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Raman Cooling of Atoms in Two and Three Dimensions
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Sodium atoms have been cooled in two and three dimensions with stimulated Raman transitions.
Atoms in 2D have been cooled to v,m, =1.2hk/M, corresponding to an effective temperature of T,tt= 1.7
pK while atoms in 3D have been cooled to v, , =2.3hk/M, or T,tv=4 3p.K.

PACS numbers: 32.80.Pj

Methods for laser cooling of atoms continue to improve
rapidly. Atoms have been laser cooled by polarization
gradient molasses in three dimensions to temperatures as
low as —20T,«, where T«, =(hk) /2Mktt is defined as
the photon recoil temperature [1]. There have been
several proposals [21 and two experiments [3,4] to cool
atoms along one dimension to effective temperatures
below the photon recoil temperature. We report here the
first results of the extension of our Raman cooling
method [4] to two and three dimensions. We have cooled
sodium atoms to an effective temperature [5] of 1.7 p K,
or —1.5T„,in two dimensions and to 4.3 p K, or
-3.5T„,in three dimensions. The cooling represents a

velocity phase space compression of —18 and —15 times
over polarization gradient cooling for two and three di-

mensions, respectively.
The basic idea of cooling with stimulated Raman tran-

sitions has been previously described in our demonstra-
tion of ID cooling [4]. Consider an atom with two

ground states ~1) and ~2) separated by a hyperfine split-

ting htoHFs and an excited state ~3). If the atom initially

in state ~l) is irradiated with pulses of light from two

counterpropagating laser beams at frequencies mi and m2

(and wave numbers k = [kl ~

= )k2~ ), where to~
—to2

-toHFs, the two-photon Raman transition from ~1&

~2) has twice the Doppler sensitivity of a single-photon
transition. If the Raman frequency difference is tuned to
the red of the two-photon resonance, an atom moving

with velocity +v (towards the tot beam) will Doppler
shift the transition into resonance. During the transition

~I& ~2&, the atom receives a momentum kick 2hk to-

wards v=0. By varying the difference frequency, atoms

with any positive velocity can be pushed towards v =0. If
the directions of the two Raman beams are reversed, an

atom moving with velocity —
l. can be made to receive a

momentum kick towards v =0.
An optical pumping pulse tuned to the ~2& ~3& transi-

tion is used to return the atoms back to state ~1& after
each Raman pulse. During the optical pumping process,
the spontaneous emission back into the ~1) state has a

chance of leaving the atom near the v =0 state. The
stimulated Raman excitation/optical pumping cycle is re-

peated, each time pushing more atoms towards the i =0
state.

If the process is to be eAective, atoms must be loaded

into the trapped velocity state more eSciently than they
are ejected from it. In practice this means that atoms
near i =0 must be able to survive the application of many
pulses before being excited out of the velocity trapped
state. Thus, both the line shape and linewidth of the Ra-
man transitions are tailored to minimize un~anted exci-
tations. We use Blackman pulses [41 to reduce the off-
resonant excitation due to the frequency sidelobes of the
Raman pulses. Also, the duration of the Raman pulses is

lengthened as the frequency difference of the Raman
beams is swept towards resonance with the i =0 atoms so
that they have increased velocity selectivity.

Raman cooling can be extended to two or three dimen-
sions by adding Raman pulses originating from the other
directions, as shown in Fig. 1(a). Unfortunately, this
sequential approach would involve switching the direction
of eight or twelve laser beams, and would be cumbersome
to implement experimentally. Instead, we investigated
configurations where all the Raman beams are pulsed on

simultaneously. Possible simultaneous beam configura-
tions are depicted for the 2D and 3D case in Figs. 1(b)
and 1 (c), respectively. The Raman frequency difference
coi —co2 is tuned to the red of the two-photon resonance,
as in the 1D case.

The 2D configuration includes four Raman beam pairs;

FIG. 1. The dashed lines denote cop laser beams, and the
solid lines denote col laser beams with tal ) ta2. (a) Beam pairs
labeled 1-6 are pulsed on sequentially to create a three dimen-
sional velocity trapped state. (b) All four beams are pulsed
simultaneously to create a two dimensional velocity trapped
state. The four shaded areas illustrate the velocity classes that
are excited for a certain red detuning of the Raman frequency
difference. The double arrow denotes the direction of the J2hl'
momentum recoil kick of each velocity class. (c) The three di-
mensional generalization of (b).
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each pair consists of one beam with frequency mI, and
one with frequency m2. Each beam pair stimulates a
Raman transition (1) (2) if ru1

—ruz+hcono&z h—ru«,
=ruHFa, where the Doppler shift is &run, »=(k~ —k2) v,
and the recoil shift is Aalu„,=hk /M. Thus, at a certain
Raman frequency difference, a well defined velocity class
is Doppler shifted into resonance for each of the four
beam pairs, as shown in Fig. 1(b). Also shown in the
figure is the direction of the momentum kick for each ve-

locity class which has a component towards v=0. The
magnitude of the momentum kick is J2hk. As the Ra-
man frequency difference is scanned, all atoms in the 2D
velocity space may be addressed. The 3D configuration
of Fig. 1(c) involves eight Raman beam pairs that act on
the atoms in the 3D velocity space in a similar manner.

When an atom is irradiated with several Raman beams
simultaneously, it can couple to a large number of
momentum states during each Raman pulse by various
multiphoton processes [6]. To account for such processes
we numerically solved the Schrodinger equation for a
three level atom in the beam configuration of Fig. 1(b).
We used momentum eigenstates decomposition, and as-
sumed that the detuning from the excited level )3) is

large enough, so its population can be adiabatically elim-
inated [7]. Terms leading to standing wave diffraction
(e.g. , momentum changing terms involving absorption
and emission from beams of the same frequency, but
different directions) have been suppressed. Experimen-
tally, this can be achieved with cr+o polarizations for
counterpropagating beams. Figure 2 shows the excitation
probability p(v) and the average velocity kick per pulse
(dv) (the average is performed over the final momentum
states) vs velocity v calculated for a typical set of param-
eters. Note that (hv) tends to push atoms into the

0
v, (units of ttk/m)

FIG. 2. Contour plot of the excitation probability p(v) vs v
in the configuration shown in Fig. 1(b), for ro/ r02 2+QJ
+coHFs, and a Blackman z pulse with eft'ective Rabi frequency
of hm . Contour levels are incremented from 0 at (0,0) and
(~2, +'2) by 0.16. Arrows indicate direction and strength of
the average velocity kick &hv). The maximum average velocity
kick is 1.86k/M.

trapped velocity state, in general agreement with the in-

tuitive picture of Fig. 1(b).
To demonstrate the multidimensional Raman cooling

we started in a similar way to that of the previous 1D Ra-
man cooling experiment. A beam of thermal Na atoms
was slowed by a counterpropagating, frequency chirped
laser beam [8], and loaded into a magneto-optic trap
(MOT) [9]. A cw dye laser supplied the slowing and the
trapping beams. Approximately 10 atoms were loaded
in 160 msec. Then, the trapping magnet was shut oA;
and the trapping light intensity decreased for 20 msec, to
further cool the atoms to a temperature of -35 pK (and
-3 mm FWHM diameter). Finally, the atoms were op-
tically pumped into the 3S1y2, F= 1 ground state.

For the 2D Raman cooling experiment we used the
beam configuration of Fig. 1(b). A beam from a second
cw dye laser, tuned -30 6Hz below the 3S~i2, F=2 to
3P3i2, F=3 transition was divided into two -250 mW
beams by a 30 MHz acousto-optic modulator (AOM).
The undeflected beam passed through an electro-optic
phase modulator with ruttF-— 1.7 GHz, to generate the
Raman frequency difference [10]. The two beams were
made to nearly copropagate through an additional AOM
that provided the Blackman pulse shaping. The beams
were then collimated to -5 mm 1/e2 diameter, directed
in perpendicular paths to the MOT, and retroreflected to
provide the two other beams of Fig. 1(b). The polariza-
tions of each counterpropagating Raman beam pair were
o+o, and the magnetic field was kept below 5 mG to
suppress shifts of the Zeeman sublevels. Each cooling cy-
cle lasted 150 psec, and consisted of six Blackman shaped
Raman pulses with total durations of 8, 18, 20, 20, 30,
and 40 psec and a Raman frequency difference detuned
600, 500, 400, 280, 180, and 100 kHz, respectively, from
the two-photon resonance for v=0 atoms. An —1 psec
optical pumping pulse (tuned midway between the 3S1~2,
F=2 to 3Py2, F 1 and 3S1gq, F =2 to 3P3i2, F=2 tran-
sitions) was applied after each Raman pulse. The direc-
tion of the optical pumping beam was normal to the cool-
ing plane, and was reversed after each cooling cycle with
a Pockels cell and a polarizer. The intensity of the opti-
cal pumping pulse that yielded the best cooling was
—100 mW/cm2.

The velocity distribution of the Raman cooled atoms
was measured with another velocity selective Raman
transition between the 3S1y2, F= 1 and 3S1y2, F=2 states.
The number of atoms making the transition to the F=2
state was determined by measuring the fluorescence from
a short pulse of light resonant with the 3S~g2, F=1 to
3Py2, F=3 transition. The velocity resolution of this
detection scheme was -O.

leak/M.

By using different
configurations of the Raman detection beams, we mea-
sured the velocity distribution along several directions.
The results of such a measurement for the (1,1) direction
of Fig. 1(b) after -5 msec of Raman cooling are shown
in Fig. 3, together with the initial velocity distribution
(after cooling in optical molasses). As seen, the velocity
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spread of the atoms along this axis decreased from
t ti i1,m, =4hk/M to vti, i1,,m, =0.75hk/M. The velocity
spreads along the directions of the Raman beams [(1,0)
and (0,1) directions of Fig. 1(b)] were wider by —40%
than that of the (l, l) and (1,—1) directions. This is con-
sistent with a velocity distribution with square (rather
than circular) velocity contours [11], where the sides of
the squares are perpendicular to the directions of the
recoil kicks, depicted in Fig. 1(b). The velocity spread
for such a 2D square velocity distribution can be shown

to be vne, =1.6vti i ~ „m,=1.2hk/M, corresponding to an

effective temperature of 1.7 pK, or —1.5T, . The number
of atoms near t ti i& =0 increased by a factor of 4.8, cor-
responding to a factor of —18 increase in the number of
atoms near v„=vy=0. The total number of atoms (the
area under the velocity distribution curve) remained con-
stant to within —10%. The 1/e equilibrium time for
loading the atoms into the trapped state was 1.8 msec.

We studied several loss mechanisms for atoms near the
v =0 state. First, since the cooling was performed in a
vertical plane, the atoms were accelerated downward by

gravity at a rate of one recoil velocity every 3 msec. This
results in a )oss of -2.5% from the v =0 state for a 150
psec cooling sequence and v„m,= h k/M.

Second, atoms may be excited from the trapped veloci-

ty state by multiphoton processes. Two-photon standing
wave processes are suppressed for the cr+o polarization
that we used. However, higher order processes (such as

roirozrozroi transitions) cannot be totally suppressed in our
beam arrangement. Numerical solutions of the Schro-
dinger equation for a three level atom, similar to those of
Fig. 2, indicate that the excitation probability of the
atoms near v =0 is p(v =0) =0. 1% for each of our 150
psec pulse sequences. However, this value is extremely
sensitive to the effective Rabi frequency of the Raman
transitions O, ir, and increases to p(v=0) =20% when

Qdr is doubled (from 25 to 50 kHz). Since the variations
of the ac stark shifts among the magnetic sublevels may
be of the order of Q,g, and are not included in our simu-
lations, p(v =0) as high as 20% may not be excluded.

Veiocity (in units of Wk/M)

FIG. 3. The velocity distribution of sodium atoms along the
(1,1) direction of Fig. 1(b) (a) after 5 msec of 2D Raman cool-

ing, and (b) due to polarization-gradient cooling.

Atoms near the t =0 state might also undergo oA'-

resonant excitation by either the Raman beams (that are
-30 GHz away from resonance) or the optical pumping
beams (that are —1.7 GHz away from resonance for the

35ipz, F= 1 state). By measuring the shift of the velocity
distribution of the atoms at 35]/~, F=1 state after apply-
ing several hundred optical pumping pulses from one
direction, we found that atoms in that state scatter on

average -8 x 10 photons per optical pumping pulse, or
-0.5% for each cooling cycle. The oA'-resonant excita-
tion by the Raman beams was evaluated by applying an

identical Raman pulse sequence as in the cooling experi-
ment on atoms initially in the 35]/p, F=1 state, but with

the 1.7 6Hz sideband turned oA', and measuring the frac-
tion of the atoms that have undergone spontaneous Ra-
man transition into the 3Si/~, F=2 state. After correct-
ing for the atoms that were excited by the Raman beams
and decayed back into the 3Si/&, F=1 state, the total
off-resonant excitation probability for each cooling cycle
was found to be 6%.

A final loss mechanism might occur when spontaneous-

ly emitted photons excite atoms near the i =0 state.
Since in our experiment the optical thickness of the atoms
was only a few percent, this loss mechanism may be
neglected. We verified this by decreasing the number of
atoms in the MOT by a factor of -5, and observing no

improvement in the cooling temperature.
The measurements and calculations described above in-

dicate that for our experiments the major loss mecha-
nisms from the i = 0 state are gravity, off-resonance ex-
citation by the Raman beams, and possibly multiphoton
processes. Since our computer simulations ignore all the
Zeeman sublevel structure we cannot compare the ob-
served temperature of the Raman cooled atoms to the
calculations. In particular, the multiphoton processes
need to be understood better. The higher temperatures
obtained in 2D Raman cooling (compared to the 1D case
[4]) are caused by slower loading into the v =0 state and

higher loss rates from it. The slower loading is due to the
term (Bv/v„,)" in the loading rate [4] (Bv is the width of
the dark state, and n is the dimension), and the higher
loss rates are due to gravity, multiphoton processes, and
off-resonance excitation by the additional Raman beams
present in the 2D case.

For Raman cooling in a dipole trap [12] the loss mech-

anisms from the i =0 state can be largely reduced. If a

linearly polarized dipole trapping light is tuned far from
resonance relative to the ground state hyperfine splitting,
the ac Stark shift of any ground state level (regardless of
F and IF) will be nearly the same; hence, the Raman
transitions between any two ground state levels will

remain in resonance as the atoms move about in the trap.
The atoms will be supported against gravity and the

longer cooling time will enable us to decrease the intensi-

ties of the Raman beams (to suppress multiphoton pro-

cesses), and to increase their detuning from the optical
transition (to decrease oA'-resonance excitations). Final-
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FIG. 4. The velocity distribution of sodium atoms along the

(I, I,O) direction of Fig. 1(c) (a) after 5 msec of 3D Raman
cooling, and (b) due to polarization-gradient cooling.

ly, the combination of dipole trapping and Raman cooling
should be able to produce high densities of ultracold
atoms.

V/e also performed initial experiments in 3D Raman
cooling. The beam configuration was composed of three
retroreflected beam pairs in the X, Y, and Z directions,
similar to that of Fig. 1(c). The X and Y beams were
identical to those of the 2D case. However, the frequency
of the Z beams (roz) was upshifted from that of the Y
beams (ro2=rop —30 MHz) by 60 MHz using an addi-
tional AOM (i.e., coz =ron+30 MHz), thereby eliminat-

ing standing wave difl'raction due to YZ beam pairs. At
the same time the LZ beam pairs contain a Raman fre-
quency difl'erence identical to that of the XY pairs co,

(rop rortF) =(rop+ roaF) Coz roi roz, thus we have
Raman cooling in both the LY and the LZ planes, as in

the simpler configuration of Fig. 1(c) [13]. Finally,
standing wave diffraction from antiparallel beam pairs
was suppressed by using cr+e polarizations, as in the
2D case. All the beam intensities, detunings, and pulse
sequences were identical to the 2D case. Figure 4 depicts
the velocity distribution of the atoms along the (1,1,0)
direction of Fig. 1(c) before and after -5 msec of 3D
cooling. The velocity spread of the atoms along this
direction decreased from 4hk/M to 1.45hk/M. The
velocity spread along other directions was between 0%
and 15% smaller, so the 3D velocity spread was v,~,= (0.925)J3v(i i p&, , =2.3hk/M. The corresponding
3D effective temperature of the cooled atoms was 4.3 pK,
or -3.5T„,. The 3D velocity phase space compression
was —15 times.
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