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Iodine (I2) molecules embedded in He nanodroplets are aligned by a 160 ps long laser pulse. The
highest degree of alignment, occurring at the peak of the pulse and quantified by 〈cos2θ2D〉, is measured
as a function of the laser intensity. The results are well described by 〈cos2θ2D〉 calculated for a gas
of isolated molecules each with an effective rotational constant of 0.6 times the gas-phase value and
at a temperature of 0.4 K. Theoretical analysis using the angulon quasiparticle to describe rotating
molecules in superfluid helium rationalizes why the alignment mechanism is similar to that of isolated
molecules with an effective rotational constant. A major advantage of molecules in He droplets is
that their 0.4 K temperature leads to stronger alignment than what can generally be achieved for gas
phase molecules—here demonstrated by a direct comparison of the droplet results to measurements
on a ∼1 K supersonic beam of isolated molecules. This point is further illustrated for a more complex
system by measurements on 1,4-diiodobenzene and 1,4-dibromobenzene. For all three molecular
species studied, the highest values of 〈cos2θ2D〉 achieved in He droplets exceed 0.96. Published by
AIP Publishing. [http://dx.doi.org/10.1063/1.4983703]

I. INTRODUCTION

Recent experimental work demonstrates that it is pos-
sible to align molecules embedded in helium nanodroplets
using laser-induced methods normally applied to gas-phase
molecules.1–4 Here alignment refers to the confinement
of molecular axes to axes fixed in the laboratory frame
—typically defined by the polarization vectors of the laser
pulses employed.5,6 The transfer of laser-induced alignment
techniques from gas-phase molecules to molecules in He
droplets opens new opportunities such as extending the
range of molecular systems amenable to alignment—notably
to larger molecules, clusters, and complexes,7–9 conduct-
ing experiments on aligned molecules in the presence of
a dissipative environment1,10,11 and possibly using a con-
trolled rotation of molecules12 to study the properties of He
droplets.13

Most studies conducted so far focused on alignment in
the impulsive regime where the duration of the alignment
laser pulse is much shorter than the rotational period of
the molecules under study and showed that the alignment
dynamics differs strongly from that of isolated molecules.
Most recently a combined experimental and theoretical effort
demonstrated that for short, sufficiently weak pulses, a
molecule and its solvation shell of He atoms14 can be set
into coherent rotation that lasts long enough to create revival
structures in the time-dependent alignment signals.4 As the
intensity of the alignment pulse is increased, the frictionless
rotation is perturbed leading to a faster loss of coherence caus-
ing the revivals to disappear. For even stronger pulses, the
initial alignment dynamics changes dramatically and resem-
bles that of isolated molecules indicating that the fast induced

rotation leads to a transient decoupling of the molecule from
the surrounding He atoms.

In the adiabatic limit, a single experimental study has been
reported in which the degree of alignment was measured as
a function of intensity, up to ∼1 TW/cm2, for three differ-
ent molecular species.2 In the case of 1,4-diiodobenzene(DIB)
molecules, the degree of alignment was similar for molecules
in He droplets and isolated molecules in a supersonic molecu-
lar beam. For iodobenzene and methyliodide molecules in He
droplets, the degree of alignment appeared to be significantly
lowered than that of the isolated molecules, in particular at the
higher intensities of the alignment pulse.

Here we present a more detailed and quantitative investi-
gation of the adiabatic alignment of molecules in He droplets
which significantly improves our understanding of the pro-
cess. One key experimental parameter is strongly improved
compared to previous work. Namely, we deconvolute the non-
axial recoil effect from the angular distribution of recoiling
fragment ions, created by laser-induced Coulomb explosion,
used to measure the molecular alignment.15 This provides a
much more accurate determination of the degree of alignment
and allows for a quantitative comparison to theoretical cal-
culations for the case of iodine molecules. The outcome of
the comparison strongly indicates that the mechanism of adia-
batic alignment for molecules in He droplets is the same as for
gas-phase molecules except that the molecules in the droplet
possess an effective moment of inertia due to the interaction
with the surrounding He atoms.14 The improved precision in
the alignment determination also reveals a very high degree
of alignment both for iodine and the two other molecules
studied, 1,4-diiodobenzene (DIB) and 1,4-dibromobenzene
(DBB). Comparison to alignment of isolated molecules under
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identical laser conditions identifies the strong alignment as
being due to the low (0.4 K) temperature of the molecules
inside the He droplets.

The paper is organized as follows. In Sec. II, the exper-
imental setup is described. Section III explains the theory
based on the angulon quasiparticle. The angulon represents
a quantum rotor dressed by a many-particle field of superfluid
excitations16,17 and was shown to provide a reliable model
for a molecule rotating in superfluid helium.4,18,19 In Sec. IV,
the experimental results for iodine molecules—both inside
droplets and in gas phase—are presented and compared to
calculations based on a numerical solution of the rotational
Schrödinger equation for a linear molecule interacting with the
alignment laser pulse. Section V presents experimental results
for alignment of DIB and DBB and conclusions are drawn in
Sec. VI.

II. EXPERIMENTAL SETUP
A. Helium droplet apparatus

A schematic diagram of the helium droplet machine used
in this experiment is shown in Fig. 1. The machine consists
of four differentially pumped vacuum chambers: the helium
droplet source chamber (I), the pick-up chamber (II), the tar-
get chamber (III), and another source chamber (IV) housing
a pulsed supersonic Even-Lavie valve.20 All of the chambers
can be isolated from one another by closing pneumatic gate
valves. A continuous liquid helium droplet beam is produced
in chamber I by expanding the pre-cooled (T < 25 K) high
purity helium gas (99.9999%) with sufficiently high stagna-
tion pressure (P > 10 bars) through a droplet source consisting
of a 2-mm-diameter disk with a 5-µm-diameter aperture [Plat-
inum/Iridium (95/5) electron microscope aperture produced

FIG. 1. A schematic diagram showing the helium droplet machine. Depicted
from left to right are the helium droplet source chamber (I), the pick-up cham-
ber (II), and the target chamber (III). Beneath the target chamber is a second
source chamber (IV) that houses a pulsed Even-Lavie valve. The target cham-
ber is equipped with a 2D velocity map imaging spectrometer. The design of
the pick-up cells and the liquid nitrogen trap is shown in the inset.

by PLANO]. This aperture is compression sealed to a hollow
copper assembly using a gold washer. The complete assem-
bly is mounted onto the tip of a closed cycle cryostat (SHI,
SRDK-415D). In this study, two different droplet sizes were
employed, and for the iodine experiment, the expansion con-
ditions used were 14 K and 25 bars and for DIB and DBB
11 K and 25 bars. Slightly larger droplet sizes were required
to pick up 1,4-diiodobenzene molecules due to its lower vapour
pressure.

The temperature of the nozzle assembly is controlled by
using two high power resistors (Farnell, MHP35 470F) and
a LakeShore 335 temperature controller. The temperature of
the droplet source is measured by a silicon diode (LakeShore,
DT-670B-CU) that is located close to the 5-µm aperture. To
ensure efficient pre-cooling of the helium gas, 2 m of copper
pipe (1/16 in.) is wrapped around both the first and second
stage of the cold head. To reduce the radiative heat load acting
on the cold head, the entire nozzle assembly is enclosed within
a copper radiation shield that is attached to the first stage of
the cold head.

The closed cycle cryostat is mounted on an X,Y,Z trans-
lation stage which allows fine alignment of the droplet beam
to a 1-mm-diameter skimmer (Beam dynamics, model 50.8)
that is positioned at a distance of 1.8 mm downstream from
the 5-µm aperture. After passing through the skimmer, the
droplet beam enters the pick-up chamber where the vapor of
a species of interest can be finely added into a pick-up cell
using an ultra-fine needle valve (Kurt Lesker, VZLVM267).
In this work, the vapor pressure was controlled such that at
most a single molecule of either iodine, 1,4-diiodobenzene,
or 1,4-dibromobenzene was picked up by the droplets. The
pick-up chamber contains two pick-up cells in tandem (see
inset on Fig. 1) which allow for the possibility of doping a
helium droplet with two different species. In the studies here,
only a single cell was used. A liquid nitrogen cooled trap
is positioned in-between the two pick-up cells to reduce the
amount of effusive species that are not captured by the helium
droplets from traveling towards the target chamber. After exit-
ing the pick-up region, the droplet beam passes through a
2-mm-skimmer (Beam dynamics, model 2) and enters the
target chamber. The droplet beam then passes through a sec-
ond liquid nitrogen trap (indicated by blue on Fig. 1) and
finally arrives in the interaction region of a 2D imaging
spectrometer.

The source chamber placed beneath the target chamber
houses a pulsed Even-Lavie valve that is used for the study of
isolated molecules. In these experiments, the molecular beam
is formed by expanding the high-pressure helium gas (80 bars)
mixed with the molecular species through the pulsed valve.
Before entering the interaction region of the target chamber,
the molecular beam passes through a 3-mm-diameter skim-
mer (Beam dynamics, model 2) positioned at a distance of
13 cm from the exit of the pulsed valve. All the molecules
used in this study were placed onto a filter paper and inserted
into the sample holder located inside the valve. In order to
get a sufficient ion signal of 1,4-diiodobenzene, the valve was
heated to 85 ◦C. For 1,4-dibromobenzene and iodine, no heat-
ing was applied. For all three molecular species, we estimate
the partial vapour pressure to be about 1 mbar. All experiments
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on isolated molecules were performed at a repetition rate of
100 Hz.

To ensure ultra-high vacuum conditions, the entire sys-
tem is pumped by maglev turbo molecular pumps backed by
dry backing pumps. This eliminates the risk of oil contam-
ination, which could otherwise lead to the droplets captur-
ing these impurities. The helium droplet source chamber is
pumped by a 2200 l/s vacuum pump (Edwards, STPiXR2206),
the pick-up chamber is pumped by a 450 l/s vacuum pump
(Edwards, STPiX455), and both the target and molecular
beam source chamber are each pumped by a 1100 l/s vac-
uum pump (Edwards, STPiXR1606). Both of the source
chambers share the same backing line which is pumped by
a 620 m3/h dry pump (Edwards, IGX 600 L). The target
and pick-up chambers also share a backing line which is
pumped by a 100 m3/h dry pump (Busch Vacuum, Cobra
BA 100).

B. 2D imaging spectrometer and laser setup

The target chamber (III) contains a standard 2D velocity
map imaging spectrometer21,22 that consists of an open three
electrode electrostatic lens and a 50-mm-diameter microchan-
nel plate (MCP) detector combined with a similar sized phos-
phor screen. The electrodes are mounted onto the bottom of
a mu-metal cylinder that is attached to a CF 250 flange with
high voltage feedthroughs for the three electrodes of the elec-
trostatic lens: the repeller, extractor, and ground. The MCP
detector is mounted onto a separate CF 160 flange with high
voltage feedthroughs for the phosphor screen and the front and
backside of the MCP. With this configuration, it is possible to
insert a flight tube that allows for a better velocity resolution
of low kinetic energy ions.

The interaction region is located in-between the repeller
and extractor electrodes. In this region, either the droplet beam
or the beam of isolated molecules is crossed perpendicularly
by two collinear 800 nm pulses both provided by the same
Ti:Sapphire laser (Spitfire-ACE-35F, Spectra-Physics). The
molecules initially interact with a pulse from the strongly
chirped (GDD = 1.7 ps2) uncompressed output of the laser,
that is used to align the molecules, hereafter referred to as
the alignment pulse. Its duration, τalign, is 160 ps (FWHM).
The second pulse is taken from the compressed output of
the laser and is used to measure the spatial orientation of
the molecules through Coulomb explosion. This pulse will
be referred to as the probe pulse [τprobe = 40 fs (FWHM),
Iprobe = 3.7 × 1014 W/cm2]. Both beams pass through a 30 cm
focusing lens prior to entering the target chamber, which
gives a focal spot size of ω0 = 20 µm for the probe and
ω0 = 36 µm for the alignment beam. The probe pulses are sent
at time t with respect to the peak of the alignment pulses. The
molecular ions are formed following Coulomb explosion recoil
with directions that are given by the angular distribution of the
molecular axes at the instant of the probe pulse. These ions
are extracted and impact the MCP causing a discharge of elec-
trons. The ion images are recorded by a charge-coupled-device
(CCD) camera (Allied Vision Prosilica GE680) that moni-
tors the phosphor screen and captures the fluorescence created
by electrons impacting on the phosphor screen. The MCP is

gated in time by a high voltage switch so that only a single
ion mass is detected at a time. Only the individual coordinates
of each ion hit are saved and the analysis of the recorded data
can be done offline.

III. THE ANGULON THEORY

Recently it has been shown that molecules in superfluid
helium droplets can be conveniently described as “angulon”
quasiparticles.4,16–19,23–27 Here we use the angulon theory as
a simple model to show that under the experimental condi-
tions reported here, the alignment of I2, DIB, and DBB in
the presence of helium can be approximated as the gas-phase
alignment. The only difference is contained in the renormal-
ized value of the rotational constant. The angulon represents
a quantum rotor dressed by a many-particle field of helium
excitations and is given by the solutions to the following
Hamiltonian:16

Ĥ = BĴ2 +
∑
kλµ

ωk b̂†kλµb̂kλµ

+
∑
kλµ

Uλ(k) [Y ∗
λµ(θ̂, φ̂)b̂†kλµ + Yλµ(θ̂, φ̂)b̂kλµ], (1)

where we used the notation
∑

k ≡ ∫ dk, and set ~ ≡ 1. The
first term of Eq. (1) gives the rotational kinetic energy of
a linear-rotor molecule, such as I2, where Ĵ is the angular
momentum operator and B = 1/(2I) is the molecular rotational
constant, with I the molecular moment of inertia. For nonlinear
molecules, such as DIB and DBB, the angulon Hamiltonian
will assume a different form;28 however, Eq. (1) can still be
used to estimate the average effect of the superfluid bath on
the molecular rotational structure.18

The second term of Eq. (1) corresponds to the kinetic
energy of the excitations in superfluid helium, such as phonons
and rotons, whose spectrum is given by the dispersion rela-
tion ωk .29 The operators b̂†kλµ (b̂kλµ) are creating (annihi-
lating) a superfluid excitation with the linear momentum
k = |k|, the angular momentum λ, and its projection, µ onto the
z-axis.23

The last term of the Hamiltonian (1) gives the exchange of
the momentum and angular momentum between the molecu-
lar impurity and the superfluid. Here the coupling constants
Uλ(k) are expressed through the corresponding Legendre
moments of the molecule–helium potential energy surface in
Fourier space;16,23 the spherical harmonics Yλµ(θ̂, φ̂)30 explic-
itly depend on the molecular angle operators in the laboratory
frame.

Following Ref. 18, we can parameterize the molecule-He
interactions, Uλ(k), of Eq. (1), by a single parameter, ∆, which
gives the frontal-to-lateral anisotropy of the molecule-He
potential energy surface. Then, the interaction of a molecule
with superfluid helium can be quantified by the following
dimensionless parameter:

γ = B/∆. (2)

The species for which γ < 1 and γ > 1 belong to the strong-
coupling and weak-coupling regimes, respectively. For I2,
γ ≈ 0.016� 1,18 which assures the applicability of the strong-
coupling angulon theory.17 Up to our knowledge, an exact
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shape of the potential energy surface for the DIB and DBB
molecules interacting with helium is not available in the liter-
ature. However, we can assume that the interaction anisotropy
is comparable to that for I2, and the strong-coupling approxi-
mation can be therefore applied.

In such a regime, the field-free molecular rotation can be
described as that of a gas-phase molecule with a renormalized
rotational constant18

B∗ = B(1 − β)2, (3)

where

β =
*.
,

∑
k,λ

aλ
Uλ(k)2

ω2
k

+/
-

1/2

(4)

with aλ = λ(λ+ 1)(2λ+ 1)/(8π). Within our phenomenological
approach, we treat β as a free parameter and set it to β = 0.23,
which reproduces the results of quantum Monte Carlo cal-
culations giving B∗ = 0.6B.4 In the strong-coupling approx-
imation, the angulon eigenstates corresponding to angular
momentum |L, M 〉 are given by17

|ψLM 〉 = e
∑

kλ
Uλ(k)
ωk

[
Yλµ (θ̂,φ̂)b̂kλµ−Y ∗

λµ
(θ̂,φ̂)b̂†kλµ

]

|0〉 |LM 〉 . (5)

In the presence of an alignment laser field, two additional
parameters—the laser pulse duration and intensity—need to
be taken into account. In our treatment, we assume that the
molecule forms the angulon—a rotor dressed in a coat of super-
fluid excitations. In order for the angulon to interact with the
laser field adiabatically, the characteristic time scale of helium
excitations, τHe, has to be much shorter compared to the align-
ment laser pulse duration, τalign. The time scale of excitations
in superfluid helium is given by τHe ∼ µ

−1, where µ ≈ 5 cm�1

is the chemical potential (i.e., the binding energy per one He
atom) of superfluid helium.31,32 Thus we obtain τHe ∼ 7 ps,
which is indeed much smaller compared to the pulse dura-
tion τalign = 160 ps. Following the same logic, the pulse should
also be adiabatic with respect to molecule-helium interactions,
which is satisfied as well since τalign∆ ≈ 11 � 1. As long as
the two adiabaticity conditions are fulfilled, at every given
moment of time during the pulse, the molecule turns into an
angulon at a much faster time scale compared to the changes in
the applied laser field. Moreover, at the intensity of 1 TW/cm2,
we estimate the molecule-laser coupling for I2 to be∼64 cm�1,
which is much larger than the energy scale of the I2–He inter-
actions, which is given by ∆ = 2.35 cm�1.18 Therefore, here
we encounter the strong-field limit of the angulon, which was
previously dubbed the “pendulon.”27

Thus, we can reduce the problem of the molecule inter-
acting with helium and the laser field to the problem of an
angulon in a laser field, as given by the Hamiltonian

Ĥ = ĤA −
1
4
∆αE2

aligncos2θ, (6)

where ∆α is the polarizability anisotropy, Ealign the E-field of
the alignment pulse, and θ the polar angle between the molec-
ular axis and the alignment pulse polarization. Here, in the
strong-coupling approximation, the eigenenergies of HA are
given by

E(A)
LM = B∗J(J + 1). (7)

In the calculations of the alignment dynamics, the matrix ele-
ments of the Ĵ2 and cos2θ operators do not act in the superfluid
Hilbert space. Therefore, the corresponding matrix elements
between the dressed states (5) coincide with the gas-phase
matrix elements, and all the difference compared to the gas
phase is contained in the renormalized value of the rotational
constant B∗.

IV. RESULTS FOR IODINE MOLECULES
A. Measuring molecular alignment by ion imaging

The basic experimental observable that allows us to infer
information about the spatial orientation of the molecules is
2D velocity images of the recoil ions from Coulomb explo-
sion induced by the probe pulse. For the studies on isolated I2

molecules, I+ ions are detected, whereas for I2 in He droplets,
we choose to detect IHe+ ions33 because they can only be
produced from molecules inside the droplets and not from
those isolated molecules that manage to effuse from the pick-
up region to the interaction zone in the target chamber. As
such the IHe+ signal is background-free. For the measurement
on DIB and DBB in He droplets, presented in Sec. V, we
recorded images of the bare atomic ions, I+ and Br+. Here the
background contribution from ionization of isolated molecules
effusing into the target region from the pick-up cell had to be
corrected for in order to obtain accurate values for the degree
of alignment.

The probe pulse is polarized perpendicular to the detec-
tor plane. With this probe pulse polarization, the I+ and IHe+

images are circularly symmetric when the molecules only
interact with the probe pulse [Figs. 2(a1) and 2(b1)]. When

FIG. 2. (a1) and (a2): I+ ion images from Coulomb exploding isolated I2
molecules with the probe pulse only and with the alignment pulse included.
The images represent the detection of the ion velocities, vx, vy in the detector
plane. (a3): The angular covariance map of the image in (a2). (b1) and (b2):
IHe+ ion images from Coulomb exploding I2 molecules in He droplets with
the probe pulse only and with the alignment pulse included. (b3): The angular
covariance map of the image in (b2). The polarization directions of the align-
ment pulse (vertical: l) and probe pulse (perpendicular to the detector plane:
⊗) are shown on the ion images. White circles indicate the radial ranges used
for calculating 〈cos2θ2D〉 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.
The direction of the length and width is illustrated in (b3).
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the alignment pulse is included and the probe pulse is synchro-
nized to its peak (t = 0), the I+ and IHe+ ions localize along
its polarization direction. Examples of this are displayed in
Figs. 2(a2) and 2(b2). These images show that the molecules
are 1D aligned. To characterize the alignment, we determine
cos2θ2D for each ion hit on the detector in the radial ranges,
indicated by the white circles in Figs. 2(a2) and 2(b2). Here
θ2D is the angle between the polarization axis of the alignment
pulse and the projection of the recoil vector of an I+ or IHe+

ion on the detector plane [see Fig. 2(a2)]. The ensemble aver-
age, 〈cos2θ2D〉, of all I+ or IHe+ ions in the respective radial
ranges, constitutes the quantitative measure for the degree of
alignment.

In the case of the isolated I2 molecules, the radial range
was chosen to select those I+ ions that stem from double ion-
ization of I2 molecules and subsequent fragmentation into two
I+ ions: I2+

2 → I+ + I+. For this Coulomb explosion, chan-
nel momentum conservation implies that the two ions should
recoil with a relative angle of 180◦. Therefore, we expect that
the axial recoil approximation is met to a very high degree,
i.e., that the emission direction of an I+ ion should essentially
be identical to the orientation of the internuclear axis of the
parent molecule at the instant the probe pulse interacts with the
molecules. Experimentally, this is identified from the angular
covariance map34 depicted in Fig. 2(a3) determined from the
I+ ions in the selected radial range of the image in Fig. 2(a2).
Two narrow diagonal lines centered at (0◦, 180◦) and (180◦,
0◦) stand out in the covariance map showing that the emission
direction of an I+ 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 detail in
Ref. 15, the length of the oblong covariance islands is a mea-
sure 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 a good approximation.

In the case of the molecules inside He droplets, the angular
covariance map also shows two oblong islands centered at (0◦,
180◦) and (180◦, 0◦)—see Fig. 2(b3). This identifies the ions
as originating from double ionization of the I2 molecules and
fragmentation into a pair of correlated IHe+ ions. While the
length of the covariance islands is still small, thus showing
that the molecules are well aligned, the width, ∼11◦, is much
larger than the case for the isolated molecules. We believe the
increased width is due to the 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 real degree of alignment. As discussed in
Sec. IV B, we are able to deconvolute the effect of the deviation
from axial recoil in the probe process using the analysis of the
angular covariance maps.15

B. Dependence of alignment on intensity

In the current work, we aim to measure the strongest
alignment as a function of intensity. If the alignment field is
turned on slower than the rotational period of the molecule
under study, the alignment process proceeds in the adiabatic
regime and the highest degree of alignment is expected to occur

when the alignment field reaches its maximum—according
to past theory and experiments on isolated molecules.35–38 In
the current study, the alignment pulse is turned on in about
150 ps—see the intensity profile of the pulse in Fig. 3. This
is faster than the rotational period of isolated I2 molecules
(=h/2B = 446 ps, where B is the rotational constant in SI
energy units) implying that the alignment dynamics may
differ from the strict adiabatic behaviour.38 To identify the
instant where the alignment is strongest we, therefore, mea-
sured 〈cos2θ2D〉 as a function of time. The result for the
isolated I2 molecules, represented by the blue curve (filled
squares) in Fig. 3 demonstrates that 〈cos2θ2D〉 reaches its
peak value at t = 0 ps, i.e., at the time of the highest inten-
sity just as in the adiabatic regime of alignment. Likewise,
for I2 molecules in He droplets, the strongest alignment also
occurs at the peak of the laser pulse as can be seen from the
black curve (open circles) in Fig. 3. The data points show,
however, significant deviations from the adiabatic behavior
during and after the trailing part of the laser pulse. Notably
the molecules do not return to free rotor states characterized
by random orientation with 〈cos2θ2D〉 = 0.50 after the pulse
has been turned off. Rather 〈cos2θ2D〉 stays above 0.50 and
measurements at times out to 1500 ps reveal revival struc-
tures for both the isolated molecules and the molecules inside
the droplets. These nonadiabatic effects are not of impor-
tance for the current studies but will be reported in a different
paper.39

Figure 4 shows 〈cos2θ2D〉 obtained at t = 0 ps as a func-
tion of the intensity of the alignment pulse, Ialign. The values
of 〈cos2θ2D〉 determined directly from the ion images are rep-
resented by the blue (filled squares) curve (isolated I2) and
the black (open circles) curve (I2 in He droplets). Both curves
rise gradually from 0.50, the value corresponding to randomly
oriented molecules, at Ialign = 0 W/cm2 to ∼0.92 at the highest
intensity used. We expect the 〈cos2θ2D〉 values of the isolated
molecules 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 devia-
tion of axial recoil, explained in Sec. IV A, implies that the true

FIG. 3. The degree of alignment, quantified by 〈cos2θ2D〉, as a function of
time for iodine molecules both solvated inside helium droplets (open black
circles) and isolated in the gas phase (filled blue squares) recorded over
the duration of the alignment pulse (shaded grey area). The intensity of the
alignment pulse is shown on the right vertical axis.
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FIG. 4. The degree of alignment measured at the peak of the alignment pulse
as a function of laser intensity for I+ ions from isolated molecules (filled blue
squares) and IHe+ ions (open black circles) from molecules inside helium
droplets. The degree of alignment for IHe+ ions after correcting for nonaxial
recoil is also shown (filled black circles).

degree of alignment is underestimated. Using a recently devel-
oped method based on the analysis of the correlation between
the I+ fragment ions (employing the angular covariance maps)
it is possible to correct the 〈cos2θ2D〉 measured for the effect
of nonaxial recoil.15 The result of this correction method is
represented by the black curve (filled circles) in Fig. 4. Com-
paring this curve to the blue curve (filled squares), it is clear
that 〈cos2θ2D〉 is significantly higher for I2 in He droplets than
for isolated I2 molecules at all intensities.

C. Comparison of experimental results to calculations

According to the angulon theory described in Sec. III,
the conditions of the experiment fall in a regime where the
alignment of the I2 molecules inside He droplets can be approx-
imated as gas-phase alignment, provided the molecules are
characterized by an effective rotational constant, B∗. Conse-
quently, we calculated 〈cos2θ2D〉 as a function of the intensity
at different temperatures. The calculations were done using a
recently developed program40 that solves the time-dependent
rotational Schrödinger equation for isolated molecules and
outputs both 〈cos2θ〉, the commonly used metric in theo-
retical descriptions of alignment (θ: the polar Euler angle
between the molecular axis and the alignment pulse polariza-
tion axis), and 〈cos2θ2D〉, which allows a direct comparison to
the experimental results. The calculations used the gas-phase
polarizability anisotropy, the experimentally determined focal
spot-sizes of the alignment and the probe beam, and the value
of B∗ theoretically determined previously.4 The calculated
results along with the experimental results are displayed in
Fig. 5(a).

It appears that the experimental data points at all inten-
sities fall within the range confined by the calculated 0.2 K
and 0.5 K curves and on average lie close to the calculated
0.4 K curve. In fact, we believe that the agreement between
the data points and the 0.4 K curve would be even better if the
former could be corrected for the alignment-dependent ion-
ization 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.

FIG. 5. 〈cos2θ2D〉 for (a) I2 molecules in He droplets and (b) isolated I2
molecules calculated as a function of the alignment pulse intensity for dif-
ferent rotational temperatures. The black filled circles in (a), representing the
experimental results (He droplets), are the same as the black filled circles in
Fig. 4 and the filled blue squares (experimental results for isolated molecules)
are the same as the filled blue squares in Fig. 4.

At intermediate degrees of alignment such as for the three
data points between 0.1 and 0.3 TW/cm2, 〈cos2θ2D〉 will be
underestimated because the best aligned molecules are least
efficiently probed. A correction of this probe pulse selectivity
would increase 〈cos2θ2D〉 for the three points and bring them
closer to the 0.4 K curve. The agreement between the theo-
retical curve for 0.4 K and the experimental results strongly
indicates that alignment of I2 molecules in He droplet, induced
by the 160 ps pulse, behaves like a sample of gas-phase
molecules characterized by B∗ and with the temperature of
the He droplet, i.e., 0.4 K. This low temperature is the reason
that a 〈cos2θ2D〉 value as high as 0.96 is obtained at an intensity
of 0.83 TW/cm2.

A similar comparison of the experimental data point for
the isolated molecules and calculated results is shown in
Fig. 5(b). It can be seen that the data points (besides the point
at the highest intensity) fall within the range confined by the
calculated 0.8 K and 1.2 K curves. A temperature around 1 K
is consistent with previous estimates of the rotational temper-
ature for molecular beams produced by an Even-Lavie valve
operated under similar conditions.41

The analysis in this section shows that the I2 molecules
embedded in He droplets align better than the isolated
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molecules because the 0.4 K rotational temperature inside the
droplets is lower than that of a molecular beam—even when
produced by a high-pressure supersonic expansion.

V. RESULTS FOR 1,4-DIIODOBENZENE
AND 1,4-DIBROMOBENZENE MOLECULES

We also conducted measurements on DIB and DBB
molecules to explore the alignment of more complex
molecules. The procedure for the experiments was the same
as that used for the iodine molecules. Examples of ion images
are given in Fig. 6. The results for the isolated molecules
are depicted in rows (a) and (c). Panels (a2) and (c2) are
ion images recorded at the highest intensity used at the peak
of the alignment pulse. The strong localization of the ions
along the polarization axis shows that the molecules are tightly
1D aligned, i.e., that the I–I (Br–Br) axis is tightly confined
along the alignment laser polarization axis. Again the pro-
nounced islands in the covariance maps calculated for the
ions between the white circles show that the ions stem from
Coulomb explosion producing a pair of I+ ions (Br+ ions).
In fact, previous analysis for DIB molecules shows that the

FIG. 6. (a1) and (a2): I+ ion images from Coulomb exploding isolated DIB
molecules with the probe pulse only and with the alignment pulse included.
(a3): The angular covariance map of the image in (a2). (b1)-(b3): As in (a1)-
(a3) but for DIB molecules in He droplets. (c1) and (c2): Br+ ion images
from Coulomb exploding isolated DBB molecules with the probe pulse only
and with the alignment pulse included. (c3): The angular covariance map
of the image in (c2). (d1)-(d3): As in (c1)-(c3) but for DBB molecules in
He droplets. The polarization directions of the alignment pulse (vertical: l)
and probe pulse (perpendicular to the detector plane: ⊗) are shown on the
ion images. The white circles indicate the radial ranges used for calculating
〈cos2θ2D〉 and the angular covariance maps. For the images in column 2, the
probe pulse was sent at t = 0 and Ialign = 0.83 TW/cm.2

primary contribution to the I+ ions is the fragmentation path-
way: C6H4I3+

2 → I+ + C6H+
4 + I+.42 Unlike the case for the I2

molecules [Fig. 2(a3)], the covariance islands have a finite
width [panels (a3) and (c3)], i.e., there are deviations from per-
fect axial recoil even for the isolated molecules. The results for
the DIB and DBB molecules in He droplets are displayed in
rows (b) and (d). Panels (b2) and (d2) show that the molecules
strongly 1D align and panels (b3) and (d3) show that the
Coulomb explosion process, creating the I+ and Br+ ions, is
subject to deviation from axial recoil.

Figure 7(a) shows 〈cos2θ2D〉, obtained at t = 0 ps, as a func-
tion of the intensity of the alignment pulse for DIB molecules.
The blue (open squares) curve (isolated DIB) and the black
(open circles) curve (DIB in droplets) are the 〈cos2θ2D〉 values
obtained directly from the I+ images. It is seen that the two
curves are very similar starting at 0.50 and ending at 0.91 at
the highest intensity. Correction for the non-axial recoil in the
Coulomb explosion gives the blue (filled squares) and the black
(filled circles) curves, respectively. In both cases, the curves
are lifted towards higher 〈cos2θ2D〉 values but the effect is most
significant for the DIB molecules in the droplets resulting in
a maximum 〈cos2θ2D〉 value in excess of 0.96. The reason for
the larger correction for the molecules in He droplets is that

FIG. 7. The degree of alignment measured at the peak of the alignment
pulse as a function of the laser intensity for DIB molecules [panel (a)] and
DBB molecules [panel (b)] both in the gas phase and inside He droplets.
The figures show both the 〈cos2θ2D〉 values obtained directly from the
ion images (“uncorrected”) and after deconvolution of the nonaxial recoil
(“corrected”)—identified by the legends.
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the deviation from axial recoil is larger here than for isolated
molecules. This can be seen by comparing the transverse width
of the covariance islands in Figs. 6(a3) and 6(b3). For the iso-
lated molecules, the width is 20◦, and for the molecules in He
droplets, the width is 29◦ using the convention of Ref. 15.

Very similar observations are made for the DBB
molecules. The 〈cos2θ2D〉 curves determined directly from the
Br+ ion images show a slightly higher degree of alignment for
the isolated molecules (blue, open squares, curve) compared to
the molecules in He droplets (black, open circles, curve). Since
the deviation from perfect axial recoil is larger in the droplet
case (the transverse width of covariance islands is 33◦ for the
molecules in droplets and 20◦ for the isolated molecules), the
correction process leads to a higher lying 〈cos2θ2D〉 curve for
the molecules in He droplets (black, filled circles, curve) com-
pared to the isolated molecules (blue, filled squares, curve).
As for the case of DIB, the highest 〈cos2θ2D〉 value for the
DBB molecules in the droplets exceeds 0.96. The correction
procedure for the nonaxial recoil is slightly more involved
for the DIB and DBB molecules in He droplets because there
is a background of I+ and Br+ from the isolated molecules
that effuses from the doping region into the target region. In
the Appendix, we briefly account for how we correct for the
effusive background.

The conclusion from Fig. 7 is that for both DIB and DBB
molecules, the degree of alignment at the peak of the align-
ment pulse is significantly higher for the molecules in the He
droplets compared to the isolated molecules. This is similar
to the findings for the I2 molecules and like that case we
believe that the principal reason is the lower rotational tem-
perature of the molecules inside the He droplets compared
to that of the molecular beam. Our program for calculating
the degree of alignment only applies to linear and symmet-
ric top molecules and not to the asymmetric tops DIB and
DBB. Consequently, we were not able to test if the experimen-
tal 〈cos2θ2D〉 curve followed a 〈cos2θ2D〉 curve calculated for
0.4 K.

VI. CONCLUSION

We used angulon theory, describing rotating molecules
in superfluid helium droplets, to argue that the mechanism of
laser-induced alignment of molecules in He droplets is sim-
ilar to that of isolated molecules, described by an effective
rotational constant B∗, provided the duration (or more pre-
cisely the turn-on and turn-off time) of the laser pulse is shorter
than the time scale of He excitations (∼7 ps) and He-molecule
interactions (∼14 ps for I2–He).

Experimentally we measured alignment, induced by a 160
ps long pulse, of I2 molecules inside He droplets. The high-
est degree of alignment, attained at the peak of the pulse, was
determined as a function of intensity and compared to cal-
culations based on the numerical solution of the rotational
Schrödinger equation for gas phase molecules, characterized
by B∗. The very good agreement between the measurements
and the calculated results for a temperature of 0.4 K—equal
to that of the droplet—confirm the theoretical prediction of a
gas-phase-like alignment mechanism for molecules embedded
in He droplets.

In the near-adiabatic alignment regime studied here, the
rotational temperature is the main parameter determining the
degree of alignment for a given molecule and a given inten-
sity.43 As a consequence, very high degrees of alignment
can be achieved due to the 0.4 K temperature. The current
work demonstrated that for iodine, 1,4-diiodobenzene, and
1,4-dibromobenzene molecules. Any molecule embedded into
He droplets is expected to obtain a temperature of 0.4 K, and
therefore, we expect that similar high degrees of alignment can
be achieved for an extensive range of molecules. For molecules
with moments of inertia much larger than 1,4-diiodobenzene,
it may be necessary to apply longer alignment pulses to ensure
(near-) adiabatic conditions. This can be realized by standard
pulse-stretching in a pair of diffraction gratings.44 Further-
more, it should be possible to convert the strong alignment
to field-free alignment, lasting several picoseconds, by trun-
cating the alignment pulse at its peak with the plasma shutter
technique45,46 or with spectral filtering.47
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APPENDIX: BACKGROUND CORRECTION
FOR EFFUSIVE MOLECULES

For the studies on DIB and DBB molecules inside helium
droplets, I+ and Br+ ions, respectively, were detected. There-
fore, any I+ or Br+ ions resulting from ionization of effusive
molecules not being captured by the liquid nitrogen traps will
be present in the ion images and in the angular covariance maps
obtained for the He droplet measurements. Without correcting
for the contribution from effusive molecules, the degree of
alignment will be underestimated.

In this work, a background subtraction procedure was
implemented to correct for the contribution of the effusive
molecules. Figure 8(a1) shows the I+ ion image from effusive
DIB molecules, i.e., with the helium droplet beam blocked
and the doping optimized for the pick-up of a single DIB
molecule per droplet with both the alignment and the probe
pulse included. There is essentially no localization of the ions
along the polarization axis of the alignment pulse. Instead
the ions are characterized by an almost random orientation
with 〈cos2θ2D〉 = 0.52. In the corresponding angular covari-
ance map, two faint diagonal lines with a uniform distribution
are observed. This confirms that the effusive molecules are
randomly aligned as there is no preference for the emission
direction of I+ ions. The random orientation is a result of the
fact that the effusive molecules have a rotational temperature
of 295 K determined by the temperature in the laboratory.

Figure 8(a3) shows the projection of the covariance
islands in panel (a2) and (b2) onto the x axis, the blue (I+, e)
and red (I+, u) curve, respectively. The intensity was scaled
such that the maximum intensity of (b2) was 1 and the same
scaling factor was applied to (a2). What is clear from panel
(a3) is that the signal from the effusive molecules (the blue
curve) has the same y offset as the signal from the aligned
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FIG. 8. (a1) An I+ ion image from effusive DIB molecules, (b1) an I+ ion image from DIB molecules in helium droplets, and (c1) an IHe+ ion image from DIB
molecules in helium droplets—all obtained with the probe and the alignment pulses included. (a2)–(c2): Angular covariance maps of the ion images shown in
(a1)–(c1). Panel (c2) shows the axes used to determine the width (y) and the length (x) of the covariance islands. (a3) The projection of the covariance island
shown in (a2) (I+, e) and (b2) (I+, u) onto the x axis. (b3) The projection of the covariance island shown in (b2) onto the x axis with (I+, c) and without (I+, u)
correction for a constant y offset. (c3) The projection of (c2) onto the x axis without correction for a y offset (IHe+, u). In panels (a3)-(c3), the black dashed
horizontal line shows the zero level on the y-axis and the insets show an expansion of this region.

DIB molecules inside helium droplets (the red curve). This
identifies the y offset of the red curve as resulting from the
effusive molecules and, thus, this can be removed simply by
subtracting the blue curve from the red curve.

The density of singly-doped helium droplets is small
which often leads to long data acquisition times in the measure-
ment of laser-induced alignment. Therefore, it is undesirable to
also have to record an image with the effusive beam for every
data point to use for the background subtraction. However, a
more convenient method is to fit the projection of the angular
covariance map for the droplet solvated molecules onto the x
axis to a Gaussian and subtract the y offset obtained from the
fit. This method was used to correct the data shown in (b3)—
the blue trace (I+, c). To confirm that this offset was the result
of effusive molecules, the results from gating on the IHe+ ion
is shown in row (c). From the projection of (c2) onto the x
axis, there is no y offset, which is expected given that this ion
species cannot be formed without the presence of the helium
droplet and no effusive molecules will be present when gating
on IHe+.
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