VOLUME 82, NUMBER 19 PHYSICAL REVIEW LETTERS 10 My 1999

Dynamics of Single-Atom Motion Observed in a High-Finesse Cavity
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We investigate mechanical forces on single atoms in a high-finesse optical cavity containing less than
one photon on average. We count the number of atoms strongly coupled to the cavity mode close to
an antinode and measure the intensity autocorrelation function of the pump light transmitted through
the cavity. Distinct features are observed and attributed to the dipole force, diffusion, and velocity-
dependent force, as predicted by the work of Hoealkal. Our data agree well with the results of a
Monte Carlo simulation. [S0031-9007(99)09150-4]

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

High-finesse cavities are well suited to examineby the atom and cavity parameters, while the externally
guantum-electrodynamic (QED) effects in the interactionapplied laser field determines the population of these
of a single atom and a single photon. Indeed, dramatitevels. Interestingly, cooling and heating are predicted
effects on the radiative properties of the atom have beealso for red and blue detuning, respectively, in contrast to
observed [1]. However, the atomic momentum wasthe ordinary Sisyphus mechanism in an intense classical
usually assumed fixed: dynamics was considered to bfeld [9,10]. In addition, the potentially long cavity decay
electrodynamics. Mechanical forces in cavity QED,time might allow one to reach sub-Doppler temperatures
arising from the dipole potential, became important onlyeven for a two-level atom. The new velocity-dependent
after laser-cooling techniques allowed one to prepardorce has not been observed up till now.
atoms at ultralow temperatures. New phenomena were In this Letter we study cavity-QED forces on single
predicted, such as diffraction [2], reflection [3], trapping atoms passing one after the other through a weakly driven
[4], and photon emission of a wave [5] of excited atomshigh-finesse optical resonator. From measurements of
by means of the cavity vacuum field. the number of atoms detected close to an antinode of

As reported recently [6], these effects can now be inthe standing-wave cavity field, we find that a significant
vestigated in the optical domain, where light forces ardraction of atoms is repelled from a blue-detuned cavity
stronger than in the microwave domain originally consid-mode. Moreover, the intensity autocorrelation function of
ered. However, spontaneous decay and cavity losses attee transmitted light reveals rich dynamics of the atomic
larger, too, so that the excitation must be continuously remotion. Quantitatively, the data of both measurements
plenished by an external laser. The presence of dissipare well understood with a Monte Carlo simulation based
tion leads to new, nonconservative forces [7]. As a primeon the forces predicted in Refs. [8].
example, a force proportional to the atomic velocity was Our experiments are performed in the strong-coupling
predicted [8] for a strongly coupled atom-cavity system,regime, where the oscillatory exchange of a single quan-
where a single photon can repetitively be emitted and retum of excitation between the cavity and the atom, char-
absorbed by the atom. The new force can be visualizedcterized by twice the optimum coupling,, is faster
in terms of a cavity-mediated Sisyphus mechanism, takthan the decay rates of the atomic dipoje and the
ing into account only the (dressed or Jaynes-Cummingsjavity field x. Our parameters ar€g, vy, k) = 27 X
ground state and the first two states in which a single quar16, 3, 1.5) MHz. Interaction times exceedind0 us are
tum of excitation is shared by the atom and the cavity:achieved with an atomic fountain as a cold atom source.
starting, e.g., in the ground state, the system is transferred The experimental setup has been described in Ref. [11]
to one of the two excited states by absorbing a photomand is shown in the left part of Fig. $?Rb atoms are col-
from the external laser. The energy of the excited statéected in a magneto-optical trap (MOT) and further cooled
depends on the atom-field coupling strength, which in turrin optical molasses te=5 uK. Introducing a frequency
depends on the atom’s position in a standing-wave cawshift between the upper and the lower trapping beams
ity. Because of the nonzero atomic velocity, the systentreates a moving molasses that launches the atoms in a
adiabatically follows the excited state, thereby gaining offountain burst towards the cavi¥5 cm straight above
losing kinetic energy before it decays back to the groundhe MOT. For each burst, new atoms are collected. By
state, whose energy does not depend on the position of therying the trapping and launching parameters, the num-
atom. Repetitive excitation and decay therefore leads tber and the vertical velocity of the atoms can be tuned.
heating or cooling. Of course, the random jumps betweeBefore entering the cavity(finesse4.3 X 103, length
the states leads to diffusion, which heats the atom. 116 wm, mode functiony(7) = cod27z/A) exd — (x> +

We point out that the forces considered in this Lettery?)/w3], with wo = 29 um), the atoms are optically
work in a system where the energy levels are fixedoumped into th&" = 3, mp = 3 ground state. The cavity
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FIG. 1. Left: Experimental setup. Right: Transmitted power. = 0.2
Two minima (dips) are clearly visible, each indicating the
passage of a single atom. A transmitted power 1g6W Loty e
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corresponds, on average, itd intracavity photons.

mode is excited with circularly polarized light from a FIG. 2. Experi .

. . 2. Experimental (symbols) and numerical results
weak laser beam near resonant with 81/, F =3 (curves) on the relative number of dips dropping below a frac-
52P3),, F = 4 transition of the atoms at = 780 Nnm.  tion T of the empty-cavity transmission versds. Without
The frequencies of the laser and the resonances of theoms, the cavity contains1 photons on average.
cavity and the atom ar@;, w., and w,, respectively,
known within 27 X 0.5 MHz. The photons transmit- . . . .
ted through the cavity are recorded with a sensitive single’€S0nance atomic absorption and dispersion are smaller.
photon counter. Without atoms, the mean intracavity\SSUMINg straight atomic trajectories, one would expect
photon number is always less than 1.1. a decrease .|n(_1Iependent of the sign of the detudipg _

With the laser and the cavity both on resonance with th&!OWeVer, this is not the case: the curves are asymmetric
atoms, single atoms passing through the cavity reduce tr@ﬁ'd the asymmetry bet\Nt_een red and blue detuning is more
transmitted power. A typical real-time recording of this pronounce(_j for deeper dips. .
effect is shown in the right part of Fig. 1. The displayed To explain the existence of the asymmetry first, let us

signal is obtained by integrating the photon counts ovefocus on the data fof” = 5%. For red detuning4, =
10 s and averaging each data point with its left and it0), the dipole force pulls the atoms towards the antinodes
o that the atoms channel through the high-coupling

right neighbors. The signal has two pronounced minima® 2 2 L
(dips) at times=0.3 ms and=1.1 ms. Each dip is caused '€9ions: This increases the probability of finding an atom

by an atom passing the cavity mode with a velocity ofclose to an antinode and, hence, the number of deep dips.

0.55 m/s. The minimum transmission in a dip dependsAs the dipole force vanishes on the atomic resonance
. ' (A, = 0), the maximum number of dips is found for a

on g(7) = go(7) and the actual trajectory(z) taken. _ g
Atoms moving through an antinode of the cavity cause>Mall red detuning. For blue detuning,(> 0) the atoms

deeper dips than atoms passing the cavity somewhere el&E° pushed towards the weak-c_oupling regions CIO.Se to the
[6,11—13]. nodes, so that the number of dips decreases. This can be

interpreted as a reflection in much the same way as atoms

Before entering the cavity, the kinetic energy of the . A
atoms along the cavity axis is 3 orders of magnitude/€"® predicted to be reflected from a cavity field in the

smaller thanfigyg. Therefore, the atomic trajectories can one-dimensional mOd?' of Engleet al. [3]. _The reason
significantly be modified by the dipole force, even for that the asymmetry disappears for largEris that here

light fields with less than one photon on average. Tgnost of the dips are due to atoms passing through the

investigate this, the light field is detuned from the atomiccaVity farther away from the cavity axis. These atoms

resonanced, = w; — w, # 0. The cavity is prepared experience a weaker light force, with less impact on the
a a . . .
on resonance with the laseY, = w; — w. = 0, so that, atomic trajectory.

again, an atom decreases the cavity transmission. Fo,The curves in Fig. 2 show the _results O.f a t'hree-
a fixed flux of atoms, we count the number of dips imensional (3D) Monte Carlo (MC) simulation in which a

) ~ario (Mt .
dropping below an adjustable fractidh of the empty- :irge numberﬁl_() ) of rajectories is exalugted for rl)omt—
cavity transmission. The dip number is normalized to/lKe atoms. Their momentum obeys the differential equa-

the total number of fountain bursts. Experimental resultdion p = Fa + Fy + pp. The conservative dipole force
for an atomic entrance velocity df.55 m/s and three [8]is Fa = —hn?A,Vg(#)?/{[Tk + g(7)* — A,AJ +
different values of 7 are displayed in Fig. 2. It is [A.x + AT}, with pumpn? = no(k? + A2), andn
obvious that loweringZ reduces the number of dips the empty-cavity photon number. The velocity-dependent
below 7. Also, the number of dips decreases withforce F, = F,(7, p) is a straightforward 3D extension
increasing detuning, because farther away from the atomiaf the lengthy 1D expressions farf; in Refs. [8], with
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3(Vg)? replaced by(7 - Vg(7#))Vg(7). Note thatF, (7, p) Experimental results are shown in Fig. 3. The de-
acts predominantly in the direction. The diffusion tunings(Aa,Ac) = 27 X (25,5) MHz were chosen such
has contributions from spontaneous emission (SE) anthat each atom passing through the cavity increases the
dipole fluctuations (DF), and is modeled by stochasticcavity transmission: the transmitted intensity consists of
processes. The SE diffusion is 3D; the DF diffusion isbursts of photons with a duration determined by the ver-
important only in the cavity direction. In every time step tical atomic velocity of1.4 m/s. This leads to photon

At of the numerical integration op, a stochastic term bunching, i-?-g(z)(T) > 1, on a time scale 020 us, as
App = E(P%EX) + 2R(pPE) is added, where is the IS observed in the experiment. For longer times, the data

unit vector along the cavity axisS’(a) andR(B3) produce tend to unity, indicating that photons are not _correlated
a uniformly distributed vector in a sphere of radius O 7 > 50 us. The data also show a clear minimum at a
and a random number betweerB and 3, respectively, ;:orrelatfmg time ofr = 1|_Mhs,_revea_lmg &.5 MHz oscil-
with »SE — [ED Ar]2 and pPF. = [6DppA]/> ation of the intracavity light intensity. .
In thié) m\?\;(ay th3e o?i];fusion satisfﬁan;axtheg@) DZa and To get quantitative qnderstandlng of Fhe d%ftg)’(T) IS
A.J-dependent diffusion constanBsg andDD’F gi\;en in calculated by substituting(z) from our simulation forX
Rfafs [8]. Atoms are injected at = — 3wy randomly in in Eg. (1). The simulation treats exactly one atom. In the
L 0 experiment we have at most one atom strongly coupled to

the rectangle(y,z) = (0...2wg,0...1/4). The initial o '
velocity is upwards with a smalk(l cmy/s) z component, the cavity field. Because the featureSgﬁ%)(T_) scale with
tthe atomic flux, the vertical scale of the simulated curve

to resemble the experimental situation. The effect of . o
P is fitted to the data. As can be seen in Fig. 3, the result

this component is noticeable only when diffusion is ne- 0y f the full simulati id i wch
glected in the simulation. The simulation returns atomic or g%(r) from the full simulation (solid line) matches

trajectoriesr(¢) and the intracavity photon numbext). the e;xperlme;nltgl data quite r\]’_verll'. ’?I ilnk:ullg:lon W'thtOUt
These results are confirmed by a second, independerﬁpy orces y'? f‘a curve which 1S Tiat belawus (no.
wave-function MC simulation, where the field and theShown). Setting = Fy, we get the dotted curve, which
atom’s internal variables are treated fully quantum mePredicts but overestimates the minimum kfus, and
chanically. In Fig. 2, the overall agreement between théllows extra oscillations which are not seen in the data.
simulation and the experimental results is very good. WedEven worse, the simulated curve falls off much more
also compared the data with a simulation based on thelowly than the experimental data. These discrepancies
truncated equatiop = Fy, and the result (not shown) disappear wherpy, is included in the simulation. The
clearly disagreed with the data: it predicted a much largeféason is that diffusion perturbs the oscillatory motion of
asymmetry than actually seen in the experiment. Thighe atom, thereby reducing the visibility of the oscillations
indicates that nonconservative forces are important t& g?(r). The heating caused by the diffusion also makes
explain the data. the atom leave the cavity faster. This shifts the large

In order to obtain more information about the dynam-bunching structure in the calculatgtf'() for 7 < 50 us
ics of the atomic motion, in particular the role of the towards shorter times. Moreover, diffusion along the

different forces, we have measured the intensity autoc@vity axis produces atoms with enough axial velocity
correlation function of the transmitted lighg@(r) = O run over the_ potential hl||S: in .the standmgtwave field.
AWt + 7)), where I(r) is the intensity [14]. These atoms induce a rapid field modulation, thereby
For each fountain burst we sample the bit stream from
the photon-counting detector i = 20000 bins X (i) of —r— T T T T
10 ns duration, giving a sample length @f = 200 us.

The technique covers the relevant time domain for the 1.2
motional dynamics and is more convenient than start-stop (2
measurements with two detectors. With the data of each )

(A,0,) =27x(25,5) MHz -

of the5 X 10° bursts an estimate @f?(7) is calculated: 11 i
1 & XO)XG + e
39(r) = N Z ( )<}§>2 ), € =N7/T, Experiment \§
€ 5 & Simulated: Dipole force  Wsee.
1) 1.0 —— Simulated: All forces -

which takes into account the finite sample length. Here T BTN B
0 < 7 = T is digitized inN time steps of sizd /N, and 0.1 1 10 100
the mean detector outp(X) is averaged over 50 fountain time v [us]

bursts. The dead time of the detection circuit was

. .. “"FIG. 3. Intensity autocorrelation functiogi?(7) of the trans-
measured to b80 ns. This leads to a small deviation piseq jight. Without atoms, the cavity contains 0.37 photons

(<2% for our parameters) ig@ (7). After correcting for  on average. The circles are data points. The dotted and solid
this and averaging over all bursgg? (7) is obtained. lines are the results of a Monte Carlo simulation.
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1.7 —— T —— In conclusion, we have clear evidence for channeling
I (AyA) = 27mx(=40,-5) MHZ] and diffusive heating of atoms in the standing wave of a
A0, high-finesse optical cavity containing less than one photon
on average. Moreover, the better agreement between the
measured and calculated intensity autocorrelation func-
tion, which is found when all forces predicted in Refs. [8]
are included in the simulation, gives first evidence for the
existence of the new cavity-mediated velocity-dependent
force. Once this force is fully mastered, it can be em-
ployed to cool and trap an atom in a high-finesse cav-
ity. Besides fundamental interest in the exploration of the
Jaynes-Cummings system, a single cold atom stored in an
FIG. 4. Intensity autocorrelation functiggf?(r). The circles  antinode of the cavity mode is an ideal system to cre-

and triangles are data points. The corresponding solid (dashedte entangled atom-photon states for applications in, e.g.,
curves show the results of the simulation with (without) quantum information processing.

the velocity-dependent force, which heats and cools for the . .
parameters),/of t%e lower and upper curves, respectively. W? thank H Ritsch and M. Gangl for valuable dis-
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and the TMR network “Microlasers and Cavity QED.”
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changing the bunching feature igl®(7) at short time
intervals. However, diffusion alone cannot explain the
feature observed for < 0.5 us quantitatively, so thaf,
must be taken into account to get the good match between

the data and _the simulation, as is exp_lained now. [1] See, e.g.,Cavity Quantum Electrodynamicedited by
_ To exemplify the effect of the velocity-dependent force P.R. Berman (Academic Press, San Diego, 1994).

Fy, the measurement faA,, A.) = 27 X (25,5) MHz [2] B.W. Shore, P. Meystre, and S. Stenholm, J. Opt. Soc.
(from Fig. 3) is now compared with a measurement for Am. B 8, 903 (1991).

(Aa, Al) = 27 X (—40,—5) MHz. Results are depicted [3] B.-G. Englert, J. Schwinger, A.O. Barut, and M.O.
in Fig. 4. The overall difference in amplitudes between  Scully, Europhys. Lett14, 25 (1991).

the two measurements stems from the force on the atomé$?4] S. Haroche, M. Brune, and J. M. Raimond, Europhys. Lett.
towards or away from the antinode, leading to higher or __ 14 19 (1991).

lower average cavity transmission, respectively, in com- 2] M-O. Scully, G.M. Meyer, and H. Walther, Phys. Rev.

e : : : . Lett. 76, 4144 (1996).
bination with a slightly different atom flux. More impor- [6] C.J. Hood, M. S. Chapman, T.W. Lynn, and H.J. Kimble,

i )]
tantis that, forr < 0.5 us, g"'(7) decays much faster for =~ ppys Rey. Leti80, 4157 (1998); H. Mabuchi, J. Ye, and
the blue-detuning data (circles) than for the red-detuning 3 Kimble (to be published).
data (triangles). Quantitatively, this difference cannot be [7] A.C. Doherty, A.S. Parkins, S.M. Tan, and D.F. Walls,
attributed to a change of the diffusion caused by, e.g., Phys. Rev. A56, 833 (1997).
a differentA,. There is, however, a significant differ- [8] P. Horak, G. Hechenblaikner, K.M. Gheri, H. Stecher,
ence inF,: a straightforward analysis based on the Sisy- ~ and H. Ritsch, Phys. Rev. Lett79, 4974 (1997);
phus picture discussed in the introduction suggests that G- Hechenblaikner, M. Gangl, P. Horak, and H. Ritsch,
this force heats/cools for our blue/red—detuning parame- Phys-l,se‘a A53' 3030 %1998)- i
ters. Indeed, when including this force in the simulation, ] ‘; ??0'7?2932) C. Cohen-Tannoudji, J. Opt. Soc. Am. B
ghooﬂlagrsemept with experlmer;:aldqf?ta IS obLalned. F 0] Improved laser cooling, employing the spontaneous-
the blue- et“”'”g pargmeters, the ', erence ?t"!ee” the emission enhancement in a cavity, is predicted in T.W.
dashed curve (without) and the solid curve (wittF) Mossberg, M. Lewenstein, and D.J. Gauthier, Phys. Rev.
indicates howF, heats the atoms in the axial direction. Lett. 67, 1723 (1991).
For the red-detuning parameters this heating is absent, $01] P. Minstermann, T. Fischer, P.W.H. Pinkse, and
that leaving outF, hardly changes the simulated curve. G. Rempe, Opt. Commurd59, 63 (1999).
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e e . ; (1995).

the effect of cooling is negligible. For this reason, it

i . i in th [13] H. Mabuchi, Q.A. Turchette, M.S. Chapman, and H.J.
will be very difficult to observe cooling in the present Kimble, Opt. Lett.21, 1393 (1996).

setup. However, we emphasize that the heating effe¢is] single atoms in a MOT have been studied with a

deduced from the short-term behavior gf() for the photon correlation technique by V. Gomer, F. Strauch,
blue-detuning parameters is caused by the same cavity- B. Ueberholz, S. Knappe, and D. Meschede, Phys. Rev. A
mediated Sisyphus mechanism. 58, R1657 (1998).
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