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Ultracold ground-state molecule production in sodium
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We have observed the formation of ground-state, N@lecules via the spontaneous decay of excited
molecules created by the photoassociation of ultracold atoms. We measure the binding energies of molecules
created in three hyperfine components of the lowest singlet and triplet potentials, dfyNavo different
methods. Two of the features are purely trigetS, (v=15) (quasibounjistates that have not been previ-
ously observed, while the third is a mixexi lEg—a 33! state. The molecules are detected with high-
resolution cw laser ionization techniques and binding energies are measured to within 10 MHz.
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[. INTRODUCTION tion of the molecule to a Rydberg state. Such a state has a
much better Franck-Condon factor for decay to stable
A number of new techniques have provided sources ofjround-state molecules than most of the long-range states
ultracold molecules for spectroscopic study. Recent progreghat are accessible directly in photoassociation. Nikolov
has allowed the slowing and trapping of molecules with aet al. [8] used this technique to observe a variety of singlet
permanent dipole momefit] and species with magnetic mo- ground states in K Cate and Dalgarno have also discussed
ments have been trapped and sympathetically cooled witthe feasibility of spontaneous-emission pumping schemes for
helium gas in a cryogenic magnetic trg. In addition, the  molecule formation in the electronic ground state in Li pho-
photoassociation of laser-cooled atoms has provided a sourteassociatiorf11,17.
of ultracold diatomic molecules. Excited molecules created Fioretti et al.[3] first observed the formation of €snol-
in this way can be vibrationally and rotationally selected, andecules in the lowest triplet state via the spontaneous decay of
are translationally as cold as the source of atoms that they atgoms photoassociated to thg 06S+6P3;) “purely long-
created from. While electronically excited molecules are nowange” state in Csin a magneto-optical trapMOT). The
routinely created, it is only recently that the formation of photoassociation in Cs could be induced either with an addi-
radiatively stable, or metastable, “ground-state” moleculestional tunable laser, or directly by the trapping lasers them-
(in the lowest singlet or triplet potentialsas been detected selves. This § state has an unusual double-well structure
in Cs [3-5], Rb [6], and K[7,8] photoassociation experi- \yherein the inner turning point of the long-range well is at
ments. The present work reports observations Oj Nal- ~15a, (Where ]a0%00529 nm), near|y ma‘[ching the outer
ecule formation in the lowest trlplet and mixed Singlet/triplet turning point Of the upper bound states in the tr|p|et ground_
pOtentia|S, Via Ultracold phOtoaSSOCiation. In addition, Westate potentia'_ This provides unusua”y favorable Franck-
have used cw laser ionization techniques to directly detectondon factors for spontaneous emission to these bound
the product molecules in individual hyperfine-rovibrational g¢ates. Csmolecules in the lowest triplet state, formed in a
states in these potentials with 10 MHz resolution. MOT, have also been trapped in an off-resonant laser trap
The idea of molecule formation in the lowest singlet and[4]_ Gabbaniniet al. [6] were able to observe Rhn the
triplet potentials via spontaneous emission following photo-oest triplet potential formed in a MOT and to compare
association was originally discussed by Thorsheinal.[9].  y0lecule formation in the different isotopeRb and®’Rb.
(While spectroscopic convention restricts the designation Oéinglet ground-state Kmolecules formed by photoassocia-
the electronic ground state solely to tKe'X.; potential, this  tjon were observed by Nikoloet al. [7]. In each case the
state, in the region of interest here, mixes heavily withdahe molecules were detected by a pulsed, resonant two-photon
%3, the lowest triplet potential of Na Because of this jonization technique. While providing a selective identifica-
ambiguity, and also because both of these potentials dissogion of the molecules in the presence of a large number of
ate to two 3$;, ground-state sodium atoms, we will refer to atoms, nanosecond pulsed lasers result in limited resolution,
both the X '3} and thea 33 potentials as “ground on the order of 1 GHz, and are not able to selectively address
states.’) Band and JuliennELO] later proposed a method for individual hyperfine states.
improving the production rate of ground-state molecules by In the following we demonstrate that ground-state mol-
following the photoassociation of cold atoms by an excita-ecules can be formed via spontaneous emission into the
highest-lying states at the ground-state asymptote of Ma
much the same way as has been demonstrated in the heavier
*Present address: Naval Research Laboratory, Washington, D.@lkali metals. Using cw lasers we are able to resonantly ion-

20375. ize the product molecules with MHz resolution, sufficient to
"Present address: Department of Physics, Williams College, Wilselect and identify individual rovibrational-hyperfine states.
lamstown, MA 01267. Our resolution is limited by the radiative lifetime of the ex-
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100 - long-range excited states that are easily accessible by photo-
N is +3p association, as.is schematically shown in Fig. 1. .
12 " In our experiments we have chosen to photoassociate to
vibrational levels in the p (S+Py;) potential. This g
\ state is purely triplet in character and thus permits access to
g thea 33 ground state. We have identified doubly excited
states near theRg,+ P35, asymptotd 13] which permit us
to resonantly ionize vibrational levels from thig @otential.
(Unlike some other states in Blal4] the Q, states in the
spectral region of interest do not ionize with a second photon
\f of the photoassociation laser frequenchhe resonant char-
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acter of the ionization permits us to selectively ionize indi-
vidual vibrational levels of theé) potential and thus indi-
385 38y, vidual ground states. Tha '3 state is also a possible
f target state for photoassociation in order to access the mixed
! —ais singlet-triplet states near the ground-state asymptote; how-
h u ever, this would suppress transitions to purely triplet states.
: R The most weakly boundy =14 andv =15, vibrational
1
i
H
H
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300 - levels in thea 33 state have outer turning points of &#

and 64, respectively. Calculations of the Franck-Condon
factors for transitions between thg G&nda 33 potentials
T, - show that transitions between vibrational levels in these two
R [units of a] potentials are dominated by the wave function overlap at the
outer turning points. Thus, in order to have a favorable prob-

FIG. 1. Formation of triplet ground state molecules via sponta-ability for producing molecules in tha 33 state, we need
neous emisssion from the N&; (S+Py;,) state. The Rydberg- to choose ap vibrational level with an outer turning point
Klein-Rees potentials for these states show how the outer turningomparable to that of the target 32: vibrational level.
points pf thg ground-state vibrgtionql levels will matph the excitedp/ost potentials that dissociate to th&83P asymptote are
state vibrational levels acces_S|bIe_V|a photoassociation only for th%iominated byR’S behavior at long range; however, thg 0
last few bound states near dissociatidashed arroyv Deeper lev- potential behaves R 6, as do the ground-state potentials.

els will tend not to have good overlajgdashed arrow with X" ). . . '
The wave function overlaps determine the efficiency of molecule-l;]hese3 anSIderatlons dictate thatEO| realcgvthel.c? tl)eve:)()f
formation. Without matching the outer turning points only very few 1€ @ iu state we want to use g;0level bound by about

states will accidentally have good Franck-Condon factors. Zhe 10 cm =. In general, photoassoc!atlon becomes more diffi-
35+ v=15 state has a binding energy sf0.01 cni? and an cult as one tries to reach more tightly bound !evels. In the
outer turning point of 6. current work we have concentrated on producing molecules

in the v =15 level which can be reached via the relatively
cited state that we ionize through. The ionization efficiencyhigh-lying levels in the § potential.

is not known, so we cannot measure the absolute rate of The present experiments are performed in a dark-spot
molecule formation. Whatever the efficiency, these demonMOT, described elsewhefd5], and this places most of the
strated ionization rates of several kHz set a lower bound oatomic population in thé=1 atomic hyperfine ground state
the rate of molecule formation in two different hyperfine at a temperature of approximately 5QoK. The small popu-
components of the =15 state of the 33, potential and in  lation remaining in thef =2 state will also play a role in the

a mixed singlet/triplet state. experiments.

-400

Il. THEORETICAL AND EXPERIMENTAL

CONSIDERATIONS Ill. EXPERIMENT
The alkali metals heavier than Na have been shown to A. Autler-Townes spectroscopy

produce ground-state molecules by spontaneous emission. A number of ultracold photoassociation experiments that
Unlike Cs, the Q; (3S+3P3)y) state in Na does not have do not rely on spontaneous emission have been performed to
the fortuitous double-well structure described above. In genlocate the uppermost bound states in the ground state poten-
eral the lighter alkali metals also have the problem that theials of alkali-metal dimers. In these experiments the pres-
lower density of states due to the small mass makes the prolence of bound states is detected by inducing an Autler-
ability of decay to ground-state molecules much smallerTownes splitting with a laser driving a transition between the
Without the favorable inner turning points of the purely long- excited state that the photoassociation laser is tuned to, and
range excited states to work with, the lighter alkali metalsthe ground states that one desires to locate. One laser, L1, is
must rely simply on occasional favorable overlaps betweelrtuned to a photoassociation resonance with an excited state,
the ground-state wave functions available and the typicainducing trap loss. A second laser, L2, is then tuned to drive
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FIG. 2. lon signal versus the detuning of laser L1. Laser L1 hyperfine asymptotes are indicated as vertical dashed lines and la-
photoassociates atoms from the continuum to a molecular staf@éled across the top of the plot. The level diagrams next to the
le1). Laser L3 is relatively weak and causes the resonant ionizatio:‘%‘)(pe“_rnental traces indicate the corresp_ondlng photoassomgtlon and
of state|el). A single peak, the unperturbed photoassociation |ine’detectlon procedures. Top trace: theoretical cuoftset for clarity)
is observed when laser L1 is scanned. When an additional laser L¢hich reproduces the bound states as well asdweave shape
is tuned to a bound-bound resonance connecting the|sthtdo a  résonances for negative detuningee text Middle trace: probe
ground molecular state, an Autler-Townes splitting of staf is ionization versus detuning of laser L2 showing, as dips, the loca-
seen in the photoassociation line as laser L1 is scanned. This #ons of the ground-state resonances. These dips are a consequence
indicated in the level scheme as the inset sketch in the oval showingf the Autler-Townes effect, shown as a function of the detuning of
the dressed-state picture of the apparent splittingedj and the laser L1 in Fig. 2. Additional photoassociation resonances appear as
ground state to which it is coupled, dressed by photons of laser |peaks. Lower trace: experimental scan showing the ionization of the

The statelel) in this case is the P (S+Pyy), v=105,J=1 state ground-state molecules formed by spontaneous emission along with
at 16 908.20 cm?. two additional photoassociation resonangesaks at 0 MHz and

—1770 MHz). The five resonances seen in the lower trace are

" . identified in Fig. 4. The zero of the frequency scale indicates that
a bound-bound molecular transition between the excited stai{® is tuned to drive two atoms from the lowdi=1 hyperfine

and a bound ground state. Driving this bound-bound transistate, and with zero collision velocity, to stats).

tion causes an Autler-Townes splitting of the excited state

and results in a reduction in the photoassociation rate, andation[21] in Na,. A spectrum taken in this way, spanning 6

thus a reduction in the trap loss. GHz near the ground-state dissociation limit, is shown in the
Taking advantage of this effect the location of the groundcentrgl trace in Fig. 3. The identification of the spectral fea-

state resonances can be accurately determined by fixing Ltures is discussed below. _

on the photoassociation transition and scanning the fre- One obvious idea is that it might be possible to strongly

quency of L2 and observing the trap loss. Abrahatal. drive transitions from free atoms to bound molecules as

were the first to use this technique to locate the last boundtimulated Raman transitions. Unfortunately, the same

state in the lowest triplet potential of Lj16]. The technique Autler-Townes splitting that makes detection of the transi-

has also been applied in Rb7], K [18], and C519]. While tions possible in the experiments discussed above will limit

: e molecule production rates obtainable with this technique.
the ground_states are located, the _formatlon rate (_)f stab he Raman t?ansition rate peaks and then begins to faclll as
molecules in these ground states is not necessarily mad[

rge by g e bound-bound ranston i s way, 1€ 8567 nensl on e boundthound uansilon s ereesed
An alternative to the trap-loss technique just discussed ié ' 9 P

to detect via a modulated ionization signal. L1 is again tuneds'tIons to the bound ground state will also induce photodis-

onto the photoassociation resonance. An additional laser L§00|at|0n transitions back to free atom states. Driven Raman

. . L . hotoassociation transitions to form ground-state molecules
is then intr to resonantly ionize the phot iat . .
s e oduced to reso y lonize the pnotoassoc e(lﬁl)’l Bose-Einstein condensates have been repdr2@23.

excited molecules from this state. The ionization gives a sig:l_hese experiments demonstrated extremelv narrow trap-loss
nal, which is then reduced when laser L2 is tuned throug eatures t% bound molecular states, but d>i/d not detecpt the
the bound-bound resonancgz0]. As shown in Fig. 2, the ’

Autler-Townes splitting can be easily observed by doing thdPreduct molecules. Molecule formation rates in such experi-

opposite, fixing L2 on the bound-bound resonance and SCaIqnents are limited to being less than the rate at which ground-

ning L1 across the photoassociation resonance. The spectros'stfjlte molecules leave the interaction region.

copy of some of the uppermost stat@sinding energy
<5 GHz) of K, was also obtained by observing a modu-
lated ion signa[18]. We have recently used this technique to  In lieu of working with driven Raman transitions, we have
locate a number o& 33 states within 30 cm® of disso-  been able to detect the formation of ground-state molecules

B. Molecule formation by spontaneous emission
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- | bound-state photoassociation in Fig. 3, the signal looks somewhat different. First, there is
[ resonances resonances . . . . . .
\ 0°(S+P. ) no baseline ionization signal since L1 no longer populates
F o\l A A ‘5’1( 9 172 the statdel), which is resonantly ionized. As L2 is scanned
[ 4 | it will again produce peaks when it acts as a photoassociation
£ i / : laser to|el), and the lower trace reproduces these peaks
e 7 I f+f from the upper trace. Now, however, ground states that are
a1 ' < incoming flux 2 4 2 populated by spontaneous emission frmﬁ) also produce
5 L |73 % _ _ peaks in the spectrum, with the peak heights approximately
S 2F ~<—incoming flux 1 + 2 proportional to the population in each state.
] 1s/3s // ~€=incoming flux 1 +1 The zero of detuning in Fig. 3 impligs that laser L2 is
0f= P tuned to drive a transition from the excited leyell) to a
2F ///X Zy/atz, zero-energy collision of twd =1 atoms. Bound states ap-

' ' ! pear at positive detunings while Feshbach and shape reso-

R (arbitrary units) nances above the,=1+f,=1 collisional threshold appear
at negative detunings. Laser L1 is tuned onto the peak of the

FIG. 4. Schematic plot of the adiabatic potential energy surfacephotoassociation line shape, which in this case is

of Na, near the ground-state dissociation limit. The potentials in—10 MHz from the location of the photoassociation reso-
this region are highly mixed singlet-triplet potentials. The threenance[24].

transitions that produce ionization of bound ground-state molecules Eqr the data in the middle trace of Fig. 3 sthd) is the
as well as the two photoassociation transitions apparent in Fig. 3 aig- (S+Py), v=119[25], J=0 feature at 16 945.94 cr
- . L g , , . .
e o o e, For the lower race i Fig. 3 statga) and|e2) are he
ymp P ;1N PRCIPS, bop ¢ (S+Pyp), J=0 features for ther=123 and 119 vibrational

tion of thef=2 atomic state is so small in the dark-spot MOT tha = ~ .
this transition is suppressed. The levels are labele&hyand €. levels at 16 951.10 cnt and 16945.94 cm’, respectively.

The upper two levels are=15a 33 levels, while the state la- The laser intensities used to obtain the lower trace in Fig. 3
beled 2 is a mixture of theX 'S anda %% states. are L1=340 mW/cnf, L2=0.36 mW/cnf, and L3
=28 mWicnf.

following spontaneous emission, as in the heavier alkali met-
als. By tuning the photoassociation laser to an excited mo-
lecular state independent of the state that is resonantly ion- The upper trace of Fig. 3 is a theoretical simulation of the
ized, we can look for ground-state molecules formed byexperiment shown in the middle trace. The theoretical simu-
spontaneous emission. The lower trace in Fig. 3 shows thkation depicts the transition strength betwdeft) and two
result of such an experiment. In it many of the spectral feacolliding Na atoms at a collision ener@/h (equal to minus
tures observed in the middle trace are again seen. The thréige detuning of laser D2above thef ;=14 f,=1 collisional
peaks labeled “8,” “1 s/3s,” and “4 s” are due to ionization threshold. The theoretical trace is only calculated for nega-
of cold ground-state molecules, as discussed below. Theéve detunings. The calculation of the transition amplitude is
dashed lines show the three dissociation limits ofah@u+ similar to that discussed in RgR6]. In Ref.[26], however,
state. These correspond to atomic collisions with-f,=1  anA '3 rovibrational level was used fdel) and conse-
+1, 1+2, and 2+2, wheref; indicates the total angular quently pure triplet features were absent. Hged) is a
momentum of the hyperfine state of atam(See Fig. 4. 04 (S+Pyp), v=119, J=0 rovibrational level. From sym-
Each bound(or, for the upper two, quasiboundevel lies  metry arguments it follows that this level can only contain
about 200-300 MHz below a dissociation limit. In addition, ¢=0 and 2 partial waves, whefeis the nuclear mechanical
there are two photoassociation resonances at thé And  angular momentum. Selection rules of the transition dipole
1+2 asymptotes due to the photoassociation of two collidmoment then imply that onlg- and d-wave collisions con-
ing f=1 atoms to the statgel), and of onef =1 with one tribute to the line strength.
f=2 atom to the statgel), respectively(An additional pho- The agreement between theory and experiment is remark-
toassociation resonance would appear at the€ 2asymptote  able given the simplicity of the model. A complete calcula-
but is suppressed by the relative lackfef2 atoms in the tion would require treatment of the multiphoton processes
MOT.) The origins of these features are indicated in Fig. 4.appearing in the experiment as well as the complicated spin
The middle trace in Fig. 3, where both lasers L1 and L2structure in the molecule. Such modeling falls outside the
can connect the ground state to the same excited |[&hje  scope of this paper. A low-intensity perturbative two-photon
has a baseline ionization signal due to the presence of lasemodel ignoring the spin structure and in the spirit of Ref.
L1. Peaks in the ion signal occur when laser L2 is scanne{R7], however, suggests that our experimental signal is, in
through a resonance where it can act as an additional photdéact, roughly proportional to the single-photon transition
association laser to this state. On the other hand, when lasstrength.
L2 is tuned to a frequency where it connefes) to a bound Three kinds of features can be observed in the theoretical
ground state, the Autler-Townes splitting produces a “dip” in simulation: Two extremely narrow dips detuned about 200
the ionization signal. When laser L1 photoassociates to 8Hz to the blue of thef,=2+f,=2 andf,=1+f,=2
different excited stat¢e2), however, as in the bottom trace asymptotes, three asymmetric dips, each detuned about 100

IV. ANALYSIS
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MHz to the red of one of the three hyperfine asymptotes, and 20 .
two weaker dips detuned about 500 MHz to the blue of the
f,=2+f,=2 andf,=1+f,=2 limits. All states can be la-
beled by the good quantum numbé&tg, and the mechanical
angular momentund. The total atomic angular momentum
is defined ag = f,+fp .

In addition to the features appearing at negative detunings
in the theoretical curve in Fig. 3, a truly bound state located
at a detuning of-293(10) MHz has been observed in both
experimental scans. It is a mixed singlet-triplet state with
=0, l;,+=3, andF;,;=2 symmetry and labeleB,,{ =2s.

A bound state withF,, =0s symmetry should lie nearby;
however, its strength is five times smaller than that of the 2

" let> : 16945.94; 0,5 J=0 (v =119)
ions le2> : 16936.44; 0", J=0 (v = 114)

-
(2]
T

&
I3

lon Signal (arb. units)
o S
LN l

0 N b ) L N ;"
750 800 850 9200 950 1000

state and it is likely to be unresqlved. . Detuning of laser L2 (MHz)
The two narrow resonances in the theoretical curve are
purely triplet states with =0 andF,,;=4 for the state near FIG. 5. lon signal versus laser detuning for ionization of the last

f,=2+f,=2, andF,,;=1 and 3 for the state nedr=1 bound state 2930) MHz below thef =1+ f =1 atomic asymptote.
+f,=2. The total nuclear spib,, of both states is 3. The The zero of the frequency scale is thet1 photoassociation
states are quasibound and decay into the ofjenl+f,  transition to the excited state. The smooth curves are Lorentzian
=2 and/orf,=1+f,=1 continua. Only a weak magnetic line shapes that were fitted to the data. Linewidths of 40 MHz for
electron-spin—electron-spin interaction causes these twht: ~360 mw/cnt; L2, ~80 uWicnt; L3, ~32 mWwi/ent, and

states to dissociate. Consequently, the features are very n ~_i56 MVHVZ/ ¥ith Ll};ESzO_IT]W{_Cn?; . stﬁ’ %0].2 '“.IWC;C;'Z éh L3,
row in the theoretical simulation. In the middle trace the ™ --° MVW/CNT were found. The inewidihs are limited by Ihe pres-

experimental linewidths are limited by the thermal broaden-"%¢ of lasers L2 and L3.

ing in the entrance channel as well as power broadening dU@XpeCt to find any significant population ir= 14 when we

to lasers L2 and L3. The experimentally observed widths inexcite through them, and we have not observed any. In such
the lower trace are also due to coupling to the ionizationy case most of the excited molecular population is expected
channel. The measured locations of these features, obtaingsl spontaneously decay to free-atom states. Changing the ex-
by a fit to the two-color line shapes of Ref27], are  cited state to a more deeply boungl 6tate with more favor-
—3343(10) MHz and  aple Franck-Condon factors allows us to populate the
—1568(10) MHz. Uncertainties are one standard deviation—14 |evel and we have observed ionization from molecules

combined s_tatistical and syste_matic uncertainties._ Goog these levels as well, although we have not studied this in
agreement is found on comparing the above locations tQetail.

those of the peaks in the lower trace, fitted to Lorentzian line  The mixed singlet-triplet character of tiig,,¢ = 2s state
shapes. o _ _ has recently allowed it to be observed using a very similar
The three asymmetric dips to the red of each d'SSOC'a“O'Ebchnique in Na molecular beam experimef$,28. In
limit are overlappingF =0 and 2,d-wave shape reso- these experiments singlet ground-state molecules are opti-
nances. The width of the t_heoret|cal features is approXizally pumped into high-lying states and laser-induced fluo-
mately 100 MHz, corresponding to a 1-2 ns decay time. Theagcence is observed by driving population to a vibrational
asymmetric dip near thé;=1+f,=1 limit in the middle  |eye| of the A 13 state. A second laser drives a Raman
experimental scan is obscured by the strong photassociatiqpynsition to the ground states, Autler-Townes-splitting the
line. Finally, the weaker dips af€, =2, swave Feshbach ansition and reducing the fluorescence. These experiments,
resonances. Only the dip near1300 MHz is observed in  ocqse they use theh" state as the intermediate, are pri-
the experiment. The total nuclear spin is not a good quanturg, il aple to observe ground states of singlet character and
pumbgr fpr these five states. These'fegtures are not observed 4o not couple to the purely triplet states near the higher
in ionization after spontaneous emission because the SPOQsymntotes. In the present experiments we have measured
tanuous emission into the collisonal continuum is spreadhe |gcation of three bound or quasibound states near the
over many kelvin in range, and therefore the signals are 10Qisgociation limits and have reduced the uncertainty in the
weak. , location of the lastF,¢ =2s bound state from 30 MHz
Thus far we have only o_bserveg p£°d“0t'°” of moleculegog og to 10 MHz. This should enable an even more accu-
by spontaneous emission into the”%.; v=15 andv=14  5¢¢ determination of the triplet scattering length for Na, if
levels (or states that mix with thegeThese are the only gesired.

states with appreciable Franck-Condon overlaps with the ex- An example of high-resolution scans over the uppermost
cited states used. We have calculated a Franck-Condon factg{,ly hound state, th€ £ = 2s state located 2930) MHz
of 0.049 for the § , v=119 state decaying o=15 of the  pelow the 1+ 1 asymptote, is shown in Fig. 5. The scans are
a °3 state, and 0.046 ford, v=123toa °37, v=15.  taken at two different sets of laser powers. The linewidths
The overlaps of these states with- 14 of thea 33| state  obtained are 40 MHz with the intensities of the lasers
are 8.8<10 ° and 4.9<10 °, respectively, so we do not as follows: L1,~360 mW/cnf; L2, ~80 uW/cn?; L3,
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~32 mW/cnf, and 25.5 MHz with intensities of L1, State molecular population is somehow confusing our mea-
~360 mWi/cnt; L2, ~0.2 uW/cn?; L3, ~1.6 mW/cnf.  surements.
The linewidths obtained are limited by the presence of the
lasers L2 and L3. Both of these lasers affect the width of the
resonance, as they couple in the widths of the singly and Absolute production rates for ground-state molecules in
doubly excited states on the ionization path and potentiallyyur experiment are difficult to establish, as the efficiencies of
destroy the molecules by other photodissociation paths asoth the ionization steps and the autoionization probability
well. The resonance continues to narrow as each of the twisom the doubly excited state are difficult to determine. lon-
lasers is reduced in intensity until the signal-to-noise ratio iszation rates of several kHz have been obtained, however,
too small to work with. Presumably the presence of laser Liand this sets a lower limit on the production rate of mol-
affects the linewidth as well. While thE,,,£=3s and 4s ecules in the individual hyperfine levels.
resonances are, in fact, only quasibound, their observed line- We have demonstrated that Naolecules can be formed
widths are also dominated by the same induced ionizatioH the lowest triplet or mixed singlet-triplet ground-state po-
decay in these experiments. In particular, we have not obtentials via the spontaneous decay of molecules formed by
served any evidence of additional broadening due to tunnePhotoassociation. There are, however, only a few states that
ing to the open channels. extend to large er]oughllnternuclear Q|stances to ha_ve been
When the photoassociation laser is removed the grounfoPulated appreciably in this way in these experiments.
state molecule signal decays on a time scale of several m _onetheless, prod_uct molecul_es were detect_ed in individual
croseconds. The lifetimes of the ground molecular states a perfine states with cw laser |on|;at!on techniques. We have
expected to be much longer than this—decaying primarily b))ocgted three of these states to W'th'r.] 10 MHz, an accuracy
collisional vibrational relaxation on millisecond time scales. Which may be used to improve the triplet ground-state scat-
Molecules would also fall out of the trap in several millisec- t€ing lengths. One option for producing molecules in more
onds, limiting the linewidth in this way as well. The bound deeply bound levels is to start with the spontaneous emission
state below the +1 asymptote would presumably have a process observed here and then use established bound-bound

linewidth on the order of 1 kHz without the ionization lasers @7 STIRAP(stimulated Raman adiabatic passegehniques

present, as was found for the Rétates if22]. The ionizing [29] to transfer the population to the desired level.
laser L3 was not turned off during these measurements and
we have evidence that its presence also contributes to the
relatively rapid decay of this state. The microsecond life- This work was supported by the U.S. Office of Naval
times do, however, rule out any possibility that an excited-Research.

V. SUMMARY
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