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Abstract. We present spectrally resolved pump-probe experiments on the photoassociation of ultracold
rubidium atoms with shaped ultrashort laser pulses. The pump pulse causes a free-bound transition leading
to a coherent transient signal of rubidium molecules in the first excited state. In order to achieve a high
frequency resolution the bandwidth of the pump pulse is reduced to a few wavenumbers. The frequency
dependence of the transient signal close to the D1 atomic resonance is investigated for characteristic pump-
probe delay times. The observed spectra, which show a pronounced dip for pump-probe coincidence, are

interpreted using quantum dynamical calculations.

PACS. 33.80.-b Photon interactions with molecules — 32.80.Qk Coherent control of atomic interactions
with photons — 42.50.Md Optical transient phenomena: quantum beats, photon echo, free-induction decay,

dephasings

1 Introduction

The increasing interest in ultracold molecules has led to
a variety of approaches to efficient molecule production
schemes. Due to the difficulty of extending laser cooling
techniques established for atoms to molecules, new path-
ways had to be explored. While buffer gas cooling [1] and
Stark decelerators [2] are techniques to translationally cool
existing molecules, alternative techniques assemble cold
atoms to molecules using magnetically induced Feshbach
resonances [3] or photoassociation by cw-lasers [4-6]. Due
to the abundance and diversity of optical transitions in
molecules, photoassociation as a purely optical technique
promises versatility.

In the photoassociation step an ultracold colliding
atom pair absorbs a photon red detuned with respect to
the atomic resonance. This free-bound transition at large
internuclear distance leads to excited state molecules in
highly excited vibrational levels that can subsequently
undergo a transition to the electronic ground state. As
several theoretical studies point out, the use of laser pulses
instead of cw-laser-light bears some advantages [7-9]. Due
to their bandwidth it is possible to excite atom pairs over
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a larger range of internuclear distances into bound states.
Furthermore, the application of sequences of shaped ul-
trashort pulses allow to transfer the system into deeply
bound states which was done experimentally [7]. The
pulses proposed by theory for photoassociation have a
pulse duration in the picosecond range and are chirped for
high transition yield. First experiments using transform-
limited and chirped femtosecond pulses could only demon-
strate the destruction of molecules [8,9] while experiments
using chirped picosecond pulses in the photoassociation
step have shown a flux enhancement on a nanosecond
timescale [10]. Another study investigated the ultracold
photoassociation ionization [11].

In a recent experiment we successfully used shaped
femtosecond pulses to photoassociate ultracold rubidium
atoms [12]. The observation of photoassociation was con-
firmed by the work of Petrovic et al. who experimentally
and theoretically investigated the excited state dynamics
on a larger timescale [13]. It became evident that this pro-
cess crucially depends on the laser pulse conditions, i.e. the
spectral intensity and temporal shape of the pulse.

In order to investigate the spectral contributions,
we present here a study on the coherent formation of
molecules from colliding ultracold rubidium atoms in a
pump-probe configuration (Fig. 1). The spectrum of the
transform-limited femtosecond pulses was strongly re-
stricted to a bandwidth of a few wavenumbers to achieve
a higher spectral resolution. This leads to a pulse duration
in the short picosecond regime (inset of Fig. 1).



712

40

5s + Rb+

w
o
1

probe

energy / 1000 cm-1
N
S
1

intensity / MW/ecm?

55 +5p

O = N W A

50 5 10
time / ps

o
1

pump
55 +5s

o
1
S

0 £|5 1b 1|5 2'0

internuclear distance / A

Fig. 1. (Color online) Pump-probe excitation scheme for ru-
bidium. The spectral shape of the pulses is indicated qualita-
tively and the resulting temporal pump pulse for a bandwidth
of 13 cm ™! is depicted in the inset.

2 Materials and methods

Our setup consists of a femtosecond laser system and a
dark spontaneous force optical trap (dark SPOT) [14]. The
background vapour loaded trap captures 10® 8°Rb atoms
at densities of 10! ecm ™3 and temperatures of 100 K. The
trapping beams excite the 5 Sy F/ =3t05 P3/y ' =4
hyperfine transition while the repump beams excite tran-
sitions from F” = 2 to F’/ = 3. In the trap configuration
used in the experiments 90% of the trapped atoms are in
the dark F”' = 2 ground hyperfine state.

The femtosecond laser system consists of a Coherent
MIRA oscillator and a Coherent RegA 9050 amplifier and
delivers transform-limited pulses with an energy of 4 uJ,
and 25 nm bandwidth at a repetition rate of 100 kHz. To
enable two colour pump-probe experiments, the femtosec-
ond pulses are split into two parts.

For the probe pulse 90% of the RegA output power is
frequency converted in a non-collinear optical parametric
amplifier (NOPA). The center wavelength of the generated
probe pulses is tuned to 488 nm to allow ionization of
molecules in the first excited state. These pulses with a
pulse energy of 10 nJ have a duration on the order of
600 fs.

The remaining smaller fraction of the RegA output
power is used for the pump pulse. In order to yield
high spectral intensity, the center wavelength is tuned to
800 nm. For amplitude modulation the pump pulse passes
a zero compression pulse shaper consisting of two gratings
of 2000 groves per mm and two cylindrical lenses with a
focal length of 250 mm in a 4-f alignment leading to a
resolution of 0.05 mm/cm™! in the Fourier plane. Two
razor blades inserted in the Fourier plane form a narrow
transmission band of 13 cm~! width that fully suppresses
undesired spectral pulse components. Two precision stages
allow the adjustment of the bandwidth and the displace-
ment of the band in the Fourier plane. After passing an op-
tical delay line that allows the adjustment of the temporal
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spacing between the pulses they are collinearly overlapped
and focussed on the atomic cloud.

Atomic and molecular ions produced by the pulse se-
quence are extracted from the trap by a constant electric
field of 40 V/cm, mass selected by an rf quadrupole mass
filter, and afterwards detected by a channeltron.

We investigated the dependence of the Rby rate on the
pump pulse frequencies close to the D1 atomic resonance
for fixed delays between the pump and the probe pulse.
For this purpose the transmission band is moved through
the pump pulse spectrum in steps of about 0.5 cm~!. For
each band position the ion rate is averaged over 107 pump-
probe sequences and plotted against the band position rel-
ative to the D1 line. The position of the atomic resonance
in the Fourier plane is determined with an accuracy of
1 cm~! via the fluorescence of the atomic cloud detected
with a photodiode. To avoid atom loss due to photon
pressure and atomic ionization the laser beam is chopped
during the fluorescence measurement. The relative fluores-
cence (with vs. without beam) reaches its maximum when
the spectral filter transmits the atomic resonance.

In order to understand the dependence on the band
position, the interaction of the modulated pump pulse
with an ultracold pair of colliding atoms was studied
theoretically. The time-dependent Schrédinger equation
was solved for two diatomic interaction potentials' which
are dipole coupled by a time-dependent light field. The
Hamiltonian was represented on a mapped Fourier grid
and the Chebyshev propagator was employed [15]. Inter-
action with the potential energy curves of the other fine
structure component (55+5P3/5) can be neglected since
they are energetically well separated at long range.

The electric field of the pump pulse was derived from
the Fourier transform of a cut pulse spectrum matching
the one used in the experiments. The amplitude modula-
tion with the narrow band changes the temporal shape of
the pump pulse drastically. The peak intensity decreases
by three orders of magnitude, the pulse duration (FWHM)
increases by about a factor of 50 and the mean maximum
is accompanied by long oscillating tails (inset of Fig. 1).
Since in the experiments the excited state population is
monitored via the probe pulse, the calculated time depen-
dent excited population is convoluted with a normalized
Gaussian probe pulse with a pulse duration of 600 fs.

3 Results and discussion

Figure 2 shows the dependence of the molecular ion rate
on the pump pulse frequencies at the D1 line for positive,
negative, and zero delay of the probe pulse relative to
the pump pulse. In the case of positive and negative de-
lay, the molecular ion rate exhibits a peak of plateau-like
shape centered at 1 cm™!. The ion signal decreases on
both sides to a constant and similar background signal.
The maximum peak height is achieved at positive delay
with the probe following the pump pulse while the peak
height obtained with the reverse pulse order is drastically

Y al Xl (5S+5S) and 1, (5S+5P12).
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Fig. 2. Molecular ion rate depending on the transmission band
position relative to the D1 atomic resonance. This is measured
for a delay of + 20 ps and 0 ps and a bandwidth of 13 cm™*.
The delay of a probe following a pump pulse is defined as
positive.

lower. In both cases the ion signal increases within an in-
terval, whose width roughly mirrors the bandwidth of the
modulated pulse.

The occurrence of an increased ion signal at negative
delay has been discussed previously and was assigned to
ground state molecules which were formed by preceding
pulses and spontaneous emission [12]. The ion signal orig-
inates from the near resonant ionization of these ground
state molecules by a green-red pair of pulses via intermedi-
ate states below the 5S 4+ 4D asymptote. Since this signal
is due to the repetitive character of the experiments it is
not included in the simulations.

In the case of a simultaneous interaction of both pulses
two striking differences compared to the delayed cases are
visible. Firstly, the ion signal shows an increased peak
width compared to the delayed cases. Secondly, instead
of one peak the ion signal displays a double maximum
with a dip in between just around the atomic resonance.
The maximum ion rate reached in the case of pulse coinci-
dence is observed at —4 cm ™! and 7 cm ™! and in the case
of positive delay at 1 ecm™! and amounts to 1600 Hz.

In order to gain more insight into the underlying pro-
cesses leading to these differences we performed quantum
dynamical calculations for the case of positive delay and
pulse coincidence. The simulation results depicted in Fig-
ure 3 show qualitatively a good agreement with the mea-
surement.

In the case of positive delay the excited state pop-
ulation displays a broad maximum around the atomic
resonance that decreases on both sides to zero. The in-
terval in which the excited state population significantly
increases matches the bandwidth of the pump pulse.

For the case of pulse coincidence the calculations repro-
duce the double maximum and the increased peak width.
The maximum excited state population in the case of co-
incidence, reached at —5.5 cm™! and +5.5 cm ™!, is about
a factor two smaller than the maximum reached in the
case of positive delay. The lower experimental values for
resonant excitation at positive delay can be explained by
a decreased particle density in the ultracold atomic cloud
due to photon pressure or atomic ionization. This issue
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Fig. 3. Simulated dependence of excited bound state popu-
lation on the transmission band position relative to the D1
atomic resonance for a delay of 0 ps (black) and 20 ps (gray)
for a bandwidth of 13 cm™!.

is also responsible for the more pronounced experimental
dip at zero delay compared to the simulations. Compar-
ing the simulations and the experimentally resolved peak-
shapes, there is a noticeable shift of about 1 cm™! which
is, regarding the accuracy of the resonance frequency de-
termination, not significant.

Since the simulations reproduce the peak shapes with
good agreement, the time dependence of the calculated
population in the excited state for different transmission
band positions was investigated (Fig. 4). In all cases the
excited state population starts to rise around zero delay
and reaches a constant value at 20 ps which determines
the peak shape for positive delay in the frequency depen-
dent calculation, cf. Figure 3. The peak shape in the case
of coincidence is determined by the population at zero
delay. As the calculations show, the delay at which the
population rise is maximal crucially depends on the band
position. For off-resonant band positions (dotted) i.e. po-
sitions where the atomic resonance is blocked, the excited
state population rises earlier than in the case of resonant
band positions. It reaches its maximum at 0 ps delay and
nearly vanishes after the interaction. For the case of off-
resonant excitation, population is only transiently trans-
ferred to the excited state during the interaction with the
pump pulse. This transient contribution to the excited
state population leads to the increased peak width in the
case of coincidence.

For a symmetric resonant band position (0 cm™1!) the
rise is maximally delayed and the population reached at
20 ps exceeds that reached by differing positions. This
dependence of the rise on the symmetry of the posi-
tion relative to the atomic resonance is the origin of the
double maximum peak shape for coinciding pulses. The
symmetry dependence of the signal rise indicates that for
on-resonant band positions destructive interferences are
induced between the blue and the red detuned contribu-
tions of the pump-pulse. The maximally delayed rise for
the symmetric band position can be explained as total
destructive interference of the off-resonant contributions.
Similar interference effects have been discussed in detail
by Dudovich et al. for atoms in a gas cell [16].
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Fig. 4. Simulated pump-probe traces for different transmission
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on the atomic resonance are depicted dashed. The vertical lines
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Fig. 5. Measured pump-probe traces for a non-symmetric
(black) transmission band position at 7 cm ™' and a more sym-
metric position at —2 cm™" (gray).

Furthermore, we analysed the characteristic oscilla-
tions in the population at positive delay. A Fourier trans-
formation shows that the population is modulated by two
frequencies which match the detuning of the transmission
band edges relative to the atomic resonance. These coher-
ent molecular transients are related to the induced dipole
dynamics observed for atoms by Zamith et al. [17] and can
be interpreted as a beating between the oscillating molec-
ular dipole and the electric field of the pulse tails [12]. The
molecular dipole oscillates at a frequency very close to the
atomic resonance since the excitation mainly occurs into
highly excited vibrational levels which are strongly favored
by high Franck-Condon factors.

For comparison the corresponding experimental tran-
sients for a non-symmetric and a more symmetric trans-
mission band position are depicted in Figure 5. Even
though the ion rate displays oscillations at positive de-
lay, the signal fluctuations do not allow to significantly
differentiate two distinct frequencies. But the measure-
ment confirms clearly the earlier rise for the mnon-
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symmetric band position leading to a maximum at 0 ps
that decreases after the pump pulse. In accordance with
the static measurements the maximum signal reached for
both positions is in the same order of magnitude.

In summary, we observed coherent transient pump-
probe signals for ultracold rubidium dimers with ul-
trashort shaped laser pulses. By reducing the band-
width of the pump-pulse we performed spectrally resolved
measurements of the transient signal at significant pump-
probe delays. We compared the experimental results with
quantum dynamical calculations and were able to explain
the differing peak shapes for the investigated pump-probe
delays in terms of the spectral positioning of the pulse.

This work was supported by the Deutsche Forschungsgemein-
schaft in the framework of SFB 450, SPP 1116, and the Emmy
Noether Programme (C. P. Koch).
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