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We have observed and located more than 60 magnetic field-induced Feshbach resonances in ultracold
collisions of ground-stat&®Cs atoms. Multiple extremely weak Feshbach resonances associateghwatre
molecular states are detected through variations in the radiative collision cross sections. The Feshbach spec-
troscopy allows us to determine the interactions between ultracold cesium atoms and the molecular energy
structure near the dissociation continuum with unprecedented precision. Our work not only represents a very
successful collaboration of experimental and theoretical efforts, but also provides essential information for
cesium Bose-Einstein condensation, @wlecules, and atomic clock experiments.
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[. INTRODUCTION and scattering lengths can be accurately calculgtég
o ) i In this work, we report the observation of more than 60

The collision properties of an ultracold and dilute atom peshpach resonances of cesium atoms in 10 different inci-
gas are strongly influenced by the long-range interactiongent channels. In particular, we employ a radiative detection
between two atoms. When the interaction potential SUpPOrtscheme to resolve narrow resonanf@46 whose locations
a weakly bound state near the scattering energy, the atomigiow us to significantly improve our determination of Cs
collision properties can be resonantly altered, a situation rgnteraction parameters over our previous Wi, 17. With
ferred to as a Feshbach resonaft@]. In many cold-atom  these parameters, the molecular energy structure near thresh-

systems, magnetically tunable Feshbach resonances haygy as well asswave scattering lengths and collision prop-
been discovered and have led to ground-breaking observasties can be precisely determined.

tions including the implosion of a Bose-Einstein condensate \ye organize the paper as follows. First, we outline the
(BEC) [3], the coherent coupling between an atomic BECeyperimental setup and procedures and the general measure-
and moleculeg4], the creation of bright soliton5], and  ment methods in Sec. Il. We present and discuss the results
recently the creation of ultracold moleculg-8| and of a  from inelastic Feshbach spectroscopy, elastic Feshbach spec-
molecular BEC[9]. _ _ troscopy, and radiative spectroscopy in Secs. -V, respec-
The collisional properties of ultracold cesium atoms haVeciver. In Sec. VI we discuss the Hamiltonian for two
intrigueq experimentalists and _th_eorists becauge of their |ar9§round-state cesium atoms and approximate quantum num-
clock shifts[10], enormous collision cross sectiofil], and  pers for the system. The numerical procedures for calculating
the extreme difficulty to reach BE[12]. These anomalies in - scattering properties and bound-state energies are presented
the atom-atom scattering can be explained by the coupling qfy, sec. VII. Section VIII analyzes all observed Feshbach

the scattering continuum to molecular states. While thesgesonances and assigns quantum numbers to each resonance.
states cannot be accessed by conventional spectro§t8jpy

they may be tuned into resonance with the scattering con-
tinuum and induce Feshbach resonances. Detection of mul-
tiple Feshbach resonances, or Feshbach spectroscopy, per- A. Feshbach spectroscopy
mits a precise determination of the long-range interaction
parameters, as well as the molecular structure near thresholﬁ
With this information, the cold collision anomalies can be
resolved and the clock shiffdl4], collision cross sections

II. EXPERIMENT

Feshbach resonance in binary atomic collisions is illus-
ated in Fig. 1. Interacting atom pairs in the scattering con-
tinuum, or scattering channel, couple to a discrete bound
state supported by a closed channel with higher internal en-
ergy. This coupling resonantly alters the outgoing scattering
amplitude in the scattering chann@lastic collision reso-

*Present address: Institut fiir Experimentalphysik, Universitanance and in the lower-lying open channdiselastic colli-
Innsbruck, Technikerstr. 25, 6020 Innsbruck, Austria. sion resonange

TPresent address: MIT-Harvard Center for Ultracold Atoms, Mas-  In ultracold-atom experiments, Feshbach resonances can
sachusetts Institute of Technology, Cambridge, MA 02139, USA. be observed in elastic and inelastic collision rg&48 and

*Present address: Lawrence Berkeley National Laboratory, Onin the molecular population, probed by photoassociatih
Cyclotron Road, Mail Stop 50A-4112, Berkeley, CA 94720, USA. or photodissociatiofi6] as shown in Fig. 1.

SPresent address: National Human Genome Research Institute, 49 In most cases the magnetic moments of the molecular
Convent Drive, Bldg 49, Bethesda, MD 20874-4472, USA. state and the scattering continuum are unequal, such that the
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FIG. 1. lllustration of radiative, elastic, and inelastic Feshbach
resonance. The molecular state is supported by the closed channel.

linear CCD

dissociation threshold is then reflected in the magnetic field

dependence of the atom-atom scattering. A measurement of

the ultracold collision properties as a function of magnetic FIG. 2. Apparatus for Feshbach spectroscopy38€s.

field (Feshbach spectrumn combination with theoretical ) ) )
modeling thus unveils the underlying molecular spectrum. 1€ Dz liné near 852 nm. Cloud temperatures in the vertical

this work, we are able to associate each resonance with it%nd horizontal directions are determined by releasing the at-

: ; : ms and performing time-of-flight imaging 12 cm below
quantum numbers of both the incoming scattering channel . . ) i
and the molecular state, where it is noteworthy thatshg onto a photodiode and a linear charge-coupled-dawieeD)

. . . array, respectively. Trap vibration frequencies are measured
d,... partial waves of the incoming channel and of the reso Y P Y b 9

. by parametric excitatiofi23]. The atomic density is derived
nance need not be the same. A collection of Feshbach spectlrr%r?1 the measured ato'[]ra ]number temperatur)e/: and trap vi-

for c_oIIiding atoms in .several different quantum states th?rbration frequencies, as detailed in REF7].
provides the information necessary to accurately determine The ultracold sample is prepared by first collecting 5

the long-range interactior_1 parameters ar_1d the molecular en; 18 atoms in a vapor-cell MOT in 500 ms. Superimposed
ergy structure near the dissociation continuum. with the MOT is the YAG 1D optical lattice dipole trap that
at a power of 8 W and a beam waist of 2faén provides a
trap depth ofU/h=1.6 MHz and axial and radial vibration
frequencies ofw,/27=50 kHz andw,/27=80 Hz, respec-

In order to measure Feshbach spectra with good signal-taively. The preparation of the high-density sample in the
noise ratio and high resolution and to simplify the theoreticalYAG dipole trap is accomplished by means of two phases of
analysis, it is favorable to use high-density samples of ultraRaman-sideband coolingRSCO with a 3D near-detuned op-
cold atoms confined in a trap that produces negligible tensatical lattice[22]. We extinguish the MOT light and apply the
light shifts of the atomic and molecular energy levi2§].  first RSC for 10 ms in a small bias field of &T, which
We use a far-detuned, linearly polarized, one-dimensionatools the atoms to temperatures belovwK and predomi-
(1D) optical lattice trap to confine the atoms, in conjunctionnantly polarizes them into the lowest-energy magnetic sub-
with an optical cooling method that can produce high-densityevel |6S,,,,F=3,m=3). Here F is the total angular mo-
samples auK temperature$21,27. mentum of cesium atoms in th&sf, ground state and: is

Figure 2 shows schematically the experimental setup. Ulthe angular momentum projection along the magnetic field
tracold samples of cesium atoms are prepared in the uppeiirection. When the 3D near-detuned optical lattice is extin-
part of a compact ultrahigh-vacuum chamber. A pair of magguished in 1 ms, the release of the atoms into the 1D YAG
netic field coils, when operated in the anti-Helmholtz con-lattice trap is adiabatic only in the vertical direction, and we
figuration with opposite currents, provides the sphericabbserve a radial oscillation as the atoms slide down the trap
quadrupole field for a magneto-optical tréddOT) and, in  potential. To remove some of the excess potential energy, we
the Helmholtz configuration, produces a homogeneous magvait for 4 ms until the atoms have the greatest kinetic energy
netic field up to 25 mT. A linearly polarized, vertically and highest density, and perform a second phase of RSC
propagating, retroreflected Nd:YAG laser beam provides th¢24]. Due to the high density near ¥xm, the second
far-detuned one-dimensional lattice dipole trap at 1064 nntooling requires a weaker optical pumping intensity and
[21]. The number of trapped atoms is inferred from the fluo-longer cooling time of 15 ms. After rethermalization for
rescence emitted by the cloud when it is illuminated with200 ms in the YAG lattice trap, % 10° atoms are prepared at
resonant light on th&,=4— F.=5 hyperfine component of a temperature of 3—aK with a vertical (horizonta) rms

TOF
energy difference between the molecular state and the collid- photodiode array
ing atom pair can be tuned by means of an external magnetic Nd:YAG
field. The molecular bound-state energy structure near the I béam

B. Preparation of ultracold high-density samples
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radius ofa,=580 um (o,=30 wm). This means that near the thogonal directions to an accuracy of Q.T for the field and

central region, each site in the 1D YAG lattice trap contain2 «T/cm for the field gradient. An effective magnetic field

4x10*atoms at a mean density of approximately 1due to residual circular polarization of the YAG trapping

X 10" cm™3. The two phases of RSC also allow us to adjustbeam[20] is monitored with microwave spectroscopy and

almost independently the atomic density and temperature byeduced below 0.0%T by linearizing the beam polarization.

changing the detuning of the optical pumping beam duringro suppress the effects of field inhomogeneity and atomic

the first and second RSC phases, respectively. density variation between the various YAG 1D lattice sites,
The preparation of pure samples in desired target states i§e perform measurements only on the center portion of the

crucial for cold collision experiments because different inter-cjoud within +0.47,, which contains 900 lattice sites with a

nal states can have drastically different collision propertiesmean atomic density variation ef10%.

To improve the atomic polarization over that achieved by the

RSC alone, we apply an additional optical pumping pulse for

3 ms during the release from the second RSC phase. This has Il INELASTIC FESHBACH SPECTROSCOPY

the advantage that atom-atom collisions are still suppressed

due to the 3D confinement in the near-detuned optical lattice, |nelastic collisions occur when the initial scattering state

which prevents radiative collision loss. Using microwave coyples to open channels with lower internal energy; see Fig.
spectroscopy, we optimize the optical pumping process at & pye to energy conservation, the internal energy difference
bias field of 14uT and prepare up to 98% of the atoms in is converted into the relative kinetic energy of the atom pair
one of the stretched stat¢l, me=+F) and the remaining and is either on the order of the ground-state hyperfine split-
atoms in the neighboringF,me=+(F-1)) state, whereF  {ing or the Zeeman energy. In both cases, the energy release
=3 or 4. Feshbach resonances in four scattering states g generally much larger than our trap depth and therefore
channels can be thus studi€@:3)+(3,3), (3,-3+(3,-3),  results in a loss of the colliding atom pair from the trap. Near
(4,49+(4,4, and (4,-4+(4,-4, where (F;,me1)  a Feshbach resonance, inelastic loss is either enhanced or
+(F,,mg,) indicates the collision of one atom in the suppressed due to constructive or destructive interference be-
|F1,me,) state with one in thé,, mg,) state. tween the off-resonant scattering amplitude with the on-
We also prepare mixed samples containing atoms in tweesonant amplitude. In this work, we observe mostly en-
different internal states by either detuning the optical pumphanced inelastic collision processes and only one prominent
ing beam or by applying an additional microwave pulse tosuppression at 7.66 mT in th8,3)+(4,2) incident scatter-
transfer part of the population. Typically, we prepare 90% ofing channel[17].
the population in a stretched std® and 10% in another Experimentally, the inelastic rates are determined by fit-
state|b). After fully characterizing the collision properties of ting the mean atom density to dn/dt=-Ln-Kn?, whereL
the (a)+(a) channel, the mixed collisionga)+(b) can be is a one-body loss rate ard is the desired collision rate
monitored by either identifying resonances growing with thecoefficient. If we assume that the atoms only reside in the
population in|b) or by selectively detecting only the popu- harmonic region of the YAG dipole trap potential and that
lation in |b). The large population ratio of the two states the cloud is in thermal equilibrium and at constant tempera-
ensures thath) +(b) collision processes remain insignificant. ture T during the experiment, then the mean atom density is
Mixed scattering channels investigated in this work includen=N(mw?/4mksT)%? where N is the atom number in one
(3,3+(3,2, (3,3+(4,4), (3,3+(4,3), (3,3+(4,2, (3, lattice site,0=w>"w?* is the mean vibration frequenay is
-3)+(3,-2), and(4,-4+(4,-3). the cesium atomic mass, afg is the Boltzmann constant.
The ability to study all these different scattering channelsThe above differential equation can be solved analytically
is crucial to provide information on the molecular boundand directly relates the measured trap loss to the thermally
states near théF;=3)+(F,=3), (F1=3)+(F,=4), and (F; averaged loss coefficie€. The one-body loss rate is the
=4)+(F,=4) hyperfine asymptotes. These span roughlysame for all measurements. A typical measurement is shown
18 GHz in binding energy. As was shown in Rgf5], the  in Fig. 3 with a holding time up to 5 s.
molecules have different characteristics near the three disso- The loss rates as a function of external magnetic field are
ciation limits, which particularly helps determine the measured by observing the atom loss within a holding time
strength of the van der Waals interaction. between 30 and 300 ms, such that the maximum collision
After the atoms have thermalized in the dipole trap, aloss is less than 30% and the atomic temperature varies by
uniform magnetic field up to 25 mT is applied. In order to less than 10%. Slow variations in the initial atom number are
preserve the atomic polarization during the field ramp, wemonitored after every ten measurements and corrected for.
first increase the field from 14T to 200uT in 200 ms and On the other hand, to observe and locate weak resonances,
then to an arbitrary field value in another 100 ms. The magwe allow the atoms to interact for a longer time up to 500 ms
netic field experienced by the atoms is calibrated to an accun order to obtain better signal to noise. In this case, we
racy of 5B<0.1 uT at low field andsB/B<107* at high  ignore the temperature evolution and report only the frac-
field from the Zeeman splitting between magnetic sublevelstional loss of atoms.
as measured with microwave spectroscopy]. Slowly Collisions between atom pairs in two different internal
changing stray fields of typically 50T and remnant fields States, such a8,-3)+(3,-2), differ from those in the same
from the magnetized vacuum chamber up tp P are care- state in that both the even and odd partial waves can be
fully canceled with six independent bias coils in three or-scattered. In th&3,-3)+(3,-2) channel, for instance, we
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inelastic resonances for collisions between two such atoms,
as shown in Fig. 4. One resonance at 2.18 mT is not identi-
fied; see Table II.

In (3,-3+(3,-2 collisions, multiple s- and p-wave
resonances are found and identified by varying the popula-
tion in the |3,-2 state, shown in Fig. 5. An alternative
method to identify mixed-state resonances is based on de-
Y tecting the population if8,-2) by microwave transitions on
samples with 90% of the population [B,-3) and~10% in
I3,-2. In this case, we observe an enhanced loss of the
, , , , , , |I3,-2 population near inelastic collision resonances in the
0 1 2 3 4 5 (3,-3+(3,-2 channel and a suppressed loss of the

time [s] |3,-2 population near inelastic collision resonances in the
(3,3 +(3,-3) channel, the latter being due to the reduction

FIG. 3. Resonant and off-resonant time evolution of the atomidn density of|3,-3) atoms. This provides a clear distinction
density. Atoms are prepared jF=4,m=-4) atT=5.3uK andn  between the two collision processes.
=2.1x 102 cm@ atB=14 uT (solid circleg andB=20.5 mT(open
circley, where a strong Feshbach resonance is located. See also
Table I. D. (3,3 +(3,3) and (3,3 +(3,2) inelastic collisions

_ o The (3,3 +(3,3) channel is the lowest hyperfine scatter-
observe rich Feshbach spectra containing sedmdp-wave  ing channel and therefore has no binary exothermic collision

-y
(=]
°
T
L

peak density [cm” |
3,

-
o_n
o

resonances. processes. Collisional inelastic loss is then only due to three-
The positions of the inelastic Feshbach resonances akgody recombination, a process that falls outside the scope of
tabulated in Tables I and II. this paper. A quantitative study of the recombination loss in
the |3, 3) state is given in Ref[28]. In collisions between
A. (4,4 + (4, inelastic collisions I3, 3 and|3, 2 atoms we have observed no resonances be-

low B=23.5 mT. Theory predicts weak resonances that are

The stretched4, 4) state was considered a promising can- e :
Qeyond the sensitivity of our current experiment.

didate for reaching Bose-Einstein condensation in a magneti
trap before the cesium collision properties were revealed.

Large inelastic losses that grow as the temperature is reduced
were discovered that prevent the condensation of cesium in
this state[25-27.

We find no resonance structure for a sample polarized in Multiple Feshbach resonances due (& 3)+(4,2) and
the |4,4) state at 5uK, but a loss rate coefficient increasing (3,3)+(4,3) scattering are observed in samples with 80%
slowly from 2x 10712 cm®s™ to 3x 102 cm*s™® over the  population in|3, 3) and 15% in4, 3) or |4, 2. The remaining
range of B=0—25 mT. Theabsence of resonances in this atoms are predominantly in th&, 2 hyperfine state. We
channel is expected since the scattering chandel) have verified that(3,3)+(3,2), (4,3 +(3,2), and (4,2
+(4,4) has the highest hyperfine and Zeeman energy of al+(3,2) processes do not contribute to the loss.
ground-state hyperfine levels, and consequently Feshbach We prepare the sample by first polarizing 95% of the at-

E. (3,9+(4,2), (3,39+(4,3), and (3,3)+(4,4) inelastic
collisions

resonances cannot occur. oms in the|3, 3 state atB=14 uT and then applying a
microwave pulse for a few ms, which selectively transfers
B. (4,-4)+(4,-4) and (4,-4)+(4,-3) inelastic collisions approximately 15% of the population intd, 3 or [4, 2.

. . Due to the almost identical energy splitting between the
We observe two narrow inelastic Feshbach resonances f 34,2 and|3,2) < |4,3) microwave transitions at low
ig“éséon‘f‘r bedtween two|4,—4>20at5%ms:T all ngk one r?t field, we have a small population ¢4,3) in the experiment
-9 mT and a strong one at 20.50 mT. In addition we have ey at finding resonances if& 3)+ (4, 2) collision. Pol-

discovered an inelastic resonance n tte-4+(4,-3 lution by |3,3)+|4,3) resonances occurs, as was previously
channel at 20.66 mT. The resonance field values have a rat ported in Ref[17]

of 1:If:zfttohwnh|r|1 3%;. TSIS r?j“otlst no: a (;0|ncl|)d(|ancet,hbut a \We also observe a weak pollution 18g,3)+(4,2) reso-
result ot the molecular bound staté structure below the Con, a4 iy the(3,3)+(4,3) spectrum. This cannot be ex-
tinuum. See Table |. All three resonances are identified as,_. - . .

lained by microwave transitions, sin¢®,3)«|4,3) and

originating from bound states with identical binding energy|p3 2 <|4.2) do not have the same frequency. A possible
at zero magnetic field. ’ ' )

process that creates atoms in the 2 state is the inelastic
, ) o collision procesg3,2) +(4,3)— (3,3 +(4,2). At low fields
C. (3,-3+(3,~3 and (3,-3 +(3,~2) inelastic collisions the hyperfine and Zeeman energy difference between the fi-
The|3,-3) state can be magnetically trapped and severahal and initial states iSE=kg0.52 uK X (B/mT). For our
attempts to reach BEC in this state were thwarted by thetomic temperatures and magnetic fields, this endothermal
large collision losg27]. In this work, we observe multiple spin-changing collision can create atoms in [he2) state.
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TABLE |. Location and assignment of the observed Feshbach resonances. The first three columns define and give the results of the
experiment, where the first column denotes the initial collision state, the second column indicategedlpstiinelastic(inel.) measure-
ments, and the third column is the experimental resonance locBtigi The next four columns describe the quantum labels of the
resonances. These are the partial wave of the initial collision state, the partial wave of the Feshbach state, the moleicudardsipén
projectionm obtained from multichannddound-statecalculations. The last column gives the theoretical resonance lodfjgypobtained
from a multichannescatteringcalculation at a collision energy &/kg=5.3 uK. The resonance &,,=20.66 mT is extremely narrow and
was not observed in the theoretical scattering calculation but nevertheless could be assigned from bound-state calculations. Several Feshbact
resonances have ambiguous assignmesgs text

Experiment Theory
Assignment
State Method Bexpt (MT) Inc. I f mg Biheor (MT)
Wave
(3,3+(3,3 el. 1.7063)% s S 6 6 1.7G2)
(3,3+(3,3 el. 4.8023)% s d 4 4 4.792)
(3,3+(3,2 el. 5.692)% s d 4 4 5.7G2)
(4,-8+(4,-9) inel. 10.5903) s d 8 -6 10.582)
(4,-B+(4,-4) inel. 20.5083) s d 8 -7 20.492)
4,-4+(4,-3 inel. 20.661) s d 8 -6
(3,-3+(3,-3 inel. 3.00%5) s d 6 ~-6 2.992)
(3,-3+(3,-3 inel. 3.30%5) s d 6 -4 3.282)
(3,-3+(3,-3 inel. 8.692) s d 8 -8 8.802)°
(3,-3+(3,-3 inel. 10.112) S d 8 -7 10.1%2)
(3,-3+(3,-3 inel. 10.882) s d 8 -6 10.902)
(3,-3+(3,-3 inel. 11.812) S d 8 -5 11.8%2)
(3,-3+(3,-3 inel. 13.312) s d 8 -4 13.3%2)
(3,3+(4,2 inel. 6.1712) s d 7 5 6.212)
(3,3+(4,2 inel. 7.662)° s s 6 5 7.532)
(3,3+(4,2 inel. 8.052) P p 6 5 8.082)
(3,3+(4,2 inel. 8.382) s d 7 6 8.432)
(3,3+(4,2 inel. 11.0@3) S d 7 5,7 11.022)
(3,39+(4,2 inel. 11.2@3) S d 7 5,7 11.202)
(3,9+(4,2 inel. 16.224) S S 5 5 16.232)
(3,3+(4,2 inel. 18.295) P p 5 5 18.4%2)
(3,3+(4,3 inel. 12.9@3) s d 7 6 12.962)
(3,3+(4,3 inel. 17.3@4) p p 6 6 17.4%2)
(3,3+(4,3 inel. 22.735) s d 7 5,7 22.7%2)
(3,3+(4,3 inel. 23.0%5) s d 7 5,7 23.182)
aMinimum evaporation rate.
bTemperature—dependent resonance occurred (@) R6.
“Minimum inelastic loss.
The four resonances in thé€3,3)+(4,2) channel at IV. ELASTIC FESHBACH SPECTROSCOPY
6.17 mT, 8.38 mT, 11.0 mT, and 11.2 mT and all four reso-
nances observed in the,3)+(4,3) channel at 12.9 mT, The resonant change of the scattering amplitude in the

17.3 mT, 22.7 mT, and 23.1 mT are paired with an identicaincident channel also results in a modification of the elastic
ratio of the field values 2.Qq2). This observation is con- cross section. We refer to this process as an elastic Feshbach
firmed by the theoretical identification of the paired reso-resonance; see Fig. 1. Beside the direct measurement of the
nances as being due to molecular states with identical bindhermalization rate between the axial and radial motion
ing energy at zero magnetic field. [18,29, we have developed a more sensitive measurement
In a separate experiment we have found no inelastic resaechnique for elastic Feshbach resonances: the measurement
nances in3,3)+(4,4) collisions for magnetic field strengths of the evaporation rate in a shallow tr@p7]. This method
up to 23.5 mT, in agreement with theory. converts the temperature evolution measurement into an

032701-5



CHIN et al. PHYSICAL REVIEW A 70, 032701(2004)

TABLE II. Feshbach resonances, continued. Columns defined as in Table I. One bound state could not be assigned while three resonances
have not been observed experimentally.

Experiment Theory
Assignment
State Method Bexpt (MT) Inc. I f m; Bineor (MT)
Wave

(3,-3+(3,-3 inel. 2.182) a
(3,-3+(3,-2 inel. 3.572) s d 6 -5 3.5%5)
(3,-3+(3,-2 inel. 10.5@1) P f 7 -7 10.5@5)
(3,-3+(3,-2 inel. 11.042) p f 7 -7 11.035)
(3,-3+(3,-2 inel. 11.392) p f 7 -7 11.3%5)
(3,-3+(3,-2 inel. 12.012) s d 8 -7 12.035)
(3,-3+(3,-2 inel. 13.012) s d 8 -6 13.0%5)
(3,-3+(3,-2 inel. 14.582) s d 8 -5 14.6%5)
(3,-3+(3,-2 inel. 17.022) s d 8 -4 17.0%5)
(3,-3+(3,-2 inel. s d 8 -3 20.885)°
(3,-2+(3,-2 inel. 14.822)° s d 8 -7 14.805)
(3,-2+(3,-2 inel. 16.582)° s d 8 -6 16.505)
(3,-2+(3,-2 inel. 19.252)° s d 8 -5 19.2%5)
(3,-2+(3,-2 inel. s d 8 -4 23.7%5)°
(3,-3+(3,-1) inel. 12.922) s d 8 -8 12.905)
(3,-3+(3,-1 inel. s d 8 -4 21.1%5)°

¥Not predicted by calculation.
®Not observed experimentally.
“Has equal contribution frort3,-3 +(3,-1) collision.

atom number measurement, which provides better sensitivity5 uK. This is due to the large background scattering
and signal-to-noise ratio. length, such that, at &K, the collision is not in the Wigner

We report elastic collision properties in the pui®,3) threshold regimg30]. The off-resonant cross section is al-
+(3,3) channel and in the mixed3,3)+(3,2) channel, ready very close to the maximum value or the unitarity limit.
where the measurements are not complicated by inelasti® the (3,3)+(3,3) channel, a vanishing elastic collision
processes. Although the elastic cross section can in principle
be either enhanced or suppressed by the Feshbach resonance,
we observe only dips in the the elastic collision rateTat

1.0 T T T T

-11 - -

IS
x

oy
o

fractional loss

-11 - -

5 10 15
I magnetic field B [mT]
0 ”J . , FIG. 5. Atom loss as a function of magnetic field for an initial

0 5 10 15 20 mean densityn=5x 10 cm™3, temperature of~5 uK, and inter-
magnetic field B [mT] action time of 300 ms. Populations in théF=3,mg=-3),
|[F=3,me=-2), and all other states are 95%/,5%, and<1% for
FIG. 4. Binary loss coefficient in a gas [f=3,m=-3) atoms  the lower curve, 85%;10%, and~5% for the middle curve, and
as a function of external magnetic field. The initial mean atomic~70%, ~20%, and~10% for the upper curve, respectively. Com-
density isn=5x 10'? cm™ at a temperature of5 uK. Populations  parison between the curves facilitates the identification of the inci-
in the|F=3,mg=-3), [F=3,mg=-2), and all other states are 95%, dent channel responsible for the Feshbach resonances. Magnetic
~5%, and<1%, respectively. Magnetic field resolution is 4J. field resolution is 1QuT.

N
x
a
(@]

loss coefficient [cm/s]
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cross section at 1.71 mT resulting from sswave Feshbach T ' ' ' '
resonance was first observed as a strong reduction in the
cross axis rethermalization raf&8]. One additional narrow
d-wave Feshbach resonance at 4.80 mT is found by monitor-
ing the evaporative loss rate of atoms|3) 3) state[17]. In

the (3,3)+(3,2) channel, a minimum of the elastic collision
rate at 5.7 mT is observed using the same evaporative loss
method, when we measure the atom number in |&e2)
state. The positions of the elastic collision rate minima are
given in Table I.

The elastic collision measurements based on evaporative
loss are limited to resonances whose width in energy is com-
parable to or exceeds the thermal energy of the sakdle
For narrow resonances the resonant variation of the elastic FiG. 6. A detailed radiative loss spectrum. The probe beam at
collision rate over a small interval of collision energies doesyavelengthh =844 nm has an intensity of 50 W/émHere 85%
not lead to observable variations in the evaporation rate. FQn5%) of the atoms are in thi,3) (|3,2)) state. The temperature
the detection of such weak resonances we have to resort tmd mean density of the sample are g and 1x 101 cm,
radiative Feshbach spectroscopy, discussed in the next saespectively. “S” indicates a shape resonance; the stars indicate Fes-
tion. hbach resonances in tf(@, 3)+(3,2) channel. Magnetic field reso-

lution near the resonances i d.

radiative loss rate [1/s]

0 1 2 3 4
magnetic field B [mT]

V. RADIATIVE FESHBACH SPECTROSCOPY
The details of the radiative loss line shape are discussed in

Narrow resonances with a linewidth that is small com-Ref. [16]; atom-molecule dynamics and the sensitivity of the
pared to the thermal enerdgT do not significantly affect oyr radiative Feshbach spectroscopy are studied in [Bf.
the sample’s thermalization rate and therefore cannot bghe positions of the resonances are tabulated in Table Iil.
probed by elastic Feshbach spectroscopy. However, itis pogiwo of the Feshbach resonances observed by radiative

sible to directly measure the enhancgplias)-bound-state  Feshbach spectroscopy was recently used to create ultracold
population on a Feshbach resonance using a far-detuned laggfsium molecule$s,7].

beam to selectively dissociate the molecules, while leaving
the atoms unperturbed. This technique is called radiative
Feshbach spectroscop§,16].

In this work, we apply radiative Feshbach spectroscopy to The structure of the Hamiltonian of two interactif§
probe Feshbach resonances in {8e3)+(3,3) and (3,3 ground-state alkali-metal atoms is well known. It contains
+(83,2) scattering channels using a probe beam typically dethe atomic kinetic energy operator, an atomic Hamiltonian
tuned from 20 GHz to 4 THz to the blue of the cesildy  for each atom, two Born-Oppenheimer potentials with sym-
transition at 852.3 nm. The probe beam is provided by ametry 12& and 3%, the nuclear rotation operator

titanium-sapphire laser and uniformly illuminates the atothFZ/(ZMRZ), and weaker relativistic spin-spin dipole and
sample with a stabilized intensity up to 50 W/eriThe in- second-order spin-orbit interactions. Herés the nuclear

t‘?”s“y and detu_nin_g O.f the Ig;er are adjusted such that t.h%echanical angular momentum ands the reduced mass of
single-atom excitation is sufficiently weak to produce negh-the molecule

gible atom loss when the magnetic field is wned off the The atomic Hamiltonian contains a Fermi contact term

Feshbach resonances, while maximizing the loss on thgnd the Zeeman interaction when an external magnetic field

Feshbach resonance. . - ) B directed along the axis is present during the collision.
To measure the radiative collision loss, we first preparer . eigenstates of theB=0 atomic Hamiltonian are
atom samples either fully polarized in tH&, 3) to study

(3,3 +(3,3) collisions or 85% in3, 3 and 15% in3, 2) to Fa:Me), Wherea=1 or 2 for atom 1 or 2F,=8,+i,, and
study(3,3)+(3,2) collisions. After the preparation and field Mg, is the projection ofF, along thez axis. Heres, andi,
ramping, we typically illuminate the atoms with the probe are the atomic electron and nuclear spins, respectively. For
beam fort=100-300 ms and measure the trap loss. To deB>0, states with theame rg,, mix, F, is no longer a good
termine the radiative loss rate as a function of magnetic fieldjuantum number, and the zero-fiefd,, degeneracy is lifted.

we perform two consecutive atom number measurements &Or convenience, atomic eigenstates ina magnetic field will
every magnetic field value to discriminate nonradiative lossbe labeled byF ,,mg,) since for the fields used in this paper
N, is the atom number at without the probe beam, Nads ~ the Zeeman interaction is small compared to the hyperfine
obtained at with the probe beam. The radiative loss rate igteraction and=, is an approximately good quantum num-
then given byy=(1-N,/N,)/t, where the illumination tim¢  ber. We use hyperfine cqnstants a}nd r_nagnetic moments from
is chosen to keep the maximum atomic loss below 30%. TéRef. [31]. The nuclear spin of cesium is 7/2. _
increase the detection sensitivity to weak resonances, we The selection rules for the Born-Oppenheimer Hamil-
lengthent to >500 ms and average each data point up to 3onian conservé andf=F;+F,. Consequently, bound states
times. A detailed spectrum thus obtained is shown in Fig. 6and scattering amplitudes can be labeledfbjor B=0 and

VI. THEORY
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TABLE lll. Feshbach resonances and a single shape resonance observed with radiative spectroscopy. Columns defined as in Table |I.
Several Feshbach resonances have ambiguous assignisemtext

Experiment Theory
Assignment
State Method Bexpt (MT) Inc. I f m;¢ Biheor (MT)
Wave
(3,3+(3,3 rad. 1.1023) s g 4 2 1.122)
(3,3+(3,3 rad. 1.4373) s g 4 3 1.482)
(3,9+(3,3 rad. 1.5063) s g 6 5 1.512)
(3,9+(3,3 rad. 1.831) s d 1.862)%
(3,3 +(3,3 rad. 1.9903) s g 4 4 2.012)
(3,3 +(3,3 rad. 4.7973) s d 4 4 4.772)
(3,3 +(3,3 rad. 5.3503) s g 2 2 5.432)
(3,3 +(3,3 rad. 11.2783) s d 6 4 11.322)
(3,3 +(3,3 rad. 13.1063) s d 4 4 13.192)
(3,3+(3,2 rad. 0.781) s g 6 3 0.832)
(3,9+(3,2 rad. 1.131) s g 4 1 1.172)
(3,9+(3,2 rad. 1.471) s g 420r64 1.542)
(3,3+(3,2 rad. 1.661) p f 3 2 1.642)
(3,3+(3,2 rad. 2.091) s g 4 3 2.162)
(3,3 +(3,2 rad. 2.211) p f 110r33 2.18)
(3,3 +(3,2 rad. 2.361) p f 110r33 2.38)
(3,3+(3,2 rad. 3.601) s g 4 4 3.7Q2)
(3,3+(3,2 rad. 3.811) p f 5 1 3.782)
(3,3+(3,2 rad. 4.681) p f52o0rp54,5 4.702)
(3,3+(3,2 rad. 4.931) p f52o0rp54,5 4.892)
(3,3+(3,2 rad. 4.991) p f52o0rp54,5 4.992)
(3,3+(3,2 rad. 5.701) s d 4 4 5.7Q2)
(3,3+(3,2 rad. 5.772) p p 5 3,4,5 5.7®)
(3,3+(3,2 rad. 5.871) p p 5 3,4,5 5.862)
(3,3+(3,2 rad. 5.971) p p 5 3,4,5 5.98)

%d-wave shape resonance.

myl for B> 0. Here,m;=mg;+Mmg,. The two relativistic inter-  hbach resonance. Notice thgtwave Feshbach resonances
actions weakly mix states with differenaindf. Global sym-  are induced by higher-order spin-orbit interactions and there-
metries ensure that the molecular Hamiltonian, including theore have very narrow resonance widths of a few’ID. The
relativistic interactions, conserves parity and total angulabutgoing state is eithes-wave in the scattering channel for
momentumF=f+1 and its projectiorM=m+m, for B=0 or  elastic processes or some low partial waves in other channels
only M for nonzero fields. Only even or odd partial waves for inelastic processes.
are coupled. FoB=0 there are at most 72 coupled channels
while for nonzero_fields there are infinitely many cqupled VII. NUMERICAL APPROACHES
channels. In practice the number of channels is restricted by
using knowledge about the relative strengths of the indi- The scattering properties and bound-state energies of the
vidual terms in the Hamiltonian. ground-state Hamiltonian are obtained with two separate nu-
The relativistic interactions, even though weak, are cruimerical approaches. Scattering wave functions and the scat-
cial in understanding the presence @fvave andg-wave tering matrix at energf are found using a Gordon propa-
Feshbach resonances in our gas of ultracold Cs atoms. Thyator [32]. From the scattering matrix elastic and inelastic
temperaturel =5 uK is small compared to the 200K and  rate coefficients can be obtained. The relation between the
1 mK barrier height of thed and g partial waves, respec- scattering matrix and the rate coefficients is given in Ref.
tively, and only incomings-wave andp-wave collisions con- [33]. Feshbach resonances appear as sharp peaks or dips in
tribute to the experimental signal. Coupling from the incom-the magnetic field dependence of the rate coefficients. For
ing s-wave tod- andg-wave bound states is induced by the comparison with the experiments the rate coefficients need to
relativistic interactions and is denoted&sandg-wave Fes- be thermally averaged.
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Obtaining discrete bound states with the Gordon method The energy widths of=4 (g-wave) Feshbach resonances
is cumbersome since eigenenergies areangtiori known  are significantly smaller than the average collision energy. As
and multichannel scattering wave functions need to be cala consequence, the location of the maximum of the photoas-
culated at a large number of energiEs Consequently, a sociation line shape as a function of magnetic field depends
discrete variable representatif¥] for the radial kinetic en-  on the zero-collision-energy resonance field locafignthe
ergy operator is used to find the bound states. In this apemperature, and the magnetic momgpt, of the embedded
proach the eige_nvalues of a Iinear system of size given by thgound state. In practice, however, we located the resonances
number of radial collocation points times the number offom scattering calculations @&/ks=5.3 uK and used the
coupled channels need to be calculated. This can be do'?ﬁagnetic moment of theg-wave Feshbach resonance ob-

with standard linear algebra packages. However, reSOUrG8ined from bound-state calculations to extrapolate to zero

limitations tend to restrict the number of coupled channels__,._.
that can be conveniently handled. For the heavy cesiurr(%OIIISIon energy-

dimer a realistic maximum number of channels lies between

10 and 15, although 20 channels can still be treated. An VIIl. RESULTS
interesting alternative for finding bound-state energies, _ o _ .
which does not require the storage of the linear system, can Tables |-l give the magnetic field locations and assign-

be based on the multichannel quantum defect thggBy, It ~ ments of the observed Feshbach resonances. The numbers in
takes advantage of analytic properties of wave functions as parentheses indicate the one-standard-deviation uncertainty.
function of energyE in order to limit the number of wave The locations of the resonances are obtained from elastic and
function evaluations. inelastic cross-section measurements or radiative spectros-
Bound states are calculated over a range of magnetic fieldopy. The theoretical resonance locations are obtained from
values. Feshbach resonances occur when a bound stateupled-channel scattering calculations aEkkg=5.3 uK
crosses a collisional threshold. Examples of resonances cawollision energy and Born-Oppenheimer potentials with dis-
be found in Refs[36,37. In the absence of the two relativ- persion coefficient€s=689(E a5 and Cs=95460(,,a5 and
istic interactions calculations label individual bound states byscattering lengthas=280.3, anda;r=240%, [15]. Herekg
m, |, andM. In addition, the field dependence of a level canis the Boltzmann constantE},=4.35974 aJ is one hartree,
be traced to a bound state at zero field. At zero ffelabels  and 18;=0.0529177 nm is one Bohr radius . Hégb.3 uK
the bound states. For the magnetic fields used in our experis the average collision energy for a Cs gasaB.5 uK. For
mentf remains approximately good. Coupling of states withresonances observed in the elagiielastio rates the mini-
different m; but the samd is sometimes needed to fully mum(maximum of the line is quoted. The only exception is
assign the Feshbach resonances. For this paper bound-sttlte resonance at 7.66 mT, where the position of the mini-
calculations are used to assign quantum numbers to the resaum inelastic rate is given. For the resonances observed by
nances. radiative spectroscopy the maximum of the loss rate and the
The Feshbach resonances are experimentally observed mmaximum of the theoretical inelastic collision rate in the
either elastic cross sections, inelastic rate coefficients, or raxbsence of laser light are presented.
diative collision rates. The former two measurements can be It should be noted that the magnetic field values for the
modeled from first-principles scattering calculations of crossspectral features presented here should not be confused with
sections and rate coefficients. In principle the rate coeffithe location of the molecular Feshbach state introduced in
cients need to be thermally averaged. However, a propdfig. 1. Typically, the molecular state can be defined any-
thermalization was impractical and for a comparison bewhere within the width of the resonance.
tween theory and experiment only a single collision energy The theoretical uncertainties are a consequence of our
given by the mean collision energy of a gas at temperafure limited ability to model the experiments and are obtained by
was used. A combination of narrow Feshbach resonances aggmbining the uncertainties due to the spread in collision
the need to study the effect of variations in the shape of thenergies of a thermal Cs gas with the magnetic field depen-
two Born-Oppenheimer potentials on the resonance locationdence of the Feshbach resonance. Any discrepancy between
would lead to an untenable number of scattering calculationgheory and experiment in the tables that lies outside the error
A one-standard-deviation uncertainty of 0.02—-0.05 mT inbars indicates deficiencies in the shape of the two Born-
the calculated magnetic field location of the Feshbach resd@ppenheimer potentials.
nances observed in elastic or inelastic rates results from the The assignment of the resonances is obtained by combin-
use of a single collision energy. ing information from scattering and bound-state calculations.
The radiative collision data require modeling of the rateThe initial collision partners that lead to a resonance are
coefficient for the absorptions of a photon by a pair of ultra-determined from theoretical scattering calculations and ex-
cold Cs atomg38]. However, we are interested in reproduc- perimentally by varying the relative population of hyperfine
ing the location of Feshbach resonances, and not in the alstates in the Cs gas and comparing the relative strength of the
solute absorption rates. Consequently, from a theoreticaksonances. The incoming partial wave is obtained from scat-
perspective it is sufficient to locate the resonances in théering calculations. The assignment of quantum numbdts
elastic cross section in the absence of light. The4  andm; is made on the basis of bound-state calculations. One
(g-wave) resonances observed by radiative Feshbach spetesonance could not be assigned.
troscopy could not be observed by direct measurement of the Levels with the sameé,f,m; symmetry but differentv
elastic cross section. =m+m; are degenerate except for small splittings from the
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second-order spin-orbit and spin-spin interactions. For ever 07’.‘ T T ST &
partial waves this is not an issue as losses fromstheave ) ;6g 7
entrance channel at collision energies of the order of a few
microkelvin are much larger than those frothwave en- |-
trance channels and thus only resonances Mitqual to the ;|
sum of the magnetic quantum number of the initial hyperfine ’
statesM =m;; +m;,, are observed. For collisions between at-
oms in unlike hyperfine states contributions frqmwave
collisions cannot be ignored and nearly degenerate Feshba
resonances from thred values appeatr. -0.1
A good example of the complexity for oddresonances
can be found between 4.0 mT and 6.0 mT in the radiative
Feshbach spectrum from(&, 3)+(3,2) collision. In this re- |
gion six nearly degenerate resonances are laldelédf =5, 015
my=2, orl=p, f=5. Them; labels of thep-wave resonance 0
could not be assigned. It turns out that this resonance has a
small magnetic moment and &~5 mT the differentmy FIG. 7. Total angular momentum projectidt=6, s-, d-, and
components are nearly degenerate. Mixing between differenf.\yave hound state energies as a function of magnetic field. The
m; components for the samié due to second-order Spin- ;orq of energy corresponds to te=3,me=3)+(F=3,me=3) dis-
orbit and spin-spin interactions leads to shifts that are comzqiation limit. Dotted, dashed, and solid lines corresporid &4,

parable to the spacings due to the Zeeman interaction. The,yq states, respectively. Furthermore, each curve is labeled by the
I=f resonances, which have a larger magnetic moment, aantum number$l—i.e., fl=6s. The molecular spirf is a zero-

cidentally reside in the same magnetic field region. field quantum number. For thié=6d states the magnetic quantum

We have assigned more than one set of labels to the resgumberny is also indicated. The solid circles represent the ob-
nances between 4.0 mT and 6.0 mT, becamseand to a  served threshold resonances.
lesser degrekandf are not good quantum labels. There are
eight differentl=p, f=5 and|=f, f=5, m;=2 resonances of a givenl andm. In fact, the curves in the figure have been
between 4.0 mT and 6.0 mT. Six of these eight resonancesbtained in this way. However, it should be realized that the
are due to thep-wave symmetry. This can easily be checkedcrossings between bound states shown in the figure are actu-
by noting that onlyM=4, 5, and 6 can lead to these odd- ally avoided when second-order spin-orbit and spin-spin in-
resonances. Not all eight resonances have been seen, whigltactions are included. At zero magnetic field coupling be-
might be due to the fact that some are not resolved or unoliween channels with different molecular sgiis also small.
served by radiative spectroscopy. We did not perform quanThe assignment df is obtained by retracing a bound state to
titative bound-statecalculations as too many channels musta zero magnetic field and noting that| < f.
be coupled together. The theoretical field locations listed in A close look at Fig. 7 shows that the lines can roughly be
the last column of the tables have been obtained from scattivided into those that are noticeably curved and those that
tering calculations where all states are included at the cost @fppear straight. A good example of curved lines is the two
losing the ability to assign quantum labels. fl=4d bound states, while thedéand 4y bound states are

Figure 7 shows evehM =6 bound states below the low- good examples of bound states that have a linear magnetic
est molecular hyperfine stat8,3)+(3,3) as a function of field dependence. The curved lines are due to broad avoided
magnetic field. Each bound state is labeled witandl. A crossings that appear because the sdinabeled states
resonance occurs when a bound state crosses zero energyadily mix when a magnetic field is applied. Mixing is due
The frequency range shown in the figure is sufficient for theto the interplay of hyperfine, Born-Oppenheimer, and Zee-
assignment of alB<15 mT s-, d-, and g-wave Feshbach man interactions and is significantly larger than in avoided
resonances in the collision betweé®, 3) Cs atoms. The crossings mediated by second-order spin-orbit and spin-spin
solid circles mark the observed threshold resonances in a Gsteractions.
gas atT=3.5uK (kgT/h=0.1 MHz). Agreement between The most weakly boundl=6s state is bound by about
theory and experiment is sufficiently good that assignment§5 MHz at zero magnetic field, rises rapidly until it turns
can be made even though discrepancies exist. These discraprer near 2 mT, and then continues just below the dissocia-
ancies are caused by thslightly) incorrect shape of the tion limit. This avoided crossing is also shown in Fig. 8. The
Born-Oppenheimer potentials and the approximations in théound state does not run parallel to the dissociation limit. It
bound-state calculations. For fields smaller than 1 mT theorppecomes a Feshbach resonance BesBO mT. The behavior
predicts the existence of additional resonances. of this bound state has direct consequences forsthave

The number of coupled channels fdr=6 andl=s, d, and  scattering length of tw¢f,m,)=|3,3) atoms. Below 1.7 mT
g is 74. However, as discussed in the previous section, fothe scattering length is negative and above this field value it
nonzero applied magnetic field the coupling between differis positive. This zero of the scattering length has been ob-
ent partial waves andy’s is due to weak second-order spin- served in Ref[18] and has been used to optimize the Born-
orbit and spin-spin interactions. Consequently, for most reso©ppenheimer potentials in Refgl5,17, as well as in this
nances in Fig. 7 the assignment is unambiguous usingaper. It is interesting to realize that, as discussed in Ref.
independent bound-state calculations that only include statg45], for B< 1.7 mT,d-wave channels affect the elastic scat-

“E (GHz)
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FIG. 8. Expanded view of th#1=6, s-, d-, andg-wave bound 1‘6%30 6840 6850 6860 6870 6880 6890
states shown in Fig. 7. An avoided crossing betwgemave m C, (au.)

=3 and 5 bound states occurs arolBw1.4 mT.
FIG. 9. Position of twoM =6 g-wave resonances as a function
of Cg or equivalentlyCg for a zero-energy collision of two Cs atoms
tering and must be included in order to obtain an accuraté the lowest hyperfine state. Ti@ andCq are expressed in units
scattering length. of Ejag and Eyay, .respectlvely. The dotted lines correspond tp the
Some of theM =6 andl =s, d, andg Feshbach resonances peak of the experimental radiative Feshbach spectroscopy signal.

below B=3 mT could at first not be assigned from calcula-

tions using states with the sanheand m;. Resonances of ) o
differentim, symmetry lie in the same magnetic field region. magnetic moments of the resonances. The peak radiative de-

Figure 8 shows a blowup of the 0—3 mT magnetic fielgtection signal as a function of magnetic field is due to colli-
range. Thef=4, m=3, andf=6, m:=5 g-wave bound states sions at zero energy. The magnetic moment of the resonances
cross just below the dissociation limit and weak couplings's_lmﬂ_K/mT for the f=6, m=5 and 550uK/mT for the
might shift the corresponding Feshbach resonances. The if=4, Mi=3 state.
set shows the avoided crossing between tHesé, m;=3, The location of the Feshbach resonance found from a
andf=6, m=5 g-wave bound state when the weak couplingPound-state calculation, including ongiywave mi=3 and 5
between the two bound states is included. From the figure ghannels, and a scattering calculation at zero collision en-
is clear that the avoided crossing has little influence on th&'9Y: which includesall s-, d qnd g—wave_ch_annels, dis-
location of the Feshbach resonances andfran label for ~ @gree by about 0.02 mT. This discrepancy is likely due to the
each resonance can still be assigned. limited number of channels in the bound-state calculations.

The Born-Oppenheimer potentials that have been used fofN® magnetic moments, however, are not expected to be sig-
the theoretical resonance locations quoted in Tables |1l angificantly modified. _ .
Figs. 7 and 8 are based on the fit in our previous Wds, Table IV summarizes our best fit. Based on the collision
where the major uncertainties in the calculation of resonancB&rameters, cold collision properties of cesium atoms can be
positions arise from the poorly constraingg coefficient. readily calculated in various scattering channels. In particu-
For this paper we have improved the Born-Oppenheimer pd@": the (3,3)+(3,3) and (3,-3+(3, -3 scattering lengths
tentials by optimizing theCg dispersion coefficient in addi-
tion to the Cq coefficient, the strength of the second-order
spin-orbit interactiors;, and the singlet and triplet scattering
lengths[15]. For a givenCg the potentials are optimized to fit cold Cs atoms. ThEs and C are expressed in units &yal and
the minima in the elastic scattering rate of #8%3)+(3,3) [ s velv. The sinal 4 trio| i lenath

i d nag, respectively. The singleas, and tripletar, scattering lengths

scattering at 1.706 mT and 4.802 mT, the6 d-wave reso-  re in units ofa,. HereS. is dimensionless. One-standard-deviation
nance in(3,-3)+(3,-3 scattering at 3.005 mT, and the _ncertainties are given.
resonance g4 ,—4)+(4,-4) scattering at 20.503 mT. Over a

TABLE IV. Properties of the singleX 'S and tripleta 3%
Born-Oppenheimer potentials and the second-order spin-orbit inter-
action that give the best fit to all data on collisions between ultra-

10% range of theCg coefficient near 900 OCEpag a linear Value Uncertainty(%)
relationship betweels, S, ag, anday exists.

An improved cesium-dimer Hamiltonian is created by fit- Ce 6860 0.36
ting to selected3,3)+(3,3) g-wave resonances. Figure 9 Cs 860 000 8.7
shows theM =6, f=6, m;=5, andf=4, m;=3, g-wave reso- ag 280.37 0.02
nance position as a function @f or, equivalently,Cg. The ar 2440 1.0
figure shows theoretical zero-collision-energy resonance lo- g 26 19

cations derived fromE/kg=5.3 uK calculations and the
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=3) scattering channel. Resonances resulting fronMis, s-, d-, o )

and g-wave bound states are assigned with quantum number FIG. 11. Collision rate constants in th&=3, me=-3)+(F
(1,f,my), wherel is the orbital angular momentunt,is the total =3, Me=—3) scattering channel #&/kg=1 nK. Inelastic collision
internal angular momentum, ama is the magnetic quantum num- "ates(@) and elastic collision rate) are calculated with a mag-
ber. Calculations are done with a magnetic field grid size ofB0 ~ Netic field grid size of 1T for off-resonance regions and /T
for off-resonance regions and 100 nT near the narrow resonanced€ar the resonances. Resonances from Nie-6, s-, d-, and

The inset shows the resonance structure near 17 G in detail. ~ 9-wave bound states are included and assigned with quantum num-
ber (I,f,m;), where the notation is the same as in Fig. 10.

are —2510a, at zero magnetic field. In the presence of the
magnetic field, Fig. 10 shows the scattering length of thelO f-wave, and 1@-wave Feshbach resonances and one
(3,3+(3,3) channel as a function of magnetic field; Fig. 11 Shape resonance. One resonance ir3he3)+(3,-3) chan-

shows the collision rate constants in th&,-3)+(3,-3 nel could not be identified and is possibly a three-body col-
channel at the collision energy &f=kg 1 nK. All s, d-, and lision resonance or a two-body Feshbach resonance with

g-wave channels are included in the calculation. These twd€'Y high partial-wave number.
states are particularly interesting in the experiments of ce- 1he model has been used to calculate the molecular en-
sium Bose-Einstein condensati89]. The resonances are €'9Y Structure below thé==3)+(F=3) continuum and the
identified and labeled by the quantum numbers of the ass@0llision properties in thé¢3,3)+(3,3) and(3,-3+(3,-3
ciated molecular states. scattering channels. These data will provide crucial informa-
tion for experiments on cesium Bose-Einstein condensation
[39] and cesium moleculds].
In general, this paper presents the results of a successful
We have measured60 magnetic-field-induced Feshbach collaboration of experimental and theoretical works and re-
resonances in the collision of ultracold ground-state cesiurgolves the collision anomalies of cesium atoms. The excel-
atoms. Of all the alkali-metal species cesium is shown tdent agreement on-60 resonances between experiment and
have the richest resonance structure. theory with only 5 parameters marks a triumph of the pre-
The field resonances have been observed in elastic collfictive power of atomic interaction theory. The experimental
sion rates, evaporation loss rates, collision relaxation rategletermination of the resonance locations is better than the
as well as in radiative collision resonance experimeras theoretical estimate. Further improvements would require
diative Feshbach spectroscopifhe last experiments have more flexibility in the(short-range shapef the two Born-
been instrumental in observidg:4 g-wave Feshbach reso- Oppenheimer potentials. Moreover, theoretical modeling will
nances with several QuIl resonance width. need to use thermally averaged elastic and inelastic rates as
Based on the previous wofli5], we have improved the Well as an improved model of the radiative line shape.
model for Cs-Cs collisions and in addition used multichannel
bound-state calculations to assign each Feshbach resonance
with pertinent quantum numbers. The quantum numbers cor- C.C. would like to thank P.S. Julienne for discussions.
relate each resonance to a molecular bound state at zero mafhis work was supported in part by grants from the AFOSR
netic field. We identify 3s-wave, 6p-wave, 32d-wave, and NSF.
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