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Observation of Atoms Laser Cooled below the Doppler Limit
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We have measured the temperature of a gas of sodium atoms released from "optical molasses" to be
as low as 43 ~ 20 pK. Surprisingly, this strongly violates the generally accepted theory of Doppler cool-
ing which predicts a limit of 240 pK. To determine the temperature we used several complementary
measurements of the ballistic motion of atoms released from the molasses.

PACS numbers: 32.80.Pj, 42.50.Vk

Laser cooling is the use of laser radiation to reduce the
relative motion of a collection of atoms. The most com-
mon type of laser cooling is "Doppler cooling" where the
Doppler shift causes the radiation pressure force to be
velocity dependent, thus damping atomic motion when
the laser frequency is tuned below an atomic resonance.
Atoms (or ions) cooled by this method have been used in

applications as diverse as high-resolution spectroscopy
and studies of collisions at low energies. Other current
and future applications of laser cooling include velocity
compression and focusing of atomic beams, loading and
cooling of atoms in traps, cooling and storage of an-
timatter, study of condensed phases such as Coulomb
crystals and Bose condensates, and study of low-energy
atom-surface interactions. For a review of laser cooling
and its applications, see Phillips et al. In most such ap-
plications, the colder the atoms, the better.

Shortly after the idea for laser cooling of atoms ' ap-
peared, it was realized4 that heating from random emis-
sions and absorptions imposes a lower limit on the tem-
perature. Several authors have worked out this theo-
ry. 7 For low laser intensity, in one dimension (1D) or
3D, the equilibrium temperature for free atoms is'

t y 1 + (2~/y)'

where y is the natural width of the laser-driven transition
and A &0 is the detuning of the laser frequency from
resonance. This temperature has a minimum value
kaTn = h y/2 when A = —y/2. High power should lead
to higher temperature. For the D line of Na, where
@=2+x10 MHz, TD, the "Doppler cooling limit, " is 240
pK.

For over ten years researchers in laser cooling have ac-
cepted the generality of Tn as a lower limit to Doppler
cooling. A number of groups have indeed reported
achievement temperatures at or near the cooling limit,

both for free atoms ' and for trapped ions. "' Here we

present experimental evidence for laser cooling of free
atoms well below Tn. These observations are both re-

markable and unexpected, especially in light of the sim-

plicity of the experiment. We have not used any of the
number of schemes that have been proposed for the cool-

ing of atoms below Tn. ' ' Our results are particularly
significant because we have shown that it is relatively

easy to achieve atomic temperatures much lower than

previously thought possible. In fact, we believe that we

have produced the coldest 3D gas ever observed.
We measure the temperature of a sample of sodium

atoms cooled and confined in a region of optical mo-
lasses9' ' (so-called because the confinement is due to
the strong viscous damping provided by laser cooling).
Our molasses, loaded continuously with atoms from a
laser-cooled atomic beam, ' is formed at the intersection
of three orthogonal pairs of counterpropagating laser
beams in a region where the field is & 20 pT. These are
typically apertured to 9 mm diam and carry 5 mW in

each of six beams. The frequency-stabilized laser pro-
viding these beams is tuned below resonance for the

(35112,F =2) (3P312,F'=3) transition. It contains
10% sidebands, 1732 MHz from the carrier, the upper
one of which reexcites any atoms pumped into the

(3S|12,F =1) level. The linear polarization of each
beam pair is orthogonal to that of the other pairs. This
setup has been described elsewhere and is similar to
that of Ref. 9.

%e use four methods to determine the temperature,
following this general sequence: With the molasses at
steady state (density &107 cm ) its loading is shut off,
and its density begins to decay (time constant & 300 ms,
determined mainly by the rate of diffusion out of the mo-

lasses). After 20-50 ms, before many atoms have es-

caped, all the molasses beams are turned off with a
mechanical shutter (fall time to 10% is 30 ps, to com-
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piete extinction 40 ps) thereby releasing the atoms to
travel ballistically in the dark.

The atomic temperature determines the distribution,
in space and time, of the released atoms. Each of our
four methods measures some feature of this distribution.
The temperature is found by comparison of these mea-
surements with calculations obtained by numerical in-

tegration over the assumed 3D Maxwell-Boltzmann ve-

locity distribution of the atoms and the initial, measured
spatial distribution of the atoms in the molasses. The
calculations include such features as the considerable
efl'ect of gravity, the intensity distribution of the laser
beams, and the geometry of the detection process.

The first method is a time-of-flight (TOF) determina-
tion of the temperature. A pair of counterpropagating
beams, derived from the molasses laser (including the
sidebands), form a probe region under the molasses. '

We vary the center-to-center separation d from 1.0 to
1.9 cm. The probe cross section is either a 4-mm-diam
circle or a 4-mm-widex 1-mm-high rectangle, with a
power of 3 mW per beam. An 8.5-mm length of probe,
directly below the molasses, is imaged onto a photomulti-
plier, and the time dependence of the probe-induced
fluorescence is recorded, after the molasses beams are
shut off. Numerical calculations of this TOF signal
show that the time of the peak signal is mainly sensitive
to d and to the temperature, but is relatively insensitive
to other details.

Figure 1 shows a typical TOF signal, averaged for 40
repetitions, at d= 1.1 cm, along with calculated signals.
The data agree with the calculation for 40 pK and are
clearly inconsistent with the "cooling limit" of 240 pK.
For these data 4= —20 MHz; note that at this detuning
Eq. (1) gives 510 pK. Figure 2 shows the variation in

the measured temperature (determined from the time of
the peak of the TOF signal) as a function of 5 for vari-
ous d's. The data are radically different from Eq. (1):
The temperature is minimized for i 6 i
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FIG. 1. TOF data and calculations. The shaded area indi-

cates the range of error in the 40-p K calculation from
geometric uncertainties. The width of the data is slightly
larger than the calculation, presumably because of shot-to-shot
instabilities.
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FIG. 2. T vs h, by TOF for various separations d. The solid
curve represents the measured molasses decay rate; it is not a
fit to the temperature data, but its scale was chosen to em-
phasize its proportionality to the temperature data. The
dashed line shows the temperature expected on the basis of Eq.
(1).

the p«di«ed yl2, and is always below the cooling limit
except when i 6 i

& y/2. Also shown in Fig. 2 is the mo-
lasses decay rate. This was obtained from an exponen-
tial fit to the decay of the molasses fluorescence when the
loading was shut ofl', but the molasses lasers were kept
on. The following changes had no significant (10 pK)
efl'ect on the measured temperature at 6= —20 MHz:
reduction of the intensity of the molasses beams by a
factor of 3, or of the probe by a factor of 100; reduction
of molasses density by a factor of 6; variation of the time
between loading shutoff and molasses shutoff from 20 to
50 ms. Considering the scatter between various mea-
surements, uncertainties in the geometry, and the calcu-
lation, we determine the minimum temperature, with 1-
standard-deviation uncertainty, to be 43+ 20 pK.

In the second or "fountain" method the probe beam is
placed a center-to-center height h above the molasses.
Atoms with a given upward velocity, released from the
molasses, rise only to a given height in the gravitational
potential. The number of atoms reaching the probe, as a
function of h, is a measure of their temperature. Figure
3 shows the dependence of the time-integrated TOF sig-
nal on h, for 6—= —20 MHz. Error bars reflect statisti-
cal scatter and uncertainties due to baseline subtraction.
T=60 pK best fits the data with 12=1.4 for 4 degrees
of freedom; Z for 240 pK is 27.5. The final result, with
systematic and random errors is 60+ 25 pK.

In the third, or shower, method the probe is placed un-
der the molasses and the time integral of the fluorescence
is measured for various horizontal displacements of the
probe. The horizontal distance traveled by the atoms
while falling to the probe depends on their horizontal ve-
locity. Thus, lower temperature will result in an in-
tegrated probe signal which decreases more rapidly as
the probe is translated off center. For a vertical drop of
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FIG. 3. Fountain method: measured signal vs probe height
above molasses center, compared to calculations.

1.1 cm and a detuning 6= —20 MHz, our best-fit tem-
perature is 80+ 25 pK with a Z2 of 9.1 for 9 degrees of
freedom. Our forcing the fit to T=240 pK gives I
=89, effectively ruling out a temperature as high as Tn.

In the fourth method, release and recapture (R&R),
no separate probe beam is used: The molasses beams are
turned off for a time t,s, and then turned back on, re-
capturing the atoms still within the molasses region.
From the molasses fiuorescence we measure the fraction
of atoms remaining as a function of t,f. This technique,
used in the first experiments on optical molasses, gave
T =240-+jP pK, consistent with the cooling limit in Na.
Similar measurements consistent with the cooling limit
have been made with cesium. 'o

To analyze our experiments, we have included the
effects of gravity (quite important at 50 pK, but not at
240 pK), as well as nonuniform initial molasses distribu-
tion, and nonuniform intensity of the molasses lasers.
For the case of a uniform, spherical tnolasses in the ab-
sence of a gravitational field, our numerical calculations
of R&R agree with the analytic calculations in Ref. 9.
Figure 4 shows (at 6= —20 MHz) the measured frac-
tion of atoms remaining as a function of t tt. Calculated
curves are also shown. The data give T=45 ~20 pK.
When an acousto-optic modulator (extinction ratio =
500:1) was used to shut off the molasses in ( I ps, the
data were essentially unchanged. The R&R tempera-
ture as a function of 5 corroborates the dependence
shown in Fig. 2.

We emphasize that the four methods described above
are rather different in character and completnentary in

what they measure. This is important for elimination of
questions about the low temperatures being the result of
an experimental artifact. TOF measures the downward
velocity component by measurements of the time for
atoms to go between the molasses and the probe. R&R
uses no probe and is sensitive to a composite of all veloci-

ty components. The fountain and shower methods de-
pend entirely on gravity and do not use timing at all (the
measured quantity is a time integral). The fountain
measures upward velocity while the shower measures

Off-time {ms}
FIG. 4. Release and recapture: Measured ratio of total

fluorescence from molasses before and after a period of dark-
ness, t,ff, compared with calculated ratios.

horizontal velocity. All methods have in common that
they measure the temperature of atoms released from
molasses, rather than of atoms confined in it. They all
lead to the same conclusion: The temperature of the
atoms is well below the Doppler cooling limit.

While we have no explanation for these surprising re-

sults, we offer several observations and speculations. The
theory leading to Eq. (1) assumes a two-state atom and
low laser power, and takes no account of laser polariza-
tion in 3D, or the presence of sidebands on the laser. A
two-state, 1D theory, including higher power, yields a
higher T. Using TOF at h, =——20 MHz, we have ob-
served that increasing the magnetic field from 0 to 0.2
mT increases T by 120 ttK. T also depends on polariza-
tion: Rotation of the linear polarization of one pair of
molasses beams by 70' increases the temperature by 40
pK. Thus, it may be that a multistate theory is needed
to explain the results. Narrow Raman resonances or
folded two-photon transitions among ground states might
be involved in the cooling, although the independence of
T on beam power, which we saw in the TOF experi-
ments, argues against many nonlinear processes. Alter-
nately, a transient mechanism might provide cooling.
However, any mechanism which altered the temperature
upon release of the atoms would have to operate in less
than 1 ps, our shortest turnoff time. Evaporative cooling
(after the loading is turned off) does not explain the low

temperature because so few atoms evaporate and the
density is too low for collisional energy redistribution.

Earlier results, including the insensitivity of the mo-
lasses lifetime to intensity imbalance in a pair of
beams, the behavior of lifetime with detuning, and the
strange properties of "super molasses" ' were not con-
sistent with existing theories. Figure 2 shows that T and
the molasses decay rate have the same dependence on A.

A diff'usion analysis shows that the decay is proportional
to T/a, where a is the viscous damping constant. Thus,
if molasses is described by simple diffusion, a is inde-
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pendent of h, contradicting present theories. A large,
constant a would account for the imbalance insensitivity
and the low temperature (since Tre[/a). Also, atoms at
these low temperatures, moving in a lattice of standing-
wave potential wells, ' might explain super molasses.

In conclusion, we have demonstrated a violation of the

Doppler cooling limit in Na atoms released from optical
molasses. Additional experiments must be performed,
especially with diA'erent sideband conditions, and on

atoms or transitions having diferent level structures
from that used in these experiments (for example the Na
D 1 line or the F =1 F'=0 D2 transition). Also, addi-
tional theoretical work is needed to extend the theory of
laser cooling and optical molasses to cover the essential
elements of 3D, multistate, multifrequency situations.
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Note added. —The group at the University of Colora-
do has recently measured the detuning dependence of the
temperature and decay rate of optical molasses in cesium
to be similar to what we have observed. Recent. mea-
surements at Stanford of the temperature of a Na mo-

lasses confirm that for sufficiently red detunings the tem-
perature is well below the cooling limit. '
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