


























2. SUB-DOPPLER COOLING

ln the previous section, we discussed separately the manipulation of internai
and external degrees of freedom, and we have described physical mecha­
nisms involving only one type of physical effect, either dispersive or dissipa­
tive. ln fact, there exist cooling mechanisms resulting from an interplay be­
tween spin and external degrees of freedom, and between dispersive and
dissipative effects. We discuss in this section one of them, the so-called
"Sisyphus cooling" or "polarization-gradient cooling" mechanism [38, 39]
(see also [19]), which leads to temperatures much lower than Doppler cool­
ing. One can understand in this way the sub-Doppler temperatures observed
in optical molasses and mentioned above in section 1.3.2.

2.1 SISYPHUSEFFECT

Most atoms, in particular alkali atoms, have a Zeeman structure in the
ground state. Since the detuning used in laser cooling experiments is not too
large compared to r,both differentiallight shifts and optical pumping tran­
sitions exist for the various ground state Zeeman sublevels. Furthermore, the
laser polarization varies in general in space so that light shifts and optical
pumping rates are position-dependent. We show now, with a simple one­
dimension al example, how the combination of these various effects can lead
to a very efficient cooling mechanism.

Consider the laser configuration of Fig.2a, consisting of two counterpro­
pagating plane waves along the z-axis, with orthogonal linear polarizations
and with the same frequency and the same intensity. Because the phase shift
between the two waves increases linearly with z, the polarization of the total
field changes from 0'+ to 0'- and vice versa every À/4. ln between, it is ellipti­
cal or linear.

Consider now the simple case where the atomic ground state has an angu­

lar momentumlg = 1/2. As shown in subsection (1.2), the two Zeeman sub­
levels Mg = ±1/2 undergo different light shifts, depending on the laser polar­
ization, so that the Zeeman degeneracy in zero magnetic field is removed.
This gives the energy diagram of Fig.2b showing spatial modulations of the
Zeeman splitting between the two sublevels with a period N2.

If the detuning (5 is not too large compared to r, there are also real ab­
sorptions of photons by the atom followed by spontaneous emission, which
give rise to optical pumping transfers between the two sublevels, whose direc­
tion depends on the polarization: M = -1/2 ~ M = +1/2 for a 0'+ polar-g g

ization, 1'.1 = +1/2 ~ iVI = -1/2 for a 0'- polarization. Here also, the spatialg g
modulation of the laser polarization results in a spatial modulation of the op-
tical pumping rates with a period Â/2 (vertical arrows of Fig.2b).

The two spatial modulations of light shifts and optical pumping rates are of
course correlated because they are due to the same cause, the spatial modu­
lation of the light polarization. These correlations clearly appear in Fig.2b.
With the proper sign of the detuning, optical pumping always transfers atoms
from the higher Zeeman sublevel to the lower one. Suppose now that the
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Figure 2. Sisyphus cooling. Laser configuration formed by two counterpropagating plane waves
along the z-axiswith orthogonallinear polarizations (a). The polarization of the resulting electric
field is spatially modulated with a period ?c/2. Every ?c/4, it changes from 0-+ to 0-- and vice ver­
sa. For an atom with two ground state Zeeman sublevels Mg= ± 1/2, the spatial modulation of the
laser polarization results in correlated spatial modulations of the light shifts of these IWO suble­
vels and of the optical pumping rates between them (b). Because of these correlations, a moving
atom runs up potential hills more frequently than down (double arrows ofb).

atom is moving to the right, starting from the bottom of a valley, for example
in the state M = +1/2 at a place where the polarization is (j+. Because of theg
finite value of the optical pumping time, there is a time lag between internaI
and external variables and the atom can climb up the potential hill before ab­
sorbing a photon and reach the top of the hill where it has the maximum pro­
bability to be optically pumped in the other sublevel, i.e. in the bottom of a
valley, and so on (double arrows of Fig.2b). Like Sisyphus in the Greek
mythology, who was always rolling a stone up the slope, the atom is running
up potential hills more frequently th an down. When it climbs a potential hill,
its kinetic energy is transformed into potential energy. Dissipation then oc­
curs by light, since the spontaneously emitted photon has an energy higher
than the absorbed laser photon (an ti-Stokes Raman processes of Fig.2b).
After each Sisyphus cycle, the total energy E of the atom decreases by an
amount of the order of Uo' where Uo is the depth of the optical potential wells
of Fig.2b, until E becomes smaller than Uo' in which case the atom remains
trapped in the potential wells.

The previous discussion shows that Sisyphus cooling leads to temperatures
TSis such that kn TSis""- Uij" According to Eq. (2), the light shift Ua is proportio­
nal to hQ2/15 when 41151 > r. Such a dependence of TSis on the Rabi frequen-
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cy Q and on the detuning 8 has been checked experimentally with cesium
atoms [40]. Fig.3 presents the variations of the measured temperature Twith
the dimensionless parame ter Q2/iI81. Measurements of Tversus intensity for
different values of 8 show that T depends linearly, for low enough intensities,
on a single parameter which is the light shift of the ground state Zeeman sub­
levels.
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Figure 3. Temperature measurements in cesium optical molasses (from reference [40]). The left
part of the figure shows the fluorescence light emitted by the molasses observed through a
window of the vacuum chamber. The horizontal bright line is the fluorescence light emitted by
the atomic beam which feeds the molasses and which is slowed down by a frequency chirped
laser beam. Right part of the figure: temperature of the atoms measured bya time of flight tech­
nique versus the dimensionless parameter Q2/ 1<51 [' proportional to the light shift (Q is the op­
tical Rabi frequency, <5the detuning and [' the natural width of the excited state).

2.2 THE LIMITS OF SISYPHUS COOLING

At low intensity, the light shift Uo ex: hQ2/8 is much smaller than hi. This ex­
plains why Sisyphus cooling leads to temperatures much lower than those
achievable with Doppler cooling. One cannot however decrease indefinitely
the laser intensity. The previous discussion ignores the recoil due to the
spontaneously emitted photons which increases the kinetic energy of the
atom byan amount on the order of ER' where

(3)

is the recoil energy of an atom absorbing or emitting a single photon. When
Uo becomes on the order or smaller than ER' the cooling due to Sisyphus
cooling becomes weaker than the heating due to the recoil, and Sisyphus
cooling no longer works. This shows that the lowest temperatures which can
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be achieved with such a scheme are on the order of a few ER/kB• This result is
confirmed by a full quantum theory of Sisyphus cooling [41, 42] and is in
good agreement with experimental results. The minimum temperature in
Fig.3 is on the order of 10ER/kB.

2.3 OPT/CAL LAIT/CES

For the optimal conditions of Sisyphus cooling, atoms become so cold that
they get trapped in the quantum vibrational levels of a potential well (see
Fig.3b). More precisely, one must consider energy bands in this perodic struc­
ture [43]. Experimental observation of such a quantization of atomic motion

-100 a 100 (kHz)

Figure 4. Probe absorption spectrum of a I-D opticallattice (from reference [44]). The upper
part of the figure shows the two counterpropagating laser beams with frequency OJ and orthogo­

nallinear polarizations forming the ID-opticallattice, and the probe beam with frequency OJp

whose absorption is measured by a detector. The lower part of the figure shows the probe trans­
mission versus OJp-OJ. The two lateral resonances corresponding to amplification or absorption of
the probe are due to stimulated Raman processes between vibrationallevels of the atoms trapped
in the light field (see the two insets). The central narrow structure is a Rayleigh line due to the
antiferromagnetic spatial order of the atoms.

114



in an optical potential was first achieved in one dimension [44] [45]. Atoms
are trapped in a spatial periodic array of potential wells, called a "ID-optical
lattice", with an antiferromagnetic order, since two adjacent potential wells
correspond to opposite spin polarizations. 2D and 3D optical lattices
have been realized subsequently (see the review papers [46] [47]).

3. SUBRECOIL LASER COOLING

3.1 THE SINGLE PHOTON RECOIL LIMIT HOW 1'0 CIRCUMVENT 11'

ln most laser cooling schemes, fluorescence cycles never cease. Since the ran­
dom recoillik communicated to the atom by the spontaneously emitted pho­
tons cannot be controlled, it seems impossible to reduce the atomic momen­
tum spread 8p below a value corresponding to the photon momentum lik.
Condition 8p = lik defines the "single photon recoillimit". It is usual in laser
cooling to define an effective temperature Tin terms of the half-width 8p (at
I/ve) of the momentum distribution by kBTI2= 8j?12M. ln the temperature
scale, condition 8p = lik defines a "recoil temperature" TR by:

(4)

The value of TR ranges from a few hundred nanoKelvin for alkalis to a few
microKeivin for helium.
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Figure 5. Subrecoillaser cooling. The random walk of the atom in velocity space is supposed to
be characterized by ajump rate Rwhich vanishes for v= 0 (a). As a result ofthis inhomogeneous
random walk, atoms which faIl in a smaIl interval around v = 0 remain trapped there for a long
lime, on the order of [R( v) ]-1, and accumulate (b).

It is in fact possible to circumvent this limit and to reach tempe ratures l'
lower than TR, a regime which is called "subrecoil" laser cooling. The basic
idea is to create a situation where the photon absorption rate r', which is
also the jump rate R of the atomic random walk in velocity space, depends on
the atomic velocity v = plM and vanishes for v = ° (Fig.5a). Consider then an
atom with v = O. For such an atom, the absorption of light is quenched.
Consequently, there is no spontaneous reemission and no associated random
recoil. One protects in this way ultracold atoms (with v ",,0) from the "bad" ef­
fects of the light. On the other hand, atoms with v*-O can absorb and reemit
light. ln such absorption-spontaneous emission cycles, their velocities change
in a random way and the corresponding random walk in v-space can transfer
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atoms from the v * 0 absorbing states into the V"" °dark states where they re­
main trapped and accumulate (see Fig. 5b). This reminds us ofwhat hap­
pens in a Kundt's tube where sand grains vibrate in an acoustic standing
wave and accumulate at the nodes of this wave where they no longer move.
Note however that the random walk takes place in velocity space for the situ­
ation considered in Fig. 5b, whereas it takes place in position space in a
Kundt's tube.

Up to now, two subrecoil cooling schemes have been proposed and de­
monstrated. ln the first one, called 'Velocity Selective Coherent Population
Trapping" (VSCPT), the vanishing of R(v) for v = ° is achieved by using
destructive quantum interference between different absorption amplitudes
[48J. The second one, called Raman cooling, uses appropriate sequences of
stimulated Raman and optical pumping pulses for tailoring the appropriate
shape of R(v) [49J.

3.2 BRIEF SURVEY OF VSCPT

We first recall the principle of the quenching of absorption by "coherent po­
pulation trapping", an effect which was discovered and studied in 1976 [50,
51J. Consider the 3-level system of Fig.6, with two ground state sublevels gj
and g2 and one excited sublevel eû' driven by two laser fields with frequencies
wLj and WL2' exciting the transitions gj H eû and g2H eû' respectively. Let lit.
be the detuning from resonance for the stimulated Raman process consisting
of the absorption of one Wu photon and the stimulated emission of one WL2

photon, the atom going from gj to g2' One observes that the fluorescence

t

Figure 6. Coherent population trapping. A three-level atom gp g2' eu is driven by two laser fields
with frequences Wu and WL2 exciting the transitions g\ H ea and g2 Heu' respectively. nt>. is the de­
tuning from resonance for the stimulated Raman process induced between gl and g2 by the two
laser fields WLl and WL2. When t>. = 0, atoms are optically pumped in a linear superposition of g\
and g2 which no longer absorbs light because of a destructive interference between the two ab­
sorption amplitudes gl -> ea and g2 -> ea'
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rate R vanishes for ~ = O. Plotted versus ~, the variations of Rare similar to

those of Fig.5a with v replaced by ~. The interpretation of this effect is that
atoms are optically pumped into a linear superposition of gl and g2 which is
not coupled to ea because of a destructive interference between the two ab­
sorption amplitudes & --7 ea and g2 --7 ea.

The basic ide a ofVSCPT is to use the Doppler effect for making the detuning
~ of the stimulated Raman process of Fig.6 proportional to the atomic velo­
city v. The quenching of absorption by coherent population trapping is thus
made velocity dependent and one achieves the situation of Fig. 5.a. This is ob­
tained by taking the two laser waves WLl and WL2 counterpropagating along
the z-axis and by choosing their frequencies in such a way that ~ = ° for an
atom at rest. Then, for an atom moving with a velocity v along the z-axis, the
opposite Doppler shifts of the two laser waves result in a Raman detuning ~ =
(kl + k2) v proportion al to v.

A more quantitative analysis of the cooling pro cess [52] shows that the dark
state, for which R = 0, is a linear superposition of two states which differ not
only by the internai state (gl or g2) but also by the momentum along the z­
aXlS:

(5)

This is due to the fact that gl and g2 must be associated with different mo­
menta, -nk1 and +n~, in order to be coupled to the same excited state

1 ea, P = 0) by absorption of photons with different momenta +nk1 and -nk2.

Furthermore, when ~ = 0, the state (5) is a stationary state of the total atom +
laser photons system. As a result of the cooling by VSCPT, the atomic mo­
mentum distribution thus exhibits two sharp peaks, centered at -nkl and
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Figure 7. One-dimensional VSCPT experiment. The left part of the figure shows the experimen­
tal scheme. The cloud ofprecooled trapped atoms is released while the two counterpropagating
VSCPT beams with orthogonal circular polarizations are applied during a time (}= Ims. The
atoms then fall freely and their positions are detected 6.5 cm below on a microchannel plate.
The double band pattern is a signature of the ID cooling process which accumulates the atoms
in astate which is a linear superposition of two different momenta. The right part of the figure
gives the velocity distribution of the atoms detected by the microchannel plate. The width Ou of
the two peaks is clearly smaller than their separation 2uR' where uR = 9.2 cm/s is the
recoil velocity. This is a clear signature of subrecoil cooling.
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+h~, with a width op which tends to zero when the interaction time e tends
to infinity.

The first VSCPT experiment [48] was performed on the 2351 metastable
state of helium atoms. The two lower states gl and g2 were the M = -1 and
M = +1 Zeeman sublevels of the 2351 metastable state, eo was the M = 0
Zeeman sublevel of the excited 23Pl state. The two counterpropagating laser
waves had the same frequency Wu = WL2 = wL and opposite circular polariza­
tions. The two peaks of the momentum distribution were centered at ±hk,

with a width corresponding to T ""- TIl /2. The interaction time was then in­
creased by starting from a cloud of trapped precooled helium atoms instead
of using an atomic beam as in the first experiment [53]. This led to much
lower temperatures (see Fig.7). Very recently, temperatures as low as 1~/800
have been observed [54].
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Figure 8. Measurement of the spatial correlation function of atoms cooled by VSCPT (from re­
ference [54]). Mter a cooling period of duration 8, the two VSCPT beams are switched off dur­
ing a dark period of duration tu The two coherent wave packets into which atoms are pumped fly
apart with a relative velocity 2vR and get separated by a distance a = 2vll!o. Reapplying the two
VSCPT beams during a short probe pulse, one measures a signal S which can be shown to be
equal to [1 + G(a) ]/2 where G(a) is the spatial overlap between the two identical wave packets se­
parated by a. From G(a), which is the spatial correlation function of each wave packet, one de­
termines the atomic momentum distribution which is the Fourier transform of G(a). The left
part of the figure gives S versus a. The right part of the figure gives 1~/Tversus the cooling time
8, where TR is the recoil temperature and l' the temperature of the cooled atoms determined
from the width of G(a). The straight line is a linear fit in agreement with the theoretical predic­
tions ofLévy statistics. The lowest temperature, on the order of 1'11/800, is equal to 5 nK.

ln fact, it is not easy to measure such low temperatures by the usual time of
flight techniques, because the resolution is then limited by the spatial extent
of the initial atomic cloud. A new method has been developed [54] which
consists of measuring directly the spatial correlation function of the atoms
G(a) = J~~ dz</>*(z + a) </>(z), where </>(z) is the wave function of the atomic
wave packet. This correlation function, which describes the degree of spatial
coherence between two points separated bya distance a, is simply the Fourier
transform of the momentum distribution 1 </>(p) 12. This method is analogous
to Fourier spectroscopy in optics, where a narrow spectral line I(w) is more
easily inferred from the correlation function of the emitted electric field G(T)
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=J~~dtE" (t + T)E( t), which is the Fourier transform of I( m). Experimentally,
the measurement of G(a) is achieved by letting the two coherent VSCPT
wave packets fly apart with a relative velocity 2vR = 2hk/m during a dark peri­
od tI)' during which the VSCPT beams are switched off. During this dark pe­
riod, the two wave packets get separated by a distance a = 2vRtD, and one then
measures with a probe pulse a signal proportional to their overlap. Fig.8a
shows the variations with tD of such a signal S (which is in fact equal to [1 +
G(a)]/2). From such a curve, one deduces a temperature T", TR/625, cor­
responding to /5p '" hk/25. Fig.8b shows the variations of TR/Twith the VSCPT
interaction time e. As predicted by theory (see next subsection), TR/Tvaries
linearly with e and can reach values as large as 800.

300 (a) 300 (b)
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Figure 9. Two-dimensional VSCPT experiment (from reference [58]). The experimental scheme
is the same as in Fig. 7, but one uses now four VSCPT beams in a horizontal plane and atoms are
pumped into a linear superposition of four different mornentum states giving rise to four peaks
in the two-dimensional velocity distribution (a). When three of the four VSCPT laser beams are
adiabatically switched off, the whole atomic population is transferred into a single wave packet
(b).

VSCPT has been extended to two [55] and three [56] dimensions. For al =
,Il;

1 H Je = 1 transition, it has been shown [57] that there is a dark state which is
described by the same vector field as the laser field. More precisely, if the la­
ser field is formed by a linear superposition of N plane waves with wave vec­
tors ki (i = 1,2,...N) having the same modulus k, one finds that atoms are cool­

ed in a coherent superposition of N wave packets with mean momenta hki
and with a momentum spread /5p which becomes smaller and smaller as the
interaction time e increases. Furthermore, because of the isomorphism
between the de Broglie dark state and the laser field, one can adiabatically
change the laser configuration and transfer the whole atomic population in­
to a single wave packet or two coherent wave packets chosen at will [58]. Fig.
9 shows an example of such a coherent manipulation of atomic wave packets
in two dimensions. ln Fig.9a, one sees the transverse velocity distribution
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associated with the four wave packets obtained with two pairs of counterpro­
pagating laser waves along the x and y-axisin a horizontal plane; Fig.9b shows
the single wave packet into which the whole atomic population is transferred
by switching off adiabatically three of the four VSCPT beams. Similar resùlts
have been obtained in three dimensions.

3.3 SUBRECOIL LASER COOL/NG AND LÉVY STATISTICS

Quantum Monte Carlo simulations using the delay function [59, 60] have
provided new physical insight into subrecoillaser cooling [61]. Fig.10 shows
for example the random evolution of the momentum p of an atom in a ID­
VSCPT experiment. Each vertical discontinuity corresponds to a spontaneous
emission process during which p changes in a random way.Between two suc­
cessivejumps, p remains constant. It dearly appears that the random walk of
the atom in velocity space is anomalous and dominated by a few rare events
whose duration is a significant fraction of the total interaction time. A simple
analysis shows that the distribution P( T) of the trapping times T in a smaIl
trapping zone near v = 0 is a broad distribution which falls as a power-Iaw in
the wings. These wings decrease so slowly that the average value <T) of T (or
the variance) can diverge. ln such cases, the centrallimit theorem (CLT) can
obviously no longer be used for studying the distribution of the total trapping
time after N entries in the trapping zone separated by N exits.
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Figure 10. Monte Carlo wave function simulation of one-dimensional VSCPT (from reference
[61]). Momentum p characterizing the cooled atoms versus time. Each vertical discontinuity cor­
responds to a spontaneous emissionjump during which p changes in a random way.Between two
successive jumps, p remains constant. The inset shows a zoomed part of the sequence.
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It is possible to extend the CLT to broad distributions with power-Iaw wings
[62,63]. We have applied the corresponding statistics, called "Lévystatistics",
to subrecoil cooling and shown that one can obtain in this way a better un­
derstanding of the physical processes as well as quantitative analytical predic­
tions for the asymptotic properties of the cooled atoms in the limit when the
interaction time e tends to infinity [61,64]. For example, one predicts in this
way that the temperature decreases as 1/ e when e ~ 00, and that the wings
of the momentum distribution decrease as 1/ j?, which shows that the shape
of the momentum distribution is doser to a Lorentzian th an a Gaussian. This

is in agreement with the experimental observations represented in Fig.8.
(The fit in Fig.8a is an exponential, which is the Fourier transform of a
Lorentzian) .

One important feature revealed by this theoretical analysis is the non-ergo­
dicity of the cooling process. Regardless of the interaction time e, there are
always atomic evolution times (trapping times in the small zone of Fig.5a
around v = 0) which can be longer than e. Another advantage of such a new
approach is that it allows the parameters of the cooling lasers to be optimized
for given experimental conditions. For example, by using different shapes for
the laser pulses used in one-dimensional subrecoil Raman cooling, it has
been possible to reach for Cesium atoms temperatures as low as 3 nK [65].

4. A FEW EXAMPLES OF APPLICATIONS

The possibility of trapping atoms and cooling them at very low temperatures,
where their velocity can be as low as a few mm/s, has opened the way to a
wealth of applications. Ultracold atoms can be observed during much longer
times, which is important for high resolution spectroscopy and frequency
standards. They also have very long de Broglie wavelengths, which has given
rise to new research fields, such as atom optics, atom interferometry and
Bose-Einstein condensation of dilute gases. It is impossible to discuss here all
these developments. We refer the reader to recent reviews such as [5]. We will
just describe in this section a few examples of applications which have been
recendy investigated by our group in Paris.

4.1 CESIUM ATOMIC CLOCKS

Cesium atoms cooled by Sisyphus cooling have an effective temperature on
the order of 1 pK, corresponding to a r.m.s. velocity of 1 cm/s. This allows
them to spend a longer time T in an observation zone where a microwave
field induces resonant transitions between the two hyperfine levels g] and g2

of the ground state. Increasing T decreases the width ~ v - 1/ T ofthe micro­
wave resonance line whose frequency is used to define the unit of time. The
stability of atomic docks can thus be considerably improved by using ultra­
cold atoms [66. 67].

ln usual atomic docks, atoms from a thermal cesium beam cross two

microwave cavities fed by the same oscillator. The average velocity of the
atoms is several hundred m/ s, the distance between the two cavities is on the
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order of 1 m. The microwave resonance between gl and g2 is monitored and
is used to lock the frequency of the oscillator to the center of the atomic line.
The narrower the resonance line, the more stable the atomic dock. ln fact,
the microwave resonance line exhibits Ramsey interference fringes whose
width ~ vis determined by the time of flight T of the atoms from one cavity to
another. For the longest devices, T,which can be considered as the observation
time, can reach 10 ms, leading to values of ~v - I/Ton the order of 100 Hz.

Much narrower Ramsey fringes, with sub-Hertz linewidths can be obtained
in the so-called "Zacharias atomic fountain" [68]. Atoms are captured in a
magneto-optical trap and laser cooled before being launched upwards bya la­
ser pulse through a microwave cavity.Because of gravity they are decelerated,
they return and fall back, passing a second time through the cavity. Atoms
therefore experience two coherent microwave pulses, when they pass through
the cavity, the first time on their way up, the second time on their way down.
The time interval between the two pulses can now be on the order of 1 sec,
i.e. about two orders of magnitude longer than with usual docks. Atomic
fountains have been realized for sodium [69] and cesium [70]. A short-term
relative frequency stability of 1.3 x 10-13• -1/2, where • is the integration time,
has been recently measured for a one meter high Cesium fountain [71,72].
For.= 1045, ~v/v-1.3 X 10-15 and for.= 3 x 1045, ~v/v- 8 x 10-16 has been
measured. ln fact such a stability is most likely limited by the Hydrogen maser
which is used as a reference source and the real stability, which could be
more precisely determined by beating the signaIs of two foun tain docks, is ex­
pected to reach ~ v/v - 10-16 for a one day integration time. ln addition to the
stability, another very important property of a frequency standard is its ac­
curacy. Because of the very low velocities in a fountain device, many system­
atic shifts are strongly reduced and can be evaluated with great precision.
With an accuracy of 2 x 10-15, the BNM-LPTF fountain is presently the most
accu rate primary standard [73]. A factor 10 improvement in this accuracy is
expected in the near future.

To increase the observation time beyond one second, a possible solution
consists of building a dock for operation in a reduced gravity environ ment.
Such a microgravity dock has been recently tested in a jet plane making
parabolic flights. A resonance signal with a width of 7 Hz has been recorded
in a 1O-2g environment. This width is twice narrower than that produced on
earth in the same apparatus. This dock prototype (see Fig.ll) is a compact
and transportable device which can be also used on earth for high precision
frequency comparison.

Atomic docks working with ultracold atoms could not only provide an im­
provement of positioning systems such as the CPS. They could be also used
for fundamental studies. For example, one could build two fountains docks,
one with cesium and one with rubidium, in order to measure with a high ac­
curacy the ratio between the hyperfine frequencies of these two atoms.
Because of relativistic corrections, the hyperfine splitting is a function of m
where a is the fine structure constant and Zis the atomic number [74]. Since
Z is not the same for cesium and rubidium, the ratio of the two hyperfine
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Figure Il. The microgravity dock prototype. The left part is the 60 cm x 60 cm x 15 cm optical
ben ch containing the diode laser sources and the various optical components. The right part is
the dock itself (about one meter long) containing the optical molasses, the microwave cavity and
the detection region.

structures depends on a. By making several measurements of this ratio over
long periods of time, one could check Dirac's suggestion concerning a possi­
ble variation of a with time. The present upper limit forci/a in laboratory
tests [74J could be improved by two orders of magnitude.

Another interesting test would be to measure with a higher accuracy the
gravitational red shift and the gravitational delay of an electromagnetic wave
passing near a large mass (Shapiro effect [75]).

4.2 GRA VITA110NAL CAVITIES FOR NEUTRAL Al'OMS

We have already mentioned in section 1.3 the possibility of making atomic
mirrors for atoms by using blue detuned evanescent waves at the surface of a
piece of glass. Concave mirrors (Fig.12a) are particularly interesting because
the transverse atomic motion is then stable if atoms are released from a point
located below the focus of the mirror. It has been possible in this way to ob­
serve several successive bounces of the atoms (Fig.12b) and such a system can
be considered as a "trampoline for atoms" [37J. ln such an experiment, it is a
good approximation to consider atoms as classical particles bouncing off a
concave mirror. ln a quantum mechanical description of the experiment, one
must consider the reflection of the atomic de Broglie waves by the mirror.
Standing de Broglie waves can then be introduced for such a "gravitation al
cavity", which are quite analogous to the light standing waves for a Fabry­
Perot cavity [76J. By modulating at frequency Q/2n the intensity of the eva­
nescent wave which forms the atomic mirror, one can produce the equivalent
of a vibrating mirror for de Broglie waves. The reflected waves thus
have a modulated Doppler shift. The corresponding frequency modulation
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of these waves has been recently demonstrated [77] by measuring the energy
change !lE of the bouncing atom, which is found to be equal to nnD., where n

= 0, ± 1,± 2, ... (Figs.12c and d). The discrete nature ofthis energy spectrum
is a pure quantum effect. For classical particles bouncing off a vibrating mir­
ror, !lEwould vary continuously in a certain range.
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Figure 12. Gravitational cavity for neutral atoms (from references [37] and [77]). Trampoline for
atoms (a) - Atoms released from a magneto-optical trap bounce off a concave mirror formed by
a blue detuned evanescent wave at the surface of a curved glass prism. Number of atoms at the
initial position of the trap versus time after the trap has been switched off (b). Ten successive
bounces are visible in the figure. Principle of the experiment demonstrating the frequency
modulation of de Broglie waves (c). The upper trace gives the atomic trajectories (vertical posi­
tion zversus time). The lower trace gives the time dependence of the intensity lof the evanescent
wave. The first pulse is used for making a veiocity selection. The second pulse is modulated in in­
tensity. This produces a vibrating mirror giving rise to a frequency modulated reflected de
Broglie wave which consists in a carrier and sidebands at the modulation frequency. The energy
spectrum of the reflected particles is thus discrete so that the trajectories of the reflected partic­
les form a discrete set. This effect is detected by looking at the time dependence of the absorp­
tion ofa probe beam located above the prism (d).
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4.3 BLOCH OSCILLATIONS

ln the subrecoil regime where 8p becomes smaller than hk, the atomic co­
herence length hl8p becomes larger than the optical wavelength À = hlhk =
2JT 1k of the lasers used to cool the atom. Consider then such an ultracold

atom in the periodic light shift potential produced by a non resonant laser
standing wave. The atomic de Broglie wave is delocalized over several periods
of the periodic potential, which means that one can prepare in this way
quasi-Bloch states. By chirping the frequency of the two counterpropagating
laser wavesforming the standing wave, one can produce an accelerated stand­
ing wave. ln the rest frame of this wave, atoms thus feel a constant inertial
force in addition to the periodic potential. They are accelerated and the de
Broglie wavelength ÀdB = hlM( v) decreases. When ÀdB = ~aser' the de Broglie
wave is Bragg-reflected by the periodic optical potential. Instead ofincreasing
linearly with time, the mean velocity (v) of the atoms oscillates back and forth.
Such Bloch oscillations, which are a textbook effect of solid-state physics, are
more easily observed with ultracold atoms than with electrons in condensed
matter because the Bloch period can be much shorter than the relaxation
time for the coherence of de Broglie waves (in condensed matter, the relaxa­
tion processes due to collisions are very strong). Fig.13 shows an example of
Bloch oscillations [78] observed on cesium atoms cooled by the improved
subrecoil Raman cooling technique described in [65].

0.5
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Time

1 2

Figure 13. Bloch oscillations of atoms in a periodic optical potential (from reference [78]. Mean
velocity (in units of the recoil velocity) versus time (in units of half the Bloch period) for ultra­
cold cesium atoms moving in a periodic optical potential and submitted in addition to a constant
force.

5. CONCLUSION

We have described in this paper a few physical mechanisms allowing one to
manipulate neutral atoms with laser light. Several of these mechanisms can
be simply interpreted in terms of resonant exchanges of energy, angular and
linear momentum between atoms and photons. A few of them, among the
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most efficient ones, result from a new way of combining well known physical
effects such as optical pumping, light shifts, coherent population trapping.
We have given two examples of such cooling mechanisms, Sisyphus cooling
and subrecoil cooling, which allow atoms to be cooled in the microKelvin and
nanoKelvin ranges. A few possible applications of ultracold atoms have been
also reviewed. They take advantage of the long interaction times and long de
Broglie wavelengths which are now available with laser cooling and trapping
techniques.

One can reasonably expect that further progress in this field will be
made in the near future and that new applications will be found. Concerning
fundamental problems, two directions of research at least look promising.
First, a better control of "pure" situations involving a small number of atoms
in well-defined states exhibiting quantum features such as very long spatial
coherence lengths or entanglement. ln that perspective, atomic, molecular
and optical physics will continue to play an important role by providing a
"testing bench" for improving our understanding of quantum phenomena. A
second interesting direction is the investigation of new systems, such as Bose
condensates involving a macroscopic number of atoms in the same quantum
state. One can reasonably hope that new types of coherent atomic sources
(sometimes called "atom lasers") will be realized, opening the way to interest­
ing new possibilities.

It is clear finally that all the developments which have occurred in the field
of laser cooling and trapping are strengthening the connections which can be
established between atomic physics and other branches of physics, such as
condensed matter or statistical physics. The use ofLévy statistics for analyzing
subrecoil cooling is an example of such a fruitful dialogue. The interdiscipli­
nary character of the present researches on the properties of Bose conden­
sates is also a clear sign of the increase of these exchanges.
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