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Observation of Ultracold Ground-State Heteronuclear Molecules
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We report the observation of translationally ultracold heteronuclear ground-state molecules in a two-
species magneto-optical trap containing 39K and 85Rb atoms. The KRb molecules are produced via
photoassociation and detected by multiphoton ionization. We had characterized their temperature and
measured their formation rate constant. We believe that the two-species trap could be used as a reliable
source of ultracold molecules to be captured by electrostatic, magnetic, or optical traps. This possibility
will certainly motivate further investigation of quantum collective effects as well as high-resolution
spectroscopy of the rovibrational level structure of cold heteronuclear molecular systems.
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in trap loss collision experiments [15,16] and also in
elastic scattering yielding interspecies scattering lengths

waists leading to maximum peak densities of about 2�
109 cm�3 for K, and 3� 1010 cm�3 for Rb. The overlap
Ultracold molecules stands in a strategic position at the
intersection of several powerful themes of research in
atomic and molecular physics [1]. Recently, ultracold
homonuclear alkali metal dimers formed in magneto-
optical traps (MOTs) [2–5] have emerged as reliable
sources of ultracold molecules. More recently, alternative
decelerating schemes based on mechanical effects asso-
ciated with the electric or magnetic dipole moments were
proposed, extending the ability to trap and manipulate
molecules [6–9] at very low temperatures.

The understanding of the molecular formation chan-
nels within a sample of cold and trapped atoms allows for
the precise determination of the scattering length, whose
values are important for evaluating the stability of the
Bose-Einstein condensates (BECs) of alkali metal atoms
[10]. They allow for controlling the formation of homo-
nuclear ultracold ground-state molecules as well as its
capture into optical and magnetic traps [5–9]. Ultracold
molecules should prove to be useful in spectroscopy and
the study of molecular structure, especially in ultrahigh
resolution spectroscopy, which requires cold and trapped
samples. Another especially promising area will be the
study of collisions between ultracold molecules, in a
regime where they behave like waves, perhaps giving
rise to a new chemistry [11]. They may also allow for
the study of collective quantum effects in molecular
systems, including BEC [12]. Just as the laser cooling
and trapping of neutral atoms a few years ago [1], the
cooling and manipulation of cold molecules is likely
opening up new branches of research. Finally, there are
proposed experiments to study polar molecular systems
in order to measure the electron’s permanent electric di-
pole moment (EDM), the lifetime of long-lived energy
levels, the effects of the dipole-dipole interactions on the
molecular samples properties, etc. [13].

The investigation of samples containing two different
atomic species in the cold regime has already reached the
broad interest [14–16]. The KRb system has been explored
0031-9007=04=92(13)=133203(4)$22.50 
by measurements of the collisional rate between
41K–87Rb and 40K–87Rb [17]. Recently, the sympathetic
cooling of these mixtures has lead to the achievement
simultaneous quantum degeneracy of bosonic and fermi-
onic species, producing BEC and Fermi-Bose mixtures
[17,18]. Because of its mass and strong long-range dis-
persion coefficients, C6, compared to the other hetero-
nuclear alkali metal diatomic systems [19,20], KRb has
very favorable Franck-Condon factors for the photoasso-
ciation spectroscopy [19,20].

In this work, translationally ultracold ground-state
KRb molecules were produced by photoassociation,
caused only by the rubidium trap laser beams, in a two-
species MOT containing 85Rb and 39K atoms. The mole-
cule formation starts with a pair of free ground-state
atoms. After the quasiresonant absorption of a rubidium
trap laser photon, the pair is promoted to a few rovibra-
tional levels of one or more potentials correlating with
an asymptote of one excited-state and one ground-state
atom. In the next step, a small fraction of the photo-
excited heteronuclear molecules spontaneously decay to
bound levels of the ground-state singlet or triplet po-
tentials correlating to a two free ground-state atoms,
remaining translationally cold. The K�–Rb potentials,
accessed by the K MOT trap laser beams, shall not play
a role here because they present only repulsive long-range
asymptotes.

Our MOT operates in a stainless chamber vapor
cell with a background pressure below 10�8 torr. Two
Ti:sapphire laser systems (Coherent 899-21) provide the
laser beams for trapping Rb (780 nm) and K (766 nm).
Electro-optical modulators (EOM) generate the repump-
ing frequencies needed for the regular MOT operation.
A single pair of coils, set up in anti-Helmholtz configu-
ration, is used to generate the magnetic field gradients for
trapping both samples. In typical experimental conditions
the K and Rb samples are both loaded with an average of
107 atoms, presenting Gaussian spatial distributions with
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FIG. 1. (a) Experiment time sequence (not in scale) used to
produce and detect the KRb molecules. (b) Time-of-flight
spectrum showing the formation of heteronuclear molecules.
The ratio between the TOF peaks due to KRb�, Rb�2 , and K�

2
observed agrees with those based on the mass ratios (time shifts
of 
6%).
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between the samples is verified by monitoring the relative
position of the atomic clouds by two CCD cameras.
The number of trapped atoms is measured by calibrated
photomultiplier tubes (PMTs). Further details about spe-
cific aspects of our experimental setup can be found
elsewhere [15].

The KRb, K2, and Rb2 dimers formed into our MOT
are detected by mass spectrometry using a channel elec-
tron multiplier (channeltron), after being photoionized.
A pulsed dye laser (Continuum, Jaguar) pumped by the
second harmonic of a Nd-doped yttrium aluminum
garnet (Nd:YAG) laser (Continuum, Surelite I: 5 ns,
20 Hz repetition rate, 1:2 mJ=pulse), operating around
602:6 nm, provide the molecular ionization. This wave-
length is near resonant with two-photon transitions con-
necting the ground-state atoms to the Rb (16D) and K
(8D) atomic states. It was experimentally determined by
scanning the pulsed dye laser between 600 and 610 nm,
and it was optimized to produce the highest KRb� (time-
of-flight) peak possible. This spectral region corresponds
to the rubidium diffuse band, and it was studied earlier in
light induced fluorescence experiments [21,22] and, more
recently, it was used to detect ultracold Rb2 dimers [3].

The experiment runs as follows: an external pulse
delay generator (SRS, DG 535) provides the master clock
and controls the switch on/off of all the lasers. The first
step is to turn off the EOMs, which means switch off all
the repumping frequencies. Then, another pulse with a
controllable delay follows to the Nd:YAG laser triggering
the ionizing laser shot. A fast photodiode detects the
ionizing laser pulse for deriving the needed trigger for
the time of flight (TOF). Furthermore, it is important to
note that the ionizing laser illuminates the overlapped
atomic clouds only after the MOT switch off with the
shortest delay of about 200 �s, assuring that all the atoms
and produced molecules are in their ground states. We
have tried several different MOT switch off cycles, from
two to 10 ms, to improve the TOF signal-to-noise ratio.
The time sequence representing the experiment is shown
in Fig. 1(a).

In Fig. 1(b) we present a typical TOF spectrum where
the peaks due to K�

2 , KRb�, and Rb�2 are very clear. The
ratio between the TOF peaks due to KRb� (tKRb), Rb�2
(tRb2), and K�

2 (tK2
) are in agreement with those based on

the mass ratios (e.g., tKRb=tRb2 /
������������������������
mKRb=mRb2

q
’ 0:854).

We have also checked that the peak due to KRb molecules
fully depends on the existence of both K and Rb cold
atomic samples. If one of the traps is not loaded, the
KRb� peak does not appear in the TOF spectrum, assur-
ing that the heteronuclear molecules are produced only by
cold atoms inside the MOT. It is important to mention that
the long time shoulder appearing in the Rb�2 (� from 22
to 25 �s) is due to the Rb MOT spatial shape, which
means that the Rb atomic cloud was elongated in the
direction of the ionizing laser pathway. We checked that
the signal due to the hot molecular ions formed in the
133203-2
background vapor, as well as the atomic ions (hot and
cold), is on the order of the measurement noise. We
observed that the KRb� ion signal, shown in Fig. 1(b),
strongly depends on the good overlap between the two
atomic clouds and the ionizing laser beam. The transla-
tional temperature of the K2, KRb, and Rb2 molecules
were measured by detecting the molecular ions as a
function of the delay between the ionizing laser pulse
and the trapping lasers switching off. A simple Monte
Carlo numerical simulation allowed us to fit the time
evolution of the molecular signal to determine the mole-
cules’ temperature. We found average temperatures of
about 150 �K for KRb, 90 �K for Rb2, and 250 �K for
K2 respectively, in good agreement with earlier published
results [3–5]. The molecular temperatures found here
are in agreement with the cold atomic samples from
where they are produced, e.g., T�Rb	 ’ 180 �K. We
checked that the MOT coils do not play a role for the
measured temperatures.

In Fig. 2 we present a diagram illustrating the proposed
formation and detection mechanisms for the produced
ground-state heteronuclear KRb ultracold molecules.
The best potential energy curves found in the litera-
ture [23,24] for the molecular KRb were used in Fig. 2.
To a good approximation, the whole process can be
133203-2



P H Y S I C A L R E V I E W L E T T E R S week ending
2 APRIL 2004VOLUME 92, NUMBER 13
represented by the following equations:
K �4S1=2	 � Rb�5S1=2	 � "!Rb ! K�4S1=2	 � Rb�5P3=2	 ! KRb���	; KRb��1;3�	 � "!spont ! KRb�1;3!�	; (1)
KRb�1;3!�	 � 2"!p ! KRb� � e�: (2)

The molecule formation starts with a pair of ground/
excited atoms, attracted one to each other by dispersive
long-range, van der Waals, forces represented by a
�C6R

�6 interaction, undergoing quasiresonant absorp-
tion of a rubidium trap laser photon, !Rb; KRb���	
represents the excited molecular Hund’s case (c) poten-
tials with bound levels populated at long-range by the Rb
trap laser photons in the step 1 (Fig. 2), and KRb��1;3�	
are the short-range excited molecular Hund’s case (a)
potentials (1;3") connected to KRb���	 potentials [25].
In the next step, a fraction of the photoexcited hetero-
nuclear molecules spontaneously decays to bound levels
of the ground-state molecular potentials KRb (X1!� and
a3!�) after emitting a photon with frequency !spont, step
2 (Fig. 2). Furthermore, the spontaneous decay rate may
be enhanced by resonant coupling between two different
potential curves of same symmetry, as suggested for the
homonuclear case [26]. The detection process is a two-
photon transition promoting the ground-state KRb mole-
cules to a distribution of bound levels of the KRb�

ground-state potential (steps three and 4, Fig. 2), asymp-
totically correlated to the K�4S	 � Rb� � e� dissocia-
tion limit. It is represented by Eq. (2), where !p is the
frequency of the ionizing pulsed dye laser. The produced
KRb� molecules are stable until reaching the channel-
tron. If they dissociate [KRb� ! K�4S	 � Rb�] before
reaching the detector, the TOF spectrum will be different
than that shown in Fig. 1(b).

The KRb triplet ground state, a3!�, presents a very
shallow well with a longer range minimum compared to
the singlet state, X1!�, indicating that its bound levels
may be populated, contributing to the molecular signal
observed. Note that the two atoms of different species
interact via shorter range van der Waals forces when
10 20 30 40 50 60
-0.4

-0.2

0.0

10

20

30

40

4

3

2

1

KRb+

39K(4S
1/2

) + 85Rb+ + e−

39K(4S
1/2

) + 85Rb(5P
3/2

)

39K(4S
1/2

) + 85Rb(5S
1/2

)

1Π 3Π

X1Σ+

a3Σ+

V
 (

x1
03 cm

−1
)

R (a
0
)

FIG. 2. Molecular formation channel proposed for the KRb
ultracold molecules and the detection channel.

133203-3
compared to the homonuclear dipole-dipole interaction,
�C3=R

3. Thus, in general, the wave function overlap
between the initial free-atom ground state and the excited
molecular bound state is significantly smaller than in a
homonuclear system for a given excited-state binding
energy. An important consequence of this short-range
character of the excited molecular states is larger
Franck-Condon decay factors to deeper bound vibrational
levels of the singlet ground state, X1!�. It is important to
mention that we are not able to distinguish between the
molecules formed in ground singlet and/or triplet states.
Finally, the potential energy curves of the electronic
molecular states dissociating at the asymptotic limit
K�4P3=2	 � Rb�5S1=2	 are all repulsive at long-range
[19,20], hence they are not expected to contribute to the
detected KRb molecular signal.

We have also checked the KRb� molecular ion signal
dependence on the square of the dye laser energy, as
shown in Fig. 3(a). It allows one to conclude that the
ionization step proceeds via a two-photon transition
from the molecular ground state, in agreement with the
diagram shown in Fig. 2. In Fig. 3(b), we show the KRb�

molecular ion signal as a function of Rb MOT density for
two different densities of K trap. From the linear depen-
dence observed in the plot, we concluded that the KRb�

ion signal is proportional to the product of the MOT
atomic densities as proposed below, also in agreement
with the mechanism proposed in Fig. 2.

The KRb� molecule formation may be characterized
by the following rate equation: d�KRb�=dt�K0nKnRb �
Voverlap, where d�KRb�=dt represents the molecular ion
signal rate, Voverlap is the intersection volume between the
K and Rb MOTs, nK, and nRb are the atomic densities of
the K and Rb cold samples, respectively, and K0 is the
KRb� formation rate constant. We estimate the KRb for-
mation rate constant to be on the order of 10�11 cm3=s. To
obtain this value we have assumed that, at the best ex-
perimental conditions, around 100 molecules=pulse are
detected. This assumption is based on the characteristic
time and amplitude response of our channeltron observed
for a single molecular ion. Assuming a 50% total detec-
tion efficiency and that the ultracold molecules stay in the
trap region for a characteristic time of about 2 ms [27] we
find a molecular formation rate of about 105 molecules=s
which leads to a formation rate constant, K0 � 8�
10�12 cm3=s. Comparing this value to recent theoretical
predictions [28], a very good agreement is obtained. We
are building a new experimental setup in order to perform
photoassociative spectroscopy of the KRb to determine
and explore the rovibrational levels populated during the
molecule formation.

In conclusion, we have observed the formation of
heteronuclear ultracold ground-state molecules in a
133203-3
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FIG. 3. (a) Ion signal as a function of the pulsed dye laser
energy. The quadratic behavior with the pulsed laser energy
(dotted line fit) assures the molecular ionization by two-photon
transitions. (b) TOF peak value of the KRb� molecular ion
yield as a function of the Rb MOT density, for two different K
MOT densities: 1:7� 1010 cm�3 (full up triangles), and 1:2�
1010 cm�3 (hollow up triangles). The lines are fits assuming the
linear dependence on the Rb MOT density, in good agreement
with the experimental data.
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two-species MOT using pulsed multiphoton ionization.
We have characterized their temperature and proposed a
reasonable molecule formation scheme based on the pho-
toassociation of a pair of cold Rb and K atoms. This
possible channel is in agreement with the observed den-
sity and the light intensity dependences of the molecular
ion signal. The rate constant for the formation of the
ultracold molecules was determined, and we hope this
work will stimulate additional experimental and theoreti-
cal efforts in this way. Because of the relatively high
molecule formation rate, we believe that the two-species
MOT may provide a continuous source of ultracold mole-
cules to be trapped and manipulated by electrostatic,
magnetic, or optical traps. We also believe it will soon
be useful in spectroscopic studies as well as in the pro-
duction of molecular quantum gases [12].
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