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We show that rotational line spectra of molecular clusteith wear zero per-
manent dipole moments can be observed using impulsiveraégh Aligned
rotational wavepackets were generated by non-resonamaation with intense
femtosecond laser pump pulses and then probed using Cowdrphtision by a
second, time-delayed femtosecond laser pulse. By meanBairéer transform
a rich spectrum of rotational eigenstates was derived. lf@isimallest cluster,
C,H,-He, we were able to establish essentially all rotatiorggestates up to the
dissociation threshold on the basis of theoretical levetimtions. The gH»-He
complex is found to exhibit distinct features of large amule motion and very
early onset of free internal rotor energy level structure.

1 Introduction

Laser-induced alignment is an emerging technology for gmieag molecules in
well-defined quantum states, thereby aligning them witlpeesto the laser
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field=8. When used with long laser pulse, the technique is often eeteias
adiabatic alignmerit®>° whereas for pulse duration shorter than the rotational
period of the molecule, impulsive or field-free alignmentaigommon term.
The impulsive alignment technique is derived from the vkelbwn rotational
coherence spectroscopy method that has been intensivelig@po the inves-
tigation of the rotational structure of free molecui&s4 clusters>-17and lig-
uids'®. Laser-induced impulsive alignment can be applied to aleqes with
an anisotropy of polarisability. While initially, studiesane performed in small
linear molecule$1%20 1D and 3D impulsive alignment of complex, asymmetric
top molecules has been demonstrdteé. Control over molecular alignment
has enabled the investigation of processes such as strédgdisatior?®27,
high harmonic generatigf==°, gas-phase X-ra}t and (photo-)electron diffrac-
tion experimentd!-32

In impulsive alignment an intense laser pulse interacth wiblecules non-
resonantly and populates rotational eigenstates viaalistates corresponding to
the respective laser wavelength. The excitation pathway viirtual state means
that in impulsive alignment excitation of rotational leveequires two photons.
The excitation of rotational states is equivalent to a Rapracess with the as-
sociated selection rules for the parity and total angulamertum of the excited
system. Depending on the duration, shape and intensityedater field the Ra-
man process can induce sequential transitions, leadingxéomple, to excitation
of high rotational levels. Likewise, rotational levels damde-excited, or remain
unchanged. The final state constitutes a wavepacket oiaotdteigenstates.
that periodically reassembles, representing alignmesipace with respect to
the laser polarisation axis. Following the propagatiorhefwavepacket in time
provides dynamical information straightforwardly, sughthe determination of
coherence times. This is important for the investigatiotime-dependent in-
teractions, such as molecular collisiAsTo illustrate the state of alignment in
a classical picture, diatomics exposed to linearly potarigser pulses will, for
example, exhibit their figure axis aligned parallel and patallel with respect to
the laser polarisation axig)( In quantum mechanical terms, alignment is equiv-
alent to a population shift towards the highest positive reghtiveM; rotational
state$. If the amplitude of the excitation laser pulse decreaseshrfaster than
the rotational period of the molecule, then the rotatiotetes remain populated
and the wavepacket propagates in time and space even attastr field has
vanished.

This paper is motivated by the prospect of adopting the isipalalignment
technique for elucidating the properties of free clusteféie investigation of
free atomic and molecular clusters is an important pillaruiederstanding size
effects and complexity in condensed matfe?”. Furthermore, this knowledge
of intrinsic cluster properties is essential for the untierding how these clusters
interact with their environment and is ultimately impottéor the applications
of clusters in new materiat&-3°.

To generate clusters free of interactions, a superson&rekpn in vacuum is
commonly employed: pressurised gas expanding through Zeno#o vacuum
cools rapidly, thereby facilitating cluster growth, andanfs a molecular beam,
propagating through the vacuum appar&fds. A particular benefit of using
molecular beams is that the cluster samples are continpoeséwed, so that
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effects of any probing, such as radiation damage or fragatient does not affect
subsequent measurements. An alternative possibilitysgiay clusters confined
in ion traps2—45

The propagating molecular beam can be probed by interastitmlight,
static electric or magnetic fields, by scattering from cledrgr neutral particles,
or off space-fixed nanostructures. Thus, a variety of diffiertechniques are
currently available to study free clusters: laser spectpg'®*’, ion depletion
spectroscopfP, fluorescence spectroscdify*®, mass spectromet?>2 Stern-
Gerlach deflectioP?>5, static electric field deflectiol¥~>8 electron beam scat-
tering®®-%1 and diffraction from space-fixed periodic nanostructfités Very
recently, time-resolved, single cluster diffraction wssoft X-ray?* and hard X-
rays’® has been employed.

Impulsive alignment is specifically beneficial for probingakly bound clus-
ters because spectral analysis is facilitated and enodigitmiation to benchmark
physical models can be gained as we will illustrate hererualbkclusters of he-
lium and a molecule. A characteristic feature of weakly bomolecular clusters
is large amplitude motion. For such weakly bound clustersdivgy vibrations,
internal rotations or other types of internal motion occarsimilar time scales
and therefore it is difficult, or often impossible to separidie wavefunction into
distinct rotational and vibrational parts. Hence, a cotiesal rigid rotor-type
Hamiltonian fails to describe their rotational level sture®6. While pure rota-
tional spectroscopy provides insight into entangled maémotions of molecular
complexes and clusters, the experimental data reportdtkiliterature is com-
paratively sparse. Furthermore, to form weakly bound ehsstvery low tem-
peratures have to be provided. This implies that only theskiwotational levels
are populated with the consequence that a conventionaicagh spectrum may
contain only few lines, or perhaps even just one — usuallyenotugh for a com-
prehensive analysis of the structure, as pointed out by iNesid Naamaf’.
By exciting high lying rotational levels in a wavepacketsttherefore possible
to generate a rich rotational line spectrum despite theditioin of a cold initial
thermal population.

Small helium clusters also attract considerable atteri@rause they estab-
lish model systems by which the effect of size and complexityjuantum phe-
nomena, such as superfluidity, can be studied. In the pastywears molecules
have been embedded in large helium droplets as well as irl Beiaim clusters
and their pure rotational and ro-vibrational frequencycsgehave been studied
using conventional microwave (MW) and infrared (IR) spestapy. In broad
terms these studies have established th&Him droplets the molecules rotate al-
most unhindered, but with an increased apparent momenedfarcompared to
the gas phase. Also, their spectral lines are broadenedresgiect to the gas
phase, reflecting the interaction with the helium (see veadicles for further
detail®-"4. Although much progress has been made the processesdedadin
the increase of apparent moment of inertia and line broadesyie not entirely
understood. The availability of the complete pure rotatlspectrum of small
molecule-helium clusters will be an important complementhe previous and
ongoing infrared and microwave-based spectral analysihede systems and
pave the way towards a comprehensive understanding ofeémtipuperfluidity.

Here, we show the generation of rotational wavepackets,bf,&He, clus-
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ters using impulsive alignment. The phase of the wavepagstdetected as a
function of time using Coulomb explosion. Fourier transiation produced a
rich spectrum of discrete lines in the frequency domain therte attributed to
rotational eigenstates of the clusters. A detailed aralysis carried out for the
smallest complex, g&H»-He. This weakly bound complex is an important model
system that has previously been investigated uainigitio calculationg®"8and
infrared spectroscopy in its deuterated fdrmbut whosepure rotational spec-
trum has not previously been reported. As part of the curstidy we also
present an improved potential energy surface of this coxmplecomplete set
of bound rovibrational levels for this surface was computétth a numerically
exact discrete variable approach. The measured trarsitio@,H,-He mapped
practically all theoretically predicted transitions beem bound rotational levels,
showing excellent agreement between theory and experiamehtdlemonstrating
the successful application of the impulsive alignment roétto obtain a com-
plete rotational spectrum of a weakly bound complex. Thenkedge of the
complete level structure has prompted a more detailedetieat analysis which
revealed the importance of dynamical effects contributirttpe pronounced free-
internal rotor behaviour of this complex.

While the demonstration of a rotational wavepacket-basedtsgd analysis
is important for the field of cluster research our work givieeations in using He
droplets for preparing and aligning exotic samples in the gfaase to perform
diffraction measurements.

2 Experimental details

The experiments were conducted at the Rutherford Appletdyotatory using
the Artemis femtosecond laser beam line and the Atomic anéddéar Physics
end-station, which was equipped with a source for the pridaluof doped he-
lium clusters in co-expansion. Apart from the cluster picighn the experiment
was conceptually similar to that of Pentlehreral.”®, particularly the genera-
tion of rotational wavepackets and their detection usingi@a-probe scheme.
Briefly, C;H»-He, clusters were generated in a supersonic expansion of 0.01 %
C,H diluted in 9 MPa He through a cooled pulsed valve of conicapgh(half
opening angleg = 20 9) with a throttle diameter of 10pm (Even-Lavie noz-
zIe89). The cluster beam propagated approximately 50 mm througdcuum
chamber into the focus of a velocity map imaging (VMI) dete8t where it
was excited by two pulsed laser beams, both originating feo80 fs, 1 kHz
Ti:Sapphire laser operating at 800 nm (KM Labs Red Dragorje lBser sys-
tem had two separate grating compressors, allowing the plugations of each
laser beam to be independently controlled. The beams weliaazarly focused
through af = 500 mm lens into the molecular beam. The number of rota-
tional levels in the wavepacket was controlled by adjustirgpulse length and
intensity of the first laser pulse (the pump laser). The pumspei had a duration
of 300 fs and was operated across a range of intensities froh®'2 Wcem 2

to 5x 102 Wem~2, well below the level required to ionise the molecules. The
probe pulse had a duration of 50 fs and an intensity>af@'> Wem 2, sufficient

to instantly break molecular bonds in a Coulomb explosibareéby generating
C*+, C?* and H" fragment ions. The velocity vectors of the fragment ionsicivh
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carried the molecular alignment information, were massesigely detected in a
velocity map imaging (VMI) spectromet&r whose detector plane was parallel
to the polarisation plane of both laser beamgglane in Fig 1). Mass-selection
was established by switching the gain of the microchanradbpdetector so that
it was only sensitive at the specific times when the ions afrggt arrived at the
detector. To extract alignment information thé @ass channel was chosen for
detection.

The two-dimensional projection of the recoiling@agment directions and
intensities was used to determihex cos 6 for each position on the detector,
whereb designates the angle between the polarisation of the pusep émd the
projected velocity vector antthe intensity. The origin of this vector was set
to the centre of the image defined by the centre of mass of thdigtribution.
The end of the vector pointed to a pixel representing thansgitg of ions at this
position. The average over the entire detector afeas’8,p), is proportional
to the molecular alignmenicos 8sp) 282 The quantity(cos’ 83p), indicating
the phase of the rotational wavefunction, is a true quantweohanical observ-
able whose exact determination would require the projeatéatity map images
to be inverted, using an inverse Abel transformafiof>. Since the recorded
ion distributions did not exhibit spherical symmetry thedrsion procedure is
technically challenging. The paramet@os 6,p) was determined instead as a
function of time by scanning the delay between the pump aoleplaser pulses
to reveal the rotational dynamics of the clusters. Becafisieeoproportionality
between/cos 3p) and(cos’ 8,p) this lack of spherically symmetric images had
no consequences for the derivation of spectroscopic irdtiom and the conclu-
sions of our experimental results.

3 Results

3.1 Coulomb explosion

Fig. 2 shows raw velocity map images recorded selectivelytfe Ct fragment
under different expansion conditions. These raw imagew st fragment in-
tensities with an angular and radial distribution thatsthate the Coulomb explo-
sion process. Dashed rings have been introduced to indivateentre position
and to highlight differences in the radial distribution. sbict changes in the
Coulomb explosion pattern are observed for varying expansonditions: panel
(a) in Fig. 2 shows the ion image for expansions where thelaazas held at a
temperature of 293 K and panel (b) shows the image obtaineth wie nozzle
was cooled to 203 K to facilitate the formation of clustereH, with helium.
The ion image in (a) shows relatively sharp features, witdewe of more than
one fragmentation channel leading to the formation of Chese features were
attributed to unbound £H, as the dominant species. The angular distributions
of the two images are identical and largely influenced by thisadropic laser
ionisation. However, the radial distributions differ: gh(b) shows considerably
higher kinetic energies than (a). The increased kineticggnean be taken as
an indicator for the generation of further charges, evenghahe laser parame-
ters themselves have not changed. The temperature varfatiom 293 to 203 K
increases the gas number density in the interaction regidd0B%, which cor-
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Fig. 1 Schematics of the experimental setup comprising a molecular beam rmaghin
laser system and a velocity map imaging detector coupled to a CCD canhester€ and
molecules prepared in the molecular beam were impulsively aligned abégusing a
laser pump-probe scheme, where the delay between the two laseripgsesrated
with a movable stage. The state of alignment was probed for time delaystofad0 ps,
corresponding to the maximum displacement of the delay stage.

responds to a reduction of the internuclear separation nicfes within the jet
of 11 %. This small change means that space charge effectstdexplain the
increase of ion velocities observed in Fig. 2. It is moreliikhat the processes
responsible occur within the clusters because of the mugiehiatomic number
density than within the unclustered jet. Further chargesbeagenerated within
the GH» molecules, but also He atoms could be ionf€ed\ second possibility
is that the higher kinetic energies originate from inetastiattering of €" frag-
ments or even higher charged fragments when leaving theecl&ubsequently,
these highly charged ions recombine with electrons, prioduc* fragments.

3.2 Time-resolved alignment and Fourier transformation

The time-resolved molecular alignment parameteas’(8),p)(t), is shown in
Fig. 3(a) for a time period of 16 ps and for conditions favagricluster for-
mation similar to Fig. 2(b). The strongest features consfisd pattern of six
oscillations which reappear every rotational periodThis pattern matches the
time-resolved alignment spectrum expected for free, cold.Gnolecules. The
features extend over the full range of the scan up to 600 Ehagn in Fig. 3(b).
No damping in amplitude is observed, so one can infer thattherence of the
rotational wavepacket is at least 600 ps. Revivals of snaakiydene-helium clus-
ters (GH2-He,) are difficult to directly identify in the alignment scan lese
of the dominant signals from free acetylene rotation. A mcielarer picture is
obtained when a discrete Fourier transform is performeatjyming a rotational
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Fig. 2 Velocity map images of € fragments generated via Coulomb explosita).was
recorded at nozzle temperatures of 293 K and shows fragmentsatiigjrirom free
CoHa. In (b) the nozzle temperature was 203 K, facilitating cluster formation, but
otherwise identical conditiongb) shows increased kinetic energy compare(hjo The
yellow double-headed arrow indicates the direction of the pump and fasée
polarisations, which are parallel to teaxis in Fig. 1. The dashed circles are guides to
the eye.

frequency spectrufif.
The discrete Fourier transforrR,, is defined by

N-1 ,
Fo= 3 e Zia/N @)
2

whereN designates the number of data points being transforrheid, the t™
element in the time domain analis a variable in the frequency domain. TNe
complex numbers derived from equation (1) were convertemarpower spec-
trum by adding the squared real and imaginary partg,of

Re(Fw)® + 1m(Fy)? )

The resulting power spectrum is shown in Fig. 4.

A series of discrete lines in Fig. 4 corresponds to partidinéjuency contri-
butions of GH> to the rotational wavepackets. The observed lines werededo
at a pump laser intensity of 280 Wem=2 and coincide with the beat fre-
quencies of free gH, at @ + 4nb, whereb is the GH> rotational constant
(b=1.1767 cm1)88andn = 0, 1, 2, 3. The first line at b frequency is equiva-
lent to thed’ = 2+ J” = 0 transition, with successive lines atd@4b, 180. The
significantly higher intensity of the contribution from tlle= 1 state compared
with theJ = O state is attributed to nuclear spin statistics desqyiliire occupa-
tion ratio of even)(para):oddJ(ortho) levels, which in this case is £3 Since

1 B conventionally denotes the rotation constant of a lineareawde. However, in this context we
want to differentiate between the internal rotation of thdenole within a complex, later in the text
denoted a®, and the overall rotational constant of the complex@as
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Fig. 3 Time-resolved alignment of {8, co-expanded with heliun{a) Rotational

revivals obtained under conditions where the helium stagnation premstditemperature
were 9 MPa and 212 K, respectively. Note that the baseline has beeaciatl and the
data have been smoothed. The time difference between two full re\ivdisated by a
double-headed arrow, is equal to the rotational period of acetyleninegrdely
proportional to ®. (b) For time delays up to the maximum of 600 ps, no damping in the
amplitude was observed. The coherence time of the wavepacket&CiH, molecules

is therefore at least 600 ps.

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

A much weaker series of discrete lines is seen at 4b, 8b andrii2ably
around 9.2 and 14.2 cm. The position of these lines can be expressed through
the series B+ 2nb, for n > 1, with every second line overlapping with the Raman
allowed transitions atl6+ 4nb. The occurrence of these lines does not comply
with theAJ = 0,42 selection rule for Raman transitions of diatomic molesule
We note that theAl = 0,42 selection rule would be relaxed for symmetric
top molecules and may indeed indicate the involvementpfzHe), clusters.
However, the good match of these transitions with multigiethe b constant
of free GHy is difficult to explain considering that in other moleculelibm
complexes such lines are always shifieéd

4 Assignment of GH2-He lines: statistical analysis and theo-
retical predictions

In the low frequency range in Fig. g(numerous peaks are observed which have
frequencies well below those of freeld,. These lines are attributed to clusters
because they correspond to a larger moment of inertia thpasisible for free
C>H»%%°L To fully assess our assignment in this frequency range@addount

for the low intensities a careful statistical analysis @ tioise was performed. A
region of the spectrum between 100 to 240 ¢érwhich 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 béatsemerotational
levels of free GH, connected byAJ = 0,+2. (b) The rotational levels in the wavepacket
are excited through sequential Raman excitations with an 800 nm (150 taser
pulse. This process sequentially populates higher levels via virtual sates,
schematically illustrated in the inset. Paf@lshows an expanded view of the power
spectrum revealing numerous weak peaks.

ular frequencies was identified as suitable for a quantéatetermination of the
confidence level of our data and analysed to assess whethertémsity varia-

tion is stochastic. The signal height distribution was tiemstigated and the
level at which a random event could be excluded with 99.9 Y%ady was de-

termined. Details of the noise analysis are provided in thiime-supplementary
information.

While this assessment of the noise level revealed a large ewafines ex-
ceeding the confidence level, focus was placed on the ditailalysis of the
smallest complex, the ££1,-He complex. For this complex a potential energy
surface and the energies of rotational states were cadcltatguide the assign-
ment. The predicted energy levels were then compared wdthirtle positions
observed in the spectrum.

4.1 Coherence times of gH»-(He),

An enlarged view of the low frequency region, including aldsssline to indi-
cate the 99.9 % confidence level, is shown in Fig. 5. A large bemof lines,
attributed to GH»-He, clusters and with intensities above the confidence level,
are observed. The full widths at half maximum of these lin@s@03 cn?,
which matches the experimental limit in resolution set by thtal time delay

of 600 ps. Hence, the width of the lines assigned #bl£He, clusters is con-
sistent with a coherence time for the rotational wavepaokett least 600 ps.
We note that such long coherence times are not unexpectesirialf molecu-
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Fig. 5 CyHy-He spectrum in the frequency region below 5¢mThe 99.9 %
confidence level, established through the second gélspectral distribution of the
noise, is indicated by a horizontal dashed line. The spectral lines atkthive
alphabetical order with respect to the total angular momentum of the initial Sae text
and the energy diagram in Fig. 8 for further information.

lar clusters, given that predissociation or other everdsdestroy coherence are
very unlikely on a time scale of sub-nanoseconds. This fopélinther conforms
with the spectroscopic work in the frequency-domain, whiak established that
molecules residing inside superfluftie droplets rotate almost freél; Inter-
estingly, a recent study by Pentlehretral.”® showed rapid loss of coherence
for non-adiabatic alignment of GiHin helium dropletsj.e. within a single rota-
tional period. This observation contradicts our result<igH,-He and the many
frequency-domain studies of molecules in helium droplétsis discrepancy is
currently unexplained.

As detailed below we can assign some of théle&sHe, features to the gH»-
He complex. The other peaks in Fig. 5 are attributed to la@3eét,-He, (n > 2)
complexes. A detailed assignment is difficult due to a lackotiels for weakly
bound clusters consisting of more than one helium atom. @igament of the
n =1 case is guided by theory, as described in the next section.

4.2 Electronic structure calculations

Total electronic energies fors8, and GH,-He were computed with the coupled
cluster method with single and double substitutions antipegtive treatment of
triples, CCSD(T), and all electrons were included in thergation treatment.
Core-optimised correlation consistent augmented (doatdymented for He) ba-
sis sets, (d)aug-cc-pCVXZ, X=T,Q,5,6, as developed by Ingnand cowork-
ers’®94 were employed as implemented in the MOLPRO electronicciira
packag&®. Geometry optimisations carried out for the complex andaisol
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H

Fig. 6 Jacobi coordinates for the complexk-He. The body-fixed-axis is aligned
with the Jacobi vectoR.

C,H» with basis set sizes up to sextuple zeta quality show thatptetion
with He changes the geometry obid, at most by 0.0008. The GH, unit
was consequently fixed at its experimental ground stateotagien geometrye
ro(CC) = 1.20830A andro(CH) = 1.05756A.

The interaction betweenyEl, and a helium atom was explored in a Jacobi co-
ordinate system with a Jacobi vec®ipointing from the centre of mass ob8;
to the helium atom and a Jacobi an@lenclosed betwedR and the GH, molec-
ular axis, as shown in Fig. 6. We used a grid of 300 points ¢oge¥ < 6 < 90°
in steps of 10 and radial grids which were optimised at each valu@, ¢ypically
ranging between 2.50 and 20 Total energies for the complex obtained with ba-
sis sets from triple zeta, (d)aug-cc-pCVTZ, to quintupleazéd)aug-cc-pCV5Z,
level were extrapolated to the complete basis set (CBS} lising the proce-
dure of Petersoat al.?6:°7, which turned out to give more consistent results than
the more common procedure of Helgaker and coworR&tsteraction energies
were determined from the estimated CBS energies by sulnigabie result of an
extrapolation for essentially separated monomeR at100A and6 = 0. The
grid point with the strongest interaction isRit= 4.32 A and® = 0 with a poten-
tial value ofVi,y = —25.100 cnm ! relative to separate monomersvat= 0. This
is noticeably below the previous best estimate of -24.21%cf The rotational
constant of the complex at its electronic equilibrium getgnés found to be
Be = 0.2119 cnt! and the corresponding permanent dipole moment is 0.029 D.
The spherically averaged dipole polarisability exhibitgeay weak dependence
on the complex geometry and has a valueief 24.0 ag which is essentially the
sum of the monomer values of 223§ and 1.468 for CoH, and He, respectively,
providing further indication of the very weak van der Waailteraction.

4.3 Analytical representation of the interaction potentid

The interaction betweensE, and a helium atom contains dispersion and induc-
tion contributions, where the latter arise from the quadlepnoment of GH,.
The asymptotidR-dependence should therefore contain only even inverse pow
ers of R. We adopted an angle-dependent extended Tang-ToéRhfesm to
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represent thab initio interaction energies:

Vin(R8) = A(B)exp{—(b1(8)R+ba()RP)}

Cx(8
PICCCLE ©

The radial parameterX = A by, by,Cg,Cg,C1p are expanded over even order
Legendre polynomials according to

X(8) = xOp (e 4
(8) |:é,_. IC)) (4)

Higher order coefficientSy, k > 5, are defined by the standard recur<ipg, , =
(Cak/Cak_2)3Cak_4 and the functions are Tang-Toennies damping functions
with b(8) = b1(8) +2b2(8)R. The present fitting model includes terms up t06
and contains 24 free parameters which were adjusted by dmear-least squares
proceduret®! This reproduces the 23 initio interaction energies falling below
+200 cnt! with a root mean square error of 0.039chand a largest deviation of
0.22 cn1. The coefficients for this analytical representation avewin atomic
units in Table. 1. Figure 7(a) displays the interaction ptié with its minimum

at linear GH»-He and a saddle point at the T-shaped arrangement.

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

A©  01918812E+02  C0)  0.1248242E+02
A®  02504020E+02  C) -0.2662071E+01
A®  0.8700405E+01  C.¥ -0.4200783E+01
A®  0.1256556E+01  CL -0.5564107E+01
bl”  0.1327564E+01  C”  0.1318068E+04
b  -0.3394156E+00  C'  0.1819554E+04
b¥ -0.1268924E+00  C\’  0.8531615E+03
b  0.1446208E-01  C{  0.1011623E+04
by  04538917E-01  C\J -0.2223242E+05
by  04238423E-01  C|J -0.2251989E+05
b  0.1040915E-01  Clf -0.1157502E+05
by  -0.1945577E-02  C. -0.3578250E+05

4.4 Rovibrational calculations

Bound rovibrational levels for the fitted surface were clted with the DVR-
DGB method, which uses a discrete variable representalldiR] for the an-
gular coordinate and a distributed Gaussian basis (DGBh#oradial degree of
freedomt®. This method uses an exact kinetic energy operator and nrakes
approximations aside from the Born-Oppenheimer concegptpaftential energy
surface, whose accuracy is only limited by the quality ofdlectronic structure
treatment. We used atomic masses in conjunction with 51 $sbegendre DVR
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Fig. 7 (a) Contour plot of the eH,-He interaction potential. The contour interval is

2 cm 1 and the lowest contour is ¥ = —24 cniL. (b) Contour plot of theWg|?
probability density of the ground state o$»-He. Contours are given at intervals of 5%
of the maximum value. For both figures, the blue curve indicates the miniememyy
path.

points inB and an angle dependent radial basis composed of up to 85veoiye
distributed Gaussians betweenapdand 30(y. Energy eigenvalues and wave
functions were computed for both paritigs-€ 0,1 corresponding to even and
odd parity states, respectively) and for total angular mutoma 0< J < 10, but
only levels up toJ = 5 were found to be bound. Energy levels are converged
to better than @01 cnT!. The computed rovibrational ground state energy is
-7.417 cmv. The square}Wo|?, of the corresponding ground state= 0 wave
function is displayed in Fig. 7(b). Maxima are visible foettwo equivalent lin-
ear minimum energy arrangements but the probability deisitlearly spread
over the entire angular domain and remains above 40% of ixsnmogn even at
the saddle point & = 90°. At all angles the pronounced anharmonicity shifts the
radial position of thgWy|?> maximum significantly outward with respect to the
minimum energy path. The impact of this strong delocaligatin the rovibra-
tional level structure will be described in more detail ie Discussion section.

4.5 Assignment of experimentally observed lines

The assignment of the peaks in Fig. 5 was made using theticarssirequencies
predicted from the theoretical model described above. ftiqudar, we looked
for direct coincidence between the theory and experimetitinvexperimental
errors (0.03 cm?). The theoretical prediction for the first excited state i
termolecular stretching vibration, is 7.415 th Our spectrum shows a signal
at a matching energy but the marginal nature of this statg, @802 cm? be-
low the dissociation threshold and at the limits of the tle¢ioal treatment does
not allow a firm assignment without further work. The expdd&aman transi-
tions for GH»-He are marked in Fig. 8 by vertical arrows and text, showirey t
measured energy differences in ¢ The energy levels are labelled using the
quantum numberg,J,K and parity labele and f 7. Note that only the total
angular momentum quantum numideand the parity of the wave functions are
rigorous quantum numbers. Theuantum number refers to the internal rotation
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Table 2 Energy level assignment of measured lines. Quantum numbers ofitiak in
states are denoted h¥, K”,J"” and of the final states by/,K’,J'. The experimental line
positions are given in cmt and the estimated error margin in each cased03 cnr L.

Sym. j’ K" J' i’ K J Exp. Calc.
e 0 0 0 0 0 2 143 1.46
e 0 0 1 0 0 3 241 2.40
e O 0 2 0 0 4 331 328
e O 0 3 0 0 5 4.07 4.08
e 1 0 0 1 0O 2 058 0.60
e 1 0 1 1 0 3 151 1.49
e 1 0 2 1 0 4 241 241
e 1 0 3 1 0 5 330 331
e 1 1 1 1 1 3 331 3.29
e 1 1 2 1 1 4 416 4.15
f 1 1 1 1 1 3 253 2.50
f 1 1 2 1 1 4 343 3.43

of the GH. unit andK is the projection ofl onto the intermolecular axis (see
Fig. 6). Although approximate, these alternative quantwmivers turn out to
be useful to describe the energy level pattern. The preséatlation provides

a better match to the measured line positions than the bestted energy sur-
face available prior to this wor. The assignment of the lines is also shown in
Table 2.

5 Discussion

5.1 Rotational level pumping

The identified lines of @H»-He constitute a rich spectrum showing the possibil-
ity of sequential rotational energy level pumping. For epéenthe lower levels
inthe) =4+« J"=2and the) =5+« J’ = 3 transitions in thg =0,K =0, e
manifold, the) =4+ J’ =2 and) =5+« J’ = 3transitionsinthg =1,K =0,
emanifold, as well as thé = 4« J” = 2 transitionsinthg =1,K =1,eandf
manifolds, have presumably gained population through Ratnmzansitions from
lower levels. We note that increased pump laser power dagscrease the in-
tensity of these lines in a straightforward fashion. At tighlest pump intensity
of 5x102 Wem—2the) = 1+ J” = 1 transitions in thg = 1, K = 1, f manifold
becomes the strongest line. This transition also remaiosgtr than all other
C,H»-He, lines when the expansion conditions are changed to pronhagéecs
comprising more than one helium atom. More experimentakvi®needed to
confirm this observation and to elucidate details of themads.

The highest rotational level populated lies beyond theodisdion threshold
for CoHo-He when internal rotation is not excitegq £ 0). This level, which
belongs to thg = 1, K = 1, e manifold, can predissociate provided a pathway
for de-excitation of the internal rotation of the &, molecule exists.

The observation of this energy level on the timescale of #xigeriment,
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Fig. 8 Rotational energy level diagrams ofld,-He. The energy levels are grouped
with respect to quantum numberK and parity labelg, f. The vertical and diagonal
arrows designate the transitions observed experimentally. The numbeér® the
arrows designate the corresponding transition frequencies int ¢see table 2). The
horizontal dashed lines indicate the dissociation limits correspondingiie @ j =0 or
j =1, respectively.

where measurements up to 600 ps are possible, is not unegdsonFor ex-
ample, the C@-He complex has a lower limit of 6 ns for the predissociatié |
times, as determined by laser spectroscopy measuretfiénts

5.2 Analysis of the rotational energy level pattern of GH,-He

The computed level structure and the analysis of the wavetifums shows that
C,H,-He does not behave like a typical linear molecule in spitétofinear
electronic minimum energy structure. Two limiting zero@rdhodels and corre-
sponding labelling schemes can be used to describe thenpeitsmtion, namely
the rigid linear molecule picture in which He executes a lipdnotion, or the
free internal rotor (potential-free) asymptote with a fyeetating GH» unit.
The numerically exact wave functions obtained for giveomgs quantum num-
bersJ and p in the present calculations can be projected onto either aeter
representation in order to assign corresponding apprdgimaantum numbers
and an additional analysis using an adiabatic projectipossible.

The bending vibration of linear molecules is two-dimensicemd described
by the quantum Iaba?ﬁn, where the quantum numbérof the vibrational an-
gular momentuny is given by? = Viin,Vin — 2,- -+, —Vjin leading tov;j, +1 fold
degeneracy of the leve},. Due to angular momentum conservatiép,: J, also
holds for linear triatomic molecules, whedeis the total rotation. This means
that the first bending level fal = 0 is 2/, and thatvj, is accessible only for
J > 1. Above the angular barrier, the bending energy patterwstioe onset of
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a two-dimensional rotor structure. The latter structureesrin the potential-free
situation and is characterised by= Viin,Viin — 1, -+ , —Viin, such that the degen-
eracy of the levely, is 2v;jp+1. In the free-rotor limit, Coriolis interaction may
prominently affect the overall molecular behavidff.

A very useful quantitative analysis of the exact wavefuntdi is possible
through an adiabatic projection scheme designed for the-D@B approach in
the spirit of the method previously developed for tetrammioleculest® The
radial eigenvalues computed for each angular DVR pointngutihe construc-
tion of the full problem provide adiabatic angular profiles & given stretching
quantum numbevs. The lowest of these profiles correspondingvto= 0 de-
fines the adiabatic ground state bending prdfif¢®(8) ,which is depicted in
Fig. 9, together with the minimum energy patep(0) along the Jacobi angle
8. The2dv0(@) profile differs fromViyep(8) by the angle dependent ground-state
energy of the intermolecular stretching vibration and tes a more useful ra-
tionalisation of the angular motion of the complex. Fig. ®wh that the in-
clusion of the ground-state stretching energy lowers tfectye barrier height
at® = 90° from 8.3 cmr! for Viuep(8) to 3.4 cni® for 29v0(@) due to strong
stretch-bend coupling. Another interesting observatiahé very weald depen-
dence of9V0(8) for 8 € (0,45°) and® € (135, 180°), wheread/vep(8) shows
a somewhat parabolig shape in this region. Similar flat potentials over a wide
angular range around linearity are typical for quasi-limealecules®.

Solving the angular problem for an adiabatic profile withegivs provides
bending functions with well defined adiabatic quantum nursbeg andv,. The
functions|w, vs; K), whereK is the body-fixedz-projection of], are used to con-
struct adiabatic expansions of the exact wavefunctiongwddlow assignments
by identification of the dominant zero-order contributign(The adiabatic en-
ergies?dic(K) differ from the exact rovibrational energi&?’P due to missing
Coriolis coupling and bend-stretch coupling contribusion

The bound rovibrational states fde= 0 and 1 in Fig. 9 are labelled Hyy; K)
using the adiabatic quantum numbgiand the quantum numbkr. The complex
has three bound = 0 states. As seen in Fig. 9, only the vibrational ground state
falls below the adiabatic isomerisation barrier (saddli@fio T-shaped arrange-
ment) at®\%(@ = 90°) = —5.768 cnrX. The excited bending and stretching
levels are 2.0 and 7.4 cmh above the ground state, respectively. Note that the
stretching state at -0.002 crhis very marginally bound and further work will
be necessary to establish the nature of this state. Fig.\@desoadditional state
labels in terms ofj, /;K]. This alternative scheme uses the angular momentum
of CaHy, j, and the end-over-end angular momentum of the comgleXhen
J =] +/, whereas the parity is-1)i**. For thez-axis along the Jacolft vector
(see Fig. 6),/; = 0 also holds. In terms of and ¢, the quantum label reads
[j,¢; K] for a givend and parityp. The correlation between the labélg; K) and
[j,¢;K] can be established by means of the angular momentum couplieg
and related Clebsch-Gordan coefficieHté.For j = 0, we obtain[0,J;0]. For
j =1, there are three possible level groufisJ + 1;0] (elevels),[1,J —1;1] (e
levels), and1,J; 1] (f levels). For the parity labelling in terms efand f states,
see Refl08,

The energy level structure in Fig. 9 shows several featutéshnare indica-
tive of an early onset of a free-rotor energy pattern. The O energy of the
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Fig. 9 Minimum energy patiyep and effective ground-state potenfdiv® along the
Jacobi angl®. The curveViyep is shifted upward by 10.99 cn? to coincide withadi/0
at® = 90°. The quantum labels of the exact rovibrational states are given agupok)
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 rotatiith K = 1. This

is contrary to the situation in ordinary linear molecule$iene the first bending
J=0level, 20, is above the firsK = 1 level,v}, . The splitting of theK = 1
levels of 0.37 cm? for J = 1 is large, in particular in relation to the very low en-
ergy scales in the present complex, and indicates a venygstagation-vibration
interaction. To clarify these points in more detail, we camgthe exact energies
E(WP) with the adiabatic energiedis(K) for J =1 in Fig. 10. Forp = 1, the
adiabatidk = 0 andK = 1 components are prominently pushed apart by Coriolis
interaction. The global effect of this strong Coriolis cting is clearly visible in
Fig. 8a: without this coupling the=1,K = 1 eandf levels are degenerate. The
levels of thej = 1,K = 1 estack are, however, systematically pushed upwards by
Coriolis coupling with thgj = 1, K = 0 e levels of the sam@, such that the latter
are compressed downward. As a result the level energies int0,K = 0 stack
increase more rapidly leading to a cross-ovet at5. Energy levels exhibiting
Coriolis-type resonances are identified with the help ofttubability )P« that

the wave function takes a certdfrvalue. Coriolis mixing becomes more distinct
asVy increases. This is seen through the increase of the sepadtttween the
resulting exact levels and the decrease of {hc values with increasingy in

Fig. 10.

The effect of Coriolis coupling appears marginal for the dsi = 1 state
in Fig. 10. This is consistent with Fig. 9, which shows thas tbvel lies below
the isomerisation barriélv°(8 = 90°) for J = 0 andJ = 1. The vibrational
ground state fod > 2 is, however, already above this barrier, such that it msy al
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Fig. 10 Full-dimensional accurate level energies-P) and adiabatic level energies
adig(K) for J = 1. The horizontal line at -5.768 cn indicates the position of the
ground-state adiabatic isomerisation barrier (T-shape barrier)vxmconnecfd's(’()
levels with the exact eigenstatE§”P) (red horizontal bars) originating from them. The
quantity™® Px is given in parentheses. Adiabakic= 0 andK = 1 levels are additionally
coded in blue and green, respectively.

experience Coriolis mixing. This perturbation becamebkésivhen we fitted the
rotational excitation of the vibrational ground state wtile two-parameter and
three-parameter effective term formulas

@EyJ) = @BgdI+1)-PDeI?(I+1)% (5)
OEyJ) = CBeI(I+1) - DeI?(I+1)?
+OHBI+1)3%. (6)

Including rotational transitions up tb= 5, we obtair{? By, () D] = [0.2466 0.0005
and[(®)Bo, ®D] = [0.2451,0.0003 with ®'H = 3.10°%, where the standard de-
viation of the fit waso = 3102 and 2 1074, respectively (all values given in
cm1). The sensitivity ofBy on the number of fitting parameters and the large
centrifugalD constant are indications of a rotational perturbationcdiffig the
vibrational ground state. This can be seen in Fig. 11, whidws the impor-
tance of the centrifugal distortion constdhin the description of the rotational
excitation in the vibrational ground state. The strong atuke seen for the levels
[1;0° (black line) and1;1]® (blue line) results from Coriolis coupling between
these two states.

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

Ei, = Bl(l{+1)+Dbj(j+1), @)

whereB and b are the rotational constants of the complex and the monomer,
respectively, antd > B. In this limit the bendingl, 1; 0] state and th& = 1 level
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[1,1; 1 would have the same energy dB2t-b). TheK = 1 level[1,0;1]®is then
higher in energy by Rthan the ground vibrational staf@ 0;0]. The splitting of
theK = 1 levels[1,0;1)® and[1,1;1]" would be B, with the f state above the
e state. In qualitative terms, the rovibrational structuf€&ig. 9 features some
of these properties. In quantitative terms, however, theeadifferences arising
primarily from the very prominent Coriolis rotation-viliran interaction, such
as the ordering of the 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 brolétional wavepack-
ets in complexes between acetylene and helium atoms. Tise pfithe wavepacket,
represented by the degree of alignment, was measured astefuaf time us-
ing Coulomb explosion. A Fourier transform revealed a rippctrum of tran-
sitions between bound rovibrational eigenstates of tfté,cHe complex, which
is in excellent agreement with theoretical predictionse Elxperimental verifi-
cation of essentially all rotational eigenstates up to tissatiation threshold of
the complex substantiated a detailed theoretical assessifribe level structure.
Providing access to a large set of rotational states evemébecular systems
with near zero dipole moment, as exemplified by th#di&He complex, is a
particular strength of the impulsive alignment technique.

The GH>-He complex is a highly delocalised system. This is the teduhe
small mass of helium in combination with a small angularieaon the potential
energy surface. The effective angular barrier is lowerethér due to strong
stretch-bend coupling, such that only two rovibrationgeegistates are below it.
All states have a high probability in the barrier region. t&aabove the barrier
experience strong Coriolis coupling. In this respect thel£ZHe complex differs
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from linear complexes with a typical linear-molecule ra@tional structure, such
as HCN-A1%2 and T-shaped complexes with a slightly asymmetric prolage t
structure such as GEHe%31%and GHJ -Ar 110 whose rotational levels can be
well described in terms of effective rotational parametéefse present system
exhibits some similarities with the complex C@e,!1! which was found to
exhibit an early change of rovibrational patterns due to iy Y@ew barrier to
linearity.

These findings enable the extension of the impulsive aligrimeethod to
other molecular complexes and to clusters comprising plal@toms. In the
case of molecule-helium complexes by increasing the nurmbkelium atoms
it will be possible to gain new insight into incipient supeid effects. Because
the impulsive alignment method does not require the motetmupossess a per-
manent electric dipole moment it can be applied to a wideeasfgnolecules,
including homonuclear diatomics and homonuclear atomistets. Incipient
superfluid effects for these types of systems have not beaorexl previously.
This methodology also offers the prospect of studying snaa# gas clusters or
homonuclear metal clusters, testing van der Waals forcéshamical interac-
tions, respectively.

Provided the detection of alignment is successful for theystems impul-
sive alignment should then decisively facilitate the sp@@nalysis through the
control of the constitution of the wavepacket by adjustimg pump laser power,
making it possible to access information on rotational leat higher energies.
Equivalently, for low pump powers it is possible to seleelyvexcite transitions
from the lowest quantum states, thereby facilitating thterpretation of con-
gested spectral data. All of this is possible in combinatidth a very cold
molecular beam, enabling the formation of weakly bound igseand an initial
population of only the lowest quantum levels.
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