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Magnetic-Field-Induced Laser Cooling below the Doppler Limit
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We report a new cooling scheme used to actively collimate an atomic beam of Rb with one-
dimensional optical molasses. The atoms transverse velocity is damped by a standing wave of circularly
polarized light in a magnetic field of -20 pT to 2 cm/s (rms), well below the Doppler velocity
vo (7h y/20M) ' —10 cm/s for one-dimensional optical molasses. The minimum measured velocity is

limited only by the experimental geometry. We have developed a model in which the mixing by the field

and optical pumping combine to form a cycle that cools below the Doppler limit, in agreement with our
measurements.

PACS numbers: 32.80.Pj, 42.50.Vk

The early ideas of cooling atoms with laser light'
have been followed by increasing activity in both theory
and experiment. " Theoretically the lowest obtainable
temperature for optical cooling of two-level atoms is the
Doppler temperature '

TD - trt y/2ktt (-140 p K for
Rb), where y is the natural linewidth (-2tr&6 MHz for
Rb). Although the first experiments were consistent
with this limit, later experiments yielded much lower
temperatures. ' ' Recent theories ' ' explain these
lower temperatures. Their important common feature is
that real atoms have multiple magnetic sublevels whose
diA'erent responses to the light result in forces much
larger than the Doppler force.

One of the physical ideas of these models is the
different light shifts (ac Stark shift) of the ground-state
magnetic sublevels caused by the different couplings with
the light. Light tuned below resonance causes a negative
light shift for the ground-state sublevels and optically

pumps atoms to the lowest sublevel. Atoms absorb light
with lower frequency than they Auoresce, thus losing en-

ergy. To sustain the cooling process, atoms must be
redistributed among the sublevels when the light shifts
are smaller or reversed, and this arises from the polariza-
tion changes seen by a moving atom in a light field with
polarization gradients. '3' Reference 13 analyzes
specific cases and obtains final temperatures much lower
than TD. Although the experiments used diA'erent set-
ups, ' it is generally agreed that polarization gra-
dients cause the observed sub-Doppler temperatures.

We have discovered a new cooling process that uses a
standing wave with uniform polarization and a trans-
verse magnetic field, whose role is to mix the diff'erently

light-shifted atomic ground-state sublevels. ' We have
used this process for optical collimation of a Rb atomic
beam to well below the transverse velocity vD =(7hy/
20M) '1 =—10 cm/s expected for two-level atoms in a
one-dimensional optical molasses. ' When the laser is

tuned below resonance, atoms traveling across the stand-
ing wave will be optically pumped to the lowest-energy
sublevel near an antinode, and redistributed among the
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FIG. l. Overall schematic of the apparatus used for trans-
verse cooling.

higher sublevels near a node by Larmor precession.
Travel across the next antinode repeats the process and
extracts energy from the atoms, thereby damping their
motion.

Such a dissipative force can compress a beam's phase-
space volume and enhance the brightness of atomic
beams, enabling extraordinary sensitivity for new experi-
ments as well as enormous improvements on old ones.
We report here both experimental and theoretical studies
of this new cooling process. First, we describe the active
collimation of a rubidium beam in one dimension by this
process, and then we present a model for it.

We use a thermal beam of natural Rb produced by an
oven at T-150'C with aperture -0.33 mm diam, and
a defining aperture of diam -0.33 mm about 24 cm
away (see Fig. 1). Both the atomic beam and the circu-
larly polarized laser beams are horizontal, and a weak
magnetic field (typically vertical) is applied perpendicu-
lar to the laser beam axis. The atomic-beam profile is
measured with a vertically oriented scanning hot
tungsten wire, 25 pm thick, 1.3 m away from the region
of interaction with the laser beam. It ionizes virtually
every Rb atom that hits it and the ion current is a mea-
sure of the beam intensity profile.

We used a Spectra-Diode Labs 2410-C laser array, in-
jection locked to a Sharp LT021 single-stripe diode

858



VOLUME 64, NUMBER 8 PHYSICAL REVIEW LETTERS 19 FEBRUARY 1990

30

~ 20
~ ~
0)
C
tD

C
10—

0 —:—
0 1 2 3 4

Hotwire Position (mm)

FIG. 2. Hot wire signal vs position for collimation by trans-
verse optical molasses. For these scans, average s of the circu-
larly polarized laser beams was s 2.5 and 8=-+ 3.1y. The
raw data have been processed before plotting by subtracting
58% of the "no laser" signal from all three traces to correct for
the presence of ' Rb and '5Rb (F 2) in the beam that is not
affected by the laser light but is detected by the hot wire. The
traces are laser blocked: curves a and b, 8'(0, and curve c,
b&0.

laser. ' Injecting the light of the single-stripe laser col-
lapses the full power of the array's multimode spectral
and spatial pattern into a single, diffraction-limited beam
with a single-mode spectrum less than 1 MHz wide. The
laser is tuned near the F 3 F' 4 transition of the
D2 line and excited atoms necessarily decay back to
F 3, so repumping light is not needed. The laser fre-
quency is calibrated with a saturated absorption signal
from an auxiliary Rb cell at room temperature. The
laser crosses the 0.4-mm-diam atomic beam at a right
angle, and is retroreflected to form the optical molasses
for collimation. We use an aperture 8 mm high by 20
mm long to cut off the laser's Gaussian tails so that the
atoms traverse a —I/e change in light intensity. The
total power at the interaction region is -21 mW.

The efficiency of optical molasses for atomic-beam col-
limation is limited by the final transverse temperature
achieved and the interaction time required. The charac-
teristic damping time for the Doppler process is r, =l/
y, =2M/hk (-42 ps for Rb), where k=2ir/X. In our
20-mm interaction region, an atom with a thermal veloc-

ity of 350 m/s spends only 60 ps, or 1.5r„ in the mo-

lasses. The damping force of magnetically induced cool-

ing is larger (characteristic damping time r,' shorter),
while the momentum diffusion may be comparable to
that of the Doppler process. Thus the final velocity dis-
tribution is not only narrower, but approaches equilibri-
um faster than in the Doppler process. At the large de-
tuning for which magnetically induced cooling is opti-
mized, the Doppler force is very small and contributes
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FIG. 3. Width of the velocity distribution extracted from
our data vs magnetic field. (a) s 0.8, b —2.3y; (b) s 2.5,
b —3.8y; (c) s 8, b' —7.7y; and (d) s 8, 8 —10.7y.
The dashed lines show the model calculations.

little to the collimation.
In Fig. 2, we show a typical measured transverse spa-

tial distribution of the atomic beam. To extract quanti-
tative information on the velocity distribution after col-
limation, we assume that the atoms captured by the cool-
ing process leave the molasses region with a Gaussian
transverse velocity distribution. We then calculate the
expected beam profile at the detector and fit the parame-
ters of this distribution to the data. Simulations show

that the width of the peak of the spatial distribution be-
comes insensitive to the width of the velocity distribution
when the latter is less than 2 cm/s (rms). This corre-
sponds to a temperature of 4 pK. The fit to the mea-
sured profile for red tuning shown in Fig. 2 yields v, ,

3.5 cm/s corresponding to a temperature of 12 pK or
—TD/8. In Fig. 3, we plot the final velocity spread
determined from our data versus 8„ for various parame-
ters.

The cooling to sub-Doppler temperatures arises from
the competition between optical pumping and Larmor
precession of the ground states. To clarify the physical
picture, we consider a J=

2 2 transition excited by
a+ light described by an N-type transition scheme as
shown in the inset of Fig. 4. We can adiabatically elimi-
nate the excited state if the optical excitation rate is
much weaker than the natural decay rate and consider
the atomic behavior on a long time scale (t »1/y). This
is not a real limitation, since we observe the lowest tem-
peratures at low excitation rates. We therefore consider
only two ground-state sublevels (J,M/) = ( —,', ——,

' )
—:

I 1) and ( —,', —,
' )—= l2). Atoms move along the z axis

defined by the laser beam, and the magnetic field B
B„x is perpendicular to it. This model predicts sub-

Doppler temperatures for a large range of the experi-
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mental parameters.
The evolution of the reduced 2x 2 ground-state density

matrix is given by the Bloch equations p = [H,p]/i h+ I ~,

where the effective Hamiltonian H and the relaxation
term I ~ are written as

Ni Nz yPP I I yPP I 2

H=Q
,z 2, , ypp2I + yppI |,

where hco; 2hbsC;/L is the light shift for the ground
state ~i & Here b .detuning -coi,.„,—co„, , L -I+ (28/
y), s saturation parameter =2Qti/y, 0 =Rabi fre-

quency for one beam-cocos(kz), and C, is the relative
transition strength. The dephasing rate yp is larger than

the optical pumping rate yP because spontaneous emis-

sion can damp the coherence between ~1& and ~2&.

From the Clebsch-Gordan coefficients we find yp =4ys/9
x(L+ -', s)=-4ys/9L for s«L, and similarly yp=3yp.
The Larmor-precession frequency is coz=glp&8„/2h,
where gj 2 is the g factor of the ground state.

The steady-state solutions to the Bloch equations for
an atom at rest give

pi i(U =0) =1 —pi'i(t =0) =rcoz/D

and

(2a)

pi 2(v =0) = [pz'i(v =0)]*= —
coz (coi 2+i yp)ID,

where r= 2yp/yp, D= 2rcoz+ yp —+coi2, and —coi2=coi-
—co2. We note that in the absence of a magnetic field

(coz =0) all the atoms are pumped into
~

2& (pil =0) and

that a very strong field equalizes the populations of
~

1&

and
~

2& (p~ ~ =p22 =
2 ).

For an atom moving at velocity v we substitute p =tip/
Bt+vVp in the Bloch equations and expand the elements
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FIG. 4. Plot of the cooling force vs velocity for s 1 and

8 —1.5y. The magnetic field is, curve a, 0.01 6; curve b,

0.025 6; curve c, 0.05 G; curve d, 0. 1 6; and curve e, 0.25 G.
Note that the Doppler force for this intensity and detuning is

much smaller than the force induced by the magnetic field and

its capture range is much larger as indicated by the dashed

straight line.

of p in a spatial Fourier series. ' For the steady-state
solution, we set Bp/cir =0 and obtain recursion relations
for the coefficients of the series. Truncation of the
Fourier series gives us a finite set of linear equations that
we solve by matrix inversion. We find good convergence
when truncating after the first order at 8-1 G and after
third order for smaller fields. The force on an atom is
F= —(VH&= —Tr(pVH). In Fig. 4, we have plotted
the average value of the force over an optical wavelength
versus velocity for different values of 8„ for fixed 8 and
s. We define ~ v,g as the range between the peaks of
this curve. Decreasing the magnetic field increases the
damping for ) v

~
& v,s but decreases U, ir. At very small

fields, only atoms with
~

v
~

& v,s can be effectively
damped in a limited interaction time, and velocity
diffusion can move them out of this narrow range. Thus
the expected velocity distribution has a broad base and a
small narro~ peak near v 0.

Gordon and Ashkin ' used the quantum-regression
theorem to show that the momentum diffusion of a two-
level atom in a standing wave arises from the random-
ness of the recoil of atoms from spontaneous emission
and the dipole-force IIuctuations. The diffusion constant
is Do (1+a) h k ys/L, where a is —, because of the
dipole pattern. ' In our case another contribution to the
diffusion constant arises from transitions between the
ground-state sublevels caused by optical pumping and
Larmor precession and calculate it using the method
developed in Ref. 20. It applies here because the dephas-
ing rate yp is larger than the pumping rate yP. There-
fore the Bloch equations can be well approximated by a
master equation. Then

Di [(&Vcoi2) /yP]pi'i(U=O)p22(o=0)

for this contribution, where yp = ypD/(co i 2+ yp ) is the

pumping rate in the master equation. The total diffusion

constant is just Do+D~.
Because the force on moving atoms is not simply pro-

portional to velocity, we calculate the velocity distribu-

tion from the steady-state solution of the Fokker-Planck
equation, ' using our numerical results for force and the
diffusion constant. We then determine the rms width of
this distribution, U, „and associate it with the final tem-

perature, kgT =Mv, , This procedure makes it impos-

sible to give an analytical expression for the final temper-
ature of this cooling process. However, from our numer-

ical results we can extract the following scaling proper-
ties for the temperature. For fixed detuning and 8, the

temperature increases for both small and large intensi-

ties. If 8 is scaled proportional to s, then the final tem-

perature decreases with s for s & L as in other
cases. ' ' We find that v, IT is almost linear in 8 and in-

dependent of s, so that decreasing s and 8 together
reduces v, g to the order of v, „ thereby increasing the

temperature, thus providing its lower limit. We have ob-

tained temperatures as low as 5 pK in our model.
To compare the results from the model with the data,
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we have extended our calculation for the damping force
to include all seven sublevels of the F=3 ground state of
Rb, and expanded all 49 density matrix elements in

Fourier series. Solving the resulting system of linear
equations yields the force on the atoms, which turns out
larger than for the two-level model. From these calcula-
tions we also find that the damping time r,' is much
smaller than r„and this is supported by our measure-
ments showing that over a large range of parameters,
shortening the interaction region length by 25% has little
effect on the measured distribution width.

Generalizing the diffusion to include all the substates
is a much more difficult problem. As an estimate, we
have used the diffusion calculated from our
model to determine the width of the narrow peak of the
velocity distribution for comparison with our data. We
have plotted this calculated width as the dashed lines in

Fig. 3. The difference between the actual and estimated
diffusion is most likely responsible for the discrepancies.

Increasing the field beyond the maximum value used
in Fig. 4 changes the sign of the slope of the force in the
vicinity of v 0. This suggests that atoms can be cooled
instead of heated when b') 0, and we have observed this
effect with a magnetic field of a few gauss. This occurs
at both low and high intensities, if the magnetic field is
increased proportionally to the intensity. It is important
to emphasize that this is not the same as the stimulated
emission cooling. This topic is under active study.

An atom moving along the standing wave is subject to
the conservative force from an array of potential wells
with a period of A,/2. The depth of each well is equal to
the ac Stark shift at the antinodes and is comparable to
the kinetic energy of atoms that are captured by the
cooling mechanism. Atoms may therefore be confined
between planes formed by the standing wave's nodes.
We are presently studying this channeling for a future
publication.
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the ONR.
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