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Cold atoms in a high-Q ring cavity
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We report the confinement of large clouds of ultrac®iRb atoms in a standing-wave dipole trap formed by
the two counterpropagating modes of a highring cavity. Studying the properties of this trap, we demonstrate
loading of higher-order transverse cavity modes and excite recoil-induced resonances.
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The tremendous progress of ultracold atomic physics in

PACS nuntber42.50.Ct, 32.80.Pj, 32.70.Jz, 42.50.Vk

In a recent pap€l4], we have shown that a far-detuned

the past decades is mainly due to the invention of powerfubptical lattice can be formed inside a hig@hring cavity and
techniques for trapping and cooling atoms. Besides magnetifat heating due to intensity fluctuations can be kept at very
traps, optical forces are used to store atoms in tightly focusetpw levels despite of the need to maintain a sharp resonance
red-detuned laser beams, in the antinodes of a standing wagendition by a high-bandwidth servo control. Here, we
formed by two counterpropagating laser beams or even iRpresent a setup where we show that the atomic motion can be
three-dimensional optical lattices. Spontaneous scatteringrobed nondestructively arid situ by recoil-induced reso-
processes are avoided by tuning the lasers far from resdanceg15]. There is an important reason to look for meth-
nance. High light intensities are then needed to keep theds to study the atomic motion which do not rely on sudden
atom-field coupling strong. Large intensity enhancements aréhanges of the intracavity intensity. This is because the long
achieved with optical cavitiesl]. The coupled system made lifetime of a highQ cavity inhibits the nonadiabatic switch

up of the cavity mode and the atoms exhibits fascinating?ff of deep cavity dipole traps and thus impedes a straight-
novel feature$2—4]. For example, cooling procedures have forward interpretation of time-of-flightTOF) images to de-
been proposef5—8|, where the kinetic energy of the atoms termine the temperature.

is dissipated via the decay of the cavity field to which the

We fill our ring-cavity dipole trap witf°Rb atoms from a

atoms are coherently coupled, rather than via spontaneogandard magneto-optical traMOT) that is loaded from a
decay of atomic excitation energy. This bears the advantagéapor generated by a rubidium dispenser. Typically, we load

that the cooling is only limited by the technical parameter ofl0®

atoms into the MOT at temperatures around 140

the cavity decay rate. As the cooling procedure is quite inwith a vapor pressure of>810° mbar.
sensitive to the details of the atomic level structure, it should The geometry of the ring cavity is shown in Fig. 1. The

work even for molecules.

transmissiong; of the mirrors depend on th@near polar-

In this paper, we study atomic trapping in a hi@hring  ization of the light modes. Fors polarization Ty=27
cavity with both propagation directions pumped. This kind of X10™6, T;=T,=2x10"°, while for p polarization T,
cavity is particular in the following sense. The optical dipole =2200x 107, T,=T,=9x10°% The experiments pre-

force exerted by a standing wave on atoms can be under-
stood in terms of a momentum transfer by coherent redistri-
bution (via Rayleigh scatteringof photons between the
counterpropagating laser beams. In multimode configura-
tions, e.g., a ring cavity, the photon redistribution can occur
betweendifferent modes[9]. This implies that the atoms
have a noticeable back action on the optical fields and that
the atomic dynamics can be monitored as an inte&iyl1]

or a phase imbalance between the modes. In a ring cavity, the
scattering of a photon between the counterpropagating
modes slightly shifts the phase of the standing wave. This
shift, being strongly enhanced by a long cavity lifetime, is
sensed by all atoms trapped in the standing wave. Conse-
quently, the simultaneous interaction of the atoms with the
two field modes couples the motion of all ato®,13, so

I
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FIG. 1. Geometry of the ring cavity. The atomic cloud is located

that in contrast to conventional standing-wave dipole trapsi the free space waist of the cavity mode. The system is character-

the atoms do not move independently of each other. ized by the pumping parameter , the atom-field coupling, the
laser detuning with respect to the cavity and to the atomic reso-
nanceA,, and the decay rate of the atdimand of the cavity field
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FIG. 3. Absorption pictures of atoms stored in higher-order
transverse cavity modes.

temporal-dark MOT stagl9] by increasing the detuning of
D the MOT laser beams te- 90 MHz and reducing the inten-
4 sity of the repumping beams. For the conditions given above,

FIG. 2. Experimental setup for pumping both directions of the W€ typically capture X ]:O7 atoms distributed over 10000
ring cavity, while locking the laser to a resonator eigenfrequency@ntinodes of the standing wave. The temperature of the
via the Pound-Drever-Hall technique. The AOM and the piezo ruledtomic ensemble is measured using the TOF method. We
out the laser frequency fluctuations. Also shown are the demodusuddenly switch off the dipole trap and image the shadow
lated reflection signala) and the transmission signéh) of the  that the cloud imprints on a weak probe beam after a period
cavity. of ballistic expansion. Note that, since we operate in a re-

gime of low cavity finesse, the switch-off time is fast com-
pared to the trap’s secular frequencies. During the expansion,
the initial momentum distribution of the cloud evolves into a
density distribution, whose radial width yields the tempera-
ture of the cloud. Depending on the potential well depth, we
obtain temperatures between 70 and 280, corresponding
to roughly 1/5 of the well depth. The peak density is typi-
cally 3x 102 cm 3. The lifetime of the dipole trap mea-
sured at 799 nm is 0.5 s. A thorough investigation of trap loss
processes in a similar system is presented in Ref.

With a slight misalignment of the incoupled laser beam,
the ring cavity can be locked to higher-order transverse
modes, into which the atoms can settle. Figure 3 shows ab-

factor F/ 1o values around 10 W. qives rise to an optical sorption pictures of atomic clouds confined in different
™ ' 9 P higher-order transverse modes. Such modes exhibit an en-

potential W'th a depth .OkBXl'A' mK at the _wa\_/elength 799 .hanced surface-to-volume ratio, which may prove advanta-
nm. The radial and axial secular frequencies in the harmom&eous for forced evaporation

reg(;jion ‘;'2055 7t80thke|_|center of the trap ang,q/2m=1 kHz We perform spectroscopy of recoil-induced resonances
and wa,l £m= Z. (RIR) [15,20,21, i.e., we probe two-photon Raman transi-

. The ring cavity is driven by a tlt.an|um-sapph|.re laser de'tions between two velocity states of the same atom. Two
livering up to 2 W output power into three optical modes Raman beamé, andk, enclosing a small anglé=13.1°

separated by 1.2 GHA6]. The central mode IS f|It_ered by an are radiated onto the atomic cloud such that the difference
extern_al confocal Fabry-Perot et_alon. The t'tan'um'sapph'r?/ectorq= k1—k, is oriented nearly parallel to the dipole trap
laser is locked to one of the eigenfrequencies of the ring A .
cavity using the Pound-Drever-Hall locking technique SYMMetry axis. The two beams, whose frequencies are
[17,18 (see Fig. 2 A feedback servo drives a piezoelectric 21d @2, give rise to a standing wave with periodicityr2q
transducer mounted in the titanium-sapphire laser cavityslowly moving inz direction with velocityv,= Aw/q, where
whose frequency response is limited to 10 kHz. Faster flucd= (K, +kz)sin(@/2) and Aw=w;—w,. The light wave
tuations of the laser frequency are balanced by means of daads to a periodic dipole potential for the atoms, which in
external double-passed acousto-optic modulgd@M). The  our experiment has a well depth of @X in units of kg .
servo bandwidth of 1 MHz is limited by a 100 ns time delay Only atoms satisfying the energy and momentum conserva-
in the response of the AOM. The laser frequency is stabldion requirement can undergo Raman transitions, i.e., only
enough to yield intensity fluctuations observed in the cavityatoms moving synchronously to the standing wave can scat-
transmission signal belo2 % even in the high finesse case. ter light from one beam into the other. This scattering is

The dipole trap is permanently operated, because keepingonitored as an intensity variation in one of the beams. The
the titanium-sapphire laser locked requires a certain amourtet rate for scattering from beam 2 into beam 1 may be
of light inside the cavity. The standing-wave dipole trap iswritten as W(vZ=Aw/q)=(h77/2)Q§N&H/avZ, where
loaded from a spatially overlapping MOT for a period of 15 I1(v,) denotes the Maxwell-Boltzmann momentum distribu-
s. Before switching off the MOT, we apply a 40-ms- tion, N the number of atoms, an@r=Q,Q,/2A with the

sented here are carried out wjtkpolarized light and a mea-
sured finesse df =2500, which corresponds to an intracav-
ity intensity decay rate of 2X1.4 MHz. However, by
simply rotating the polarization of the light injected into the
cavity, we can switch tes polarization, where we measure
using the ring-down method a much higher finesseFof
=170000 corresponding to 72x21 kHz. The round-trip
length of the ring cavity id. =85 mm, the beam waists in
horizontal and in vertical direction at the location of the
MOT arew, =129 um andwy,= 124 um, respectively. This
yields a cavity mode volume ofV,,oqe= (7/2)Lw,wy,
=2 mn?. The intracavity poweP, largely enhanced by the
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) ) ing. Then, the speed of the potential wave is sufficiently slow
i 15 for the atoms to react and form a standing wave like density
k& £ pattern that mirrors the shape of the potential wave. For posi-
g |E tive detunings the potential wave starts moving with an in-
@ . . C[® creasing speed relative to the static atomic distribution and
-100 0 100 the atoms within the density modulation are subjected to an
. . . . . . oscillating dipole force. This force is accompanied by a pe-
0_2_(b) 1o 05_(d) | riodic photon redistribution between the Raman beams

which is observed in the experiment. The ringing fades away

2 o0 g o as the atomic density modulation slowly decays due to ther-
_o0.2F { —o.0st ] mal drifts of the atoms. For trapped atoms this picture does
s s . s s . not seem to apply since the atoms are strongly confined
-1, (ﬁs) 100 -1, (ﬁs) 100 within the antinodes of the resonator dipole trap such that a

density pattern cannot form. However, if we neglect the
FIG. 4. Trace(@): Spectrum of RIR resonances recordedme  weak confinement in radial direction and thus regard a ther-

atoms. The intensity of Raman beam wéih is measured, while the  mal distribution of atoms that can still propagate freely along
frequency of beam withw, is scanned. Both beams were detunedthe valleys of the resonator dipole trap, this is only trug if
by —110 MHz from resonance and their peak intensities wereis strictly parallel to the symmetry axis of the dipole trap.
50 mWi/cnf. The scan rate was 2.1 kHzé. Trace(b): Calculated  \Wjith only a slight misalignment ofj by an angle¢ the
transition rate for the same parameters assuming au30@old  atoms can follow the force of the Raman potential by trav-
cloud. Trace(c): Same conditions but recorded trappedatoms. eling along those valleys. In order to form a density modu-
The trap had a well-depth &fo=hx30 MHz=kgx 1.4 mK corre-  |a¢ion similar to the untrapped case the atoms now have to
sponding to secular frequencies,=2mx700 kHz andw, =27, 4hagate a distance that is longer by a fadterl/sing.
X1 kHz. Trace(d) shows a simulatiofisee textof the susceptibil-  gjjany the Jifetime of the modulation pattern is enhanced
ity of a two-level atom subject to a laser quickly swept over its by the same factor since the atoms have to drift over a longer
;f:’;;:nnccfdlh; 1C lll‘_)sen decay rate Wa2m x5 khz and the Rabi e nce with the same thermal velocity. The critical scan

rate for ringing is therefore reduced by the factdr The

resonant Rabi frequencieQ; for each Raman beam. By same situation can be explained from a different perspective.
varying Aw, the derivative of the Maxwell-Boltzmann mo- Since the phase speed of the Raman potential along the val-
mentum distribution is scanned from which the temperaturdeys is enhanced bthe atoms that interact with the Raman
can be derived21]. Trace(a) of Fig. 4 shows such RIR- Potential have to move with a velocity given bt w/q. The
scans recorded on a cloud 208 after being released from resulting reduction of the linewidth by flEan easily be un-
the dipole trap. Tracéb) has been calculated assuming aderstood by the fact that for an axially confined atom under-
100 uK cold cloud. going a two-photon Raman transition only the radial momen-
The scan rate must be judiciously cho$@8]. If the scan  tum component withg, =q/f has to satisfy the momentum
rate is too slow, the atoms are notably redistributed betweefonservation requirement. From the data, we can estimate
the velocity classes while scanning. The above expressiofiie coherence lifetime to be 1Qfs. By comparison of the
shows that the scattering process preferentially occurs tgsorresponding linewidth with the linewidth resulting from
wards higher velocities, so that although the momentunthe critical scan rate in the case of free atoms, we estimate
transfer is quite small, the cloud is slightly heated under théur misalignment angle to bé=3°.
influence of the Raman beams. If, on the other hand, the scan A full quantitative description is beyond the scope of this
rate is too fast the signal can be strongly distorted and ®aper, however it is interesting to note that the data can be
ringing-type oscillation is observel®3]. For an untrapped Well described by the dynamics of a degenerate two-level
cloud of atoms first indication of ringing can be observed forquantum system. The curve in Figd#shows the coherence
scan rates above 2.1 kHzs$. For trapped atoms, however, Imp1; calculated by numerical integration of two-level Bloch
ringing is already very pronounced at this rqfgg. 4(c)]. equations  is the density matrix The resonance occurs at
Ringing is a general feature of resonant phenomena and cakw="0. At the beginning of the scan, whefav is far from
be observed for a simple mechanical oscillator as well as ifiesonance, the population of the excited lgwglis just too
an optical resonator or for standard two-level quantum syssmall and the system does not react to the light field. As soon
tems. The critical scan rate for ringing is roughly given byas Aw passes through the resonance, the coherppgés
the square of the linewidth. For slower scan rates, the systegxcited and can now be driven by the laser even whens
can follow adiabatically, i.e., the sweep time across the resduned far away. The two levels can be identified with two
nance is longer than the inverse linewidth. velocity states that are coupled by the Raman beams. In the
In our experiment, we observe that the critical scan rate i€xperiment, the thermal distribution causes an inhomoge-
dramatically reduced if the atoms are trapped in the standingieous broadening that is accounted for in the simple two-
wave dipole trap. A qualitative explanation of this effect is level model by introducing an effective decay rate
possible by using the following simple picture. For an un-  To conclude, we introduced our ring-cavity standing-wave
trapped cloud of atoms the potential generated by the Ramatipole trap and characterized it by lifetime and by tempera-
beams has its principal effect on the atoms near zero detuitdre measurements. We have shown that by driving recoil-

051802-3



RAPID COMMUNICATIONS

KRUSE et al. PHYSICAL REVIEW A 67, 051802R) (2003

induced resonances, we can excite and probe the motion aeb-workers[25] have discussed the use of ring cavities for
atoms trapped in the ring-cavity field. In the near future, werecycling super-radiant light pulses produced by Rayleigh-
plan to look for the expected feedback of the atomic motiorscattering off condensat¢g6] and predict for such systems
on the standing light wave and for interatomic coupling in-the possibility of mutual coherent quantum control between
duced by the standing wave. It is also tempting to explore thgptical and matter-wave modes.

predicted new types of cavity cooling in view of their apti-

tude of cooling below the threshold of quantum degeneracy. We acknowledge financial support from the Landesstif-
The Bose-Einstein condensates are very appealing objects inng Baden-Wtttemberg and the Deutsche Forschungsge-
the context of ring-cavity studies. For example, Meystre andneinschatt.
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