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Spectroscopic Determination of thes-Wave Scattering Length of Lithium
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Two-photon photoassociation of colliding ultracoltdi atoms is used to probe th&(a) ground
state of’Li,. The binding energy of the least-bound state of this triplet potentiat, 10, is found to
be 12.47 = 0.04 GHz. This spectroscopic information establishes thatstiave scattering length for
Li atoms in theF = 2, m; = 2 state is(—27.3 = 0.8)a,. The negative sign of the scattering length
has important implications as to whether atoms at this doubly spin-polarized state can undergo a Bose-
Einstein condensation.

PACS numbers: 33.20.Fb, 32.80.Pj, 34.20.Cf, 34.40.+n

Recent advances in the field of trapping and coolingvhile heavier species, such as Cs, will have hundreds.
spin-polarized atoms may lead to the observation offhe existence of bound states leads to the possibility of a
Bose-Einstein condensation (BEC) in a weakly interactingzero-energy scattering resonance caused by a state very
system [1,2]. This would enable, for the first time, near the dissociation limit. A potential giving a state
investigations of quantum statistical effects in a regimewhich is only weakly bound leads to a large positive
where interactions may be treated perturbatively [3]value fora. However, if the potential is made slightly
However, the formation of the condensate depends oshallower so that this state is no longer boumahanges
the nature of the interaction between trapped atoms. Mdiscontinuously to a large and negative value [15].
is well known that, at low temperatures, the effect of The experimental and theoretical knowledge of the Li
the interaction potential in a two-body collision can betriplet potential is sufficient that reasonable predictions
described by a single parameter, thevave scattering may be made as to the value @ffor this case. Recent
lengtha [4]. For atoms colliding with relative momentum theoretical calculations for atoms in the= 2, myp = 2
hk, the scattering length is related to the phase shift doubly spin-polarized ground state give a value doin
by a = —lim;_qtand,/k, and, for identical bosons, to the the range—7ay to —27ay, wherea, is the Bohr radius
elastic scattering cross sectiorby o = 87a>. If « >0, [6,14]. However, if the actual binding energy of the least-
the potential is effectively repulsive, and the gas will bebound state is found to be as little as 0.1 ¢rdifferent
mechanically stable at low temperatures [4]. Howeverthan the calculated value, the conclusion as to the sign of
if a <0, a spatially homogeneous gas is unstable and could be reversed.

Bose-Einstein condensation is predicted not to occur [5]. Recently, photoassociative spectroscopy of ultracold
It is less straightforward to determine whether a Bosetrapped atoms has proven to be a powerful spectroscopic
Einstein condensate can be metastabledfer 0 in the  tool for probing weakly bound, long-range excited molec-
homogeneous environment of an atom trap [6], but ailar states [16,17]. We have extended this technique
recent theoretical investigation has shown that such & probe ground-state molecular levels via a two-photon
system will always undergo a gas-liquid or a gas-solidRaman process. We report the measurement of the bind-
phase transition before it reaches the BEC phase transitiang energy of the least-bound vibrational state of the
point [7]. Consequently, it is crucial to determine the’Li, *3(a) potential and extract a value for the triplet
sign of a for the atomic systems proposed for attainings-wave scattering length. Vibrational levels = 0—7
BEC. The magnitude of: is also important, since the have been observed previously for the'(a) state of
elastic scattering cross section is desired to be large ifiLi,, using single-photon Fourier transform spectroscopy
order to facilitate schemes for evaporative cooling of[18]. Multiphoton techniques have also been developed
trapped atoms [8—11]. to access high-lying vibrational levels of ground and ex-

The scattering length is determined entirely by thecited states [19], and used to observe the 09 triplet
interaction potential, which in the case of spin-polarizedground states ofLi, [20]. Since, for photoassociative
hydrogen or alkali-metal atoms, is th&f(a) potential.  spectroscopy, the highest vibrational levels are the most
For H, this potential is not deep enough to supporteasily accessed and energies are measured relative to the
bound states, and is known theoretically well enough talissociation energy, it is a complementary spectroscopic
determine with certainty that > 0 [12]. However, the technique.
situation is much more complex for the alkali-metal atom The experiment uses atoms confined to a magneto-
species. For these atoms, the triplet potential is deepptical trap (MOT) that are loaded from a laser-slowed
enough to support many bound states. The, triplet  lithium beam [2]. The six trap laser beams are de-
potential is predicted to support 11 bound states [13,14}ived from a stabilized ring dye laser offset locked to an
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atomic lithium resonance line using saturated absorptiothe trap-laser-induced atomic fluorescence. Vibrational
in a lithium vapor cell. The trap laser beams are fre-levels of the132; and1'3; molecular potentials, which
quency modulated using a LiTa@lectro-optic modula- correlate asymptotically t®S;, + 2P, atoms, have
tor driven at 406.4 MHz to produce sideband frequencie®een observed for botfLi, and °Li, [17]. The most
resonant with transitions from both ground-state hyperdeeply bound level observed for th1932+ potential
fine levels of the’Li atom. The lower sideband drives of ‘Li, has a vibrational quantum number = 62,
the2S,,, F = 2 < 2P5p, F = 3 transition, and the upper a binding energy of 75 cm, and an outer classical
sideband drives thesS,,,, F = 1 < 2P;5,, F = 2 transi-  turning point of 32a,. Because the overlap between
tion, and both are detuned 17 MHz to the red of resofree states and deeply bound states is small, this ob-
nance. The combined power in the six beams in eackervation required a relatively high laser intensity of
of the first-order sideband components is 12.4 mW. Thd 00 W/cm?. Figure 2(a) shows a high-resolution photo-
Gaussian waiste(? intensity radius) of each beam is association spectrum of the = 64 level. The observed
3.1 mm. The density of trappedL.i is approximately structure is due to the hyperfine interaction. The spectrum
3 x 10" cm=, and the Gaussian waist of the trappedis predominantlys wave, corresponding to the rotational
atom cloud is approximately 30@m. The temperature quantum numbeN = 1 [21]. Other rotational lines can
of the trapped atoms is estimated to be several mK. be observed only at the highest laser intensities.

A second, independently tunable laser beam with Two-photon stimulated Raman transitions may be used
frequency wps is directed through the trapped atom to probe bound states of the ground-state molecular poten-
cloud to photoassociate colliding atoms into specifictials, as shown in Fig. 1. In this scheme, the frequency of
electronically excited molecular vibrational levels the photoassociation laser is fixed on a resonance between
(Fig. 1). These newly formed diatomic molecules canthe asymptotic energy of two ground-state atoms and an
decay into bound ground states of the molecule, or into a
dissociative continuum of two ground-state atoms which
may possess enough kinetic energy to escape the trap.

These processes result in a reduction in the number of 10
trapped atoms, which can be detected by monitoring 08k @ |
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FIG. 2. (a) One- photon photoassociation of the= 64 vibra-
tional level of thel? 3. state of ’Li ,, using a laser beam with
FIG. 1. Photoassociative spectroscopy of the ground-state power of 100 mW and a beam waist of 2htn. The fre-
triplet potential of’Li,. Two colliding ultracold atoms absorb quency is measured relative to ts,, < 2P, atomic tran-

a resonant photon of frequenaypA and are excited to a high- sition frequency. The structure is due to the hyperfine inter-
lying vibrational level of thel * 3! potential, which correlates action. (b) Two- photon photoassociation of the= 10 vibra-
asymptotically t02S,,, + 2P, atoms. These atoms may be tional level of the® 3*(a) state. The baseline corresponds to
lost from the trap through decay channels and will leadthe reduction of the fluorescence level due to the photoassoci-
to a decrease in trap-laser-induced fluorescence. A laser attion laser beam. A&y is tuned over the bound-bound tran-
frequency wy is tuned to resonance between a ground-stateition frequency, the rate of photoassociative loss is reduced,
vibrational level and the excited-state vibrational level. Thisthereby increasing the trap-laser-induced fluorescence. When
Raman laser reduces the excitation into the excited state, which is tuned to resonance, nearly all of the fluorescence signal
decreases photoassociation and leads to an increase in the trégss induced by the photoassociation laser is reclaimed. No ad-
laser-induced fluorescence. ditional features are observed above the noise.
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excited vibrational level, while the frequency of the Ra-of 800 MHz, but none is discernable in the ground-state
man laserwg, is tuned over the bound-bound transition spectrum. We conclude that the total angular momentum
frequency. Since the photoassociation laser is tuned tf is at least partially conserved in the Raman transition.
resonance, it causes a reduction in the number of trappegignificant power broadening caused by the Raman laser
atoms, as in the one-photon case. As the Raman laseris observed at the highest intensities. For the spectrum
tuned into resonance, it reduces the rate of loss of trappezhown in Fig. 2(b), the Raman laser was attenuated as
atoms, producing aimcreasein the trap-laser-induced flu- much as possible to reduce the linewidth, while still main-
orescence. There are several possible mechanisms thaining adequate signal to noise.
give a reduction in the loss of trapped atoms. First, the The 3} (a) potential is well known since vibrational
Raman beam reduces the population in the excited moletevelsv = 0—7 have been observed previously [18]. An
ular state, thereby reducing the rate of the spontaneowscurate dense Rydberg-Klein-Rees (RKR) potential has
emission events which give rise to loss. Second, atomkeen extracted from these data [13], and improved upon
which have decayed to the bound ground state beingy means of an inverse perturbation analysis [6]. Fur-
probed can be returned to the trap via a two-photon stimthermore, the ground-state long-range coeffici€nts,
ulated Raman transition; these atoms would otherwise band C,, of the interaction potential have been calculated
lost. Finally, if the Raman beam is sufficiently intense,to high precision for Lj [24]. Using this information, we
it can split the excited molecular state into an Autler-can unambiguously assign the observed level te 10.
Townes doublet [22], thereby shifting the photoassociaMoerdijk et al. [6] and Cétéet al.[14] have used this
tion resonance away fromp,. Modeling suggests that knowledge of the potential to predict the binding en-
the first mechanism dominates at lower Raman beam irergy of thev = 10 level and to derive a value for the
tensities, while the third dominates at higher intensitiess-wave scattering length. Both groups predict the bind-
The Autler-Townes doublet has been observed by scanng energy to be 11.4 GHz [14,25], while our result is
ning wpa While using an intense, fixed frequency Ramani2.47 + 0.04 GHz. The uncertainty in the measurement
beam. is due to the spectral width of the ground-state feature, the
Figure 2(b) shows the Raman spectrum of the leastresolution of the spectrum analyzer, and the uncertainty in
bound state of thé3 () potential, using thev = 64  the zero of kinetic energy in the excited-state photoassoci-
state of the132; as an intermediate resonance. Ination line shape. Although it is remarkable that the error
this spectrum, the Raman beam, which was derivedh the theoretically predicted binding energy is only™40
from a dye laser, had a power of 35 mW and a beanof the depth of the potential well, the scattering length is
waist of 250um, while the photoassociation beam hadextremely sensitive to this binding energy.
a power of 7 mW and a beam waist of 2@@n. The In order to estimate the scattering length implied by the
beams were directed through the trapped atom cloud arekperimental results, the model potential of Cétéal.,
retroreflected. The photoassociation beam was producading the dense RKR data from Zemke and Stwalley [13],
by a nominally 20 mW diode laser [23], which was was modified to give a = 10 eigenvalue in agreement
frequency narrowed using an external grating cavitywith the measured value. The energy of the= 10
Acoustic vibrations produce frequency jitter in the outputlevel is sensitive to the value of the dissociation energy
of this device of approximately 20 MHz. Although D, used in the RKR potential, as well as the long-
vibrational levels of the excited 32; potential deeper range coefficients, and is relatively insensitive to the
thanv = 64 have greater overlap with the levels of the other components of the potential. Cd&eal. used the
ground *3*(a) potential, we were constrained by the long-range coefficients recently published by Marinescu
available photoassociation laser power. et al.[24]. Using these values, we find thad?, =
The frequency scale of Fig. 2(b) is obtained by mea333.73 + 0.02 cm™ yields the correct binding energy to
suring wpa — wpr With an optical spectrum analyzer. In within our experimental uncertainty. This is in reasonable
order to check the consistency of the binding energy meaagreement with Zemke and Stwalley who obtdip =
sured in this way, spectra were obtained using eithes33.4 + 0.3 cm™ [13]. Other published sets of long-
v = 64 or 65 of the132; potential as the intermediate range coefficients, referenced in [24] and [13], yi€ld
state. As expected, the result is independent of the inin the range 333.67 to 334.12 cin
termediate vibrational qguantum number, eliminating the The modified potential was then used to calculatby
possibility that the two-photon resonance is to a doublysolving Schrédinger’s equation for energies greater than
excited molecular state. Similarly, spectra were obtainedero. The resulting radial wave function was compared
using either of the two dominant hyperfine levels of theto a free-particle wave function in the asymptotic region
upper state, evident in Fig. 2(a). To the level of our preto determine the phase shift. The scattering length was
cision, the binding energy of the ground state is independetermined using the limiting value of the phase shift
dent of which of the two hyperfine levels is chosen asas the energy approached zero. Using the Marinescu
the intermediate state. Hyperfine structure would be o€t al.long-range coefficients, the scattering length was
the order of the atomic ground-state hyperfine splittingfound to be between26.8a, and—27.7ay. Including the
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