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We report on the formation of translationally cold NaCs molecules starting from a laser-cooled atomic vapor
of Na and Cs atoms. Colliding atoms are transferred into bound molecular states in a two-step photoactivated
process in which the atoms are first photoassociated by trap photons into an excited state molecular complex
and then allowed to decay into a bound molecular ground state. Time-of-flight measurements show a transla-
tional temperaturd=260+130uK that reflects the measured temperature of the initial atomic gas.
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Laser cooling of atoms has enabled spectacular advance- The details of the MOTs have been described elsewhere

ments in physics. Unfortunately, it has not been generalize8]. The trap light intensities for Na and Cs atel3 and

to even simple molecules as the complex molecular levek-25 mwW/cnf, respectively, with repumping intensities
structure does not offer the needed cycling transitions. Theoughly 10% of the trap-light intensities. For N&s), we
creation of microKelvin molecular samples has thereforerap  on the 8,(F=2)—3Ps,(F=3) [6S,,(F=4)
been a significant but elusive goal. In recent years, several, gp_ (F=5)] transition and repump on theSg,(F=1)
molecular cooling schemes such as buffer-gas codlijg _ 3p AF=2) [6S,,(F=3)—6P3,(F=4)] transition. The
Stark deceleratioif?], collisional deceleratioii3], and tem- magngetic field gradient is-11 G?cm Typically, 5< 10° Na
perature selectiofd] have produced electronic ground-stateatoms at 220+8QuK and 2x 10 Cs atoms at 210+8@K

molecules in the milliKelvin regime. Using a different ap- .
proach, several groups have created microKelvin groun@'® confined—these are modest traps. Charged coupled de-

state homonuclear molecules via photoassociation of lasetiC€ imaging verifies the three-dimensional overlap of Na
cooled atom$5-7]. In related work, heteronuclear molecules @nd Cs. The overlap is optimized by changing the alignment
have been photoassociati}9], but only into electronically While monitoring the rate of NaCsions produced via a
excited states. known photoassociative ionization reaction charil An

Among cold heteronuclear molecules, polar molecules are
of particular interest. Large induced dipole moments may / NaGe”
enable creation of exotic coupled molecular compleX&}
and precision tests of theofil1]. They are also ideal sys- 1
tems for electron dipole moment searcliég] and are in 20 <
demand as qubits for quantum computgr8]. Furthermore, \\ 3 I
following recent realizations of molecular Bose-Einstein \\‘ 4% Na{3PRCsG)
condensatioril4], the opportunity to create a polar conden- 15 \\Y 3
sate[15] is exciting. Here we report on the formation of 4's
ultracold NaCs molecules in their electronic ground state. A
Our approach is based on photoassociatih) [16] of cold
atoms by an optical trap and shows a production rate similar
to that of trapped-atom homonuclear alkali experiments
[5-7].

Our experiments start with cesiuf@s) and sodiumNa)
atoms confined in overlapping magneto-optical trap®Ts)

[17]. We choose this approach for several reasons. First, the \
successful experimentg5—7] on homonuclear molecules

have shown, that starting from atoms stored in and photoas-
sociated by a MOT is the simplest way of forming ultracold
homonuclear dimers. Second, NaCs has the largest measured
dipole moment among all of the diatomic alkali molecules -5 w w w ' '
[18] and third, our previous studies have shown that cold Na 2 4 6 8 10 12 60
and Cs have a substantial cross section for photoassociation Internuclear Separation (A)
into excited-state NaCs moleculgs.

Our experiments all follow the same pathw@yg. 1). Na FIG. 1. Energy level diagram for a typical molecule formation
and Cs atoms held in a single MOT are photoassociated bynd detection process. Atoms are photoassociated into a bound mo-
trap photons into bound, excited molecular states. Theskcular state by a trap phot@tPA” in the figure). The excited state
molecules decay into their electronic ground state via sponmolecule is allowed to decay to its electronic ground state via spon-
taneous emission. They are then detected by resonantly efmneous emission, and is then ionized and detected. The potentials
hanced multiphoton ionizatio(REMPI) and are identified shown areab initio calculations from Ref[19] and neglect fine
by time-of-flight mass spectrometry. structure.
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accelerating grid ion-optic and a channel electron multiplier N N . P
(CEM) form the ion detection system. INa Cs * +NaCs Cs§ *

Given a Na and a Cs atom approaching each other, pho- Na-MOT
toassociation occurs when either atom absorbs a trap photon |

(see Fig. 1 Previous studies by our group have shoj@h

that absorption of either a Na or a Cs trap photon can readily
photoassociate the two atoms into an excited-state NaCs
molecule. For a Cs trap photon, the input states are the long
range Hund's caséc) states(l, 2, 0, and 0) that are all
expected to be attractij@0]. These input channels correlate
to theIT and®lII stategFig. 1). For a Na trapping photon, all
long range states except thé €tate are also predicted to be
attractive[20]. These input states correlate 1, °II, 3, ‘

and®3. The excited state molecules are expected to be dis- LA L Al
tributed over a range of rotational and vibrational states near =
their respective dissociation limits. A fraction of these ex-
cited molecules decays to a range of rovibrational states

Cs-MOT

Ton counts (arb. units)

within the electronic ground state manifold with a distribu- Na+Cs-MOT
tion governed by the bound-bound Franck-Condon factors.

We note that, as compared to homonuclear PA, the absence

of a long-range resonant dipole-dipole interaction can give | A ,jb\_ Fe

rise to enhanced Frank-Condon over[24d].
Ground state molecules are detected as follows: The trap

light is first extinguished leaving the cold cloud in the dark. ) ) : , . .
. 2 - FIG. 2. Time-of-flight signal showing various atomic and mo-
We then wait a “dark time” of 1Qus, chosen to be many ; ; .
Igcular mass peaks. Three traces show the signal obtained in the
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Mass (u)

orders of magnitude Ionggr than the excited state lifetimes o resence of a sodium MOT oniop), a cesium MOT onlycentey,
all at.oms and .m0|eCU|eS in the cold ClOL,Jd' This ENSUres alng poth MOTgbottom). The peak at 156 u is obtained only if both
possible species have decayed to their elect.ronlc ground]OTs are present, indicating that it is NaCdhe small, broad,
states. It also ensures that any Na@ms created in the trap japeled peaks near the atomic peaks are due to thermal back-
by photoassociative ionizatidi8] have been swept from the 415ynd atoms in the vacuum chamber.
trapping chambertime-of-flight is ~us). While the trap
light is still off, a Nd:yttrium-aluminum-garnet-pumped dye photon transition up to the molecular continuum.
laser generates a 9 ns long, 20—1D pulse focused to An ionizing wavelength of 588 nnf17 006 cm?) pro-
2 mn? and directed at the cloud. The laser pulse simultaduced the largest NaCsignal, yet we observe significant
neously ionizes a fraction of the atoms and molecules in th&laCs over the entire 575—600 nrfl7 391-16 666 ci)
cloud. In a two-photon REMPI process, the NaCs moleculegvavelength range. To interpret this we consider the calcu-
are first excited to states correlating to the(3R)+Cg6S) lated ab initio molecular potentials and verify that there are
asymptote, and then ionized by a second photon. An electrigvailable bound states that are compatible with the REMPI
field of ~7 V/cm generated by the grid accelerates the ionghoton energyFig. 1). Calculations place the minima of the
toward the CEM where they are detected several microsedaCs ground state wells at 214 and 4923 tielow the
onds after their creation. The CEM output is a series of shora(3S)+Cg6S) asymptote for the & and the IS states,
current pulses that are recorded by a multichannel scaler. Thespectively(Fig. 1). Similarly, the £3,, 311, 31, and 43
repetition rate of the pulsed laser is 10 Hz and we typicallyminima are predicted to be at 191, 285, 1842, and 3135 cm
integrate 10 000 pulses. In this scheme, heavier species drelow the N&3P)+Cg6S) asymptote, respectively. With re-
rive at the CEM at later times, thereby mass separating thepect to the Na+Cs ion-atom pair asymptote at
various ions into a time-of-flight distribution. We observe 31 406 cm?, the minimum in the NaCsmolecular well is
well resolved mass peakFig. 2, bottom corresponding to  predicted to be at either 26 809, 28 196 , or 29 712%cm
Na (23 u), Cs(133 u, NaCs(156 u, and Cs (266 U. The  [22], however, our previous experiments on Ng8k have
Cs, molecular peak is due to PA of Cs atoms intg, @g the  already ruled out the latter predicti¢@3]. Given these val-
MOT [5]. ues, bound-bound resonant transitions are allowed from 457
The pulsed laser is tuned from 575 to 600 nm. This rangéo 722 nm(13 843-21 901 cm), and hence the observation
is chosen for three reason) it features a resonant ioniza- of measurable NaCsproduction from 575 to 600 nm is ex-
tion pathway(i.e., a REMPI procegsand provides evidence pected. We observe broad features in this wavelength range
that the NaCs starts in a ground sta®), it offers the small- that are under investigatioi24]. We also note that our ob-
est energy photons which can two-photon resonantly ionizeervation of REMPI at 575 nnil7 391 cm?) is consistent
the NaCs, and ygB) these photons cannot resonantly ionizewith the presence of both singlet and triplet ground state
the Cs atoms. This last point is important because a larghlaCs molecules.
Cs-ion peak could obscure the nearby NaCs peak. The num- We further explore the peak at 156 u by alternately start-
ber of NaCs ions detected increases with pulsed laser ener@yg with either a pure Na or a pure Cs tréfig. 2) and find
consistent with the quadratic behavior expected for a twahat NaC$ is only observed when we start from a Na+Cs
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[ S =B using a time-of-flight technique: we vary the delay between
trap turn-off and the ionizing pulse. When the traps are
turned off, the cold atoms and molecules drift out of the path
no Na-pushibeom of the ionizer and the number remaining within the profile of
the ionizing beam decreases. The delay is varied from 0.01 to
20 ms. The number of NaCs ions detected decreases as ex-
pected. We were able to track the molecular signal beyond
10 ms, and no NaCs signal was detectable after 20 ms. We fit
the remaining number as a function of the delay to a simple
ballistic expansion model, accounting for the REMPI laser
beam shape, and extract an average temperature of NaCs of
T=260+130uK, corresponding to an average velocity of
0.2 m/s. This result was further verified by a three-
dimensional Monte-Carlo simulation.
We observe production of~500 NaCs molecules per
10 000 pulses. The efficiency of the ionization and detection
25 50 75 100 125 150 175 process is~10%. In addition, given the temperture and the
Mass (u) repetition rate of the REMPI laser, a kinetic model shows
FIG. 3. Spectrum showing that the N&Gseak is unaffected by that 90% of the Na_Cs drift out of the MOT between pulses
removal of Na atoms after the trap is extinguished. In the first[6]' We therefor? find a NaCs production rate 50 Hz.
experimenttop) both traps are turned off and the sample is ionized. TN€ rate per unit volume can be expressedidéaCs/dt
To show that the NaCs molecules are formed uniquely during thé KnacdNaJ[Cs] where Ky,cs is the molecular production
trap phase, we remove the sodium atoms after turning off the trapate coefficient andNa] and[Cs]| are the respective atomic
by pushing the atoms with resonant lighbttom). The NaC$ peak  densities. We thereby extract the rate coefficikgi.—7.4
(156 u is not appreciably affected. X 10 cm®s™L. This rate is similar to those observed in

early experiments involving homonuclear diatomic alkali-
MOT. Each of the other features was also shown to be dug,etg) molecule$5-7,25.

uniquely to one trapped species or the other. This demon- |, conclusion, by photoassociating laser-cooled atoms
strates that the NaCs is formed from atoms in the MOTs an¢q|q in an optical trap, we create NaCs at 260+ 130in

not from the thermal background atorfsee Fig. 2 the electronic ground state with a rate coefficid€\jcs
Previous experiments have shown that PA of excited state 7 4w« 10715 cn L. Earlier work[8] showed that the pho-

heteronuclear alkali pairs is readily achieved in multispeciesoassociation rate of excited NaCs in our trap is characterized
MOTs[8,9]. In the present work it is crucial to prove that the by the rate coefficient Kpy~1070-10"1 crd st
NaCs molecules detected by the REMPI laser originate from_ 1 Knace These rates show that currently only one in
the electronic groundstate. We know that NaCs molecules are 1 photoassociated atom pairs decay into bound ground-
not formed from backgrountho atoms, and because of the giate molecules. We are therefore starting experiments using
long dark time, it is natural to assume that the NaCs is,qgitional lasers to photoassociate through excited state mo-
formed during the trapping phase and that the molecules aig|ar levels that exhibit enhanced Franck-Condon coupling
in their ground-state. Nevertheless, we also need to provg, pound, low-lying molecular states. Given our trap den-
that they are not formed by the ionizing pulse itself. Togjiies the low absolute molecular formation rate of 50 Hz
eI|m|n_ate t_hls possibility, after extlngmshlng the trap light, has prohibited the spectroscopy needed to identify the opti-
we briefly introduce a separate sodium-resonant light bear, ) jntermediate PA state. We are therefore also modifying
at 589 nm that contains both the trapping and repumping,,r apnaratus to increase the trapped atom number and den-
frequencies. This beam selec_tlvely pyshes '.the Na atoms a_ugqy [26]. Related strategies in homonuclear syste2ig
removes all cold Na from the interaction region. The beam i§,aye shown that nearly 100% of the photoassociated flux can
then extinguished and the sample is allowed to relax, agaifherepy be converted into molecules. For NaCs production in

for a dark _time>10 us. When we then ionize _the resultan'g an optimized, high-density traj26], we can hope to observe
sample using the REMPI laser, the Na peak is absent whilg,rmation rates as large as®lolecules per second.

the NaCs, Cs, and gpeaks remair(Fig. 3). This shows Note addedRecently we learned that groups at the Uni-
clearly that the NaCs was formed during the trapping phasgesity of Sao Paulo and at Yale have presented evidence for

The long dark time also means that these NaCs moleculge formation of ultracold polar molecules via photoassocia-
are in their electronic ground state before the REMPI laser i$io, in other alkali-metal pairg28).

used to ionize them.

As the molecules are formed from trapped and cooled This work was supported by the National Science Foun-
atoms, we expect their temperature to be comparable to thattion, the Army Research Office, and the University of
of the trapped atoms. We measure the molecule temperatuRochester.

Ton counts (arb. units)

with Na-pushbeam
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