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1. Introduction

Since the last Laser Spectroscopy Conference, there have been major
advances in laser cooling. Two important limits have been overcome. First,
precise measurements have shown that the temperatures in optical molasses
were about one order of magnitude lower than the expected Doppler limit Tp
given by kgTp = nr/2, where I' is the natural width of the excited state e
(1-3). Simultaneously, it was shown that it is even possible to go below the
recoil limit Ty given by kgTg = n*k®/2M, where n%k/2M is the recoil enargy
associated with the absorption or the emission of a single photon (4).

In this paper, we will focus on the new physical mechanisms allowing
one to beat the Doppler limit. A first qualitative explanation of these
mechanisms in terms of non-adiabatic effects for a multilevel atom moving
in a gradient of laser polarization has been given independently by the Paris
and Stanford groups at the last International Conference on Atomic Physics
(2,3). We present here a few new theoretical results concerning polari—
zation gradient cooling. After some general considerations on the connec-—
tion between friction and non-adiabaticity (§2), we show in 83 that, in the
simple case of 1-d molasses, there are two different cooling mechanisms
which occur respectively when the two counterpropagating waves have
orthogonal linear polarizations (lin 1 lin case) or orthogonal circular
polarizations (o*-¢~ case). A more detailed study of these two cases can
be found in (5). We present here new velocity distribution profiles deduced
from a full quantum treatment of atomic motion in the o¥-¢~ configuration
and we interpret the structures appearing in these profiles in terms of a
large step momentum diffusion (8§4).

2. General Considerations

An atom at rest in T has in general an internal steady state USI(_?]
which depends on the characteristics of the laser electric field in r
(amplirudeh phase, polarization). Suppose now that the atom is moving with
a velocit V., Because of the finite intemaL response time Tjnt, the internal
state, o(r, v) for an atom passing in r with a velocity v lags behind
ogt{r). These non-adiabatic effects are characterized by a dimensionless
parameter € = vTin/A = kvTin, which is the ratio between the distance
travelled by the atom during Tj4; and the laser wavelength x = 1/k which is
the typical length scale for _g’he laser field. The term linear in &, in the
perturbative expansion of o(r,v) in powers of <, gives rise to a mean
radiative force linear in v, -av, which can be interpreted as a friction
force, o being the friction coefficient (6). On the other hand, general
arguments using the connection between fluctuations and dissipation (7),
allow one to relate the momentum diffusion coeifficient D to «, and to
show that the equilibrium temperature T of the atoms is given by
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kgT ™ D/Ma 2 h/Tint. When applied to a 2-level atom e-g, having a single
internal time Tjny = TR = 1/I, which is the radiative lifetime of the excited
state e, these general considerations lead to an equilibrium temperature
kgT ™ h/TR = hI’ which is nothing but the Doppler limit Tp.

Consider now an atom, such as an alkali atom, having several Zeeman
sublevels in the ground state g. There is, in this case, new internal times
Tpr which are the mean optical pumping times between the Zeeman
sublevels of g. We can write Tp = 1/r', where I’ is the mean scattering
rate of the incident photons and can be considered as the radiative width of
g due to the optical excitation. Note that such an optical excitation
introduces also a light-shift hA’ of the Zeeman sublevels of g. At low laser
intensity I, I'" and &’ are both proportional to If and can be much smaller
than the natural width I of e. It follows that the new non-adiabaticity
parameter € = kw-p = kv/T* associated with T, can be much larger than the
previous one e = kv/I'. Non-adiabatic effects can thus appear at much
lower velocities, giving rise to higher friction coefficients. The same general
considerations predict also an equilibrium temperature kgT » iU*rp = hr’,
much smaller than Tp, since I'" « T at low [.

Finally, let us discuss the importance of gradients of laser polarization.
Since we want I'" « I, the laser Intensity must be small, so that the atom
is mair_m'ly in g. On the other I;l.and, non-adiabatic effects are important only
if og¢(r) wvaries rapidly with r. Since the_.total population in g is nearly
equal to 1, and therefore indegendent of r, the only possibility leading to
large spatial gradients of og(r) is to have an anisotropy in g, usually
gescribed in terms of orientation or alignment, which depends strongly on
r. This can be achieved simply if the laser polarization varies rapidly in
space.

3. The Two Types of Polarization Gradient Cooling at 1-Dimension

We summarize here the results derived in (5) in the simple case of 1-d
molasses.

A first type of polarization gradient corresponds to a gradient of ellipticity
with fixed polarization axis. It occurs for example when the two waves have
equal amplitudes and orthogonal linear polarizations (lin L lin configu-
ration). In such a case, the polarization of the total field changes every A/8
from o*, to linear, to o, to linear, to o*... One can then show that the
light-shifts and populations of the Zeeman sublevels of g are spatially
modulated. For a moving atom, optical pumping between these sublevels
gives rise to a "Sisyphus effect” analogous to the one occuring in stimulated
molasses (8,9) : because of the finite optical pumping time, the atom can
climb a potential hill and reach the top of this hill before being optically
pumped to a potential valley. During the climbing, part of the kinetic energy
is transformed into potential energy, the decrease of atomic momentum
being due to the dipole forces, or, equivalently, to a redistribution of
photons beilween the two counterpropagating waves. On the other hand, the
energy dissipation, which is essential for the cooling process, is achieved
by spontaneous anti-Stokes Raman processes, which carry away the
potential energy gained during the climbing.

The second type of polarization gradient corresponds to a pure rotation
of the polarization axis, with a fixed ellipticity. It occurs for example when
the two counterpropagating waves have equal amplitudes and orthogonal
circular polarizations (o¥-¢~ configuration). In such a case, the resulting
polarization is always linear and rotates around the propagation axis Oz of
the two waves, forming an helix with a pitch A. Since the laser intensity is
independent of z, the light-shiftis of the Zeeman sublevels in g remain
constant in space, so that no dipole forces can exist in this case. A new



cooling mechanism occurs if there are more than two Zeeman sublevels in g
(Jg =2 1) and is due to the fact that the wave functions of the light-shifted
suglevels in g vary in space. More precisely, one can show that, even at
very low velocity, atomic motion in a rotating linear polarization produces a
population difference between the Zeeman sublevels in g defined along Oz,
giving rise to a large imbalance between the radiation pressures exerted by
the two counterpropagating waves. This imbalance varies as kv/A’, where
nha' is the light-shift splitting in g, and is due to a contamination of the
wave functions in g induced by atomic motion. It is much larger than the
corresponding imbalance occuring for Doppler cooling and which varies as
kv/TC. Let us mention finally that, in the ot-o~ configuration, the energy
dissipation is not due to anti-Stokes Raman processes. In steady state,
there are as many Stokes as anti-Stokes processes. As in Doppler cooling,
the energy dissipation is due to the fact that, on the average, the
fluorescence photons have a blue Doppler shiit.

All the previous resuits are derived from a semi-classical theory, where
the position P of the atom is treated as a classical variable, and are
summarized (for |8] 2 ') in the table 1. The temperature achievable by
polarization gradient cooling is predicted to be proportional to the laser
power (5). This could suggest that one can reach arbitrarily low
temperature by using sufficiently low laser power. Actually, this is not
true : the previous semi-classical approach is valid only if the atomic de
Broglie wavelength remains small compared to the laser wavelength A, or, in
other words, If the atomic kinetic energy remains large compared to the
recoil energy. This imposes a lower limit on the laser power range that can
be studied semi-classically. Below this limit, a full quantum approach has
to be developped. The outline of such an approach is presented in the next
seaction.

2-level Lin 1 Lin o
Capture kv = -8 kv =TI kv = —A'
range :

i 2 I 2 A’ z o
Friction —fik - ~fik - —fik %
o
2 2 2 Al 2 2
Diffusion | R k’T" L n2x’r
D r*
Temperature
D
kBT o -h& -fA" —=nAa’
o

Table 1. Predictions of the semi-classical theory for the Doppler cooling
of a 2-level atom, and for the two polarization gradient coolings discussed
here. The detuning 8 = w -wg is negative and large compared to I', so that
the light shift A’ is also negative and large compared to I'". For simplicity,
numerical factors have been omitted.



4. Quantum _treatment of atomic motion in the o,-c__case

Such a treatment uses a quantum description of both internal and
external degrees of freedom. This amounts to consider the following density
matrix elements

<eorg, m P, P P, Ipl e ox g, m', PL. Pos p, > (1)
where m and m’ stand for the Zeeman sublevels indices and pyx, Px.
for the cartesian components of the atomic momentum.

The evolution of p is given by the generalized optical Bloch equations
including recoil (10,11). Consequently, once the laser field configuration is
known, the problem is in principle solvable at least numerically. However, it
requires a very large size of computer memory ((8 x 10%) x (8 x 10%)
array for a Jg = 1 <= Jg = 2 transition with 100 steps in p along each
direction) and we have not performed such a 3-dimensional quantum
analysis. On the other hand, the 1-dimensional case is much less memory
consuming especially for the oy-o_ case as we show now.

In this latter case indeed, conservation of angular momentum implies
that many non-diagonal matrix elements of the type of (1) are zero in the
stationary state. Consider for example the following family of states :

E(P)={Igr m, p + mik >; le, m'.p+m'hk>}

with Im|] = J jm'] £J =3J_ + 1
g e g

The laser atom interaction only couples the states of this family to states
belonging to the same family. For instance, the atom in the state

lg, m = -1, p — hk » can absorb a o4 photon (momentum #k) and go to
the state |e, m = 0, p »>. There, it can emit a o, stimulated photon and
jumps into the state |g, m = 1, p + ok > and so on... On the other

hand, since there is a perfect correlation between the direction #iik of the
photons and their angular momentum, two states belonging to two different
families cannot be connected by absorption—stimulated emission processes.
Only spontaneous emission can cause population transfers between families,
but it cannot build any off-diagonal density matrix element between two
states belonging to two different families.

This important remark considerably reduces the number of non-zero
density matrix elements to be considered. For example, for a 1 «— 2
transition with 100 steps in p, this number is only 800 x 8 = 6400 which is
easy to deal with on a reasonable size computer,

Two ways can be used to find the stationary state of the atomic density
operator. The first one is to calculate the time evolution of the density
matrix elements and to wait for a long enough time. The second way is to
solve directly the equation p =0 by a matrix inversion. We have checked
that the two methods lead to similar results, the latter being the fastest
one.

Examples of results are given in fig. 1, representing four stationary
momentum distributions. These curves have been calculated for a Cesium
type atom (atomic mass 133, resonant wavelength 852 nm, resonant
transition linewidth r/2m = 5 MHz). The parameters of the atom laser
interaction are the same for the four curves (Rabi frequency 0.5 T,
detuning & = —-3r). The only change between the four calculations concerns
the angular momenta of the atomic levels involved in the cooling process,
from Jg = 1 = Jg = 2 (curve a) to Jg = 4 =» Jg = 5 (curve d, corres—
ponding to the real situation for Cesium?.

These four curves exhibit qualitatively the same types of features
narrow peak around p = 0 with a width of a few recoil, superimposed on a



much broader pedestal. The relative size of the narrow peak with respect to
the pedestal depends strongly of the angular momenta of the transition, the
pedestal being more important when Jg and Jg increase.

Let us now discuss briefly the or?gln of these two features. First, the
narrow peak appears to have characteristics very close to the Gaussian
predicted by the semi-classical model, at least if the power is not too low
so that the width of the semi-classical Gaussian remains much larger than
the recoil momentum.

We think that the large pedestal originates from an anomalous mo-—
mentum diffusion appearing at high velocities and due to correlations
between the directions of two successively absorbed photons. Indeed,
because of optical pumping, after the absorption of a o4 photon, the atom
has a high probability to be in a state 1g, m > with a high value m of Jj.
Because of the Clebsch—Gordan coefficients, it has then a higher probability
to absorb another o4 photon than a o- one, the difference between these
probabilities increasing with Jq. It follows that the atom absorbs in sequence
several o4 photons, then several o_ ones, and so on..., thus performing a
large step random walk in p-space, the size of the steps increasing with Jg
(5,12,13).

(a) (b)
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Fig. 1. Stationary momentum distributions in the o,—o_ configuration,
calculated from a full quantum theory of atomic motion. The parameters are
‘the same for the 4 curves (see text) except for the angular momenta Jg
and Je=Jg+1 ¢ fa) ; Jg=l, (b) : Jg=2, (c) : Jg=3, (d) :
Jg = 4.



Such an enhancement of the momentum diffusion coefficient D occurs
only if the eigenstates of J; can be considered as stationary between iwo
fluorescence cycles, (.e. on a time scale T, = 1/I". This Is achieved
either for a moving atom with kv » A" or for a slow atom if the detuning
Is small (kv < 14|, 181 = I). Otherwise, for example if kv = 0 and
181 » I', the correlations between successive absorptions is destroyed by a
complete redistribution of populations among the various Zeeman sublevels.
Such a redistribution is due to absorption—-stimulated emission processes
which, for an atom at rest, have a rate |8|/I' larger than spontaneous
processes.

Using these results, it is then possible to understand, at least
qualitatively, the momentum profiles of fig. 1. Around v = 0, the anomalous
diffusion is small and the friction force is important, giving rise to a narrow
structure. For larger velocities, the diffusion coefficient D increases (this
Increase being more important for large Jg and Jg). This gives rise to the
large pedestals of fig. 1.

We are now working on theé extension of this quantum calculation to more
general laser configurations.
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