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The properties of Bose-Einstein condensed gases can be strongly altered by tuning the externa
netic field near a Feshbach resonance. Feshbach resonances affect elastic collisions and lead
observed modification of the scattering length. However, as we report here, the observed rate of i
tic collisions was strongly enhanced in a sodium Bose-Einstein condensate when the scattering
was tuned to both larger or smaller values than the off-resonant value. These strong losses im
severe limitations for using Feshbach resonances to tune the properties of Bose-Einstein conde
[S0031-9007(99)08767-0]
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Most of the properties of Bose-Einstein condensates
dilute alkali gases are dominated by two-body collision
which can be characterized by thes-wave scattering length
a. The sign and the absolute value of the scattering len
determine, e.g., stability, internal energy, formation rat
size, and collective excitations of a condensate. Nea
Feshbach resonance the scattering length varies dis
sively [1,2] covering the whole range of positive and neg
tive values. Thus it should be possible to study strong
interacting, weakly or noninteracting, or collapsing con
densates [3], all with the same alkali species and expe
mental setup.

A Feshbach resonance occurs when the energy o
molecular (quasi-) bound state is tuned to the energy
two colliding atoms by applying an external magnet
field. Such resonances have been observed in a Bo
Einstein condensate of NasF  1, mF  11) atoms at 853
and 907 G [4,5], and in two experiments with cold cloud
of 85Rb (F  2, mF  22) atoms at 164 G [6]. In the
sodium experiment, the scattering lengtha was observed
to vary dispersively as a function of the magnetic fieldB,
in agreement with the theoretical prediction [2]:

a  a0

µ
1 1

D

B0 2 B

∂
, (1)

where a0 is the off-resonant scattering length, andD

characterizes the width of the resonance.
In this Letter we report on the observation of a broa

Feshbach resonance in sodium in theF  1, mF  21 state
at 1195 G, and we investigate the strong inelastic proces
accompanying all three sodium resonances, which res
in a rapid loss of atoms while approaching or crossing t
resonances with the external magnetic field. The loss
show an unpredicted dependence on the external magn
field and impose strong constraints on future experime
exploiting the tunability of the scattering length.

The experimental setup is very similar to that describ
in [4]. Magnetically trapped condensates in theF  1,
mF  21 state were transferred into an optical tra
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consisting of a focused far off-resonant infrared lase
beam [7]. The atoms could be transferred to themF 
11 state by an rf pulse in a 1 G bias field. For the studie
of the Feshbach resonances, bias fields of up to 1500
were applied with ramp speeds of up to 1000 Gyms.
Inhomogeneities in the bias field exerted a force main
in the axial direction. To prevent atoms from escaping
green light from an argon-ion laser was focused into tw
light sheets at the ends of the cigar shaped condensa
forming repulsive light barriers. The resulting trapping
frequencies were around 1500 Hz radially and 150 H
axially. The trap losses were studied by ramping the bi
field with different ramp speeds to various field value
near the resonances. The atoms were probed in ballis
expansion after suddenly switching off the optical trap
The magnetic field was switched off 2 ms later to ensu
that the high field value of the scattering length wa
responsible for the acceleration of the atoms. After 7
25 ms free expansion the atoms were optically pump
into theF  2 state and observed in absorption using th
cycling transition in a small bias field of 0.5 G.

The number of atomsN, the scattering lengtha, and the
mean densityknl could be obtained from the absorption im
ages. N is calculated from the integrated optical density
The mean-field energy2p h̄2a knlym is converted into ki-
netic energymy2

rmsy2 after switching off the trap. The
root-mean-square velocityy2

rms can be extracted from the
size of the cloud after the time of flight. As discussed i
Ref. [4], the mean densityknl is proportional toNsNad23y5

for a three-dimensional harmonic oscillator potential, an
thus the scattering lengtha scales as

a ,
y5

rms

N
. (2)

Normalized to unity far away from the resonance,y5
rmsyN

is equal toaya0. The proportionality factor in Eq. (2) in-
volves the mean trapping frequency which was not a
curately measured. However, we can obtain absolu
values by multiplying the normalized scattering lengt
© 1999 The American Physical Society
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with the theoretical value ofa0. The off-resonance scatter-
ing lengtha0  2.75 nm of sodium at zero field increases
to the triplet scattering lengtha0  aT  3.3 nm [8] at the
high fields of the resonances. Using this value, the me
density is obtained from the root-mean-square velocity

knl 
m2y2

rms

4p h̄2a
. (3)

The peak densityn0 is given by n0  s7y4d knl in a
parabolic potential.

The experimental results for the 907 and 1195 G res
nances are shown in Fig. 1. The number of atoms, th
normalized scattering length, and the density are plotte
versus the magnetic field. The resonances can be iden
fied by enhanced losses. The 907 G resonance could
approached from higher field values by crossing it firs
with very high ramp speed. This was not possible for th
1195 G resonance due to strong losses, and also not for
853 G resonance due to its proximity to the 907 G reso
nance and the technical difficulty of suddenly reversing th
magnetic field ramp. For the 907 G resonance the dispe
sive change ina can clearly be identified. The solid lines
correspond to the predicted shapes with width paramete
D  1 G in Fig. 1(b), andD  24 G in Fig. 1(e). The
negative width parameter for the 1195 G resonance refle
the decreasing scattering length when the resonance is
proached from the low field side. The uncertainties of th
positions are mainly due to uncertainties of the magnet
field calibration.

The time dependent loss of atoms from the condensa
can be parametrized as
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FIG. 1. Number of atomsN ,
normalized scattering length
aya0, and mean densityknl
versus the magnetic field near
the 907 and 1195 G Feshbach
resonances. The different sym-
bols for the data near the
907 G resonance correspond
to different ramp speeds of
the magnetic field. All data
were extracted from time-of-
flight images. The errors due
to background noise of the
images, thermal atoms, and
loading fluctuations of the
optical trap are indicated by
single error bars in each curve.
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Kikni21l , (4)

whereKi denotes ani-body loss coefficient, andknl the
spatially averaged density. In general, the densityn de-
pends on the number of atomsN in the trap, and the
loss curve is nonexponential. One-body losses—e.g., d
to background gas collisions or spontaneous light sca
tering—are negligible under our experimental conditions
An increase of the dipolar relaxation rate (two-body col
lisions) near Feshbach resonances has been predicted
However, for sodium in the lowest energy hyperfine stat
F  1, mF  11 binary inelastic collisions are not pos-
sible. Collisions involving more than three atoms are
not expected to contribute. Thus the experimental stud
of the loss processes focuses on the three-body loss
around theF  1, mF  11 resonances, while both two-
and three-body losses must be considered for theF  1,
mF  21 resonance.

Figures 1(c) and 1(f) show a decreasing or nearly con
stant density when the resonances were approached. T
the enhanced trap losses can be explained only with i
creasing coefficients for the inelastic processes. The qua
tity ÙNyNkn2l is plotted versus the magnetic field in Fig. 2
for both the 907 G and the 1195 G resonances. Assum
ing that mainly three-body collisions cause the trap losse
these plots correspond to the coefficientK3. For the 907 G
(1195 G) resonance, the off-resonant value ofÙNyNkn2l
is about 20 (60) times larger than the value forK3 mea-
sured at low fields [7]. Close to the resonances, th
loss coefficient strongly increases both when tuning th
2423
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scattering length larger or smaller than the off-resona
value. Since the density is nearly constant near the 1195
resonance, the data can also be interpreted by a two-b
coefficient K2  ÙNyNknl with an off-resonant value of
about30 3 10215 cm3ys, increasing by a factor of more
than 50 near the resonance. The contribution of the t
processes cannot be distinguished by our data. Howev
dipolar losses are much better understood than three-b
losses. The off-resonant value ofK2 is expected to be
about10215 cm3ys [9] in the magnetic field range around
the Feshbach resonances, suggesting that the three-b
collisions are the dominant loss mechanism also for t
1195 G resonance.

The data analysis following Eqs. (2) and (3) is based
two major assumptions: the Thomas-Fermi approximati
in which the kinetic energy is small compared to the mea
field energy, and the assumption that the atoms maint
the equilibrium density distribution during the change o
the scattering length. The Thomas-Fermi approximati
is well justified for all data points withaya0 . 1. For
aya0 , 1 close to the resonances, the mean-field ener
of the condensates is only a few times larger than t
level spacing in the trap. This leads to an overestima
of the density and thus to an underestimate ofK3 for
the data points with smallest scattering length. The ram
speeds of the magnetic field were chosen low enough
ensure adiabaticity, characterized by the conditionÙaya ø
vi [3], where vi  2pni are the trapping frequencies
Only for the data point closest to the 1195 G resonan
(in parentheses) this condition is not fulfilled. Indeed
the scattering lengthaya0 [Fig. 1(b)] and the quantity

FIG. 2. Rate coefficients for inelastic collisions near Feshba
resonances. ÙNyNkn2l is plotted versus the magnetic field
The time derivativeÙN was calculated from neighboring points
without smoothing the data.
2424
nt
G

ody

wo
er,

ody

ody
he

on
on
n-
ain
f

on

gy
he
te

p
to

.
ce
,

ch
.

ÙNyNkn2l [Fig. 2(a)] are independent of the ramp speed
supporting the assumption of adiabaticity.

The observed increase and the magnetic field dep
dence of the three-body collision rate is not accounted
by any theory. Two theoretical treatments suggested t
the rate coefficientK3 should vary monotonically with the
scattering length following some power law. Fediche
et al. [10] derived the universal relationK3  3.9h̄a4y
2m. This prediction was in fairly good agreement wit
measurements in rubidium [11] and sodium [7] in low
magnetic fields, even though it is not clear that the assum
tions are valid in these experiments. By considering t
breakup of a dimer by a third atom as the inverse proce
of recombination, Moerdijket al. [12] suggested that the
recombination rate is proportional toa2. Although the
assumptions of those theories might not be fulfilled ne
Feshbach resonances, they raised the hope that loss
should not increase in the region of the Feshbach resona
where the scattering length is small. However, for scatte
ing lengths smaller thana0 a substantial increase of the
coefficientK3 was observed. Thus, these measureme
show the need for a more accurate theoretical treatmen
ultracold three-body collisions.

Another way to characterize the losses is a rapid swe
across the resonances. We determined the fraction
atoms which were lost in sweeping through the 853
resonance and the 907 G resonance at different ramp
speeds [13]. For this, the optical trap and the magne
field were suddenly switched off, either before or afte
crossing the resonance, and the number of atoms w
determined from absorption images as before.

Figure 3 shows the fraction of lost atoms as a functio
of the inverse ramp speed. Using the width of 1 G fo
the 907 G resonance, this implies that 70% of all atom
are lost in one microsecond. Across the 853 G resona
70% of all atoms are lost at a ramp speed of1 Gy400 ms.
Assuming a universal behavior near Feshbach resonan
this implies that the strength of the 853 G resonance is fo
hundred times weaker than of the 907 G resonance. Si
the widthD of the Feshbach resonance is proportional
the coupling strength between the two involved molecul
states [2], a width of 0.0025 for the 853 G resonan
is estimated. A theoretical prediction for the widths o
the 907 G and the 853 G resonances are 1 and 0.01
respectively [14].

The loss of 70% of the atoms in only one microsecon
cannot be explained by the usual picture of inelastic col
sions. Because of the very small kinetic energy of Bos
Einstein-condensed atoms, which is of orderh̄2

2m s n
N d2y3

[15], the travel distance of an atom in 1ms is less than
1 nm under our conditions, much smaller than the me
distance between the atoms,d ø n21y3 ø 100 nm. Loss
by two- or three-body collisions should then be limite
to the small fraction of atoms which happen to be ve
close to other atoms. Possible explanations for the o
served large losses are the divergence of the scatte
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FIG. 3. Fraction of lost atoms after crossing the Feshba
resonances at 853 and 907 G for different inverse ramp spe
of the magnetic field.

length which allows for extremely long-range interaction
between atoms, the formation of a molecular condensa
as recently proposed [16], or the impulsive excitation o
solitons [17] when the region of negative scattering leng
is crossed. All suggested explanations require new co
cepts in many-body theory.

In conclusion, we have reported on the observation
a new,F  1, mF  21 Feshbach resonance at 1195 G
in sodium, and we have investigated the enhanced tr
losses accompanying all three resonances observed
far. The scattering length could be altered in the ran
of 0.2 # aya0 # 5. The three-body loss coefficientK3
increased for both larger and smaller scattering leng
by up to more than 3 orders of magnitude. Thos
losses show that the density of the sodium samples m
be reduced well below1014 cm23 for further studies
exploiting the tunability of the scattering length nea
Feshbach resonances.

Our sweep experiments revealed that approaching
Feshbach resonance from the high magnetic field si
is strongly affected by trap loss while crossing th
resonance. The newmF  21 resonance at 1195 G is
well suited for studies of Bose-Einstein condensates w
zero or negative scattering length, since this region is
the low field side of the resonance and can be direc
approached without crossing any resonance.

So far, the physics of gaseous Bose-Einstein conde
sates has been very well described including only bina
interactions between the atoms [15]. Feshbach resonan
might open the possibility to study physics beyond th
approximation which breaks down when the scatterin
length diverges, and also for very small scattering lengt
when one has to consider higher order terms in the atom
interactions. Feshbach resonances may also lead to n
inelastic processes. The observed losses of atoms n
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Feshbach resonances indicate molecular and many-bo
physics which is not yet accounted for by any theory.
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