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Phase-modulated wave packet interferometry is combined with mass-resolved photoion detection to

investigate rubidium atoms attached to helium nanodroplets in a molecular beam experiment. The

spectra of atomic Rb electronic states show a vastly enhanced sensitivity and spectral resolution when
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compared to conventional pump—-probe wave packet interferometry. Furthermore, the formation of
Rb*He exciplex molecules is probed and for the first time a fully resolved vibrational spectrum for transi-
tions between the lowest excited 5[z, and the high-lying electronic states 22I1, 42A, 62% is obtained

and compared to theory. The feasibility of applying coherent multidimensional spectroscopy to dilute
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1 Introduction

Wave packet interferometry (WPI) is a fundamental and versatile
tool to study and control the quantum dynamics in a wide range
of target systems.'® In these experiments, two wave packets
(WPs) prepared by identical but temporally separated optical
pulses interfere constructively or destructively depending on
their relative phase. The observation of such interferences
is the prerequisite in coherent time-resolved spectroscopy or
coherent control experiments.”” The success of this technique
usually relies on the precise control of the relative phase between
pump and probe pulses and phase stabilization methods are
required if a complete description of the coupled electronic and
nuclear dynamics is desired.”

Likewise, precise phase control is a key issue in higher order
schemes such as optical multidimensional spectroscopy.” Several
phase stabilization methods have been developed® ™ to make
two-dimensional electronic spectroscopy (2DES) accessible to the
visible*® and ultraviolet optical range.”" 2DES has been applied to
systems ranging from atomic vapors'®'® to complex molecular
systems in the liquid phase**** and bulk semiconductor nano-
structures.>* However, complementary investigations of dilute
cold targets in molecular beams are yet missing.

Recently, the Marcus group has established a collinear
passively phase-stabilized 2DES scheme based on continuous
acousto-optic phase modulation combined with lock-in demodu-
lation (PM2D spectroscopy).’® A variant of this technique has
been implemented by the Cundiff group.’”” PM2D spectroscopy
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cold gas phase samples is demonstrated in these experiments.

has been combined with fluorescence and photocurrent detec-
tion'>'”**> and the applicability to highly dilute solutions was
demonstrated.”® The signal recovery capabilities of lock-in
amplification and the incorporation of incoherent observables
make this approach an ideal candidate for single-molecule or
molecular beam studies. Initially, the phase modulation (PM)
technique was demonstrated in a WPI experiment of atomic Rb
vapor using fluorescence detection (PM-WPI).>” In the current
work, we combine this PM-WPI scheme with mass-resolved
photoion detection to investigate a dilute molecular sample in a
supersonic beam setup.

Helium nanodroplet isolation has been established as a
unique technique for spectroscopic studies at millikelvin
temperatures.”®° Atoms, molecules as well as complexes or
clusters can be isolated in a weakly perturbing helium environ-
ment providing an ideal matrix where the spectroscopic resolu-
tion is significantly improved; not only in comparison with
experiments in room temperature solvents,*"** but also when
compared to other cryogenic matrices or clusters.*® Time-resolved
experiments using femtosecond (fs) lasers® have focused on
various photodynamical processes of doped He droplets. These
include vibrational WP propagation,®>*® complex formation,*”"*®
fragmentation dynamics,** desorption®**° and various aspects of
energy dissipation and decoherence.*"*?

Alkali metal atoms and small complexes, which are weakly
bound at the surface of the droplets, were among the first species
to be studied by electronic spectroscopy in He droplets.*> Upon
excitation to the lowest excited P state, the enhanced interaction
with helium leads to the formation of alkali-helium exciplex
molecules which desorb off the droplet and can be probed in the
gas phase.”?”*%%%4> The formation dynamics has been discussed
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for different alkali exciplexes (Na*He, K*He, and Rb*He).******
Moreover, comparative studies using He droplets formed with
the fermionic isotope *He have been performed in order to
probe the influence of superfluidity of the droplets.®”

WPI experiments for the first time enabled us to access the
vibrational energies of such unstable complexes.” However,
since only differences between individual vibrational levels
are accessible using this technique, the assignment of vibra-
tional states could not been done rigorously, and in particular
the role of higher-lying electronic states correlating with the 5D
atomic asymptote has not been included. Later, femtosecond
pump-picosecond probe experiments have probed the dynamics
of individual vibronic levels.*® These measurements confirmed
the previous rough assignment; however the spectral resolution
stayed behind the one achieved using the WPI technique. In the
current work, we present a new experimental approach to study
the vibronic structure of cold isolated molecular samples by
PM-WPI using photoion detection. The new PM technique
provides both a direct access of vibronic energies and a vastly
enhanced spectral resolution, which allows us to determine a
large number of contributing states. In this way the involved
potentials can be accurately tested on a level beyond that of
current ab initio calculations.

2 He droplet beam generation and
exciplex formation

The molecular beam apparatus comprises of a differentially
pumped vacuum system where the formation of droplets, doping
of droplets, and laser interaction and detection are individually
housed and separated by gate valves (Fig. 1). The droplets are
formed in a continuous flow supersonic expansion from a nozzle
of 5 um in diameter, attached to a closed cycle refrigerator. The
expansion conditions are: nozzle temperature 7, = 17 K and
backing pressure p, = 50 bar, which corresponds to a mean
cluster size of Hey, N = 20 000.>* Doping of the He droplets with
Rb atoms is achieved in a heated vapor cell which is stabilized to
a temperature Tg, = 358 K. At this temperature, the Rb vapor
pressure is such that on average only one Rb atom is attached to
each droplet. The fs laser pulses intersect the doped droplet
beam perpendicularly inside the ion extraction region of a
commercial quadrupole mass spectrometer (QMS). Since atoms
and exciplexes tend to desorb off the droplets upon electronic
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Fig. 1 Schematic illustration of the molecular beam machine. A helium
cluster beam traverses differentially pumped vacuum chambers housing
the droplet source, pick-up cell and detector, respectively.
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Fig. 2 Pump-probe excitation scheme. The Rb 5Pz, and 5D states are
coherently excited. The broadening of states induced by the helium
environment is indicated. The relevant Rb*He pair potentials of the formed
exciplexes and the probe process are illustrated in the right panel.

excitation,® the photo-ionized atoms and exciplexes are detected
in the gas phase. Rb and Rb*He ions are resolved well separated
from each other in the mass spectrum.

The formation of Rb*He molecules is based on the attractive
interaction of Rb excited states with He atoms, mainly due to a
missing Pauli repulsion in the nodal region of extended elec-
tron orbitals having an angular momentum of / > 0. However,
a complete understanding of the formation and desorption
process of metal-He exciplexes at He droplets is still missing.
Different models have been discussed in order to interpret the
formation of alkali-helium exciplexes and the measured time
dependent signals. Tunneling processes have been modeled*®™*
and direct laser-excitation of bound states in the excited pair
potential has been discussed.*>*”*>>* In Fig. 2 the potentials of
the relevant states for our experiment are plotted and the pump-
probe scheme is illustrated by vertical arrows.

3 Phase-modulated wave packet
interferometry

Conventional pump-probe spectroscopy allows us to follow
the population dynamics in a quantum system at real-time,
however not the dynamics of coherences or coupled electronic-
vibrational dynamics. (Electronic) WPI experiments, on the
contrary, give access to the full information content by employing
a coherent excitation scheme involving phase-related pump-
probe pulses.” In this approach, two WPs separately excited by
pump and probe pulses interfere with each other, giving rise
to constructive and destructive interference effects in the
underlying quantum system. In the regime of weak optical
perturbation, WPI is equivalent to quantum beat measurements,
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Fig. 3 Simplified diagram of the PM-WPI scheme. Fs pump—-probe pulse
sequences are generated using a Mach-Zehnder interferometer. AOMs
impart a continuous phase-modulation onto the optical pulses. A mono-
chromator is used to construct a reference signal for lock-in demodu-
lation of the acquired WPI data. The box labeled sample represents the
molecular beam machine. The inset shows the generalized WPI excitation
scheme.

Ramsey fringes in the time domain,>**® Fourier spectroscopy
using fs pulses,®® or temporal coherent control.>”

In more detail, we consider a simple system consisting of a
few discrete energy eigenstates |i),|1),...,|N) as shown in the
inset of Fig. 3. The pump pulse excites a coherent superposition
of the initial state |i) and excited states |n) lying within the laser
bandwidth. This WP evolves freely in time until the probe pulse
excites a second WP. The interference of the two WPs induces a
modulation of the excited state populations with respect to the
pump-probe delay 7. Probing the excited state populations
while systematically scanning 7 yields a typical quantum beat
signal®®

S(r) = ZA,JI + f cos(wpiT)], (1)
n=1

where w,; = (E, — E;)/h corresponds to the energy differences of
the optical transitions from level |i) into |n). 4, oc |Dpi|*E*(00,1)
represents the transition probability for each |n) « |i) transi-
tion, where E(w) is the Fourier transform of the single pulse
electric field (assuming identical pump and probe pulses) and
D,; represents the transition dipole moment of the relevant
degrees of freedom (electronic, vibrational and rotational). For
simplicity, a temporal overlap between pump and probe pulses
is neglected and their relative carrier-envelope phase is set to
zero. The constant part in eqn (1) originates from excitation
pathways involving interactions with pump or probe pulses
only and thus does not depend on the pump-probe delay,
whereas the oscillating part reflects the WP interference. The
dimensionless parameter f < 1 determines the contrast of
the quantum beat signal. Theoretically, it is f = 1, however, the
experimental conditions (mainly optical alignment and the
probing mechanism) often drastically reduce the quantum
beat contrast.
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The PM-WPI approach of the Marcus group effectively
extracts the pure WP interference contribution of eqn (1) by
combining acousto-optic PM with lock-in demodulation.
A detailed description of the PM-WPI scheme is given by Tekavec
et al”’ We apply this technique in an almost identical optical
setup (schematically shown in Fig. 3). Briefly, pump-probe pulse
pairs of adjustable delay are generated in a Mach-Zehnder type
interferometer and are collinearly superimposed afterwards. An
acousto-optic modulator (AOM) is placed in each branch of the
interferometer, which shifts the carrier frequency of pump and
probe pulses individually by the applied acoustic frequencies,
denoted €, j = 1, 2. Phase-locked driving of the two AOMs thus
imparts a well-defined difference frequency €,; = Q, — ©, onto
the two-pulse intensity function of the copropagating pulses. In
principle, this is equivalent to shot-to-shot phase-cycling, where
the relative phase between pump and probe pulses is incre-
mented by A¢ = Q1/vrep (Vrep being the laser repetition rate)
between each laser shot."” Eventually, this results in excited
state populations in the sample that exhibit, besides the typical
quantum beat of eqn (1), an additional continuous modulation
with the difference frequency of the AOMs

N
Sin(t,1) = > _ Ayl + Beos(wut — Qu1)]. (2)

n=1

In our experiments, it is vy, = 80 MHz and Q,, = 5 kHz. Hence,
Q,, is quasi-continuously sampled and ¢ can be regarded as a
continuous time variable. The two-pulse intensity function is
spectrally filtered using a monochromator in a separate beam,
yielding a reference signal for phase-synchronous detection,

R(1,8) = Ro[1 + cos(wnt — Do)]. 3)

Here the band-pass filter function of the monochromator is
centered at the frequency denoted wy;. Applying the signal of
eqn (2) to a lock-in amplifier while referencing the device with
the signal of eqn (3) results in an output signal of the form

N
Sout(t) =D Auf cos[(wy; — wm)1]. (4)

n=1

It is straightforward to apply these considerations to target
systems of different energetic structures. In the current work, we
investigate atomic Rb as well as Rb*He exciplex molecules by
means of photoionization and subsequent mass-resolved ion
detection. In the atomic case, we follow excitation pathways
where coherent superpositions of the 5S;, and 5P3/, states as
well as of the 5P, and 5D5, 3/, states are induced, as indicated in
Fig. 2. In the molecular case, we prepare coherent superpositions
between the vibrational states of the potential energy curves
(PECs) correlating with the 5P;,, and 5D, 3, asymptotic atomic
states, also indicated in Fig. 2. In both cases, the phase-related
pump-probe sequence eventually prepares a stationary popula-
tion state in the target system which is ionized by subsequent
absorption of additional photons within the same probe pulse or
by consecutive pulses. In analogy to fluorescence detection,”” the
ion yield reflects the mean population probability of the excited

Phys. Chem. Chem. Phys., 2015, 17, 23877-23885 | 23879


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5cp03868e

Open Access Article. Published on 12 August 2015. Downloaded on 11/17/2025 12:09:48 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

states and is thus directly proportional to the individual beat
components of eqn (4).

When comparing the outcome of a conventional WPI experi-
ment (eqn (1)) with the outcome of a PM-WPI experiment (eqn (4)),
several advantages of the latter method become obvious. In
PM-WPI experiments, one measures the actual optical transition
frequencies relative to the monochromator frequency, resulting in a
strongly undersampled quantum beat signal. Therefore, the same
information content can be inferred from a much smaller amount
of sampling points. Moreover a time-delay jitter due to mechanical
instabilities within the interferometer scales to a significantly less
extent and the laboratory noise in general is strongly suppressed by
the lock-in demodulation process. As mentioned above, the phase
modulation scheme introduces shotto-shot or dynamic phase-
cycling."” As a consequence, only pathways which imprint an
Q,;-modulation in the final population state are extracted, resulting
in a post-selection of all optically induced excitation pathways. In
this way, solely contributions from electronic WP interference are
detected, whereas contributions originating, for instance, from
pure vibrational WPs are removed from the signal. More details
about post-selection by phase-cycling can be found in ref. 58.

For the PM-WPI optical setup we employ a titanium:sapphire
oscillator producing pulses of about 200 fs duration and 70 cm™"
spectral width (FWHM) at a repetition rate of 80 MHz. The average
laser power is about 2 W at the laser exit window, leading to pulse
energies of 1.7 nJ (pump) and 5.2 nJ (probe) before entering the
vacuum apparatus. The laser beam is focused using a lens of
150 mm focal length, resulting in a beam diameter of 40 um at the
interaction volume. For the presented atomic Rb measurements,
the monochromator is set to 12897.78 em "' and time domain
interferograms are acquired by sampling the pump-probe delay in
30 fs steps from 0 to 50 ps while 1000 data points are averaged for
each delay position. For the Rb*He exciplex measurements, the
monochromator is set to 12904.15 cm ™", the pump-probe delay is
scanned from —100 to 120 ps in increments of 50 fs and 1500 data
points are averaged for each delay position. The QMS signal is
amplified before feeding it into the lock-in amplifier. The mono-
chromator signal is acquired using an avalanche photo diode,
band-pass filtered and amplified. Signal demodulation is done
with a lock-in time constant of 30 ms and 18 dB roll-off. Demodu-
lated in-phase (X) and in-quadrature (Y) signals are acquired
simultaneously to reconstruct the complex-valued amplitude Z =
X +1Y. A discrete Fourier transform of Z is performed after applying
a Gaussian window function and zero-padding. The frequency axis
of the obtained spectrum is shifted by the amount of the mono-
chromator frequency in order to reconstruct the absolute transition
frequencies. In the case of exciplex experiments, the frequency
spectrum is additionally deconvoluted with the pump-probe auto-
correlation function, analogous to the procedure applied in ref. 59.

4 PM-WPI of atomic Rb attached to
He droplets

To demonstrate the advantages of the PM method, we show at
first measurements of atomic Rb attached to He droplets,
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Fig. 4 WPI measurements of Rb atoms attached to He droplets. (a) Shows
the Rb ion yield as a function of pump-probe delay obtained from a
PM-WPI measurement (in-phase component) and (b) respective data obtained
in a conventional WPI experiment. Comparing the signal frequencies in (a) with
the inset of (b) highlights the drastic frequency downshifting effect inherent in
the PM-WPI technique.

which serves as a simple model system with only four electronic
states involved, as illustrated in Fig. 2. For this purpose the
mass spectrometer is tuned to the mass of the most abundant
isotope ®Rb and the laser wavelength is set to 775 nm. The
5812 = 5P3), and 5Pz, — 5D 3/, transitions are separated by
70.40 cm™' and 67.44 cm™ ', respectively, which fall into
the bandwidth of the fs pulses. In the applied WPI scheme,
interference among pump and probe excitation thus results
in excited state populations that exhibit delay-dependent oscil-
lations corresponding to the mentioned optical transition
frequencies. We compare the PM-WPI data with conventional
WPI measurements previously conducted in our group using
the same equipment, under similar experimental conditions.®°
Fig. 4 shows the ion yield for the first 4 ps of the pump-probe
delay for the PM-WPI (a) and conventional WPI case (b),
respectively. Both interferograms exhibit an exaggeration of
the ion yield around zero delay resulting from the temporal
overlap of pump and probe pulses. Fig. 5 shows the discrete
Fourier transforms of the time domain data. The pronounced
peaks in (a) correspond precisely to the expected 5S;,, — 5P/,
and 5Pz, — 5Ds 3/, transitions (shown as gray dashed lines).
Here even the spin-orbit splitting of the 5D state (4 = 2.96 cm )
is resolved, whereas in (b) transition frequencies can be identi-
fied only qualitatively and the splitting of the 5D state is not
resolved.

Two effects are responsible for the drastic difference in
signal quality achieved by the two experimental techniques.
On the one hand, the PM-WPI data are measured in the rotating
frame defined by the monochromator frequency, which results
in strong undersampling of the quantum beat frequencies.
In the conventional WPI experiment (Fig. 4(b)) the optical
transition frequencies are fully sampled as shown in the inset,
whereas in Fig. 4(a) the pump-probe transients are measured in

This journal is © the Owner Societies 2015


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5cp03868e

Open Access Article. Published on 12 August 2015. Downloaded on 11/17/2025 12:09:48 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

undersampled frequency (THz)
0

4 -3 -2 -1 . 1

: ¥ (a)
=l " |
gl | " ]
© | 1
2 o S
E ; (b)
= - -
g :
@© [l

12800 12850 12900
absolute frequency (cm™!)

Fig. 5 Discrete Fourier transform of the PM-WPI time domain data (a) and
conventional WPI data (b), respectively, for measurements of Rb atoms
attached to He droplets. The absolute frequencies given by the bottom
scale are common for both graphs. The scale at the top shows the
downshifted frequencies at which the pump—-probe transient is detected
in the PM scheme before being shifted by the monochromator frequency.
Vertical dashed lines indicate the atomic Rb transition frequencies.

the rotating frame and thus downshifted from ~380 THz to
below 3 THz (refer to the top frequency scale in Fig. 5). This
significantly reduces the demands on phase stability in the
optical setup. In the presented conventional WPI experiment,
phase errors have been partially compensated by tracking the
interferogram of a HeNe laser while scanning the pump-probe
delay whereas no phase corrections have been applied in the
PM scheme. Nonetheless, the latter case exhibits a drastic
improvement in resolution and an excellent signal-to-noise
ratio. At the same time, less data points are required to obtain
the same information: the PM-WPI data set (0-50 ps pump-
probe delay, 50 fs step size) comprises only 1.6% of the sampling
points acquired in the fully sampled case (0-63 ps pump-probe
delay, 0.6 fs step size).

On the other hand, imprinting a well-defined modulation
onto the WPI signal allows utilizing efficient lock-in detection
to extract weak signals from very large background contribu-
tions. This advantage of the PM method is particularly impor-
tant when investigating highly dilute samples. In He droplet
beam experiments, target densities are estimated to fall below
10% em*** which usually puts a severe constraint on the achiev-
able signal-to-noise ratio; the lock-in amplification in the PM
scheme, however, provides great background suppression.

5 PM-WPI of Rb*He exciplexes

5.1 Experimental results

After having established the accuracy and sensitivity of the
PM-WPI method, we turn towards studying Rb*He exciplexes,
the spectra of which have not yet been recorded with high
resolution. PM-WPI measurements are conducted by tuning the
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mass spectrometer to 89 amu and the laser wavelength to
774 nm. Signal strengths are a factor of 20 smaller than in
the atomic Rb case. In the PM-WPI scheme, vibronic transitions
between the 1°Tl,, potential energy curve (PEC) correlating
with the 5P;/, and the 2°I1, 4A, 6> PECs correlating with the
5Ds/2,3/2 atomic Rb states are probed (¢f. Fig. 2). Pure vibrational
transitions within the same PEC or transitions among the 211,
4%A, 6°T PECs are not detected due to the above mentioned
post-selection of signal contributions within the phase-cycling
procedure.

A Fourier transform of the pump-probe transient yields a fully
resolved vibrational spectrum of the exciplex molecule (Fig. 6)
with a spectral resolution of 0.3 cm™" (FWHM). Comparing the
spectral lines with the position of the 5P;,, — 5Ds, 3, atomic Rb
transitions (black dashed lines), an intuitive interpretation is
possible: the closely spaced spectral lines in the vicinity of the
atomic transitions involve mainly vibrational modes energetically
close to the dissociation limits. Lines at larger frequencies
correspond to transitions of lower lying vibrational modes in
the 1%I1;, electronic state and the line splitting originates from
the congestion of the higher-lying PECs.

Let us compare our data with previous photoionization studies
of the Rb*He exciplex. In a conventional WPI experiment’
the signal quality was not sufficient to deduce the absolute
transition frequencies through a direct Fourier analysis; rela-
tive distances between vibrational levels were deduced instead.
To compare with our PM-WPI results, we assign the relative
frequencies obtained in ref. 5 to the distances between spectral
features in our study (Fig. 6, blue scale on top). We find good
agreement albeit our spectrum exhibits a factor 10 better
resolution and allows a more unambiguous interpretation.
A different approach for achieving vibrationally resolved data
on Rb*He exciplex molecules has been pursued in a femto-
second pump-picosecond probe experiment.*® This study

amplitude (arb.u.)
-
i

12880

12900 12920
frequency (cm™!)

12940

12960

Fig. 6 Rb*He exciplex spectrum obtained from PM-WPI (black) and fs pump
ps probe (red) measurements.*® Relative transition frequencies inferred from
conventional WPI® are also shown (blue scale on top). Black dashed lines
indicate the 5Pz, — 5Ds/, 3,2 atomic Rb transitions. In the PM-WPI spectrum,
one peak originating from the laboratory noise appears at the employed
monochromator frequency (asterisk).
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provided absolute transition frequencies although at the cost of
resolution which is factor 30 lower than that achieved in
our measurement. After applying a red shift of 2 em™ to
the corresponding data (red spectrum in Fig. 6) good agree-
ment with our spectrum is obtained despite the different
measurement schemes. The systematic shift can be attributed
to coarse calibration of the pulse shaper that was used to
generate the ps probe pulses. Calibration errors in the
PM-WPI data can be excluded since calibration measurements
with a Rb vapor cell have been carried out regularly during the
measurements.

Previously, two types of dynamics have been observed when
forming Rb*He exciplexes on the surface of He droplets. On the
one hand, a fast process on the few ps timescale is observed®
which can be attributed to an impulsive response of the He
droplet environment to the electronic excitation of the Rb atom.
On the other hand, slow relaxation of vibrational modes on the
ns timescale is observed and attributed to slow vibrational
dephasing induced by the droplet environment.*® Fig. 7 shows
the time-domain data of the Rb*He exciplex obtained in our
experiment. The absolute value of the complex-valued pump-
probe transient is shown in (a); recorded (undersampled)
quantum beats are enlarged in the inset. The pronounced
exaggeration of the ion yield around the zero pump-probe
delay (a narrow spike in Fig. 7(a)) is due to the temporal overlap
of pump and probe pulses. Outside of this region, a fast decay
of the ion yield within 1.5 ps is visible (a shoulder in Fig. 7(a))
which is in accordance with the observed dynamics in ref. 5.
In order to make the time evolution of the most prominent
spectral features directly accessible, a spectrogram representa-
tion of the time domain data obtained by short-time Fourier
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0.0
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-
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frequency (cm
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Fig. 7 Time-domain data of the Rb*He exciplex (a) and spectrogram
representation obtained by short-time Fourier analysis (b). In the spectro-
gram, the time evolution of the most prominent spectral features is
directly visible.
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analysis (Gaussian window function of 4 ps FWHM, 0.5 ps step
size) is shown in Fig. 7(b). The short-time Fourier transform
results, however, in a temporal blurring. Thus the discussed
fast decay is not observable in Fig. 7(b) but several beat features
originating from closely spaced spectral lines are well resolved.
Traces along these beats indicate a slow relaxation presumably
on the ns timescale (not shown), which is in accordance with
the results of ref. 38. However, a longer time window is needed
to provide a reliable interpretation in our data.

5.2 Comparison with theory

Despite the availability of more recent ab initio PECs of the
Rb*He exciplex,**™®* we compare our data with the semi-
empirical potentials calculated by Pascale,”* which is currently
the only model comprising highly excited electronic states.
Pascale’s pair potentials have proven to accurately describe
the energetic structure of alkali-helium exciplexes in many
38444651 1n particular, the results from recent high reso-
lution zero electron kinetic energy (ZEKE) studies of the NaHe
exciplex were in much better accordance with the Pascale PECs
than with state-of-the-art ab initio calculations.>® To account
for spin-orbit couplings, we apply the procedure described in
ref. 46 and 49 to the Pascale PECs. To calculate the WPI
spectrum, Frank-Condon factors (FCFs) for transitions between
the 1°T1;, lower potential and the 2°T1, 4°A, 6> upper PECs are
evaluated employing the LEVEL 8.0 code of LeRoy.®* Transition
dipole moments are assumed to be constant. The obtained
stick spectra are convoluted with a Gaussian of 0.3 cm™ " FWHM
to account for the experimental resolution. Furthermore, a
systematic blue shift of 4 cm ™" is applied, which is a reasonable
adjustment for such types of numeric models. The resulting
spectrum is shown in Fig. 8 together with the experimental
data. We find semi-quantitative agreement between experiment
and theory, which is quite astonishing considering the degree
of detail revealed in the experimental data and the high
experimental resolution, which certainly exceeds the precision
of the Pascale PECs. For a comparison of observed spectral
lines with individual vibronic transitions, we show separately in
five subpanels the calculated transitions from the 1°I1;,, inter-
mediate PEC to the individual upper potentials (labeled sub-
panels in Fig. 8). This allows a more precise interpretation of
the exciplex spectrum than was possible in previous studies.>>®
Obviously, the two clusters of lines at higher frequencies
correspond primarily to 0 « 0 transitions and do not reflect
the vibrational ladder of the 1°II,, potential, as has been
thought before.

The exciplex spectrum has also been calculated including
rotational transitions, which yielded much poorer agreement
with the experiment (not shown). Thus, rotational features
seem to be missing in our measurement despite the fact that
our spectral resolution is sufficiently high to reveal those. We
assume that rotations are not observed because of efficient
cooling by the He droplet environment. This is in accordance
with previous vibronic WPI measurements of Rb dimers formed
on the surface of He droplets, which also lacked spectroscopic
signatures of rotational transitions.*?

cases.
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Fig. 8 Experimental Rb*He exciplex spectrum compared with calcula-
tions based on the potentials of Pascale.>? The five upper panels show the
calculated FCFs for transitions from the 12I15/, lower potential separately
to each higher-lying potential (label). Adding up all five spectra yields the
red spectrum in the bottom panel, which is compared to the experimental
data (black). Transitions have been convoluted with a Gaussian of 0.3 cm™*
and blue shifted by 4 cm™ For simplicity only most prominent peaks
are labeled.

6 Conclusion

With this work we demonstrate for the first time the applic-
ability of PM-WPI to a molecular sample in the gas phase at
very low particle densities. In the WPI experiments performed,
electronic coherences were induced in a diatomic molecule
allowing us to study the coupled electronic-vibrational dynamics.
This is in contrast to pure rovibrational WPI, which is not
sensitive to dephasing of electronic coherences but in return
demands significantly less phase control. While only few groups
have performed electronic WPI on a supersonic beam,*”* our
work demonstrates for the first time coherent electronic fs
spectroscopy of a doped helium droplet beam with sufficient
resolution to disentangle congested electronic and vibrational
states.

The combination of the PM approach with mass-resolved
photoion detection allows us to specifically probe Rb*He

This journal is © the Owner Societies 2015
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exciplexes formed at the He droplet surface upon laser excita-
tion. We achieve a significant enhancement of the signal-to-
noise ratio and an excellent resolution when compared to
other experiments on the same system. The WPI data reveals
a fully resolved vibrational spectrum for transitions between
the 5115/, and the 2°T1, 4°A, 6% electronic states. A compari-
son with a spectrum from the diatomic potentials of Pascale
clearly demonstrates that the experimental data are well suited
to test fine details of pair interaction potentials. So far for the
Rb*He molecule there is no set of potentials available to
reproduce the details provided by the experiment and we expect
our results to stimulate the development of more accurate
potentials.

We note that our experiments provide a new and very
promising perspective for applying coherent multidimensional
spectroscopy to dilute supersonic beams. Particularly the unique
capabilities of synthesizing tailor-made complexes in He droplets
combined with two-dimensional spectroscopy could provide
new insight into fundamental photophysical and photochemical
processes.
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