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Adiabatic Cooling of Atoms by an Intense Standing Wave
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Lithium atoms channeled in the nodes of an intense standing-wave radiation field are cooled to near
the recoil limit by adiabatically reducing the radiation intensity. The final momentum distribution has a
narrow component with a root-mean-squared momentum of 24k in one dimension, where Ak is the
momentum of a radiation-field photon. The data are compared with the results of a Monte Carlo simu-
lation using a two-level atom model. This process may be useful for cooling and increasing the phase-

space density of atoms confined in a magnetic trap.

PACS numbers: 32.80.Pj, 42.50.Vk

Recent laser cooling experiments have demonstrated
that the momentum of an atom can be reduced to near
that of a single photon of the laser radiation field, Ak
[1,2]. The corresponding kinetic temperature of atoms
cooled to this “‘recoil limit” is approximately 1-10 uK.
The cooling mechanism in these experiments was found
to rely on optical pumping among the degenerate ground
states of the atom [3]. In this paper, we report cooling
atoms to near the recoil limit in one dimension, using a
method that requires only two atomic levels.

An atom moving in a near-resonant standing-wave ra-
diation field experiences a periodic, spatially varying po-
tential energy due to the interaction of the induced elec-
tric dipole moment of the atom with the field. The atom
can experience a force in the standing wave since the gra-
dient of the potential energy may be nonzero. For a radi-
ation field with frequency blue-detuned from resonance
(i.e., frequency greater than the atomic resonance fre-
quency), the atoms will be attracted to the nodes of the
standing wave. In this case, atoms whose maximum ki-
netic energy is less than the depth of the potential may be
trapped around the nodes [4]. This ‘“‘channeling” of
atoms has been observed [5]. Once the atoms are chan-
neled, their kinetic energy may be reduced by adiabati-
cally lowering the standing-wave intensity. Adiabatic
cooling of channeled atoms has been discussed in the con-
text of low-intensity “optical molasses™ [2,6]. In our ex-
periment, atoms channeled in an intense, one-dimensional
standing wave are cooled adiabatically to nearly the
recoil limit.

In the absence of spontaneous emission, a two-level
atom in an intense, near-resonant standing wave possesses
two states with different effective potentials, correspond-
ing to the sign of the atom’s induced dipole moment.
These potentials are U + (z) = + L Al0dsin2(kz) +A2]'/2
— + hA, where Qg is the on-resonance Rabi frequency
(i.e., A Qg is the interaction energy) at an antinode of the
standing wave, A is the detuning of the standing-wave fre-
quency from resonance, and k is the wave vector of the
radiation which is along the z axis [7]. When the field
energy is included, these effective potentials correspond to
the two “dressed state” eigenvalues [8]. U +(z) may be
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adequately approximated by a harmonic function for
atoms whose oscillation amplitude is small compared with
the optical wavelength. For example, consider the 25 -2P
transition of the ’Li atom. The wavelength of this transi-
tion is A=671 nm and the spontaneous decay rate of the
2P state is y=(27)5.8 MHz. For an atom channeled in
the quantum-mechanical ground state of U4+ with Qp
=45y and A=13y, the oscillation amplitude is 0.02A. In
this case, the oscillation frequency is 8 MHz, and the
root-mean-squared (rms) atomic momentum is 5.5hk. If
the potential is reduced by lowering the standing-wave in-
tensity (i.e., Qo) at a rate that is slow in comparison with
the atom’s oscillation period, the atom’s kinetic energy
will be reduced. When A=13y and Q is reduced to ~,
the potential just supports a single bound state with a rms
momentum of ~#Ak. This limiting momentum approxi-
mately corresponds to the one given by the uncertainty
principle for an atom localized to Az ~21/2.

In the experiment, shown schematically by Fig. 1, a
collimated, thermal beam of lithium atoms is crossed at
90° by an intense, blue-detuned standing wave. The
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FIG. 1. Schematic diagram of the apparatus. AOM,

acousto-optic modulator; prisms, four beam expanding prisms:
A/4, quarter-wave plate; PMT, photomultiplier. Points 4, B,
and C correspond to the positions of the standing-wave aper-
ture. Aperture at point 4 on the leading edge is fixed, while the
trailing edge of the standing wave is apertured either at point B
or C.
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atoms pass through the standing wave, which has a
Gaussian intensity distribution along the atomic beam (x
axis). In the intense region of the standing wave the
transverse velocity of the atoms is reduced by the dissipa-
tive dipole force [8,9]. This interaction causes many of
the atoms to be channeled in the nodes. As the atoms
pass through the Gaussian tail of the standing wave they
experience a slowly decreasing intensity. If the decrease
in intensity is sufficiently slow, the atoms will be adiabati-
cally cooled. In this experiment, adiabaticity requires
that the time for an atom to pass through the Gaussian
waist of the standing wave be much larger than the oscil-
lation period of a channeled atom.

The standing wave is produced by retroreflecting a
laser beam from a frequency-stabilized dye laser using a
mirror located inside the vacuum chamber. The laser
beam is collimated and expanded to a Gaussian waist
(e =2 point of maximum intensity) of 9.2 mm along the
atomic beam axis (x axis), and to 1.4 mm along the y
axis. A quarter-wave plate is used to produce nearly cir-
cular polarization. A quantization axis is defined by the
standing wave and a collinear magnetic field of 8 G pro-
duced by a Helmbholtz coil pair. The interaction region is
shielded from ambient magnetic fields using a high-u
metal tube aligned collinear with the applied magnetic
field. The laser frequency is offset locked using saturated
absorption spectroscopy in a heat pipe from the 25,
F=2<>2P3), F =3 resonance frequency of the 'Li atom,
so that A=13y. The laser power is 520 mW, giving a
peak intensity in the standing wave of 10.3 W/cm?. The
saturation intensity (i.e., Qo=7v) of the 25, F=2
2Py, F=3 transition using circularly polarized light
is 5.1 mW/cm?, yielding ©9=45y. A second laser beam,
frequency shifted with an acousto-optic modulator
from the standing-wave frequency, is used to prepump
atoms initially in the F =1 ground state into the F=2
state (ground-state hyperfine splitting of 803 MHz),
and to repump atoms which fall out of the 2S5, F
=2+>2P3;, F=3 cycling transition. The intensity of
this beam is relatively low, ~15 mW/cm?, and it is
retroreflected at an angle so that it does not form a stand-
ing wave. The optical quality of all the optical com-
ponents was carefully controlled to minimize the number
of defects in the standing wave that could interfere with
channeling.

The effect of the standing wave on the transverse veloc-
ities in the beam is probed downstream of the interaction
region using a focused beam from a diode laser [10]. The
probe beam is parallel to the x -y plane and intersects the
atomic beam nearly orthogonally, at an angle of —88°
relative to the atomic beam axis. The probe laser, whose
frequency is offset locked from the 2S5/, F=2<2P;;,
F =3 resonance frequency by 45 MHz, will preferentially
excite atoms with a longitudinal velocity centered around
900 m/s, with a Lorentzian width of —150 m/s due to
the linewidth of the transition. Since the most probable
velocity in the atomic beam is ~1700 m/s, only the slow

velocity tail of the distribution is probed. The use of this
slower velocity both ensures the adiabaticity of the pro-
cess, and increases the fraction of atoms channeled in the
high-intensity region. The atomic fluorescence induced
by the probe beam is collected by a lens, detected by a
photomultiplier, and individual photons are counted and
recorded by a computer. The position of the focused
probe beam is scanned in the z direction, across the atom-
ic beam, using a mirror mounted on a translation stage to
record the transverse distribution of the atoms in the
beam. For a single longitudinal velocity, there is a one-
to-one correspondence between transverse position and
transverse velocity. The Gaussian beam waist of the fo-
cused probe beam of 50 um together with the dimension
of the collimating slit yield a transverse velocity resolu-
tion of 8 cm/s, or a momentum resolution of better than
lhk. The spread of longitudinal velocities contributing
to the signal broadens the transverse momentum resolu-
tion for transverse momenta greater than 6 k.

Figure 2 shows experimental data as bold lines, while
the lighter lines are the results of a Monte Carlo simula-
tion described below. Figure 2(a) shows the initial trans-
verse momentum distribution when no standing wave is
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FIG. 2. Data (bold lines) and results of the Monte Carlo
simulation (light lines) for the transverse momentum distribu-
tion of atoms in the beam. (a) No standing wave present, cor-
responding to the original distribution. (b) Standing wave aper-
tured at points 4 and B of Fig. 1, so that the atoms interact
only with the most intense 1-cm portion of the beam. Atoms
are channeled during this interaction but no significant adiabat-
ic cooling is possible in this case. (c) Standing wave apertured
at points A and C of Fig. 1, so that atoms interact with the de-
creasing intensity tail of the standing wave. In this case, an adi-
abatic lowering of the intensity cools the atomic motion along
the standing wave, producing an rms momentum of 2Ak.
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present. Figure 2(b) corresponds to the case where the
standing wave is apertured, as shown by points 4 and B
in Fig. 1, so that the atoms can interact only with the
most intense 1-cm length of the standing wave. In the
apertured region, Qq varies from 33y at the edges of the
aperture to its peak value of 45y at the center of the
standing wave. In this high-intensity regime, the result-
ing momentum distribution is determined by the balance
of the dissipative cooling due to the time-averaged dipole
force and the diffusional heating due to the fluctuations
of this force [8,9,11,12]. Although no significant adiabat-
ic cooling is possible due to the small change of Rabi fre-
quency, a large fraction of the atoms are channeled in
this region. The half width at half maximum of the
momentum distribution is 84k, which is comparable to
the rms momentum of SAk for an atom channeled in the
ground state of the potential with Q¢=33y. Finally, for
the data shown in Fig. 2(c), the aperture was moved out
to point C, as indicated in Fig. 1, so that the atoms could
experience the Gaussian tail of the standing wave. At
point C, the intensity of the standing wave has decreased
to the level where Q9= 0.4y. This case corresponds to
the adiabatic reduction of the standing-wave intensity, so
that channeled atoms will be adiabatically cooled. The
exact position of point C had little effect on the final dis-
tribution. Although a blue-detuned standing wave is
heating at low intensities, the force on the slow atoms of
interest here with Doppler shifts kv <A is very weak.
The data of Fig. 2(c) can be fitted well by two Gaussian
functions, each with 50% of the total number of atoms,
one with a rms momentum of 2Ak and the other with a
rms momentum of 10Ak. In the simulations described
below the atoms which make up the narrow component
were deeply channeled while the others were either un-
channeled or channeled with high energy. The rms
momentum of the narrow component is a factor of 2
above the width expected for atoms cooled to the recoil
limit, and a factor of 2.4 below that for atoms cooled to
the “Doppler limit” [1].

This adiabatic cooling process requires only two atomic
levels, a ground and an excited state. An effective two-
level cycling transition is formed by circularly polarizing
the radiation so that atoms in the F =2, mg=2 ground
state can be excited only to the F=3, mp=3 excited
state. However, for the data shown in Figs. 2(b) and
2(c), the quarter-wave plate crystal axis was at an angle
of 32° with respect to the polarization direction of the in-
cident linearly polarized light, rather than at 45°, as re-
quired to produce circular polarization. Therefore, the
standing-wave radiation was slightly elliptically polar-
ized. We found that this polarization produced the nar-
rowest final momentum distribution. Additional experi-
ments established that there is a three or more level cool-
ing process involving the F=1 ground state, which is
more efficient than the usual two-level dissipative dipole
force for cooling and channeling atoms in an intense,
blue-detuned standing wave [13]. *Sisyphus™ cooling
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schemes involving two atomic levels coupled by a near-
resonant standing wave, and a third, “reservoir” level
have recently been proposed in the literature [14]. We
emphasize that this multilevel scheme is an efficient way
to ““load” atoms into the channels, but the adiabatic cool-
ing involving only two atomic levels produces the striking
cooling evident in Fig. 2(c). We were able to exclude the
possibility that our data could be explained by any cool-
ing mechanism involving multiple ground-state my levels
in two ways. First, we excluded the repumping beam
from the trailing edge (point B to C) of the standing
wave and measured the resulting momentum distribution.
The elliptically polarized standing wave couples the F =2
ground state to the nearly degenerate F =1, 2, and 3 ex-
cited states. Therefore, if the atoms were cooled by a
mechanism involving spontaneous decay into ground-state
sublevels other than F =2, mg =2, the atoms would be
quickly optically pumped into the F=1 ground state be-
cause of the large branching ratios for spontaneous decay
into the F=1 ground state. However, we found that after
passing through the standing wave, 50% of the atoms
remained in the F=2 ground state, and furthermore,
these atoms were left with a momentum distribution hav-
ing the same shape as that of Fig. 2(c). Second, we at-
tempted to cool atoms using the repumping beam and an
elliptically polarized standing wave of uniform, rather
than decreasing intensity. We found that narrow features
of the sort shown in Fig. 2(c) could not be duplicated
with the large range of detunings and Rabi frequencies
we investigated. Since the integral of the three signals
shown in Fig. 2 is the same to within our experimental
resolution, we conclude that few atoms are left in the
F=1 ground state when the repumping beam is present.
The lighter lines shown in Fig. 2 are the results of a
Monte Carlo simulation of the experiment. In this mod-
el, an atom is assumed to be in one dressed state. The
atom’s motion is determined by the instantaneous force
given by its potential gradient in the standing wave.
Fluctuations in this force come about by spontaneous
emission events that cause the atom to change dressed
state. Trajectories of 2000 atoms were accumulated to
construct the distributions shown in Fig. 2. This model,
originally developed by Dalibard er al. [15], was adapted
by us to successfully model the evolution of atomic
momentum in an intense standing wave [12]. For the re-
sults presented in Fig. 2, a two-level system was assumed.
Experimentally, the data obtained with circular polariza-
tion and the aperture at point B agree very well with the
two-level model, but the narrow peak of Fig. 2(c) is not
observed when the aperture is moved to point C. A possi-
ble explanation for this discrepancy is that defects in the
standing wave cause atoms to become unchanneled and
these atoms are not channeled again sufficiently rapidly
to be adiabatically cooled. However, the increased damp-
ing provided by the three-level cooling mechanism may
channel the atoms more deeply and sufficiently rapidly to
allow adiabatic cooling, even with the existence of some
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defects.

Because this adiabatic cooling process involves only
two atomic levels, it may be useful for cooling magneti-
cally trapped atoms, for which a two-level system may be
isolated by their Zeeman shifts. The combination of the
dissipative dipole force and adiabatic cooling by an in-
tense standing wave can result in an increase of phase-
space density in the magnetic trap. This can be under-
stood by considering a sample of atoms confined to a re-
gion much larger than an optical wavelength by a poten-
tial that has a flat bottom, and infinitely steep walls.
After the application of the standing wave the atoms can
be periodically localized in the optical potential by the
dissipation provided by the dipole force. During the adia-
batic cooling cycle phase-space density is conserved, but
the localization in the optical potential wells is exchanged
for a reduction in energy, thereby leaving the atoms
confined by the original magnetic potential, but at a
lower energy.
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