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We demonstrate cooling and slowing of atoms in isotropic laser light. As the atoms slow, they com-
pensate for their changing Doppler shift by preferentially absorbing photons at a varying angle to their
direction of motion, resulting in a continuous beam of slow atoms unperturbed by an intense slowing
laser beam. We point out several novel features of slowing and cooling in isotropic light, and show that
it can be superior to cooling with directed laser beams.

PACS numbers: 32.80.Pj

In the past few years, a large variety of methods to
manipulate atoms with laser light has been demonstrated
[1]. Techniques for slowing, cooling, deflecting, and
focusing atomic beams are now widely used to prepare
dense samples of cold atoms. All methods used to date
are based on the interaction of atoms with one or several
directed beams of laser light. The eA'ect of isotropic light
on an atom's motion was considered only in the earliest
discussions of cooling atoms with light [2,3] in which a
spectral distribution of the light wider or comparable to
the Doppler width was assumed. In this paper, we discuss
the use of monochromatic isotropic light for slowing and
cooling atoms, and show that an atomic beam can be
efficiently slowed in a cavity filled with near-resonant iso-
tropic laser light. We also show that isotropic light can
be more eA'ective at cooling than standard six-beam opti-
cal molasses, which is sometimes considered to be
equivalent to isotropic light.

In an isotropic "gas" of near-resonant photons of fre-
quency co~, atoms whose resonance is at co, will preferen-
tially absorb photons at an angle 8 with respect to the
atom's velocity v, satisfying the Doppler resonance condi-
tion

vI =(to, —toi)/k —=8/k, (2)

it is exposed only to off'-resonant light, and decelerates
much more slowly. Since the atoms preferentially absorb
photons at an angle cos8=v//v, the resultant deceleration
during the slowing process is given by

a =apcos8=apvf/v,

where ap =hky/m, and y is the photon scattering rate.
The use of isotropic light to slow a thermal atomic

beam can be regarded as a novel way to compensate for
the changing Doppler shift as the atoms slow, by "au-

N, = co
~
+ kv cosO.

For red detuning (tp~ & to, ) the atom preferentially ab-
sorbs photons from a "ring" in the hemisphere toward
which it is moving. As the atom slows, the ring moves to
smaller angles, eventually becoming a spot. As the atom
slows below

tomatic" variation of the angle of photon absorption.
This distinguishes isotropic light slowing from other
atom-slowing schemes which have been demonstrated,
such as Zeeman slowing [4,5) (where co, is shifted),
chirped slowing [6,7] (where tot is shifted), and "white
light" slowing [8] or power-broadened slowing [9] (where
the resonance condition is extended over a widened veloc-
ity range). Because the monochromatic radiation ap-
pears to the atom as being uniformly spread out over the
frequency range co~

—kv to m~+kv, isotropic light slow-
ing can be regarded as a particularly simple implementa-
tion of white light slowing. Isotropic light slowing can be
also considered as the first realization of angle-tuned
slowing [1,4, 10], in which laser beams intersect an atomic
beam at varying angles to compensate for the changing
Doppler shift, but avoiding complicated variations in the
angle of incidence of the laser light along the atomic
beam [10].

As a result of the isotropy of the radiation in isotropic
light, the deceleration is always antiparallel to the veloci-
ty, leading to a decrease in the absolute value of the ve-
locity and not just of one vector component. Transverse
heating from spontaneous emission in the early stages of
the slowing process is damped in later stages. In this
way, isotropic light slowing overcomes a second disadvan-
tage of angle-tuned slowing —the increased transverse
momentum spread of the atomic beam due to the larger
number of photons that have to be scattered [1,4] because
of the cos8 factor in Eq. (3). If atoms are slowed from
an initial velocity v; to a final velocity vf, this results in a
higher brightness of the slow-atom beam by a factor
(v /vf 1 )/ln (v;/vf )', a factor of —4 for v;/vI = 1 0. This
improvement increases to a factor of v;/vf if multiple fre-
quencies are used in the slowing process, as discussed
below [11].

To demonstrate the ability of isotropic light to slow a
beam of atoms, we have used the technique to slow a
thermal beam of Na by more than 200 m/s. Maximum
deceleration is achieved when the atomic transition is
saturated. For isotropic illumination of an atomic beam
of length L and diameter d, this requires a photon flux
proportional to the surface area —Ld, whereas for col-
linear illumination employed in previous slowing tech-
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niques the Aux required is proportional to the cross sec-
tion —d, a factor of I/d smaller. For slowing in isotro-
pic light, it was therefore necessary to use an enhance-
ment cavity to recycle photons, and build up the photon
density in our experiment.

The cavity consisted of a 30-cm tube with a 0.6-cm-
diam inner bore made of Spectralon [12], a material with
nominally 99.1% diffuse reAectivity, which was illuminat-
ed with -450 mW of laser light via six equidistant holes
to ensure homogeneous illumination (Fig. 1). The laser
power was almost equally divided among the main laser
frequency, and sidebands at the hyperfine splitting
cohf 2mx 1.7 6Hz of Na, which were generated to pro-
vide simultaneous excitation of the F =1 and F =2
ground-state levels. This led to a photon energy density
inside the cavity of —1 W/cm c per sideband, yielding a
saturation parameter ~ 1 for Na atoms moving with ve-

locities ~ 300 m/s through the cavity. The cavity
enhancement factor of —100, which is very easy to ob-
tain for isotropic light, more than compensates for the
factor L/d; thus the power requirements for slowing in

isotropic light are comparable to collinear white light
slowing [8].

A thermal beam of sodium, collimated to —10 mrad,
was passed through the cavity (Fig. 1), and the velocity
distribution of the emerging atoms was determined using
Auorescence excited by a laser beam intersecting the
atomic beam at an angle of 45' approximately 10 cm
after the cavity. A second laser beam intersecting at 90'
was used to generate zero-velocity reference peaks on all
the spectra recorded. The probe laser beam had side-
bands at the Na hyperfine splitting mht. , rendering the
detection of atoms of a given velocity independent of their
hyperfine state, thereby eliminating sensitivity to optical
pumping either inside or outside the slower. Experiments
with chopped slowing laser and gated detection showed
that the measured velocity distributions were unaffected

by the weak diA'use light in the probing region.
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The probe fluorescence spectra (Fig. 2) show distinct
slow-atom peaks produced by the isotropic laser light,
with final velocities slightly belo~ the value vf predicted
by Eq. (2), probably due to off-resonant slowing. No de-
pletion of atoms in the velocity range just above the
slow-atom peak is observed because isotropic light slow-
ing replenishes this region from still higher velocities.
Figure 2(a) shows a probe fluorescence scan for atoms
emerging from the cavity with a final velocity of —150
m/s. By comparing the area of the slow-atom peak rela-
tive to that of the original velocity distribution, we obtain
a capture range of -200 m/s. With an estimated flux of
atoms in our thermal beam of -2X10'' atoms/s, this
corresponds to a slow-atom flux of 5&10 atoms/s, which
is larger than that recently achieved using white light
slowing [8]. A considerable improvement in the slow-
atom flux would result from a better diffuse reflector, in
rough proportion to the reduction of the loss below its
current value of about 1%, though consideration must
also be given to limits set by losses through the open ends
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FIG. 1. Schematic diagram of the experimental setup. A

thermal sodium beam passes through the bore of a tube of
diffusely reflecting material which is filled with laser light via

six equally spaced small apertures. The velocity distribution of
the atoms is determined from fluorescence-excitation spectra
produced by laser beams perpendicular and at 4S to the atom-
ic beam.
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FIG. 2. Shifting the frequency of the last section of the
slower is an e%cient manner of down shifting the velocity of the
slow atoms (a) (b). We attribute the reduction in width of
the velocity distribution in {a) to reduced off-resonance scatter-
ing. Two laser frequencies {d) can also lead to a greatly in-

creased flux of slow atoms than just one {c). The flux enhance-
ment is due to the increase in capture range of the slower by the
reduced angle at which photons are absorbed for high velocities.
Blueshifted light of the appropriate frequency can also be mixed

in to prevent off-resonance slowing, giving a considerably nar-
rower velocity distribution [(f) vs (e)]. In all spectra, peaks due

to the 90' zero-velocity marker are shown for reference.
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of the diffuse reflector. Improvements by an order of
magnitude may be possible, and are under investigation.

The use of multiple light frequencies can considerably
enhance the performance of the isotropic light slower. By
reducing the detuning of the light in the last segment
(-2.5 cm) of the slower, we were able not only to de-
crease the average velocity of the emerging atoms (150 to
80 m/s), but also to narrow the velocity distribution
[Figs. 2(a) to 2(b)]. As the spread in slow-atom veloci-
ties is mainly determined by variations in the amount of
ofl'-resonant slowing for difl'erent atoms, the width of the
slow-atom peak is minimized by reducing the opportunity
for oA'-resonant slowing below vf. These results also
serve to illustrate how a short region of isotropic light can
be an extremely simple and eflicient method of down

shifting the velocity of an intense slow beam, such as pro-
duced by a conventional Zeeman slower, which on its own
is inefficient at slowing atoms below —150 m/s [4,5, 13].

Multiple light frequencies can also be used to increase
the velocity capture range of the slower. Monochromatic
isotropic light is inefficient at slowing atoms over a large
ratio () 2 or 3) of initial to final velocity, due to the ab-
sorption of photons at large angles at the higher velocities
[Eq. (3)]. We have demonstrated an increased capture
range by increasing the redshift of the light in all seg-
ments of the slower relative to the last section by 90
MHz. The reduced angle at which photons are absorbed
in the early sections of the slower leads to an -tenfold
increase in flux (-10 atoms/s) for final velocities of
-50 m/s [Figs. 2(c) to 2(d)]. A close approximation to
a continuous frequency variation could be achieved by us-

ing a separate diode laser for each segment, with the add-
ed advantage that only the last diode laser would need to
be stabilized as the final velocity is determined only by
the last segment.

Isotropic light accelerates atoms with velocity v & v,
=i've, —ruli/k [cose(0, Eq. (1)] if it is to the blue of
resonance. It is possible to narrow the velocity distribu-
tion of the atoms emerging from the slower atoms by
mixing into the cavity weak blueshifted light of the ap-
propriate frequency, such that v, is just below vf. The
blueshifted light accelerates atoms if they slow below vf
[Eq. (2)], balancing the off-resonant slowing [8,14]. This
is demonstrated in Fig. 2(f) which was obtained by mix-
ing blueshifted light (at a frequency of col+2/rx350
MHz) with 10 intensity of the redshifted light into the
cavity. The decrease in the flux of atoms is probably due
to the fact that the blueshifted light is also in resonance
with the atoms during the entire slowing process, leading
to a reduction in the velocity capture range [11].

Isotropic light slowing has an interesting and in some
cases radically different behavior than other techniques
for slowing atoms. For example, in isotropic light, the
equilibrium velocity distribution is isotropic and only de-
pends on ivy. Cooling with isotropic light is therefore an
interesting one-dimensional model system for three-
dimensional laser cooling. Another significant difference

is that all other slowing techniques rely on cycling transi-
tions between two states, whereas in isotropic light slow-

ing, all ground and excited hyperfine states are involved

[as long as k(v —vf) is larger than the excited state
hyperfine splitting]. This results in an increase of —, in

the "maximum" possible deceleration for an Si/2 P3/2
transition, due to the higher fraction of atoms in excited
states. Furthermore, we have shown that isotropic light
slowing can be applied to transitions which may have
dark states, like the Sl/2 Pi/q transition in Na [11].

Red-detuned isotropic light is sometimes considered
equivalent to six-beam "optical molasses" [15]. In fact,
isotropic light slowing is superior to optical molasses for
slowing atoms because all atoms with v & vf are in reso-
nance with photons at some angle 8. In red-detuned iso-
tropic light, an atom experiences a deceleration propor-
tional to the spectral brightness times cos0, yielding an
acceleration which for large velocities is asymptotically
proportional to I 6/(kv), where I denotes the natural
linewidth. In optical molasses, fast atoms scatter light
only off resonantly, which results in an acceleration pro-
portional to I 8/(kv), where a factor of I /kv originates
from the presence of the copropagating laser beam.

Figure 3 compares the cooling rate [dE/dt =(cooling
force) x (velocity)] for atoms in red-detuned isotropic
light with that for six-beam optical molasses, for the
same laser detunings (8 =I ) and photon densities (corre-
sponding to a saturation parameter of unity per molasses
beam). As can be seen from the plot, optical molasses is
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FIG. 3. Cooling rate (force times velocity) vs velocity in iso-
tropic light (bold curve) and six-beam molasses with laser
beams along the ~ x, ~ y, ~ z directions and v along the
(1,0,0), (1,1,0), and (1,1, 1) directions. The curves are for a red
detuning of one linewidth and a laser power corresponding to a
saturation parameter of unity in each of the six molasses beams.
For velocities v ) I /k, isotropic light has a much faster cooling
rate than molasses, resulting in a larger velocity capture range
(see text).

2485



VOLUME 69, NUMBER 17 P H YSICA L R EV I EW LETTERS 26 OCTOBER 1992

only isotropic for velocities v «6/k. At higher velocities,
the most favorable direction in optical molasses lies
symmetrically between the three laser beams ("1,1, 1

direction"), but is still less effective at cooling than iso-

tropic light. This gives isotropic light a larger velocity
capture range than molasses, so that if atoms are cap-
tured from the low-velocity tail of a Maxwell-Boltzmann
distribution of a background gas [16], the flux of slow

atoms will be increased by a factor of —3 for a 2-cm-size
illumination area [17],with an even greater improvement
obtained for larger illumination areas.

The advantages of isotropic light over molasses are
most pronounced for velocities v)) I /k —the cooling rate
for isotropic light is sufficient to be used to slow thermal
atomic beams, as we have shown in our experiments. In
addition, due to its wide apparent linewidth for cooling
(Fig. 3), isotropic light should be superior for cooling
close to the recoil limit using a very narrow linewidth
transition I «kt „„,where t „, is the recoil velocity [11,
18-20].

I n conclusion, we have demonstrated slowing and cool-
ing of an atomic beam in red-detuned isotropic laser light

by employing a simple enhancement cavity. The tech-
nique is extremely simple, and has the added advantage
that the slow-atom beam is not collinear with an intense
slowing laser beam, without having to use pulsing [21] or
deflection techniques [22]. We also show that red-

detuned isotropic light has a faster cooling rate, and con-
sequently a larger velocity capture range, than optical
molasses at higher velocities (t ) I /k) for the same pho-
ton density. In addition, cooling in isotropic light has

many interesting and novel aspects due to its apparently
extended spectrum for a moving atom, and may be ad-

vantageous for cooling close to the recoil limit on narrow

optical transitions.
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