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Measurement of a mixed-spin-channel Feshbach resonance $Rb
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We report on the observation of a mixed-spin-channel Feshbach resonance at the low magnetic field value of
9.09+0.01 G for a mixture gf2,-1) and|1, +1) states in®’Rb. This mixture is important for applications of
multicomponent Bose-Einstein condensate$’®b, e.g., in spin mixture physics and for quantum entangle-
ment. Values for position, height, and width of the resonance are reported and compared to a recent theoretical
calculation of this resonance.
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Feshbach resonances are a versatile tool to alter the scdérred into a far detuned optical dipole trap operated at
tering properties of atomic ensembles in a controlled way1064 nm with trapping frequencies ef27 < 890 Hz verti-
which opens fascinating possibilities for Bose-Einstein con-cally, 27X 160 Hz horizontally, and 2X 20 Hz along the
densategBEC9 as well as ultracold Fermi gases. In the beam direction. The experiments reported were performed
vicinity of a Feshbach resonance the atom-atom interactiotypically with initially 10° optically trapped atoms. The con-
characterized by the-wave scattering length can typically fining potential is independent of the spin and hyperfine
be tuned over a wide range of negative and positive valuestates and is therefore well suited for examinations of arbi-
by simply varying an applied magnetic field. Feshbach resotrary spin and hyperfine states and mixtures of thisg.
nances have been observed for various alkali-metal atonisor detection, the atoms are released from the dipole trap and
[1-12. The tunability of the interatomic interactions has separated by a Stern-Gerlach gradient=c#6 G/cm at an
been used to alter the mean-field energy of a BEC leading toffset field of =157 G applied for 7.5 ms. After a further
a collapse of the condensdtks]. Furthermore the possibility time of flight of typically 7 ms an absorption image is taken.
of coherently coupling atomic and molecular states haghe linear Zeeman effect leads to a separation of 680
sparked recent interest in atomic Feshbach resonances resildetweenmg states. An additional separation of gfn be-
ing in a series of cold molecule experiments based on BE@veenF states occurs due to the quadratic Zeeman effect.
and cold Fermi gasel4-21. For 8Rb, the element most Therefore each absorption image provides population num-
commonly used in Bose-Einstein condensation experimentgers for each of then- components of thé-=2 andF=1
no Feshbach resonances have been found for the magnedtates separately and simultaneously.
cally trappable statef,mg)=|1,-1) and |[F,mg)=|2,+2). For the experiment reported here, a mixture of the
In a recent precision experiment on t{g +1) state and a |2,-1) and|1, +1) states is prepared. We use a Landau-Zener
mixture of the|1,+1) and|1,0) states more than 40 Fesh- crossing techniqug25] to transfer populations between the
bach resonances have been obsefu®l Most of them are mg states. An offset field of 25 G during all Landau-Zener
in excellent agreement with theory, which maRé&b one of  processes leads to a significant difference of the
the elements with the most precisely known collisional pa-mg-transition frequencies due to the quadratic Zeeman effect
rameters. The observed Feshbach resonances are mostly redad therefore allows specific addressing of the individual
tively narrow and at high magnetic field values of severaltransitions. Slowly sweeping the radio frequency allows for
100 G, making their exploitation a difficult task. an adiabatic following of the eigenstate.

In this paper we report on the observation of an easily In order to prepare the desired spin mixture, we first trans-
accessible mixed-spin-channel Feshbach resonance betwefen the atoms initially in thg2, +2) state adiabatically into
the|2,-1) and|1, +1) states of’Rb at a low magnetic-field the|2,0) state. Subsequently the magnetic field is lowered to
value. This resonance has been predicted theoretically bas&® G ands/2-Raman pulse is used to transfer 50% of the
on recent experimental data by van Kemptral. [22]. population into thel1,0) state resulting in the distribution

The knowledge of atom-atom interaction parameters beshown in Fig. 1a).
tween different spin states is fundamental for a deeper un- The Raman laser system consists of two phase-locked di-
derstanding of so called spinor condensates. Lifetimes obde lasers similar to Ref26]. The master laser is operated
spin mixtures in thé==2 manifold as well as collective spin in a free-running mode =16 GHz above the
dynamics leading to nanomagnetic effects are governed bly=2< F’'=3-transition resonance. The slave laser is phase
the atom-atom interactions. A tunability of spin interactionslocked to the master at a difference frequency of 6.8 GHz
in dilute quantum gases may, e.g., improve the experimentabove the master laser frequency taking into account the qua-
feasibility of spin-squeezing scenarif3] leading to future dratic Zeeman shifts of 47 kHz between {2¢0) and|1,0)
applications in quantum optics and quantum computation. states. The intensities of the two equally and circularly po-

Our experimental apparatus is based on a double-MOTarized Raman laser beams at the position of the condensate
(magneto-optical trapsystem which can produce magneti- are on the order of 30 mW/cheach and the pulse duration
cally trapped Bose-Einstein condensates df d@ms in the is 100 us. The mixture of thé2,0) and|1,0) states obtained
|2, +2 state every 30—45 s. These are subsequently trangfter the Raman pulse is transferred to the final mixture by
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FIG. 2. Loss coefficients for a mixture ¢2,-1) and|1,+1)
FIG. 1. Absorption images after different preparation steps. Thestates as a function of the magnetic field for hold times of 10, 18,
corresponding sweeps and states are summarized in Table . and 25 ms. The loss coefficient is proportional to the two-body loss
ratey multiplied by the hold timesee text for further explanatign
three further Landau-Zener sweeps. Table | summarizes

these steps and corresponding absorption images are showfgnificant extension of the number of outgoing and loss
in Fig. 1. We would like to note at that point that the absencechannels as compared to single-spin-channel resonances. For
of linear Zeeman shifts during the Raman passage made @l channels not conserving the hyperfine state or total spin
favor the implemented scheme in comparison to a simplethe released hyperfine or Zeeman energy leads to an instan-
sequencge.g., using a Landau-Zener passagé2te-1) and  taneous loss of atoms from the trap. In the following we
a /2 pulse of appropriately polarized Raman lasers to transanalyze the loss dynamics in order to determine position and
fer half of the population directly to the, +1)). This way  width of the resonance in a well-defined way. Loss during
we achieve a good reproducibility of the preparation. the hold time is evaluated assuming the following differential
In order to observe the Feshbach resonance, the prepareguation which describes the particle numbir) in a har-
mixture of[2,-1) and|1, +1) is held for a variable hold time monic trap as a function of timein the presence of a two-
in the dipole trap, while a precise current is applied to Helm-particle loss procesi27]
holtz coils inducing magnetic fields up to 10 G. Then the _
dipole trap is switched off and after Stern-Gerlach separation N = 9(B(t))N"". (1)
an absorption image is taken. The number of atoms in the )
condensate fractions for the,-1) and |1,+1) states are he loss rate,(B(t)) depends on thes-wave scattering
determined by performing a one-dimensional fit to the col-l€ngth, introducing a magnetic-field dependence in order to
umn sums of the processed absorption images. For evedllow for temporally varying valuesas the magnetic field
value of the magnetic field the number of atoms in the conf™Ms noise is comparable to the resonance widttis impor-
densates for both states is determined for negligible hold@nt to annotate at this point that the equation above assumes
time asN,(0) andN,(0) and subsequently for hold tintgas ~ &n adiabatic following of the_ trapplng volum.e during the
N, (to) and Ny(to). dgcay process and therefore is not strictly valid fpr our con-
Note that for the Feshbach resonance investigated in thigdered process due t‘? the fact that the decay is fast com-
paper the atoms in the incoming channels differ not only inPared to the axial trapping frequency. Nevertheless the equa-

their me but also in theirF quantum number leading to a 0N iS a reasonable approximatidi28] and allows the
introduction of a loss coefficien€C characterizing particle

TABLE I. Steps for the preparation of tH2,~1), |1, +1 mix- losses until timet,. Variable separation of Eq1) yields

ture, starting with d2,2) sample in the optical dipole trap. C=TB)t fto dtn(B(D) 5( 1 1 )
= 'y = ')/ =\ ——— y
Mixture M 2\N(0)?®  N(to)?"
Action State 1 State 2 Picture 2
2,+2 defining a time averaged loss raje The loss coefficient is
Sweep 1 - 2,0 determined from the experiment as
Raman/2 - 2,0 11,0 (@ - 5( 1 1 ) @
Sweep 2 - ke Y ®) 2\ [N1(0) + Na(0)1  [Ny(t) + No(to) )"
Sweep 3 — [2,-2 [1,+1) (©
Sweep 4 - 2,-1) 11,+1) «d) This equation can be applied due M@= N, [29]. Figure 2

shows the according curves for hold times of 10, 18, and
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TABLE II. Fitting parameters for the experimental data shown 30x10° T T
in Fig. 2 using Eq.(4) and calculated loss rateg=A/(t,—6 ms ¥ mF:ﬁ -
taking into account the initial ringing of the magnetic figlskee 25 4, m,E= 0
text. \ ATk M
w 20} i 3 i{* F *'{‘ _
, — £ = ‘ e
Hold time ty(ms) Y(Bo)(1/9) By(G) AB(G) § s %, & %%%%
10 35 9.084 0.013 i | ¥
18 2.8 9.091 0.023 or 4 |
25 -2.7 9.089 0.017 5L i ]
5 UL #
ILILL: 1itazlill {1 iliii i
25 ms. The data have been fitted by a Lorentzian function 6330 6340 6350 6360 6370 6380
Sweep End Frequency [kHz]
A
C(B)=Cy+ AR’ (4) FIG. 3. Final population ofme states after a Landau-Zener
1+4(B-Bo)/AB] sweep starting at 6326 kHz vs sweep end frequency. The horizontal

extracting the parameters shown in Table Il. TBgvalue errors represent the accuracy of the used sweeping generator. A
turns out to be small compared to the resonance depth and theoretical model is fitted to the data to determine a magnetic-field
consistent with two-body loss rates of other experimentsca”bration yielding a linear Zeeman splitting frequency of
[24] 27X (6353.13+0.08 kHz.

The magnetic field is calibrated by performing Landau-

Zener sweeps within thE=2 manifold at the approximate short hold timegas observed fot,=10 ms, compare Fig. 2
magnetic field of the Feshbach resonance. Figure 3 showg,q Taple I). Numerical integration of the current-switching
measured atom numbers in the BEC fraction for different,ye however yields a shift of the resonance of less than
end frequencies of the Landau-Zener sweep starting & mg fort,=> 18 ms, which thus cannot account for the shift
6326 kHz. The data is compared to a theoretical model of thg,e opserve versus the theoretical prediction. Nevertheless
Mg populations taking into accountra.-dependent particle aqgitional eddy currents may be present. This conclusively
loss and Landau-Zener parameters during the sweeps. TR&pains the shift of the observed resonancetferl0 ms.
positions of themg transition frequencies are evaluated by aConcerning longer hold times we observe no shift between
simultaneous fit of the theoretically calculated populationse resonance curves fy=18 ms and,=25 ms and there-
for each of them: components. Due to symmetry this cali- fre shifts due to magnetic-field switching and eddy currents
bration method is first-order insensitive to ac-Stark shiftSqeem to be unlikely for these hold times.

connected to the coupling field. The conversion to magnetic 5 major difference is found concerning the loss rate
field values is based on a Landé-factorgef=0.49945 for  —_ _5 g/5 which is nearly two orders of magnitude lower
87 . . .8/s,

Rb. We want to mention that the difference between meag,an predicted31]. This can be explained in part by broad-
sured resonance positions and the callbratlgln field ofning of the resonance due to technical noise. In addition,
9.088 G leads to relative errors of the order of*l@aking oy estimation is based on a homogeneous mixture, but spa-
into account our offset field compensation. A detailed errorgg) separation effects of the two immiscible spin compo-
budget estimating higher-order terms of the Breit-Rabi for-apis may reduce the overlap and lead to a lower loss rate
mula and ac-Stark shifts leads to an overall calibration errog,4, expected30].
of <1 mG. ) . ... In conclusion we have measured a mixed-spin-channel

Nevertheless, the observed width is likely to be signifi- Fashpach resonance #Rb between the statd® 1) and
cgntly broadened by current poi_se of the power supplxly +1) at an easily accessible magnetic field of
(=5 mGp¢) and ac stray magnetic fields in the laborat@y 9 09+0.01 G. The line width is consistent with theoretical
the order of 5 MG, in the vicinity of the trapped atoms  predictions[22,30, but there remain a slight line shift of
The observed width of the Feshbach resonance is thus cof:30 mG and a discrepancy in loss rates to be resolved.
sistent with the theoretically predicted value of 1-2mG  Note addedRecently, observation of this resonance using

[22,30, while we find a slight shift of its offset on the order enptanglement interferometry with pairs of atoms in an optical
of 3x 1073, i.e., 30 mG(theoretical value 9.12 @2]). Note  |attice has been reportd82].

that the initial ringing of the current in the Helmholtz coils

when switched on at the beginning of the hold time inhibits We thank E.G.M. van Kempen and B.J. Verhaar for stimu-
the observability of the resonance for short hold timeslating discussions and acknowledge support from the
<6 ms and leads to slight shifts of the resonance mainly fobeutsche Forschungsgemeinschaft in the SPP 1116.
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