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Alignment enhancement of molecules embedded in helium nanodroplets by multiple laser pulses
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We show experimentally that field-free one-dimensional (1D) alignment of 1,4-diiodobenzene molecules
embedded in helium nanodroplets, induced by a single, linearly polarized 200-fs laser pulse, can be significantly

enhanced by using two or four optimally synchronized laser pulses. The strongest degree of 1D alignment is
obtained with four pulses and gives (cos? ) > 0.60. Besides the immediate implications for molecular frame
studies, our results pave the way for more general manipulation of rotational motion of molecules in He droplets.
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I. INTRODUCTION

The ability to align molecules, i.e., confine their axes with
respect to axes defined in the laboratory frame, can be of
great use in studies of the structure [1,2] and dynamics [3,4]
of molecules. Among several methods, alignment induced by
nonresonant, moderately intense laser pulses [5] has proven
very versatile and efficient for isolated molecules and, as a
result, found widespread applications in a variety of areas in
molecular science. A particular emphasis has been on one-
dimensional (1D) alignment, i.e., where the most polarizable
axis of a molecule is aligned along the polarization axis of
a linearly polarized laser pulse. Notably, for pulses much
shorter than the inherent rotational period of the molecules
the alignment can exist in narrow time windows (long) after
the pulse is turned off [6]. This is an attractive situation because
experiments on the aligned molecules can then be conducted
without any risk of perturbations from the alignment field.
Unfortunately, the degree of alignment, created by a single
short pulse, may not be sufficiently high that the complete
molecular frame information or the detailed orientational
dependence of molecular processes is fully elucidated.

To improve the degree of 1D alignment—and maintain
field-free conditions—a sequence of short laser pulses, syn-
chronized such that each pulse is sent at the time when the
degree of alignment induced by the previous pulse in the
sequence peaks, can be used. This idea was introduced and
analyzed in Ref. [7] and the first experiments demonstrating the
effect on isolated molecules, employing two alignment pulses,
were reported shortly after [8,9]. Since then, many more works,
theoretically as well as experimentally, have further explored
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the use of laser pulse sequences and shaped laser pulses to
optimize and control rotations of isolated molecules, including
demonstration of eight-pulse alignment [10], field-free 3D
alignment [11,12], permanent planar alignment [13], and
controlling the sense of molecular rotation [14—17].

In the current work we show experimentally that alignment
enhancement by a sequence of synchronized short laser pulses
also applies to molecules embedded in helium nanodroplets.
The motivation for our work is twofold. First, alignment of
molecules inside He droplets, only reported for the first time in
2013 [18,19], opens novel possibilities for studying molecular
frame reaction dynamics in the presence of a dissipative envi-
ronment. This ultimately requires sharply aligned molecules,
preferably under field-free conditions. The results reported
here are a step in that direction. Second, the ability to enhance
the degree of alignment by pulse trains implies being able
to control the rotational angular momentum and coherence
of the molecules inside the droplet. Since some or all of the
angular momentum and coherence may be transferred to the
surrounding He atoms, our work points to possibilities for
laser-controlled excitation of collective angular momentum
states, possibly quantized vortices [20-22] if more extreme
laser pulse forms are employed.

II. EXPERIMENTAL SETUP

Most of the experimental setup has been described previ-
ously [18,19] and only the important features are discussed
here. The He droplets are formed by continuously expanding
~25 bar He gas, cryogenically precooled to 12 K, through a
5 pumorifice into vacuum. At this temperature the droplets con-
siston average of ~1.5 x 10* He atoms [23]. The droplet beam
passes through a pick-up cell, where the partial pressure of 1,4
diiodobenzene (DIB), C,H,I, [structure shown in Fig. 1(a)],
is adjusted to optimize for single-molecule doping of each
droplet. Hereafter, the doped He droplet beam enters the target
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FIG. 1. (Color online) (a) A model of the DIB molecule. (b)
[lustration of the laser pulse timings. The center of the first kick
pulse defines the zero of time. A two-pulse sequence of the kick
pulses is denoted (0-1,) and a four-pulse sequence (0-7,-73-74).

region where it is crossed, at 90°, by two collinear, focused,
pulsed laser beams. The pulses in the first beam (kick pulses:
A = 800 nm, tgwpm = 200 fs, Ijek = 1.6 X 1043 Wcm’z) are
linearly polarized and serve to induce 1D alignment. This
implies alignment of the I-I axis since this is the most
polarizable axis of the molecule. The four-pulse sequence is
obtained by passing part of the output beam from an amplified
Ti:Sa system through a pair of Mach-Zehnder-type setups.
This creates two pairs of laser pulses where the time separation
between pulse 1 and 2, 715, and between pulse 3 and 4, 134, is
identical but can be chosen freely, as can the time separation
between pulse 2 and 3, 153, see Fig. 1(b). The two-pulse
sequence is obtained by using only the first Mach-Zehnder
setup. The pulses in the second beam (probe pulse: A =
800 nm, tpwam = 30 f5, Iprope = 3.8 X 10'* Wem—2) are used
to Coulomb explode the molecules. This enables determination
of the degree of alignment when the emission direction of the
I'™ fragments are recorded—here achieved by a velocity map
imaging spectrometer. Assuming axial recoil in the explosion
process, the recoil direction of the I ions is a direct measure
of the molecular I-I axis distribution at the time, ¢, of the probe
pulse [24] defined with respect to the first kick pulse [Fig. 1(b)].
As such, the main observables are two-dimensional /™ ion
images. To enable comparison of alignment of molecules in He
droplets and of isolated molecules under identical laser pulse
conditions, a second molecular beam, consisting of isolated
DIB molecules, can be sent into the target region.

III. EXPERIMENTAL RESULTS

The upper row of Fig. 2 shows examples of I ion images
from ionization of DIB molecules in He droplets. When only
the probe pulse, linearly polarized perpendicular to the detector
plane, is used the I image is circularly symmetric as expected
for randomly oriented molecules [Fig. 2(al)]. When a single
kick pulse is included the I ions localize along the kick pulse
polarization at certain times. At these times the I-I axis of
the molecule is aligned. An image, recorded at ¢ = 40 ps,
is displayed in Fig. 2(a2). To quantify how the degree of
alignment varies with time (cos” 6,p) is determined for each
image, recorded at different delays. Here 6,p is the angle
between the kick pulse polarization and the projection of the I
ion recoil velocity vector on the detector screen. The (cos? fap)
values are determined from the ions produced due to Coulomb
explosion of the molecules, which are the ions in the region
between the white circles shown in Fig. 2.

Figure 3(al) displays the time dependence of (cos?6p)
obtained with a single kick pulse. The graph shows that
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FIG. 2. (Color online) I" ion images from DIB molecules in He
droplets [(al)—(a3)] and from isolated DIB molecules [(b1)—(b3)].
Each image is 37 mm by 37 mm and each tick separation is 15 mm.
Column (1): probe pulse only. Column (2): Strongest alignment with
one kick pulse; r = 40 ps in (a2) and ¢ = 12 ps in (b2). Column (3):
Strongest alignment with four kick pulses. In (a3) the pulse sequence
is (0-18-36-54) ps and ¢ = 70 ps; in (b3) the pulse sequence is (0-2-
8-10) ps and ¢t = 14 ps. The probe pulse is polarized perpendicular
to and the kick pulses parallel to the image plane, indicated in each
panel.

(cos? 6,p) rises monotonically from ~0.50, the value char-
acterizing randomly oriented molecules, just before the kick
pulse to a maximum of 0.60 at r = 40 ps. Hereafter, (cos2 6p)
decreases steadily and returns to ~0.50 around ¢ = 150 ps.
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FIG. 3. (Color online) The degree of alignment, represented by
(cos? 6,p), as a function of time for DIB in He droplets, column (1)
and isolated DIB molecules, column (2). Row (a): Result for a single
kick pulse, row (b)—(d): Results for different two-pulse sequences
with the one-pulse results retained as a reference (dotted). (cos” 6;p)
is only correctly representing the degree of alignment after the second
kick pulse (marked by the vertical bars), see text. The pulse sequence
is given in the top right of each panel.
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This alignment dynamic is very similar to that recently
observed for C;HsI and CH;I molecules in He droplets [18]. It
is not possible to increase (cos? 65p) further by increasing Iyjck
because its value (1.6 x 13 Wem™2) was set to the maximum
the molecules could withstand without undergoing significant
ionization (and fragmentation). In the two-pulse and four-pulse
measurements discussed below Iy;.x of each pulse is kept at this
value, which ensured negligible ionization of the molecules by
any of the pulse sequences used.

Next, alignment with two identical kick pulses was in-
vestigated. Initially, the second pulse was sent at the time
(t =40 ps) when the alignment induced by the first pulse
peaks — motivated by studies on isolated molecules [8,9,25].
The result, displayed in Fig. 3(d1), shows that after the second
pulse (cos? 6p) rises to a new maximum of 0.67 at £ ~70 ps.
This demonstrates that the two-pulse alignment enhancement
method, established for gas phase molecules [8,9,25] is
transferable to molecules inside He droplets. Other kick-
pulse separations were investigated and the results for time
separation of 6 ps and 18 ps are shown in Figs. 3(b1) and 3(c1),
respectively. In both cases an enhanced degree of alignment is
achieved after pulse number two (0.63 and 0.65, respectively)
but not as pronounced as for the case in Fig. 3(dl). If the
time between the kick pulses is increased beyond 40 ps the
maximum degree of alignment also decreases. These findings
follow the trend observed for two-pulse alignment of isolated
molecules [8].

We note that in each of Figs. 3(bl), 3(cl), and 3(dl),
the (cos?6p) curve recorded with two kick pulses lies
higher than the (cos2 6p) curve recorded with one kick pulse
(black) for times before the second pulse is sent although
the alignment ought to be identical since pulse number two
has not arrived yet. We believe this is due to the second
kick pulse fragmenting or further ionizing some (metastable)
molecular ions, formed by the probe pulse. This fragmentation
or ionization process is favored for molecules aligned along
the kick pulse polarization [26]. As such, the (cos? 6yp) values
for the two-pulse sequence are not faithfully representing the
degree of alignment until all kick pulses have been sent. In
particular, this implies that (cos? #,p) measured before t = 0
is also biased, even when only a single kick pulse is used. This
explains why (cos” 6,p), for ¢ < 0, is slightly larger than 0.50
for all curves in Fig. 3. Similar considerations hold for the
four-pulse data (Fig. 4) discussed next.

Finally, alignment induced by four kick pulses was studied
and examples of the rotational dynamics recorded are pre-
sented in Fig. 4. In Fig. 4(al) the pulse sequence (0-6-16-22)
ps was used. The maximum of (cos? Byp), 0.69, is reached at
36 ps, i.e., 14 ps after the fourth pulse. This value already
represents an improvement over the strongest two-pulse
alignment. If 1,3 is increased to 18 ps the maximum value of
(cos? 6,p) increases slightly to 0.70 at 45 ps [Fig. 4(b1)]. We
believe the improvement occurs because the time-dependent
degree of alignment induced by the first pulse pair reaches
a higher value after 18 ps compared to after 10 ps. This is
advantageous for the degree of alignment the second pulse
pair can induce — see for instance [7,27,28] and the discussion
in Sec. IV. Keeping 1), = 134 fixed at 6 ps and increasing 7,3
further we observe slightly lower maximum (cos? #,p) values,
for instance for the sequence (0-6-31-37) ps (cos? f,p) reaches
0.69 at 55 ps.
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FIG. 4. (Color online) The degree of alignment, represented by
(cos? Byp), as a function of time when four kick pulses are used to
induce alignment. Column (1): DIB in He droplets. Column (2):
Isolated DIB molecules. Row (a)—(c) show the results for three
different four-pulse sequences. In each panel the result obtained with
a single kick pulse is displayed as a reference (dotted). {cos” 6,p) is
only correctly representing the degree of alignment after the last kick
pulse (marked by the vertical bars), see text. The pulse sequence is
given in the top right of each panel.

Other pulse sequences were explored with larger values
of 715 = 134 and for different 7,3 values. Within the limited
parameter space we explored, the (0-18-36-54) ps sequence
[Fig. 4(cl)] yielded the strongest alignment, (cos? bpp) =
0.71, at t = 70 ps. The corresponding I* ion image is dis-
played in Fig. 2(a3). Our results demonstrate that a four-pulse
sequence can enhance the degree of alignment beyond that
achievable with a two-pulse sequence although a systematic
search for the pulse sequence that optimizes (cos” 6,p) was
not possible due to the restrictions (T, = 134), imposed by the
optical setup. If 715, 723, 734 could be chosen freely, for instance
by employing a pulse shaper, we anticipate a (significant)
enhancement of (cos” 6,p), in particular for a pulse sequence
where each pulse is sent when the degree of alignment from
the previous pulses peaks. The results of Fig. 3(d1) identify
the sequence of the first three pulses to (0-40-70) ps and likely
the fourth should follow 10-20 ps after the third pulse.

For comparison we also recorded the alignment dynamics
of isolated DIB molecules for intensities and durations of the
kick and probe pulses identical to those used in the droplet
studies. The (cos2 6p) curve recorded with a single kick
pulse [Fig. 3(a2)] reaches a maximum (0.65) at t~14 ps.
This is about 2.8 times faster than for the molecules in the
He droplets and consistent with previous observations [18].
The subsequent decrease of (cos®6yp) ends at ~0.55 rather
than at 0.50 observed for the droplet case. This alignment is
often termed permanent alignment. It is a manifestation of the
coherent superposition of rotational eigenstates, created by
the kick pulse in each DIB molecule, being preserved at long
times. The coherence leads to rotational revivals, for instance,
we observed a distinct revival centered around 1580 ps [29].
No revivals are observed for the droplet case [18].
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Results for two-pulse alignment at some of the kick pulse
separation times recorded are shown in Figs. 3(b2)-3(d2).
Similar to previous studies on isolated molecules the strongest
alignment occurs when the second pulse arrives around the
time where (cos’6,p) induced by the first pulse peaks. In
particular, Fig. 3(d2) shows that (cos2 6,p) reaches 0.71 at
t = 18 ps when the second kick pulse is sentat# = 12 ps. With
four kick pulses the highest (cos? 6,p) value was found for the
pulse sequence (0-2-8-10) ps, see Fig. 4(c2). Here (cos® fap)
rises to a peak value of 0.74 at r = 14 ps demonstrating
that the degree of field-free alignment can be enhanced by
using four pulses compared to two pulses. The I ion image
corresponding to the best four-pulse alignment is displayed
in Fig. 2(b3) along with ion images obtained with a single
kick pulse [Fig. 2(b2)] and the probe pulse only [Fig. 2(b1)].
As for the droplet measurements (cos2 6p) is only correctly
describing the alignment after all kick pulses are sent.

We note that (cos®#,p) gives only a relative measure for
the degree of alignment primarily because the efficiency of
probing a given molecule depends on how it is oriented in
space. The effect results from the dependence of strong field
ionization on molecular alignment [30] and implies that the
best aligned molecules are probed least efficiently because the
probe pulse polarization is perpendicular to the polarization
of the kick pulses. To compensate for the nonuniform probe
efficiency we applied a recently reported method [31], which
retrieves the true I-I axis distribution of the 1D aligned
DIB molecules. From this distribution (cos’ ) is determined,
where @ is the polar angle between the I emission angle
and the polarization axis of the kick pulses. The method is
implemented for DIB in He droplets and shows that (cos” )
increases from ~0.47 for one laser pulse to ~0.60 for the best
four-pulse sequence.

The measurements are also influenced by the deviation from
axial recoil in the Coulomb explosion process. Covariance
analysis of the I angular distribution shows that the emission
direction of the I ions deviates with up to 15° from the
parent I-I axis for isolated molecules and up to £20° for
molecules in He droplets. This implies that the (cos” #) values
quoted above underestimate the true degree of alignment.

IV. DISCUSSION

In addition to demonstrating enhanced alignment the
(cos? 6,p) traces recorded also provide information about
the rotational wave packets formed. This is discussed in this
section. For isolated DIB molecules the right column in Fig. 3
shows that the rotational dynamics is faster when two rather
than one kick pulse is used. In particular, the peak alignment
occurs about 14 ps after the first pulse whereas the time
for reaching peak alignment after the second kick pulse is
reduced to 9 ps, 8 ps, and 7 ps for the two-pulse sequences
[(0-1) ps, (0-2) ps, and (0-12) ps] depicted in Fig. 3. In
addition, the decay of the peak alignment occurs faster for
the two-pulse sequences (about 10 ps) than for the single kick
pulse (about 20 ps).

These observations can be rationalized both classically
and quantum mechanically. In a classical model [7,27,28]
molecules initially aligned at a polar angle 6 with respect to the
laser polarization acquire an angular velocity towards the laser
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polarization of w(8y) o sin26, after the pulse if zero initial
angular velocity is assumed. When the second kick pulse is sent
while the molecules rotate towards the kick pulse polarization
the angular speed will increase and peak alignment is reached
faster. In addition, the increased angular speed results in a
more rapid loss of alignment, which is what we observe.

The classical model also offers an explanation for the
enhanced degree of alignment and the optimal timing of the
kick pulses. After the application of a single pulse all molecules
rotate with an angular speed o sin 26y. Therefore, molecules
starting at small angles (sin 26y = 26,) rotate into alignment
with the polarization axis at approximately the same time,
whereas rotors starting at large angles lag behind, independent
of the kick strength. The difference in time at which alignment
isreached for different initial orientations (6y) implies a limited
overall degree of alignment for the sample. The limitation
can be reduced if a prealignment pulse lowers the average
polar angle prior to the kick of a second alignment pulse. This
average polar angle is minimized when the degree of alignment
induced by the first pulse peaks and thus explains why the
second pulse should be sent around this time, in line with
the experimental findings. This timing strategy was termed
accumulative squeezing and also applies to alignment induced
by more than two laser pulses [28].

Quantum mechanically, the two-pulse sequence will
enhance the average angular momentum, /(J?), of the
molecule [10] and so broaden the J-state composition of the
rotational wave packet similar to the effect that happens when
the intensity of a single alignment pulse is increased [32]. The
larger width of the wave packet in J space, i.e., the larger
(J?), can result in enhanced alignment when the timing of the
second pulse is correct. A higher (J?) also leads to both faster
initial dynamics, i.e., an earlier occurrence of the alignment
peak after the final kick pulse and faster dispersion, i.e., faster
decay of the peak alignment maximum. In addition, as well as
enhancing (J?), our analysis of the molecular axis distribution
with the nonuniform probe efficiency taken into account [31]
shows that a greater degree of J-state coherence is produced
for the four-pulse experiment.

When four kick pulses (right column of Fig. 4) are used
the rotational dynamics following the fourth pulse is even
faster than the dynamics for the two-pulse case. This points
to a further increase of the width in J space of the rotational
wave packet in line with the expectations when four rather
than two pulses are used [10]. In addition, Fig. 3 shows that
the permanent alignment level increases from 0.55 when a
single pulse is used [Fig. 3(a2)] to 0.57 for the (0—1) ps and
(0-2) ps sequences [Figs. 3(b2) and 3(c2)] and to 0.58 for the
(0-12) pssequence [Fig. 3(d2)] and, finally, to 0.60 when four
pulses are used (right column of Fig. 4). These observations are
consistent with a shift towards higher J states of the rotational
wave packet as the number of kick pulses is increased.

Turning next to the data for molecules in He droplets we
note that here the rotational dynamics is also faster when
two kick pulses rather than one is used as can be seen in the
left column of Fig. 3. Similar to the isolated molecule case
this observation can be interpreted as the rotational wave
packet created contains higher J states when two kick pulses
are used. The data recorded with four kick pulses are less
unambiguous. For the (0-6-16-22) ps and the 0-6-24-30) ps
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sequences the rotational dynamics appear faster than for any
of the two-pulse sequences whereas the dynamics induced by
the (0-18-36-54) ps sequence is significantly slower than for
the other four-pulse sequences. The (0-18-36-54) ps sequence
is the one that extends over the largest time, i.e., the time
separation between the pulses is the largest, and it is possible
that loss of coherence of the wave packet or population decay of
its rotational state components, mediated through interaction
with the surrounding He environment [33], is significant on this
time scale, which would reduce the final coherence of the wave
packet after all four pulses. An indication that this may indeed
be the case is the fact that the oscillation in the (cos? 6,p) trace
observed for the (0-6-16-22) ps and the (0-6-24-30) ps are
absent for the 0-18-36-54) ps sequence. These oscillations are
a manifestation of the coherences between the rotational states
in the wave packet and they are pronounced in the isolated
molecule (cos2 6hp) traces, both for the two- and-four-pulse
sequences. For molecules in He droplets the oscillations seem
most pronounced for the four-pulse sequence with the smallest
pulse separation, (0-6-16-22) ps, where the molecules have
had the least amount of time to lose their coherence due to the
interaction with the droplet. The current data are insufficient to
draw definite conclusions about the time-dependent alignment
dynamics of molecules in He droplets but it appears that
studies of the rotational dynamics induced by sequences of
kick pulses where the pulse separation is systematically varied
from very short to long times have a potential for shedding
new light on the interaction between rotating molecules and
the surrounding He environment.

V. CONCLUSION

In conclusion we have shown that properly synchronized
sequences of two- or four-femtosecond laser pulses can
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significantly enhance the degree of 1D field-free alignment
of molecules inside He droplets compared to that achievable
with a single laser pulse. The findings were based on studies
of DIB molecules but the technique should apply to a range
of molecular species. As an illustration we conducted studies
on CH,I and CS, molecules in He droplets and showed that
the highest (cos®6,p) value increases from 0.62 to 0.67 for
CH,I and from 0.58 to 0.63 for CS, when two rather than
one pulse is used to induce alignment. We emphasize that an
optical setup producing multiple pulses with free tunability of
their time separations is expected to enhance the alignment
compared to the results reported here.

The current findings will be useful for studies or exploita-
tion of the orientational dependence of molecular interactions
as well as for extraction of molecular frame information.
They may also provide more insight into development of the
coherence and state populations of rotational wave packets
created in molecules inside helium droplets. In addition, our
work paves the way for using laser-controlled rotation of
molecules to transfer large amounts of angular momenta and
coherence to the helium droplet. An intriguing direction is to
apply an optical centrifuge [34—37] to accelerate the rotation of
amolecule, thereby stirring the droplet from within, as a means
to possibly control the formation of quantum vortices [20-22].
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