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Engineering an all-optical route to ultracold molecules in their vibronic ground state
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We propose an improved photoassociation scheme to produce ultracold molecules in their vibronic ground
state for the generic case in which nonadiabatic effects facilitating transfer to deeply bound levels are absent.
Formation of molecules is achieved by short laser pulses in a Raman-like pump-dump process where an
additional near-infrared laser field couples the excited state to an auxiliary state. The coupling due to the
additional field effectively changes the shape of the excited-state potential and allows for efficient population
transfer to low-lying vibrational levels of the electronic ground state. Repetition of many pump-dump se-
quences together with collisional relaxation allows for accumulation of molecules in v=0.
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INTRODUCTION

Intense interest in ultracold molecular processes is gener-
ated by novel applications in ultracold chemistry [1],
quantum-information processing [2], or high-precision mea-
surements [3]. Ultracold molecules present themselves as
ideal candidates also for coherent control [4,5]: The utiliza-
tion of constructive and destructive interferences between
different quantum pathways in order to steer a process to-
ward the desired target is not hampered by thermal averag-
ing. Photoassociation (PA) provides a natural framework for
merging the fields of ultracold molecules and coherent con-
trol. It relies in principle only on the presence of optical
transitions: Molecules are created by exciting two colliding
ultracold atoms to an electronically excited state with laser
light [6]. In a few special cases, the shape of the excited-state
potential causes the probability amplitude to pile up at short
distance, and molecules in the electronic ground state can be
formed by spontaneous or stimulated emission [7]. PA, as
well as photostabilization, can be optimized by a suitable
design of laser fields [8—10]. Initial experiments aimed at PA
with short laser pulses [11] had to struggle, however, with
difficulties due to the large spectral bandwidth of femtosec-
ond laser systems and the slow time scales of cold collisions.
A recent femtosecond pump-probe experiment could provide
evidence for coherent formation of molecules [12]. These
excited-state molecules have huge bond lengths, i.e., the cor-
responding wave packets reside at very large internuclear
distance. In order to dump them to the electronic ground
state, possibly into a single low-lying vibrational level, the
molecules need to be brought to short internuclear distance.
Here we address the question of how such “R transfer” can
be achieved for generic excited states.

FIELD-INDUCED RESONANT COUPLING

We adapt the coherent control concept of applying a
strong (near-)infrared laser field in order to modify the
excited-state dynamics [13]. As shown in Fig. 1(a), the field
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induces a coupling between two otherwise isolated excited-
state potentials. In previous work, both experimental [13]
and theoretical [14], the infrared laser field was employed to
suppress nonadiabatic transitions. Here, the two excited
states are dressed by the coupling field, and the diabatic pic-
ture is more appropriate: The coupling field mimics resonant
spin-orbit coupling, as it is found, e.g., in the 0] states of
heavy alkali-metal dimers [7]. Resonant spin-orbit coupling
leads to appreciable binding energies (E,>1 cm™!) of pho-
toassociated molecules in the electronic ground state [7,15].
Inducing the coupling by an external field offers the advan-
tage that the position of the potentials’ crossing can be tuned.
This paves the way to ground-state levels with much larger
binding energies, all the way down to v=0.

MOLECULE FORMATION

We demonstrate that field-induced resonant coupling al-
lows for “R transfer” in a generic excited-state potential
within a two-color pump-dump scheme [8,16]. As illustrated
in Fig. 1(a), molecules in the electronic ground state are
formed by (i) a pump pulse exciting a wave packet in the
electronically excited state at large internuclear distance, (ii)
wave-packet propagation toward shorter distances, where
amplitude gets “trapped” due to the coupling with an auxil-
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FIG. 1. (Color online) Pump-dump photoassociation scheme
with a near-ir laser field providing resonant coupling between two
excited states: potentials (a), timing of the three fields (b), and col-
lisional relaxation to v=0 (c).
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iary excited state, and (iii) a dump pulse catching the wave
packet at short distance to transfer it to the electronic ground
state. The coupling field amplitude is assumed to be constant
during the sequence of pump and dump pulses. Such a con-
stant amplitude can be realized by a nanosecond pulse, given
that pump and dump pulses are of a few picoseconds full
width at half-maximum (FWHM) and that wave-packet mo-
tion takes 50—100 ps, cf. Fig. 1(b).

ACCUMULATION OF GROUND-STATE MOLECULES

The repetition rate of short-pulse laser systems allows for
collecting molecules over many identical pump-dump se-
quences provided that two conditions are fulfilled. (i) The
time between two sequences is long enough for the system to
equilibrate to the same initial state. (ii) Molecules transferred
to v=1 by the dump pulse must be removed from v=1 be-
fore the next dump pulse arrives in order not to be reexcited.
A truly irreversible scheme is obtained if the molecules de-
cay to v=0, e.g., due to collisions with atoms. While condi-
tion (i) is easily fulfilled for a kHz repetition rate, the time
scale related to condition (ii) is given by the inverse of the
collisional rate coefficient (~1071 cm?/s [17]) times the
density of atoms, i.e., 7 varies between 1 and 10* s for
densities in a magneto-optical trap (MOT) to densities in a
Bose-Einstein condensate (BEC).

MODEL

The Hamiltonian describing the situation depicted in Fig.
1(a) reads

H L E(7) 0

8
Hew=| AE0) A, E®D |, (1)

0 [mE*() H,,

where H,=T+V,(R) denotes the vibrational Hamiltonian of
single channel i (i=g,e,aux), fi; is the transition dipole mo-
ment, and E(r) is the laser fields, E(r)=Eg S (t)cos(wt)
+Eg »S5(t)cos(w,r). The pump and dump pulses can be con-
sidered separately [with E;(¢) corresponding to either one of
them] since wave-packet propagation in the excited state is
slow and the time delay between pump and dump pulses is
correspondingly long. In the rotating-wave approximation
(RWA), E,(t) couples only to f;, and E,(t) only to ft,. The
Hamiltonian is represented on a grid using an adaptive grid
step [18], and the time-dependent Schridinger equation is
solved with the Chebychev propagator.

APPLICATION TO ALKALINE-EARTH-METAL DIMERS

The 4OCaz dimer is chosen as our prototype system. The
interest in ultracold alkaline-earth-metal and alkaline-earth-
metal like systems such as ytterbium was triggered by the
quest for new optical frequency standards. Using continuous-
wave lasers, PA was observed for calcium and strontium as
well as for ytterbium near both the 'S,~'P, atomic reso-
nance [19-21] and the 'S,~’P, intercombination line
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[22-24]. However, the formation of molecules in the elec-
tronic ground state has not been reported to date.

CHOICE OF ELECTRONIC STATES

The pump-dump sequence is chosen to utilize a dipole-
allowed transition proceeding via the B IEZ excited state.
The excited-state lifetime ~5 ns does not incur losses in a
coherent molecule formation scheme completed in ~100 ps.
The B 'S} state is well suited for PA [19]: Its 1/R?® long-
range behavior gives rise to large free-bound Franck-Condon
factors close to the dissociation limit. However, its vibra-
tional wave functions, cf. Fig. 1(a), are not favorable to the
formation of molecules in their electronic ground state, and
spontaneous or stimulated emission will simply redissociate
the molecules. Therefore, the B 2+ excited state is coupled
to an auxiliary state, chosen to be (l) 1. Of all states that
have a dipole-allowed transition to the B 'S state, (1) 'I1 18
closest in energy, with transition frequencies corresponding
to infrared (ir) and near-ir lasers. Such small transition fre-
quencies avoid undesirable multiphoton excitations that oth-
erwise may be caused by the coupling field. For (1) 11_[ as
auxiliary state in Eq. (1), a three-channel picture is not ad—
equate since the spin-orbit interaction couples it at short
range to the (1) 32; state, which in turn is coupled to the
(1) °11 . state. A minimal model adapting Eq. (1) to Ca, is
comprised of the five channels shown in Fig. 2(a). The
potential-energy curves for calcium are accurately known
from spectroscopy [25] as well as from state-of-the-art ab
initio calculations [26]. The potentials, transition dipole mo-
ment, and spin-orbit coupling functions employed in the fol-
lowing calculations are gathered from Ref. [26] and shown
in Figs. 2(a)-2(c). In order to estimate how strongly the spin-
orbit coupling perturbs the levels of Hg state, the five-
channel Hamiltonian was diagonalized with E; ,(#)=0. While
pred1ss001at10n of some IHg levels is observed above the
3P+'S dissociation limit, below that the effect of spin-orbit
couplmg is negligible. Utilizing only 1l_l levels below the
3P+1S dissociation limit corresponds to )\ <1200 nm for
the coupling laser. A model comprised of the three singlet
channels is then sufficient.

WAVE-PACKET DYNAMICS

A sample pump-dump sequence is illustrated by wave-
packet snapshots in Fig. 3(a) with time proceeding from left
to right: The initial scattering state [dashed line with light-
gray filling in Fig. 3(a)] describes two atoms colliding in the

12+ ground electronic state. A small part of this state is
excned by the pump pulse (FWHM=10 ps, A=-3.5 cm™,
£=0.3 nJ [33]), forming a wave packet in the B 12; excited
state and leaving a hole in the ground-state wave function
[left column of Fig. 3(a)]. Under the influence of the excited-
state potential, this wave packet moves toward shorter inter-
nuclear distances where the coupling laser (\.=881 nm, /
=3.2X10° W/cm?) cycles population back and forth be-
tween the B 'S* excited state and the 'I1, auxiliary state. The
time delay between pump and dump pulses is chosen such
that the peak of the dump pulse concurs with a maximum of

043417-2



ENGINEERING AN ALL-OPTICAL ROUTE TO ULTRACOLD...

250007

1 1 ‘7’ T T \’__: a.
ipeis |\ YRR
20000} Nt b =
0 , - 2
o 3o le [ M B g
15000 [t P+S [y 23 11 f
g A e [
8310000 i /‘,fs(‘)——-“——, 30 B
[}
g - /W C 20 &
5000 | 77N\ ,S0 =
1 - \W45 110 U%
0 . ! | 5+8 = | . —T——0 5
10 20 10 20 2,
internuclear distance [ Bohr radii ] —
L | LY T
E q{r 0.2 11
2 a0’ s 11] 0=t 100
joT0) i ] N
~E ENRGi A | e, 75
£ 1x10°f  1.0f THI e ]
(o] E - ERERR e, |
a,  4F 05 - A 50
2'1x10 ; Ht M
°>) 001 . 1 - 425
9 1><10-6; 20 -10 O ; | | 0

PRI ERE SR R . . . .
-4000  -2000 0 -4000  -2000 0
o 1
binding energy [ cm ]

FIG. 2. (Color online) Minimal model for Ca, including all
relevant physics: potential energy curves (a), transition dipole mo-
ments (b), and spin-orbit couplings (c) with labels corresponding as
1, X 12;; 2,B 12;; 3, (1) 1l'Ig; 4, (1) 32;; and 5, (1) 3Hg, Spacings
of the vibrational levels of the B IE; excited state (d) and of the
B 12;’ and (1) ng states (e) dressed by a moderate near-ir laser
field (/=3.2%X 10° W/cm?, w; =881 nm). The red box in (d) indi-
cates the range relevant for PA.

population in the auxiliary state [center column of Fig. 3(a)].
The dump pulse (FWHM=10ps, A=10162cm™, &
=1.0 wJ) drives transitions from the excited state to the elec-
tronic ground state, populating v=1 [right column of Fig.
3(a)]. This population transfer is due to a dynamic interplay
of dump pulse and coupling field: As the dump pulse de-
pletes any excited-state population within its Franck-Condon
window, the coupling field refills it, i.e., population is chan-
neled from the auxiliary through the excited to the electronic
ground state. For stronger dump pulses, the depletion of the
excited state occurs faster, and refilling this population shows
a larger effect. The resulting dependence of the transfer prob-
ability on the dump pulse energy is demonstrated in Fig.
3(b).

CHOICE OF THE LASER FIELDS

The wavelength of the coupling laser field, A, dictates the
internuclear distance R, at which the excited and auxiliary
states cross in a dressed-state picture, cf. Fig. 1(a). Since R,
becomes the Franck-Condon point for the dump step, A, also
determines the target vibrational level in the electronic
ground state. To dump into v=1 (v=4), N\, needs to be
881 nm (1080 nm). The maximum value of \, is given by
the minimum difference potential of the two states and
amounts to roughly 5 um (corresponding to a target level
bound by ~30 cm™!). For wavelengths larger than 1200 nm,
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FIG. 3. (Color online) Dynamics of the pump-dump photoasso-
ciation process under the influence of a moderately strong near-IR
laser field (/=3.2x 10° W/cm?, \,=881 nm): The squared ampli-
tude of the wave function in the three states is shown just after the
pump pulse (t=t£ax+24 ps), at the maximum of the dump pulse
(1=t =th o Flaetay With f4e1,,=83 ps), and at the end of the whole
process (1=t +24 ps). The dashed line with light-gray filling in
the lowest left panel corresponds to the initial scattering wave func-
tion. In the lowest middle and right panel, only population that was
transferred by the dump pulse to the electronic ground state is plot-
ted. (b) Transfer probability from the excited states to v=1 of the
electronic ground state for different intensities of the near-ir cou-
pling laser.

however, care has to be taken not to couple a predissociated
lﬂg level to the B 12: state. Depending on the predissocia-
tion width, this could lead to a loss of population. The inten-
sity of the coupling laser field is determined by the require-
ment that the coupling between the excited and the auxiliary
state potentials, (i,{E,()), be larger than the vibrational level
spacing in one of the potentials (cf. Fig. 1 of Ref. [14]). The
level spacings of the B 12; state are on the order of 1 cm™!
for the range of vibrational levels accessed by PA as shown
in the inset of Fig. 2(d). The requirement on the coupling
strength then translates into peak intensities of the order
10° W/cm?, assuming a typical transition dipole moment of
one atomic unit. Such moderate intensities ensure that the
coupling laser does not drive multiphoton transitions which
could incur losses. Intensities at which multiphoton pro-
cesses are to be expected can be estimated by comparing
calculations without invoking the RWA in Eq. (1) to those
performed in the RWA. Increasing the intensity of the cou-
pling laser reveals a breakdown of the RWA at 7/~1
X 10" W/cm?.

For the pump-dump sequence, pulses with transform-
limited FWHM of a few picoseconds are best suited with
respect to both spectral bandwidth and time scales
[8,16,27,28]. Pulse energies of less than 1 nJ are sufficient in
the pump step to excite all population within the resonance
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window [cf. lower left panel of Fig. 3(a)]. Stronger pulses
will not lead to higher PA efficiencies. For the dump step,
however, increasing the pulse energy from 10 nJ to 10 uJ
yields better population transfer to the target level, cf. Fig.
3(b) (such pulse energies can be produced by an amplifier).
The detuning of the dump pulse is obtained in terms of the
binding energies of the target level and of the excited-state
wave packet, i.e., the pump detuning. The pump-pulse detun-
ing needs to be chosen such that those excited-state levels are
populated that are indeed perturbed by the coupling laser.
The position of the perturbed levels depends rather sensi-
tively on the coupling. Most likely it cannot be theoretically
predicted with sufficient accuracy. However, as Fig. 2(e) in-
dicates, the position of the perturbed levels and hence the
pump pulse detuning can be determined experimentally, by
performing spectroscopy on the dressed states. In analogy to
resonant spin-orbit coupling in alkali-metal dimers [15], the
perturbed levels are identified by peaks in the level spacings
(or in the rotational constants) as a function of binding en-
ergy; cf. Fig. 2(e). All other information required for the
implementation of the proposed scheme can reliably be ob-
tained from theoretical calculations.

EFFICIENCY

An average over all thermally populated initial states [29]
yields the number of excited-state molecules created by one
pump pulse. Assuming the MOT conditions of Ref. [30],
Nyo=12.5 is obtained. With a dump transfer probability of
1072, cf. Fig. 3(b), and a 10 kHz repetition rate, one mol-
ecule per ms is created in v=1. Collisional decay to v=0
within 1 ms requires a density of 10'3 cm™. For lower den-
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sities, cavity enhancement can be used to speed up the decay

[31].
CONCLUSIONS

Resonant coupling in two excited-state potentials can be
mimicked by applying a near-ir laser field. This paves the
way for Raman transitions deep into the well of the elec-
tronic ground state. Necessary ingredients for such a pump-
dump scheme are (i) an excited-state potential with 1/R*
long-range behavior and with a dipole-allowed transition to
the electronic ground state and (ii) an auxiliary state with a
dipole-allowed transition to the excited state in the (near-)ir.
If the equilibrium distance of the auxiliary state is smaller
than that of the electronic ground state, the vibronic ground
state can be reached in a single pump-dump sequence. The
required intensities of the near-ir field are moderate and can
easily be produced for nanosecond pulses. Limiting factors
are the low PA yield due to the small number of atoms at
sufficiently short range, and the slow collisional decay. The
PA yield could be improved, e.g., by flux enhancement [32],
and faster decay can be achieved via cavity enhancement
[31]. Field-induced resonant coupling can be utilized to en-
hance transition probabilities in any other Raman-like pulsed
scheme such as that of Ref. [10], and is therefore expected to
be useful well beyond photoassociation.
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