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In this work we model and realize stimulated Raman adiabatic passage (STIRAP) in the diatomic »Na**K
molecule from weakly bound Feshbach molecules to the rovibronic ground state via the |v; =5,/ = Q2 = 1)
excited state in the > IT electronic potential. We demonstrate how to set up a quantitative model for polar molecule
production by taking into account the rich internal structure of the molecules and the coupling laser phase noise.
We find excellent agreement between the model predictions and the experiment, demonstrating the applicability
of the model in the search for an ideal STIRAP transfer path. In total we produce 5000 fermionic ground-state
molecules. The typical phase-space density of the sample is 0.03 and induced dipole moments of up to 0.54 D

can be observed.
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Dipolar quantum gases allow for the realization of in-
triguing new quantum many-body systems and associated
phenomena due to their anisotropic and long-range interac-
tions. Among these are the roton-driven fluid to crystalline
quantum phase transition [1], dipolar droplet formation [2,3],
insulators with fractional filling and supersolid phases of
dipoles in optical lattices [4], to name only a few. Ultracold
polar molecules promise particularly large dipolar interactions
due to their large dipole moments.

The standard procedure for creating molecules at high
phase-space density starts with a mixture of two atomic species
close to quantum degeneracy. The two species are then initially
adiabatically associated into a weakly bound Feshbach molec-
ular state [FB) [5]. From there they can be transferred into the
final, electronic, vibrational, and rotational (rovibronic) ground
state using stimulated Raman adiabatic passage (STIRAP)
[6,7]. This last step involves coupling the initial and final states
to a common intermediate, electronically excited molecular
state. Both |[FB) and the intermediate state need to be chosen
with care in order to allow for a high efficiency in the transfer
and thus to preserve the phase-space density of the ultracold
mixture. This approach has been applied successfully to dipolar
KRb [8], RbCs [9,10], NaK [11], and NaRb [12] molecules.

Here we demonstrate the transfer >*Na*’K Feshbach
molecules, created close to the mp = —7/2 Feshbach res-
onance at 88 G [13], via the |vy =5,/ = Q2 =1) state,
associated with the d° I1 potential, to the rovibronic ground
state. Here v, refers to the vibrational quantum number of the
state within that potential, J is the total angular momentum of
the molecule excluding nuclear spins, and €2 is the projection of
J onto the internuclear axis. This intermediate state, which has
an unresolved hyperfine (HF) structure, provides an alternative
route to the ground state compared to the STIRAP scheme
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employed in Ref. [11]. We develop a Hamiltonian model to
describe the adiabatic transfer in all required details to achieve
aquantitative description. In addition to the molecular structure
analysis done for different bialkali systems [14,15] we include
the complex light coupling into the analysis. This results in
a multilevel, cross-coupled model that is intimately related to
the work of the Bergmann group on STIRAP in multilevel
systems [16] but is specific to the alkali-alkali molecule
formation. We investigate how to maximize the STIRAP
transfer efficiency for a given intermediate state manifold
by optimizing pulse durations and one-photon detuning. We
find excellent agreement between simulation and experiment.
Finally, we demonstrate ground-state molecule creation with
a large electric dipole moment of up to 0.54 D.

I. MOLECULAR LEVEL STRUCTURE
AND HAMILTONIAN MODEL

In our model we use a STIRAP coupling field E(#) of the
form (see, e.g., Ref. [17])

E(t) = Ep(t)sinfwpt + ¢p(2)] + Es(t) sin[wst + ¢s(1)],

Tt

Ex(1) = Eo p sin <——>, Es(t) = Eo 5 cos <15), )
27T 27T

where Eg, denotes the amplitude vector, ¢.(f) a time-
dependent phase (noise) term, and w, the carrier frequency, the
index x distinguishing between either pump (P) or Stokes (S)
field. 7 is the STIRAP pulse duration. We work in the rotating
frame of these laser fields and employ the rotating-wave
approximation (RWA). Coupling matrix elements between two
states {i, j} take the form Q; ; = E,(r)d; je*'*"). Here d; ; is
the corresponding transition dipole moment. The sign in the
exponent and x are determined according to the RWA.

The initial state for our STIRAP process, which s illustrated
in Fig. 1, is the weakly bound molecular state associated with
the Feshbach resonance at 88.9 G that we create at a magnetic
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FIG. 1. Molecular structure of *Na*'K. (a) Potential energy curves according to Ref. [20]. The ground-state potentials X' ¥ and a> ¥ and
the excited-state potentials D' IT and d° IT, which are relevant for the present work, are highlighted by black solid lines. The B! I1/c* X system
used in Ref. [11] is indicated with dashed lines. The vertical lines symbolize the pump (P) and Stokes (S) lasers used to populate the rovibronic
ground state by STIRAP, with the respective Rabi frequencies denoted as 2 p and 5. We show the singlet (solid) and triplet (dashed) component
of one state in £ and G and one spin projection for |FB) (scaled up by a factor of 100). (b) Schematic of the molecular structure of the levels
involved in STIRAP. The experimental data on the upper left shows the spectrum of the excited state v; =5, J = Q =1 at 85.5 G recorded
with 45° polarization and starting with the mr = —7/2 Feshbach molecules that can be created at this field (lines are a guide to the eye). Three
Zeeman m; components are clearly visible, but no hyperfine structure is resolved. The individual hyperfine states of the excited state and the
ground state are indicated schematically (circles) as well as the hyperfine components of the Feshbach state (diamonds). Symbols with the same
total nuclear spin quantum number m; = my, + mg (—=5/2, —7/2, —9/2) have the same color (light blue, red, dark blue); white symbols refer
to states that are not populated. Exemplary, shown by red and blue lines, is the case of a 7-polarized pump beam and a o ™ -polarized Stokes
beam. In this case, only the two mr = —7/2 components of m; = 1 contribute to STIRAP. The strengths of the pump and Stokes transitions
are different, as indicated by the thickness of the lines. The one-photon detuning A and the two-photon detuning § are also indicated. Note that
the energy axis for the excited state (spectrum and schematic) is inverted for clarity.

field of B = Br = 85.5 G. We denote its state vector as |FB) where un, and g denote the magnetic moments of the
and define its energy as Epg = 0. We ignore all other states in sodium and potassium nuclei, /; N, and I, k are the projections
the vicinity of |FB), as they are energetically far detuned from  of the nuclear spin operators of the respective nucleus onto

|FB). the magnetic field axis with eigenvalues my, and my, and
Within the manifold of the rovibronic ground states, G, c4 & 21 x 0.4 kHz is the scalar spin-spin interaction constant
the nuclear spin is the only degree of freedom and the only [11,18]. The two-photon detuning § of the coupling lasers is
contribution to the magnetic moment of bialkali molecules. defined relative to the HF ground state at field By with energy
Therefore the Hamiltonian contains only nuclear Zeeman and Eg, ie., 6 = Eg/h — (ws — wp). Other molecular states are
nuclear spin-spin interaction terms. For *Na*'K with Iy, = detuned by at least twice the rotational constant in the ground
3/2 and Ix = 4, the nuclear spin basis contains 4 x 9 = 36 state, 2B ~ 5.6 GHz, and can safely be ignored.
states. At B, the Hamiltonian of G can be approximated in For the NaK system, |v; = 5,J = Q = 1) is a suitable in-
the Paschen-Back limit, which is justified because of small HF termediate state manifold £ for STIRAP [19]. It has significant
interactions, as spin-orbit coupling that results in a 2% admixture of the D! IT,
vp = 6 state and suitable transition dipole moments to G and
Hg/h = [(Ina—3/2) pina+(Lx +Apx 1 B+caly na Lo x =38, | FB) with a magnitude on the order of 0.01 D. In particular
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the pump transition dipole moment is about one order of
magnitude larger than for the previously used |v, = 35,/ = 1)
state [15,20]. The pump transition matrix element limits the
maximal coupling in STIRAP since it is smaller than the Stokes
transition matrix element. For our intermediate state however
the electronic spin projection ¥ = O vanishes, resulting in the
absence of a Fermi contact HF interaction, and since the orbital
interaction in Na is small [21] the HF structure in £ cannot be
resolved spectroscopically in the present study. Therefore we
approximate the Hamiltonian of £ by a pure Zeeman term
and an imaginary damping term, which models decay to other
molecular states:

N A iy
He/h = (J, — )gupB — 5~ A,

where J. denotes the angular momentum operator along the
magnetic field axis with eigenvalues m;, and wp is the Bohr
magneton. For Hund’s case (a) g = Q(A + g.X)/[J(J + 1)]
[21], where g. denotes the g factor of the electron, so that
g = 1/2 for this state. The excited states decay with a rate
y and A = wp — Eg/h is the detuning of the pump laser
from the transition from |FB) to the upper Zeeman component
|E,m; = 1) with energy E¢. The total number of states in this
manifold with J =1 is 36 x 3 = 108. No further molecular
levels have to be considered, since even the nearest one
lvg =5,J =2,2=1) is already 7.2 GHz away. A damped
Hamiltonian evolution is a good approximation to the full
dynamics since spontaneous decay from this intermediate state
ends almost exclusively in uncoupled states.

To express the described Hamiltonian as a ma-
trix, we employ a nuclear-spin-decoupled molecular basis
{|FB),|n,J,m ,mna,mx)}, where n € {£,G}. Note that the
physical meaning of J, the total angular momentum without
nuclear spins, depends on n. For the Feshbach molecule J
is equal to the total electronic spin S € {0, 1}, for the excited
state J = 1, and in the ground state J = 0. In this basis the
Hamiltonian is diagonal. It is therefore convenient to expand
the Feshbach state |FB) in terms of the same spin basis:

FB)= )

Jmy mNa,mx

[JmymNami ) | VYEB, Jim; myami ) »

where |Wpg, Jm ymy,mg) are the radial parts of the projection
of |FB) onto the respective spin states. The excited states in £
are given by

1€, Jm ymnamk) = [E,Tm ) Imna)lmk)(|We 0) + [We 1),

where |W¢ ), s € {0,1} are the electronic spin singlet and
triplet components of the radial part of £. In contrast to |FB),
they essentially do not depend on the nuclear spin states
because of negligible HF interaction compared to spin-orbit
interaction. Finally the HF states in G are given by

|G myamk) = |G, J = 0,m; = 0)[mna)Imk)|¥g),

with |Yg) being the radial part of the ground-state wave
function.

Next we determine the coupling matrix elements relevant
for STIRAP. For the pump transition |[FB) — £ it is propor-

TABLE I. Overlap integrals for the pump transition for different
spin components of the Feshbach molecule for mp = —7/2 and
S = 1. The sum of the squared values is normalized to 1.

m MNa mg Overlap integral
-1 -3/2 -1 —0.095
-1 —1/2 -2 0.209
-1 1/2 -3 0.148
-1 3/2 —4 0.114
0 -3/2 -2 —0.100
0 -1/2 -3 —0.223
0 1/2 —4 —0.708
1 -3/2 -3 0.362
1 —1/2 —4 0.470
tional to

(FBIE - d|&,Jm ymyamx)
xEp Y a2+ D)7

J'm'ym,myq
X (J'my1q|Tm ) (VB gm'mimi | Ve s)
X (my,|mxa) (my |mx), 2

where g labels the polarization (0 corresponds to 7 polarization
and +1to o™ /o) and ay is the polarization vector of Ep (7).
In Eq. (2) the first factor is the conventional Clebsch-Gordan
coefficient and represents the part of the Honl-London factor
which depends on the laboratory fixed quantum numbers;
the second factor is the radial function overlap integral, the
square of which is the Franck-Condon (FC) factor; and the last
ones are matrix elements in the nuclear spin space yielding
0 or 1. We apply the Franck-Condon principle assuming that
the electronic transition moment is constant over the needed
internuclear separation. To obtain a sufficiently accurate |FB)
wave function, a coupled channel calculation [22] for this
molecular state is performed. For the chosen intermediate state,
the FC factors in the above expression originate mainly from
the inner turning point of the triplet part of the Feshbach wave
function [see Fig. 1(a)]. Since the singlet part with J' = 0 is
rapidly oscillating, its FC factors are very small and thus all
singlet terms are neglected in the coupling between |FB) and
£. Overlap integrals for our specific |[FB) and £ are given in
Table I.

For the Stokes transition £ — G the transition matrix
element is

(€, Jm ymnami |E - d|G,my,my)

o Es(t) Y By(Jm;1¢|00)
q

X (mya lmyg,) (mx Imie) (Ve 1 [¥g), 3)

where B, is the polarization vector of the Stokes field Eg(7).
Since the nuclear spins factorize everywhere, we can reduce
our nuclear basis to only the nine components present in the
|FB) state (Table I). While G is the angular momentum singlet
(J =0), € is a triplet (J = 1) and therefore the maximal
size of the basis is (1 +3) x 9 + 1 = 37 states. The entire

013405-3



FRAUKE SEEBELBERG et al.

PHYSICAL REVIEW A 97, 013405 (2018)

Hamiltonian matrix is represented graphically in Fig. 1(b) with
the dominant coupling terms.

Table I shows that the largest coupling matrix elements
are those involving the (J,m,,mna,mg) = {(1,0,1/2, — 4),
1,1,—1/2,—4),(1,1,—3/2,—-3)} spin projections of |FB). For
resonant driving (A = 0) the dynamics will be dominated by
couplings to the m; = 1 states in £. With 7 polarization on
the pump field (scenario A) those are coming from the two
mj = 1 projections of |FB), which are indicated with dark blue
diamonds in Fig. 1(b). Similarly using o on the pump field
(scenario B), the nuclear spin projectionmy, = 1/2,mg = —4
plays the largest role. In both cases the Stokes field has to have
o polarization.

II. EXPERIMENTAL RESULTS

Our experimental setup produces ultracold mixtures of
bosonic »Na and fermionic “°K. We prepare ~1.3 x 10°
atoms of each species in a crossed, far-detuned optical dipole
trap at a temperature of 0.7 uK, the phase-space density of the
sample being about 0.5. Sodium is prepared in the |F,mp) =
[1,1) state and potassium in the |9/2,—7/2) state before we
ramp up the magnetic field to 85.5 G, close to an interspecies
Feshbach resonance located at 88 Ginthe mp N, = 1, mpx =
—9/2 collision channel [13]. We use a radio-frequency sweep
to flip the potassium atoms into the mp = —7/2 molecular
bound state associated with the Feshbach resonance. The
efficiency of this process is roughly 10% and we typically
create ~1.1 x 10* Feshbach molecules with a binding energy
of 80 kHz. For the STIRAP, lasers with wavelengths of 652
nm (pump) and 487 nm (Stokes) are required, for which we
use a diode laser and a dye laser, respectively. Both lasers are
phase-locked to master diode lasers, which in turn are locked
to the same ultrastable Fabry-Perot reference cavity and have
sub-kHz linewidths. The beams propagate perpendicular to
the magnetic field axis so that we can realize parallel (;r) or
perpendicular (L= (6 + 07)/+/2) polarization.

We image Feshbach molecules directly using absorption
imaging. The absorption cross section remains essentially
unchanged compared to atoms. We calibrate our pump and
Stokes field strengths by recording a spectrum on the [FB) —
|€,J = 1,m; = 1) transition with weak pump and resonantly
tuned Stokes fields (Fig. 2). The profile is fit using a three-level
model for electromagnetically induced transparency (EIT)
[23]:

4y5?
Nocexp(—tQ%, A — 2), )
|25 + 2id(y +2iA)|

where ¢ is the EIT pulse duration and y the excited-state
linewidth.

From the fit, we obtain a linewidth of y = 27w x 20 MHz
and Rabi frequencies Qg = 27 x 8.4 MHz and Qp = 27 X
2.6 MHz with a total power of 10 mW (100 mW) for
the Stokes (pump) beams and a spot size of w ~ 18 um
at the atoms. Since the Stokes matrix elements do not de-
pend on the nuclear spin and the transparency peak is much
wider than the ground-state energy spread [see Fig. 1(b)],
we can directly use €2g as the peak Rabi frequency for
those matrix elements. To account for all excitation paths

Feshbach molecules

-40 -20 0 20 40
Pump laser detuning A (MHz)

FIG. 2. EIT spectrum as measured in the experiment (circles) by
scanning the pump laser detuning A while keeping the Stokes laser
resonant with the m; = 1 component of the excited state, § = A.
Error bars denote standard deviations of several experimental runs.
The line is a fitusing Eq. (4). From this fit we extract a peak pump Rabi
frequency of 2p = 27 x 3.9 MHz and a peak Stokes Rabi frequency
of Qg = 2w x 8.4 MHz. See text for details.

on the pump transition, we adjust Ep in Eq. (2) such that
Y o (FBIE-AIET = Lmy = Limyg,mi)|” = Q3.

To perform STIRAP, we use pulses with the power envelope
of Eq. (1) with smooth turn on and off. We reverse the STIRAP
pulse sequence after a hold time of 90 pus. During this time we
remove the remaining potassium atoms from the trap using a
resonant light field to obtain a background-free STIRAP signal.
For the following experiments we determine the ground-state
molecule signal as the ratio of the Feshbach molecules after
and before this procedure, denoted as the round trip fraction .
The STIRAP efficiency is thus 1, assuming that both STIRAP
processes are equally efficient.

By scanning § we observe spectral structures that corre-
spond to HF states in G (see Fig. 3). Here A = 100 MHz
and T = 70 pus. Depending on the polarization of the STIRAP
beams, different ground states can be populated. First we
work with m-polarized pump field while the Stokes field has
L polarization, denoted as 7/ L in the following, so almost
scenario A. In this case, we observe the nuclear spin states in
the mg = 1 subspace of |[FB) (circles). The largest STIRAP
efficiency 7 is then obtained for the |my,,mx) = |—1/2,—4)
hyperfine state at § = 200 kHz, consistent with Table I.

To optimize the STIRAP process we investigate the transfer
efficiency 7 to the |—1/2,—4) HF ground state for different
one-photon detunings A, optimizing t for each value of A
assuring the two-photon resonance § = 0. The result is shown
in Fig. 4(a) (circles). We find that the efficiency is 25% for one-
photon resonant STIRAP, but rises up to ~50% for detunings
larger than 20 MHz and then saturates. Also shown is the result
of the parameter-free calculation (dashed dark blue line) for op-
timal pulse duration according to the model, neglecting noise.
The behavior can be qualitatively understood by realizing that
scattering from unwanted components decreases as 1/ A% while
coupling only decreases as 1/A, which can be compensated
with longer pulse durations. Note, that the ideal model predicts
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FIG. 3. Hyperfine spectra of the rovibronic ground state. They
were recorded with different polarizations at A = 100 MHz and using
a 70-us STIRAP pulse duration. Circles (triangles) denote the data
recorded with 7 (_L)-pump polarization, the Stokes beam being always
L -polarized. Error bars denote the standard errors of the means of
several experimental runs and are mostly smaller than the symbol
size. Vertical lines indicate the positions of the lowest hyperfine levels
[mp = —5/2, solid; —7/2, dashed; —9/2, dash-dotted; same color
convention as in Fig. 1(b)]. Simulation results for the two polarization
scenarios are indicated by solid lines, for which the experimentally
measured phase noise is included (see text for details). The data and
simulation result for the L / L -polarization configuration are offset
by —0.1 for clarity.

a significantly larger efficiency than the one observed in the
experiment. However, when we include a realistic phase noise
function ¢, (¢) into the model, we can resolve this discrepancy.
In order to do so, we apply a random ¢, (¢) that reproduces the
measured beat note radio-frequency spectrum between each
STIRAP laser to their respective master laser. The phase-noise
power spectrum has a bandwidth of about 2.5 MHz and a
magnitude that yields an rms amplitude of ¢, yms = 400 mrad.
This noise function is multiplied by a factor of +/2, assuming
the phase noise of the master laser to the cavity lock is the same
as the phase noise of the slave laser to the master lock. Including
the laser phase-noise spectra in the model calculation leads to
the solid dark blue line that matches the data fairly well. It can
be seen that the influence of the phase noise on the molecule
production is strongest close to resonance and becomes less
prominent for larger A. Figure 4(b) shows the optimal STIRAP
pulse durations t, both obtained from the experiment (circles)
and the model including phase noise (solid line). Also in this
case the model describes accurately what we observe. Both the
observed efficiency and the ideal STIRAP pulse duration agree
very well for small A. Atlarge A experimentally optimal pulses
are shorter. This indicates that for larger A with areduced effec-
tive two-photon coupling and longer pulses other noise sources
may become important. This is also consistent with larger
predicted efficiency at large A. We can also compare the HF
spectra of Fig. 3 with our model: Using experimental param-
eters including phase noise the modeled spectra match. Only
the amplitude for the 7w/ L case is systematically too large.
To further benchmark the accuracy of the model calculation,
we study STIRAP in a second polarization scenario, where

Efficiency n
o
w1
o

0.25
0.00
(b) 120
wn
2
=
c 80
S
-t
o
=
T 40
]
w
=1
o
0

0 25 50 75 100
One-photon detuning A (MHz)

FIG. 4. STIRAP at different one-photon detunings. (a) STIRAP
efficiency as measured in the experiment (symbols). Error bars
denoting the standard errors of the means are smaller than the
symbol size, and model results without phase noise (dashed lines) and
including phase noise (solid lines, averaged over 12 simulations) are
also shown. Color and symbol shape encode polarization scenarios.
Circles and dark blue lines (triangles and red lines) denote 7 (_L)-pump
polarization; the Stokes beam is always L-polarized. The light blue
dashed line refers to the experimentally not realized case of o+
polarization for both pump and Stokes lasers. (b) Optimal STIRAP
duration t as determined for each A for the 7/ L combination. Data
(circles) with model prediction including phase noise (solid line).

pump and Stokes beam are both L-polarized. This is not
quite scenario B as discussed before, as the o~ component
can also couple to excited-state components. Still also in that
case mainly the |1/2,—4) HF state is populated [see Fig. 3
(triangles)]. The corresponding efficiency measurements are
indicated with triangles in Fig. 4(a). Also in this case detuned
STIRAP is favorable compared to resonant STIRAP.

We also simulate the ideal polarization scenario,
scenario B, that could not yet be implemented experimentally
due to geometrical constraints in the experimental apparatus,
requiring o ™ /o polarized pump/Stokes beams. This scenario
also addresses the |1/2,—4) ground state and according to the
simulation should yield the highest transfer efficiencies [light
blue dashed line in Fig. 4(a)] of all three polarization scenarios
discussed.

Finally, we polarize the ground-state molecules using four
rod electrodes within our vacuum system. We measure the
Stark shift of the ground-state transition using STIRAP at
different applied voltages. With the previously determined
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FIG. 5. STIRAP at high electric fields. Stark shift of the STIRAP
transition for various applied electric fields (circles, lower axis).
The applied electric field has been calibrated using a dc Stark shift
model and the molecular dipole moment determined in Ref. [24]. The
corresponding induced electric dipole moment is given on the upper
axis, indicating that polar molecules with 0.54 D have been produced.

dipole moment of 2.72 D for NaK [24], we calibrate our electric
fields and determine the induced dipole moments [25] (see
Fig.5). From the Stark shift we can deduce that polar molecules
with dipole moments of up to 0.54 D can be routinely produced
by our setup. While dark-state spectroscopy has already been
performed up to dipole moments of 1.06 D [12], actual polar
molecules have so far only been produced with dipole moments
of up to 0.3 D [11]. We expect to achieve even higher dipole
moments with a more stable high-voltage power supply.

III. CONCLUSION AND OUTLOOK

We have set up a model to describe STIRAP in dipolar
molecules beyond a three-level system, taking into account
the structure of the Feshbach state as well as the interme-
diate and the ground-state manifolds. STIRAP with large
one-photon detunings was demonstrated in **Na*’K using
the predominantly vy, = 5 level in the d° IT — D' IT coupled
system. One-photon resonant STIRAP efficiencies of 25%
and one-photon detuned STIRAP efficiencies of 50% were
observed for different hyperfine states within the rovibronic
ground state. Our quantitative STIRAP model reproduces the
STIRAP efficiencies at different one-photon detunings for all
polarization scenarios nicely when laser phase noise is taken
into account. We find that it is important to include the entire
Zeeman (HF) multiplet to accurately describe losses during
STIRAP, especially at large one-photon detunings. In this case
the large pulse area during the transfer can result in significant
losses even from far-off-resonant Zeeman components in the
excited state. The model further encourages the realization of
a polarization scenario with o+ /ot -polarized pump/Stokes
beams to increase STIRAP efficiency. The largest loss in phase-
space density occurs in the current setup however already prior
to STIRAP due to the low efficiency of Feshbach association.
This could be mitigated in an optical lattice [26,27] in the
future. Finally we demonstrated that molecules with a dipole
moment of 0.54 D can be created in our setup, the most polar
diatomic molecular sample so far. We believe that the model
developed here can be easily generalized to other molecular
species and states, thus allowing for a systematic search for
the optimal STIRAP path to the ground state.

ACKNOWLEDGMENTS

We gratefully acknowledge intense discussions with Ro-
main Vexiau and Nadia Bouloufa-Maafa regarding the choice
of the intermediate state, support from the DFG (FOR 2247)
and the ERC (UQUAM).

[1] L. Chomaz, R. M. W. van Bijnen, D. Petter, G. Faraoni, S.
Baier, J. H. Becher, M. J. Mark, F. Waechtler, L. Santos, and
F. Ferlaino, arXiv:1705.06914.

[2] H. Kadau, M. Schmitt, M. Wenzel, C. Wink, T. Maier, 1. Ferrier-
Barbut, and T. Pfau, Nature (London) 530, 194 (2016).

[3] I. Ferrier-Barbut, H. Kadau, M. Schmitt, M. Wenzel, and T. Pfau,
Phys. Rev. Lett. 116, 215301 (2016).

[4] B. Capogrosso-Sansone, C. Trefzger, M. Lewenstein, P. Zoller,
and G. Pupillo, Phys. Rev. Lett. 104, 125301 (2010).

[5] F.Ferlaino, S. Knoop, and R. Grimm, in Cold Molecules: Theory,
Experiment, Applications, edited by W. C. Stwalley, R. V. Krems,
and B. Friedrich (CRC, Boca Raton, 2009), pp. 319-353.

[6] K. Bergmann, H. Theuer, and B. W. Shore, Rev. Mod. Phys. 70,
1003 (1998).

[7] N. V. Vitanov, A. A. Rangelov, B. W. Shore, and K. Bergmann,
Rev. Mod. Phys. 89, 015006 (2017).

[8] K.-K. Ni, S. Ospelkaus, M. H. G. de Miranda, A. Pe’er, B.
Neyenhuis, J. J. Zirbel, S. Kotochigova, P. S. Julienne, D. S.
Jin, and J. Ye, Science 322, 231 (2008).

[9] T. Takekoshi, L. Reichsollner, A. Schindewolf, J. M. Hutson,
C. R. Le Sueur, O. Dulieu, F. Ferlaino, R. Grimm, and H.-C.
Nigerl, Phys. Rev. Lett. 113, 205301 (2014).

[10] P. K. Molony, P. D. Gregory, Z. Ji, B. Lu, M. P. Koppinger, C.
R. Le Sueur, C. L. Blackley, J. M. Hutson, and S. L. Cornish,
Phys. Rev. Lett. 113, 255301 (2014).

[11] J. W. Park, S. A. Will, and M. W. Zwierlein, Phys. Rev. Lett.
114, 205302 (2015).

[12] M. Guo, B. Zhu, B. Lu, X. Ye, F. Wang, R. Vexiau, N. Bouloufa-
Maafa, G. Quéméner, O. Dulieu, and D. Wang, Phys. Rev. Lett.
116, 205303 (2016).

[13] J. W. Park, C. H. Wu, 1. Santiago, T. G. Tiecke, S. Will, P.
Ahmadi, and M. W. Zwierlein, Phys. Rev. A 85, 051602(R)
(2012).

[14] T. A. Schulze, I. I. Temelkov, M. W. Gempel, T. Hartmann,
H. Knockel, S. Ospelkaus, and E. Tiemann, Phys. Rev. A 88,
023401 (2013).

[15] J. W. Park, S. A. Will, and M. W. Zwierlein, New J. Phys. 17,
075016 (2015).

013405-6


http://arxiv.org/abs/arXiv:1705.06914
https://doi.org/10.1038/nature16485
https://doi.org/10.1038/nature16485
https://doi.org/10.1038/nature16485
https://doi.org/10.1038/nature16485
https://doi.org/10.1103/PhysRevLett.116.215301
https://doi.org/10.1103/PhysRevLett.116.215301
https://doi.org/10.1103/PhysRevLett.116.215301
https://doi.org/10.1103/PhysRevLett.116.215301
https://doi.org/10.1103/PhysRevLett.104.125301
https://doi.org/10.1103/PhysRevLett.104.125301
https://doi.org/10.1103/PhysRevLett.104.125301
https://doi.org/10.1103/PhysRevLett.104.125301
https://doi.org/10.1103/RevModPhys.70.1003
https://doi.org/10.1103/RevModPhys.70.1003
https://doi.org/10.1103/RevModPhys.70.1003
https://doi.org/10.1103/RevModPhys.70.1003
https://doi.org/10.1103/RevModPhys.89.015006
https://doi.org/10.1103/RevModPhys.89.015006
https://doi.org/10.1103/RevModPhys.89.015006
https://doi.org/10.1103/RevModPhys.89.015006
https://doi.org/10.1126/science.1163861
https://doi.org/10.1126/science.1163861
https://doi.org/10.1126/science.1163861
https://doi.org/10.1126/science.1163861
https://doi.org/10.1103/PhysRevLett.113.205301
https://doi.org/10.1103/PhysRevLett.113.205301
https://doi.org/10.1103/PhysRevLett.113.205301
https://doi.org/10.1103/PhysRevLett.113.205301
https://doi.org/10.1103/PhysRevLett.113.255301
https://doi.org/10.1103/PhysRevLett.113.255301
https://doi.org/10.1103/PhysRevLett.113.255301
https://doi.org/10.1103/PhysRevLett.113.255301
https://doi.org/10.1103/PhysRevLett.114.205302
https://doi.org/10.1103/PhysRevLett.114.205302
https://doi.org/10.1103/PhysRevLett.114.205302
https://doi.org/10.1103/PhysRevLett.114.205302
https://doi.org/10.1103/PhysRevLett.116.205303
https://doi.org/10.1103/PhysRevLett.116.205303
https://doi.org/10.1103/PhysRevLett.116.205303
https://doi.org/10.1103/PhysRevLett.116.205303
https://doi.org/10.1103/PhysRevA.85.051602
https://doi.org/10.1103/PhysRevA.85.051602
https://doi.org/10.1103/PhysRevA.85.051602
https://doi.org/10.1103/PhysRevA.85.051602
https://doi.org/10.1103/PhysRevA.88.023401
https://doi.org/10.1103/PhysRevA.88.023401
https://doi.org/10.1103/PhysRevA.88.023401
https://doi.org/10.1103/PhysRevA.88.023401
https://doi.org/10.1088/1367-2630/17/7/075016
https://doi.org/10.1088/1367-2630/17/7/075016
https://doi.org/10.1088/1367-2630/17/7/075016
https://doi.org/10.1088/1367-2630/17/7/075016

MODELING THE ADIABATIC CREATION OF ULTRACOLD ...

PHYSICAL REVIEW A 97, 013405 (2018)

[16] B. W. Shore, J. Martin, M. P. Fewell, and K. Bergmann,
Phys. Rev. A 52, 566 (1995).

[17] L. P. Yatsenko, B. W. Shore, and K. Bergmann, Phys. Rev. A 89,
013831 (2014).

[18] J. W. Park, Z. Z. Yan, H. Loh, S. A. Will, and M. W. Zwierlein,
Science 357, 372 (2017).

[19] N. Bouloufa-Maafa, R. Vexiau, and O. Dulieu (private commu-
nication).

[20] M. Aymar and O. Dulieu, Mol. Phys. 105, 1733 (2007).

[21] C. Townes and A. Schawlow, Microwave Spectroscopy
(McGraw-Hill, New York, 1955), pp. 197, 285.

[22]1 1. Temelkov, H. Knockel, A. Pashov, and E. Tiemann,
Phys. Rev. A 91, 032512 (2015).

[23] M. Fleischhauer, A. Imamoglu, and J. Marangos, Rev. Mod.
Phys. 77, 633 (2005).

[24] A. Gerdes, O. Dulieu, H. Knockel, and E. Tiemann, Eur. Phys.
J. D 65, 105 (2011).

[25] W. Miiller and W. Meyer, J. Chem. Phys. 80, 3311 (1984).

[26] J. P. Covey, S. A. Moses, J. Ye, and D. S. Jin, Science 350, 659
(2016).

[27] L. Reichsollner, A. Schindewolf, T. Takekoshi, R. Grimm, and
H.-C. Nigerl, Phys. Rev. Lett. 118, 073201 (2017).

013405-7


https://doi.org/10.1103/PhysRevA.52.566
https://doi.org/10.1103/PhysRevA.52.566
https://doi.org/10.1103/PhysRevA.52.566
https://doi.org/10.1103/PhysRevA.52.566
https://doi.org/10.1103/PhysRevA.89.013831
https://doi.org/10.1103/PhysRevA.89.013831
https://doi.org/10.1103/PhysRevA.89.013831
https://doi.org/10.1103/PhysRevA.89.013831
https://doi.org/10.1126/science.aal5066
https://doi.org/10.1126/science.aal5066
https://doi.org/10.1126/science.aal5066
https://doi.org/10.1126/science.aal5066
https://doi.org/10.1080/00268970701494016
https://doi.org/10.1080/00268970701494016
https://doi.org/10.1080/00268970701494016
https://doi.org/10.1080/00268970701494016
https://doi.org/10.1103/PhysRevA.91.032512
https://doi.org/10.1103/PhysRevA.91.032512
https://doi.org/10.1103/PhysRevA.91.032512
https://doi.org/10.1103/PhysRevA.91.032512
https://doi.org/10.1103/RevModPhys.77.633
https://doi.org/10.1103/RevModPhys.77.633
https://doi.org/10.1103/RevModPhys.77.633
https://doi.org/10.1103/RevModPhys.77.633
https://doi.org/10.1140/epjd/e2011-20048-9
https://doi.org/10.1140/epjd/e2011-20048-9
https://doi.org/10.1140/epjd/e2011-20048-9
https://doi.org/10.1140/epjd/e2011-20048-9
https://doi.org/10.1063/1.447084
https://doi.org/10.1063/1.447084
https://doi.org/10.1063/1.447084
https://doi.org/10.1063/1.447084
https://doi.org/10.1103/PhysRevLett.118.073201
https://doi.org/10.1103/PhysRevLett.118.073201
https://doi.org/10.1103/PhysRevLett.118.073201
https://doi.org/10.1103/PhysRevLett.118.073201



