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Observation of Low-Field Feshbach Resonances in Collisions of Cesium Atoms
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We observe several Feshbach resonances in magnetic fields below 40 G for Cs atoms trapped
1D optical lattice. One resonance occurs in the lowest-energy ground stateF ­ 3, mF ­ 3 which is
stable against inelastic binary collisions. This opens new possibilities for Bose condensation of
When the elastic collision rate far exceeds the radial vibration frequency, we enter a 2D hydrodyna
regime where the thermalization rate is independent of density and temperature. Other resonance
also observed in theF ­ 3, mF ­ 23 state through a dramatic increase in the dipolar relaxation rate
[S0031-9007(99)08457-4]

PACS numbers: 34.50.–s, 05.30.Jp, 32.80.Pj, 67.40.Hf
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The collisional properties of atoms in their groun
states play a crucial role for Bose-Einstein condensati
(BEC) in dilute atomic gases [1]. The ratio of elastic t
inelastic collision rates determines if evaporative coolin
to BEC is possible [2]. Repulsive interactions lead to
stable condensate while attractive interactions permit on
a metastable BEC state with a small number of atoms [
In most cases the energy and extension of the conden
are determined by the mean atomic interaction rath
than the trap zero point energy [4]. The interaction al
governs the evolution of the condensate phase and affe
dephasing properties [5]. It determines the spectrum
collective excitations of the condensate and the coupli
between the condensed and the noncondensed phases
For condensates which are mixtures of different intern
atomic states or different atomic species even the spa
pattern and the separation between the components
determined by the respective atomic interactions [7].

Since the sign and strength of the interaction determi
virtually all of the condensate properties, an important go
in future BEC experiments is to develop ways to contr
and change these interactions, preferably in real tim
during a single experiment. In the low temperature lim
the interaction between two ground state atoms is describ
completely by a single parameter, thes-wave scattering
lengthas. In the vicinity of a Feshbach resonance [8]as

varies dispersively through the whole continuum of value
thus changing not only the strength of the interaction
but also producing a region where their sign is reverse
Magnetically tunable Feshbach resonances in ultrac
collisions have recently been observed in sodium throu
a change in the interaction energy of an optically trapp
condensate [9] and in rubidium through a change in t
cross section for photoassociation [10].

Of all alkalis, cesium can be optically cooled to th
lowest temperatures in optical molasses [11]. Howev
all attempts to produce a cesium BEC using evaporat
cooling in a magnetic trap have failed, due to its extrao
dinary inelastic collision properties [12,13]. The inelast
two-body decay from the doubly spin-polarizedF ­ 4,
mF ­ 4 state was measured to be 3 orders of magnitu
0031-9007y99y82(7)y1406(4)$15.00
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larger than theoretical predictions [12]. Evaporative coo
ing of the alternativeF ­ 3, mF ­ 23 state has stopped
short of BEC for the same reason [13]. Optical traps pr
vide a significant advantage over their magnetic count
parts with respect to inelastic binary losses, since th
allow all states to be trapped, and thus provide the mea
to avoid exothermic two-body collisions altogether by u
ing the lowest-energy ground stateF ­ 3, mF ­ 13.
The scattering length for this state of cesium is know
to be large and negative, however, which would limit th
number of condensed atoms to very small values [14].

These extremely large elastic and inelastic cross s
tions hint at the existence of scattering resonances
or close to zero energy [15]. Recently several magne
cally tunable Feshbach resonances have been predi
for the F ­ 3, mF ­ 23 state in fields below 50 G,
with one strong resonance expected at or near zero fi
[14]. These collisional resonances and the correspond
density-dependent level shifts would not only affect man
precision experiments, such as atomic clocks [16], atom
interferometers [17], and tests of time-reversal symme
[18], but are also of crucial importance to the prospects f
Bose condensation of cesium. If a resonance were to
ist in the stable ground stateF ­ 3, mF ­ 13, the field
could be tuned to a region of positive scattering length.
addition, by tuning across the resonance the entire ran
of values foras could be explored, allowing continuous
observation of the condensate from the strongly intera
ing (Thomas-Fermi) regime to the noninteracting regim
and of the collapse in the metastable regime. BEC in c
sium is not only desirable in itself with respect to thi
atom’s very unusual collisional properties but also wou
have practical importance as a bright source of cold ato
for future precision measurements [16–18].

In this Letter we report on several Feshbach resonan
for 133Cs in low magnetic fields, observed directly throug
changes in the collision rates of optically trapped groun
state atoms. One strong resonance occurs in theF ­ 3,
mF ­ 13 state, contrary to the recent theoretical predi
tion [14]; additional resonances are also observed in t
F ­ 3, mF ­ 23 state. Further, we report evidence fo
© 1999 The American Physical Society
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a 2D hydrodynamic regime where the collision rate e
ceeds the radial oscillation frequency of our trap by mo
than a factor of 20. In this regime the thermalization
mediated by collective rather than single-particle motio
and the thermalization rate is limited by the transit time
these excitations across the sample, which is close to
radial oscillation period and independent of temperatu
and density.

Our measurements of the elastic and inelastic collisi
properties are performed on a dense gas trapped in a
detuned 1D optical lattice. The trapping light with a wave
length of 1064 nm is obtained from a high power, sing
frequency Nd:YAG laser system we constructed. The o
put beam forms a vertical standing wave with a waist si
of 250 mm and a running wave power of up to 17 W at th
trap position. The dipole trap is loaded from a vapor ce
magneto-optical trap (MOT), as described previously [19
Up to 7 3 106 atoms are prepared in the far detuned 1
lattice, corresponding to several thousand pancake-sha
traps with peak occupation numbers of 1600 in the ce
tral region. The mean axial and radial kinetic energi
are measured using a time-of-flight method with the lig
sheet located 12 cm below the trapping region. We det
mine the vibration frequencies with a parametric excitatio
method described previously [19]; when the trapping lig
intensity is modulated at twice the trap vibration frequenc
a resonant heating of the trapped gas is observed. Ty
cal values for the axial and radial vibration frequencies a
90 kHz and 80 Hz, respectively. Atomic densities on th
order of1012 cm23 are obtained from the measured atom
number, temperature, and trap vibration frequencies. T
trap lifetime of 1 sec is limited by the high cesium back
ground pressure which is selected to allow fast loading
the MOT.

After loading the trap we optically pump the atom
either into the stateF ­ 3, mF ­ 3 or F ­ 3, mF ­
23 in a small bias field of 0.1 G. The population
in different mF substates are determined by applying
specific microwave transitionF ­ 3, mF to F ­ 4, m0

F
and subsequently monitoring the fluorescence on the6S1y2,
F ­ 4 to 6P3y2, F ­ 5 cycling transition. We achieve
populations exceeding 85% in the desiredjmF j ­ 3 state,
less than 10% in thejmF j ­ 2 state, and less than 1%
in each of the othermF levels. The magnetic field is
calibrated to better than 1% accuracy using the microwa
transitions.

To study the elastic collisions in theF ­ 3, mF ­
3 state we slightly change the energy along the ax
direction by either resonant parametric heating or fa
degenerate Raman sideband cooling [19] and obse
the subsequent collision-induced thermalization with th
two radial degrees of freedom by measuring the ax
temperature as a function of time after the coolin
or heating has been switched off. The approach
equilibrium is very well fitted by an exponential time
dependence and we define the thermalization rate as
inverse of the time constant as obtained from the fi
x-
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In Fig. 1 we plot this thermalization rate as a function
of magnetic field for a temperature of 9mK. This rate
is proportional to the elastic cross sections as long as
the number of collisions required for thermalization doe
not depend ons. In the limit where the de Broglie
wavelength of the colliding particles is much longer tha
the range of the interatomic potential, the scattering
identical bosons is purelys wave with a cross section
given bys ­ 8pa2ys1 1 k2a2d, whereh̄k is the relative
momentum of the particles [15]. In the vicinity of
a Feshbach resonance the scattering lengtha can be
approximated asa ­ a`sB 2 B0dysB 2 Bpd, where a`

is the asymptotic value of the scattering length far from
resonance, andB0 and Bp are, respectively, the zero
and pole field values [9]. We fit the expressionGth ­
h21nssa`, B0, Bpdyrms to our measured thermalization
rate, wheren is the mean density,y is the relative velocity
of the colliding particles, andh is the mean number of
collisions necessary for thermalization. The averages a
performed over a thermal distribution with the measure
temperature. From the fits of low density data we obta
a` ­ 2s675 6 150d Å for the asymptotic value of the
scattering length, which agrees with values obtained fro
a study of evaporative cooling in a magnetic trap [13
For the zero and the pole of the scattering length w
find B0 ­ 17.0s2d G andBp ­ 30s3d G. The relatively
large uncertainty inBp is due to the fact thata`

is extremely large. The collision cross section doe
not exhibit a pronounced peak atBp since for our
temperatureska` ¿ 1 and consequently even far from
resonances is already close to the unitarity limit of
8pyk2. The fit to the measured data also yieldsh ­ 2.5
for the number of collisions necessary for thermalizatio
at 9 mK, in good agreement with Monte Carlo simulations
for a magnetic trap [15]. The inset in Fig. 1 shows th

FIG. 1. The thermalization rate for the stateF ­ 3, mF ­ 3
between the axial and radial motions as a function of magne
field for a temperature of 9mK and a mean density of
1.5 3 1011 cm23. The solid line is a fit assuming a simple
dispersive shape for the scattering length. The inset shows
scattering length as calculated from the best-fit parameters. T
scattering length is positive between 17 and 30 G.
1407
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scattering length as a function of magnetic field wit
the parameters obtained from the thermalization rate
The scattering length is positive for field values betwee
17.0(2) and 30(3) G. Since we can experimentally contr
the magnetic field to a few mG accuracy, stable tuning
the scattering length is possible. We observe no loss
atoms in the resonance region. From the evolution of o
atom number with the magnetic field held at the resona
value of 30 G we find an upper bound for the binary dec
rate constantGs3,3d , 10213 cm3 s21 and for the three-
body decayKs3,3d , 5 3 10224 cm6 s21 at 10mK.

For the opposite stateF ­ 3, mF ­ 23 the Feshbach
resonances are easily detected through the accompan
exothermic two-body collisions, which lead to a loss o
atoms from the trap. To measure the inelastic decay
a function of magnetic field we first optically pump the
atoms to themF ­ 23 state. Subsequently we ramp th
field in 2 ms to a certain value, hold it constant for a var
able timet, and ramp it back to the initial offset value o
0.124 G. We then detect the number of atoms that have
mained inmF ­ 23. The numberN of atoms per trap is
fitted to ÙN ­ 2gN 2 bN2, whereg is the independently
measured decay rate due to background gas collisio
Since the atom number is related to the average den
n by N ­ nVeff, whereVeff ­ s4pkBTyMd3y2yv1v2v3
is the effective volume occupied by the trapped atoms, t
two-body decay constantGs23,23d for the average density is
related to the fitting constantb by Gs23,23d ­ bVeff. Here
T andviy2p are the measured temperature and trap vib
tion frequencies, respectively,M is the mass of cesium,
andkB is Boltzmann’s constant. We also perform an a
erage over the Gaussian distribution of initial atom num
bers per trap along the vertical direction, which amoun
to a factor of 2 correction for the highest decay rates.

Figure 2 showsGs23,23d as a function of magnetic
field for two temperatures, 14 and 4mK. The error
bars indicate the statistical uncertainty of the fits to th
measured decay curves. The overall accuracy inG (40%)
is estimated from the uncertainties in atom number (30%

FIG. 2. The two-body loss rate coefficient for the stateF ­
3, mF ­ 23 as a function of magnetic field for 14mK (open
circles) and 4mK (solid squares). A strong resonance occu
at 31 G, a weaker one at 34 G, and possibly another at 22 G
1408
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temperature (20%), and vibration frequency (10%). W
observe a strong Feshbach resonance near 31 G, a we
one at 34 G, and possibly one at 22 G. We have verifi
that the observed decay is due to collisions among ato
in the F ­ 3, mF ­ 23 state and not due to the smal
residual population inF ­ 3, mF ­ 22. When we
increase the population in the latter state to up to 50
we observe no change inGs23,23d for fields below 36 G.
At 36 G we observe an additional resonance for inelas
collisions betweenmF ­ 23 and mF ­ 22 atoms, as
evidenced by a linear density dependence of the decay
both on themF ­ 23 and mF ­ 22 populations. For
the strong resonance at 31 G, the peak value ofGs23,23d is
3 orders of magnitude higher than at 1 G. At the bias fie
Bb ­ 0.124 G the decay constant is below our detectio
sensitivity of10213 cm3 s21.

The interpretation of the above resonances in t
elastic and inelastic cross sections as magnetically tuna
Feshbach resonances is further supported by the fact
the spacing between the two strong resonances, th
magnitude, and the overall pattern of the binary dec
constant agree well with a recent prediction for cesiu
[14]. However, the positions of the resonances are shift
with respect to that prediction so that a strong resonan
occurs in themF ­ 13 state.

Finally, we have investigated the temperature depe
dence of the peak thermalization and inelastic decay ra
For fixed trap vibration frequencies and atom numbers w
use degenerate Raman sideband cooling [19] to prep
the atoms at different temperatures. We then observe
thermalization and inelastic decay rates in the unitar
limit by tuning onto the Feshbach resonances. Figure
shows these quantities as a function of temperature
two traps with different radial vibration frequencies. Th
collision rate varies asknysl ~ T23y2T1y2T21 ­ T22 in
the unitarity limit and asT21 for a constant cross sec-
tion. Both the thermalization rate and the inelastic dec
rate should exhibit the former dependence. Instead,
observe a constant thermalization rate close to the trap
bration frequency at low temperatures [Fig. 3(a)], whi
the peak value of the inelastic rate varies clearly asT22

as expected [Fig. 3(b)].
This different behavior can be explained by the fa

that at these temperatures the radial motion is in t
hydrodynamic regime [20], where the elastic collisio
rate far exceeds the radial oscillation frequency of o
trap. Thermal equilibrium cannot be established a
faster than the transit time of thermal perturbations acro
the sample, which is on the order of the trap oscillatio
period. Inelastic loss from the trap, on the other han
can occur locally in a single collision and therefore doe
not significantly change in the hydrodynamic regime.

In summary, we have detected one strong Feshba
resonance for theF ­ 3, mF ­ 13 ground state of cesium
through a change in the elastic cross section by mo
than a factor of 10. At lower temperatures the trapp
gas is in the hydrodynamic regime and the thermalizati
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FIG. 3. (a) Thermalization rate for the stateF ­ 3, mF ­ 3
as a function of gas temperature for a trap with a radi
vibration frequency of 40 Hz (solid circles) and 92 Hz (ope
squares). The solid and the dotted lines show the calcula
collision rates. The thermalization rate is clearly limited b
the radial trap vibration frequency (dashed lines), as expec
for the hydrodynamic regime. (b) Peak loss rate from the sta
F ­ 3, mF ­ 23 as observed atB ­ 31 G. The error bars are
not visible on this scale. Since loss can occur locally in a sing
collision, the loss rate exceeds the trap vibration frequency
40 Hz and scales asT22, as expected in the unitarity limit.

rate is limited by the trap vibration frequency. In the
magnetically trappableF ­ 3, mF ­ 23 state we have
observed Feshbach resonances through the accompan
strong increase of the inelastic decay rate, which relates
the problems encountered in experiments aiming at BE
in this state [11,12]. The resonance in the lowest-ener
ground stateF ­ 3, mF ­ 13 should allow the scattering
length to be tuned to positive values, thus creating t
possibility of a stable cesium condensate in an optical tra
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