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Observation of cold state-selected cesium molecules formed by stimulated Raman photoassociation
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We demonstrate the formation of cold ground-statg @elecules(presumably in a single well-defined
rovibrational level by stimulated Raman photoassociati@?) in a Cs vapor cell magneto-optical trap.
Autler-Townes measurements allow us to precisely define the experimental conditions. The efficiency of the
process is comparable to that of the formation of cold molecules obtained after spontaneous deexcitation of
photoassociated molecules. Stimulated Raman PA should provide samples where the molecules are cold not
only translationally, but are also in a selected rovibrational level.
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To form a sample of cold ground-state molecules, all in ainternally cold. They are in several rovibrational levels, de-
chosen well-defined rovibrational level will really constitute termined by the Franck-Condon factors. A way around this
an exciting tool for molecular physics, and also for cold col-problem is to use stimulated Raman PA, where the emission
lisions or molecule optics and interferometry. To be able toon a given bound-bound transition is stimulatede scheme
explicitly detect these molecules is a key for the develop-of the relevant levels in Fig.)l and which forms state-
ment of further experiments. Several methods to obtain coldelected cold moleculd$,9]. Stimulated Raman PA has al-
molecules have recently been demonstrated. The first oneady been observed in a Rb condensate, where molecules
was the formation of cold molecules via photoassociatiorare presumably formed, as indicated by the lineshape of the
(PA) of cold atoms[1]. Another technique consists in mag- process only observed through atom lod$68. Our experi-
netic trapping of ground-state CaH molecul@$ cryogeni-  ment differs from this performed with a condensate by two
cally cooled by®He buffer gas. Recently, electrostatic load- main aspects. First, the atomic density in a condensate is
ing of ND; molecules has been obtained after slowing ofthree orders of magnitude larger than that of the Cs magneto-
an adiabatically cooled beam of polar molecules by time-optical trap(MOT) sample used, which does not make our
varying inhomogeneous electric fiel3]. The formation of  experiment a trivial extension of the results of referejrids.
cold molecules through PA is up to now the only method toThe possibility to obtain an efficient formation of cold mol-
reach the microkelvin range. In a PA process, two free colecules via stimulated Raman PA with a low-density atomic
liding atoms resonantly absorb one photon to produce asample is not at all obvious. Moreover, compared to the con-
electronically excited molecule in a well-defined rovibra- densate experiment, the achievement of the stimulated Ra-
tional level. By exciting the 1 and Q; states correlated to man PA in a standard MOT opens a simple way for a large
the dissociation limit (6+6ps,), PA of cold Cs atoms range of experiments with cold molecules, when the quan-
leads, after spontaneous deexcitation of the photoassociatéigm coherence of the medium is not required. Second, we
molecules, to the formation of translationally cold,@sol-  detect explicitly the molecules by photoionization and time-
ecules, in either the ground state or in the lowest triplet stateQf-flight mass spectrometry. We report in this Rapid Commu-
respectively[1]. Temperatures in the range of 20—208&
(identical to the initial atomic temperatujeand formation
rates up to 0.2 molecules per second and per atom have been
measured4]. The molecule formation efficiency depends on
both the PA efficiency and the branching raftigenerally
weak between bound-boun@ormation of cold molecules 2
and bound-freédissociation transitions for the photoassoci- 5
ated excited molecules. Cesium presents a very efficient §
scheme because of the particular double-well shape of the
photoassociated long-range stateg, @nd 1,(6s+6ps),
which provides a Condon point at intermediate distances
(15-25 a.li [1]. The formation of translationally cold mol-
ecules via PA has also been observed for rubidjéim and
potassium[6]. Production of cold K molecules has also
been achieved via two-step PA through highly excited mol-

ecules[7]. FIG. 1. Relevant energy levels of the stimulated Raman PA tran-
The molecules formed via PA followed by spontaneoussition, from a continuum of states of the two colliding atoms to a
emission are indeed translationally cold, but they are nofinal bound level(2) of the moleculeA and & correspond to the
detunings of lasers jLand L,, compared to the PA transitioa
—1 and to the stimulated Raman PA transitien-2. The laser L
*Email address: pierre.pillet@lac.u-psud.fr can also produce one-photon PA.

Interatomic distance
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nication the detection of state-selected cold molecules
formed in their ground-state via stimulated Raman PA, and
we present clear estimates of the amount of so-formed cold
molecules.

The principle of the experiment consists, for a pair of
colliding cold Cs atoms prepared in the hyperfine lefel
=3, in having a Raman two-photon transition to form di-
rectly a ground-statX'S ; molecule in a well-defined final
rovibrational levelv,J. The intermediate level, labeled 1 in
Fig. 1, is a hyperfine-rotational component of the vibrational :
level v =0 or 1 of the 1, state, which will be specified later ©
[11]. The first laser, labeled 4. is detuned by a value :
A either on the red side or on the blue side of the resonance
of the PA transition

Cs; ion yields

6
L, laser frequency (GHz)

FIG. 2. (a) PA spectrum of the 1v =1 level, by scanning laser
L,. (b) same aga) but in presence of the laser L(c) stimulated

Raman PA resonance. The inset analyzes the Raman character of
so that no PA due to the lasef can be observed. We scan yegonancec), for detuning of laser L equal to+/—40 MHz (re-

the frequency of the laser;lto make resonantd=0) the  gpectively at right and at left
Raman transition towards the final ground-state level, la-

2Cg6s,f=3)+hv;—Cs5 (1), (1)

beled 2. One has a Nd:YAG laser, running at 10-Hz repetition rate. The dye
laser is tuned to the wavelength~716 nm. The photoion-
2Cg6s,f=3)+hv;— ization process for stable molecules is a REMPI process

15+ . " I _ (resonance enhanced mu!tiphoton ionizatjona the vibra-
Co(X2g (65,1 +6s, )0, +hv,. () tional levels of an electronic molecular state correlated to the

The details of the experimental setup are described in sever%s.l’2+ 5dsyp 52 dissociation limits. The REMP! spectrum ob-

referencessee, for instancg12]). The cold atoms are pro- ined by scanning the photoionization laser frequency de-

vided by the use of a Cs vapor-loaded magneto-optical trald:)ends on the final rovibrational levels of the ground-state
The number of atoms in the trap is@ 0 with a peak den- molecules formed. This property has not been analyzed up to

sity of the order of 18" atoms/crA, at a temperature” now, but makes the molecule detection potentially state se-

) lective.
=130+10 uK. We use the following temporal sequence to . ¥ .
prepare the atoms in the hyperfine le¥el 3. At timet=0, Figure 2a) shows the PA CS-ion spectrum obtained by

we switch off the repumping laser for 2.5 ms, to transfer a“applylng 702nly the DBR Igse_r @ with an intensity of
the atoms from the 8, =4 hyperfine level tof = 3. To 30 Wcm 4, and by scanning its frequency around the reso-

force an instantaneous transfer, a few milliseconds before nance  corresponding to one-photpn exutat.l(m ocess
_ . . . : shown by the dot-dashed arrow in Fig. df the vibrational
=0 we switch on a pulsed depumping las@ntensity

~1 mWecem ?) tuned to the atomic transitionsg,;f=4 levelv=1 of the 1,(6s+6ps) state. One has
—6pg2;f=3. The presence of the trapping and depumping  5>~g s f=3)+h Cs* (1 (65+6 v=1). (3
laser beams does not affect the PA experiment because of S(6s; JHhua=Cs (L Paz)iv=1). (3

- - g 72 .
their low intensities £10 mWem ©). Stimulated Raman  pe gpectrum shows a well resolved relatively complex
PA is achieved by applying on the atomic cloud, continU-grcture due to the hyperfine interaction and the rotation,

ously the laser beam,l.and att=0, a laser beamfora \yhich has been analyzed in detail in refereri¢d]. The
durationr=2.5 ms. This time is chosen to avoid a t00 Sig- maximum of detected ions is here of the order of a few
nificant decrease of the atomic density. The laseb&am is  hyndred per shot. The dashed arrow indicates in this spec-
provided by a Ti:sapphire laser pumped by an argon-ion lagym a very well resolved and isolated line. This resonance
ser. The available intensity in the MOT zone is up 10corresponds to the excitation of the hyperfine level, labeled

450 Wcm 2. The laser L beam is provided by a distributed 1, with a total angular momentufi=7, and with a wave
Bragg reflectoDBR) diode laser with a maximum available f,nction close to

intensity of 50 W cm 2. The spectral widths of the lasers L

and L, are, respectively, 1 MHz and 3 MHz. By these spec- |(65+6p3)1,Q,1,=70Q,=7;F=7Mg). (4)

tral widths no further stabilization of the two lasers against

each other is necessary to fulfill sufficiently well the two- |, is the total nuclear spin, arfd, andQ) are the projections
photon resonance for the Raman process. For observing thg |, and of the total angular momentum of the molecule
formation of cold molecules, we used photoionization of thewithout nuclear spinJ,=1, on the molecular axis, respec-
translationally cold Csmolecules into C§ ions, which are tively. Spectrum(b) of Fig. 2 has been obtained in the same
detected with a pair of microchannel plates. lonization isconditions as previously, but by applying at the same time
obtained using a pulsed dye lagapplied att=2.5ms, du- the Ti:sapphire laser (). The frequency of laser L(see the
ration: 7 ns energy: 1 mypumped by the second harmonic of dotted line of Fig. 2is now red-detuned by-20 MHz com-
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pared to the resonance 1. The,@sn signal due to the 160+
so-tuned laser L alone, is 1.5% of the ion signal with this 1404
laser Ly alone tuned to resonance 1, which means an added -
background of less than 10 ions per shot. This number is &
comparable to the Gsion background due to the presence é
=
=]
S

17,0 17,5 180

T

of cold molecules in the MOT even without applying any PA
laser[1,5,13. The presence of the so-tuned lasemlerturbs _
the intensities of the lines in the, spectrum, when scanning e 401
the laser L frequency. This perturbation is due to further O 0]
excitation of the , molecules towards highly excited states,

which do not lead to detected molecules. Another character- °] ; , . . . — ,
istic of spectrum(b) compared to(a) is the appearance of A5 0 50 5 10 15 20
new broad structures as shown by the full-line arrow. Reduc- Laser frequency difference (GHz)

ing the intensity of t_he Iaserz_l_down to only 2 V\(cm_ FIG. 3. Two-photon PA spectroscopy analysis of the levels be-
produces no more direct PA signal due tg but maintains . IR
low the 6s+ 6s dissociation limit. The resonances, versus the fre-

the existence of the extra structures that appear now as Ve@ﬁency difference of both lasers Bnd L, appear as a decrease of
narrow (< 1Q MHz) resonan(_;e[see spectrurtc) of Flg._2], the Cg -ion signal (100%) due to laser, lon resonance with level
corresponding to the formation of cold Cmolecules in & 1 yore than 100% of signal corresponds to an additional contribu-
single well-defined level of the ground state through stimuxjon to one-photon PA due to lasep.LZero detuning for the laser
lated Raman PA. The Raman character of the resonance hfigquency corresponds to tHe=3+f=3 dissociation limit. The
been tested by red- then blue-detuning by quantifies  |evel 2 corresponding to stimulated Raman PA of Fi¢r) 2s lo-
+40 MHz laser I, from resonance 1. The inset in Fig. 2 cated at 9.13 GHz.
shows the shift of the resonance by a quantt$0 MHz,
showing that the position of the line is fixed by the frequencyecules are in a single rovibrational level of the ground state.
difference of the two lasers. It has been demonstrated that the perturbative approach
This approach is a reasonably efficient way to make statagrees with the measured rates for photoassociation and for
selected cold molecules, but it is clear that finding the acceszold molecule formatiof4]. The rate for stimulated Raman
sible rovibrational levels of the ground state is not an easyPA [spectrum(c) of Fig. 2] is given by
matter. With this thought in mind and to unambiguously )
identify the ground-state rovibrational levels, we have devel- R (5)=RE)(5) & (5)
oped a simple way to locate the ground-state levels, we now RamanP PAVTIIA |
outline. We have performed two-photon PA spectroscopy of
the high vibrational levels of the grounts * , state, as de- WhereRG(5) is the PA rate to form level 1 due to laser L
veloped in referencel4,15. We tuned laser Lto the PA (450 Wcni?) for a detuningA’ = 5. To experimentally de-
transition. By scanning the frequency of lasene observe, —termine the Rabi frequencyk2, for the transition 2-1, we
each time we have a molecular resonance} (T perform measurements of Autler-Townes splittings, a_s_fol—
—.Cs,(2') (corresponding to the different possible transi- lows. Laser L is tunegl close to th_e molecular transition
tions of Fig. 3, a decrease of the ¢son signal. This PA Cs(2)—Cs;(1) (see Fig. 1. Laser L is scanned such as to
frustration is due to the Autler-Townes effect induced byProduce the PA proces&q. (1)]. Figure 4 demonstrates the
laser L, (see Fig. 3 We have observed 18 different reso- Autler-Townes effect due to laserLIn absence of lasersl
nances corresponding to the last levels of the vibrational prolV® Observe a narrow resonance péak By applying laser
gressions converging to thet3®, 3+4, and 4+ 4 dissocia- L2 tuned to the resonance £8)— Cs; (1) with an intensity
tion limits 6s,f’ +6s,f". The final level 2 corresponding to ©f 30 Wem 2, we observe a splitting of the resonance into
the spectrum of Fig. @) is located 9.13:0.04 GHz below two imperfectly resolved peak®). Casedc) and(d) corre-
the 3+3 limit. The precise analysis of these spectroscopicSPond to a detuning of laser, lequal to+30 MHz. From
data is in progress and is not the object of this paper. Startin'€ splitting of the Autler-Townes resonances of the order of
from the F=7 level of 1,, the total angular momenta 0 MHz, we deduge a Rabi frequency associated to the
reached aré,=6, 7, and 8. At large interatomic distances, bou_nd—bo_und transition ofzthe order o_f 75 MHz, fo_r a laser
we can assumé=|, wherel is the angular momentum of the Lz intensity of 30 Wcm*<. The Rabi frequency is thus
collision. The symmetry of the intermediate level 1 implies 2K2=19 MHz for the laser intensity of 2 W cnf. In this
that only even partial waves have to be taken into accounfough approach, the number of cold moleculesNg;™"
here mainly thes, d, andg-waves. In the inset of Fig. 3, we =R$aranpA 6=0)7. This number can be compared to the
have slowly scanned a given liadicated by the arro)y number of cold molecules produced by laser, L
showing as expected the rotational progressierd, 2, and (30 Wcm 2), NE&=7RZ)(6=0)7', corresponding to the
4, which can be observed for most of the lines. resonance Idashed arroyvof the spectruma) of Fig. 2.
The theoretical approach of stimulated Raman PA is ap=0.95 is the branching ratio for the formation of cold mol-
generalization of the perturbative approach of photoassociacules through the state andr’=10 ms the characteristic
tion by cw laserq16]. It predicts that all the formed mol- time of the cold molecules in the MOT zone because of their
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of the Raman lasers. This peak is assigned taJthe level.
' () (b) © @ TheJ=0 and 4 levelgseparated by-660 MHz) have also
7 been observed, but correspond to weaker resonances, and are
] hardly visible in the spectrum presented in Figc)2 The
theoretical perturbative approach is correct as long las 2
=<A; above this condition, power broadening is expected.
4 The broad line observed in Fig(l8 (see arrowis the result
. of the power broadening of the different rotational lines of
l the reached vibrational level.
1 To conclude, we have demonstrated the production of
] translationally-cold ground-state molecules in a well-defined
] Mj - WJ rovibrational level by stimulated Raman PA in a Cs MOT
cell. In the weak-field regime, the rate for such a formation
of cold molecules can be comparable to the rate of the for-
T T T T — mation of cold molecules through PA, but now all the mol-
0 500 1000 1500 2000 ecules are in the same level. This process is really promising.
L, laser frequency scale (MHz) The limit of the efficiency of stimulated Raman PA is the
inverse process that should appear when the molecular den-
FIG. 4. (a) PA resonance line of the,v =1 level (see dashed sity become important. Further experiments are to be per-
line of Fig. 2. (b), (c), and(d) are the same resonance with the formed in the near future for the Ostate, as it offers the
Autler-Townes effect for different frequencies of laser (tespec-  possibility of preparing cold molecules in the=0J=0
tively with a detuning equal to zero and/+ 30 MH2) and for an  royibrational level of the lowest triplet staf&¢7]. Stimulated
intensity of 30 W cm?. Raman PA opens the way to prepare molecules that are cold
in external and internal degrees of freedom, by using one or
free fall by gravitational force. We expect for the Ramanseveral successive Raman processes.
process an ion signat 0.9 smaller, which is about the case
here. The stimulated Raman PA signal of Figc)2corre- The authors are grateful to A. Crubellier and O. Dulieu for
sponds to a number of about fifty to one hundred detecte@laving provided theoretical support for the study gfspec-
ions, meaning a number of cold molecules of about one thouroscopy and the branching ratio in emission for forming
sand, within a factor of three. FoA=+40 MHz, the molecules rather than free-atom pairs. They thank S. Bous-
Cs‘j—ion signal is about three times smaller. The width of thesen, D. Comparat, C. Dion, T.F. Gallagher, S. Guibal, F.
Raman resonance is a little narrower than that of the PAMasnou-Seeuws, and B. T'Jampens for many helpful discus-
resonance, as expected. The resolution is limited by the inisions. Laboratorie Aim€otton is associated with Universite
tial temperature of the atomic sample and the spectral widtlParis—Sud.

C82+ ion yields (arb. units)

[1] A. Fioretti et al,, Phys. Rev. Lett80, 4402(1998. [10] R. Wynaret al,, Science287, 1016(2000.
[2] J.D. Weinsteiret al., Nature(London 395, 148(1998. [11] D. Comparatet al, Eur. Phys. J. OL1, 59 (2000.
[3] H.L. Bethlemet al, Nature(London 406, 491 (2000. [12] D. Comparatet al, J. Mol. Spectroscl95, 229 (1999.
[4] C. Draget al, IEEE J. Quantum Electrorg6, 1378(2000. [13] T. Takekoshiet al, Phys. Rev. Lett81, 5105(1998.
[5] C. Gabbaninit al, Phys. Rev. Lett84, 2814 (2000. [14] E.R.I. Abrahamet al, Phys. Rev. Lett74, 1315(1995; Phys.
[6] A.N. Nikolov et al, Phys. Rev. Lett82, 703(1999. Rev. A55, R3299(1997.
[7] A.N. Nikolov et al, Phys. Rev. Lett84, 246 (2000. [15] C.C. Tsaiet al, Phys. Rev. Lett79, 1245(1997.
[8] J.L. Bohn and P.S. Julienne, Phys. Revb4 R4637(1996; [16] P. Pilletet al, J. Phys. B30, 2801 (1997.
60, 414 (1999. [17] M. Vatasesciet al, Phys. Rev. A61, 044701(2000.

[9] A. Vardi et al, J. Chem. Physl07, 6166(1997).

061401-4



