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We present a detailed analysis of the production efficiency of weakly bound heteronuclear 40K87Rb Fesh-
bach molecules using radio-frequency association in a harmonic trap. The efficiency was measured in a wide
range of temperatures, binding energies, and radio frequencies. A comprehensive analytical model is presented,
explaining the observed asymmetric spectra and achieving good quantitative agreement with the measured
production rates. This model provides a deep understanding of the molecule association process and paves the
way for future experiments which rely on Feshbach molecules, e.g., for the production of deeply bound
molecules.
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The creation and investigation of ultracold, trapped,
deeply bound molecules has been a major research goal for a
number of years. In particular polar molecules with long
range dipolar interaction �1� offer a number of fascinating
experimental avenues such as the investigation of quantum
phases �2�, methods for quantum computation �3�, or preci-
sion measurements of fundamental constants �4�. Recently, a
number of approaches have made significant progress toward
that goal. Polar molecules have been slowed down and
trapped using Stark deceleration in spatially modulated elec-
tric fields �5–7�. Other approaches are provided by cooling
ground state molecules with a buffer gas �8� and by photo-
association in magneto-optical traps, where the lowest vibra-
tional level in ultracold K2 �9�, KRb �10�, RbCs �11�, Cs2
�12�, and LiCs �13� has been reached. However, these ap-
proaches only offer limited state control or temperatures in
the mK regime. On the other hand, the understanding and
control of interactions in ultracold gases has made dramatic
progress in the past few years. The cooling procedure for two
atomic species as well as the heteronuclear interaction poten-
tials have been studied in detail �14–17�, especially in the
case of 40K and 87Rb mixtures �18–21�. This development
now allows for the association of weakly bound hetero-
nuclear molecules in well-defined quantum states using mag-
netically tunable Feshbach resonances �22–24�. A detailed
understanding of the association process of these molecules
is of central importance. These Feshbach molecules provide
an ideal starting point for a further transfer into deeply bound
states �25–27�. Recently, the deexcitation of these molecules
to the rovibrational ground state has also been demonstrated
�28�.

So far, the association of homonuclear molecules has been
described with a semiclassical numerical model �29�, which
does not predict absolute conversion rates. The model as-
sumes adiabatic conversion of selected atom pairs to mol-
ecules. It has also been applied to heteronuclear mixtures
�23,24�. However, in this case the approach is only valid if
the conversion speed is small enough to assure adiabaticity,
while it has to be large enough such that the atom pairs do
not drift apart. Further theoretical studies focus on the use of
modulated magnetic fields for the production of molecules
�30,31�.

In this Rapid Communication, we present a complemen-

tary analytical model for radio-frequency association which
yields absolute molecular production rates. The model is
compared to radio-frequency association spectra obtained in
an ultracold mixture of 87Rb and 40K atoms. Experimentally
a radio-frequency pulse is used to transfer nonresonant atoms
�Rb �F=1, mF=1� and K � 9

2 ,− 7
2 �� to a Feshbach resonant

state �Rb �1,1� and K � 9
2 ,− 7

2 ��, which is mixed with a molecu-
lar level �inset of Fig. 1�. Our model explains the measured
asymmetric molecular association spectra depending on the
energy distribution of the atoms in the trap and thus provides
a deep understanding of the molecule association process.

In our approach, the number of molecules is calculated by
time-dependent perturbation theory assuming a Gaussian
time dependence of the coupling term. The treatment is
analogous to the derivation of Fermi’s golden rule, which has
successfully been used to describe radio-frequency dissocia-
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FIG. 1. �Color online� Number of associated molecules versus
radio frequency for various binding energies. The solid lines show
the theoretical model. All measurements were taken at a tempera-
ture of 730 nK. The duration of the radio-frequency pulses is indi-
cated in the legend. The inset illustrates the association process
including the relevant energies and the wave functions of the mol-
ecule and atom pair �not shown to scale�.
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tion �32,33�. In the case of radio-frequency association, the
number of colliding pairs per energy interval h��r� has to be
included, where �r is the energy of the relative motion. In the
limit of small depletion, the perturbative approach for short
radio frequency pulses with a Gaussian shaped amplitude
�1 /e2 half-width �� yields the number of molecules.

Nmol =
�

2
�2�2�

0

�

h��r�e−�Erf − Eb − E0 − �r�
2�2/�2

Ff��r�d�r.

�1�

Here, Erf =h� is the energy corresponding to the radio fre-
quency � and � is the Rabi frequency of the atomic transi-
tion with energy E0 �see inset of Fig. 1�. Eb denotes the
molecular binding energy and

Ff��r� = �� 	
�r

* �r�
m�r�dr�2

�2�

is the Franck-Condon factor between the wave function
	�r

�r� of the colliding atom pair in the state Rb �1,1� and K
� 9
2 ,− 7

2 � and the bound molecular wave function 
m�r� in the
state Rb �1,1� and K � 9

2 ,− 9
2 �.

To evaluate Eq. �1�, we start with the occupation density
h��r� by considering the distributions of the two atomic spe-
cies in the harmonic trap. The Hamiltonian of two noninter-
acting atoms a and b describes two uncoupled three-
dimensional harmonic oscillators

H1 =
pa

2

2ma
+

ma

2 	
i

�a,i
2 xa,i

2 +
pb

2

2mb
+

mb

2 	
i

�b,i
2 xb,i

2 , �3�

where pa/b denotes the momenta of the atoms, xa/b,i the ith
component of their positions, ma/b their masses, and 1

2��a/b,i
the ith component of their trapping frequencies. One can
introduce center-of-mass coordinates as usually done in free
space, where r, p, and � describe position, momentum, and
mass of the relative motion and R, P, and M the motion of
the center of mass �31�.

The Hamiltonian then reads

H2 =
P2

2M
+

M

2 	
i

�̄i
2Ri

2 +
p2

2�
+

�

2 	
i

�̄i
2ri

2 + Hc, �4�

where �̄i= ��a,i�b,i�1/2 is the mean trapping frequency. This
Hamiltonian again contains two harmonic oscillators, one for
the relative and one for the collective motion. The residual
term Hc couples relative and collective motion and is propor-
tional to ��a,i−�b,i�. If the trapping frequencies are similar,
this coupling is small and will be neglected for the molecule
production on short time scales.

The number of atoms per state and energy interval at en-
ergy � in a single-atom harmonic oscillator is assumed to be
Maxwell-Boltzmann distributed in the thermodynamic limit

f���=N
�3�1�2�3

�kBT�3 exp�−� / �kBT��. Therefore the number of pos-
sible atom pairs per state and total energy interval �t=�a
+�b is simply the product of the two single occupation den-
sities fp��t�=NaNb� ��̃

kBT �6 exp�−�t / �kBT��, where �̃= �
i�̄i�1/3.
Since the two Hamiltonians H1 and H2 describe the same
system, degenerate states in the two-atoms-representation

have to map the corresponding degenerate eigenstates in the
atom-pair-representation homogeneously. Thus the number
of pairs per state fp��t� has to be equal for the two represen-
tations. In order to obtain the total number per energy, the
density of states has to be included, which is the product of
the density of states of the relative and the collective motion.
The three-dimensional harmonic oscillator of the center-of-

mass motion has a density of states gcm��cm�=
�cm

2

2���̃�3 . Only
atom pairs colliding with vanishing angular momentum con-
tribute to the formation of s-wave Feshbach molecules.
Therefore the density of s-wave states per relative kinetic
energy is given by gr��r�= 1

2��̃
.

For the molecule production, only the energy of the rela-
tive motion �r is relevant, since the molecule follows the
same center-of-mass motion as the atom pair. The number of
molecules per energy in the relative motion can be calculated
by integrating over all possible center-of-mass energy states.

h��r� = �
0

�

gcm��cm�gr��r�fp��r + �cm�d�cm

= NaNb
���̃�2

2�kBT�3e−�r/kBT. �5�

For the complete evaluation of Eq. �1�, we now evaluate
the Franck-Condon factor Ff��r�. In the case of small inter-
atomic distance, the wave function of the atom pair in the
harmonic trap 	

�r

* matches the wave function of an un-

trapped atom pair except for a factor of ��̃ for correct nor-
malization. To calculate the Franck-Condon factor, it is cru-
cial to include the scattering length of the colliding atom pair
a�, since the molecule production probes the innermost part
of the scattering wave function. Nevertheless, it is valid to
neglect the influence of the scattering length on the energy
distribution at the relevant densities. Hence we adopt the
Franck-Condon factor from Ref. �33�.

Ff��r� = ��̃
�Eb�
2

�
�1 −

a�

a
�2 
�r


EbEb�

��r + Eb�2��r + Eb��
, �6�

where Eb is the binding energy of the formed molecule and
according to Ref. �33�, a and Eb� are defined implicitly by

Eb �
�2

2�a2 , Eb� �
�2

2�a�2 . �7�

The factor 
�Eb� reflects that the molecular wave function
consists of two parts, the closed channel and the open chan-
nel fraction. Only the latter contributes significantly to the
Franck-Condon factor. It can be approximated �24� by

�Eb�=1− �1 /����Eb /�B, where B denotes the magnetic
field and �� is the difference in magnetic moment of the
molecular and the atomic state. In the vicinity of the Fesh-
bach resonance �sgn�abg�

�B
B−B0

�1�, Eb can be approximated
using Eq. �7� and the scattering length

a�B� = abg�1 − �B/�B − B0�� . �8�

Here, abg denotes the background scattering length, and B0
and �B are the position and the width of the resonance. In
total, one obtains
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�Eb� = 1 −
�2k2

���B�abg
�1 + kabg�2, �9�

where k2=Eb /2�.
Now, all parts of Eq. �1� are derived. In the following, we

directly fit the theoretical prediction to our experimental
data, allowing only two free parameters: The binding energy
Eb and a scale factor �, which is a linear prefactor to quantify
deviations from our model. For the atom pair scattering
length, the values abg=9.88 nm, a�=9.10 nm, and ��
=2.32 �B are adopted from a coupled channel calculation
�21,34�.

We used the following experimental sequence to produce
heteronuclear 40K87Rb molecules close to a Feshbach reso-
nance located at 547 G and to measure their production ef-
ficiency. First, a mixture of 2�106 40K atoms and 1�106

87Rb atoms at a temperature of 2 �K is prepared in a crossed
beam optical dipole trap at a wavelength of 1064 nm. We
employ rapid adiabatic passages to transfer the 87Rb atoms to
the �1,1� state and the 40K atoms to the �9 /2,−7 /2� state at
homogeneous magnetic fields of 10 and 20 G. Then the mag-
netic field is increased to values below the Feshbach reso-
nance. The sum of magnetic field noise, field inhomogeneity,
and shot-to-shot fluctuations is less than 16 mG, accom-
plished by a mechanical transport to the geometric center of
the Feshbach coils �35�. The power of the dipole trap is
lowered to mean trapping frequencies of 244 Hz �335 Hz�
for 87Rb �40K�, yielding samples of 5�105 40K atoms and
2.5�105 87Rb atoms at a temperature of 730 nK. Finally, we
apply a Gaussian-shaped radio-frequency pulse with a width
of �=12.5–31.25 �s and a peak atomic Rabi frequency of
�=2�45 kHz to produce up to 5�104 weakly bound mol-
ecules �see inset of Fig. 1�. The duration of the radio-
frequency pulse is chosen short enough to ensure that the
production efficiency is still in the linear regime, i.e., the loss
of molecules due to interaction with residual atoms can be
neglected �36�.

Immediately after the molecule association, the trapping
potential is switched off and the number of associated mol-
ecules is measured directly using resonant light for 40K at-
oms in the state �9 /2,−9 /2� after 2 ms of ballistic expansion
�24�. In two subsequent absorption images, we measure the
remaining number of 40K and 87Rb atoms in the states
�9 /2,−7 /2� and �1,1�.

In a first set of experiments, we have studied the effi-
ciency of molecule production for six magnetic fields be-
tween 545.73 and 546.19 G. For each magnetic field, the
atomic transition frequency of the 40K atoms was measured
as a reference for the association spectra. Figure 1 shows the
absolute number of KRb molecules versus radio-frequency
detuning for various magnetic fields. The asymmetry of the
association spectra is clearly visible and reflects the relative
kinetic energy distribution of the associated atom pairs. The
shape of the spectra is very well reproduced by the model
described above, where only the binding energy Eb and the
scale factor � were used as fit parameters.

In Fig. 2, the extracted binding energies and molecule
production rates are plotted as a function of the magnetic
field strength. A fit of Eq. �7� to the data yields B0

=546.618�6� G �calibration uncertainty 5 mG� for the posi-
tion and �B=3.04�2� G for the width of the resonance. This
combination of experimental measurement and theoretical
analysis represents the most precise characterization to date
of a heteronuclear resonance in an optical dipole trap. Our
results are consistent with Ref. �37�. The width of the reso-
nance enters the model through Eq. �9� and a self-consistent
description was obtained by iteration.

Figure 3�a� shows the results for � which represents the
total deviation from the theoretical model. It shows that this
model quantitatively predicts the heteronuclear molecule
yield with good accuracy. The comparably small overall de-
viation by a factor of 2 is primarily caused by collisional
relaxation, which leads to a loss of molecules during the
expansion time �36�. In addition, the molecule production
rate drops for small binding energies close to the Feshbach
resonance, since the collisional relaxation is further ampli-
fied by the resonantly enhanced scattering length.

In a second set of experiments, we have investigated the
dependence of the molecule production on the temperature
of the atomic mixture. By lowering the intensity of the two
trapping beams, 40K 87Rb mixtures in a temperature range
from 1.1 �K down to 250 nK with corresponding mean trap-
ping frequencies of 240–170 Hz �340–230 Hz� for 87Rb
�40K� were produced. The association spectra are shown in
Fig. 4 with theoretical fits to the data, again using only bind-
ing energy Eb and the scale factor � as free parameters. Once
more, the theoretical distribution functions match the experi-
mental findings very well. Since the magnetic field is kept

FIG. 2. �Color online� The molecular binding energies as a func-
tion of magnetic field are shown in the top frame. A value of B0

=546.618�6� G is obtained for the position of the resonance �dotted
line�. The bottom shows the obtained number of molecules per
pulse length.

FIG. 3. �Color online� Scale factor versus binding energy �a�
and temperature �b�. The solid lines are guides to the eye.
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constant at 545.994 G, the resulting binding energies of all
independent fits yield a value of 127.6�6� kHz, as expected.
Figure 3�b� shows the scale factor � as a function of tem-
perature. It drops slowly with decreasing temperature, since
the different quantum statistics of the two species start to
play a growing role. While the bosons accumulate in the
lowest energy levels, the fermions obey the Pauli principle.
This yields a smaller overlap between the clouds and thus a
smaller molecule production efficiency. Additionally, the in-

ternuclear interaction has been neglected in the occupation
densities of the atomic clouds. This repulsive interaction
leads to smaller effective trapping frequencies and accord-
ingly to a smaller molecule yield.

In conclusion, we have measured the production effi-
ciency of heteronuclear Feshbach molecules in a wide pa-
rameter range of temperatures, binding energies, and radio
frequencies. A comprehensive analytical model is shown to
provide a detailed understanding of the observed spectra and
a good quantitative estimate of the absolute production rates.
It is of particular relevance for ongoing experiments with
heteronuclear Fermi-Fermi mixtures �16,17�. This work thus
paves the way for further experiments using heteronuclear
molecules as a starting point for the production of ultracold
polar samples. It will be especially interesting to include the
influence of quantum statistics in the model. A numerical
approach will be the subject of future work.

Note added. Recently, we have become aware of a
complementary work with a bosonic heteronuclear mixture
of 41K and 87Rb �38�.

We acknowledge support from the Centre for Quantum
Engineering and Space-Time Research QUEST and from the
Deutsche Forschungsgemeinschaft �SFB 407, European
Graduate College Interference and Quantum Applications�.

�1� L. Santos, G. V. Shlyapnikov, P. Zoller, and M. Lewenstein,
Phys. Rev. Lett. 85, 1791 �2000�.

�2� K. Góral, L. Santos, and M. Lewenstein, Phys. Rev. Lett. 88,
170406 �2002�.

�3� D. DeMille, Phys. Rev. Lett. 88, 067901 �2002�.
�4� E. R. Hudson, H. J. Lewandowski, B. C. Sawyer, and J. Ye,

Phys. Rev. Lett. 96, 143004 �2006�.
�5� F. M. H. Crompvoets, H. L. Bethlem, R. T. Jongma, and G.

Meijer, Nature �London� 411, 174 �2001�.
�6� B. C. Sawyer et al., Phys. Rev. Lett. 98, 253002 �2007�.
�7� O. Bucicov et al., Eur. Phys. J. D 46, 463 �2008�.
�8� J. D. Weinstein et al., Nature �London� 395, 148 �1998�.
�9� A. N. Nikolov et al., Phys. Rev. Lett. 84, 246 �2000�.

�10� M. W. Mancini, G. D. Telles, A. R. L. Caires, V. S. Bagnato,
and L. G. Marcassa, Phys. Rev. Lett. 92, 133203 �2004�.

�11� J. M. Sage, S. Sainis, T. Bergeman, and D. DeMille, Phys. Rev.
Lett. 94, 203001 �2005�.

�12� M. Viteau et al., Science 321, 232 �2008�.
�13� J. Deiglmayr et al., Phys. Rev. Lett. 101, 133004 �2008�.
�14� C. A. Stan, M. W. Zwierlein, C. H. Schunck, S. M. F. Raupach,

and W. Ketterle, Phys. Rev. Lett. 93, 143001 �2004�.
�15� A. Simoni et al., Phys. Rev. A 77, 052705 �2008�.
�16� M. Taglieber, A. C. Voigt, T. Aoki, T. W. Hansch, and K.

Dieckmann, Phys. Rev. Lett. 100, 010401 �2008�.
�17� E. Wille et al., Phys. Rev. Lett. 100, 053201 �2008�.

�18� S. Inouye et al., Phys. Rev. Lett. 93, 183201 �2004�.
�19� F. Ferlaino et al., Phys. Rev. A 73, 040702 �R� �2006�.
�20� S. Ospelkaus, C. Ospelkaus, L. Humbert, K. Sengstock, and K.

Bongs, Phys. Rev. Lett. 97, 120403 �2006�.
�21� C. Klempt et al., Phys. Rev. A 76, 020701�R� �2007�.
�22� C. Ospelkaus et al., Phys. Rev. Lett. 97, 120402 �2006�.
�23� S. B. Papp and C. E. Wieman, Phys. Rev. Lett. 97, 180404

�2006�.
�24� J. J. Zirbel et al., Phys. Rev. A 78, 013416 �2008�.
�25� K. Winkler et al., Phys. Rev. Lett. 98, 043201 �2007�.
�26� S. Ospelkaus et al., Nat. Phys. 4, 622 �2008�.
�27� J. G. Danzl et al., Science 321, 1062 �2008�.
�28� K.-K. Ni et al., Science 322, 231 �2008�.
�29� E. Hodby et al., Phys. Rev. Lett. 94, 120402 �2005�.
�30� T. M. Hanna, T. Köhler, and K. Burnett, Phys. Rev. A 75,

013606 �2007�.
�31� J. F. Bertelsen and K. Molmer, Phys. Rev. A 76, 043615

�2007�.
�32� C. Chin et al., Science 305, 1128 �2004�.
�33� C. Chin and P. S. Julienne, Phys. Rev. A 71, 012713 �2005�.
�34� A. Pashov et al., Phys. Rev. A 76, 022511 �2007�.
�35� C. Klempt et al., Eur. Phys. J. D 48, 121 �2008�.
�36� J. J. Zirbel et al., Phys. Rev. Lett. 100, 143201 �2008�.
�37� F. Deuretzbacher et al., Phys. Rev. A 77, 032726 �2008�.
�38� C. Weber et al., Phys. Rev. A �to be published�.

n
u

m
b

er
of

m
ol

ec
u

le
s

FIG. 4. �Color online� Number of associated molecules versus
radio frequency for various temperatures. The solid lines show the
theoretical model. All measurements were taken at a fixed magnetic
field of 545.994 G.
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