202
https://doi.org/10.1103/PhysRevLett.119.073202

PRL 119, 073202 (2017)

PHYSICAL REVIEW LETTERS

week ending
18 AUGUST 2017

@ I
g - Py
I* |rﬂa92D Eprobe : CI* Irﬂ

U

=)

probe

1
1

N\
Y X Ag E:align Y
£ -
I major
Z minor’ H Z
side view end view
FIG. 1. Illustration demonstrating the projection of the molecu-

lar alignment onto observed ion images. (a) I image (purple)
recorded in the side view obtained by directing the major
polarization axis of the alignment pulse parallel to the detector.
(b) CI™ image (green) recorded in the end view obtained by
directing the major polarization axis of the alignment pulse
perpendicular to the detector.

Acenter = 800 nm), used to measure the degree of alignment
by Coulomb explosion and detection of the emission
direction of fragment ions. The ions of interest here, I*
and CI™, are velocity map imaged onto a position sensitive
detector [32], which is gated in time to detect only ions of
a single mass. A second molecular beam, containing jet-
cooled isolated DCIB molecules, can be sent into the target
region. This allows recording alignment of gas phase
molecules under identical laser pulse conditions.

The principle of the 3D alignment scheme applied here is
to simultaneously confine the most polarizable axis of the
DCIB molecule along the major polarization axis of the
alignment pulse, and the second most polarizable axis
along the minor polarization axis of the alignment pulse,
through the polarizability interaction between the ellipti-
cally polarized alignment pulse and the molecule [7]. As
the molecule is rigid, the least polarizable axis is auto-
matically confined, and the molecule is 3D aligned. For
DCIB, the most polarizable axis is parallel to the C — I axis
and the second most polarizable axis is parallel to the CI-Cl
axis—see the schematic of the molecular structure in Fig. 1.

Following experience from previous experiments on
isolated molecules, we record the 1" ions from the
Coulomb explosion in the side view and the CI* ions in
the end view, because this gives the highest information
about the molecular alignment [9,14]. Here, side view
and end view refer to the C —1 axis being parallel or
perpendicular to the detector plane. In practice, this is
obtained by directing the major polarization axis of the
alignment pulse parallel (side view) or perpendicular (end
view) to the detector plane, as illustrated in Fig. 1. In both
views the polarization axis of the linearly polarized probe
pulse is kept perpendicular to the detector plane. All
I (CIT) images are presented in a purple (green) color
in the side (end) view.

Images of It and CI* ions from Coulomb explosion of
DCIB molecules embedded in He droplets are displayed in
the upper panel of Fig. 2. For all the data shown, the probe
pulse is synchronized to the peak of the alignment pulse.
With a linearly polarized alignment pulse [Fig. 2(a)], the I
ions recorded fall primarily in two regions localized along
the polarization direction. In analogy with previous studies
we interpret this as 1D alignment, where the C — I axis is
confined along the polarization vector of the alignment
pulse. The degree of alignment is quantified by (cos? 8,p),
where 6, is the angle between the projection of an I™
velocity vector on the detector plane and the polarization
vector of the alignment pulse; see Fig. 1(a). The value of
(cos? Oyp) is 1 for perfectly aligned molecules and, with the
probe pulse polarized perpendicular to the detector plane,
0.5 for randomly aligned molecules. To ensure that we only
include I™ ions from the Coulomb explosion process,
{cos? B, is determined from the ions with a radii greater
than the blue annotated circle, and the value obtained is
(cos? B,p) = 0.85. The corresponding C1* image [Fig. 2(e)]
is circularly symmetric, which we interpret as the C1-Cl axis,
and thus the plane, of the molecules uniformly distributed
around the Z axis. This is fully compatible with the C — 1
axis being aligned perpendicular to the detector plane.

Next, we investigate the effect of an elliptically polarized
alignment pulse. For an ellipticity intensity ratio of 3.7:1
the CI™ image [Fig. 2()] is no longer circular symmetric,
but rather localized along the minor polarization axis [the Y
axis in Fig. 1(b)]. The localization is quantified by (cos” ),
where a is the angle between the projection of a CIt
velocity vector on the detector plane and the minor
polarization vector of the alignment pulse [Fig. 1(b)],
determined from the CI* ions outside the blue annotated
circle. The value of (cos? a) is 0.67, compared to 0.49 with
the linearly polarized alignment pulse. Turning to the It
image, Fig. 2(b), it is almost identical to the image obtained
with linear polarization; i.e., the C — I axis is still aligned.
The joint observations from the CI* and the I'* images show
that the DCIB moleules inside He droplets are 3D aligned
with the C — I axis confined along the major polarization
axis and the CI-Cl axis confined along the minor axis.

Figures 2(c) and 2(g) show the I and CIt images
recorded for another ellipticity, with an intensity-ratio of
1.7:1. The qualitative structures of the images are similar to
the images recorded with the 3.7:1 ratio, but the confine-
ment of the CI-Cl axis is more pronounced, as shown by the
increased value of (cos? a) to 0.75. We interpret this as the
result of the higher intensity along the minor polarization,
similar to previous observations for gas phase molecules
[9]. Finally, the IT and CI* images were recorded for a
circularly polarized alignment field. Unlike the cases for
the elliptically polarized fields, the radial distributions of
both ion species no longer form two separated regions,
instead appearing as a blurred streak, although angular
confinement persists. We interpret these observations as the
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FIG.2. TIT images, (a)-(d), and CIT images, (e)—(h), from DCIB

molecules in He droplets with the polarization state of the
alignment pulse, ranging from linear to circular, indicated above.
On each panel the value of {cos®6,p) ({cos®a)) is shown for
the I images (CI* images), calculated using all events with a
radius larger than the blue circles in (a) and (e). (i)—(1) Angular
covariance maps of the CIT images in panel (e)—(h). @, and a,
both refer to the angle defined in Fig. 1(b). The number in each
panel is the width w of the covariance structures (see text for
details). Panels (m)—(x) are the same as panels (a)—(l) but for
isolated DCIB molecules.

molecular plane being confined to the polarization plane of
the alignment pulse, with the C — I axis of the molecules
uniformly distributed in this plane.

To benchmark the 3D alignment of DCIB molecules in
helium droplets, we also performed experiments on isolated
DCIB molecules under identical conditions of the laser
pulses. The images of both I™ and CIT are presented in
Figs. 2(m)-2(t). Compared to the images recorded for
molecules in He droplets, identical trends are observed, in
particular, pronounced localization of the I and the CI* ions
along the major and minor polarization axis, respectively, for

an elliptically polarized alignment pulse. The values of
(cos? B,p,) and (cos® @) are very close to those observed
for the droplet case. The I'™ images show two radially distinct
channels. They result from Coulomb explosion into an I ion
with a CqH,ClJ or C6H4CI§+ partner [14,33]. These
channels are not resolved for the He droplet case, due to
the scattering of the I'" ions as they exit the droplet.

In all alignment experiments on polyatomic molecules
probed using Coulomb explosion imaging, the observed
alignment metrics, like (cos? @, ) and (cos? @), reflect both
the molecular alignment distribution, and nonaxial recoil
(NAR) [34-36]. Nonaxial recoil refers to the deviation of
the fragment ion’s recoil vector from the direction of the
bond it formed with the molecule—typically caused by
vibrations or asymmetric Coulomb explosion processes,
or for molecules within droplets, scattering off of helium
atoms [37]. Separating the two contributions is essential for
evaluating the true degree of alignment. For 1D alignment,
NAR has previously been described both for isolated and
helium solvated molecules, and its effect could be decon-
voluted to derive the true degree of molecular alignment
[37]. Here, we extend this analysis to 3D alignment and
correct the observed values of (cos® 6,p) and (cos® a).

To estimate the NAR of the CI* ions, we apply angular
covariance analysis of the CI™ ions [37-39]. The results are
displayed as angular covariance maps in Figs. 2(i)-2(1) and
2(u)-2(x). For the linearly polarized alignment pulse, the
covariance maps [panels (i) and (u)] contain two prominent
diagonal streaks centered at a, = a; + 180° and a, =
a; — 180° with a uniform distribution over the entire
angular range. This shows that the two CI" ions are emitted
with a relative angle of 180° with no preference for absolute
emission angle—the latter observation being a consequence
of the circularly symmetric CI™ images in Figs. 2(e) and
2(q). As the alignment pulse polarization is changed to
elliptical, and eventually circular, the streaks change into
islands localized around 0° and 180°, reflecting the confine-
ment of the CI™ ions along the minor polarization axis in the
images shown in Figs. 2(f)-2(h) and 2(r)-2(t).

The width w of the covariance islands stays, however,
approximately constant shown by the value given on each
covariance map. As discussed in the Supplemental Material
[40] the width extracted for the 1D aligned case, 40° (24°)
for the He droplets (gas phase), represents the most
accurate measure of the NAR. The larger width for the
droplet case results from scattering of the departing ions
on the He atoms. Using these values we deconvoluted
the NAR from the angular distributions of the CI' ions
using the method described in Ref. [37] and obtained
the following values (with 95% confidence bounds):
(€082 1) 4, =0.761+0.002(0.83240.002) and (cos’a)y, =
0.778 + 0.005(0.860 + 0.006) for the 3.7:1 (1.7:1) ellip-
ticity ratio. This shows that the molecular plane is better
aligned for the molecules inside the He droplets, which we
ascribe to the lower rotational temperature (0.4 K) for the
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FIG. 3. The time dependence of (cos>a) and (cos’6,p)

induced by a 1.7:1 elliptically polarized alignment pulse for
both isolated molecules and molecules in He droplets. The
intensity profile of the alignment pulse is shown by the shaded
gray area and refers to the right vertical axis. The error bars are
95% confidence intervals.

molecules in the droplets compared to molecules in the
molecular beam (~1 K) [23].

For the I fragments it is not possible to use the covariance
method to measure the NAR since there is only a single iodine
atom in the DCIB molecule. As a substitute, we use the NAR
of 1D aligned 1,4-diiodobenzene, which has previously been
measured as 34° and 21° for the helium and gas environments,
respectively [37]. We expect that these values may under-
estimate the NAR in DCIB, since 1,4-diiodobenzene is a
more symmetric molecule; however, they should provide an
acceptable first order correction. As these values are esti-
mates, we do not give precise confidence intervals. Applying
the deconvolution procedure, we retrieve corrected (cos? &,p )
values of (CO8® 0p) gy = 0.94(0.94) and (cos® Oap)ye =
0.96(0.96), in the 3.7:1 (1.7:1) ellipticity case; i.e., the
C — T axis is also better aligned for the molecules inside the
droplets. The overall conclusion from the covariance analysis
of the CI™ and I'™ images is that molecules inside He droplets
are better 3D aligned than the isolated molecules.

Finally, we turn to the time dependence of the 3D
alignment obtained by recording It and CI* images at a
range of different delays ¢ between the probe pulse and the
center of the alignment pulse. Figure 3 shows (cos? &,p)
and (cos? @) as a function of time in both gas and helium
environments for the 1.7:1 ellipticity. No correction for
NAR was performed. The gray shaded area represents
the temporal shape of the alignment pulse, determined by
cross-correlation with the probe pulse in a nonlinear crystal.
In the gas phase, both (cos? @,p) and {(cos® a) follow the
envelope of the pulse, reaching the highest values at the
peak of the pulse—a behavior characteristic of adiabatic
alignment [41-44]. For the DCIB molecules in He droplets,
(cos? O,p) and (cos®a) also follow the pulse shape, but
compared to the gas phase results the curves are shifted
to later times. This finding suggests that the helium
environment impedes the rotational motion of the molecule

[19]. Similar observations were made for 1D alignment of
I, molecules in He droplets with the same pulse shape [23].

The impeded rotational motion could potentially be
exploited as a route to field-free 3D alignment, and in fact
our data already show the potential for this. For instance, at
t = 170 ps, where the intensity has dropped to <1% of the
peak value, (cos?#,p) = 0.76, and (cos” a) = 0.63 for the
molecules in the droplets; i.e., there is still appreciable
alignment. The switch-off time of the pulse is currently more
than 100 ps; however, if it was reduced to ~1 ps, then the
adiabatically built-up 3D alignment should retain its high
level for several picoseconds, under conditions where the
alignment field is negligible for most applications. Such
pulses have previously been produced using the plasma
shutter technique to truncate a nanosecond pulse with a
synchronized femtosecond laser pulse [17,18]; however, the
picosecond alignment pulses employed here could poten-
tially be shaped by simpler means. For the very chirped
alignment pulse used here, the spectral and temporal shapes
correspond approximately linearly. A sharp cutoff in tem-
poral pulse shape can thus be produced by inserting a very
sharp-edged low (high) pass spectral filter into the beam path
for a positively (negatively) chirped alignment pulse [45].
We are currently performing experiments to test whether
field-free 3D alignment can be produced in this manner.

In conclusion, we have shown that laser-induced 3D
alignment is possible for molecules inside He nanodroplets.
Our studies employed 3,5-dichloroiodobenzene molecules
as an example and essentially identical results were obtained
on 3,5-difluoroiodobenzene molecules. The helium droplet
environment offers several interesting advantages for appli-
cations of 3D aligned molecules compared to studies in
molecular beams. First, in the adiabatic alignment regime
explored here the degree of alignment is determined by
the temperature for a molecule at a given laser intensity.
Therefore, molecules in He droplets will, in general, align
better than gas phase molecules under identical laser con-
ditions, as demonstrated here, because the temperature of the
latter only rarely reach the 0.4 K of He droplets. Second, the
strong alignment may be converted to field-free alignment
by switching off the alignment field through simple spectral
modification. The impeding effect of the He environment on
the rotational motion should retain the field-free alignment
for times long enough to allow molecular frame, time-
resolved imaging of molecules during chemical changes.
Third, helium droplets extend the range of molecules
amenable to alignment, in particular to large (bio)molecules
and to complexes built by doping with different molecules
[46,47]. The latter may provide unique opportunities for
performing chemistry in a controlled environment [29,48]
and the ability to 3D align molecular complexes could be
highly useful for imaging their structure.
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