
Chapter 9
Laser-Induced Alignment of Molecules
in Helium Nanodroplets
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Abstract Moderately intense, nonresonant laser pulses can be used to accurately
control how gas phase molecules are oriented in space. This topic, driven by intense
experimental and theoretical efforts, has been ever growing and developed for more
than 20 years, and laser-induced alignment methods are used routinely in a number
of applications in physics and chemistry. Starting in 2013, we have demonstrated that
laser-induced alignment also applies to molecules dissolved in helium nanodroplets.
Here we present an overview of this newwork discussing alignment in both the nona-
diabatic (short-pulse) and adiabatic (long-pulse) limit. We show how femtosecond or
picosecond pulses can set molecules into coherent rotation that lasts for a long time
and reflects the rotational structure of the helium-solvated molecules, provided the
pulses areweak or, conversely, results in desolvation of themoleculeswhen the pulses
are strong. For long pulses we show that the 0.4K temperature of the droplets, shared
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with the molecules or molecular complexes, leads to exceptionally high degrees of
alignment. Upon rapid truncation of the laser pulse, the strong alignment can be
made effectively field-free, lasting for about 10 ps thanks to slowing of molecular
rotation by the helium environment. Finally, we discuss how the combination of
strongly aligned molecular dimers and laser-induced Coulomb explosion imaging
enables determination of the structure of the dimers. As a background and reference
point, the first third of the article introduces some of the central concepts of laser-
induced alignment for isolated molecules, illustrated by numerical and experimental
examples.

9.1 Introduction

Firstly, it is necessary to definewhat wemean by alignment of molecules, the central
topic of this article. Alignment refers to molecular axes being confined with respect
to axes fixed in the laboratory system. The simplest case is 1-dimensional (1D)
alignment, where a single molecular axis is being confined. This is illustrated on
Fig. 9.1 (b) for the linear carbonyl sulfide (OCS) molecules aligned along a space
fixed (vertical) axis, in contrast to the case of randomly orientedmolecules depicted in
Fig. 9.1 (a). The concept of 1Dalignment can also apply to asymmetric topmolecules,
shown in Fig. 9.1 (d). As explained below, when a laser pulse is employed to induce
alignment, the aligned axis is the most polarizable axis, which coincides with the C-I
axis of the 3,5-difluoro-iodobenzene molecules, chosen as the illustrative example
here. The molecules are, however, free to rotate around the aligned axis. A more
complete control of the spatial orientation of the molecule requires that this free
rotation is arrested. This case, illustrated in Fig. 9.1 (e), is referred to as 3-dimensional
(3D) alignment where the three principal polarizability axes are fixed with respect to
a space-fixed, Cartesian coordinate system, often denoted as the (X,Y,Z)-coordinate
system. Finally, if the molecules are polar, it is often also relevant to control the
direction of the permanent dipole moment, a case termed orientation. Figure9.1 (f)
illustrates the situation where the 3,5-difluoro-iodobenzene are both 3D aligned and
oriented, which is jointly called 3D orientation. The concept of orientation applies
equally to linear (or symmetric top) molecules. In the case of the OCS molecules
this would be the situation where the S-end of the molecules all point in the same
direction.

Secondly, we must ask why it is interesting and relevant to align molecules. One
major reason is that samples of aligned and/or oriented molecules make it possible
to study or exploit the ubiquitous orientational dependence of molecules’ interac-
tion with other molecules, atoms or polarized light. In fact, the orientational depen-
dence of bimolecular reactions was a primary motivating factor for why researchers
started to develop techniques to orient and align molecules over 60 years ago [1].
Molecules can also interact with pulses of light and over the past 10–20 years the
study and exploitation of how interactions between laser pulses, in particular short
and intense laser pulses, and molecules depend on the orientation of the molecule
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(a)  Random orientation (c)  Random orientation (e)  3D alignment

(f)  3D orientation(d)  1D alignment(b)  1D alignment

Fig. 9.1 Illustration of 1D alignment, 3D alignment and 3D orientation using the carbonyl sulfide
and 3,5-difluoro-iodobenzene molecules as examples

with respect to the polarization state of the laser pulses has been a topic of intense
investigation [2]. A second, major advantage of alignedmolecules is the fact that they
make it possible to perform molecular frame (MF) measurements, which can signif-
icantly increase the information content from experimental observables because the
blurring they normally suffer from averaging over randomly oriented molecules is
strongly reduced. An illustrative example is MF photoelectron angular distributions
fromalignedmoleculeswhere high-information structures appear that are completely
absent in experiments on randomly oriented molecules [3, 4].

Finally, the question is how to align molecules. The main techniques developed
early on were rotational state-selection of molecules by means of hexapolar electric
fields [1, 5], ’brute-force’ orientation by a strong static electric field [6–9], collisional
alignment in a cold molecular beam [10–12], and photoselection whereby polarized
light creates alignment in a vibrationally or electronically excited state [13, 14].

The method discussed here employs nonresonant, moderately intense laser pulses
to induce alignment. The fundamental interaction responsible for alignment is the
polarizability interaction between the molecule and the electric field of the laser
pulse. The laser pulse induces an electric dipole moment in the molecule, which in
turn interacts with the electric field of the laser pulse. Almost all molecules have an
anisotropic polarizability tensor and, consequently, for these molecules the polariz-
ability interaction depends on their spatial orientation with respect to the polarization
of the electric field of the laser pulse. The laser pulse forces the molecules to rotate
towards an orientation where the polarizability interaction is optimized and this is
what leads to alignment of the molecules. In the simplest case of a linearly polarized
laser pulse, the potential energy of the polarizability interaction has aminimumwhen
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themost polarizable axis is parallel to the polarization axis. Thismeans that a linearly
polarized laser pulse has the potential to induce 1D alignment of molecules. Most of
this article concerns 1D alignment of molecules induced by linearly polarized laser
pulses. It is, however, also possible to induce 3D alignment using instead an ellip-
tically polarized laser pulse. In this case, the polarizability interaction is optimized
when the most polarizable molecular axis is parallel to the major polarization axis
and, simultaneously, the second most polarizable molecular axis is parallel to the
minor polarization axis. Note that nonresonant means that the laser pulse causes no
linear absorption, i.e. the photon energy is not resonant with any transitions in the
molecules studied. Moderately intense means that the laser pulse is strong enough
that the polarizability interaction induces pronounced alignment, yet weak enough
that it does not cause electronic excitation or ionization due to multiphoton absorp-
tion.

Laser-induced alignment emerged in the last half of the 1990s [15–21] and begin-
ning of the 2000s [22–30] at the interface between stereochemistry, spectroscopy,
strong laser field physics, and wave packet dynamics. Since then the field has under-
gone a continuous expansion in scope and applications, however with essentially all
studies concentrating on gas phase molecules. In 2013 we showed that it is possi-
ble to extend laser-induced alignment to molecules embedded inside liquid helium
nanodroplets. The purpose of the current article is to provide an overview of laser-
induced alignment of molecules embedded in helium nanodroplets, based on work
in the period from 2013 to now. The first part of the paper, Sect. 9.2 introduces some
of the basic concepts of laser-induced alignment developed for gas phase molecules,
exemplified by a few experimental results and calculations. This provides some back-
ground and useful reference points for the discussion of molecules in He droplets
given in Sect. 9.3. Many more details about laser-induced alignment of gas phase
molecules can be found in the existing review articles on the subject [31–35].

9.2 Alignment of Isolated Molecules

9.2.1 Laser-Induced Alignment: Basics

We start by discussing the rotational dynamics of a linear molecule (in a � state)
induced by a linearly polarized, nonresonant, laser pulse. Theoretically, these dynam-
ics are described by the time-dependent rotational Schrödinger equation with U (θ)

denoting the polarizability interaction:

i�
∂�rot (t)

∂t
=

(
B Ĵ 2 +U (θ)

)
�rot (t) (9.1)

=
(
B Ĵ 2 − E0(t)2

4

((
α‖ − α⊥

)
cos2(θ) + α⊥

))
�rot (t) (9.2)
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E0(t): the amplitude (envelope) of the electric field of the laser pulse, Ĵ 2: the squared
rotational angular momentum operator, �rot : the rotational wave function, B: the
rotational constant, α‖ and α⊥: the polarizability parallel and perpendicular to the
most polarizable axis, i.e. the molecular axis of a linear molecule, θ : the (polar) angle
between themolecular axis and the polarization axis of the laser pulse.Weassume that
before the laser pulse is turned on, the molecule is populated in a single rotational
eigenstate, |JkMk〉, of the field-free Hamiltonian (B Ĵ 2) i.e. �rot (−∞) = |JkMk〉.
Here Jk is the initial quantum number of the rotational angular momentum, Mk its
projection on a space-fixed axis parallel to the laser polarization and |JkMk〉 is the
rotational eigenfunction given by a spherical harmonic, Y Mk

Jk
. The solution to Eq.9.2

can be expressed as:
�

(k)
rot (t) =

∑
J

dJMk (t)|JMk〉 (9.3)

where dJMk (t) are the expansion coefficients and the index k on �
(k)
rot indicates the

initial state. In other words, the laser pulse creates a superposition of different angu-
lar momentum states, |JMk〉, but leaves the projection on the laser polarization
unchanged. Such a superposition, which is termed a rotational wave packet, can lead
to angular confinement, i.e. alignment of the molecule along the polarization axis,
provided the phase relationship between the different components|JMk〉 in Eq.9.4
is favorable.

The rotational dynamics depend on the turn-on and turn-off time of the laser pulse.
The two most common regimes of alignment are termed adiabatic and nonadiabatic.
Here the alignment pulse duration, τalign, and thus both the turn-on and turn-off time,
is either much shorter or much longer than the intrinsic rotational period, τrot, of the
molecules, respectively.1 Here τrot is defined as 1/2B with B given in units of Hz.

In the adiabatic regime, the initial rotational eigenstate |JkMk〉 evolves adia-
batically into the corresponding eigenstate of the complete Hamiltonian (given in
Eq.9.2). Such a state, expressed by Eq.9.3, is called a pendular state [15, 37] and can
lead to strong alignment. Upon turn-off, the pendular state evolves back to the initial
rotational quantum state. In the adiabatic regime a sample of molecules is, there-
fore, only aligned during the laser pulse. By contrast, in the nonadiabatic regime, the
laser pulse leaves the molecule in a coherent superposition of field-free rotational
eigenstates. This superposition can be expressed as:

�
(k)
rot (t) =

∑
J

dJMk exp

(−i B J (J + 1)t

�

)
|JMk〉 (9.4)

where dJMk in general are complex numbers. An important consequence of Eq.9.4
is that in the nonadiabatic regime, alignment can occur a long time after the pulse
and, in general, the alignment will continue to evolve after the laser pulse is turned
off.

1 Nonadiabatic alignment dynamics can also be induced by turning on the laser pulse slowly and
then, typically at the peak, turning it off rapidly [29, 36].
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To characterize the degree of alignment, the following measure is normally used:

〈cos2 θ〉k = 〈�(k)
rot | cos2 θ |�(k)

rot 〉 (9.5)

In practice, measurements involve a sample of molecules initially populated in dif-
ferent rotational states, typically assumed to follow a Boltzmann distribution. To
account for this, 〈cos2 θ〉k must be averaged over all initial states to give 〈cos2 θ〉:

〈cos2 θ〉 =
∑
k

f (k)〈cos2 θ〉k (9.6)

where f (k) is the normalized population of state k.

9.2.2 Nonadiabatic and Adiabatic Alignment: OCS Example

In this and the next section, we illustrate numerically the mechanism and alignment
dynamics in the adiabatic and nonadiabatic regimes. We use the OCS molecule as
an example and solve Eq.9.2 for a laser pulse with a duration (τalign) that is either
much smaller or larger than τrot. For OCS, B = 6.0858GHz, so τrot = 82.2 ps. For
the short-pulse or nonadiabatic regime, we use τalign = 300 fs and for the long-pulse
or adiabatic regime, we use τalign = 600 ps.

Figure9.2 shows calculated values of 〈cos2 θ〉 for OCS molecules as a function
of time, t , after the peak of the linearly polarized, 300 fs laser pulse with a peak
intensity of 6.5 × 1012 W/cm2. The rotational temperature of the molecules is set to
1K to match what can be achieved experimentally in cold molecular beams [38].
The calculations take into account that experimentally the molecules are exposed
to a distribution of alignment pulse intensities due to the finite beam waist of the
probe laser beam used to measure the time dependent degree of alignment.2 In prac-
tice, this is implemented by averaging the calculations over an intensity distribution
determined by the actual beam waists of the laser beams. Here we used ω0 = 35 and
25 µm that are typical values for the alignment and probe beam, respectively.

Before the arrival of the pulse, 〈cos2 θ〉 = 1/3, the value for a sample of randomly
aligned molecules. During and shortly after the pulse, 〈cos2 θ〉 rises and reaches a
first maximum, 0.67, at t = 0.95 ps. At this time, some of the angular momentum
states in the rotational wave packet (Eq. 9.4) are in phase, which produces align-
ment. The J-dependence of the complex exponential functions in Eq.9.4 causes the
angular momentum states to fall out of phase at later times, a behavior referred to
as wave packet dispersion. On the alignment trace in Fig. 9.2, this manifests as a
rapid drop of 〈cos2 θ〉 for t > 0.95 ps. Due to the regular rotational energy structure

2 The probe pulse, sent a time t after the alignment pulse, induces Coulomb explosion of the
molecules to probe their spatial orientation. Details are given in Sect. 9.2.3.
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Fig. 9.2 Nonadiabatic alignment dynamics (black curve) calculated for a sample of OCSmolecules
with a rotational temperature of 1K. The intensity profile of the alignment pulse is shown by the
red curve. τalign = 300 fs and Ialign = 6.5 × 1012 W/cm2

of linear molecules, modelled as rigid rotors, i.e. Erot (J ) = BJ (J + 1), the angular
momentum states do come back into phase again at longer times.

In particular, at times separated by integer multiples of 1/2B, each of the complex
exponential functions in Eq.9.4 accumulates a phase of 2πN , where N is an integer.
This means that the wave packets given by Eq.9.4 are periodic with a period of 1/2B.
The samewill hold for any expectation value of an operator, like 〈cos2 θ〉, i.e. 〈cos2 θ〉
is also 1/2B-periodic. Therefore, the initial alignment maximum is repeated every
1/2B, and this is called the revival period, Trev. The 1/2B periodicity, which is 82.2
ps for OCS, manifests itself in the alignment trace in Fig. 9.2, where the transients
centered at 82.4 ps, 164.6 ps and 246.7 ps are the 1st, 2nd and 3rd full revivals.
Here 〈cos2 θ〉 first dips to a low value corresponding to anti-alignment, where the
molecules are confined to the plane perpendicular to the polarization axis, and then
rises steeply to a high value where the molecules are aligned along the polarization
axis. The prominent transients between the full revivals are termed half revivals.
Here, the complex exponential functions are shifted by π compared to their values
at the full revivals. This reverses the order of alignment and anti-alignment such that
the molecules first align and then anti-align. Note that the peak value of 〈cos2 θ〉 at
the half revival, 0.80, exceeds that at the full revivals, 0.67. Higher-order fractional
revivals, such as quarter revivals, appear if the OCSmolecules are populated initially
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in a single rotational state rather than in a Boltzmann distribution of states. They also
appear formolecules where the population of odd and even J -states are influenced by
nuclear spin statistics, for instance for N2 [30], CO2 [39] and I2 [23]. The appearance
of quarter revivals is illustrated by the experimental results on I2 molecules in Fig. 9.9.

In a classical picture, the alignment pulse exerts a torque on the molecule and
thereby sets it into rotation towards the laser polarization. In the limit where the
rotation of the molecule during the laser pulse is negligible, the angular velocity, ω,
gained by the molecule-laser interaction is given by [40]:

ω = 1

2


αFalign sin(2θ0)

Iε0c
, (9.7)

where 
α = α‖ − α⊥ is the polarizability anisotropy, I is the moment of inertia,
Falign the fluence of the laser pulse, and θ0 the initial angle between the molecule
and the polarization of the laser pulse. Molecules at different initial angles acquire
different angular velocities and therefore do not line up with the polarization vector
at exactly the same time. In particular molecules with θ0 close to 90◦ arrive later than
those with θ0 close to 0◦. This explains why the degree of alignment at the prompt
maximum is not necessarily particularly high. In this classical model, often termed
the delta-kick model, the molecules will continue to rotate, which explains why the
degree of alignment decreases after the prompt peak, but they will never reach the
same degree of alignment at later times due to the continuum of classically available
angular frequencies. Thus, the presence of revivals is a phenomenon that must be
described by the quantum model.

The 300 fs alignment pulse converts each molecule from residing in a single
rotational eigenstate into a superposition of eigenstates as expressed by Eq.9.4.
The underlying mechanism is multiple Raman-type transitions between rotational
states with 
J = 0,±2 [32, 41], whereas the vibrational and electronic states are
unchanged. Information about which rotational states are populated after the align-
ment pulse is obtained by Fourier transformation of 〈cos2 θ〉(t). The resulting power
spectrum, displayed inFig. 9.3 (a), shows a series of regularly spaced peaks. The spec-
tral peaks reflect the frequencies of the nonzero matrix elements 〈JM | cos2 θ |J ′M〉,
i.e. the coherence (coupling) between state |JM〉 and |J ′M〉. The matrix element is
only nonzero if J − J ′ = ±2, 0 and thus the frequencies are given by:

ν(J–J+2) = B(4J + 6), (9.8)

assuming a rigid rotor model of the molecules.
All the peaks in Fig. 9.3 (a) have been assigned and labelled (J – J + 2). It is seen

that states up to J = 20 are populated. For comparison, the distribution of J-states
prior to the pulse, given by a Boltzmann distribution with a temperature of 1 K, is
displayed in Fig. 9.3 (b). Here, essentially all molecules reside in states with J ≤ 4,
showing that the polarizability interaction shifts the molecules to much higher-lying
rotational states. Figure9.3 (a) shows that the weight of ν(J–J+2) is centered around
300GHz. This defines the oscillation period of 〈cos2 θ〉 during the revivals. In fact, the
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Fig. 9.3 a Power spectrum of 〈cos2 θ〉(t) shown in Fig. 9.2. b Boltzmann distribution of rotational
states calculated for OCS molecules at a temperature of 1K

time difference between the minimum and the maximum of 〈cos2 θ〉 at both the half
and the full revivals is∼1.6 ps—giving an oscillation period of 3.2 ps corresponding
to 310 GHz.

Next, we discuss the alignment dynamics in the adiabatic limit. Figure9.4 (a)
shows the time-dependence of 〈cos2 θ〉 for OCSmolecules when a linearly polarized,
600 ps long laser pulse with a peak intensity of 1 × 1012 W/cm2 is used to induce
alignment. The center of the pulse defines t = 0. Again, the rotational temperature
of the molecules is set to 1K and the calculations are averaged over the intensities
in the probed focal volume of the alignment pulse. The degree of alignment now
closely follows the intensity profile of the laser pulse. It is seen that 〈cos2 θ〉 rises
concurrently with the laser pulse, reaches the maximum value of 0.84 at the peak of
the pulse, and returns to the isotropic value of 0.33 when the pulse turns off. This is
the characteristic adiabatic behavior of laser-induced alignment and it clearly differs
from that of nonadiabatic alignment.

The picture of the adiabatic alignment dynamics is that the laser pulse is turned
on sufficiently slowly that each rotational eigenstate of the field-free molecule
is transferred into the corresponding eigenstate in the presence of the laser field
[15, 19]. These states are called pendular states since they correspond to a molecule
librating in the angular potential well created byU (θ), see Eq.9.4, amotion similar to
the oscillation of a pendulum. If the laser pulse is also turned off sufficiently slowly,
the pendular states return to the field-free states. In other words, in the true adiabatic
limit, the distribution of rotational states after the pulse is the same as before the
pulse as if the molecules never knew that they were aligned for a period of time.
This situation stands in stark contrast to that of nonadiabatic alignment where the
molecules are left in coherent superpositions of field-free eigenstates after the pulse,
which leads to a distinct post-pulse time dependence of 〈cos2 θ〉 as discussed above.
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Fig. 9.4 Adiabatic alignment dynamics (black curve) calculated for a sample of OCS molecules
with a rotational temperature of 1K. The intensity profile of the alignment pulse is shown by the red
curve. τalign = 600 ps and Ialign = 1.0 × 1012 W/cm2. The inset illustrates the polar angle θ between
the inter-atomic axis of a molecule and the laser polarization, represented by the double-headed
arrow

In the adiabatic limit, the degree of alignment for a given molecule is only deter-
mined by the intensity of the laser pulse and the rotational temperature [36]. The
intensity dependence is illustrated experimentally in Sect. 9.2.4. Here we note that
if the intensity of the alignment pulse is increased too much, it will start ionizing
and/or dissociating the molecules. Consequently, the intensity must be kept suffi-
ciently low to avoid these unwanted processes. In practice, the limit is in the range
1012 − 1013 W/cm2 depending on the molecule and the pulse duration.

One significant advantage of adiabatic alignment is that for the many different
molecules that can routinely be brought down to rotational temperatures of a few
K in cold, supersonic beams, high degrees of alignment can be achieved, lasting
for as long as the pulse is turned on. In the present example, 〈cos2 θ〉 > 0.8 for
250 ps. Thus, adiabatic alignment appears useful for applications such as following
reaction dynamics in the molecular frame, where observation times of several tens of
picoseconds can be required. The advantage of the long-lasting character of adiabatic
alignmentwas demonstrated in real-timemeasurements of torsionalmotion of axially
chiral molecules [42–44]. The feasibility of this approach requires that the alignment
pulse does not perturb the reaction of the molecule or any other process studied. In
Sect. 9.3.6 we discuss how rapid truncation of the laser pulse at its peak can convert
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the high degree of adiabatic alignment into field-free alignment, lasting tens of ps, for
molecules embedded in He nanodroplets. Another advantage of adiabatic alignment
is that it is straightforward to extend 1D alignment of an asymmetric top molecule
to 3D alignment, see Sect. 9.3.6.

In the nonadiabatic limit, the short duration of the time windows in which strong
alignment exists is typically not long enough to enable chemical reaction dynamics
to be followed.3 For instance, in the OCS example with a 300 fs alignment pulse, the
strongest alignment, achieved during the half revival, amounts to 〈cos2 θ〉 staying
above 0.8 for only 0.2 ps. The alignment in this time interval occurs, however, long
after the alignment pulse is turned off, i.e. under completely field-free conditions.
This has proven very useful inmany studies of e.g. high-order harmonic generation by
intense fs laser pulses [2, 46–50]. For such applications, a high degree of alignment
lasting for a few hundred fs is more than enough time to do an experiment.

9.2.3 Experimental Setup

We now turn to discussing the practicalities of actually performing alignment exper-
iments on either isolated molecules or molecules in helium droplets. A schematic
diagram of a typical experimental setup, depicting the key components, is shown in
Fig. 9.5. There are four main parts. (1) A continuous beam of He droplets doped with
molecules, propagating along the Z-axis. (2) A pulsed molecular beam of isolated
molecules propagating along the X-axis. (3) Pulsed laser beams propagating along
the Y-axis. (4) A velocitymap imaging (VMI) spectrometer with a flight-axis parallel
to the X-axis.4

The helium nanodroplets are produced by continuously expanding high purity
(99.9999%) helium gas through a cryogenically cooled 5-μm-diameter aperture into
vacuum. The stagnation pressure is typically between 20 and 40 bar while the stag-
nation temperature is varied between 10 and 18K. This makes it possible to vary
the mean size of the droplets between ∼2000 and 12000 helium atoms [52]. The He
droplets pass through a skimmer and enter a pickup cell containing a gas ofmolecules
(or atoms). In most of the experiments described here, the partial pressure of the gas
is adjusted to optimize for single molecule doping of each droplet but the partial
pressure can also be increased to enable pickup of two molecules by each droplet
and subsequent formation of a dimer,5 see Sects. 9.3.5 and 9.3.7. Hereafter the doped
droplets pass through another skimmer (not shown on Fig. 9.5) and enter the ‘target
chamber’ where they interact with the laser pulses. This takes place in the middle

3 One exception is found here [45].
4 Note that the (X,Y,Z) coordinate systems used to label the experimental setup is rotated for some
of the results in this article.
5 Although not used in the studies presented here, we note that the He droplet instrument is equipped
with two in-line pickup cells. Thismakes it possible to form e.g. a dimer composed of twomolecules
or larger heterogeneous complexes [53, 54].
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Fig. 9.5 Schematic diagram of the experimental setup. Depicted are the helium droplet source, the
pickup cell, the 2D imaging detector, the CCD camera, and the Even-Lavie valve used in the studies
on isolated molecules. The direction of the sketched pulse forms indicates the polarisation direction
of the laser pulses used to align (along the z-axis) and probe (along the x-axis) the molecules.
Adapted from [51] with permission from American Physical Society (APS). Copyright (2018) by
APS

of a velocity-map imaging (VMI) spectrometer. For the alignment experiments, two
collinear laser beams, crossing the He droplet beam at 90◦, are used.

Both laser beams originate from an amplified Ti-Sapphire femtosecond laser sys-
tem and thus their central wavelength is 800nm. The pulses in the first laser beam
are used to induce alignment of the molecules. Essentially all molecules studied have
negligible absorption at 800nm, which means that the alignment pulses fulfill the
requirement of being nonresonant. For the nonadiabatic alignment measurements,
the duration of the alignment pulses is in the range from 300 fs to 15 ps. Such dura-
tions are obtained by sending a part of the compressed output from the amplified
laser system through a pulse stretcher composed of two transmission gratings in a
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double-pass geometry [55]. For the adiabatic alignment measurements, a part of the
uncompressed output of the laser system is used. The pulses in this beam have a
duration of 160 ps.6

The pulses in the second laser beam are taken directly from the compressed output
of the amplified laser system and their duration is ∼40 fs. These probe pulses are
used to measure the spatial orientation of the molecules in the following way. The
intensity of these pulses, typically a few times 1014 W/cm2, is high enough to cause
rapid multiple ionization of the irradiated molecules. Most of the resulting multiply
charged molecular cations break apart into positively charged fragment ions due to
internal electrostatic repulsion. This process is termed Coulomb explosion [57]. In
many cases, the fragment ions recoil along a molecular axis and thus detection of the
emission direction of the fragment ions provides direct information about the spatial
orientation of the molecules at the instant that the probe pulse arrives. In the case of
1D alignment, detection of the angular distribution of a single ion species, like I+
ions from an I2 molecule, is sufficient to fully characterize the degree of alignment.
For the case of 3D alignment, two ion species are typically needed to characterize
how the molecules are aligned. We note there are other ways to measure alignment
of molecules including the optical Kerr effect [26, 39], photodissociation [19], four-
wave mixing [58] and photoionization yields [59].

The ion detection is implemented by a VMI spectrometer [60, 61]. This means
that ions created when the probe pulse interacts with the molecules are projected by
a weak electrostatic field onto a 2Dmicrochannel plate (MCP) backed by a phosphor
screen. The ion images are recorded by a CCD or a CMOS camera that monitors the
phosphor screen and captures the fluorescence created by electrons from the MCP
impinging on the phosphor screen. On-line software analysis determines and saves
the coordinates of each individual particle hit. The MCP is gated in time by a high
voltage switch so that only ions with a certain mass-to-charge ratio are detected at
one time.

To achieve the intensities of the alignment pulse and the probe pulse needed for
the experiments, both laser beams are focused by a lens with a 30cm focal length. At
the crossing point with the beam of He droplets, the Gaussian beam waist, ω0 of the
alignment (probe) beam is typically 35 µm (25 µm). The laser beams are carefully
spatially overlapped, so that the smaller beam waist of the probe beam ensures that
only molecules that have been exposed to the alignment beam are being ionized and
then detected.

The experimental setup is also equipped with a molecular beam of isolated
molecules (or dimers). It is formed by expanding a few mbar of a molecular gas
in about 60–80 bar of He gas into vacuum through a pulsed Even-Lavie valve [62].
The molecular beam is skimmed and sent to the target chamber where it intersects
the focused laser beams at the same spatial position as the droplet beam. The advan-
tage of this setup is that it becomes possible to conduct experiments under the exact
same laser conditions for isolated molecules and for molecules embedded in He
nanodroplets. More details on the experimental setup can be found in [63].

6 If needed, an external grating stretcher can increase the duration [56].
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9.2.4 Experimental Observations of Adiabatic Alignment

In this section, we present experimental results on alignment of gas phase molecules,
using I2 as an example. We start in the (quasi-) long-pulse limit. As mentioned in
Sect. 9.2.3, 2D ion images constitute the basic experimental observables. From such
images, we can extract information about the spatial orientation of the molecules.
For I2 molecules, I+ ions are detected. Figure9.6 (a1) shows an I+ images recorded
with the probe pulse only, polarized perpendicular to the detector plane. These ions
are produced when the probe pulse ionizes the I2 molecules, and the resulting singly
or multiply charged molecular ions fragment into an I+-I, I+-I+ or I+-I2+ pair [64].
The key observation for our purpose is that the image is circularly symmetric. This
is to be expected since the I+ angular distribution must be symmetric around the
polarization axis because the (multiple) ionization rate of the I2 molecules, and thus
the emission direction of I+ fragment ions, depends only on the polar angle between
the probe pulse polarization and the I2 internuclear axis. The circularly symmetric
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Fig. 9.6 (a1)–(a2) [(b1)–(b2]: I+ [IHe+] ion images from Coulomb exploding isolated [He-
solvated] I2 molecules with the probe pulse only (1) and with the alignment pulse included (2).
The images represent the detection of the ion velocities, vx, vy in the detector plane. (a3) [(b3)]:
Angular covariance map of the image in (a2) [(b2)]. The polarization directions of the alignment
pulse (vertical: �) and probe pulse (perpendicular to the detector plane: ⊗) are shown on the ion
images. White circles indicate the radial ranges used for calculating 〈cos2 θ2D〉 and the angular
covariance maps. For the images in the middle column the probe pulse was sent at t = 0 and Ialign
= 0.83 TW/cm2. Adapted from [63] with the permission of American Institute of Physics (AIP)
Publishing. Copyright 2017 by AIP
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image allows us to conclude that the molecules are randomly oriented in the detector
plane and thus serves as a reference for the next measurements where alignment in
the detector plane is induced.

Figure9.6 (a2) shows the I+ images when an alignment pulse is included. The
pulse is 160 ps long and is linearly polarized along the Y-axis. The probe pulse is
synchronized to the peak of the alignment pulse. Now the I+ ions are tightly confined
along the direction of the alignment pulse polarization. In line with many previous
works, we interpret this as evidence of 1D alignment by the alignment pulse. To
quantify the degree of alignment, we determine 〈cos2 θ2D〉 from the average of all
I+ ions detected between the two white circles. Here θ2D is the angle between the
polarization axis of the alignment pulse and the projection of the recoil vector of an I+
ion on the detector plane [see Fig. 9.6 (a2)]. The reason that we determine 〈cos2 θ2D〉
and not 〈cos2 θ〉, is that the detector only records the components of the velocity
vector in the detector plane. However, it can be shown that 〈cos2 θ2D〉 contains the
same information as 〈cos2 θ〉 [65].

The ions between the two circles are chosen because they originate from double
ionization of the I2 molecules and subsequent Coulomb explosion into a pair of I+
ions: I2+2 → I+ + I+. In such a Coulomb fragmentation process, each of the I+ ions
should recoil back-to-back, precisely along the I2 internuclear axis, meaning that
their emission direction is a direct measure of the alignment of the I2-bond-axis at
the instant the probe pulse triggers the Coulomb explosion. This makes these I+
ions ideal observables for measuring the degree of alignment. To prove that the ions
between thewhite circles are indeed produced byCoulomb explosion, we determined
the angular covariance map of the I+ ions, see Fig. 9.6 (a3). An angular covariance
map allows identification of possible correlations in the emission direction of the
ions, details are given in Refs. [43, 66–68]. Here two narrow diagonal lines centered
at (0◦, 180◦) and (180◦, 0◦) stand out and show that the emission direction of anI+ ion
is strongly correlated with another I+ ion departing in the opposite direction. This
identifies the ions as originating from the I+-I+ channel. As discussed in Ref. [69]
the length of the signal in the covariance map (as defined in panel (b3)) is a measure
of the distribution of the molecular axes, i.e. the degree of alignment, whereas the
width is a measure of the degree of axial recoil. The observation of a width of ∼ 1◦
shows that the axial recoil approximation is indeed fulfilled, i.e., that the two I+ ions
fly apart back-to-back along the interatomic axis of their parent molecule.

To explore the alignment dynamics, 〈cos2 θ2D〉 was measured as a function of
time, t measured from the peak of the alignment pulse. We remark that before the
pulse, 〈cos2 θ2D〉 = 0.50. This is the value of 〈cos2 θ2D〉 characterizing randomly
oriented molecules that corresponds to 1/3 for 〈cos2 θ〉. The blue curve in Fig. 9.7
shows that 〈cos2 θ2D〉 follows the intensity profile of the laser pulse during the rising
part and reaches the maximum at the peak of the pulse. We note that this adiabatic
behavior occurs despite the fact that the rise time, ∼100 ps is significantly shorter
than τrot = 446 ps[70, 71]. Upon turn-off of the alignment pulse, 〈cos2 θ2D〉 does not
return all the way to 0.50, indicating that the molecules are left in a superposition of
eigenstates rather than in single eigenstates. This is corroborated by measurements
out to 750 ps, showing characteristic revival structures in 〈cos2 θ2D〉 although with a



396 J. H. Nielsen et al.

-300 -200 -100 0 100 200 300
0.5

0.6

0.7

0.8

0.9
 I+

 IHe+

t (ps)

〈c
os

2
2D

〉

0.0

0.2

0.4

0.6

0.8

In
te

ns
ity

 (T
W

/c
m

2 )

Fig. 9.7 〈cos2 θ2D〉(t) for both isolated I2 molecules (filled blue squares) and I2 molecules in He
droplets (open black circles). The grey shape shows the intensity profile of the alignment pulse
(right vertical axis). Reproduced from [63] with the permission of American Institute of Physics
(AIP) Publishing. Copyright 2017 by AIP

smaller amplitude than that at t = 0 ps. These nonadiabatic effects are not considered
here, but details can be found in Ref. [51]. Here, we focus instead on the maximum
degree of alignment obtained at the peak of the alignment pulse.

The blue filled squares in Fig. 9.8 shows 〈cos2 θ2D〉, obtained at t = 0 ps, as a func-
tion of the intensity of the alignment pulse, Ialign. The curve rises gradually from 0.50
at Ialign = 0W/cm2, then levels out and ends at∼ 0.92 for Ialign = 8.3 × 1011 W/cm2.
The I2 molecules should be able to withstand an intensity of several TW/cm2, so it
should be possible to increase the degree of alignment even further by simply increas-
ing Ialign. In Sect. 9.3.5 we show that an alternative and potentially more useful way
to increase 〈cos2 θ2D〉 is to use I2 molecules in He droplets (the data represented by
the black lines in Fig. 9.8) because their rotational temperature is lower than that of
the gas phase molecules.

9.2.5 Experimental Observations of Nonadiabatic Alignment

Next, we turn to alignment in the short-pulse limit induced by 450 fs long, linearly
polarized laser pulses. Images of I+ ion images were recorded for a large number
of delays, t , between the centers of the alignment and the probe pulses. For each
image, 〈cos2 θ2D〉, is determined from the ions produced through the I+-I+ Coulomb
explosion channel, as described above. The black traces in Fig. 9.9 show 〈cos2 θ2D〉
as a function of t for nine different fluences of the alignment pulse, Falign. We note
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that the intensity of the alignment pulse, Ialign, is given by Falign/τalign, so for e.g.
Falign = 0.25 J/cm2, Ialign = 5.5 × 1011 W/cm2.7

The overall structure of the nine alignment traces is similar to that calculated for
OCS and shown in Fig. 9.2: a prompt peak shortly after the pulse, a half revival,
centered at ∼225 ps, and a full revival centered at ∼448 ps. In addition, there are
transients at∼109ps and∼333ps,which are assigned as the quarter and three-quarter
revival, respectively. These quarter revivals appear because of the unequal population
of rotational states with odd and even J , caused by the nuclear spin statistical weight
of the odd/even J states = 21/15.

The effect of increasing Falign is twofold. First, the prompt peak and the revivals
narrow, and their oscillatory structure becomes faster. The zoomed-in region, dis-
played in the right column of Fig. 9.9 illustrates this effect for the prompt peak. Sec-
ond, the amplitude of the prompt peak and of the revivals increase as Falign is increased
up to 3.7 J/cm2. Notably, the global maximum (minimum) of 〈cos2 θ2D〉, attained at
the half (full) revival increases (decreases) from 0.61 (0.42) at Falign = 0.25 J/cm2

to 0.88 (0.28) at Falign = 3.7 J/cm2. In other words, both the peak alignment and
peak anti-alignment sharpen when Falign is increased. Increasing Falign beyond 3.7
J/cm2, leads to a gradual weakening of both the global alignment and anti-alignment
maxima in the alignment traces.

7 The measurements with Falign = 6.4, 7.4 and 8.7 J/cm2 were recorded with an alignment pulse
duration of 1300fs to avoid ionization.
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Fig. 9.9 Time-dependence of 〈cos2 θ2D〉 for isolated I2 molecules at 9 different fluences of a 450
fs alignment laser pulse. The rightmost panels show a zoom of the first 30 ps
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Both effects are caused by the fact that as the intensity of the alignment pulse
increases, the I2 molecules are excited to increasingly higher rotational states, which
can be seen directly in the spectra of 〈cos2 θ2D〉, discussed below. This increased
width of the wave packet in angular momentum space, enables a tighter angular
confinement of the molecular axes but only if the different angular momentum states
in the rotational wave packets have a well-defined phase relationship [72]. This is
analogous to how broadening a laser pulse in frequency space allows it to become
narrower in the time-domain, provided that the frequency components in the pulse are
phase-locked. We interpret the weakening of the alignment and the anti-alignment at
Falign > 3.7 J/cm2 as due to a non-optimal phasing of the angularmomentum states in
the wave packet. The reason is that the frequencies of the highest angular momentum
components in the wave packet are so high that they start evolving during the pulse
leading to a phase shift compared to the lower angular momentum components.
Expressed classically, the delta-kick model is no longer valid at the highest fluences.
Using two alignment pulses, or more generally a shaped alignment pulse, the phase
relationship of the components in broad rotational wave packets can be optimized,
to increase the degree of alignment further [73, 74]. We note that at the highest
fluences the rapid oscillatory structure of the half and full revivals is also influenced
by the centrifugal distortion, i.e. deviation from the rigid rotor structure [75]. This
dispersive effect is much more pronounced for molecules in He droplets and will be
discussed in Sect. 9.3.3.

As mentioned in the discussion of the simulated OCS nonadiabatic alignment
dynamics, the spectral content of the wave packets is revealed by Fourier transfor-
mation of 〈cos2 θ2D〉(t). Figure9.10 shows the spectrum for each alignment trace.
At the lowest fluences, Falign = 0.25 J/cm2 and Falign = 0.50 J/cm2, only about 8
peaks are observed, see inset on Fig. 9.10 (b). The assignment of the spectral peaks
shows that no rotational states higher than J = 9 are significantly populated. For
comparison, we have plotted the Boltzmann distribution of rotational states for I2
at a temperature of 1K, the estimated rotational temperature of the molecular beam
(see also Sect. 9.3.5). As shown by the inset in Fig. 9.10 (a), the states populated
are in the range J = 0–10, i.e. almost the same as those derived from the spectrum
in Fig. 9.10 (b). We conclude that at Falign = 0.25 J/cm2 and Falign = 0.50 J/cm2, the
probability of a Raman transition between J states is so low that the redistribution
of rotational states is very modest.

This is no longer the case when Falign is increased. Figure9.10 shows how the
spectrum broadens and shifts to higher frequencies as Falign increases. At the high-
est fluence, Falign = 8.7 J/cm2, the spectral width is greater than 200GHz and there
are spectral components beyond 450GHz. One of the highest-frequency peaks that
can be identified is centered at ∼454GHz, which corresponds to the frequency beat
between J = 100 and J = 102. These high-lying J states have been populated by a
sequence of 
J = ±2 Raman transitions starting from the initially populated low-
lying rotational states. We note that in many of the spectra from Falign =1.2 J/cm2

to 8.7 J/cm2 there is an alternation in the amplitude of the peaks, with those corre-
sponding to odd J states being stronger than those corresponding to even J states.
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Fig. 9.10 Power spectra of each of the 〈cos2 θ〉(t) traces shown in Fig. 9.9. In (b) and (c), the inset
shows a zoom on the spectral peaks. The inset in (a) is a Boltzmann distribution of rotational states
calculated for I2 molecules at a temperature of 1K

This is a consequence of the nuclear spin statistics. The nuclear spin of 127I is 5/2,
which gives a statistical weight of 21 to odd and 15 to even J states.

To analyze the experimental data we make comparisons to the predictions of
both the quantum model and the classical delta-kick model. In the quantum model,
the time-dependent Schrödinger equation, Eq. 9.2 is solved numerically for the I2
molecules to give the experimental observable, 〈cos2 θ2D〉. The calculations were
averaged over the focal volume determined by the measured beam waists of the
alignment (ω0 = 30 µm) and probe beams (ω0 = 25 µm) and with the rotational
temperature as a free parameter. As seen in Fig. 9.9 the agreement between the
experimental (black curves) and simulated results (red curves), is very good. The
minor discrepancies observed may be due to neglect of centrifugal distortion effects
(at the highest fluences) in the simulation and the fact that the ionization efficiency
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Table 9.1 Comparison of the maximal J quantum number calculated classically, J clasmax , (see text)
and observed in the experimental spectra, Jobsmax—for four different fluences of the alignment pulse

Falign, J/cm 2 ω, 1012 Hz Eclas
rot , cm−1 J clasmax J obsmax

1.2 0.23 10 16 16

2.5 0.49 45 34 34

5.0 0.98 179 69 65

8.7 1.7 541 120 102

of the probe pulse depends on the molecular alignment. Overall, the good agreement
demonstrates that time-dependent rotational dynamics of gas phase linear molecules,
induced by fs or ps laser pulses, is well-understood (Table 9.1).

Wealso applied the delta-kickmodel to produce a classical prediction of howmuch
rotational excitation the alignment pulse induces. For this, we used Eq.9.7 with θ0 =
45◦, to calculate the maximal angular velocity, ω, of a molecule after the interaction
with the laser pulse, assuming that the molecule did not rotate before the laser pulse
(which is reasonable for a rotational temperature of 1K). Classically, the rotational
energy, Eclas

rot , is given by Eclas
rot = I

2ω
2, where I is the moment of inertia of an I2

molecule. If we then equate Eclas
rot , in units of cm

−1, with the quantum expression for
the rotational energy, BJ (J + 1), (B in units of cm−1) we can determine themaximal
J quantum number, J clas

max . This can be compared to the observed maximal quantum
number, J obs

max readoff from the spectra inFig. 9.10.Table 9.1 list the values ofω, Eclas
rot ,

J clas
max and J obs

max for four different fluences of the experiment. At Falign =1.2 J/cm2 and
2.5 J/cm2 the classical model captures the observations essentially spot-on. At the
two higher fluences, the classical calculation slightly overestimates the observed
maximal rotational quantum state in the wave packets. This corroborate that the
rotational dynamics of the highest-lying angular momentum states excited by the
alignment pulse are so fast that the delta-kick model is not perfectly valid, i.e. the
molecules rotate slightly during the pulse.

Finally, we illustrate the spectroscopic aspect of nonadiabatic alignment, i.e., how
it is possible to determine accurate rotational constants from the time-dependent
〈cos2 θ2D〉 measurements. We do so to introduce a technique applied to molecules
in He droplets as discussed in Sect. 9.3.3. We use data for Falign = 0.5 J/cm2 now
recorded in the interval −10 ps to 3230 ps. Figure9.11(a) shows 〈cos2 θ2D〉(t) and
Fig. 9.11 (b) the corresponding spectrum obtained by Fourier transformation. The
alignment trace exhibits a sequence of full and fractional revivals. Their decaying
amplitude as a function of time is due to coupling between the rotational angu-
lar momenta and the nuclear spins through the electric quadrupole interaction, see
Ref. [76] for details. Here we focus on the position of the peaks in the spectrum.
Note that these peaks are much narrower than those in Fig. 9.10 (b), due to the >5
times higher spectral resolution resulting from the > 5 times longer time measure-
ment. The black squares in Fig. 9.12 show the central frequencies of the peaks in
the spectrum and the red line the fit to B(4J+6), see Eq. 9.8. The best fit is obtained



402 J. H. Nielsen et al.

Fig. 9.11 a 〈cos2 θ2D〉 for isolated I2 molecules with Falign = 0.50 J/cm2. b Power spectrum of
〈cos2 θ2D〉(t) shown in (a)

Fig. 9.12 Central frequencies of the (J–J + 2) peaks in the power spectra versus J . The red line
represent the best fit using Eq.9.8

for B = 0.03731±0.00002cm−1 = 1.119±0.0001GHz , which agrees exactly with
the value given on https://webbook.nist.gov/chemistry/. Our results demonstrate the
possibility for accurate determination of rotational constants, and thus information
on molecular structure, from time-resolved rotational dynamics measurements, a
discipline broadly termed rotational coherence spectroscopy [77, 78].



9 Laser-Induced Alignment of Molecules in Helium Nanodroplets 403

9.2.6 Laser-Induced Alignment: A Versatile and Useful
Technique

The sections above have demonstrated the ability of moderately intense laser pulses
to induce high degrees of alignment in both the nonadiabatic and the adiabatic
regime. Space limitation of this article prevents us from providing a full account
of laser-induced alignment, so again we refer readers to the aforementioned reviews.
We do, however, want to mention a few central points here. First of all, laser-
induced alignment applies to all molecules that have an anisotropic polarizability
tensor, which includes all molecules expect for spherical tops like methane and
sulphur-hexafluoride. In practise, laser-induced alignment has been applied to a
variety of molecules ranging from the simplest diatomics like N2 [30] to substi-
tuted biphenyls [79]. As shown in the coming sections, using He droplets extends
the scope of laser-induced alignment to even larger andmore complex systems. In the
previous sections, 1D alignment was discussed but we stress that it is also possible to
create 3D alignedmolecules, in particular by using elliptically polarized pulses in the
adiabatic regime [22, 80], but also by using fs/ps pulses [81–83] or combinations of
long and short pulses [84, 85]. In Sect. 9.3.6, we discuss 3D alignment of molecules
in He droplets. Finally, we would like to point out that in the case of polar molecules,
laser pulses in combination with a weak static electric field makes it possible to both
create strong alignment and a very high degree of orientation [86–91]. This tech-
nique, now referred to as mixed-field orientation, is particularly efficient when the
polar molecules are quantum-state selected by an inhomogeneous static electric field
prior to the laser-interaction [88, 89, 92]. Mixed-field orientation has been applied
to both 1D and 3D orientation [80, 93].

The ability to exert rigorous control over the rotation, alignment and orientation
of molecules has proven useful in a number of applications in molecular science and
opened new opportunities. Examples include imaging of molecular orbitals by high
harmonic generation [46, 94, 95] or by photoelectron angular distributions [3, 96,
97]; alignment-dependent yields of and molecular frame photoelectron distributions
fromstrong-field ionizationby intense, polarized fs pulses [98–104]; imagingof static
molecular structures by Coulomb explosion, by electron diffraction [105–109] or by
x-ray diffraction[110, 111]; time-resolved imaging of molecular structure during
intramolecular processes such as torsion [42, 44] and dissociation [45, 112]; high-
resolution rotational coherence spectroscopy [113–115]; development of the optical
centrifuge and the application of molecular superrotors [116–120]; intramolecular
charge migration with sub-fs time resolution using high harmonic generation [50];
and determination of the absolute configuration of chiral molecules [121].
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9.3 Alignment of Molecules in Helium Nanodroplets

9.3.1 Alignment of Molecules in a Dissipative Environment?

An interesting and perhaps obvious question to ask is whether laser-induced align-
ment techniques can be extended to molecules that are no longer isolated. This
question was addressed theoretically around 2005 focusing on nonadiabatic align-
ment of linear molecules subject to binary collisions in a dense gas of atoms or
molecules [122, 123]. It was shown that the collisions caused both dephasing and
population relaxation of the energy levels in the rotational wave packets. As a conse-
quence, the amplitudes of the revivals in the 〈cos2 θ〉 traces were reduced when the
revival order increased, and the permanent alignment level decayed gradually. The
revival period remained, however, identical to that of the isolated molecules since
the collisions did not change the energy of the available rotational states. A few years
later, the first experiments, exploring systems such as CO2 molecules in a gas of Ar
atoms [124] or a pure gas of N2 molecules [125], were reported. Subsequently, a
number of related studies have been published extending measurements and detailed
theoretical analysis to other molecular species and mixtures [126–129].

For molecules in classical solvents, like water or ethanol, the situation is qualita-
tively different. Firstly, a solute molecule is no longer rotating freely due to the high
collision rate with the solvent molecules (or atoms) [130]. When the molecules are
immersed in a liquid they typically lose the discrete rotational energy level struc-
ture characteristic of the gas phase. Secondly, even if a laser pulse could initiate
coherent rotation of a molecule, the high collision rate would rapidly perturb the
rotation. Thirdly, an alignment pulse would interact not just with the solute molecule
but also with the many solvent molecules (or atoms) surrounding it. It seems likely
that these three circumstances obstruct the transfer of molecular alignment, based
on laser-induced formation of coherent superposition of rotational states, from gas
phase molecules to molecules in a solvent.

9.3.2 Alignment of Molecules in He Droplets: First
Experiments

In 2007 we started to think about using molecules embedded in helium nanodroplets
as an alternative system for studying laser-induced alignment of molecules in a dis-
sipative environment. At that time, our motivations were manifold. Firstly, infrared
spectra of molecules, such as OCS, SF6, and N2O, in He droplets exhibit a discrete
spectral line structure quite similar to that observed for gas phase molecules. This
structure had been interpreted as free rotation of the molecules along with a local
solvation shell of He atoms, leading to effective rotational constants smaller than
those of the corresponding isolated molecules [52, 53, 131]. The rotational coher-
ence lifetimes, estimated from the linewidths of IR and microwave spectra, were on
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the order of nanoseconds, corresponding to multiple rotational periods. Secondly,
IR spectra had shown that the rotational temperature of molecules in He droplets
was around 0.4−0.5K [132–134]. Such low temperatures would be advantageous
for creating a high degree of alignment [135]. Thirdly, the interaction between an
alignment pulse and the solvent (the He atoms) should be negligible due to the low,
isotropic polarizability and high ionization potential of He atoms. Fourthly, recent
laser-based photodissociation experiments [136, 137] had shown that ion detection
by velocity map imaging was possible for molecules in He droplets [138]. This
strongly indicated that the detection methods, notably femtosecond laser-induced
photodissociation and Coulomb explosion, employed to characterize the degree of
alignment for gas phasemolecules, could also be applied tomolecules in He droplets.
Finally, helium droplets had been shown to be able to pick up and solvate essentially
anymolecular species that could be brought into gas phase [52–54, 139–142]. There-
fore it should become possible to study alignment for a variety of molecular systems,
including some that would otherwise be difficult to explore in cold molecular beams.

The aforementioned considerations built the expectation that both adiabatic and
nonadiabatic alignment of molecules in He droplets would be possible. Regard-
ing nonadiabatic alignment, we expected that the alignment dynamics for a given
molecule slower be slower than that observed in the gas phase due to the increase
of the moment of inertia from the solvation shell [134, 143]. Thus, it seemed likely
that the revival periods would be larger compared to that of isolated molecules, and
also that the number of revivals might be limited due to a finite rotational coherence
lifetime resulting from coupling between the molecule and the surrounding He sol-
vent. We also expected adiabatic alignment to be feasible, and furthermore, that the
degree of alignment would benefit from the low rotational temperature [135].

The construction of an experimental setup in our laboratory for exploring laser-
induced alignment of molecules was completed in 2010. The plan was to explore
alignment in the nonadiabatic limit using a 450 fs kick pulse to initiate alignment and
a delayed, intense 30 fs probe pulse to determine the time-dependent degree of align-
ment via Coulomb explosion. Initially, a pulsed cryogenic valve was employed to
produceHe droplets [144], tomatch the pulsed nature of the laser beams. The droplets
were doped with either iodobenzene (IB) or methyliodide (MeI) molecules. As a
first test, we used only the probe pulse, linearly polarized in the detector plane. The
intensity of the probe pulse was Ialign = 1.8 × 1014 W/cm2, which is strong enough
tomultiply ionize IB orMeImolecules and create I+ fragments fromCoulomb explo-
sion [145, 146]. For isolated molecules the I+ images are angularly anisotropic with
most ions detected along the polarization direction. The reason is that the probability
for multiple ionization is highest (lowest) for those molecules that happen to have
their most polarizable axis (the C-I axis for both species) parallel (perpendicular) to
the polarization vector of the probe pulse at the instant that it arrives. Details on this
‘geometrical’ alignment or enhanced ionization are given in [147]. Our first objective
was to detect such angular confinement for the I+ ions created by Coulomb explod-
ing either the IB or MeI molecules in the droplets, as this would prove our ability to
detect an anisotropic angular distribution of fragment ions, which was exactly what
was needed for the planned alignment experiments.
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No such angular anisotropy was, however, detected in the I+ images. Instead, they
were circularly symmetric, independent of whether the probe pulse polarization was
parallel or perpendicular to the detector. The explanation, we believe, was that each
droplet was doped with multiple molecules, which then formed dimers, trimers and
even larger clusters. In these oligomers, the C-I axes are not necessarily parallel, and
the polarizability tensors could become more isotropic than for the monomers. This
would strongly reduce the alignment-dependence of the strong-field ionization. An
obvious follow-up question is to ask why the droplets picked up several molecules.
We believe that this was because the pulsed nozzle produced very large droplets,
with a size of 105 − 106 He atoms per droplet [144]. The sheer size of these droplets
gives them a very large cross section for picking up molecules or atoms. In princi-
ple, the multiple doping can be avoided by lowering the doping pressure so much
that each droplet picks up at most one molecule. We tried to enter this regime but
at the lowest doping pressure, where the I+ signal was detectable, the I+ images
remained isotropic. We believe this was a consequence of the low droplet number
density, resulting from their large size. The upshot was that for these large droplets,
in the single doping regime there are so few doped droplets that they cannot produce
detectable ion signals.

As a consequence of the lack of success with the pulsed valve, the experimen-
tal setup was instead equipped with a continuous nozzle of the Göttingen design
[149, 150], manufactured by Alkwin Slenczka at Regensburg University. Figure9.13
shows IHe+ images recorded when He droplets from this new source, doped with
either MeI (top row) or IBmolecules (bottow row) are irradiated by the probe pulse.8

When the probe pulse is polarized perpendicular to the detector, Fig. 9.13 (a), (c), the
image is circularly symmetric which is to be expected if the molecules are randomly
oriented. When the polarization is parallel to the detector plane, Fig. 9.13 (b), (d),
the images develop an anisotropy with the ions being confined along the polariza-
tion direction. We interpret this as a result of the alignment-dependent strong-field
ionization, well-known for isolated molecules, mentioned above. The measurements
were repeated for both somewhat higher and somewhat lower doping pressures. No
changes were observed in the angular distributions of the IHe+ ions indicating that
the experiment took place under single-doping conditions, where each droplet was
doped with at most one molecule.

Next, the nonadiabatic alignment experiment was carried out. The experiment
was first conducted on isolated MeI molecules provided by the molecular beam.
Similar to the I2 experiment described in Sect. 9.2.5, the 450 fs alignment pulse
was linearly polarized parallel to the detector while the 30 fs probe was polarized
perpendicular to the detector. Examples of I+ images at t = 0.3 ps and t = 33.6 ps are
shown in Fig. 9.14 (a2), (a3). An image obtained with only the probe pulse present
is included as a reference, Fig. 9.14 (a1). In the image at t = 0.3 ps, the ions are

8 We prefer to detect IHe+ ions because I+ ion images may contain a small contribution from unsol-
vatedmolecules drifting from the pickup cell to the target region. Although the experimental setup is
designed to make this contribution very small, the detection of IHe+ ions ensures background-free
conditions.
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Fig. 9.13 2D velocity images of IHe+ resulting from irradiation of He droplets doped with either
methyl iodide (top row) or iodobenzene (bottow row) molecules by a 30 fs long probe pulse. The
polarization direction of the linearly polarized probe pulse is indicated on each panel. Iprobe =
1.8 × 1014 W/cm2. No alignment pulse was included. Adapted from [148] with permission from
American Physical Society (APS). Copyright (2013) by APS

Fig. 9.14 2D velocity images of I+ ion images resulting from irradiation of CH3I molecules
with the probe pulse [(b3): IHe+ ions]. Top (bottom) row: Isolated (He-solvated) molecules. (a1)
and (b1): Probe pulse only. In the other images, the alignment pulse is included, its polarization
direction indicated by the double headed arrows. The probe time is also given on the panels.
Ialign = 1.2 × 1013 W/cm2
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localized along the polarization of the alignment pulse whereas at t = 33.6 ps the
localization is perpendicular to the polarization vector. This demonstrates alignment
and anti-alignment, respectively. As for the gas phase I2 experiment in Sect. 9.2.5,
we determined 〈cos2 θ2D〉 from the ion hits in the radial range (in between the two
yellow circles) corresponding to the directional Coulomb explosion channel, here
I+-CH+

3 .
The time-dependence of 〈cos2 θ2D〉, shown by the black curve in Fig. 9.15, has a

structure similar to that observed for the I2 gas phase molecules, Fig. 9.9, i.e. narrow,
periodically occurring alignment transients identified as the prompt alignment peak
(t = 0.3 ps), the half revivals (t = 0.3 ps + (N − 1

2 )Trev) and the full revivals (t
= 0.3 ps + NTrev), where Trev = 1/2B and N = 1, 2, 3, . . . [146]. Hereafter, the
molecular beam with the isolated MeI molecules was blocked and instead the doped
He droplet beamwas let into the target chamber. The laser beamswere left untouched
to ensure that the parameters of the alignment and the probe pulses were well-suited
for inducing and observing laser-induced nonadiabatic alignment.

Figure9.14 (b2) shows an I+ image, recorded at t = 20 ps. The most important
observation is that the ions are confined along the alignment pulse polarization show-
ing that the MeI molecules are aligned at that time. A similar confinement is also
present in the IHe+ image displayed in Fig. 9.14 (b3). Compared to the gas phase
results, the radial (velocity) distribution is broader, which could be caused by the
fragments ions scattering on, and thus exchanging energy and momentum with, the
He atoms on their way out of the droplets. Also, the probe laser may ionize some He
atoms in the vicinity of the MeI molecule. The repulsion between such He+ ions and
the I+ fragment ions will add kinetic energy to the latter. To account for the larger
velocity range of the I+ (or IHe+) fragment ions, a larger radial range (in between the
yellow circles) was employed to determine 〈cos2 θ2D〉. Note that the ion distributions
in the three images, Fig. 9.14 (b1)–(b3) are slightly offset from the image center. This
shift results from the fact that the He droplet beam propagates parallel to the detector
whereas the molecular beam with the isolated molecules propagates perpendicularly
to the detector, see Figs. 9.14 (a) and 9.5.

The time-dependence of 〈cos2 θ2D〉 for the MeI molecules in He droplets is rep-
resented by the red curve in Fig. 9.15. The curve rises to a maximum of 0.60 at t ∼
20 ps, whereupon it decreases to 0.50, the 〈cos2 θ2D〉 value for randomly oriented
molecules, at t ∼ 110–120 ps. Hereafter 〈cos2 θ2D〉 remains flat at 0.50 until the end
of the recording time, 1000 ps. At the time this experimental result was obtained
and published, it seemed at odds with the expectations mentioned above. Most strik-
ingly, there were no revivals observed. Also, the degree of alignment was signifi-
cantly below that found for isolated molecules with an identical alignment pulse. As
we explain in the next section, experiments at much lower intensities and on other
molecular species were needed to understand laser-induced rotational dynamics of
molecules in He nanodroplets.
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Fig. 9.15 Time dependence of 〈cos2 θ2D〉 for isolated CH3I molecules (black squares) and for
CH3I molecules in He droplets (red squares). The alignment and the probe pulse parameters are
identical for the two data series. Ialign = 1.2 × 1013 W/cm2. The inset expands on the first 150 ps.
Reproduced from [151] with permission from American Physical Society (APS). Copyright (2013)
by APS

9.3.3 Nonadiabatic Alignment in the Weak-Field Limit: Free
Rotation (Reconciling the Time and the Frequency
Domains)

In the first part of this section, we describe nonadiabatic alignment experiments on
OCS molecules in He droplets. Their rotational energy structure has been character-
ized by IR and MW spectroscopy, thereby making OCS an ideal case for compar-
ing, and hopefully reconciling, results from time-resolved alignment dynamics with
results from frequency-resolved spectroscopy. Infrared and microwave spectroscopy
have shown that the energy, Erot , of the five lowest rotational levels are given by:

Erot = BJ (J + 1) − DJ 2(J + 1)2 (9.9)

where J is the rotational angular momentum quantum number and B = 2.19GHz
and D = 11.4MHz [152]. The reason that no higher J -states are explored is the com-
bination of the fact that at a temperature of 0.4K only J = 0, 1, 2, 3 are significantly
populated and that the selection rules for the transitions driven by the IR or MW
radiation is 
J = ±1. The gas phase-like rotational energy-level structure given by
Eq.9.9 builds the expectation that a short, nonresonant laser pulse can make a super-
position of these states and thus initiate coherent rotational dynamics in a similar
way to what has been done with isolated molecules.

The experimental procedure of our OCS experiment was similar to that described
for MeI in Sect. 9.3.2 except that the alignment pulses were 15 ps long and the
fragment ions detected were S+ ions. The black curves in Fig. 9.16 (a1)–(c1) show
the time-dependence of 〈cos2 θ2D〉(t) recorded at three different values of the fluence.
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Fig. 9.16 a1–g1: The time dependence of 〈cos2 θ2D〉 for OCS, CS2 and I2 molecules at different
durations and fluences of the alignment pulse, given on each panel. Black (red) curves: experimental
(simulated) results. The intensity profile of the alignment pulses are shown by the shaded grey area.
a2–g2: The power spectra of the corresponding 〈cos2 θ2D〉 traces. The spectral peaks, highlighted
by the colored vertical bands, are assigned as (J–J + 2) coherences with J given on top of the
panels (blue: even, red: odd). h: Central frequencies of the (J–J + 2) peaks in the power spectra
versus J . The full lines represent the best fits using Eq.9.10. The B and D constants from the fits
are given for each molecule. Adapted from [153] with permission from American Physical Society
(APS). Copyright (2020) by APS

All three alignment traces reach a maximum shortly after the alignment pulse, which
is followed by oscillations with a gradually decreasing amplitude. At first glance, the
three curves may appear noisy and rather uninformative but this impression changes
when one views the corresponding power spectra obtained by Fourier transformation
of 〈cos2 θ2D〉(t). The power spectra contain discrete peaks just as for the spectra of
the gas phase I2 molecules presented in Fig. 9.10.

In Sect. 9.2.5, we described how the spectral peaks reflect the frequencies of the
nonzero matrix elements 〈JM | cos2 θ2D|J ′M〉—the coherence (coupling) between
state |JM〉 and |J ′M〉, where M is the projection of the angular momentum on the
polarization axis of the alignment pulse. From Eq.9.9 the frequencies corresponding
to the dominant 
J = J ′ − J = 2 coherences [65], labeled (J–J + 2), are given
by:

ν(J–J+2) = B(4J + 6) − D(8J 3 + 36J 2 + 60J + 36). (9.10)

Using Eq.9.10 the three peaks in Fig. 9.16 (a2) at 12.8, 20.6 and 27.2GHz are
assigned as pertaining to the (0–2), (1–3) and (2–4) coherences, respectively. The
spectra for the two higher fluences, Fig. 9.16 (b2)–(c2) contain the same spectral
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peaks as illustrated by the vertical colored bands. At Falign = 1.4 J/cm2, an extra peak
shows up at 32.3GHz. This peak is assigned as the (3–5) coherence. It can be seen that
the weight of the spectral peaks shift to higher frequencies as the fluence is increased.
The same observation was made for the nonadiabatic alignment meaurements on I2
molecules, see Fig. 9.10. As mentioned, the classical explanation of the shift is that
a stronger alignment pulse imparts more angular momentum to the molecule, which
will then lead to higher rotational frequencies. Now the central positions of the four
peaks in the spectra can be plotted as a function of J and fitted using Eq.9.10 with
B and D as the fitting parameters. The experimental points along with the best fit,
obtained for B = 2.18±0.06GHz and D = 9.5±1.8MHz, are shown in Fig. 9.16 (h).
These findings agree well with the values from IR spectroscopy, B = 2.19GHz and
D = 11.4MHz, where D was the average for the v=0 and v=1 vibrational states in
the IR transition [152].

From this we can draw two conclusions. Firstly, the excellent fitting of Eq.9.10
to the positions of the spectral peaks strongly indicates that laser-induced rotation of
OCS molecules in He droplets is well described by a gas phase model, employing
the effective B and D constants, when the rotational excitation is modest, here J
≤ 5. This point is further discussed in the next paragraph. Secondly, the rotational
structure of a He-solvated molecule is encoded in 〈cos2 θ2D〉(t) and the rotational
constants can be retrieved by Fourier transformation. This introduces nonadiabatic
alignment as a rotational coherence spectroscopy method for molecules embedded
in He nanodroplets. Examples for molecules other than OCS will be given below.

To test how well a gas phase model describes the observed alignment dynamics,
we calculated 〈cos2 θ2D〉(t) by solving the time-dependent rotational Schrödinger
equation for a linear molecule exposed to the 15 ps alignment pulse, using the exper-
imental pulse shape, and the B and D values from the fit. The calculations were
averaged over the initially populated rotational states, given by a Boltzmann distri-
bution with T = 0.37K, and over the focal volume determined by the measured beam
waists of the alignment (ω0 = 30μm) and probe beams (ω0 = 25μm). Also, the effect
of inhomogeneous broadening was implemented by a Gaussian distribution of the B
constants with a FWHM, (
B) of 90MHz and a constant B/D ratio. The distribution
of B constants can arise from differences in droplet sizes and shapes, the location of
the molecule inside a droplet and coupling of the rotation and centre-of-mass motion
of the molecule [154]. The value of 
B was taken as half of the width, W , of the J :
1−0 transition in a MW spectroscopy experiment on OCS molecules in He droplets
[155].

The red curves in Fig. 9.16 (a1)–(c1) show the calculated degree of alignment. The
simulated 〈cos2 θ2D〉 values were scaled by a factor of 0.3, symmetrically centered
around 〈cos2 θ2D〉 = 0.5, to account for the non-axial recoil of the S+ ions from the
Coulomb explosion of the OCS molecules [63]. The calculated 〈cos2 θ2D〉(t) is very
close to the measured trace and captures in detail most of the oscillatory patterns
observed. The very good agreement between the calculated and experimental data
corroborates the previous conclusion that gas phase modelling with effective B and
D constants can accurately describe ps laser-induced rotational dynamics of OCS
molecules in He droplets. Nevertheless, the observed dynamics appear very different
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from that of isolated molecules. As discussed below, this is due to the much larger
D constant for molecules in He droplets compared to isolated molecules (OCS:
DHe ≈ 6.5 × 103 Dgas) [152, 156] and the presence of inhomogeneous broadening.

For the OCS molecules aligned with the 15 ps pulse, we calculated 〈cos2 θ2D〉(t)
for three values of the D constant, with or without the effect of inhomogeneous
broadening. When D = 0 and all molecules have the same B value, i.e. no inho-
mogeneous broadening, Fig. 9.17 (a1) shows that 〈cos2 θ2D〉(t) is identical to that
of isolated OCS molecules except that the revival period is increased by a factor
2.8 due to the effective B constant. The calculation for D = 5.0MHz, Fig. 9.17
(b1), shows that the centrifugal term introduces an additional oscillatory structure
in 〈cos2 θ2D〉(t) and distorts the shape of the revivals. For gas phase molecules, it
was already observed and understood that the centrifugal term modulates the shape
of rotational revivals [115, 157] but the influence was moderate 9 and the different
revivals remained separated from each other. In Fig. 9.17 (b1), the effect of the cen-
trifugal term is so large that, with the exception of the half-revival, there is essentially
no longer distinct, separated revivals. This trend is even more pronounced for the
calculation with the experimental D value, Fig. 9.17 (c1). The yellow and blue bands
provide a rigid rotor reference, Fig. 9.17 (a1), for how the centrifugal term distorts
and shifts the rotational revivals.

The panels in the right column of Fig. 9.17 show 〈cos2 θ2D〉(t) when inhomoge-
neous broadening is included by averaging calculated alignment traces over a Gaus-
sian distribution of B constants with a FWHMwidth of 90MHz. The main influence
is a gradual reduction of the amplitude of the oscillations in the alignment traces
while preserving the average value of 〈cos2 θ2D〉. This dispersion effect produces
alignment traces which (for D = 9.5MHz) agree very well with the experimental
results for all three fluences studied, see Fig. 9.16 (a1)–(c1).

Experiments were carried out for two other linear molecules, CS2 and I2. The
alignment traces and the corresponding power spectra are displayed in Fig. 9.16
panels (d)–(g).10 Again, each spectral peak is assigned to a (J–J + 2)-coherence,
noting that for CS2 only even J -states are possible due to the nuclear spin statistics.
The center of the spectral peaks are plotted versus J and as forOCS, Eq.9.10 provides
excellent fits to the experimental results, illustrated by the red (I2) and blue (CS2)
points/lines in Fig. 9.16 (h). The B and D values extracted from the best fits are given
on the figure.No other experimental values from frequency resolved spectroscopy are
available in the literature but a recent path integral Monte Carlo (PIMC) simulation
gives B = 756 ± 9 MHz, in good agreement with the experimental value. For the
case of CS2, IR spectroscopy could have been used to determine B and D, just as
it has been used for CO2 [159]. For I2, however, neither IR nor MW would apply
because I2 neither has a permanent dipole moment, nor a dipole moment that changes
during vibration.

9 Unless extreme rotational states, excited by an optical centrifuge, are populated [158].
10 The I2 results shownwere obtained for alignment pulse durations of 450 fs and5ps.Measurements
were also carried out at 15 ps showing spectral peaks at the same positions.
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Fig. 9.17 〈cos2 θ2D〉 as a function of time calculated for OCS (B=2.17GHz) for three different
values of the D constant, without (left column) or with (right column) inhomogeneous broadening
included. T = 0.37K and F = 0.7 J/cm2. The yellow and blue bands highlight the position of the
half-and full-revival for the D=0 case. Reproduced from [153] with permission from American
Physical Society (APS). Copyright (2020) by APS

We also calculated the time-dependent degree of alignment for I2 and CS2. As
for OCS, it was necessary to scale the simulated data to account for non-axial recoil.
The scaling factor was 0.37 for CS2 and 0.75 for I2. The calculated results, shown
by the red curves in Fig. 9.16 panels (d1)–(g1) agree very well with the experimental
findings. Since the two molecules had not been spectroscopically studied in He
droplets before, we had to choose a width for the inhomogeneous distribution of the
B constant. The best agreement with the measured 〈cos2 θ2D〉(t) was obtained for

B = 50MHz for CS2 and 40MHz for I2. As for OCS, we also did calculations
where the D constant was varied from 0 to the experimental value - 1.2MHz for CS2
and 450 kHz for I2. The result of these calculations, that are not shown here, identify
the valley-peak structure around t = 200 ps for CS2 as the quarter revival and the
oscillatory structure in the 550–700 ps range for I2 as the half revival.

Based on the excellent agreement between the measured and calculated
〈cos2 θ2D〉(t) for the three different molecules, we conclude that for the relatively
weak, nonresonant fs or ps pulses used, the mechanism of nonadiabatic alignment
is the same for molecules in He droplets as for isolated molecules. This means
that first the polarizability interaction between the laser pulse and the He-solvated



414 J. H. Nielsen et al.

molecule creates a rotational wave packet. The interaction strength is essentially
the same as for an isolated molecule because for a given laser pulse intensity, it is
only determined by the polarizability anisotropy of the molecule.11 The rotational
wave packet will, however, be different because the rotational energy levels are not
the same for the He-solvated molecules as for the isolated molecules. In fact, the
orders-of-magnitude larger D values for the He-solvated molecules cause a strong
dispersion of 〈cos2 θ2D〉(t) making only the first fractional revivals identifiable. This
is in stark contrast to the gas phase case where a large number of revivals are observ-
able. Furthermore, the distribution of B (and D) values also contrasts the gas phase
case where B and D are defined by the molecular structure only. The inhomoge-
neous B-distribution causes a gradual decay of the amplitude of the oscillations in
the 〈cos2 θ2D〉 trace.

One question remains, namely why is the rotational structure of the He-solvated
molecules gas phase-like for the lowest rotational states? We believe this is a conse-
quence of the superfluidity of the He droplets. According to the power spectra, shown
in Fig. 9.16, the maximum J values and thus rotational energies, Erot( Eq. 9.9), are
the following: OCS: J = 5, E = 1.9cm−1; CS2: J= 10, E = 2.2cm−1; I2: J = 9,
E = 1.3cm−1. In all three cases, Erot falls in the regime where the density of states
in the He droplets is low and thus the coupling between molecular rotation and
the phonons (rotons) of the He droplet should be weak [53]. If stronger alignment
pulses are applied, we expect that higher rotational states will be excited. Then the
free-rotor description is probably no longer valid since the density of states in the
He droplet increases strongly, implying that the coupling of rotation to the phonons
(rotons) increases, which in turn will make the lifetime of highly excited rotational
states (very) short [160]. We note that it is unlikely that Eq.9.9 will provide accurate
or meaningful descriptions of highly-excited rotational states. In the case of OCS,
Eq.9.9 predicts negative energies for J > 9, which is unphysical.

9.3.4 Nonadiabatic Alignment in the Strong-Field Limit:
Breaking Free

To illustrate how increasing the alignment intensity influences the alignment dynam-
ics of molecules in He droplets, we use experimental results for the I2 molecule.
The experimental strategy was identical to that described above. An alignment
pulse, linearly polarized parallel to the detector and with a duration τalign = 450
fs, initiates the rotational dynamics, whereupon the delayed probe pulse, Iprobe
= 3.7 × 1014 W/cm2, Coulomb explodes the molecules and IHe+ ion images are
recorded. The time-dependence of 〈cos2 θ2D〉 obtained from these images, for nine
different fluences, is shown in Fig. 9.18. The alignment trace recorded at the lowest
fluence, Falign = 0.25 J/cm2, is the same as the one displayed in Fig. 9.16 (e1) and it

11 The He atoms in the shell will also be polarized but the polarizability is isotropic.
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shows the characteristic peak shortly after the alignment pulse and the half-revival
at around 550–700 ps.

As Falign is increased to 0.50 and then to 1.2 J/cm2 the prompt alignment peak
grows in amplitude and appears earlier. This is the same behavior seen for OCS in
He droplets, Fig. 9.16 panels (a1)–(c1) and for the isolated I2 molecules, Fig. 9.9,
and is the result of excitation of higher rotational states, and thus faster rotation
and higher degree of alignment. The half-revival structure remains Falign = 0.50
and 1.2 J/cm2, although its amplitude decreases somewhat. The spectra, obtained by
Fourier transformation (not shown) corroborate that the increase of Falign leads to
higher frequencies of the rotational wave packet. At Falign = 1.2 J/cm2 , the spectrum
shows a clustering of the frequencies in a peak around 18–19 GHz. When Falign
is further increased to 2.5 and 3.7 J/cm2, the revival structure disappears from the
time traces, as seen in Fig. 9.18 (d1)–(e1). Unlike the gas phase case, the frequencies
in the spectrum do not shift to higher frequencies but rather stay below 20GHz.
We are currently analyzing this phenomenon and its relation to the phonon (roton)
excitations of the He droplet. Here, we will instead focus on another non-gas phase
phenomenon. Up to Falign = 2.5 J/cm2 the rising part of the prompt peak is smooth
and increases faster as Falign is increased. At Falign = 3.7 J/cm2 the rising part changes
qualitatively to become much steeper and even develops a small substructure - see
the right column of Fig. 9.18 for a zoom-in on the first 100 ps. This trend continues
when Falign is further increased and the substructure grows to a prominent sharp peak
ending with a maximum already at t ∼ 1.3 ps for Falign = 8.7 J/cm2, see Fig. 9.18(i).

This initial dynamics are almost as fast as for an isolated molecule, which can be
seen on Fig. 9.19 where the 〈cos2 θ2D〉 trace during the first 20 ps is shown for both
He-solvated molecules and isolated molecules. The maximum of the prompt peak
appears at close to the same time in the two cases. We believe the reason for these
rapid dynamics of the He-solvated molecules is that the I2 molecules transiently
decouples from their He solvation shell. The explanation for the decoupling is that
the interaction with the alignment pulse induces a rotational speed of the He-solvated
molecules that is so high that the He atoms in the solvation shell detach from the
molecule due to the centrifugal force.

To substantiate our explanation, we use the classical delta-kick model, Eq. 9.7,
to calculate the angular velocity that a He-dressed I2 molecule gains from the inter-
actions with the laser pulse using the effective moment of inertia, Ieff, of I2 in the
droplets. According to the experimental result in Sect. 9.3.3, Ieff is equal to 2.3 times
the moment of inertia of a gas phase molecule. In our classical model, a He-dressed
molecule is treated as an I2 molecule rigidly attached to eight He atoms placed in the
minima of the I2–He potential [152, 162]. This means six He atoms in the central
ring around the molecule at a distance, rHe, of 3.7 Å from the center of the molecule
and one He atom at each end, at rHe = 5.0 Å, see Fig. 9.20. We note that the value
of Ieff determined from this structure (Fig. 9.20) gives Ieff = 1.8Igas. If two He atoms
are placed at each end of the molecule, then Ieff = 2.3Igas.

A simple criterion for estimating if aHe atom in the solvation shell can be detached
is: Erot(He) > Ebinding(He), where Erot(He) = 1

2mHe r2Heω
2 is the rotational energy

of a He atom and Ebinding(He) ≈ 16 cm−1 is the ground-state binding energy of the
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Fig. 9.18 Time-dependence of 〈cos2 θ2D〉 for I2 molecules in He droplets at 9 different fluences
of a 450 fs alignment laser pulse. The rightmost panels show a zoom of the first 100 ps. Adapted
from [161] with permission from American Physical Society (APS). Copyright (2017) by APS
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HeI2 complex [162, 163]. Table 9.2 displays Erot(He) calculated for the different
fluences. For the value of rHe we have taken 5.0 Å. At Fkick � 6J/cm2 the criterion is
met implying that one or several He atoms detach from the molecule (lower panels
in Fig. 9.20) since the binding energies of the first few He atoms are similar [164]. If
one He atom is detached, the angular velocity of the I2 molecule and its remaining
He solvent atoms will increase, which causes detachment of more He atoms and then
another increase inω etc. It is likely that this self-reinforcing process can lead to rapid
detachment of all the He atoms in the solvation shell. A schematic representation
of the rotational dynamics in the high fluence limit, where the detachment process
occurs, and in the low fluence limit where the molecule and its solvated shell rotates
as a concerted system, is shown in Fig. 9.20 (Table 9.2).

Similar rapid, short-time alignment dynamicswere also observed forOCSandCS2
molecules in He droplets. Figure9.21 shows the time-dependent alignment dynamics
for OCS and CS2 molecules, in both cases induced by a 450 fs alignment pulse and
probed by Coulomb explosion and recording of the S+ fragment ions. The red curves
in Fig. 9.21 are obtained for He-solvatedmolecules. The traces for both OCS andCS2
resemble that of I2 at Falign = 8.7 J/cm2—a sharp initial spike of 〈cos2 θ2D〉 followed
by a decay over ∼50–60 ps to the equilibrium value of 0.5. The 〈cos2 θ2D〉(t) traces
for isolated molecules in the supersonic beam are shown as references. The right
panels in Fig. 9.21 compare the alignment dynamics of He-solvated molecules to

0 5 10 15 20

0.5

0.6

0.7

0.8

t  (ps)

 Isolated I2 molecules
 I2 in He droplets

Fig. 9.19 〈cos2 θ2D〉, at early times for isolated I2 molecules (red) and I2 molecules in He droplets
(black) recorded for Falign = 8.7 J/cm2. The parameters of the alignment pulse and the probe pulse
were identical for the measurements on the isolated molecules and on the molecules in He droplets.
Adapted from [161] with permission from American Physical Society (APS). Copyright (2017) by
APS
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Ekick

t (ps)0 1.3

Fkick= 8.7 J/cm2

(b1) (b2) (b3)

vHe

vHe
(a1) (a2) (a3)
Fkick= 0.50 J/cm2

t (ps)0 25

Fig. 9.20 Schematic illustration of laser-induced rotation of I2 molecules inside He droplets, based
on the classicalmodel described in the text, for aweak [(a1)–(a3)] and a strong [(b1)–(b3)] alignment
pulse. a2 illustrates parameters used in the classical model. θ0: The starting angle between the
molecular axis and the alignment pulse polarization, rHe: Distance from the He atom at the ends
to the axis of rotation, vHe = ω rHe: The linear speed of the He atoms at the ends of the molecule
gained from the laser-molecule interaction. Reproduced from [161] with permission fromAmerican
Physical Society (APS). Copyright (2017) by APS

Table 9.2 Classical calculation of the maximum angular velocity using Eq. (9.7) with θ0 = 45◦ for
the nine different fluences used in the experiment. From ω the linear speed, vHe, and the rotational
energy, Erot(He), of the He atoms at the ends of the molecules are calculated—see text

Falign, J/cm 2 ω, 1010 Hz vHe, m/s Erot(He), cm−1

0.25 2.7 13 0.029

0.50 5.5 26 0.12

1.2 14 65 0.71

2.5 27 130 2.8

3.7 41 195 6.4

5.0 54 260 11

6.4 70 338 19

7.4 81 390 26

8.7 95 454 35
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Fig. 9.21 〈cos2 θ2D〉(t) for isolated (black curves) and He-solvated molecules (red curves). Upper
row: OCS with Falign = 9.7 J/cm2. Lower row: CS2 with Falign = 7.2 J/cm2. The parameters of the
alignment pulse and the probe pulse were identical for the measurements on the isolated molecules
and on the molecules in He droplets. The rightmost panels show a zoom of the first 5 ps

that of isolated molecules during the first 5 ps. It is seen that 〈cos2 θ2D〉 evolves
almost as fast for the molecules in He droplets as for the gas phase molecules.
Repeating the classical calculation for OCS and CS2 with the effective moment of
inertia determined in Sect. 9.3.3, shows that the alignment pulse at the fluences used
makes the He-solvated molecules rotate so fast that the He atoms will be detached, in
an analogous way to the I2 case just discussed. We note that a quantum model of the
laser-induced rotational dynamics of a CS2 molecule weakly bonded to a single He
atom, gives almost the same value for the alignment laser pulse intensity (fluence)
needed to dissociate the system [165, 166].

9.3.5 Adiabatic Alignment of Molecules in He Nanodroplets

In this section, we discuss alignment induced by laser pulses with a duration of
160 ps. We first describe experiments conducted on I2 molecules in He droplets. In
Sect. 9.2.4, it was alreadymentioned that although 160 ps is shorter than the rotational
period (1/2B = 446 ps) for isolated molecules, the degree of alignment exhibited
adiabatic behavior, i.e. 〈cos2 θ2D〉(t) followed the temporal intensity profile of the
alignment pulse. Encouraged by those results, we used the same 160 ps pulses to
explore alignment of He-solvated I2 molecules although their moment of inertia is
2.3 times higher than for the isolated molecules.
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The experiment was conducted in the same way as for the isolated molecules, but
using IHe+ ions as the observables rather than I+ ions. Images of IHe+ with the probe
pulse only and with the probe pulse synchronized to the peak of the alignment pulse
are shown in Fig. 9.6 (b1) and (b2). In the latter case, the ions are strongly localized
around the polarization direction of the alignment pulse, showing that the molecules
are strongly 1D aligned. The degree of alignment, 〈cos2 θ2D〉, is determined from
the ions in the radial range between the two white circles. These ions result from
double ionization of the I2 molecules and subsequent Coulomb explosion into two
I+ ions, each of which then picks up a single He atom. This assignment is based on
the angular covariance map, determined from the ions between the two white circles,
displayed in Fig. 9.6 (c1). The two covariance signals centered at (0◦, 180◦) and (180◦,
0◦) identify the ions as originating from double ionization of the I2 molecules and
fragmentation into a pair of correlated IHe+ ions. The length of the covariance signals
is small, thus showing that the molecules are well-aligned, but the width, ∼ 11◦, is
much larger than in the case of the isolated molecules. We believe the increased
width is due to distortion of the ion trajectories from collisions with He atoms on
the way out of the droplet. The angular distribution of the IHe+ ions is therefore
wider than the distribution of the molecular axes and represents an underestimate of
the true degree of alignment. As is discussed below, we can deconvolute the effect
of the deviation from axial recoil in the probe process using analysis of the angular
covariance maps [69].

The time-dependence of 〈cos2 θ2D〉(t) is shown by the black line in Fig. 9.7. It
is seen that 〈cos2 θ2D〉(t) follows the shape of the laser pulse (shaded grey area).
Compared to the gas phase results (blue line) the 〈cos2 θ2D〉 curve is, however,
slightly shifted to later times. Additionally, upon turn-off of the alignment pulse
〈cos2 θ2D〉(t) does not return to 0.50. As for the gas phase molecules, this means that
the He-solvated molecules are left in a coherent superposition of rotational states
after the pulse. In fact, measurements at times out to 1500 ps reveal clear revival
structures [51]. Like for the isolated molecules we omit any discussion of these
nonadiabatic effects and concentrate on the maximum degree of alignment obtained
at the peak of the alignment pulse.

The black open circles in Fig. 9.8 shows 〈cos2 θ2D〉(t), obtained at t = 0 ps, as
a function of the intensity of the alignment pulse, Ialign. The intensity dependence
of 〈cos2 θ2D〉 for the He-solvated molecules is very similar to that of the gas phase
molecules (blue squares). There is a rather steep initial rise from 0.50 at Ialign = 0 and
then amoremoderate rise from Ialign = 2.5 × 1011 W/cm2 ending at 〈cos2 θ2D〉=0.92
at the highest intensity used.We expect the 〈cos2 θ2D〉 values of the isolatedmolecules
to represent an accurate measurement of the true degree of alignment due to the
essentially perfect axial recoil of the I+ fragments. For the molecules in He droplets
the deviation of axial recoil, as mentioned above, implies that the true degree of
alignment is underestimated. Using a method based on analysis of the correlations
between the IHe+ fragment ions employing the angular covariance maps shown in
Fig. 9.6 (b3), it is possible to correct the 〈cos2 θ2D〉measured for the effect of nonaxial
recoil [69]. The result of this correction method is represented by the black filled
circles in Fig. 9.8. Comparing this curve to the blue curve, it is clear that 〈cos2 θ2D〉
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Fig. 9.22 〈cos2 θ2D〉 for a I2 molecules in He droplets and b isolated I2 molecules calculated as
a function of the alignment pulse intensity for different rotational temperatures. The black filled
circles in (a) and the filled blue squares, representing the experimental results, are the same as the
black filled circles and filled blue squares in Fig. 9.8. Adapted from Ref. [63] with the permission
of American Institute of Physics (AIP) Publishing. Copyright 2017 by AIP

is significantly higher for I2 in He droplets than for isolated I2 molecules at all
intensities. In particular, for the highest intensity, the corrected 〈cos2 θ2D〉 value is
0.96. For comparison, a sample of perfectly aligned molecules has 〈cos2 θ2D〉 = 1.

To model and thus gain insight into alignment of the He-solvated molecules, we
solved the rotational Schödinger equation (compare Eq.9.2) for the I2 molecules
exposed to the experimental 160 ps alignment pulse. The molecules were treated
as isolated molecules but with the effective B and D constants determined from the
rotational coherence spectroscopy experiment discussed inSect. 9.3.3. This treatment
is motivated by the success of the model to accurately reproduce the 〈cos2 θ2D〉(t) for
the nonadiabatic aligment experiments on I2, OCS and CS2, as shown in Sect. 9.3.3.
Also, the intensity of the laser pulse is sufficiently low and varies slowly enough that
the He solvation shell is expected to follow adiabatically, as rationalized by angulon
theory arguments [63].12 The result of the calculations, expressed as 〈cos2 θ2D〉, at
the peak of the pulse, as a function of the alignment intensity at different rotational
temperatures of the I2 molecules are shown in Fig. 9.22 (a).

At all intensities the experimental data points fall within the range confined by
the calculated 0.2K and 0.5K curves, and on average lie close to the calculated 0.4K
curve. We believe that the agreement between the data points and the 0.4K curve
would be even better if the former could be corrected for the alignment-dependent
ionization efficiency of the probe pulse: The probe pulse ionizes, and thus Coulomb
explodes, the molecules aligned parallel (perpendicular) to its polarization axis most
(least) efficiently. At intermediate degrees of alignment such as for the three data
points between 0.1 and 0.3 TW/cm2, 〈cos2 θ2D〉 will be underestimated because
the best aligned molecules are least efficiently probed. A correction for this probe

12 Details on angulon theory can be found in [167, 168].



422 J. H. Nielsen et al.

pulse selectivity would increase 〈cos2 θ2D〉 for the three points and bring them closer
to the 0.4K curve. The agreement between the simulated curve for 0.4K and the
experimental results lead us to conclude that in this limit of quasi-adiabatic alignment
the He-solvated molecules behave as gas phase molecules at a temperature of 0.4K.
This conclusion is the same as we reached for nonadiabatic alignment, induced by
fs or few-ps long alignment pulses.

The reason that the molecules in the He droplets obtain a higher degree of align-
ment than the molecules in the supersonic beam is that the rotational temperature is
lower in the droplets. For the isolated molecules, we also calculated the degree of
alignment at the peak of the pulse for different temperatures. The results, together
with the experimental data, are displayed in Fig. 9.22 (b). It can be seen that the data
points, apart from the points at the highest intensities, fall within the range confined
by the calculated 0.8K and 1.2K curves. A temperature around 1K is consistent with
previous estimates of the rotational temperature for molecular beams produced by
an Even-Lavie valve operated under similar conditions [93].

To complete the argumentation that the degree of alignment for a given molecule
that is exposed to a specific laser field strength, E0, is strongly dependent on tem-
perature, we note that in 2001, Tamar Seideman showed that in the limit where
kT/B � 1:

〈cos2 θ〉 = 1 −
√

πkT/
αE2
0 . (9.11)

This expression shows that 〈cos2 θ〉 is determined by T and independent of B. For
I2 in He droplets, kT/B = 8.34GHz/0.48GHz = 17.4 and for the isolated I2, kT/B
= 20.9GHz/1.12GHz = 18.7, in both cases the ratio is much larger than 1. Using
Eq.9.11weobtain 〈cos2 θ〉 = 0.94 for theHe-droplet case (T =0.4K) and0.90 for the
gas phase case (T = 1.0K), with 
α = 7.0 Å3 and E0 = 2.5e7 V/cm, corresponding
to the highest intensity of 0.83 TW/cm2. These values are in good agreement with the
experimental 〈cos2 θ2D〉 values of 0.96 and 0.92, noting that for a given distribution
of aligned molecules, 〈cos2 θ2D〉 is always slightly larger than 〈cos2 θ〉 [65, 145].

The effectiveness of He droplets as a medium in which strong molecular
alignment can be created was also demonstrated for 1,4-diiodobenzene and
1,4-dibromobenzene, with direct comparison between He-solvated molecules and
isolated molecules in a supersonic beam [63]. For the He-solvated molecules,
〈cos2 θ2D〉 again exceeded 0.96 at the highest intensity applied, 0.83 TW/cm2. In
the following, though, we would like to present another example, which both illus-
trates the applicability of adiabatic alignment to a molecular dimer and also how the
intensity-dependent degree of alignment again matches calculations with a rotational
temperature of 0.4K. The example is the carbon disulfide dimer. In the gas phase, the
dimer has a cross-shaped structure with D2d symmetry, and it is a prolate symmetric
top, see Fig. 9.23. For now we assume the dimer has the same structure inside He
droplets but in Sect. 9.3.7 we actually show that laser-induced Coulomb explosion
imaging can be used to determine the structure of the CS2 dimers in He droplets.
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Fig. 9.23 a Sketch of the space-fixed (XYZ) coordinate system. b Sketch of the molecular (xyz)
coordinate system and the CS2 dimer in its ground state geometry. Polarizability elements of the
dimer (in units of Å3) are annotated onto each molecular axis. Adapted from [169] with permission
from American Physical Society (APS). Copyright (2019) by APS

Experimentally, the He droplets were sent through a gas of CS2 molecules with
a pressure sufficiently high that there is a non-negligible probability that some of
the droplets pick up two CS2 molecules. Since the attraction between the two CS2
molecules is much larger than between a CS2 and a He atom, the two molecules are
expected to approach each other and can then form a dimer with the binding energy
being dissipated into the He solvent and subsequently removed from the droplet
by evaporation of ∼162 He atoms—evaporation of one He atom removes 5cm−1

of energy [52] and the binding energy of (CS2)2 is ∼ 810cm−1 [170]. The doped
droplets are irradiated by a 30 fs, 800nm, 3 × 1014W/cm2, probe pulse. Hereby the
CS2 are singly ionized, leading to formation of CS+

2 ions, which is the experimental
observable considered in this section. Some of the molecules are also multiply ion-
ized, which results in Coulomb explosion and production of S+ fragment ions. The
use of these ions for structure determination of the dimer is discussed in Sect. 9.3.7.
To induce alignment, the 160 ps pulses are used with the probe pulse synchronized
to its peak.

Figure9.24 (a1) shows a 2D velocity image of CS+
2 ions with the probe pulse

only, polarized perpendicular to the detector plane. The image is dominated by an
intense signal in the central portion corresponding to low kinetic energy of the CS+

2
ions. We assign this signal to ionization of CS2 monomers in droplets doped with a
single molecule. There is also a significant amount of signal detected at larger radii—
outside of the yellow ring—corresponding to larger kinetic energies.We assign these
ions as originating from double ionization of CS2)2 from droplets containing a dimer,
and subsequent breakup of the (CS2)22+ dication into two CS+

2 fragment ions. This
assignmentwas substantiated in the samewayaswe identified theCoulombexplosion
for the I2 molecule, either in gas phase or inHe droplets, via calculation of the angular
covariancemap [43, 66], from ions in the radial range outside of the annotated yellow
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Fig. 9.24 a1–a5: 2D velocity images of CS+
2 ion images at different intensities of the alignment

pulse, annotated above each column. b1–b5): corresponding angular covariance maps determined
from the ions outside the annotated yellow circles in row (a). The polarization state of the probe
(alignment) laser is shown in the lower left (right) corner of each ion image. The data were recorded
under doping conditions where CS2 dimers could be formed. Adapted from [169] with permission
from American Physical Society (APS). Copyright (2019) by APS

circle. The result is displayed in Fig. 9.24 (b1). Two distinct diagonal lines, centered
at θ2 = θ1 − 180◦ and θ2 = θ1 + 180◦, stand out and show the correlation of a CS+

2
ion with another CS+

2 ion departing in the opposite direction [θi , i = 1,2 is the angle
between an ion hit and the vertical center line].

The emission direction of the CS+
2 fragment ions from Coulomb explosion of

CS2)2 is determined by the spatial orientation of the C-C intermolecular axis of the
parent dimer at the instant of ionization, similar to how the emission direction of
I+ or IHe+ ions is a measure of the spatial orientation of the I-I axis of their parent
I2 molecule. Thus, the uniform extent of the covariance signal over 360◦ shows
that the C-C axes are randomly oriented, which is to be expected in the absence
of an alignment pulse. When the alignment pulse, circularly polarized in the XZ-
plane (Fig. 9.23), is included the CS+

2 ions images develop an asymmetry with the
ions becoming confined along the Y-axis. As the intensity of the alignment pulse is
increased, the confinement grows stronger as can be seen in the sequence of images
on Fig. 9.24. These observations demonstrate that the CS2 dimers are alignedwith the
C-Caxis confined along theY-axis. The effect of a circularly polarized alignment field
is to confine the least polarizable molecular axis perpendicular to the polarization
plane [22], which is the same as the propagation direction of the laser pulse (the
Y-axis)—see Fig. 9.23 (a). Consequently, the CS2 dimer inside the He droplets must
have a structure where the least polarizable axis coincides with the C-C axis. This
is the case for a cross-shape, as that of the gas phase dimer, but not for a T-shape,
or a slipped-parallel shape [171]. Therefore, the ion images in Fig. 9.24 lead us to
conclude that the dimer is cross-shaped and aligned with the C-C axis parallel to
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Fig. 9.25 Experimental (crosses) and simulated (circles and dashed line) degree of alignment
of the CS2 dimer as a function of alignment intensity. The alignment was induced adiabatically
using a circularly polarized laser pulse. Panel a shows a comparison of the experimental degree of
alignment with the simulated degree of alignment calculated at 0.4 K. Panel b shows a comparison
of the experimental degree of alignment with the simulated degree of alignment calculated at a
variety of different ensemble temperatures. Adapted from [169] with permission from American
Physical Society (APS). Copyright (2019) by APS

the Y-axis. The dihedral angle between the two monomer axes cannot be determined
from detecting CS+

2 ions, but in Sect. 9.3.7 we show that this is possible from images
of S+ ions.

The quantification of the degree of alignment is done similar to that outlined in
the previous sections. The grey crosses in Fig. 9.25 shows 〈cos2 θ2D〉 as a function of
Ialign based on the five images in Fig. 9.24 and another four at other intensities. Here
θ2D is the angle between an ion hit and the propagation direction of the laser pulse,
i.e. the Y axis, see Fig. 9.23. When the CS+

2 ions travel out of the droplet, they are
also subject to collisions with He atoms. To avoid underestimating the true degree
of alignment, it is necessary to correct for this deviation from nonaxial recoil of the
fragment ions, as discussed previously. The corrected data points are shown by the
black crosses in Fig. 9.25 (a). They are well-matched by a calculation of 〈cos2 θ2D〉
at the peak of the alignment pulse for the different intensities used in the experiment.
The calculated values of 〈cos2 θ2D〉 were obtained by solving the time-dependent
rotational Schrödinger equation for the dimers exposed to the circularly polarized
alignment pulse with the experimental parameters of its duration, intensity and spot
size and for a 0.4K rotational temperature. Finally, the calculations were repeated for
a series of different temperatures. As can be seen on Fig. 9.25 (b), the experimental
data agrees well with the simulated data using an ensemble temperature between 0.3
and 0.5K. This agreement implies that the alignment of the CS2 dimers in the He
droplets is well-described by alignment of a 0.4K ensemble of gas phase CS2 dimers.
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This is in line with the expected temperature of the dimers inside the He droplets [52]
and consistent with the findings for the I2 molecules presented in Sect. 9.3.5.

9.3.6 Long-Lasting Field-Free Alignment of Molecules

In the previous section, we demonstrated that in the (quasi-) adiabatic limit of laser-
induced alignment, molecules embedded in He nanodroplets can be very strongly
aligned thanks to the 0.4K rotational temperature of the molecules. We focused on
1D alignment, induced by a linearly polarized laser pulse but note that 3D alignment,
induced by an elliptically polarized laser pulse, also benefits from the 0.4K temper-
ature and leads to higher degrees of alignment for He-solvated molecules compared
to that of isolated molecules in a cold supersonic beam [172]. One disadvantage of
adiabatic alignment is that the strongest alignment occurs at the peak of the pulse
when the intensity is highest. For some applications of aligned molecules, this can be
a serious obstacle, because the alignment field may perturb the molecules severely.
An important example is molecules in electronically excited states, where the align-
ment field can cause further excitation, dissociation or ionization. Thus, the excited
state reactions originally expected may not be observed because they are outmatched
by processes induced by the alignment field [173]. In this section, we show how the
alignment pulse can be turned off at its peak and how molecules in He droplets keep
a very high degree of alignment for 5–20 ps without the presence of the alignment
field. Comparison ismade tomolecules in the gas phasewhere, in contrast, the degree
of alignment disappears rapidly after the pulse is turned off.

The experimental setup is similar to that used for the adiabatic alignment exper-
iments except that the alignment laser beam is now sent through a longpass optical
filter just before it is overlapped with the probe laser beam. This filter spectrally
truncates the alignment pulses, which leads to a corresponding temporal truncation
because the pulses are highly chirped [175]. The intensity profile of the alignment
pulse, displayed by the grey shaded area in Fig. 9.26, shows a slow turn-on in ∼100
ps followed by a rapid turn-off at the peak, where the intensity drops by more than
two orders of magnitude over ∼10 ps.

Figure9.26 (a) shows the alignment dynamics of I2 molecules, both isolated (black
curve) and in He droplets (purple curve) exposed to the truncated pulse with linear
polarization. All parameters of the alignment and the probe pulses are identical in the
measurements on isolated andHe-solvatedmolecules.During the rise of the pulse, the
two curves follow the intensity profile, as already shown on Fig. 9.7. After the trun-
cation, both curves drop, but the drop is much slower for the He-solvated molecules.
The right panel of Fig. 9.26 (a) shows that 〈cos2 θ2D〉(t) retains a value between 0.86
and 0.80 from t = 5 ps to t = 11 ps, a period in which the alignment pulse intensity is
reduced to less than 1 % of the value at the peak. When 〈cos2 θ2D〉(t) is corrected for
the nonaxial recoil of the I+ ions, the 〈cos2 θ2D〉(t) values are between 0.90 and 0.84.
By contrast, in the same interval, 〈cos2 θ2D〉(t) for the isolated molecules drops from
0.69 to 0.52. These observations show that by rapidly truncating the alignment pulse,
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Fig. 9.26 〈cos2 θ2D〉(t) measured for I2 (panels a) and 4,4’-diiodobiphenyl (panels b) molecules.
Black curves: isolated molecules, purple curves: molecules in He droplets. The intensity profile
of the truncated alignment pulse is shown by the grey shaded area and refers to the right vertical
axis. The panels on the right show a zoom of the post-truncation region. The green shaded area
in each panel marks the interval where the alignment field intensity is < 1 % of its peak and
〈cos2 θ2D〉 ≥ 0.80 for molecules solvated in He droplets. The structure of each molecule (shown as
an inset), along with a scalebar representing the I–I distance. In droplets, the values for 〈cos2 θ2D〉
after correction for non-axial recoil at selected times are also shown as blue open circles. Reproduced
from [174]

it is possible to create a 6 ps windows in which the I2 molecules remain strongly
aligned and where the alignment pulse intensity is reduced by more than a factor of
100, weak enough to be considered field-free for many applications.

We note that 〈cos2 θ2D〉(t) does not return to 0.5 after truncation for either the iso-
lated or the He-solvated molecules. In fact, the truncation creates a rotational wave
packet in both cases. For gas phase molecules, this has been studied before [29, 36,
41, 176, 177]. In that case, distinct rotational revivals appear, qualitatively similar to
the situation when a fs or ps pulse is used to create the rotational wave packet. Here
we show the long-time dynamics for the He-solvated molecules to demonstrate that
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Fig. 9.27 〈cos2 θ2D〉(t) measured for I2 molecules in He droplets. The alignment dynamics is
induced by the truncated pulse with an intensity profile similar to that shown in Fig. 9.26

the truncated pulses can also create revivals for molecules in He droplets. Figure9.27
shows 〈cos2 θ2D〉(t) in the time interval −250 ps to 1800 ps. A distinct revival struc-
ture is observed at∼ 650 ps after the truncation, a time position fully consistent with
that of the half-revival observed for the 450 fs or 5 ps alignment pulses, see Fig. 9.16
and Fig. 9.18. The polarity of the revival is opposite to that of the revivals shown
in those figures. This is because there is a different phase relationship between the
eigenstates in the wave packet when it is created by truncation, i.e. from molecules
that are already adiabatically aligned, compared to when it is created by a short laser
pulse, acting on molecules that are initially randomly aligned. Finally, we point out
that the average value of 〈cos2 θ2D〉(t) (the permanent alignment level) decreases
over the time measured, which indicates a decay of some of the rotational states in
the wave packet.

Measurements were also conducted on a significantly larger molecule, namely
4,4’diiodobiphenyl (DIBP). Its most polarizable axis is along the I-I axis, so experi-
mentally I+ ions are ideal observables for characterizing 1D alignment, just as in the
case of the I2 molecules. The time-dependence of 〈cos2 θ2D〉(t), obtained from I+
(IHe+) images for the isolated (He-solvated) molecules are shown in Fig. 9.26 (b).
Despite the much larger moment of inertia for DIBP compared to I2, 〈cos2 θ2D〉(t)
still rises concurrently with the intensity profile of the pulse. After the truncation, the
〈cos2 θ2D〉(t) curves behave in a similar way to that observed for I2 - a rapid decrease
for the isolated molecules and lingering behavior for the He-solvated molecules.
After correction for nonaxial recoil, we find that in the interval 5–20 ps, where the
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Fig. 9.28 Time-dependence of the parent ion yields when 1D aligned DBT or DIBP molecules are
ionized with the probe pulse at time t . Iprobe = 2.4 × 1014 W/cm2

laser intensity is reduced to < 1 % of its maximum value, 〈cos2 θ2D〉(t) remains
between 0.94 and 0.84 for the He-solvated molecules while it drops from 0.78 to
0.53 for the isolated molecules. Thus, for DIBP in He droplets, there is a 15 ps long
field-free alignment window.

To assess the field-free nature of the alignment created we measured the yield
of intact parent cations following ionization of either 5,5”-dibromo-2,2’:5’,2”-
terthiophene (DBT) or DIBP molecules with the probe pulse. DBT is an oligomer
composed of three thiophene units. If the parent ions are created while the align-
ment pulse is on, we expect them to be fragmented by the remainder of the pulse, an
effect generally occurring for most molecules, see e.g. [173, 178]. This destruction
of parent ions precludes their use as experimental observables. Figure9.28 shows the
yield of DBT+ and DIBP+ ions created by ionization of 1D aligned molecules with
the probe pulse sent at time t . When the probe pulse arrives during the alignment
pulse the parent ion signal is almost zero but when it arrives after the pulse both the
DBT+ and DIBP+ signal increases sharply and reaches a maximum at t ∼ 7 − 10
ps, i.e. while the molecules are still strongly aligned, see Figs. 9.26 and 9.29. The
sudden increase of the parent signal by almost a factor of 20 shows that the truncation
reduces the alignment pulse intensity sufficiently to prevent destruction of the parent
ions. Figure9.28 demonstrates that our method enables ionization experiments on
sharply aligned molecules, without the destruction of the fragile parent ions by the
alignment field. Without this new ability, structural determination of dimers of large
molecules by Coulomb explosion imaging, discussed in Sect. 9.3.7, would not be
possible.

Finally, we discuss 3D alignment and how the truncated pulses also enable cre-
ation of a time window with 3D aligned molecules under field-free conditions. We
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focus on the example of DBT. The molecular structure is sketched on the inset in
Fig. 9.29 (c). Also, the most polarizable axis (MPA) and the second most polarizable
axis (SMPA) are shown. To induce 3D alignment we use again the truncated laser
pulse but now elliptically rather than linearly polarized. The idea, developed for gas
phase molecules, is that the MPA of the molecule aligns along the major polarization
axis of the laser pulse and the SMPA along the minor polarization axis [22, 80]. The
last principal polarizability axis of the molecule is then automatically aligned per-
pendicular to the polarization plane. To characterize the 3D alignment two fragment
ion species from the probe-pulse-induced Coulomb explosion are detected: 1) Br+
ions as they are expected to recoil (approximately) along the direction of the MPA.
2) S+ ions as they are expected to recoil (approximately) along the SMPA.

Figure9.30 (a) shows a Br+ ion image recorded for an alignment pulse linearly
polarized along the Y-axis and with the probe pulse sent at t = 0, i.e. just before
the truncation begins. The ions are sharply confined along the Y-axis showing pro-
nounced 1D alignment of the DBT molecules as expected for the polarization state
of the alignment pulse. This is a side view of the molecule. Figure9.30 (c) shows a
S+ image. The alignment pulse is still linearly polarized but now the polarization
is rotated to be parallel to the Z-axis. The circularly symmetric image shows that
the rotation of the SMPA around the Z-axis is uniform. This is an end view of the
molecule. Combining the information from the Br+ and S+ images, we conclude that
the alignment pulse confine theMPAbut leaves the rotation of the SMPAunrestricted.

When the polarization state of the alignment pulse is changed to elliptical with
the major (minor) polarization axis parallel to the Z-axis (Y-axis), intensity ratio
IZ :IY = 3:1, the S+ image Fig. 9.30 (d) acquires a pronounced angular confinement
along the Y-axis. This shows that the SMPA is now aligned along the Y-axis. For the
same elliptical polarization but now with the major axis parallel to the Y-axis, the
Br+ image remains sharply angularly confined along the Y-axis, Fig. 9.30 (b), i.e.
the MPA is still strongly aligned. The simultaneous angular confinement of the Br+
and the S+ ions is the experimental evidence of 3D alignment similar to what has
been used for a range of other asymmetric top molecules in the gas phase [22, 43,
80, 83, 172, 179].

To quantify the degree of alignment, we determine 〈cos2 θ2D〉 from the Br+
images and 〈cos2 α〉 from the S+ images, α is defined in Fig. 9.29 (a). The time-
dependence of 〈cos2 θ2D〉 and 〈cos2 α〉 are shown in Fig. 9.29 (c). They both rise
concurrently with the alignment pulse and reaches maximum values at its peak.
These values, 〈cos2 θ2D〉 ∼0.80 and 〈cos2 α〉 ∼0.60 are lower than those found for
e.g. 3,5-dichloroiodobenzene molecules in He droplets [172]. We explain the lower
values by the fact that the Br+ and S+ fragment ions do not recoil directly along the
aligned axes as illustrated in Fig. 9.29 (a), (b). Therefore, 〈cos2 θ2D〉 and 〈cos2 α〉 can
only provide qualitative rather than quantitative measures for the degree of align-
ment [180]. The important finding is, however, the lingering of the alignment after
pulse truncation. From t = 5 to 24 ps, where the laser intensity is < 1% of the peak
value, 〈cos2 θ2D〉 for the Br+ ions drops only from 0.80 to 0.72, and 〈cos2 α〉 remains
> 0.58 for the S+ ions. This demonstrates a 19 ps-long interval, marked by the green
area, where the molecules are 3D aligned under field-free conditions.
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Fig. 9.29 a-b: Illustration of how 3D alignment of DBT is characterized. a: Side view where the
MPA of DBT is confined to the major polarization axis of the alignment pulse, directed along the
Y-axis. b: End view of DBT, with the MPA confined to the major polarization axis directed on the
Z-axis. In the side view, alignment is characterized by 〈cos2 θ2D〉 where θ2D is the angle between
the emission direction of a Br+ ion and the Y-axis, while in the end view it is characterized by
〈cos2 α〉 where α is the angle between the emission direction of a S+ ion and the Y-axis. c: The
time dependence of 〈cos2 θ2D〉 and 〈cos2 α〉 for DBTmolecules induced by an elliptically polarized
alignment pulse with an intensity ratio of 3:1. The panels on the right show a zoom of the post-
truncation region and the green shaded areas mark the interval where the alignment field intensity
is <1% of its peak value and 〈cos2 θ2D〉 has dropped by less than 10%. The MPA and SMPA are
overlaid on the molecular structure. Adapted from [174]

9.3.7 Structure Determination of Dimers in He Nanodroplets

In this section, we discuss how the combination of laser-induced alignment and
Coulomb explosion imaging makes it possible to determine structure of molecular
complexes formed inside He nanodroplets. So far, we have introduced Coulomb
explosionofmolecules andofmolecular dimers, triggeredbymultiple ionizationwith
an intense fs probe pulse, as a technique to determine the spatial orientation of such
systems. Coulomb explosion can also serve another useful purpose in determination
of molecular structure. This approach is termed Coulomb explosion imaging (CEI)
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Fig. 9.30 Two-dimensional velocity images of Br+ ions (a-b) and S+ ions (c-d) produced from
Coulomb explosion of DBT molecules in He droplets at the peak of either a linearly polarized (a,c)
or an elliptically polarized (b,d) alignment pulse with a peak intensity of 9 × 1011 W/cm2. The
molecular alignment and rotational freedom are depicted above each ion image. Reproduced from
the supplementary material of [174]

and relies on the fact that the molecular structure is encoded in the kinetic energy
and emission direction of the recoiling fragment ions.

The CEI technique was originally introduced in experiments where a MeV beam
of small molecular ions was sent through a few-hundred Å thin metal foil [181].
However most later studies, including many current activities, employ intense fs
laser pulses to trigger the Coulomb explosion event [57]. Typically, the pulses are
in the near IR region, as in the work described here, but VUV [182] and x-ray
pulses [183, 184] are also used. Coulomb explosion imaging has been applied in
a variety of different studies, for example determination of the absolute configura-
tion of chiral molecules [121, 185–187], time-resolved imaging of intramolecular
processes such as torsion [42, 44], dissociation [188, 189], roaming [190] and pro-
ton migration [191], identification of structural isomers [192, 193], and imaging of
interatomic or intermolecular wavefunctions of diatomic molecules [194–196] or of
weakly bonded dimers [170, 197, 198]. Key to obtaining structural information is
the identification of correlations in the angular distributions of the fragment ions, in
practice implemented by coincidence or covariance analysis. More recently, it was
shown that aligning the molecules in well-defined spatial orientations with respect to
the ion imaging detector prior to theCoulomb explosion event increases the structural
information available from the recorded fragment ionmomenta [43]. Suchmolecular
frame measurement is an example of one of the main advantages offered by aligned
molecules as mentioned in Sect. 9.1.

Here we give two examples of structure determination of molecular dimers inside
He droplets. The first concerns the CS2 dimer. In Sect. 9.3.5 we already discussed
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how this dimer can be aligned by a laser pulse and how velocity images of CS+
2

ions, resulting from double ionization of aligned dimers and subsequent Coulomb
explosion into two CS+

2 fragment ions, make it possible to infer that the dimer
structure is cross-shaped. The dihedral angle, i.e. the angle between the interatomic
axes of the CS2 monomers could, however, not be determined. We now discuss how
this angle can be determined from images of S+ ions. The pump and the probe laser
pulses were the same as those used for the measurement described in Sect. 9.3.5.

Figure9.31 (a1) shows a velocity map image of S+ ions under doping cell condi-
tions where each droplet picks up at most one molecule. The angular distribution of
the S+ ions is localized along the vertical axis, which is parallel to the polarization
direction of the alignment pulse. In analogywith the adiabatic alignment experiments
on I2, Sect. 9.3.5, we conclude that the CS2 molecules are 1D aligned. The identi-
fication of the S+ ions as arising from Coulomb explosion of the CS2 molecules is
obtained from the angular covariance map of the S+ ions, Fig. 9.31 (a2), determined
from ions outside the yellow circle. Strong correlations of ions with a relative emis-
sion of 180◦ are observed similar to the observations for I2. Such a correlation can
originate from double ionization of CS2 and fragmentation into (S+, C and S+) or
triple ionization of CS2 and fragmentation into (S+, C+ and S+).

The more interesting observations appear when the doping pressure is increased
such that a significant number of the droplets become doped with CS2 dimers. The
S+ image, shown in Fig. 9.31 (b1) is still confined along the vertical axis. It is wider
than the distribution in Fig. 9.31 (a1) but it is not easy to identify a clear signature of
the contribution from the dimers in this image alone. However, the contribution from
the dimers clearly stands out in the angular covariance map of the image displayed in
Fig. 9.31 (b2). In addition to the prominent monomer signals at (0◦, 180◦) and (180◦,
0◦) strong correlations are present centered approximately at (−45◦, 45◦), (−45◦,
135◦), (−45◦, 225◦), (45◦, 135◦), (45◦, 225◦), (135◦, 225◦) and, since the covariance
map is an autovariance map, at six equivalent positions obtained by mirroring in
the central diagonal. Analysis of these extra islands in the covariance map makes it
possible to conclude that the dihedral angle is 90◦. The details are given in [171].
The method described here for CS2 was also applied to determine the structure of
the OCS dimer [199]. The structure was found to be a slipped-parallel shape similar
to the structure found for gas phase dimers [200].

The second example concerns a more complex system namely the dimer of
tetracene (Tc), a polycyclic aromatic hydrocarbon composed of four benzene rings
fused together in a linear geometry. As a starting point velocity map images of parent
ions, Tc+, were recorded. The angular covariance map of the Tc+ ions created with
the alignment pulse polarized along the X-axis (perpendicular to the detector, see
Fig. 9.5), is depicted in Fig. 9.32(ae). The prominent diagonal stripes show correla-
tion between ions departing with a relative angle of 180◦. As in the previous case
of CS2)2, we conclude that Tc dimers are formed and that they can be identified by
double ionization and subsequent Coulomb explosion into a pair of Tc+ ions. Next,
we recorded Tc+ images and, in particular, determined the corresponding angular
covariance maps for different alignment geometries. In the case of the CS2 dimer this
was done by synchronizing the probe pulse to the peak of the 160 ps long alignment
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Fig. 9.31 (a1)-(b1) S+ ion images and (a2)-(b2) corresponding angular covariance maps created
from ions outside the yellow circles. The polarization state of the probe (alignment) pulse is given in
the lower left (right) corner of each ion image. Image (a1) [(b1)] was recorded under the monomer-
[dimer]-doping-condition. Here the central region is removed due to background contaminants
occurring at m/z = 32 Da. Reproduced from [171] with permission fromAmerican Physical Society
(APS). Copyright (2018) by APS

pulse to benefit from the highest degree of alignment. This approach does not work
for the Tc case because the Tc+ ion is destroyed by the alignment pulse similar to
what happened to the DIBPmolecules illustrated in Fig. 9.28. Nowwe can, however,
make use of the ability to create field-free alignment by rapidly turning off the align-
ment field. Therefore, the measurements on aligned Tc dimers are recorded using
the truncated alignment pulse and the probe pulse sent 10 ps after the truncation. In
contrast, the CS+

2 ions were not significantly fragmented by the alignment pulse, and
so in that case, no truncation was needed.

Column two from the left in Fig. 9.32 shows the angular covariance maps for
Tc+ recorded for different alignment geometries. The covariance maps change when
the polarization of the alignment pulse is changed from linear to elliptical. The
approach to deducing the dimer structure is to compare the experimental covariance
maps to covariance maps simulated for the most plausible structures. This was done
employing seven different dimer conformations. The angular covariance maps, sub-
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Fig. 9.32 Angular covariance maps obtained for the Tc dimer. The left column shows the polar-
ization state of the alignment pulse for each row. (the laboratory axes are illustrated at the top).
Index e (second column from the left) refers to the experimental results, while indices 1–7 refer
to simulated results for different plausible conformations of the tetracene dimer depicted on top of
the corresponding column. Each panel axis ranges linearly from 0 to 360◦. Reproduced from [201]
licensed under a Creative Commons Attribution (CC BY) license

indexed 1–7, are displayed in Fig. 9.32. Details of the numerical simulations are
given in [201]. The comparison shows that conformations 1, 2, 4, and 5, produce
covariance maps consistent with the experimental data.

To narrow down the possible structures for the dimers we would ideally like
to analyze covariance maps for another fragment ion species, just as the S+ ions
were analyzed in addition to the CS+

2 ions for the carbon disulfide dimer case. For
tetracene, fragmentation will produce H+ or hydrocarbon ions and neither of these
will be particularly structure-informative because they can originate from different
parts of the Tc molecule. Instead, we performed an alternative type of measurement
by recording the alignment-dependent ionization yield of the Tc dimer. In practice,
the Tc+ ion yield was measured for the 1D aligned dimers with the probe pulse
polarized either parallel or perpendicular to the alignment polarization. For Iprobe =
3 × 1012 W/cm2, the Tc+ yield in the parallel geometry was 5.5 times higher than in
the perpendicular geometry. Such a large difference in the ionizationyield implies that
the dimer structuremust be highly anisotropic. In particular, the dimermust possesses
a ‘long’ axis leading to the highest ionization rate when the probe pulse is polarized
along it. Such an anisotropic structure is compatible with conformations 1 and 2 but
not with conformations 4 and 5. Thus, we conclude that the possible conformations
of the Tc dimer is a slipped-parallel or parallel-slightly rotated structure.
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Recently, we have applied the CEI method to the bromobenzene homodimer,
(BrPh)2, and the bromobenzene-iodine, BrPh–I2, heterodimer [202]. As for the CS2
dimer, both (BrPh)2 and BrPh–I2 produce ‘tracer-ions’, here Br+ and I+, in addition
to the parent ions. Analysis of the angular covariance maps for both the parent ions
and the atomic fragment ions, lead us to conclude that for BrPh–I2, the I2 molecular
axis is approximately perpendicular to the C–Br axis of bromobenzene, whereas
(BrPh)2, has a stacked planar structure, with the two bromine atoms pointing in
opposite directions.

9.4 Conclusion

Thework presented in this article has shown that laser-induced alignment techniques,
originally developed for isolated molecules in the gas phase, can be transferred to
molecules embedded in He nanodroplets. In the (quasi) adiabatic limit, here realized
with 160 ps long alignment pulses, the alignment dynamics observed for different
molecular species was essentially the same as that of isolated molecules, i.e. the
degree of alignment followed the intensity profile of the alignment laser pulse. Fur-
thermore, the intensity dependence of the strongest alignment, reached at the peak of
the pulse, agreed well with a gas phase model calculation for a rotational temperature
of 0.4K. These observations indicate that the mechanism of adiabatic laser-induced
alignment of molecules in He droplets is the same as that of isolated molecules with
a 0.4K temperature. This temperature, which is lower than the 1–2 K temperature
typically reached in cold supersonic beams of isolatedmolecules, is advantageous for
creating very high degrees of alignment, with 〈cos2 θ2D〉 values in excess of 0.95. By
truncating the alignment pulse in time just after its peak, we demonstrated that a 5–20
ps long time window can be created, where the alignment pulse intensity is reduced
by several orders of magnitude and yet where the degree of alignment remains high.
The reduction of the intensity was sufficient to eliminate the fragmentation of parent
ions of large molecules that the remainder of the alignment pulse usually causes.
This opens new opportunities for exploring e.g. how the ionization rate of large
molecules induced by strong laser pulses or by VUV laser pulses, depends on the
molecular alignment with respect to the polarization state of the ionizing laser pulse.
In the field-free period, the intensity of the alignment pulse is also expected to be
low enough that molecules in electronically excited states will remain intact. This
opens unexplored possibilities for femtosecond time-resolved imaging of molecules
undergoing fundamental photo-induced intramolecular processes in electronically
excited states using Coulomb explosion, or diffraction by ultrashort x-ray [203, 204]
or electron pulses [205–208].

One application, discussed here, of adiabatically aligned molecules is structure
determination of molecular dimers through Coulomb explosion imaging.We showed
that by aligning molecular dimers, either 1-dimensionally or 3-dimensionally, prior
to their Coulomb explosion by an intense laser fs laser pulse, made it possible to
determine the dimer configuration from the angular covariance maps of the fragment
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ions. For dimers of small molecules like CS2 or OCS, the structural resolution of
the CEI method cannot compete with that available from IR spectroscopy. For larger
systems like the tetracene dimer, the IR spectra may, however, be too congested to
extract any structural information. The biggest promise of the CEI technique lies,
however, in its ability to capture the structure of dimers as they change on the natural
atomic time scale. Experimentally, this can be realized by using a fs pump laser pulse
to initiate some event of interest like exciplex formation [209, 210] from a weakly-
bonded dimer and then following the structural evolution by Coulomb explosion
with an intense fs probe pulse sent at a sequence of different times. More generally,
it should be possible to trigger bimolecular reactions [211, 212], by initiating the
dynamics from prereactive complexes with the fs pump pulse.

It was also shown that molecules in He droplets can be aligned by laser pulses
that are much shorter than the intrinsic rotational period of the molecules. In this
nonadiabatic limit, two regimes were identified. When the laser pulses are weak,
meaning that the rotational energy acquired by the molecules remain below a few
cm−1, the alignment dynamics can be accurately described by a gas phase model
where the molecule is characterized by the effective rotational and centrifugal dis-
tortion constants, and the inhomogenoeus broadening of these two parameters is
taken into account. Thus, the molecules essentially rotate (quasi)-freely although
the time-dependent degree of alignment in practice appear different from that of gas
phasemolecules because the centrifugal distortion constant, 3–4 orders of magnitude
larger than for isolated molecules, causes a strong dispersion of 〈cos2 θ2D〉, and the
inhomogeneous broadening a gradual decay of the amplitude of the oscillations of
〈cos2 θ2D〉. We believe the quasi-free rotation is a result of the superfluidity of the
He droplets.

When the duration of the alignment pulse was kept short (hundreds of fs or a few
ps) but its intensity increased significantly, we observed that the rotational dynamics
during the first few ps were essentially as fast as for isolated molecules under the
same laser conditions. This phenomenon was interpreted as the molecule and its He
solvation shell being set into so fast rotation by the strong alignment pulse that the
weakly bonded He atoms in the shell were shed off due to the centrifugal force. The
interpretation was backed by classical calculations.

Looking forward, there are exciting opportunities to be explored with nonadia-
batic alignment of molecules in He droplets. First, the quasi-free rotation observed
for low intensities of the alignment pulse is, we believe, a result of superfluidity of
the He droplets: the induced rotational energy remains so low that coupling between
rotation and the He excitations (rotons, phonons) is very weak. When the intensity of
the alignment pulse is increased higher-lying rotational states will be excited and the
coupling to the He excitations will increase strongly. It will be interesting to investi-
gate both the structure and dynamics (lifetime) of rotational states in this unexplored
regime which is inaccessible to MW and IR spectroscopy. Another opportunity is
to use the short, very intense alignment pulse to transiently decouple a molecule
from its solvation shell. This will create a situation where the molecule-He sys-
tem is extremely far away from equilibrium. For instance, we estimate that a CS2
molecule can acquire more than 500cm−1 of rotational energy by the interaction
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with an alignment pulse. In comparison the rotational energy at 0.4K is ∼ 0.3cm−1.
We propose to measure how long it takes for the equilibrium to be restored. In prac-
tise this could be done by measuring the rotational dynamics induced by a weak
alignment pulse sent after the intense distortion pulse and observing how much the
weak pulse must be delayed with respect to the distortion pulse that the alignment
trace recorded becomes identical to a reference trace obtained without any distortion
pulse. Finally, the studies discussed in this article concerned molecules embedded
inside He droplets. Dimers of alkali atoms are, however, residing on the surface of
He droplets [213–215]. It will be interesting to apply the nonadiabatic alignment
schemes to investigate the rotation of alkali dimers, a topic that is so far unexplored.
Such studies, which are now ongoing in our group, may also provide information
about their binding to the surface.
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