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The carbon disulphide (CS2) dimer is formed inside He nanodroplets and identified using fs laser-
induced Coulomb explosion, by observing the CSþ2 ion recoil velocity. It is then shown that a 160 ps
moderately intense laser pulse can align the dimer in advantageous spatial orientations which allow us to
determine the cross-shaped structure of the dimer by analysis of the correlations between the emission
angles of the nascent CSþ2 and Sþ ions, following the explosion process. Our method will enable fs time-
resolved structural imaging of weakly bound molecular complexes during conformational isomerization,
including formation of exciplexes.
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Complexes of molecules and/or atoms held together by
weak noncovalent interactions are ubiquitous in the natural
sciences. Examples are wide ranging, from exotic quantum
halos, such as He2 [1,2] and HeLi [3], characterized by
extremely small binding energies, to pairs of aromatic
molecules where their mutual interaction plays an impor-
tant role for the stabilization of protein structures [4]. Many
studies have focused on gas-phase complexes, notably van
der Waals (VDW) dimers, created by supersonic expansion
of gases into vacuum. Microwave, infrared and ultraviolet
spectroscopy have been combined with theoretical calcu-
lations to give detailed structural information for a wide
variety of species [5–7]. An important insight is that VDW
dimers can provide well defined initial conditions for
studying intermolecular processes such as excimer or
exciplex formation [8] and bimolecular reactions [9]. An
intriguing possibility, not offered by frequency-resolved
spectroscopy, is to image the structure of such molecular
complexes during conformational changes. This requires
a method capable of imaging the structure with fs time
resolution.
Here we apply Coulomb-explosion imaging (CEI) trig-

gered by an intense fs laser pulse to determine the structure
of a VDW bonded molecular dimer. Specifically, by fixing
the molecular frame of CS2 dimers in space, using laser-
induced alignment [10], we show that by observing and
correlating the recoil velocities of the ion fragments, we are
able to determine critical bond angles of the dimer and
thereby the overall structure. This marks a significant step
forward, compared to previous works, where CEI was
applied to complexes up to the size of a diatomic molecule
bound to an atom [11,12]. Furthermore, our studies go
beyond previous works by being conducted on dimers
embedded in helium nanodroplets. The prime advantage
of this is the much larger variety and better control of
complexes produced in He droplets when compared to

those produced in gas-phase supersonic expansions
[13–15]. In addition, the 0.38 K rotational temperature
imposed by the helium environment ensures a very high
degree of alignment [16], which is beneficial for extracting
maximum structural information.
The experimental setup has been described in detail

before [16], and only a few important aspects will be
pointed out (see Fig. 1). A beam of He droplets is formed
by continuously expanding He gas at 16 K and 30 bar
backing pressure into vacuum through a 5 μm nozzle. The
droplets, consisting of 8000 He atoms on average [17], are
passed through a pickup cell containing CS2 vapor. The
probability for the droplets to pick up one or two CS2
molecules depends on the partial pressure of CS2 in the cell.
As discussed below, this allows us to control the formation

FIG. 1. Schematic of the key elements in the experiment. In the
case depicted here, the alignment (probe) laser pulse is linearly
polarized along the Z axis (X axis). The electrostatic plates of
the VMI spectrometer projecting the CSþ2 or Sþ ions onto the
imaging detector are not shown. The inset shows a sketch of the
gas-phase dimer structure.
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of CS2 dimers inside the He droplets. The doped droplet
beam enters the interaction region where it is crossed by
two focussed laser beams both originating from the same
Ti-Sapphire laser system. One beam, consisting of 160 ps
(FWHM) pulses (λcenter ¼ 800 nm, I0 ¼ 8 × 1011 W/cm2),
is used to align the solvated molecules. The second beam,
consisting of 40 fs probe pulses (λcenter ¼ 800 nm,
I0 ¼ 3 × 1014 W/cm2), is used to (multiply) ionize the
molecules in order to both identify the formation of CS2
dimers and determine their alignment and molecular
structure. This is based on detection of the nascent CSþ2
and Sþ ions using a velocity-map imaging spectrometer
and 2D imaging detector backed by a CCD camera. The
experiments are run at the 1 kHz repetition rate of the
laser system.
A sketch of the molecular structure of the CS2 dimer

in the gas-phase, determined by IR spectroscopy [18], is
displayed in Fig. 1 (inset). The two CS2 monomers are
connected in a cross-shaped geometry and the C-C distance
is 3.5 Å; i.e., it is a prolate symmetric top with D2d
symmetry. According to a DFT calculation (wb97xd/aug-
pcseg-2) the polarizability components for the dimer are:
αxx ¼ αyy ¼ 17.5 Å3, αzz ¼ 12.0 Å3 (see Supplemental
Material [19], which includes Refs. [20,21]), where the z
axis is parallel to the C-C axis and the x axis and y axis are
parallel to each of the monomer axes. To our knowledge
the CS2 dimer has never been studied in He droplets.
First, we demonstrate that it is possible to form and

detect CS2 dimers inside the He droplets. The detection is
done by measuring the velocity of the CSþ2 ions created by
the probe pulse. If a droplet contains a single CS2 molecule,
the resulting CSþ2 ion will emerge with very low kinetic
energy [22]; whereas if a droplet contains a CS2 dimer and
both monomers are ionized, the CSþ2 ions acquire kinetic
energy due to their mutual Coulomb repulsion. Double
ionization of a dimer should be thought of as the ionization
of each of its two individual CS2 molecules independently.
Single ionization of a CS2 molecule was saturated at the
probe intensity used. Therefore, we expect that the prob-
ability for double ionization of a dimer is essentially the
same as for single ionization of a CS2 molecule.
Figure 2(a1) shows a velocity image of CSþ2 ions

recorded with the probe pulse only, polarized perpendicular
to the detector. The image is dominated by an intense
signal in the central portion, corresponding to low kinetic
energy of the CSþ2 ions. Therefore, 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, corresponding to larger kinetic
energies, which is consistent with ionization of both CS2
molecules in droplets doped with a dimer [23]. To sub-
stantiate this assignment we calculated the angular covari-
ance map [25,26], Fig. 2(a2), from ions in the radial
range outside of the annotated yellow circle. Two distinct

diagonal lines centered at θ2¼θ1−180° and θ2¼θ1þ180°
stand out and show that the emission direction of a CSþ2 ion
is correlated with another CSþ2 ion departing in the opposite
direction [θi, i ¼ 1,2 is the angle between an ion hit and the
vertical center line, see Fig. 2(a1)]. This strongly indicates
that the ions originate from ionization of both CS2
molecules in dimer-containing droplets and subsequent
fragmentation into a pair of CSþ2 ions. Therefore, we
interpret the angular positions of the CSþ2 ion hits outside
the yellow circle as a measure of the (projected) emission
directions of the CSþ2 ions from dimers. This is a measure
of the spatial orientation of theC-C axes in the dimers at the
instant of ionization. The uniform extent of the covariance
signal over 360° shows that the C-C axes are randomly
oriented, illustrated in Fig. 2(a3), which is expected in the
absence of an alignment pulse.
Figure 2(b1) displays a similar CSþ2 image but using a

lower CS2 partial pressure. It appears that there are now
relatively fewer ions detected outside compared to inside
the yellow circle [19]. In addition, the diagonal lines in
the angular covariance map, Figure 2(b2), have almost

FIG. 2. (a1)–(d1) CSþ2 ion images and (a2)–(d2) 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. Data in
rows (a),(c),(d) [(b)] were recorded for the dimer-[monomer-]
doping condition. (a3)–(d3) illustrate the spatial alignment of the
monomer or dimer derived from the ion images and covariance
maps (see text), curved arrows indicate axes about which there is
free rotation.
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disappeared showing that there are very few dimers present
under these doping conditions. This will be called the
monomer-doping condition, whereas the condition used for
recording the data in Fig. 2(a) will be referred to as the
dimer-doping condition. Note, however, that in this regime
there are still more droplets doped with monomers than
with dimers [17].
Next, we demonstrate that it is possible to align the CS2

dimers in the He droplets and exploit this to show that
their structure is cross shaped. For these experiments, the
dimer-doping condition is used and the alignment pulse is
included. With its 160 ps duration, the alignment dynamics
is expected to be essentially adiabatic. Therefore, the probe
pulse is synchronized to the peak of the alignment pulse
where the alignment should be strongest [16]. First, a
circularly polarized alignment pulse is used. Figure 2(c1)
shows that in this case the emission direction of the CSþ2
ions outside the yellow circle is strongly confined along the
Y axis and the correlation signals in the covariance map,
Fig. 2(c2), are truncated to short islands centered at (90°,
270°) and (270°, 90°). In addition, the radial distribution
outside the yellow circle is peaked at the outermost part,
marked by white arrows, and separated from the major
signal in the center. These observations demonstrate that
the CS2 dimers are aligned with the C-C axis confined
along the Y axis. A circularly polarized alignment field
confines the least polarizable molecular axis perpendicular
to the polarization plane [27] (along the Y axis, see Fig. 1).
Consequently, the dimer inside the He droplets must have a
structure where the C-C axis is the least-polarizable 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
[19]. Therefore, we conclude that the dimer is cross shaped
and aligned, as shown in Fig. 2(c3). The dihedral angle
between the two monomer axes cannot be determined from
detecting CSþ2 ions, but below we show that this is possible
from images of Sþ ions.
For a linearly polarized alignment pulse, polarized along

the Z axis, the ejected CSþ2 ions are also confined along the
Y axis [Fig. 2(d1)], and again, the covariance map contains
short islands centered at (90°, 270°) and (270°, 90°)—see
Fig. 2(d2). As discussed in [19], these observations show
that the C-C axis is aligned perpendicular to, and free to
rotate around, the polarization (Z) axis as illustrated in
Fig. 2(d3).
Finally, we demonstrate how the dihedral angle between

the CS2 monomers in the dimer can be determined by
analyzing Sþ ion images and, in particular, the correspond-
ing angular covariance maps. Figure 3(a1) shows an Sþ ion
image recorded with a linearly polarized alignment pulse,
polarized along the Z axis, for the monomer-doping
condition. The Sþ ions are confined along the vertical
(Z) axis in the image demonstrating 1D alignment of the
CS2 molecules similar to that observed previously for other
molecules in He droplets [16,28]. The covariance map,

Fig. 3(a2), reveals pronounced correlation between Sþ ions
detected at 0° and 180°. This shows that the probe pulse
causes at least double ionization of the CS2 molecules and,
in the subsequent fragmentation of the ionized molecules,
two Sþ ions departing along the internuclear axis in
opposite directions [29].
Figure 3(b1) displays the Sþ ion image recorded for the

dimer-doping condition. As in panel 3(a1), the ions are
localized around the polarization of the alignment pulse but
the angular distribution is broader. The contribution from
the dimer-doped droplets stands out most clearly in the
angular covariance map, Fig. 3(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.
Row (a) in Fig. 4 is a schematic of three different dimer

orientations, imposed by the alignment pulse, as seen in
perspective. The dimers are sketched for a 90° dihedral
angle between the CS2 monomers. Row (b) shows the
resulting Sþ ion emission directions onto the detector (YZ)
plane assuming recoil along the parent C─S bonds. If the
dimer is oriented as in Fig. 4(a1), the Sþ ions would recoil
at angles of −45°, 45°, 135°, and 225°, with respect to the
upwards vertical. This would exactly create the 2 × 6
correlation islands present in the angular covariance
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FIG. 3. (a1)–(b1) Sþ ion images and (b1)–(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
(a) [(b)] was recorded under the monomer-[dimer]-doping con-
dition. Here, the central region is removed due to background
contaminants occurring at m/z ¼ 32 Da.
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map, Fig. 3(b2). To understand why other dimer orienta-
tions also lead to these 2 × 6 correlation islands, we first
note that the linearly polarized alignment pulse places the
C-C axis perpendicular to the Z axis [see Fig. 2(d3)]. The
three dimer orientations in Fig. 4 are depicted for α equal to
0°, 45°, and 90°, where α is the angle between the X axis
and the C-C axis. The detector records the projection of the
angle between the Sþ ion recoil directions and only in panel
(a1) does this correspond to the true angle between the C─S
bonds in the parent dimer. Concentrating on the projected
angle, termed β, between the C─S(I) and the C─S(II)
bonds geometrical considerations establish that [19]:

cos β ¼ sin2α
1þ cos2α

: ð1Þ

There is free rotation of the C-C axis around the Z axis
so α is randomly distributed over its 360° interval.
Equation (1) then shows that the probability density of β
is strongly peaked at 90° [19]; it is much more likely for the
projected angle to be near 90° than near 0°. This explains
why the correlations are localized at (45°, −45°) and
(−45°, 45°), rather than extending as a uniform band from
(45°, −45°) to (−45°, 45°). The faint signal in the band
between these two correlation areas indicate that projected
angles less than 90° are possible but unlikely. Similar
arguments can be used to explain the localization of the
other 2 × 5 correlation islands.
A crucial question that remains to be answered is why

the CS2 monomers of the dimer are aligned at 45° to the
alignment polarization (along the Z axis), as illustrated in
Fig. 4(a1). If the angle between the CS2 monomers in the
dimer is 90°, used for the sketches in Fig. 2 and Fig. 4, there
should be free rotation around the C-C axis due to uniform
polarizability in the molecular xy plane. This would create
correlation stripes extending over 360° in the covariance

map—for instance a stripe centered around θ2 ¼ θ1 þ 90°—
at odds with the three localized islands observed at
(−45°,45°), (45°,135°), and (135°, 225°). The explanation,
we believe, is that the angle between the CS2 monomers
deviates from 90°. The deviation is caused by the alignment
field, which tries to align each of the CS2 monomers along
its polarization axis. The torsional potential resulting from
the interaction between the two monomers prevents this
from happening, and instead, the monomers settle at an
equilibrium angle, less than 90°, determined by the minimum
in the sum of the inherent torsional potential and the laser-
induced alignment potential.
A deviation from 90° should manifest itself in the

covariance islands in Fig. 3(b2). We analyzed the
(−45°, 45°) and the (135°, 225°) islands and found that
they are centered at (−39°,45°) and (137°,222°) [19]. This
corresponds to 84° and 85° for the angle between the
monomers. Consequently, the (−45°, −225°) and (45°,
135°) covariance islands should show an equivalent
increase in the dihedral angle by 5°. Unfortunately, the
strong covariance signal centered at (0°,180°) extends so
much that it blurs the (−45°, 225°) and (45°,135°) signals to
an extent that their centers cannot be reliably determined.
Although the mild distortion does not impair the ability to
extract structural information, we believe it can be elim-
inated by using field-free alignment through rapid trunca-
tion of the alignment pulse [30]. Furthermore, the distortion
effect may be exploited for inducing and directly imaging
torsion of the monomers in real time [25,31].
We have shown that the structure of molecular dimers

in He droplets can be determined by combining fs laser-
induced Coulomb explosion and laser-based molecular
alignment. For the CS2 dimer studied here, as an example,
the structure was found to be 90° cross shaped, similar to
the minimum energy configuration observed in gas-phase.
Gas phase calculations predict other stable, higher energy,
configurations like the slipped-parallel structure [18]. We
saw no indication of this configuration, but note that, for
other molecules, notably HCN [32], it has been observed
that dimers, and larger oligomers, get trapped in local
energy minima due to the annealing effect of the He
environment. The ability of CEI to determine absolute
structures will typically not match that available through
frequency-resolved spectroscopy—at least not for small
molecules. The critical aspect of our method is, however,
that it will enable fs time-resolved imaging of molecular
structure during isomerization (for example exciplex for-
mation) [33,34] and bimolecular reactions [35], by initiat-
ing the dynamics from prereactive complexes with a fs
pump pulse. The possibility to now do this in He droplets
points towards studies on a variety of species not accessible
by gas-phase methods.
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