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We show that rotational line spectra of molecular clusters with near zero per-
manent dipole moments can be observed using impulsive alignment. Aligned
rotational wavepackets were generated by non-resonant interaction with intense
femtosecond laser pump pulses and then probed using Coulombexplosion by a
second, time-delayed femtosecond laser pulse. By means of aFourier transform
a rich spectrum of rotational eigenstates was derived. For the smallest cluster,
C2H2-He, we were able to establish essentially all rotational eigenstates up to the
dissociation threshold on the basis of theoretical level predictions. The C2H2-He
complex is found to exhibit distinct features of large amplitude motion and very
early onset of free internal rotor energy level structure.

1 Introduction

Laser-induced alignment is an emerging technology for preparing molecules in
well-defined quantum states, thereby aligning them with respect to the laser
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field1–8. When used with long laser pulse, the technique is often refereed as
adiabatic alignment3–5,9, whereas for pulse duration shorter than the rotational
period of the molecule, impulsive or field-free alignment isa common term.
The impulsive alignment technique is derived from the well-known rotational
coherence spectroscopy method that has been intensively applied to the inves-
tigation of the rotational structure of free molecules10–14, clusters15–17 and liq-
uids18. Laser-induced impulsive alignment can be applied to all molecules with
an anisotropy of polarisability. While initially, studies were performed in small
linear molecules4,19,20, 1D and 3D impulsive alignment of complex, asymmetric
top molecules has been demonstrated21–25. Control over molecular alignment
has enabled the investigation of processes such as strong field ionisation26,27,
high harmonic generation28–30, gas-phase X-ray31 and (photo-)electron diffrac-
tion experiments31,32.

In impulsive alignment an intense laser pulse interacts with molecules non-
resonantly and populates rotational eigenstates via virtual states corresponding to
the respective laser wavelength. The excitation pathway via a virtual state means
that in impulsive alignment excitation of rotational levels requires two photons.
The excitation of rotational states is equivalent to a Ramanprocess with the as-
sociated selection rules for the parity and total angular momentum of the excited
system. Depending on the duration, shape and intensity of the laser field the Ra-
man process can induce sequential transitions, leading, for example, to excitation
of high rotational levels. Likewise, rotational levels canbe de-excited, or remain
unchanged. The final state constitutes a wavepacket of rotational eigenstates.
that periodically reassembles, representing alignment inspace with respect to
the laser polarisation axis. Following the propagation of the wavepacket in time
provides dynamical information straightforwardly, such as the determination of
coherence times. This is important for the investigation oftime-dependent in-
teractions, such as molecular collisions33. To illustrate the state of alignment in
a classical picture, diatomics exposed to linearly polarised laser pulses will, for
example, exhibit their figure axis aligned parallel and antiparallel with respect to
the laser polarisation axis (z). In quantum mechanical terms, alignment is equiv-
alent to a population shift towards the highest positive andnegativeMz rotational
states8. If the amplitude of the excitation laser pulse decreases much faster than
the rotational period of the molecule, then the rotational states remain populated
and the wavepacket propagates in time and space even after the laser field has
vanished7.

This paper is motivated by the prospect of adopting the impulsive alignment
technique for elucidating the properties of free clusters.The investigation of
free atomic and molecular clusters is an important pillar for understanding size
effects and complexity in condensed matter34–37. Furthermore, this knowledge
of intrinsic cluster properties is essential for the understanding how these clusters
interact with their environment and is ultimately important for the applications
of clusters in new materials38,39.

To generate clusters free of interactions, a supersonic expansion in vacuum is
commonly employed: pressurised gas expanding through a nozzle into vacuum
cools rapidly, thereby facilitating cluster growth, and forms a molecular beam,
propagating through the vacuum apparatus40,41. A particular benefit of using
molecular beams is that the cluster samples are continuously renewed, so that
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effects of any probing, such as radiation damage or fragmentation, does not affect
subsequent measurements. An alternative possibility is tostudy clusters confined
in ion traps42–45.

The propagating molecular beam can be probed by interactionwith light,
static electric or magnetic fields, by scattering from charged or neutral particles,
or off space-fixed nanostructures. Thus, a variety of different techniques are
currently available to study free clusters: laser spectroscopy46,47, ion depletion
spectroscopy45, fluorescence spectroscopy48,49, mass spectrometry50–52, Stern-
Gerlach deflection53–55, static electric field deflection56–58, electron beam scat-
tering59–61 and diffraction from space-fixed periodic nanostructures62,63. Very
recently, time-resolved, single cluster diffraction using soft X-ray64 and hard X-
rays65 has been employed.

Impulsive alignment is specifically beneficial for probing weakly bound clus-
ters because spectral analysis is facilitated and enough information to benchmark
physical models can be gained as we will illustrate here for small clusters of he-
lium and a molecule. A characteristic feature of weakly bound molecular clusters
is large amplitude motion. For such weakly bound clusters bending vibrations,
internal rotations or other types of internal motion occur on similar time scales
and therefore it is difficult, or often impossible to separate the wavefunction into
distinct rotational and vibrational parts. Hence, a conventional rigid rotor-type
Hamiltonian fails to describe their rotational level structure66. While pure rota-
tional spectroscopy provides insight into entangled internal motions of molecular
complexes and clusters, the experimental data reported in the literature is com-
paratively sparse. Furthermore, to form weakly bound clusters, very low tem-
peratures have to be provided. This implies that only the lowest rotational levels
are populated with the consequence that a conventional rotational spectrum may
contain only few lines, or perhaps even just one – usually notenough for a com-
prehensive analysis of the structure, as pointed out by Nesbitt and Naaman67.
By exciting high lying rotational levels in a wavepacket it is therefore possible
to generate a rich rotational line spectrum despite the limitation of a cold initial
thermal population.

Small helium clusters also attract considerable attentionbecause they estab-
lish model systems by which the effect of size and complexityon quantum phe-
nomena, such as superfluidity, can be studied. In the past twenty years molecules
have been embedded in large helium droplets as well as in small helium clusters
and their pure rotational and ro-vibrational frequency spectra have been studied
using conventional microwave (MW) and infrared (IR) spectroscopy. In broad
terms these studies have established that in4He droplets the molecules rotate al-
most unhindered, but with an increased apparent moment of inertia compared to
the gas phase. Also, their spectral lines are broadened withrespect to the gas
phase, reflecting the interaction with the helium (see review articles for further
details68–74). Although much progress has been made the processes leading to
the increase of apparent moment of inertia and line broadening are not entirely
understood. The availability of the complete pure rotational spectrum of small
molecule-helium clusters will be an important complement to the previous and
ongoing infrared and microwave-based spectral analysis ofthese systems and
pave the way towards a comprehensive understanding of incipient superfluidity.

Here, we show the generation of rotational wavepackets of C2H2-Hen clus-
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ters using impulsive alignment. The phase of the wavepacketwas detected as a
function of time using Coulomb explosion. Fourier transformation produced a
rich spectrum of discrete lines in the frequency domain thatwere attributed to
rotational eigenstates of the clusters. A detailed analysis was carried out for the
smallest complex, C2H2-He. This weakly bound complex is an important model
system that has previously been investigated usingab initio calculations75–78and
infrared spectroscopy in its deuterated form77, but whosepure rotational spec-
trum has not previously been reported. As part of the currentstudy we also
present an improved potential energy surface of this complex. A complete set
of bound rovibrational levels for this surface was computedwith a numerically
exact discrete variable approach. The measured transitions of C2H2-He mapped
practically all theoretically predicted transitions between bound rotational levels,
showing excellent agreement between theory and experimentand demonstrating
the successful application of the impulsive alignment method to obtain a com-
plete rotational spectrum of a weakly bound complex. The knowledge of the
complete level structure has prompted a more detailed theoretical analysis which
revealed the importance of dynamical effects contributingto the pronounced free-
internal rotor behaviour of this complex.

While the demonstration of a rotational wavepacket-based spectral analysis
is important for the field of cluster research our work gives directions in using He
droplets for preparing and aligning exotic samples in the gas phase to perform
diffraction measurements.

2 Experimental details

The experiments were conducted at the Rutherford Appleton Laboratory using
the Artemis femtosecond laser beam line and the Atomic and Molecular Physics
end-station, which was equipped with a source for the production of doped he-
lium clusters in co-expansion. Apart from the cluster production the experiment
was conceptually similar to that of Pentlehneret al.79, particularly the genera-
tion of rotational wavepackets and their detection using a pump-probe scheme.
Briefly, C2H2-Hen clusters were generated in a supersonic expansion of 0.01 %
C2H2 diluted in 9 MPa He through a cooled pulsed valve of conical shape (half
opening angle,α = 20 0) with a throttle diameter of 100µm (Even-Lavie noz-
zle80). The cluster beam propagated approximately 50 mm through the vacuum
chamber into the focus of a velocity map imaging (VMI) detector81 where it
was excited by two pulsed laser beams, both originating froma 30 fs, 1 kHz
Ti:Sapphire laser operating at 800 nm (KM Labs Red Dragon). The laser sys-
tem had two separate grating compressors, allowing the pulse durations of each
laser beam to be independently controlled. The beams were co-linearly focused
through a f = 500 mm lens into the molecular beam. The number of rota-
tional levels in the wavepacket was controlled by adjustingthe pulse length and
intensity of the first laser pulse (the pump laser). The pump laser had a duration
of 300 fs and was operated across a range of intensities from 2×1011 Wcm−2

to 5×1012 Wcm−2, well below the level required to ionise the molecules. The
probe pulse had a duration of 50 fs and an intensity of 1×1015 Wcm−2, sufficient
to instantly break molecular bonds in a Coulomb explosion, thereby generating
C+, C2+ and H+ fragment ions. The velocity vectors of the fragment ions, which
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carried the molecular alignment information, were mass-selectively detected in a
velocity map imaging (VMI) spectrometer81 whose detector plane was parallel
to the polarisation plane of both laser beams (xy plane in Fig 1). Mass-selection
was established by switching the gain of the microchannel plate detector so that
it was only sensitive at the specific times when the ions of interest arrived at the
detector. To extract alignment information the C+ mass channel was chosen for
detection.

The two-dimensional projection of the recoiling C+ fragment directions and
intensities was used to determineI × cos2 θ for each position on the detector,
whereθ designates the angle between the polarisation of the pump laser and the
projected velocity vector andI the intensity. The origin of this vector was set
to the centre of the image defined by the centre of mass of the ion distribution.
The end of the vector pointed to a pixel representing the intensity of ions at this
position. The average over the entire detector area,〈cos2 θ2D〉, is proportional
to the molecular alignment〈cos2 θ3D〉

79,82. The quantity〈cos2 θ3D〉, indicating
the phase of the rotational wavefunction, is a true quantum mechanical observ-
able whose exact determination would require the projectedvelocity map images
to be inverted, using an inverse Abel transformation83–85. Since the recorded
ion distributions did not exhibit spherical symmetry the inversion procedure is
technically challenging. The parameter〈cos2 θ2D〉 was determined instead as a
function of time by scanning the delay between the pump and probe laser pulses
to reveal the rotational dynamics of the clusters. Because of the proportionality
between〈cos2 θ3D〉 and〈cos2 θ2D〉 this lack of spherically symmetric images had
no consequences for the derivation of spectroscopic information and the conclu-
sions of our experimental results.

3 Results

3.1 Coulomb explosion

Fig. 2 shows raw velocity map images recorded selectively for the C+ fragment
under different expansion conditions. These raw images show ion fragment in-
tensities with an angular and radial distribution that illustrate the Coulomb explo-
sion process. Dashed rings have been introduced to indicatethe centre position
and to highlight differences in the radial distribution. Distinct changes in the
Coulomb explosion pattern are observed for varying expansion conditions: panel
(a) in Fig. 2 shows the ion image for expansions where the nozzle was held at a
temperature of 293 K and panel (b) shows the image obtained when the nozzle
was cooled to 203 K to facilitate the formation of clusters ofC2H2 with helium.
The ion image in (a) shows relatively sharp features, with evidence of more than
one fragmentation channel leading to the formation of C+. These features were
attributed to unbound C2H2 as the dominant species. The angular distributions
of the two images are identical and largely influenced by the anisotropic laser
ionisation. However, the radial distributions differ: panel (b) shows considerably
higher kinetic energies than (a). The increased kinetic energy can be taken as
an indicator for the generation of further charges, even though the laser parame-
ters themselves have not changed. The temperature variation from 293 to 203 K
increases the gas number density in the interaction region by 30 %, which cor-
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Fig. 1 Schematics of the experimental setup comprising a molecular beam machine, a
laser system and a velocity map imaging detector coupled to a CCD camera. Clusters and
molecules prepared in the molecular beam were impulsively aligned and probed using a
laser pump-probe scheme, where the delay between the two laser pulsesis generated
with a movable stage. The state of alignment was probed for time delays of up to 600 ps,
corresponding to the maximum displacement of the delay stage.

responds to a reduction of the internuclear separation of particles within the jet
of 11 %. This small change means that space charge effects do not explain the
increase of ion velocities observed in Fig. 2. It is more likely that the processes
responsible occur within the clusters because of the much higher atomic number
density than within the unclustered jet. Further charges can be generated within
the C2H2 molecules, but also He atoms could be ionised86. A second possibility
is that the higher kinetic energies originate from inelastic scattering of C2+ frag-
ments or even higher charged fragments when leaving the cluster. Subsequently,
these highly charged ions recombine with electrons, producing C+ fragments.

3.2 Time-resolved alignment and Fourier transformation

The time-resolved molecular alignment parameter,〈cos2(θ)2D〉(t), is shown in
Fig. 3(a) for a time period of 16 ps and for conditions favouring cluster for-
mation similar to Fig. 2(b). The strongest features consistof a pattern of six
oscillations which reappear every rotational periodτ. This pattern matches the
time-resolved alignment spectrum expected for free, cold C2H2 molecules. The
features extend over the full range of the scan up to 600 ps, asshown in Fig. 3(b).
No damping in amplitude is observed, so one can infer that thecoherence of the
rotational wavepacket is at least 600 ps. Revivals of small acetylene-helium clus-
ters (C2H2-Hen) are difficult to directly identify in the alignment scan because
of the dominant signals from free acetylene rotation. A muchclearer picture is
obtained when a discrete Fourier transform is performed, producing a rotational
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Fig. 2 Velocity map images of C+ fragments generated via Coulomb explosion.(a) was
recorded at nozzle temperatures of 293 K and shows fragments originating from free
C2H2. In (b) the nozzle temperature was 203 K, facilitating cluster formation, but
otherwise identical conditions.(b) shows increased kinetic energy compared to(a). The
yellow double-headed arrow indicates the direction of the pump and probelaser
polarisations, which are parallel to they-axis in Fig. 1. The dashed circles are guides to
the eye.

frequency spectrum87.
The discrete Fourier transform,Fω, is defined by

Fω =
N−1

∑
t=0

fte
−2πiωt/N (1)

whereN designates the number of data points being transformed,ft is the t th

element in the time domain andω is a variable in the frequency domain. TheN
complex numbers derived from equation (1) were converted into a power spec-
trum by adding the squared real and imaginary parts ofFω:

Re(Fω)
2+ Im(Fω)

2 (2)

The resulting power spectrum is shown in Fig. 4.
A series of discrete lines in Fig. 4 corresponds to particular frequency contri-

butions of C2H2 to the rotational wavepackets. The observed lines were recorded
at a pump laser intensity of 2.5×1011 Wcm−2 and coincide with the beat fre-
quencies of free C2H2 at 6b + 4nb, whereb is the C2H2 rotational constant†

(b = 1.1767 cm−1)88 andn = 0, 1, 2, 3. The first line at 6b frequency is equiva-
lent to theJ′ = 2← J′′ = 0 transition, with successive lines at 10b, 14b, 18b. The
significantly higher intensity of the contribution from theJ = 1 state compared
with theJ = 0 state is attributed to nuclear spin statistics describing the occupa-
tion ratio of evenJ(para):oddJ(ortho) levels, which in this case is 1:389. Since

† B conventionally denotes the rotation constant of a linear molecule. However, in this context we
want to differentiate between the internal rotation of the molecule within a complex, later in the text
denoted asb, and the overall rotational constant of the complex, asB.
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Fig. 3 Time-resolved alignment of C2H2 co-expanded with helium.(a) Rotational
revivals obtained under conditions where the helium stagnation pressureand temperature
were 9 MPa and 212 K, respectively. Note that the baseline has been subtracted and the
data have been smoothed. The time difference between two full revivals, indicated by a
double-headed arrow, is equal to the rotational period of acetylene andinversely
proportional to 6b. (b) For time delays up to the maximum of 600 ps, no damping in the
amplitude was observed. The coherence time of the wavepacket for free C2H2 molecules
is therefore at least 600 ps.

Fig. 4 displays the power spectrum, the ratio in principle should be 1:9. How-
ever, when additionalJ-dependent coupling terms for two-photon transitions are
taken into account a revised ratio of 6.25 is expected. This expected ratio is in
satisfactory agreement with the observed relative peak intensities.

A much weaker series of discrete lines is seen at 4b, 8b and 12b, notably
around 9.2 and 14.2 cm−1. The position of these lines can be expressed through
the series 2b + 2nb, for n≥ 1, with every second line overlapping with the Raman
allowed transitions at 6b + 4nb. The occurrence of these lines does not comply
with the∆J = 0,±2 selection rule for Raman transitions of diatomic molecules.
We note that the∆J = 0,±2 selection rule would be relaxed for symmetric
top molecules and may indeed indicate the involvement of C2H2-(He)n clusters.
However, the good match of these transitions with multiplesof the b constant
of free C2H2 is difficult to explain considering that in other molecule-helium
complexes such lines are always shifted90.

4 Assignment of C2H2-He lines: statistical analysis and theo-
retical predictions

In the low frequency range in Fig. 4(c) numerous peaks are observed which have
frequencies well below those of free C2H2. These lines are attributed to clusters
because they correspond to a larger moment of inertia than ispossible for free
C2H2

90,91. To fully assess our assignment in this frequency range and to account
for the low intensities a careful statistical analysis of the noise was performed. A
region of the spectrum between 100 to 240 cm−1 which was free free of molec-
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Fig. 4 Overview spectra.(a) Power spectrum of the time-resolved molecular alignment.
The power spectra are dominated by strong peaks arising from beats between rotational
levels of free C2H2 connected by∆J = 0,±2. (b) The rotational levels in the wavepacket
are excited through sequential Raman excitations with an 800 nm (12,500 cm−1) laser
pulse. This process sequentially populates higher levels via virtual states,as
schematically illustrated in the inset. Panel(c) shows an expanded view of the power
spectrum revealing numerous weak peaks.

ular frequencies was identified as suitable for a quantitative determination of the
confidence level of our data and analysed to assess whether the intensity varia-
tion is stochastic. The signal height distribution was theninvestigated and the
level at which a random event could be excluded with 99.9 % certainty was de-
termined. Details of the noise analysis are provided in the online-supplementary
information.

While this assessment of the noise level revealed a large number of lines ex-
ceeding the confidence level, focus was placed on the detailed analysis of the
smallest complex, the C2H2-He complex. For this complex a potential energy
surface and the energies of rotational states were calculated to guide the assign-
ment. The predicted energy levels were then compared with the line positions
observed in the spectrum.

4.1 Coherence times of C2H2-(He)n

An enlarged view of the low frequency region, including a dashed line to indi-
cate the 99.9 % confidence level, is shown in Fig. 5. A large number of lines,
attributed to C2H2-Hen clusters and with intensities above the confidence level,
are observed. The full widths at half maximum of these lines are 0.03 cm−1,
which matches the experimental limit in resolution set by the total time delay
of 600 ps. Hence, the width of the lines assigned to C2H2-Hen clusters is con-
sistent with a coherence time for the rotational wavepacketof at least 600 ps.
We note that such long coherence times are not unexpected forsmall molecu-
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Fig. 5 C2H2-He spectrum in the frequency region below 5 cm−1. The 99.9 %
confidence level, established through the second orderχ2 spectral distribution of the
noise, is indicated by a horizontal dashed line. The spectral lines are labelled in
alphabetical order with respect to the total angular momentum of the initial state. See text
and the energy diagram in Fig. 8 for further information.

lar clusters, given that predissociation or other events that destroy coherence are
very unlikely on a time scale of sub-nanoseconds. This finding further conforms
with the spectroscopic work in the frequency-domain, whichhas established that
molecules residing inside superfluid4He droplets rotate almost freely92. Inter-
estingly, a recent study by Pentlehneret al.79 showed rapid loss of coherence
for non-adiabatic alignment of CH3I in helium droplets,i.e. within a single rota-
tional period. This observation contradicts our results for C2H2-He and the many
frequency-domain studies of molecules in helium droplets.This discrepancy is
currently unexplained.

As detailed below we can assign some of the C2H2-Hen features to the C2H2-
He complex. The other peaks in Fig. 5 are attributed to largerC2H2-Hen (n≥ 2)
complexes. A detailed assignment is difficult due to a lack ofmodels for weakly
bound clusters consisting of more than one helium atom. Our assignment of the
n = 1 case is guided by theory, as described in the next section.

4.2 Electronic structure calculations

Total electronic energies for C2H2 and C2H2-He were computed with the coupled
cluster method with single and double substitutions and perturbative treatment of
triples, CCSD(T), and all electrons were included in the correlation treatment.
Core-optimised correlation consistent augmented (doublyaugmented for He) ba-
sis sets, (d)aug-cc-pCVXZ, X=T,Q,5,6, as developed by Dunning and cowork-
ers93,94, were employed as implemented in the MOLPRO electronic structure
package95. Geometry optimisations carried out for the complex and isolated
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Fig. 6 Jacobi coordinates for the complex C2H2-He. The body-fixedz-axis is aligned
with the Jacobi vectorR.

C2H2 with basis set sizes up to sextuple zeta quality show that complexation
with He changes the geometry of C2H2 at most by 0.0001̊A. The C2H2 unit
was consequently fixed at its experimental ground state expectation geometry,88

r0(CC) = 1.20830Å andr0(CH) = 1.05756Å.

The interaction between C2H2 and a helium atom was explored in a Jacobi co-
ordinate system with a Jacobi vectorR pointing from the centre of mass of C2H2

to the helium atom and a Jacobi angleθ enclosed betweenR and the C2H2 molec-
ular axis, as shown in Fig. 6. We used a grid of 300 points covering 0≤ θ≤ 90◦

in steps of 10◦ and radial grids which were optimised at each value ofθ, typically
ranging between 2.50 and 20Å. Total energies for the complex obtained with ba-
sis sets from triple zeta, (d)aug-cc-pCVTZ, to quintuple zeta, (d)aug-cc-pCV5Z,
level were extrapolated to the complete basis set (CBS) limit using the proce-
dure of Petersonet al.96,97, which turned out to give more consistent results than
the more common procedure of Helgaker and coworkers.98 Interaction energies
were determined from the estimated CBS energies by subtracting the result of an
extrapolation for essentially separated monomers atR= 100Å andθ = 0. The
grid point with the strongest interaction is atR= 4.32Å andθ = 0 with a poten-
tial value ofVint = −25.100 cm−1 relative to separate monomers atV = 0. This
is noticeably below the previous best estimate of -24.21 cm−1.99 The rotational
constant of the complex at its electronic equilibrium geometry is found to be
Be = 0.2119 cm−1 and the corresponding permanent dipole moment is 0.029 D.
The spherically averaged dipole polarisability exhibits avery weak dependence
on the complex geometry and has a value ofα = 24.0 a3

0 which is essentially the
sum of the monomer values of 22.6a3

0 and 1.4a3
0 for C2H2 and He, respectively,

providing further indication of the very weak van der Waals interaction.

4.3 Analytical representation of the interaction potential

The interaction between C2H2 and a helium atom contains dispersion and induc-
tion contributions, where the latter arise from the quadrupole moment of C2H2.
The asymptoticR-dependence should therefore contain only even inverse pow-
ers ofR. We adopted an angle-dependent extended Tang-Toennies100 form to
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represent theab initio interaction energies:

Vint(R,θ) = A(θ)exp{−(b1(θ)R+b2(θ)R2)}

− ∑
k=3,8

f2k(b(θ),R)
C2k(θ)

R2k (3)

The radial parametersX = A,b1,b2,C6,C8,C10 are expanded over even order
Legendre polynomials according to

X(θ) = ∑
l=0,2,...

X(l)Pl (θ) (4)

Higher order coefficientsC2k,k> 5, are defined by the standard recursionC2k+2=
(C2k/C2k−2)

3C2k−4 and the functionsf2k are Tang-Toennies damping functions
with b(θ)= b1(θ)+2b2(θ)R. The present fitting model includes terms up tol = 6
and contains 24 free parameters which were adjusted by a non-linear least squares
procedure.101 This reproduces the 235ab initio interaction energies falling below
+200 cm−1 with a root mean square error of 0.039 cm−1 and a largest deviation of
0.22 cm−1. The coefficients for this analytical representation are given in atomic
units in Table. 1. Figure 7(a) displays the interaction potential with its minimum
at linear C2H2-He and a saddle point at the T-shaped arrangement.

Table 1 Coefficients for the analytical representation of the C2H2-He interaction
potential, equations (3) and (4) (all values in atomic units).

A(0) 0.1918812E+02 C(0)
6 0.1248242E+02

A(2) 0.2504029E+02 C(2)
6 -0.2662071E+01

A(4) 0.8700405E+01 C(4)
6 -0.4200783E+01

A(6) 0.1256556E+01 C(6)
6 -0.5564107E+01

b(0)1 0.1327564E+01 C(0)
8 0.1318068E+04

b(2)1 -0.3394156E+00 C(2)
8 0.1819554E+04

b(4)1 -0.1268924E+00 C(4)
8 0.8531615E+03

b(6)1 0.1446208E-01 C(6)
8 0.1011623E+04

b(0)2 0.4538917E-01 C(0)
10 -0.2223242E+05

b(2)2 0.4238423E-01 C(2)
10 -0.2251989E+05

b(4)2 0.1040915E-01 C(4)
10 -0.1157502E+05

b(6)2 -0.1945577E-02 C(6)
10 -0.3578250E+05

4.4 Rovibrational calculations

Bound rovibrational levels for the fitted surface were calculated with the DVR-
DGB method, which uses a discrete variable representation (DVR) for the an-
gular coordinate and a distributed Gaussian basis (DGB) forthe radial degree of
freedom102. This method uses an exact kinetic energy operator and makesno
approximations aside from the Born-Oppenheimer concept ofa potential energy
surface, whose accuracy is only limited by the quality of theelectronic structure
treatment. We used atomic masses in conjunction with 51 Gauss-Legendre DVR
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Fig. 7 (a) Contour plot of the C2H2-He interaction potential. The contour interval is
2 cm−1 and the lowest contour is atVint =−24 cm−1. (b) Contour plot of the|Ψ0|

2

probability density of the ground state of C2H2-He. Contours are given at intervals of 5%
of the maximum value. For both figures, the blue curve indicates the minimumenergy
path.

points inθ and an angle dependent radial basis composed of up to 85 non-evenly
distributed Gaussians between 4a0 and 300a0. Energy eigenvalues and wave
functions were computed for both parities (p = 0,1 corresponding to even and
odd parity states, respectively) and for total angular momentum 0≤ J≤ 10, but
only levels up toJ = 5 were found to be bound. Energy levels are converged
to better than 0.001 cm−1. The computed rovibrational ground state energy is
-7.417 cm−1. The square,|Ψ0|

2, of the corresponding ground stateJ = 0 wave
function is displayed in Fig. 7(b). Maxima are visible for the two equivalent lin-
ear minimum energy arrangements but the probability density is clearly spread
over the entire angular domain and remains above 40% of its maximum even at
the saddle point atθ= 90◦. At all angles the pronounced anharmonicity shifts the
radial position of the|Ψ0|

2 maximum significantly outward with respect to the
minimum energy path. The impact of this strong delocalisation on the rovibra-
tional level structure will be described in more detail in the Discussion section.

4.5 Assignment of experimentally observed lines

The assignment of the peaks in Fig. 5 was made using the transitions frequencies
predicted from the theoretical model described above. In particular, we looked
for direct coincidence between the theory and experiment within experimental
errors (0.03 cm−1). The theoretical prediction for the first excited state, the in-
termolecular stretching vibration, is 7.415 cm−1. Our spectrum shows a signal
at a matching energy but the marginal nature of this state, only 0.002 cm−1 be-
low the dissociation threshold and at the limits of the theoretical treatment does
not allow a firm assignment without further work. The expected Raman transi-
tions for C2H2-He are marked in Fig. 8 by vertical arrows and text, showing the
measured energy differences in cm−1. The energy levels are labelled using the
quantum numbersj,J,K and parity labelse and f 77. Note that only the total
angular momentum quantum numberJ and the parity of the wave functions are
rigorous quantum numbers. Thej quantum number refers to the internal rotation
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Table 2Energy level assignment of measured lines. Quantum numbers of the initial
states are denoted byj ′′,K′′,J′′ and of the final states byj ′,K′,J′. The experimental line
positions are given in cm−1 and the estimated error margin in each case is±0.03 cm−1.

Sym. j ′′ K′′ J′′ j ′ K′ J′ Exp. Calc.

e 0 0 0 0 0 2 1.43 1.46
e 0 0 1 0 0 3 2.41 2.40
e 0 0 2 0 0 4 3.31 3.28
e 0 0 3 0 0 5 4.07 4.08

e 1 0 0 1 0 2 0.58 0.60
e 1 0 1 1 0 3 1.51 1.49
e 1 0 2 1 0 4 2.41 2.41
e 1 0 3 1 0 5 3.30 3.31

e 1 1 1 1 1 3 3.31 3.29
e 1 1 2 1 1 4 4.16 4.15

f 1 1 1 1 1 3 2.53 2.50
f 1 1 2 1 1 4 3.43 3.43

of the C2H2 unit andK is the projection ofJ onto the intermolecular axis (see
Fig. 6). Although approximate, these alternative quantum numbers turn out to
be useful to describe the energy level pattern. The present calculation provides
a better match to the measured line positions than the best potential energy sur-
face available prior to this work78. The assignment of the lines is also shown in
Table 2.

5 Discussion

5.1 Rotational level pumping

The identified lines of C2H2-He constitute a rich spectrum showing the possibil-
ity of sequential rotational energy level pumping. For example, the lower levels
in theJ′ = 4← J′′ = 2 and theJ′ = 5← J′′ = 3 transitions in thej = 0, K = 0, e
manifold, theJ′= 4← J′′= 2 andJ′= 5← J′′= 3 transitions in thej = 1,K = 0,
emanifold, as well as theJ′ = 4← J′′ = 2 transitions in thej = 1, K = 1, eand f
manifolds, have presumably gained population through Raman transitions from
lower levels. We note that increased pump laser power does not increase the in-
tensity of these lines in a straightforward fashion. At the highest pump intensity
of 5×1012 Wcm−2 theJ′= 1← J′′= 1 transitions in thej = 1,K = 1, f manifold
becomes the strongest line. This transition also remains stronger than all other
C2H2-Hen lines when the expansion conditions are changed to promote clusters
comprising more than one helium atom. More experimental work is needed to
confirm this observation and to elucidate details of these trends.

The highest rotational level populated lies beyond the dissociation threshold
for C2H2-He when internal rotation is not excited (j = 0). This level, which
belongs to thej = 1, K = 1, e manifold, can predissociate provided a pathway
for de-excitation of the internal rotation of the C2H2 molecule exists.

The observation of this energy level on the timescale of thisexperiment,
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Fig. 8 Rotational energy level diagrams of C2H2-He. The energy levels are grouped
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arrows designate the transitions observed experimentally. The numbersnext to the
arrows designate the corresponding transition frequencies in cm−1 (see table 2). The
horizontal dashed lines indicate the dissociation limits corresponding to C2H2 in j = 0 or
j = 1, respectively.

where measurements up to 600 ps are possible, is not unreasonable. For ex-
ample, the CO2-He complex has a lower limit of 6 ns for the predissociation life
times, as determined by laser spectroscopy measurements103.

5.2 Analysis of the rotational energy level pattern of C2H2-He

The computed level structure and the analysis of the wave functions shows that
C2H2-He does not behave like a typical linear molecule in spite ofits linear
electronic minimum energy structure. Two limiting zero order models and corre-
sponding labelling schemes can be used to describe the present situation, namely
the rigid linear molecule picture in which He executes a bending motion, or the
free internal rotor (potential-free) asymptote with a freely rotating C2H2 unit.
The numerically exact wave functions obtained for given rigorous quantum num-
bersJ and p in the present calculations can be projected onto either zero order
representation in order to assign corresponding approximate quantum numbers
and an additional analysis using an adiabatic projection ispossible.

The bending vibration of linear molecules is two-dimensional and described
by the quantum labelvℓlin , where the quantum numberℓ of the vibrational an-
gular momentumℓ̂ is given byℓ = vlin ,vlin − 2, · · · ,−vlin leading tovlin+1 fold
degeneracy of the levelvlin . Due to angular momentum conservation,ℓ̂z= Ĵz also
holds for linear triatomic molecules, whereĴ is the total rotation. This means
that the first bending level forJ = 0 is 2v0

lin and thatv1
lin is accessible only for

J≥ 1. Above the angular barrier, the bending energy pattern shows the onset of
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a two-dimensional rotor structure. The latter structure arises in the potential-free
situation and is characterised byℓ = vlin ,vlin −1, · · · ,−vlin , such that the degen-
eracy of the levelvlin is 2vlin+1. In the free-rotor limit, Coriolis interaction may
prominently affect the overall molecular behaviour.104

A very useful quantitative analysis of the exact wavefunctions is possible
through an adiabatic projection scheme designed for the DVR-DGB approach in
the spirit of the method previously developed for tetratomic molecules.105 The
radial eigenvalues computed for each angular DVR point during the construc-
tion of the full problem provide adiabatic angular profiles for a given stretching
quantum numbervs. The lowest of these profiles corresponding tovs = 0 de-
fines the adiabatic ground state bending profileadiV0(θ) ,which is depicted in
Fig. 9, together with the minimum energy pathVMEP(θ) along the Jacobi angle
θ. TheadiV0(θ) profile differs fromVMEP(θ) by the angle dependent ground-state
energy of the intermolecular stretching vibration and provides a more useful ra-
tionalisation of the angular motion of the complex. Fig. 9 shows that the in-
clusion of the ground-state stretching energy lowers the effective barrier height
at θ = 90◦ from 8.3 cm−1 for VMEP(θ) to 3.4 cm−1 for adiV0(θ) due to strong
stretch-bend coupling. Another interesting observation is the very weakθ depen-
dence ofadiV0(θ) for θ ∈ (0,45◦) andθ ∈ (135◦,180◦), whereasVMEP(θ) shows
a somewhat parabolicθ shape in this region. Similar flat potentials over a wide
angular range around linearity are typical for quasi-linear molecules106.

Solving the angular problem for an adiabatic profile with given vs provides
bending functions with well defined adiabatic quantum numbers,vs andvb. The
functions|vb,vs;K〉, whereK is the body-fixedz-projection ofĴ, are used to con-
struct adiabatic expansions of the exact wavefunctions, which allow assignments
by identification of the dominant zero-order contribution(s). The adiabatic en-
ergiesadiε(K) differ from the exact rovibrational energiesE(J,p) due to missing
Coriolis coupling and bend-stretch coupling contributions.

The bound rovibrational states forJ= 0 and 1 in Fig. 9 are labelled by(vb;K)
using the adiabatic quantum numbervb and the quantum numberK. The complex
has three boundJ = 0 states. As seen in Fig. 9, only the vibrational ground state
falls below the adiabatic isomerisation barrier (saddle point in T-shaped arrange-
ment) atadiV0(θ = 90◦) = −5.768 cm−1. The excited bending and stretching
levels are 2.0 and 7.4 cm−1 above the ground state, respectively. Note that the
stretching state at -0.002 cm−1 is very marginally bound and further work will
be necessary to establish the nature of this state. Fig. 9 provides additional state
labels in terms of[ j, ℓ;K]. This alternative scheme uses the angular momentum
of C2H2, ĵ , and the end-over-end angular momentum of the complex,ℓ̂. Then
Ĵ = ĵ + ℓ̂, whereas the parity is(−1) j+ℓ. For thez-axis along the JacobiR vector
(see Fig. 6),ℓz = 0 also holds. In terms ofj and ℓ, the quantum label reads
[ j, ℓ;K] for a givenJ and parityp. The correlation between the labels(vb;K) and
[ j, ℓ;K] can be established by means of the angular momentum couplingrules
and related Clebsch-Gordan coefficients.107 For j = 0, we obtain[0,J;0]. For
j = 1, there are three possible level groups:[1,J+1;0] (e levels),[1,J−1;1] (e
levels), and[1,J;1] ( f levels). For the parity labelling in terms ofe and f states,
see Ref.108.

The energy level structure in Fig. 9 shows several features which are indica-
tive of an early onset of a free-rotor energy pattern. TheJ = 0 energy of the

16 | 1–25



-15

-12

-9

-6

-3

 0

 0  30  60  90  120  150  180

E
 / 

cm
-1

θ / deg

adiV0

VMEP

J=0,p=0 J=1,p=1 J=1,p=0

(0;0) [0,0;0]

(1;0) [1,1;0]

(1;1) [1,1;1]

(2;1) [2,2;1]

(0;0) [0,1;0]

(1;0) [1,2;0]

(1;1) [1,0;1]

(2;1) [2,1;1]

Fig. 9 Minimum energy pathVMEP and effective ground-state potentialadiV0 along the
Jacobi angleθ. The curveVMEP is shifted upward by 10.99 cm−1 to coincide withadiV0

at θ = 90◦. The quantum labels of the exact rovibrational states are given as both(vb;K)
and[ j, l ;K]. TheJ = 0, p= 0 level without a quantum label is the excited stretching
state.K = 0 andK = 1 levels are additionally coded in red and green, respectively.

bending vibration is below the energy of the complex rotating with K = 1. This
is contrary to the situation in ordinary linear molecules, where the first bending
J = 0 level, 2ν0

lin , is above the firstK = 1 level,ν1
lin . The splitting of theK = 1

levels of 0.37 cm−1 for J = 1 is large, in particular in relation to the very low en-
ergy scales in the present complex, and indicates a very strong rotation-vibration
interaction. To clarify these points in more detail, we compare the exact energies
E(J,p) with the adiabatic energiesadiε(K) for J = 1 in Fig. 10. Forp = 1, the
adiabaticK = 0 andK = 1 components are prominently pushed apart by Coriolis
interaction. The global effect of this strong Coriolis coupling is clearly visible in
Fig. 8a: without this coupling thej = 1,K = 1 eand f levels are degenerate. The
levels of thej = 1,K = 1 estack are, however, systematically pushed upwards by
Coriolis coupling with thej = 1,K = 0 e levels of the sameJ, such that the latter
are compressed downward. As a result the level energies in the j = 0,K = 0 stack
increase more rapidly leading to a cross-over atJ = 5. Energy levels exhibiting
Coriolis-type resonances are identified with the help of theprobability(J)PK that
the wave function takes a certainK value. Coriolis mixing becomes more distinct
asvb increases. This is seen through the increase of the separations between the
resulting exact levels and the decrease of the(J)PK values with increasingvb in
Fig. 10.

The effect of Coriolis coupling appears marginal for the lowestJ = 1 state
in Fig. 10. This is consistent with Fig. 9, which shows that this level lies below
the isomerisation barrieradiV0(θ = 90◦) for J = 0 andJ = 1. The vibrational
ground state forJ> 2 is, however, already above this barrier, such that it may also
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experience Coriolis mixing. This perturbation became visible when we fitted the
rotational excitation of the vibrational ground state withthe two-parameter and
three-parameter effective term formulas

(2)E0(J) = (2)B0J(J+1)−(2) D0J2(J+1)2, (5)
(3)E0(J) = (3)B0J(J+1)−(3) D0J2(J+1)2

+(3)H0J3(J+1)3. (6)

Including rotational transitions up toJ= 5, we obtain[(2)B0,
(2)D] = [0.2466,0.0005]

and[(3)B0,
(3)D] = [0.2451,0.0003] with (3)H = 3 ·10−6, where the standard de-

viation of the fit wasσ = 3 ·10−3 and 2·10−4, respectively (all values given in
cm−1). The sensitivity ofB0 on the number of fitting parameters and the large
centrifugalD constant are indications of a rotational perturbation affecting the
vibrational ground state. This can be seen in Fig. 11, which shows the impor-
tance of the centrifugal distortion constantD in the description of the rotational
excitation in the vibrational ground state. The strong curvature seen for the levels
[1;0]e (black line) and[1;1]e (blue line) results from Coriolis coupling between
these two states.

In the free-rotor limit (potential-free situation), the level energy is approxi-
mated by

E j,ℓ = Bℓ(ℓ+1)+b j( j +1), (7)

whereB and b are the rotational constants of the complex and the monomer,
respectively, andb> B. In this limit the bending[1,1;0] state and theK = 1 level
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[1,1;1] f would have the same energy of 2(B+b). TheK = 1 level[1,0;1]e is then
higher in energy by 2b than the ground vibrational state[0,0;0]. The splitting of
the K = 1 levels[1,0;1]e and [1,1;1] f would be 2B, with the f state above the
e state. In qualitative terms, the rovibrational structure of Fig. 9 features some
of these properties. In quantitative terms, however, thereare differences arising
primarily from the very prominent Coriolis rotation-vibration interaction, such
as the ordering of thee and f states withK = 1, which is reversed with respect
to the potential-free situation.

6 Conclusions

In conclusion, we have applied impulsive alignment to buildrotational wavepack-
ets in complexes between acetylene and helium atoms. The phase of the wavepacket,
represented by the degree of alignment, was measured as a function of time us-
ing Coulomb explosion. A Fourier transform revealed a rich spectrum of tran-
sitions between bound rovibrational eigenstates of the C2H2-He complex, which
is in excellent agreement with theoretical predictions. The experimental verifi-
cation of essentially all rotational eigenstates up to the dissociation threshold of
the complex substantiated a detailed theoretical assessment of the level structure.
Providing access to a large set of rotational states even formolecular systems
with near zero dipole moment, as exemplified by the C2H2-He complex, is a
particular strength of the impulsive alignment technique.

The C2H2-He complex is a highly delocalised system. This is the result of the
small mass of helium in combination with a small angular barrier on the potential
energy surface. The effective angular barrier is lowered further due to strong
stretch-bend coupling, such that only two rovibrational eigenstates are below it.
All states have a high probability in the barrier region. States above the barrier
experience strong Coriolis coupling. In this respect the C2H2-He complex differs

1–25 | 19



from linear complexes with a typical linear-molecule rovibrational structure, such
as HCN-Ar102 and T-shaped complexes with a slightly asymmetric prolate top
structure such as CO2-He103,109and C2H+

2 -Ar 110 whose rotational levels can be
well described in terms of effective rotational parameters. The present system
exhibits some similarities with the complex CO+-He,111 which was found to
exhibit an early change of rovibrational patterns due to a very low barrier to
linearity.

These findings enable the extension of the impulsive alignment method to
other molecular complexes and to clusters comprising multiple atoms. In the
case of molecule-helium complexes by increasing the numberof helium atoms
it will be possible to gain new insight into incipient superfluid effects. Because
the impulsive alignment method does not require the molecule to possess a per-
manent electric dipole moment it can be applied to a wide range of molecules,
including homonuclear diatomics and homonuclear atomic clusters. Incipient
superfluid effects for these types of systems have not been explored previously.
This methodology also offers the prospect of studying smallrare gas clusters or
homonuclear metal clusters, testing van der Waals forces and chemical interac-
tions, respectively.

Provided the detection of alignment is successful for thesesystems impul-
sive alignment should then decisively facilitate the spectral analysis through the
control of the constitution of the wavepacket by adjusting the pump laser power,
making it possible to access information on rotational levels at higher energies.
Equivalently, for low pump powers it is possible to selectively excite transitions
from the lowest quantum states, thereby facilitating the interpretation of con-
gested spectral data. All of this is possible in combinationwith a very cold
molecular beam, enabling the formation of weakly bound species and an initial
population of only the lowest quantum levels.
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