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1. - Introduction.

These notes cover three lectures given at the Enrico Fermi Summer School
on Laser Manipulation of Atoms and Ions, held in Varenna in July 1991. These
three l=ctures have by no means covered the subject matter of laser cooling and
trapping of neutral atoms, but, together with the other lectures given at the
school on the subject, may be a useful introduction. The reader is also referred
to the relevant notes for the Les Houches Summer School on Quantum Optics
held in June and July of 1990[1].

Subjects covered by these notes include: laser deceleration and cooling of
atomic beams; the theory of the cooling limit and of optical molasses from the
Doppler-cooling viewpoint; experiments with optical molasses in three dimen-
sions, and the discovery of cooling below the Doppler-cooling limit; comparison
of the experimental results with the theory of the new cooling mechanisms;
trapping of atoms using the radiation pressure and dipole forces; applications of
cooling and trapping to measurements of collisions and of the spectrum of reso-
nance fluorescence.

For convenience and clarity, a number of repeatedly used symbols are de-
fined here. All frequencies are expressed as angular frequencies, having units
of radians /second. The reader is warned that other authors have used different
conventions:

¢ = Oluser — yom 18 the detuning of the laser frequency from the natural
resonant frequency of the atom.

I'= 77" is the decay rate of the population in the excited state, the inverse
of the natural lifetime.

k =2=/x=1/X is the photon laser wave vector.
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2 is the on-resonance Rabi frequency, the precession frequency of the
Bloch vector with zero detuning and no relaxation.

IfIy =27 [I"* is the normalized intensity of the laser. When there are
multiple laser beams, this will generally refer to the intensity of a single
beam.

M is the atomic mass.

Vree = hk/M is the velocity with which the atom recoils upon emission or
absorption of a single photon.

Eree = M7, /2 = #2k? /2M is the kinetic energy of an atom having velocity

Vrec+

2. - Deceleration and cooling of atomic beams.

Deceleration of an atomic beam is usually accomplished by directing a near
resonant laser beam so as to oppose the atomic beam. The atoms absorb photons
at a rate determined by the intensity of the laser beam, the detuning from reso-
nance and the atoms’ velocity. For each photon absorbed, the atomic velocity
changes by v, in the direction of the laser propagation. The spontaneously
emitted photons are emitted randomly in a pattern that is symmetric on reflec-
tion through the atom, so there is no net average change in the atomic velocity
due to these emissions. If absorption is followed by stimulated emission into the
same direction as the incident laser beam (we assume the laser beam is a plane
wave), there is no net momentum transfer from the absorption-emission pro-
cess. Only absorption followed by spontaneous emission contributes to the aver-
age force, which is given by the rate of scattering photons times the momentum
of a photon. For a two-level atom this is

/1,
26 -k-v)]
o

=

) F=M§
1+1/I +

In writing such a force we make the implicit assumption that the velocity does
not change very much in the course of absorbing a few photons, i.e. kv, <<I
This ensures that it is meaningful to speak of an «average» force (averaged over
several absorption-emission events) for a given velocity.

Because only processes involving spontaneous emission contribute, the force
(1) is often called the spontaneous force. It is also referred to as the radiation
pressure force or scattering force. It is the velocity dependence of this force
which leads to Doppler cooling. At high intensity this force saturates to the
value AkI'/2. The spontaneous force is limited by the rate at which spontaneous
emissions can occur. These occur at a rate I" for excited atoms, whose maximum
fractional population is 1/2.
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The acceleration of an atom due to the saturated radiation pressure force is
Opax = WkI'/2M = v, I'/2, which can be quite large. For sodium with A = 2r/k =
=589 nm, 1/I'= 16 ns and M = 23 am.u., v, = 3 em/s and a,,,, = 10°m/s?. For
cesium, with A = 852 nm, 1/I'=30ns and M = 133 am.u,, v, ~ 3.5mm/s and
Gmax = 6-10*m/s?. This acceleration would stop a thermal, 1000 m /s Na atom in
1ms over 0.5m, and a thermal, 300 m /s Cs atom in 5 ms over 80 cm.

For real, multilevel atoms the situation can be more complicated. A common
occurrence, typical of alkali atoms, is that the ground state is split by the hy-
perfine interaction into two states separated by many times the optical
linewidth I'. An atom excited by a laser from one of these hyperfine levels to an
optically excited state may decay by spontaneous emission to the other hyper-
fine level. Transitions from this level are then so far out of resonance that effec-
tively no further absorption occurs and no force is applied to the atom. While
various schemes involving selection rules and polarization of the light may be
used to avoid this problem of optical pumping, the most straightforward
method is to apply a second laser frequency, tuned to resonance between the
«wrong» hyperfine state and the optically excited state. This «repumper» keeps
the atom out of the wrong ground state and allows the atom to be effectively
decelerated.

Another impediment to effective deceleration of an atomic beam is already
implicit in (1). The force on an atom is only large if |2(¢ — k-v)| SI'V1 + I/,
Atoms much outside this resonant-velocity range will experience little deceler-
ation, and atoms initially within this range will be decelerated out of it. This
process results in a cooling or velocity compression of a portion of the atomic
beam’s velocity distribution, and was first observed by ANDREEV et al [2).
Atoms initially at the resonant velocity decelerate out of resonance. Other
atoms with nearby velocities will also decelerate, those with larger velocities
first decelerating into resonance, then to slower velocities out of resonance,
while initially slower atoms decelerate to still lower velocities. The atoms will
«pile up» at a velocity somewhat lower than the resonant velocity. Both decel-
eration and cooling occur because a range of velocities around the resonant vel-
ocity are compressed into a narrower range at lower velocity. The change in the
velocity distribution of an atomic beam with a thermal spread of velocities is il-
lustrated in fig. 1.

The difficulty with the velocity distribution of fig. 1 is that only a small por-
tion of the total velocity distribution has been decelerated by only a small
amount. There are a number of possible solutions to this problem, some of
which have been discussed in[3]. These include Zeeman tuning (4] where a spa-
tially varying magnetic field compensates the changing Doppler shift as the
atoms decelerate so as to keep the atoms near resonance; white-light decelera-
tion [5] where a range of laser frequencies ensures that some light is resonant
with the atoms, regardless of their velocity (within the range to be decelerat-
ed); diffuse-light deceleration[6] where light impinges on the atoms from all
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Fig. 1. - Longitudinal velocity distribution of an atomic beam before (dashed line) and
after (full line) interacting with a counterpropagating, fixed-frequency laser. The arrow
indicates the velocity resonant with the laser.

angles so that, with the Doppler shift, some of the light is resonant with each
velocity. Here we discuss «chirp cooling» in which the frequency of the laser is
swept up, or chirped, in time[7]. Because of the chirp, atoms that have been de-
celerated by the laser stay in resonance, continue to absorb photons, and con-
tinue to decelerate. Furthermore, the chirp brings the laser into resonance with
additional atoms having lower velocities than the original group around the vel-
ocity initially resonant with the laser.

In order to analyze this process, let us consider atoms having positive veloci-
ties near some velocity V opposed by a laser beam propagating in the negative
direction. We express any atomic velocity as v =V + v'. The acceleration of
atoms having velocity V (v = 0) is a = F(V)/M, where F(V) is given by (1).
Therefore, we write V(t) = V(0) + at. Also we let the detuning vary as &¢) =
= ¢’ — kV(t). That is, we chirp the laser frequency so as to stay a constant detun-
ing &' from resonance with atoms having the decelerating velocity Vit). Now we
transform to a frame decelerating with V(t). In this frame the atomic velocity is
v’ and the laser detuning is Doppler shifted to ¢'. The force on an atom in this
frame is

@ F(v')=hk-’2-’[ sk 122 ¥ o 2l

[ [——2(3' j.kv') ]2 1+ 1I/I, + [21—"']2

M N~ Y S T e wyY | § TP —
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The minus sign of the first term in large brackets comes from the laser prop-
agating in the negative direction. The second term in the large brackets is the
«fictitious» inertial force felt by an atom in the decelerating frame. Expanding
this expression for small v', we get

I
3) F@') = 2hk? = .

1, r\2]2
0 [1 +I/I, + (%"—)2]

The term multiplying v’ is minus the friction coefficient «. When ¢’ < 0, the
force opposes the velocity v’ and tends to damp all velocities to zero in the decel-
erating frame, which is V({) in the laboratory frame. Maximum damping occurs
for I/Iy = 2 and 2¢' /' = — 1. The final velocity to which the atoms are deceler-
ated is determined in practice by the final frequency to which the laser is
chirped. Figure 2 shows the results of chirp cooling an atomic beam. All of the
atoms in the initial distribution below the velocity resonant with the laser at the
beginning of its chirp are decelerated.

The first definitive experiment showing such chirp cooling was in ref.[8],
with deceleration to zero velocity first achieved in ref.[9]). The analysis given
above is similar to that given in ref.[10].

The robust character of this sort of cooling is evident. Atoms within a range
of velocities around V(¢) are damped (in velocity) toward V(). Lower velocities,
not initially close to V{(¢), come within range as the laser chirp brings V(¢) into
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Fig. 2. - Longitudinal velocity distribution of an atomic beam before (thin line) and after
(bold line) deceleration by a chirped laser, The arrow indicates the velocity initially reso-
nant with the laser.
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coincidence with them. If the laser intensity changes during the time an atom is
being decelerated (because, for example, the laser beam is not collimated), the
atoms will continue to decelerate according to the chosen chirp rate, but with a
different effective detuning &'. That chosen chirp rate, however, must be con-
sistent with an achievable deceleration with the given I/I,. That is, the chirp
rate must satisfy

hk®r 1/1,

oOns

@ é=ka= — .
1+Uh+[%?]

This means that § has an allowable upper limit of ka,,,,. We have noted that for
the velocities to be damped in the decelerating frame we must have ¢’ < 0 and it
is easy to show that the conditions for best damping lead to a deceleration half

as large as the maximum.

3. — The Doppler-cooling limit.

So far we have considered only the time average of the radiation pressure
force (1). In the one-dimensional case of chirp cooling viewed in the decelerating
frame, this leads to the friction force (3). Writing this force as F = —av (drop-
ping the primes) we conclude that the atom loses kinetic energy at a rate E . =
= Fv = — av®. The energy damps to zero at arate £ /E = — 22/M. The radiation
pressure that produces the damping force results from discrete transfers of mo-
mentum when the atom absorbs or emits photons. This discreteness means that
the force fluctuates about the average value. The fluctuations tend to heat the
atom. To visualize this heating, assume that the average force is zerc (as when
v = 0), but the atom is subject to a fluctuating force of zero mean arising from
the absorptions and emissions. Each event transfers momentum to the atom,
and, in the limit of low intensity, each event is uncorrelated with other events,
transferring momentum in a random direction, at a random time. The random-
ness is a direct consequence of the random character of spontaneous emission.
As a result, the atomic momentum undergoes a random walk. The mean square
of the momentum increases with time, which is to say the kinetic erergy in-
creases, and the atom heats. This diffusion of the atomic momentum has been
treated in detail by a number of authors[11-13]. Here we will follow a simple
calculation for weak fields.

Let us calculate the rate of heating in a «ideal» one-dimensional situation, a
two-level atom in a weak wave traveling along the z-axis, with the spontaneous
photons assumed to be emitted only along this axis. There are two contributions
to the heating: the random direction of the spontaneous emissions and the ran-
domness of the absorption. Each spontaneously emitted photon goes in a direc-
tion which is uncorrelated with that of other emitted photons, so these emis-
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sions induce a random walk with momentum step size #k. After N emissions,
according to the usual random-walk theory, the mean square momentum is
(p%) = NH*k®. The momentum diffusion coefficient is defined in terms of the
rate of increase of (p?), which in turn depends on the rate of emitting photons:
IS S /. S

5) 2Dspont_(pz)"h k 2 1+I/Io+(23/1')2 *
For low intensity, successive absorptions are uncorrelated (we are assuming
that kv, kv... <I’, and the Doppler shift due to a recoil velocity does not much
change the relative absorption probability), so the number of photons absorbed
in any time interval is distributed according to Poisson statistics. The variance
in the number absorbed for a Poisson distribution is equal to the mean number
absorbed (which is also the mean number emitted), so the absorption contribu-
tion to the momentum diffusion Dy, = Dypony- (This equality holds only as long
as the intensity is low. In a high-intensity field the absorption statistics can be
non-Poissonian, so that variance in the number of absorbed photons in a given
time is not equal to the average number. In that case we will have D, =
= Dypont (1 + Q), where Q is Mandel’s parameter describing the non-Poissonian
character. The non-Poissonian character is discussed in more detail in
ref.[11,13]. For most situations involving Doppler cooling, @ will be small and
we will ignore it in what follows.)

Now we equate the rate of increase of kinetic energy due to the diffusion
(from both absorption and spontaneous emission) to the rate of decrease in ki-
netic energy due to the damping of friction. Thus, in steady state,

® )= L2 = Do gy = ale?),

where D is the total diffusion coefficient, Dypon + Dyps . For this 1-D problem we
have a single degree of freedom, so M(v2)/2 = kyT/2. This temperature is

2
1+ I/ + (Zé)
) ko T = D__w__ "~ \I']
sl = = 4 25
11
If the intensity is low, this can be written as
__hr(r o, 2
@® kg T = 4(20\+1,).

This expression is plotted in fig. 8. This illustrates why the detuning should not
be too small (or too large), since small detunings lead to high temperatures.

In this low-intensity limit the temperature minimizes for ¢ = — I'/2, giv-
ing
hr
© s Toop = 75
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Fig. 3. - Equilibrium temperature for laser cooling at low intensity as a function of laser
detuning,

where T, is called the Doppler-cooling limit. Note that this limit is different
from ones often given for Doppler cooling in 1-D. In some other treatments the
spontaneous emission is not assumed to be along the 1-D axis, but distributed in a
manner characteristic of an isotropic, dipole, or other radiation pattern. With
such an assumption, which would be appropriate for a «real» 1-D situation such
as collimation of an atomic beam along one direction, the 1-D temperature is
smaller than in eq. (8). The actual value will depend on the nature of the radiation
pattern. The Doppler limit for our idealized 1-D case corresponds to 240 X, a 1-
D r.m.s. velocity of 30 em /s for sodium and 125 pK and 9 em/s for cesium.

An atom undergoing chirp cooling by a single traveling wave has the same
Doppler-cooling limit (viewed in the decelerating frame) as does an atom in
weak counterpropagating beams, as we shall see below.

4. - Optical molasses in one dimension.

In the treatment of deceleration given above, we transformed into an accel-
erating frame where the radiation pressure force was opposed and compensated
by an inertial force in that frame. The total force on zero-velocity atoms in the
chosen frame is zero (egs. (2), (3)), and negative detuning makes this velocity a
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point of stable equilibrium. If we wish to have the same situation in the labora-
tory rest frame, we must have a real force to compensate the radiation pres-
sure. This force might be provided by an electric field if the atoms are
charged [14], or, more generally, by an opposing radiation pressure.

A configuration of counterpropagating laser beams used for cooling of atoms
has come to be known as «optical molasses» [15]. This is the situation envisaged
by HANscH and SCHAWLOW [16] in their 1975 proposal for laser cooling. The con-
temporary proposal by WINELAND and DEHMELT[17] contains the same essen-
tial idea, developed in such a way as to be more relevant to the laser cooling of
trapped ions. .

If the intensity of each beam is small (I/I, << 1), we can write the total force
on an atom as the sum of the radiation pressure from each of the two beams, as
long as we understand this to be the force averaged over a wavelength of the
light. In one dimension:

r I/1, I I/1,
1 Faoy=tkL — 20 gl TP
10 ) 2 28 — kv) P 2 206 + kv) P
+ —T—— 1+ ___I‘_.

Figure 4 shows the force from each of the beams (solid curves) and the total
force (dashed curves) for a variety of detunings.

This series of plots illustrates the fact that the slope of F(v) at v =10 has a
maximum near 24/I'= — 1. Furthermore, F(v) is linear only over a range of ve-
locities on the order of I'/k. For small v and I/I, the force is given by

@I/1)@2s/N)v _
25 \¢ [
[1 + ( 2 ) ]
The friction coefficient a = yM. The characteristic time for damping the
atomic velocity is y~!. For a given, small value of //I, the damping time is mini-
mized for 28/I'=1/ V3. Near this detuning, Tgump =7y ' = Ten(//lo), Where

To. = h/E. is the external time scale. Note that if the saturation par-
ameter

11 F(v) = 2hk?

I/,
22\
1+ ( 2 )
is held constant (and small), the friction and thus the damping rate are maxi-
mized at 26/I'=1.

For I/Iy<< 1, eq. (3), derived for cooling with a single traveling wave, is
identical to eq. (11) except that in (11) I/I, has been replaced with 21/I,. Fur-
thermore, for the weak-standing-wave case, the diffusion constant is just twice
what it is for the weak traveling wave. In both cases, it is the presence of two
beams, each of intensity I/I,, which accounts for the factor of two. Since the

(12) 8=
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Fig. 4. - Weak-standing-wave radiation pressure force (in units of hkI'/(I/1,)) vs. velocity
(in units of I'/2k) for various values of the detuning: a) 26/I'=02, b) 23/I'= 0.5,
) 25/I'=1, d) 2/I'= 2, ¢) 26/I' = a, .
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temperature is proportional to the ratio of diffusion to damping, the tempera-
ture in a weak 1-D molasses is identical to that in a weak traveling wave. There
has been some confusion on this point because of the way in which Dy, is eonsid-
ered. We have considered it as arising from the fluctuations in the number of
absorbed photons in a given time interval. In a standing wave, when one takes
account of the variation of intensity along the standing wave, it may also be
thought of as a fluctuation of the stimulated or dipole force[11]. (See also the
discussion of this point in subsect. 102 in these notes.) In the absence of a
standing wave, it might appear that, since there is no dipole force, there is no
fluctuation of that force, so the momentum diffusion and the Doppler tempera-
ture should be less. In fact, as we have seen above, this is not so, and this term
in the diffusion still exists in the case of a traveling wave.

In the above treatment, we have consistently taken I/I,<<1 in 1-D. This
allowed us to treat the standing wave as the sum of two traveling waves. There
are treatments of the high-intensity standing-wave case in 1-D for a 2-level
atom (see, for example, [11-13]), and for the J =0 —J = 1 transition[18). Un-
fortunately, these treatments do not easily generalize to the 3-D case we wish
to treat later. We do have an exact treatment for a single, traveling, plane wave
at arbitrary intensity, exemplified by eqgs. (1)-(3). Using this result we can
model strong counterpropagating waves as alternating traveling waves. This
model was developed by DALIBARD[12] and is similar to one given by STENHOLM
at this Summer School.

Consider two opposed running waves, alternated in time, with 50% duty
factor. The average intensity of each wave is 7, while the peak intensity is 21.
We also assume that the time T for which each wave is on is such that
Yy I»>T>»r-t, recalling that y and I" are the cooling rate and the natural decay
rate, respectively. Since there is only one wave on at a time, and the transient
time I'""! is negligible compared to 7, we can simply add the forces from each
wave to obtain the total average force:

1 21/I, 1 21/,
13 F=mlll -1
212 - 2 2 2
1+2,,,0+[M} Hz,,,ﬁ[m]

The factor of 1/2 before each term is from the duty factor, while 2/ is the instanta-

neous intensity. Note that the term 27 /I, in the denominators looks as if it is due to

saturation and power broadening from the average power summed over both

waves, although it is, of course, due to the instantaneous intensity of a single wave.
As before, we find the friction coefficient:

(14) M == - ane L 21 —
0 [1+—2l +(§)}

I, “\T

LASER COOLING AND TRAPPING OF NEUTRAL ATOMS ) 301

This is the same friction coefficient seen in eq. (11), except for the «saturation»
factor in the denominator.

We may take this expression for the friction coefficient as exact for the alter-
nated-wave case, or as an approximation for the case of continuous counter-
propagating waves each of intensity I. The approximation ignores effects due to
the standing-wave character of the counterpropagating waves. These are treat-
ed in, for example, [11-13]. Nevertheless, it is a fair approximation for I/, <1.
An analysis in ref.[19] compares this model to the exact solutions for a 2-level
system [11-13] and for the case of counterpropagating waves of opposite circular
polarization (¢* —¢~) on a J=0—J =1 transition[18). The model agrees
moderately well with the o* ~ ¢~ calculation even for large intensity (and, acci-
dentally, agrees exactly for I/I, = 4). The model disagrees dramatically from
the 2-level calculation when I/I; > 1. This is because the model admits no possi-
bility of absorption from one wave followed by stimulated emission induced by
the other. This process does not occur in the ¢* — ¢~ case, but dominates the
behavior of a 2-level atom in a standing wave of high intensity.

Now consider the momentum diffusion coefficient in our alternated-wave
model. In analogy with eq. (5) we can write the spontaneous part of the diffu-
sion as

. 21/1,
={(p2y=K[k2 r .
(15) 2Dspont = (P ) 2 1+2I/I, + 25/T7

Because of the non-Poissonian nature of the absorption statistics at nonnegligi-
ble intensity, the part of the diffusion aseribed to the absorption is not the same
as that for the spontaneous emission. Assuming as always that the emissions
are all along the 1-D axis, we have D, = Dy (1 + Q). Thus the total diffusion
D = Do (2 + Q). For the intensities where the alternating model is a good ap-
proximation to a standing wave, @ <<2, so we will neglect it for the following
discussion [13].

5. - Optical molasses in N dimensions.

This alternated-beam model easily generalizes to 2 or 3 dimensions, where
we assume a 2N-fold alternation where N is the dimension (each beam has in-
tensity 2NI for 1/2N of the time). Then for the friction coefficient along any of
the N axes we have

28/
16) YM=a=—an? L r___,
Iy 2NI (23)2
1+ &VL | (20
., 7

and the total diffusion constant, the sum of the diffusion constants along each
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axis, is

an D = 2D g = ekt L 2NN
2 1+ 2NI/I, + 28/}

We will use these expressions to obtain approximate results, for moderate in-
tensity, in 3-D optical molasses.

(Note that in eq. (17) the momentum diffusion coefficient has been presented
as a scalar. In actuality, it is a tensor given by 2D;; = (p;p;). For the alternat-
mg-.beam model, there is no correlation between photon scattering from the
v.arlous beams, so the tensor is diagonal. Furthermore, for a 3-D symmetric
situation such as isotropic photon scattering, or dipole scattering induced by
three pairs of beams with mutually orthogonal linear polarization, or for our as-
umption that all spontaneous emissions are along the laser beam axis, the diag-
onal elements of the diffusion tensor are equal and the same for each case, so we
may treat the diffusion as a scalar.) ’

For this case where all the axes of the N-D molasses are equivalent, we can
write the friction force as F = —aw. Then, as in 1-D, {E}..)=D/M and

& cxlol) = — «(v?). From the equipartition theorem we have NkgT/2=
— 2 — sqer e
= El M{vE)/2 = M{»%)/2, so the equilibrium temperature is given by
2NI 25 \2
14 &L 4 (20
(19 .m_ D _ A T +(1')
"> Na 4 20

T
For low intensity this reduces to eq. (8), the temperature in 1-D.

Wfa can maximize the friction coefficient given in eq. (16) with respect to
both intensity and detuning, finding

19) M=a= for 26/I'=—1 and I/I,=1/N.

For sodium in this approximation the minimum damping time is y™! = 13 gs in
1-D and 40 s in 8-D. For cesium the times are 160 us and 480 ps, respectively
The reduced damping in 3-D is due to the duty factor in the alternated-bearr;
fnodel. If we consider this as a model of continuous 3-D molasses, then we may
1n‘terpret the reduction as being due to the fact that an atom moving along any
given axis spends 2/3 of its time interacting with beams perpendicular to its
velocity.

With the parameters of eq. (19), eq. (18) gives kg T' = hI' (independent of the
number of dimensions), just twice the Doppler-cooling limit. In the low-intensi-
ty limit the minimum temperature is achieved for the same conditions as in 1-D
and is the same as the 1-D limit. (This equality depends on our having assumed,
that the spontaneous emissions in 1-D are all along the 1-D axis.) For either
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maximum friction or minimum temperature, an atom in N-D has N times as
much kinetic energy as in 1-D, but the same energy per degree of freedom,
which is to say the same temperature.

We may inquire whether- the atoms truly have a temperature. This is a
rather subtle question, but we can say that, if the damping force is linear in vel-
ocity and if the diffusion constant is independent of velocity, the solution of the
Fokker-Planck equation describing the system yields a Maxwell-Boltzmann
distribution of velocities. In reality, neither of these conditions is exactly ful-
filled. Furthermore, the writing of a Fokker-Planck equation assumes that the
discreteness of the velocity changes can be ignored. Fortunately, for most cases
the conditions are sufficiently fulfilled that the distribution of velocities is ex-
pected to be very nearly thermal. For sodium atoms the equilibrium velocity
distribution is generally well within the velocity regime where the force is lin-
ear in velocity and the diffusion is constant, justifying the assumption a posteri-
ori. Also, we have assumed at the beginning that kv KT justifying the as-
sumption that the discreteness of the force is small enough that a differential
equation can be written. In ref.[19] a Monte Carlo simulation of optical mo-
lasses in sodium, including the effects of single-photon recoil and all the nonlin-
earities of the force and diffusion, produced a velocity distribution indistin-
guishable from a thermal one.

6. — Spatial diffusion in optical molasses.

We will apply the above model for 3-D molasses to study the atomic
motion using a Brownian-motion approach. Let us estimate the distance an atom
will diffuse in a time tq. Moving at a thermal velocity Vpms, the atom will travel a
distance [ = v, /7 during a damping time. Considering this [ as a random-walk
step which is repeated ¢4y times, the mean square distance diffused in ¢4 is

4
(20) () =12ty = D :“,
[~

where D? is the momentum diffusion coefficient. More rigorously, we can define
a spatial diffusion constant D* by (x?)=2t4D%. A careful treatment (see
ref.[15,19] and references therein) gives D* = kg T/o and

2D?ty

aZ

@1 () =

Using eqgs. (16), (17) and maximizing the diffusion time in (21) for a given diffu-
sion distance we find [19]
4% (r?)

22 pmax =
@2) d 2IN2D
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for 2¢/I'= — 1 and I/I, = 1/2N. The times to diffuse 0.5cm in 3-D for sodium
and cesium are 750 ms and 675 ms, respectively. If we assume the atoms diffuse
to the edge of a spherical region (an approximation to the intersection region of
three pairs of finite-cross-section laser beams) and then are lost, we find that
the number of atoms within the sphere decays as the sum of exponen-
tials[15,19]. In 3-D the leading term decays with a time constant ty = 6t /x%.
This is usually referred to as the molasses lifetime.

If an external force is applied to an atom in optical molasses, it will acquire
drift velocity such that the friction force cancels the external force:

23) vdm=Fm/a.

If the external force is gravity, we have vy = g/y. For the maximum damping
conditions of eq. (19) in 3-D, the gravity-induced drift is 0.4 mm/s for sodium
and 5 mm/s for cesium. This would be quite a significant effect for a centimeter
diameter cesium molasses, limiting the molasses lifetime to something on the
order of a second. Another source of «external» force might be an imbalance in
the intensity of counterpropagating beams. In ref.[19] an approximate treat-
ment shows that for optimum damping conditions the drift velocity is given by
Vann = €I'/2k, where ¢ is the fractional imbalance. For sodium or cesium a 1% im-
balance gives a drift of about 8 em /s, a significant effect. In fact, as we shall see
later, and as explained in[13], and in Cohen-Tannoudji’s notes for this Summer
School, experimental optical molasses for an atom such as cesium works quite
differently from the simple description given here, appropriate for a 2-level
atom. Experiments show that optical molasses is far more resistant to the ef-
fects of unbalanced forces than the calculations here imply.

7. - Experiments with optical molasses.

T'0. Introduction. — The first experiments with optical molasses were con-
ducted against a background of the theory of Doppler cooling as outlined above.
Soon it became clear that the observations on optical molasses were inconsistent
with that theory. The mounting evidence of disagreement between theory and
experiment culminated in the discovery that the temperature of atoms in opti-
cal molasses was much lower than the Doppler-cooling limit. This led to the
identification of a new class of laser cooling mechanisms (treated extensively by
COHEN-TANNOUDJI at this Summer School) which operate in multilevel systems
where optical pumping and differential light shifts are possible. This section
traces some of the experimental developments associated with this revolution
in laser cooling.

T'1. The early experiments. — Optical molasses, as a medium for the quasi-
confinement of atoms, was first conceived and observed by CHU and colleagues
at Bell Labs in 1985[15]. Using chirp cooling of a pulsed atomic sodium beam
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they created atoms with velocities low enough to be captured by the molasses.
The molasses was the classic 3-D configuration of three mutually orthogonal
pairs of counterpropagating laser beams. By observing the fluorescence after
the molasses is loaded with atoms they measured the molasses lifetime, the de-
cay of the density of atoms due to spatial diffusion of atoms out of the laser
beams. The observed lifetime on the order of 0.1 s was in good agreement with
the expectation based on a calculation such as that of eq. (22).

The temperature was measured by a ballistic technique now known as «re-
lease and recapture». After the molasses is loaded and allowed to come to a
quasi-equilibrium, and the density is slowly decaying with the molasses life-
time, the molasses lasers are abruptly switched off for a period of time tor. With
the confining lasers off, the atoms previously held by the viscous molasses
forces are released to move freely and ballistically, feeling only the influence of
gravity. During this ballistic period some atoms leave the volume in which they
were initially confined. When the laser beams are turned back on, the atoms re-
maining in that volume are recaptured by the molasses. The ratio of the number
of atoms in the molasses (as measured by the fluorescence) after the recapture
to the number before the release gives information about how fast the atoms
were traveling at the moment of release (see fig. 5). In practice the temperature
is determined by comparing this ratio, as a function of the time the molasses is
off, to the prediction for a given temperature. The result of the Bell Labs mea-
surement was 24012 uK.
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Fig. 5. - Fluorescence as a function of time.for the release and recapture method of tem-
perature measurement. The ratio of the fluorescence before (F,) and after (Fy) the ballistic
period t.y is used to determine the temperature.
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The combination of a measured molasses lifetime in the expected range and a
measured temperature equal to the expected Doppler-cooling limit was taken as
satisfying verification that optical molasses was well understood. The fact that
the Doppler limit was obtained, even though it is to be expected only in the lim-
it of low intensity, was mildly disturbing. However, the uncertainty of the mea-
surement, and the fact that during the release the laser beams were turned off
slowly enough that the molasses temperature could have equilibrated to the
low-intensity limit, made the results seem reasonable. Later measurements [20]
of the temperature in an atomic cesium molasses also gave results near the
Doppler-cooling limit.

Soon, some additional measurements raised questions about the apparent
agreement of theory and experiment. The Bell Labs group reported a curious
phenomenon they called «super molasses»[21] which occurred at high laser in-
tensity. The super molasses had an anomalously long diffusion lifetime, and
with laser intensity considerably greater than the predicted optimum intensity.
The group at NIST also reported anomalous behavior[22]. In particular, the
molasses lifetime plotted as a function of laser detuning (see fig. 6) had a very
different dependence from that predicted by the theory outlined in sect. 6. In
other measurements, the expected drift velocity (see eq. (23)) for a laser inten-
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Fig. 6. — Predicted (curve) molasses lifetime for Doppler cooling with /1, = 0.5, compared
to measurements (points). '
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sity imbalance was not seen[22]. These observations suggested that the theory
of Doppler cooling was inadequate to explain the behavior of optical mo-
lasses.

72. Sub-Doppler temperatures. — In an attempt to resolve the difficulties
posed by results such as those of fig. 6, the NIST group decided to make more
detailed and accurate temperature measurements [23]. The large uncertainty in
the release and recapture technique is due to uncertainty in the distribution of
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Fig. 7. - Time-of-flight techniqué of temperature measurement used at NIST. Atoms are
released from the optical molasses and travel ballistically to the probe region.
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atoms in the molasses before release, and to uncertainty in the capture volume
of the molasses. This latter problem is made worse by any nonuniformity in the
molasses laser beam intensities. To avoid such difficulties the NIST group used
a time-of-flight (TOF) technique illustrated in fig. 7. As before, the molasses is
loaded with slow atoms. Color Plate II is a photograph of such a molasses. (The
NIST experiments loaded with a continuous atomic beam cooled by the Zee-
man-tuned technique, rather than a pulsed, chirp-cooled beam as at Bell Labs,
but this should have no effect on the subsequent molasses behavior.) After the
loading is terminated and the molasses has equilibrated and begun to decay, the
molasses beams are cut off, releasing the atoms. The arrival of the released
atoms in a detection region separated from the molasses is observed by record-
ing the fluorescence induced by the counterpropagating pair of laser beams
forming the detection region. The distribution of arrival times (TOF spectrum)
is compared to a calculated distribution to determine the temperature. If the
probe separation from the molasses is large compared to the molasses radius,
the details of geometry that limit the accuracy of the release and recapture
method become unimportant.

The TOF measurements showed the temperature to be much lower than the
Doppler-cooling limit. Figure 8 gives an example of one of the lower tempera-
tures observed for sodium. The 25 4K is about a factor of ten lower than the
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Fig. 8. — Time-of-flight spectrum for sodium atoms released from optical molasses. Calcu-
lated curves for 25 pK and 250 pK are shown.
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Doppler-cooling limit. Even considering the uncertainty of about * 15 uK asso-
ciated with this measurement, the temperature is without question far below
the Doppler temperature.

Additional measurements[19,23] showed that the temperature depended on
the polarization of the molasses laser beams, that the temperature was a nearly
monotonically decreasing function of detuning from resonance (see fig. 9), and
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Fig. 9. - Temperature as a function of detuning for sodium atoms released from optical mo-
lasses (points) and Doppler temperature (curve).

that the temperature as well as the lifetime of the molasses were strongly de-
pendent on magnetic field. All of this was inconsistent with the theory of
Doppler cooling. The field dependence was particularly puzzling because there
seemed to be no reason for the field to have such a large effect. A field of 100 uT
(1 gauss) would double the temperature, yet the Zeeman shift caused by such a
field (about a megahertz) is much less than the detuning (typically (20 + 30)
megahertz). Further experiments[24] also showed that the temperature was
linearly dependent on the laser intensity, a dependence that was missed in the
earlier NIST measurements[23).

The explanation of these phenomena soon came from groups in Paris [25] and
in Stanford [26]. The lectures of Cohen-Tannoudji and others at this Summer
School are devoted in large part to this and related phenomena, and the expla-
nation will not be given here. Suffice it to say that the new proposed cooling
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mechanisms depend on multiple, normally degenerate ground states that are
subject to different light shifts by the molasses laser beams and among which
optical pumping establishes population differences. This cooling does not de-
pend upon the Doppler-shift-induced differences in photon scattering rates that
are responsible for Doppler cooling. In the particular cases first considered in
detail [25,26] the cooling also depends on a gradient of polarization of the light
field, i.e. a spatially varying polarization, with the variation being on a wave-
length scale. For this reason, the new cooling mechanism has often been called
«polarization gradient cooling». In fact, the mechanism is more general than
that, as outlined by DALIBARD ¢t al in an even earlier publication on the sub-
Jject [27]. It encompasses cooling without polarization gradients but in the pres-
ence of a magnetic field [28,29]. This subject is discussed in the lectures of MET-
CALF and NIENHUIS at this Summer School. Here we will deal only with experi-
ments involving polarization gradients.

The new mechanisms explained many of the features of optical molasses that
were inconsistent with the old theory of Doppler cooling. One of the major pre-
dictions of the new theory (valid for low saturation and large detuning) is that
the temperature is proportional to the light shift induced by the molasses laser
beams [25]. That is

(24) ke T 18] *
where the square of Rabi frequency is proportional to the laser intensity.
This expression explains the sub-Doppler temperatures, because at large
enough detuning or low enough intensity the temperature can go beiow the
Doppler-cooling limit. It also agrees with the observed linear dependence of the
temperature on laser intensity and, at least qualitatively, the decrease of tem-
perature with increasing detuning. The observed dependence of temperature
on polarization is explained by the necessity of having a polarization gradient.
Polarization configurations having less polarization gradient produce less cool-
ing. The insensitivity to imbalanced intensity of opposing beams is explained
qualitatively by the fact that the friction coefficient is predicted to be signifi-
cantly larger than for Doppler cooling. The odd dependence on magnetic field is
also qualitatively explained. The Zeeman shifts and Larmor precession caused
by the field compete with the light shifts and optical pumping needed for cool-
ing. When the magnetic frequencies are significant compared to light shifts and
optical-pumping rates, they interfere with the cooling process. Since the light
shifts and pumping rates can be rather small at large detuning, the magnetic
field needed to interfere with the cooling can be quite small.

73. Experiments with polarization gradient cooling. - Besides explaining a
number of previously unexplained phenomena associated with laser cooling be-
low the Doppler limit, the theory of polarization gradient cooling makes specific
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predictions that can be examined experimentally. Unfortunately, most of the
experiments have been done in 8-D optical molasses of alkali atoms, while the
theory was developed for 1-D cooling of atoms having simpler transition
schemes. One particular limitation of these experiments is that it is impossible
to have continuous laser beams in a 3-D configuration without a polarization
gradient. 1-D collimation of a metastable helium beam[27] showed a distinct
difference between cooling with and without a polarization gradient, but, be-
cause the transition is narrow and the recoil energy of such a light atom is so
large, the difference is not dramatic. Experiments at Stanford [28] used a 3-D
sodium molasses, then switched to a 1-D molasses, followed by a time-of-flight
measurement of the velocity along the 1-D axis. These experiments clearly
showed a temperature somewhat higher than the predicted Doppler tempera-
ture when the 1-D molasses had no polarization gradient, and temperatures at
least a factor of 10 lower with a polarization gradient (see fig. 5 and 13 of [28]).
The dependence of temperature on laser detuning in these experiments was
qualitatively in agreement with the predictions of Doppler cooling and of polar-
ization gradient cooling for the cases without and with polarization gradients,
respectively. Other 1-D experiments with various configurations of polarization
have been performed by laser collimation of a rubidium beam at Stony
Brook [29].
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Fig. 10. - Temperature as a function of laser intensity for fast and slow turn-off of the laser
beams, :
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’Ijhe clear difference between cooling with and without a polarization gradi-
ent is convincing evidence in support of the new theory. Another convincing,
though qualitative, test involved the influence of a magnetic field on the tem-’
perature. Recall that the explanation of the increased temperature with in-
creased fjleld involved the magnetic field competing with light shifts and opti-
ca'\l-punTpmg rates. If correct, this would imply that an optical molasses with
hlgher_-mbensity laser beams should be less sensitive to a magnetic field than
%r;e ;g)th weaker beams. Exactly this dependence was confirmed (see ref.[19],
. The 'linear dependence of the temperature on the laser intensity leads to an
mterestu}g phenomenon [19], illustrated in fig. 10. This shows the temperature
for a sodium molasses, measured by time of flight, as a function of the total laser
power under two different conditions for the release of the molasses. In the one
msta.nce (open squares) the laser intensity was turned off rapidly (about 100 ns)
and in the other (filled circles) it was turned off slowly (about 20 ys). In both
cases the temperature depends linearly on the intensity, but the slow turn-off
gives a lower temperature. The reason is that during the slow turn-off the
?boms.come to equilibrium at the lower temperatures appropriate to the lower
mtf,nsmy. For the fast turn-off there is insufficient time for such equilibration
This suggests still another experiment[19] in which the turn-off time ¢, is var:
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Fig. 11. - Tem t i i .
rorn. perature as a function of the time to ramp the laser intensity linearly to
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ied so as to determine the equilibration time for the polarization gradient cool-
ing. The results of such an experiment are shown in fig. 11. For very short
turn-off times, between 0.1 and 1ps, the temperature hardly varies, but, be-
tween 1 and 10ps, the temperature drops dramatically, suggesting that the
characteristic time for equilibrating the temperature is around 3 ys. This is to
be compared to a minimum time of 40 ys predicted by the Doppler-cooling the-
ory, eq. (19). The experiment shows that the friction coefficient « is, as predict-
ed, much larger in polarization gradient cooling than for Doppler cooling.

Another important prediction of the theory is that there is a threshold inten-
sity for which the polarization gradient mechanism will work. At first glance
this may seem to be a trivial statement, since surely the process will not work
with zero laser intensity. Nevertheless, the existence of a threshold is very dif-
ferent from the situation with Doppler cooling. Equation (18), for example,
shows that the temperature in Doppler cooling goes to a constant as the intensi-
ty approaches zero. For polarization gradient cooling, however, the tempera-
ture decreases according to eq. (24) until the threshold intensity is reached. At
this point, the polarization gradient mechanism becomes ineffective and the
spread of the velocity distribution is predicted to increase sharply [30). Roughly
speaking, the temperature of the atoms is about equal to the light shift induced
by the laser beams until that light shift becomes comparable to the recoil en-
ergy of the atoms. At that point the cooling mechanism ceases to be effective
(the phenomenon of décrochage, literally, «becoming unhooked»). This thresh-
old behavior is described in detail in ref.[1] and in ref.[30].

Some initial indication of this threshold effect or décrochage is already seen
in the data of fig. 11. The temperature s seen to rise when the turn-off time be-
comes very long. The interpretation is that for long turn-off times the atoms
spend a significant length of time with the laser intensity below the threshold.
During this time the atoms heat up, so the observed temperature rises. This
was seen more explicitly in an experiment [19] where a 3-D optical molasses was
loaded at high intensity and then the laser intensity was suddenly switched to a
lower value. After a period of equilibration the temperature was measured by
TOF. As expected, the observed temperature went down as the intensity was
made lower. But, once the intensity was lowered below a critical value, the
temperature started to increase again. Furthermore, when a low-temperature
sample of atoms (initially cooled by sufficiently intense laser beams) was ex-
posed to an optical molasses with intensity well below the critical intensity, the
atoms’ temperature was observed to increase, presumably toward the Doppler
temperature. More direct observation of the threshold effect was made in ex-
periments in Paris, described below.

Another prediction of the theory was the inverse dependence of tempera-
ture on detuning. Results on sodium as in fig. 9 show the inverse dependence
qualitatively, but for large detuning where the theory should be most accurate
the temperature is flat or possibly increasing with increased detuning. This is
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ot very surprising in the case of sodium because the cooling transition,
Sip(F =2)—> 8Py (F = 3), is only 60 MHz higher in frequency than the
Sy (F = 2) — 8Py (F =2) transition. Thus, when the detuning exceeds
0 MHz as in fig. 9, the laser is actually tuned closer to the other, unwanted
ransition than to the desired cooling transition. The presence of the other tran-
ition presumably leads to some extra heating. Experiments with cesium avoid
his problem because the corresponding unwanted transition is 250 MHz away
rom the cooling transition and the natural linewidth is about 5 MHz, a factor of
wo smaller than in sodium. Thus, relative to the linewidth, the unwanted tran-
ition is more than eight times farther away in cesium than in sodium.

At ENS in Paris experiments with a 3-D molasses of cesium [27] had seen
sub-Doppler temperatures soon after their discovery in sodium at NIST. Fur-
hher experiments on cesium provided additional detailed comparisons with the
1ew theories. Using a technique where the molasses was efficiently loaded at
aigh intensity and small detuning, then switched to smaller intensity and/or
larger detuning, the Paris group measured the molasses temperature for a wide
range of intensity and detuning[31]. The results are shown in fig. 12. Here we
see the linearity of temperature with laser intensity, as had been observed in
sodium, and also the inverse dependence on detuning. In fact, nearly all the
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data are well represented by eq. (24), and the temperature is seen to depend on
the single parameter I /¢. Only at large intensity and small detuning (where eq.
(24) is not valid) does the temperature deviate from linearity in this par-
ameter.

Of particular interest in fig. 12 is the lowest temperature reached. For each
detuning there was an intensity below which the molasses did not function, as
expected from the theory. Once the detuning was more than a few linewidths
from resonance, this point of décrochage (where the cooling fails to work) oc-
curred at a constant value of I/¢, i.e at constant light shift and, therefore, at
constant temperature. The lowest temperature seen was always about 2.5 pK,
corresponding to a r.m.s. velocity along 2 given axis of 1.3cm/s, a bit more
than three times the recoil velocity. Similarly, the lowest temperature seen for
a sodium molasses is about 25 uK [19], also corresponding to just over three re-
coil velocities. All of this is at least qualitatively consistent with the expecta-
tions concerning the threshold intensity and the polarization gradient cooling
limit (see the lecture of CoHEN-TANNoUDJI for this Summer School and
ref.[30]). Furthermore, the actual values of the temperatures observed in fig.
12 are about a factor of three larger than the temperatures predicted in 1-D for a
simpler, J =1/2—>J = 3/2 transition in the linear domain where eq. (24) is
valid. The factor of three can easily be rationalized from the fact that the aver-
age light intensity in the 3-D configuration, with three times as many laser
beams, is three times as large. Considering the difference in the transition
schemes, and the fact that no complete theory of the 3-D situation has been
worked out, the agreement is quite remarkable.

7'4. Outlook for optical molasses. — The new cooling mechanisms, of which
polarization gradient cooling is the paradigm, have brought about a revolution
in laser cooling of neutral atoms. As it now appears, the ultimate temperature
achieved in optical molasses has very little to do with the original Doppler-cool-
ing idea as presented in sect. 2-5 (although Doppler cooling probably plays a
role in getting the atoms into the molasses). Furthermore, the laser cooling
works much better than ever hoped for Doppler cooling. The unexpected low
temperatures have opened practical applications for laser cooling that were elu-
sive or speculative before the appearance of the sub-Doppler temperatures.
Among these is the use of laser-cooled atoms in an atomic-fountain clock.

The idea of a fountain cloek, first proposed by ZACHARIAS in 195332}, is that
atoms are launched vertically through a resonant cavity where they are put into
a superposition state between the two states comprising the clock transition.
After passing through the cavity the atoms fall back, traversing the cavity once
more, with the cavity field acting on the superposition state to produce the
Ramsey separated oscillatory-field interference (described in more detail in the
lecture by RAMSEY at this Summer School). The advantage of such a fountain
over conventional (usually horizontal) atomic-beam clocks using the Ramsey
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technique is that the interaction time is longer so the linewidth is narrower.
Furthermore, the double passage through the same cavity (in contrast to the
conventional case where two cavities are traversed in succession) can result in
the cancellation of certain systematic errors[33]. Interest in such fountain
clocks was revived by the advent of laser-cooling techniques, but, before polar-
ization gradient cooling and its extremely low temperatures, the atomic foun-
tain was not really practical. Now, Cs r.m.s. velocities near 1cm/s mean that
fountains with round trip times on the order of 1 s are possible without unac-
ceptable spreading of the atomic sample.

The first atomic fountain was demonstrated at Stanford [34] with sodium, al-
though not in exactly the manner described above. A Cs fountain experiment in
the manner suggested by ZACHARIAS was recently achieved in Paris[35]. It now
seems likely that a clock using such a fountain will be the ultimate cesium time
standard.

In spite of all these successes, there is much about optical molasses that is not
well understood. Super molasses[21] has never been satisfactorily explained.
Whether it represents a trap or an exceptionally strong viscous confinement is
not clear. The molasses lifetime, the time atoms are held in a molasses, is not un-
derstood in the context of the new cooling mechanisms, nor is it even clear that
the motion of atoms in optical molasses is even diffusive. Purely Doppler mo-
lasses has not been observed in three dimensions, and it remains to be seen
whether it will work very well, or at all. Much remains to be done in laser cooling
of neutral atoms, theoretically, experimentally and in practical applications.

8. — Traps for neutral atoms.

Confinement of atoms by electromagnetic forces has long been an appealing
experimental goal. The successes of ion traps (see, for example, the lectures of
PAUL, WINELAND and WALTHER for this Summer School) are a testament to the
power of the technique. Trapping neutral atoms is harder, because, without a
charge to act upon, the trapping forces must rely on interactions with higher-
order moments, typically dipole moments. This results in comparatively weak
forces and shallow traps. Various kinds of traps have been proposed or realized
over the years, using magnetic, electric and optical fields in both static and dy-
namic configurations, and in various combinations. Some of this is reviewed in
ref.[3].

The concept of magnetostatic trapping of neutrals was first proposed by
PauL (see his lecture at this Summer School). PAUL was the first to demon-
strate the trapping of a neutral particle, the neutron, using a geometry sug-
gested by HEER[36]. The first electromagnetic trap for neutral atoms was a
magnetostatic spherical quadrupole trap for Na demonstrated at NIST[37].
Later magnetostatic traps used linear multipole fields with pinched ends to trap
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Na[38] and H[39]. More recently, the first magnetodynamic trap was demon-
strated at JILA (see the lecture by WIEMAN at this Summer School, ref. [49]
and the references therein). Below we will treat only optical traps and the posi-
tion-dependent forces needed to produce a trap.

9. - Radiation pressure traps.

9°1. Separated-focus traps. — Trapping requires a position-dependent force.
One way of achieving this with the radiation pressure force described by eq.‘(l)
is to have the intensity of the light vary with position. ASHKIN proposed a sim-
ple geometry [41], shown in fig. 13, for a 1-D trap. The.ﬁgure represents two
counterpropagating laser beams with circular cross-section.

-~

-

Fig. 13. - Ashkin’s radiation pressure force trap formed from two opposed focussed laser
beams with separated foci.

At the trap center, equidistant from the two foci, the forces fx:om the two
beams balance, while an atom that moves off center along the z-axis (the. sym-
metry axis or axis of laser propagation) feels a restoring force fr.om the higher-
intensity beam. For moderate intensity (I /I,<1) we may app?ox.m.late the force
on an atom by the sum of the forces from each beam, given individually by eq.
(1). If the distance x, from the trap center to the foci is greater than or of the or-
der of the confocal distance (the distance from the focus where the Ga.ussx.an
beam radius is \/Q greater than the radius at the focus), we find the derivative
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of the force at the trap center to be

@25) bkl

where K is the spring constant and 7 is the intensity at the trap center. The os-
cillation frequency in this 1-D trap is

/ , N v I’
(26) - K ~ Thkl — rec
@rrap M IoMxo 1, 0%o '
For sodium, with 2, = 1 em and I/I, = 1 this radian frequency is ~ 10*s7}; it is
about 4 times smaller for cesium.

The «static» (force calculated for zero atomic velocity) longitudinal depth of
the trap is just the integral of the force out to some distance, which we can take

to be of the order of xy. Assuming the force to be approximately linear over this
distance, we find for I/I; =1

@7 Uspap = hI‘— iy T, 2 =

where 1 is the optical wavelength and we have generally suppressed numerical
factors. Since x)>> A in general, the trap is deep compared to the Doppler-cool-

Fig. 14. - Radiation pressure 1-D lens.
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ing limit, and, therefore, should be stable if tuned so as to provide Doppler cool-
ing. The «dynamic» trap depth would include the possibility of a velocity-de-
pendent damping force, and could be greater than the static depth.

The configuration shown in fig. 13 has been used as a 1-D lens for a neutral
atomic beam, as shown in fig. 14[42,48]. Such lenses are discussed in the lec-
ture by BALYKIN at this Summer School, and also in the lecture of PRITCHARD
and KETTERLE.

9'2. Optical Earnshaw theorem. — While the 1-D trap can act as a lens, it is
not really a trap since it cannot confine atoms in all directions. In fact, it is easy
to see that the 1-D trap actually expels atoms that are displaced slightly in the
direction perpendicular to the laser propagation (x) axis. We can extend the
configuration to 2-D, as shown in fig. 15.

>

Fig. 15. - Radiation pressure trap in 2-D, formed by four focussed beams of circular
cross-section,
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Fig. 16. — a) 3-D optical «trap». b) Electrostatic analog.

Plate I. — Ordered ion structure in a Paul trap formed under the influence of laser cooling.
The average separation of the ions is 20 um (photo courtesy of H. WALTHER, Max-
Planck-Institut fiir Quantenoptik, Garching).
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For any small displacements from the trap center in the plane of the page,
there is a linear restoring force. However, displacements perpendicular to the
page result in an expelling force in that direction. It is reasonable to consider
whether this expelling force can be eliminated by extending the configuration
to 3-D. That configuration is shown in fig. 16a). In spite of the obvious appeal of
such a configuration, it is not in fact a trap. This was shown explicitly by
ASHKIN and GORDON [44], who also proved a general theorem, called the optical
Earnshaw theorem by analogy with the theorem forbidding a stable equilibri-
um for a charged particle in electrostatics, The basic idea of the optical Earn-
shaw theorem can be understood by considering that for low intensity the force
on an atom near the origin in fig. 164) is analogous to the force on a positive test
charge at the origin of fig. 16b), where positive charges on the coordinate axes
play the role of laser beams with foci on the axes. Because the divergence of E is
zero, the electrostatic case cannot be a stable trap. Analogously, the divergence
of the Poynting vector is zero (the light flux cannot point inward everywhere),
8o the light trap cannot be stable.

The optical Earnshaw theorem is in fact more general than this, and applies
as long as the force on an atom is linear in the applied optical intensity, and the
optical field is static. The optical Earnshaw theorem is discussed in the lecture
of PRITCHARD and KETTERLE at this Summer School.

The theorem only applies to the radiation pressure force, and not to the
«dipole» or «gradient» force (see sect. 10). A number of ways of circumventing
the Earnshaw theorem for radiation pressure forces have been proposed. One
method [45,46] is to use time-varying optical fields in analogy to the r.f. or Paul
trap for ions, although there may be a problem because Doppler cooling damps
the micromotion which is needed to produce stability in such a trap [46]. Anoth-
er approach is to use a configuration where the force is not linear in the intensi-
ty because of spatially varying optical fields, or because of special optical-pump-
ing arrangements [47]. But the clear winner among post-Earnshaw theorem ra-
diation pressure traps is the magneto-optic trap.

9'3. Magneto-optic trap (MOT). - The magneto-optic trap (MOT), also called
Zeeman assisted radiation pressure trap (ZARPT), Zeeman assisted optical
trap (ZOT), opto-magnetic trap or magnetic molasses, was first proposed by
DALIBARD[48] in a 1-D configuration. It was first demonstrated as a 3-D trap by
RAAB et al. [49). The principle in its simplest form is illustrated in fig. 17. Two
counterpropagating laser beams with opposite directions of circular polarization
act on a J =0—J =1 transition in the presence of a magnetic field directed
along the laser axis, whose magnitude is proportional to the distance from the
trap center and whose direction reverses at the trap center, The magnetic sub-
levels and the helicities of the laser beams are labelled according to a space-
fixed axis, in this case the positive z-axis,

The basic idea, within the context of Doppler cooling, is that for a red de-

21 - Rendiconti S.LF. - CXVIII
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Fig. 17. - a) 1-D MOT. b) Transition scheme. c) Energy levels in the spatially varying
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tuned laser frequency, an atom displaced from the origin is acted upon by the
laser beam which tends to push it back to the origin. The beam of opposite po-
larization, which would push the atom away from the origin, is out of resonance
because of the Zeeman shift. We will analyze the trap for the conditions
I/1y<1, kv << 1, uB/h << I', where uB [ : is the Zeeman frequency shift of the up-
per state. Because the field varies linearly with distance, this frequency shift
can be written as wz = fz. The total force on an atom in the low-intensity limit is
taken to be the sum of the forces exerted by the individual beams:

@) F=F, +F, = e’ [ 1/1;” P ’j’;:ﬁp 2]
é—kv—pz é 74
[1+4(——__1, ) 14g(2EE )

Now we take the small-velocity, small-Zeeman-shift limit:
_ 2hk(2I/1, )23/ kv + B2]

(29) Ft n 2)
[1+4 @s/M2P

This is identical to the expression for the force in optical molasses (eq. (11)), ex-
cept that kv has been replaced with kv + z. The motion of an atom under the
influence of this force is that of damped harmonic oscillator:

@00) Z+ v + ‘"tz.rapz =0,
with

4nk® (I /1,)2s/1)
306 _ 40”1, 2e/T)
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The character of the motion of an atom in the trap is determined by the
ratio

2 WU/,
Ay BMI + 2I/I, + 25/1PE’

(31)

where we have added a saturation term to the denominator in the spirit of the
treatment of optical molasses in sect. 4, eqs. (13), (14). If this ratio is greater
than unity, the motion is overdamped. If we take 25/I'=1 and I /I, = 1 for max-
imum damping and trap stiffness, we can write

v b,

tokny  ANB

(32)
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That is, this ratio is essentially the ratio of the recoil energy to the change in
Zeeman energy over an optical wavelength. A typical experimental value for 3
corresponds to 10 G/cm (14 MHz/em). This leads to a y* /4wf,, of about 25 for
sodium and 1.4 for cesium. Thus it appears that the MOT will be overdamped,
particularly for light atoms, unless, for example, the detuning is large or the in-
tensity is small.

With the above choice of parameters the oscillation frequency is given by
@irap = BVree /4. This is a radian frequency of 8-10°s™! or about a kilohertz for
sodium. The well depth at 0.5cm is about 2K for these parameters in Na.
These are about the same frequency and depth we would get for the 2-focus
laser trap of fig. 13 because both that and the MOT rely on radiation pressure.
We note that in both cases we have spoken only of the static depth of the trap,
the energy required to slowly displace an atom a given distance from the equi-
librium point. An atom with a given kinetic energy at the trap center will also
experience Doppler cooling, so that the kinetic energy of an atom that can re-
main trapped is even greater than the static depth of the trap.

Here we have treated the MOT only in 1-D and with a nondegenerate
ground state (this eliminates the possibility of polarization gradient cooling,
which requires a degenerate ground state). Experimentally the MOT functions
very well in 3-D and with multilevel atoms. The 3-D configuration is as in fig.
17a), with additional circularly polarized laser beams along the orthogonal coor-
dinate axes. Color plate III shows such a MOT for Na. There is no general the-
ory of a 3-D MOT in a realistic configuration. Observations indicate that the 8-D
MOT may function even when some of the polarizations are not as prescribed for
the 1-D MOT. This is not understood at present. STEANE and Foor[50] have
found that the temperature of atoms in a MOT can be below the Doppler-cooling
limit, indicating that polarization gradient cooling forces are operating. STEANE
and Foor considered an analysis of the problem in analogy to the ¢* — ¢~ cool-
ing on a J=1—J =2 system treated by DALIBARD and COHEN-TANNOU-
DJ1[25]. In the expression derived in{25] the term kv is replaced with kv + gz,
just as in the treatment above. In the context of polarization gradient cooling
this results in an increase of both the cooling force and the trapping force, in the
same proportion. The experiments of ref.[50] showed that both the trapping
and the cooling were greater than expected for a MOT with a nondegenerate
ground state, but a detailed comparison with theory was not possible because of
the more complicated, 3-D character of the experiment. This and other experi-
ments are discussed in the lecture of Foor for this Summer School.

The 3-D MOT, along with optical molasses, has become an important tool in
neutral-atom laser cooling. It is particularly useful in collecting atoms from an
atomic beam cooled by the Zeeman tuning technique and has been used to trap
even rare isotopes of metastable atoms [51]. The trap can collect the slow atoms
from an uncooled thermal distribution [52], and is able to concentrate the atoms
50 much that collisions [53] and radiation pressure exerted by the atoms’ fluo-
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rescence [54] are factors limiting the achieved density. In 2-D the MOT has been
used as an «atomic funnel» to concentrate sodium atoms both with near zero lon-
gitudinal velocity[556] and in an atomic beam with 50m/s longitudinal
velocity [56].

10. - Dipole force and dipole force traps.

The dipole force (also called the gradient force or stimulated force) was first
proposed as a means of trapping atoms by LETOKHOV in 1968 [57]. This force can
be thought of in a number of different ways, some of which we will briefly
recount.

The dipole force can be considered as arising from absorption followed by
stimulated emission, as distinguished from the radiation pressure force which
may be thought of as absorption foilowed by spontaneous emission. (Note that
the absorption and stimulated emission in the dipole force cannot be thought of
as successive and independent events; their correlation is central to the proper
understanding of the force.)

We can also understand the dipole force in analogy to a driven classical oscil-
lator. A harmonically bound charge driven by an oscillating electric field has an
oscillating dipole moment which is in phase with the driving field when driven
below resonance and out of phase when driven above resonance. The energy of
interaction between dipole and field is W = ~ u-E. Below resonance the energy
is negative and the oscillator will be drawn toward a more intense field, while
above resonance it will be drawn to the weaker part of the driving field.

Another physical understanding of the dipole force (due to ASHKIN) is illus-
trated in fig. 18. Consider a laser beam with a Gaussian intensity profile inci-
dent on a refractive sphere with index greater than one. Ignoring reflection, we
see that, when the center of the sphere is in a gradient of the light intensity,
more light is refracted toward the direction of lower intensity, so the sphere re-
coils toward high intensity. For n < 1 the reverse is true. Since the index of re-
fraction of a gas in the vicinity of a resonance is as shown in fig. 18¢), we may
conclude that atoms irradiated below resonance will be drawn to the stronger
part of the optical field, just as we concluded for the driven oscillator. This im-
age emphasizes the nondissipative nature of the dipole force.

10'1. Dressed-atom picture. — A particularly appealing way of understand-
ing the dipole force is in the dressed-atom picture. A detailed treatment of this
is given by DALIBARD and COHEN-TANNOUDJI[68). We present the basic ideas
here. Consider a 2-level atom with states |g) and |e). Separately consider a sin-
gle mode of the radiation field, close to resonance with the atomic transition,
having energy levels labeled ... |n — 1), |#n), |» + 1), ... according to the num-
ber of photons in the mode. The energy levels of these two distinct systems are
shown in fig. 19a) for the case where the photon energy o is greater than the



326 W. D. PHILLIPS

a) b)

Fig. 18. - Refraction of a Gaussian laser beam by a sphere of index greater than 1 (a)) and
less than 1 (b)). ¢) shows the index of a gas in the vicinity of a resonance.

difference in energy between the atomic states, w,. This is the «bare» basis in
which we consider the atom’s energy levels and those of the photon field sepa-
rately. Now let us consider the «dressed» basis (atom dressed by photons)
where we take the total energy of the atom plus the field. This is shown on the
left-hand side of fig. 195). We have a ladder of dressed states, with each double
rung corresponding to a ground-state atom together with a certain number of
photons and a nearly degenerate state with an excited atom together with one
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Fig. 19. - a) Energy levels of the atom and the field in the bare basis. b) Dressed basis of
atom + field, with the atom uncoupled and coupled to the field.

less photon. The separation between the nearly degenerate levels is the detun-
ing ¢ and the separation between corresponding rungs on the ladder is cy,.

At this point we have simply added the energies of the atom and of the field,
without considering any energy of interaction between the atom and the field.
Turning on this interaction, with a strength characterized by the Rabi fre-
quency 2, we get the right-hand side of fig. 194). The closely spaced energy lev-
els are repelled by the interaction, and are now separated by (6% + 2%)/2, which
is often called the generalized or effective Rabi frequency. (See the lecture of
RAMSEY for this Summer School for a discussion of these frequencies in the con-
text of magnetic resonance.) The interaction mixes the closely spaced levels to-
gether, so that each of the new levels has both ground- and excited-state char-
acter. Therefore, the labeling in the coupled basis has been changed to |1, n)
and |2, n), with # indicating the number of photons associated with the excited
state in the uncoupled basis.

The atom can make transitions between the rungs on the ladder of dressed
levels by the spontaneous emission of photons. Because each level has both ex-
cited- and ground-state character, the spontaneous transitions can change the
nature of the level of the atom. It is through this process that an average distri-
bution of population between the two types of levels is established, a distribu-
tion depending on the detuning, the decay rate and the Rabi frequency.

The repelling of levels caused by the interaction of atom and field is the ori-
gin of the dipole force in this picture. Consider a light field, such as a focussed
laser beam with a Gaussian intensity profile, where the intensity varies in
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Fig. 29. = Top: The intensity profile of a Gaussian laser beam. Bottom: The dressed-level
Potentials as a function of position for this intensity profile, for detuning above and below
resonance. The sizes of the black dots indicate the relative population of the states.

space. This means that the Rabi frequency and thus the energy of interaction
varies in space. Figure 20 illustrates this situation. Where the laser intensity is
small, and the dressed levels are approximately described by ground or excited
state, the separation of the dressed levels is minimal and equal to the detuning
8. Where the laser intensity is maximum, so is the dressed-state separa-
tion.

For any finite laser intensity the dressed state that is connected to the
ground state will be more heavily populated. When & > 0, this is the state of
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higher energy, so an atom in that dressed state is repelled from the region of
high intensity, as shown in the figure. Of course, the atom spends some of its
time in the other dressed state, attracted to the high intensity, but on average
it is repelled. It is the population weighted average of the two dressed-state po-
tentials that constitutes the «dipole potential». For ¢ < 0 the situation is just re-
versed and the atom is, on average, attracted to the high intensity. For nega-
tive detuning, then, a focussed laser beam is a trap, attracting the atom to the
focus, the point of maximum intensity.

For zero detuning the average dipole potential is zero, even though each in-
dividual dressed-state potential has the maximum variation. This is because the
population is evenly distributed between the two dressed states. Let us consid-
er the interesting case where the spontaneous emission is turned off. Then the
population of the two dressed levels does not come to equilibrium and an atom
on one of the dressed levels can experience the potential of that dressed level
rather than the average dipole potential. This case was considered in ref.[59].
The well depth of the two dressed-state potentials is

(33) U=+ g[a —_ (32 + 02)1/2]‘

It is maximum at zero detuning, but the potential is only useful as a trap if
the atom stays on a single dressed level, ie. in the absence of spontaneous
emission.

10'2. Practical dipole traps. — The dipole force may be derived from a poten-
tial [11-13], which we re-write here as

he /1,
4 = e— 1 —_———— .
(34) U 5 log[ + ] +(23/”2]

If we assume we interact with sodium atoms using the strongest transition
(I, = 6 mW/cm?), a 10 mW beam with a Gaussian intensity profile focussed to a
1/e? radius of 10 um gives I/I, = 10° at the center of the focus. For the detuning
maximizing U we find U,y /kg = 100 mK. For a 1 W beam we have I/I, = 10
and Uy, /kg = 1 K. If such a potential is used to make a trap, it can, then, have
a depth comparable to that of the radiation pressure traps described above.
However, a dipole trap typically requires greater laser power and much greater
intensity than a comparably deep radiation pressure trap, so it must be fo-
cussed to an extremely small size,

Figure 21 shows the dipole potential as a function of detuning, with both
variables effectively normalized to the Rabi frequency. For high intensity the
curves are universal, and the potential is maximized[12] when the saturation
parameter s = (I/1,)/(1 + (26/I)?) =4. A trap can easily be made using this
dipole potential. The first and probably simplest example is a laser beam of
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Fig. 21. - Normalized dipole potential U/AI’\/I/I, as a function of normalized detuning
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Gaussian cross-section, brought to a single focus. Proposed by ASHKIN[41], it
was first demonstrated at Bell Labs[60]. The laser intensity has an absolute
maximum at the center of the focus, giving a trap whose depth is just the opti-
cal potential at that point (if we ignore the radiation pressure). Can such a trap
be stable in the sense that it has a depth greater than the equilibrium tempera-
ture of the atoms? Figure 22 shows both the Doppler-cooling temperature (eq.
(7)) and the dipole potential (eq. (34)) for several intensities. The temperature
is always substantially larger than the potential, so such a trap is unstable. This
is only one of the issues which needs to be addressed in making a stable dipole
trap.

Although the use of the dipole force to trap atoms was first proposed [57] in
1968, the first dipole trap [60] was not realized until 1986. One problem was the
inherent instability, discussed above, arising because with a single frequency
the temperature will be greater than the well depth. Other problems also con-
tribute to the instability. The issues involved in stabilizing an optical dipole
trap can be discussed in connection with the hybrid optical trap proposed by
AsHKIN[41] and realized at NIST [61]. The basic laser configuration is the same
as that shown in fig. 13. As in that case, the radiation pressure force provides
trapping along the laser propagation axis, but now we use the dipole force to
stabilize the trap against the radiation pressure force which would expel atoms
displaced perpendicularly to the propagation axis. A similar problem involving
radiation pressure arises in the Bell Labs single-focus trap[60]. There the radi-
ation pressure tended to force the atoms out along the axis, but with a suffi-
ciently tight focus and a large detuning the dipole force could be made larger
than the destabilizing radiation pressure. In the hybrid trap the problem is eas-
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ier because with the opposed laser beams the radiation pressure force is zero at
the same place the dipole force is zero.

We still face the problem that whatever the detuning or intensity the
Doppler-cooling temperature is larger than the well depth. A solution, pro-
posed by ASHKIN and GORDON [62], is to use a separate laser beam to cool. Thus
the cooling beam could be weak and tuned close to resonance so as to produce a
low temperature, while the trap is strong and tuned far from resonance for a
large depth. Unfortunately, the same interaction that produces the trapping
potential shifts the resonance frequency of the atom, making the cooling less ef-
fective. A straightforward solution was proposed by DALIBARD, REYNAUD and
CoHEN-TANNOUDJI[63]): The trapping and cooling functions are alternated in
time. The trapping laser beam is on only half the time, and, while it is off, the
cooling can proceed without interference from the trapping beam. This scheme
was used by the Bell Labs group to achieve their dipole trap [60].

For the 2-focus trap of fig. 13, there is still another problem. With two op-
posed beams there is a standing wave, and a strong dipole potential with a peri-
odicity on a wavelength scale. The fluctuations in this dipole force produce a
strong heating which can keep the temperature higher than the well depth.
This dipole force heating is discussed, for example, in ref.[1,11-13,58]. It can
be understood as arising from the momentum imparted to an atom by succes-
sive cycles of absorption followed by stimulated emission. In a strong standing
wave the absorption and stimulated emission can be induced by opposed beams
so that a large, but random amount of momentum can be imparted to an atom
before a spontaneous emission occurs. The heating which results does not satu-
rate as the intensity increases, but grows without bound. Another way to un-
derstand this problem is in the dressed-atom picture [58). Consider an atom on a
given spatially dependent dressed-state potential such as pictured in fig. 20.
When the atom undergoes a spontaneous emission, it may decay to the dressed
state with the other character, experiencing a reversal of the force (the slope of
the potential). Of course, if the atom were to stay at one location, it would, over
the course of many such decays, experience an average force equal tc the popu-
lation weighted average of the two dressed-state forces at that location. But
this average force has large fluctuations, with the fluctuations becoming larger
as the Raby frequency grows. The fluctuations are responsible for the heating
or diffusion of momentum arising from the dipole force. This picture for the
fluctuation of the dipole force is also useful in understanding the momentum dif-
fusion associated with Sisyphus-type cooling as discussed by COHEN-TANNOUDJI
in his lecture at this Summer School.

The solution to the problem of rapid dipole heating in a standing wave is to
avoid the standing wave[63]. The two opposed beams are alternated in time so
that there is never a standing wave, but the average effect is a trapping poten-
tial about half as large as if both beams were on all the time. This technique was
used in ref.[61]. The time for alternation here, and in the alternation between
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Fig. 23. — Four-phase operation of the two-focus trap: a) cyele 1, 1st t:rap beam;'b) cycle 2,
molasses cooling; ¢) cycle 3, 2nd trap beam; d) cycle 4, molasses cooling. Trapping by one
focussed laser beam is alternated with cooling and with trapping from thg other" focus§ed
beam to avoid dipole heating and to retain the effectiveness of cooling in spite of light shifts
due to the trapping beams.
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cooling and trapping, should be chosen so that it is long compared to the natural
lifetime of the excited state, but short compared to the time for oscillation in the
trap. In general this is not difficult to achieve, the atomic linewidth being typi-
cally some megahertz, while the oscillation frequency is some kilohertz or tens
of kilohertz.

A final trick that aids the operation of either a single- or two-focus trap is to
load the trap from optical molasses [60]. The trap is embedded in a region of op-
tical molasses filled with cold atoms. This provides a dense source of cold atoms
which can fall into the trap. It also provides the cooling, alternated with trap-
ping, that keeps the atom temperature below the well depth.

The time sequence for accomplishing all of this in the two-focus trap at
NIST[61] is shown in fig. 23. There are four phases to the alternation of the
beams in the trap, with trapping by one focussed beam alternated with mo-
lasses, then with the other focussed beam and then with molasses again. In
practice the molasses beams are not turned off during the trapping phases be-
cause they do not interfere with the trapping.

10°3. Far off-resonance trap. — Before discussing an application of trapped
atoms, let us consider a proposed modification of the single-focus trap. Recall
that in that trap the instability caused by the radiation pressure force pushing
atoms axially out of the trap was remedied by detuning the trap from resonance
S0 as to reduce that force, while tightly focussing the laser beam so as to maxi-
mize the competing dipole force [60]. Cooling was provided by a separate set of
molasses laser beams, and the trapping beam was switched on and off, to allow
some periods of cooling free of the large a.c. Stark shifts caused by the trapping
laser.

The discovery of cooling below the Doppler-cooling limit has provided the
opportunity for new ways of dealing with the problems of dipole trapping. Re-
call that with polarization gradient cooling or other sub-Doppler-cooling mecha-
nisms the kinetic energy of the atoms is reduced well below the energy 4l cor-
responding to the width of the transition. Furthermore, the detuning of the
cooling laser is at least several times 7', in contrast to the case for Doppler cool-
ing where the optimum detuning is about I'/2. Thus a trap whose depth is on
the order of or less than AI" can easily confine such atoms. Furthermore, the a.c.
Stark shift induced on the cooling transition by sueh a trap will be considerably
less than the detuning of the cooling laser, so the cooling will not be significant-
ly impaired. This implies that a proper choice of parameters will allow the
dipole trap to confine atoms being cooled in molasses without the need for
switching the trap on and off. This would allow the full trapping potential to op-
erate, and the full cooling as well, compared to each only acting half the time in
the situation requiring switching of the trapping laser.

Since the trap does not need to be very deep to confine the ultra-cold atoms,
one can easily tune the trap far from resonance, providing good stability against

m
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the axial radiation pressure force. This has the added advantage of ‘ret_lucin'g the
heating due to the trap laser because the rate of spontaneous emlssmf)s is re-
duced. This rate may be reduced so much that in the absence of the cooling laser
beams there is hardly any spontaneous emission and hardly any heating [§4].
Such a trap could then hold atoms, mainly in their ground state, for a long time
before they were heated enough to escape from the trap.

Referring to fig. 20, a far off-resonance trap (FORT) will have dressgd le}rels
that are predominantly either ground- or excited-state character, with httl.e
mixing. Trapping is achieved for tuning below resonance and the trap ‘depth is
essentially the depth of the ground-state-character dressed potenztxal. Th¥s
depth is given by 2U/h = (82 + Q*)"/Z — & which for ¢>>(Q gives U = hQ- /48 .Thls
latter expression is, of course, the light shift of the ground state in this limit. If
we choose this trap depth U = AI', the photon scattering rate will be on th.e or-
der of I'?/é. The heating rate is about this scattering rate times the I:ecoﬂ en-
ergy. For such a choice of trap depth, the heating due to the trap will be re-
duced from the saturated rate of spontaneous heating by a factor of rje.

As a specific numerical example, consider a trap for Na atoms, where the
resonance wavelength is 589 nm, operating off resonance at 750 nm. The detun-
ing is &/27 = 10" Haz. Since I'/2x = 10"Hz, I'/s =10"". For Na, 2 = I' at a laser
intensity of 12mW/em?, so focussing a 2W Gaussian beam to a 14 ym radm§
gives Q/I'=7-10° at the center. This leads to a well depth about equal to hI_ s
and a photon scattering rate less than 10 s~!. The rate of increase of t}Te atomic
temperature, in the absence of cooling (remembering that the energy increases
on average by a recoil energy for both emission and absorption, that.; the I:ecoﬂ is
for a 750 nm photon and that the energy is distributed in three dimensions by
the trapping forces), is less than 10 pKs~!. Thus, since #l'/kg = §00 pK, the
atoms will take several tens of seconds to boil out of the trap, even with no cool-
ing. It may be possible to hold high densities of ground-state atoms in such a
trap for long enough to observe quaiatum collective effects.

A first step toward the realization of such a trap has recently been made at
NIST, where HELMERSON and colleagues [65] observed trapping of Na about
5nm off resonance, a condition which permitted continuous rather than
switched operation of the trap, with continuous cooling by optical molasses.

11. - Collision experiments in optical traps.

The lecture of JULIENNE at this Summer School covers the theory of colli-
sions between cold atoms. Here we will briefly describe just one set of experi-
ments which observe collisions between laser-cooled and trapped Na atoms at
NIST. The trap used is the hybrid two-focus trap described above in subsect.
102. The collision observed is known as associative ionization and may be
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written
(35) Na+ Na+2hv—> Na} +e” .

At higher energies it is thought of as being a collision between two excited
(3P) Na atoms in which the energy of excitation is given up to ionize the elec-
tron, with the binding energy of the molecule supplying some of the needed en-
ergy. The reaction is experimentally convenient because an ion can be easily de-
tected and because a process such as Penning ionization (energy transfer and
ionization without formation of a molecule) is not energetically allowed.

The experiments are described in ref.[61,66]. The sodium atoms were col-
lected in the optical trap where they achieved densities on the order of 10" em 3
in a volume of about 10~%cm®. The atomic temperature was less than about
1 mkK, and the trap depth was about 10 mK. The production rate of ions R, was
measured with an electron multiplier that simply pulled the ions out of the trap
and counted them. At the same time, the excited-state population and distribu-
tion of atoms was determined by photographing the trapped atoms with a high-
resolution, calibrated video camera. From these data we determined the «cross-
section» ¢, for associative ionization defined according to

(36) Rion = Nex AL <’l)) Nex y

where 7, is the excited-state density appropriately averaged over the confine-
ment volume of the trap, N, is the total number of excited atoms and (v) is the
average collision velocity. We found[61] this cross-section to be about
10" cm?, which is three orders of magnitude higher than the cross-section at
any higher temperature measured at that time. This large increase in cross-sec-
tion illustrates the interesting nature of collision processes at low energy.

At these low energies, however, the concept of cross-section is not a very
good one. The idea of a cross-section, as implied by eq. (36), assumes that colli-
sion partners are prepared in a certain way prior to the collisions, they collide
and form products which are observed. In fact, these collisions occur so slowly
because of the low kinetic energy of the reactants, that the state of the atoms
undergoes continuous evolution during the collision. The observation of a cer-
tain density of excited atoms in the trap does not mean that that many excited
atoms are available to undergo an associative ionization collision. By the time
two atoms get close enough together to form a molecule, the energy shifts asso-
ciated with the atom-atom interaction will have shifted the atoms’ internal en-
ergy levels out of resonance with the laser, and the atoms may have decayed to
the ground state. JULIENNE predicted that this phenomenon would result in an
ion production rate that depended strongly on laser intensity. That is, ions
should be formed mainly during those periods when the trap laser is on (recall
that the trap laser must be switched on and off to allow the cooling lasers to
work effectively). Exactly that behavior was observed in ref.[66], in agreement
with the prediction of Julienne [67].
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12. - Emission spectrum of laser-cooled atoms.

In his 1968 paper[57] LETOKHOV suggested trapping atoms in the intensity
gradients of a standing-wave light field. Such atoms, confined to a spatial re-
gion smaller than a wavelength of light, would exhibit a suppression of the
Doppler broadening of their spectrum (Dicke narrowing). An experiment
demonstrating this effect was recently performed at NIST[68].

The experiment measures the emission spectrum of atoms being laser cooled
in optical molasses. Stationary atoms irradiated with a single laser frequency at
low intensity emit spontaneous photons at that same frequency, as can-be un-
derstood by energy conservation. If the atoms are moving, the emitted light is
Doppler shifted from the irradiating frequency, again an effect of conservation
of energy and momentum. For higher-intensity illumination, the radiated spec-
trum for stationary atoms is the fluorescent (Mollow) triplet plus a component
at the laser frequency [69]. This latter component is sometimes called the elastic
or coherent part of the emission spectrum. It is subject to Doppler broadening,
just as for low intensity, and otherwise it will be as broad as the incident laser

frequency.
- '.I_

\\(’0 ----- \

Pt ]

- L | SE too

)
® i H
1 13
’ ' :
. B4 H i
N y P
b
PN ’ [
N4 /‘ "
molasses X AOM E :'
v “ ]
2N T
AN M : E
H '
et P
P b
ch * AOM “-: !
______________ U TTTTTTTTTTTNGU
................. PR R . \

1
+30 MHz P
P
Pl
de ¥
l dye
laser

«—' lock- H  spectrum
| in analyzer

Fig. 24. - Schematic representation of the apparatus for a heterodyne measurement of the
spectrum of light emitted by atoms in optical molasses.

22 - Rendiconti S.I.F. - CXVIII



338 W. D. PHILLIPS

The experimental setup for observing this Doppler-broadened elastic line is
shown in fig. 24. The fluorescence from the optical molasses is collected with a
lens and combined with a reference beam, derived from the molasses laser, on a
photodiode. Using acousto-optic modulators the reference beam is shifted by
about 30 MHz from the frequency which illuminates the molasses. This means
that the beat frequency between the fluorescence and the reference will be cen-
tered around 30 MHz. Use of this high frequency avoids problems with laser
noise occurring at lower frequencies. The heterodyne beat signal is processed
using a radiofrequency spectrum analyzer, which displays the power spectrum
of the current from the photodiode. It can be shown[70] that this r.f. spectrum
corresponds to the optical power spectrum emitted by the atoms. The lock-in
amplifier, synchronized with the chopping of the fluorescence, serves to reduce
some low-frequency noise but does not alter the spectrum. Frequency fluctua-
tions of the molasses laser are not recorded as part of the heterodyne spectrum,
even though they are in the optical power spectrum, because the reference laser
has identical fluctuations, so these fluctuations do not appear in the beat
frequency.

Because the bandwidth of the r.f. spectrum analyzer is quite narrow (typi-
cally tens of kilohertz) the spectral density of the broad (order of 10 MHz) Mol-
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Fig. 25. - Typical spectrum of fluorescent light from optical molassess with a laser detun-
ing from resonance of — 2I". The narrow feature indicates Dicke narrowing due to confine-
ment of atoms in standing-wave potential wells,
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low spectrum is so small that it is negligible in this experiment. The elastic
component, however, is Doppler broadened to less than 1 MHz and appears
clearly. An example of such a spectrum is shown in fig. 25. The broad compo-
nent is the Doppler-broadened elastically scattered light. The breadth corre-
sponds to a temperature of about 70 K, in agreement with the temperature
measured by a time-of-flight technique for atoms illuminated at the same inten-
sity and detuning. A striking feature of the spectrum is the sharp peak, cen-
tered on the Doppler peak, having a width of only 70 kHz. This narrowed peak
was interpreted as arising from the confinement of atoms in the standing waves
produced by the interference of the molasses laser beams.

This Dicke narrowing [71] can be understood in the context of phase modula-
tion of the emitted light. Consider a stationary atom illuminated by a fixed fre-
quency and radiating that same frequency. If the position of the atom changes,
its distance from the source and to the observer changes, so the phase of the
emitted light seen by the observer is shifted. For an oscillating atom there is a
periodic modulation of the phase, and the spectrum of the emitted light acquires
sidebands spaced at the modulation frequency. The amount of the phase modu-
lation, or the modulation index, is determined by the amplitude of the atomic
motion, the phase shift being Ax - Ak, where Ax is the displacement of the atom
and Ak is the difference in wave vectors of the absorbed and emitted light.
When the amplitude of this modulated phase shift is large compared to unity,
there are many sidebands in the spectrum and little power is radiated at the in-
cident or carrier frequency. But when the atom’s motion is confined to less than
a wavelength of light, the phase modulation is small and much of the power is
still radiated at the carrier frequency. In the limit that the atom is confined to
much less than a wavelength, all of the power is radiated in the carrier, regard-
less of the frequeney of the modulation. Thus the atoms, trapped in the micro-
scopic potential wells of the standing waves in optical molasses, radiate a spec-
trum having a component free of Doppler broadening. The breadth of this nar-
row component reflects the finite confinement time, and the Doppler-broadened
component represents unconfined movement of atoms as well as the unresolved
sidebands radiated by trapped atoms.

While this experiment gave the first observation of Dicke narrowing due to
confinement of atoms in wavelength-scale optical potentials, earlier work at
ENS demonstrated 1-D confinement, or channeling of atoms in such an optical
potential{72]. In that experiment the atoms were channeled through a strong,
1-D standing wave. The atomic motion was nearly Hamiltonian in the sense that
dissipative processes were not important over the time the channeling oc-
curred. By contrast, in the 3-D experiment described above, the atoms were in
equilibrium with the cooling and heating forces.

In considering experiments such as the one described above, it is important
to remember that such a heterodyne measurement of the spectrum is a true
measurement of the power spectrum of the emitted light and that it is not a
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phase-sensitive measurement. The fact that the experiment is particularly sen-
sitive to the «coherent» part of the radiated spectrum has nothing to do with the
fact that the coherent part of the fluorescence is phase coherent with the laser.
In fact, that phase coherence only holds for a single atom at rest. In our experi-
ment the various atoms in the molasses all radiate coherent compcnents with
different and time-varying phases. These add incoherently to produce the ob-
served spectrum. The heterodyne technique is certainly also capable of seeing
the «incoherent» or Mollow spectrum, but the greater breadth of that spectrum
makes it harder to see. Preliminary measurements at NIST using a more effi-
cient processing of the heterodyne signal may have already seen evidence of the
central Mollow component in the heterodyne spectrum[73].

* K %

I give my very sincere thanks to all my colleagues at NIST: staff, postdocs,
students and visitors, who have contributed so much to the understanding of
laser cooling and trapping and to the advancement of its practice and applica-
tion. I am also indebted to my colleagues at the Ecole Normale Supérieure,
Paris, for their hospitality and instruction during the academic year of 1989-
1990 when I was a visitor in their laboratory.

These lecture notes have not been in any sense a review of the vast amount
of experimental and theoretical work in laser cooling and trapping of neutral
atoms. My neglect of so many important experiments and theoretical treat-
ments has been mandated by space limitations and pedagogical considerations;
I gratefully acknowledge the contributions of colleagues all over the world,
both cited and not, who have made the study of laser cooling and trapping such
a rewarding experience.
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Plate II. - Optical molasses for sodium atoms is seen as a bright area at the intersection of
three pairs of centimeter diameter, counterpropagating laser beams. The additional laser
beam above the molasses decelerates the atomic sodium beam so the atoms are slow
enough to be captured by the molasses (photo courtesy of NIST).



Plate III. - Sodium atoms held in a magneto-optical trap (MOT) appear as a bright, mil-
limeter-size spot between the pair of flat coils which produce the magnetic-field gradient.
Fluorescence from the centimeter diameter laser beam pairs forming the MOT is too weak
to be visible in the photograph (photo by M. HELFER, courtesy of NIST).



