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Subrecoil Laser Cooling with Adiabatic Transfer
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We demonstrate subrecoil cooling of rubidium atoms by velocity-selective coherent population
trapping. By adiabatic transfer of the cooled atoms into a spin polarized single momentum state we
show the coherence of the trapped state. Our cooling scheme takes advantage of the rubidium hyperfine
structure to integrate subrecoil and sub-Doppler cooling. Starting from an initial velocity distribution of
twice the recoil temperatuf@,.. = (/ik)>/kgM], we cool down to 100 nKz%Trec) within 1 ms, while
almost completely suppressing the diffusive heating of velocity-selective coherent population trapping.

PACS numbers: 32.80.Pj, 03.75.Be

Laser cooling has undergone remarkable progress ipreviously been applied to describe selective population
recent years. It has become a powerful tool to coobf internal molecular states using laser light and to
an atomic gas and to study the wave nature of atomdevelop atomic beam splitters [4]. The potential of
interacting with laser light. Cooling to a few microkelvin velocity selection to achieve subrecoil temperatures has
can be achieved within milliseconds by exposing thealso been demonstrated for sodium and cesium atoms
atomic gas to laser light. The atoms are slowed dowmsing a pulsed cooling scheme [5,6]. An alternative way
by rapidly exchanging momentum with the laser field andto produce atomic samples with ultralow temperatures
dissipating energy by spontaneous emission. However, & evaporative cooling [7]; although extremely successful
temperatures which correspond to an atomic momenturthis technique requires high initial atomic densities and it
spread of only a few photon recoils the random naturesuffers from the loss of atoms during the cooling process.
of spontaneously emitted photons hinders further cooling, In our experiment we use a standing wal\&scrr)
unless the very cold atoms are decoupled from theesonant with the" = 1 — F’ = 1 transition of theD,
laser field so that they can neither absorb nor emit furline in 8Rb for velocity-selective coherent population
ther photons. trapping [Fig. 1(a)] and adiabatic passage into a single

Temperatures below the single photon recoil limitmomentum state.Syscpr consists of two counterpropa-
were first demonstrated for helium atoms using velocity-gating waves along the axis with different beam waists
selective coherent population trapping (VSCPT) [1,2].and mutually orthogonal polarizations. The Gaussian
In this scheme the atoms interact with the laser fielcenvelopes of the electric fields are given By (z) =
and scatter photons until they are trapped in an atomi@- exp{z?>/w2}, where2E~. are the real valued ampli-
ground state which is decoupled from the laser fieldtudes of the electric field. The wawve, propagating in
This dark state is characteristically composed of differenthe positivex direction has the Gaussian waigt and is
momentum components. In a one-dimensional standintinearly polarized along the axis. The counterpropagat-
wave field (wave vectok) it is a superpositon of the ing waveE_ has a waisw_ and is polarized along the
two momentum components-/ik and —/ik. During  axis. Figure 1(b) shows the two ground stagesand g,
the cooling process this superposition state of an atom
propagating in opposite directions at once is populated by
spontaneous emission. @ (b)

In this Letter we experimentally show that atoms cooled P31 = sp
by VSCPT can be coherently transferred into a single F=1 2 e,.p)
momentum state with a momentum spread smaller than T ZE
hik. This experimentally confirms that the cooling process Sewbp  Svscrr
indeed induces a coherence between the two momentum Q, Q
components of the dark state. In our experiment, which 5812 F=2
is also the first demonstration of VSCPT for atoms other =l ley.p-7k) g, pt+7k)

than helium, the dark state is populated in a standing _ _ _ _
wave field composed of two counterpropagating wavestIG. 1. (a) Atomic levels in®Rb. The velocity-selective
Atoms trapped in the dark state are then coherently rotatejfrk state is prepared in a standing wave resonant with the
into a single momentum state by gradually decreasing the. .| = f" = 1 transition of theD, line. The sub-Doppler

!n ; g9 _y 9 - y_ " g @oollng is achieved by a second bichromatic standing wave
intensity of one wave. We will explain this rotation in tuned to theF = 2 — F” = 1,2 transitions of theD, line. (b)

the intuitive picture of adiabatic passage [3] which hasviomentum states coupled on tiie= 1 « F’ = 1 transition.
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of the F = 1 Zeeman manifold, and the excited stateof =~ components of the velocity-selective dark std#tgy. The
the F/ = 1 Zeeman manifold. The state (with atomic momentum distribution of atoms cooled into the dark state
momentump) is coupled to the statg, (with atomic mo- W, should exhibit a peak at the momentuniik having
mentump + hk) by the y-polarized componertE—) of  a width smaller tharfik. The condition for adiabaticity
the laser field and to the statg (with atomic momen- rigorously holds only forQ > T" (I'"! lifetime of the
tum p — hk) by its z-polarized componentE;). The excited state). This condition is not fulfilled for the
corresponding Rabi couplings afe:(z) = 2DE+(z)/h,  parameters used in the experiment (see below). We thus
whereD is the electric dipole moment of the transitions. numerically integrated the Schrddinger equation for an
The velocity-selective dark statB,s; decouples from the atom starting in the stat@,y(p = 0) in the center of
light field for p = 0 and is given by [8] the Gaussian beams. For the experimental parameters
_ B we expect that 83% of the population is adiabatically
Wisa) = c-lgyop = k) + cilge, p + fik), (1) transferred into the statg, with the momentum—7ik.
with ¢- = cosp, c;+ =sing, and sinp = Q,/ Only 4% of the atoms undergo spontaneous emission.
0% + Q2. The stateW,y is an eigenstate of the  To efficiently accumulate the atoms in the stdtg, a
total Hamiltonian (including the kinetic energy) Second overlapping bichromatic standing wa¥g,-p)
for p=0. For p # 0, the state W,q is kineti- IS employed. Each frequency componentQfy-p is
cally coupled to the orthogonal stateV.) = ¢, x  composed of two counterpropagating waves with mutually
lgy.p — hk) — c_|g..p + hk), which is coupled to orthogonal linear polarizations. The first frequency is
the excited statde,, p). If one of the two polarization tuned to a value2.sT" higher than theF =2 — F" =
components of the laser field is zero, i.e..dif=0 or 2 resonance of the, line. The second frequency is
¢ = /2, the kinetic coupling vanishes. In these caseg@sonant with thef’ =2 « F" =1 transition of the
the dark state is given by either, or g., independent Same line. The coupling of theny =2 (mp = —2)
of p. ’ magnetic sublevel of thé' = 2 ground state to the exited
The experimental situation in which the waists of theStatesF” = 1 andF" = 2 vanishes when both frequency
two counterpropagating waves are differgnt, > w_)  Components have puee” (o ~) polarization. The atoms
is shown in Fig. 2. The spatially varying Rabi couplingsn the standing wave,,-p are thus optically pumped
Q. and Q_ lead to az-position-dependent dark state into weakly coupling states which are localized where the

V. [EQ. (1)]. In the wings of the Gaussian bearfds, ~ Polarization of the standing wave is almost circular [9].
is smaller thanQ_ so that the amplitude is smaller As the other magnetic sublevels of the atomic ground

than the amplitudec_, i.e., the stateW,y is shifted States are shifted towards higher energies, we expect the

towards the statdg,,p — /ik). An atom adiabatically atoms to be cooled during these optical pumping cycles

follows in the state W,y if the condition ¢(z) << [10]. Our ponflguratlon resembles that_ofadark or gray
5 ) } optical lattice with a single frequency light field and an

\{IQ+(z) + 02(z) is fulfilled [3]. Hence we expect that aqgitional static magnetic field [11].

those atoms which are accumulated in the dark sigig The dynamics of the atoms in the light fields can

Syscpr with the momentum-/k. The orthogonal state the standing waveS,,—p provides confinement of the

W is shifted towards the stage with the momentunkik.  atoms at low velocities. The atoms are also continuously
This shows that the adiabatic transfer is sensitive to th%ptically pumped into theF = 1 ground state and can

relative phase, i.e., to the coherence of the two momentuige trapped in the dark staté.q(p ~ 0) which is

adiabatically transferred into the momentum state=
MU‘I'? —hk, when the atoms leave the light field. As the
h

R_“h’ Ty experiment is performed in one dimension, the atoms
are heated by the spontaneously emitted photons in the
directions perpendicular to the standing wave axis.

In our experiment we load3 X 10® rubidium
atoms from the background gas of a rubidium cell
into a magneto-optical trap (MOT) [12] and pre-
pare a high-density monoenergetic rubidium beam
v (Av/v < 1/20,n = 10'° atomgcn?) using the moving
optical molasses technique [13]. The atoms are accel-

detection erated vertically downwards to a velocity of 1.7/sn
FIG. 2. Geometry of the experiment. The Rabi Couplin(‘)sTh(-"n the laser beams of the moving _molasfses are shut
Q_ and Q. of the two counterpropagating waves forming the off and the atoms follow their ballistic trajectory to-

standing waveSyscpr are illustrated on the right. The standing Wards the interaction region which is 17 cm below the
wave Sg,,—p is indicated by the dashed lines. MOT. The interaction region is differentially pumped to

PINTO1E  c——
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2 X 107° mbar and is shielded against magnetic fields tavave Syscpr SO that the atoms are optically pumped into
better than 0.5 mG using three layers of Mu metal. Inthe F = 1 ground state by the standing wa¥gy,-p.

the interaction region the atoms interact with the standing Figure 3 shows the cooled and the initial two-
waves for 0.6 ms. dimensional atomic momentum distributions. Both

The two standing waveSyscpr andSg,—p are derived  distributions are obtained by adding up 200 single shots
from grating stabilized laser diodes [14]. The laser beamsnd subtracting the stray light background. We measured
are spatially filtered to achieve Gaussian modes. Th#his background by switching off the MOT and then
standing waves are formed by retroreflection off a mirrorsumming over 1000 pictures and dividing the result by
which is 13 cm away from the interaction region. The5. In the cooled distribution 67% of the atoms diffuse
frequency of the standing wav&yscpr is tuned0.5I"  out of the detection region due to their high momentum
above theF" = 1 — F’ = 1 transition. In the interaction along the uncooledy direction. In the upper section
region, the waist along the axis of the incoming beam of Fig. 3 we plotted the corresponding one-dimensional
is w— =390 um, and w4+ = 290 um of the reflected momentum distributions calculated by integrating the
beam. The retroreflecting mirror has a reflectivity of 75%,two-dimensional distributions along tlyedirection.
which gives a resonant Rabi coupling in the center of the In the cooled distribution the atoms accumulate at
Gaussian profiles of24(z = 0) = Q_(z = 0) = 0.16I".  the momentum—7k, as we have anticipated. A few
The standing waveSy,,—p has a beam waist ofy = atoms diffuse to states with negative momenta of down
480 wm in the interaction region. The resonant rms Rabito —104k. We attribute this diffusion to atoms that
coupling for each traveling wave in the Gaussian centeare not trapped in the velocity-selective dark state and
is 0.8 on the F = 2 to F" = 2 transition and0.17T
on theF = 2 to F" = 1 transition. We have positioned
the center axis of the standing wawg,,—p 300 um (p)
below the center axis of the standing wa$escpr SO Pip
that those atoms that have not been trapped in the sta )3 [
V.. are optically pumped into thé& = 1 ground state
when leaving the interation region. This allows detection
of each atom with the same efficiency.

To determine the transverse momentum distribution
of the atoms, a pinholed( = 75 um) is placed 3 mm
underneath the standing wave and the spatial atomiw'[:"15 I
distribution is measured 10 cm further below (Fig. 2).
There we image the fluorescence of the atoms in ¢
standing light wave using an intensified charge couplec
device (CCD) camera [15]. The standing wave light
field is resonant with thé' = 2 — F” = 3 closed cycle 0
transition of the D, line. An additional laser beam
resonant with the = 1 « F’ = 1 transition of theD;
line optically pumps the atoms which arrive in the= 1
ground state into the closed cycle. This elliptically shaped
beam is concentric to the standing wave and forms a she
of light that defines the plane of detection. We detect
approximately one photon per atom with the CCD camera
The time of flight of the atoms between the pinhole
and the imaging region is 35.4 ms for our experimental
parameters. The momentum resolution of our detectior
scheme is 0.6k and is limited by the resolution of our
optical imaging system.

Without any interaction, the measured atomic momen-
tum distribution in thexr — y plane is determined by those
atoms from the magneto-optical trap whose ballistic tra-
jectories pass through the pinhole. Since the acceleratéedlG. 3. Images of the cooled and the initial atomic veloc-
atomic cloud expands on its way downwards to the pinjty distributions. The cooled distribution forms a stripe since
hole, only atoms with very small transverse velocities ardN€ aoms accumulate at momentumik along the cool-

lected by th inhol lowi to study th 1ing axis and diffuse in the perpendicular direction. The cor-
selected by the pinhole, allowing us to study the coo responding one-dimensional momentum distributigr{g) in
ing process at ultralow temperatures. We measure thgnits of (ik)~! are shown above. The dashed line shows the

initial momentum distribution by blocking the standing initial distribution.
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momentum. To obtain a value for the temperature wehe project.

have fitted a Gaussian curve to the cooled momentum

distribution, taking into account all data points ir2ak
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