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Taming quantum dynamical processes is the key to novelagahs of quantum physics, e.g. in quantum
information science. The control of light-matter intefant at the single-atom and single-photon level can
be achieved in cavity quantum electrodynamics, in pawicii the regime of strong coupling where atom
and cavity form a single entity. In the optical domain, théguires a single atom at rest inside a microcavity
[, 2,13,.4,5] 617,189, 10, 11,112,113]. We have now discovéinatian orthogonal arrangement of a cooling
laser, a trapping laser and the cavity vacuum gives rise togqua combination of friction forces that act along
all three directions. This novel combination of coolingdes is applied to catch and cool a single atom in a
high-finesse cavity. Very low temperatures are reachedaaralerage single-atom trapping time of 17 seconds
is observed, which is unprecedented for a strongly coupiath ander permanent observation.

PACS numbers: 42.50.Pq, 42.50.Vk 32.80.Pj

Cooling and trapping of single atoms in a micro-cavity is
difficult, mainly because of the limited access and the com-
plexity of the setup. Long trapping times have been achieved
for ions, but not in the small cavities required for strong-co —
pling [14,115]. Neutral atoms, in contrast, have been stored

standing-wave

in the potential wells of a standing-wave dipole laser rason %((\% dipole trap
with the micro-cavityl[1| 2,13,14,15%/ 6]. In these experiments Q‘o‘a 5?
th isingly short trapping ti iginated mai Ny

e surprisingly short trapping times originated mainignir N W detector

the axial geometry of the laser-cavity system. We have now
changed this geometry and use a standing-wave dipole laser _ _ .
oriented perpendicular to the cavity axis. Moreover, ari-add F'C- 1: Schematic setup. An atom excited by counter-propagating

. . . " . . pump beams scatters photons into a surrounding high-firvassty.
tional pump laser induces rapid three-dimensional cooling This goes hand-in-hand with light-induced forces that &eg cool

effect not anticipated for a deep dipole trap. Our findings ré he atom into a single potential well of a deep standing-veigele
sult in a deterministic strategy for assembling a permadyent trap.

bound and strongly-coupled atom-cavity system.

As sketched in Figl1, our technique employs a standing- ) o
wave dipole-force trap and a pump beam that cross in the cefi@ins four velocity-dependent forces, that we will discurss
tre of a high-finesse optical cavity, and run perpendicuar t MOre detail elsewhere. The_flrst two cooll|,ng forces below
the cavity axis. The pump beam is near-resonant with the ca12ve been theoretically predicted by Vuletic et al.| [10] 11
ity, so that an atom in the crossing point scatters pump lighf"d Domokos et al. L[12]. We now add a dipole trap that
into the cavity. The momentum kicks the atom experienceé‘_"ows for cooling a_llong an additional third direction. Gon
when scattering these photons lead to cooling of the atomig/der an atom thatis exposed to a retro-reflected pump beam
motion along the pump and cavity directions. This proces®f Photon momentahkp, with a frequency.r close to the
is strongly enhanced by the Purcell effelt![16] and has théeSonanceuc of a surrounding cavity. The cavity provides
unique advantage that cooling is effective over a largeeang® Means for removing kinetic energy from the atom if the
of atomic transition frequencies. It therefore allows oae t Cavity resonance is blue detuned with respect to the pump
catch a free atom on its flight through the cavity and to cool it &¢ = we —wp > 0). In this case, friction along the pump
down to the bottom of a deep potential well of the dipole trap 2€ams is caused by preferential absorption of photonslirave
even though the average trap-induced AC-Stark shift of thdd in the opposite direction than the atom. The Dopplergffe
atom increases as the localization improves. Strong ogolinShifts these photons towards the bluelby - v|, such that the
forces also act along the standing-wave axis and are caus§gupled atom-cavity system becomes resonant with counter-
by the delayed response of the atomic excitation and the-intr ProPagating pump photons as soonfas + kp - v ~ 0. This
cavity field to a change in the atomic position. In our experi-9iVes rise to a friction force,
ment, such a cold atom is well localized at an antinode of the
standing-wave trap. Fp = —4hkp(kp - v)

The origin of the cooling forces can be understood from
a simple model based on a two-level atom. Starting fromalong each pump beam. For a fixed low occupation prob-
a master equation which describes the coupling of the atorability of the atom’s excited statel’r ~ Q2/(A% + +?)
to the cavity mode, the pump, and the dipole trap, one ob¢valid for low saturation, wher@f) is the Rabi frequency of

Ac
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the pump,y is the polarisation decay rate of the atom, and *
Ajx = wa — wp + Ag is the effective pump detuning from

the atomic resonancey, with Ag being the dipole-trap in-
duced AC-Stark shift), the friction is only determined by th
cavity parametergy(the atom-cavity coupling constant the
field-decay rate of the cavity). Momentum kicks from photon B 2400
emissions into the resonator lead to a similar force that act 22
along the cavity axis, 5‘2‘8 ]
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(AQC‘FKJQ)QPE. (1b) C§1_0; t/s
3 084 werm_anent cooling

Photons emitted into the direction of motion are blue detune €06 =TS
due to the Doppler shift. By recoil, these forward emissions T 04
also cool the atomic motion. If now the cavity is blue de- 5
tuned, the emissions into the direction of motion are fagpre o 1 2 3 4 5 6 7 8 9

and hence the atom is cooled along the cavity axis. This sim- e

ple picture does not consider interference effects leattirsg FIG. 2: (A) Single-atom capture. Photon-count rate for a pump
spatial modulation of the cavity field, but it holds true ikth Rabi-frequency22 = 27 x 50 MHz recorded as a function of time
force in Eq.[1b) is averaged over a spatial period. from the moment the standing-wave is switched on. The trace's
The two above forces are here seen as due to distinein atom that is captured after 75ms. Within 1@0 the scattering
Doppler effects. However, they have a common origin,rate reaches a steady-state vali®).Atom storage. Traces showing
namely the dependency of the cavity field on the position ofhe photon-count rate after filtering (see text). The sigtlalvs us
the atom. When the atom moves, the field takes a certain tin{}ghdeterm'”e the atom number and the trapping ti@). L ifetime.

SO . ) L . e analysis of fifty 6 s-long traces starting with one atoeids an
(=~ x77) to adjust to a new steady-state. This time lag glVesaverage lifetime of 17 s (upper trace), while single atoras &ine not

also rise to a third force along the standing wave axis, exposed to the pump laser live only for 2.7 s (lower trace).
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unigue combination of friction forces is unprecedented] an
It acts along the direction of the standing wave and depends allows one to cool single dipole-trapped atoms in a cavity
in the same way o\ as the two other friction forces. It along all three directions. We here apply this novel combi-
follows that the cavity, in combination with the pump and the nation of cooling forces to catch and cool a single atom in a
trap, leads to cooling in three dimensions, with forces #flat  high-finesse cavity, as discussed in the following.

have same order of magnitude. In the experiment, we use a dipole-force trap to géifdeb-

Our scheme also profits from a novel cooling force that isatoms over a distance of 14 mm from a magneto-optical trap
directed along the dipole trap. It can be explained by not{MOT) into the cavity. This trap is formed by a single hor-
ing that an atom close to a node of the standing wave is nQkontally running beam of an Yb:YAG laser, with focus be-
subject to an AC-Stark shift. For a pump frequency resonanfyeen MOT and cavity. Once the atoms reach the cavity, we
to the atomic transition frequency,, the atom is resonantly switch to a standing-wave dipole trap, formed by a pair of
pumped to the excited state. The atom now gains potentidounter-propagating Yb:YAG laser beams (2 Watt, 1030 nm,
energy when moving in the standing wave, which is then lostyaist w, = 16 xm), tightly focused in the centre of the cav-
by spontaneous emission (ratg) to the ground state. This ity. The antinodes of the standing wave represent 2.5 mK deep
is a Sisyphus-like cooling mechanismli[17! 18] that uses tWgotential wells, i.e. an AC Stark shift of the atomic traiusit
different fields for trapping and cooling. The resultingder  frequency in the centre of the wells Afs = 27 x 100 MHz.

. A ) The 0.5mm long cavity is formed by two mirrors of 5cm
F5" = —4hVAg(VAs -v)s————Pg, (1d)  radius of curvature that have different transmission coeffi
27(A% +12) ; )
cients (2 ppm and 95 ppm). The relevant atom-cavity parame-
is cavity-independent and provides cooling alsé\iz < 0.  tersardgo,x,v) = 27 x(5,5,3) MHz, whereg, is the atom-
As shown below, this force alone is sufficient to increase thecavity coupling constant in an antinode, averaged over all
trapping time. However, foA~ > 0, cavity forces dominate, magnetic sublevels of tk@Sl/Q(F =3)to 52P3/2(F’ =4)
and permanent photon scattering into the cavity takes placéransition. A Pound-Drever-Hall technique is used to lock
Apart from cooling, all forces fluctuate and lead to heatifg o the frequency of the TEM, mode to the atomic transition
the atomic motion. The heating rate follows the Lorentzian{frequency. For this purpose, we use a reference laser that
shaped cavity resonance (apart from Eh. (1d)). In analogy t& red detuned by eight free spectral ranges (5 nm) from the
free-space laser cooling_|19], a cavity-Doppler limitechte atomic resonance. This laser acts as an additional standing
perature aroundgT ~ hx is expected foAc ~ k. This  wave dipole trap along the cavity axis. Its potential wells
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Once the atoms have been brought into the vicinity of the
cavity, they are randomly distributed over the potentiallsve
of the standing wave, with a small probability that an atom
actually sits in the cavity. Some atoms have enough kinetic
energy to move from well to well, and as soon as such an
atom enters the intersection of cavity mode and pump laser
(Ac/2m = +2MHz andwp = w4 for capturing, it scatters
photons into the cavity and is therefore cooled. In Hig. 24\, a
experimental trace is shown where a single atom suddenly ap-
pears in the cavity. First the photon scattering rate is tagh
the initially hot atom is poorly localized in the trap and tae
erage experienced Stark shify is small. This changes as the

atom gets colder and therefore is better localized in therpot
tial well. After At ~ 100 us, the atom reaches its final tem-
perature and scatters at a much lower (but constant) rate si
it now experiences a much highérs close to the bottom of
the potential. Starting from the simple estimation thatttie
tal kinetic energyF, is lost duringAt with £ ~ E/At, one
calculates a mean friction coefficierit,= E/2F ~ 1/2ALt,
between5/ms (raw data) an@5/ms (assuming blinking as
discussed above). This is reasonably close to the expected
value,3 = 14/ms, that one obtains from EgE1c) afdl(1d)
with F = — 3 mwv (m the atomic mass).
are about 3@K deep and show a good overlap with the res- To prevent further atoms from penetrating into the cavity
onant mode in the centre of the cavity. Together with themode, we apply a filtering procedure. This is accomplished
Yb:YAG standing-wave trap, it forms a 2D optical latticelca by a 10 ms long interruption of the standing-wave trap. Dur-
culated trap frequencies’s,, ~ 670kHz in direction of the ing this time, atoms inside the cavity stay trapped in thé-sha
standing-wave trap;.., ~ 100 kHz along the cavity axis, and low intra-cavity dipole trap, but the other atoms are lofive
v, ~ 10kHz orthogonal to the cavity and the trapping laser).turn the trap off and back on adiabatically, the probabibiya

In addition to these two conservative dipole traps, we con€aught atom to survive this procedure is higher than 50%. As
tinuously drive thel” = 3 to F’ = 4 transition with a pump  shown in Fig[RB, we then measure the photon rate to deter-
laser that runs orthogonal to the cavity axis, at an angle ofine the exact number of atoms in the cavity [3]. The signal
45° to the standing-wave trap (FIJ.1). Together with a re-shows only small variations, which indicate a nearly camista
pump laser(FF = 2 — F’ = 3), the beam has a focus atom-cavity coupling, and pronounced individual stepat th
(wo = 35 um) at the intersection of cavity mode and dipole occur whenever an atom is lost.
trap, and is retroreflected to balance its radiation pressio As shown in FigiPC, dipole-trapped atoms show an average
avoid an intensity modulation of the pump, the two counterdifetime of 2.7 s if we switch off the pump laser. However, if
propagating beams have orthogonal polarization. Averagedn atom is continuously illuminated and coupled to the gavit
over all magnetic sub-levels, it drives the atoms with a Rabivith A~ > 0, the lifetime increases, reaching values exceed-
frequency2Q) = 27 x 30 MHz (all data, except Fifl2A). Un- ing 20s. This impressively demonstrates that a strongcgoli
der these circumstances, the Purcell effect gives risedtoph  mechanism is active. Fak¢ = 0, in particular, a lifetime of
scattering into the cavity at a rate about 17 s is measured. In this case, no cavity cooling is ex-

& 02 pected, and within our model, the long lifetime comes solely
AZ 17 AT G2 (2)  from the Sisyphus-like mechanism, Hg.(1d). Cavity coqgling

c AT Eqgs.[IBEIc), is expected to give much longer trapping times
for a single atom. Fo\s = 0, this gives a scattering rate for A¢ ~ +«k. For technical reasons, however, longer trap-
of Rscqt ~ 1400/ms. In the experiment, we must take into ping times could not be registered in our experiment. We have
account that the atom stops fluorescing whenever it falts int therefore deliberately modulated the depth of the trapping
the dark staté?S »(F = 2), and that repumping t6" = 3 tential, i.e. the intensity of the Yb:YAG trapping laser, by
takes some time due to the large AC-Stark shift. This leads t80% at a frequency of 7kHz. This leads to parametric heat-
blinking, and from the measured count rate, we estimate thahg and shortens the trapping time, so that systematic life-
photons are scattered at the above rate only 1/5 of the timéime measurements can be made within a reasonable time.
Furthermore, due to losses in the imaging system and the limA/ithout cooling, the modulation reduces the trapping time t
ited quantum efficiency of the detector, only 5% of the pho-(22 + 5)ms. We now have performed measurements such
tons that are scattered into the cavity mode are finally tiedec as those in Figl]2C for several different cavity detuningse T
behind the cavity mirror of higher transmission. single-atom lifetime as a function df is plotted in Fig[B.

FIG. 3: Trappingtimeand friction forcesas a function of the cavity
detuning,A¢, with eitherwp = w4 (circle), orwe = wa (square).
The data points show the lifetime of atoms that are subjestrtmg
parametric heating. An extended trapping time is found lfoioat all
detunings if pump light is present. A maximum is reached wihen
cavity is slightly blue detuned with respect to the laserisT# also
expected from the friction coefficients = —F/muv from Egs.[1).
Although the forces along pump and cavity axis change sigriatal
friction along the standing-wave dipole trafy = 85 + 85, is
always positive due to the Sisyphus effect.

Rscat ~ 2K -
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60 caused by variations in the atom-cavity coupling, then we ob
tain from Eq.2)Ag/g = 0(Raet)/2Raer = +£8.6% (for
Ac/2m = +4MHz). This can only be explained with an
atom distribution among the different wells of the standing
wave that is less thait9 pm wide. Under the assumption that
the distribution in the filter phase is mapped to the standing
Tt e ° wave trap during the adiabatic transfer, this indicatesa te
perature belové 1K during filtering.

To get an estimate of the temperature in the deep 2D-lattice,
we analyzed the auto-correlation function of the emitted-ph
ton stream. In this signal, a periodic modulation at.2,,

(the trap frequency along the cavity axis) is found, with s vi
ibility of about 5%. This is indeed expected for an atom that
FIG. 4: Photon-count histogram measured foAc /27 = +4MHz ~ Oscillates in the weak intra-cavity dipole trap, withoueev
using 10 ms-long count intervals. The maxima (left to rigstym  reaching the nodes of the cavity mode. Fhex 30 K depth
from background noise (rat®,) and from one, two or more atoms. of the intra-cavity trap can therefore be seen as an uppér lim
The solid line is a fit of four Gaussians to the data. They are ce of the atomic energy. The mean kinetic energy cannot sur-
tered atR, + n - Ract, and are(R, 4+ n - Raer + 7 - «712;.dct)1/2 pass 50 % of this value, which corresponds to a temperature
wide (n = 0,1,2,3). Rae is the detected photon-count rate per of 15 ;K. Assuming the same temperature in all directions,
atom, which is also shown in the inset as a functiomef, together  iq jimits the mean vibrational quantum number for the mo-
‘;V;;glti?jd?peaat'on from EQY2) as a solid line, with addreerall tion along the standing-wave dipole trapitc= 0.13, i.e. the

' atom is in the vibrational ground state with at least 88 % prob

ability.
Our experiment demonstrates how to capture single atoms

Obviously, the lifetime increases to about 100 ms as soon agith a three-dimensional cavity cooling scheme. Qualita-
the pumplaser is present, everNi is so large®r x50 MHz) tively, our results show good agreement with the predistion
that the cavity has no effect. Moreover, a cavity close te resof a model valid for a two-level atom, although an understand
onance significantly extends the lifetime. For a blue deduneing of the remarkably good localization of the atom calls for
cavity, with Ac ~ +x, a 20-fold increase of the lifetime to 3 more detailed theoretical analysis, including polaitreef-
a maximum of~ 400 ms is obtained, whereas a red detunedfects of the incident pump laser [20], the multilevel struret
cavity, withAc ~ —r, leads to a minimum lifetime. To com- and even the quantum motion of the atén] [21, 22]. At present,
pare these results to the theoretical model, the expedted fr our method allows the preparation of an exactly known num-
tion coefficients are also shown in Fm 3. AIthough these val ber of atoms at low temperatures in the centre of a h|gh-
ues cannot be directly compared with the lifetime, qualiéat  finesse optical cavity. With average trapping times excegdi
conclusions can be drawn. First, the cavity-independesytSi 15 seconds, single-atom cavity physics is now at a stageswher
phus cooling, predicted only along the standing-wave axisgne can start fully controlled atom-photon experimentin t
accounts for the cavity-independent increase of the fiifeti  strong atom-cavity coupling regime.
with respect to atoms left in the dark. The variation of the This work was supported by the Deutsche Forschungsge_
lifetime with A¢ finds its correspondence in the predicted meinschaft (SPP 1078 and SFB 631) and the European Union
course of the friction coefficients due to the cavity cooliog  [|ST (QGATES) and IHP (CONQUEST) programs]. We are

all three dimensions. Obviously, cavity cooling increatfes  a|so grateful to Simon Webster for helpful comments.
trapping time by a factor of four if compared to Sisyphus eool

ing alone. Without further limitations, such as backgrogad
collisions, we can therefore expect that the 17 s—longiifet
observed without the trap modulation At = 0 increases
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